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PREFACE TO SECOND EDITION 

In writing a treatise on applied inorganic analysis the author can restrict 
himself to methods of test with which he has had personal experience, or he 
can supplement this by the experience of others. I'he first would necessarily 
limit the work greatly, and might well exclude many worth-while pro¬ 
cedures. It has seemed best therefore to include methods that have promise 
or that might suggest a new approach to an analytical problem. 

The authors are aware that many worth-while procedures have been de¬ 
scribed all too briefly, and that some have not been covered at all. The 
excuse for offering the book under these conditions is that here and there 
something helpful in solving a pressing problem may have been presented. 

All who have followed applied chemical analysis appreciate the strain 
that modern industrial requirements placed on chemical analysis in recent 
years. The enormous number of determinations demanded and the time 
allowed for them threatened to swamp the anal)'st completely. From his 
search for simple and more rapid methods have come physical methods 
(such as spectrographic) and chemicophysical methods (such as potentio- 
metric, photometric, and polarographic) that require as few chemical opera¬ 
tions as possible. These and similar special methods are mentioned and 
recommended at various places throughout the book but are not described 
in detail. The authors may be pardoned for this omission when it is realized 
that this is not a book of special techniques but one devoted primarily to 
separations and reactions that arc fundamental in analytical chemistry. 

The aim in this edition, as in the first, has been to describe methods of 
separation and determination that have proved to be of value, or that promise 
to have value, in applied inorganic analyses, rather than to list or describe 
methods that are of such limited application that their use is practically con¬ 

fined to tests of pure salts. 
The chemical treatments that are required in an analysis depend on the 

method selected and on the composition of the material under test. If 
numerous tests arc to be made on material of the same general composition, 
the minimum chemical treatments can be determined once and for all. Sub¬ 
sequent determinations then become a matter of routine until the composi¬ 
tion of the material changes in kind or amount. The effect of the change 
must then be determined and the method modified if need be before routine 
determinations are resumed. In making adjustments of procedures or modi- 
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V i PREFACE TO SECOND EDITION 

fications of methods to provide for elements not previously encountered, 
the analyst will find much useful information in Outlines of Methods of 
Chemical Analysis by Lundell and Hoifman. The two texts are intended 
to supplement each other. 

New material has been added to all the chapters, and some of the old has 
been dropped. Many of the chapters have been significantly revised, and 
some have been entirely rewritten. Typical of the latter are the chapters 
on columbium and tantalum, tin, and the platinum metals. Such a wealth of 
information on uranium became available in the decade betu^een 1940 and 
1950 that it seemed inexpedient to expand this chapter in proportion to the 
new material. I hercforc only the basic analytical chemistry is given, and 
reference is made to other publications for specialized topics. 

The newer topics on polarography, chromatography, flame photometry, 
fluorometry, mass spectrometry. X-ray analysis, etc., presented a difficult 
problem to the authors because these subjects had to be mentioned for com¬ 
pleteness but could not be discussed in sufficient detail to give working 
directions to those analysts without considerable experience in the respective 
fields. It is hoped that the brief discussions given will serve to show the use¬ 
fulness and possibility of application of these techniques if a question of 
their employment arises. 

The essential substance of Parts III and IV on Silicate and Carbonate Rock 
Analysis, because it presents methods that were used by Dr. Hillebrand in 
the analysis of thousands of rocks and minerals, has been retained funda¬ 
mentally unchanged, but with necessary additions. 

Part V which dealt chiefly with the Analysis of Soda-Lime Glass, Bauxite, 
and Refractories has been omitted to permit the introduction of new material 
throughout the book without increasing it to an unwieldy size. 

The revised edition was begun in the late thirties by Dr. Lundell and was 
approximately two thirds completed when he was compelled to cease active 
work in 1948 and to retire from the National Bureau of Standards because 
of failing health. After his death in June 1950 the manuscript was reviewed 
and completed by the two junior authors. 

Grateful acknowledgment is made to Dr. Edward Wichers, Chief of the 
Chemistry Division, National Bureau of Standards, for helpful advice on 
many topics, especially with respect to the analytical chemistry of the 
platinum metals and reagent chemicals. Special thanks are due Mr. H. B. 
Knowles for his contribution to the chapters on tin and columbium and 
tantalum, and for his valuable assistance to Dr. Lundell in the preliminary 
compilation and arrangement of the subject matter. 

Thanks are also due Dr. Raleigh Gilchrist who prepared the chapter on 
the platinum metals and to Mr. John L. Hague, Mr. Bourdon F. Scribner, 
Mr. R. K. Bell, and Dr. John K. Taylor for assistance in their respective 
fields. 
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For help in typing, arranging, and indexing, grateful acknowledgment is 
made to Mrs. G. E. F. Lundell without whose help this book would prob- 
ably never have been possible. 

Harry A. Bright 
James I. Hoffman 

Washingtoriy D. C. 
January 1953. 





PREFACE TO FIRST EDITION 

During the past fifty years great advances have been made in the devcl(3p- 
ment of methods for the determination of the elements and in the clarifica¬ 
tion of the theoretical considerations on which analytical procedures are 
based. As a consequence very accurate determinations of many of the 
elements can now be made, provided they occur alone or in very simple 
combinations. It must be confessed, however, that corresponding advances 
have not been recorded in the reliability and accuracy of analyses of the 
more or less complex mixtures in which the elements normally occur. In 
other words, methods for separating the elements remain much as they 
were, and the newer methods for determining them do not differ greatly 
from the older methods as regards their ‘‘selectivity.” Correct conditions 
for the determination of aluminum by precipitating with ammonium hy¬ 
droxide have been established, but the analyst still has the problem of first 

.separating the aluminum from the numerous elements that usually accom¬ 
pany it and are also precipitated by ammonium hydroxide. 

After all is said and done a good analyst is primarily a chemist who can 
quantitatively manufacture pure chemicals. The most elaborate precautions 
in weighing and measuring and in the final determination of the element 
go for naught if the analyst has failed to prepare quantitatively the com¬ 
pound on which the calculation is based, and to free it quantitatively from 
all other compounds that would affect the calculation. That this may be an 
extremely difficult task can be judged by the errors that have been made in 
determinations of the atomic weights, in spite of extraordinary expenditures 
of time and effort. For example, in 1921 the accepted atomic weights of 
aluminum, silicon and antimony were 27.1, 28.3, and 120.2, respectively. In 
1925 these were changed to 26.97, 28.06 and 121.77, the differences in parts 
per thousand being 4.8, 8.6 and 12.9. Today, the atomic weight of zir¬ 
conium is rounded off to 91 because no one knows how much hafnium was 
contained in the zirconium compounds on which the determinations of the 
atomic weight of zirconium were based. 

In addition to the ordinary difficulties, mineral analysis is very often com¬ 
plicated by the fact that ideally pure minerals are rare. Not only does 
isomorphism often introduce components of related members of an iso- 
morphous group, but solid solutions of unrelated minerals may occur. 
Again, there is very often more or less contamination through inclusion or 
mechanical adherence with distinctly foreign material that could not be 
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X PREFACE TO FIRST EDITION 

rciiioved. Hence the analysis resolves itself into one of mineral mixtures, 
analogous to that of rocks, and what might have been a relatively simple 
task may become one of extraordinary complexity, difficult not only in 
execution but in interpretation as well. 

A fair criticism of much of the work that has been published on methods 
foi* the determination of the elements is that a great deal is claimed on the 
basis of experiments that have been carried out in pure solutions, and very 
little, if anything, is said as to how the methods are to be applied or what 
results can be expected in analyses of the more or less complex materials 
in which the elements are found. There is no lack of methods that are satis¬ 
factory when applied to the analysis of pure compounds. On the other 
liand, there is great need for the development of quantitative procedures 
that can be applied to the separation or determination of substances in com¬ 
plex mixtures. An accurate determination of columbium, which is a simple 
matter in its pure compounds, is absolutely impossible if it is accompanied 
by tantalum, as is probably always the case. The aim throughout the book 
therefore has been to stress the preparation of the solution for the determina¬ 
tion that is to be made, rather than to describe processes that can be used 
with certainty only in the specific applications for which they were de¬ 
vised. Obviously, a method of analysis that would meet any possible con¬ 
tingency would be very cumbersome if it could be developed at all. 

For the most part, the procedures that are given arc based on data ob¬ 
tained by the senior author in the course of analyses of thousands of rocks 
and minerals, and by the junior author in researches and analyses dealing 
with miscellaneous inorganic materials, and particularly in directing the 
analyses of the U. S. Bureau of Standards’ standard analyzed samples of ores, 
ceramic products, ferrous and non-ferrous materials such as irons, steels, 
alloy steels, ferro-alloys, brasses, bronzes, bearing metals, light aluminum 
alloys and pure chemicals, and in formulating standard methods for the 
analysis of such materials in cooperation with committees of the American 
Society for Testing Materials and the American Ceramic Society. Never¬ 
theless, if a book that deals with applied inorganic analysis is to be even 
approximately comprehensive it is necessary to draw on the work of others, 
for the subject is so vast that no chemist can have had the opportunity of 
critically testing all of the methods. Wherever our experience has been 
meager, we have endeavored to present the methods that appear to have 
the most merit, and to give proper reference as to their source. No doubt 
the authors have failed to include desirable methods for the decomposition 
of minerals, the separation of elements from one another, and even their 
determination. Notice of such omissions or of errors will be greatly appre¬ 
ciated. 

The term “ordinary method of analysis” as used in the discussions under 
the heading “General Coasidcrations” throughout the book, refers to the 
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scheme of analysis in which the material is decomposed, the solution evap¬ 
orated with hydrochloric acid to obtain silica, and successive precipitations 
with ammonium hydroxide, ammonium oxalate and di.uunioniiini phosphate 
serve to separate the “RoO.*” group, the lime, and the magnesia. 

The vTiting of the book was started by the authors in 1923. Its scope 
had been decided upon and the work was well under way before the death 
of Dr. Hillebrand on February 7, 1925. In justice to Dr. Hillcbrand and to 
the reader it is fair to set forth the following account of the part which each 
of us has had in the completed work. Of Parts I, II, and the junior 
author prepared and must bear responsibility for all but approximately: (1) 
one-half of each of the chapters on the alkalies, the alkaline earths, mag¬ 
nesium, rare earths, titanium, precipitation bv ammonium hydroxide, pre¬ 
cipitation by the basic acetate method, precipitation by the succinate 
method, precipitation by ammonium sulphide, and ignition of precipitates; 
(2) one-founh of each of the chapters on zirconium, phosphorus, iron, 
aluminum, and earth acids; and (3) one-eighth of each of the chapters on 
nickel, cobalt, manganese, zinc, copper and molybdenum. Parts III and IV 
of the book are taken in large measure from Dr. Ilillcbrand’s work on the 
Analysis of Silicate and Carbonate Rocks as published in Bulletin 700 of the 
U. S. Geological Survey. The greater part of the added chapter on fluxes 
was contributed by Dr. Hillebrand. The other changes throughout Parts 
III and IV were made by the junior author. 

The authors owe a special debt of gratitude to Dr. E. Wichers, who pre¬ 
pared the entire chapter on the Platinum Metals and Gold, and to Mr. H. B. 
Knowles, who made many careful tests of procedures that were under con¬ 
sideration. Thanks are also due to Mr. J. I. Hoffman, Mr. H. A. Bright and 
Mr. J. A. Scherrer, who assisted in a like manner. 

G. E. F. Lundell 

Washin^ton^ D. C. 
January 1929. 
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PART I 

GENERAL 

CONSIDERATIONS 

Chapter 1 

INTRODUCTION 

I. PRELIMINARY REMARKS 

I'he two major divisions of analytical chemistry are cjualitative and quan¬ 
titative analysis. These deal, as tlie names indicate, with composition and 
percentage composition, respectively. It is sometimes stated that quanti¬ 
tative analysis is applied qualitative analysis. This is ti'iie only in a loose 
sense, for the aims of the two arc quite different. In the one the analyst is 
concerned with separations that leave enough of tlie constituent to give the 
final test, whereas in the other he must separate all of the constituent from 
the substances that interfere. Moreover, in qualitative analysis it makes 
very little difference whetlier the reaction proceeds along stoichiometric 
lines or even whether the final product is of definite composition. For 
these reasons, many of the reactions that serve in qualitative analysis are 
either worthless for purposes of quantitative analysis or require far greater 
refinements than are there used. 

If a constituent is to be determined in a material the composition of which 
is unknown, qualitative tests must be made at the appropriate time for the 
substances that are known to interfere in the procedure that is used. 
These may precede the determination—as for example a test for cobalt if 
the bismuthate method for manganese is under consideration—or may fol¬ 
low^ the final step-as tlic examination of an ignited and weighed ammonia 
precipitate for substances, other than those anticipated, w^hich may be 
present. Rarely indeed is it worth while to make a complete qualitative 
analysis before a complete quantitative analysis is attempted. In the usual 
case a method of analysis is chosen by which natural groups are separated. 
The members of each group are then either separated and determined—as 
for example the elements that have been thrown down by hydrogen sulfide 
in acid solution—or else the group is weighed as a whole and the constitu¬ 
ents then sought—as in the case of the alkalies obtained in the J. L. Smith 

method. 
The procedures used in quantitative chemical analysis are generally based 

upon definite chemical reactions. In gravimetric procedures the precipitate 
is isolated and weighed. In volumetric procedures the final reaction is 

1 
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brought about by means of a measured volume of a solution of known 
reacting power. Some analytical procedures depend on the measurement 
of certain physical characteristics such as the effect of light upon solutions— 
color, opalescence, fluorescence, refractive power, polarization, or the vol¬ 
ume occupied by gaseous substances under definite conditions of tempera¬ 
ture and pressure. Of use also arc spectrographic, spcctrophotometric, 
potentiometric, polarographic, amperometric, X-ray, radioactive, micro¬ 
scopic, chromatographic, and microanalytical methods. 

A distinction should be noted between the analysis of pure substances 
and the analysis of mixtures. The deteniiination of an clement in its pure 
compounds by volumetric or gravimetric procedures is a mechanical oper¬ 
ation which bears the same relation to the analysis of mixtures that finger 
exercises do to the playing of a piano. Training along such lines is neces¬ 
sary. It should be understood, however, that it is only a beginning. Too 
often, the training of the student stops at this point. If he pursues the 
subject no further, he carries away an entirely erroneous conception of 
the analyst’s task and of the accuracy that he should obtain. The test of 
an analyst is his ability to choose the proper line of attack for the analysis 
of the material in hand, to modify existing methods of analysis or devise 
new ones if necessary, to carry the analysis through, and to put the proper 
interpretation on the result that is obtained. 

Tlie principal operations in applied inorganic analysis arc those of (1) 
taking the original sample, (2) preparing the laboratory sample, (3) pre¬ 
paring the sample for weighing, (4) weighing the sample, (5) choosing or 
developing the method of analysis, and (6) preparing the solution for the 
determination. If the determination is to be made by gravimetric proce¬ 
dures, secondary operations are those *of precipitation, filtration, and such 
treatments of the precipitate as washing, drying, igniting, cooling, and 
weighing. If the determination is to be made by volumetric procedures, 
secondary operations are those of the adjustment of the solution for the 
titration, the titration, and the standardization of the solution used in 
the titration. 

Sometimes conditions are such that the whole analysis can be standard¬ 
ized. When this is the case, the analysis falls into the mechanical class and 
can then be perfonned by operators having no chemical training whatever. 
There is nothing difficult or mysterious al)out operations such as weighing, 
measuring, titrating, precipitating, filtering, or the washing and igniting 
of precipitates. To be sure, in such work high accuracy requires high 
manipulative skill, but this in turn requires only aptitude and experience. 

The mechanical details of quantitative analysis have been quite satisfac¬ 
torily worked out; the chemical details have not. In other words, balances, 
weights, volumetric apparatus, reagents, glass, quartz, porcelain and plati¬ 
num ware, filtering media, burners, ovens, and even procedures for the 
determination of elements when occurring by themselves need very little 
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improveTTicnt for ordinary purposes. On the other hand, methods for the 
quantitative separation of the elements from one another are far from per¬ 
fect. Far more poor determinations arc caused by the use of faulty or 
unsatisfactory methods of analysis than by errors in w cighing, measuring, 
or other manipulations. This is not intended to discourage proper atten¬ 
tion to such considerations but to urge that a little less attention be paid 
to the method of weighing and a little more to the thing that is weighed.^ 

II. THE ACCURACY OF AN ANALYSIS 

In discussions of chemical analysis, the terms precision and accuracy are 
often used interchangeably and therefore incorrectly, for precision is a 
measure of reproducibility, whereas accuracy is a measure of correctness. 
The analyst is vitally interested in both, for his results must be sufficiently 
accurate for the purpo.se in mind, and he cannot achieve accuracy without 
precision, especially since his reported result is often based on one deter¬ 
mination and rarely on more than three determinations. The recipient 
of the analysis is interested in accuracy alone, and only in accuracy suffi¬ 
cient for his purposes. This may range all the way from 1 part in 10 
as in the chemical requirements for phosphorus or sulfur in some steels, 
to 1 part or less in 10,000 as in the chemical reejuirements for pure metals 
or in determinations of atomic w^eights. If low accuracy suffices, special 
efforts on the part of the analyst to achieve high accuracy are wasted. 

It is a simple matter to determine the precision that can be expected if 
a method of chemical analysis is applied to a given material by a single 
analyst or by a group of qualified analysts, for all that is necessary is to 
gather the results and treat them by suitable statistical methods.^ If the 
results alone are considered, all that can then be claimed for the indicated 
precision is that it represents what can be expected if the method is applied 
to the material in question. If the method is a proper one for the material, 
the mean may well be close to the true value, and the indicated precision 
can be taken as a measure of the accuracy to be expected. If the method 
is unsuited to the material, identical results can only represent high preci¬ 
sion, wasted effort, and misinformation, unless the analyst has been able to 
determine a factor by which the results can be multiplied to improve their 

Sec G. T'. F. Lundcll, Analysis of Things as They Arc, Ind, Eng. Chein. Anal. Ed., 15, 
221 (1933). 

2 See for example W. J. Youden, Statistical Methods for Chemists, John Wiley & 
Sons (1951); R. F. Moran, The Determination of the Precision of Analytical Control 
Methods, Ind. Eng. Chem. Anal. Ed., 15, 361 (1942); ASTM Manual on Presentation of 
Data, American Society for Testing Materials, 1916 Race St., Philadelphia, Pa. (1945); 
G. Wernimont, Use of Control Charts in the Analytical Laboratory, Ind. Eng. Chem. 
Anal. Ed., 18, 587 (1946); Symposium on Statistical Methods in Experimental and In¬ 
dustrial Chemistry, ibid., 19, 943 (1947); Symposium on Design of Experiments for 
Developing New Analytical Alethods, Anal. Chem., 20, 1132 (1948). 



4 INTRODUCTION 

accuracy. In other words, if we pass from precision to accuracy, we must 
consider the material and the method as well as the results. 

The accuracy of a chemical determination depends primarily on the 
quantitative preparation of a compound or a solution that contains nothing 
that is not taken care of in the calculation on which the determination is 
based. In other words, in a gravimetric determination of a given sub¬ 
stance, all of it must be converted into a compound of definite composition. 
If other substances are present in the original material and cannot be sepa¬ 
rated from this compound, these must also be converted into compounds 
of definite composition, and their amounts must be known. If the analysis 
is based on Fe^Oa, there must be no Fe304 and of course no SiOo, AI2O3, 
or P2O5. If the mixture obtained by precipitating with ammonium hydrox¬ 
ide is assumed to be composed of Al203-Cro0;rTi02, and the percentage of 
AI2O3 is obtained by difference after determinations of Cr203 and Ti02, 
there must be no CrOs and no undiscovered V2O5 or Zr02. Similarly, if a 
volumetric determination of molybdenum is based on reduction with zinc 
and titration with a standard solution of potassium permanganate, sub¬ 
stances such as arsenic, tungsten, columbium, and nitrates, which arc not 
reduced to a definite stage, must be removed, as must others such as iron, 
chromium, titanium, and vanadium, unless their amount is known with 
such certainty that the proper correction can be calculated. 

In most analyses, the actual determination of the element is the last of 
a number of operations. To the error of the determination must therefore 
be added the sum of the errors that have accumulated up to the point at 
which the determination is started, together with any further error that 
may be introduced through neglect to remove all of the substances that 
interfere in the determination. The errors that accumulate before the 
determination is started may be the accidental errors caused by poor 
manipulation or the errors that are inherent in the preliminary treatments. 
The former can be avoided; the latter cannot be. It is apparent that the 
error in the final result will be influenced by the composition of the 
material under test. Phosphorus cannot be determined so accurately in 
ferrotungsten as in ferrosilicon. 

It should be remembered that statements concerning the accuracy of 
analytical procedures often refer to what can be expected if the procedures 
are applied to the analysis of pure compounds. Ordinarily, it is either 
impracticable or impossible to detennine a constituent as accurately as this 
in the mixtures in which it normally occurs. In the one case the analyst is 
dealing with the reactions of a single component; in the other he may be 
dealing with the reactions of a dozen substances. The nearness to which 
the accuracy can be approached by a skilled analyst is largely a question 
of how much time he can afford to spend on the analysis and how nearly 
it is possible to separate quantitatively the constituent from the substances 
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that interfere in the application of the method, or how accurately can be 
calculated the clfect of those elements that are not or cannot be separated. 
The extra effort that is required in such analyses in reality represents, in 
part, the work that was done in preparing the pure compound that was 
used when the probable accuracy of the procedure was established. In this 
connection it should be remembered that it usually takes much more time 
and effort to convert all of a given constituent into a pure compound 
than is needed if the loss of more or less of it is immaterial so long as some 
of it is ultimately obtained. 

The difficulties in the way of any attempt to arrive at the most probable 
value for a constituent by averaging the results reported by different 
analysts can be illustrated by results that were reported for lead oxide and 
magnesia in a sample of lead-barium glass, and for silica in an iron ore. In 
the analvsis of the glass, the average of the first results reported for lead 
oxide by the eight cooperating analysts was 17.25 per cent, and the average 
deviation from tliis average was 0.20 per cent. Included in the averaged 
results was the most probable value, 17.50® which falls outside the limits 
of the average deviation. In the case of magnesia, the average of the 
results reported by the eight analysts was 0.047 and the average deviation 
from the average 0.017. Again, the results that were averaged included the 
most probable value, 0.029, which also was outside the average deviation. 
Finally, in determinations of silica in an iron ore, the average of 28 analyses 
reported by 23 analysts was 1.02 per cent, the average deviation from the 
average was 0.02 per cent, and the most probable value was 1.05 per cent. 

In general, the most probable value for a constituent can be safely cstal)- 
lished only by carefully determining the constituent by methods that differ 
from each other as much as possible^ and then weighting the results, not 
only in the light of the figures obtained, but also with reference to the 
methods that were used, the other substances that arc present in the mate¬ 
rial, and the summation, if a complete analysis was made. If the analyses 
were made by two or more analysts, the personal equation must also be 
considered, provided the analysts’ abilities are known. Here again, diffi¬ 
culties are encountered, for it is by no means certain that an analyst who is 
skilled in a certain type of analysis will be equally skilled at first in applying 

3 Obtained by most painstaking analyses by different procedures, and later confirmed 
by the summation of the complete analysis and by reanalyses made with special pre¬ 

cautions by the other analysts. 

* For example, in detenninations of silica in a lead-barium glass containing 17.5 per 

cent of PbO and 1.41 per cent of BaO, H. B. Knowles obtained 65.35, 65.36, and 65.35 
by dehydration with hydrochloric acid and 65.38, 65.38, and 65.36 by dehydration with 

perchloric acid If a complete analysis has been made, it is sometimes desirable to check 

the most probable value by determining the constituent in a synthetic mixture that has 

the same composition as the material in question and contains a known added amount 

of the constituent. 
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an entirely new type of attack to a strange material. In this lies the weak¬ 
ness of many so-called umpire analyses. Such an analysis is fair only if the 
umpire is at least as familiar with the method of analysis and as skilled in its 
application to the material in question as is the analyst who is most justi¬ 
fied in the dispute. He must also be equally alert, for quite often the need 
for the analysis arises through unusual conditions which have been discov¬ 
ered and met by one of the analysts and not by the others. 

III. FACTORS AND THE REPORTING OF RESULTS 

In gravimetric procedures, a factor is the decimal which expresses the 
ratio of the weight of the substance that is to be determined to a chemically 
equivalent weight of some other substance. In most analytical work there 
is very little justification for the use of a factor that implies an accuracy 
higher than 1 part in 2000. For example, the factor for iron (Fe = 55.85) 
in ferric oxide is given as 0.699436 in some texts and as 0.6994 in others. 
The use of the former would imply an accuracy to 1 part in 699,436, 
which is absurd, whereas the use of the latter implies an accuracy to 1 part 
in 6994, which is reasonable although difEcult to achieve in an analysis. 
If the truth be told, very few gravimetric determinations of iron would 
suffer if the factor 0.7 were used. Again, the factor for the conversion 
of barium sulfate (Ba = 137.36, S = 32.06, H = 1.008) to sulfuric acid is 
given sometimes as 0.42017 and more often as 0.4202. Unless extraordinary 
precautions are taken, the analyst has very little justification for using any¬ 
thing over 0.42. Similarly it is rare indeed that the use of the factor 0.7403 
instead of 0.74 for zirconium (Zr = 91.22) in zirconium oxide, or 0.7930 
instead of 0.793 for tungsten (W — 183.92) in tungstic oxide, is justified. 
Finally, the factor for the ratio of silver chloride (Ag = 107.88, Cl = 35.457, 
H = 1.008) to hydrochloric acid should be taken as 0.2544 and not as 
0.254, 0.25441, or 0.254405, for the accuracy of the determination is higher 
than 1 part in 600 but not so high as 1 part in 25,000. 

Analysts are usually careless in reporting analytical results and thereby 
cause confusion, not only as regards the probable accuracy of the results, 
but also as to the faith that should be put in them. Before the result of an 
ordinary determination is reported, it should be rounded to the first figure 
that the analyst holds in doubt. For example, a result of 75.15 for silica in 
glass should be reported as 75.2 unless the analyst has done such an extraor¬ 
dinary amount of work on the analysis that he is willing to certify that the 
accuracy of the determination is higher than 1 part in 1500. Similarly a 
result of 3.513 for carbon in cast iron should be rounded off to 3.51, and 
a result of 0.0567 for sulfur in steel should be rounded off to 0.057, for the 
second decimal place in the former and the third decimal place in the latter 

are always in doubt. 



Chapter 2 

BALANCE AND WEIGHTS 

The value of analytical work rests fundamentally on the accuracy of the 
balance and of the weights that are employed. It has been poetically stated 
that the balance case should be looked upon as a sanctum sanctorum. To 
this might be added “and it should not be defiled, as it so often is, by 
impure offerings.” 

I. THE BALANCE 

A. THE FOLLOWING ARE THE CHIEF REQUISITES OF A GOOD BALANCE: 

a. It must be accurate and give the same result in successive weighings 
of the same body. 

To meet these requirements, the arms of the balance must be of equal 
length, the beam must not bend under load, and all three knife-edges must 
lie in the same plane and be parallel to one another. 

b. It must respond to slight changes in weight. For ordinary analyses 
it is sufficient that 0.1 mg should displace the zero point one scale division 
under a load of 10 g. 

The sensitiveness of the balance is directly proportional to the length of 
the balance arms and inversely proportional to the weight of the beam and 
to the distance between the center of gravity and the axis of the beam’s 
rotation. 

c. It must be stable; that is, the beam must return to its horizontal position 
after swinging. 

This depends on a proper adjustment of the center of gravity. 
d. It must oscillate quickly in order that weighings can be made rapidly. 

The period of vibration should preferably be no longer than 10 seconds. 
This depends on the adjustment of the center of gravity and the length 

and weight of the beam.^ 

B. CARE OF THE BALANCE 

The balance should be kept in a room that is free from corroding gases, 
and its location should be such that the two arms will maintain the same 
temperature. Hence it should not be placed with one side near a window 

1 For the testing of chemical balances, consult A. Craig, Ind, Eng, Chem, Anal, Ed,f 
a, 581 (1939). 

7 
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or a radiator, or in direct or reflected sunlight. The balance should rest 
on a firm foundation and be protected as much as possible from jarring and 
vibration. The ideal foundation is a stone or concrete pillar sunk into the 
ground and carried into the room without touching the building. This is 
usually out of the question, and the balance must be placed on a stout table 
or shelf and protected when necessary by shock-absorbing mediums, as 
for example heavy cork mats under the table and solid rubber stoppers 
under the adjusting screws of the balance. If an artificial light is used, it 
should be placed above and back of the head of the observer and in a 
position such that its heat will affect both arms equally. Diffuse daylight 
will serve if the window is not close by. 

The use of drying agents or absorbents for carbon dioxide in the balance 
case is ordinarily of no value except where atmospheric conditions are such 
as to otherwise cause serious corrosion of the balance. They give but 
little protection during weighing, for the small amount of absorbent 
exposed (and usually partly saturated) cannot quickly purify the air intro¬ 
duced when the case is opened. If reagents are to be used, soda lime and 
fused calcium chloride are to be preferred. Sulfuric acid should never be 
used. 

II. ANALYTICAL WEIGHTS 

The greatest caution should be exercised by the analyst in his selection 
of analytical weights and in his care of them. A good set should contain 
weights ranging from 100 g to 5 mg. Two classes of analytical weights, 
M and S, are recognized by the National Bureau of Standards. Class M 
weights cover those suitable for reference standards for work of the 
highest precision, and for use in investigations demanding especially accurate 
determinations of mass. Class S weights include such weights as are com¬ 
monly used in physical and chemical laboratories for most of the accurate 
weighing. The following specifications and tolerances were taken from 
NBS CArcular 3, The Design and Test of Standards of Mass, 3d edition 
(1918).=* 

A. SPECIFICATIONS FOR CLASS M WEIGHTS 

The material of which class M weights are composed must be hard, non¬ 
magnetic, and not readily oxidized or corroded by the atmosphere. It must 
show no traces of porosity. Gold, though a soft material, may be used 
for plating. Platinum is the material best suited for the smaller weights 
even as low as 1 mg, but aluminum will serve for those of 20 mg and less. 

2 Schedules of fees charged by the National Bureau of Standards for the testing of 
balances and weights, regulations governing the resting, and methods of weighing and 
testing can be obtained free of charge upon application to the National Bureau of 
Standards, Washington, D. C. 
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All flat sheet-metal weights must be of a material whose surface need not 
be protected against oxidation or corrosion. 

The entire weight must be a single piece, except for the plating that is 
permitted on weights of bronze and similar metals. The weights must be 
free from deep depressions, sharp angles, or other features that jeopardize 
their constancy. Weights of brass, bronze, or other metals that tarnish on 
exposure to the atmosphere must be plated with gold, platinum, or other 
suitable metal. There must be no darkening of the surface, and no spots 
of any kind should appear when the weights are placed for some time in 
boiling water and subsequently dried at a temperature of 110° C, as is done 
in preparing them for test. 

The entire surface of the weight shall be smooth and highly polished. 
If the denomination is marked upon it, the lines of the marking must be 
shallow and free from burrs and sharp angles. 

Special lifters shall be provided. The parts that come in contact with 
the weights may be made of wood or ivory, or may be covered with velvet 
or similar soft material and must be smooth and without sharp edges. 

TABLE 1 

Precision of Corrections and Tolerances, Class M: 
High-Precision Laroratory Standards 

The column headed “Tolerance” shows the maximum error allowable on each weight, whereas 
the column headed “Precision of Corrections” refers to the degree of precision to which the 

weights are ordinarily tested at the National Bureau of Standards. 

Denomi¬ Precision of Denomi¬ Precision of 
nation Corrections Tolerance nation Corrections Tolerance 

g mg mg mg mg 
20 0.01 100 500 0.001 0.05 
10 0.01 50 200 0.001 0.05 

mg 100 0.001 0.05 
5 1 30 50 0.001 0.03 
2 1 10 20 O.OOl 0.03 
1 1 5 10 0.001 0.02 

g 5 0.001 0.02 
500 1 .3 2 0.001 0.01 
200 0.1 1 1 0.001 0.01 
100 0.1 0.5 0.5 0.001 0.01 
50 0.1 0.3 0.2 0.001 0.01 
20 0.01 0.2 0.1 0.001 0.01 
10 0.01 0.15 

5 0.01 0.15 
2 0.01 0.10 
1 0.01 0.10 

Weights of this class must be adjusted within the limits of error pre¬ 
scribed in Table 1. They may be adjusted either according to their true 
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mass or according to their apparent mass as determined by comparison 
with brass standards in air—that is, according to “weight in air against 
brass.” The latter is generally preferable, chiefly because of the con¬ 
venience in using small platinum and aluminum weights in connection with 
brass weights. 

B. SPECIFICATIONS FOR CLASS S WEIGHTS 

Weights of class S must be made of material that is not rapidly corroded 
by the air. It must be hard, nonporous, and nonmagnetic. (Nickel, 
though magnetic, may be used for plating.) The larger weights down to 
and including 1 g must be of brass or bronze, or of a material having 
approximately the density of these metals. Below 1 g platinum may be 
used, and below 50 mg aluminum. All flat shect-mctal weights must be 
of a material whose surface need not be protected against oxidation or cor¬ 
rosion. The weights may have any of the common forms, provided they 
do not show features that might reduce their reliability. There must be 
no hole on the underside. Screw-knob weights may be tested under this 
class. 

The surface must be smooth and polished. Unless the material of the 
weights is at least as resistant to atmospheric corrosion as nickel or alumi¬ 
num, the weights must be plated with metals such as platinum, gold, or 
nickel, or must be lacquered. Lacquer, if used, must be hard, of moderate 
thickness, and smooth. Lacquer must not be used, however, on “flat” 
sheet-metal weights. Lacquer absorbs variable amounts of moisture accord¬ 
ing to the humidity of the air. The variations due to this cause may be 
appreciable in weights of this class. Since the character of the lacquer 
varies greatly, definite figures cannot be given; but for moderate ranges 
of humidity, say 40 to 70 per cent, a change of about 0.1 mg may be 
expected on a 100-g weight, and slightly more on an equivalent summa¬ 

tion of smaller weights. 
The nominal mass or “value” of each weight must be plainly marked 

upon it, except in the case of riders and other wire weights. On the 
largest weight of a set, at least, and on flat shect-mctal weights down to 
and including 100 mg, this marking should include the name of the unit. 
On other weights the number alone will be sufficient. The lines forming 
the characters must be shallow, broad, and free from burrs and sharp 
angles. Duplicate and triplicate weights of a set must be so marked that 
they can be distinguished with ease and certainty. A common and satis¬ 
factory practice is that of using, in addition to the denomination, one and 
two conspicuous dots on duplicates, and one, two, and three such dots on 
triplicates. It is preferable to have such marks on each weight rather than 
to have one weight entirely unmarked. 
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It is recommended that a dustproof case or box be provided and that the 
pockets for the cylindrical weights be lined with some soft material, such 
as velvet. When a case is provided, there must be a separate pocket for 
each weight, and these pockets must be large enough so that no appre¬ 
ciable force is required in removing or inserting the weights. Special 
lifters must be provided. The parts that come in contact with the weights 
may be of wood or ivory, or may be covered with velvet or similar soft 
material, and must be smooth and without sharp edges. 

Weights of this class must be adjusted within the tolerances given in 
Table 2. They may be adjusted either according to their true mass or 

TABLE 2 

Precision of Corrections and Tolerances, Class S: 

Analytical and Similar Laboratory Weights 

The column headed “Tolerance’* shows the maximum error allowable on each weight, whereas 

the column headed “Precision of Corrections” refers to the degree of precision to which the 
weights are ordinarily tested at the National Bureau of Standards. 

Denomi¬ Precision of Denomi¬ Precision of 
nation Corrections Tolerance nation Corrections Tolerance 

g mg mg mg mg 
20 0.1 100 SOO 0.01 0.05 
10 0.01 50 200 0.01 0.05 

5 0.01 30 100 0.01 0.05 
2 0.01 10 50 0.01 0.03 

mg 20 0.01 0.03 
1 5 5 10 0.01 0.02 

g 5 0.01 0.02 
500 1 3 2 0.01 0.01 
200 1 1 1 0.01 0.01 
100 0.5 0.5 0.5 0.01 0.01 
50 0.1 0.3 0.2 0.01 0.01 
20 0.1 0.2 0.1 0.01 0.01 
10 0.05 0,15 

5 0.05 0.15 
2 0.05 0.10 
1 0.05 0.10 

according to their apparent mass as determined by comparison with brass 
standards in air-^that is, according to “weight in air against brass.” The 
latter is generally preferable, chiefly because of the convenience in using 
small platinum and aluminum weights in connection with brass weights. 

IN. TESTING AND CARE OF WEIGHTS 

There is great need for testing new weights, and much more need for 
retesting them after some months, even when they have not been used. 
Variations in quality are extreme, and nothing but actual tests of the indi- 
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vidual weights themselves will prove either their accuracy or their con¬ 

stancy. 
Inaccurate weights often go undiscovered, not only through ignorance 

or lack of facilities, but also because of fear that calibration methods are 
too difficult or too tedious to be practicable in the ordinary laboratory. 
A rough check for gross errors can he made in a very few weighings. 

A determination of actual correction for each weight, but without checks 
on the weighings, requires less than the equivalent of two ordinary direct 

weighings for each weight, or less than one substitution weighing for each 
weight.^ 

Weights should never be touched with the fingers. The transfer from 

box to balance pan should be done with ivory-tipped forceps and with as 
light a pressure on the weight as possible. Weights of the highest accuracy 
should never be kept uncovered in the balance case. Those in continuous 
use for ordinary w^ork can be kept on a suitable card or bench within the 

balance case, provided the case is reasonably tight and the w^eights arc 
calibrated at least semiannually.'^ 

IV. WEIGHING 

The balance beam should aKvays be raised from the knife-edges when 
the balance is not in use or when the pans arc touched, and it should be 
lowered carefully and set swringing by fanning one pan gently with the 
hand or by very carefully turning the arresting screw. 

Weights and the object to be w'cighcd should always be placed in the 
center of the pans. 

Objects must, of course, be allowed to come to the temperature of the 
balance before weighing is attempted, and the final weighing should be 
made with the balance case closed. Objects that arc likely to become 
electrified by friction should not be wiped immediately before weighing; 

^ Descriptions of short calibrntion methods arc given in the NBS Sci. Paper 527 (1925) 

and in an article by T. W. Richards, /. A?n, Chein, Sac.^ 22, 144 (1900). More elabo¬ 

rate methods are also described in NBS Cite, 3, in articles by J. F. Hayford (Appendix 

10 to Report for 1892 of U. S. Coast and Geodetic Survey), and J. R. Benoit, Trcpuanx 

et mhnoires du Biirecni International des Folds et Mesures, 13 (1907) and in Chapter 
XVI, Dber Gewicht (Massen) Satze und deren Untcrsuchung, of Hand buck der Physi- 

kalischen Maasshestnmtnmgen, 2, by Dr. B. Weinstein (1888). 

4 J. J. Manley [PhiL Mag., 16 [VII], 489 (1933)] in a discussion of the nature, origin, 

and masses of the films that appear on weights, points out that these may be caused by 

the acid character of the glue used in lining the boxes, or by velvet that has been 

improperly washed. The handling of fractional weights can be entirely avoided by the 

use of special balances, such as those in which fractional weights involving more than 

1 g can be transferred from arms within the case to a bar attached to the stirrup, by 
means of a rod extending through the case. 
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quartz weights are sometimes electrified when lifted out of the plush-lined 
holes in the box.® 

Hygroscopic or volatile substances, or those that otherw ise change upon 
exposure to the air, must be weighed in closed vessels ^vhich must be 
momentarily opened just before the weighing. Porous or powdered sub¬ 
stances that have been dried by heating or by standing in a desiccator 
should also be weighed in closed vessels, as they may condense large 
quantities of moisture. If several portions of the dried material are needed 
in the analysis, it is usually desirable to dry each portion separately, weigh, 
pour out all of the sample, and weigh again, for many dried samples absorb 
appreciable moisture when the weighing bottle is opened.® Some hygro¬ 
scopic substances such as ignited lime or alumina can be weighed in the 
crucibles in which they are ignited, provided these are tightly covered 
and a second weighing is quickly made with set weights after reheating. 
Surfaces of objects such as platinum crucibles or electrodes attract and 
hold gases in which they may be placed. These are released if the object 
is stored in a vacuum, and again taken up on re-exposure. In analyses of 

high accuracy it is therefore absolutely necessary that the objects and 

tares receive identical treatments before weighing. 
For ordinary analytical work, entirely satisfactory weighings can be 

made by either the method of short swings^ or the method of single 

deflection.® In the former, the swings in the final adjustment of weights 
are so short that their retardation is inappreciable in a single movement, 
and hence the middle point corresponds with the point of equilibrium. 
They may vary from four divisions of the usual graduated scale to the 
shortest one that is distinctly visible. Swings from one-half to two divisions 
in total length are satisfactory, and it is usually convenient to employ the 

^ The use of a “high-frequency vacuum tester” for removal of the electrostatic charge 

has been recommended by F, W. Van Straten and W. F. Ehret [hid. Eng. Che?n. Anal. 

Ed., 9, 443 (1937)]. If the atmosphere is very dry, the charge can be removed by ex¬ 

posing the object to a source of ultraviolet light. The time of discharge depends on 

the intensity of the light and the distance to the object. For example, in tests made by 

C. J. Rodden, the charge was removed from a 150-ml Pyrex Erlcnmeyer flask in 8 

minutes when exposed at a distance of 2 feet from the unfiltered light of a General 

Electric Lab Arc in a room in which the temperature was 73® F and the relative hu¬ 
midity 30. The resulting change in weight of the flask was 8 mg. 

®For example, in analyses in which pyrolusite was dried at 120® C, an average value 

of 58.65 per cent of Mn was obtained when some of the dried sample was left in the 

weighing bottle, and 58.42 per cent when as much as possible of the dried sample was 

poured out before the second weighing. In such cases, an alternative procedure con¬ 
sists in using portions of an air-dried sample and correcting the results by moisture de¬ 

terminations made on samples taken at the same time. By such a procedure, the above 

sample showed 58.38 per cent of Mn. 
^H. L. Wells, /. Am. Chem. Soc., 42, 411 (1920). 

®P. H. M.—P. Brinton, ibid., 41, 1151 (1919). 
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center of the pointer scale as the final middle point of the swing in finding 
equilibrium. The usual adjustment of the analytical balance gives a swing 
of five divisions for 1 mg. With this sensitiveness a swing that varies less 
than one-fourth division on the two sides of the center shows that the 
nearest one tenth of a milligram has been found. 

If the balance case is fitted with separate beam and pan arrests, weighings 
can be rapidly and accurately made by the single-deflection method. In 
this method, the balance is given a permanent overload on the left arm by 
screwing the adjusting nut on one end of the beam until the pointer ^\’ill 
swing out from three to seven scale divisions to the right when the beam 
and pans are released. The pan arrests must be so adjusted that there is 
no lateral vibration of the pans when released. This is assured by moving 
the pan-arrest button in and out a few times. The beam is then freed, the 
pans are next released by a gentle steady motion, and the turning point of 
the pointer in its swing to the right is taken as the zero point. To obtain 
the weight of any object it is then only necessary to add weights until the 
pointer is caused to sw^ing out to the same point on the scale. With a very 
sensitive balance, a few' moments must be allowed for abatement of jar and 
air currents. 

A body that is weighed in air is partly buoyed up by a pressure equiva¬ 
lent to the weight of the volume of air that is displaced by the body. Two 
bodies that counterbalance each other when weighed at the same time 
therefore have the same weight only in case they have the same volume or 
the weighing is made in vacuum. The buoyancy effect must be taken into 

account in work of the highest accuracy, as in determinations of atomic 
weights or intercomparison of procedures for the standardization of acids. 
Corrections are not needed for the small precipitates (0.5 g or less) obtained 
in ordinary analyses. For example the corrected weight of 0.5 g of AI2O3 

TABLE 3 

True Weights of 1-g Portions of Substances Weighed in Air at 760/25° C against 

Pt-Tr and Brass Weights 

Substance Density 

Be 1.85 
Pb 11.34 
AI2O3 3.5 

Fe203 5.24 

CaO 3.40 
Na2C204 2.34 

KHC8H4O4 1.64 
C6H6CCX)H 1,32 

AS208 3.86 
K2Cr207 2.69 

Pt-Ir, Bra.ss, 
//= 21.5 II 0

0
 

1.00060 1.00051 
1.00005 0.99997 

1.00029 1.0002 

1.00017 1.00009 

1.0003 1.00021 

1.00046 1.00038 

1.00067 1.00059 

1.00086 1.00079 
1.00025 1.00017 

1.00039 1.00031 
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TABLE 4 

Reduction of Weighings to Vacuum * 

The weight of a body in vacuum is determined by adding to its apparent weight in air a buoy¬ 

ancy correction equal to the weight of the air displaced by the difference in volume of the body 
weighed and the weights rct]uircd to balance it on an equal arm balance. 

M — weight in vacuum; //' — apparent weight in air; p — density of air; di ™ density of 

body; — density of weights. 
'I'his table has been computed for p = 0.0012. 

Density 
of Body 

Weighed, 
g/ml 

Correction Factor, k 

Den.sity 
of Body 

Weighed, 
g/ml 

j Correction Factor, k 

Pt-lr 

Weights, 

d - 21.5 
g/ml 

Brass 

Weights, 

8.4 

j 

Quartz or 

A1 Wts., 
2.65 

Pt-lr 

Weights, 

d ■= 21.5 

g/'ml 

Hra.ss 

Weights, 

8^4 

Quartz or 

Al Wts., 

2.65 

0.5 +2.35 +2.26 + 1.95 5.0 +0.18 +0.10 -0.21 
0.6 + 1.95 + 1.86 +1.55 6.0 f0.15 +0.06 -0.25 
0.7 + 1.66 + 1.57 ! +1.26 7.0 +0.12 +0.03 -0.28 
0.8 -f 1.45 + 1.36 + 1.05 8.0 +0.10 + 0.01 -0.30 
0.9 + 1.28 + 1.19 +0.88 9.0 +0.08 -0.01 -0.32 

1.0 + 1.14 + 1.06 +0.75 10.0 +0.06 -0.02 -0.33 

1.1 + 1.04 +0.95 +0.64 11.0 +0.05 -0.03 -0.34 
1.2 +0.94 +0.86 +0.55 12.0 +0.04 -0.04 -0.35 
1.3 +0.87 +0.78 -1-0.47 13.0 +0.04 -0.05 -0.36 
1.4 +0.80 +0.72 +0.40 14.0 +0.03 -0.06 -0.37 

1.5 +0.74 + 0.66 +0.35 15.0 +0.02 -0.06 -0..37 
1.6 ■+■0.69 +0.61 +0.30 16.0 +0.02 -0.07 -0.38 
1.7 +0.65 +0.56 +0.25 17.0 +0.01 -0.07 -0.38 

1.8 +0.61 +0.52 +0.21 18.0 +0.01 -0.08 -0..39 
1.9 +0.58 +0.49 +0.18 19.0 +0.01 -0.08 -0.39 

2.0 +0.54 +0.46 +0.15 20.0 .00 -0.08 -0.39 
2.5 i +0.42 +0.34 +0.03 21.0 .00 -0.09 -0.40 
3.0 +0.34 +0.26 -0.05 22.0 .00 -0.09 -0.40 
3.5 +0.29 +0.20 -0.11 23.0 .00 -0.09 -0.40 
4.0 +0.24 +0.16 -0.15 24.0 -0.01 -0.09 -0.40 

From Standard Density and Volumetric Tables, NBS Circ. 19 (1924). 
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weighed with brass weights in air under normal conditions is 0.50008, a 
figure well within the probable accuracy of the determination. The mag¬ 
nitude of such corrections is illustrated in Table 3. If bulky objects are 
to be weighed, it is well to use objects of similar size and material as tares. 
Unless otherwise stated, it is assumed that analyses are based on weighings 
made with brass weights in air. 

Other refinements, such as the use of a highly sensitive balance, weighing 
by substitution or transposition, and making allowances for the slight 
errors in a good set of weights, all of which are necessary in weighings of 
the highest accuracy, are a waste of time and money in ordinary analytical 
woi'k, for such work lacks the accuracy in other respects that makes such 
precautions worth while. Neglect of such refinements should ordinarily 
cause errors no greater than 0.1 to 0.2 mg.® If higher accuracy than this 
is essential, as in determinations of atomic weights, refinements must of 
course be introduced. Weighings can be reduced to vacuum as shown in 
Table 4. 

y It should be rcfiicnibcred that such an error is not necessarily confined to large 

jirecipitarcs, for it can also be made if small residues are weighed in large receptacles 

such as dishes whose weight may change between weighings as a result of changes in 

barometric pressure, temperature, and humidity. The effect of gravitation on the cor¬ 
rection for the buoyancy of air can be ignored in any but the most refined analyses. 

For a system of weighing that yields an accuracy of 0.001 mg with a load of 100 g 

through slight vStructural changes in a balance of robust design, see A. E. Conrady, Proc. 

Roy. Soc. Lomioriy 101, fAl, 211 (1922), and W. H. J. Vernon, /. Soc. Chem. Ind., 53, 

211 (1934), 



Chapter 3 

APPARATUS AND REAGENTS 

The quality of apparatus and of reagents has improved greatly in recent 
years, and the discriminating analyst has much less cause for complaint 
now than formerly. Care must, however, he exercised in the choice of 
apparatus for a given operation, and the reagents must be tested for such 
impurities as might endanger the analysis. 

1. APPARATUS 

A. GLASSWARE AND PORCELAIN 

All glassware that comes in contact with solutions that arc used in analysis 

should be of the so-called resistant variety. That the choice of glass for 

use in a given analysis should be carefully considered is evident from the 
analyses of four American brands of chemical glassware available in 1941 

that are shown in Table 5,^ and from the data that are presented graphically 
in Figs. 1, 2, and 3.^ For example, glasses that contain zinc should not be 

^E. Wichers, A. N. Finn, and W. S. Clabaiigh, /. Research NBS, 26, 537 (1941); Ind. 

E?i^. Chem. Anal. Ed., 13, 419 (1941). See also P. H. Walker and F, W. Sniither, 

/. Ind. En^. Che?n., 9, 1090 (1917); NBS Tech. Paper 107 (1918), who found as much 

as 10.9 per cent of ZnO in some glasses, as well as constituents such as PbO, MnO, P2O5, 

SO3 and Li20. In general, the older glasses contained more arsenic than do those of 

today. 
2 Wichers, Finn, and Clabaugh {loc. cit.). All tests of chemical resistance were made 

on samples taken from a single lot of 250-ml Erlenmeyer flasks of each type of ware. 

The flasks were prepared for testing by gentle scouring, inside and out, with a pumice 

soap, thorough rinsing with distilled water, heating overnight in an electrically heated 

oven at about 110° C, and weighing. One flask of each type, similarly treated, was used 

as the tare. The tare flasks were rinsed and dried before each set of weighings and 

were scoured only between tests with different reagents. 

With a few exceptions, 200 ml of the selected reagent was placed in each of three 

flasks of each of the wares, which were heated simultaneously on an electric hot plate, 

Gentle boiling was maintained for 6 hours. During the treatment each flask was closed 

with a funnel-shaped cover, made of the same glass, to serve as a partial condenser. 

Flattened pellets of gold sponge served to prevent bumping. About midway of the 
6-hour period of boiling the volume of reagents was restored to about 200 ml by re¬ 

plenishing with hot water, except as otherwise noted. 

After the 6-hour treatment, the flasks were emptied, rinsed with water, gently 
scrubbed inside and out, then thoroughly rinsed again, and heated in the oven over¬ 

night at about 110° C. The weighing procedure after treatment was the same as be- 

17 
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TABLE 5 

Analyses of Chemical Glassware 

Glasbake, Kimble, Pyrex, Vycor,^ 
Crf 
VO % 

('' , 0 
r' 
/o 

Si02 78.4 74.7 81.0 96.3 

B2O3 14.0 9.6 1.3.0 2.9 

R2O3 t 2.5 5.6 2.2 0.4 

ZnO N. d.t 0.1 N. d. N. d. 

CaO 0.1 0.9 Ncg.§ Neg. 

BaO N. d. 2.2 N. d. N. d. 

MgO Neg. Neg. N. d. N. d. 

NaaO 5.0 6.4 .3.6 <0.02 

K2O Neg. 0.5 0.2 <0.02 

AS2O3 0.037 0.027 0.002 0.005 

Sb203 0.038 0.009 N. d. N. d. 

* 0.3 per cent of undetermined constituents, 

t Chiefly AI2O3. 

t Corresponding constituent was not detected. 
§ Negligible amount of constituent. 

used when accurate determinations of zinc are to be made or when very 
small amounts are in question. Again, the use of borosilicatc glasses is 
counterindicated when boron is to be determined. In extreme cases, as 

for example the digestion of organic matter suspected to contain minute 
amounts of arsenic, glassware cannot be used at all, and recourse must be 
had to other apparatus, such as quartz ware. 

Resistance glass is attacked by all solutions. In general, attack by acid 
solutions is less than that by pure w atcr or by alkaline solutions. For this 
reason, the latter should be acidified whenever possible, if they must be 
kept in glass for any length of time.^ 

Attention should also be given to cover glasses, especially as these are 
usually made of ordinary glass. The matter that can be extracted from 

some cover glasses in a short time is surprising. For example, 1 mg of 
silica was extracted when water was boiled for 60 minutes in a 1-liter plati¬ 
num dish covered with a glass, and 1.4 mg when an ammoniacal solution 

was boiled for 30 minutes. 

In general, the action of solutions is less vigorous on porcelain than on 

glass. As contrasted with the attack of solutions of sodium hydroxide on 

fore. The same flasks were then subjected to a second treatment for 6 hours, and in 

some instances to a third. 
•’^Beakers, bottles, flasks, and tubes of “alkali-resistant” glassware arc offered by the 

Corning Glass Works. This glassware is substantially boron-free (approximate B2O3 

content 0.06^0. The softening temperature is higher and the resistance to thermal 

shock is lower than of standard Pyrex. 
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glassware indicated in Fig. 3, Waters^ found that porcelain dishes lost only 
about 2 mg in wxight when 2.5 N solutions of sodium hydroxide were 

heated in them for 6 hours on the steam bath. If solutions must stand over 
for any length of time, it may be better to use vessels of good porcelain 
than of glass. It should be remembered, however, that the compositions of 

Loss in wuiglit in milligrams * 

Ki(i. 1. Comparative resistance of chemical glassware to water and to acid reagents. 

* Average loss in weight in milligrams per flask per 6-hoLir period of exposure. With 

reagent 4 the flasks were replenished at the end of 3 hours by acid of the same strength. 

Reagent 5 contained 50 ml of HCl, 50 g of NaQ and 50 g of NIJ4CI per liter. With 

reagents 6 and 7, 50 ml were used, and the acids were not replenished. 

glass and porcelain are quite diflFercnt, and that less contamination by a 
given element, as for example aluminum, may actually result from the use 

of glass than from the use of porcelain.^ 
Errors caused by substances extracted from glassware or porcelain are 

usually corrected in accordance with results obtained in blank experiments 

that are carried through all steps of the analysis. This method fails if 

^ C. E. Waters, NBS Tech. Papers 105 (1917). 
^ The average coefficient of expansion of Pyrex glass is approximately 0.0000032, and 

of porcelain such as Coots, 0.00000356 between 20 and 200® C, increasing gradually to 

0.00000469 at 1000® C. The limits of use for the porcelain are 1250® C for the glazed 

and 1400® C for the unglazed. 
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Loss of weight in milligrams * 

Fig. 2, Comparative resistance of chemical glassware to nearly neutral reagents. 

* Average loss in weight in milligrams per flask per 6-hoiir period of exposure. Sodium 

chloride solutions were 5 and potassium chloride solutions were 7 per cent strength; 

all solutions were buffered with KII2PO4 and Na2HP04. 

0.05 N sodium hydroxide 

0.5 N sotiium hydroxide 
I , I 

0.5 N potassium hydroxide 

0.5 N sodium carbonate 

0.5 N potassium hydroxide in alcohol 

0 50 100 1.50 2(K1 250 300 

Loss of weight in milligrams * 

Fig. 3. Comparative resistance of chemical glassware to alkaline reagents. 
* Average loss in weight in milligrams per flask per 6-hour period of exposure. The loss 
in weight shown for 0.5 N potassium hydroxide in alcohol (95%) is six times the average 

hourly loss in flasks fitted with reflux condensers. 
20 
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substances that are present in the blank do not undergo the same reactions 
as those in the test proper; for example, a large iron or aluminum hydroxide 
precipitate will carry down all silica, arsenic, and antimony derived from 
the glassware, whereas the very much smaller precipitate obtained in the 
blank experiment may not. 

B. PLATINUM AND SUBSTITUTES 

Practically all platinum ware contains iridium, rhodium, or copper, or 
copper and rhodium for hardening effect. I'he volatilization loss occa¬ 
sioned by strong heating (above 1100° C) of some ware is due mainly to 
its iridium content. Therefore, the lower the iridium content is, consistent 
with requisite stiffness, the better. At the National Bureau of Standards an 
alloy containing 0.6 to 1 per cent of iridium is used for crucibles and one 
containing 2 to 2.25 per cent of iridium for dishes. 

According to Burgess and Sale,^ rhodium stiffens platinum crucibles and 
lowers heat and acid losses. These authors state that an alloy containing 
3 to 5 per cent of rhodium should 1)C satisfactory. Few service tests on 
such an alloy seem to be available. If the rhodium content is increased, the 
crucibles may develop cracks in service. 

Iron was formerly a common impurity in platinum ware, and its presence 
must still be guarded against, although there has been a great improvement 
in this respect. When iron is present in appreciable amount, it can readily 
be detected by heating the ware to low redness, best in a muffle furnace. 
The surface shows then a dark or even reddish color, due to oxide of iron. 
Proof of the presence of iron is afforded by digesting the heated ware in 
hydrochloric acid. A yellow color of the acid indicates iron, and further 
proof is furnished by a qualitative chemical test. It is seldom that a trace 
of iron cannot be found in this way, even though the original metal may 
have been entirely free from it. Iron is taken up very readily by platinum 
from the rolls or tools used in preparing the ware, and such iron is super¬ 
ficially held. It is therefore best to digest new crucibles in warm strong 
hydrochloric acid before heating them. 

Sometimes, after ignition, a calcium content can be detected by the alka¬ 
line reaction imparted to a strip of moist red litmus paper pressed upon 

the surface. Such reactions appear only in spots.^ 
Platinum vessels should not be heated strongly in contact with metals 

other than platinum; the use of Nichrome triangles is a common mistake. 

Compounds of easily reducible metals must also be avoided, as must sub- 

®G. K. Burgess and P. D. Sale, /. Ind, Eng. Chem., 7, 561 (1915). 

^Several papers that have been issued from the National Bureau of Standards deal 

with the quality, behavior, and testing of ordinary platinum ware. See G. K. Burgess 

and P. D. Sale, ibid., 6, 452 (1914), and 7, 561 (1915); NBS Set. Paper 254 (1915); and 
G. K. Burgess and R. G. Waltenberg, NBS Set. Paper 280 (1916). 
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stances such as phosphides, arsenides, or sulfides. Caustic alkalies and 
lithium and barium oxides attack platinum strongly; likewise their nitrates, 
nitrites, cyanides, and hydroxides. Alkali carbonates attack platinum 
slightly when the crucible is heated over a free flame, and to a somewhat 
greater extent when it is heated in a muffle. Attack by alkali pyrosulfate 
is more marked, from 1 to 3 mg being dissolved in the usual case. Aqua 
regia must of course be avoided, as must other combinations such as pyro- 
lusitc or certain oxides of the rare earths and hydrochloric acid that liberate 
chlorine. 

The solvent action of boiling sulfuric acid on platinum is almost entirely 
inhibited by the presence of an excess of sulfur dioxide generated by the 
interaction of the hot acid and sulfur or carbon, or introduced through a 
rube into the boiling acid. McCay found that the acid contained no 
platinum, and the sulfur globule only 0.2 mg after 50 ml of sulfuric acid 
had been gently boiled with 2 g of sulfur for 6 hours in a covered 200-ml 
platinum dish, ^\'hereas the acid contained 7.7 mg of platinum after 20 ml 
of sulfuric acid alone had been gently boiled in the covered dish for 1 hour. 
Very little, if any, platinum is dissolved during moderate boiling of per¬ 
chloric acid in platinum vessels. 

Direct contact of platinum ware with unburned gas, sooty flames, burning- 
charcoal, and the like leads to the formation of a carbide of platinum which 
renders the crucible brittle and easily cracked. 

Platinum crucibles should be kept clean, burnished, and in proper shape. 
The cleaning can usually be accomplished by gently fusing with pyro¬ 
sulfate for a few minutes, pouring the melt onto dry metal or stone, and 
then digesting the crucible and cover for a while in hot dilute hydrochloric 
acid (1 -f- 1). For some impurities, other fluxes and acids, such as sodium 
carbonate or hydrofluoric acid, may be desirable. Crucibles should be 
burnished with sand whenever they begin to grow dull. For this purpose 
there is needed sand of rounded grains, free from grit, and preferably quite 
fine, say 75 to 100 mesh. The sand should be moistened and applied with 
the finger or a soft cloth. Wooden forms can now be purchased with 
platinum crucibles and dishes, and are invaluable for ironing out any dents 
and bulges that the ve.ssels may receive. 

In many operations crucibles of other materials can be substituted for 
platinum crucibles; in some procedures they must be substituted. Thus, 
quartz ® crucibles are entirely satisfactory for the ignition and weighing of 
numerous materials and for pyrosulfate fusions in which silica is not to be 

® J. T. Conroy, /. Soc. Chem. Ind.y 22, 465 (1903); L. W. McCay, 8 Intern, Congr, 

Applied Chem.y Sect. I-II, 351 (1912). 
® Quartz crucibles are easily electrified and are slightly hygroscopic. For example, 

crucibles weighing 11.1330 and 13.4608 gained 0.7 and 0.8 mg, respectively, when ex¬ 
posed for 1 hour at 25® C to an atmosphere having a relative humidity of 45 per cent. 
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determined, whereas fusions with peroxide must be made in iron, nickel, 
or porcelain, depending (ui the end in view. Fusions 
with sodium or potassium hydroxide are made best in 
gold or silver. 

A. W. Epperson and R. B. Rudy demonstrated that 
satisfactory fusions for alkalies by the J. L. Smith method 
can be made in iron or nickel crucibles, and they pro¬ 
posed that crucibles of these metals be stamped out in 
the form recommended by Smith, and with snugly fitting 
covers. 

If the restrictions imposed by its relatively low melting 
point are taken into account, gold or platinum-plated 
gold ware, such as that composed of approximately 25 
per cent of platinum welded on a gold base, may be used 
for many operations in place of platinum, especially in 
the form of dishes, which seldom have to be exposed to 
temperatures approaching the melting point of the metal. 
Ciold is attacked to a greater degree by nitric or per¬ 
chloric acid than is platinum. 

C. USEFUL APPLIANCES AND APPARATUS 

It would be difficult to give a complete list of the 
equipment required in a laboratory that is well-stocked 
for general analytical work. It is in place to mention, 
however, some equipment that is well-nigh indispensable. 
None is novel in principle, but some arc not so com- 
mornly known as they deserve to be; hence this allusion 

to them. 
Cmciblc Tongs. Figure 4 represents a form of plati¬ 

num-tipped crucible tongs devised by A. A. Blair many 

years ago. With them a crucible can be securely grasped 

and brought into any desired position w^hile still hot. To Ku;. 4. Pliitinuni- 

the contents, if in fusion over the blast flame, can be im- tipped crucible 

parted the rotatory motion so often desirable. Above 

all, the cover need not be in the slightest degree displaced, heavy ' platinum 

as w^hen the common form of platinum-tipped tongs is are hollow, to 

used. serve as sockets for 
Radiators for Volatilizing Liquids and Solids. Figure 5 the cheaper metal 

^ , j. , Ilf 1 of the handles, 
represents a very useful adjunct to the work table and 

especially to the hood, w hereby the liquid contents of crucibles can be evap¬ 
orated speedily at almost any desired temperature, and the dehydration of 

Ind. Eng. Ghent., 17, 35 (1925). 
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many solids can be effected much more safely than on an iron plate or sand 
bath. We do not recall who originated this form of air bath, but it has been 
in use for a long time and is identical in principle with the “Nickel-becher” 
of Jannasch. Nickel undoubtedly has a certain advantage in not rusting like 

Pui. 5. Radiator for rapid and safe evaporation. K is of sheet iron or aluminum, also 

nickel (Jannasch). A convenient height is 7 cm; width at top is 7 cm and at bottom 

5 cm. The base B may be of iron, nickel, or platinum, but not aluminum which will 

not stand the temperature of the direct flame. Platinum is most satisfactory by reason 

of its long life and radiating power. The manner of attaching B to R is by turning 

the cogs of B up and over those of R. Evaporation may be greatly hastened when 

desired by placing upon R a cast-iron ring with its of)cning somewhat larger than the 
mouth of the crucible. 

iron, but the form depicted in Fig. 5 can be made easily anywhere of sheet 
iron riveted at the joint, the bottom being securely held by a notched flange 
at the extremity of the truncated cone. A crucible placed on the platinum 
triangle becomes heated uniformly by hot air, and large quantities of liquid, 
even sulfuric acid, can be volatilized thus in a short time without ebullition 
or spattering. T he life and effectiveness of this appliance are greater if the 
bottom is of sheet platinum, but, if an iron bottom wears out, it can usually 
be replaced one or more times before the sides fail. A coating of aluminum 
paint on the sides adds to their life. Radiators of quartz with fused-in quartz 
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triangles can now be purchased. A 
satisfactory radiator for the accommo¬ 
dation of a number of crucibles can be 
made by covering a shallow iron pan 
with a sheet of asbestos board having 
holes to accommodate various-sized 
crucibles and of such size that the bot¬ 
toms of the crucibles are at least 1 cm 
away from that of the pan. Holes not 
in use can be covered wdth crucible 
covers. A circular iron band can be 
substituted for the pan, if the radiator 
is to be heated over a hot plate instead 
of a direct flame. 

Infrared heaters are recommended 
for evaporations, drying of precipi¬ 
tates, and even charring of filter paper. 
These heaters provide convenient, effi¬ 
cient top-surface heating of a small area 
by means of reflected converging infra¬ 
red rays which prevent creeping of 
salts on the side walls of vessels. 

By an extension of the principle il¬ 
lustrated in Fig. 5, very considerable 
amounts of ammonium salts and other 
easily volatile solids may be driven off 
platinum dishes with little danger of 
loss by spattering and none by over¬ 
heating. The dish containing the dry 
or nearly dry matter is placed in an¬ 
other of such size that the bottom of 
the inner dish is at some distance from 
that of the outer. The outer dish may 
be of iron, direct contact between it 
and the inner dish being prevented by 
wisps of asbestos overlapping its edge, 
but the excellent conductivity and radi¬ 
ation of platinum recommend it above 
anything else. Aluminum will not stand 
the application of a full flame. If the 
contents of the dish are moist at first, a 
low flame will soon dry them; then the 
heat may be increased at will and the 

Fk;. 6. Device for excluding flame 

gases from the interior of crucibles 

during ignition. A, Asbestos board; 

By Stiff platinum foil of size suitable 

to the crucible used and having an 

opening to admit the crucible to about 

two thirds of its depth. This disk may 

be used alone upon the ring of an 

ordinary stand and in horizontal posi¬ 

tion, or, preferably as shown in the 

figure, in combination with the asbes¬ 

tos board, in which is an opening con¬ 

siderably larger than the crucible. 

I'he combination should then be given 

the inclined position sliown, so as to 

allow the products of combustion to 

flow to one side without the possibility 

of their enveloping the mouth of the 

crucible. In the lack of platinum, a 

perforated asbestos board alone will 

yield fair service with a blast, but not 

as a rule with an ordinary burner. 
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operation allowed to proceed without supervision. A sand bath may be 

substituted sometimes for the radiator. 
Perforated Disk for Crucibles, Figure 6 shows an arrangement for the 

ignition of crucibles when it is desired to exclude flame gases from their 
interior, as in the ignition of ferric oxide and the 
determination of sulfur by fusion with an alkali 
carbonate. The original idea of J. Lowe “ was 
to use perforated clay disks in determining the 

Fig. 7. Weighing trough coals. Later, Lunge and others advocated 
of platinum, to be balanced asbestos board, but this has the disadvantage that 
by counterpoise of lead, it lasts but a short time, and the fibers adhere to 
Length of trough about crucible to some extent. By neither of these 
cm: width before bendinff, . ^ • i • l 

^ ® IS It easy to attain a very high temperature in the 
crucible. Therefore a disk of platinum is prefer¬ 

able because of its durability, cleanliness, and high conducting power, though 
its cost may preclude having a set to fit different sizes of crucibles. The 
platinum disk and asbestos board may be used conveniently in combination, 
as in the figure. The asbestos then has a large hole, over which a smaller 
perforated disk of platinum is laid.'- 

Weighing Scoop or Troitgh, Fig¬ 
ure 7 represents a most convenient 
receptacle for the sample that is being 
weighed on the balance. It is made 
of platinum and is counterpoised by a 
leaden weight. It has the advantage 
over a watch glass that its shape per¬ 
mits ready introduction of its con¬ 
tents into narrow-mouthed receptacles 
when desired. 

Weighing Bottle, Weighing bottles 
of assorted sizes and capacities are 
often needed. Pyrex bottles as shown 

in Fig. 8 are convenient if hot cru- g Weighing bottle of Pyrex to ac 
cibles containing hygroscopic precipi- commodate crucibles. 

tates are to be transferred to desic¬ 
cators, and cooled and weighed with minimum contact with ordinary air. 
The bottom section of the bottle is low so that the hot crucible can be 
set in it with Blair crucible tongs without disturbing the lid of the crucible. 
The cover is then put on so that there is only the slightest meshing between 

112. and, Chem, 20, 224 (1881). 
12 For the use of specially compounded rubber rings for suspending beakers in steam 

baths and thus accelerating evaporations, consult J. A. Scherrer, Ind, Eng, Chem, Anal, 
Ed,, 5, 22 (1933). 
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the small holes of the cover and the bottom to permit equalization of 
pressure; the bottle is placed in a desiccator and weighed against a simi¬ 
larly treated counterpoise when cool. 

Mortar and Pestle, An agate mortar with pestle is well-nigh indispensable. 
This is preferably inches in outside diameter if only one can be pur¬ 
chased. If two can be stocked, desirable sizes are 3 and 5 inches. A so- 
called diamond mortar (h'ig. 37, p. 810), made of hardened tool steel is 
also needed for the crushing that must be done by concussion (p. 810). 
Mortars with a boron carbide mortar bowl inserted in a stainless-steel 
casing and a boron carbide tip inserted in a stainless-steel handle are now 
available. These have unusual resistance to abrasion (hardness exceeded 
only by the diamond) and yield no contamination under any ordinary 
conditions. 

Colorimeters and Photometers. A well-equipped laboratory should have 
a visual colorimeter of the Duboscq type, h filter photometer is almost 
indispensable. For research purposes a spectrophotometer is a valuable 
adjunct. Space docs not permit a detailed discussion in this text of the 
commercially available types of these instruments. Certain general prin¬ 
ciples of photometric operations will be found on page 146. 

Nephelometers, The ncphclometer is cmplf>yed to estimate traces of 
precipitates that reflect or scatter light but refuse to settle or be caught on 
ordinary filtering mediums. It is not intended for use in cases where the 
precipitate tends to deposit during the 2 or 3 hours in which the test is 
developed. Tlic chief source of error in the use of the ncphclometer lies 
in possible differences in the state of the two precipitates. Consequently 
the precipitates must be produced under exactly the same conditions in 
both unknown solution and standard, and the solutions cannot be adjusted 
after precipitation takes place. Time must also be allowed for the precipi¬ 
tates to attain their full development; 2 hours or more should usually be 
allowed. Finally, great care must be exercised to avoid contamination by 
substances that will affect the result, as for example dirt or distilled water 
containing chlorides in a determination of traces of the latter. 

Ncphclometer attachments can be purchased with most of the well- 
known colorimeters.^'* 

Potentiometric Apparatus. Potentiometric apparatus is very desirable if 
titrations of elements such as chromium or vanadium are often called for, 

i»T. W. Richards, 2. anorg. Chern.y 8, 269 (1895); T. W. Richards and R. C. Wells, 

Am. Chem. 31, 235 (1904); T. W. Richards, ibid., 35, 510 (1906), and 8th Intern. 
Congr, Applied Chem., 1-2, Sect. I-II, 423 (1912); P. A. Kober, J. Biochem., 13, 485 

(1913). See also a simple theory of the nephelometer by P. V. Wells, J. Am. Che?n. 
Soc., 44, 267 (1922). For a discussion of nephelometric methods, see J. H. Yoe, Photo- 
metric Chemical Analysis, Vol. II, Ncphelometry, John Wiley & Sons (1929). 

The construction and use of a simple nephelometer is described by Richards as 
follows: Two test tubes, near together and slightly inclined toward one another, are 



28 APPARATUS AND REAGENTS 

or the hydrogen ion concentrations of solutions must be carefully deter¬ 
mined (see Potentiometric Titration, p. 200). 

Spectroscope, A small direct-vision spectroscope will be found very 
useful in examining residues obtained at certain stages of an analysis, as for 
example the inspection of ignited oxalate precipitates for strontium or 
sodium chloride residues for lithium. 

Magnifiers, Small magnifiers giving 10 to 20X magnification find fre¬ 
quent use in inspections of specimens and precipitates. 

Centrifuge, There is no doubt but that a number of analytical opera¬ 
tions could be carried out or simplified by means of a centrifuge. The use 
of the centrifuge in certain routine determinations, such as the determina¬ 

tion of phosphorus in steel or phosphor bronze, is well known. In such 

applications the physical state of the precipitate is of prime importance, 
and the procedure must be carefully worked out and strictly followed. 

If the centrifuge has been designed for the purpose in view, it should be 

of considerable help in operations such as the washing of certain precipi¬ 
tates by decantation.^® 

Electric Apparatus, Of great aid to the analyst is electric equipment such 

as (1) a constant temperature oven that can be heated to, say, 250° C; (2) 
an electric furnace of muffle form that can be heated to 1200° C, together 

with a thermocouple and indicating pyrometer if the temperature must be 

closely controlled as in the ignition of tungstic acid;^® (3) a combustion 

arranged so as to be partly shielded from a bright source of light by sliding screens. 

The tubes are observed from above through mo thin prisms, which bring their images 

together and produce an appearance resembling that in the familiar half-shadow 

polarimcter. The unknown quantity of dissolved substance is precipitated as a faint 

opalescence in one tube by means of suitable reagents; and a known amount, treated 

in exaedy the same way, is prepared in the other. Each precipitate reflects the light; 

the tubes appear faindy luminous. If the tubes show similar tints to the eye when the 

screens are similarly placed, the precipitates may be presumed to be equal in amount. 

In case of inequality of appearance, the changed positions of the screens necessary to 

produce equality of tint give a fairly accurate guide to the relative quantities of precipi¬ 

tate in the two tubes. The two test tubes are lighted by nearly horizontal rays from 

a powerful electric light at least % meter distant. The tubes should be protected from 

its heat by a suitable transparent screen. Sketches of the apparatus and fuller details 

are given in the first two references cited in the preceding footnote. 

15 For a discussion of the use of the centrifuge in determinations of sulfur in steel, 

calcium as oxalate, aluminum as hydrous oxide, nickel as dimethylglyoxime salt, and 

nitrate as nitron salt, see H. S. Green, /. Am, Chem, Soc,, 53, 3275 (1931). 

It should not be assumed that the use of an electric furnace eliminates all sources 

of contaminadon in making ignitions or fusions, especially if the furnace has been in 

general use. For example, in fusions with sodium carbonate, blanks of 0.6 and 0.6 mg 

of BaS04 were indicated when fusions were made in an electric furnace that had been 

especially protected from contamination by sulfur, whereas blanks of 3.5 and 3.0 mg 

were indicated when the fusions were made in a furnace that had been used in the 
laboratory for all kinds of work. Similarly, in preparing AI2Q8 containing definite 
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furnace which is 10 to 12 inches in length and can be heated to 1200° C; 
(4) a three-unit combustion furnace of the split type which can be heated 
to 1000° C for use in organic combustion; (5) hot plates of the tliree-heat 
type; and (6) special heating units such as a small furnace for the determi¬ 
nation of volatile matter in coal. 

Gas Apparatus. In the usual case two types of gas burners are needed: 
those, such as the Tirrill, that give temperatures up to 1000° C, and others, 
such as the Meker or blast lamp, that give temperatures up to at least 
1200° C. If electric equipment is not available, gas-fired ovens, combustion 
furnaces, and hot plates are also needed. The last are preferably of the 
griddle-cake type, at least ^ inch thick and reinforced at the edges so as 
to prevent buckling. 

Steam Baths. Heating baths that can be connected to a steam line and 
run day and night are a great help in laboratories in which many evapora¬ 
tions must be carried out, as for example in determinations of silica made 
bv evaporating solutions of hydrochloric acid. The baths can be of the 
usual box type made from non-corroding material such as Albcrine and 
with holes in the top which are fitted with concentric rings of the sizes 
needed to accommodate the vessels that are to be heated. Much quicker 
evaporations can be had on such baths if a jet of warm air is blown over 
the surface of the liquid and the vessel is placed in a cup having a per¬ 
forated bottom and a flange on the outside by which it can be sunk to the 
desired depth in the bath. If the laboratory cannot be provided with a 
steam bath, two or more water baths with rings and regulators are needed. 

Distilled Water Apparatus. Apparatus for making distilled water can 
be obtained in almost any size or capacity. Those delivering 2 gallons per 
hour arc usually heated by gas or electricity. Those of large capacity, 
usually heated by steam, are not needed unless more than 30 gallons of 
water per day are used. Stills that provide for the expulsion of ammonia 
and other gases are to be preferred. In general, the smaller stills should 
be thoroughly cleaned at least every 3 months. 

Filter Bumps. If the laboratory is not equipped with a vacuum line, brass 
filter pumps which operate on the injector principle are needed for facili¬ 
tating the filtration of solutions and the draining of precipitates. For the 
use of a special bell jar, see Fig. 11, p. 100. 

aniounrs of B.O3 to be used as spcctrochemical standards, it was found that, after 

ignition in a muffle furnace, blanks to which no BjOa had been added showed just as 

much B2OH as standards to which 0.05 per cent of B2O3 had been added. The prepara¬ 

tion of blanks was then repeated by dissolving three portions of pure aluminum in 

hydrochloric and sulfuric acids in platinum, evaporating, and then igniting, at 1000 to 

lioo° C. The first portion was ignited in a much used muffle in which borax had once 

been spilled, the second portion in a muffle in general use but in which no boric acid 

had been spilled, and the third ponion over a Meker burner. The percentages of boric 

oxide (B2O8) indicated were 0.01, 0.001, and 0.0000, respectively. 
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Wash Bottles. For analyses in which the volume of washing solution 
used is of moment, E. R. Calcy recommended the use of simple graduated 
wash bottles; a graduate with stopper and tubes for cold and a graduated 
test tube in a wooden base for hot solutions. 

Large Bottles. Large bottles of resistance glass always find good use. 
These should include not only a generous supply of 1-liter bottles for the 
storage of solutions that find intermittent use, but also 2-liter and even 6- or 
10-liter bottles for solutions that are constantly required in appreciable 
amounts. 

Overflow Burettes aud Fipettes. Time-saving devices such as overflow 
burettes or pipettes which are connected directly with the vessel containing 
the solution to be delivered should be considered if operations are repeated 
often enough to make their use worth while. 

Platinum Ware. Absolutely necessary in any analytical laboratory are 
platinum crucibles with well-fitting covers. If only tw'o crucibles could 

be purchased, we should prefer those of 25-ml capacity. Use can be made 
of 10-ml crucibles in ignitions, but not as a rule in fusions. Crucibles of 
20-ml size are satisfactory for most purposes, while larger crucibles such as 
those of 50- to 100-ml capacity find occasional use. 

In general, it has been noted in laboratories at the National Bureau of 
Standards that there is little to choose between platinum crucibles contain¬ 

ing 0.3 to 0.5 per cent of iridium and crucibles containing 3.5 per cent of 
rhodium. The former retain a brighter polish, whereas the latter retain 
their shape a little better and show somew^hat lower losses in weight as a 

result of heating, or of fusing with alkaline or acid fluxes.^® Fusions for 
alkalies can be made in the 25-ml crucibles, but are more satisfactory if 

made in crucibles of special form (see Fig. 44, p. 926). The analyst can 
find use for platinum dishes of 100- and 300-ml capacity. Dishes of 500- or 
1000-ml capacity can be substituted for the 300-ml size to good advantage. 
The smaller ones are useful for the ignition and w^eighing of small residues 

such as the alkalies in rocks, whereas the larger sizes are needed in accurate 
determinations of silica. No covers are required for the former; covers 
made from thin sheet platinum and reinforced by platinum wire on the 
edge are desirable for the latter. The use of special dishes, such as those 
of the Payne type, in which carbonate melts of silicate materials need not 
be removed beifore solution in acid and evaporation for silica will no doubt 
find increasing favor.^® Additional platinum apparatus that might be men¬ 
tioned are perforated cones (%-inch diameter) and disks (for Gooch 

/w(/. En^. Chan. Ami. Ed., 1, 162 (1929). 

For their behavior on heating, sec J. I. Hoffman and G. E. F. Lundell, Bur. Stmid- 

ards /. Research, 5, footnote p. 290 (1930), and /. Research NBS, 15, 415 (1935). 

10 See J. I. Hoffman, J. Research NBS, 25, 379 (1940). 
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crucibles), both for filtrations under suction, rods (about 10 gage and 
5 to 6 inches long) for stirring solutions containing hydrofluoric acid, and 
a 12-inch length of stout platinum wire (about 20 gage) to be cut into 
shorter lengths for uses such as the stirring of viscous boric oxide melts. 

Quartz Ware, Most of the apparatus listed under platinum can be dupli¬ 
cated in quartz to good advantage and w’ill find desirable applications, as 
for example the use of crucibles in fusions with pyrosulfate, or dishes and 
l)cakcrs in the determination of the alkalies. Triangles made of fused silica 
or of Nichrome wire covered with fused silica tubes are indispensable. 
Specially notev’orthy is the resistance of quartz ware to thermal shock 
(small crucibles can be heated to 1000° C and plunged into cold water 

without damage) and to attack by acids, excepting h\’drofluoric acid and, 
at high temperatures, phosphoric acid.““ 

A silica glass (Pyrex Vycor) containing approximately 96 per cent of 
silica, with the remainder chiefly boric oxide and traces of aluminum, 

sodium, iron, and arsenic, can now^ be obtained in a number of forms such 

as crucibles, beakers, flasks, dishes, and combustion and test tubes. The 

low coefficient of expansion, 8X lO"”^ per °C betw een 19 and 350° C, 
permits very rapid heating or cooling. The upper limit of heating for 
general service is about 900° C. 

Gold and Silver IVare. Gold or silv^er crucibles of 25- or 35-ml capacity 
are needed in certain fusions with sodium or potassium hydroxide, gold 
being more resistant than silver. Draw'backs to their general use are their 

low melting points, approximating 1050° C for gold and 960° C for silver. 
Gold dishes can be substituted for platinum dishes in many evaporations, 
or in ignitions in w hich low temperatures arc involved. The use of silver 
dishes is confined to evaporations of alkaline solutions. 

Electrodes. The most satisfactory electrodes for general use in analysis 
are platinum cylinders made from approximately 50-mesh, sand-blasted 

gauze (wire diameter about 0.21 mm), stiffened by doubling the gauze 
for about 3 mm at the top and bottom, and supported by a platinum stem 
w^hich is flattened and welded the entire width of the gauze. The cylinders 

are preferably 5 cm in height, the diameters are 5 cm for anode and 4 cm 

2<>Thc following properties arc of interest: (1) the coefficient of expansion is about 

0.00000054; (2) the softening point lies around 1500“ C; (3) the volatility at 1200“ C is 

less than that of platinum; (4) transparent quartz is not porous (except to helium) 

under ordinary pressures at 1200“ C, unless it has suffered devitrification (reversion from 

vitreous to crystalline state); (5) devitrification tends to set in if fused silica is exposed 
to continued extreme changes in temperature, and is more rapid in reducing than in 

oxidizing atmospheres; (6) transparent quartz ware is stronger and more resistant to 

devitrification than nontransparent; and (7) when tubes must be heated at tempera¬ 
tures above 1000“ C, devitrification is slower if they are never allowed to cool under 
300“ C. 
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for cathode, and the free stems arc al)Ovit 1.5 mm in diameter and 8 cm 
in length. The stem should be made from a platinum-alloy such as 
platinum-iridium, platinum-rhodium, or platinum-nithenium. 

If the cylinder is to be rotated, a stiffer one made of sand-blasted gauze 
or perforated sheet and with a stout centered stem must be used. The con¬ 
struction of the second electrode then depends on its purpose; if it is to re¬ 
ceive a deposit, it had better be flag-shaped and of sand-blasted gauze, or 
cylindrical and of such size as to give ample clearance. For special purposes, 
other electrodes may be desirable, as for example a flat spiral for use with a 
platinum dish as one of the electrodes.^’ 

Deposits of copper, silver, cadmium, or mercury can be removed by im¬ 
mersing the cathode in dilute nitric acid (1 + 1), rinsing with water, and 
then boiling with fresh dilute nitric acid for 5 to 10 minutes. With nickel, 
the first treatment had better be made with undiluted nitric acid. Deposits 
of lead peroxide are best removed by immersing the anode at the same time 
that copper is being removed from the cathode, and by adding 1 or 2 drops 
of alcohol before boiling with the dilute acid. Such treatments occasionally 
leave dark stains. In the usual case these can be entirely removed by heat¬ 

ing for 10 to 30 minutes at approximately 1000° C over one or two large 

Mekcr burners. 
Bakelite Ware, Beakers, cylinders, pipettes, and rods of Bakelite are of 

great convenience if much hydrofluoric acid is used. 
Rose Crucibles, The chief feature of the Rose crucible is the perforated 

cover with tube, whereby gas can be introduced and ignitions carried on 
in atmospheres other than air. For general work, we believe that a quartz 
or glazed porcelain crucible fitted with a quartz cover and tube is prefer¬ 
able to the unglazed porcelain apparatus that is usually sold. 

Nickel and Iron Crucibles, A supply of nickel or iron crucibles with 
covers is necessary if many fusions with sodium peroxide are to be made. 
These should be of at least 25-ml capacity; for general work, a 30- to 35-ml 

size is preferable. The crucibles should be stamped from as pure metal as 
can be obtained. We prefer iron crucibles stamped from no. 20 gage (0.032- 
inch thickness) sheets of Aniico iron. Larger crucibles of approximately 

60-ml capacity are desirable for use as radiators (see Fig. 5, p. 24). 
Desiccators, Desiccators of the Scheibler type are the most convenient 

for ordinary analytical work; those with a tubule in the side or cover for 

21 As judged by limited trials, tantalum can be substituted for platinum for the dep¬ 

osition of gold, silver, nickel, or copper, but not for lead or zinc, or for use as anodes. 

L. W. Strock and H. S. Lukens [Trans, Am, Electrochem, Soc.y 56, 409 (1929)] recom¬ 

mended tantalum as a satisfactory substitute for platinum in the electrodeposition ot 

copper if the surface of the cathode is kept free of oxide. B. Mears and P. R. Pine 

[Ind, Eng, Chem. Anal. Ed., 2, 298 (1930)] stated that copper can be stripped by the 

use of a dilute solution of ammonium hydroxide (1 + 1) made 10 per cent with respect 

to trichloroacetic acid. 
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use in drying in vacuum are needed if substances are so hygroscopic that 
it is necessary to remove quickly the moisture that is introduced when the 
desiccator is opened, or if the drying of moist materials must be facilitated. 
The inner shelf or rack for holding crucibles, dishes, and the like should be 
designed for the work in hand; it must, however, allow free circulation and 
undergo no attack by the desiccant or by objects placed upon it. The desic¬ 
cant should be placed below and not above the object to be dried. More 
attention should be paid to the choice of the desiccant than usually is. 
For example, a hygroscopic material such as ignited alumina should never 
be cooled over calcium chloride, and resublimed iodine should not be 
dried over sulfuric acid. Desiccants should be watched and changed as soon 
as there is suspicion that they have lost their drying power,-- or have been 
contaminated, as by dust in the case of sulfuric acid. 

Concentrated sulfuric acid poured over, but not completely covering 
pumice, marbles, or broken glass or porcelain is the most satisfactory drying 
agent for general work. If calcium chloride is used, either the granular 
or the fused variety is required; the crystalline hydrated salt is worthless. 
Phosphorus pentoxidc should be used only when there is a real need for 
it, and then it must be renewed as soon as a crust forms over its surface. 

It should be borne in mind that the moisture content of the atmosphere 
inside a desiccator for a few moments after it has been opened is not much 
different from that outside. Very hygroscopic materials such as ignited 
calcium oxide must therefore be protected during this period, as by the use 
of crucibles with snugly fitting covers.-® 

II. REAGENTS 

A. GENERAL CONSIDERATIONS 

In general, analyses should be made with the purest reagents obtainable, 
cither by purchase in the open market or by special preparation on the 
part of the manufacturer, or in the laboratory.^^ Unceasing vigilance 

22 In this connccticm it is interesting to record an observation of G. Boehm I Che?ff. 

Ztg.y 53, 323 (1929)] to the effect that no precipitate will form in sulfuric acid con¬ 

taining 18 g of dissolved barium sulfate per liter until enough water has been taken up 

to reduce the concentration of acid to about 93 per cent. Between 93 and 84 per cent, 

needle-like crystals of BaS04*2H2S04*H20 separate freely. On further dilution by 
absorbed water, the necdle-like crystals change to fine crystals of BaS04, at which point 

the acid is no longer effective as a drying agent. 

23 For a study of the surprisingly slow rate of drying a space, as in a desiccator, with 

barium oxide, phosphoric anhydride, calcium chloride, or sulfuric acid, see H. S. Booth 

and L. H. McIntyre, Ind. Eng. Chem. Anal. Ed., 8, 148 (1936). 

2* The purification of reagents in the laboratory is oftentimes no easy matter and 

had better be avoided unless purchases fail and the effect of the impurities is so great 

as to endanger the test. For example, in precipitations with ammonium hydroxide and 

ammonium persulfate, it is better to carry along blanks than to attempt to purify the 

persulfate. 
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must be practiced at all times with regard to the impurities that are of 
moment.^® 

There has been considerable improvement in the quality of domestic 
reagent chemicals in the past 20 years, and the analysis on the label is much 
more reliable than it used to be. Nevertheless, every new purchase should 
be examined if it is one in which purity is a desideratum.In such case, 
large lots should be purchased when possible so that tests need not be re¬ 
peated too often."* Such lots must be carefully sampled for analysis, so 
that there will be no danger from a mixed lot, and the analysis, or the key 
to the analysis, must be properly recorded on each container. 

The quality of the distilled water used in analysis should be looked 
after particularly. The water should be tested at frequent intervals by con¬ 

ductivity tests or by evaporating at least a liter of it in a platinum dish, with 
special precautions to exclude dust and chemical fumes. The water at the 
National Bureau of Standards has a conductivity of 1 X 10“ reciprocal ohm. 
One liter of the best once-distilled water, evaporated under proper condi¬ 
tions, is likely to show a residue unignited of about 1 mg. After gentle 
ignition and removal thus of volatile salts, the weight may be reduced to 

al)oiit 0.5 mg. It is preferable to store distilled water in tin-lined con¬ 
tainers and to deliver it through pipes of block tin. If it must be stored in 
glass bottles, these should be of resistance glass, and the water used should 

be as fresh as may be practicable, for its attack on resistance glass is ap¬ 
preciable. This is especially true of hot water kept in w ash bottles. It 
should be remembered that distilled w^ater may contain carbon dioxide, 
oxygen, nitrogen, or ammonia and that special precautions must be taken 
in distilling and in cooling the distillate if it is necessary to exclude these 
entirely. 

Acids of high grade can be had and usually need no rcdistillation. When 
the bottle is opened for the first time, great care must be used to remove 
all of the sealing matter before the stopper is taken out, and the stopper 

2r. Wc have found barium in hydrogen peroxide, organic matter in hydrofluoric acid, 
lead in tartaric acid, and sulfur dioxide in sulfuric acid. 

2<^In an article on Two Hundred Reagent Chemicals—Good and Bad, hid. 

Chein. Anal. Ed., 3, 227 (1931), E. Wichers, A. Isaacs, and I. C. Schoonover state that, 

of 236 lots of reagent chemicals tested during 1928-1930, only 65 per cent conformed 

strictly to the standards of the American Clicmical Society, or to the manufacturer’s 
label, in the absence of the former. 

sMn general, analytical reagent chemicals should meet the tests laid down by the 

committee on guaranteed reagents of the American Chemical Society in ACS Analytical 
Reagents, American Chemical Society, 1155 16th St., Washington 6, D. C. (March 1941). 

See also Ind. Eng. Cheni. Anal. Ed., 16, 281 (1944), and the book. Reagent Chemicals, 

ACS Specifications, by committee on analytical reagents, American Chemical Society 

(1950). For the testing of chemicals not covered by the ACS committee, consult 

Joseph Rosin, Reagent Chemicals and Standards, 2d ed., D. Van Nostrand Co. (1946). 
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and the neck of the bottle should be examined to see whether any of the 
matter could have reached the acid while sealed.-® 

Ammonium hydroxide gradually attacks resistance glassware and becomes 
contaminated by soluble as well as by insoluble products of the decomposi¬ 
tion. If it is exposed to the atmosphere from time to time, it gradually 
becomes contaminated by ammonium carbonate as well. The use of the 
contaminated reagent in an analysis such as the determination of alumi¬ 
num leads to error even though corrections arc made for results obtained 

with the reagent alone (sec Aluminum, p. 503). If the ammonium hydroxide 
contains carbonate and the aluminum is associated with elements such as 
calcium or magnesium, the situation is worse, for in the blank on the reagents 

the carbonate is volatilized and has no effect, whereas in the analysis it causes 
coprccipitation of the alkaline earths. Ammonia water should therefore 
be redistilled at short intervals, after first shaking with slaked lime in order 

to decompose any ammonium carbonate that it may hold. For special 
purposes, the ammonium hydroxide should be stored in bottles of ccrcsin, 
polyethylene, gold, or platinum. Coatings of paraffin or ccresin on glass are 

usually unsatisfactory as they tend to loosen in time, especially in hot 
w^eather. If a cylinder of liquid ammonia is at hand, solutions of ammonium 

hydroxide of any desired strength can be conveniently prepared by first 
passing the gas through w ater in a wash bottle, and then into a bottle that 

is two thirds full of water and cooled by ice or a stream of cold water. 
In the usual case, the current of gas is stopped when the specific gravity 
has reached 0.926 (20 per cent), and the solution is transferred to ceresin 
bottles if it is to be kept for some months. If all carbon dioxide must be 

excluded, the ammonia gas should be bubbled through a solution of barium 
hydroxide, the water should be boiled and cooled in a suitable container 
as air free from carbon dioxide is bubbled through it, and the solution 
must be protected by a suitable guard tube as the absorption takes place. 

Sodium carbonate, one of the mostf mportant reagents in silicate analysis, 

sometimes can be had which docs not carry more than 2.5 mg of total 
impurity in 20 g (0.012%). This should be reserved for use in analyses 
in which silica, alumina, etc., arc to be determined. For other constituents, 
as phosphoric acid, fluorine, or sulfur, a poorer grade is quite allow^able, 
provided it is free from substances that interfere in the determination, and 

is either free from the element to be determined or contains an amount 
that can safely be determined and deducted. Sodium phosphate in small 

28 Throughout the book the concentrated acids or ainnioniuni hydroxide are intended 

if no qualification is given. The dilute reagents are so specified, followed by a formula 

wdiich denotes the degree of dilution. For example, dilute hydrochloric acid (1+3) 

denotes a reagent that has been prepared by diluting 1 part by volume of concentrated 

hydrochloric acid (sp. gr. 1.18) with 3 parts by volume of wearer. 
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amounts seems to be a common contaminant of even good grades of sodium 
carbonate/^*^ 

Reagents such as sodium bismuthate or ammonium persulfate that are 
used on the basis of a certain minimum strength should be carefully tested 
to make sure that they are not so weak as to endanger the test. Some 
samples of persulfate have been found that contained less than 25 per cent 
of the reagent. 

The testing of organic reagents such as dimethylglyoxime, a-nitroso-^g- 
naphthol, cupferron, and the organic indicators is a difficult matter, and 
there seems to be no better alternative than to buy the reagents direct from 
manufacturers who specialize in their preparation, and then to test each 
lot for its performance. There is no doubt but what poor grades of such 
chemicals are sold and cause difficulties and errors in methods that should 
be entirely satisfactory. 

B. SPECIAL REAGENTS 

a. Alkali Pyrosulfate. Alkali pyrosulfates arc preferable to the bisulfates 
for practically all fusions, because the melts do not froth or spatter, and they 

are more quickly effective. To convert bisulfate to pyrosulfate, melt a 

convenient amount of the salt in a platinum dish, and keep it in fusion at 
as low a temperature as possible until spattering ceases and white fumes 

begin to come off freely. Pour the melt into thin sheets or cakes in other 
dishes, cool, break up, and bottle for future use. If a satisfactory bisulfatc 

is not at hand, it can be made from equivalent parts of potassium sulfate 
and sulfuric acid. In this case, the normal salt must be examined, for it has 
been found to contain notable amounts of lead, calcium, and silica. Sodium 
pyrosulfate for some purposes is preferable to the potassium salt, for it acts 

more quickly and forms more soluble salts with some ignited precipitates 
(alumina for instance). It has the slight disadvantage that the progress of 
decomposition of the ignited mass is |^ot so readily followed because of the 

greater tendency of the sodium salt to crust over. 
Both salts should be entirely free from silica and from such elements as 

are sought after fusions in which they are used. For the determination of 

silica dissolve 5 g of the salt in as little water as possible, carefully add 10 ml 
of sulfuric acid, and evaporate to fumes of the acid. Cool, add 100 ml of 

20 Silica and the ammonium h)'droxidc precipitate are determined as follows: Dissolve 

10 g of the carbonate in 50 ml of water, carefully add 30 ml of dilute sulfuric acid 

(1 + 1), evaporate, and heat until fumes of sulfuric acid are given off freely. Cool, 

take up in 100 ml of water, add a few drops of methyl red solution, heat to boiling, and 

then add dilute ammonium hydroxide (1 + 1) until the indicator just turns yellow. 

Boil for 2 minutes, filter, and wash the precipitate with a hot neutral 2 per cent solu¬ 
tion of ammonium chloride or nitrate. Ignite, and weigh the precipitate. The weight 

should not exceed 0.001 g. If the weight of the residue exceeds 0.0005 g, treat with a 
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water, warm until soluble salts are in solution, immediately filter, and pro¬ 
ceed as described under Silica (p. 875). 

b. Ammoniujn or Potassium Persulfate. Success in the persulfate method 
for manganese depends primarily on the use of a persulfate of full strength; 
in addition, its use in rock analysis for the gathering of manganese in the 
ammonia precipitate requires freedom from elements, particularly alumi¬ 
num, that arc to be precipitated. A good grade of persulfate should contain 
at least 85 per cent of the salt, and no more than 0.0001 per cent of manga¬ 
nese, 0.001 per cent of chlorides, or 0.03 of heavy metal oxides.*^ Methods 
for the purification of persulfate that is to be used in precipitations with 
ammonia (p. 871) are so laborious and yield a product of such low persulfate 
content that the best plan is to get as pure a persulfate as possible and to 
correct the results by a blank determination on the reagent. 

The salt decomposes rapidly in solution or in contact with moist air. 
For this reason the dry reagent should be kept tightly stoppered, and solu¬ 
tions should be freshly prepared. 

c. Sodium Bismuthate. Sodium bismuthate is not a true bismuthate. It 
should, however, contain at least 4 per cent of active oxygen, correspond¬ 

ing to at least 70 per cent of NaBiOs. Manganese and chlorides should not 
exceed 0.0005 and 0.001 per cent, respectively. Success in the bismuthate 
method for manganese depends on the use of a reagent that meets the above 
specifications, particularly the available oxygen conttnt.^^ 

few drops each of sulfuric and hydrofluoric acids, evaporate, ignite, and weigh. The 
loss in weight (silica) should not exceed 0.0005 g. 

The test for strength is made as follows: Transfer 0.3 g of the accurately weighed 

salt to a 200-tTil glass-stoppered flask, containing a solution of 2 g of potassium iodide 

in 50 ml of water. Add 10 ml of 10 per cent sulfuric acid, stopper, shake gently, and 

let stand for 30 minutes in the dark and with occasional shaking. Titrate the liberated 

iodine with a 0.1 N solution of sodium thiosulfate of which 1 ml represents 0.01141 g 

of (NH4)::S208 or 0.01352 g of K2S208* Correct as indicated by a blank te.st on the 
reagents. 

This can be determined as follows: Transfer 0.700 g of bismuthate to an Erlen- 

meyer flask, and add 25 ml of standard acid ferrous sulfate (about 0.2 N and prepared 
by dissolving 7 g of ferrous sulfate in 90 ml of freshly boiled and cooled distilled water 

and then adding enough sulfuric acid to make 100 ml. This solution should be freshly 

prepared and standardized when needed). Stopper the flask, allow to stand % hour 

with frequent shaking, and titrate the excess of ferrous sulfate with a standard solution 
of permanganate. 

To test for manganese, treat 2 g with 35 ml of dilute nitric acid (2 + 5), and boil 

the solution. Add 0.5 ml of sulfurous acid to clear the solution, and boil to expel oxides 

of nitrogen. Cool the solution to 15® C, treat with 0.5 g of the bismuthate, and let stand 
for 5 minutes with occasional stirring. Add 25 ml of water, and filter through asbestos. 

The color of die filtrate should not be greater than is produced by 0.01 mg of manganese 

treated with the quantities of reagents used in the test. 

To test for chlorides, add 2 g to 25 ml of water, heat to boiling, and keep at the 

boiling temperature for 10 minutes. Dilute to 50 ml, filter, and to 25 ml of the filtrate 
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d. Hydrogen Peroxide. For ordinary purposes a solution containing 3 
per cent hydrogen peroxide is satisfactory provided it is free from fluorine.®- 
The reagent decomposes on standing, especially in a warm place or in warm 
weather. P'or this reason it should be purchased in small lots, and a container 
that has been opened should be loosely stoppered and the strength of the 
solution ascertained from time to time. 

Ordinary hydrogen peroxide contains acetanilide which may cause com¬ 
plications, as for example in reductions with zinc followed by titration 

wdth permanganate, whereby the acetanilide is reduced and then reoxidized. 
For such work, and in general for work of high accuracy, the 30 per cent 
reagent is to be preferred. Even this reagent is liable to contain impurities, 
one lot used by us containing considerable barium.®® 

c. Hydrofluoric Acid. Since the advent of ceresin and polyethylene 
bottles, it is no longer necessary to redistil hydrofluoric acid except for 
special uses. Common impurities are iron, hydrochloric acid, and organic 

matter. The effect of the first two can usually be corrected by careful 
blank determinations, Avhereas the latter is of no consequence except in de¬ 

terminations such as ferrous iron in rocks or quinquevalent arsenic in glass. 
All can be eliminated by distilling from platinum, after adding silver sulfate 
in the case of hydrochloric acid and permanganate in the case of organic 
matter or sulfur dioxide, which is occasionally present. The nonvolatile 

add 1 ml of HNO3 and 1 nil of 0.1 N AgNO^. The turbidity should not be grentcr 

than is produced by 0.01 mg of chloride ion in an equal volume of solution containing 

the quantities of HNO3 and AgNOs used in the test. 

Fo a.sccrtain its strength, dilute 10 ml to 100 ml, mix thoroughly, and withdraw 

10 ml, all accurately measured. Dilute to 300 ml, add 10 ml of dilute sulfuric acid 

(1 1), and titrate with 0.1 N permanganate, of which 1 ml represents 0.0017 g of II2O2 

and at least 17.6 ml should be required. To test for fluorine, treat 50 ml of the reagent 

with a slight excess of sodium carbonate, and w^arm the solution. Filter if a precipitate 

appears, and to the boiling solution add calcium chloride in excess. Filter, and gently 

ignite the precipitate. Treat the residue with dilute acetic acid, drop by drop, until 

the calcium carbonate is dissolved, filter, and wash moderately. Ignite the residue 

gently, and test with sulfuric acid in the usual way for fluorine. 

3sFor the preparation of 20 per cent hydrogen peroxide directly and its concentra¬ 

tion to 90 per cent strength, Kilpatrick and his coworkers [M. L. Kilpatrick, O. M. 

Reiff, and F. O. Rice, J. Am. Chem. Soc.y 48, 3019 (1926)] added small portions of cp 

sodium peroxide slowly and with constant stirring to well-cooled (below 20® C through¬ 

out) 20 per cent sulfuric acid until 95 per cent of it had been neutralized. The solution 

was then filtered and the filtrate distilled in a vacuum at 60 to 65° C. The 20 per cent 

hydrogen peroxide that was so obtained was freed from chloride by redistillation in 
vacuum after the addition of an excess of silver sulfate, and concentrated to 90 per cent 

by letting the distillate stand for 3 days over concentrated sulfuric acid at room tem¬ 

perature in a vacuum desiccator. J. R. Booer [/. Soc. Chem. Ind., 44, 1137 (1925); and 

S. Tanatar, /. Russ. Phys. Chem. Soc.y 40, 376 (1909)] recommended for certain pur¬ 

poses a so-called solid hydrogen peroxide, “Hyperol,” C0(NH2)2*H202, which con¬ 

tains 35 per cent of H^Oo. This is a white crystalline powder which is stable at ordi- 
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residue obtained from 30 ml of the acid should not exceed 1 mg.®* Hydro¬ 
fluoric acid stored in hard rubber bottles becomes colored and contaminated 
by an appreciable amount of dissolved substance. The same may be true 
of storage in Bakelite bottles, although pipettes and graduates made of this 
material are indispensable. 

f. Perchloric Acid., 10 to 12 per cent (sp. gr. 1.61-1.10), Perchloric acid 
of this strength can be purchased, or prepared from ammonium perchlorate 
according to Willard,®'^ who made the following statement concerning its 
use: “It may be well to call attention to some of the valuable properties of 
this acid. It is neither poisonous nor explosive and is perfectly stable (un¬ 
like the anhydrous acid). It is, as a rule, nonoxidizing except near its boil¬ 
ing point, 203° C, and, by reason of the latter being so high, it is capable 
of displacing nitric, hydrofluoric, hydrochloric, and other volatile acids 
from their salts. Most of its salts are readily soluble not only in water but 
also in organic solvents like alcohol and acetone, and they arc very suitable 
for electrochemical work, since they suflFer no reduction by electrolysis.®*'* 
It makes an excellent standard solution for use in acidimetry where a non¬ 
volatile acid is required and sulfuric acid is not suitable. It may be substi¬ 
tuted for sulfuric acid in permanganate titrations; the evaporation of ferric 
chloride solutions with perchloric acid to complete removal of chloride is 
not attended with the formation of difficultly soluble basic salts, as fre¬ 
quently occurs with sulfuric acid, and the addition of a little water causes 
immediate solution of the residue.” 

At high temperatures perchloric acid is an energetic oxidizing agent. 
G. F. Smith states that perchloric acid can be advantageously employed 
in combination with sulfuric acid, as for example in Kjeldahl digestions 

(p. 783) or oxidations of chromium or cerium. Mixtures of equal parts of 
96 per cent sulfuric acid and 72 per cent perchloric acid oxidize cerous 
sulfate readily to ceric sulfate at about 140° C, whereas with cerous perchlo¬ 
rate and perchloric acid alone oxidation does not take place at 168 to 200° C. 

Perchloric acid is a valuable reagent for the determination of silica in the 
presence of substances that form insoluble compounds with hydrochloric, 
sulfuric, or nitric acids. 

nary temperatures but begins to decompose at 60° C. With water it gives a solution 

of H2O2 and urea, and with ether a solution of free Hj02. 

s^For the photometric determination of 0.005 to 0.3 per cent of fluosilicic acid in 

hydrofluoric acid based on the fonnation of the yellow-colored silicomolybdic acid in 

the presence of boric acid, consult G. N. Cade, Ind. Eng. Chem. Anal. Ed., 17, 372 

(1945). 

»«H. H. Willard, /. Am. Chem. Soc., 34, 1480 (1912). 

For use in electrolytic analyses, see H. S. Carhart, H. H. Willard, and W. D. Hen¬ 

derson, Trans. Am. Electrochem. Soc., 9, 375 (1906); also W. S. Hendrixson, /. Am. 

Chem. Soc., 34, 389 (1912). 
^Und. Eng. Chem. Anal. Ed., 6, 229, 252 (1934). 
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Although perchloric acid of 70 per cent strength can be boiled with im¬ 
punity at approximately 200° C, it cannot be too strongly emphasized that 
contact of the boiling undiluted acid or hot perchloric acid vapor with 
organic matter, or even with easily oxidized inorganic matter such as com¬ 
pounds of trivalent antimony, may lead to serious explosions. For example, 
we have noted an explosion in one case when hot vapor from the boiling 
acid in a distilling flask came into contact with a rubber stopper connecting 
the side arm with a condenser, and in another case when perchloric acid 
was heated in a dish on a hot plate after a dilute solution of the acid and 
alcohol had been evaporated as far as possible on the steam bath, diluted 
with water, and again evaporated. According to D. G. Nicholson and 
J. H. Reedybismuth and its alloys yield explosive compounds when 
treated with hot concentrated perchloric acid (70%). Bismuth salts ob¬ 
tained by preliminary attacks with other acids show no such behavior. In 
their System of Qualitative Analysis for the Rare Elements (Macmillan Co., 
1927), A. A. Noyes and W. C. Bray stated (p. 286) that SboOa may explode 
when heated with concentrated perchloric acid alone, but that no explosion 
takes place if heating is started with nitric acid and completed with per¬ 
chloric acid. 

So far as we know, there is no danger of explosion if moderate amounts 
of the acid are diluted, as for example the addition of 1 to 5 ml of the acid 
for the purpose of destroying the last traces of carbonaceous matter at the 
end of a Kjeldahl digestion with sulfuric acid (see Nitrogen, p. 783), or if 
the preliminary treatment is carried out with a mixture of nitric and per¬ 
chloric acids at temperatures below 100° C.®® 

Data on the strength of the common acids and ammonium hydroxide are 
given in Table 6. The reagents listed, unless otherwise specified, have the 
approximate strength stated and should conform in purity with the Recom¬ 
mended Specifications for Analytical Reagent Chemicals of the American 

38 /. Am. Chem. Soc., 57, 817 (1935). 

38 A. A. Noyes and W. C Bray [Qualitative Analysis^ Macmillan Co. (1927)] stated 

that “The only objection to the use of perchloric acid (for the destruction of organic 

matter) is the fact that, if not properly applied, dangerous explosions may result; but 

experiments showed that these do not occur if the organic material is first heated with 

concentrated nitric and perchloric acids at the temperature of the steam bath.” Mix¬ 

tures of perchloric and nitric acids are as stable as are the acids alone. If often needed, 

these may be made up in bulk to save time spent in adding the acids separately, and to 

make sure that the addition of nitric acid has not been absentmindedly omitted. It 

should be noted that, where much fuming with perchloric acid is done, there is danger 

of sufficient condensation of the acid on woodwork of hoods or organic matter in 

Hues to make the hoods readily flammable, or to lead to explosions in the flues. In 

such case, both woodwork and flues should be washed down weekly. If cleaning tools 

are employed, they should be of non-sparking materials, and their use should be pre¬ 

ceded by thorough washing. Organic cements, as glycerin and litharge, should not be 

used for constructing ceramic hoods for perchloric acid service. 
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TABLE 6 

Data on the Strength of Aqueous Solutions of the Common Acids and Ammonium 

Hydroxide 

Reagent 

Approximate 

by Weight 

Approximate 

Specific 

Gravity 
Approximate 

Normality 

Hydrochloric acid 36 1.18-1.19 12 

Nitric acid 68-70 1.41 15.5 

Sulfuric acid 96 1.84 36.0 

Perchloric acid 70 1.67 11.6 

Hydrofluoric acid 46 1.15 26.5 
Phosphoric acid 85 1.69 14.7-44 
Hydriodic acid 45 1.48 5.2 
Hydrobromic acid 40 1.38 6.8 

Acetic acid 99.5 1.05 17.4 
Ammonium hydroxide 27(NH3) 0.90 14.3 

Chemical Society. See Reagent CheimcalSy ACS SpecificatiofiSy American 
Chemical Society (1950). 

la the expressions (1 + 2), (1 + 99), etc., the first numeral indicates the 
volume of the reagent used, and the second numeral indicates the volume 
of water. For example, dilute hydrochloric acid (1 + 2) means a reagent 
prepared by mixing 1 volume of hydrochloric acid (sp. gr. 1.18) with 2 vol¬ 
umes of water. Dilute ammonium hydroxide (1 + 19) denotes 1 volume 
of ammonium hydroxide (sp. gr. 0.90) diluted with 19 volumes of water. 
If no dilution is specified, the concentrated reagent is meant. 

C. SOLUTIONS 

Because of their solvent action on glass, solutions of solid reagents should 
be prepared cither as needed or else in such quantities as will be used in a 

reasonable time. That this is no unnecessary refinement in really good work 
has been amply demonstrated, and it is peculiarly called for with reagents 

such as ammonium oxalate and diammoniiim phosphate. The following so¬ 

lutions are needed so often that they are usually kept on hand. 
a. Molybdate Reagent, The molybdate reagent that is ordinarily em¬ 

ployed contains approximately 5 per cent of molybdic acid, 5 to 10 per cent 
of ammonium nitrate, and 20 to 25 per cent by volume of nitric acid. It 
may be prepared as follows: Mix 100 g of pure molybdic anhydride or 118 g 

of the 85 per cent acid with 400 ml of water, add 80 ml of ammonium 
hydroxide slowly, and, while stirring vigorously, filter when solution is 
complete. Prepare a second solution containing 400 ml of nitric acid and 
600 ml of water. Vigorously agitate the latter by means of a current of air, 
and add the molybdate solution very slowly through a tube dipping under 
the solution. When all has been added, continue the current of air for 1 to 2 
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hours. Let stand, filter if necessary, and keep in a glass-stoppcrcd bottle or 

one fitted with a siphon arrangement if the solution is much used/^ 

b. Magnesia Mixture, The commonly recommended ammoniacal mag¬ 

nesia mixtures attack glass containers and are entirely unnecessary, as was 
pointed out by O. Kuhnt,^^ who urged that a neutral solution be employed. 
The addition of a little hydrochloric acid to the solution w^as found desirable 

at the National Bureau of Standards where the reagent is now made up 

as follows: Dissolve 50 g of MgCL-6H20 and 100 g of NILCl in 500 ml 

of water. Add ammonium hydroxide in slight excess, let stand overnight, 

and filter if a precipitate appears. Make just acid wkh hydrochloric acid, 
dilute to 1 liter, and keep in a glass-stoppered bottle. 

c. Chloroplatinic Acid. The solution of chloroplatinic acid which is 
ordinarily used in the determination of alkalies contains 1 g of platinum in 
10 ml. For 0.1 g of potassium chloride, 1.31 ml of such a solution is required; 

for 0.1 g of sodium chloride, 1.68 ml. The best method of preparing the 
chloroplatinic acid consists in anodically dissolving pure platinum sponge 
in concentrated hydrochloric acid. In so doing, the formation of nitroso 

compounds of platinum is avoided. This method was first described for 

platinum black by H. C. P. Weber,and his publications should be con¬ 
sulted for a description of suitable apparatus. 

When platinum is dissolved in aqua regia, chloroplatinic acid is likewise 

formed, but, in addition, so also are nitroso compounds of platinum. Be¬ 
cause these nitroso compounds arc not readily decomposed, and because 

their alkali salts differ in solubility from those of chloroplatinic acid, this 

method is not so desirable for preparing the reagent as that in wdiich the 
platinum is di.ssolved anodically. It has the advantage, however, that no 
special apparatus is required, but the evaporated syrupy solution must be 
diluted with water a number of times and successively evaporated with 
hydrochloric acid, to eliminate the nitroso group. 

If scrap platinum or residues from previous determinations of potash are 

At. Johnson [Chemical Aiialysis of Special Stcelsy 4th ed., p. 555, John Wiley & 
Sons (1930) J recommended the use of an ammoniacal molybdate solution prepared as 

follows: In each of two 1-liter beakers place 91 g of cp crystals of ammonium molyb¬ 

date, 85 g of ammonium nitrate, and 70 ml of ammonium hydroxide. Warm until the 

crystals arc dissolved, adding to each beaker 700 nil of water to aid in the solution. 

When solution is complete, filter the contents of each beaker into the same 3-litcr bottle, 

dilute to the 3-litcr mark, and mix well. The solution is said to keep indefinitely. 

A4ore nitric acid is required in the solution containing the phosphorus than is necessary 

when the acid reagent is used. See also Chemical Analysis of Metals^ p. 35, American 

Society for Testing Materials (1950). 

*^Chem. Ztg.y 44, 586 (1920). 

E. F. Lundell and J. I. Hoffman, /. Assoc. Offic. Agr. Chemists, 8, 194 (1924). 

Sci. Paper 82; NBS Bitll. 4, 365 (1907). /. Am. Chem. Soc., 30, 29 (1908). 
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used as the source of the metal, the material should be subjected to a purifi¬ 
cation such as that described in footnote 44. 

d. Dhncthylglyoxbne. Dimethylglyoxime is dissolved in either alcoholic 
or alkaline solution. The former is to be preferred if pure ethyl alcohol can 
be obtained, and is prepared by dissolving 1 g of dimethylglyoxime in 
100 ml of 95 per cent ethyl alcohol and filtering if necessary. Of such a 
solution, 10 ml are used for 0.025 g of nickel. If alcohol is not available, a 
solution prepared by dissolving 1 g of the reagent in 65 ml of ammonium 
hydroxide and diluting to 100 ml with water, or one freshly prepared by 

dissolving 3 g of the reagent in 100 ml of a 3 per cent solution of sodium 

hydroxide, can be used. 

D. GASES 

Gases of high purity, such as carbon dioxide, oxygen, nitrogen, ammonia, 
sulfur dioxide, and hydrogen sulfide, can be purchased in cylinders. Their 

{a) Recovery of platinum in residues obtained from potash determinations. The 

precipitates of potassium chloroplatinatc and the alcoholic filtrates are frequendy re¬ 

claimed for their platinum content, in order to prepare a new supply of the chloro- 

})latinic acid reagent. The method usually employed for the recovery of platinum 

from this particular type of residue is essentially that of H. Precht [Z. anal, Chem,^ 
18, 509 (1879)]. It consists in first eliminating the excess of alcohol and aldehyde by 

evaporation, but the precaution is given, in the original article, that, during the evapora¬ 

tion, flammable ethylene platinous chloride is fonned which has explosive tendencies 

in the dry state. However, if the solution is evaporated not quite to dryness, no dan¬ 

ger will be encountered. Platinum black is precipitated by making the solution alkaline 

and adding a reducing agent, such as glycerol, formic acid, or dextrose. Precht recom¬ 

mends the use of a solution of sodium hydroxide (sp. gr. 1.2) containing 8 per cent of 

glycerol. The reduction starts at a moderate temperature and is completed on brief 

boiling. As platinum black tends to retain alkali salts, it is advisable to dissolve the 

black, to precipitate the platinum with ammonium chloride, and to ignite the resulting 

precipitate to sponge, as directed under b, A single cycle of operations is sufficient. 

{b) Recovery of platinum from scrap metal. The platinum scrap which accumu¬ 
lates in chemical laboratories may likewise be used as a source of platinum for the 
preparation of chloroplatinic acid. This material will probably contain other platinum 
metals, notably iridium, and must be subjected to purification. To do this, dissolve 
the scrap in aqua regia, and evaporate the resulting solution to a syrup on the steam 
bath. Add a little water to the residue obtained, heat the solution on the steam bath, 
add an equal volume of hydrochloric acid, and again evaporate to a syrup. Dissolve 
the residue in water, filter the solution from undissolved material, adjust its concentra¬ 
tion to about 5 g of platinum in each 100 ml, heat it to boiling, and add 50 ml of a 
20 per cent solution of ammonium chloride for each 100 ml of solution. Cool the 
solution, and filter it on hardened paper, using a suction flask. Transfer the precipitate 
with the aid of a jet of the ammonium chloride solution, wash it first with the am¬ 
monium chloride solution, and finally with 95 per cent ethyl alcohol or with water 
chilled by ice. Dry the precipitate, place it in a porcelain crucible, and ignite it, 
raising the temperature gradually until all of the salt is converted to metallic sponge. 

The above cycle of operations should be repeated two or three times, depending upon 
the amount of the other platinum metals in the original scrap. 
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use from the latter is usually much more convenient and satisfactory than 
by small-scale generation in Kipp generators or the like, and should be 
adopted in every case where there is a reasonably large demand for the 
gas in question.^® Less commonly used gases, such as argon, boron trifluo¬ 
ride, hydrogen fluoride, hydrogen chloride, and sulfur hexafluoride, can 
now be purchased. In fact, the Mathicson Company, East Rutherford, N. J., 
can furnish about 50 such gases in cylinders or flasks for laboratory use. 
Proper marking of cylinders to avoid accidental interchange is strongly 
recommended. 

E. ABSORBENTS FOR CARBON DIOXIDE 

The more common absorbents for carbon dioxide are potassium hydroxide 
solution, soda lime, soda asbestos, and sodium hydroxide. In determina¬ 
tions of carbon dioxide, all are used in special forms of apparatus: the po¬ 
tassium hydroxide solution in Vanicr, Liebig, or similar bulbs, and the solid 
absorbents in glass towers of light weight, such as the simple Midvale,^® 

Stetser and Norton,^^ Kelley and Evers,"^® Nesbitt, or the more elaborate 
Fleming.All of the absorbents give up water and must be followed by a 

desiccant when used in weighed systems. The approximate weights of car¬ 
bon dioxide that can be absorbed by the reagents in the tubes in which they 
are customarily used are as follows: potassium hydroxide solution, 1 g; soda 

lime, 1 to 4 g; soda asbestos or Ascarite, 6 to 15 g; and solid sodium hydrox¬ 
ide, 9 to 20 g. 

Potassium hydroxide solution (sp. gr. 1.4), made by dissolving two parts 
of stick potassium hydroxide in three parts of water by weight, was for¬ 
merly much used as an absorbent for carbon dioxide. Potassium is more 
desirable than sodium hydroxide, for its carbonate is much more soluble 

and hence does not clog the apparatus so quickly. It is, however, incon¬ 
venient to handle, froths so badly that gases cannot be passed through it 
rapidly, and gives off much more water than the solid absorbents. For these 

reasons the use of potassium hydroxide solution is not recommended. 
Soda lime consists of a mixture of two parts of calcium oxide and one 

part of sodium hydroxide and is prepared by treating a solution of sodium 

45 Although there is little likelihood that cylinders of gases such as sulfur dioxide or 

hydrogen sulfide may suddenly spring a serious leak, the possible contingency should 

be considered, particularly if the cylinders are used in places where rapid ventilation 

or egress is impossible. Chemists are prone to ignore the poisonous character of 

hydrogen sulfide. High concentrations are fatal, and any concentration in the at¬ 

mosphere of the laboratory should be avoided. Operations in which it is liberated 

should be performed in a good hood. 

4»G. L. Kelley, Ind. Eng, Chem., 8, 1038 (1916). 

47 J. B. Stetser and R. H. Norton, Iron Age, 102, 443 (1918). 

4®G. L. Kelley and E. W. Evers, Ind, Eng, Chem,, 13, 1052 (1921). 

48 W. R. Fleming, Iron Age, 93, 64 (1914). 
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hydroxide with quicklime, evaporating the solution to dryness, heating to 
redness, and then crushing the cooled mass so that most of it passes a 10- 
mesh sieve. The product should be porous and not hard and unabsorptivc 
like that sometimes used for the combustion of nitrogenous organic sub¬ 
stances, and should contain 2 per cent water for the most effective absorp¬ 
tion of carbon dioxide. It must not be packed too tightly, for it expands 
as water is absorbed. Soda lime loses water to dry air, particularly when 
carbon dioxide is being absorbed. Soda asbestos or solid sodium hydroxide 
arc both so much better than soda lime that the use of the latter might well 
be abandoned. 

Soda asbestos was first described by Kelley,^® who prepared it as follows: 
Dissolve 1 kg of sodium hydroxide in 1 liter of water. To each 500 ml of 
this solution add 1 kg of pulverized sodium hydroxide. When this has been 
incorporated, add shredded asbestos gradually and with stirring until the 
mixture no longer appears capable of wetting more asbestos. Heat the mass 
in an air bath at 150 to 180° C for 4 hours. During the early part of the 
heating, add more asbestos from time to time until it presents the same ap¬ 
pearance as before heating. Cool, and grind until most of it passes a 10- 

mesh sieve. If the reagent is to be used at reduced pressures, it should be 
ground to 30 to 40 mesh in order to increase the absorbing surface and to 
introduce more moisture. The absorbent so prepared is about four times 
as efficient as soda lime and can absorb about 20 per cent of its weight in 
carbon dioxide. Perfect absorption takes place even though the gases are 
passed through the reagent at a rate of 500 ml per minute. Soda asbestos 
changes color as it becomes saturated with carbon dioxide, and so it acts as 
its own exhaustion indicator. It is by far the most desirable absorbent for 
carbon dioxide in general analytical work, in spite of the fact that it costs 
more than solid sodium hydroxide and does not absorb quite so much carbon 

dioxide per unit weight.®® 
Solid sodium hydroxide was recommended by Kelley and Evers as 

being superior to either soda lime or soda asbestos. Material crushed to 
pass a 5-mesh and remain on a 20-mesh sieve is the most satisfactory and 
absorbs nearly one third of its weight of carbon dioxide. It is difficult to 

grind and sieve sodium hydroxide, especially if the humidity is high. Po¬ 
tassium hydroxide is still more difficult to prepare because of the greater 
hygroscopicity and in addition has less absorbing power per unit weight. 
Kelley and Evers found that “household lye” in which the particles of 
sodium hydroxides are somewhat smaller than rice serves admirably. Sodium 

^'^Stetser and Norton (he, cit,) prepared a modified variety of soda asbestos, sold 

under the trade name Ascarite, which they claim to be better tlian that described and 

to need no desiccant. The latter is not striedy the case, particularly when much carbon 

dioxide is being absorbed or the reagent is nearing exhaustion. Other proprietary 

sodium hydroxide absorbents on granular extenders are Mikohbite and Caroxite. 
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hydroxide “scales” are also satisfactory. In any case the hydroxide must 
be followed by a desiccant, for it loses water to dry air, particularly if 

much carbon dioxide is being absorbed. 
a. Ptimee Impregnated with Anhydrous Copper Sulfate. Anhydrous 

copper sulfate is not used as an absorbent for carbon dioxide, but is men¬ 

tioned here because it is employed in absorption chains for the purpose of 

removing small amounts of hydrochloric acid and hydrogen sulfide."’^ It is 
prepared as follows: Crush pumice to approximately quarter-inch size, sift 

free from dust, and transfer 60 g to a casserole. Cover with a concentrated 

solution of 30 to 35 g of copper sulfate, evaporate to dryness while con¬ 
stantly stirring, and then heat for 3 to 4 hours at 150 to 160° C in an air 
bath. Cool in a desiccator, and preserve in a glass-stoppered bottle. In the 

absorption chain it must be preceded and followed by a desiccant. 

F. DESICCANTS 

More attention should be paid to the choice of a desiccant and its condi- 
tion than is usually given by the analyst, not only when the desiccant is to 

be used in absorption chains as in the determination of water or of carbon 

dioxide, but also for general dr}dng purposes, as in desiccators. Tlie indis¬ 
criminate use of desiccants in absorption chains cannot but lead to trouble, 
for the extent and the speed of their drying powers vary. Air that has been 

passed through calcium chloride will give up water to sulfuric acid, and 
air that has passed through phosphorus pentoxide will take water away from 
calcium chloride; two different desiccants may have the same drying power 

at a slow rate of air flow and differ considerably when the passage of air 
is rapid. Two or more desiccants can be used in an absorption chain, pro¬ 
vided they are progressively more efficient and the final desiccant is the same 

as that employed in the weighed system. It is self-evident that desiccants 
should be renewed often enough to insure maximum performance. To this 

end, a record should be kept of the weight of water absorbed if this is 

feasible, or else the date of filling the apparatus should be recorded. 

Among other substances that have been recommended for a like purpose are heated 

silver gauze [F. Kopper, Z. anal Chem., 17, 23 (1878)], warm lead dioxide that is free 

from the monoxide [M. Dennstedt and F. Hassler, ibid., 42, 417 (1903)], silver sulfate 

solution (0.6 g of Ag2S04 in 100 ml of water containing three to four drops of H2SO4), 

and a dilute sulfuric acid solution of silver arsenite [Lord and Demorest, Metallurgical 

Analysis, 5th ed., p. 23, McGraw-Hill Co. (1924)]. This is prepared as follows: Dis¬ 

solve 2 g of AS2O3 in as little KOH solution as possible, dilute to 200 ml, and neutralize 

with dilute H2SO4. Add a solution of AgNOs as long as a precipitate forms, keeping 

the solution neutral to litmus by the addition of dilute KOH solution. Stir until the 

precipitate is coagulated, let settle, and wash by decantation with water. Dissolve the 

precipitate in a slight excess of 10 per cent H2SO4, dilute to 150 ml, and filter. This 

solution fixes H2S, HQ, and Q and does not hold back appreciable amounts of CO2. 
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The common drying agents are calcium chloride, sulfuric acid, and phos¬ 
phorus pentoxide. Less common are anhydrous magnesium perchlorate, 
magnesium perchlorate trihydrate, barium oxide, alumina, calcium sulfate 
(anhydrous), calcium oxide, and fused potassium hydroxide. 

Various forms of calcium chloride are offered. The ACS specification 
for calcium chloride (anhydrous) to be used for drying purposes calls for 
not less than 96 per cent CaCL. This can be obtained in various sizes such 
as 4, 8, 12, 20, or 40 mesh. The reagent usually reacts alkaline as a result 
of partial decomposition during manufacture, a maximum of 0.020 per cent 
Ca(OH)2 being permitted in the ACS specification. The reagent must 
therefore be given a pretreatment with carbon dioxide if it is to be used 
for the drying of the gas before its determination by absorption in an 
alkaline medium. The treatment is not an absolute cure, for the neutraliza¬ 
tion is superficial, and the surface again becomes alkaline as water is ab¬ 
sorbed. Calcium chloride is not a powerful desiccant, and its drying power 
is not the same at different temperatures.®- 

Sulfuric acid is a much better drying agent than calcium chloride and is 
nearly as efficient at all temperatures between — SO'^C and 25"" C; above 
30° C its efficiency declines slowly. The difference between the drying 
power of sulfuric acid and that of calcium chloride is shown by the data 
given for the latter, in which the residual moisture in each case represents 
that taken up by sulfuric acid after drying as much as possible over calcium 
chloride. Morley showed that the volatility of sulfuric acid is very slight, 
and that a liter of air can contain no more than 0.003 mg of sulfuric anhy¬ 
dride after it has passed through pure sulfuric acid at room temperature. 
Sulfuric acid occasionally contains sulfur dioxide, and, very rarely, pyro- 
sulfuric acid. The former can be removed by passing dry air through the 
acid, the latter by diluting with 5 per cent of water. Carbon dioxide is 

easily expelled from sulfuric acid by a current of air. 
Phosphorus pentoxide is the most energetic desiccant in common use 

and is to be preferred if extreme desiccation is desired, particularly if the 
flov^ of gas is very rapid. One liter of air dried as completely as possible 
at 25° C by sulfuric acid containing no more than 8.4 per cent of water will 

®2H. C. Dibbits [Z. anaL Chem,, 15, 121 (1876)] showed that water-saturated air that 

has been dried as thoroughly as possible by granular calcium chloride still retains per 

liter 0.3 mg of water at 0° C, 1 mg at 15® C, and 3.3 mg at 30® C, corresponding to 6, 8, 

and 11 per cent of the total amount of water originally present in the air. If calcium 

chloride is used in different parts of an absorption chain, it must be kept at approxi¬ 

mately the same temperature throughout. Anhydrous barium perchlorate, Ba(C104)2» 

was recommended by G. F. Smith [Chemist-Analyst^ 17, 21 (1928)] as being superior 

to calcium chloride because it absorbs about the same amount of water (15%), it is 

more efficient at room temperature or lower, and it can be easily regenerated without 

deterioration by heating at 140 to 400® C. 

«3E. W. Morley, Am. /. Sci.y [3] 30, 140 (1885). 
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give up about 0.002 mg of water to phosphorus pentoxide when passed 
through it at a rate of about 2 liters per hour.®^- 

The drying power of the pentoxide is almost the same at 90*^ C.®^ The 
use of the oxide in ordinary work is not attractive, for a viscous liquid is 
formed as water is taken up, and this tends either to clog the tube and stop 
the flow of gas or else to lead to the formation of channels. This difliiculty 
can be partly overcome by loosely packing the pentoxide in layers of glass 
wool, and by first passing the gas through some other desiccant such as 
sulfuric acid or magnesium perchlorate trihydrate. Phosphorus pentoxide 
sometimes contains the more volatile trioxide which can be removed by 
subliming in a current of dried air. 

H. S. Booth and L. H. McIntyre stated that the drying power of 
porous barium oxide (made by reducing barium carbonate by means of 
carbon at moderate temperatures) is equal to or slightly better than that of 
phosphorus pentoxide. This statement, however, is based on a very slow 
flow of gas, about 250 ml per hour. Fused barium oxide that is made in 
the electric furnace is less reactive and contains carbides which yield 
acetylene on contact with moisture. Advantages claimed for the desiccant 
are: (1) Its water capacity per unit weight is about the same as phosphorus 
pentoxide, (2) it can be used for drying basic gases such as ammonia, (3) 
barium hydroxide has no measurable vapor pressure at room temperatures, 
and (4) its drying power remains undiminished up to 1000° C. Disad¬ 
vantages are: (1) Large tubes must be used because the lumps are granular 
and offer less surface than fine powders such as phosphorus pentoxide, (2) 
the oxide expands when wetted and must be packed in glass wool, (3) the 
oxide must be fresh and not partly air-slaked, and (4) the spent oxide 
cannot be reactivated. 

Anhydrous magnesium perchlorate and magnesium perchlorate trihydrate 
were recommended as drying agents by Willard and Smith.®^ The authors 
asserted that, when the gas flow is not over 5 liters per hour, the anhydrous 
salt is as efiicient a drying agent at 25° C as phosphorus pentoxide and ab¬ 
sorbs about 60 per cent of its weight of water, a capacity three to five 
times that of the pentoxide. The trihydrate compares favorably with the 
anhydrous salt at 0° C and at equal rates of flow, but at higher temperatures 
it is less efficient. Advantages that are claimed for the anhydrous salt are: 

H. C. Dibbits, he. cit. 

®5ln a later communication []. Am. Chem. Soc., 26, 1171 (1904)] Morley stated: “A 

current, passing at the rate of 2 liters an hour through 25 cc of the pentoxide properly 

filled into a drying tube, contains much less than 1 mg of water vapor in 40,000 liters; 

whether a half or tenth of this quantity, no one can now say,” and “no gravimetric 

experiments which the scientific world has in hand at present would need to take ac¬ 

count of the moisture which phosphorus pentoxide leaves in a gas.” 

56/wd. Eng. Chem. Anal. Ed., 2, 12 (1930). 

57 H. H. Willard and G. F. Smith, /. Am. Chem. Soc., 44, 2255 (1922). 
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(1) The weight of water absorbed per unit weight of desiccating agent 
is several times greater with the salt than with phosphorus pentoxide, (2) 
the salt does not become sticky upon handling, does not form channels, 
and contracts in volume upon absorbing moisture, (3) the salt can be re¬ 
activated repeatedly, and (4) it is a neutral drying agent that offers possi¬ 
bilities as a dehydrating agent for materials for which phosphorus pentoxide 

and sulfuric acid are not permissible.*'^® 
According to Johnson,"*^ alumina that has been prepared at a low tem¬ 

perature is as powerful a desiccant as phosphorus pentoxide at a tempera¬ 
ture of 18° C and a gas flow of two to three bubbles per second. When 
it has lost its drying power, after about 18 per cent increase in weight, it 
can be regenerated by heating at 400° C as air dried by sulfuric acid is 
passed through it.®® 

Calcium oxide is only one half as efficient as the chloride, but is occasion¬ 
ally used for the preliminary drying of gases that react with the other desic¬ 
cants. Fused potassium hydroxide is also used in such cases and has a 
drying pow’cr approximately equal to that of calcium chloride if carbon di¬ 
oxide is absent. 

According to J. H. Walton and C. K. Rosenbaum,®’ boric oxide (pre¬ 
pared by heating the acid at about 800° C, pouring into carl)on tetrachloride 
at 0° C, and powdering) can absorb 25 per cent of its own weight of water 
and is a better drying agent than calcium chloride. Some water must be 
absorbed, however, before it becomes efficient, and the current of gas 
must not exceed about 2 liters per hour. 

In Table 7 are presented data obtained by J. FI. Bower®- in tests of 
various types of drying agents. The method employed was to aspirate 
properly conditioned air at a rate of 1 to 5 liters per hour through a train 
of U tubes containing two or more drying materials in the order of their 

increasing drying powers. After a measured amount of air had passed 

through the system, held at 30.5 ± 0.5° C, the total increase in the weights 

of the U tubes following any one U tube indicated the residual water 

escaping that tube. The last tube contained phosphorus pentoxide, or 

results were corrected to a phosphorus pentoxide basis in tests involving the 

a later paper llnd, Eng. Chem., 19, 411 (1927)] Smith recommended the use 

of a mixture of anhydrous barium and magnesium perchlorates in the ratio of 26.5 

per cent of the latter to 73.5 per cent of the former, and stated that this reagent absorbs 

40 per cent by weight of water and can be regenerated by gradually heating to 250® C 

under 102 mm pressure. 

®®F. M. G. Johnson, /. Am. Chem. Soc., 34, 911 (1912). 

®®The drying action is probably one of adsorption rather than of hydration. For 

the adsorption of vapors by alumina, consult L. A. Munro and F. M. G. Johnson, Ind. 

Eng. Chem., 17, 88 (1925). 

81/. Am. Chem. Soc., 50, 1648 (1928). 

82 J. H. Bower, J. Research NBS, 12, 241 (1934); 33, 199 (1944). 



50 APPARATUS AND REAGENTS 

TABLE 7 

DR'i'iNG Power of Certain Desiccants 

Material 

Volume of 

Air per 

hour 

per ml 

Desiccant, 

ml 

Total 

Volume 

of Air per 

ml of 

Desiccant, 

liters 

Residual Water per liter 

of Air, mg 

Values from Pub¬ 

lished Data, 

rng/liter 

CuS04 (anh.) 36 to 50 0.45 to 0.7 2.8 (2.7 to 2.9) 1.7 at 30 C * 

CaCb (gran.) 66 to 165 6.1 to 24.2 1.5 (1.4 to 1.6) 

CaCl2 (tech, anh.) 115 to 150 4.0 to 5.8 1.25 (1.23 to 1.27) 

ZnCb (sticks) 120 to 335 0,8 to 2.1 0.98 (0.94 to 1.02) 0.95 at 30 C f 

Ba(C104)2 (anh.) 26 to 36 2.3 to 3.7 0.82 (0.76 to 0.88) 0.29 at 27 Ct 
NaOH (sticks) 75 to 170 2.3 to 8.9 0.80 (0.78 to 0.83) 0.16 at 25 C § 

CaCl2 (anh.) 75 to 240 1.2 to 7.8 0.36 (0.33 to 0.38) 0.36 at 25 C i| 

Mg(C104)23H20 65 to 160 4.0 to 7.2 0.031 (0.028 to 0.033) t 
KOH (sticks) 55 to 65 3.2 to 7.2 0.014 (0.010 to 0.017) 0.002 at 25 C § 

Silica gel 43 to 59 2.1 to 5.2 0.006 (0.002 to 0.01) 

CaS04 (anh.) 75 to 150 1.2 to 18.5 0.005 (0.004 to 0.006) 0.005 at 25 C 1[ 

CaO 60 to 90 7.6 to 10.1 0.003 (0.003 to 0.004) 0.2 to 0.3 at 25 C * 

Mg(C104)2 (anh.) 43 to 53 2.8 to 5.9 0.002 (0.0016 to 0.0024) t 
AI2O3 36 to 63 5.6 to 6.2 0.001 (0.0008 to 0.0012) 0.003 at 25 C * 

BaO 64 to 66 
1 

10.6 to 25 0.0007 (0.0006 to 0.0008) Less than 0.0003 at 

“ordinary temp.” ** 

* M. V. Dover and J. W. Marden, /, Am, Chem, Soc,y 39, 1613 (1917). 

t G. P, Baxter and R. D. Warren, ibid.y 33, 344 (1911). 

J G. F. Smith, Ind. Eng. Chem.y 19, 411 (1927). 

§ G. P. Baxter and H. W. Starkweather, J. Am. Chem. Soc., 38, 2038 (1916). 

II Wd.y 2041. 

^ W. A. Hammond and J. R. Withrow, Ind. Eng. Chem., 25, 653 (1933). 

** H. S. Booth and L. H. McIntyre, I?jd. Eng. Chem. Anal. Ed.y 2, 12 (1930). 

For the drying power of certain other desiccants, consult the following: 

ZnBr2, CaBr2: G. P. Baxter and R. D. WWren, loc. cit. 
B2O3: J. H. Walton and C. K. Rosenbaum, ]. Am. Chem. Soc.y 50, 1648 (1928). 

MgO; M. V. Dover and J. W. Marden, loc. cit. 

H2SO4, P2O5: E. W. Morley, Am. J. Sci.y 30, 141 (1885); J. Am. Chem. Soc., 26, 1171 (1904). 

most powerful desiccants. Except as otherwise noted, the materials were 

commercial products in the form in which they were marketed as drying 

agents. 
The desiccant is usually placed in a light, glass-stoppered U tube if it is 

to be weighed and no special provision has been made for it as in the Flem¬ 

ing bulb for carbon dioxide. Calcium chloride is packed loosely in the 

tube with plugs of asbestos at the top to prevent dusting. In the case of 
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sulfuric acid, the tube is two thirds filled with glass beads or the like, and 

enough of the acid is added to moisten the beads and to seal the bend. 

Phosphorus pentoxide is loosely packed in alternate layers with glass wool 

or asbestos. If much water is to be absorbed, the pentoxide should be pre¬ 

ceded by another desiccant such as magnesium perchlorate trihydrate. 

The latter contracts in use, does not become sticky, and is packed as di¬ 
rected for calcium chloride.®^ 

<*‘’^For the preparation of a lead-sodium alloy (90 parts lead and 10.5 parts sodium) 
for the drying of inflammable liquids such as ether, consult H. Soroos, Ind, Eng, Chern. 
Anal, Ed,, 11, 657 (1939). 



chapter 4 

COMMON OPERATIONS 

I. SAMPLING 

The sampling of the material that is to be analyzed is almost always a 

matter of importance, and not infrequently it is a more important operation 

than the analysis itself. In any given case the object is, of course, to get a 

representative sample for the determination tliat is to be made. The 

methods of sampling must necessarily vary considerably, and are of all 

degrees of complexity. In case moisture in the original material is to be 

determined, a separate sample must usually be taken for this alone.^ 

The sampling of rocks is discussed under Part III (p. 809). For detailed 

descriptions of methods for the sampling of other materials, articles dealing 

with the substances in question must be consulted.^ 
In the analysis of ores and the like, a large sample is usually obtained 

which must then be reduced to a laboratory sample. Here again methods 

vary. In general, the sample is first crushed to a rcasonal)le size, a portion 

is taken by quartering or similar procedures, this then is crushed to a some¬ 

what smaller size and again divided, and the operations are repeated until a 

sample is obtained that is large enough for the analyses to be made, but not 
so large as to cause needless work in its final preparation. All ^ of this 

final portion must be crushed to a size that will minimize errors in sampling 

at the balance and is fine enough for the attack that is contemplated.*^ 

iSee for example, Standard Methods of Laboratory Sampling and Analysis of Coal, 

ASTM Standards^ Part 5, p. 583 (1950); and T. A. Wright, Sampling and Evaluating 

Secondary Nonferrous Metals, AIME Tech, Pub. 81. 

2 See for example, W. J. Sharwood and M. von Bernewitz, Bibliography of Literature 

on Sampling, L7. S. Bur. Mines Pub. 2336; Chemists U. S. Steel Corp., Sampling and 

Analysis of Carbon and Alloy Steels, Reinhold Publishing Corp. (1938); Sampling and 

Analysis of Pig Iron, 3d ed. (1934), Sampling and Analysis of Iron and Manganese 

Ores, Carnegie Steel Co., Pittsburgh, Pa. 0926); ASTM Standards, Parts 1~6 (1949); 

W. F. Hillebrand, Standard Methods of Sampling, /. Ind. Eng. Chem., 8, 466 (1916). 

®See Part III, pp. 809 and 810. 

^ According to G. F. Smith, L. V. Hardy, and E. L. Card [Ind. Eng. Che7n. Anal. Ed., 

1, 228 (1929)1, rmxtures of materials of different density cannot be segregated by 

jarring or by the influence of vibrational storage conditions, no matter what the actual 

differences in density may be, provided they have been ground to pass a 200-mesh sieve 

and mixed to uniformity. For the treatment of metallic particles, such as “scales” in 

gold ores, other texts must be consulted. 

52 
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Moreover, the grinding must be carried out so that no chemical changes 
occur ^ or selective dusting takes place. 

It is oftentimes as difficult to sample metals or alloys as ores. In prac¬ 
tically all cases, more or less segregation exists. Moreover, the final sample 
cannot, as a rule, be crushed so that inhomogeneity can be overcome. 
This is well illustrated by the difficulties introduced by graphite in cast 
iron and by brittle constituents in journal bearings.® 

In the case of steel, large sections such as blooms or billets are sampled 
so that the sample represents the portion midway between the outside and 
the center, bored forgings are sampled midway between the inner and outer 
surface of the wall, whereas thin material or material of small cross section 
is sampled by machining off the entire cross section." 

If there is likelihood of extreme differences in composition between the 
various-sized particles, as in a sample of cast iron, the sample must be pre¬ 
pared with especial care. For the most accurate analyses, the gross sample 
must be sieved in such a manner that no dusting takes place and a sufficient 
number of fractions are obtained. Each of the fractions is then weighed, 
and the sample for analysis is made up of the various fractions in the same 
proportion that they bear to the gross sample. For routine analyses, in the 
general case, the whole sample should be fine enough so that a reasonably 
representative sample can be obtained by mixing and then taking a number 
of small dab portions (as in assaying) to make up the weighed sample used 
in the analysis. 

5 See pp. 817, 819, and 907. 

^ When a sample of cast iron is machined, not only will the sample contain free 

graphite, but also the finer particles of iron will contain less carbon than the coarser 

ones. For example, after the expulsion of free graphite in a sample and then sieving, 

the 30- to 40-mesh portion indicated 2.04 per cent of total carbon, the 20- to 30-mcsh 

portion 2.27 per cent, and the 14- to 20-mesh portion 2.45 per cent. Difficulties arising 

from the presence of brittle constituents arc illustrated by the following data obtained 

in the analysis of a milled sample of journal bearing: 

Size of Particle 

Per Cent 20 Mesh 20 to 30 Mesh 30 to 80 Mesh 

80 Mesh to 

Dust 

Copper 70.0 70.2 67.6 63.2 

Lead 24.4 24.1 27.9 31.2 

Tin 4.9 4.9 4.7 4.4 

Consult also J. A. Scherrer and G. E. F. Lundell, Bur. Standards J. Researchy 5, 891 

(1930). 

ASTM Methods of Chernlcal Analysis of Metals, pp. 58, steels and irons; 63, ferro¬ 

alloys, American Society for Testing Materials (1950). 
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II. THE PREPARATION OF THE SAMPLE FOR WEIGHING 

Possibly the only general rule that can be made for preparing a sample 
for weighing is that accidental foreign matter must be removed, as for 
example pieces of wood, fiber, or iron introduced during sampling or from 
the container, or oil used during the cutting of a steel sample. No general 
rules can be given for the drying of the sample. In some cases, as in the 

analysis of certain rocks (p. 821), it is preferable to analyze the sample as it 
is. With many materials it is customary to dry the sample at 105 to 110° C. 
Occasionally it is a difiicult or a very slow process to obtain constant weight 
at such temperatures, and higher temperatures must be used, as for example 
125° C with pyrolusite and approximately 140° C with bauxite. Some 
materials oxidize slowly when heated and require drying in a nonoxidizing 
atmosphere. 

An analysis on the “dry basis” denotes one made on material dried at a 
specified temperature (105 to 110°C in the usual case) or corrected as 
determined by a “moisture” determination made on a sample taken at the 
same time as the sample for analysis. A “dry assay” is something entirely 
different and signifies an analysis made with dry reagents and fire, as for 
example a crucible assay for gold. 

III. WEIGHING THE SAMPLE 

If the sample is to be weighed in the air-dry condition, no special pre¬ 
cautions are necessary, nor are any required with nonhygroscopic sub¬ 
stances that have been dried. Slightly hygroscopic substances can be dried 
and weighed in crucibles with well-fitting covers or in weighing bottles. 

The latter are preferable in accurate analyses and must be used with mark¬ 
edly hygroscopic substances. 

It should be borne in mind that some substances that arc only moderately 

hygroscopic take up in a few moments most of the moisture that they can 

absorb from the atmosphere. Samples of such materials cannot be taken 

in succession from the same dried portion in the weighing bottle, nor can a 

portion of the dried sample be poured out and the bottle, together with 

what is left, reweighed (see under Manganese, p. 443). In such cases, only 
enough for a single determination should be dried, and the bottle should be 

stoppered, cooled in a desiccator, and opened for an instant to fill it with air. 

It should then be weighed against a similar bottle carried through all of the 

operations, as much of the sample as possible poured out without loss by 

dusting and without brushing the interior of the bottle, and the stoppered 

bottle again weighed against the tare. (For methods of weighing see 
Weighing, p. 12.) 
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IV. THE CHOICE OF THE METHOD OF ANALYSIS 

The analyst must ever be on guard in starting an analysis of an unknown 
substance or even of a well-known material, the history of which is un¬ 
known. This is to insure not only that the analysis of a given constituent 
is correct, but also that no important constituent has been overlooked. 
The fact that a procedure is satisfactory for the determination of a con¬ 
stituent when it occurs alone, or even in certain mixtures, is no guarantee 
whatever that the procedure will be satisfactory under another set of con¬ 
ditions. It is obviously impossible to test and record the performance of a 
method in each of the thousands of possible combinations that the analyst 
may encounter. It is quite as impossible to devise a procedure that will 
apply in all cases. It is even difficult to make sure that it will be satisfactory 
in a restricted range. For example, a method that is entirely satisfactory 
for the determination of carbon by direct combustion of a plain carbon 
steel containing 0.1 per cent carbon and 0.04 per cent sulfur may give high 
results if it is applied without modification to a steel containing the same 
amount of carbon and 0.1 per cent sulfur. 

Examples of the failure of well-known procedures under certain condi¬ 
tions are numerous. The determination of silica by dehydration in hydro¬ 
chloric acid solution is quite satisfactory in the usual case, but fails if 
elements such as boron, fluorine, antimony, or bismuth are present. Pre¬ 
cipitation with a mixture of sodium hydroxide and sodium carbonate 
serves very well for the separation of aluminum from iron and calcium, 
but not from iron and magnesium. The oxalate method that is used ordi¬ 
narily for the determination of calcium in the presence of magnesium is 
useless if the amount of calcium is very low and that of magnesium high. 

The phosphate method for magnesia fails if much oxalate is present; the 

bismuthate method for manganese leaves little to be desired until elements 

such as cobalt or chromium are encountered; and the determination of lead 

as the sulfate is quite satisfactory until attempted in the presence of barium, 

calcium, silver, or antimony. 

Before choosing a method of analysis, therefore, the analyst must con¬ 

sider its known limitations and decide whether or not it should be applied 

to the material in hand. He must make sure that the material contains 

none of the substances that interfere and for which no provision is made. 

If substances are present, the effects of which are in doubt, he must make 

sure of their behavior by making tests with known amounts of the con¬ 

stituent to be determined in synthetic mixtures that approximate the com¬ 

position of the material under analysis. Nothing can be taken for granted. 

Whenever the analyst must devise a scheme for the analysis of a material 

whose qualitative composition is known, a diagrammatic outline of the 
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scheme is usually helpful, and may reveal at once faults or weaknesses that 
might otherwise be overlooked. For example, if the material is the mineral 
tourmaline and the analyst’s first reaction is to make the analysis by follow¬ 
ing the ordinary procedures, a preliminary diagrammatic outline might 
appear somewhat as follows: 

Tourmaline 

Fusion with Na2C03 

Evaporation with HCl 

SiOa(dehydrated silica) NH4OH 

“K2O3” (ammonia precipi tate) (N114)2C204 

1 ' ~i 
Ca0(CaC204) (NH4)2HPOi 

MgO(MgNH4P04) Discard 

If then, the analyst stopped to consider what components are likely to be 
present in tourmaline (Si, Al, Fe, Mn, Ca, Mg, K, Na, Li, F, and B) and 
carried them along to their final resting place in the proposed scheme of 
analysis, he would probably realize that the scheme would be worthless if 
applied in the presence of fluorine, boron, and manganese, because: (1) 
Hydrofluoric acid would be formed and cause volatilization of silica dur¬ 
ing the evaporation with hydrochloric acid, (2) boron would be carried 
down to some extent by silica and volatilize wdien the latter was treated 
with hydrofluoric acid, (3) some of the original fluorine would probably 
remain in solution and prevent complete precipitation of aluminum by 
ammonium hydroxide as well as cause the precipitation of some calcium as 
the fluoride, (4) some of the boron would come down with the am¬ 
monium hydroxide precipitate, (5) some manganese would come down 
with the oxalate precipitate, together with some of the unprecipitated 
fluorine and aluminum, and (6) most of the manganese would come down 
in the phosphate precipitate. If a diagram were drawn also for the 
J. Lawrence Smith method for the determination of the alkalies, the analyst 
would have to decide what would happen to the uncommon elements 
fluorine, boron, and lithium and whether any modifications of the usual 
procedure should be introduced. 

Data gathered in tests on simple compounds cannot be applied with 
certainty in the analysis of mixtures. Thus titanium, columbium, or tanta¬ 
lum by themselves can be quantitatively hydrolyzed in dilute acid solu¬ 
tion, but, when they are associated with zirconium, precipitation is in¬ 

complete and may not take place at all. Again, gallium is not precipitated 
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at all by hydrogen sulfide in dilute acid solution, but, should elements such 
as zinc, silver, copper, or arsenic be present, its precipitation may be com¬ 
plete. Finally, the solubility of potassium chloroplatinate in 80 per cent 
alcohol is well known, but this is entirely different from its solubility in 
the 80 per cent alcoholic solution containing sodium chloroplatinate and 
chloroplatinic acid which is actually obtained in analysis. 

Other sources of trouble are substances that retard or prevent precipita¬ 
tion unless they are removed or rendered harmless, as for example quin- 
quevalent vanadium in the precipitation of phosphorus as ammonium phos- 
phomolybdate, or fluorine or organic matter in the precipitation of alumi¬ 
num by ammonium hydroxide. Equally objectionable are substances that 
induce unwanted reactions, as for example nitrates or ammonium salts in 
the precipitation of sulfur as barium sulfate, ammonium oxalate in the pre¬ 
cipitation of thorium as the oxalate, carbonates in the precipitation of 
uranium by ammonium hydroxide, arsenic in the titration of antimony by 
potassium permanganate, and chlorides in the titration of mercury by 
potassium thiocyanate. 

Finally, the greatest cause of concern in applied analysis lies in the fact 
that many of the reactions that are employed are not clean cut. Thus, sili¬ 
con cannot be completely separated from boron by dehydrating in acid 
solution; zinc is carried down by copper, and cobalt, by quadrivalent tin in 
precipitations with hydrogen sulfide; aluminum still retains copper and 
zinc after repeated precipitation with ammonium hydroxide; calcium is not 
completely precipitated by ammonium oxalate; and magnesium tends to 
carry down alkalies when it is precipitated as the phosphate. 

V. THE PREPARATION OF THE SOLUTION FOR THE ANALYSIS 

The preparation of a solution of a pure compound preliminary to a de¬ 
termination by a gravimetric or volumetric procedure is a comparatively 
simple matter. The case is quite different in the analysis of the substances 
that are usually encountered. With these, the success of the analysis usually 
hinges on the care with which the solution has been prepared for the de¬ 
termination. This cannot be accomplished by blindly adhering to set direc¬ 
tions. Each case must be considered on its merits. The method of prepar¬ 
ing a solution for the determination of phosphorus in plain carbon steel is 
quite different from that used in the case of high-speed tool steels, while 
that used in preparing a solution for the electrolytic determination of cop¬ 
per in brass bears no resemblance whatever to that used for copper in 

molybdenum ores. 
One disturbing feature in the preparation of solutions for analysis is the 

tendency of some compounds to volatilize during preliminary ignitions, 

fusions, or evaporations, as for example the loss of arsenic in ignitions in 
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which it is accompanied by organic matter, the loss of fluorine in carbonate 
fusions of materials containing sulfides, the loss of antimony in evaporations 
of solutions containing hydrochloric acid, or the loss of boron or trivalent 
arsenic in attacks with hydrofluoric acid.® 

VI. PRECIPITATION BY THE SULFIDE ION 

Precipitations by the sulfide ion are of the utmost importance in quanti¬ 
tative analysis, not only for the isolation of single elements but also for the 
separation of groups of elements from one another. The precipitations can 
be carried out under the most varied conditions as to hydrogen ion concen¬ 
tration and character of the solution, depending on the end in view. For 
example, by varying the concentration of hydrogen ion, quinquevalent 
arsenic can be separated from lead, lead from zinc, zinc from nickel, nickel 
from manganese, and manganese from magnesium. At this stage the solu¬ 
tions are alkaline and serve as well, through the formation of soluble salts 
with certain sulfides, for the separation of elements within a group, as for 
example lead from molybdenum. Separations within a group are also 
possible by the conversion of one or more of the members into complex 
anions which do not react with the sulfide ion: for example, cadmium from 
copper in cyanide solution, copper or trivalent antimony from quadrivalent 

tin in hydrofluoric acid, and antimony from tin in oxalic acid-oxalate 
solution. 

Precipitations with hydrogen sulfide can be grouped roughly in five 
classes according to the kind of solution in which the precipitation is made. 
These are: (1) strong acid (pH <1), (2) dilute acid (pH 2 to 3), (3) very 
weak acid (pH 5 to 6), (4) alkaline (pH >7), (5) complex anion. 

A. STRONG ACID SOLUTION (pH <1) 

By precipitation with hydrogen sulfide in strong acid is meant all pre¬ 
cipitations in the pH range covered by 0.25 to 13 N hydrochloric acid. 
Precipitation at the lower normality is the ordinary case and embraces the 
usual manner of precipitating elements of the so-called copper and arsenic 
groups. The copper group includes copper, silver, mercury, lead, bismuth, 

cadmium, ruthenium, rhodium, palladium, and osmium. The arsenic group 

includes arsenic, gold, platinum, tin, antimony, iridium, germanium, selen¬ 

ium, tellurium, and molybdenum. Thallium, indium, and gallium are also 

precipitated entirely or in part in the presence of certain members of the 

hydrogen sulfide group, as are also vanadium and tungsten in the absence 

s See G. E. F. Lundell and J. I. Hoffman, Outlines of Methods of Chemical Analysis, 
p. 28, John Wiley & Sons (1938). The volatilization of metallic compounds at 200 to 

220® C from solutions in perchloric or sulfuric acid is described by the same authors, 

/. Research NBS, 22, 465 (1939), 
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of tartaric acid. These two form sulfo salts and accompany the arsenic 

group, whereas the others do not and accompany the copper group. 

The precipitation of the copper and arsenic groups can be made quanti¬ 

tative and is an excellent means of separating these elements from many 

others. It should be noted that elements other than those of the hydrogen 

sulfide group may be precipitated by hydrogen sulfide in strong acid solu¬ 

tion through the formation of mixed sulfides. Thus zinc ® may be carried 

down by copper, cadmium, or mercury; thallium,^® by copper, arsenic, and 

antimony; and nickel and cobalt^’ by quadrivalent tin. The last named 

also tends to carry down iron in a hydrochloric acid solution of the ferrous 

salt. 

Mixed sulfides are also formed by certain members of the hydrogen sul¬ 

fide group, as for example mercury with cadmium, tin, or copper. 

Separations within the group by more careful adjustment of pH are not 

as a rule satisfactory. Roughly speaking, the solubility of certain of the 

sulfides increases in the following order: As'^, As^^^ Mo^\ Sb^^\ 

Bi^^^ Sn^’'^, Cd^\ Pb'^ and Sn^^ The outstanding separation within the 

group by adjustment of pH is that of quinquevalcnt arsenic by precipitation 

in cold concentrated hydrochloric acid (p. 262).^- A less satisfactory 

01. M. Kolthoff and J. C. Van Dijk, Cbem. Weekblad., 59, 1351 (1922); Che?n. Zentr., 
94, II, 440 (1923); Fritz Feigl, Z. anaL Chem,, 65, 25 (1924-25). 

According to G. Luff [Z. anal. Chem., 65, 97 (1924)1, cadmium can be separated 
from zinc by preliminary precipitation with hydrogen sulfide in a hot solution 
strongly acidified with HCl or H2SO4 and containing 15 per cent of NH4Q or 
(NH4)2S04, followed by gradual dilution as the solution cools. 

i‘^L. Bruner and J. Zawadzki, Z. anorg. Chem.y 65, 136 (1910). 
V. Auger and L. Odinot, Compt. rend.y 178, 710 (1914); Chem. Zentr.y 95, I, 1836 

(1924); Fritz Feigl, loc. cit. Adsorption or postprecipitation of cobaltous ion on 
stannic sulfide decreases with increase of temperature, and/or hydrogen ion concen¬ 
tration, and can be made negligible by precipitating in the presence of acrolein 
(p. 418). 

^■“Consult also G. Panajotow, Z, anal. Chem,, 49, 118 (1910); G. Luff, Chem. Ztg., 
45, 229 (1921) and Z. anal. Chem., 65, 97, 151 (1924-25); W. D. Treadwell and K. S. 
Guiterman, ibid., 52, 459 (1913); J. Lang, Ber., 18, 2714 (1885); and W. Manchot, 
G. Grassl, and A. Schneeberger, Z. anal. Chem., 67, 177 (1925-26). The last, for 
example, show that precipitation of cadmium by hydrogen sulfide under approximately 
2 atmosphere pressure at 20® C is complete in solutions containing less than 11 ml of H(2l 
per 100, and that no precipitation at all occurs in solutions containing more than 23 ml 
of acid per 100 ml. Similarly bismuth is completely precipitated in the presence of 
31 ml of HQ per 100 ml and not at all in solutions containing 37 ml of acid per 100 
ml. It is also asserted that mercury can be separated from cadmium by precipitating in 
a solution containing 45 ml of HCl per 100 ml and washing the sulfide with acid of the 
same strength, that mercury can be separated from bismuth or lead by precipitating in a 
solution containing 40 to 45 ml of HQ per 100 ml and washing with acid of the 
same strength, and that antimony can be separated from cadmium by precipitating in a 
boiling solution containing 18 ml of HQ per 100 ml, diluting with 100 nil of boiling 
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separation is that of copper from cadmium (p. 69), in which case, however, 
the two arc precipitated together, and the sulfides then boiled in dilute 
sulfuric acid (1 + 5). For similar treatment of bismuth and cadmium 
sulfides, see Bismuth (p. 234). Separations within the group through the 
use of hydrofluoric acid (p. 63) and resultant formation of complex 
anions should not be confused with changes in pH. 

Precipitations by hydrogen sulfide arc usually made in hydrochloric acid 
solutions. Certain elements arc precipitated more easily in sulfuric acid 
solution, as for example platinum and molybdeniim.^'^ Strong nitric acid 
is, of course, objectionable; weaker solutions containing as much as 4 per 
cent of it by volume can be used, even hot. As a general rule, it is good 
practice in this group to start the precipitation with hydrogen sulfide in a 
solution more acid than is finally desired and then to dilute to the proper 
volume and continue the precipitation. For example, for qualitative pur¬ 
poses A. A. Noyes and W. C. Bray used 2.4 ml of hydrochloric acid or 
1.5 ml of sulfuric acid in a volume of 40 ml, heated to boiling in a conical 
flask, passed in hydrogen sulfide until the solution was saturated and then 
heated for 10 to 15 minutes at 70 to 90° C. I'he solution was then cooled, 
diluted with 60 ml of water, and again saturated with gas, and the flask was 
stoppered, shaken, and allowed to stand for 15 minutes. The specification 
of the use of pressure bottles is much overdone. For example, their use 
w’ith molybdenum is entirely unnecessary if molybdenum is kept sexivalent 
throughout the precipitation (p. 303), and of doubtful value if it is not. It 
is usually desirable to perform the washing of the precipitate, or at least the 
major part of the washing, with water saturated with hydrogen sulfide and 
acidulated with the acid present during the precipitation. 

B. DILUTE ACID SOLUTION (pH 2 TO 3) 

Precipitation with hydrogen sulfide in solutions having a pH value of 2 
to 3 presupposes prior precipitation of the members of the preceding group 
and the absence of elements that might hydrolyze or react to form precipi¬ 
tates in so dilute an acid. The separation from the members of the next 
group is not sharp, and reprecipitations must be made in accurate analyses 
or when the members of that group are present in appreciable amount. The 
most successful separation in this group is that of zinc, and this follows be- 

water, again treating with 1I2S, and washing with dilute HCl (1 -f- iO). According to 
G. Vortmann and A. Mctzl [Z. anal. Chem.y 44, 555 (1905)], complete precipitation of 
antimony is impossible in boiling solutions containing more than 24 ml of HCl per 
100 ml. 

13 Some elements can be completely precipitated by treating concentrated sulfuric 
acid solutions of their sulfates with hydrogen sulfide for 30 to 60 minutes at 25® C. 
These include Ag^ Hg”, Cu”, AsHiorv Sbniorv Se^v Teiv Au^i, and Pdiv 

1* Technol. Quart., 19, 235 (1906). A. A. Noyes and W. C. Bray, A System of Quali¬ 
tative Analysis for the Rarer ElementSy Macmillan Co. (1927). 
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cause other elements that would cause trouble, such as thallium, indium, and 
gallium which are partially prccipitable, are rarely encountered. The 
proper acidity for precipitations within this group is represented by 0.01 N 
sulfuric acid, and details are given under Zinc (p. 428). 

C. NEARLY NEUTRAL SOLUTION (pH 5 TO 6) 

Practically the only separations made by the use of hydrogen sulfide in 
nearly neutral solution are those of cobalt and nickel from manganese in the 
absence of iron. Thallium and indium are also completely precipitated, and 
iron is incompletely precipitated if much acetic acid is present, whereas 
gallium is partially precipitated in the presence of certain elements. Of 
course, the application of the method must follow the separation of the 
preceding group and of elements that wwild hydrolyze or form precipitates. 
The proper acidity is obtained by the use of organic acids in the presence 
of their salts; acetic acid, together with either sodium or ammonium ace¬ 
tate, is commonly employed, chiefly because of prior use in separating iron. 
It is more difficult to obtain complete precipitation than in the preceding 
group, and consequently recoveries from the filtrates arc always in order. 
These are usually accomplished by making the filtrates still less acid, pre¬ 
cipitating the last traces together with more or less of the next group, as 
for example manganese, and then making the recovery by raising the acidity 
again so as to dissolve the manganese sulfide and leave the nickel or cobalt. 

The precipitation is usually made by precipitating with hydrogen sulfide 
in a solution heated to 70 to 80° C and containing acetic acid as the only 
acid together with at least 5 g of sodium or ammonium acetate per g of 
nickel or cobalt. 

D. ALKALINE SOLUTION (pH >7) 

Alkaline sulfides will precipitate a host of elements. In the usual case, 
precipitation with the sulfide ion in alkaline solution follows prior separa¬ 
tions in strong acid solutions, thus eliminating the members of group A. 
The interference of a number of others, such as aluminum, titanium, chro¬ 
mium, uranium, and the rare earths, is easily avoided by the use of tartrate. 
Such treatments narrow the field to manganese (except in the presence of 
tartrate which causes incomplete precipitation), iron, and the members 
of groups B and C. Tliese are often thrown down together. Occasionally, 
they are separated together with the copper group from the arsenic group 
as described under group E. 

Contrary to usual thought, precipitations in this group require more 
care than in the preceding groups as will be apparent from what follows. 
Precipitations can be made by passing hydrogen sulfide into an alkaline 
solution, by passing it into an acid solution and then making the solution 
alkaline, or by adding a solution of alkaline sulfide, bisulfide or poly- 
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sulfide to a feebly acid or alkaline solution. All find their application. 
Corresponding alkaline sulfides behave alike in the main with elements 
that yield sulfides, the outstanding exception being mercury; with elements 

that do not form sulfides practically the same differences obtain as with 
the alkaline solutions alone, as for example the precipitation of aluminum 
and beryllium by ammonium sulfide and their solubility in sodium sulfide. 
Ammonium sulfide is, as a rule, preferable to sodium or potassium sulfides. 
The latter are chiefly employed in metallurgical analyses, as in the separa¬ 
tion of copper, lead, iron, and zinc from tin or aluminum. Potassium 
sulfide is seldom used except for good reason, as in the presence of consider¬ 
able antimony. Sodium or potassium sulfides are best used in conjunction 
with the hydroxides. The same is true of ammonium sulfide, although a 
moderate excess of NH4HS or of (NH4)2S alone can be used. As a gen¬ 
eral rule polysulfides should be excluded, for they lead to incomplete pre¬ 
cipitation of manganese, as well as of copper, nickel, and cobalt; at the 
same time they cause precipitation of the alkaline earths because of their 
sulfate content. Excessive amounts of ammonium salts should also be 
avoided, for these lead to incomplete precipitation of manganese. Precipi¬ 
tations in cool solution are satisfactory and often better than those made 
in hot solution. The precipitation of nickel is best done by digestion in 

ice-cold solution protected from the air. The washing of the precipitate 

is done with a cool, colorless solution containing ammonium sulfide, ammo¬ 

nium chloride, and, in certain cases, ammonium tartrate and ammonium sul¬ 

fite. (For methods of precipitation, see Precipitation by Ammonium Sul¬ 

fide, p. 64.) 

E. PRECIPITATION IN A SOLUTION CONTAINING A COMPLEX ANION 

Certain members of the foregoing groups can be made to enter more 

or less complex anions and are then not precipitable by the sulfide ion. 

This behavior allows separations within the groups as described below. 

a. By the Formation of a Sulfo Anion, The elements of the arsenic 

group, in contrast with most of those of the copper group, enter into sulfo 

anions and are soluble in alkaline sulfide or polysulfide solutions. The only 

elements of the copper group that exhibit this behavior are mercury, cop¬ 

per, and bismuth. Mercury is practically insoluble in ammonium sulfide, 

less soluble in the polysulfide, and soluble in mixtures of the sulfide and 

hydroxide of either sodium or potassium. Copper is insoluble in alkaline 

sulfide solutions which are free from polysulfide, but is somewhat soluble 

in their presence. Bismuth sulfide is insoluble in ammonium sulfide or 

polysulfide and in sodium or potassium hydrogen sulfide, and appreciably 

soluble in sodium or potassium sulfides or polysulfides or mixtures of these 

with the alkali hydroxides. 
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These differences in behavior of the sulfides permit obvious separations. 
Whether to use R2S or R2Sa. depends chiefly on the valency of the elements 
involved; in quantitative analysis it is usually preferable to work with R2S 
and elements in their higher valencies. In general it is better to make sepa¬ 
rations by precipitating the members of the copper group in alkaline solu¬ 
tion rather than by precipitating all in acid solution and afterwards digesting 
the combined sulfides in alkaline sulfide solution. Whether to treat the 
alkaline solution with hydrogen sulfide or alkaline sulfide or to pour the 
feebly acid solution into an excess of alkaline sulfide depends on the circum¬ 
stances; all find their uses. 

In any case, the precipitated sulfides arc separated by filtration and 
washed with a diluted solution corresponding to the medium in which the 
precipitation was made. In case the precipitate is large or analyses of the 
highest accuracy are to be made, it is well to dissolve the precipitate and 
repeat the separation. If the arsenic group is to be recovered from the 
filtrate, this is acidified with either hydrochloric or sulfuric acid, care being 
taken to render the solution as acid as is called for when precipitating that 
group by hydrogen sulfide. 

b. By the Formation of a Fluo Anion. It is quite possible that precipita¬ 
tion with hydrogen sulfide in hydrofluoric acid solutions has not had the 
attention that it deserves, and this is no doubt due to aversion to handling 
such solutions and the necessity for using vessels other than glass or porce¬ 
lain. Nevertheless, such precipitations are worthy of serious consideration, 
as for example in the separation of arsenic, antimony, lead, copper, and the 
like from such elements as germanium and tin, and in the separation of 
stannous from stannic tin and of trivalcnt arsenic and antimony from their 

quiquevalent compounds. Of course the guiding considerations are that 

the nonprecipitated element shall enter an anion as a fluo compound and 

that the pH shall remain approximately the same as in the usual precipita¬ 

tions. For the separation of Sb^” from Sn^^, McCay recommended pre¬ 

cipitation in a solution containing 5 ml of hydrochloric acid and 5 ml of 

48 per cent hydrofluoric acid in a solution containing 0.15 g each of antimony 

and tin in a total volume of 300 ml. 

c. By the Formation of a Complex Oxalate or Tartrate Anion. The only 

separations based on the formation of a complex oxalate anion are those 

involving quadrivalent tin, which can thus be kept in solution while sulfides 

of arsenic, antimony, and the like are precipitated.^® Possibly germanium 

behaves like tin in this reaction. Separations based on the formation of a 

complex tartrate ion can be divided according to whether the precipitations 

are made in acid or in alkaline solution. In the former case tartaric acid is 

i®L. W. McCay, /. Am. Chem. Soc., 31, 373 (1909). 
i«F. W. Qarke, them. News, 21, 124 (1870). 
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added to prevent partial precipitation of tungsten and vanadium; in the 
latter it aids in the same way when the alkaline solution is acidified, but its 
chief application here is to prevent the precipitation of a number of ele¬ 
ments that would otherwise separate as hydroxides. 

d. By the Fowtation of a Complex Cyanide Anion, Separations based 
on the formation of complex cyanide anions are but little used in quanti¬ 
tative analysis and are confined to the separation of other members of the 
copper group from silver and copper, which form complex cyanides in 
alkaline solution and are then not precipitated by hydrogen sulfide. 

F. PRECIPITATION BY AMMONIUM SULFIDE 

After the removal of the hydrogen sulfide group, occasion sometimes 
arises for a preliminary precipitation by ammonium sulfide, usually from a 
chloride solution of iron either alone or in company with other elements. 
Two cases are to be considered: (a) Iron alone or with zinc, manganese, 
nickel, cobalt, uranium, indium, and thallium (one or all), and sometimes 
metals precipitablc as hydroxides by ammonium sulfide, are to be separated 
from the alkali and alkaline earth metals and magnesium, (b) Iron alone 
or with zinc, nickel, cobalt, copper (one or all) is to be separated from the 
metals named in a and at the same time from metals that are precipitable 
as hydroxides by ammonium sulfide. 

PROCEDURE, a. Make sure that free sulfur, carbon dioxide, and oxidizing 
agents such as chlorine arc absent and that the solution contains enough 
ammonium chloride or hydrochloric acid to prevent precipitation of mag¬ 
nesium when the solution is made arnmoniacal. Transfer the solution to a 
suitable-sized flask (150 to 250 ml), render neutral with ammonium hydrox¬ 
ide, and add 2 ml in excess. Dilute to 100 ml, and cool. Saturate the solu¬ 
tion with hydrogen sulfide, add 2 ml more of ammonium hydroxide, dilute 
to the neck of the flask with recently boiled and cooled water, stopper, 
and let stand for several hours, preferably overnight. Filter uninterruptedly 
through paper, and wash with a cool 2 per cent solution of ammonium 
chloride containing a little ammonium sulfide. Any green coloration of 
the washings indicates lack of sufficient precipitant or electrolyte. Keep 
the funnel covered as much as possible, and finally suck fairly dry. 

Whenever alkaline earths ax*e absent or their precipitation is of no con¬ 
sequence, add sufficient ammonium sulfite to insure the absence of poly¬ 
sulfides before the final dilution. The sulfite is conveniently made by 
saturating a solution of ammonium hydroxide with sulfur dioxide and 
rendering portions slightly arnmoniacal to litmus before use; 5 ml of such 
a solution is usually sufficient. Its use obviates the necessity of filtering to 
remove sulfur if this has been formed in not too large amount in prior 
operations, it permits the substitution for hydrogen sulfide of a prepared 
solution of ammonium sulfide that might otherwise be objectionable on 
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the score of a polysulfide content, and it leads to better precipitation of 
copper, cobalt, and especially nickel. 

Under the above conditions the precipitation of iron, cobalt, copper, and 
zinc is complete, as is that of uranium when vanadium or carbonate is 
absent. The precipitation of manganese and nickel is nearly complete, not 
more than 0.1 mg ordinarily remaining in solution. Aluminum is not com¬ 
pletely precipitated, but the amount left in solution should not exceed 1 mg. 
Vanadium is carried down to some extent by uranium; if uranium prepon¬ 
derates greatly, it may prevent complete precipitation of vanadium. Iron 
cannot be separated from vanadium even by repeated precipitation with 
ammonium sulfide. The precipitation of vanadium may be quite complete 
if elements such as aluminum or titanium are present. If these elements 
preponderate, or alkaline earths are present, the precipitation of phosphorus 
may also be complete. Phosphorus is not carried down when present with 
iron alone. 

b. To 100 ml of solution add at least three or four times as much tartaric 
acid as the dissolved metals would weigh as oxides, make alkaline with 
ammonium hydroxide (the solution should remain clear if enough tartrate 
is present), make acid again with the appropriate acid (1 + 1), and add 
2 ml in excess. Saturate with hydrogen sulfide in order to reduce the 
iron and to prevent precipitation later of a little titanium, if present, with 
the iron sulfide. Another reason for reducing the iron is that ferrous sulfide 
can be filtered more readily than ferric sulfide. 

Filter if a sulfide is precipitated or much sulfur is present, then make 
decidedly ammoniacal, introduce more hydrogen sulfide if necessary, and 
proceed as in a, but add a little ammonium tartrate to the wash water. In 
most cases the precipitation can be made in hot solution if desired and the 
solution digested on the steam bath. The precipitate had better be dis¬ 
solved and reprecipitated as before and the filtrates combined if it is large 

or the highest accuracy is desired. 

This method does not afford a separation of the precipitated sulfides from 

phosphorus if magnesium or an alkaline earth metal is present in the original 

solution; neither does it give a complete separation of manganese. Uranium 

is not precipitated at all. Cobalt, copper, and zinc arc completely precipi¬ 

tated and nickel is nearly so. The method is less commonly employed 

for the sulfides as a group than for the separation of iron from one or all of 

the following: phosphorus, aluminum, vanadiiim,^^ chromium, titanium. 

Unlike precipitation in solutions containing arnmoniuni sulfide alone, precipitation 
in the presence of tartrate gives a good separation of iron from vanadium. For ex¬ 
ample, not a trace of the latter could be detected in the iron sulfide precipitate after 
two precipitations of a mixture originally containing 0.1 g of iron and 0.05 g of 
vanadium. Tartrate also serves for the separation of uranium and probably aids in the 
separation of other elements such as tungsten and antimony. 
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zirconium, beryllium, columbium, and tantalum. As in a, better precipita¬ 
tions of nickel and cobalt arc obtained by the addition of neutral ammo¬ 
nium sulfite to the ammoniacal solution and by precipitating in the cold. 

c. Treatment of the Washed Precipitate. In either a or b, treat the 
precipitate for the separation and determination of its components by appro¬ 
priate methods as indicated by its composition. In this connection, it is 
important in dissolving the precipitate to avoid undue exposure of the 
filter paper to the action of hot acid, for organic matter may be extracted 
which will prevent complete precipitation by ammonium hydroxide or 
some other precipitants. This is particularly true of aluminum hydroxide 
(p. 98). 

d. Treatment of the Filtrate. The filtrate obtained in a is in condition 
for the determination of calcium and magnesium. That obtained in b, 
however, may contain a number of metals that must be separated. In order 
to do this, the tartrate has to be destroyed as follows: Evaporate in a large 
platinum dish with 10 to 12 ml of sulfuric acid, and heat carefully until the 
solution begins to show signs of charring. Cool slightly, cover, carefully 
introduce 5 ml of nitric acid (preferably fuming), and, when violent action 
has ceased, heat gradually until the organic matter is fully oxidized, repeat¬ 
ing the treatment with nitric acid if neccssary.^^ Cool, dissolve the residue 
in water, and add ammonium hydroxide to precipitate aluminum, titanium, 
zirconium, beryllium, columbium, tantalum, and uranium, as well as phos¬ 
phorus and vanadium if there is not too much of these last two to combine 
with the bases. An excess of ammonium hydroxide must be avoided if 
aluminum is present. Alkaline earths can be expected in the precipitate if 
more phosphorus or vanadium is present than can be fixed by the regular 
constituents. After resolution of the precipitate in hot dilute hydrochloric 
acid (1 -h 1),^® further separations will be in order. 

The filtrate containing the ammonium tartrate can also be evaporated to 
dryness in a large platinum dish without the addition of sulfuric acid. In 
this case, char the residue, and fuse it with sodium carbonate to which a 
little niter has been added. Extract the melt with water, and filter. Tita¬ 
nium and zirconium are left on the filter, while chromium and vanadium 
are carried into the filtrate as chromates and vanadates along with alumi¬ 
num and phosphorus. (For the further separation of the last two from 
chromium and vanadium, under the conditions of rock analysis only, how¬ 
ever, see p. 898.) 

Tartaric acid can be destroyed by warming at approximately 60® C with concen¬ 
trated sulfuric acid, adding small portions of potassium persulfate, and finally heating 
to fumes of the acid. Complete decomposition of 1 g of tartaric acid in 10 ml of 
sulfuric acid solution can be easily obtained with 10 g of persulfate. Potassium per¬ 
sulfate causes less frothing than the ammonium salt. 

It is sometimes difficult to remove all of the precipitate from the pores of the filter. 
In case of doubt, the paper had better be ignited and any residue examined. 
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VII. OUTLINES OF SEPARATIONS OF ELEMENTS IN THE PRECIPITATE 
PRODUCED BY HYDROGEN SULFIDE IN STRONG ACID SOLUTION 

Separations within the hydrogen sulfide group precipitate do not often 
enter in rock analysis, for it is rare that a determinable amount of any 
member of the group is present in the 1-g sample taken for analysis. In 
mineral analysis, or in the analysis of ores or metallurgical products, the 
story is different, and most complex mixtures can be expected. In general, 
the succeeding separations have to do with those that are incidental to con¬ 
tinuing analyses and are not designed merely for the isolation of a single 
constituent. The term hydrogen sulfide group precipitate refers to the 
precipitate obtained with hydrogen sulfide in solutions having a pH value 
less than 1 (p. 58). Gold and the members of the platinum group are 
not considered, for these are of unusual occurrence and methods for their 
separation are given under The Platinum Metals and Gold (p. 339). 

A. SEPARATION OF THE COPPER AND ARSENIC GROUPS 

a. By the Use of Alkali Sulfide. Separations of the members of the sulfide 
group which do not enter into soluble sulfo anions can be made either by 
digesting the group precipitate in a solution of alkali sulfide or by precipi¬ 

tating with the sulfide ion in alkaline solution. The latter is more desirable, 

for complete solution of some precipitated sulfides, as for example selenium, 

tellurium, and molybdenum, is difficult and often impossible. The manner 

of precipitating with the sulfide ion in alkaline solution depends on the 
solubility of the material in that solution. If practically everything is 

soluble, as are the components of impure molybdenum in ammonium 

hydroxide or commercial tin in sodium hydroxide, the precipitation can 

be done by treating the alkaline solution with hydrogen sulfide or alkaline 

sulfide. If much of the material is insoluble, as are the components of 

bronze in sodium hydroxide, it is better to pour a feebly acid solution of 

it into the required excess of the alkali sulfide that is chosen. The use of 

polysulfide solutions is to be avoided, unless a better separation results, as 

for example the use of ammonium polysulfide with mercury; their general 

use is unnecessary if reactions are started with the elements in their higher 

valencies. Which alkali sulfide to choose depends on the separations in¬ 

volved; for example, ammonium sulfide or primary alkali sulfide is required 

if bismuth is to be kept in the copper group, and sodium or potassium 

sulfide together with the corresponding hydroxides when mercury is 

wanted in the arsenic group. These latter are also preferable when copper 

is in question, whereas potassium sulfide is more desirable for the separation 

of antimony. (For descriptions of the procedures see Precipitation by the 

Sulfide Ion, p. 58.) 



68 COMMON OPERATIONS 

b. By Electrolysis in Nitrohydrofluoric Acid Solution, According to 
L. W. McCay,^^ silver, mercury, copper, and lead can be separated from 
tin, antimony, molybdenum, and tungsten in their higher valencies by elec¬ 
trolysis in nitrohydrofluoric acid solution. Mercury and copper deposits 
so obtained contain a little platinum, whereas lead peroxide contains fluorine. 
The latter can be purified by immersing in nitric acid, reversing the cur¬ 
rent until dissolved, and re-electrolyzing, or by converting to the sulfate. 

B. SEPARATIONS WITHIN THE COPPER GROUP 

a. Separation of Mercury, A convenient method for the separation of 
mercury from silver, bismuth, and lead is that of Rath,^^ which is based on 
the insolubility of mercuric sulfide in boiling dilute nitric acid (sp. gr. 1.2 
to 1.3). When lead is present, some of it may be converted to insoluble 
lead sulfate which must afterwards be removed. Copper, tin, and cad¬ 
mium form mixed sulfides with mercury which prevent complete sepa¬ 
ration. 

The separation of mercury by digestion of the mixed sulfides in sodium 
sulfide-hydroxide is not entirely satisfactory when cadmium, copper, or 
bismuth is concerned. Possibly the formation of mixed sulfides of copper 
and cadmium can be avoided by pouring a feebly acid solution slowly and 
with stirring into an excess of the alkali sulfide-hydroxide. The separation 
of bismuth fails because bismuth sulfide is appreciably soluble in the sulfide- 
hydroxide solution. 

b. Separation of Silver. The separation of silver from lead, bismuth, 
copper, and cadmium by precipitation as the cliloride in nitric acid solution, 
as described under Silver (p. 205), is satisfactory. When lead is present, 
the precipitation must be repeated, whereas, with bismuth, enough nitric 
acid must be used to prevent its separation by hydrolysis. 

c. Separation of Bismuth. The separation of bismuth must precede that 
of copper by electrolysis and preferably that of lead as sulfate, for bismuth 
is partially deposited with copper and may contaminate lead sulfate under 
certain conditions. Precipitation as the oxybromide or oxychloride is by 
all odds the best method for the separation of small amounts of bismuth 
from lead or cadmium. Large amounts of bismuth can be separated by 
precipitation as the oxybromide or oxynitrate. Any of these methods can 
also serve for the separation of bismuth from copper, but for this separation 
precipitation with ammonium carbonate is usually employed. (For descrip¬ 
tions of these methods see under Bismuth, p. 233.) 

d. Separation of Lead. Lead can be separated from copper, cadmium, or 
mercury by precipitation as sulfate. The separation from bismuth is some- 

20 /. Am, Chem. Soc.y 36, 2375 (1914); also L. W, McCay and N. H. Furman, ibid., 
38, 640 (1916). 

21G. von Rath, Pogg. Ann., 96, 322 (1855). 
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what uncertain but has given good results in our hands. Poor results can 
be ascribed to hydrolysis caused by undue dilution in some cases, or to 
decreased solubility caused by the use of alcohol in others. When bismuth 
is present, alcohol should not be added. Silver sulfate is so insoluble that 
it stays in part with lead, if not previously removed; the same can be said 
of antimony. 

As applied in the copper group of metals, electrolysis in nitric acid solu¬ 
tion is practically confined to the separation of lead from copper, though 

it also succeeds with cadmium and mercury. The separation of lead is not 
satisfactory in the presence of silver or bismuth which contaminate the 
anode deposit, or when more than 0.1 to 0.2 g of lead is present, for then 
the deposited dioxide is not adherent. (For description of methods see 
under Lead, p. 224.) 

c. Separation of Copper. The electrolytic method is seldom directly 
applicable to the separation of copper because practically all of the elements 
of the hydrogen sulfide group are deposited to some extent on the cathode; 
cadmium and lead are the outstanding exceptions. The method, therefore, 
must follow preliminary separations of the arsenic group and of mercury, 
silver, and bismuth in the copper group. 

Precipitation of copper as cuprous thiocyanate after reduction by sul- 

furous acid in dilute sulfuric or hydrochloric acid solution furnishes a 

satisfactory separation from bismuth and cadmium in the copper group 

and from antimony, tin, and arsenic in the arsenic group. If easily hydro- 

lizcd elements such as bismuth, antimony, or tin are present, the addition 

of tartaric acid is desirable. The method is often used when the determi¬ 

nation of copper alone is in question. If other elements are also to be 

determined, progressive elimination of the undesirable elements as in a, b, 

and c is to be preferred. 

Less certain are the separations of copper from cadmium which are 

based on the difference between the solubilities of their sulfides in dilute 

sulfuric acid or on the precipitation of copper by sodium thiosulfate. (For 

descriptions of these methods see under Copper, p. 243.) 

C. SEPARATIONS WITHIN THE ARSENIC GROUP 

The manner of dissolving the mixed sulfides of the arsenic group is of 

considerable importance if germanium, trivalent arsenic, quadrivalent tin, 

trivalent antimony, or selenium is present, for appreciable losses can occur 

if hydrochloric acid solutions containing these elements are evaporated. In 

case of doubt, the sulfides had better be dissolved in .a hot dilute solution of 

sodium hydroxide by the aid of chlorine, hydrogen peroxide, or potassium 

percarbonate, and the solution then cooled and made acid with the acid 

required in the separations that are contemplated. If preliminary separa- 
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tions have left mercury associated with the arsenic group, it is usually 
separated, as for example by treatment with ammonium nitrate as described 
under Mercury (p. 213), before acidifying or oxidizing the alkaline solution. 

a. Separation of Gemmnimn, Separations of germanium, arsenic, anti¬ 
mony, and tin from other elements in the hydrogen sulfide group, and from 
each other, are conveniently made by distillation. Germanium can first be 
separated from quinquevalent arsenic by distillation in hydrochloric acid- 
chlorine solution, and arsenic can next be separated from the other mem¬ 
bers of the group by resuming the distillation after reducing it to the tri- 
valent state. Attention must be paid to the temperature at which the 
distillate passes over, and the chief difficulties lie in preventing tin, antimony, 
and particularly selenium from also volatilizing. It is apparent that great care 

must be used to prevent loss of these elements in preliminary operations, 

as would occur if hydrochloric acid solutions of germanium, selenium, or 

trivalent arsenic were boiled. (For a description of the method see under 

Germanium, p. 299.) 

b. Separation of Arsenic^ Antbnony^ and Tin, A very convenient method 

of separating these three elements is by distillation in the all-glass apparatus 

shown in Fig. 9 as follows: 

Obtain 10 ml of a dilute sulfuric acid (1 + 1) solution of arsenic and 

antimony in their trivalent and tin in its quadrivalent state.^^ Transfer to 

the distilling apparatus with the aid of 100 ml of hydrochloric acid. Insert 

-2 J. A. Scherrer, /. Research NBSy 16, 253 (1936); 21, 95 (1938). The first article 
deals with general considerations; the second deals with applications of the method 
in determinations of the three elements in lead-, tin-, and copper-base alloys. 

If the proportions of the three elements vary greatly in amount, it must not be ex¬ 
pected that single distillations will effect complete separations. For highest accuracy, 
redistillation is always necessary. It is therefore frequently impractical to make all 
three determinations on the same sample. .Thus, in the case of a tin-base bearing alloy 
containing only a little arsenic (0.05%), appreciable antimony (8%), and much tin 
(88%), separate samples should be taken for each determination. 

23 The reduction of arsenic and antimony to their trivalent states can be easily 
accomplished by boiling a concentrated sulfuric acid solution of the three elements 
with flowers of sulfur or with hydrazine sulfate. This treatment leaves quadrivalent 
tin unaffected. The use of hydrazine sulfate is preferable to that of sulfur, as it can 
all be decomposed by this treatment, whereas residual sulfur needs to be removd by 
filtration. Simple boiling of diluted acid solutions with sulfur dioxide water or hydra¬ 
zine sulfate is not always effective. Reducing agents such as ferrous sulfate or cuprous 
chloride, frequently used for the reduction of arsenic and quite satisfactory for that 
purpose, arc undesirable, for they leave a residue in the still that causes bumping when 
temperatures are raised for subsequent distillations of antimony and tin. In fact, a heavy 
solid residue or nontransparent syrup in the still arising from any source is undesirable, 
since these cause bumping or retard free volatilization at the proper temperature. The 
solids most likely to be encountered in nonferrous analysis are excessive amounts 
of lead sulfate or stannic phosphate. Bumping can be overcome to a considerable extent 
by adding 0.1 to 0.2 g of Dixon’s flake graphite. 
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the thermometer in the well, and provide a receiver containing 50 to 100 ml 

of distilled water into which the end of the condenser dips. Pass a stream 

of carbon dioxide through the apparatus, heat the solution to boiling, and 

Fig. 9. All-glass distilling apparatus. A is 2. 65-ml funnel. B is a 200-ml flask. The 
distance between the bottom of the flask and the exit tube leading to the condenser is 

approximately 17 cm. 

boil gently until the volume of the solution has been reduced to 50 ml. 

The rate of flow of the carbon dioxide should be regulated so that the pot 

temperature will be about 111 to 112°Cat this stage. Without interrupting 

the stream of carbon dioxide or the heating, lower the receiver, rinse the 

end of the condenser with water, and reserve the distillate for the deter- 
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mination of arsenic.®^ Place another receiver containing 50 to 100 ml of 
water in position, add 7 ml of phosphoric acid (85 per cent) to the distilling 
flask, continue the stream of carbon dioxide, and increase the heat gradually 

until the temperature in the flask reaches 155° C. Then introduce hydro¬ 

chloric acid from bulb ^ at a rate of 30 to 40 drops per minute, keeping 

the pot temperature between 155 and 165° C. When 75 ml of hydrochloric 

acid has been added, turn off the heat, change the receiver for another, 

and reserve the distillate for the determination of antimony.^® Allow the 

solution in B to cool to 140° C, turn on the heat, and add a mixture of 

three-fourths hydrochloric acid and one-fourth hydrobromic acid to bulb 

A. Allow it to flow into the distilling flask at a rate of 30 to 40 drops per 

minute as in the distillation of antimony, keeping the temperature at 140° C. 

When 50 ml of the mixed acids have been added, turn off the heat, remove 

the receiver and reserve the distillate for the determination of tin, and 

turn off the stream of carbon dioxide.^® 

The procedure as described serves for the separation of as much as 10 mg 

each of the three elements. For the separation of larger amounts, it is 

necessary to continue each distillation with added amounts of acid as indi¬ 

cated by experience, or until the distillate yields no test for the element in 

question. 

2* The distillation of arsenic gives little difficulty as to completeness if the arsenic 
has been reduced and the solution is not so thick with suspended matter as to hinder 
volatilization. Results for arsenic (in the presence of antimony) are likely to err on the 
high side, particularly if a volumetric method is used to finish the detennination. These 
errors generally arise from sulfur dioxide incompletely removed before distillation be¬ 
gan, or from codistilled antimony. The presence of sulfur dioxide is objectionable for 
gravimetric results as well, since (in the case of precipitation as As2Sa) it reacts with 
hydrogen sulfide to form sulfur which needs to be removed. Difficulties due to sulfur 
dioxide can be avoided by boiling the diluted arsenic solution after reduction, but 
before hydrochloric acid is added. Antimony is almost certain to find its way into 
the arsenic distillate if its amount greatly exceeds that of arsenic and if no fractionating 
device is used. With ordinary stills this condition is remedied by redistillation. 

2® After the removal of arsenic, phosphoric acid is normally added to combine with 
the tin and retain it while the pot temperature is raised to 160° C db 5° to remove 
antimony. The distillation of antimony proceeds without difficulty at this temperature 
if stannic phosphate is not present in amounts sufficient to form a heavy precipitate. 
If stannic phosphate is present in excessive amounts, it is advisable to distil antimony 
without adding phosphoric acid, in which case considerable tin distils with the 
antimony. A new and presumably smaller sample must then be taken for the determi¬ 
nation of tin. If a large amount of antimony, requiring a long heating period, is to be 
removed by distillation, some tin will codistil even if phosphoric acid is present. Re¬ 
distillation of the antimony distillate is therefore necessary to recover this tin. 

26 Alternatively, tin can be distilled by the dropwise addition of dilute hydrobromic 
acid (1 + 2) containing a little hydrochloric acid at a pot temperature of 180° C, at 
which the distillation proceeds very rapidly with a minimum of hydrobromic acid 
solution. 
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Certain members of the arsenic group cause trouble, germanium coming 
over quantitatively with trivalent arsenic, and molybdenum, rhenium, sele¬ 
nium, and possibly tellurium in part with both antimony and tin. Should 
mercury be present, it will distil over with antimony and tin, and possibly 
with arscnic.^^ 

c. Separation of Selenium and Tellurium. It is difficult to prevent vola¬ 
tilization of selenium with trivalent arsenic during distillation of the latter 
from hydrochloric acid solution, and so selenium, and at the same time 

tellurium, had better be separated before arsenic. This can be done after 
the distillation of germanium by boiling the solution under a reflux con¬ 
denser until chlorine has been expelled and selenium and tellurium have 
been reduced to the quadrivalent state, diluting the solution so that it 
contains 30 to 40 per cent by volume of hydrochloric acid and then pre¬ 
cipitating the selenium and tellurium as described under Tellurium (p. 337), 
by adding sulfurous acid and hydrazine hydrochloride, heating under the 
reflux condenser until reduction is complete, cooling, and filtering. 

d. Separation of Arsenic. Distillation of trivalent arsenic from hydro¬ 
chloric acid solution is by all odds the most satisfactory method for the 
separation of arsenic from other members of the group except germanium 
and selenium. These are rarely found and are separated as in a and c when 
present. In the ordinary case no preliminary separations are necessary, 
and the arsenic is reduced and distilled as described under Arsenic (p. 260). 
If other separations are to be made in the residual solution, a reducing 
agent that does not interfere in these operations must be chosen. 

Quinquevalent arsenic can be separated from either quinquevalent or tri¬ 
valent antimony by precipitation with a rapid stream of hydrogen sulfide 
in cold (0° C) 10 N hydrochloric acid solution as described under 
Arsenic (p. 267). Although the reaction is usually employed for the 
separation of arsenic from antimony, it should be satisfactory for the sepa¬ 
ration of certain other hydrogen sulfide group members such as cadmium, 
bismuth, lead, and tin. In regard to members such as germanium, molyb¬ 
denum, selenium, tellurium, and mercury there is cause for doubt. 

Quinquevalent arsenic is precipitated by magnesia mixture in an ammo- 

niacal solution containing tartrate, whereas antimony, tin, molybdenum, 

and presumably germanium, selenium, and tellurium are not. The reaction 

serves better for the separation than the determination of arsenic. Exces¬ 

sive amounts of ammonium salts must be avoided, as must excessive washing; 

in fact, the precipitate had better not be washed at all, but purified by dis- 

For the use of the same apparatus in distillations with HCI-HCIO4, HBr-HC104, 
HQ-H8PO4-HCIO4 and HBr-H3P04-HC104* and volatilization of chromium, mercury, 
osmium, and ruthenium, consult J. I. Hoffman and G. E. F. Lundell, /. Research NBS, 
22, 465 (1939). 

28F. Neher, Z. anal. Chem.j 32, 45 (1893). 
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solving it as soon as drained and then reprecipitating. (For further details 
see under Arsenic, p. 263.) 

e. Separation of Tim Precipitation by hydrogen sulfide in oxalic acid 
solution as in Clai’kc’s method furnishes a satisfactory separation of tri- 
valent antimony and arsenic from quadrivalent tin. The behavior of the 
other members is not known to us, but presumably molybdenum, tellurium, 
and selenium would also be precipitated, whereas germanium might not be. 

The separation can be done as follows: Prepare a solution containing 
not over 0.3 g of the two metals as their sulfo salts, transfer to a 500-ml 
beaker, cover, and add sodium peroxide a little at a time until the solution 
becomes colorless. Boil for 15 minutes, and add solid oxalic acid to the 
solution until it turns litmus paper red and then 10 g in excess. If a 
precipitate appears, boil until it divssolves, with the aid of more oxalic acid 
if necessary. Dilute to 100 ml with hot water, heat to boiling, and pass a 
rapid stream of hydrogen sulfide into the boiling solution for 15 minutes 
after the orange-colored precipitate appears. Discontinue the boiling at 
the end of the 15 minutes, but continue the stream of gas for 15 minutes 
more. Let stand at about 50"^ C for 30 minutes, filter while warm, and 
wash the antimony sulfide with a hot 1 per cent solution of oxalic acid 
that has been saturated with hydrogen sulfide. Reserve the filtrate. To 
recover the tin carried down by the antimony sulfide, sluice the precipitate 
back into the beaker, dissolve what remains on the paper by means of 
dilute potassium hydroxide containing a little hydrogen peroxide, and 
repeat the oxalic acid-hydrogen sulfide treatment. To the combined fil¬ 
trates add enough sulfuric acid to unite with all the bases and leave 5 to 
10 ml in excess. Evaporate to fumes of sulfuric acid, cool, and add water 
and then permanganate to a permanent pink tint. Finally dilute so that 
the solution contains approximately 1 ml of acid per 100 ml of solution, and 
precipitate with hydrogen sulfide as described under Tin (p. 295). A more 
rapid but somewhat less certain method of precipitating the tin in the 
combined oxalic acid filtrates consists in rendering the solution slightly 
amrnoniacal, adding ammonium sulfide until the precipitate first formed 
redissolves and then acetic acid in slight excess to decompose the sulfo salt, 
and finally allowing the solution to stand at 30 to 40° C until the precipitate 

has settled. 
Separations of tin that are based on the formation of fluo anions were 

studied by McCay and applied to the separation of arsenic from ger¬ 
manium by Miiller.'*^ Such separations are satisfactory, and the chief draw¬ 

backs to their more general application lie in the unpleasant properties of 
hydrofluoric acid and the need of vessels that resist its attack. Tin can be 

20 F. W. Clarke, Chevi. News, 21, 124 (1870). 
20 L. W. McCay, /. Am, Chew, Soc., 31, 373 (1909). 
31J. H. Muller, ibid,, 43, 2549 (1921). 
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entirely volatilized by passing dry hydrochloric acid gas through a sulfuric 
acid solution of quadrivalent tin that is heated at approximately 200° C. 

f. Separation of Antimony, If antimony is to be determined by titration 
with permanganate as described under Antimony (p. 280), and tin by 
titration with iodine as described under Tin (p. 291), there is no need to 
separate them from each other. Arsenic, however, should be removed, 
best by distillation as described under Arsenic (p. 260). Antimony can also 
be completely volatilized as the chloride by passing dry or moist hydro¬ 
chloric acid gas through a sulfuric acid solution of trivalent antimony that 
is heated to approximately 200° C. If antimony is to be separated for 
identification, germanium and arsenic can be removed by distillation from 
hydrochloric acid solution and tellurium and selenium by reduction with 
sulfur dioxide in dilute hydrochloric-tartaric solution. Antimony can then 
be separated from tin by precipitation with hydrogen sulfide in oxalic or 
hydrofluoric acid solution, and from molybdenum by reduction with lead 
and acid as described under Molybdenum (p. 306). 

g. Separation of Molybdenum, Probably the best method for separating 
small amounts of the other elements of the arsenic group from molyb¬ 
denum is in adding enough iron to take care of them and then precipitating 
in ammoniacal solution as described under Molybdenum (p. 305). The 
method has proved very satisfactory for the separation of arsenic and 
antimony, and there is no apparent reason why separations of tin, ger¬ 
manium, selenium, and tellurium should not also be excellent. For the 
separation of large amounts of the elements, distillation with hydrochloric 
acid can serve to remove arsenic and germanium, reduction with sulfur 
dioxide to remove tellurium and selenium, reduction with lead to remove 
antimony, and precipitation with hydrogen sulfide in oxalic or hydro¬ 

fluoric acid solution to separate tin. 

VIII. PRECIPITATION BY REGULATION OF THE HYDROGEN ION 
CONCENTRATION OF THE SOLUTION 

Precipitation by the regulation of the hydrogen ion concentration of the 

solution is one of the commonest operations carried out in analytical chem¬ 

istry. A definite concentration must be attained before the precipitation 

of any particular hydroxide takes place. Figure 10 presents an arrange¬ 

ment of certain metals in the order of the hydrogen ion concentrations at 

which their respective hydroxides are precipitated from dilute solutions.®^’®® 

32 H. T. S. Britton, /. Chem, Soc., 127^ 2157 (1925). 
33 For tests on the completeness of precipitation of some 40 chemical elements under 

conditions of controlled alkalinity in the range of pH 1 to 10 and a discussion of pos¬ 
sibilities for analytical separations through controlled hydrolytic precipitation, consult 
R. Gilchrist, /. Research NBS, 30, 89 (1943). 
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0.1 N HCl- 
0.1 N H2SO4- 

0.01 N HCl- 

N CH3COOH - 

0.1 N CH3COOH 
0.001 N HCl- 

0.01 N CH3COOH- 

r^Snn 

0.001 N CH.,COOH- 

5 Ir (approx.) 

=^Crn' 

— Be 

6-Pb-Ru“* 

-N1 Y<  Si 
0.12 M NallCOa sat. with CO2._ 7 _ Pr — Nd 

BaCOa , 0.25 M NallCOasat. with CO > 
HgO —CaCOa—-Ce^-^ llg" 

0.1 M NallCOa — Mn —La 

0.001 N NH4OH ■ 
MgO 

0,01 N NH40H- 
0.001 N NaOH - 

N NH4OH ■ 
0.01 N NaOH- 

CaO- 

0,1 N NaOH - 

N NaOH 

Fig. 10. Hydrogen ion concentrations at which certain hydroxides are precipitated. 

Most of the values in the tabulation are taken from Hydrogen Ions, by H. T, S. Britton, 
Chapman & Hall, London, 1932 ed. The values for the platinum metals are approxi¬ 
mations based on work by R. Gilchrist at the National Bureau of Standards. The value 
for platinum itself is not given, but the pH at which the quadrivalent form begins to 

precipitate is higher than any other metal of the platinum group. 
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Although it is not certain that this order represents the actual basic strength 
of the hydroxides, it does underlie many of the reactions that are employed 

in analytical separations. 
For example, the order indicates that a clean separation of manganese 

from aluminum and trivalent iron should be possible if careful attention is 
paid to the hydrogen ion concentration of the solution, and that copper 
and zinc should contaminate the precipitate to a greater extent than nickel 
or cobalt. This was verified by one of us (L.).^^ Other interesting verifi¬ 
cations arc the observations of (1) W. B. Giles,®® who found that a suspen¬ 
sion of pure lead carbonate precipitates thorium, zirconium, cerium^^, and 
iron^^^ completely; uranium, chromium^^^ and aluminum incompletely; 
and cerium^*^ lanthanum, neodymium, praseodymium, yttrium, samarium, 
and the yttria group (as far as investigated) not at all; and (2) E. F. Smith 
and P. R. Heyl,®® who noted that, in cool solutions of the chlorides, mer¬ 
curic oxide causes complete precipitation of ferric, aluminum, and chro¬ 
mium hydroxides; the partial precipitation of zinc, cobalt, nickel, beryl¬ 
lium, cerous, and lanthanum hydroxides; and no precipitation of manganous 

hydroxide. 

Much better separations should be possible if the solution could be 

brought to the desired hydrogen ion concentration without understepping 

that concentration in any portion of the solution. This is never accom¬ 

plished by additions of alkaline reagents such as ammonia, although fairly 

satisfactory results can be obtained if the diluted reagent is added carefully 

and there is a marked span between the hydrogen ion concentrations at 

which the substances are precipitated. Better results are obtained by the 

addition of salts, such as sodium acetate, to solutions containing mineral 

acids, but even here the desired hydrogen ion concentration must momen¬ 

tarily be understepped locally. The use of suspensions of certain pure 

oxides or carbonates oflFers possibilities, except for the difficulty of preparing 

them of definite composition and free from impurities. Precipitation from 

homogeneous solution, such as that of aluminum hydroxide by urea, repre¬ 

sents the preferred condition [L. Gordon, AnaL Chem,, 24, 459 (1952)]. 

By far the greatest number of precipitations are made by the use of 

ammonium hydroxide. These as well as others arc described in the suc¬ 
ceeding sections. 

A. PRECIPITATION BY AMMONIUM HYDROXIDE 

One of the commonest operations the analyst has to perform is that of 

precipitation by means of ammonium hydroxide, with the object either of 

E. F. Lundell and H. B. Knowles, /. Am. Chem. Soc.y 45, 676 (1923). 
^^Chem. News, 92, 1, 30 (1905). 
««Z. anorg. Chem., 7, 87 (1892). 
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weighing the precipitated compound or of effecting a joint separation of 
two or more metals from others. For quantitative purposes the operation 
presupposes prior separation of silicon and the elements of the hydrogen 
sulfide group, although certain of the latter are also more or less com¬ 
pletely precipitable by ammonia. Owing to the impossibility of first 

separating quite all of the silicon by the usual process, a little of this, when 
present, is carried down with the precipitate and has to be separated and 
determined as directed under Silicon (p. 874). The number of metals 
that are precipitated by ammonium hydroxide is very large and includes 
aluminum, trivalent iron, chromium, thallium, gallium, indium, the rare 
earth metals, uranium, titanium, zirconium, beryllium, columbium, and 
tantalum (see p. 86). To these must be added quinquevalent phosphorus, 
arsenic, and vanadium which arc precipitated as phosphate, arsenate, or 
vanadate with one or more of the metals. If they are in excess, their precipi¬ 
tation will be incomplete, and, in the case of phosphorus or arsenic, more 
or less will fall as phosphate or arsenate with alkaline earth metals or mag¬ 
nesium, should these be present.®^ Hence the ammonia precipitation is 

counterindicated for cases of this kind. It is also not satisfactory if much 

zinc is present, particularly in the presence of chromium, nor does it suc¬ 

ceed well when cobalt or copper is present. Boron interferes and should 

therefore first be removed by the procedure given on page 752. 

The manner of precipitating with ammonia depends on the elements that 
are present. The precipitation of aluminum, of phosphorus together with 

iron or aluminum, and probably of a few less common elements such as 

beryllium, scandium, and gallium demands careful attention to the hydro¬ 

gen ion concentration of the solution, and here only a very slight excess 

of ammonia is allowable (see Aluminum, p. 504). Because of the almost 

always present aluminum, this is the procedure usually employed. It should 

be remembered, however, that such careful neutralization is not necessary 

with elements such as iron, titanium, or zirconium which are quantitatively 

precipitated at higher concentrations of hydrogen ion, nor under circum¬ 

stances in which aluminum is of no consequence, as for example the sepa¬ 

ration of iron preliminary to its determination by volumetric procedures. 

If a solution of ammonium chloride is used to wash the precipitate, slight 

volatilization losses of iron as ferric chloride may occur during ignitions of 

precipitates rich in iron. These can be avoided by substituting a solution 

of ammonium nitrate if subsequent operations in the filtrate permit or, 

quite satisfactorily, by a single final washing with 5 to 10 ml of hot water. 

s’^No calcium was found in precipitates obtained by double precipitations with 
ammonia as described under Aluminum (p. 504) in solutions originally containing 
0.05 g CaO, 0.005 g P2O5, and ten times more iron or aluminum than was required 
to form the normal phosphate. 
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B. PRECIPITATION BY THE BASIC ACETATE METHOD 

a. General Considerations. The basic acetate method has done good serv¬ 
ice in rock analysis but has been largely displaced there by precipitation 
with ammonia, now that the conditions of control (see Aluminum, p. 501) 
are better known than they formerly were. As an old standard method, 
still capable of giving good service, it should not be allowed to pass into 
oblivion. Its chief applications at present are for the separation of trivalent 
iron from cobalt, copper, or zinc; of trivalent iron from nickel when either 
is present in large amount; and of large amounts of trivalent iron from 
manganese. A desirable feature of such separations is that precipitation is 
accomplished without marked local lowering at any time of the hydrogen 
ion concentration that must be maintained in order to prevent coprecipita¬ 
tion of the divalent elements listed. The acidity of the final solution de¬ 

pends on the amount of free mineral acid left in solution after the prelimi¬ 

nary neutralization and on the amount of acetate added."® 

Aluminum is not precipitated so completely as iron, although the greater 

the preponderance of iron, the more completely does aluminum accom¬ 

pany it. Hence the method is seldom if ever used for aluminum unaccom¬ 

panied by iron, and it is inapplicable for chromium, uranium, and some 

of the rare earth metals.®® Phosphorus is completely precipitated if not in 

excess of an amount that will form insoluble phosphates with the precipi- 

table metal or metals. If phosphorus is in excess, its precipitation can be 

made complete without interfering otherwise by first adding to the solution 

a known weight of pure iron as ferric chloride. By thus removing the 

phosphorus, the determination of the alkaline earth metals and magnesium 

is greatly facilitated in the analysis of some phosphates. 

Most writers prescribe or prefer sodium acetate to the ammonium salt 

except when the presence of a fixed alkali would interfere in subsequent 
operations. A method involving the use of sodium acetate follows: 

b. Procedure, a.. Ordinary basic acetate procedure. Obtain an oxidized 

and preferably a hydrochloric acid solution of chlorides. Dilute to 100 

ml in the usual case in rock analysis.^® Add dilute ammonia (1 + 3) slowly 

and with constant stirring until a noticeable reddening of color takes place 

without the formation of a permanent precipitate. Next add in the same 

way a saturated solution of ammonium carbonate. When the solution be¬ 

gins to deepen in color, add the carbonate with less speed and with longer 

88 For example, 400 ml of water containing 0.5 ml of HCl has a pH value of 5.4 
when treated with 5 g of NaC2H302, and 5.75 when treated with 10 g of the acetate. 

88 The precipitation of Ce^^, Th, and Zr is apparently satisfactory in boiling solution. 
^8 A greater dilution at the start and the end of the procedure is needed if more 

than 0.2 g of precipitable matter is present. For example, with 1 g of iron the initial 
dilution can be to 200 ml and the final dilution 700 ml. 
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stirring between the successive drops. When the precipitate that each drop 
causes begins to dissolve very slowly, add no more until the solution has 
cleared. With practice it is not difficult to recognize this condition even 
when the liquid has become very dark. The intensity of the color will 
depend on the amount of iron present and the degree of the dilution; there¬ 
fore with small amounts of iron there is greater danger of overstepping the 
end point. When, in spite of vigorous stirring, the turbidity after the addi¬ 
tion of a final drop seems rather to increase than to diminish, add 1 or, if 
need be, 2 drops of hydrochloric acid. If this does not clear the liquid, it is 
best to add a slight excess and to repeat the neutralization process. 

Now add boiling water until the volume is about 400 ml, and heat to 
boiling. No precipitation should occur before a temperature of 70° C is 
reached if the solution has been properly prepared. When the boiling point 
is reached, gradually add a solution of 3 g of sodium acetate in 10 to 25 ml 
of water, and continue the boiling for 3 minutes. Filter as soon as the 
precipitate has settled. It is generally best to dispense with the pump at this 
stage and to use a filter of such size that the w hole of the precipitate can be 
brought upon it conveniently without filling to the top. Wash moderately 
with hot water to which 1 g of sodium acetate per 100 ml has been added 
to guard against an otherwise inevitable turbid filtrate. Finally suck the 
precipitate dry, dissolve it in hydrochloric acid, and reprccipitate, this time 
by ammonium hydroxide as described under Aluminum (p. 504). See page 

872 for treatment of the filtrate in rock analysis to recover unprecipitated 

aluminum before precipitating the sulfides. Precipitate manganese, zinc, 

nickel, and cobalt in the combined filtrate as described under Precipitation 

by Ammonium Sulfide (p. 64). 

p, Brunck-Fimk modification. The procedure of O. Brunck,^^ slightly 

modified and extended by W. Funk,'^- is asserted to effect a complete sepa¬ 

ration by one treatment of iron (and probably of titanium and zirconium) 

from manganese, zinc, nickel, and cobalt. It is not applicable to aluminous 

materials because the final solution is too acid. In fact, even a little iron (as 

much as 0.5 mg of Fe203) may remain unprecipitated. It differs from the 

preceding method in the avoidance of the delicate neutralization and in the 

addition of potassium chloride to form a double salt with ferric chloride and 

thus prevent the separation of an insoluble basic chloride during drying. 

These changes seem on their face to improve the original method if alumi¬ 

num is absent. As given by Funk for iron compounds soluble in acid, the 
procedure is as follows: 

PKOCEDURE. To thc chloride solution, containing not more than 0.3 g 

of iron in a large dish, add 0.35 g of potassium chloride for every 0.1 g of 

^^Chem, Ztg,, 28, 514 (1908). 
42 2. ami Chem., 45, 181 (1906). 
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iron, and evaporate on the steam bath to apparent dryness but without 
expelling all of the free acid. Break up the residue superficially, and 
replace the dish on the bath for 5 to 10 minutes. Take up the residue with 
10 to 20 ml of cold water, with which it should give a clear solution (unless 
phosphorus or titanium or both are present). It is requisite that there shall 
be a slight amount of free acetic acid from the acetate in the next stage of 
the operations. Now add one and a half to two times the theoretically 
needed quantity of sodium acetate (3 molecules of NaCoHaOo-31120 to 

1 atom of iron, or roughly 1.5 g for each 0.1 g of iron) in a solution rendered 

faintly acid with acetic acid if originally alkaline. Dilute with cold water 

to 400 to 500 ml for each 0.2 g of iron, heat to the point of precipitation 

(60 to 70° C) gradually w'hile stirring, let settle, decant through a paper 

filter, transfer the precipitate, w^ash with hot water, and treat the precipitate 

and filtrate as under a, above. 

y. Mittasch procedureThe following method, which involves the 

use of ammonium acetate instead of the sodium salt, is asserted to afford 

satisfactory separation of large or small quantities of manganese from iron 

by one treatment. The separation of nickel, cobalt, and zinc is also nearly 

quantitative, and the precipitation of iron is complete. It is, however, not 

applicable to aluminous materials because of the somewhat acid (hydro¬ 

chloric at the start) conditi(m of the solution, which should be cool and not 

exceed 100 ml in volume and not contain over 0.3 g of iron. 

Neutralize with ammonium carbonate solution (200 g per liter) until 

the precipitate that forms begins to dissolve slowly and then with weaker 

solution (10 g per liter) until a slight precipitate persists for 1 or 2 

minutes in spite of stirring. Next add, according to the amount of this 

precipitate, 3 to 5 ml of 2 N acetic acid if the commercial article of 

ammonium acetate (nearly NH4C2H302-C2H402) is used, or 10 ml if the 

normal salt is used. The last is made by neutralizing acetic acid with 

ammonia. Dilute with water to about 400 ml, and heat nearly to boiling. 

Disregarding any precipitate that may have appeared, add 20 ml of the 

acid acetate (% M), or 5 ml of acetic acid and 10 ml of the normal acetate 

(M), and continue boiling for a minute longer. 
Precipitation is complete at 60°, but filtering is easier if the boiling tem¬ 

perature is reached. Filter as soon as settled, and wash uninterruptedly 

with hot water at first, and then with hot water containing some acetate 

and a little acetic acid. Remove with hydrochloric acid any film that ad¬ 

heres to the glass, and reprecipitate, this time with ammonia as in a. 

The small precipitate must not be collected on the paper with the large 

one unless the latter has been first washed completely, because of the 

« A. Mittasch, ibid.y 42, 492 (1903). 
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danger of precipitating, by the ammonia, manganese that has not yet 
been washed out. Treat the final precipitate and the filtrates as in a 
above. 

C. PRECIPITATION BY THE SODIUM SUCCINATE METHOD 

The sodium succinate method is another old method for separating 
iron (and aluminum) from manganese, zinc, nickel, and cobalt. It has 
never had the vogue of the basic acetate metliod, and yet is deserving of 
more careful study in comparison than it seems to have received, for the 
published statements regarding its advantages or disadvantages are meager 
and not all of them consistent. The succinate method is on a par with 
the acetate method in the separation of nickel, but below it in the separation 
of cobalt, manganese, or zinc. It is simpler than the acetate method because 
no such care has to be exercised in the preliminary neutralization. It has a 
still further merit, that aluminum is more completely precipitated by it 
than by the basic acetate method. 

With special reference to iron, the procedure is as follows: 
PROCEDURE. Neutralize free hydrochloric acid with ammonium hydroxide 

until the solution is reddish brown, and then add sodium or ammonium 
acetate until the color is deep red. Dilute with water to 200 to 600 ml 
according to the amount of iron present, and add 3 g of neutral sodium 
succinate dissolved in a little water. Heat nearly to boiling, filter, and wash 
at first with a warm 2 per cent solution of ammonium chloride and then 
with warm dilute ammonium hydroxide solution, and suck dry. The effect 
of the ammonia is to change the light brown ferric succinate to the brown 
hydroxide. Dissolve the precipitate in hydrochloric acid, and reprecipitate 
with ammonium hydroxide as described under Aluminum (p. 504). The 
bivalent metals, zinc, manganese, nickel, and cobalt, in the filtrate are best 
precipitated by ammonium sulfide as described on page 64. 

D. PRECIPITATION BY SUSPENSIONS OF CARBONATES OR OXIDES 

a. Bctritmt Carbonate. Precipitations carried out by shaking the solution 
with an excess of barium carbonate suspended in water and digesting in 
cold or hot solution offer very satisfactory separations of trivalent iron, 

aluminum, titanium, zirconium, chromium, and uranium (also phosphorus 

and vanadium in the presence of the others) from manganese, zinc, nickel, 

cobalt, and bivalent iron. Separations from zinc and manganese are more 

complete than from nickel and cobalt. The precipitation of beryllium is 

complete in hot and incomplete in cold solutions. Members of the cerium 

group are precipitated in cold, although some of the members come down 

slowly and are best precipitated in hot solution; those of the yttrium group 

are precipitated very slowly if at all in cold and incompletely in hot 

solution. 
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Freshly precipitated barium carbonate (and also calcium or cadmium 
carbonate) in suspension is much more active than an old suspension or 
one prepared from the dry reagent. A fresh suspension is conveniently 
prepared by mixing equal parts of solutions of barium chloride and 
sodium carbonate of such strength that the former will remain in slight 
excess. Solutions containing 36 g of sodium carbonate, NaoCO^, and 90 g 
of barium chloride, BaClo* 21120, per liter arc satisfactory and should give 
a pH value approximating 7.25 when mixed.^‘ 

b. Calcmm Carbonate, Suspensions of calcium carbonate have a pH 
value approximating 7.4,but arc not so satisfactory as those of barium car¬ 
bonate because of the much larger size of the suspended particles. 

c. Cadmium Carbonate. Suspensions of cadmium carbonate have a pH 
value approximating 6.5 and have been used for the separation of chromium 
and vanadium from ferrous iron.'*® The chief recommendations for their 
use lie in the ease with which the precipitant can be removed from the pre¬ 
cipitate and filtrate by hydrogen sulfide, and in the fact that sulfates do not 
interfere. 

d. Lead Carbonate. Suspensions of lead carbonate have a pH value 
approximating 6.2 and are prepared and used as described under Thorium 

(p. 540). 
e. Xinc Oxide. Suspensions of zinc oxide have a pH value approximating 

5.5,^^ and are particularly useful for precipitations in solutions containing 
sulfuric acid or sulfates.'** 

f. Magnesium Oxide. Suspensions of magnesium oxide have a pH value 
approximating 10.5 and arc of use in cases where a fairly high alkalinity is 
desired. 

g. Mercuric Oxide. Suspensions of mercuric oxide have a pH value ap¬ 
proximating 7.4. For some work their use is particularly attractive because 

“♦“^E. Wichers, /. A?n. Chem. Soc., 46, 1826 (1924). 
R. Cain, /. Ind. Eiv^. Chein., 3, 478 (1911). 

W. B. Giles, Chc7n. News, 92, 1, 30 (1905). 
W. E. Bradt and R. E. Lyons, /. A7n. Cheifi. Soc., 48, 2644 (1926). 
Suspensions of zinc oxide should not react alkaline to phenolphthalein. In the 

presence of large amounts of trivalent iron, as in oxidized solutioas of steel, the zinc 
oxide precipitate will contain all of the iron, tungsten, vanadium, chromium, uranium, 
zirconium, titanium, aluminum, phosphorus, arsenic, tin, and nearly all of the copper, 
molybdenum, and silicon. Ferrous iron, tungsten if not completely oxidized, and small 
quantities of silicon, copper, molybdenum, antimony, and lead may be expected in the 
filtrate if these were originally present in appreciable amounts. The filtrate contains 
almost all of the manganese and cobalt; if precipitation is repeated, the separation 
of manganese and cobalt can be regarded as complete. The separation of nickel is 
not so satisfactory, particularly if much of it is originally present. By themselves, 
quadrivalent tin, vanadium, and uranium are completely precipitated, whereas bivalent 
tin, quinquevalent vanadium, sexivalent uranium, tungsten, and quinquevalent antimony 
are not. For details of these separations, see footnote 2, p. 418 and J. I. Hoffman, 
Bur. Standards J. Research, 7, 883 (1931). 
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the excess of the precipitant can be completely removed by ignition, while 

the mercury going into solution can be precipitated by hydrogen sulfide. 

Precipitations succeed best with chlorides. Iron, chromium, and aluminum 

are quantitatively precipitated in cold solution, but are contaminated by the 

alkaline earths if these are present. Zinc, cobalt, nickel, beryllium, cerium, 

and lanthanum are precipitated to some extent in cool, and to a greater ex¬ 

tent in hot, solutions, whereas manganese is precipitated in cool solution only 

on long standing.'*^ 

The suspension is prepared as follows: Resublime pure mercuric chloride 

from a mixture containing one tenth of its weight of mercuric oxide. Dis¬ 

solve to form a saturated solution, heat to boiling, and slowly stir into an 

excess of a hot 10 per cent solution of sodium hydroxide (free from iron). 

Let settle, wash thoroughly by decantation with hot water, and filter. Con¬ 

tinue the washing until the solution is free from chlorides. Mix with water, 

and keep in a ceresin or paraffin-lined bottle. No visible or weighable resi¬ 

due should be left after careful ignition of 5 g of the oxide in a porcelain 

crucible under a good hood. 

E. PRECIPITATION BY lODATES OR BROMATES 

Mixtures of potassium iodide and potassium iodate, or potassium bromide 

and potassium bromate, are useful for the precipitation of elements such as 

aluminum, chromium, iron, cobalt, nickel, or tin,®^^ and for the separation of 

certain elements as for example bismuth from lead, copper, cadmium, or 

zinc.®^ 

F. PRECIPITATION BY SODIUM HYDROXIDE 

The use of sodium hydroxide for precipitations has not been in good 

repute among analysts because of the uncertain quality of the reagent and 

the slimy character of the solution and precipitate. The first objection is 

not so well founded today as in the past, for very good sodium hydroxide 

can now be obtained. The second objection has some weight, especially as 

regards the filtration of strong solutions; with hot solutions of 5 per cent 

strength, however, the filtering and washing operations are not much more 

difficult than with ammoniacal solutions. In our hands the method has 

proved very satisfactory, especially when an aliquot portion of the filtrate 

could be taken for analysis. 

J. Volhard, Ann.^ 198, 331 (1879); E. F. Smith and P. R. Heyl, 2. anorg, Chem,, 
7, 82 (1894). 

WS. E. Moody, Am, J, ScL, [4] 20, 181 (1905); 22, 176, 379, 483 (1906). A solution 
made up of equal parts of a 7 per cent solution of KlOg and a 10 per cent solution of 
KI has a plA value of about 7.5. 

»iL. Moser and W. Maxymowicz, Z. anal, Chem,, 67, 248 (1925-26). 
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Precipitations with sodium hydroxide serve for the separation of iron, 
titanium, zirconium, the rare earths, and chromium from elements such as 
aluminum, phosphorus, and vanadium. If sodium carbonate is used in con¬ 
junction with the hydroxide, the alkaline earths are also precipitated. Com¬ 
plete precipitation of titanium depends on the presence of iron. The pre¬ 
cipitation of chromium is quite satisfactory.®- The separation of aluminum 
is incomplete in solutions containing magnesium or trivalent or bivalent 
nickel. If the amount of nickel does not exceed that of aluminum, retention 
of aluminum is negligible provided a five-fold excess of ferric iron over 
nickel is present.®® In the presence of carbonates or vanadium, uranium is 
precipitated incompletely if at all, and any precipitate obtained in the pres¬ 
ence of vanadium will be contaminated by it. Uncertainties in regard to 
chromium, vanadium, or uranium are easily overcome by performing the 
precipitation in the presence of oxidizing agents such as sodium peroxide 

or perhydrol, together with sodium carbonate if uranium is present. Such 

treatment throws the three elements into the filtrate. In the case of nickel 

or cobalt, the addition of bromine or a similar oxidizing agent is desirable, 

for this leads to compact precipitates of the trivalent hydroxides, which are 

much more easily filtered and washed than the divalent hydroxides. 

Better results are obtained by slowly adding a hot feebly acid solution 

of the elements to an excess of hot sodium hydroxide solution. If peroxide 

is used, it is added to the latter, which is then not heated beforehand; the 

mixed solutions must, however, be thoroughly boiled in order to precipitate 

titanium, columbium, and the like and to render the precipitation of iron 

complete. 

PROCEDURE. Prepare an acid solution, preferably free from ammonium 

salts, and having a volume of 100 ml. Nearly neutralize with sodium hy¬ 

droxide, heat to boiling, and pour the solution slowly and with constant 

stirring into 100 ml of a hot, fresh 10 per cent solution of sodium hydroxide. 

Boil the solution for 2 to 3 minutes as it is gently stirred, let settle, and filter 

through a paper of moderate texture that has been washed with a hot 5 per 

cent solution of sodium hydroxide containing a little sodium sulfate, until 

50 ml of filtrate is water-white. Wash the precipitate with the same solu¬ 

tion, and reserve the filtrate. Dissolve the precipitate in hot dilute sul¬ 

furic acid, and repeat the separation if an accurate analysis is contemplated, 

or if the precipitate is large and appreciable amounts of other elements are 

to be separated from it. Combine the filtrates, and proceed with the analysis 
of filtrate and precipitate, 

®2For example, 0.4 mg of Cr was found in the filtrate after precipitation of 0.06 g 
of Cr in 200 ml of a boiling 2.5 per cent solution of NaOH, and 0.5 mg after precipita¬ 
tion in a like volume of a 5 per cent solution. 

H. A. Bright and R. M. Fowler, NBS J. Research^ 10, 327 (1933). 
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IX. OUTLINES OF SEPARATIONS OF ELEMENTS IN THE PRECIPITATE 

PRODUCED BY AMMONIUM HYDROXIDE, SODIUM ACETATE, OR 

SODIUM SUCCINATE 

When one considers that nearly half of the elements are precipitable 
by ammonia and most of these also by the other reagents named in the 
above heading, one realizes that the precipitates so produced in analyses of 
rocks, minerals, ores, and metallurgical products are apt to be somewhat 
complex. For example, excluding those elements of the hydrogen sulfide 
group that are also precipitable by the reagents named and that arc sup¬ 
posed to have undergone prior removal, the list of those in this precipita¬ 
tion group that may occur in weighable or readily discoverable quantities 
in the complex case of igneous, mctamorphic, or sedimentary rocks com¬ 
prises ordinarily: silicon, titanium, zirconium, aluminum, iron, chromium, 
vanadium, and phosphorus; and exceptionally: uranium, beryllium, tantalum, 
columbium, and the rare earth metals. The list does not take into account 
such other elements as manganese, which may be introduced through care¬ 

less precipitation, magnesium and the alkaline earths which may be present 
in certain circumstances, or boron which will contaminate the precipitates 
whenever it occurs in appreciable amount. To be sure, some of the ele¬ 

ments are rare, some can be removed by special operations prior to the 
group precipitation, and still others can be determined in separate portions 
of the sample. Even so, enough remain to require the most careful exami¬ 
nation of the weighed precipitate before aluminum can safely be reported 
by difference, as it usually is. 

From the foregoing it might seem that the analysis of so complex a pre¬ 
cipitate is fraught with much labor and uncertainty. As a matter of fact, 
a reasonably complete analysis of the precipitate is not laborious and is 
not even difficult if the scheme of analysis is properly developed and the 

elements are present in amounts sufficient to warrant determination (see 

C, p. 92). 
The nonvolatile residue which is left after the sulfuric-hydrofluoric acid 

treatment in a silica determination furnishes useful indications of what to 

look out for in the composite precipitate. If this residue weighs no more 

than 2 or 3 mg and dissolves readily (the usual case) in warm dilute hydro¬ 

chloric acid after fusion with a little sodium carbonate, it can be quite 

safely assumed that tantalum and columbium will not be found in the sub¬ 

sequent precipitate and that appreciable amounts of phosphorus are not 

associated with elements like zirconium or titanium in the original material. 

A large nonvolatile residue or one that docs not furnish a clear solution 

with hydrochloric acid after a carbonate fusion is strong indication of 

something out of the ordinary. Such a residue may contain barium sul- 
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fate, lead sulfate, oxides of columbium, tantalum, or antimony; or of tita¬ 
nium, zirconium, or tin either alone or associated with phosphorus. In 
such an event it is better to examine the solution of the nonvolatile residue 
further before the whole or any part of it is added to the filtrate from the 
silica separation, unless a careful prior qualitative analysis renders this 
unnecessary.®^ 

Although it is customary to determine aluminum by difference, special 
cases may call for unusual treatments. Thus it may happen, though not in 
ordinary rock analysis, that only a very small amount of aluminum is pres¬ 
ent, and that a direct determination of it is necessary or desirable in order 
to ascertain its amount with greater certainty than is possible by the method 
of difference, or even to ascertain whether it is actually present. Again, 
if much titanium is present, it may be desired to determine this element 
with greater precision than is possible by the colorimetric method, in which 
case methods for its separation from aluminum and iron arc necessary. 

In the following miscellaneous separations columbium and tantalum arc 
not considered, as their occurrence is rare and their presence so seriously 
disturbs analytical operations that very special procedures are needed (see 
the Earth Acids, p. 590). Vanadium is often encountered; uranium is not. 

When these occur together, their usual reactions are disturbed; thus, vana¬ 

dium according to its amount inhibits precipitation of little or much ura¬ 

nium by ammonium sulfide. Beryllium is not often found; in most of the 

separations it will accompany aluminum. 

Most of the usual methods separate iron from aluminum and leave the 

latter still associated with phosphorus. Separations of other elements vary. 

For example, in the phenylhydrazine method practically the only element 

that is eliminated is ferrous iron; in the cupferron method iron, titanium, 

zirconium, and vanadium are separated from all but the rare earths which 

divide; fusion with sodium carbonate and extraction with w^ater separates 

iron, titanium, zirconium, and the rare earths from aluminum, sexivalent 

chromium, phosphorus, and vanadium (uranium divides); precipitation in 

sodium hydroxide solution differs from the above in that trivalent chro¬ 

mium and uranium are precipitated unless vanadium is present, in which 

case uranium and vanadium divide; and in an ammonium sulfide-tartrate 

separation iron is separated from all of the others. In most of the methods 

'^^ A series of rocks from the Leucite Hills, Wyoming, afforded one of us a large 
residue after volatilizing silica that was unique in his experience. Toward the end of 
the operation, when the sulfate began to appear in solid form, the residue had a milky 
or enamcl-like appearance and behaved much like a mixture of columbic and tantalic 
oxides, but proved to be mainly a titanium (with possibly a little zirconium) phosphate. 
The ammonia precipitate from these rocks, when it was fused with pyrosulfate and 
leached with cold water, yielded a white more or less flocculent residue of like or 
similar composition. 
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any silica contained in the ammonia precipitate can be recovered before the 
application of the methods by evaporating the sulfuric acid solution of 
the pyrosulfate melt (p. 874). All of the methods that follow apply as well 
to precipitates obtained with sodium acetate, succinate, or other reagents 
that precipitate the elements under discussion. 

A. CO/AMON SEPARATIONS 

a. PrecipitatioTJ by Phefiylhydrazine. When iron is in the trivalent state, 
the chief difference between precipitation by phneylhydrazine and by 
ammonia is that the former precipitates certain rare earths incompletely and 
uranium not at all. If, however, iron is kept divalent, none of it is precipi¬ 
tated by phcnylhydrazinc in a solution faintly acid to litmus, and the 
reagent furnishes an excellent means of separating some of the components 
of the ammonia precipitate, particularly aluminum, from iron. 

The phenylhydrazine method is in fact usually applied to mixtures of 
iron and aluminum, especially when visual evidence of the latter is desired 
or when its amount is so small that other methods would leave its presence 
in doubt. 

PROCEDURE. Fuse the w^eighed ammonia precipitate with potassium pyro¬ 
sulfate in a platinum crucible (p. 874), dissolve the melt in water, and pro¬ 
ceed with neutralization, reduction of the iron, and precipitation as described 
under Precipitation by Phenylhydrazine (p. 128), If much iron was present 
or high accuracy is desired, dissolve the precipitate in acid, and repeat the 
neutralization, reduction of the iron, etc. 

b. Precipitation by Cupjerron. Precipitations by cupferron (the ammo¬ 

nium salt of nitrosophenylhydroxylamine, C6Fl5N'NO'ONH4) differ from 

those made by ammonium hydroxide in that the former type does not 

precipitate aluminum, chromium, phosphorus, and sexivalent uranium at 

all, and the rare earths incompletely. It precipitates uranium quantitatively 

in the quadrivalent state. The reagent yields an excellent group separation 

of iron, titanium, zirconium, and vanadium from aluminum, chromium, and 

phosphorus (when present in small amount) and furnishes the best available 

separation of vanadium from sexivalent uranium. 

PROCEDURE. Fuse the weighed ammonia precipitate with potassium pyro¬ 

sulfate in a platinum crucible (p. 874), dissolve the melt in dilute sulfuric 

acid (1 + 9), and proceed with the cupferron precipitation in ice-cold solu¬ 

tion as described under Precipitation by Cupferron (p. 116).®® Ignite and 

weigh the washed precipitate, and then further treat it according to its 

composition. Destroy all organic matter in the cupferron filtrate (p. 118), 

and proceed with such determinations as may be called for. 

'^^In accurate analyses it is advisable to remove the platinum before precipitating 
with cupferron. 
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c. Precipitation by Ammonium Sulfide in Ammoniacal Tartrate Solution. 
When a sulfuric acid solution of the ammonia precipitate is treated with 
tartaric acid, then with hydrogen sulfide, and finally with ammonium 
hydroxide or ammonium sulfide, iron is precipitated while the other usual 
elements remain in solution. Zinc, cobalt, nickel, and most of the manganese 
are also precipitated, should they have been carried down in the ammonia 
precipitate. This reaction is occasionally used for the isolation and deter¬ 
mination of iron. Its chief application, however, is for the elimination of 
iron, particularly prior to precipitation of titanium and the like by cup- 
ferron. 

The sulfide precipitate is never ignited directly but is dissolved in hydro¬ 
chloric and nitric acids, after which reprecipitation is made by ammonia. 

PROCEDURE. Fuse the weighed ammonia precipitate as in a, and dissolve 
the melt in water, or dilute sulfuric acid (5 -f 95) if easily hydrolyzed 
elements such as titanium or zirconium are present. Add enough of a 
clear saturated solution of pure tartaric acid to subsequently keep aluminum 
and the like in solution; the tartaric acid must not contain iron or other 
interfering elements, and an unnecessary excess should be avoided if the 
acid must subsequently be destroyed; 3 to 4 times the weight of the ammonia 
precipitate is sufficient. Precipitate as directed in Precipitation by the 
Sulfide Ion (p. 65), not forgetting to reserve the filtrate. Treat the pre¬ 
cipitate as described on page 390 under Iron, and the ammoniacal filtrate 
after the separation of iron hydroxide for manganese, nickel, cobalt, and 
zinc if these were present in the original solution. 

The treatment of the reserved ammonium sulfide filtrate depends on the 
method that is to follow. If cupferron is to be used, neutralize with sul¬ 
furic acid, add an excess of 10 per cent by volume, and boil to expel hydro¬ 
gen sulfide. If other methods are to follow, add sulfuric acid in 10 ml 
excess, evaporate, and destroy all tartaric acid as described on page 66. 

d. Fusion 'with Carbofiate Followed by Extraction with Water. Fusion 
of the weighed ammonia precipitate with sodium carbonate followed by 
extraction of the melt with water (possibly repeated once or twice, 
depending on the weight and character of the ammonia precipitate) pro¬ 
vides a fairly satisfactory separation of iron, titanium, zirconium, beryl¬ 
lium, and the rare earths from aluminum, chromium, vanadium, and phos¬ 
phorus (uranium divides). The separation of chromium is a result of its 
oxidation to chromate during the fusion; this ordinarily goes to completion 
and does not require the addition of oxidizing agents such as niter except 
to expedite the oxidation. The fusion and extraction are but preliminary 
steps which must be followed by analyses of the residue and of the water 
extract by appropriate procedures. 

PROCEDURE. Mix the weighed ammonia precipitate with 20 times its 
weight of sodium carbonate, fuse at moderate temperatures until the melt 
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is quiet, and finally heat for 30 minutes at 1100 to 1200° C over a blast 
flame (not in muffle) (see p. 844). Cool, extract the melt with cool water, 
and filter when soluble salts are in solution. Wash the residue with cold 
water until sodium salts are extracted, ignite, and repeat the operations in 
accurate analyses or when the residue is large. Reserve the water extract 
which will be colored yellow if any appreciable amounts of chromium or 
uranium are present. 

Ignite the insoluble residue, fuse with pyrosulfate, and proceed as in a, 
b, or c or by such other methods as seem desirable. 

Cover the vessel containing the carbonate extract, and carefully acidify 
with the mineral acid that is demanded by the further treatment that is 
contemplated. It should be borne in mind that ammonium hydroxide may 
not quantitatively precipitate vanadium or phosphorus in this solution 
because of the removal of some of the original bases. 

e. Precipitation by Sodiim Hydroxide, In precipitations with sodium 
hydroxide, iron, titanium, zirconium, the rare earths, chromium, and ura¬ 
nium are separated from aluminum, phosphorus, and vanadium. Complete 

precipitation of titanium depends on the presence of iron. The precipita¬ 
tion of uranium is complete if vanadium or carbonates are absent; when 
vanadium and uranium occur together, the latter is precipitated incom¬ 

pletely, if at all, and any precipitate will contain vanadium. The precipi¬ 
tation of chromium is not quite quantitative, one or two tenths of a milli¬ 
gram of Cr208 remaining in solution. Uncertainties in regard to chromium, 
vanadium, and uranium arc easily overcome by performing the precipita¬ 

tion in the presence of oxidizing agents such as sodium peroxide or perhy- 

drol, together with sodium carbonate when uranium is present. This treat¬ 

ment throws the three elements into the filtrate. 

PROCEDURE. Fuse the weighed ammonia precipitate with pyrosulfate in 

a platinum crucible (p. 874), and dissolve the melt in 100 ml of water. 

Heat the solution to boiling, and precipitate as described under Precipita¬ 

tion by Sodium Hydroxide (p. 84). Dissolve the final precipitate in the 
mineral acid appropriate to the analysis that is contemplated. Acidify the 

whole alkaline filtrate with the mineral acid which is demanded by the 

line of attack that is to follow, for example nitric acid if phosphates are to 

be determined, sulfuric acid if vanadium is to be reduced by sulfur dioxide. 

f. Precipitation as Alimimum Chloride, The precipitation of aluminum 

as the hydrated chloride furnishes, in one operation, a reasonably good 

separation of aluminum from beryllium. The method also provides good 

separations of aluminum from iron, zinc, copper, mercury, and bismuth, 

and no doubt from a number of other elements. 

PROCEDURE. Fuse the weighed ammonia precipitate with sodium carbo¬ 

nate as in d (p. 89), and dissolve the cooled melt in dilute hydrochloric 
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acid, added cautiouvsly at first, and then heated if necessary until solution 
is complete. Dilute to 200 ml, precipitate with ammonium hydroxide (p. 
504), filter, and wash the precipitate two or three times with water. Dis¬ 
solve the precipitate in hot dilute hydrochloric acid (1 + 1), and f>roceed 
as described under Aluminum (p. 500). 

B. MISCELLANEOUS SEPARATIONS 

There are numerous other separations v hich can be applied to a solution 
of the ammonia precipitate but which do not add greatly to those already 
described. Among them are the following: 

a. By Sodium Acetate. According to Dittrich and Freund,titanium, 
zirconium, and thorium can be separatd from iron by precipitation with 
sodium acetate after the iron has been reduced by hydrogen sulfide, the 
formation of ferrous sulfide being used as an aid in the preliminary neutrali¬ 
zation of the solution. In this method aluminum, phosphorus, and presum¬ 
ably other elements would be precipitated entirely or in part. The method 
is therefore comparable with precipitation by phenylhydrazine. 

b. By Sodiimi Hyposidfite (Na^SoOi, not thiosulfate). Sodium hypo- 
sulfitc w as used by Barbier for the double purpose of reducing iron and 
precipitating aluminum and beryllium. Presumably zirconium, titanium, 

and other elements are precipitated also. 
c. By Hydrolysis after Reduction of Iron. In the hydrolysis method 

proposed by Baskerville,®® titanium and zirconium are separated from iron 
and aluminum by boiling for a few minutes after nearly neutralizing a 
hydrochloric acid solution and reducing the iron by means of sulfurous 
acid. Sulfuric acid cannot be used, and the neutralization must be very 
carefully adjusted, lest precipitation be incomplete or an impure precipitate 
obtained. The precipitate is rarely pure and w ould undoubtedly contain 
other elements such as thorium and phosphorus if these were originally 

present. 
d. By Volatilization with Hydrochloric Acid and Chlorine. Iron can be 

completely volatilized and separated from such elements as aluminum, zir¬ 

conium, beryllium, and chromium by heating the ammonia precipitate at 

200 to 300° C in a current of dry hydrochloric acid gas mixed with a little 

chlorine.'^® Borck asserted tliat iron can also be volatilized by heating 

the mixed oxides in a current of hydrochloric acid vapor and air. Both 

methods might find use when iron is to be gotten out of the way, but are 

not so attractive when iron is also to be determined. 

Dittrich and S. Freund, 2. anorg. Chem., 56, 337 (1907). 
57 p. Barbier, Btdl. soc. Mm., [4] 7, 1027 (1910). 
58 C. Baskervillc, /. Am. Chem. Soc., 16, 427, 475 (1894). 
50 F. A. Gooch and F. S. Havens, Am. J. Set., [4] 7, 370 (1899). 
85 H. Borck, Z. angew. Chem., 25, 719 (1912). 
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e. By Precipitation in Potassium Hydroxide-Hydrogen Peroxide Solution. 
Classen and later Bornemann and Schirmeister showed that iron can 
be separated from titanium when a cold acid solution of the two is treated 
with hydrogen peroxide (30 per cent) in considerable excess and then with 
potassium hydroxide, and filtered and washed with cold water containing 

peroxide. A number of other elements would also remain wholly or in 
part in solution with the titanium, as for instance aluminum, zirconium, 
columbium, tantalum, chromium, vanadium, and phosphorus. Titanium is 

partially precipitated if the solution is allowed to get warm, and its precipi¬ 
tation is complete if the solution is thoroughly boiled. 

f. By Precipitation with Salicylic Acid and Ammonium Salicylate. Sepa¬ 
rations of zirconium, thorium, columbium, and tantalum from titanium and 
aluminum can be made by precipitation in salicylic acid-ammonium salicy¬ 
late solution as recommended by Dittrich and Freund.®® In this method 
the cold feebly acid solution of the elements is poured slowly and with 
stirring into a boiling solution of 10 g of ammonium salicylate in 50 ml of 
water, the boiling continued for 30 minutes, the solution filtered, and the 

precipitate w'ashed with a hot 5 per cent solution of ammonium salicylate. 

C. EXTENDED ANALYSIS OF THE AMMONIA PRECIPITATE 

In rock analysis, which can serve as an example, the ordinary course of 

analysis calls for the determination of residual silicon, of iron, and of tita¬ 

nium in the ammonia precipitate, followed by further deductions based on 

the analysis of separate portions of material. For instance, zirconium and 

the rare earths are determined in one sample, phosphorus in another, and 

chromium and vanadium in a third. Such a procedure is attractive in that 

large amounts of material can be taken. Where but little material is at 

hand, so that most or all of the components of the ammonia, basic acetate, 

or succinate precipitate must be estimated in the one precipitate, the various 

determinations can be made or attempted in the following scheme. The 

case will seldom arise in which all the elements considered are present at 
once. 

In this scheme provision is made for the recovery of residual silica. Then 

elements such as iron, titanium, zirconium, and the rare earths are separated, 

by precipitation in an oxidizing sodium hydroxide-sodium carbonate solu¬ 

tion, from aluminum, phosphorus, vanadium, chromium, uranium, and 

beryllium. Of the precipitated elements, iron is separated as sulfide in 

ammonium sulfide-tartrate solution, titanium is determined colorimetrically 

after destruction of the tartaric acid, zirconium is precipitated in the peroxi- 

01 A. Qassen, Ber., 21, 370 (1888). 
02 K. Bornemann and H. Schirmeister, Metallurgies 7, 726 (1910). 
08 M. Dittrich and S. Freund, Z. anorg, Chem., 56, 344 (1907). 
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dized solution used for the determination of titanium, and finally the rare 
earths are precipitated together with the titanium as hydroxides in the 
filtrate from the zirconium and separated as fluorides from the titanium. 
The color of the original sodium hydroxide filtrate reveals the presence 
of chromium or uranium if present in sufficient amount to color the solu¬ 
tion, and in successive steps first vanadium is determined volumetrically, 
then phosphorus is separated as ammonium phosphomolybdate, and finally 
tests for aluminum, beryllium, and other elements can be made in the 
ammonia precipitate that may be obtained from the filtrate from the phos¬ 
phomolybdate. 

In most of the operations the solutions should be kept at the smallest 
possible volume, for the amounts of the various elements, aside from a few 
principal ones (iron and aluminum in the case of rocks), are apt to be 
small. As an appreciable amount of precipitate may remain in the pores 
of a filter paper after careful solution treatments, it is wise to ignite the 
washed paper and to recover any residue by fusion with a pinch of carbo¬ 
nate or pyrosulfate and solution of the melt. 

It must be kept clearly in mind that the scheme outlined is not to be 
applied indiscriminately to all mixtures, even when the components are the 
same. The proportion in which these occur may permit its application in 
one case and forbid it in another. The expert analyst will find ample 
opportunity to modify the procedures outlined and to devise new ones. 

PROCEDURE. Fuse the weighed precipitate with pyrosulfate as described 
on page 874, and dissolve the melt in dilute sulfuric acid (1 + 20). Divide 

the solution into two nearly equal parts, treat one with a few drops of strictly 

pure hydrogen peroxide (30%), and compare the colors. This test dis¬ 

closes the presence of any considerable amounts of titanium or vanadium, 

titanium being indicated by the formation of a clear yellow or orange 

yellow color, vanadium (which may mask titanium) by a reddish brown 

tint, and neither by no change in color. Made in this w^ay the test is 

more delicate than by treating the whole solution with peroxide. 

Silicon. Combine the solutions, evaporate until fumes of sulfuric acid 

are evolved, and proceed to recover and purify silica as directed under 

Silicon (p. 876). Reserve the filtrate. Fuse the nonvolatile residue (if one 

is left after the silicon is expelled) with as little pyrosulfate as possible, 

and dissolve the cooled melt in the reserved filtrate. If the nonvolatile 

residue is very small, as is usually the case, the absence of any considerable 
amount of barium sulfate, phosphorus associated with titanium or zirconium, 

columbium, and tantalum is quite certain; except that considerable titanium 

might tend to hold the last two in solution. A large residue should be 

viewed with suspicion and examined before being added to the reserved 

filtrate. 
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Evaporate the reserved filtrate from silica to as small a volume as will 
keep the salts in solution, and proceed with precipitation in sodium hydroxide 
solution (finally boiled) containing hydrogen peroxide and also sodium 
carbonate if uranium is present (Precipitation by Sodium Hydroxide, p. 
84). Repeat the precipitation, and combine the alkaline filtrates. Dissolve 
the precipitate in hot dilute sulfuric acid, and reserve the solution. 

a. Analysis of the Alkaline Filtrate, a. Chromium and uranium. If the 
combined alkaline filtrates arc water-white, no appreciable amounts of 
chromium or uranium are present. A few hundredths of a per cent would 
probably be overlooked in such dilute solution. If a more satisfactory 
observation is desired, acidify the solution with sulfuric acid, boil with a 
drop or two of sulfurous acid, precipitate with ammonia in very slight 
excess, filter, and reserve the filtrate. Dissolve the precipitate in a little hot 
dilute sulfuric acid, evaporate to 10 to 20 ml, cool, and add 1 to 3 drops of 

hydrogen peroxide (30%) and then sodium hydroxide until the precipitate 
dissolves. If no color develops in this solution, no more than traces of 
chromium or uranium can be present, and the solution should be coml)incd 
with the reserved ammoniacal filtrate and the combined solutions saved 
for the determination of vanadium. 

If the original sodium hydroxide filtrate is yellow, chromium or uranium 
is probably present, and it is usually safe to proceed on the assumption that 
the color is caused by chromium, particularly in the analysis of rocks. 
There is small danger that the color is derived from organic matter from 
the filter, if this was thoroughly washed with hot alkali solution before 

filtration was commenced. If the color is light, determine the amount of 

chromium colorimetrically (p. 530), and save the solution for the determi¬ 

nation of vanadium. The actual presence of chromium or uranium can 

later be verified after the separation of phosphorus, but this is done better 

by direct test in a larger sample (p. 531). If the color of the solution is 

too strong for a colorimetric determination of chromium, boil the alkaline 

solution until all hydrogen peroxide is expelled, make acid with sulfuric 

acid, determine chromium by titration with ferrous sulfate and permanga¬ 

nate (p. 527), and save the solution for the determination of vanadium. This 

determination is applicable in the presence of uranium. A small error is 

introduced when the solution is filtered through paper because a slight 

amount of organic matter dissolves, consumes permanganate, and therefore 

lowers the true value for Cr203. This loss should not exceed 0.2 to 0.5 mg 
of Cr203 and can be avoided by filtration through purified asbestos. 

Vanadium, Render acid with sulfuric acid the solution used for the 

determination of chromium, and determine the percentage of vanadium by 

reduction with sulfur dioxide and titration with permanganate (p. 458), if 

no iron has been introduced into the solution; or by reduction with ferrous 
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sulfate, oxidation of the excess of the latter by persulfate, and titration with 
permanganate (p. 460), if iron is present. Reserve the solution. 

y. Phosphorus. After the determination of vanadium, render the solution 
ammoniacal, and add 10 ml of ammonium hydroxide in excess and then 
nitric acid until in 5 ml excess. If vanadium is present, add sufficient fer¬ 
rous sulfate to reduce it to the quadrivalent state, and precipitate at room 
temperature with molybdate reagent (p. 702). If vanadium is absent, omit 
the addition of ferrous sulfate, heat to 50° C, and precipitate (p. 701). In 
either case allow the solution to stand overnight, filter, and proceed with 
the determination of phosphorus as Mg2P207 (p. 702). Reserve the filtrate 
and washings from the phosphomolybdate. 

S, Aliimmtm. A determination of aluminum is not worth while unless 
two or more blanks have been carried through all stages of the analysis and 
iron has not been added. If these conditions are met, the aluminum which 
is separated in the next operation can be converted to AI2O3 and corrected 
by the average blank. Heat the reserved molybdate filtrate to boiling, 
add dilute ammonium hydroxide cautiously in slight excess, boil 2 minutes, 
filter, and wash two or three times with water. Dissolve the precipitate in 
hot, dilute hydrochloric acid, and repeat the precipitation. Again dissolve 
the precipitate, and precipitate aluminum in hydrochloric acid-ether solu¬ 
tion (p. 90). Save the filtrate and washings, and determine AI2O3 in the 
precipitate if desired. 

€. Beryllium. Carefully heat the hydrochloric acid-ether filtrate at the 
side of the steam bath until the ether has been expelled, add a few drops of 

nitric acid, and separate beryllium (gallium) from any iron, chromium, or 

traces of manganese by precipitation of the latter with sodium hydroxide 

alone (p. 84). Filter, render the alkaline filtrate acid, boil, and add ammo¬ 

nium hydroxide in slight excess. If a precipitate appears, examine it for 

the elements first named, according to the methods listed in their respective 

chapters; it should be remembered that the precipitate will contain vanadium, 

if this element was present and provided for in the precipitation of phos¬ 

phorus, and that it may also contain uranium, if this element was associated 

with vanadium. 
b. Analysis of the Sodium Hydroxide Precipitate. Treat the sulfuric 

acid solution of the sodium hydroxide precipitate as may be necessary to 

obtain 100 ml of solution containing 4 ml of sulfuric acid. Precipitate with 

hydrogen sulfide, filter, and wash the precipitate (p. 60). Reserve the 

filtrate. 
The precipitate will ordinarily consist of platinum sulfide and sulfur 

because of the fusions in platinum and the reduction of ferric iron by hydro¬ 

gen sulfide. An examination of it for hydrolyzed elements like titanium, 

columbium, or tantalum is not difficult and should be made if the precipi- 
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tate looks at all suspicious. As all elements of the hydrogen sulfide group 
are supposed to have been removed, their presence will not be considered. 

Of. Iron. Add tartaric acid (free from iron) to the reserved filtrate, in 
amount sufficient to hold the bases in solution (four times their weight) 
and then ammonium hydroxide in 5 ml excess, and pass in hydrogen sulfide 

for 10 minutes. Allow to settle at the side of the steam bath, filter, and 
wash with cool water containing ammonium chloride, colorless ammonium 

sulfide, and a little ammonium tartrate. Do not let the filter run dry lest 
iron sulfide be oxidized. Reserve the filtrate which should show no further 
separation of sulfides upon standing for a few hours. Proceed with the 
treatment of the sulfides and the determination of iron as described on 

page 89. In the usual case, the precipitate will contain all of the iron as 
sulfide and very little else. If the precipitation is properly made, it will 

also contain any zinc or cobalt, practically all of any nickel, and more or 

less of any manganese that might have been carried down with the ammonia 
precipitate. 

Titanium. Acidify the reserved filtrate from the sulfides with hydro¬ 

chloric acid in a 400-ml beaker, evaporate to a small volume, cover the 
beaker, and destroy the ammonium salts by heating with aqua regia. 
Finally destroy all tartaric acid and organic matter by adding more sulfuric 

acid (if the decomposition of the ammonium sulfate has not left 5 to 10 ml 
of it), heating to fumes of the acid, and adding nitric acid (preferably 
fuming) cautiously in small portions which are introduced from time to 

time through the lip of the beaker. If organic matter persists, the last 
traces can be destroyed by the cautious addition of a few drops of strong 

permanganate solution. Finally expel all nitric acid. Cool, dilute to a 

measured volume of 50 ml or more in accordance with the amount of 
titanium present, and determine titanium colorimetrically (p. 581). Reserve 
the solution. 

y. TLirconium. Evaporate the reserved solution to 50 ml, cool, add 1 to 

2 ml of hydrogen peroxide (30%), adjust the sulfuric acid content to 10 
per cent by volume, add 1 ml of syrupy phosphoric acid, let the solution 

digest for several hours at 40° C, and determine zirconium as ZrP207 (p. 
569). Reserve the filtrate. 

8. Bjore earths. To the reserved filtrate add approximately 0.05 g of 

Fe203 as ferric sulfate, heat the solution to boiling, and add sodium hydrox¬ 
ide in 1 to 2 per cent excess. Boil to decompose hydrogen peroxide, filter, 
and wash with hot water. Dissolve the precipitate with hydrofluoric acid, 

and proceed with the separation of crude rare earth fluorides and the deter¬ 

mination of rare earths (p. 550). 
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X. FILTRATION 

Filtration plays such an important role in analysis that the quantity and 
quality of the Analyst’s work depend to a considerable extent on his choice 
of filtration procedures and his facilities for carrying them out. By far the 
greater number of filtrations are made through paper and at atmospheric 
pressure. Much time can be lost in such filtrations if funnels are poorly 
made or filters are of wrong texture or improperly set; furthermore, the 
subsequent washing of the precipitate is apt to be slighted, or the long- 
drawn-out operation may lead to changes in the precipitate, as for example 
the oxidation of copper sulfide to the soluble sulfate. 

A. FUNNELS 

Good funnels should have a regular slope of 60"^ i 1°, no contraction or 
bulge at the neck, and a stem that is not less than 3 mm nor more than 
5 mm in internal diameter at any point. The length of the stem should not 
be more than 15 cm. More rapid filtrations can be made if the funnels are 
ribbed by coating with paraffin, cutting 10 to 12 lines extending about two 
thirds of the distance from the apex to the rim, and then etching to a 
moderate depth with hydrofluoric acid. 

B. FILTER PAPER 

Filter paper should be chosen with regard to the character of the precipi¬ 
tate and the use that is to be made of the precipitate or filtrate. It is not 
worth while to stock filter papers of unknown ash content unless so many 
routine filtrations are made that an appreciable saving is realized by their use. 
When such papers are employed, possible contamination must be considered, 
as for example the introduction of iron into a filtrate to be used for the 
determination of iron in glass sand. Hydrochloric-hydrofluoric-acid-washed 
papers should possess strength, a low ash content, and uniform texture 

throughout the lot. Papers of at least three textures should be at hand: 

one for very fine precipitates such as barium sulfate or mctastannic acid, 

another for gelatinous precipitates such as aluminum hydroxide, and a third 
for the ordinary case, such as most of the metallic sulfides. 

The sizes may vary from 5.5 to 15 cm, 9 cm being most needed. If the 

paper ash and precipitate are to be weighed, the size of the filter should 

be governed by the amount of the precipitate rather than the volume of 

liquid. The whole precipitate should not occupy much more than one 

third of its capacity. The paper when set in the funnel should never reach 
the rim; 5 to 15 mm below the edge is satisfactory. 

Excellent handbooks dealing with the use of filter paper in analysis are issued 
by some manufacturers. 
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A properly set filter paper should fit snugly at tlie top and should not 
touch the glass throughout the lower half. This cannot be accomplished 

by folding the paper to form a quadrant, as is usually specified, but is done 
as follows: Gently crease the paper along a diameter, and then bend the 
folded half over so that the creased edges form an angle of 3'’ to 4° and 
the curved edges form an unbroken arc. Gently press the tip and then tear 
off a piece about one third as deep as the radius from the section that was 
turned over, using a sidewise tear so that the torn edges are beveled. Open 

the filter, hold three quarters together at the torn point, between thumb and 
forefinger, press the paper gently in the funnel with the forefinger, and see 
whether it touches the funnel at the top but not at the bottom. If it does 
not fit properly, change the angle of the inner fold so that it does. Finally 

pour water carefully along the inside of the funnel, and quickly press the 

top of the paper against the glass all round so that no blisters or channels 

are left. If the paper has been fitted properly, water should pass through 

rapidly, and no trouble should be experienced in keeping the stem filled.^'^^ 

C. PAPER PULP 

The use of filter paper as recommended by Dittrich is a great aid in 

the filtration of gelatinous precipitates such as aluminum hydroxide or of 

fine slimy precipitates such as stannic sulfide. I'he use of paper pulp has 

the additional value that the precipitate is finely divided instead of being 

lumpy after ignition; hence, oxidation is more rapid and the time required 

for redissolving it is greatly shortened. The pulp must yield but little ash 

if the precipitate is to be weighed, and the amount added must be known 

if the weight of the ash is of any significance in the analysis. The pulp can 

be prepared by shaking filter paper in a stoppered Erlenmeyer flask with 

enough water to make a creamy suspension; whole filters, scrap torn from 

filters, or filter paper tablets that are sold for the purpose can be used. The 

pulp should be added after the precipitate has formed and then thoroughly 

mixed with it. If the pulp is added before precipitation, some of the 

precipitate is formed in the fiber and tends to fireproof it. If it is undesirable 

to dilute the solution with the slurry of pulp, it can be squeezed out before 

it is added, or it can be drained on the filter and mixed with the precipitate 

as the solution is filtered. A consideration that should be borne in mind 

when pulp is used is the possible effect of any organic matter that may be 

extracted from it. The effect of such matter is probably less after the 

precipitate has formed than before, and this is another reason for adding the 

05 Special methods of folding paper for rapid filtrations have been described, as for 
example by P. E. Clark, Cheniist-Analyst, 28 fi], 18 (1939). 

06 M. Dittrich, A'nleitung zur Gesteinsamlyse, pp. 10, 11, 14 (1905); Ber,, 37, 1840 
(1904). 
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pulp after precipitation has taken place. If the presence of organic extract 
is of moment, as in the precipitation of aluminum hydroxide, pulp should 
never be added in cases where the precipitate is to be reprecipitated after 
solution by rigorous treatment with acid. 

D. ASBESTOS 

Asbestos is used so much in analytical separations that the choice of the 
proper variety is of considerable moment. Unfortunately there is no 
standard brand, and the analyst must buy on his own specification and judge 
whether the delivery is of suitable quality. Gooch specified “white, silky, 
anhydrous asbestos.” That used for analytical purposes should be a cal¬ 
cium-magnesium silicate of the amphibole variety, free from minute inclu¬ 
sions of magnetite and from ferrous iron as replacing calcium or magnesium. 
Such a silicate is anhydrous and insoluble in acids. The crysotilc or ser¬ 

pentine variety is worthless, for it is appreciably soluble in acids and upon 
ignition gives off water and loses its fibrous texture.^^® 

If the asbestos filter is to be weighed, it is usually prepared on the per¬ 

forated bottom of a porcelain or platinum Gooch crucible. Less often 

used is the special crucible devised by Caldwell in which the bottom of 

the crucible is cut to leave a flange upon which rests a perforated porcelain 

or platinum disk. When such crucibles are employed, it is an easy matter 

to push out the disk with its pad and precipitate. All of these crucibles arc 

used under suction and require holders and receiving flasks that are strong 

enough to sustain a partial vacuum. The holder can be any glass tube or 

funnel with rubber band or stopper that (1) provides a tight rubber joint 

when suction is applied, (2) seats the crucible to such a depth that liquid 

does not touch the rubber, and (3) carries the filtrate far enough into the 

A. Gooch, Proc. Am. Acad. Arts Set., 13, 342 (1878). Gooch [ibid.y new series 
12, 390 (1884-85)] also recommended the use of filtering mats of anthracene or 
phenanthrene. 

08 Some analysts prefer to prepare their own fiber. In this case, the perfectly white 
fiber is scraped with a knife or rubbed on a brass sieve to a fine, short down, and then 
washed by decantation until dust and such fine particles as would clog the prepared 
filter are removed. It is then digested with hot dilute hydrochloric acid (1 -f 5), the 
solution is decanted, the operation is repeated until soluble iron has been removed, and 
the fibers are finally washed with water to remove chlorides. If the asbestos is to be 
used for a particular operation, it is sometimes desirable to introduce further treatments 
at this point. For example, if it is intended for use in the bismuthate method for manga¬ 
nese, it should be digested for 1 to 2 hours with hot dilute nitric acid (1 + 2) after 
chlorides have been washed out, to make sure of the elimination of chlorides and to 
oxidize ferrous iron. If it is to be used in combustions for carbon, it should be dried, 
ignited gently in oxygen, and again mixed with water. For a method of shredding 
asbestos by a stream of compressed air, see B. L. Kaspin, lnd» Eng. Chem. Anal. Ed., 
12, 517 (1940). 

«»G. C. Caldwell, /. Am. Chem. Soc., 13, 105 (1891). 
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receiving vessel so that none is drawn into the exhaust. Receiving flasks 
must be provided with an inlet for the crucible holder and an outlet for 

the exhaust; a bell jar provided with a ground-glass plate at the bottom 
and tubules at the top and side is often very convenient in that the filtrate 

can be obtained directly in the vessel in which it is to be used (sec Fig. 11). 

It is well to have a two-way stopcock on the exhaust so that suction can 

be easily applied or stopped, and to include a trap, for the purpose of 
protecting the filtrate from back flow if a filter pump is used or to prevent 

accidental clogging of the line or injury to the vacuum pump if the 

apparatus is attached to a vacuum line. 
For the preparation of the filter pad it is the 

custom of one of us (L.) to have on hand 
three sizes of asbestos fiber suspended in water: 
a coarse, a medium fine, and a fine. The coarse 
material is first poured into the crucible, and 
suction is not applied until it is quite well 
drained; then the medium fine is put on under 
gentle suction and tamped down, especially 
at the sides, with the flattened end of a glass 
rod. Finally a top dressing of the fine material 
is put on under stronger suction. The mat is 
then washed, under full suction, with distilled 
water or with the solutions that are to be used 

Fic. a. Bell jar for filtering 
under suction. remove substances not previously removed in 

the preparation of the asbestos. The washing 
is continued until no fibers pass into the filtrate. The crucible thus prepared 

is heated at the same temperature as that required in the analysis, cooled in 
a desiccator, and weighed.^^^ 

A properly prepared pad should not be much thicker than 2 to 3 mm 

nor weigh more than 50 to 100 mg. To prevent loosening of the mat, 

the crucible should always be inserted in the holder under gentle suction, 

and, in filtering, the solution should always be poured along a stirring rod 

held against the inner wall of the crucible. Some analysts prefer to lay a 

perforated disk on top of the asbestos to prevent its dislodgemcnt. Gooch 

crucibles of platinum arc fitted with a cap for the bottom so that they can 

be heated over a direct flame without danger of dislodging of particles of 

asbestos or reduction of the precipitate by gases that would otherwise pass 

through the mat. Crucibles without bottom covers should be ignited in 

70 Crucibles with pads-of good asbestos should weigh practically the same whether 
air-dried or heated at dull redness. For example a crucible and pad that weighed 
15.2160 g after air drying, weighed 15.2158 g after heating at approximately 700® C in a 
radiator. 
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a muffle or protected from a direct flame by the use of a radiator (p. 24).^^ 
Silica Cotton, W. W. Russell and J. H. A. Harley, Jr.,^^ state that Gooch 

crucibles with mats of silica cotton (fiber diameters of the order of 3 X 10 
mm) possess advantages over crucibles with asbestos mats and even over 
sintered-glass filter crucibles in that the silica cotton mat is resistant to 
chemical attack, is nonhygroscopic, and can be heated to 600° C. Mats of 
good retentivity can be made with as little as 50 mg of silica cotton in a 
20-ml crucible. 

E. PLATINUM 

Filtration through a Gooch crucible containing a platinum instead of an 
asbestos mat was first proposed by Munroe.^^ The chief feature of such 
crucibles is their resistance to chemical attack. Properly prepared mats 
permit rapid filtration, retain the finest of piecipitates, and last almost in¬ 
definitely, for residues can be removed by any solution treatment that does 
not dissolve platinum. To prepare the mat, treat a strong solution of chloro- 
platinic acid with ammonium chloride in slight excess, and wash the pre¬ 
cipitate several times with water and then with 80 per cent alcohol. Place 
a platinum Goocli crucible upon several layers of absorbent paper, and 
transfer enough of the precipitate to the crucible so that a uniform layer 
5 mm thick is formed when the alcohol has been absorbed by the paper. 
Carefully heat until the alcohol is expelled, place the cap on the bottom, 
gradually increase the heat until the chloroplatinate has decomposed, and 
then heat at dull redness. Cool, press the mat gently with the flattened end 
of a glass rod, and repeat the whole pi*ocess if it is judged that the mat is 
too thin or weak in spots. Finally, carefully rub all parts of the mat until 
the surface is burnished. If solutions containing hydrochloric acid are to 
be filtered, the crucible should first be washed with boiling water to remove 
oxygen, lest some platinum be dissolved. 

F. ALUNDUM, PORCELAIN, OR GLASS 

Filtering media such as Alundum and unglazed porcelain find their chief 
application in filtrations in which the filtrate alone is desired."^^ 

An adjustable holder for a Gooch filtering crucible that supports both crucible 
and cap during ignitions is described by W. M. Thornton, Jr., and J. G. Smith, Ind, Eng, 
Chem, Anal Ed.y 9, 95 (1937). 

72 Mi/. Eng, Cbem, Anal Ed., 11, 168 (1939). 
73 C. E. Munroe, J. Anal Applied Chem., 2, 241 (1888); Chem. News, 58, 101 (1888); 

H. Neubauer, Z. anal Chem., 39, 501 (1900); T. W. Richards and A. Staehler, /. Am, 
Chem. Soc., 29, 633 (1907); W. O. Snelling, ibid., 31, 456 (1909). 

74 Certain crystalline precipitates can be caught in filter crucibles on mats of fritted 
glass wool or asbestos, and weighed without prior heating. In such case, quite satis¬ 
factory results are had by completing the washing with a suitable volatile solution 
such as alcohol or ether and weighing after drying under reduced pressure or by 
drawing dry air through the crucible for 5 to 15 minutes at room temperature. The 
crucibles are, pf course, treated similarly before the initial weighing. 
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Filter crucibles, Buchner funnels, and extraction apparatus made of glass 
and containing glass-filter disks that are fused in and furnished in differ¬ 
ent grades (100-120, 40-50, 20-30, and 5-10 microns) of porosity are avail¬ 
able. If they are to be weighed, they should not be used unless the analyst 
has satisfied himself that the disk will undergo no disturbing changes in 
weight in the treatment that it will receive. Crucibles with disks had better 
be heated gradually in muffle furnaces to not over 600° C and then cooled 
slowly in the furnace in order to prevent glass strains. Quartz crucibles 
with quartz-filter disks can be heated more strongly, and sudden changes 
of temperature are of no consequence. 

At this point a word should be said concerning the transfer of the last 
particles of a precipitate from the precipitation vessel to the filter. A glass 
rod with a one-piece rubber tip is usually specified. This is satisfactory for 
routine analyses if the rubber is of pure gum or contains no substances that 
interfere in the analysis, such as sulfur or antimony when these are sought, 
or inorganic fillers that would be weighed with the precipitate should par¬ 
ticles of the rubber be torn off. In very accurate work, a properly trimmed 
feather is entirely satisfactory. 

XI. THE WASHING OF PRECIPITATES 

The only general rules that can be recommended for the washing of 
precipitates are that a common ion be employed in the wash water when¬ 
ever possible and that the volume of the washing solution be held down 

to the smallest amount needed to remove the objectionable matter, for no 
precipitate is absolutely insoluble. It is also quite true, particularly if the 
precipitate is somewhat soluble, that it is better to wash with a number of 
small portions of washing solution that are well drained than with one or 
two large portions or by adding fresh portions of wash water while solution 
still remains on the filter. In any case, the paper should never be filled 
with precipitate and not even with solution if the precipitate tends to 
creep. Ordinarily it is well to have the paper no more than one third to 
one half filled with precipitate and to keep the solution 5 to 10 mm from 
the edge. In the last stages of the washing, the solution is directed along 
the rim and then spirally down until the precipitate is churned if need be. 
For creeping precipitates especial care must be taken in fitting the filter. 

The amount of washing solution that is required depends on the nature 

of the precipitate. Gelatinous precipitates such as aluminum hydroxide 
require more washing than crystalline ones such as calcium oxalate, whereas 
precipitates composed of very fine crystals require more washing than 

those that are coarse. 

7®L. Moser and W. Maxymowicz, Chem. Ztg,, 48, 693 (1924); G. F. Hlittig and 
M. Nette, Z. anal. Chem., 65, 385 (1925). 
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The choice of the washing solution is often very important. In general, 
water should not be used unless it is certain that it will not dissolve appre¬ 
ciable amounts of the precipitate or cause it to break down or go into 
colloidal suspension. If the precipitate is appreciably soluble in water, a 
common ion is usually added, at least in the washing solution used for the 
transfer of the precipitate to the filter and for its preliminary washing. 
For example, if calcium oxalate is to be ignited, the washing can be done 
entirely with a dilute solution of ammonium oxalate, whereas, if it is to be 
titrated with permanganate, the impurities are removed by the same solution, 
and then only enough cool water is used to remove the ammonium oxalate. 

If the precipitate tends to go into colloidal suspension when most of the 
impurities have been washed out, a washing solution containing an elec¬ 
trolyte must be employed. In this case a volatile electrolyte that causes no 
trouble when it volatilizes is usually chosen. Thus, a solution of ammonium 
chloride is entirely satisfactory for washing aluminum hydroxide, but leads 
to trouble when used for washing tin or germanium hydroxides because of 
the formation of volatile chlorides of these elements. Some precipitates 
tend to oxidize during washing. In such cases the precipitate cannot be 
allowed to run dry, and a corrective washing solution which reconverts the 
oxidized compound to the original condition must be chosen, as for example 
acidulated hydrogen sulfide water for copper sulfide. 

In separations, it is a good rule to pattern the washing solution after the 
solution in which the separation was made. Thus, when iron is to be sep¬ 
arated from titanium, aluminum, zirconium, tantalum, and the like by pre¬ 
cipitation with ammonium sulfide in the presence of ammonium chloride 
and ammonium tartrate, it is desirable that the washing solution contain all 
three, at least until the need for tartrate is past; this can then be removed 
if necessary by completing the washing with a solution containing only the 
chloride and the sulfide. Similarly, if a separation depends on the presence 
of an excess of sodium hydroxide, as for example iron from aluminum, the 
washing solution should contain some of it in addition to an electrolyte such 
as sodium sulfate. 

The best way to wash the precipitate and the amount of washing that is 
necessary to remove the interfering substances must be determined for each 
new set of conditions. If the precipitate clogs the filter quickly or must be 
kept covered with solution because it forms channels or oxidizes when 
allowed to drain, as much as possible of the washing should be done by 
decantation, for the removal of impurities is slow if filtration drags, or if 
the solution cannot be allowed to drain between additions of the washing 
solution. Sometimes there is no need to transfer the precipitate to the 
filter at all, as for example ammonium phosphomolybdate that is to be dis¬ 
solved for an alkalimetric determination of phosphorus, or the residue left 
after a J. Lawrence Smith fusion. In such an event, the less precipitate that 
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is obtained on the filter the better. In all decantation work the possibility 
of using the centrifuge should be borne in mind. 

Tests for the completeness of washing arc usually matlc by collecting 
small portions of the washing solution after it is judged that most of the 
impurities are gone and then testing for the objectionable impurity. Certain 
precipitates tend to break up as soon as the excess of the precipitant has 
been removed. If the soluble precipitating ion is thus again liberated, a 
test for that ion cannot be used as an index of the washing, and recourse 
must be had to a test for some other constituent that was originally present. 
Thus, in the washing of aluminum or zirconium phosphate that has been 
precipitated in the presence of chloride, it is assumed that the excess of the 
phosphate reagent has been washed out when no test for chlorides can be 

obtained. 
Data on solubility must be used with caution in connection with the wash¬ 

ing of precipitates, for during the first part of the washing enough residual 
matter remains to affect the solvent action of the washing solution, and at 
no time does the solution remain in contact with the precipitate long enough 
for equilibrium to ensue."^® 

XII. THE DRYING AND IGNITING OF PRECIPITATES 

After a precipitate has been gathered and washed, it must be brought to 

a definite condition for weighing. No set treatment can be applied, for 

this depends on the character of the precipitate. Thus the treatment may 

vary from gentle drying to heating at 1200° C and from ignition in air to 

ignition in hydrogen or nitrogen. Precipitates that are to be dried at low 
temperatures should be caught on Gooch, Munroe, or glass-frit crucibles 

(p. 101), never on paper. In general, the drying and ignition of precipitates 

are best carried out in electrically heated ovens or muffles that are equipped 
with thermometers or pyrometers and means for controlling the tempera¬ 
ture. 

Precipitates that are reducible in contact with charring filter paper may 
undergo not only change of weight from reduction (lead sulfate to sulfide) 

but also loss by volatilization (reduction of arsenates to volatile arsenic). 
A further danger is that a product of reduction may combine with the ma¬ 

terial of the vessel in which the ignition is made (arsenic, phosphorus, lead, 

etc., in contact with platinum), thus not only causing loss of substance but 

As a parting word on the problem of washing, it might be pointed out that even 
such a seemingly simple job as the washing of glassware may be more difficult than is 
suspected. E. P. Laug [Ind, Eng. Chem. Anal. Ed., 6, 111 (1934)] for example, states 
that as much as 3 /ig of chromate ion may still be entrapped on the inner surface 
of a glass beaker that has been soaked in cleaning mixture (sulfuric and chromic acids) 
and then thoroughly rinsed with 10 portions of water. In washing filter papers it is 
more difficult to remove than Cr*^. 



DRYING AND IGNITING OF PREOPITATES 105 

perhaps damaging or even destroying the vessel as well. No harm results, 
if the reduced material is not volatile, does not attack the crucible, and is 
reoxidizable after the paper is burned off, by continuing the ignition in air 
or oxygen (finely divided ferric oxide, such as results from igniting the 
hydroxide mixed with paper pulp). Reducible precipitates that do not fall 
into this class should be collected on a nonreducing filtering mat, such as 
asbestos or porous platinum. 

When the precipitate may be 
safely ignited in contact with paper, 
it is best not to dry it but to wrap 
the moist paper about its contents 
and to do the drying in the crucible 
placed as shown in Fig. 12. If a 
low flame well protected from 
draughts is placed as indicated, dry¬ 
ing proceeds quickly and without 
risk. When this is finished, the 
flame is increased a little so that 
slow distillation of the paper takes 
place until a black char is all that 

►remains of the paper. The paper 
should not be allowed to inflame 
and cause mechanical expulsion of 
fine particles of the precipitate. If 
by chance it does take fire, smother 
the flame by momentarily placing 
the cover over the mouth of the 
crucible, and then continue the 
charring. When vapors no longer 
come off, bring the flame to the 
back of the crucible, and let the carbon bum off slowly, increasing the 
flame as necessary. Only when the carbon has fully disappeared is it or¬ 
dinarily desirable to cover the crucible and to increase the flame to its 
maximum, but at no time should the crucible be set so low that it enters 
the blue inner cone of the nonluminous flame from a burner of the Bunsen 
type. If it does, damage to the crucible results from formation of platinum 
carbide. With a Meker-burner flame, the crucible should not enter the 
green zone just above the burner mouth.'*^’' 

D. Mann Smith [Trans. J. Soc. Chem. hid., 44, 539 (1925)1 recommended the 
use of an interior-fitting serrated lid which fits wholly inside the crucible, the lid hav¬ 
ing the vertical flange serrated around the edge, thus allowing free escape of disen¬ 
gaged vapors, as well as preventing creeping or loss by spattering or decrepitation. The 
crucible is preferably squat-shaped, and the lid of transparent silica. For precipitates 
that are hygroscopic, a second, tightly fitting outside cover might be provided for the 
final heating, cooling, and weighing. 

precipitates. 
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If a porcelain crucible is used, the procedure is in general that prescribed 
for platinum. 

With perforated crucibles of both platinum and porcelain the procedure 
is much less time-consuming. The drying may be done as with an unperfo- 
rated crucible or in any convenient way that involves no risk of loss, but 
even when drying is complete the heat for ignition should be applied gradu¬ 
ally. A precaution to be observed with perforated crucibles is in general, 
and especially with reducible substances, to prevent flame gases from enter¬ 
ing the crucible through the bottom openings. To some extent this aim 
can be attained by attaching the cap, but it is better to place the crucible 
inside a radiator (p. 24), or best of all, to ignite in a muffle. In general, 
perforated filtering crucibles are not so suitable for ignition at high tem¬ 
peratures over burners as those of the ordinary type, because the cap keeps 
the temperature in the bottom of the crucible lower. 

Platinum crucibles are very much better for high-temperature ignitions 
over flame than porcelain ones because of the higher temperatures obtain¬ 
able in them. In a muffle this advantage does not hold, and for high-tem- 
perature ignitions porcelain or quarrz crucibles should always be so heated. 

That a slow loss in weight of platinum may result when it is heated above 
1000® must ever be kept in mind. This loss increases with the temperature 
and is due to volatilization of metal, particularly of the iridium which is 

alloyed with the platinum, lliis iridium content varies with different makes 
of ware and for wares intended for different uses; hence the need for every 
analyst to test the volatility of his crucibles. When very long ignitions over 
the blast flame must be made of substances whose weight is to be determined, 
the rate of loss of the crucible should be ascertained so that a correction 
may be applied,^® or else the weight of the crucible should be ascertained 
after removing the ignited residue without attack on the crucible. 

A further consideration to be kept in mind when making ignitions over 

a flame is that, when the flame envelops the crucible fully, the atmosphere 

within the crucible is not air but largely a mixture of nitrogen and the 

products of combustion, of which water vapor is an important one. Hence 

the need in some cases of excluding the flame gases by making the ignition 

with an inclined blast flame directed against only the lower part of the 

crucible, or by fitting the crucible into a hole in a piece of sheet asbestos or 

platinum. The chief effect of the water vapor is to raise the temperature 

necessary for the complete dehydration of some minerals and possibly to 

prevent complete dehydration. This may explain why some analysts have 

prescribed a very long ignition for the conversion of calcium oxalate and 

calcium carbonate to the oxide, whereas under proper conditions the con¬ 

version can be made in a few minutes. Still another error may result from 

“^sFor the proof, see Hillebrand, /. Am. Chem. Soc., 24, 373 (1902). 
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allowing the flame to envelop fully a cov^ered crucible when reducible sub¬ 
stances like SnO^ are being ignited. This error arises from the presence of 
incompletely burned gases even though the appearance of the flame may 
indicate perfect combustion. 

Finally, it is the duty of every analyst to test the efficiency of his burners 
or muffles. The discordance of many statements and results on a variety of 
subjects is to be attributed to a difference in the ignition temperature em¬ 
ployed by different writers."^ A really good blast lamp will readily melt 

a few centigrams of orthoclase powder in the bottom of a 15-ml platinum 
crucible, showing a temperature of probably 1200° C. If carefully con¬ 
trolled ignitions must be made, as of the oxides of tungsten or molybdenum, 
muffles with pyrometers must be used. 

In general, the ignited residue must be protected from moisture as it cools 
to the temperature at which it can be weighed. This is accomplished by 
placing the crucible and residue in a desiccator containing a proper desic¬ 
cant (see Desiccants, p. 46). No set period for cooling can be given. In 
the usual case 30 minutes is ample, and an excessively long interval before 
weighing is undesirable. If the residue is moderately hygroscopic, as lime 
or alumina, it must be ignited and weighed in a crucible having a well-fitting 
cover, and it is desirable to reignite it and to make a second weighing with 
the previous weights already set so that the weight can be quickly obtained. 
The occasion will seldom arise that the residue is so hygroscopic that it 
cannot be handled as described. In the unusual case, it should be cooled in 
a desiccator that has been evacuated as quickly as possible, and the crucible 
quickly placed in a weighing bottle and weighed against a similar bottle 
used as a tare. 

It is impossible to set definite heating values for different burners because of differ¬ 
ences in the types themselves and variations in the composition and pressure of the gas 
supplied in different localities. Nevertheless, it is desirable that the anal)’st should have 
some idea of the temperatures that are obtainable. The following temperatures were 
obtained with carbureted water gas having a heating value of 600 Btu per cu ft. In 
each case a thermoelectric couple was placed inside and against the bottom of the 
crucible which was being heated, and tw^o or more burners of each type were tested. 
The term “red-hot” is usually understood to denote a temperature somewhere near 
600" C. 

Burner Crucible Temperature, °C 

Bunsen Covered platinum 900-1050 

Tirrill Covered platinum 1050-1150 

Meker Covered platinum 1150-1250 

Blast Covered platinum 1100-1300 

Tirrill Covered porcelain in radiator 700 

Meker Covered porcelain in radiator 725-800 

Blast Covered porcelain in radiator 900 



Chopter 5 

SPECIAL OPERATIONS AND TECHNIQUES 

I. REDUCTION IN THE JONES REDUCTOR 

The Jones redactor ^ in its simplest form consists of a glass tube contain¬ 

ing a filter pad upon which rests a column of amalgamated zinc. If hydro¬ 

chloric or sulfuric acid solutions of reducible elements such as iron and 

molybdenum are passed through such a tube, quantitative reduction takes 

place in very short order. The reduced compounds can then be determined 

by titration with a solution of known oxidizing power, or they can be used 

for any purpose for which reduction is desired. The passage of the solu¬ 

tion through the rediictor introduces zinc; contamination by mercury is so 

very slight that it can be disregarded in all ordinary work. 

A convenient form of the rcductor is shown in Fig. 13. As can be seen 

from the illustration, the column of zinc rests on a filtering pad, the end 

of the tube extends to the bottom of the receiving flask, and provision is 

made for easy removal of this flask as well as for the maintenance of reduced 

or atmospheric pressure within it. The redactor usually has a bore of about 

19 mm and is sufficiently long to permit the use of a 25- to 40-cm column 

of zinc. The filtering pad must be tight enough to hold all particles of zinc 

and may be of asbestos or, preferably, glass wool, supported by platinum 

gauze or a perforated porcelain plate. The zinc particles should be 20 to 

30 mesh, free from reducible substances such as iron and from oxidizable 

substances such as carbon, and amalgamated with 0,1 to 5 per cent of 

mercury.^ 

In a discussion of reduction by the use of amalgamated zinc. Stone and 

Hume ® point out that the rate of reaction between an oxidant and zinc 

amalgam depends principally on the nature of the oxidant and the concen¬ 

tration of the zinc on the surface of the amalgam. 

With oxidants, such as Fe^*^ or Ce’^^, which are reduced by mercury as 

well as by zinc, a 1 per cent amalgam is satisfactory, and even as much as 

1 Clemens Jones, Trans. AlMEj 17, 411 (1888-89). 
-In the place of zinc, rccluctors have been made of other metals as, for example, 

cadmium or spongy lead fW. D. Treadwell, Helv. Chi?n. Acta, 5, 732, 801 (1922); 
Analyst, 46, 342 (1921), and 47, 533 (1922)], and silver (p. 112). Reductions do not 
necessarily proceed to the same stage with all of these, for this depends on the reduction 
potential of the metal. 

8 H. W. Stone and D. N. Hume, Ind. Eng. Chem. Anal. Ed., 11, 598 (1939). 
108 
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- Amalgamated 
zinc 

5 per cent of mercury (particularly at high acid concentrations) may be 
desirable. With these, reductions are rapid, and amalgams show no de¬ 
terioration, because mercury as well as zinc is removed during the reaction. 
With oxidants, such as Cr^^^ and Ti^^, which are not reduced by mercury, 
the least amount of mercury (from 0.1 to 
1 per cent) that will enable satisfactory 
control of hydrogen evolution should be 
used, since heavy amalgamation tends to re¬ 
duce the rate of reaction. With these, 

reductions arc slower, and continued use 
of the amalgam lowers the rate of reac¬ 
tion seriously because zinc alone is re¬ 
moved from the surface of the amalgam, 
and the diffusion of zinc through the 
residual mercury is slow. 

The ideal amalgam should give rapid 
and complete reduction of the desired 
substance with a minimum liberation of 
hydrogen. The amount of mercury that 
it is desirable to deposit on the zinc in 
applied analyses is dependent principally 
on the acidity of the solution, the type of 
oxidant, the size of the reductor, and the 
rate at which the solution is to be passed 
through the reductor. 

Once this has been determined, amalga¬ 
mation can be accomplished by washing 
20-mesh zinc for 1 minute in enough 1 N 
hydrochloric acid to cover it, adding the 
proper amount of 0.25 M mercuric nitrate 
or chloride, and stirring rapidly for 3 min¬ 
utes. The solution is then decanted and 
the amalgam washed with water and stored 
under water to which a few drops of 
hydrochloric acid have been added. Very 
lightly amalgamated zinc tends to become 
coated with a white precipitate and to become less active when stored 
under water exposed to the air. 

The reductor is kept filled with water when not in use, lest basic salts be 
formed and clog it. Ammoniacal solutions should never be admitted, for 
these react with the mercury and render it worthless. Copper, nickel, or 
other compounds which would be reduced to metal in the reductor should 
of course be removed. 

“Asbestos pad on 
perforated disk 

Two-way 
stopcock 

Fig. 13. Jones reductor. 
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Solutions containing 3 to 15 per cent by volume of hydrochloric or 1 
to 10 per cent by volume of sulfuric acid can be used. Sulfuric acid is used 
in preference to hydrochloric acid when subsequent operations are compli¬ 
cated by the presence of the latter. Reductions made at room temperatures 
in 40-cm columns of amalgamated zinc are entirely satisfactory in most 
cases."^ With elements such as columbium or titanium, particularly in re- 
ductors with shorter columns, it may be desirable to use warm solutions (40 
to 60° C). This is a matter of test under the conditions that obtain. If the 
reductor has been idle, it is customary to pass 100 to 200 ml of dilute acid 
through it and then a like amount of water, these solutions being then dis¬ 
carded. The usual reduction procedure is to draw the solutions through 
at the rate of about 100 ml per minute in the following order: 25 to 50 ml 
of the dilute acid, 100 to 200 ml of the dilute acid containing the substance 
to be reduced, 25 to 50 ml of dilute acid, and finally 100 to 200 ml of water 
to wash out all of the reduced compound and also the acid which would 
otherwise cause unnecessary consumption of zinc. 

Each solution is allowed to pass through until it has drained to within 
about 1 cm of the zinc, whereupon the succeeding solution is poured into 
the funnel. Under no circumstances is the zinc allowed to be exposed. 
The passage of the final wash water is stopped by closing the stopcock while 
the funnel is still half full. The two-way stopcock in the suction line is 
next turned to admit air into the receiving flask. The reductor is then 

loosened from the receiver and lifted until the end is above the solution. 

The stopcock on the reductor is opened to permit the final wash solution 

to flow through the stem by gravity, as the outside of the stem is washed 

by a jet of water from a wash bottle. The stopcock is again closed when 

it is judged that the stem is properly rinsed, and before the zinc is exposed 

in the reductor. The reductor is now lifted free from the flask, the funnel 

covered with a beaker and set aside until again needed. 

Under certain conditions the solutions can be drawn through the re¬ 

ductor more rapidly; this is a matter of experiment under the conditions 

that obtain. In routine analyses, it is not necessary to run acid through 

before or after the compound to be reduced; all that is necessary is to use 

a slightly stronger acid solution of the compound directly, and then to wash 

with enough water to remove it. 
Elements that are reduced to a definite stage in the reductor are iron, 

titanium, europium, chromium, molybdenum, and vanadium. Uranium is 

reduced slightly below the quadrivalent state, but this overreduction can 

be easily corrected by a reduction in cool solution and brief exposure to the 

air® as described under Uranium (p. 471). Less satisfactory reductions are 

4 G. E. F. Lundell and H. B. Knowles, Ind, Eng, Chem,, 16, 723 (1924). 
5 G. E. F. Lundell and H. B. Knowles, /. Am. Chem. Soc., 47, 2637 (1925). 
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those of tungsten, columbium, and rhenium, which do not go to definite 
stages and which cannot be corrected as uranium can. 

With the exception of iron and quadrivalent uranium, the reduced solu¬ 
tions are extremely unstable, and in quantitative determinations they must 
be protected by an inert gas such as carbon dioxide or nitrogen, or caught 
under a solution of ferric sulfate. The latter undergoes reduction with the 
formation of an equivalent amount of the more stable ferrous sulfate; the 
oxidation of the reduced compound by the ferric salt may be complete as 
in the case of titanium, or it may result in more stable compounds of higher 
valency as molybdenum and vanadium. A five-fold excess of ferric sulfate 
suffices in most cases.® From 2 to 5 ml of phosphoric acid can be added, 
except with titanium which forms an insoluble phosphate, whenever the 
color of the ferric solution causes difficulties in titj'ating. Occasionally, as 
with rhenium (p. 322), the reduced compound is so unstable that all solu¬ 
tions passing through the reductor must first be freed from air by thorough 
boiling, followed by cooling under an oxygen-free atmosphere such as puri¬ 
fied nitrogen or carbon dioxide. 

Any given reduction is, of course, subject to interference by the other 
elements which have been listed, namely: iron, titanium, europium, chro¬ 
mium, molybdenum, vanadium, uranium, columbium, tungsten, and rhe¬ 
nium. In addition to these should be mentioned nitric acid, organic matter, 
tin, arsenic, antimony, and polythionic compounds. Probably the most 
common interfering compound is nitric acid, which is reduced to hydrox- 
ylamine and other compounds that subsequently consume the oxidizing 
agent. For example, the determination of iron in white clays can be ren¬ 
dered entirely worthless and misleading by ammonium nitrate held in the 

well-washed ammonium precipitate. The complete removal of nitric acid 

in ordinary cases demands double, or better triple, evaporation with sulfuric 

acid until fumes of the latter are given off and with intervening washing 

down of the sides of the vessel. In some cases as with uranium or in the 

destruction of filter paper by attack with sulfuric and nitric acids, the latter ® 

is so obstinately held that double evaporation with sulfuric acid does not 

remove it. In the latter case the difficulty can be overcome by heating to 

®D. L. Randall, Am. /. Sci., [4] 24, 313 (1907), and various texts have prescribed the 
use of a solution of ferric ammonium sulfate. Lundell and Knowles, /. Am. Chem. Soc., 
45, 2621 (1923), preferred a sulfuric acid solution of ferric sulfate prepared from ingot 
iron or plain carbon steel by dissolving the material in aqua regia, evaporating to the 
fuming point with sulfuric acid, and diluting to proper volume after chlorides have been 
expelled. A convenient strength is 0.02 g of iron per ml of 8 per cent (by volume) of 
sulfuric acid, and such a solution in comparison with one of ferric alum is less expen¬ 
sive, the absence of ferrous salts and chlorides is assured, and the solution has a clearer 
color when used alone or with phosphoric acid. 

^ J. A. Holladay and T. R. Cunningham, Trans. Am. Electrochem. Soc.j 43, 329 (1923). 
® Experience of one of us (L.). 
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fumes of sulfuric acid in a covered beaker, then carefully adding drops of 
a saturated solution of potassium permanganate until a permanent color is 
obtained, and finally continuing the fuming for a few minutes. 

The presence of organic matter is usually known, but occasionally it may 
be unsuspected as in the case of acetanilide introduced with the ordinary 
grade of hydrogen peroxide. It is not safe in all cases merely to add per¬ 
manganate to a permanent pink color before running the solution through 
the reductor, for some organic compounds, as for example, acetanilide, arc 
not destroyed by this means but remain to be reduced and afterwards re¬ 
oxidized. It is, therefore, better in doubtful cases to proceed as described 
in the destruction of filter paper. Tin, arsenic, and antimony arc easily 

removed by treatment with hydrogen sulfide. This treatment gives rise to 

polythionic compounds which consume oxidizing agents and which arc 

(]uite stable upon passage through the reductor or boiling with dilute acid.*^ 

They can be destroyed and their interference avoided by treatment with 

permanganate in slight excess before the passage of the solution through the 

reductor. Platinum is reduced to the metal in the upper part of the re¬ 

ductor and therefore does not interfere in titrations of the solution that 

passes through. 

Two other sources of error should be mentioned: that caused by failure 

to wash a reductor that has been standing idle and that caused by the en¬ 

trance of air during the reduction. The former causes high results as is 

shown by the high blank that is usually obtained when sulfuric acid is 

passed through the reductor without any preliminary washing with the acid. 

It has been often stated that the entrance of air into the reductor results in 

the formation of ozone or hydrogen peroxide. No evidence of the forma¬ 

tion of such compounds has ever been found by us.^^ It is true, however, 

that air in the reductor usually causes low results and should therefore be 
avoided. 

II. REDUCTION IN THE SILVER REDUCTOR 

Silver reductors having an internal diameter of 2 cm, a column of ap¬ 
proximately 12 cm in length, and a reservoir bulb at the top of 50 to 75 ml 
capacity (a short squat Jones reductor tube, p. 109) have been utilized in 
the reduction of iron,^^ molybdenum,^^ uranium,^^ and copper.^® The col- 

®G. E. F. Lundcll and H. B. Knowles, /. Am, Chem. Soc., 43, 1560 (1921). 
E. F. Lundcll and H. B. Knowles, Ind, Eng. Chem., 16, 724 (1924). In fact, 

hydrogen peroxide is completely destroyed when a sulfuric acid solution of it is passed 
though the reductor. 

G. H. Walden, Jr., L. P. Hammett, and S. M. Edmonds, /. Am. Chem. Soc., 56, 
350 (1934); C. F. Fry ling and V. Tooley, ibid., 58, 826 (1936). In testing the method 
on a microscale, the latter noted disturbance due to the formation of hydrogen peroxide, 
which was diminished by saturating the solutions with hydrogen and conducting the 
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umn of the reductor is filled with approximately 18 g of silver prepared by 
dissolving 29 g of silver nitrate in 400 ml of water, adding a few drops of 
nitric acid and stirring vigorously with a piece of sheet electrolytic copper 
10 cm square until the silver has been completely precipitated. The silver, 

after washing with diluted sulfuric acid, is transferred to the reductor with 

water, agitated to remove all air pockets, and again washed with diluted 

sulfuric acid until free from copper. When not in use, the reductor is kept 

filled with molar hydrochloric acid. As a result of continued use, the col¬ 

umn of silver gradually becomes coated and discolored with silver chloride. 

When it has extended over three fourths of the length of the column, it is 

removed by filling the reductor with 0.1 M sulfuric acid and placing a zinc 

rod in contact with the silver column until reduction is complete. 

Solutions that are passed through the reductor must be free from platinum 

salts, for these are reduced to platinum which, in turn, forms a platinum- 

silver couple of higher reducing potential and leads to unwanted reductions, 

such as reduction of titanium to the trivalent state. 

With some elements, greater care must be taken in regulating the tem¬ 

perature and acidity in a silver reductor than is required in a zinc reductor. 

Thus, in the silver reductor, molybdenum is reduced to the quinquevalent 

state in 2 Af and to the trivalent state in 4 Af hydrochloric acid, whereas in 

the zinc reductor, it is reduced to the trivalent state over a wide range of 

acid concentration. 

Reduction procedures have been described in which the following ele¬ 

ments have been reduced to the indicated valencies: Fe^^ Mo^^^ 

and Cu^ It is likely that other elements, such as W'"^ are reduced to 

a lower valency, and that some, like and Se^'^, are reduced to the ele¬ 

mental state. The list of elements that are not reduced include a few, such 

as Re^*^ Cr^^^ and Ti^^, that are reduced by zinc. When determinations 

are to be made in their presence, as with iron in solutions containing tita¬ 

nium, the use of the silver reductor is attractive. 

The following methods for the determination of iron and molybdenum 

illustrate the use of the reductor. 

A. DETERMINATION OF IRON 

PROCEDURE. Prepare 50 ml of a molar hydrochloric acid solution con¬ 

taining 0.15 to 0.2 g of iron and free from other elements that can be re¬ 
duced by silver. Transfer the cool solution to the reductor, and allow to 

reduction under hydrogen in a special apparatus. See also S. M. Edmonds and 
N. Birnbaum, Ind, Eng. Chem. Anal. Ed., 12, 60 (1940). 

12 N. Birnbaum and G. H. Walden, Jr., /. Am, Chem. Soc,, 60, 64 (1938), See also 
C. F. Hiskey, V. F. Springer, and V. W. Meloche, ibid., 61, 3125 (1939). 

12 N. Birnbaum and S. M. Edmonds, Ind, Eng. Chem. Anal. Ed., 12, 155 (1940). 
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flow through at a rate of about 30 ml per minute. Rinse the vessel that 

contained the iron solution, and wash the reductor with about 150 ml of 

the molar acid, added in small portions, never allowing the silver to be 

exposed. Treat the solution with 200 ml of 10 Af sulfuric acid, cool, and 

add one drop of a 0.025 M solution of c?-phenanthroline-ferrous ion. Titrate 

with a standard 0.01 M solution of ceric sulfate, and correct for the volume 

required by reagents alone. 

Titanium, chromium, manganese, and moderate amounts of vanadium and 

nitric acid (0.2 g) are without effect. 

B. DETERMINATION OF MOLYBDENUM 

PROCEDURE. Prepare a solution, free from nitrates, iron, copper, uranium, 

or other elements reducible by silver in 2 A1 hydrochloric acid, and con¬ 

taining not more than 0.48 g of molybdenum in 50 ml of solution. Add 

10 ml of hydrochloric acid (sp. gr. 1.19) and 3 ml of phosphoric acid (sp. 

gr. 1.69), and heat to 60 to 80° C. Transfer the solution to the reductor, 

previously preheated by treatment with hot 2 At hydrochloric acid, and 

allow it to flow through the reductor at a rate of 10 ml per minute. Wash 

the reductor and vessel from which the solution was transferred with 

150 ml of 2 Af hydrochloric acid, heating the initial washings and increasing 

the rate of flow of the last 100-ml portion through the reductor. Cool the 

solution, add one drop of 0.025 M /^-phenanthroline ferrous complex, and 

titrate the quinqucvalent molybdenum with standard 0.1 Af ceric sulfate, 

adding the last few tenths of a milliliter of the oxidant dropwise while stir¬ 

ring vigorously. 

III. REDUCTION BY MEANS OF AMALGAMS 

Very satisfactory volumetric methods for the determination of elements 

such as iron, titanium, molybdenum, uranium, and vanadium are those based 

on careful reductions with amalgams containing zinc,^*^ cadmium,^® bis¬ 

muth,^ ° or lead,^^ followed by titration with an appropriate oxidizing solu¬ 

tion, usually potassium permanganate. The reduction is carried out in an 

apparatus such as is shown in Fig. 14 as follows: 

i^T. Nakazono, /. Jap, Chem. Soc., 42, 526, 761 (1921); S. Kikuchi, ibid., 43, 173, 544 
(1922); S. Hakomori, ibid,, 734; I. Wada and T. Nakazono, Sci, Papers Inst. Phys. 
Chern, Research, 1, 139 (1923); N. Kano, /. Jap, Chem, Soc,, 43, 330, 550 (1922); 44, 37 
(1923); and Kin’ichi Someya, Science Repts, Tdhoku Imp, Univ,, [1] 14, 47, 571 (1925). 

^®N. Kano, op, cit,, 333. 
16 Kin’ichi Someya, op, cit,, 14, 60, 225, 244 (1925); 15, 399 (1926); 16, 515, 521 (1927); 

17, 131 (1928). 
11^ Kin’ichi Someya, ibid,, 14, 574 (1925). 
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Expel all air from CEc by filling with freshly 

boiled water, close c, and introduce 100 to 200 g of 

the amalgam into B, follow by an acid solution 

of the substance to be reduced. If the reduced 

compound is sensitive to oxygen, displace the air 

in B by passing a current of pure carbon dioxide 

through DbdaA, Close stopcocks h and and 

shake the contents of B until reduction is complete 

as judged by experience or bv the color of the 

reduced solution. Open c, and squeeze E so that 

all of the amalgam is drawn into C, being washed 

by the water which it displaces. Close stopcock 

c, and oxidize the reduced compound by introduc¬ 

ing the standard solution through a. If the solution 

does not run in easily, apply pressure in A, most 

simply by pressing on the top of the funnel with 

the palm of the hand.^'* 

According to the authors that have been cited, 

satisfactory reduction to the valencies indicated in 

Table 8 can be obtained by observing the proper 

conditions as to temperature, acidity, and super¬ 

natant atmosphere. Just as in reductions carried 

out in the Jones reductor, it is absolutely essential 

that all substances, other than the one to be de¬ 

termined, be excluded if they are reduced by the 

amalgam in question and their effect cannot be 

calculated. 

Fi(.. 14. Cell for reduc¬ 
tions with amalgam. 
The capacities of A, B, 
and C arc 10, 150-200 
and 15-20 ml, respec¬ 
tively. C is connected 
to B by means of the 
rubber tubing E which 
is held firmly in place 
by the pinchcock e. 

18 To prepare the zinc amalgam, heat about 3 g of pure granulated or stick zinc on 
a water bath with about 100 g of mercury and a little dilute sulfuric acid. Cool, thor¬ 
oughly wash the amalgam with water, and separate from any solid substance by pouring 
through a separatory funnel. The solid matter can be reserved and used to fortify 
the amalgam when it is nearly spent. Cadmium amalgam is prepared similarly, as is 
bismuth, except that a dilute hydrochloric acid solution is used. To prepare the lead 
amalgam, pure lead is washed with hydrochloric acid, heated with mercury in a cas¬ 
serole until a homogeneous liquid is obtained, and then poured through a separatory 
funnel. 

For the use of zinc amalgam to reduce titanium in a modified form of the appara¬ 
tus, see H. B. Hope, R. F. Moran, and A. O. Ploctz, Ind, Eng, Chein, Anal, Ed., 8, 48 
(1936). See also p. 607. Ci. F. Smith and L. T. Kurtz \ibid,, 14, 854 (1942)] suggest 
that the process can be simplified by performing the reduction in an Erlenmcyer flask, 
adding enough carbon tetrachloride to cover the amalgam after reduction is complete, 
and then titrating as the solution is stirred so gently that the protecting layer of tetra¬ 
chloride is undisturbed. 
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TABLE 8 

Reduction by Amalgams 

Element 

Fe 

Ti 

V 

u 
w 
Mo 

Cr 

Sn 

C\i 

* Depending on acidity. 

Amalgam 

Zinc Bismuth Lead 

2 2 2 
3 3 3 

2 4 2 

3 4 4 

3 3 3 

3 5 or 3 * 3 

2 
2 
1 

IV. OTHER REDUCTION METHODS 

For determinations of molybdenum, iron, vanadium, and antimony based 

on reduction by mercury in dilute hydrochloric acid solution followed by 

oxidimetric titration, consult N. H. Furman and W. M. Murray, Jr.*“ 

Wood’s metal has been recommended by G. F. Smith and C, S. Wilcox 

for the reduction of iron, and of iron in the presence of titanium and vana¬ 

dium. 

Reductions to the elemental state by the use of hydrosulfite in alkaline 

solution are described under antimony (p. 280). 

Methods for the separation, detection, and estimation of easily reduced 

elements such as arsenic, silver, gold, platinum, palladium, selenium, tel¬ 

lurium, and iodine by treatment with an excess of mercurous chloride in 

hydrochloric acid solutions are described by G. G. Pierson.^’’ 

V. PRECIPITATION BY CUPFERRON 

Cupferron, the ammonium salt of nitrosophenylhydroxylamine, CeHsN* 

NO-ONH4, is a valuable reagent for use in quantitative analysis because 

the precipitation is carried out in strong acid solution and provides com¬ 

plete separation of elements such as iron, vanadium, zirconium, titanium, 

tin, columbium, tantalum, and gaUium from others such as aluminum, beryl¬ 

lium, phosphorus, boron, manganese, nickel, and sexivalent uranium. The 

*»/. Am. Chem. Soc., 58, 428, 1689, and 1843 (1936). 
21/Bi. Eng. Chem. And. Ed., 9, 419 (1937). 
22/Wd., 6, 437 (1934); 11, 86 (1939). 
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use of cupferron was recomniended by O. Baudisch.^® The precipitates 
produced by cupferron are salts in which the ammonium radical of the 
reagent has been replaced by metals. Precipitations are performed in ice- 

cold solutions containing free mineral or organic acids. A cool 6 per cent 
water solution of the reagent is employed, and this is added slowly and 
with stirring until an excess is indicated by the formation of a temporary 

flash of a fine, white precipitate which redissolves, as contrasted with the 

flocculent and insoluble cupferron precipitate. Precipitation is usually 
immediate. Filtration is best carried on by gentle suction through cone 

and paper when the precipitate is to be ignited and weighed. If a separa¬ 
tion only is contemplated and the filtrate is to be used, it is best to add 

macerated paper before the precipitation and to filter on a Btichner funnel. 

The washing solutions must be cold and, in the determinations that are 
described here, are dilute solutions of hydrochloric or sulfuric acids con¬ 
taining a little cupferron. The precipitate cannot be weighed as such, but 

must be ignited to oxide. The ignition must be very carefully done in 

the early stages in order to avoid mechanical losses, for wet precipitates 

tend to liquefy and elTervesce, whereas dry precipitates give off consider¬ 

able volatile matter. This difficulty can be avoided if the precipitate is 

first heated by infrared radiation. 

The cupferron method is very satisfactory for the determination of iron, 

titanium, zirconium, vanadium, and, in special cases, tin, columbium, tan¬ 

talum, quadrivalent uranium, gallium, and presumably hafnium. Copper 

and thorium have also been determined by this method, but precipitations 

of these elements must be done in very weak acid solution and are not so 

^^Chem. Ztg,y 33, 1298 (1909). See also G. E. F. Lundell and H. B. Knowles, Ind, 
Eng. Chem.y 12, 344 (1920) and V. Auger, Compt. rend.y 170, 995 (1920). Baudisch 
later [O. Baudisch and S. Holmes, 2. anal. Chem.y 119, 241 (1940)] recommended the 
use of neocupferron 

N=0 

NH4 

as yielding a more insoluble compound with iron (and probably other elements as 
well, G.E.F.L.). For a discussion of the use of organic reagents in inorganic analysis 
and factors that should be considered in systematic searches for new reagents or their 
improvements, consult Fritz Feigl, Ind. Eng. Che?n. Anal. Ed.y 8, 401 (1936). See also 
Fritz Feigl, Chemistry of Specific, Selective, and Sensitive Reactions, Academic Press, 
New York (1949); F. J. Welcher, Organic Analytical Reagents, Vols. I-IV, D. Van 
Nostrand Co. (1947-48); and J. F. Flagg, Organic Reagents, Interscience Publishers, 

New York (1948). 
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satisfactory as ordinary procedures. Among the interfering elements should 
be mentioned thallium (trivalent), antimony (trivalent), palladium, colum- 
bium, tantalum, molybdenum, bismuth, cerium, thorium, tungsten, molyb¬ 
denum, and, in certain cases when present in excessive amounts, silica, 
phosphorus, alkaline earth, and alkali salts."^ Thorium and cerium are 
precipitated in part even though the precipitation is made in a solution 
containing as much as 40 per cent (by volume) of sulfuric acid. Uranium 
in the sexivalent state does not interfere. The list of interfering elements 
seems long, but it will be noted that several of them are of the hydrogen 
sulfide group which can be easily separated before precipitation with cup- 
ferron, some occur but seldom, and the remainder represent exceptional 
conditions. Among the interesting separations by this method may be 
mentioned: the separation of iron, titanium, zirconium, gallium, and vana¬ 
dium in pure aluminum, nickel, zinc, and the like; the separation of the 
precipitable elements from aluminum, chromium, manganese, and phos¬ 
phorus in various ores or rocks; the separation of quinquevalcnt vanadium 
from sexivalent uranium, the separation of quadrivalent uranium from sexi¬ 
valent uranium, and the separation of vanadium from phosphorus. As cup- 
ferron pi-ecipitations can be made in the presence of tartaric acid, iron can 
first be precipitated as sulfide by adding enough tartaric acid to give a clear 
solution with ammonium hydroxide, reducing the iron to the bivalent state 
with hydrogen sulfide in acid solution, making ammoniacal, filtering to 
separate the ferrous sulfide as described under Precipitation with Ammo¬ 
nium Sulfide (p. 89), and then acidifying the filtrate with sulfuric acid 
and boiling to expel hydrogen sulfide before treatment with cupferron. 
If the cupferron filtrate is to be used for the determination of aluminum 
and the like, both tartaric acid and cupferron can be destroyed by evapo¬ 
rating the sulfuric acid solution to 20 to 50 ml, adding 20 to 25 ml of nitric 
acid, slowly evaporating to fumes of sulfuric acid, and treating with more 
nitric acid if organic matter is still present. Cupferron can also be destroyed 
by boiling until the volume of the solution is approximately 50 ml, adding 
25 ml of nitric acid, boiling to reduce the volume to 50 ml, adding 10 ml 
of nitric acid and 15 ml of perchloric acid, and then heating to fumes of 
the latter. 

It was stated by A. Pinkus and J. Demies that cupferron does not 

interfere in the precipitation of quinquevalent arsenic by magnesia mixture, 

of nickel by dimethylglyoxime, of zinc as phosphate, of silver as chloride, 

24 According to A. Pinkus and F. Martin [Chimie & Industrie, 17, 182 (1927)], tri¬ 
valent and quinquevalent arsenic and quinquevalcnt antimony are not precipitated, 
whereas trivalent antimony is. Tungsten is partially precipitated, no matter how much 
sulfuric and tartaric acids are used. S. G. Clarke [Analyst, 52, 466, 527 (1927)] stated 
that tungsten is not precipitated by cupferron in the presence of HE and can so be 
separated from vanadium. 

soc. chtm, Belg., 37, 267 (1928). 
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or in the electrolytic deposition of cadmium from cyanide solution or of 
nickel from cold ammoniacal solution. 

A. PROCEDURE FOR THE DETERMINATION OF IRON, ZIRCONIUM, GALLIUM, 
TITANIUM, OR VANADIUM 

Prepare a sulfuric acid solution which is free from silicon, tungsten, and 
the members of the hydrogen sulfide group. Excessive amounts of phos¬ 
phorus, alkaline earths, and alkalies should also be avoided, lest the precipi¬ 
tate be somewhat contaminated. Rare earths arc partially precipitated and 
must be removed as fluorides or oxalates at the start or determined in the 
weighed residue at the end. Dilute the solution to 200 ml, and add enough 
sutfuric acid to total 20 to 25 ml, and then permanganate solution until the 
solution is permanently tinted a faint pink if tartaric acid is absent, or 
until it is certain that the elements are in their higher valencies if tartaric 

acid is present. Cool to 10° C and then add a cold 6 per cent solution of 

cupferron slowly and with stirring until no further precipitation takes 

place. Stir in a little macerated paper, let settle for 2 or 3 minutes, and 

filter by the aid of gentle suction through a cone and paper into a receiver 

containing a little clear cupferron reagent to indicate whether precipitation 

Jias been complete. Wash the precipitate with cold 10 per cent by volume 

sulfuric or hydrochloric acid containing 1.5 g of cupferron per liter. 
Drain the precipitate as completely as possible, transfer to a good-sized 

porcelain or platinum crucible, cautiously dry, and then heat until the 

paper begins to char. The precipitate tends to liquefy and to effervesce, 

and heating must therefore be done carefully. Gradually increase the heat 
until carbon is destroyed, and finally heat at the appropriate temperature 

for the oxide concerned. 

B. PROCEDURE FOR THE DETERMINATION OF URANIUM 

For the precipitation of uranium by cupferron, the clement must be 

reduced to the quadrivalent state, and the acidity of the solution must be 
somewhat lower than in the method just dcscribed.^^ If the filtrate from 

the preceding method is used, evaporate the clear solution to a volume of 

The solution should be made up as needed. Cupferron can be made according to 
the directions given by C. S. Mariel and O. Kamm [/. Am. Chem. Soc.y 41, 276 (1919)]. 
If it is purchased, it should be obtained direct from manufacturers that specialize in 
its preparation. The dry reagent should be kept in a cool dark place and preferably 
under a bag of ammonium carbonate suspended from the stopper of the bottle. 

According to F. G. Germuth [Chemist-Andy sty 17, 3 (1928)], the stability of solu¬ 
tions of cupferron can be increased by adding 0.05 g of acetphenatidin (C«H4-OCjHr,* 
NH’CiiHsO) per 100 ml, and solutions so treated undergo no change in 20 days, and 
very little change in 30 days, even though exposed to sunlight. 

J. A. Holladay and Thos. R. Cunningham, Trans. Am. Electrochem. Soc., 43, 329 

(1923). 
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about 50 ml, add 20 ml of nitric acid, and continue the evaporation until 
sulfuric acid is freely evolved. Repeat the treatment with nitric acid if 
organic matter is still present, and finally rinse the sides of the vessel with 
a little water and again evaporate to remove all nitric acid. Dilute the 
solution so that it contains approximately 6 ml of sulfuric acid per 100 ml 
of solution, cool, and pass through a Jones reductor (p. 108). Wash the 
reductor with 8 per cent sulfuric acid. Cool the solution to 5 to 10° C, 
and then add a cold 6 per cent solution of cupferron until a precipitate 
begins to form, finally in slight excess. Add macerated paper, let settle, 
filter, and wash in this case with a cold 4 per cent solution of sulfuric acid 
containing 1.5 g of cupferron to the liter. Ignite carefully as described 
before; finally, at 1000 to 1050° C, cool, and weigh as UsOs. The compo¬ 
sition of the weighed oxide is subject to the same uncertainty that is de¬ 
scribed under Uranium (p. 469). 

C. PROCEDURE FOR THE DETERMINATION OF TIN 

A. Kling and A. Lassieur and later N. H. Furman showed that tin 
can be quantitatively precipitated by cupferron in a fluoborate solution. 
This is of interest in that copper, lead, and trivalent arsenic and antimony 
can be separated from quadrivalent tin by precipitation with hydrogen sul¬ 
fide in hydrofluoric acid solution (p. 62), and the tin then precipitated in 
the filtrate by cupferron after adding boric acid, boiling to expel hydrogen 
sulfide, dissolving any separated sulfide by the addition of hydrogen perox¬ 
ide, and then boiling out the excess of the latter. In Furman’s tests the 
precipitation was made by adding an excess of a 10 per cent solution of 
cupferron to a solution containing 0.1 to 0.3 g tin, 5 ml of 48 per cent 
hydrofluoric acid, 4 g of boric acid, 2 to 5 ml of sulfuric acid, and 5 to 
10 ml of hydrochloric acid in a total volume of 200 to 500 ml. The 
precipitate was stirred until it became compact and brittle, filtered, washed 

with cold water, and carefully ignited to the oxide, Sn02. 

D. PROCEDURE FOR THE DETERMINATION OF GALLIUM 

Gallium can be quantitatively precipitated and separated from elements 

such as indium and aluminum by precipitation with cupferron in dilute 

sulfuric acid (7 + 93) (for details, see p. 493). 

E. PROCEDURE FOR THE DETERMINATION OF COLUMBIUM OR TANTALUM 

According to H. Pied,'^^ tantalum and colunibium are quantitatively pre¬ 

cipitated by cupferron in strong sulfuric acid solution containing either 

-^Compt. rend.^ 170, 1112 (1920). 
Ind. Chem., 15, 1071 (1923); see also A. Pinkus and J. Claessens, Bull, soc, 

chim. Belg,, 31, 413 (1927). 
'^oCompt, rend,, 179, 897 (1924). 
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oxalic or tartaric acid. This, then, permits separation of these elements 

from aluminum, chromium, and scxivalent uranium, and the reaction can 

conveniently follow the separation of the rare earths as oxalates, of tin by 

hydrogen sulfide in sulfuric-tartaric acid solution, or iron by ammonium 

sulfide in an ammoniacal tartrate solution (p. 89).®^ 

F. PROCEDURE FOR THE DETERMINATION OF OTHER ELEMENTS 

In neutral or feebly acid solutions, cupferron yields precipitates with 

elements other than those that have been mentioned. At pH 4.6 (blue 

color of bromphenol blue) aluminum (even in the presence of tartaric acid), 

beryllium, and rare earths such as yttrium, cerium, holmium, and erbium 

are completely precipitated; chromium^^^, thallium^”, indium, thorium, 

and uranium^^ are precipitated in part; and germanium, cadmium, thal- 

lium^ zinc, and nickel are not precipitated at all when by themselves. 

No doubt the number of elements that can be precipitated completely or 

in part is materially increased as the pH value approaches 7. So far as we 

know, cupferron yields no precipitates in ammoniacal solutions of elements, 

such as copper or vanadium, that yield clear solutions with ammonium 

hydroxide, or of elements such as iron or titanium that can be obtained in 

•clear ammoniacal solutions with the aid of tartrate. 

G. EXTRACTION OF CUPFERRATES 

The solubility of certain cupferrates in organic solvents, in particular 

chloroform and ethyl ether, provides a means of separating a number of 

the elements. According to N. H. Furman, W. B. Mason, and J. S. Pekola,^^ 

copper, iron^^^ tin’^'", titanium, uranium^^ and vanadium'^ are completely 

extracted from (1+9) hydrochloric acid, and molybdenum^'^ is practically 

completely removed. Copper is much less completely extracted from 

(1 + 9) sulfuric acid, but the other elements of the above listed group are 

removed completely, except molybdenum where microgram amounts re¬ 

main in the aqueous layer after three extractions. Extraction of cupferrates 

is an effective means for removing iron, titanium, molybdenum, and vana- 

tests made by H. B. Knowles slight losses of colurnbium and tantalum were 
indicated, although no trace of either could be found in the cupferron filtrates. For 
example, in solutions containing 5 per cent of tartaric acid and 5 per cent of H2SO4 

(by volume), 0.1930 g of Cb-jOs was found as against 0.1936 g taken, and 0.1961 g of 
Ta206 as against 0.1962. In solutions containing 5 per cent of tartaric acid and 10 per 
cent of H2SO4, 0.1942 g of 0)205 was found as against 0.1947 g taken, and 0.1946 g of 
Ta205 as against 0.1955. The precipitates were washed with cold dilute HQ (1 4.9), 
and the losses might be ascribed to impurities in the samples in spite of careful pretreat¬ 
ments, mechanical losses during the ignition of the cupferron precipitates, or slight 
volatilization of chlorides. 

^•^Anal Chem., 21, 1327 (1949). 
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dium before the estimation of other substances.®^ The extraction procedure 
is also useful in the collection of microgram to milligram quantities of iron, 
titanium, and vanadium, preliminary to their estimation by photometric 
methods. 

VI. PRECIPITATION BY 8-HYDROXYQUINOLINE 

The use of 8-hydroxy quinoline was first mentioned by Z. H. Skraup 
who employed some of its reactions for purposes of identification. Since 
that time its use for quantitative purposes has been described by R. Berg,®® 
F. L. Hahn and K. Vieweg,®' J. Robitschek,®® I. M. KolthofT and E. B. 
Sandell,®® G. E. F. Lundell and H. B. Knowles,^® and many others.^^ 

The reagent forms compounds in which the hydrogen of the hy¬ 
droxyl group is replaced to form compounds such as Mg(C9HcNO)2 or 
Al(C9H(jNO);i. Precipitations are carried out in feebly acid or alkaline 
solutions, depending on the purpose in view. Quantitative procedures 
have been worked out for copper, bismuth, cadmium, quinquevalent vana¬ 
dium, aluminum, and zinc which are precipitated in acetic acid-acetate solu¬ 
tion and for magnesium which is precipitated in ammoniacal solution.^^ 

For example, in the determination of uranium in ores by titration w ith dichromate, 
iron, titanium, and the like are removed by a chlorohirm extraction of the cupferrates 
from a sulfuric acid solution (1 +9). Sec C. J. Rodden, Analytical Chemistry of the 
Manhattan Project, p. 139, McGraw-Hill Book Co. (1950). 

HO N 

The compound represented by the structural formula and called 

0-oxychinolin, 8-oxychinolin, or oxin by some w riters. 
^^Monatseb. chem,, 2, 139, 518 (1881); 3, 381, 531 (1882). 
sa/. prakt. Chem., 115, 178 (1927); Z. anal. Chem., 70, 341; 71, 23, 171, 321, 369 (1927); 

72, 177 (1927); 76, 191 (1929). 
^Ubid., 71, 122 (1927). 
38 /. Am. Ceram. Soc., 11, 587 (1928). 
39/. A7n. Chem. Soc., 50, 1900 (1928). 
^^Bur. Standards J. Research, 3, 91 (1929). 
41 For a comprehensive discussion of the use of 8-hydroxyquinoline in chemical 

analysis, see Richard Berg, Die analytische Verwendung von O-Oxychinolin C'Oxin'*) 
und seiner Derivate, Ferdinand Enkc, Stuttgart, Germany (1938). A systematic study 
of the relative value of certain azo derivatives of 8-hydroxyquinolinc as analytical re¬ 
agents is presented by T. Boyd, E. F. Degering, and R. N. Shreve, Ind. Eng. Chem. 
Anal. Ed., 10, 606 (1938). 

42 For separations of moderate amounts of zinc from magnesium and of iron from 
aluminum, H. V. Moyer and W. J. Remington [Ind. Eng. Chem. Anal. Ed., 10, 212 
(1938)] state that pH values must be kept between 4.6 and 5.5, and 3.5 and 4.0, respec¬ 
tively. For a method in which cobalt, nickel, molybdenum, copper, and zinc in plant 
materials and soil extracts arc determined spectrographically after they have been con¬ 
centrated by precipitating with 8-hydroxyquinoline at a pH of about 5.1, digesting, 
filtering, igniting, and then mixing with quartz, consult R. O. Scott and R. L. Mitchell, 
/. Soc. Chem. Ind., 62, 4 (1943). 
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A number of other elements are also precipitated more or less completely, 
as for example molybdenum, silver, mercury^^, lead, antimony ‘vana- 
dium''^ uranium, iron^^ titanium, zirconium, tantalum, columbium, 
manganese, nickel, and cobalt in acetic acid solution, and all of these ex¬ 
cept silver, and, in addition, beryllium, calcium, strontium, barium, mag¬ 
nesium, and tin^^ in ammoniacal solution. Precipitation in solutions 
containing sodium hydroxide follow in the main those made in ammoniacal 
solutions, although exceptions arc noted, as with tin, aluminum, beryllium, 
and the alkaline earths. No precipitations take place in the presence of 
mineral acid. 

In quantitative applications, the precipitate can be dried and weighed as 
such, dissolved in hydrochloric acid, and titrated with a standard solution 
containing potassium bromate and bromide or, less satisfactorily, either 
converted to the oxide of the metal by igniting under a layer of oxalic acid 
or decomposed by attack with nitric and sulfuric acids before determina¬ 
tions by usual procedures. 

At first glance it might appear that so many elements are precipitated 
by the reagent that its use would be restricted to tests of pure salts. There 
arc, however, some very interesting applications, of which might be men¬ 
tioned: (1) the separation of magnesium from the alkalies, (2) the separa¬ 
tion of a number of other elements from the alkalies, (3) the separation of 
aluminum from certain elements, and (4) the separation of certain elements 
from aluminum. 

In regard to the first, magnesium can be quantitatively separated from 
the alkalies by precipitating in ammoniacal solution, even in the presence 
of ammonium oxalate. The reaction provides, therefore, a means of sepa¬ 
rating these elements by the use of a volatile reagent and of determining 
the alkalies in the filtrate from the magnesium if no alkali salts were added 
during the analysis. Concerning the .second application, the number of 
elements that are precipitated is so large that it not infrequently happens 
that calcium is the only clement that accompanies the alkalies in the filtrate 
after a precipitation in ammoniacal solution. The third application follows 
because aluminum can be precipitated in solutions containing acetic acid 
and ammonium acetate, ammonium hydroxide, ammonium hydroxide and 
hydrogen peroxide, or ammonium carbonate. In the first it can be sepa¬ 
rated from elements such as magnesium and beryllium; in the second from 

phosphates, arsenates, boron, or fluorine; in the third from molybdenum, 

vanadium, titanium, columbium, and tantalum; and in the last from uranium. 
The separation of certain elements from aluminum follows because alumi¬ 

num is not precipitated by 8-hydroxyquinoline in a solution containing 

sodium tartrate and moderate amounts of sodium hydroxide, while elements 
such as copper, cadmium, zinc, and magnesium are.'*’^ 

«R. Berg, 2. anal Chem., 71, 370 (1927). 
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The following descriptions illustrate the procedures that are used for 
precipitating in acid or alkaline solution and for handling the precipitates. 

A. PRECIPITATION OF ALUMINUM IN ACETIC ACID SOLUTION 

Prepare a solution containing no more than 0.1 g of aluminum oxide and 
1 or 2 drops of mineral acid per 100 ml. Warm the solution to 50 to 60° C, 
and add an excess (from 10 per cent in the usual case to 50 per cent when 
appreciable amounts of elements such as beryllium are present) of an acetic 
acid solution of the reagent.^^ Slowly add a 2 N solution of ammonium 
acetate until a permanent precipitate is produced, and then add 20 to 25 
ml more in order to insure complete precipitation. Let settle; filter through 
asbestos, glass frit, or porous porcelain; and wash the precipitate with cold 
water. Dry at 120 to 140° C, and weigh as A1(C9H60N)3 which contains 
11.10 per cent of AI2O3. The precipitate tends to occlude some of the 
quinolate, thus causing slightly high results whether the precipitate is dried 
and weighed or dissolved and titrated. 

B. PRECIPITATION OF MAGNESIUM IN AMMONIACAL SOLUTION 

Prepare a feebly acid solution of magnesium containing no more than 
0.1 g of magnesium oxide per 100 ml and enough ammonium salts to pre¬ 
vent precipitation of the hydroxide. Pleat to 60 to 70° C, add an excess 
(approximately 10 per cent in the usual case) of the reagent, stir, and slowly 
add dilute ammonium hydroxide until the solution is distinctly alkaline. 
If an excess of the reagent is present, the color of the liquid will be yellow. 
Let settle, filter, and wash the precipitate with hot dilute ammonium hy¬ 
droxide (1 +40). Dry at 130 to 140° C, and weigh as Mg(C9HflON)2 

which contains 12.91 per cent of MgO.^® 

Prepared by treating 5 g of finely powdered 8-hydroxyquinoline with 12 ml of 
glacial acetic acid, stirring, adding 75 nil of water, warming at 60° C until solution is 
complete, filtering into an amber bottle, and diluting the filtrate to 100 ml. A solution 
so prepared can be kept for several weeks without change, and one milliliter suffices 
to precipitate 0.0031 g of aluminum or 0.0058 g of aluminum oxide. Alcoholic solu¬ 
tions of the reagent are undesirable because certain quinolates, especially aluminum 
quinolate, are appreciably soluble in alcoholic solutions. 

^5C. C. Miller and I. C. McLennan [/. Chem, Soc., 656 (1940)] maintain that purer 
precipitates are obtained if the oxime is added to a hot ainmoniacal solution of the 
magnesium salt and that ammonium oxalate tends to retard precipitation. Excessive 
amounts of oxalate should therefore be avoided in any case and destroyed by evapora¬ 
tion with concentrated nitric acid if the amount of magnesium is small. The following 
procedure is recommended: To 100 ml of solution containing the equivalent of 10 to 
50 mg of magnesium oxide and 2 g of ammonium chloride, add 0.5 ml of o-cresol- 
phthalein (0.02% in alcohol), then enough 6 N ammonium hydroxide to yield the violet 
color (pH 9.5), and finally 2 ml in excess. Heat to 60 to 80° C and, according to 
whether the amount of magnesium is large or small, add a 5 per cent or 1 per cent 
solution of oxime in acetic acid (2 N and 0.4 N, respectively) slowly and with con¬ 
stant stirring until a Sfmll excess is present as shown by a deep yellow color of the 
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C TITRATION OF THE QUINOLATES 

In titrations with potassium bromate 4 atoms of bromine are required 
for each quinolate residue; consequently, 24 atoms of bromine represent 1 

molecule of AI2O3, and 8 atoms of bromine represent 1 molecule of MgO. 
The titration is carried out as follows: 

Wash the precipitate until free from the excess of reagent, and then dis¬ 
solve it in 200 to 300 ml of 2 to 3 iV hydrochloric acid. Cool to approxi¬ 
mately 20° C, and titrate with a standard solution of potassium bromate- 

potassium bromide until in moderate excess (1 to 2 ml).*® Stir gently, and 

and let stand for 30 to 60 seconds to make sure that bromination is com¬ 

plete. Add 15 ml of a 20 per cent solution of potassium iodide, and stir to 

mix tlie solutions. Titrate with a standard solution of sodium thiosulfate 

until most of the iodine is gone, add starch, and finish the titration as usual. 

To ascertain the volume of the bromate solution required by the quinolate, 

subtract the volume of bromate solution that is equivalent to the volume 

of the thiosulfate solution used.*^ 

supeniatant liquid. Digest for 10 minutes on the steam bath, filter the hot solution 

through a glass filtering crucible, using the filtrate to complete the transfer of the pre¬ 

cipitate, and wash with 50 ml of hot water. The solubility of the precipitate per 100 ml 

6f hot washing solution is of the order of 0.09 mg with water and 0.07 mg with N am¬ 

monium hydroxide. 

40 When bromination is complete, bromine is set free. Various methods of deter¬ 

mining this can be used; for example by adding a drop of the solution to a drop of 

potassium iodide solution and a drop of starch solution on a spot plate. If the mixture 

turns blue, the titrated solution is stirred for 1 minute, to make sure that complete 

reaction has taken place, and again tested. If the blue color does not again appear, 

more bromate must be added, and the test repeated. Another method is to add 2 or 3 

drops of an alcoholic 0.2 per cent solution of methyl red to the solution and to titrate 

until the red color is destroyed, or to test with a drop of methyl red from time to 

time as the titration proceeds. The indicator consumes bromine, which must be taken 

into account if more than 3 drops are used. 

The potassium bromatc-potassium bromide solution may be 0.05, 0.1, or 0.2 2V, 

depending on the amounts of the element in question, and should contain a little more 

potassium bromide than is required by the ratio KBr03:5 KBr. Theoretically, stoichio¬ 

metric titers can be used if the bromate is pure. Practically, it is better to standardize 

as described under Aluminum (p. 510) and Magnesium (p. 643). The relation between 

approximately 0.1 N bromate-bromide and thiosulfate solutions can be obtained as 

follows: Add 25 ml of the former to 300 ml of cold diluted hydrochloric acid (1 -f-9), 

and then add 10 ml of a 10 per cent solution of potassium iodide. Stir gently, immedi¬ 

ately titrate with the thiosulfate solution until the solution is nearly colorless, add a 

few drops of starch solution, and continue the titration until the blue color disappears. 

If many titrations are to be made, the solutions had better be adjusted so that they are 

equivalent. Bromate solutions, which are more stable than bromate-bromide solutions, 

can be used if bromide is added before titration is started. For a method of direct 

potentiomctric titration at 50® C with a standard bromate solution in a hydrochloric 

acid solution of the quinolate containing added bromide, consult G. F. Smith and 

R. L. May, /. Am, Ceram, Soc., 22, 31 (1939), 
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VII. PRECIPITATION BY TANNIN 

Tannin (gallotannic acid) finds useful applications in certain precipita¬ 
tion procedures.'*® In its reactions it does not function in a stoichiometric 
way but through its ability to team up with other reagents: in some cases 
to yield a precipitate of more desirable physical characteristics, in others to 
promote precipitation through a coagulating effect on colloidal compounds, 
and in still others to function in some unknown way to induce precipitations 
that would not take place without its aid. These precipitation procedures 
arc applied in combination with such diverse reagents as ammonium hy¬ 
droxide, mineral acids, and organic compounds such as acetic, tartaric, 
salicylic, and oxalic acids or their salts. 

Precipitations usually require more or less careful adjustment of the 
hydrogen ion concentration and arc always made in hot solution contain¬ 
ing an electrolyte. The precipitates arc of a voluminous flocculent type 
and show the greatest bulk when the rate of precipitation is slow. They 
present no difBculties in filtration, especially if paper pulp is added and 
moderate suction is applied. Upon ignition, the residues arc powdery rather 
than lumpy. If the filtrate is to be used, any tannic acid remaining in it can 
be destroyed easily by heating with fuming nitric acid. 

In precipitations made in ammoniacal solutions, tannin may function in 
facilitating precipitation through the formation of tannin complexes instead 
of the hydroxides that arc thrown out by ammonium hydroxide, or in the 
formation of precipitates in solutions containing organic complexes that 
yield no precipitates with ammonium hydroxide alone. The first include 
precipitations of aluminum,^'*^ beryllium,"’** and rare earths.®^ The second 
include precipitations of elements such as tantalum, columbium, titanium, 
zirconium, uranium, aluminum, the rare earths, beryllium, and manganese."’^ 

In tartrate solutions, conditions can be established so that tantalum, co¬ 
lumbium, titanium, zirconium, thorium, uranium, chromium, aluminum, 
beryllium, vanadium, and, no doubt, other elements can be precipitated by 
tannin. This is of importance, for tartaric acid need not be destroyed 
after preliminary operations in which it has been employed, as in the final 
filtrate obtained after the removal of members of the hydrogen sulfide and 
ammonium sulfide groups by adding tartaric acid to an acid solution of the 

elements, treating with hydrogen sulfide, filtering, rendering the filtrate 
ammoniacal, again treating with hydrogen sulfide, and filtering. The pre¬ 

cipitation with tannin can then be made after acidifying the filtrate, boiling 

48 For detailed discussions of applications of tannin in grav imetric analysis, see 

W. R. Schoeller, The Analytical Chennstry of Tantalum and Niobium^ Chapman & Hall, 

London (1937). 
'*8R. E. Divine, /. Soc, Chem, Ind,, 24, 11 (1905). 

80 L. Moser and J. Singer, Monatsh., 48, 673 (1927). 

81W. R. Schoeller, loc, cit. 
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to expel the hydrogen sulfide, and neutralizing the solution. The following 
procedure illustrates the precipitation of aluminum (also gallium) following 
its separation from iron. 

PROCEDURE. Prepare a 0.2 to 0.5 N acid solution of iron and aluminum, 
and add 2 to 3 g of tartaric acid and 10 g of ammonium chloride. Pass 
in hydrogen sulfide until reduction of the iron is complete. If a precipitate 
other than sulfur appears, filter, and wash with acidified hydrogen sulfide 
water. Stir, add dilute ammonium hydroxide (1 + 1) until in slight ex¬ 
cess, again treat with hydrogen sulfide, and let stand for several hours, 
preferably overnight. Filter, and wash the precipitate with a solution con¬ 
taining ammonium salt, tartrate, and sulfide as rapidly as possible. Repre¬ 
cipitation may be necessary to effect complete separations. Reserve the 
precipitate if iron is to be determined. 

The filtrate should be pale yellow and not greenish in color. Acidify 
with hydrochloric acid, and boil to expel hydrogen sulfide. Add dilute 
ammonium hydroxide (1 + 1) to the hot solution until slightly alkaline, 
then a 10 per cent solution of tannin to bring the tannin-alumina ratio to 
about 40 to 1, and finally 5 g of ammonium acetate. Add dilute ammonium 
hydroxide (1 + 1) dropwise until a drop or two of the supernatant liquid, 
when placed on a spot plate, reacts with a drop of a 0.04 per cent solution 
of brom cresol purple to yield a strong purple tint. Add 2 drops of the 
diluted ammonium hydroxide, boil for 5 minutes, and digest at 80 to 100° C 
for 30 minutes. If aluminum alone is present, the color of the precipitate 
is white, slightly discolored by the reagent. Other elements impart char¬ 
acteristic colors, titanium giving an orange yellow, zirconium a white, iron 
a black, and vanadium a deep blue color. 

Decant through a Whatman no. 41 or equivalent filter paper, containing 
a small pad of ashless paper pulp loosely packed in the apex. Add a slurry 
of paper pulp to the precipitate left in the beaker, transfer to the filter, and 
let drain. In ordinary work, sluice the precipitate and pulp back into the 
beaker by means of a jet of a hot 2 per cent solution of ammonium chloride 
(containing 1.0 g of tannin per liter and brought to the brom cresol purple 
end point) until about 100 ml has been used. Stir, and again collect on the 
filter, this time scrubbing the beaker and washing thoroughly. For more 
efficient separation of aluminum from elements such as calcium and mag¬ 
nesium, instead of washing the sluiced precipitate, dissolve it in diluted 
hydrochloric acid, reprccipitate as at first, and then quantitatively transfer 
it to the filter. Let drain, and transfer to a tared crucible, preferably of silica 
if the alumina is afterwards to be fused with pyrosulfate. Heat cautiously 
until the paper is charred, and then complete the ignition to AI2O3 as usual. 

If the tannin precipitate is quite bulky, the filtration may be done under 
gentle suction through a no. 40 Whatman filter, supported on a platinum 
or hardened paper cone. In this event, the first filtration should be stopped 
before the precipitate has run dry, so that the removal and the breaking up 
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of the precipitate preliminary to the final washing may proceed efficiently. 
For the precipitation of titanium, zirconium, vanadium, and probably 

elements such as tantalum, columbium, thorium, uranium, iron, and chro¬ 
mium, in tartrate solutions, it is best to keep the pH of the solution between 
6 and 7. 

Among the procedures that are based on precipitations with tannin in 
acetate solution might be mentioned (1) separations of beryllium from 
aluminum,®^ from iron, chromium, thorium, vanadium, titanium and zir¬ 
conium,'^^ and from tin; and (2) determinations of uranium,®® gallium,®® 
and copper.®^ 

Other examples of the use of tannin are given in the oxalate method for 
the separation of tantalum from columbium (p. 603), the oxalate-salicylate 
method for the separation of titanium from the earth acids (p. 599), and 
the tannin-cinchonine method for the precipitation of tungsten (p. 685). 

VIII. PRECIPITATION BY PHENYLHYDRAZINE 

Certain basic organic compounds (phenylhydrazine, aniline, pyridine, 
etc.) have been used as reagents for separating aluminum and other readily 
hydrolyzable metals from those not readily hydrolyzable.®® Of these, 
phenylhydrazine is at present somewhat extensively used in commercial 
practice for the separation of aluminum from divalent iron in a state fit for 
immediate ignition and weighing as oxide, and is very useful in other lines 
of work, especially when it is a matter of proving the presence of very small 
amounts of aluminum. 

Phenylhydrazine also quantitatively precipitates best from solutions of 
the sulfates, titanium, zirconium, thorium, and chromium. Phosphorus and 
vanadium are precipitated if not in excess of what the precipitating metals 

can carry down. Beryllium is incompletely precipitated. Ceric and ferric 
salts are partially reduced and incompletely precipitated. Zinc, cadmium, 

®2L. Moser and M. Niessner, Monatsh., 48, 113 (1927); A. D. Mitchell and A. M. 
Ward, Modem Methods in Quantitative Chemical Analysis^ Longmans, London (1932). 
According to M. L. Nichols and J. M. Schempf [Ind, Eng, Chem, Anal, Ed,, 11, 278 
(1939)], aluminum can be separated from beryllium by precipitating with tannin, pro¬ 
vided the pH of the solution is carefully adjusted to 4.6 and the precipitate is washed 
with a solution adjusted to the same pH and containing 5 per cent of ammonium ace¬ 
tate and a little tannin. Beryllium can be precipitated in the filtrate by adding tannin 
in excess and then ammonium hydroxide until the pH approximates 7.5. 

®®L. Moser and J. Singer, Monatsh., 48, 673 (1927). 
®^L. Moser and F. List, ibid., 51, 1133 (1929). 

P. N. Das-Gupta, /. Indian Ghent. Soc,, 6, 763 (1929); L. Moser, K. Neumayer, and 
K. Winter, Monatsh., 55, 85 (1930). 

*®L. Moser and A. Brukl, ibid., 50, 567 (1928). 
B. Darbinian and A. G. Kankanian, Z. anal. Chem., 99, 29 (1934). 

•• See under Rare Earths, footnote 33, p. 560. 



PRECIPITATION BY PHENYLHYDRAZINE 129 

mercury, cobalt, and nickel, when sufficiently concentrated, form diffi¬ 
cultly soluble addition products with phenylhydrazine. The alkaline earth 
metals (in chloride or nitrate solution) magnesium, manganese, and ferrous 
iron are not precipitated. 

The following procedure is essentially Allen’s modification of Hess 
and Campbell’s method.®® 

Prepare a solution which is free from silica, members of the hydrogen 
sulfide group, and excessive amounts of zinc, cobalt, or nickel, and pref¬ 
erably containing the elements as sulfates in sulfuric acid solution except 
when the alkaline earths are present. Add methyl orange, make slightly 
alkaline with ammonium hydroxide, and then only acid enough to hold the 
elements in solution, and dilute to 100 to 200 ml according to the quantity 
of alumina to be precipitated. Heat, and reduce the iron by adding a 

saturated solution of ammonium bisulfite (5 to 20 drops, according to the 

amount of iron). If the solution turns deep red from ferric sulfite, it is not 

acid enough, and a few drops of hydrochloric acid should be added, for the 

sulfite itself docs not reduce ferric salts with rapidity. Now quickly bring 

to neutrality with ammonium hydroxide, and then add 6 to 7 drops of dilute 

hydrochloric acid (1 -)- 1) in excess. If this last operation is done too 

.slowly, the oxygen of ^the air liclps to form a little ferric hydroxide which 

does not always readily dissolve in the dilute acid. Finally add from 1 to 3 

ml of phenylhydrazine,®^ according to the amount of aluminum to be pre¬ 

cipitated. Add a little ashless paper pulp, stir until the precipitate becomes 

flaky, and allow to settle. If too little reagent has been added, a few drops 

added to the clear solution or later to the filtrate will disclose the mistake. 

The supernatant liquid will now be alkaline to methyl orange but plainly 

acid to litmus. One need not be disturbed if the precipitate has a brownish 

color, for it is not due to ferric hydroxide but to the coloring matter con¬ 

tained by all phenylhydrazine which has not been freshly distilled. When 

the determinations are allowed to stand too long, the air increases this oxi¬ 

dation product, and a brown insoluble scum forms on the surface of the 

liquid and on the sides of the vessel, which is rather troublesome. Fortu¬ 

nately equilibrium is established in a short time. Filter, and wash with a 

solution of phenylhydrazine sulfite.®^ 

®®E. T. Allen, /. Am. Cbem. Soc., 25, 421 (1903). 
®®W. H. Hess and E. D. Campbell, ibid., 21, 776 (1899). 
®iThe reagent should be free from inorganic impurities which could disturb the 

results. Allen found one sample, which gave high results, to contain tin. 
Prepared by adding a cold saturated solution of sulfurous acid to a few milliliters 

of phenylhydrazine until the crystalline sulfite first formed dissolves in the excess, and 
then adding phenylhydrazine drop by drop, with vigorous agitation until the odor of 
sulfur dioxide is no longer perceptible; 5 to 10 ml of this solution is used in 100 ml of 
hot water. 
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In accurate analyses, and always if much iron was present, dissolve the 
precipitate in hot dilute sulfuric or hydrochloric acid, and repeat the pre¬ 
cipitation. Finally ignite, and weigh as AI2O3 together with the oxides 
of the other elements mentioned above, if these were present. 

IX. PRECIPITATION BY TETRAPHENYLARSONIUM CHLORIDE 

Tetraphenylarsonium chloride, (CgH.-,)4AsC1, can serve as an analytical 
reagent in gravimetric or volumetric determinations of mercury, tin, gold, 
platinum, cadmium, zinc, perchlorate, periodate, permanganate, and perrhe- 
natc.'"^ In solutions containing sodium chloride (1.0 to 2.5 M) and dilute 
acid (0.2 to 1.0 A/, except nitric), it reacts with the four last mentioned 
to form insoluble salts which can be weighed. The others arc not weighed, 
but precipitated by adding the reagent in excess, which is then determined 
potentiomctrically with iodine. 

The methods are of limited application, for a number of ions interfere. 

In addition to the ions that have been mentioned, gravimetric determina¬ 

tions are subject to interference by iron, bismuth, antimony^”, arsenic^^^ 

fluoride, bromide, iodide, oxalate, acetate, citrate, thiocyanate, phosphate, 

molybdate, chromate, tungstate, and large amounts of niti-ate ions. Volu¬ 

metric determinations are subject to interference by all ions that can oxidize 

iodide or reduce iodine as well. 

X. PRECIPITATION BY p-HYDROXYPHENYLARSONIC ACID 

p-Hydroxyphenylarsonic acid, HO*Cf,H4*AsO(OH)2, has been recom¬ 

mended for use in determinations of titanium and zirconium or zirconium 

in the presence of titanium.'"^ Titanium is precipitated in approximately 

0.6 N hydrochloric or 1.80 N sulfuric acid solution. For zirconium, as 

high as 3.0 N acid can be used, and hydrogen peroxide is added if it is to be 

separated from titanium. In either case, 1 to 2 g of ammonium thiocya¬ 

nate per 100 ml of solution is added if iron is present. The precipitate is 

washed with a solution patterned after the mother solution, transferred to a 

porcelain crucible, and ignited to the oxide in a good hood. 

Noninterfering ions in precipitations of titanium are ferric, ferrous, alumi¬ 

num, zinc, cobalt, nickel, beryllium, cliromic, manganous, calcium, mag¬ 

nesium, thallium, cerous, thorium, sodium, potassium, ammonium, as well 

as phosphate, molybdate, chromate, vanadate, permanganate, uranyl, and 

vanadyl. Interfering ions are zirconium, cerium(ic), and tin. Hydrogen 

H. Larnphrey, thesis, Univ. Michigan; H. H. Willard and G. M. Smith, Ind. Eng, 
Chem. Anal, Ed., 11, 186, 269 (1939). 

C. T. Simpson and G. C. Chandlee, ibid,y 10, 642 (1938). 
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peroxide also must be absent. In precipitations of zirconium, cerium(ic), 

tin, and large amounts of phosphate interfere as docs titanium unless hy¬ 

drogen peroxide is present. 

XI. DETERMINATIONS WITH DIPHENYLTHIOCARBAZONE (DITHIZONE) 

Dithizone yields brilliantly colored compounds with nearly a score of 

elements and is of considerable importance for the isolation or determina¬ 

tion of small amounts of certain heavy metals, for example lead, zinc, or 

cadmium. Reactions are performed by adding a solution of the reagent 

in an immiscible solvent, such as chloroform or carbon tetrachloride, to an 

aqueous solution of the heavy metal of adjusted pH. The colored complex 

salts that arc formed are usually soluble in the immiscible solvent and in¬ 

soluble in the aqueous solution. The reaction may be made more specific 

by carefully adjusting the pH of the aqueous solution; by adding com¬ 

pounds such as citrates, tartrates, cyanides, or thiocyanate which form 

stable complex compounds with the interfering elements, or in few cases, 

as with tin, by selecting the most favorable valency. 

I3eterminations of the amounts of the heavy metal in the organic solvent 

Containing the dithizonate and the excess of dithizone can be made spectro- 

photometrically, or visually by comparing the hue of the solution with a 

series of standards, all containing the same amount of dithizone as is present 

in the solution of the unknown.^’^ 

XII. CONVERSION OF ALKALI SALTS 

The conversion of alkali chlorides, nitrates and the like to sulfates by 

evaporation with sulfuric acid is simple enough and needs no explanation. 

The same can be said of the conversion of chlorides into nitrates by evapora¬ 

tion, repeated if necessary, with nitric acid. Complete conversion of nitrates 

into chlorides is more difficult and is not assured by repeated evaporation 

with hydrochloric acid; in such cases it is better to convert the nitrate 

into carbonate as described below, and then to change to chloride. Some 

interesting conversion treatments described by J. Lawrence Smith are as 
follows: 

®5For a detailed discussion and literature references, consult E. B. Sandell, Colori¬ 
metric Determmation of Traces of Metals, Interscience Publishers, New York (1944). 

Among the reagents that find good though less common use than those described 
should be mentioned, benzoinoxime (Atolybdenuni, p. 310), a-nitros()-/3-naphthol (Co¬ 
balt, p. 421), nitron (Nitrogen, p. 788 and Rhenium, p. 320), phenylarsonic acid (Zir¬ 
conium, p. 567, Thorium, p. 541 and Tin, p. 287), N-propylarsonic acid (Zirconium, 
p. 567, benzidine hydrochloride (Sulfur, p. 722), and tannin (p. 126). 
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A. CONVERSION OF SULFATE INTO CHLORIDE 

The familiar method for this conversion is that calling for precipitation 
of the sulfate with the exact quantity of barium chloride or with an excess 
which is afterward removed by precipitation with ammonium carbonate. 
Both procedures are troublesome, and the following is offered as an alterna¬ 
tive method.^*^ 

Treat the aqueous solution of the sulfate with an excess of lead acetate, 
warm slightly, filter, and wash moderately with a warm dilute solution of 
lead acetate. Treat the clear warm solution with hydrogen sulfite, digest 
awhile until the lead sulfide has settled, filter, and wash the sulfide with a 
dilute solution of acetic acid containing hydrogen sulfide. Evaporate the 
clear filtrate nearly to dryness, add an excess of hydrochloric acid, con¬ 
tinue the evaporation, and finally heat to about 250° C. Lead chloride can 
of course be used instead of the more common acetate, and in this case 
addition of hydrochloric acid is unnecessary. In the absence of elements 
that are reducible by hydrogen sulfide, there is no danger of forming sul¬ 
furic acid in thus removing the lead, if the solution is not allowed to stand 
long before filtering. 

B. CONVERSION OF CHLORIDES AND NITRATES INTO CARBONATES BY 

MEANS OF OXALIC ACID 

The conversion of chlorides and nitrates into carbonates is based on the 
substitution of the more stable oxalic acid for the volatile hydrochloric or 
nitric acids as follows: Treat the alkali chloride or nitrate in a flask with 
an excess of oxalic acid, and heat on a water bath. The action at first is 
moderate; near 100° C the action is vigorous and should be slowed, if neces¬ 
sary, by cooling. Evaporate to dryness, add a little water, and repeat the 
operation as necessary, maintaining an excess of oxalic acid. There will re¬ 
main finally a mixture of oxalic acid and oxalate, and the alkali can be con¬ 
verted to carbonate by gentle ignition. 

C. CONVERSION OF SULFATES INTO CARBONATES 

The conversion of sulfates into carbonates is based on double decomposi¬ 
tion with barium carbonate as follows: Place the sulfate in a flask and 
dissolve in water, using 20 to 30 ml per gram of sulfate, and saturating with 
carbon dioxide either before or after addition to the sulfate. Add a freshly 
precipitated and creamy preparation of barium carbonate in the proportion 
of about one and a half of the carbonate to one part of the sulfate. Stopper 

/. Set., 15, 234-43; 16, 53-61 (1853); Erdm. /. Prak. Chem., 59, 159-60; 60, 244- 
47 (1853). 

Am. /. Sci., 16, 373-75 (1853). 
Am. Chemisty III, 241 (1873). 

^^Chem. NewSy 27, 316 (1873). 
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the flask, and sliakc frequently during the course of a few hours. Pour the 
solution into a beaker, heat to the boiling point, filter, and wash. 

D. CONVERSION OF THE SULFATES INTO TARTRATES, OXALATES, ETC. 

Although the tartrates and oxalates of barium are but slightly soluble in 
water, conversion can be accomplished as follows: Place the solution of 
alkali sulfates in a casserole, and add barium carbonate rubbed up in water 
into a thick cream, in the proportion of about five of the sulfate to seven of 

the carbonate. Heat the mass, and add little by little the requisite quantity 
of oxalic or tartaric acid. The solution of the barium carbonate and the pre¬ 
cipitation of the sulfate take place rapidly, and the decomposition is soon 
completed. Filter, and vv ash with hot water. If magnesium is present with 
the sulfates, this is separated from the alkalies. The carbonates of the alkalies 
can next be formed, if desired, from the oxalate or tartrates by evaporating 
the solution to dryness and igniting the residue. 

E. CONVERSION OF CHLORIDES INTO OXIDES 

Chlorides of many of the metals can be quickly and easily converted to 
oxides by mixing with a suspension of mercuric oxide in water prepared as 
directed on p, 83, evaporating to dryness, and then carefully igniting under 
a good hood until the mercuric chloride and the excess of the oxide have 
been expelled.’^ 

XIII. THE REMOVAL OF AMMONIUM SALTS 

A. AMMONIUM CHLORIDE 

Occasionally enough ammonium chloride accumulates in solution to offer 
difficulties in analysis, and its removal is demanded, as for example when 
traces of calcium or magnesium are sought at the end of an analysis. The 
procedure usually followed in sugh cases consists in evaporating the solu¬ 
tion to dryness and then carefully volatilizing the ammonium chloride. This 
requires time and considerable care to avoid mechanical loss and, in some 
cases, loss by volatilization of the constituent that is sought. The method 
of J. Lawrence Smith is much more satisfactory and convenient and is 
as follows: Render the solution slightly acid with hydrochloric acid, con¬ 
centrate it in a suitable beaker or large porcelain dish, and then add approxi¬ 
mately 3 g of nitric acid for every gram of ammonium chloride; an excess 
does no harm. Cover the beaker, warm gently until vigorous evolution of 
gas ceases, and then evaporate to dryness. By this operation, which re- 

70 J. Volhard, Ann.^ 198, 331 (1879); E. F. Smith and P. Heyl, 2. anorg, Chem,, 7, 82 
(1894). 

71 /. ScLy 15, 94 (1853); Am. Chemisty III, 201 (1873); A. C. Langmuir, /, Am, 

Chem, Soc,y 22, 104 (1900). 
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quires no superintendence, 100 g of ammonium chloride can be separated 
as easily and safely as 1 g from a few milligrams of alkalies, magnesium, or 
the alkaline earths, and no loss of these need be feared. 

B. AMMONIUM NITRATE 

Excessive amounts of ammonium nitrate arc uncommon in the course of 
analytical operations. This salt can also be removed by evaporating to 
dryness and heating. In contrast to ammonium chloride, the salt melts at 

about 165° C and begins to decompose into water and nitrous oxide at about 
185° C. At 240° C the decomposition is so vigorous that the mixture may 
explode. A more convenient mode of destroying large amounts of am¬ 
monium nitrate lies in applying the reverse of the reaction described in A: 
that is, by acidifying the solution slightly with nitric acid, concentrating 

to small volume, and then evaporating with hydrochloric acid. The decom¬ 

position is not so good as with ammonium chloride and should be repeated 

one or more times. 

C. AMMONIUM SULFATE 

Ammonium sulfate can be removed by volatilization as in the preceding 

examples. A wet attack can also be used; in this case aqua regia is employed, 

and the final product is sulfuric acid. 

XIV. EXTRACTION BY ETHER 

The use of ether for the extraction of ferric chloride from hydrochloric 

acid solutions is a desirable procedure for the separation of large amounts 

of iron from smaller amounts of various other elements such as nickel or 

aluminum.'^^ The extraction also serves quite satisfactorily for the removal 

W. Rothc, Stahl u. Eisen, 12, 1052 (1892); A. Ledebur, ibid.^ 13, 333 (1893); 
A. C. Langmuir, /. Am. Chem. Soc., 22, 102 (1900); E. F. Kern, ibid., 23, 689 (1901); 
F. N. Speller, Chem. News, 83, 124 (1901). 

In addition to nickel and aluminum, the metals whose chlorides remain in the acid 
layer include divalent iron, cobalt, manganese, chromium, titanium, and uranium. Small 
amounts of copper and vanadium are extracted by ether, but the separation is good 
enough for most purposes. The same can be said of sulfuric and phosphoric acids. 
In a study of the behavior of “trace” (<0.005 per cent) elements in extractions of iron 
from diluted hydrochloric acid solutions of ferric chloride by means of isopropyl 
ether, P. E. Eighty and J. D. Moulton (private communication) found that losses of 
As, Mo, Se, and Te were serious; losses of B and V were moderate (about 20 per cent); 
and little or no loss occurred with Al, Sb, Ba, Bi, Cd, Ca, Cr, Co, Cu, Pb, Mg, Mn, Ni, 
Si, Ag, Sn, Ti, W, and Zn. In these tests a hydrochloric acid solution somewhat 
stronger than 1 -|-1 containing approximately 3 mg of the impurity and 30 g of iron 
as ferric chloride was extracted with six portions (totaling about 900 ml of ether), and 
then tested spectroscopically after the extracted acid solution was convened to the 
sulfate. 
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of certain other elements, as for example molybdenum, gold, gallium and 
trivalcnt thallium, as can be seen in Tabic 9. This is taken chiefly from 

TABLE 9 

Behavior of Certain Chlorides in the Ether Extraction Method 

The values are approximate and were obtained under differing experimental conditions. 

Element 

rr 
'(j 

Extracted 

P'ootnote 

Reference Element 
% 

Extracted 

Footnote 

Reference 

Al 0 Mo(Mo03) 80-90 

Sb(SbCW 6 t Ni 0 •* * * § ** 

Sb(SbCl5) 81 t Os 0 t 
As(AsCl«) 68 t P(P205) Appreciable § 
As(AsCl6) 2-4 t Pd(PdCl2) 0 t 
Be 0 i Pt(PtCl4) Trace t 
Bi 0 t Rare earths 0 H 
Ca 0 § Rh 0 t 
Cd 0 i Se Trace t 
Cr 0 * Ag 0 t 
Co 0 * Te(TeCl4) 34 t 
Cu 0.05 t Th(ThCl4) 0 

Ga 97 t TKTlCb) 90-95 tt 
Ge 40-60 t Sn(SnCl4) 17 t 
Au(AuCl3) 95 t Sn(SnCl2) 15-30 t 
In Trace 11 Ti 0 tt 
Ir(IrCl4) 5 t W(with PO4) 0 t 
Fe(FeCl3) 99 t u 0 tt 
Fe(FeCl2) 0 t V(V205) Trace t 
Pb 0 t V(V204) Trace § 
Mn 0 * Zn 0.2 t 
Hg(HgCl2) 0.2 t Zr 0 tt 

* F. N. Speller, Chem. News, 83, 124 (1901). 

t F. Mylius and C. Hiittner, Ber., 44, 1315 (1911). 

t California Institute of Technology, unpublished work. 

§ National Bureau of Standards, unpublished work. 

II I. Wada and S. Ato, Science Papers Inst, Phys. Chem. Research Tokyo, 1, 70 (1922). 

^ Massachusetts Institute of Technology, unpublished work. 

** A. C. Langmuir, J. Am. Chem. Soc., 22, 102 (1900). 

tt A. A. Noyes, W. C. Bray, and E. B. Spear, ibid., 30, 515, 559 (1908). 

ti E. F. Kern, ibid., 23, 689 (1901). 

an article by E. H. Swift' * and shows the behavior of a number of elements 
in a single extraction with ether that is free from alcohol. 

The extraction of iron proceeds best in a hydrochloric acid solution hav¬ 
ing a specific gravity of 1.1 to 1.115 and containing approximately 1 g of 
iron in 20 ml, for the extraction of which approximately 50 ml of ether is 
required. The ether should be free from alcohol, and the solution to be 
extracted should not contain substances such as free chlorine or nitric acid 

7^/. Am. Chem. Soc., 46, 2378 (1924). 
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that decompose ether, salts such as alkali chlorides that are insoluble in 
hydrochloric acid saturated with ether, and other acids such as sulfuric 
that lower the extraction of iron. The separation of iron is never strictly 
quantitative, 1 to 2 mg being uncxtracted in usual treatments. Moreover 
there is danger that substances such as nickel or copper may be taken up 
by ether to a slight extent if their concentrations are high. It is therefore 
customary to extract the hydrochloric acid solution with ether at least twice 

in order to remove as much iron as possible and then to 
shake up the ether extracts with hydrochloric acid to 
remove any nickel, etc., that may have accompanied the 
iron. The extraction can be done in ordinary separatory 
funnels or in the special Rothe pipette or shaking funnel 
which permits more convenient transfer and mixing of the 
solutions. This is shown in Fig. 15. Funnels holding 110 
ml are satisfactory for extractions of 5 g of iron; for 
larger amounts funnels of 250 ml capacity are needed. It 
is emphasized that great care should be taken to perform 
the operation away from flames, not only in the immedi¬ 
ate neighborhood, but also at distances to which the fumes 
might travel and be ignited. 

PROCEDURE. First prepare the following three solutions: 
(A) Dilute hydrochloric acid (sp. gr. 1.10), (B) hydro¬ 
chloric acid saturated with ether, and (C) dilute hydro¬ 
chloric acid saturated with ether. To prepare solution 
B, cool hydrochloric acid (sp. gr. 1.19), add a small por¬ 
tion of ether, shake, cool to about 10° C, and so continue 
until a layer of ether remains on top of the acid. One 
hundred milliliters of acid will dissolve about 150 ml of 
ether. Solution C is prepared in the same way but with 

hydrochloric acid of specific gravity 1.10. One hundred milliliters of the 
dilute acid will dissolve approximately 30 ml of ether. 

Next obtain the iron as ferric chloride in a hydrochloric acid solution 
that is free from the interfering substances that have been mentioned, and 

evaporate the solution in a casserole until it is viscous but free from crystals. 
Pour the solution into the separatory funnel A and rinse the dish and 

funnel (a) several times with 1 to 2 ml portions of solution A. Use as little 

acid as possible. Shake the solution, cool, add 6 ml of solution B per gram 
of dissolved iron, shake gently, and again cool. Add 30 ml of ether per 

gram of iron, stopper, and shake as the funnel is cooled to about 10° C, as 
for example under running cold water. Let settle, and draw oflF the acid 

layer into funnel B. To wash the sides and stopcock of A add 5 ml of solu¬ 
tion C, swirl gently, let settle, and draw the acid into B. To remove nickel, 

copper, and the like still remaining in the ether in add 10 ml of solution 

Fig. 15. Rothe 
pipette for ex¬ 
tractions with 

ether. 
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C through (a), and to remove more iron from the acid solution in B add 
50 ml or more of ether through (b). Cool, shake well, let settle, and drain 
ojff the acid layer in funnel B into a beaker. Add 5 ml of solution C 
through (b), swirl gently, let settle, and also drain this acid into the beaker. 

It now remains to recover still more of any chlorides other than iron 
in the ether extracts in A and B, To do this, let the acid solution in A run 
into B, and again add 10 ml of solution C through (a). Shake, let settle, 
and drain the acid layer from B into the beaker. Drain the acid solution 
from A into B, shake, let settle, and drain this acid also into the beaker. The 
extractions can be repeated in this fashion in accordanec with the concen¬ 
tration of the nonvolatile chlorides and the accuracy required. The ether 
is driven off from the acid solution by covering the beaker and carefully 
heating at the side of the steam bath, while the iron can be recovered from 
the ether extract by shaking with water and drawing off the water layer." 

For the complete removal of ferric chloride from solution by a con¬ 
tinuous extraction with ether, Ashley and Murray point out that the 
process must be carried out in weak artificial light or in darkness, because 
ferric chloride in ethereal solution undergoes photochemical reduction to 
ferrous chloride.'^^ A very satisfactory apparatus for continuous extraction 
is the J. B. Hebcrling modification of the Friedrich liquid extractor. 

For extraction by ether in nitrate solutions, see page 468, and, for the ex¬ 
traction of cupferrates, see page 121. 

XV. ELECTROLYTIC METHODS 

Methods based on clectrodcposition of a metal or hydrated oxide have 

found widespread use in analytical chemistry.^® These methods are espe¬ 

cially advantageous because usually no foreign substance is introduced into 

According to J. Axelrod and E. H. Swift [/. Am, Chem, Soc., 62, 33 (1940)], 
i3,j3'-dichloroethyl ether possesses advantages over ethyl and isopropyl ether in that 
extractions can be made in strong hydrochloric (>7 N) acid solutions and repeated 
extractions can be made in the same funnel, for the ether separates as the lower phase; 
a disadvantage is the slower separation of the two phases. 

7®S. E. Q. Ashley and W. M. Murray, Jr., Ind, Eng, Chan, Anal, Ed,, 10, 367 (1938). 
77 There is an explosion hazard in the distillation of ethers, which contain peroxides 

as a result of reactions that have taken place during storage, or in the use in certain 
extractions [M. S. Kharasch and M. Gladstone, /. Chem, Education, 16, 498 (1939)]. 
All ethers should be tested for peroxides before they are distilled, and any found should 
be destroyed by treatment with sodium sulfite or ferrous sulfate. The test can be made 
by shaking with an acidified solution of potassium iodide, allowing to stand for 5 min¬ 
utes, and observing whether the brown color of iodine develops, or by shaking with 
ferrous sulfate out of contact with the air and testing with potassium thiocyanate. For 
methods of test, consult G. Middleton and F. C. Hymas, Analyst, 53, 201 (1928). 

’J^^Anal. Chem., 21, 331 (1949). 
78 S. E. Q. Ashley, Anal. Chem., 21, 70 (1949); A. Schleicher, Elektroanalytische 

Schnellmethoden, 3d ed., F. Enke, Stuttgart (1947). 
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the solution, coprecipitation difficulties arc minimized, and the operator's 
time is economized. One disadvantage is that a complete deposition rarely 
is obtained because of the theoretical relation between the concentration of 
the ion and the electrode potential. In most cases the potential can be 
selected to make the residual concentration negligible. 

Since the methods in common use employ a constant applied voltage, the 
potential during an electrolysis may vary widely. Such methods are, in 
general, not very selective. However, by various means selectivity is 
obtained, for example: (1) by graded or constant potential, (2) by the 
mercury" cathode where a pool of mercury serves as the cathode, and (3) 
by internal electrolysis. 

A. ELECTROLYSIS AT GRADED OR CONSTANT POTENTIAL 

For each of the elements that can be deposited from aqueous solutions, 
there is a definite decomposition voltage below which electrodeposition 
does not occur. By proper selection and maintenance of the electrode 
potential, it is possible to effect separations of many materials.Some of 
the deposits are adherent and sufficiently well defined chemically to permit 
determination by direct weighing. In other cases the utility may lie chiefly 
in the separation of interfering ions preliminary to determination of con¬ 
stituents in the residual solution. 

One of the obstacles to the application of electrolysis at controlled poten¬ 
tial has been the lack of suitable equipment for furnishing and maintaining 

the constant voltage required. Needless to say, the manual adjustment of 

the voltage is tedious and time-consuming. The recent appearance of sev¬ 

eral potentiostats should do much to improve this situation. Several such 

procedures have been published in connection with polarographic analysis/" 

as well as in other analytical fields.^-* 

B. ELECTROLYSIS WITH A MERCURY CATHODE 

A worth-while separation that should be borne in mind is that based on 

electrolysis with a mercury cathode in dilute sulfuric acid solutions. By 

this means elements such as aluminum, titanium, zirconium, phosphorus, 

G. E. F. Lundell and James I. Hoffman, Outlines of Methods of Cheinical Analysis^ 
p. 168, John Wiley & Sons (1938). 

H. J. S. Sand, Electrochemistry and Electrochemical Analysis, Vol. II, Blakic and 
Son, London and Glasgow (1940). 

C. W. Caldwell, R. C. Parker, and H. Diehl, Ind. Eng. Chem. Anal. Ed., 16, 532 
(1944). J. J. Lingane, ibid., 17, 332 (1945). R. W. Lamphere, Anal. Chem., 23, 258 
(1951). M. L. Greenough, W. E. Williams, and J. K. Taylor, Regulated Low Voltage 
Supply for Electrolysis and Other Uses, Rev. Sci. Instruments, 22, no. 7, 484-88 (1951). 

8^ J. J. Lingane, Ind. Eng. Chem. Anal. Ed., 16, 147 (1944), and 18, 429 (1946). 
83 Harvey Diehl, Electrochemical Analysis with Graded Cathode Potential Control, 

G. F. Smith Chemical Co., 867 McKinley Avc., Columbus, Ohio (1948). 
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vanadium, and uranium can be quickly and quantitatively separated from 
elements such as chromium, iron, cobalt, nickel, copper, zinc, gallium, ger~ 
manium, molybdenum, rhodium, palladium, silver, cadmium, indium, tin, 
rhenium, iridium, platinum, gold, mercury, thallium, and bismuth which 
are deposited in the mercury cathode.®^ The electrolysis can be conven¬ 
iently carried out in a special cell (Fig. 16) as follows: Prepare a dilute 

Fk;. 16. Mclaven mercury cathode cell. A. D. Mclaven, Ind. Eng, Chem, Anal, Ed., 2, 
180 (1930). 

sulfuric acid solution by evaporating to fumes of the acid and then diluting 
so that 50 to 100 ml of solution containing 0.15 to 0.30 ml of sulfuric acid 
is at hand.®® Use as little sulfuric acid as possible at the start so that there 

J. R. Cain, /. Ind. Eng. Chem., 3, 476 (1911); G. E. F. Lundell, J. I. Hoffman, and 
H. A. Bright, ibid., 15, 1064 (1923); D. H. Brophy, ibid., 16, 963 (1924); J. A. Maxwell 
and R. P. Graham, Chem. Revs., 46, 471 (1950). 

As much as 10 g of copper or nickel or 5 g of iron can be deposited. For the depo¬ 
sition of chromium R. C. Chirnside and L. H. Dauncey [Analyst, 68, 175 (1943)] find 
that high current density, elevated temperatures, concentrated solutions, and minimum 
acidity increase the rate, whereas rotation of the anode, reducing agents or ammonium 
sulfate tend to prevent deposition. The effect of the last may be overcome by adding 
small quantities of nickel or very small, but critical, amounts of silver to the electrolyte. 

It frequently happens in nonferrous analysis that a precipitate appears in a solution 
being prepared for mercury cathode treatment. If the precipitate is stannic hydroxide, 
antimonic hydroxide, or lead sulfate, it may be washed into the cell without hesitation, 
since the current will decompose it. Lead sulfate is readily decomposed in a well- 
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will be no need for the formation of large amounts of salts through neu¬ 
tralization to the desired strength. Place the needed amount of mercury 
(about 200 g) in the cell, transfer the 
with a current of about 0.15 ampere 

Fig. 17. Modified mercury cathode cell, 

cury and acid in a stout-walled flask 

solution to It, cover, and electrolyze 
per square centimeter and with the 
anode placed as near the surface of 
the solution as possible. Slow rota¬ 
tion of the mercury by means of a 
stirrer is desirable as shown in Fig. 
17. Continue the electrolysis until 
a test drop gives no test for the 
element that is to be removed. 
Drain off the electrolyte, wash the 
mercury with water as the current 
is continued, and proceed with the 
analysis of the combined electrolyte 
and washings. It is not feasible to 
recover the deposited elements, ex¬ 
cept in a separation of a “trace” 
element from a major constituent 
which is not deposited in the mer¬ 

cury. The elements deposited in 

the mercury can be separated from 
the latter after solution of the amal¬ 

gam in an appropriate acid or by 
distillation of the mercury, as for 
example in the determination of the 

impurities in uranium.®® 

A fair degree of purification of 
the mercury can be had by vig¬ 
orously agitating it in a 10 per 
cent (by volume) solution of nitric 
or hydrochloric acid. This is con¬ 

veniently done by placing the mer- 
and aerating by attaching a two-hole 

stopper carrying a tube leading to the bottom of the flask and another tube 
ending flush with the stopper and connected with a suction pump. More 

complete purification can be had by treatment with mercurous nitrate as 

stirred cell using 3 to 5 amperes, if a wire anode, submerged approximately 2 inches, 
is used. The high current density dislodges the anodic deposit of lead peroxide, and 
the lead gradually finds its way into the mercury. Stannic phosphate, on the other 
hand, resists the effect of the current indefinitely and had best be removed by filtration 
from a strongly acid solution. The same is true of dehydrated silicic acid. 

®®N. H. Furman, C. E. Bricker, and Bruce McDuffie, /. Wash, Acad, ScL, 38, 159 
(1948). 
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described by Hildebrand.®^ For a complete mercury purification system, 
consult Carlson and Borchardt.®® If mercury retains a bright and clean 
appearance®® or, when shaken with distilled water forms a foam which 
disappears gradually in 5 to 15 seconds,®® it is maintained that it does not 
contain so much as one part per million of any base metal. Metals more 
noble than mercury, that is, silver, gold, and the platinum group elements, 
are not disclosed. 

C. INTERNAL ELECTROLYSIS 

The analytical method of internal electrolysis was used successfully in 
1866 ®^ but was still considered a laboratory curiosity in 1927; ®^ its applica¬ 
tion has been exploited only in comparatively recent years. The term 
internal electrolysis ®® was first suggested in 1930 for those electrodeposition 
processes in which a direct, external connection between the anode and 
cathode is made so that electrolysis of a solution proceeds without the 
application of an external electromotive force. Internal electrolysis is a 
desirable method for the preliminary separation of minor constituents from 
the bulk of the base material, in metals, ores, or salts, for example: bismuth, 
copper, and silver in lead and solder; bismuth in lead ores; ®® cadmium, 
copper, and nickel in zinc ores and zinc;®® lead from antimony in tartar 
emetic; ®^ copper in iron or steel,®® and in cadmium; ®® copper and tin in 
aluminum alloys; and mercury from other metals in brass.^®^ In some 
cases a direct determination of an element can be made, but generally the 
final determinations require conventional methods after the electrolysis has 
been completed. An attractive feature of this method is the rapidity with 
which a separation or determination can be made, 30 minutes being sufE- 

87 J. H. Hildebrand, /. Am. Chem. Soc., 31, 933 (1909); see also H. F. Easly, Irid. Eng. 
Chem. Anal. Ed., 9, 82 (1937). 

88 W. A. Carlson and L. F. Borchardt, ibid., 10, 94 (1938). 
80 E. Wichers, Chem. Eng. News, 20, 1111 (1942). 
80 O. H. Muller, ibid., 1528. 
oiC^lemens Ullgren, Ofversigt kgl. Vetenskaps-Akadermens Forhandlingar, Nr. 9, 277 

(1866). 
02 A. Qassen, Quantitative Analyse dutch Electrolyse, 7th ed. (1927). 
08 H. J. S. Sand, Analyst, 55, 309 (1930). 
o^E. M. Collin, Analyst, 55, 312 (1930); B. L. Clarke, L. A. Wooten, and C. L. Luke, 

Ind. Eng. Chem. Anal. Ed,, 8, 411 (1936); ASTM Methods of Chemical Analysis of 
Metals, p. 371, American Society for Testing Materials (1950). 

05 E. M. 0)llin, op. cit., 680. 
08 E. M, Collin, ibid., 495; J. G. Fife, ibid., 61, 681 (1936); B. L. Garke and L. A. 

Wooten, Trans. Electrochem. Soc., 76, 63 (1939). 
07 E. M. Collin and H. J. S. Sand, Analyst, 56, 90 (1931). 
08 J. G. Fife and S. Torrance, ibid., 62, 29 (1937). 
00 J. G. Fife, ibid., 65, 562 (1940). 
100 B, L. Garke and L, A. Wooten, loc. cit.; N. A. Suvorovskaya, Zavodskaya Lab^ 

11, 474 (1945). 
J. G. Fife, op. cH., 63, 650 (1938). 
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dent for most depositions. This is achieved by close observance of the 
best conditions of temperature and acidity for electrolysis and by vigorous 
stirring of the electrolyte. A. Schleicher and T. Todoroff have made 

Fic;. 18. Diagram of apparatus for internal electrolysis. B. L. Clarke, L. A. Wooten and 
C. L. Luke, Ind, Eng, Chem, Anal, Ed,^ 8, 411 (1936). 

a systematic^ investigation of internal electrolysis for the separation and 
determination of metals. 

In the improved type of apparatus for internal electrolysis, shown in 
Fig. 18, the solutions around the anode and cathode are separated by porous 

102 2. and, Chem,y 126, 412 (1944); Z. Elektrochem,, 50, 2 (1944); Chem, Ztg,, 68, 48 
(1944). 

10® B. L. Clarke, L. A. Wooten, and C. L. Luke, he, cit. 



INTERNAL ELECTROLYSIS 143 

alunduin shells. The cathode is usually a platinum gauze electrode and the 
anode is a base metal, specifically chosen for the desired separation. Two 
anodes are generally used to speed the deposition and are connected to a 
single binding post with the cathode so that a good electric contact is made. 

The application of the process is illustrated by the following procedure 
for the determination of silver in commercial lead. Although the direc¬ 
tions call for a lOO-g sample containing not more than 10 mg of silver, 
larger or smaller amounts of lead may be analyzed, depending upon the 
silver content, provided the proper proportions of the reagents are used. 
The anodes are wire made of high-purity copper (silver-free and uncor¬ 
roded). The cathode is a single platinum gauze electrode, preferably slot¬ 
ted to facilitate quick removal, and is weighed before the electrolysis. The 
amount of nitric acid present must be sufficient to prevent codeposition of 
bismuth. The amounts of tin, antimony, and arsenic usually present in 
commercially pure lead will not interfere with the deposition in their 
higher valencies. However, if these elements are present in amounts large 
enough to form a precipitate, the sample must be dissolved with the mini¬ 
mum amount of hydrofluoric acid required to obtain a clear solution. 

PROCEDURE. Transfer 100 g of lead cuttings to an 800-ml beaker, and 
add 5 g of tartaric acid and 320 ml of dilute nitric acid (1 +3). Heat 
gently until solution is complete, and then boil to expel brown fumes. If 
a small amount of dark residue remains, filter the solution, and dissolve the 
residue with 5 ml of dilute nitric acid (1 + 1). Boil the solution of the 
residue to expel brown fumes, and add it to the main solution. Dilute to 
about 600 ml with cold water, cool to approximately 40'' C, and, while 

stirring, add a 1 per cent solution of KMn04 dropw ise until the pink color 

persists. Add 5 g of tartaric acid, and heat the solution to 80 to 90° C. 

Fill the anode shells with cupric nitrate wash solution free of chloride 

ions. Electrolyze the solution for 15 to 30 minutes, while heating the 

electrolyte to keep within the initial temperature range and stirring vigor¬ 

ously. Flush the solution out of the anode shells completely with the cupric 

nitrate, wash solution after 5 minutes and again 10 minutes later, but keep 

the volume of the wash solution as small as possible. 

When deposition of the silver is complete, as indicated by failure to plate 

on a new surface when the level of the electrolyte is raised, remove the lead 

solution from the beaker by siphoning as a liter of water is added while 

stirring is continued. Carefully lower the beaker, and replace quickly 

with a beaker containing water. Remove the beaker, and detach the cathode. 

Wash the cathode with water followed by alcohol, then dry at 110° C, 

cool, and weigh. Usually the cathode deposit has a bright, silvery appear- 

5 0^ Dissolve 8 g of high-purity copper in 35 ml of nitric acid (sp. gr. 1.42), boil to 
expel brown fumes, and dilute to 2 liters. 
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ance and is pure enough for direct weighing as silver. However, if the 
deposit is discolored, it is contaminated and should be dissolved with 5 ml 
of dilute nitric acid (1 + 1) and replated or silver determined as AgCL 

XVI. POLAROGRAPHIC ANALYSIS 

When a progressively increasing potential difference is applied across 
electrodes immersed in a conducting solution, almost no current passes 
until the voltage attains whatever magnitude is necessary to produce con¬ 
tinuous electrochemical reactions at the electrodes. As soon as this decom¬ 
position potential is reached, current begins to flow and increases with 
increase in voltage. However, if one of the electrodes is made very small, 
a state of concentration polarization is rapidly attained in its vicinity. Then 
the current levels off at some value, depending on the rate at which the 
electrochemically reacting substance can reach the small electrode. In 
polarographic measurements, mercury droplets issuing from a capillary 
tube comprise this small electrode. The other electrode is made large 
enough to be essentially unpolarizable. The polarograph is an instrument 
for recording, either automatically or manually, the current-voltage curves 
that arise under these along with other controlled conditions. These curves, 
or polarograms, exhibit sudden increases in current at voltages characteristic 
of particular substances reacting at the dropping-mercury electrode. The 
magnitude of an increase, called a wave or step on the curve, is a quantita¬ 
tive measure of the concentration of the substance that produces it. 

Qualitative polarographic analysis depends upon determination of the 
potential at which the step or wave has half of its final value. This so-called 
half-wave potential is independent of concentration and is thus character¬ 
istic of the electrode reaction. However, the value may be influenced by 
complexing agents and by the pH and ionic strength of the solution. 
Moreover, two or more electrolyzable materials may have half-wave poten¬ 
tials sufficiently alike so that the waves may overlap to give the appearance 
of a single wave. As a result, qualitative identification usually is limited to 
differentiating between a limited number of possibilities, and supplemental 
knowledge must be had of the possible interferences. Frequently, it is pos¬ 
sible to select the composition of the environmental solution or supporting 
electrolyte to change differentially the half-wave potentials of interfering 
ions. 

The quantitative aspects of polarography depend on the measurement of 
the diffusion current (wave height) since, with all other factors constant, this 
is proportional to the concentration of the electrolyzable material. How¬ 
ever, the current also depends on the size of the drop, the rate of dropping 
of the elctrode, and the temperature of the solution. Tolerances for the 
control of these experimental factors have been described.^®® Also, polaro- 

106 F. Buckley and J. K. Taylor, Trans* Am. Electrochem. Soc., 87, 197-212 (1945). 
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graphic waves frequently have abnormal shapes or maxima, and these must 
be eliminated to obtain precise results. As a result, polarographic measure¬ 
ments are best made by comparative measurements in which known and 
unknown solutions of similar composition are measured with the same 
equipment. 

The relation between the current and the characteristics of the electrode 
has been worked out by Ilkovic.^®^ Although some doubt has been cast 
upon his equation in recent times, it would appear to be satisfactory for 
correction of small deviations between experimental conditions encountered 
in daily practice. The use of absolute and quasiabsolute methods in polarog- 
raphy has been discussed in detail by Taylor.^^^® 

Although some research workers claim slightly higher precision, the 
optimum precision to be realized in ordinary polarography is about dbl 
per cent of the quantity measured. As a result, polarography is best 
adapted to the determination of small amounts. The concentrations ordi¬ 
narily measurable lie in the range 0.01 to 10 millimolar. Solutions falling 
outside this range should be diluted or concentrated, as the case may be. 
For concentrations smaller than about 0.2 millimolar, the precision decreases 
considerably. 

.Although microcells using a small fraction of a milliliter have been 
described, ordinarily 5 to 10 ml is the minimum volume of solution neces¬ 
sary, especially if any degree of accuracy is required. Since the method 

gives a measure of the concentration of the solution, the quantity of 
material present cannot be determined any more precisely than the volume 

of the solution is known. 
Polarographic methods have been used with marked success in inorganic 

analysis.®® When the precision is sufficient, as in the routine control of 
electroplating baths for example, it may be used for determination of 
major constituents. Its greatest application is in the determination of 
minor constituents such as alloying elements in ferrous and nonferrous 

metals, and in the estimation of impurities. It is especially attractive when 
the solution can be prepared with a minimum of manipulation and one or 

more elements determined without preliminary separations. While it 
can be expected to find increasing use in routine determinations, it should 
not be overlooked as a research tool. Because of its sensitivity and versa¬ 
tility it should find continuing and more extensive use in special applica¬ 

tions of inorganic analysis.^®® 

J. K. Taylor, Anal, Chem,, 19, 368-72 (1947). 
D. Ilkovic, Collection Czechoslov, Chem, CoTfmruTis., 6, 498 (1934). 

108 For detailed information, the following references should be consulted; I. M. 
Kolthoff and J. J. Lingane, Chem, Revs,, 24, 1 (1939); Polarography, Interscience Pub¬ 
lishers, New York (1941); J. Heyrovsky, Folarographie, Springer-Verlag, Vienna 
(1941); Bibliography of Polarographic Literature, E-90 (1), Leeds and Northrup Co., 
Phfladelphia (1950); J. J. Lingane, Anal, Chem,, 21, 45-60 (1949); 23, 86-97 (1951). 
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XVII. PHOTOMETRIC METHODS 

Photometric methods in chemical analysis involve measurements based 
on the physical property of solutions in absorbing or scattering radiant 
energy, and include colorimetrj^ spectrophotometry, turbidimetry, and 
nephelometry. These methods depend on chemical reactions whereby the 
elements enter into combinations that yield suitable absorbing or scattering 
systems and find their most useful general application in the determination 
of small amounts of the substances in question. In ordinary work errors 
may approximate 2 per cent of the amount present. Adaptation of precision 
spectrophotometry to special problems extends the method to the determi¬ 
nation of relatively high percentages of substances with an accuracy ap¬ 
proaching that of the usual gravimetric or volumetric methods, if chemical 
procedures of sufficient accuracy arc available to warrant these precision 
measurenients.’'^^^ 

A number of elements enter into reactions that yield colored compounds 
which serve as the basis of colorimetric methods. In evaluating such re¬ 
actions, light giving a continuous spectrum in the visible region is usually 
used, and the light transmitted by the test solution is matched wdth that 
transmitted by a comparison solution wffiich contains a known amount of 
the substance in question. The comparison can be done in various ways, 
as for example: (1) by adding a standard solution of the substance to the 
comparison solution until the colors match, (2) by carrying along tests 
containing amounts of the element under test covering the expected range 
of the unknown and choosing the nearest match, or (3) if the solution of 

the colored compound obeys Beer’s law, by preparing a standard and deter¬ 

mining the height of columns at w hich the colors match.^'^ Visual colori¬ 

metric methods are still widely used when simple, rapid procedures of 

moderate accuracy answer the question at hand,^^^ but they generally can¬ 

not be used when other colored compounds are present; this shortcoming 

has led to the development of filter photometry. 

The filter photometer pro\ddes a relatively inexpensive practical means 

of eliminating interferences if the maximum absorbancies of the interfering 

compounds are not too close to that of the compound in question. Such 

instruments function by isolating a suitably chosen band of spectral 

J. B. Culbertson and R. M. Fowler, Steely 122, no. 21, 108 (1948); C. F. Hiskey, 
J. Rabinowitz, and I. G. Young, Anal. Chem., 22, 1464 (1950). 

G. Mellon, Editor, Analytical Absorption Spectroscopy, Chapter 3, by W. B. 
Fortune, John Wiley & Sons (1950). 

For examples of these methods in daily use, see Reagent Chemicals, ACS Specific 
cations, American Chemical Society (1950); Standard Methods for the Examination of 
Water and Sewage, 9th ed., American Public Health Association (1947). 

M. G. Mellon, op. cit., pp. 36^73. 
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energy using filters, and a set of 10 or 12 filters will suffice for most prac¬ 
tical work. Visual instruments are qfailablc, but the more popular instru¬ 
ments provide photoelectric detectors and electric measuring circuits for 
the objective evaluation of the energies involved.^^-^ With the proper 
choice of light source, filter, and photodetecting device, a great majority 
of the analytical determinations in the low-percentage (up to a few per 
cent) range can be carried out if chemical procedures of suitable accuracy 
are developed. These simple instruments fail to answer the problem if the 
absorbing characteristics of the compounds involved are not favorably 
located, and some of these failures are due to the width of the band of 
spectral energy used. Such problems frequently can be solved by use of 
the spectrophotometer. 

The spectrophotometer should be considered, for analytical purposes, 
as an instrument isolating a single wavelength or very narrow band (prefer¬ 
ably 50 angstroms or less) of spectral energy. This instrument is usually 
more elaborate and expensive than the filter photometer. Most types 
employ gratings or prisms with suitable sources and slits to isolate narrow 
bands in the ultraviolet, visible, and infrared regions of the spectrum, though 
some use discontinuous sources such as the mercury arc with filters to 
isplate a few regions of good spectral purity. The demonstrated advan¬ 

tages of such instruments are most apparent when the compounds being 

measured show abrupt changes in absorbing characteristics with small 

changes in wavelength. The first of these advantages is illustrated by the 

determination of several of the rare earths (p. 560) in admixture, the spec¬ 

trophotometer being able to resolve and measure the intensity of the spectra 

involved. The second advantage stems from the fact that many systems 

known to obey Beer’s law within the limits required in analytical work 

show startling discrepancies when measured in most filter photometers, due 

to the optical or mechanical imperfections of the latter. ITe departures 

sometimes seriously limit the accuracy of the “difference” type of meth¬ 

ods coming into use to avoid the necessity of chemical separations. Finally, 

the high flexibility of a few of these instruments in handling solutions of 

relatively high absorption permits the “difference” measurement and deter¬ 

mination of high percentages of constituents with errors of the order of 

a few parts per thousand. A potential advantage of the method is the use 

M. G. Mellon, op. cit.. Chapter 4 by R. H. Muller; ASTM Methods of Chemical 

Analysis of Metals^ pp. 43-53 (1950). 
114 For examples of this type of method, see F. W. Haywood and A. A. R. Wood, 

Metallurgical Analysis, Adam Hilger Ltd., London (1944); for further discussion, sec 
E, B. Sandell, Colorimetric Determination of Traces of Metals, pp. 74-8, Interscience 
Publishers, New York (1950); ASTM Symposimn on Analytical Colorimetry and 

Photometry, pp. 716-17, American Society for TcvSting Materials (1944); M. G. Mellon, 
op. cit., Chapter 7 by E. I. Stearns. 
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of the ultraviolet and near-infrared region of the spectrum in applied in¬ 
organic analysis, but little work has bten done along these lines. 

In turbidimetry and nephelometry,^^® the substances to be determined 
are converted to insoluble compounds which are uniformly dispersed 
through the solution. The latter requirement accounts in a large part for 
the limited application of such methods, for the preparation of inorganic 
suspensions having suitably reproducible optical properties is not easily 
accomplished. 

l\irbidimetric measurements are usually made by measuring the light 
absorbed or transmitted by the solution in the same manner employed in 
photometric determinations on colored solutions. An alternate visual 
method used sometimes depends on determining the height of the column 
of suspension required to cause the disappearance of a lamp filament. Such 
techniques are best adapted to solutions containing considerable suspended 
material and are most useful in repetitive testing on a single class of ma¬ 
terials; for example, sec the determination of sulfur in cement (p. 723). 

In nephelometry, the light reflected or scattered by the particles in the 
illuminated suspension is compared with that reflected or scattered by a 
standard suspension similarly prepared and illuminated. This technique pro¬ 
vides a sensitive measure of relatively small amounts of suspended matcrial.^^® 

XVIII. FLUOROMETRIC ANALYSIS 

Most of the development of methods based on the fluorescence of mate¬ 
rials has been in the organic field. Its application as a tool in inorganic 
analysis is a comparatively recent development.^^^ Fluorescence analysis 
generally involves observation of the light emitted when a substance is ir¬ 
radiated with ultraviolet wavelengths (usually between 3000 and 4000 A). 
Other means of exciting fluorescence such as X rays or cathode rays also 
have been used. Quantitative application of the method must be preceded 
by careful consideration of the excitation source, filters, condition of the 

sample, and methods of measuring the intensity of the fluorescence. 

Fluorometric methods, although not very useful in identifications of min- . 

erals themselves, may serve for detecting and determining traces of certain 

J. H. Yoe, Photometric Chemical Analysis, Vol. II, Nephelometry, John Wiley & 
Sons (1929); P. V. Wells, Chem. Revs., 3, 331-82 (1927). 

i^^For a discussion of nephelometric instruments, see R. B. Barnes and C. R. Stock, 
Anal. Chem., 21, p. 183 (1949). 

117 For reviews of fluorometric methods, consult C. E. White, Ind. Eng, Chem. Anal. 
Ed., 11, 63 (1939); Anal. Chem., 21, 104 (1949), and 22, 69 (1950). See also P. W. 
Danckwortt, Lumineszenz-Analyse in flltrierten ultravioletten Licht, 4th ed., Akad. 
Verlag, Leipzig (1940), lithoprint J. W. Edwards, Ann Arbor, Mich. (1944); Fritz Feigl, 
Spot Tests, 3d ed., Elsevier Publishing Co., New York (1946); J. A. Radley and Julius 
Grant, Fluorescence Analysis in Ultraviolet Light, 3d ed., D. Van Nostrand Co. (1939). 
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elements in them, for example: chromium in sapphires and rubies, uranium 
in ores, and molybdenum in scheelite. In this connection, it should be 
noted that fluorescence may be inhibited by some impurities and intensified 
by others. The effect of changes in pH on fluorescence is so marked that 
the effects may serve to determine the end point in a titration and must be 
considered in determinations based on reactions of organic reagents with 
inorganic compounds. For example, M. Deribere states that 3 to 4 drops 
of a saturated solution of naphthionic acid added to 10 ml of water yields 
no fluorescence at pH 3, but becomes violet, blue, bright blue, greenish blue 
and bright yellowish green at pH values of 4, 6, 7, 10, and 12, respectively. 

It is quite possible that fluorescence will add to the list of specific tests for 
the elements, particularly when the possibilities of new reagents are investi¬ 
gated. For example the orange-red fluorescence (corresponding to a red 
band lying between wave lengths 6365 A and 6975 A) produced by ultra¬ 
violet irradiation of acetic acid solutions of aluminum treated with Ponta- 
chrome Blue Black R (25) is stated to be sensitive to 1 part in 5,000,000 
parts of water and is not affected by beryllium or elements with which 
aluminum is commonly found.’The determination of boron has been 
made fluorometrically, benzoin being used as both a qualitative and quanti¬ 
tative reagent. The determination is made in alcohol solution and is stated 
to be sensitive to 0.2 fxg of boron.’Other applications of fluorescence 
techniques are given under Gallium (p. 487), Aluminum (p. 515), Beryllium 
(p. 523), Zinc (p. 438), and Uranium (p. 473). 

XIX. SPECTROCHEMICAL ANALYSIS 

Analysis by means of the emission spectrum occupies a position of in¬ 

creasing importance in the determination of the metallic elements in both 

metallic and nonmetallic substances. In addition to its use as a general labor¬ 

atory tool for qualitative and quantitative analyses, it finds extensive applica¬ 

tion for high-speed analytical control in metal production. 

Some outstanding advantages of this method are: (1) The amount of 

sample needed is small, (2) a qualitative examination for 70 elements can 

be made with but few operations, (3) very low concentrations can be de¬ 

tected for many of the elements, and (4) quantitative determinations can 

be performed rapidly after a procedure is established. The accuracy ranges 

from 10 per cent of the amount present, obtained with comparative ease, 

M. D6riber4, Ann, chim. anal. chim. appl., 18, 173 (1936). 
119C. E. White and C. S. Lowe, Ind. Eng. Chem. Anal. Ed., 9, 430 (1937). For the 

determination of aluminum by photometric measurement of the intensity of fluorescent 
solutions produced by the aluminum-morin reaction, consult the same authors, ibid., 12, 
229 (1940). Numerous substances, including beryllium, interfere. 

120 c. E. White, A. Weissler, and D. Busker, AtmL Chem., 19, 802 (1947). 
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to 1 or 2 per cent, obtained as a result of careful investigation of the method, 
the application of controlled excitation, and the use of standard samples 
matching the samples closely in chemical and physical condition. Limita¬ 
tions of the method lie in (1) the difficulty of observing the gaseous ele¬ 
ments, halogens, and metalloids, (2) the complexity of equipment, and (3) 
insufficient accuracy for the determination of constituents above 5 or 10 
per cent, except in a few favorable cases. Improvements in apparatus and 
investigations of new applications have resulted in voluminous literature for 
which extensive bibliographies or reviews are available.^"^ 

For general analytical work large prisms or grating spectrographs are em¬ 
ployed with accessory equipment for exciting the spectra, for photographic 
processing of spectrograms, for densitometric measurements of line intensi¬ 
ties, and, in rapid control work, for graphical calculations. A spectro¬ 
graph having a reciprocal linear dispersion of S A per millimeter at 3000 A 
serves for observation of both simple and complex spectra. With grating 
spectrographs the doubled dispersion available in the second-order spec¬ 
trum is often an advantage in resolving the very complex spectra char¬ 
acteristic of high-alloy steels, rare earths, and platinum metals. 

Spectra are observed from samples volatilized and excited in flames, elec¬ 
tric arcs, or sparks. The ordinary Bunsen flame is capable of exciting only 
the alkalies and alkaline earths, but hotter flames, employing oxygen-acety¬ 
lene or oxygen-hydrogen mixtures, excite about 35 elements including those 
commonly determined in agricultural materials.^-- Flame photometers, pro¬ 
viding rapid determinations particularly of the alkali elements, are commer¬ 
cially available (see p. 152). The d-c arc serves as a general-excitation 
source for qualitative analysis and for quantitative determinations of trace 
elements.^-^ The high-voltage spark is capable of more precise control 
and is employed in the determination of higher concentrations of elements, 
particularly in the routine analysis of metals and alloys.^Other means of 
excitation such as discharge tubes for gases find limited application. 

Visual observation of the spectrum sometimes serves as a rapid means of 
identifying samples. Rough quantitative estimates may be made visually 

121W. F. Meggers and B. F. Scribner, Index to the Literature on Spectrochemical 
Analysis, Part I, 1920-39, 2d ed., American Society for Testing Materials (1941), and 
B. F. Scribner and W. F. Meggers, ibid,, Part II, 1940-45 (1947). For recent reviews, 
consult W. F. Meggers, Anal, Chem,, 21, 29-31 (1949); 22, 18-23 (1950). See also 
W. R. Brode, Chemical Spectroscopy, 2d ed., John Wiley & Sons (1943); G. R. Harri¬ 
son, R. C. Lord, and J. R. Loofbourow, Practical Spectroscopy, Prcntice-Hall (1948); 
and N. H. Nachtrieb, Principles and Practice of Spectrochemical Analysis, McGraw- 
Hill Book Co. (1950). 

122 H. G. Lundegirdh, Die Quantitative Spektralanalyse der Elemente, Teil 2, Gustav 
Fischer, Jena (1934). 

123 For an extensive description of d-c arc methods, consult L. H. Ahrens, Spectro^ 
chemical Analysis, Addison-Wesley Press, Cambridge, Mass. (1950). 

124 H. B. Vincent and R. A. Sawyer, /. Applied Phys,, 8, 163-73 (1937). 
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as a means of sorting metals. However, spectra are usually recorded photo¬ 
graphically for both qualitative and quantitative analysis, the spectrogram 
serving as a permanent record. Recent developments in photoelectric 
equipment have led to the construction of direct electronic recording units 
of particular importance to routine analysis in large-scale metal produc- 
tion.^^'^ These instruments, which incorporate excitation sources, spectrom¬ 
eter, phototube assembly, and recorder in one unit, are capable of making 
a complete analysis of a metal sample within 1 to 2 minutes. Instruments of 
this type are well adapted to the large-scale routine analysis of a limited 
group of metals or alloys. In miscellaneous analytical work the photo¬ 
graphic procedure will continue to serve as a most useful tool. 

The applications of spectrochemical analysis, in addition to the control 
of metal production, are wide and varied.^-‘^ Qualitative analyses may be 
made of practically any material in solid or liquid form without special 
treatment of the sample. Semiquantitativc procedures may be established to 
provide estimates of concentrations in miscellaneous samples to a factor of 
2 or better.^-^ The sensitivity of detection of the chemical elements varies 
over a wide range. For most of the metallic elements the sensitivity is 0.001 
per cent or better, but elements having complex spectra, such as uranium, 
thorium, rare earths, and platinum metals, are less sensitive and may require 
the presence of a few hundredths per cent for detection in complicated 
mixtures. The limit of detection is not a fixed quantity for a given element 
but depends on the complexity of the spectrum, the excitation source, and 
the dispersion of the spectrograph. Conditions may be chosen to enhance 
the sensitivity for elements of particular importance. Preliminary chemical 
separations serve to lower the limit of detection. For example, trace ele¬ 
ments in plant ash may be separated from major constituents, such as the 
alkalies, alkaline earths, and phosphorus, by precipitation with 8-hydroxy- 
quinoline to obtain a 500-fold concentration.^^® Fractional distillation in 
the spectroscopic excitation source can be utilized also as a means of con¬ 
centration to enhance sensitivity. In the analysis of uranium-base mate¬ 
rials for minute traces of impurities, the sample is converted to oxide, a 
carrier of gallium oxide is added, and 33 volatile elements are distilled pref¬ 
erentially in a carbon arc.'^^ Sensitivities ranging from a few parts per 
million to 0.1 ppm were obtained, and the process could be controlled 
sufficiently for quantitative analysis. 

125 M. F. Hasler, J. W. Kemp, and H. W. Dietert, ASTM Bull, 139, 22-5 (1946); 

M. F. Hasler, Iron Age, 164, 96-99 (1949); R. O’b. Carpenter, E. Dubois, and J. Sterner, 

/. Optical, Soc, Am,, 37, 707-13 (1947). 

125 J. R. Churchill, Ink, Eng, Chem. Anal, Ed,, 17, 66-74 (1945). 

127 C. E. Harvey, A Method of Semi-quantitative Spectrographic Analysis, Applied 

Research Laboratories, Glendale, Calif. (1947). 

128 R. L. Mitchell and R. O. Scott, Spectrochim, Acta, 3, 367-78 (1948). 

128 B. F. Scribner and H. R. Mullin, /. Research NBS, 37, 379-89 (1946). 
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For most of the applications of spcctrographic analysis the sample is 
employed directly with only slight preliminary preparation. Metals may 
be cast in the fonn of rods which are used as electrodes in arc or spark ex¬ 
citation. Glass, soils, minerals, ores, and similar materials may be ground 
in a mortar and a portion weighing 1 to 10 mg placed in a carbon electrode 
for arc excitation. This procedure is particularly useful for the analysis of 
materials for which the usual chemical methods arc difficult or impossible, 
for example rare earth mixtures.^^*^ In certain applications where standards 
of known composition are not available, the sample may conveniently be 
taken into solution and the spark spectrum observed directly, a porous 
graphite electrode being used to hold the liquid.^^^ As in chemical analy¬ 
sis, solutions provide a highly satisfactory means of converting the sample 
to a homogeneous form and a means whereby comparison standards can be 
synthesized readily by dissolution of pure elements. 

In addition to applications in the usual analytical problems, spectroscopic 
methods have served in the solution of several unique problems, a few ex¬ 
amples of which are: the direct analysis of segregates in steeV^^ determi¬ 

nation of minute amounts of lead in air with a mobile analyzer,and the 
analysis of residual gas in electron tubes.^^^ 

XX. FLAME PHOTOMETRY 

Flame photometry is an analytical procedure by which a solution to be 
analyzed is atomized into a flame, and light, characteristic of the element to 
be determined, is isolated and its intensity measured.^®® The method offers 
the advantages of speed and reliability particularly for the determination of 
the alkali and alkaline earth elements; accuracies of 1 to 3 per cent of the 
amount present have been reported. 

The flame photometer consists of a flame source, a means for introducing 
the sample solution into the flame, a filter or dispersing system for isolating 

the spectral radiation to be measured, and a photocell and circuit for measur¬ 
ing the radiant energy. The simpler instruments employing a filter serve 

satisfactorily for the determination of alkalies and alkaline earths, the spec¬ 

tral lines of which have high intrinsic intensity and occur at wavelengths 

130 V. A. Fassel and H. A. Wilhelm, /. Optical Soc. Am,y 38, 518-26 (1948). 
131C. Feldman, Anal, Chem,, 21, 1041-46 (1949). 
183 J. Convey and J. H. Oldfield, Iron and Steel, London, 18, 580-84 (1945). 
183 H. Aughey, /. Optical Soc. Am., 39, 292-93 0949), and O. G. Koppius, ibid., 39, 

294-97 (1949). 
184 R. H. Zachariason, Anal. Chem., 21, 1285-86 (1949). 
138 For a survey of flame photometry, consult V. W. Meloche, A Review of Flame 

Photometry, and other papers presented at the Symposium on Flame Photometry, 1951, 
American Society for Testing Materials, Philadelphia (Feb. 1952); and, Flame Photom¬ 
etry, Afud, Chem., 22, 1202 (1950). 
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in the visible region where the spectrum is relatively simple. The filter 
flame photometer is being applied extensively for the determination of 
sodium and potassium, for example, in Portland cement where it has 
largely superseded the classical J. Lawrence Smith method in routine 
analyses.^®^ 

Errors have been observed as the result of variations between the sample 
and standard solutions with respect to the concentration of acids or other 
components. The action apparently is an alteration of the rate of volatiliza¬ 
tion or of the flame excitation conditions. In order to minimize these ef¬ 
fects, the filter photometer has been modified to provide for the simultane¬ 
ous observation of two spectral lines, one for the element being determined 
and the other for an internal standard: for example lithium which is added 
to sample and standard solutions. This procedure, although not always 
worth the added complication, appears to offer increased accuracy where 
considerable variations in samples are encountered, as in clinical analyses. 
The possibility of improving the sensitivity for the alkalies and of extend¬ 
ing the method to the determination of other elements has led to the devel¬ 
opment of instruments of higher resolution. In one instrument interference 
filters serve for sharper isolation of spectral lines, and a photomultiplier tube 
is employed for greater sensitivity. In another commercial instrument a 
flame attachment is fitted to a conventional spectrophotometer. The im¬ 
proved resolution of the newer instruments offers the possibility of deter¬ 
mining a larger number of elements, provided that higher-energy flames 
such as oxyacetylene are employed for excitation. However, compared 
to the spectrographs generally employed in spectrochemical analysis, the 
flame photometers have much lower resolution. Consequently, applications 

to the determination of many elements will be limited by interferences be¬ 

tween spectral lines and by unfavorable line-to-background intensity ratios. 

In these cases a preliminary group separation by chemical methods may be 
helpful in removing interfering elements before flame photometric determi¬ 

nation. 

XXI. X-RAY METHODS OF CHEMICAL ANALYSIS 

Three X-ray methods are available: X-ray-emission spectral analysis, in¬ 

cluding X-ray fluorescence techniques. X-ray absorption analysis, and 

X-ray powder diffraction analysis. The earlier procedure in the first 

method was to attach the substance to the target of an X-ray tube and to 

compare its X-ray line spectrum with standard tables. The method is ap- 

Sodium Oxide and Potassium Oxide in Portland Cement by Flame Photometry, 
ASTM Standard C228-49T, Part 3, p. 133 (1949). 

isT w. R, Eubank and R. H. Bogue, J. Research NBS, 43, 173 (1949); J. J. Diamond 
and L. Bean, Use of the Beckman and Perkin-Elmer Flame Photometers for the De¬ 
termination of Alkalies in Pordand (Dement, ASTM Preprint 128 (1951). 
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plicable to the detection of elements of atomic number above 10 and has 
advantages over optical spectral methods in that the spectra are much 
simpler and the wavelengths can be predicted accurately. In experienced 
hands the method yields results that are unambiguous, as they depend only 
on the atomic numbers of the elements in question, and it is capable of quan¬ 
titative as well as qualitative application. Its disadvantages lie in the diffi¬ 
cult and time-consuming technique that is required; consequently its use has 
been somewhat limited in the past. An important application has been in 
searching for new elements such as technetium (43), promethium (61), 
hafnium (72), and rhenium (75). Recently a simplification in emission 
X-ray analysis was realized in the application of fluorescence techniques in 
which the sample is mounted externally to the X-rny tube and is irradiated 
by an intense beam of short-wavelength X rays. The resulting spectrum of 
secondary X rays is observed by a Geiger tube, and recordings may be 
made in a short period of time. Commercial equipment is available for this 
procedure, and applications have been reported for the determination of 

hafnium in zirconium and tantalum in columbium and also for the analy¬ 

sis of alloy steels and heat-resistant and high-temperature alloys of the 

chromium-nickel-cobalt type.^^® 

Analysis by X-ray absorption bands can be used to identify the elements 

when they occur alone or in simple mixtures. A layer of the solid or liquid 

sample is placed in front of the X-ray tube, and the absorption of selected 

X-ray wavelengths is observed and compared with standards. The method 

is finding increasing use for the detennination of sulfur and lead in pe¬ 

troleum, uranium in solution, hafnium in zirconium, and for similar prob- 
lems.^'^® 

X-ray powder diffraction analysis yields the state of chemical combina¬ 

tion for each of the elements present and is applicable to chemical elements 

and compounds that arc solid and crystalline in structure. It does not re¬ 

quire a spectrometer and consists in powdering the material, placing it in a 

tube through which a beam of monochromatic X rays is passed, and observ¬ 

ing the spectrum either photographically or better by the more rapid elec¬ 

tronic recording instruments. The diffraction pattern is then compared 

with classified patterns previously observed for many substances. Every 

crystalline substance gives a pattern, the same substance always gives the 

same pattern, and in mixtures each produces its pattern independently of 

the other, so that the pattern observed with a mixture is the superimposed 

sum of the patterns that would be obtained by exposing each of the com- 

^S8L. S. Birks and E. J. Brooks, Anal. Chem., 22, 1017 (1950). 
J. L. Abbott, Iron Age, 162, 58, 121 (1948). 

140 For excellent reviews of these subjects, see Herman A. Liebhafsky, Anal. Chem., 
21, 17 (1949); 22, 15 (1950); 23, 14 (1951). 
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pounds separately for the same length of time. This law applies quantita¬ 
tively to the intensities of the diffraction lines (provided absorption is 

negligible for each of the components), as well as to their positions, so that 

the method is capable of development for quantitative analysis. The 

method may not reveal all components of a mixture, as for example 

amorphous material such as carbon or glass, substances in solid solution in 

the crystals, or substances present at low percentages. The method usually 

permits the detection of compounds present at about 5 per cent of the 

sample weight and in some cases may extend to concentrations of 1 or 2 

per cent. It is particularly attractive for preliminaiy surveys, in which the 

findings can, when desired, be supplemented by spectrochemical or micro¬ 

scopic examination. 

Advantages claimed for the diffraction method are: (1) Substances are 

analyzed directly in their '‘as-received state,” and are not destroyed, (2) 

the process of preparing the specimen and obtaining the X-ray pattern is 

simple, rapid, and economical, (3) the substances present show in their true 

state of chemical combination, (4) different crystalline phases, states of hy¬ 

dration or oxidation, and physical state arc observable, (5) the analysis is 

conclusive even though only minute amounts of material are available, and 

(6) a permanent record of the original data is always on file in the form of a 

diffraction pattern.^'*^ 

XXII. CHROMATOGRAPHIC ANALYSIS 

Chromatographic separations depend on selective adsorption and differ¬ 

ential diffusion. In many cases, a useful separation is effected by the ex¬ 

change of ions, as for example in the exchange of Ca++ for 2 Na+ in water 

softening. In other cases a substance is adsorbed from a solution and re¬ 

tained on the adsorbent so that the solution is permanently freed from the 

substance in question, as for example the coloring matter in sugar solutions 

by solid adsorbents. Up to the present the chromatographic method has 

remained on a basis that is largely empirical. That is, if a mixture is to be 

separated, there are no principles that define with certainty the selection 

of an adsorbent, a solvent, or an eluant. Such selections must be made 

through correlation of accumulated empirical knowledge. However, this 

empirical knowledge has acxumulated rapidly in recent years, and suffi- 

For a discussion of such methods, consult W. P. Davey, /. Applied Phys.y 10, 820 
(1939), and the reviews by H. S. Kaufman and 1. Fankuchen, AnaL Chem., 21, 24 (1949); 
22, 16 (1950). For compilations of powder diffraction data, sec J. D. Hanawalt, H. W. 
Rinn, and L. K. Frevel, Ind, Eng. Chem. Anal. Ed., 10, 457 (1938); L. K. Frevel, ihid.y 
16, 209 (1944), and the ASTM card index which is available from the American Society 
for Testing Materials, Philadelphia. 
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dent correlations have been made to give some theoretical basis for selec¬ 
tion of procedures in proposed separations. 

Qualitatively the extent of exchange of ion pairs can be approximated as 
follows: (1) At low concentrations in aqueous solutions and ordinary tem¬ 
peratures the extent of exchange increases with increasing valency of the 
exchanging ion (Na+ < Ca++ < A1+ + + < Th+ + + + ). (2) At low con¬ 
centrations in aqueous solutions, ordinary temperatures, and constant val¬ 
ence, the extent of exchange increases with increasing atomic number of 
the exchanging ion (Li < Na < K < Rb < Cs; Mg < Ca < Sr < 

A remarkable feature of chromatographic adsorption methods is their 
wide applicability. Chromatography is not limited to large or to small 
amounts; it can be gainfully applied to organic and inorganic substances, 
to large and small molecules, to anions and cations, and a wide variety of 
solvents and eluants is available. For the analytical chemist it presents 
hopeful possibilities for adequate separations of the members of the rare 
earth group from one another, columbium from tantalum, hafnium from 
zirconium, etc. It also may become of greater importance in the simplifica¬ 
tion of certain lengthy procedures, for example the determination of phos¬ 
phorus pentoxide in apatite, where Ca++ is adsorbed from the solution 
containing Ca3(P04)2 and the resulting phosphoric acid is titrated.^"^® 

The techniques used in chromatography are varied, but the one that 
appeals most to the analytical chemist is a column of adsorbent similar to 
the Jones reductor. A procedure involving such a technique is outlined 
under Rare Earth Metals (p. 557). The course or extent of the separation 
may be followed by removing small quantities of the eluate for test, by 
noting changes in color, by fluorescent methods, or by radioactive tracers.^^^ 
Recently there has been much activity in paper chromatography, a tech¬ 
nique by which mixtures are resolved by differential absorption in strips 
of paper.^'*® 

XXIII. MASS SPECTROMETRY 

The mass spectrometer used in analytical chemistry is primarily an in¬ 

strument for gas analysis. With this complicated and rather expensive 

instrument, it is possible to identify and determine the components of 

i^2p^obert Kunin, Anal. Che?n.j 21, 87 (1949). 
1^3 K. Helrich and W. Rieman, Ind. Eng. Chem. Ami. Ed., 19, 651 (1947). 
144 By the use of a properly chosen resin and radioactive tracers, Leo Schubert 

(NBS) was able to separate 1 /ig of cesium from 43 g of barium nitrate. 
146 For other applications, techniques, and a general review of chromatographic analy¬ 

sis, the reader should consult the following references: Some Applications of Selective 
Adsorption and Differential Diffusion in Chemical Analysis by Beverly L. Qarke, in 
Colloid Chermstryy Theoretical and Applied, Vol. V, edited by Jerome Alexander, 
Reinhold Publishing Corp. (1944); Harold H. Strain, Qiromatographic Separations, 
And. Chem., 21, 75 (1949); 22, 41 (1950); Doris Clegg, Paper Chromatography, ibid., 
48; Robert Kunin, Ion Exchange, ibid., 21, 87 (1949), and 22, 64 (1950). 
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simple and complex mixtures of hydrocarbons, fuel gases, exhaust gases, 
and rare gases. Little attention has been given to the analysis of solids, 
although recent work indicates that there are some applications.^^® Satis¬ 
factory spectrograms have been produced of the vapors of many liquids. 

A description of the technique of mass spectrometry is far too lengthy 
to be taken up here. For excellent reviews of recent work see Mass 
Spectrometry by John A. Hippie and Martin Shepherd,^^^ 

XXIV. SPOT TESTS 

Qualitative and semiquantitativc analyses of organic and inorganic ma¬ 
terials can be made by means of reactions performed with single drops of 
liquid on spot plates or filter paper, in special apparatus, or even directly 
on the gross sample itself.^^® Such methods may be considered as a spe¬ 
cialized branch of microanalysis. Like microanalysis, spot tests are espe¬ 
cially helpful if the amount of sample is very small or if it is necessary to 
avoid mutilation of the object tested. However, the technique is not 
confined to such cases. 

For a discussion and description of spot reactions and their application, 
‘consult Qualitative Analyse Mit Hilfe Von Tiipfelreactionen^ by Fritz 
Feigl, 3d edition (1938), Akademische Verlagsgesellschaft, Leipzig; and 
Qualitative Analysis by Spot Testsy and Inorgatiic and Organic Applicationsy 
translated from the 3d edition by Janet W. Matthews, Nordemann Pub¬ 
lishing Company, New York. Improvements in the spot-test technique 
and a method of applying reagent papers to large volumes of solutions are 
described by B. L. Clarke and H. W. Hermance.’^® 

In recent years spot-testing procedures have been improved, and their 
use has been greatly extended by the discovery and application of new 
organic reagents as well as by masking (sequestering) and demasking re¬ 
actions.^®® The application of fluorescence has further extended the use¬ 
fulness of the spot-test technique. For example, the triple acetate test for 
sodium is more effective when viewed in ultraviolet light. 

146 See J. G. Gorman, E. J. James, and J. A, Hippie, Analysis of Solids with the Mass 
Spectrometer, ibid.y 23, 438 (1951). 

^^Ubid.y 21, 32 (1949); 22, 23 (1950). 
1^8 B. S. Evans and D. G. Higgs, Spot-Tests for the Identification of Certain Metallic 

Coatings and of Certain Metals in Bulk, W. Heffer and Sons, Cambridge (1943). See 
also Syvtposivm on Rapid Methods for the Identification of MetalSy American Society 
for Testing Materials (1950). 

149/wi. Eng, Chem, Anal, Ed,y 9, 292 (1937); 10, 591 (1938K See also H. Yagoda, 
ibid,y 9, 79 (1937); H. Yagoda, Mikrochemiey 24, 117 (1938); R. E. Stevens and H. W. 
Lakin, U, S. Geol. Survey Circ. 63 (1949). 

160 Fritz Feigl, Chemistry of Specific, Selective, and Sensitive Reactions, pp. 67-108, 
Academic Press, New York (1949). The experimental side of spot testing of organic 
and inorganic materials is fully treated by Feigl in Qualitative Analysis by Spot Test, 
3d English ed., Elsevier Publishing Co., New York (1946). 
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An interesting development of nondestructive colorimetric spot methods 
is the electrographic method in which the metal, alloy, or mineral sample 
is made anode in a suitable medium and a minute amount of the sought-for 
component is dissolved and carried electrolytically to a paper or other 
medium impregnated with the appropriate reagent at the cathode.^ 

XXV. MICROCHEMISTRY AND CHEMICAL MICROSCOPY 

Great strides have been made in microchemistry in recent years. As a 
consequence, both chemical microscopy and microanalysis have emerged 
as indispensable analytical tools. 

Microanalysis serves chiefly as a quantitative tool in applied analysis. 
In the organic field it has almost entirely supplanted the older macro 
methods, especially in routine work, where determinations of constituents 
such as carbon, hydrogen, and nitrogen can be made in less than half the 
time formerly required. The uses, and possible uses, of micro methods in 
the analysis of inorganic materials are many, but today microanalysis is 
serving in this field more often as a special than as a routine tool. As in 
organic analysis, tlie possible savings of time, equipment, and reagents are 
attractive in quantitative examination of materials that are uniform enough 
to permit the use of the small samples that are normally taken. Where 
strict uniformity of material is not essential, as for example in courses in 
qualitative analysis, the use of micro or semimicro methods has grown 
rapidly. 

In contrast to microanalysis, chemical microscopy finds its chief use as 
a qualitative tool, in which it possesses unique advantages over macroanal¬ 
ysis. For example, the group reagents give more specific information, the 
mechanical relations between constituents can be better observed, and 
compounds can often be mechanically separated and tested so as to yield 
an itemized rather than an over-all analysis. In such separations the use 
of heavy solutions is often helpful.^^- 

The approximate sample size used in the various techniques is given in 
the following tabulation: 

Macro methods 100 mg or more 
Semimicro methods 10 to 30 mg 

Consult H. Fritz, Z. anal. Chem.^ 78, 418 (1929); R. Jirkovsky, Mikrochemie, 15, 
331 (1934); Ed. Arnold, Chem. Zentr,, I, 2846 (1933); R. Jirkovsky, Chem. Listy^ 25, 
254 (1931); A. Glazunov and J. Krivohlavy, Z. physik, Chem., 161, 373 (1932); B. L. 
Clarke and H. W. Hermance, Ind, Eng. Chem. Anal. Ed., 9, 292 (1937); H. Yagoda, 
ibid., 12, 698 (1940), and 15, 135 (1943). 

162 5ee J. D. Sullivan, Heavy Liquids for Mineralogical Analysis, U. S, Bur. Mines 
Tech. Paper 381 (1927). 

168 See also P. L. Kirk, Quantitative Ultramicroanalysis, p. 2, John Wiley & Sons 
(1950). 
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Micro methods 2 to 10 mg 
Ultramicro methods 0.001 mg 

Advantages shared by both branches are the small-size samples (10 mg) 

that are required. This is of prime importance when the available sample 

is small, or the material is precious, or it is desirable to avoid significant 

mutilation of the sample. The microtechniques are especially useful in 

certain minerals and ore analyses. 

A fact that is sometimes overlooked by the layman is that chemical micro¬ 

scopy and microchemistry deal with major rather than minor constituents. 

In other words, the methods do not apply directly in determinations of 

constituents occurring in small amounts, such as one tenth of 1 per cent 

or less. An attractive procedure in the latter case consists in taking as 

large a sample as circumstances permit, segregating the constituent by 

means of a gathering agent and the use of macro methods, and then ob¬ 

taining it in small volume for final determination by micro methods. 

The principles underlying macro- and microchemical methods are the 

same; the chief dififerences are in technique, as occasioned by the small- 

scale operations in micro methods, and are not so difficult to master as one 

might be led to believe. It is beyond the scope of this book to enter into 

detailed descriptions of methods, or of special equipment, such as micro¬ 

scopes or the niicrochemical balance.^"*'’’ 

E. S. Larsen and H. Berman, The Microscopic Determination of the Non¬ 
opaque Minerals, 2d ed., U. S, Gcol. Survey Bull. 848 (1934), and M. N. Short, Micro¬ 
scopic Determination of the Ore Minerals, 2d ed., U. S. Geol. Survey Bull. 914 (1940). 

155 For detailed presentations of apparatus, methods, techniques, and applications, 
consult: E. M. Chamot and C. W. Mason, Handbook of Chevneal Microscopy, Vols. I, 
Principles and Use of Microscopes and Accessories; Pln sical Methods for the Study 
of Chemical Problems (1938), and II, Chemical Methods and Inorganic Qualitative 
Analysis, John Wiley & Sons (1940). F. Emich, I.elyrhtch der Mikrochemie, 2d ed., 
J. F. Bergmann, Munich, Germany (1926). F. Pregl and H. Roth, Quantitative Organic 
Microanalysis, 3d ed., translated by E. B. Daw, P. Blakiston\s Son & Co., Philadelphia 
(1937). F. Hecht, Die Quantitative Mikro-Mincralanalysc und ihre Ergebnisse, Micro- 
chim. Acta, 2, 120 (1937); Micro-Silikatanalysc, ibid., 188. See also F. Hecht and 
J. Donan, Anorganische Mikrogewichtsanalyse, Julius Springer, Vienna (1940), photo¬ 
lithoprint reproduction by Edwards Brothers, Ann Arbor, Mich. (1943); and N. H. 
Hartshome and A. Stuart, Crystals and the Polarising Microscope, 2d ed., Edward 
Arnold & Co., London (1950). 



Chapter 6 

VOLUMETRIC ANALYSIS 

I. VOLUMETRIC APPARATUS 

The following general specifications for glass volumetric apparatus taken 
from the National Bureau of Standards Circular C434 (1941) are presented 
because of the importance of the subject. 

Units of Capacity. The liter, defined as the volume occupied by a quan¬ 
tity of pure water at 4° C having a mass of 1 kg, and the one-thousandth 
part of the liter, called the milliliter,^ are employed as units of capacity. 

TABLE 10 

Apparent Weight in Grams of Water in Air * 

This table gives the apparent weight, for temperatures between 15 and 30° C, humidity 
50 per cent, unreduced barometer reading 76 cm of certain volumes of water weighed with brass 
weights. This table may be conveniently employed to determine definite volumes of water for 
calibrating instruments. The table assumes the air to be at the same temperature as the water: 

Temper¬ 
ature, 

°c 2000 ml 1000 ml 500 ml 400 ml 300 ml 250 ml 150 ml 

15 1,996.11 998.05 499.03 399.22 299.42 249.51 149.71 
16 1,995.80 997.90 498.95 399.16 299.37 249.48 149.68 
17 1,995.48 997.74 498.87 399.10 299.32 249.43 149.66 
18 1,995.13 997.56 498.78 399.03 299.27 249.39 149.63 
19 1,994.76 997.38 498.69 398.95 299.21 249.34 149.61 

20 1,994.36 997.18 498.59 398.87 299.15 249.30 149.58 
21 1,993.95 996.97 498.49 398.79 299.09 249.24 149.55 
22 1,993.51 996.76 498.38 398.70 299.03 249.19 149.51 
23 1,993.06 996.53 498.26 398.61 298.96 249.13 149.48 
24 1,992.58 996.29 498.15 398.52 298.89 249.07 149.44 

25 1,992.09 996.04 498.02 398.42 298.81 249.01 149.41 
26 1,991.57 995.79 497.89 398.31 298.74 248.95 149.37 
27 1,991.04 995.52 497.76 398.21 298.66 248.88 149.33 
28 1,990.49 995.24 497.62 398.10 298.57 248.81 149.29 
29 1,989.92 994.96 497.48 397.98 298.49 248.74 149.24 

30 1,989.33 994.66 497.33 397.87 298.40 248.67 149.20 

* From Standard Density and Volumetric Tables, NBS Circ. 19 (1924). 

1 This is often designated by the letters cc. The cubic centimeter is not exactly 
the one-thousandth part of the liter; 1 milliliter = 1.000028 cubic centimeters. [La 
Creation du Bureau International des Poids et Mesures et son Oeuvre^ Ch. Ed. Guillaume, 
p. 258 (19271. The difference is of no account in ordinary work, but it should be 
noted to avoid confusion in the use of the two units. 

160 
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Standard Temperature, Twenty degrees centigrade is regarded by the 
National Bureau of Standards as the standard temperature for glass vol¬ 
umetric apparatus.^ In Tabic 10 are given apparent weights at tempera¬ 
tures between 15 and 30° C 

A. GENERAL SPECIFICATIONS 

a. Material and Annealing. The material should be of best-quality glass, 
transparent, and free from striae and should adequately resist chemical 
action. All apparatus should be thoroughly annealed at 400° C for 24 
hours and allowed to cool slowly before being graduated. 

b. Design and Workmanship. The cross section must be circular, and 
the shape must permit complete emptying and drainage. 

Instruments having a base or foot must stand solidly on a level surface, 
and the base must be of such size that the instruments will stand on a plane 
inclined 15° to the horizontal. 

Stoppers and stopcocks must be so ground as to work easily and prevent 
leakage. 

The parts on which graduations are placed must be cylindrical for at 
least 1 cm on each side of every mark, but elsewhere may be enlarged to 
secure the desired capacities in convenient lengths. 

The graduations should be of uniform width, continuous and finely but 
distinctly etched, and must be perpendicular to the axis and parallel to the 
base of the apparatus. 

All graduations must extend at least halfway around, and on subdivided 

apparatus every tenth mark and on undivided apparatus all marks must 

extend completely around tlie circumference. Subdivided apparatus must 

be provided with a sufficient number of lines of suitable length to facilitate 
reading. 

The clear space between two adjacent marks must not be less than 1 mm. 

The spacing of marks on completely subdivided apparatus must show no 

evident irregularities, and sufficient divisions must be numbered to indicate 

readily the intended capacity of any interval. 

c. Inscriptions, Every instrument must bear in permanent legible char¬ 

acters the capacity, the temperature in centigrade degrees at which it is to 

be used, the method of use (i.e., whether to contain or to deliver), and, on 

instruments that deliver through an outflow nozzle, the time required to 

empty the total nominal capacity with unrestricted outflow must be like¬ 

wise indicated. 
Every instrument should bear the name or trade mark of the maker. 

Every instrument must bear a permanent identification number, and de- 

2 For a method of providing for changes of temperature in volumetric analysis, con¬ 
sult M. G. MeUon, Ind, Eng, Chem, And, Ed., 2, 260 (1930). 
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tachable parts, such as stoppers and stopcocks, belonging thereto must bear 
the same number. 

B. SPECIAL REQUIREMENTS 

a. Flasks, At the capacity mark or marks on a flask the inside diameter 
must be within the following limits: 

Diameter, Capacity of Flask, ml, up to and Including 

mm 25 50 100 200 250 500 1000 2000 3000 4000 50(K) 6000 

Maximum 8 10 12 14 15 18 20 25 30 35 40 45 

Minimum 6 6 8 9 10 12 14 18 20 22 25 30 

The neck of a flask must not be contracted above the graduation mark. 
The capacity mark on any flask must not be nearer the end of the cylin¬ 

drical portion of the neck than specified below: 

Distance from 

Upper End, 

Capacity cm 

100 ml or less 3 

More than 100 ml 6 

Distance from 

Lower End, 

cm 

1 
2 

Flasks may be graduated both to coiitabi and to delivery provided the 
intention of the different marks is clearly indicated and the distance be¬ 
tween two adjacent marks is not less than 1 mm. In flasks graduated to 
more than one capacity, the error in the volume between two consecutive 
marks shall not exceed one half of the permissible error in the volume 
indicated by the first mark. 

Tolerances * 

Capacity 

Less than 

and Limit of Ki rror, ml 

Capacity 

Le.ss than 

and Limit of Error, ml 

Including, If to If to Including, If to If to 

ml Contain Deliver ml Contain Deliver 

25 0.03 0.05 1000 0.30 0.50 

50 0.05 0.10 2000 0.50 1.00 

100 0.08 0.15 30a) 0.75 1.50 

200 0.10 0.20 4000 1.00 2.0 

300 0.12 0.25 5000 1.2 2.4 

500 0.15 0.30 6000 1.5 3.0 

* Schedules of fees charged by the National Bureau of Standards for the calibration of volu¬ 

metric apparatus and directions for submitting apparatus for test can be obtained upon appli¬ 

cation to the Nat'onal Bureau of Standards, Washington, D. C. For methods of testing 

volumetric apparatus consult NBS Reprint 92; NBS Bull, 4, no. 4 (1907-08); H. N. Morse and 

T. L. Blalock, Am, Chem, 16, 479 (1894); W. Schloesser, Z, angew. Chem.^ 16, 953, 977, 

1004, 1061 (1903); W. Schloesser and C. Grimm, Chem. Ztg,, 30, 1071 (1906); W. Schloesser, Z. 

anal, Chem.^ 46, 392 (1907). 
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b. Transfer Pipettes. Pipettes for delivering a single volume are desig¬ 
nated “transfer” pipettes. 

The suction tube of each transfer pipette must be at least 16 cm long, 
and the delivery tube must not be less than 3 cm nor more than 25 cm 
long. The top of the suction tube must be finished with a smooth plane 

surface, at right angles to the axis. 

The inside diameter of anv transfer pipette at the capacity mark must 

not be less than 2 mm and must not exceed the following limits: 

Capacity of pipettes, ml, up to and including 25 50 200 

Diameter, mm 4 5 6 

The outside diameter of the suction and delivery tubes of transfer pipettes, 

exclusive of the tip, must not be less than 5 mm. The capacity mark on 

transfer pipettes must not be more than 6 cm from the bulb. 

The outlet of any transfer pipette must be of such size that the free out¬ 

flow shall last not more than 1 minute and not less than the following for 

the respective sizes; 

Capacity, ml, up to and including 5 10 50 100 200 

Outflow time, sec 15 20 30 40 50 

Tolerances * 

Capacity Less than Limit of Error, Capacity Less than Limit of Error, 

and Including, ml ml and Including, ml ml 

2 0.006 50 0.05 

5 0.01 100 0.08 

10 0.02 200 0.10 

30 0.03 

* In ordinary analyses no corrections arc needed for the volumes delivered by pipettes that 

meet the tolerances. It should, however, be borne in mind that such practice may lead to 

errors as great as 1 part in 500 (5- or 10-ml pipettes), and that concordant results cannot be ex¬ 

pected if pipettes are used indiscriminately and without corrections. 

c. Burettes and Measuring Pipettes. Only those burettes emptying 

through a nozzle permanently attached at the bottom are accepted for test. 

Side tubes, unless provided with stopcocks, are not permitted on burettes. 

So-called “Shellbach” burettes—that is, those having a milk-glass background 

with a colored tile center line—will not be accepted for test. The distance 

between the extreme graduations must not exceed 70 cm on burettes nor 35 

cm on measuring pipettes. 
The rate of outflow of burettes and measuring pipettes must be restricted 

by the size of the tip, and for any graduated interval the time of free out¬ 

flow must not be more than 3 minutes nor less than the following for the 

respective lengths: 
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Length Time of Outflow Length Time of Outflow 

Graduated, not Less than, Graduated, not Less than, 

cm sec cm sec 

15 30 45 80 

20 35 50 90 

25 40 55 105 
30 50 60 120 
35 60 65 140 

40 70 70 160 

The upper end of any measuring pipette must be not less than 10 cm 
from the uppermost mark and the lower end not less than 4 cm from the 
lowest mark. 

On 50-ml and 100-ml burettes the highest graduation mark should not 
be less than 4 cm nor more than 10 cm from the upper end of the burette. 
On burettes having a capacity of 25 ml or less this distance should not be 
less than 3 cm nor more than 6 cm. 

Burette and pipette tips should be made with a gradual taper of from 2 
to 3 cm, the taper at the extreme end being slight. 

A sudden contraction at the orifice is not permitted, and the end of the 
tip must be ground true, with a smooth plane surface, and finished with 
a polish or a semipolish. 

In order to facilitate the removal of drops and to avoid splashing when 
the instrument is vertical, the tip may be bent slightly. 

Tolerances 

Capacity 

of Total 

Capacity 

of Total 

Graduated 

Portion Less 

than and 

Limit of Error of Total 

or Partial Capacity, ml 

Graduated 
Portion Less 

than and 

Limit of Error of Total 

or Partial Capacity, ml 

Including, 

ml Burettes 

Measuring 

Pipettes 

Including, 

ml Burettes 

Measuring 

Pipettes 

2 0.01 30 0.03 0.05 

5 0.01 0.02 50 0.05 0.08 

10 0.02 0.03 100 0.10 0.15 

C. SPECIAL RULES FOR AAANIPULATION 

These rules indicate the essential points in the manipulation of volumetric 

apparatus which must be observed in order that the conditions necessary to 

obtain accurate measurements may be reproduced. 

a. Test Liquid. Apparatus will be tested with water and the capacity 

determined will, therefore, be the volume of water contained or delivered 

by an instrument at its standard temperature. 

b. Method of Reading. In all apparatus where the volume is limited by 

a meniscus, the reading or setting is made on the lowest point of the menis- 
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cus. In order that the lowest point may be observed, it is necessary to 
place a shade of some dark material immediately below the meniscus, which 
renders the profile of the meniscus dark and clearly visible against a light 
background. A convenient device for this purpose is a collar-shaped sec¬ 
tion of thick black rubber tubing, cut open at one side and of such size as 
to clasp the tube firmly. 

c. Clemliness of Apparatus, Apparatus must be sufficiently clean to 
permit uniform wetting of the surface. 

d. Flasks and Cylinders, In filling flasks the entire interior of the vessel 
v ill be wetted but allow to drain 2 minutes before reading. 

When used to deliver, flasks should be emptied by gradually inclining 
them, avoiding, as much as possible, agitation of the contents and rewetting 
of the walls. Allow half a minute for emptying. When the continuous 
stream has ceased, the vessel should be nearly vertical. After half a min¬ 
ute in this position the mouth is brought in contact with the wet surface 
of the receiving vessel to remove the adhering drop. 

c. Pipettes and Burettes, In filling a pipette or a burette excess liquid 
adhering to the tip should be removed when completing the filling. 

A burette should be held in a vertical position for emptying, and, after 
the continuous unrestricted outflow ceases, the tip should be touched with 
the wet surface of the receiving vessel to complete the emptying. A 
transfer pipette should be held in a vertical position, and the outflow should 
be unrestricted until the surface of the water reaches the upper end of 
the delivery tube; the tip should then be touched to the side of the receiving 
vessel and kept in contact with it until unrestricted flow just stops. The 
pipette is then immediately withdrawn. Any solution remaining in the 
tip should not be blown out. 

Stopcocks, when used, should be completely open during emptying. 
Burettes and pipettes should be filled to about 2 cm above the zero, and 

the setting to the zero mark made by slowly emptying from this point. 
Although under normal usage the measurements are ordinarily from 

the zero mark, other initial points may be used on burettes of standard form 
without serious error.® 

D. WEIGHT BURETTES 

Weight burettes must be used in work of the highest accuracy, for tem¬ 
perature effects are avoided and the amount of the solution that is used 
can be determined with greater accuracy by weighing than by measuring. 

Thus, in a titration involving 50 ml, weighing to an accuracy of 1 mg or 

1 part in 50 thousand is simple, whereas the reading of a burette to 0.01 

® It is stated [C. L. Taylor, Chem, Eng, News, 20, 219 (1942)] that frozen stopcocks 
can be loosened by immersing them for a few hours in a diluted solution of Aerosol 
prepared by adding 1 ounce of 10 per cent Aerosol O T to 1 liter of water. 
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ml or 1 part in 5000 is difficult. Other advantages of weight burettes were 
summed up by Washburn * as follows: 

1. Since graduated vessels are not used, no time need 

be spent in calibration, and no errors are introduced 

from this source. 

2. Frequent cleaning is not necessary as drops cling¬ 

ing to the sides of the burette do not affect the result.® 

3. The result is independent of the temperature of 

the solution. 

4. No time is consumed in allowing the burette to 

drain; in fact the burette can be weighed in the time 

usually consumed for drainage. 

The type of weight burette recommended by 
Washburn is shown in Fig. 19. 

II. ACIDIMETRY AND ALKALIMETRY 

A. INDICATORS 

a. General Considerations. In titrations with 
acids and bases, the condition of definite neutrali¬ 
zation, the end point, is conveniently found by the 
aid of an indicator. The stages of neutralization 

in dilute solutions of acids and alkalies can also be 
followed potentiometrically (p. 200). Indicators 
that are of service in titrations arc listed in Tables 
11 and 12. It will be noted that the hydrogen ion 

Tic. 19. Weight burette, concentration® at which one indicator changes 

+ E. W. Washburn, /. Am. Chem. Soc.y 30, 31 (1908). For a weighing burette hav¬ 

ing an added small reservoir graduated at intervals of 0.01 ml for delivering small 

volumes near the end point, see J. C. Hostetter and H. S. Roberts, ibid., 41, 1350 (1919). 

•'* This refers to drainage. Drops caused by evaporation while the solution is stored 

must be mixed with the solution before any of it is draw n out. 

®Thc symbol pH is used conveniently to express hydrogen ion concentration on a 
logarithmic scale. Originally, pH was defined as the negative logarithm of the hy¬ 
drogen ion concentration and later as the negative logarithm of the hydrogen ion 
activity. Except for simple dilute solutions, such as 0.01 N hydrochloric acid, the 
exact hydrogen ion concentration cannot be determined and the assignment of a value 
to the hydrogen ion activity involves an arbitrary assumption. The modern scale of 
pH is based on pH values assigned to certain solutions taken as reference standards. 
But, for practical purposes, it is still customary to think of pH in terms of the original 
definition. For example, pH 2 represents a hydrogen ion concentration of 10 ~ 2^ and 
pH 7 represents the hydrogen ion concentration of 10“’^ prevailing in pure water. 
For more complete information, consult Standardization of pH Measurements Made 
with the Glass Electrode, NBS Letter Circ. LC 933; see also R. G. Bates, Chem. Revs., 
42, 1 (1948), 
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TABLE 11 

Indicators Useful in Quantitative Analysis 

Concentration 

of 

Ml of Reagent 

Required * 

Indicator 

Transi¬ 

tion 

Range, 
pH 

Acid-Alkaline 

Color 
Pre¬ 

pared 

Indi¬ 

cator, 

% 

Pre¬ 

pared 

Indi¬ 

cator 

in 

Titra¬ 

tion, 

Drops 

per 

100 ml 

1 

;V 

0.1 

N 

0.01 

N 

Methyl yellow (dimethyl- 

aminoazobenzene) 2.9- 4.0 Red to yellow 0.1 1-2 0.01 0.1 1.0 

Bromphenol blue (tetrabro- 

mophenolsulfonphthalein) 3.0- 4.6 Yellow to blue 0.04 3-5 0.01 0.1 1.0 

Methyl orange (dimethyl- 

aminoazobenzene sodium 

3.1- 4.4 Red to orange- 
yellow 0.02 3-5 0.008 0.08 0.8 

sulfonate) 

Methyl red (dimethylamino- 

azobenzene o-carboxylic 

acid) 4.2- 6.3 Red to yellow 0.02 3-5 0.000 0.01 0.1 

Bromcresol purple (dibromo- 

o-cresolsulfonphthalein) 5.2- 6.8 Yellow to purple 0.04 3-5 0.000 

i 
0.01 0.1 

Neutral red (dimethyldiami- 

notoluphenazine) 6.8- 8.0 Red to yellow 0.1 1-2 0.000 0.00 0.0 

Phenol red (phenolsulfon- 

phthalein) 6.8- 8.4 Yellow to red 0.02 3-5 0.000 0.00 0.0 

Phenolphthalein 8.2-10.0 Colorless to red 1.0 1-3 0.002 0.02 0.2 

Thymol blue (thymolsulfon- 

phthalein) 8.0- 9.6 Yellow to blue 0.04 3-5 0.002 0.02 0.2 

Thymolphthalein 9.3-10.5 Colorless to blue 0.04 3-5 0.01 0.1 1.0 

* Amount of reagent required to produce a distinct color change from the “neutral” color of 

the indicator in 100 ml of water. 

color may be quite different from that required by another, and that there¬ 
fore the strength of a solution as shown by titration with one indicator may 
differ from that shown by another. For example, in titrations of like 

amounts of hydrochloric acid, mpre sodium hydroxide will be required to 

give an end point with phenolphthalein than with menthyl orange. A 

given solution should, therefore, as far as possible be standardized and used 
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with the same indicator (or any indicator that has its transition color at 
the equivalence point), with the same concentration of indicator and to the 
same transition color. 

The indicators listed in Table II can be classified as follows: 

Neutral indicators (transition interval about pH 7)—phenol red and 
neutral red. 

Indicators sensitive to acids (transition interval pH > 7)—phenoIphthaL 
ein, thymol blue, thymolphthalein. 

Indicators sensitive to bases (transition interval pH < 7)—methyl yellow, 
bromphenol blue, methyl orange, methyl red. 

With conductivity water the first give their transition color, the second 
their acid color, and the third their alkaline color. Carbon dioxide or 
carbonate must be excluded in titrations made with the indicators sensi¬ 
tive to acids and preferably in titrations with methyl red. For a list of 
acids and bases, together with indicators suitable for their titration, see 
Table 12. 

Suitable Indicators 

Adds 

Strong adds 

Phosphoric or arsenic 

Monobasic 
Dibasic 

Pyrophosphoric | 

ori( 

Sulfurous IJ 

Boric i 

I Tribasic 
f Dibasic 
[Tctrabasic 

Hydrofluoric 
[Monobasic 
Dibasic 

^ , . f Monobasic 
Carbonic i . 

[ Dibasic 

Chromic 
(With polyvalent alcohols 

Without polyvalent alcohols 
Hydrocyanic 
Arsenious (monobasic) 
Formic and homolog 
Oxalic and homolog 
Benzoic and homolog 
Phthalic 

(Strong bases 
Ammonia 

‘Boric add 
Carbonic add 
Hydrogen sulfide 
Phosphoric add (to 

primary salt) 

Bases bound to 

TABLE 12 

FOR Titration of Various Acids and Bases 

Indicators 

Any indicator (see text) 
M. Y.; M. O.; B. P. B. 
Th. pht.; Ph. pht.; Th. B. (Solution saturated with 

NaCl) 
Ph. pht.; Th. B. (Concentrated solution of CaCb) 
M. Y.; M. O.; B. P. B. (To pH 4) 
Ph. pht.; Th. pht.; Th. B. (In presence of BaCl2) 
Ph. pht.; Th. B.; Ph. R.; N. R. 
M. Y.; M. O.; B. P. B. 
Ph. pht.; T. B. (In presence of BaCW 
Ph. pht.; Th. B. (In presence of NaCl or glycerin) 
Ph. pht.; Th. B. (In presence of BaCfe) 
Ph. pht.; Th. B. 
Ph. pht.; Th. B. 
Nitramine; Tropaeolin O 
Nitramine; Tropaeolin O 
Nitramine; Tropaeolin O 
Ph. pht.; Th. B.; Ph. R.; N. R. 
Ph. pht.; Th. B.; Ph. R.; N. R. 
Ph. pht.; Th. B. 
Ph. pht.; Th. B. 
Any indicator 
M. R.; B. C. P.; M. O.; M. Y.; B. P. B. 
M. O.; M. Y.; B. P. B.; M. R.; B. C. P. 
M. O.; M. y.; B. P. B. 
M. O.; M. Y.; B. P. B.; M. R.; B. C. P. 

M. O.; M. Y.; B. P. B. 
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For the titration of strong acids with strong bases, any of the indicators 
can be used, but the end points will not indicate the same pH. For example, 
in 100 ml of pure water, 0.08 ml of 0.1 N acid will be required to give an 
orange yellow tint with methyl orange, and 0.02 ml of 0.1 N alkali will be 
needed to give a red tint with phenolphthalein. The margin between the 
end points in this dilution is therefore represented by 0.1 ml of 0.1 N solu¬ 
tion. It should also be noted (column 8, Table 11) that it is more satisfactory 
to use methyl red or phenolphthalein in titrations of very weak solutions 
such as 0.01 N and to titrate to the color of the indicator in pure water. 

For the titration of weak acids with strong bases, the indicators sensitive 
to acids are required; for the titration of weak bases with strong acids, the 

Fig. 20. Dissociation curves of the indicators listed in Table 13. The indicators are 
here considered as simple monobasic acids, and the percentage color changes with pH 
‘ are shown. The shaded portions of the curves indicate the useful range.® 

indicators sensitive to bases are needed; whereas for the titration of weak 
acids with weak bases the neutral indicators must be used. 

The proper indicator for use with polybasic acids or bases depends on 
their dissociation constants. When all of the constants are large, as for 
example with sulfuric acid or barium hydroxide, their behavior is like that 
of strong monobasic or acid compounds, and the end point denotes forma¬ 
tion of the normal salt. If the second or third dissociation constants are 
distinctly smaller than the first, indicators can be chosen to mark the forma¬ 
tion of primary, secondary, and even tertiary compounds. Thus, with 
phosphoric acid, methyl orange changes color when conversion to the 
primary salt is complete, phenolphthalein (in a solution saturated with 
sodium chloride) when conversion to the secondary salt has taken place, 
and thymol blue (in a concentrated solution of calcium chloride) when 
the normal salt is obtained. Similarly, carbonic acid reacts as a monobasic 
acid with phenolphthalein in the presence of sodium chloride, while sulfur- 
ous acid acts as a monobasic acid with methyl orange and a dibasic acid 
with phenolphthalein in the presence of barium salts.^* 

The indicators recommended by W. M. Clark and H. A. Lubs®*® are 
listed in Table 13, and their dissociation curves are given in Fig. 20. 

^ For a more complete discussion of indicators, consult W. Mansfield Qark, The 
DetertmmHon of Hydrogen Ions, 3d ed., Williams and Wilkins Co., Baltimore (1928), 
and I. M. Kolthoff and N. Howell Furman, Indicators, John Wiley & Sons (1926). 

* H. A. Lubs, Ind. Eng. Chem., 12, 273 (1920). 
^J.Bact.,2, 1, 109, 191 (1917). 
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TABLE 13 

Clark and Lub’s List of Indicators 

Concen¬ 

tration, 

%of 

Chemical Name Common Name 

Sodium 

Salt* Color Change 

Range 

pH 

'rhymolsulfonphthalein (acid range) Thymol blue 0.04 Red—yellow 1.2-2.8 

Tetrabromophenolsulfonphthalein Bromphenol blue 0.04 Y^ellow—blue 3.0-4.6 

Orthocar boxy benzeneazodimcthylani- 

line Methyl red 0.02 Red—yellow 4.4-6.0 

Dibromo-o-crcsolsulfonphthalein Bromcresol purple 0.04 Y'ellow—purple oc
 

Dibromothymolsulfonphthalein Bromthymol blue 0.04 Yellow—blue 6.0-7.6 

Phenolsulfonphthalein Phenol red 0.02 Yellow—red 6.8-8.4 

o-Cresolsulfonphthalein Cresol red 0.02 Yellow—red 7.2-8.8 t 

Thymolsulfonphthalein Thymol blue 0.04 Y ellow—blue 8.0-9.6 

o-Cresolphthalcin Cresolphthalein 0.02 Colorless—red 8.2-9.8 

The sodium salts are prepared by grinding 0.1 g of the dry dye with the following quantities 

of 0.05 N NaOH and diluting to 250 ml when solution is complete. 

Molecular 

0.05 N NaOH 

per 0.1 g of Dye, 

Weight Indicator ml 

354 Phenol red S.l 

669 Bromphenol blue 3.0 

382 Cresol red 5.3 

540 Bromcresol purple 3.7 

466 Thymol blue 4.3 

624 Bromthymol blue 3.2 

269 Methyl red 7 A 

o-Cresolphthalein is used in a 0.04 per cent solution in 95 per cent alcohol. Methyl red is some¬ 

times prepared by dissolving the dye in 100 ml of alcohol and diluting to 250 ml with water. For 

colorimetric work 5 drops of the prepared solution are used in 10 ml of solution, for titrations 5 

drops per 100 ml suffices. Indicator solutions so prepared are satisfactory for ordinary purposes. 

They arc not satisfactory for use in determining the hydrogen ion concentration of slightly buf¬ 

fered solutions [W. H, Pierre and J. F. Fudge, /. Jm. Chem. Soc.^ 50, 1254 (1928)1 and should 

be adjusted to a hydrogen ion concentration corresponding to a pW near the middle of the tran¬ 

sition interval (for example: bromphenol blue, 3.80; bromcresol green 4.60; bromcresol purple, 

5.80; bromthymol blue, 6.80; phenol red, 7.60). The same authors point out that the hydrogen 

ion concentradon changes materially when an indicator solution is kept in glass, decreasing in 

ordinary glass and increasing in pyrex or paraffin-coated flasks. 

t It should be noted that cresol red changes from red at pH 0.2 to yellow at pH 1.8 [F. R. 

McCrumb and W. R. Kenny, J, Am. Chem. Soc.^ 51, 1458 (1929)]. 

H. A. Lubs® stated that, if only two indicators are to be selected for 
general laboratory use, methyl red and thymol blue will be sufficient for 
most of the titrations and rough controls that the av^age chemist needs 
to make. Thymol blue has the property of showing brilliant color changes 
at two widely different hydrogen ion concentrations.® ®’^^ At hydrogen 

A. B. Gark and H. A. Lubs, /. Am, Chem, Soc,, 40, 1443 (1918). 
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ion concentrations between pH 1 and 3, the color changes from deep 

magenta to yellow, this color then persisting until a hydrogen ion concen¬ 

tration of pH 8 is reached when the transfonuation to a deep blue begins. 

The indicator can therefore be used in differential acidimetric and alkali- 

rnctric titrations, as for example benzoic and hydrochloric acids and acetic 

and sulfuric acids.'” 

Various mixtures have been proposed to give sharper color changes. 

Thus R. Luther'^ recommended the use of a mixture of methyl orange 

and indigo carmine instead of the fonner alone. A mixture of 1 g of 
methyl orange and 2.5 g of indigo carmine in 1000 ml of water, has a 

yellowish green color in alkaline solution which changes sharply from 

green through gray to violet and is easily seen even by artificial light. 

A mixture of 1 g of methyl orange and 1.4 g of xylenecyanole red FF in 

500 ml of 50 per cent alcohol has a green color in alkaline solution, a 

magenta red color in acid solution, and a stecl-grav tint at the transition 

point, pH 3.8.^2 

Mixtures of sulfonphthaleins have been recommended by some investi¬ 

gators.^'’^ For example, a mixture of bromcresol purple and bromthymol 

blue changes sharply from greenish yellow at pH 6.0 to pure blue at 6.8; 

a mixture of bromcresol purple and bromphenol blue is deep yellow at 

pH 3.4 to 3.6, yellow green at pH 3.8 to 4.2, and purple at pH 5 to 6.2, 

and a mixture of bromphenol blue and cresol red is green-blue at pH 4.6 

to 6.8, blue-purple at 6.8 to 7.6, and purple-violet at 7.6 to 8.8.^* 

The transition colors of indicators arc affected by the concentration of 

the indicator,^® the temperature of the solution,^® the amount of alcohol in 

Cbeifj. Zt^., 31, 1172 (1907); F. X. Moerk, Ain. J. Fhann.y 93, 675 (1921); /. Am. 

Phann. Assoc., 10, 743 (1921); I. M. Kolthoff and N. Howell Furman, loc. cit. See also 

I. M. Kolthoff, Biochem. Z., 189, 26 (1927). 

12 K. C. D. Hickman and R. P. Linstead, J. Chem. Soc., 121, 2502 (1922). 

I'l J. L. Lizius, Analyst, 46, 355 (1921); A. Cohen, J. Ain. Chein. Soc., 44, 1851 (1922); 

F. H. Carr, Analyst, 47, 196 (1922). 

i+For descriptions of “universar indicators, see the following: (pH range 3-11,5), 

H. W. van Urk, Pharm. Weekhlad, 65, 1246 (1928); (pH range 2-12), ibid., 66, 157 

(1929); (pH range 1-10), I. M. Kolthoff, ibid., 61. 

Different concentrations of indicators do not give the same color changes with a 

given pH, particularly with one-color indicators. Thus a dilute solution of phcnol- 

phthalein may show no more color at pH 9 than a more concentrated solution docs at 

pH 8. It is therefore important that the concentration of indicator be kept constant. 

The usual concentrations arc given in Tables 11 and 13. For some purposes considerably 

higher concentrations are desirable. 

At 100® C the color of the alkali-sensitive indicators is displaced toward the basic 

side (in methyl orange from pH 3.1 at 18® C to pH 3.66 at 100® C) and the acid-sensitive 

indicators toward the acid side (in phenolphthalcin from pH 8.2 at 18® C to pH 8.1 at 

100® C.) 
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the solution,^and the concentration of neutral salts/® (also of other com¬ 
pounds, as for example proteins). 

The effect of the neutral salts formed in titration of dilute solutions such 
as 0.1 N is not serious with the indicators listed in Table 8, except brom- 
phenol blue which should not be used in very dilute solutions of electro¬ 
lytes. The effect of alcohol can be disregarded if the concentration is low, 
as is usually the case. The concentration of the indicator, however, is a 
matter of concern, particularly in titrations of polybasic acids, as is also the 
temperature at which titration is made. It should be noted in passing that 
indicators may be useless for the determination of pH under certain con¬ 
ditions, as for example alizarine in the presence of aluminum (with which 
it may form a lake) or methyl red in the presence of oxidizing agents. 

Buffer solutions are those that resist a change in pH through the addition 
or loss of acid or alkali. Mixtures that produce this effect are called buffer 
or regulator mixtures and generally consist of mixtures of some acid and 
its alkali salt.^° By means of these mixtures, solutions of definite pH can 

Alcohol strongly decreases the dissociation constants of the indicators, and there¬ 

fore, in its presence, indicators that behave like acids arc more sensitive toward hydro¬ 

gen ions, regardless of whether the indicator is acid- or alkali-sensitive. Conversely, 

indicators that arc weak bases are less sensitive to hydrogen ions. Moreover, the effect 

of tcnipcraturc in alcoholic solutions is the reverse of that in water solutions. For 

example, if alcohol is added to a feebly colored aqueous solution of phcnolphthalein 

the color vanishes, and, upon warming, it reappears. In general, the effect of methyl 

is smaller than that of ethyl alcohol. Sec also A. Thiel and W. Springcriiann, Z. anorg. 
allge7n, Chetn., 176, 64, 112 (1928). 

18 Neutral salts tend to shift the color of the acid indicators toward the alkaline 

side and that of the basic indicators toward the acid side; for example the correction 

in pU in 0.5 N NaQ solution is 4-0.1 for methyl red, and --0.17 for phcnolphthalein. 

In addition, the total color niav also be affected. See also 1. M. Kolthoff, /. Phys. Chem., 
32, 1820 (1928). 

1® W. M. Clark and H. A. Lubs [/. Biol. Chein., 25, 479 (1916)] recommended 0.05 M 

solutions prepared from 0.2 M solutions of potassium chloride and hydrochloric acid, 

acid potassium phthalate and hydrochloric acid, acid potassium phthalatc and sodium 

hydroxide, acid potassium phosphate and sodium hydroxide, and boric acid and potas¬ 

sium chloride plus sodium hydroxide. For the preparation of such solutions, see the 

reference or such texts as W. Mansfield Clark, op. cit.y and I. M. Kolthoff and N. Howell 

Furman, op. cit. 

The following tabulation shows how certain solutions are made. In each case final 
dilution is to 2()() ml: 

Desired pH Mixture 

2 50 ml 0.2 M KCl + 10.6 ml 0.2 M HCl 

4 50 ml 0.2 M KH phthalate + 0.4 ml 0.2 M NaOH 

6 50 ml 0.2 M KH phthalate + 45.45 ml 0.2 M NaOH 

8 50 ml 0.2 M KH2PO4 4 46.80 ml 0.2 M NaOH 

10 50 ml 0.2 M H3BO3,0.2 M KCI 4 43.90 ml 0.2 M NaOH 

See also the National Bureau of Standards pH standards 185, 186, 187, and 188 for the 

preparation of solutions having pH values approximating 3.6, 4.0, 6.8, and 9.2. 
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be easily prepared, and the solutions furnish a means of stabilizing the 
hydrogen ion concentration within a predetennined zone. Therefore they 
are of considerable value in analytical work, as for example in the precipi¬ 
tation of bismuth as the oxybromide by means of bromate and bromide 
(p. 233), in the titration of arsenite with iodine (p. 195), and in following 
transition colors of indicators. 

The buffer action of such solutions is dependent upon the nature and 
concentration of the constituents, upon the nature of the acid or alkali added, 
and upon the pH region involved. 

b. Preparation of Indicator Solutions, a. Methyl yellow. Recrystallize 
the commercial dye from dilute alcohol and prepare a 0.1 per cent solution 
in 90 per cent alcohol. 

p. Methyl ormge. Dissolve 0.02 g of the sulfonic acid in 100 ml of hot 
water, let the solution cool, and filter if a precipitate (metasulfonic acid) 
separates. If the indicator is to be made from the sodium salt, dissolve 
0.022 g of reagent in 100 ml of hot water, add 0.67 ml of 0.1 N hydrochloric 
acid, and treat as above. 

y. Methyl red. Dissolve 0.02 g of the free acid in 100 ml of hot water, 
let the solution cool, and filter. 

8. Neutral red. Dissolve 0.5 g of the reagent in 300 ml of alcohol, and 
dilute to 500 ml. 

c. Phenolphthalein. Recrystallize the reagent from methyl or ethyl alco¬ 
hol, dissolve 5 g of the purified product in 400 ml of alcohol, and dilute 
with water to 500 ml, 

f. Thymolphthalein, Dissolve 0.2 g of the reagent in 300 ml of alcohol, 
and dilute with water to 500 ml. 

Litmus is a natural product that is now chiefly used in test papers. The 
sensitiveness of different brands of such papers varies considerably, and the 
transition interval is large (pH 4.8 to 8.0), for the indicator is composed 
of a mixture of indicators that varies with the mode of preparation. H. A. 
Lubs® recommended either dibromocresolsulfonphthalcin or dibromothy- 
molsulfonphthalein as a substitute for litmus. The former changes from 

yellow (pH 5.2) to a brilliant purple (pH 6.8), and the latter from yellow 

(pH 6) to a brilliant blue (pH 7.6). Both can be obtained in very pure 

condition and a uniform product assured. 

Tropaeolin O (the sodium salt of azoresorcinolsulfanilic acid) and nitra- 

mine (2,4,6-trinitrophenylmethyl nitramine) find occasional use. The for¬ 

mer is used in 0.1 per cent aqueous solution and changes from yellow at 

20 According to S. Palitzsch [Compt, rend. trav. lab, Carlsberg^ 10, 162 (1911)], the 

indicator can be purified by heating 4 g with 30 ml of glacial acetic acid, filtering, 

adding water until the solution just begins to become cloudy, warming until clear, 

and crystallizing by cooling rapidly. It can also be purified by recrystallization from 

hot toluol. 
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p¥{ 11.0 to orange brown at 13.0. The latter is more satisfactory and is 

used in 0.1 per cent solution in dilute alcohol (3 + 2) which should be 

kept in the dark. The color change is from colorless at pH 10.8 to red- 

brown at pH 13.^^ 

B. STANDARDIZATION OF ACIDS 

Standard solutions of hydrochloric acid arc used to a greater extent than 

those of other acids, chiefly because of the solubility of the chlorides. 

Solutions of acids other than hydrochloric acid find considerable use in 

certain procedures, as for example sulfuric or perchloric acid in the Kjeldahl 

process, and nitric acid in the alkalimctric method for phosphorus. Sulfuric 

or perchloric acids arc particularly desirable if the solution must be heated 

or boiled. Solutions of oxalic acid are somewhat unstable, especially in 
dccinorrnal or weaker strengths.-- 

Standard solutions of hydrochloric acid can be prepared directly by the 

method of G. A. Hulctt and W. D. Bonner which depends on the con¬ 

stancy of composition, at a definite atmospheric pressure, of the constant¬ 

boiling mixture formed by hydrochloric acid and water. Standard solu¬ 

tions of hydrochloric acid, how^ever, as well as those of other acids, are 
usually prepared by diluting a calculated amount of the reagent with water, 

and then standardizing the solution. If a certain strength is absolutely neces¬ 

sary, the solution is purposely made too strong, carefully diluted after the 

standardization, and then restandardized. For ordinary work, volume 

burettes can be used. Weight burettes must be employed in w^ork of the 

highest accuracy, and in all cases where moderate diflFerences between the 

temperature at which the solution is standardized and used arc of importance. 

In any case, moisture that condenses above the surface of the titrating solu¬ 

tion in either bottle or w eight burette must be mixed with the rest of the 
solution before it is used. 

The standardization of hydrochloric or sulfuric acid solutions can be 

done by gravimetric or volumetric procedures. The former are slow and 

entail considerable w^ork if properly done. The latter are more rapid, fully 

as accurate, and are to be preferred, for the indicator and the direction of 

the titration can be the same in the standardization as in subsequent use. 

For a discussion of acid base, oxidation reduction, adsorption, and specific indi¬ 

cators and their future development, see I. M. Kolthoff, Ind. Eng, Chem. Anal. Ed., 8, 
237 (1936). 

22 S. Ishimaru \Bvll. Chem. Soc. Japan, 2, 139 (1927)1 stated, however, that a 0.1 N 
solution of oxalic acid suffered practically no change in 149 days when kept in a bottle 

wrapped in black paper. Solutions to which a little sulfuric acid was added became 
steadily weaker when exposed to diffused sunlight. 

23/. Am. Chem. Soc., 31, 390-3 (1909). 
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TABLE 14 

The Standardization of Solutions of Hydrochloric Acid 

Method 0.1 A Factor for HCl 

Direct by Hulett and Bonner 0.9980 

Direct by AgCl 0.9984 

Direct by H2S04-BaS04-Na0H-HCl 0.9984 

Direct by H2S04-Na2C204-NaOH-HCl 0.9982 

Direct by C6H6COOH-Ba(OH)2-HCl 0.9984 

Direct by CeHfiCOOH-NaOH-HCl 0.9981 

Table 14 presents a summary of the results obtained by G. W. Morey 

in the standardization of an approximately 0.1 /V solution of hydrochloric 

acid by different methods. It is apparent that there is little to choose 

between the methods if proper precautions are observed. The use of pure 

sodium carbonate instead of sodium oxalate or of pure acid sodium or 

potassium phthalate instead of benzoic acid would no doubt have given 

equally satisfactory results. In such comparisons and in accurate standardi¬ 

zations, all weights must be calculated to vacuum.*^ 

a. Gravimetric Standardization, There is no satisfactoiy gravimetric 

method for the standardization of nitric acid. The gravimetric procedures 

for the standardization of hydrochloric or sulfuric acids are based on the 

assumptions that the solution contains no other acid than the one that is 

in consideration and that no other precipitable substance is present. If 

these assumptions are not justified, the calculated titer will not represent 

the true neutralizing power of the solution; thus that found for sulfuric 

acid will be too low if the solution contains sulfurous acid and too high if 

it contains sulfates. Special preparation of the solution or careful tests for 

possible interfering substances must therefore precede standardizations by 

gravimetric methods. In addition, a careful standardization of hydrochloric 

acid by weighing as silver chloride (see p. 731) requires that unprecipitated 

silver chloride in the filtrate and washings be determined with the nephe- 

lometer, whereas, in gravimetric standardizations of sulfuric acid (see p. 

715), barium sulfate must be recovered by evaporation of the filtrate and 

34, J032 (1912). 

W. S. Hendrixson, ibid., 37, 2352 (1915). 

-♦*For the purpose of dircedy comparing standardizations that are based on simi¬ 

larly reacting substances, such as sodium carbonate and borax in the standardization 

of a normal solution of acid, 1. M. KolthoflF [ibid., 48, 1449 (1926)] recommended the 

use of “rational equivalent weights.” These weights are calculated to take care of the 

buoyancy effect when substances are weighed against brass weights in air under reason¬ 

ably normal conditions. Thus, the “rational equivalent weights” of NaoCOs and 

Na.6407*10 H2O would be 52.98 g and 190.61 g as compared with one half of their 

molecular weights, 52.997 g and 190.72 g. 
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washings, and the weighed precipitate must be tested for chlorides. If 
such precautions are observed, excellent results can be obtained.'*^^ 

b. Volumetric Standardization, a. Through standard alkaline solutions. 
The standardization of an acid solution through the use of a standard alkaline 
solution is a rapid and accurate process but requires titration to the same 
hydrogen ion concentration as was reached in the standardization of the 
alkaline solution. This practically limits the procedure to standardization 
in which carbon dioxide can be excluded, for the direct standardization of 

an alkaline solution is usually done through the use of organic acids. 
p. By the use of prepared sodium carbonate. The standardization of an 

acid solution by means of sodium carbonate is entirely satisfactory if the 
sodium carbonate has been carefully prepared by the analyst. It is the best 
method for the standardization of acid solutions that arc to be used in the 
presence of carbon dioxide. Sodium carbonate can he prepared from puri¬ 
fied sodium bicarbonate or from sodium oxalate; the former offers fewer 

difficulties. 
PROCEDURE. Dissolve 35 g of pure sodium bicarbonate in 350 ml of water, 

filter, and evaporate the filtrate in a platinum or porcelain dish at a tempera¬ 
ture not over 40° C until crystals of the salt appear. Allow the solution to 
cool while protected from dust, and let it stand until about three fourths of 
the salt has separated. Decant the clear liquid, wash the crystals once with 
cold water, and then drain as completely as possible by pressing them 
between filter paper. Finally dry at 120° C, cool, and preserve in a glass- 
stoppered bottle. For the standardization of a 0.1 N solution, place about 
0.25 g of the purified bicarbonate in a platinum crucible, embed the crucible 
in a sand bath to a level with the bicarbonate within, and heat until the 
temperature within the crucible reaches 260 to 265° C. Keep at this tem¬ 
perature for 30 minutes, stir occasionally, and do not let the temperature 
exceed 270°, lest sodium carbonate be decomposed.-® Cool the crucible and 
contents in a weighing bottle in a desiccator, weigh, and repeat the operation 
until a constant weight is obtained.-’’ A sintered or fused mass indicates 

The use of pure silver in standardizing a hydrochloric acid solution is described 

by C. W. Foulk and L. A. Pappenhagen, hid. Eng. Chevi. Anal. Ed., 6, 430 (1934). 

1). Norman Craig and James I. Hoffman found that practically all sheet silver contains 

ox)'gcn (up to 0.01 per cent). Ihc oxygen can be removed by treating the sheet for 

25 hours or longer, depending on the thickness, in an atmosphere of hydrogen at about 

800° C and then cooling it in helium. (Unpublished work at NBS.) 

-^W. C. Ferguson, ]. Soc. Chein. hid. London, 24, 781 (1905). See also G. F. Smith 

and V. R. Hardy, /. Chem. Education, 10, 507 (1933), and G. F. Smith and G. F. Croad, 

Ind. Eng. Chem. Anal. Ed., 9, 141 (1937) who recommend dissociation at 290 to 300° C 

at 1 to 4 mm pressure. 

A sample so prepared may contain as much as 0.05 per cent of moisture. If this is 

of consequence, the sample must be heated in a stream of pure carbon dioxide until 

the salt is just fused and then cooled as the carbon dioxide is gradually displaced by air 

IT. W. Richards and C. R. Hoover, /. Am. Chem. Soc., 37, 99 (1915)]. 
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decomposition and should be discarded, for the neutralization of such a 
product requires more acid per unit weight and leads to a low titer. In 
ordinary work a larger amount of bicarbonate, 8 g, can be taken, the ignited 
carbonate cooled somewhat in a desiccator and transferred to a weighing 
bottle, and weighed portions taken for analysis.'*'^ 

Dissolve the weighed sodium carbonate in 100 ml of water, add 3 drops 
of a 0.02 per cent solution of methyl orange (p. 173), and titrate to the first 
permanent reddish tint that can be readily duplicated.'” If phenolphthalcin 
is used as the indicator, carbon dioxide must be expelled before the final 
end point is reached, and therefore the use of a volatile acid is not desirable, 
even though a very small excess of it is used and the boiling is gently done. 

With sulfuric acid, excellent results are obtained as follows: Dissolve the 

weighed carbonate in 200 ml of water, and add 0.1 to 0.5 ml of the sulfuric 

acid solution in excess. Boil until carbon dioxide is expelled and the volume 

of the solution has been reduced to 100 ml. Cool as a current of air freed 

from carbon dioxide is passed through the solution, continue the stream, 

and titrate, as described on page 180, with a sodium hydroxide solution that 

is free from carbonate. Subtract the acid equivalent of the sodium hydroxide 

solution obtained in the same fashion.*'*^ 

• The conversion of sodium oxalate to the carbonate does not yield an 

absolutely pure carbonate although it gives the proper total alkalinity, and 

so the weight of the sodium oxalate rather than that of the conversion 

product must be taken. This constitutes a weakness of the method because 

there is danger of mechanical loss during the decomposition. An incon¬ 

venient feature is the necessity for protecting the carbonate from products 

of combustion, such as oxides of sulfur, during the heating. 

PROCEDURE. Accurately weigh 0.2 to 0.3 g of the pure salt in a tared 

platinum crucible, cover, and set the crucible in a perforated asbestos shield. 

Heat very gradually over an alcohol lamp until the salt has decomposed 

3^1. A4. Kolthoff [ibid,y 48, 1448 (1926)] maintained that results so obtained may be 
in error by about 0.1 per cent because of water taken up during the opening and clos¬ 
ing of the container as different samples are taken out. 

The end point is not a true one for a solution of carbon dioxide in water colors 
methyl orange to a shade which is deepened by the salt that is formed in the titration. 
This is immaterial in ordinary work. In work of high accuracy, carbon dioxide should 
be expelled before titration to the final end point, the end point matched against an end 
point obtained in a solution having the same volume and concentration of indicator 
and salt, and the amount of acid required to produce this end point deducted. 

32 As with methyl orange, there is a slight salt effect, and consequently titrations 
should be corrected by blank experiments in solutions having the same volume and con¬ 
centrations of indicator and salt. 

33 S. P. L. Sorensen, Z. anal. Chem.y 36, 639 (1897); 42, pp. 333, 512 (1903); 44, 141 
(1905); Sorensen and A. C. Anderson, ibid.y 44, 156 (1905); 45, 217 (1906); J. Sebelien, 
Chen?. Ztg.y 29, 638 (1905); G. Lunge, Z. angew. Chem.y 17, 195 (1904); 18, 1520 (1905). 
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and then more strongly with the cover partly off until the carbon is burned. 
Do not fuse. Cool, wash the contents of the crucible into a 300-ml flask, 
and proceed as with sodium carbonate obtained from sodium bicarbonate. 

y. By the use of borax. Standardization of acid solutions by the use 
of borax has been advocated by various investigators, including 1. M. 
Kolthoff,^'^ who recommended the method highly. The procedure is as 
follows: Recrystallize pure borax from water and dry in a desiccator having 
a relative humidity of 60 per cent (saturated solution of NaI5r'2H20). 

Weigh out 0.4 to 0.6 g of the salt, Na2B4O7T0H2O; dissolve in 200 ml of 
water; and add 8 drops of a 0.2 per cent methyl red solution. Titrate w ith 
the acid solution, preferably approximately 0.1 N, until the color matches 
that obtained in 200 ml of a solution that contains the same amount of 
indicator and in addition is 0.1 M with respect to boric acid and 0.05 M to 
sodium chloride. T4ie pH at the above end point is about 5. 

C. STANDARDIZATION OF BASES 

By far the most commonly used standard alkaline solutions arc those 
made from sodium hydroxide. Solutions made from ammonium hydroxide 
are undesirable because they tend to lose ammonia, especially if stronger 
than half normal. Barium hydroxide solutions are objectionable because 
they foul the apparatus unless carbon dioxide is entirely expelled. Solutions 

of sodium hydroxide that are sufficiently free from carbon dioxide for all 

ordinary titrations involving indicators such as phenolphthalein can be 

easily prepared as follows: Dissolve 100 g of sodium hydroxide in 100 ml 

of distilled water, transfer to a 150-ml test tube of resistance glass, and 

avoid wetting the top. Stopper tightly with a cork covered with tin foil, 

and let stand in a vertical position until the supernatant liquid is clear.®® 

Carefully withdraw the required amount of sodium hydroxide (8 to 8.5 g 

•^^ /. Am. Chem. Soc., 48, 1453 (1926); T. Milobedzki and H. Kaminska, Bull. soc. 

chivi., 41, 957 (1927). See also F. H. Hurley, Jr., Ind. Eng. Chem. Anal. Ed., 8, 220 
(1936), and 9, 237 (1937), who states that the properly prepared salt undergoes less 
than 0.1 per cent change in composition if stored in tightly stoppered bottles for as 
long as 1 year. He recommends treatment as follows: Purify the CP salt by recrystalli¬ 
zation, using 50 ml of water for every 15 g of borax. This concentration prevents 
crystallization above 55® C and the fonnation of the pentahydrate. Filter the crop of 
crystals under suction, and wash twice with water. Wash the damp crystals with 2 
portions of 95 per cent alcohol and then with 2 portions of ethyl ether, each time using 
5 ml of washing solution per 10 g of crystals, and each washing being followed by 
suction to drain off the washing liquid. When the crystals are drained, spread them in 
a thin layer on a cover glass, let stand until the ether is gone, and transfer to a bottle 
fitted with a tight stopper. It is asserted that the salt can be kept indefinitely without 
any change in composition if it is stored over a solution saturated with respect to 
sucrose and sodium chloride. 

3^ A clear solution can be obtained more quickly by filtering the solution through a 
glass-frit filtering crucible which is protected from carbon dioxide (see Fig. 21). 
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or 6.5 ml for 1 liter of 0.1 N solution) through a pipette, transfer to a 

paraffined bottle,-^® and dilute quickly with recently boiled distilled water. 

The bottle should be fitted with a two-hole stopper carrying a glass siphon 

tube with stopcock or burette, and a soda lime or soda asbestos guard tube.®^ 

Alkaline solutions that are to be used with indicators such as phenol- 

phthalein had best be standardized against organic acids, whereas those to 

be used in the presence of carbon dioxide are preferably standardized 

against acid solutions that have been standardized against prepared sodium 

carbonate or through the use of constant-boiling hydrochloric acid. Vari¬ 

ous organic acids can be used for the standardization of alkaline solutions 

Fill. 21. Apparatus for the filtration of strong sodium hydroxide solutions. 

that are free from carbonate. Acid potassium phthalatc or benzoic acid is 

recommended because either can be purchased of guaranteed purity from 

the National Bureau of Standards. Of the two, acid potassium phthalate is to 

s^'To prepare the bottle, first thoroughly clean, and then dry. Next warm slightly, 
and pour in enough melted paraffin to give a thick coating. Roll gently until an even, 
thick coat has been obtained and the paraffin is about to solidify. At this point stand 
the bottle upright so that an extra heavy layer is formed on the bottom. For the use 
of rubber paint to protect glass bottles, see B. A. Soule, Ind. Eng. Chcin, Anal. Ed., 1, 
109 (1929). 

87 For the preparation of a solution that is free from carbonate, W. Mansfield Gark 
(op. cit.) suggested that a sodium amalgam be prepared and treated as follows: Place 
a deep layer of redistilled mercury in a conical .separatory funnel and lead in a glass- 
protected platinum-wire cathode. Over the mercury place a concentrated solution of 
rccrystallized sodium chloride, and in this solution dip a platinum anode. Electrolyze 
at 4 to 6 volts, and gently shake the funnel at intervals to break up amalgam crystals 
that form on the surface of the mercury. Boil a liter or more of distilled water until all 
carbon dioxide has been expelled, and then, with the steam still escaping, stopper the 
flask with a cork carrying a siphon, a soda lime guard tube, and a corked opening for 
the separatory funnel. When the water has cooled, introduce the delivery tube of the 
separatory funnel, and deliver the amalgam. Allow the reaction to take place until a 
portion of the solution, when siphoned off to a burette and standardized, siiowir that 
enough hydroxide has been formed. Siphon off approximately the required amount 
into a boiled-out and protected portion of water, mix thoroughly, and standardize. 
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be preferred because of its greater solubility and higher molecular weight.'*^ 
a. By Acid Potassiwn Phthalate, Tests show that, under the conditions 

existing in the average laboratory, standard aqueous solutions of acid potas¬ 
sium phthalate do not change in strength.®^^ However, such solutions are 

not of much advantage because the 
procedure of weighing the phthalate, 
dissolving it in water, and immediately 
titrating the solution with alkali is rela¬ 

tively simple. 
PRocKDUUK. Lightly crush a few 

grams of the sample to a fineness of 
approximately 100 mesh, and dry for 1 
to 2 hours at 120° C. Place in a small 
glass-stoppered container, and cool in a 
desiccator. Accurately weigh about 1 g 
of the dried acid potassium phthalate, 
and transfer it to a 300-ml flask which 
has been swept free of carbon dioxide 
(see Fig. 22). Add 50 ml of water (25 
to 28° C) that is free from carbon di¬ 
oxide, stopper the flask, and shake gently 
until the sample is dissolved. Titrate 
to a pH of 8.6 with an approximately 
O.I N standard solution of sodium hy¬ 
droxide free from carbonates, taking 
precautions to exclude carbon dioxide, 
and using as an indicator either a pH 
meter of the glass-electrode type or 3 
drops of a 1 per cent solution of phe- 
nolphthalein. Jn the latter case, the 
end point can be determined by com¬ 
parison with the color of a buflFer solu¬ 
tion (pH 8.6) prepared by mixing 25 
ml of an 0.2 M H3BO3, 0.2 M KCl solu¬ 
tion with 6 ml of 0.2 M NaOH and 3 

drops of a 1 per cent solution of phenolphthalein and diluting to 100 ml 
with water free from carbon dioxide (cf. The Determination of Hydrogen 
Ions, W, Mansfield Clark, p. 201, 3d ed., 1928). 

Determine the quantity of sodium hydroxide required to produce the 
end point by matching the color in another flask containing the indicator 

Fig. 22. Titration-head for titration 
in absence of carbon dioxide. A, 
Source of air freed from carbon di¬ 
oxide. B, Opening for burette. C, 
Stoppered opening for use when sides 

of flask are to be rinsed. 

3<JThe use of furoic acid, C4H3OCOOH, as an acidimetric standard is recom¬ 
mended by H. B. Kellog and A. M. Kellog [Ind, Eng. Chem. Anal. Ed., 6, 25 (1934) ]. 

30 J. 1. Hoffman, /. Research NBS, 15, 583 (1935). 
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and the same volume of solution free from carbon dioxide. Subtract the 
amount required from that used in the first titration, and calculate the 
normality of the alkali solution on the basis of the following equation: 

HKC8H4O4 + NaOH = NaKC8H404 + H^O 

In acidimetry, 204.216 g of acid potassium phthalate is equivalent to 
1.0080 g of hydrogen, and 1.0211 g is equivalent to 50 ml of 0.1 N solution. 

b. By Bejizoic Acid. Benzoic acid is slightly hygroscopic, according to 
Weaver,who found that a sample had taken up about 0.07 per cent of 
moisture when kept in a glass-stoppered bottle for a little over a year. The 
moisture is not taken up rapidly, for no change could be detected in a 

sample that had been freely exposed to the air for short intervals. If an 

error of 1 part in 2000 is of consequence, dryness of the acid can be assured 

by careful fusion at a temperature below IBO'^C. This can be done in a 

platinum dish covered by a cover glass and heated in an air bath. The 

heating should not be continued any longer than absolutely necessary. A 

high temperature or a prolonged fusion gives rise to decomposition products 

that impart a distinct yellow color to the fused mass. 

PROCEDURE. Prepare a solution of sodium hydroxide that is approxi¬ 

mately 0.1 N and free from carbon dioxide. Accurately weigh about 

1.0000 g of benzoic acid, transfer it to a 300-ml flask that has been swept 

free from carbon dioxide, and add 20 ml of alcohol (95%). Stopper the 

flask, and allow to stand until the sample has dissolved. Add 3 drops of a 

1 per cent solution of phenolphthalein, and titrate as a current of air that 

is free from carbon dioxide is passed through or over the solution in the 

flask. 

Determine the volume of standard alkali required to obtain the same end 

point in a solution containing the same quantities of alcohol, water, and 

indicator as were used in the titration of the benzoic acid. Subtract the 

volume required from that used in the first titration, and calculate the nor¬ 

mality of the sodium hydroxide solution on the basis of the equation 

CoHsCOOH + NaOH = CeHsCOONa + H2O 

c. By Standard Acid Solutions. Alkaline solutions that are to be used in 

the presence of carbon dioxide had best be standardized against acid solu¬ 

tions that have been standardized against prepared sodium carbonate or by 

the use of constant-boiling acid. 

The use of constant-boiling hydrochloric acid for the standardization of 

alkaline solutions was first proposed by Hulett and Bonner.^® Further work 

was done later by Morey,Hendrixson,^® C. W. Foulk and M. Hollings- 

^®E. R. Weaver, /. Am. Chem. Soc.^ 35, 1309 (1913). 
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TABLE 15 

Composition of Constant-Boiling Hydrochloric Acid 

HCl Air Weight of Constant-Boiling 

Pressure, Vacuum Weight Distillate that Contains 1 mole. 

mm Hg Basis, Vacuum Weight of HCl, g 

770 20.197 180.407 

760 20.221 180.193 

750 20.245 179.979 

740 20.269 179.766 

730 20.293 179.555 

worth,and J. A. ShawJ- Table 15 gives the composition of constant¬ 
boiling acid obtained in the pressure range ordinarilv^ encountered. Such 
acid does not change in strength with respect to accuracies obtainable in 
ordinary volumetric procedures, even for years, provided it is stored in a 
bottle of good chemical glassware that is tightly stoppered with a glass 
stopper and kept in a dark closet away from excessive heat.^- 

The following procedure for the preparation of the acid is adapted for 
general use and should insure an accuracy higher than 1 part per thousand 
in standardizations based on its usc.^^ 

PROCEDURE. Set up a distilling apparatus somewhat like that used in a 
Kjeldahl determination, except that the flask should have a capacity of 
1 to 2 liters and an untrapped splash bulb with arms of 6- to lO-mm internal 
bore should be used. Set the flask in a hole in an asbestos shield, and 
insulate the upper part against heat radiation by means of asbestos paper. 
Connect by means of new rubber stoppers to a glass condenser having a 
75-cm water jacket and a 6- to 10-mm internal bore, and extend the end 
of the splash bulb into the condenser for a distance of at least 2 cm beyond 
the stopper. Insert the delivery end of the condenser inside the neck of 
an Erlenmeyer flask, and do not allow the tip to be immersed in the distil¬ 
late. If there are ammonia fumes or dust in the laboratory air, enclose the 
flask in a container of washed air. 

Dilute not less than 500 ml of hydrochloric acid jvith water to a gravity 
of approximately 1.10, and introduce into the distilling flask. Distil at a 
continuous rate of 8 to 10 ml per minute. Catch and set aside for ordinary 
use 75 per cent of the volume of the original dilute acid, and then retain 
the next 10 to 15 per cent as the standard acid. Discard the residue in the 
boiling flask which should never be less than 100 ml. Take the barometric 
reading to the nearest millimeter at the beginning of the distillation, again 
after 75 per cent has passed over, and finally at the end of the distillation. 
Average the last two readings, and calculate the strength of the acid from 
the data in Table 15. 

*1/. Am, Chem, Soc., 45, 1220 (1923). 
^^Ind. Eng, Chem,, 18, 1065 (1926). 
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In standardizations, such quantities of the acid as will require approxi¬ 

mately 40 ml of the alkaline solution to be standardized are delivered from 

a weight burette into 100 to 150 ml of distilled water, the tip of the burette 

being kept from 1 to 2 cm above the surface of the water.*^ 

W. D. Bonner and A. C. Titus give the following densities and com¬ 

positions: 

Pres¬ Density at Pres- Density at 

sure 25 ± 0.02° C HCI, % .siirc 25 ± 0.02° C HCl, % 

50 1.1118 23.42 600 1.0980 20.638 

150 1.1073 22.520 640 1.0973 20.507 

250 1.1042 21.883 700 1.0966 20.360 

350 1.1019 21.437 760 1.0959 20.222 

400 l.lOlO 21.235 800 1.0955 20.155 

450 1.1(K)2 21.075 1000 1.0933 19.7.34 

500 1.0993 20.916 1220 1.0915 19.358 

540 1.0987 20.777 

When the percentage of hydrochloric in these acids is plotted as abscissas 

and the corresponding deasities arc used as ordinates, the resulting graph 

is a straight line whose equation is 

_ Y- 0.9966 

0.004912 

w'here Y = density at 25° C. 

This equation is accurate to ±0.05 per cent within the range of ordinary 

barometric pressures, and it is thus possible to prepare a sample of constant- 

According to G. F. Smith and W. AV. Koch [Ind. Eng. Chem. Anal. Ed., 3, 52 
(1931)], a standard perchloric acid (73.60 ± 0.03 per cent) can be obtained by a simple 
distillation process. To prepare a nonnal solution, 136.4201 g (using mass weights and 
assuming average humidity and temperature) of the standard acid is weighed and di¬ 
luted to 1000 ml. Precautions must be taken in the weighing, as the standard acid is 
slightly hygroscopic and fumes very faintly. I. M. Kolthoff and L. H. van Berk 
[/. A7?i. Chem. Soc., 48, 2800 (1926)] stated that pure potassium biiodate, KH(I03)2» 
is a very satisfactory standard because the equivalent weight is high, and iodic acid 
behaves as a strong acid. The pure salt can be obtained by rccrystallizing a good 
grade of the biiodate two or three times from water (not over 60° C) and drying at 
100° C. M. J. Butler, G. F. Smith, and L. F. Audrieth [Ind. Eng. Chem. Anal. Ed., 10, 
690 (1938)] recommend the use of sulfamic acid, NH2SO3H, because it can be purified 
and dehydrated easily, it is crystalline and nonhygroscopic, it is a strong acid in 
aqueous solution, and it can be titrated with bases, using indicators with transition 
ranges varying from pH 4 to 9. For the use of 3CdS04*8H20 as a standard in 
acidinietry, see S. E. Q. Ashley and G. A. Hulett, /. Aw. Chem. Soc., 56, 1275 (1934). 
In this method, the stoichiometric equivalent of free sulfuric acid is set free by dis¬ 
solving a weighed amount of the salt in water, and electrolyzing with a mercury 
cathode until all of the cadmium has been deposited. 

*4/. Ain. Chem. Soc., 52, 634 (1930). 
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boiling hydrochloric acid at any convenient atmospheric pressure, deter¬ 

mine its density at 25*^ C, and compute at once its hydrochloric acid content 

with a precision sufficient for any ordinary volumetric work. The baro¬ 

metric pressure should not, of course, change rapidly during the distillation 

of the acid. 

III. OXIDATION AND REDUCTION METHODS 

A. OXIDATION-REDUCTION INDICATORS 

Certain organic compounds possess colors in their oxidized forms that 

are so different from those in their reduced forms that they can be used as 

indicators to show when oxidations or reductions are complete. With 

each of the useful indicators, the change of composition and color takes 

place at a definite potential, and with most of the indicators the change is 

reversible.'*"’ Some typical indicators arc listed in Table 16. 

TABLE 16 

OxiDATION-REUrCTION INDICATORS 

Indicator 

Methylene blue 

Diphenylamine 

Diphenylbenzidine 

Diphenylaminesulfonic acid (Ba or Na salt) 

Diphenylbenzidinesulf'onic acid (Na salt) 

iV-Phenylanthranilic acid 

Dipyridyl ferrous sulfate complex 

o-Phenanthroline ferrous sulfate complex (Ferroin) 

Nitro-^?-phenanthroline ferrous sulfate complex 

(Nitroferroin) 

Transition Emf 

in volts 

(A-Hydrogen 

Elect = 0) 

0.53 (at pU 2M) 

0.76 

0.76 

0.83 t 

0.87 

1.08 

1.06 t 

1.06 t 

1.25 

Color Change When 

Oxidized 

White to blue 

Colorless to violet * 

Colorless to violet 

Colorless to red violet * 

Colorless to violet 

Colorless to pink 

Red to faint blue 

Red to faint blue 

Red to faint blue 

* Not stable in presence of excess of oxidizing agents. 

tO.5 to2.0A'H2SO4. 

t In M HCl or H2SO4. 

For the oxidation potential of the phenthrolinium ion and nitro-, bromo-, chloro-, methyl-, 

and nitromethylphenanthrolinium ions in 1 to 8 M sulfuric acid solutions, consult G. F. Smith 

and F. P. Richter, Ind. Eng. Chem. Anal. Ed.y 16, 580 (1944). See also the pamphlet, Phenan- 

throline and Substituted Phenanthroline Indicators^ published in 1944 by G. Frederick Smith 

Chemical Co., Columbus, Ohio, and Polysubstituted 1,10 Phenanthrolines and Bipyridines as 

Multiple Range Redox Indicators, by Warren W. Brandt and G. Frederick Smith, Anal. Chem.y 

21, 1313 (1949). 

^•'»A few, for example methyl orange in titrations with potassium bromide in acid 

solution, are irreversible. 
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All consume reductant or oxidant, but the amount used can be ignored 
unless very small amounts of the unknown are in question or the highest 

accuracy is desired. 
Certain oxidants act as their own indicators: for example potassium per¬ 

manganate and iodine. The color of iodine is usually intensified by extract¬ 

ing it in a small volume of a suitable solvent such as carbon tetrachloride 
or by adding starch toward the end of the titration. 

The inconvenient and time-consuming external indicators have been 

almost entirely supplanted by the more convenient and time-saving oxida¬ 

tion-reduction internal indicators: for example potassium ferricyanide by 
diphenylaminc sulfonate in titrations of divalent iron. 

B. STANDARDIZATION OF SOLUTIONS OF POTASSIUM PERMANGANATE 

A normal solution of potassium permanganate can be made by dissolving 

weighed portions of the recrystallized pure salt in water that has been 

specially purified by distillation from alkaline permanganate, and then 

diluting to definite volume.^® This involves considerable work, and equally 

good results can be obtained with less effort by dissolving a good grade of 
the salt in the necessary amount of ordinary distilled water, allowing the 

solution to age for a few weeks, filtering through purified asbestos (p. 99), 
catching the solution in a clean bottle, and standardizing by means of 

sodium oxalate."^^ Tenth normal or stronger solutions thus freed from man¬ 
ganese dioxide suffer no appreciable change (1 part in 2000) upon expo¬ 
sure to diffused daylight for several months, provided they are protected 

from dust and other reducing substances and only purified air enters the 
bottle. Solutions weaker than O.l N should be restandardized frequently. 

The custom of diluting filtered solutions of permanganate with distilled 

water is a bad policy unless the water has been redistilled from alkaline per¬ 
manganate. Under conditions that rapidly reduce neutral permanganate 

solutions, e.g., the presence of dust, reducing gases, or precipitated dioxide, 

decomposition can be retarded by the addition of 1 per cent of potassium 

hydroxide. 

Titrations with potassium permanganate are usually made in dilute sul¬ 

furic acid solution. Dilute nitric acid can be used, as for example in the 

bismuthate method for manganese (p. 444), and dilute hydrochloric acid is 

also permissible provided titration mixture is used when necessary as 

described under Iron (p. 396). Perchloric acid can also be used. Titrations 

W. Blum, /. Am. Chem. Soc.y 34, 1379 (1912). 

According to T. Kato [/. Chem. Soc. Japan, 48, 408 (1927)1 a stable solution of 

KMn04 can be obtained more rapidly by boiling the freshly prepared solution, letting 

it stand one day, and filtering through asbestos into a steam-washed bottle coated with 

black paper. 
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cannot be carried out in the presence of hydrofluoric acid because of the 
oxidation of divalent manganese by permanganate in its presence (p. 913) 
but are entirely satisfactory if boric acid is added in sufficient excess to 
form fluoboric acid. Titrations in neutral or very faintly alkaline solution 
as in Volhard’s method for manganese (p. 449) are rarely made; when per¬ 
manganate is so used, its reduction proceeds to the quadrivalent instead of 
the bivalent stage. 

a. By Sodium Oxalate, Pure sodium oxalate is by far the best substance 
for determining the actual strength of permanganate solutions. The dry 
salt does not undergo any appreciable change in composition or properties 
when preserved in stoppered bottles, even when exposed to the light. 
Material crystallized from water (in very fine crystals) shows a maximum 
absorption of about 0.01 per cent of water in humidities up to 70 per cent; 
samples precipitated by alcohol absorb 0.04 per cent of water under the 
same conditions, the greater absorption being due no doubt to the greater 
surface of such materials. If the sample has been frequently exposed and 
the presence of moisture is suspected, the material may readily be redried 
by heating at 105° C. No appreciable error is likely to arise through ab¬ 
sorption of water while a sample for analysis is being weighed on an open 
watch glass. 

The oxalate suffers no appreciable decomposition when heated at a tem¬ 
perature as high as 240° C. For this purpose an electric oven should be 
used, for, in a gas-heated oven, absorption of sulfur compounds from the 
products of combustion may take place. Heating at such high temperatures 
is not necessary unless it is suspected that the oxalate contains sodium bicar¬ 
bonate or occluded water. 

Solutions of sodium oxalate do not decompose appreciably upon boiling, 
but they readily attack glass. This latter eflfect is noticeable to a lesser 
degree when the solutions arc preserved in glass at the ordinary tempera¬ 
tures, giving rise to a precipitate of calcium oxalate which renders difficult 
the accurate measurement of an aliquot. For this reason and also because 
of the possible decomposition of sodium oxalate by sunlight, the use of a 
stock solution for standardizing is not recommended. 

The principle of the standardization is the titration of the oxalic acid 
liberated by the action of sulfuric acid upon a weighed amount of the 
sodium oxalate. Five molecules of oxalate require 2 molecules of perman¬ 
ganate. The strength of the permanganate solution can therefore be easily 
computed, as can also the oxidizing power of the solution in other reactions 
that are clean cut and quantitative, as with ferrous iron, hydriodic acid, and 
calcium oxalate. 

The directions to be described for the standardization are those recom¬ 
mended by R. M. Fowler and H. A. Bright.^® Titers so obtained agree with 

M. Fowler and H. A. Bright, /. Research NBS, 15, 493 (1935). 
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those found by means of other primary standards within the limits of 

experimental error. By the use of weight burettes, agreement of duplicate 

determinations to 1 part in 5000 can be obtained.**^ The precision with 

volume burettes may be somewhat less than this, depending upon the 

accuracy of calibration and the care used in reading the volume of the 

solution and in maintaining the temperature of the solution constant. In 

view of the probable warming of the permanganate solution during the 

titration, the use of weight burettes is recommended whenever a precision 

greater than 1 part in 1000 is desired. Under the best of conditions results 

should be accurate to at least 1 part in 2000. 

I'ROCEDURE. Accurately weigh and quantitatively transfer 0.3 g of the 

National Bureau of Standards standard sample of sodium oxalate (dried at 

105"" C) to a 600-ml beaker. Add 250 ml of dilute sulfuric acid (5 +95) 

previously boiled for 10 to 15 minutes and then cooled to 21 ±. V C. Stir 

until the oxalate has dissolved. Add 39 to 40 ml of 0.1 N KMn04 solution 

at a rate of 25 to 35 ml per minute while stirring slowly. Let stand until 

the pink color disappears (about 45 seconds).*’^ Heat to 55 to 60° C, and 

complete the titration by adding permanganate until a faint pink color 

persists for 30 seconds. Add the last 0.5 to 1 ml dropwise, with particular 

care to allow each drop to become decolorized before the next is intro¬ 

duced. 

Determine the excess of permanganate required to impart a pink color 

to the solution. This can be done by matching the color by adding per¬ 

manganate to the same volume of the boiled and cooled dilute sulfuric 

acid at 55 to 60° C. This correction usually amounts to 0.03 to 0.05 ml.®^ 

In potentiometric titrations the correction is negligible if the end point is 

approached slowly. 

b. By Arsenious Oxide. Direct titration of trivalent arsenic with per¬ 

manganate in dilute acid solutions is unsatisfactory, because the reaction 

docs not proceed according to stoichiometric relations. If, however, small 

4uFor example, in 5 standardizations of an 0.11850 N solution, results obtained by 

Fowler and Bright showed an average deviation from the mean of 0.01 per cent, w'hile 

the greatest deviation in any series was 0.02 per cent. 

^♦^0.3 g of sodium oxalate requires 44.73 ml of 0.1 N RMnO-j. 

If the pink color should persist because the permanganate is too strong, discard, 

and begin again, adding a few milliliters less of the permanganate solution. 

In very accurate work, the correction is best obtained iodometrically [ W. C. Bray, 

/. Am. Chem. Soc., 32, 1204 (1910)] as follows: Cool the titrated solution to 25® C, add 

0.5 g of KI, 2 ml of starch solution, and titrate the liberated iodine with 0.02 N thio¬ 

sulfate. To obtain the ratio of the thiosulfate to the permanganate solution, add 1 ml 

of the 0.1 N permanganate to 300 ml of the dilute sulfuric acid (5 + 95), stir, add 0.5 g 

of KI, and titrate with thiosulfate solution, adding starch just before the end point is 

reached. 
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amounts of potassium iodide or iodate are added, the reaction proceeds 
normally to yield quinquevalent arsenic and divalent manganese.®^ The 
following procedure, recommended by Bright, yields results that are of a 

very satisfactory order of precision, and checks results obtained by the 

use of sodium oxalate within 1 part in 3000. 

PROCEDURE. Dry the National Bureau of Standards sample of arsenious 

oxide at 105° C, and accurately weigh approximately 0.25 g of the dried 

oxide. Transfer to a 400-ml beaker, and add 10 ml of a cool 20 per cent 

solution of sodium hydroxide, free from oxidizing or reducing substances. 

Let stand 8 to 10 minutes, stirring occasionally. When solution is com¬ 

plete, add 100 ml of water, 10 ml of hydrochloric acid (sp. gr. 1.18), and 

1 drop of 0.0025 M potassium iodate or potassium iodide. The titration 

can be followed potentiometrically or visually as follows: 

a. Potentiometrically, Titrate with the permanganate solution to the 

maximum value of the ratio (a£/aT), change in potential per unit volume 

of solution added. Add the last 1 to 1.5 ml dropwise, allowing equilibrium 

to be reached before the a£ reading is taken. In the potentiometric titra¬ 

tion, the blank is negligible provided the reagents are free from interfering 

substances. 

р. Visually, Titrate with the permanganate solution until a faint pink 

color persists for 30 seconds. Add the last 1 to 1.5 ml dropwise, allowing 

each drop to become decolorized before the next is introduced. Determine 

the volume of permanganate required to duplicate the pink color taken as 

the end point. This is done by adding permanganate to a solution contain¬ 

ing the same amounts of alkali, acid, and catalyst as w ere used in the test. 

The corrections should not amount to much more than 0.03 ml. The 

end point can also be taken with ferrous phenanthroline indicator. In this 

case, 1 drop of a 0.025 M solution of the indicator is added as the end 

point is approached. Permanganate is then slowly added until the pink 

color of the indicator changes to a very faint blue. The blank correction 

should average about 0.02 ml.®^ 

с. By Like Material If the permanganate solution is to be used for the 

determination of a substance that must pass through more or less compli¬ 

cated reactions, it is best to obtain its titer in terms of that substance by 

titration of a standard sample of it that has been carried through all steps 

Lang, 2. anal, Chem.f 152, 197 (1926); I. M. Kolthoff, H. A. Laitinen, and 

J. J. Linganc, /. Am. Chem. Soc., 59, 429 (1937); and H. A. Bright, /. Research NBS, 19, 

691 (1937). 

For the use of iodine inonochloride as catalyst and <?-phenanthroline ferrous com¬ 

plex as indicator in standardizations of permanganate solutions against arsenious oxide, 

consult D. E. Metzler, R. J. Myers, and E. H. Swift, Ind. Eng. Chem. Anal Ed., 16, 

625 (1944). 
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of the analysis. Thus a solution that is to be used for the determination 

of iron in ores after reduction by stannous chloride as described on page 391 

had best be standardized against a standard iron ore such as the National 

Bureau of Standards Sibley Iron Ore. 

d. By Other Methods, Solutions of permanganate can be satisfactorily 

standardized by potentiometric titration against pure potassium iodide in 

dilute sulfuric acid solution (not less than 0.13 N).^^ 

Various other methods for the standardization of permanganate solu¬ 

tions have been proposed, such as by the use of crystallized oxalic acid, 

H2C204'2H20; ferrous ammonium sulfate, FeS04* (NH4)2S04*61-120; and 

iron wire. These had better be abandoned. It is difficult to prepare oxalic 

acid that contains exactly 2 molecules of water. Ferrous ammonium sul¬ 

fate is objectionable because it is hard to obtain the pure salt and to prevent 

slight oxidation or loss of water during storage. Iron wire is worthless 

unless it has been carefully analyzed and is used in a method in which its 

impurities, as for example combined carbon, have no effect. 

C. STANDARDIZATION OF SOLUTIONS OF POTASSIUM DICHROMATE 

Chromic acid is not so readily reduced as permanganic acid by organic 

matter or by hydrochloric acid alone or in the presence of ferric iron. Its 

use is therefore desirable in certain titrations, especially in those that follow 

preliminary treatments with hydrochloric acid. If such titrations are made 

potentiometrically (p. 398), or with diphenylamine or (?-phenanthroline fer¬ 

rous complex as internal indicators (p. 397), the operation leaves but 

little to be desired. The use of a fresh solution of potassium ferricyanide 

as an outside indicator, as in the determination of iron, is less certain and 

should be abandoned. 

Unless the potassium dichromate is known to be pure, as for example 

NBS standard sample no. 136, it should be purified as follows: Recrystallize 

the purest grade of the salt at least three times and dry the crystals, finally, 

at 150° C. Grind to a fine powder, and again dry at 150° C to constant 

weight. Keep the prepared salt in a glass-stoppered weighing bottle. If the 

exact strength of a prepared solution is desired, it is usually better to weigh 

carefully the purified salt, dissolve in water, and dilute to an exact volume 

or weight, than to rely on standardization by titration. If, as is usually the 

case, the performance of the solution is in question, it had better be stand- 

W. S. Hendrixson, /. A'm. Che?n. Soc.^ 43, 858 (1921); I. M. Kolthoff, H. A. Lai- 

tinen, and J. J. Linganc, ibid,y 59, 429 (1937). 

H. Walden, Jr., L. P. Hammett, and R. P. Chapman, ibid., 53, 3908 (1931). 

See also, Ortho-Pbenanthroline, A High Potentialj Reversible, Oxidimetric Indicator, 
G. F. Smith Chemical Co., Columbus, Ohio, 
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ardized against like material which has been carefully standardized and 

which is carried through the method that is to be used.®^ 

Dichromate solutions arc very stable/"**^ 

D. CERATE OXIDIMETRY 

Oxidations by ceric sulfate have been widely studied and include most 

of the titrations that arc made with potassium permanganate. Advantages 

are the single-valence change, Ce^'^ to Ce*”; the stability of the solution 

whether hot or cold; and noninterference by hydrochloric acid. Disadvan¬ 

tages are the lack of a marked color change which necessitates potentio- 

metric titration, or the use of an oxidation-reduction indicator such as fer- 

roin (o-phenanthrolinc ferrous ion). Certain reactions also require the 

use of a catalyst such as osmium tetroxide. 

G. F. Smith and C. A. Getz point out that the mechanism of ceric oxi¬ 

dimetry is not based on a simple Ce+ + + + /Cc+ + + ratio but probably on 

ratios involving complex ions such as |Ce(SO.03 ' j/|Cc+ + + ] ISO4- "■ 
and [Cc(C104)(j' " l/|Cc+'^ | |C104“ This would explain the wide 

variation in single-electrode potentials with reference to the normal hydro¬ 

gen electrode as determined in hydrochloric, sulfuric, nitric, and perchloric 

acid solutions containing the corresponding ceric salts; for example 1.28, 

1.44, 1.61, and 1.70 volts, respectively, in normal acid concentrations. 

Solutions of the salts can be prepared by first preparing ammonium hexa- 

nitratoceratc (NH4)2Ce(NO.j)G. from thorium-free ceric oxide of 40 per cent 

purity,*’^ converting this to cerous chloride by digesting with hydrochloric 

acid, and then preparing the nitrate, sulfate and perchlorate solutions by 

evaporating with an excess of the appropriate acid. The cerous solutions 

can then be converted to the corresponding ceric salts by anodic oxidation 

in a diaphragm cell with platinum electrodes. Anhydrous ceric sulfate, ceric 

H. H. Willard and P. Young [bid. Eng. Chem. Anal. Ed.^ 7, 57 (1935)] stare that 

the oxidation value of solid potassium dichrornate or of solutions of the reagent may be 

determined very accurately against the primary standard, arsenious oxide, by obtaining 

the arsenious acid in a sulfuric acid solution, treating with Jess than its equivalent of 

dichromate, and titrating the excess reducing agent with either ceric sulfate or potas¬ 

sium permanganate in the presence of osmium tetroxide as a catalyst and o-phenanthro- 

line ferrous complex as indicator. The titration may also be made potentiometrically 

with potassium bromate in a hydrochloric acid solution. 

®®ln fact W. M. Carey [/. Am. Pharm. Assoc., 16, 115 (1927)1 stated that a 0.1 N 

solution of potassium dichromate did not change appreciably in titer during 24 years. 

See, for example, H. H. Willard and associates, and N. Howell Furman and asso¬ 

ciates, in the J. Am. Chem. Soc., 50 to 53 (1928-31), and Ind. Eng. Chem., 20, 972 

(1928). 

60/wi. Eng. Chem. Anal. Ed., 10, 191, 304 (1938). 

6> G. F. Smith, V. R. Sullivan, and G. Frank, ibid., 8, 449 (1936). 
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ammonium sulfate, ammonium hexanitratocerate, and perchloratoceric acid 
can be purchased on the market.®- 

Sulfatocerate solutions can be standardized by potcntiometric titration of 
a hot (over 70° C) dilute sulfuric acid (2 + 98) solution of a weighed 
portion of sodium oxalate, or by adding a measured volume in excess to a 
sulfuric acid solution of the oxalate, heating at 50° C for 5 minutes, cooling, 

adding ferroin as indicator, and titrating with a solution of ferrous sulfate. 

Nitrato and pcrchlorato solutions are somewhat unstable, even if kept in 

diffused light. Solutions of ammonium nitratocerate in perchloric (3 M) 

or nitric acid (I A/) arc the most stable. Solutions of perchloratocerate 

in perchloric acid require standardization at frequent intervals. Moderate 

amounts of other members of the cerium group do not affect the stability 

seriously.^*-^ 

Pcrchlorato- or nitratocerate solutions can be standardized by titrating 

at room temperature in 2 N perchloric acid solutions of sodium oxalate or 

arsenious oxide (first dissolved in sodium hydroxide, acidified, and treated 

with osmium tetroxide as catalyst), and obtaining the end point potentio- 

metrically or by use of nitroferroin (nitro-o-phenanthroline ferrous ion) 

as indicator. 

^ Cerate oxidimetry in perchloric acid solutions makes available oxidation 

potentials that are higher than any at present available in the form of a 

stable standard oxidizing solution. These range from 1.7 in N to 1.87 volts 

in 8 N acid concentrations, with reference to the standard hydrogen elec¬ 

trode. Titrations at these higher oxidation potentials can be made potentio- 

mctrically, or by using reversible oxidation-reduction indicators such as 

ferroin and nitroferroin which show transition potentials of 1.06 and 1.25 

volts, respectively. 

E. lODIMETRY 

a. Starch Solution. Many methods are described in the literature for the 

preparation of starch solutions that arc to be used in iodimetric titrations. 

A solution that has shown satisfactory stability and sensitivity in titrations 

made in acid solutions, such as the evolution method for sulfur,®^ at the 

^^“For methods for preparing the various complex cerates, consult G. F. Smith, 

G. Frank, and A. E. Kott, ibid., 12, 268 (1940). The recovery of cerium in titration 

residues is described by F. R. Duke and K. G. Stone, ibid,, 16, 721 (1944). 

G. F. Smith and C. A. Getz, ibid., 12, 339 (1940). 

For combustion sulfur the starch solution used at the National Bureau of Standards 

is prepared as follows: To 4.5 g of soluble starch, add 5 to 10 ml of water, and stir 

until a smooth paste is obtained. Pour the mixture slowly into 250 ml of boiling water. 

Cool, add 7.5 g of KI, and stir until the iodide is dissolved. Dilute to 500 ml. This 

solution is not stable, and should be prepared as needed. If stored in a refrigerator, it 

will be satisfactory for a week or two. 



192 VOLUMETRIC ANALYSIS 

National Bureau of Standards is prepared as follows: Grind 5 g of soluble 
starch to a paste, treat with 400 ml of boiling water, and cool to approxi¬ 
mately 20° C. Add 50 ml of a 25 per cent solution of potassium iodide and 
then 50 ml of a cool 10 per cent solution of sodium hydroxide. For use 
in “neutral” solutions, saturate with carbon dioxide. 

Examples of other stabilized starch solutions are those prepared according 
to Chapin®® and Nichols.®® To prepare a solution by Chapin’s method, 
finely powder 5 g of arrowroot starch in a glass or agate mortar, and then 
triturate to a smooth paste with a little cold water. Pour slowly and with 
stirring into 1 liter of boiling water. Cover and boil gently for 2 hours. 
Toward the end of the boiling, add 30 g of boric acid. Boric acid is effec¬ 
tive against molds but not against salivary enzymes; if protected from the 
latter, solutions that have been used intermittently during several months 
and closed only by an inverted beaker appear indistinguishable from fresh 
solutions.®^ 

Nichol’s method is as follows: Treat 2.5 g of potato starch with 10 ml 
of cold water, triturate to a thin paste, and pour, gradually and with 
constant stirring, into 1 liter of boiling water, lioil for 15 minutes, while 
stirring continuously. Cool somewhat, add 1.25 g of salicylic acid, and 
stir until dissolved. It is stated that such a solution is very sensitive and 
keeps nearly indefinitely, even though exposed to air. Approximately 1 ml 

per 100 ml is needed, and potassium iodide (0.1 to 0.2 g) should be added 
if it is not already present when the end point is neared. 

Methods of preparing solutions without use of preservatives that should 
be mentioned are those of H. N. Stokes and C, L. Alsberg, E. P. GrifSng, 
and J. Field, 2d.®® 

Stokes’s method is as follows: Finely powder 5 g of arrowroot starch in 

a glass or agate mortar, and then triturate to a smooth paste with a little 

cold water. Pour slowly and with stirring into 1 liter of boiling water. 

Boil for 2 minutes. Cool by placing in cold water, allow to stand over¬ 

night, and filter into small 50-ml medicine bottles. Immerse to the neck in 

a water bath, heat for 2 hours, and stopper with soft corks that have been 

sterilized by being drawn slowly through a flame. Starch solutions steri- 

M. Chapin, /. Am, Chem. Soc,y 41, 354 (1919). 

®®M. S. Nichols, Ind. Eng. Chem. Anal. Ed., 1, 215 (1929). See also G. J. Hough, 

/. Ind. Eng. Chem., 11, 767 (1919). 

«'^N. Kano [Science Repts. Tohoku Imp. Univ., 16, 861 (1927)] recommended the 

addition of 0.5 ml of 2 JV HQ per 50 ml of starch solution if it is to be used in acid 

and a few drops of CS2 if it is to be used in alkaline solution. One tenth of 1 per cent 

of furoic acid or sodium furcate was recommended as a preservative for starch (or 

tannin) solutions [A. M. Platow, Chemist-Analyst, 28, 30 (1939)]. 

Treadwell, Quantitative Analysis, Vol. II, 6th ed., p. 549, Franz Deuticke, Leipzig 

and Vienna (1913). 

«® /. Am. Chem. Soc., 48, 1299 (1926). 
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lized in this fashion and preserved in the closed bottles keep almost indefi¬ 
nitely without mold formation. In actual test, such a solution remained 
perfectly clear for 18 months and was then as sensitive as when first made. 
When a bottle is opened, mold formation begins within a week. 

In Alsberg’s method dry wheat starch is ground in an ordinary pebble 

mill for 122 hours, and enough of the ground starch to form a 2 per cent 
solution is slowly sifted into distilled water that is agitated by an electrical 
stirring device. After 1 hour, the solution is centrifuged at about 2000 rpm 
for % hour, and the supernatant liquid is decanted and stored under toluene 
in a stoppered bottle. A solution so prepared should contain 0.1 to 0.5 per 

cent of starch, and it is stated that it remains clear for months. Solutions 

prepared from potato starch are opalescent and must be cleared by repeated 

filtration by suction through infusorial earth. 

The first color obtained by the addition of iodine to a properly prepared 

solution of starch is pink.^^ In ordinary work this is generally overstepped 

slightly, and the end point that is taken is the well-known blue tint. For 

the development of a proper color, the solution must contain approximately 

1 g of potassium iodide per 100 ml of solution, and the temperature of the 

solution should not exceed 25*^ C. The delicacy of the end point is less at 

30° C, and the color disappears completely on slight heating. Titrations 

in ice-cold solutions are undesirable because of the slowness of the reactions 

at low temperatures.^^ 

b. Standard Solutions of Iodine, Standard 0.05 or 0.1 N solutions of 

iodine have an appreciable vapor pressure of iodine.^- A solution containing 

4 per cent of potassium iodide does not lose appreciable iodine when dropped 

a distance of a few centimeters from a burette but cannot be swirled in a 

flask or left in an open beaker.^’^* As little as 1 per cent of iodide can be 

used in routine work if titrations are quickly made under conditions that 

minimize chances of volatilization. 

The presence of iodate in an iodine solution is undesirable, for it causes 

variations in apparent strength according to whether titrations are con¬ 

ducted in a neutral or an acid medium. If the solution is to be used in 

different mediums, care must be taken to use an iodide that is free from 

^f*E. W. Washburn, /. Am. Cheni. Soc., 30, 42 (1908). 

Much of the uncertainty caused by the use of starch can be avoided by potentio- 

iiietric titration. For an example of such titrations, see S. Popoff and J. L. Whitman, 

ibid., 47, 2261 (1925). 

72 Standard solutions of potassium iodate-potassium iodide, or of potassium iodate 

can be substituted for standard solutions of iodine, and are attractive in that the avail¬ 

able iodine is not liberated until it is to be used. Potassium iodate solutions are more 

stable than those containing iodate-iodide, but have the disadvantage of requiring an 

addition of iodide to the solution to be titrated. 

73 F. O. Rice, Martin Kilpatrick, Jr., and W. Lcmkin, ibid., 45, 1361 (1923). 
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iodate or to destroy the iodate by the addition of the proper aiiiount of 
sulfuric acid. 

The chief causes of change in the iodine titer of a solution arc volatiliza¬ 
tion of iodine, introduction of particles of dust, and impurities in the iodine 
or water used in preparing the solution. Corks or rubber stoppers should 
never be employed. The solution should be removed by a clean pipette or 
all-glass siphon device and not poured. When the solution is shaken, it 
should not be allowed to wet the stopper. The stability of a properly pre¬ 

pared and preserved iodine solution is illustrated by the experience of 
Washburn,who found that the titer of an iodine solution that had been 
in frequent use during an interval of 2 months changed during that period 
from 0.0048504 to 0.0048505 g of As20a. 

E'er w ork of the highest accuracy, standard solutions of iodine should be 
made from iodine that has been specially prepared by some such procedure 
as that recommended by Chapin.''^’‘‘ For ordinary purposes it can be puri¬ 
fied as follows: Grind 5 g of iodine with 2 g of potassium iodide, transfer 
the mixture to a dry casserole, set the casserole on a radiator (p. 24), and 
cover with a round-bottomed flask filled with water and stoppered with a 
cork containing inlet and outlet tubes through wiiich cold water can aftcr- 
w'ards be passed. Heat gently until sufficient iodine has sublimed on the 
bottom of the flask, allow to cool, and remove the flask. Pass a current of 
cold water through the flask to contract the glass, and transfer the crust 
of iodine to a cover glass by gently scraping with a glass rod. Break up 
any large pieces, and again sublime the iodine, this time without previous 
addition of any iodide. Remove the second sublimate as before, and crush 
in a glass or agate mortar. Dry in a desiccator containing calcium chloride 
with no grease w^hatever exposed on the inside. 

Standard solutions of iodine are usually obtained by standardizing the 
prepared solution rather than by dissolving an exact weight of iodine and 

diluting to an exact weight or volume. 

a. Freparatiofi of an approximately 0.1 N solution. Weigh 12.7 g of pure 

iodine into a small beaker, add 40 g of pure potassium iodide that is free 

from iodate, and cover with redistilled water. Let stand with occasional 

stirring until solution is complete, filter through asbestos into a clean liter 

bottle, and dilute with redistilled water to approximately 1 liter. Let stand 

for 2 or 3 days before standardizing. 

p. Standardization through sodium oxalate. By far the most convenient 

method of standardizing an iodine solution is in the use of a thiosulfate 

solution that has been standardized by the use of a standard permanganate 

solution. Such a standardization, w’^hich harks back to the use of sodium 

oxalate, is open to the objection that the accuracy of the final result depends 

”^See M. Guichard, Ann, chim,, 7, 27 (1917). 
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on the purity of the sodium oxalate that was used and on the errors inci¬ 
dental to three titrations. If a high-grade oxalate, such as that issued by 
the National Bureau of Standards, is used, the standardization should check 
that obtained by direct standardization by means of purified arsenious oxide 
within 0.05 per cent. 

PROCKiHiRK. Dissolve 0.5 g of potassium iodide in 120 ml of water, and 
run a portion, say 40 ml, of the iodine solution into the iodide solution as 
the tip of the burette is held close to it. Titrate with the standard thio¬ 
sulfate solution until the solution becomes faintly yellow, add 2 ml of 0.5 
per cent solution of starch, and continue the titration until the solution is 
colorless. Again add iodine solution until the first permanent blue tint is 
obtained. Record the volumes of iodine and thiosulfate solutions that were 
used. Dissolve 2 g of potassium iodide in 200 ml of water, and add 2 ml 
of the starch solution and then iodine solution until the original end point 
is reproduced. Subtract the volume required from the volume of iodine 
first used, and calculate the titer of the iodine solution as based on that of 
the standard thiosulfate solution. 

y. Stmidardization by arsenious oxide. Standardization of an iodine solu¬ 

tion through arsenious oxide is desirable in that it furnishes a direct means 
of standardization.^"’ The oxide must be specially prepared if there is any 
question as to its purity, and the hydrogen ion concentration of the solution 

must be kept within a narrow range (pH 5 to 9) throughout the titration. 

The standardization is usually carried out by taking measured or weighed 

portions of an arsenite solution prepared as in d, a, rather than by weighing 

separate portions of the oxide. 

In the procedure to be described the solution is kept close enough to the 

desired pH for all ordinary^ purposes through the sodium bicarbonate that 

is contained in the arsenite solution and the liberation of carbon dioxide in 

the reaction. In accurate work it is absolutely essential that the solution 

be kept saturated with carbon dioxide. As this is somewhat difficult, Wash¬ 

burn recommended that such titrations be made in NaH2P04"-Na2HP04 

or HsBOa-NaaBOa solutions, preferably the former. Barnebey and 

Chapin used borax-boric acid mixtures and found them satisfactory. 

According to the latter, the phosphate mixture appears to react with incon¬ 

venient slowness. In either case, the proportions necessary to preserve 

neutrality must be calculated or determined by experiment. 

PROCEDURE. Transfer approximately 0.2 g of arsenious oxide to a clean, 

accurately weighed cylindrical weighing bottle, and weigh accurately. 

Place the bottle with contents in a 200-ml round-bottom Pyrex flask. Add 

For a rapid and simple method for the preparation of antimony-free arsenious 

oxide, consult C. W. Foulk and P. G. Horton, Jr., /. Am, Chem, Soc., 15, 2416 (1929). 

L. Barnebey, ibid,,, 38, 330 (1916). 
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10 ml of normal sodium hydroxide, insert a short-stemmed funnel in the 
neck of the flask, and agitate gently until complete solution is effected. 
Add 15 ml of normal sulfuric acid, mix thoroughly, and cautiously add 
50 ml of a solution of sodium bicarbonate (40 g per liter). Rinse and 
remove the funnel. Titrate slowly with an approximately 0.1 N iodine 
solution (12.7 g of purified iodine and 60 g of pure potassium iodide per 
liter) during constant agitation, until most of the iodine has been added 
(0.2 g of AS2O3 requires approximately 40.4 ml of 0.1 N iodine). Add 
5 ml of a 0.5 per cent solution of starch, and continue the titration until 
the initial pink coloration just passes to a clear blue. Deduct from the 
volume of iodine solution consumed the amount required to produce the 
same color in a solution composed of the added reagents and 40 to 50 ml 
of freshly boiled and cooled water in which 5 g of potassium iodide has 
been dissolved. Calculate the titer of the iodine solution on the basis of the 
following relation: 

AS2O3 + 2I2 + 2H2O AS2O5 + 4HI 

c. Standard Solutions of Sodium Thiosulfate, Much has been written 
about the behavior of standard solutions of sodium thiosulfate during storage. 
That the oft-repeated statement concerning the harmful effect of carbon 
dioxide has but little foundation in fact was shown by Topf; Kolthoff; 
Rice, Kilpatrick, and Lemkin; and Kilpatrick and Kilpatrick.^^ Kolthoff 
stated that sunlight hastens the decomposition of thiosulfate solution, that 
0.01 N solutions decompose more rapidly than those of 0.1 N strength, that 
the sulfur deposit from decomposed thiosulfate solutions accelerates the 
decomposition and that small amounts of mercuric iodide (10 mg per liter) 
or certain alkaline substances greatly retard it. He suggested that the 
decomposition might be caused by certain sulfur-consuming organisms. 
This was proved by Kilpatrick and Kilpatrick,^^ who found that the 
decomposition is caused by the action of bacteria. The organism was 
identified as Thiobacillus thioparus, the characteristic reaction of which is 
the transformation of thiosulfate into sulfate and elementary sulfur. 

Standard thiosulfate solutions should therefore be made sterile. If so 
prepared, the solution can be standardized and used at once. Such solu¬ 
tions do not show increased iodine consumption upon standing but lose 
strength very slowly. Kilpatrick and Kilpatrick^® found, for example, 
that a solution originally 0.014085 N was 0.014016 N after it had been in 
use 8 months. Carbon dioxide, oxygen, or small amounts of sodium 
hydroxide have very little effect. If there is any doubt concerning the 
purity of the sodium thiosulfate reagent, it should be recrystallized by pre- 

77 G. Topf, Z. anal. Chem., 26, 137 (1887). 

78 1. M. Kolthoff, Fharm, Weekblad, 56, 878 (1919); Z. anal, Chem., 60, 344 (1921). 

7»Martin Kilpatrick, Jr., and M. L. Kilpatrick, /. Am. Chem. Soc., 45, 2132 (1923). 
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paring a saturated solution at 30 to 35° C in freshly boiled and cooled dis¬ 
tilled water, then cooling as the solution is vigorously stirred, and finally 
collecting the separated salt. 

a. Preparation of an approximately 0.1 N solution. Weigh approximately 
25 g of pure crystallized sodium thiosulfate, Na2S203 *51120, and dissolve 
in approximately 1 liter of freshly redistilled and cooled water.®^ 

p. Standardization by potassium permanganate. The standardization of 
a thiosulfate solution is done most conveniently by the use of a standard 
solution of potassium permanganate. If simple precautions are observed, 
the titer so obtained will not differ by more than 0.05 per cent from that 
obtained under the best of conditions with purified iodine.®^ The perman¬ 
ganate solution must be standardized against sodium oxalate as described 
on page 186, and its reaction with iodide must be carried out in diffused 
light. Appreciable iodine is formed by the action of oxygen upon hydriodic 
acid in sunlight, 

PROCEDURE. In each of two glass-stoppered Erlcnmeyer flasks dissolve 
10 g of potassium iodide in 100 ml of freshly boiled and cooled water, and 
add 2 ml of hydrochloric acid. To one flask slowly add from a burette a 
measured amount, say 40 ml, of a standard approximately 0.1 N solution of 
permanganate as the flask is swirled very gently. To the second flask add 

40 ml of water. Stopper the flasks, and let stand in the dark for 10 minutes. 

Titrate the iodine that has been set free until the solution is of a faint straw 

color, add 2 ml of a 0.5 per cent solution of starch, and continue the titration 

with the thiosulfate solution until the blue color has just been destroyed.®^ 

Subtract the volume of thiosulfate required in the blank run from that 

required in the other titration, and calculate the iodine titer of the thiosulfate 

solution on the basis of the ratio: KMn04 = 51. 

y. Sta?idardization by pure iodine. The use of pure iodine for standard¬ 

izing thiosulfate solutions has the advantage of giving a direct value. The 

chief drawbacks to the procedure lie in the necessity for preparing dry 

pure iodine, and in the difficulty of obtaining the correct weight of the 

80 1. Yoshida [/. Chem. Soc. Japan, 48, 26 (1927); C. A., 21, 3030 (1927)] recom¬ 

mended that for preservation the thiosulfate be dissolved in cither 0.05 M borax solu¬ 

tion, 0.1 iV Na2HP04 solution or water saturated with carbon disulfide. According to 

A. M. Platow [Chemist-Analyst, 28, 30 (1939)], solutions of sodium thiosulfate pre¬ 

pared from distilled water and the ordinary cp salt undergo no change in strength if 

0.1 per cent of sodium furoatc is added. J. L. Kassner and E. E. Kassner [Ind. Eng. 
Chem. Anal. Ed., 12, 655 (1940)] recommend that solutions having a pH of 6.2 to 6.8 

be treated with 3 drops of CHCI3 per liter and stored in rubber-stoppered bottles, 

preferably of amber glass if the solutions are weaker than 0.05 N. 
8^ S. Popoff and J. L. Whitman, /. Am. Chem. Soc., 47, 2259 (1925); S. Popoff and 

A. H. Kunz, ibid., 51, 1307 (1929). 

8-The end point can be determined by potentiomctric titration if desired. See, for 

example, Popoff and Whitman, loc, cit. 



198 VOLUMETRIC ANALYSIS 

iodine that is used in the standardization. The purification of the iodine 
is done as described on page 194. The weighing of the iodine is usually 
done in some form of a weighing bottle containing a concentrated solution 
of potassium iodide.®® 

PROCEDURE. Carefully weigh approximately 0.5 g of iodine in a weighing 
bottle or other device that will insure no loss of iodine by volatilization 
during weighing or transfer to the titrating vessel and that suffers no change 
in weight in weighing other than that caused by the iodine that is intro¬ 
duced. Finally obtain the iodine in 160 ml of a solution containing 2 g of 
potassium iodide. Do not expose or shake the solution more than is neces¬ 
sary. Titrate with the thiosulfate solution until the iodine has nearly been 
used up, and then add 2 ml of a 0.5 per cent solution of starch. Continue 
the titration until the blue tint has just been destroyed. 

8. Standardization by a standard solution of iodine. If an iodine solution 
has been standardized as described on page 195, by means of pure arsenious 
oxide, it can in turn be used for the standardization of a thiosulfate solution. 
In such case, proceed exactly as on page 197, and calculate the titer of the 
thiosulfate solution as based on that of the standard iodine solution. 

€. Standardizatioti by other methods. Standardization of thiosulfate solu¬ 
tions by means of potassium biiodate or dichromate arc as accurate as those 
already given but are not much used.®* If biiodate is used, its purity 
must first be established. With dichromate the color interference of the 
reduced salt is troublesome unless potcntiomctric titration is employed.®"' 

d. Standard Solutions of Sodium Arsenite. For work of the highest accu¬ 
racy, standard solutions of sodium arsenite should be made from arsenious 
oxide of known purity, such as the National Bureau of Standards sample 
of arsenious oxide no. 83a or one carefully purified by some such method 
as that described by Chapin.®® Arsenious oxide of sufficient purity for most 
purposes can be prepared as follows: Place about 10 g of the finely pow¬ 
dered oxide in a porcelain dish, cover, and heat gently until sufficient subli- 

Popoff and Whitman (loc. cit,) maintained that approximately 0.2 mg loss in weight 

occurs every time the stopper is removed from a weighing bottle containing a concen¬ 

trated solution of potassium iodide. 

®^For a dcscri})tion of iodate methods, see G. S. Jamieson, Volumetric lodate Meth¬ 
ods, Chemical Catalog Co., New York (1926). 

The following procedure is recommended by S. O. Rue [Ind, Eng. Chem. Anal. Ed., 
14, 802 (1942)1, particularly for determinations made in hot weather (30 to 40° C): 

Dissolve 0.2 to 0.22 g of KoCr^Oj in 125 ml of H2O in a 500-ml conical flask, add 5 g 

of pure KI, rotate until dissolved, and then add 5 ml of 6 iV HCl during swirling. Rinse 

down with water so as to form a supernatant layer, stopper, and keep in the dark for 

6 minutes. Add 165 ml of H2O, titrate with a 0.1 N Na2S203 during constant agitation 

until the solution is greenish yellow, and finish after adding 0.6% starch solution (2 ml 

at 20°, 3 ml at 40° C). Correct results as indicated by tests on reagents alone. For a 
corresponding volumetric procedure, add about 45 ml of 0.1 N potassium dichromate 

solution, accurately measured, to the Erlenmeyer flask, and proceed as described. 

®®R. M. Chapin, /. Ind. Eng. Chem., 10, 522 (1918). 
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mate has been gathered. If the sublimate has a yellowish cast, it may 
contain sulfide. In this case dissolve the sublimate in hot dilute hydro¬ 
chloric acid (14-2), filter, and cool the filtrate. Pour off the supernatant 
liquor, wash the crystals with water, dry, and again sublime. Cool and 
dry for 12 hours over sulfuric acid in a desiccator. For the preparation of 
a solution that is to be standardized and then used in routine work such as 
the Determination of Manganese (p. 448), a pure grade of sodium arsenite 
can be employed. 

a. Vreparation of standard approximately 0.1 N solution. For the prepa¬ 
ration of a standard approximately 0.1 N solution of sodium arsenite that 
is to be used in work of the highest accuracy proceed as follows: 

Place 4.95 g of pure arsenious oxide in a wSmall weighing tube, dry in a 
vacuum over sulfuric acid,”^ and weigh. Empty the sample without loss 
into a clean glass-stoppered liter flask, and again weigh the tube.*'^ Moisten 
the sample with w ater. Dissolve 10 to 12 g of pure sodium hydroxide (free 
from iron) in 30 ml of water that has been freshly distilled from alkaline 
permanganate to insure absence of organic matter and dissolved oxygen. 
Filter through asbestos, pour the filtrate upon the oxide, stopper the flask, 
and let stand or swirl gently until solution is complete.^^ Add 200 ml of 
tjie distilled water, and saturate the solution with pure carbon dioxide. 

Remove and wash the delivery tube, dilute to exactly 1 liter with the dis-” 

tilled water, and thoroughly mix. A solution so prepared and carefully pre¬ 
served at room temperature should keep its titer almost indefinitely. 

For ordinary work, the solution can be prepared as follows: Transfer 

the weighed oxide to a liter bottle, moisten with water, and add a solution 
of 15 g of sodium hydroxide in 100 ml of water. Swirl the contents of the 

flask gently until solution of the oxide is complete. Dilute to 250 ml, 

saturate the solution with carbon dioxide, and dilute to 1 liter. 

The sodium hydroxide solution of the arsenious acid can be neutralized 

with phosphoric acid if an NaH2P04-Na2FIP04 solution is to be used to 

preserve the proper hydrogen ion concentration during titration.Ac- 

Pure arsenious oxide is not appreciably hygroscopic, and it is unnecessary to dry 

it before use unless an accuracy better than 1 part in 2000 is desired. For example, 

the NBS sample no. 83 of arsenious oxide showed no loss on drying for 1 hour at 

105° C but gained 0.014 per cent when exposed for 2 weeks to an atmosphere hav¬ 

ing a relative humidity of 90 per cent. If the oxide is to be dried, heating for 1 hour 

at 105° C suffices. No appreciable error is introduced through weighing in an open 

container. 

®®The sample is preferably weighed thus by difference owing to the difficulty of 

completely brushing arsenious oxide from metallic or glass surfaces. 

8® Sodium hydroxide of reagent grade may contain impurities that cause a slight but 

measurable oxidation of the arsenious oxide during solution. In work of the highest 

accuracy, or in case the purity of the sodium hydroxide is not known, it is recommended 

that the arsenious oxide be dissolved, with the aid of gentle heat, in a strong solution of 

pure sodium carbonate and the solution then diluted and treated with carbon dioxide. 
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cording to Roark and McDonnell,®®’a solution that is to be used with 
H3B03-Na3B03 or in certain other applications can be prepared by dis¬ 
solving the oxide in sulfuric acid as follows: Transfer 5 g of the pure oxide 
to a 1000-nil flask with a long neck, and dissolve by boiling with about 
500 ml of water containing 10 ml of sulfuric acid. Do not boil longer than 
necessary. When solution is complete, cool, and dilute to 1 liter. 

p. Standardization by means of iodine or a standard solution of iodine. 
Usually the solution of arsenious oxide is made standard by carefully weigh¬ 
ing the pure oxide, dissolving it without loss, and diluting to an exact 
volume or weight as already described. If standardization is necessary, 
this can be done by titrating weighed portions of iodine or measured por¬ 
tions of a standard iodine solution by the same general procedure as is 
described under Standardization by Arsenious Oxide (p. 195). 

IV. POTENTIOMETRIC TITRATION 

In many cases the completion of a reaction in acidimetry, alkalimetry, 
oxidimetry, iodimetry, or precipitation can be easily and accurately deter¬ 
mined potentiometrically: that is, by noting the changes in potential of a 
suitable electrode during the course of a titration. Such titrations can be 
carried out as easily in colorless solutions that would otherwise require the 
use of internal or external indicators as in solutions that are so colored that 
the use of an indicator would be impossible. Moreover, in many cases, suc¬ 
cessive stages of the reaction can be determined, as in the neutralization of 
phosphoric acid, or the oxidation of a mixture of stannous and ferrous 
chlorides.®^ 

Such titrations are based on the differences in potential that are developed 
when a nonmetal or a metal electrode is dipped into a solution of its ions 

or an unattackable metal such as platinum is in contact with a solution of 

metal ions that are capable of either giving up electrons to the platinum or 

taking electrons from it. The potential is a function of the concentration 

of the ions in the solution, other conditions remaining constant, and under¬ 

goes a sharp change at the conclusion of most titrations because of the 

marked change in the concentration of one of the reacting substances. 

This break serves as a convenient indicator of the completion of the 
reaction.®* 

C. Roark and C. C. McDonnell, /. Ind. Eng. Chem., 8, 327 (1916). 

For general work, the installation of potentiometric outfits may not be worth while 

unless fairly frequent determinations of a given constituent are made, as for example 

daily determinations of iron in glass sand or chromium and vanadium in steel. 

®2For a review of recent trends in the field of potentiometric, conductometric, and 

polarographic titrations in the period 1931-42, consult N. H. Furman, Ind. Eng. Chem. 
Anal. Ed.f 14, 367 (1942); also the reviews in Anal. Chem., 21, 1-167 (1949), and 22, 

1-126 (1950). 
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Acids and alkalies can be titrated potentiometrically by measuring the 
electrode potential between the hydrogen on the surface of a hydrogen 
electrode and the hydrogen ions in the surrounding solution.^^ There is 
no good method of measuring this single potential difference. It can be 
compared with that of a second hydrogen electrode immersed in a solution 
of known hydrogen ion concentration, but it is more convenient to make 
the comparison against another electrode which has a constant potential, 
such as a calomel half cell. In many titrations there is no need to measure 
the actual potentials involved, and it suffices that the apparatus permits the 
detection of sudden changes of potential. 

For example, if platinum and calomel electrodes arc placed in an oxidizing 
solution, a definite voltage is developed and can be balanced against the fall 
of potential across a slide wire in circuit with dry cells and a resistance. If 
a reducing agent is then slowly added, no marked change in voltage will 
take place until the oxidizing agent is used up and the first excess of reducing 
agent appears. If the change of potential at the end point is large, it can be 
detected by the sudden deflection of the pointer in a suspension galva¬ 
nometer or the beam from a reflecting galvanometer. If the change in 
potential is less marked, the voltages arc observed and plotted as ordinates 
against volumes of titrating solution as abscissae; in this case, the relative 
values of the potentials must be correctly determined; the absolute values 
need not be. 

In many instances such data can be more readily interpreted if, instead 
of plotting the electromotive force E against the volume of reagent F, the 
tangent to that curve, aE/aV, is plotted against Practically the same 
benefits can be obtained if concentration cells are formed during the titra¬ 
tion by temporarily isolating a portion of the solution around one of the 
electrodes until after each small increment of the titrating solution is 
added.®® 

The use of bimetallic systems, in which the calomel reference electrode 
has been replaced by tungsten or by a metal or certain alloys of the platinum 
group other than pure platinum or pure palladium, was advocated by 
Willard and others.®® With such systems it is more difficult to anticipate 

^^¥or a discussion of the hydrogen electrode and other electrodes such as oxygen 

and air, higher oxide, quinhydronc, glass and tungsten, or other metal electrodes, con¬ 

sult such references as J. H. Hildebrand, /. Afn. Chem, Soc,, 35, 847 (1913); W. Mans¬ 

field Qark, op. cit.; or I. M. Kolthoff and N. Howell Furman, Fotentiometric Titrations, 

John Wiley & Sons (1931). 

J. C. Hostetter and H. S. Roberts, /. Ain. Cheni. Soc., 41, 1341 (1919); D. A. Mac- 

Innes and P. T. Jones, ibid., 48, 2831 (1926); W. A. Roth, Z. Elektrochem., 33, 127 

(1927). 

^^Maclnnes and Jones, loc. cit.; N. F. Hall, M. A. Jensen, and S. A. Baeckstrom, 

/. Am, Chem. Soc., 50, 2217 (1928); D. A. Macinnes and M. Dole, ibid., 51, 1119 (1929). 

J. C. Hostetter and H. S. Roberts, loc. cit.; H. H. Willard and F. Fenwick, J. Am. 

Chem. Soc., 44, 2504, 2516 (1922). 
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the end point, but, if a polarizing circuit is used, there is no inactivation of 

the electrodes and no need of stopping for electrode prctrcatnicnt of any 

kind. For the use of “electrometric indicators” in dead-stop end-point 

systems in determinations based on neutralization, oxidation-reduction, and 

precipitation reactions, consult H. H. Willard and F. Fenwick, /. Avt, Chein. 

metric determinations by 

Hildebrands method. A, 
dry cell; R, student’s 

Kohlrausch bridge. K, 

millivoltmeter (0 to 1.2 

volts); K, single-contact 

key. G, portable d’Arson- 

val galvanometer; C, calo¬ 

mel electrode; E, saturated 

KCl solution; S, salt 

Soc., 45, 715 (1923); C. W. Foulk and A. T. 
Bawden, ibid.^ 48, 2045 (1926), A. H. Wright 
and F. H. Gibson, Ind. Eng. Chevt., 19, 749 
(1927); D. R. Clippinger and C. W. Foulk, hid. 
Eng. Cheni. Anal Ed., 11, 216 (1939); and G. Wer- 
nimont and F. J. Hopkinson, ibid., 15, 272 (1943). 
These methods cover the use of substances to 
obtain an electrometric end point in titrations by 
the dead-stop end-point system in cases in which 
an end point is otherwise not given, as for ex¬ 
ample the addition of iodate-iodidc in titrations 
of bases with acids. Additional advantages are 
the use of simple platinum wire electrodes and 
the elimination of a reference electrode. 

Apparatus for carrying out potentiometric 
titrations can be assembled in the laboratory 
or purchased in complete and compact units. 

For hydrogen ion determinations not requiring 

great accuracy or for titrations of acids or bases, 

an apparatus of the Hildebrand type, arranged 

as in Fig. 23, is quite satisfactory. 

A great deal of research on the applications of 

potentiometric titrations has been carried out 
bridge; D, titration vessel; \\dth the result that such titrations are now rec- 
h, Hildebrand hydrogen ommended for the determination of a large 
electrode; H, source of i r i a i i- • 

hydrogen number of substances. Among these applications 
may be mentioned the following: acidimetry and 

alkalimetry, iodimetry, halides, vanadium, uranium, molybdenum, arsenic, 
antimony, copper, sulfur in soluble sulfides, selenium, ferrocyanides or 
ferricyanides, iron, manganese, nickel, cobalt, zinc, and chromium.^^ 

For details concerning the assembling of apparatus for the determination of hy¬ 

drogen ions, consult W. Mansfield Clark, loc. cit.; Fotentiometric Titrations, he. cit.; 
and for special details the following: hydrogen electrode, J. H. Hildebrand, loc. cit.; 
bimetallic electrodes, H. H. Willard and F. Fenwick, loc. cit.; also J. Am. Chem. Soc., 
45, 715 (1923); N. Howell Furman, ibid., 50, 268, 273, 277 (1928); oxygen and air elec¬ 

trodes, N. Howell Furman, ibid., 44, 2685 (1922), P. A. Van der Meulcn and F. Wil- 

coxon, Ind. Eng. Chem., 15, 62 (1923); higher-oxide electrodes, H. C. Parker, ibid., 17, 

737 (1925); quinhydrone electrode, E. Biilmann, Ann. chim., [9] 15, 109 (1921), 16, 321 
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(1921), 19, 137 (1923), with J. Krarup, /. Chem. Soc., 125, 1954 (1924), I. M. KolthotT, 

Rec, trav. chm,y 42, 186 (1923), A. I. Rabinovich and V. A. Kargin, Z. Elektrochem,^ 
33, 11 (1927); antimony electrode, A. Uhl and V. Kestranek, Momtsch., 44, 29 (1923), 

I. M. Kolthoff and B. D. Hartong, Rec. trav, cbim.y 44, 113 (1925); the tungsten elec¬ 

trode, J. R. Baylis, Ind. Eng. Chem., 15, 852 (1923); the glass electrode, F. Haber and 

Z. Klcniensicwicz, Z. physik. Chem., 67, 385 (1909), W. S. Hughes, J. Am. Chem. Soc., 
44, 2860 (1922), D. A. Maclnnes, and M. Dole, Ind. Eng. Chem. Ancd. Ed., 1, 57 (1929). 

For details concerning the construction of apparatus for titrations involving precipita¬ 

tion, oxidation or reduction, consult Fotentiometric Titrations, loc. cit., and for special 

applications the following: calomel-platinum electrodes, G. L. Kelley, J. R. Adams, and 

J. A. Wiley, ]. Ind. Eng. Chem., 9, 780 (1917); H. S. Roberts, J. A?n. Chem. Soc., 41, 

1358 (1919); bimetallic systems, H. FF Willard and F. Fenwick, ibid., 44, 2504, 2516 

(1922); D. C. Cox, ibid., 47, 2138 (1925); N. Howell Furman, ibid., 50. 268, 273, 277 

(1928); polarized bimetallic systems, H. H. Willard and F. Fenwick, ibid., 44, 2516 

(1922). 

See G. E. F. Limdell and J. I. Hoffman, Outlines of Methods of Chemical Analysis, 
p. 165, John Wiley & Sons (1938). 



PART II 

THE DETERMINATION 

OF THE ELEMENTS 

THE HYDROGEN SULFIDE GROUP 

Silver, Mercury, Lead, Bismuth, Copper, Cadmium, Arsenic, 

Antimony, Tin, Germanium, Molybdenum, Rhenium, Sele¬ 

nium, Tellurium, Gold, Ruthenium, Rhodium, Palladium, 

Osmium, Iridium, Platinum (Thallium) 

I. ELEMENTS THAT YIELD SULFIDES THAT ARE INSOLUBLE IN ACIDS 

AND IN SOLUTIONS OF ALKALI SULFIDES 

Silver, Mercury, Lead, Bismuth, Copper, Cadmium (and entirely 
or in part Ruthenium, Rhodium, Palladium, and Osmium) 

Chapter 7 

SILVER 

Silver occurs native and as the sulfide, telluride, arsenide, antimonide, 

chloride, bromide, iodide, and in numerous sulfosalts. Native gold usually 
contains silver, and silver is often associated with native copper. The only 

oxygen compound of silver known to occur in nature is argentojarosite, a 
sulfate of silver and iron. Small traces of silver exist in sea water.^ 

I. GENERAL CONSIDERATIONS 

In the course of an ordinary analysis, practically all of the silver will be 

caught, as chloride, with the silica. The presence of appreciable amounts 

of it would be revealed by the character and the changes of color of the 

siliceous residue during evaporation. If left with the silica, most if not all 

of the silver chloride would suffer reduction during the ignition of the 

paper and residue. The resultant silver would then alloy with the crucible. 

Any silver that is not caught with the silica will pass through the analysis 

unless precipitation with ammonium sulfide is carried out after that with 

ammonium hydroxide. When silver is present, silica had better be separated 

^ F. W. Clarke, The Data of Geochemistry, C7. S. GeoL Survey Bull. 770, 20. 

204 
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by dehydration with sulfuric or nitric acid and the silver removed by 
hydrogen sulfide before precipitation of iron, aluminum, and the like by 
ammonium hydroxide. 

II. ATTACK OF SILVER MINERALS 

Sulfides, arsenides, and tellurides of silver are best decomposed by diges¬ 
tion with nitric acid, followed by fusion of any insoluble residue with 
sodium carbonate. The silver halides are fused with sodium carbonate, the 
melt leached with water to separate the silver from the halide, and the 
insoluble residue dissolved in nitric acid. 

III. METHODS OF SEPARATION 

The outstanding separation of silver is that based on the precipitation of 
its chloride in dilute nitric acid solution as in IV, A. Substances that inter¬ 
fere are lead, palladium, and univalent mercury, copper and thallium which 
form insoluble chlorides, cyanides and thiosulfates which dissolve silver 
chloride, compounds such as bismuth and antimony that hydrolyze in the 
dilute acid solution that is necessary for the complete precipitation of the 
silver, and organic matter which sometimes prevents proper coagulation of 
the chloride. Interference by organic matter, cyanides, thiosulfates, mer¬ 
cury, copper, and thallium can be avoided by preliminary boiling with 
aqua regia in the case of thallium and with nitric acid in the case of the 
others. The interference of lead can be overcome by repeated precipita¬ 
tion of the silver as chloride in dilute solution or by prior separation of the 
lead by repeated precipitation of the sulfate.'^ Palladium, which imparts a 
pink tint to the precipitate, is removed by repeated solution of the mixed 
chlorides in ammonium hydroxide and precipitation with acid. The same 
treatment suffices for the separation of some compounds, such as bismuth, 
that hydrolyze and contaminate silver chloride; for others, the treatment 
must fit the case. 

Silver is quantitatively precipitated by hydrogen sulfide in acid or alkaline 
solution, and the sulfide is not soluble in the alkali sulfides or polysulfides. 
These reactions permit convenient separations of the element from the 
members of the arsenic and succeeding grdbps. 

Small amounts of silver (20 mg) can be separated from as much as 8 g 

of copper by electrolyzing for 15 to 30 minutes at 2.0 to 2.5 volts and 

0.2 to 0.7 amp per dm^ in a cool solution containing 1 per cent by volume 

2 According to G. Vortmann and O. Hecht [Z. anal, Chem,, 67, 276 (1925)], lead can 
be separated from silver by precipitation with either ammonium phosphate or potassium 
iodide in a weakly ammoniacal solution containing ammonium tartrate. The first pre¬ 
cipitates lead quantitatively as the phosphate; the second precipitates silver as the iodide. 
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of concentrated sulfuric acid and 2 to 3 per cent by weight of potassium 
persulfate. An excess of persulfate must be maintained.'^ 

IV. METHODS OF DETERMINATION 

The most desirable methods, excluding assay procedures, for the quanti¬ 
tative determination of silver are the gravimetric method based on precipi¬ 
tation as the chloride and the volumetric method based on the precipitation 

of silver thiocyanate by a standard solution of thiocyanate in the presence 
of ferric iron as an indicator. 

A. BY WEIGHING AS SILVER CHLORIDE 

The most accurate procedures for the determination of silver are those 
in which it is precipitated as the chloride. Ordinarily the precipitate is 
separated, washed, and weighed as to be described. Special procedures such 
as those used in determinations of atomic weights or in the assay of silver 
bullion will not be given.*^ The solubility of silver chloride in dilute nitric 
acid solution containing a small excess of the chloride ion is very slight and 
can be disregarded in ordinary analyses. According to Forbes,"’ silver 
chloride at 25° C is least soluble in 0.01 N chloride solutions, the solubility 
amounting to only 0.01 mg per 5 liters. The solubility of silver chloride 
is, however, appreciable in hot or cold water,in strong solutions of hydro¬ 
chloric or nitric acid, or in solutions containing excessive amounts of chlo¬ 
rides or nitrates of the alkalies or alkaline earths. It is easily soluble in 
solutions containing cyanides of the alkalies, sodium thiosulfate, or ammo¬ 
nium hydroxide. 

In precise work, the amount of unprecipitated silver chloride must be 
calculated from solubility data, and any chloride dissolved during washing 
by dilute acid or water" or left on the walls of precipitation flask must be 
determined by nephelometric comparison with standards as described on 
page 27. 

®R. C. Newton and N. Howell Furman (private communication). 
^For examples of the special procedures followed in atomic weight work, consult 

such references as T. W. Richards and R. C. Wells, Carnegie Inst. Wash. Pub. 28 
(1905); T. W. Richards and F. O. Anderegg, /. Am. Chem. Soc.y 37, 13 (1915); and 
G. P. Baxter and F. A. Hilton, Jr., ibid.y 45, 695 (1923). For procedures such as the Gay- 
Lussac method used in the assay of silver bullion, consult texts on assaying. 

®G. S. Forbes, J. Am. Chem. Soc., 33, 1937 (1911). 
®G. S. Whitby fZ. anorg. Chem,, 67, 108 (1910)] showed that at 100® C the solubility 

of silver chloride in water amounts to 21.7 mg per liter, whereas at 21® C the solubility 
reaches 1.54 mg in water, 0.2 mg in 1%, 3.3 mg in 5%, and 74.0 mg in 10% hydrochloric 
acid. 

^The amount of silver chloride dissolved in pure water or in dilute nitric acid de¬ 
pends so much on the physical characteristics of the precipitate that the precise amount 
must be determined in each experiment. (T. W. Richards and R. C. Wells, loc. cit.) 
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Silver chloride is prone to occlude substances, even sodium chloride or 
silver nitrate.” For this reason precipitates should be formed slowly by 
the gradual addition of dilute hydrochloric acid to dilute solutions of silver 
that are as free as possible from other dissolved compounds. 

Elements that interfere in the determination of silver by precipitation 
as the chloride and corrective measures are described in Section III. 

Silver chloride melts at about 455° C and then attacks platinum rapidly. 
For ordinary purposes, drying at 130 to 150° C suffices. In work of the 
highest accuracy, the chloride is heated at approimately 280° C and weighed, 
and anv residual moisture (approximately 0.01%) is determined by transfer 
of the residue to a porcelain crucible and heating until the sample has just 
fused. Prolonged heating at this high temperature is to be avoided lest 
volatilization losses occur. 

PRocKDURE. In all the succeeding operations, the silver chloride should 
be protected from light as much as possible. Obtain 0.1 to 0.2 g of silver 
in 200 to 400 ml of a dilute nitric acid solution (1 + 99) containing no 
appreciable amounts of other salts and none of the interfering substances 
just described. Heat to about 70° C, and add approximately 0.2 N hydro¬ 
chloric acid slowly and w ith constant stirring until it ceases to produce a 
precipitate. Avoid the addition of a large excess of the acid. Warm until 
the precipitate settles, let cool to 25 to 30° C, and test the supernatant 
liquid with 1 or 2 drops of the acid to make sure that precipitation is com¬ 
plete. It is desirable to allow the solution to stand in a dark place for sev¬ 
eral hours, preferably overnight. Pour the supernatant liquid through a 
weighed Gooch or Munroe crucible (p. 101)., wash the precipitate by 
decantation with approximately 0.01 N hydrochloric acid, and then transfer 
the precipitate to the crucible. Dry the crucible and contents first at 
100° C and then at 130 to 150° C. Cool in a desiccator, and weigh as AgCl. 
Repeat the heating until constant weight is obtained. 

B. BY TITRATION WITH AMMONIUM OR POTASSIUM THIOCYANATE 

The determination of silver by titration with thiocyanate in a nitric acid 
solution containing silver and trivalent iron originated with Charpentier ^ 
and was later described by Volhard,^® from whom the method takes its name. 

The method is based on the great difference between the solubilities of 
the thiocyanates of iron and silver. No permanent formation of the soluble 
red iron compound can take place until all of the silver has been precipi¬ 

tated as the white insoluble thiocyanate, AgCNS. The titration is per¬ 

formed in dilute nitric acid solution (1 to 10% by volume) and at a tem- 

S. Stas, Oeuvres complies Bruxelles^ 1, 337 (1894); T. W. Richards and R. C. 

Wells, loc. cit. 
<*P. Charpentier, Bull. soc. mg. civ. France, 135, 325 (1870). 

J. Volhard, /. prakt. Chem., [2] 9, 217 (1874); Liebigs Ann. Chem., 190, 1 (1878). 
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perature not over 25° C. Strong nitric acid retards the formation of ferric 
thiocyanate, and higher temperatures tend to bleach its color. 

The precipitate adsorbs both silver nitrate and thiocyanate;^^ this leads 
to no serious error in ordinary analyses if the solution is used under the 
same conditions as were used in the standardization; high results will be 
obtained if the solution is standardized as to be described, and then added 
in quantity as in a counterpart of the Gay-Lussac method. 

The solution must be free from nitrous acid, silver chloride, and sulfates. 
The former gives a red compound with thiocyanic acid, silver chloride 
reacts to some extent with the thiocyanate, while sulfates may be carried 
down as silver sulfate in the thiocyanate precipitate.’^ Aside from concen¬ 
trated solutions of salts that interfere because of their color, the other chief 
interfering compounds arc those of bivalent mercury and palladium. Uni¬ 
valent copper, which also forms an insoluble thiocyanate (p. 250), would 
not survive the usual preliminary treatments. Bivalent copper does not 
interfere, provided the ratio of copper to silver does not exceed 7:10. 
Noninterfering elements are arsenic, antimony, lead, bismuth, cadmium, iron, 
manganese, zinc, nickel, and cobalt. 

Three solutions are required, two being standard, and preferably equiva¬ 
lent, solutions of ammonium or potassium thiocyanate and silver nitrate, 
the other a saturated solution of ferric alum. Ammonium thiocyanate is 
less likely to contain chlorides than is the potassium salt and for this reason 
is to be preferred. To prepare the thiocyanate solution, dissolve 9 g of 
the ammonium or 10 g of the potassium salt in a liter of water, standardize 
against proof silver’^ or a standard solution of silver nitrate as in the 
method to be described, and then carefully adjust the solution so that it is 
exactly 0.1 N. To prepare the silver nitrate solution, transfer 10.788 g of 
proof silver to an Erlenmcyer flask having a funnel in the neck to prevent 
mechanical loss, and treat with dilute nitric acid that is free from chlorides. 
When solution is complete, boil to expel all oxides of nitrogen, dilute with 
water, and finally adjust the solution to exactly 1000 ml at the temperature 
at which it is to be used. If silver nitrate of known purity is at hand, 
16.989 g of the salt (crushed and dried for 1 hour at 130° C) can be dis¬ 
solved in water and diluted to volume; otherwise the solution must be 
standardized gravimetrically as in IV, A and then adjusted to 0.1 N. The 
solution of ferric alum is prepared by dissolving enough ferric alum to 
make a saturated solution and then adding enough pure colorless nitric acid 
to bleach the brown color of the solution. The same amount of this solu¬ 
tion, 2 ml per 100 ml of solution, should be used in all titrations. All of 
the above solutions are stable. 

C. Hoitsema, Z. angew. Chenr., 17, 647 (1904). 

12 L. W. Andrews, 7. Am. Chem. Soc., 29, 275 (1907). 

18 Proof silver can be purchased from the U. S. Mint, Philadelphia, Pa. 
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PROCEDURE. Prepare 200 ml of a dilute nitric acid solution (approximately 
5 + 95) containing approximately 0.3 g of silver and none of the interfering 
substances that have been listed. Add 4 ml of the ferric alum solution, 
and then pure nitric acid, drop by drop, until the solution becomes prac¬ 
tically colorless. Titrate with the thiocyanate solution until a faint pink 

tint persists after vigorous shaking. It is necessary to guard against under¬ 

titration as the color is but slowly removed at the end. In case of uncer¬ 

tainty, a measured small volume of the standard solution of silver nitrate 

can be added and the titration with thiocyanate resumcd.^^ 

C. OTHER METHODS 

Mohr’s method is used more often for the determination of chlorides 

than of silver. As applied to the determination of silver, a measured small 

excess of a standard solution of sodium chloride is added slowly and with 

stirring to a neutral solution of silver nitrate, then a solution of potassium 

chromate as indicator, and finally a standard neutral solution of silver 

nitrate as under'Chlorine (p. 732), until the reddish tint of silver chromate 

persists in spite of vigorous stirring. The method is not so accurate or 

convenient as Volhard’s method. 

Silver can be satisfactorily deposited by electrolysis in nitric,’*'^ ammonia- 

caV® or cyanide solutions. So many other elements are also deposited 

wholly or in part, that the electrolytic method loses its usefulness in general 

work because of the number of preliminary separations that must be made. 

Very small amounts of silver such as 1 to 2 mg per liter are conveniently 

determined by the nephelometric method (p. 148), or colorimetrically.^® 

For the titration of silver with potassium iodide in a sulfuric acid solution con¬ 

taining ceric ammonium sulfate and starch, see A. Bloom and W. M. McNabb, Ind, Eng. 
Chevi. Anal. Ed., 8, 167 (1936), H. Robinson and H. Hugg \ ibid., 9, 565 (1937) 1, recom¬ 

mend potentiometric titration with potassium iodide, using a pair of electrodes, one of 

gold, the other of carbon saturated with nitric acid, connected to a microammeter. 

It is stated that, with the exception of palladium, none of the usual elements present in 

silver alloys interferes. 

^•^C. Luckow, Z. anal. Chem., 19, 15 (1880); F. W. Kiister and H. von Steinwehr, 

Z. Elektrochent.y 4, 451 (1898); L. G. Kollock and E. F. Smith, J. Am. Chem. Soc., 27, 

1536 (1905). 

C. Luckow, loc. cit.; J. Krutwig, Ber., 15, 1267 (1882); F. A. Gooch and J. P. Feiser, 

Am. J. Set., [4] 31, 109 (1911). 

Luckow, Dinglers Poly tech. /., 178, 42 (1865); Z. anal. Chem., 19, 15 (1880); 

Chem. News, 41, 213 (1880); F. A. Gooch and H. E. Medway, Atn. J. Sci., f4] 15, 320 

(1903). 

^'^G. S. Whitby, Z. anorg. Chem., 67, 62 (1910); W. Bottger, Z. angew. Chem., 25, 

1992 (1912). For titrimetric or colorimetric determinations of small amounts of silver 

(<0.1 mg) in the presence of lead, zinc, cadmium, arsenic, antimony, bismuth, copper, 

mercury, and gold by the use of dithizone (diphenylthiocarbazone), see H. Fischer, 

G. Leopoldi and H. von Uslar, Z. anal. Chem., 101, 1 (1935). 
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MERCURY 

Mercury is not abundant and appears to be not widely diffused in nature. 
Minute traces are, however, easily overlooked, and more careful exami¬ 
nation may reveal a wider distribution. Mercury occurs native, but is 
usually found, locally concentrated, in the form of the sulfide, cinnabar. 
Less common are the chlorides, oxide, selenide, and telluride. 

I. GENERAL CONSIDERATIONS 

Mercury causes no difficulties in an ordinary analysis and may even 
escape notice because of the volatility of its compounds. 

II. DECOMPOSITION OF MERCURY COMPOUNDS 

It is to be remembered that mercury is completely volatilized when its 
compounds are ignited or fused with sodium carbonate and that it is par¬ 
tially volatilized when solutions containing mercuric salts, particularly the 
chloride, are evaporated on the steam bath or boiled. The extent of the 
loss upon evaporation to dryness on the steam bath depends more on the 
shape of the vessel than on the concentration of mercury in the solution, 
as was noted by E. Esteve,^ who found that, with the same volume of a 
solution of mercuric chloride, 40 per cent of mercury was lost when the 
solution was evaporated in a large evaporating dish, 15.8 per cent in a small 
dish, and 5.3 per cent in a glass flask. The loss during boiling is less, and 
its extent is indicated by the experience of A. Minozzi,- who found that 
when 150 ml of liquid was distilled from 300 ml of mercuric chloride solu¬ 
tion in 40 to 45 miniites, the loss was 0.25 mg of the chloride from a solution 
containing 0.1 per cent of the chloride and 2.2 mg from one containing 
1 per cent. 

In the analysis of its minerals, mercury is usually determined by volatili¬ 
zation from one sample and the accompanying constituents by usual pro¬ 
cedures in a second sample in which mercury is ignored. When mercury 
is volatilized, it can be condensed on silver or gold or in water. In the 
former case, the increase in weight of the metal is a fairly accurate index 

^Chem. Ztg., 35, 1152 (1911). 

chim. far?n., 43, 745 (1904). 
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of the amount of mercury present in the mineral.^ In the latter case the 
condensed mercury can be dried and weighed or, l)etter still, dissolved in 
nitric acid and titrated as in IV, A. Care must be taken, especially if mer¬ 
cury is present as the chloride, iodide or sulfide, lest these be partially vola¬ 
tilized without decomposition. A general method is as follows: Procure a 
combustion tube approximately 60 cm long and 1.5 cm in inner diameter, 
draw' out one end, and bend it at right angles so as toTorm a delivery tube 
with a narrow opening and still leave a horizontal length of about 55 cm. 
Place a 2-cm plug of asbestos in the horizontal part of the tube and about 
5 cm from the bend, and then charge in order: A 2-cm tightly fitting plug 
of copper gauze, a 2-cm plug of asbestos, a 15-cm layer of freshly burned 
and powdered calcium oxide, a %-cm layer of an intimate mixture of 1 g 
of the mineral with 1 g of copper oxide and 0.5 g of quicklime (all finely 
powdered), a 5-cm layer of quicklime that has been used as a dry wash, a 
5-cm layer of quicklime, a 1-cm plug of asbestos, and a 1-cm plug of copper 
gauze. Hold the tube in a horizontal position, tap gently so as to leave a 
free passage of the gases throughout its length, and insert in a furnace so 
that the copper plugs will be in the hot zone. Connect the inlet end with 
a cylinder of carbon dioxide and the outlet end with two small flasks in 
series, the first containing enough w ater and the second enough dilute nitric 
acid (1 + 1) to just seal the delivery tubes. Pass dry carbon dioxide through 
the apparatus at the rate of about three bubbles per second until most of 
the air has been expelled, and then, with the gas still running, gradually heat 
the combustion tube, starting w ith the outlet end and gradually w^orking 
the heat back until the whole tube is uniformly heated at approximately 

C. Finally carefully heat the bent outlet end w ith a naked flame until 
the mercury has been driven forward, but take care not to scorch the 
stopper. Allows to cool somewhat, remove the second flask, cut oflF the 
bent portion of the combustion tube, and rinse any adhering mercury into 
the flask. Remove the stopper and tubes from the second flask, heat the 
nitric acid to 70 to 80° C, pour through bent tube into the first flask, and 
then rinse and remove the tubes. Warm, add more nitric acid if necessary 
to dissolve the mercury, and proceed as in IV, A. 

According to Fahey,^ mercurous chloride and total mercury in ores con¬ 
taining calomel and oxychlorides of mercury associated with mercury ore 
can be determined in the same sample by volatilizing in a glass tube in 
which the vapors are brought first into contact with sodium carbonate and 
then a weighed gold coil. The chlorine is fixed as sodium chloride, which 
is afterw^ard converted to silver chloride and computed to mercurous chlo¬ 
ride, while the foil containing the mercury is weighed. 

3 For such methods, consult A. Eschka, Dinglers Polytech. 204, 47 (1872) ; R. E. 
Chism, Trans. AIME, 28, 444 (1898); and G. T. Holloway, Analyst^ 31, 66 (1906). 

J. J. Fahey, Ind. Eng. Chein. Anal. Ed.y 9, 477 (1937). 



212 MERCURY 

Mercuric sulfide, natural or freshly precipitated, can be decomposed 
without introduction of chlorine as follows: ® Transfer the sulfide to a 
small Kjeldahl or Erlenmeyer flask fitted with a short-stemmed funnel, add 
5 ml of sulfuric acid, and mix. Next add 0.5 to 1 g of potassium permanga¬ 
nate, small portions at a time and with vigorous shaking. Rinse down 
with 5 ml of sulfuric acid, and allow the reaction to proceed as the flask is 
shaken from time to time. After approximately 30 minutes, heat gradually 
as the solution is shaken vigorously. Finally heat to boiling. If decompo¬ 
sition appears to be incomplete, cool, add more permanganate, let stand, 
and heat as before. Remove from the heat, and, without cooling, add 
small portions of oxalic acid until manganese dioxide has been reduced and 
dissolved. Again heat to fumes of sulfuric acid in order to destroy any 
excess of oxalic acid. Cool, dilute to 100 ml, and proceed as in IV, A. 

Ores and organic mercurials can be decomposed by mixing with 2 to 4 
parts by weight of iodic acid that has l)een partially dehydrated at 95° C, 
transferring to a combustion tube fitted with a water-cooled condenser and 
baffles at the exit end and through which a gentle stream of air is drawn, 
and carefully heating until reaction ceases. The red mercuric iodide and 
excess iodine can then be dissolved in a solution of sodium thiosulfate, and 
the mercury precipitated with hydrogen sulfide. 

Organic compounds can be decomposed by heating at 270*^ C with nitric 
acid as in Carius’ method ‘ or with sulfuric acid and occasional addition of 
permanganate or fuming nitric acid in a Kjeldahl flask.** With mercury 
compounds of the type RO-C-S Hg R decomposition is conveniently 
effected in an Erlenmeyer flask with a short-stemmed funnel in its neck, 
by first heating with 10 ml of 7 per cent fuming sulfuric acid and 5 ml of 
fuming nitric acid, and then with 10 ml of water, added in small portions 
at a time.^ When all of the water has been added, the contents of the 
flask are quietly rotated, and the solution should be clear. An excess of a 
concentrated solution of permanganate is next added to oxidize nitrous 
acid and monovalent mercury and then sufficient ferrous sulfate to reduce 

the excess of permanganate, and finally the solution is titrated as in IV, A. 

According to M. S. Kharasch and A. H. Flenner,^*^ such treatment is 

impractical for compounds of the type R Hg X, where X is a halogen and 

5 A. H. Low, Chemist-Analysty 29, 13 (1920); O. Toniicek, Chem. "Ztg., 49, 281 (1925). 
® J. Sandilands, Analyts, 65, 13 (1940). 
7 O. Tomicck, loc. cit. No more than 4 g of nitric acid to a tube capacity of 50 ml 

should be used. Otherwise, an explosion may result [C. R. Fresenius and A. I. Cohn, 
Quantitative Chemical Analysis, Vol. II, p. 118, John Wiley & Sons (1904); A. W. Besh- 
getoor, Ind, Eng. Chem. Anal. Ed., 1, 92 (1929)]. 

8E. Rupp, Chevr. Ztg., 32, 1077 (1908); I. A. Koten and Roger Adams, /. Am. Chem. 
Soc., 46, 2769 (1924). 

»I. A. Koten, Chemist-Analyst, 46, 8. 
Private communication. 



METHODS OF SEPARATION 213 

R an organic radical, because of volatilization of the mercury halide. They 
recommend the following procedure: Transfer 0.2 to 0.3 g of sample to a 
300-ml Erlenmeyer flask, add 40 ml of glacial acetic acid, treat with 2 ml of 
bromine, and let stand for 20 minutes. Place a small, short funnel in the 
neck of the flask, add 3 ml of hydrochloric acid, and reduce the mercury 
by adding zinc dust in small portions and keeping the temperature below 
50° C. When the color of bromine is gone, add an excess of zinc, and let 
the solution stand for 3 hours, or preferably overnight. Add 0.5 g of finely 
ground silica gel in order to remove any colloidal mercury, decant under 
slight suction through a Gooch crucible that has been prepared by lining 
with a fairly thick pad of asbestos covered with a layer of finely ground 
silica gel. Wash repeatedly by decantation, and then either place the 
crucible in the flask or transfer the pad and contents and rinse the inside 
of the crucible with 20 ml of dilute nitric acid (1+1). When action 

ceases, add 10 ml of nitric acid, warm slightly until all of the mercury has 

dissolved, and then add a strong solution of potassium permanganate until 

a pink color persists for 5 minutes. Remove the excess of permanganate 

by drop wise additions of a freshly prepared solution of ferrous sulfate, and 

proceed as in IV, A. 

III. METHODS OF SEPARATION 

As has already been stated, mercury is usually volatilized from its minerals 

if it is to be determined, and ignored if it is not. Consequently, methods 

of separation are of less moment in quantitative than in qualitative analysis. 

Precipitation with hydrogen sulfide (p. 58) serves to separate mercury 

from members of the succeeding groups except zinc and thallium which 

are partially carried down as mixed sulfides.’^ Mercury also forms mixed 

sulfides with cadmium,^- copper,^'* and tin,^'‘ which complicate reactions 

that arc based on the behavior of pure mercuric sulfide. 

In the absence of tin and copper, mercury can be satisfactorily separated 

from arsenic and antimony by digestion of the sulfides in hot yellow ammo¬ 

nium sulfide. Under such treatment but traces of mercury are dissolved; 

the solubility is greater in cold solution or with monosulfide. When tin is 

present, part of it remains with the mercury, and part of the mercury dis- 

According to Fritz Feigl [Z. anal, Chem,, 65, 37 (1924) ], as much as 3 per cent of 
the zinc present may be thrown down as a mixed sulfide of mercury and zinc when 
hydrogen sulfide is passed through a solution of mercuric and zinc chlorides in “strong” 
mineral acid. 

12 Feigl stated that the mixed sulfide of cadmium and mercury is formed at acidities 
in which cadmium sulfide cannot be precipitated alone. 

^•’F. Feigl, loc. cit. 
14T. Wilm, /. Russ, phys-chem, Oes., I, 60 (1887); Ber., 20, 232 R (1887). 
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solves with the tin.^^ Copper also dissolves to some extent, and it seems 
quite likely that it may also increase the solubility of the mercury. 

According to K. Biilow,^*’ mercury can be satisfactorily separated from 
silver and lead but not from cadmium or the mixed sulfide of mercury 
and zinc, by digestion of the sulfides with c(]ual parts of 15 per cent solu¬ 
tions of potassium sulfide and hydroxide as follows: Precipitate the sul¬ 
fides bv adding hydrogen sulfide to a hot strong hydrochloric acid solution 
of the chlorides, and gradually dilute with hot w^ater until the solution 

contains approximately 1 per cent of hydrochloric acid by volume. Filter, 
wash with acidulated hydrogen sulfide water, and sluice the precipitate into 
a beaker by means of hot water containing equal parts of the hydroxide 
and sulfide solutions. Add at least 10 ml of the hydroxide and an equal 
volume of the sulfide solution for every 0,1 g of mercury, boil for 1 to 2 

minutes, dilute wdth hot water, and filter. Wash the residue with water 

to which a few drops of the hydroxide-sulfide has been added. Treat the 

filtrate, w hich contains the mercury, with a 20 per cent solution of ammo¬ 

nium nitrate until precipitation ceases, digest on the steam bath for 30 

minutes, and filter. Wash the precipitate wdth water containing a little 

ammonium sulfide, and proceed as in IV, A or B. As has been already 

stated the separation is unsatisfactory in the presence of cadmium, zinc 

or tin. If tin is absent the second precipitation serves for the separation of 

mercury from arsenic and antimony. 

A method that is much used for the separation of mercury from most 

of the members of the hydrogen sulfide group is that based on the insolu¬ 

bility of the sulfide in boiling dilute nitric acid (sp. gr. 1.2 to 1.3). The 

separation fails if the sulfide was throwm down in a solution containing 

copper, cadmium, or zinc, or if hydrochloric acid or chlorides are pres¬ 

ent. Care must therefore be taken to convert double compounds such as 

2HgS*HgCl2 to normal mercuric sulfide, as well as to wash out hydro¬ 

chloric acid and chlorides before the separation is attempted. To carry 

^•'''Inaugural Dissertation, Gottingen (1890); Z. anal, Chem,, 31, 697 (1892); Chem, 
News, 67, 174 (1893). 

i^Biilow stated that separation from bismuth and copper is also satisfactory. It 
hardly seems that this can be so, for mercury is said to form a mixed sulfide with cop¬ 
per, and bismuth sulfide is appreciably soluble in a mixture of the sulfide and hydroxide 
of sodium or potassium. 

To prepare the sulfide solution, a convenient volume of a 15 per cent solution of 
potassium hydroxide is saturated with hydrogen sulfide, diluted with an equal volume 
of the hydroxide, wamied gQntly, allowed to settle, and siphoned and the clear solution 
is kept in a stoppered bottle. To prepare the hydroxide solution, a few drops of the 
sulfide solution are added to another portion of a 15 per cent potassium hydroxide solu¬ 
tion, and the solution is siphoned into a separate bottle after gentle warming and settling. 

Prepared by dissolving 20 g of ammonium nitrate in 100 ml of water, adding a few 
drops of ammonium sulfide, and filtering after 12 hours. 
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out the separation, precipitate mercuric sulfide as in the preceding separation, 
from a sulfuric or hydrochloric acid solution in which all the mercury is 
in the bivalent state. F'ilter, wash the precipitate with acidulated hydrogen 
sulfide water until it is certain that chlorides have been removed, transfer 
the precipitate to a porcelain dish, add 50 ml of dilute nitric acid (sp. gr. 
1.2 to 1.3), cover, and boil gently for 30 minutes. Dilute with 100 ml of 
water, filter, and wash with warm dilute nitric acid (5 + 100). Beside 
mercuric sulfide, the residue will contain sulfur and also lead sulfate if lead 
was present in appreciable amount. To separate the lead, dissolve the pre¬ 
cipitate by warming gently with aqua regia in a covered vessel, dilute, 
filter and wash to remove most of the separated lead sulfate, and then 
separate the remainder of the lead from the mercury by precipitation of 
the sulfides and digestion with potassium hydroxide-sulfide mixture as has 
been described. 

Silver can be separated from bivalent mercury by precipitating with 
hydrochloric acid (p. 206), decanting the solution through a filter, warming 
the silver chloride with a little dilute nitric acid (I + 2), and again precipi¬ 
tating the silver by the addition of water and a few drops of hydrochloric 
acid. The mercury is then recovered in the combined filtrates. 

Reduction of bivalent mercury by phosphorous acid in hydrochloric acid 
solution as described on page 219, serves as a fairly good separation of mer¬ 
cury from such elements as cadmium, copper, zinc, and, with modifications, 
from bismuth, antimony, selenium, and tellurium. The separation is not 
sharp because of the solubility of mercurous chloride. With bismuth, 
sufficient hydrochloric acid must be added to prevent hydrolysis; with 
antimony this is best prevented by the addition of 3 to 5 g of tartaric acid; 
whereas with selenium or tellurium it is best to precipitate all as sulfides, 
then dissolve by gentle warming with aqua regia, and finally precipitate 
by adding chlorine water, diluting to 1000 ml, adding phosphorous acid, 
and letting the solution stand for at least 24 hours. 

Gallium does not accompany mercury upon treatment with hydrogen 
sulfide if the treatment is started in rather strong acid solution and finished 
by gradual dilution with water. 

The separation of mercury from thallium is done best by precipitating 
the latter by an excess of iodide, as described under Thallium (p. 479). 
Thallium is partially carried down by mercury when the two are treated 
with hydrogen sulfide in acid solution. 

IV. METHODS OF DETERMINATION 

The determination of mercury by the thiocyanate method is to be pre¬ 
ferred in all cases where the mercury can be gotten into nitric or sulfuric 
acid solution without introduction of chlorine or loss by volatilization. For 
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ores, an attractive procedure lies in volatilizing the mercury and dissolving 

it in nitric acid, as described in Section IL The sulfide method is an 

accurate procedure but is of less general application than the foregoing. 

Determinations as mercurous chloride ordinarily yield low values, but the 

method is desirable for routine analyses. 

A. VOLUMETRICALLY BY TITRATION WITH THIOCYANATE 

Mercuric nitrate, like silver nitrate, forms an insoluble thiocyanate and 

can be titrated as described under Silver (p. 207). Mercuric chloride, how¬ 

ever, does not react with thiocyanate, and so the method fails if hydro¬ 

chloric acid or chlorides are present. This constitutes the chief drawback 

to the general application of the method, for the usual methods of attack 

involve the use of hvdrochloric acid, which cannot then be expelled by 

evaporation because of the volatility of mercuric chloride. Mercurous salts 

must also be absent, for these react with thiocyanate to form metallic mer¬ 

cury and mercuric thiocyanate.^^ The method is exact and is especially 

attractive because it can be used in the presence of substances that are more 

or less difficult to remove by ordinary separations, as for example, lead, 

copper, bismuth, cadmium, tin, arsenic, antimony, thallium, iron, zinc, 

manganese, nickel, and cobalt. In general, the precautions described for 

the titration of silver (p. 207) apply for the titration of mercury as well. 

PROCEDURK. Prepare a solution of bivalent mercury containing approxi¬ 

mately 10 ml of nitric or 5 ml of sulfuric acid per 100 ml, and no silver, 

palladium, or chlorine. To make sure of the absence of nitrous acid and 

monovalent mercury, add a 5 per cent solution of potassium permanganate 

dropwise and with stirring until a red color or the dioxide of manganese 

persists for 5 minutes. Destroy the excess by the careful addition of fine 

crystals of ferrous sulfate, a solution of the salt, or diluted hydrogen per¬ 

oxide, all chlorine-free. Add 2 ml of a saturated solution of ferric alum 

for every 100 ml of solution, and titrate with a 0.1 to 0.01 N (depending 

on the amount of mercury present) solution of ammonium thiocyanate 

until a distinct pink tint persists after vigorous shaking. It is necessary to 

guard against under titration as the color is but slowly removed at the cnd."^’ 

Rupp, Chem, Ztg,, 32, 1077 (1908). 
The accuracy of the procedure is illustrated by the following results obtained by 

H. B. Knowles after dissolving weighed portions of pure, dry mercury and proceeding 
as described. 

Mercury, g 

Taken Found 

0.0517 0.0518 
0.1033 0.1032 
0.1550 0.1552 
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The solution of ferric alum and the standard thiocyanate solution should 
be prepared as described under Silver (p. 208), and the titer of the thio¬ 
cyanate solution should be obtained by direct titration against a weighed 
portion of pure dry mercury that has been dissolved in warm dilute nitric 
acid (1 -|- 1) and carried through the method.^^ 

B. GRAVIMETRICALLY 

a. As Mercuric Sulfide, The determination of mercury by weighing as 
the sulfide is an accurate procedure, but is less desirable than the foregoing 
because mercury must be separated from all other members of the hydro¬ 
gen sulfide group and, if Volhard’s method is used, from elements that are 
precipitated by ammonium sulfide as well. In addition, the final precipitate 
is prone to carry down sulfur which must be removed before weighing. 
Precipitation of the sulfide by treatment of the sulfo salt with ammonium 
nitrate is more rapid than direct precipitation with hydrogen sulfide in 
acid solution and possesses additional advantages in that it can be used in 
the presence of oxidizing agents such as nitric acid, and provides for the 
separation of silver, lead, bismuth, arsenic, and antimony. It fails, however, 
when applied to solutions containing zinc, cadmium, or copper as noted in 
Section III. 
" PROCEDURE. Prepare an acid solution of bivalent mercury containing no 

more than 0.1 g of mercury per 100 ml and free from cadmium, zinc, tin, 
or elements such as aluminum which form salts that are soluble in sodium 
sulfide and are precipitated by ammonium sulfide. Nearly neutralize with 
a solution of pure sodium carbonate, treat with a moderate excess of freshly 
prepared ammonium sulfide,""^ and then add, while stirring vigorously, a 
10 per cent solution of sodium hydroxide until the liquid begins to lighten 
in color. Heat to boiling, and add more sodium hydroxide until the solution 

clears and it is certain that all of the mercury has been changed to the sulfo 

salt. Filter if a precipitate remains, and wash the precipitate with warm 

w^ater containing 10 ml each of the sulfide and hydroxide solutions per liter. 

Gradually add to the filtrate enough of a 25 per cent solution of ammo¬ 

nium nitrate to convert the sodium hydroxide to sodium nitrate and to 

211. M. Kolthoff and J. J, Lingane [/. Am, Chern. Soc., 57, 2377 (1935)1 state that 
slight deviations from the theoretical titer are caused by side reactions. 

22 J. Volhard, Liebigs Ann. Chem., 255, 255 (1889). 
2*'* Made by saturating 3 volumes of ammonium hydroxide (sp. gr. approximately 0.9) 

with hydrogen sulfide, then adding 2 volumes of fresh ammonium hydroxide of the 
same strength, allowing to settle in a stoppered bottle, and siphoning off the clear 
solution if a precipitate separates. 

24 Free from dissolved substances such as iron, aluminum, or silicon that are precipi¬ 
tated by ammonium sulfide. 

2^^ Rendered free from substances that are precipitated by ammonium sulfide by treat¬ 
ment with a few drops of the reagent and filtration after standing overnight. 
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decompose the sulfo salt of mercury (a volume equal to that of the sodium 
hydroxide solution used). Boil the solution until most of the ammonia has 
been expelled, and allow the precipitate to settle. Filter on a tared Gooch 
crucible, and wash in turn with hydrogen sulfide water, hot water, alcohol, 
carbon disulfide, alcohol, and ether.-** Dry at 105 to 110° C, and weigh 
as HgS. 

E, R. Caley and M. G. Burford recommend that, in precipitated and 
commercial mercuric sulfides, the mercuric sulfide, instead of the sulfur, 
be dissolved as follows: Collect the sulfide in a w eighed glass or porcelain 
filtering crucible, wash with cold water, dry thoroughly at 110°C, and 
weigh. Replace the crucible in the holder, without turning on the suction 
pump, and add cold stabilized (with hvpophosphorous acid) constant-boiling 
hydriodic acid, in the proportion of about 5 ml for each gram of precipitate. 
Stir the mixture with a glass rod until all black particles of mercuric sulfide 
have disappeared, then turn on gentle suction, and draw the solution from 
the crucible. Wash the residual sulfur first with 3 or 4 successive 5-ml por¬ 
tions of dilute (5 to l()°o) hydriodic acid and then with cold water. Dry 
the crucible and contents for about 2 hours in a vacuum desiccator, and 

rew^eigh. The difference between the two weighings represents the amount 

of pure mercuric sulfide present. 

b. As Mercurous Chloride, Results obtained by \\*eighing mercury as 

mercurous chloride are normally low' because of the solubility of the com¬ 

pound. The solubility is greater in solutions containing the chloride ion 

than in w^ater alone and, in moderate concentrations, varies directly with 

the excess that is added. Thus, the solubility in 100 ml of solution is 0.28 mg 

in pure w^ater at 24.6° 0.41 mg in w^ater containing 0.585 g of sodium 

chloride at 25° C,-** and 3.4 mg in water containing 3.169 g (approximately 

7 ml) of hydrochloric acid at 25° C. 

If the mercury is in the monovalent condition, the addition of phosphorous 

acid is not necessary in the procedure to be described. If it is added, the 

precipitation must be done in cool solution, for otherwise the reduction of 

This treatment should remove any free sulfur contained in the precipitate. A pre¬ 

cipitate containing little or no sulfur would probably be obtained if a few milliliters of 

a solution of ammonium bisulfite were added before the ammonium nitrate. Free sulfur 

can also be conveniently removed from this and other sulfide precipitates by extraction 

with carbon disulfide as follows: After the sulfide has been washed with alcohol, place 

the crucible on a glass triangle standing in a beaker containing 25 to 50 ml of carbon 

disulfide. Cover the beaker with a round-bottomed flask filled with cold water, and 

set it on a hot-water bath. Remove the crucible after the condensed carbon disulfide 

has dripped on the sulfide for about an hour, extract the carbon disulfide by washing 

with a little alcohol, and dry. 

27 Ind, Eng. Chem. Anal. Ed., 8, 43 (1936). 

2«F. Kohlrausch, Z. physik, Chem., 64, 150 (1908). 

2« T. W. Richards and E. H. Archibald, ibid,, 40, 385 (1902). 
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the mercury will proceed to the metal. If nitric acid is present, the greater 
part of it should be neutralized with sodium carbonate before the addition 
of hydrochloric acid and th^ precipitation should be carried out in three to 
four times the dilution that is specified. 

PROCEDURK. Prepare a hydrochloric acid solution of bivalent mercury 
that is free from compounds that form precipitates with phosphoric acid 
and remains clear when it is adjusted to contain approximately 1 mg of 
mercury and 1 mg of hydrochloric acid per ml. Cool to 20 to 30"" C, add 
an excess of 1 ml of a 50 per cent solution of phosphorous acid per 100 ml 
of solution, and let stand for 12 hours or more. Filter through a tared 
Gooch crucible, wash the precipitate moderately with u ater, dry at 100 to 
105° C and weigh as HgCl. 

c. As Metallic Alercmy. In the following method mercury is weighed 
as the element after reduction by stannous chloride in strongly acid solution. 
It is asserted that iron, cadmium, bismuth, copper, lead, antimon\', nitrate, 

and sulfate do not interfere.'^*^ 
PROCEDURE. To 50 iiil of the cold neutral solution add 25 ml of hydro¬ 

chloric acid and 5 ml of freshly filtered stannous chloride solution | con¬ 
taining 1.125 g of SnCl2*2H20 per milliliter dissolved in HCl (sp. gr. 1.09) 
and kept over metallic tin|. Stir, and let settle for about 1 hour, or centri¬ 
fuge. Filter through a tared porcelain filtering crucible, previously dried 
with acetone and dry air, and wash moderately v\'ith dilute hydrochloric 

acid (1 -h 1), next with water, and finally with acetone. Dry for 5 minutes 

by sucking dry air through the crucible, weigh as metallic mercury, and 

add 1 mg to correct for mercury lost by volatilization (sec also Section II, 
p.210). 

C. VOLUMETRICALLY OR GRAVIMETRICALLY AS PERIODATE 

In this method bivalent mercury is precipitated as the periodate, 

Hgr,(IO(})2, from 0.15 N nitric or 0.1 N sulfuric acid solution, and then 

cither weighed as such or titrated by iodimetric methods. Moderate 

amounts of aluminum, cadmium, zinc, copper, nickel, calcium, and mag¬ 

nesium do not interfere. Iron interferes because it is precipitated as ferric 

periodate. Chloride and other halides must be absent, for they prevent 
complete precipitation of mercury. 

a. Precipitation of Mercury, Obtain a solution of not over 0.5 g of mer¬ 

cury in 150 ml of 0.15 N nitric or 0.1 2V sulfuric acid. Heat to boiling, and 

add, slowly and with constant stirring, 2 g of sodium or potassium periodate 

dissolved in 50 ml of water. Cool, filter through a filtering crucible with 

a sintered-glass or porous porcelain bottom, and wash with warm water. 

H. Willard and A. W. Boldyreff, /. Am, Chem, Soc., 52, 573 (1930). 

H. H. Willard and J. J. Thompson, Ind, Eng, Chem, Anal. Ed., 3, 398 (1931). 
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b. Gravimetric Method, Dry the washed precipitate at 100° C for 2 or 
3 hours, and weigh as Hgn(I06)ii- 

c. Volumetric Methods, a. By titration vcith thiosulfate. Treat the 
washed precipitate in the crucible, with 2 to 3 g of solid potassium iodide 
and 10 to 15 ml of water, stir until all of the periodate dissolves, and catch 
the solution in a 150-ml suction flask. Acidify with 10 ml of 2 N hydro¬ 
chloric acid, and titrate with a 0.1 N solution of sodium thiosulfate, using 
starch as indicator. The following equation illustrates the reaction: 

Hg5(10G)2 + 34KI + 24HC1 = SK2Hgl4 + 8I2 + 24KC1 + I2H2O 

By titration ninth arsenite and iodate. Treat the washed precipitate in 
the crucible with an excess of a 0.1 N solution of arsenite, add 35 ml of 
hydrochloric acid, and catch the solution in a 150-ml suction flask. Wash 
with water, transfer to a 150-ml glass-stoppered conical flask, and dilute to 
100 ml. Titrate with a O.l-N solution of potassium iodate until the color 
of the solution is light browm. Add 4 or 5 ml of chloroform, and continue 

the titration, shaking after each addition, until the purple color of the iodine 

has just disappeared. At the end point, the solution should contain betw^een 

28 and 45 ml of hydrochloric acid per 100 ml. 

The following equation illustrates the reaction: 

Hg5(I06)2 + 6H3ASO3 + 12HC1 = 5HgCl2 + 21 Cl + 6H3ASO4 + 6H2O 

D. DETERMINATION OF SMALL AMOUNTS OF MERCURY 

The concentration and detection of small amounts of mercury in certain 

solutions can be done by reduction with powdered copper and subsequent 

amalgamation on gold foil as follows: Acidify 500 ml of solution wdth 

10 to 20 ml of hydrochloric acid, transfer to a large flask, and treat with 

1 to 2 g of copper dust. Tightly stopper, shake several minutes, and let 

stand overnight. Decant the clear liquid, transfer all of the copper to a 

filter, and wash with w^ater, then with alcohol, and finally with ether. Air- 

dry and introduce the copper dust through a thin-stemmed funnel into a 

small bulb, taking care to keep the walls free from copper. Add a little 

powdered magnesite, insert a plug of asbestos at the neck of the bulb, and 

carefully constrict the tube about 2 cm above the bulb. Place small pieces 

of dental gold leaf in the constricted portion, and gradually and uniformly 

heat the bulb to red heat as the constricted tube is kept cool by a strip of 

wet paper. According to Elliott, the amalgamation caused by as little as 

0.0001 mg of mercury is easily seen by the naked eye, whereas smaller 

amounts can be detected by observing the pin-point amalgamation with a 

hand lens. 

32 J. A. Elliott, 7. Am. Med. Assoc., 68, 1693 (1917). 
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According to H. S. Booth, N. E. Schreiber, and K. G. Zwik,®^ decomposi¬ 
tion of organic matter with sulfuric acid (1 + 10) or nitric acid (T + 1) 
and permanganate under a reflux condenser leaves some mercury, in the 
colloidal state, which is not precipitated by hydrogen sulfide. They there¬ 
fore recommended that, after decomposition, the solution be treated with 
hydrogen sulfide, the excess expelled by a current of air, and the colloidal 
mercury caught by addition of a 50 per cent solution of sodium hydroxide 
until a faint precipitate of manganese hydroxide remains, and then the solu¬ 
tion be allowed to stand overnight before filtering. The dry mixed pre¬ 
cipitate is calcined with lead chromate in a small tube and the mercury 
determined by measuring its column after collecting it in a capillary tube 
of uniform bore (sec also Booth et al.).'^'‘ 

For the detection of traces of mercury in organic fluids, K. C. Browning 

recommended electrolysis with a gold cathode in cool dilute nitric acid 

solution, followed by spectroscopic examination of the cathode in a Dupre 

tube. Before use, the gold cathode is heated in an electric oven at 900'' C 

until it is spectroscopically free from mercury. One part of mercuric 

chloride in 100 million can thus be detected by electrolysis of 10 ml of solu¬ 

tion with 0.2 ampere for 10 to 15 minutes. If larger amounts of solution 

are taken and vigorously stirred during the electrolysis, the sensitiveness 

can be increased one-hundred-fold. Browning pointed out that very weak 

solutions of mercury (1 part per 10 million) do not keep well in glass or 

quartz even though acidified with nitric acid, because mercury is adsorbed 

on the walls of the vessel; also that there is a marked loss of mercury when 

a solution is evaporated in a quartz dish either alone or mixed with nitric 

acid, hydrochloric acid, and potassium perchlorate, or sulfuric acid and 

potassium permanganate.^® 

C. Mahr [Z. a/ial. Chan., 104, 241 (1936) ] states that the reaction of mer¬ 

curic salts with ammonium tetrathioevanatodiammine chromate (Rcinccke's 

salt) to yield the pale red voluminous precipitate, Hgf(CNS)4Cr(NHa)i>|‘j, 

/. Afn. Chan. Soc., 48, 1815 (1926). 

^Uhid., 50, 1620 (1928). 

/. Chan. Soc., Ill, 236 (1917). 

36 H. S. Booth and N. E. Schreiber [/. Am. Chem. Soc., 47, 2628 (1925)] recommended 

the following clectromicroqualitativc method for the detection of mercury in the 

absence of other substances that are deposited on a cathode during electrolysis. In this 

test, a small platinum wire is made the anode, and the pointed tip of a small copper 

wire the cathode, in a drop of solution placed on a culture slide. After the passage of 

a current of 1.3 to 1.5 milliamperes at 1.5 to 2 volts for 2 to 3 minutes, the copper 

cathode is removed and washed with water, and its tip is examined with the naked eye 

or under the microscope for evidences of amalgamation. It is stated that the test is 

.sensitive to 1 part per 2 million (the amount of mercury in 1 drop of a solution con¬ 

taining 0.5 mg of mercury per liter) and that the sensitivity can be increased to 1 part 

per billion by isothermal concentration at room temperature. 
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in 0.1 N hydrochloric acid solution is extremely sensitive; as little as 2.5 y 

of mercury in 5 ml can be detected in 5 ml of solution if the reaction is 

allowed to proceed for 2 minutes. Gold, silver, and thallium interfere. 

Photometric methods based on the absorption of the mercury resonance 

wave at 2537 A by mercury vapor have been described by various authors.^’^ 

For the determination of 0.02 to 0.60 ± 0.02 /ug of mercury in 150 to 400 ml of 

solution, consult A. E. Ballard and C. D. W. Thornton, Ind. Eng. Chem. Anal. Ed., 13, 

893 (1941). The detection of as little as 5 micrograms of mercury per cubic meter 

(/ig per nv'^) of air is described by T. T. Woodson, Rev. Sci. Instruments^ 10, 308 (1939), 

and M. Shepherd and S. Schuhmann, /. Research NBSy 26, 358 (1941). 



Chapter 9 

LEAD 

Lead can be often found in rocks by using considerable amounts of 

material, as in some of the rocks of Leadville, Colorado, and in those of 
British Guiana. 1 he sulfide, galena, is not uncommon in the metamorphosed 

limestones, especially those altered by intruded igneous bodies. This and 
other sulfides may form important ore bodies or again giv^e rise by oxidation 

to equally or even more valuable ores of a different sort, as for example 
various oxides, the sulfate, and the carbonate. Native lead is rare. A 

number of sulfo salts are known, as are several silicates, a phosphate, an 

arsenate, and some vanadates. The chief ore, galena, is frequently associated 
with pyrite, marcasite, and sphalerite. Lead is widely used, and methods 

for its determination are of considerable importance. 

I. GENERAL CONSIDERATIONS 

In ordinary analyses the presence of any considerable amount of lead is 

revealed by the separation of lead chloride in the hydrochloric acid solution. 

If ignited with the silica, some of the lead chloride would probably react 

to form lead silicate, but much of it might be lost, and attack on platinum 
might result. What lead remains in the filtrate from the silica is caught 

quantitatively in the ammonia precipitate if appreciable amounts of iron or 

aluminum are present, and much of this lead would be fixed during ignition 

and subsequently reported as alumina. It is evident that provision for lead 

must be made at the start of the analysis, and this is usually done by sepa¬ 

rating silicon and lead together by dehydration with sulfuric acid as in 
Section III. Silicon can, however, be separated by dehydration with per¬ 

chloric acid (p. 862) and lead then removed with hydrogen sulfide. Of 
less general application is the dehydration of silica by nitric acid followed 

by electrolytic deposition of the lead as the dioxide. If silica is not wanted, 

it can sometimes be removed by attack with hydrofluoric and nitric acids, 

followed by repeated evaporation with the latter to remove the hydrofluoric 

acid (p. 741). 

II. ATTACK OF LEAD MINERALS 

Sulfide minerals are best decomposed by gently heating with hydrochloric 
acid at the start. In case insoluble sulfides remain, these are then decom- 

223 
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posed by adding nitric acid and more hydrochloric acid if necessary to dis¬ 

solve all lead chloride. Finally, an excess of sulfuric acid is added, and the 

solution is evaporated to fumes of sulfuric acid as described in IV, A. 

Silicate minerals are fused with sodium carbonate. If a water extraction of 
the melt is made to remove most of the silica, it should be remembered 

that some lead may be dissolved and that recoveries are in order.^ 

III. METHODS OF SEPARATION 

The outstanding separation of lead is that based on the insolubility of its 
sulfate. Thus, evaporation with sulfuric acid as in IV, A serves to separate 

lead from the numerous elements that form soluble sulfates. In accurate 

analyses of solutions containing hydrochloric or nitric acids it is necessary 
to evaporate to fumes of the acid two or three times, with intervening 

washing down of the sides of the vessel, in order to make sure of the 

removal of all hydrochloric or nitric acids, for these exert a solvent action 

on the sulfate. Perchloric acid should also be avoided, for it dissolves a 

small but appreciable amount of the sulfate even though sulfuric acid is in 

excess. Lead sulfate is also slightly soluble in dilute sulfuric acid, which 

necessitates recoveries in careful work. In routine analyses for lead alone 

it is well to wash the lead sulfate with a dilute solution of sulfuric acid that 

has been saturated with lead sulfate at the temperature at which the solution 

is used. The addition of alcohol, which is often recommended, lowers the 

solubility of the lead sulfate, but at the same time introduces complications 

in that it also causes greater contamination by sulfates such as those of 

calcium and bismuth, and is usually undesirable if further determinations 

are to be made in the filtrate. Silica separates with the lead sulfate, as does 

also tungsten, colunibium, tantalum, barium, and, less completely, stron¬ 

tium and calcium. Bismuth, antimony, silver, copper, and doubtless other 

elements contaminate the lead to some extent, while nickel and chromium 

sometimes cause difficulties if the sulfuric acid has been heated at tempera¬ 

tures above the fuming point or has been nearly all expelled. If tin is 

present, the sulfuric acid solution should be filtered without delay after 

dilution, for stannic sulfate tends to hydrolyze and yield an insoluble 

precipitate. 

Small amounts of silica can be separated from lead sulfate by solution of 

the latter in a hot solution containing 20 g of ammonium acetate and 3 ml 

of 80 per cent acetic acid per 100 ml. Large amounts of silica had better 

^ For the separation of small amounts of lead, as in silicate rocks, by coprecipitation 
with added strontium in diluted sulfuric acid solution, consult I. T. Rosenquist, Am. /. 
Scu, 240, 356 (1942). 
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be removed by treatment with hydrofluoric and sulfuric acids, followed by 
repeated evaporation to fumes of the latter. 

Barium sulfate is slightly soluble in a solution of ammonium acetate - 

and in addition tends to prevent complete solution of lead sulfate. In the 

presence of barium, lead had better be separated as to be described before 
precipitation as sulfate, or else the lead and barium sulfates should be 

weighed together and the weight corrected after a separate determination 
of either element. 

If much tungsten is present, it had better be separated I)v digestion in 

nitric acid (p. 684), and any coprecipitated lead recovered by solution of 
the tungstic acid in ammonia and ammonium tartrate and precipitation of 
the lead by ammonium sulfide. Lead can be separated from columbium or 

tantalum by precipitation with hydrogen sulfide in an acid solution con¬ 

taining tartaric acid or an alkaline solution containing tartrate (p. 65). 
The separation of lead from the alkaline earths is done l)v precipitation 

with hydrogen sulfide in a nonoxidizing dilute hydrochloric acid solution, 

or by electrolysis in nitric acid solution as in I\^ B. Silver and bismuth are 

best separated before lead, the former by repeated precipitation as the 

chloride (p. 207), and the latter as bismuthyl chloride (p. 237), bromide 

(p. 233), or nitrate (p. 234). The contamination of lead sulfate by anti¬ 

mony is lessened by the use of tartaric acid.*^ 

Important methods for the separation of lead arc those based on the 

insolubility of its sulfide in acid or alkaline solutions. Lead is thus easily 

separated from elements other than those of the sulfide group, and from 

the members of the arsenic group of sulfides as described under Precipita¬ 

tion by the Sulfide Ion (pp. 60 and 62). 

The precipitation of lead as the hydroxide or chloride is not complete 

under ordinary conditions. If, however, the amount of lead is small and 

elements such as iron preponderate, complete precipitation is obtained with 

ammonium hydroxide. The separation of lead as the chloride is occa- 

2E. T. Allen and E. G. Zies, /. Am, Ceram, Soc,, 1, 777 (1918). 

^ For example, in the routine analysis of certain alloys containing lead anti antimony, 

J. A. Scherrer proceeded as follows: Dissolve the alloy in 2 to 4 g of tartaric acid, 60 ml 

of water and 15 ml of nitric acid. When solution is complete, add 15 ml of sulfuric 

acid, and evaporate on the steam bath until red bubbles cease and white bubbles appear. 

Dilute the solution to 200 ml, filter, wash the lead sulfate moderately, and reserve the 

solution which now contains most of the antimony and a little lead. Wash the lead 

sulfate into a casserole, treat with 10 ml of dilute sulfuric acid, and evaporate to fumes. 

Dilute, filter, wash the lead sulfate moderately with dilute sulfuric acid, and ignite as 

usual. Combine the filtrate with that already resen-ed, render alkaline with potassium 

hydroxide, treat with 25 ml of a 20 per cent solution of sodium sulfide, and filter after 

digestion overnight. Dissolve the sulfides in nitric acid, and electrolyze for copper and 

residual lead. 
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sionally employed for the purpose of removing the greater part of the 
lead in solutions that arc to be analyzed for other constituents.^ 

Electrolysis with a sand-blasted anode in nitric or nitric-sulfuric acid 
solution is a convenient method for the separation of moderate amounts of 
lead in the absence of sul)stances that interfere with the deposition or con¬ 
taminate the deposit (see IV, B). Lead, as well as copper, silver, and mer¬ 
cury, can be separated from stannic, antimonic, tungstic, and molybdic acids 
by electrolysis in nitrohydrofluoric acid solution.^^ The lead dioxide so 
obtained is contaminated by fluorine and must either be redeposited after 
it has been washed and dissolved by reversing the current in nitric acid 
solution or converted to the sulfate. 

Precipitation of lead as chromate as in 1\", D serves as a satisfactory sepa¬ 
ration of lead from copper, zinc, and such other elements as form chro¬ 
mates that arc soluble in acetic acid solution.'^ If precipitation is made at 
70° C in a solution containing 1 ml of perchloric acid (60%) in 200 ml, 
lead can be quantitatively precipitated and separated from barium as wcll.^ 

Lead in lead chromate, sulfate, arsenate, selenate, or tcllurate can be con¬ 
verted to hydrated lead dioxide and separated from the accompanying 
anions by neutralizing with sodium hydroxide to a pH in the range of 
7 to 10, adding sodium bromate, and boiling.^ 

Lead can be separated from iron, and probably from some of the other 
elements that form precipitates with cupferron in hydrochloric acid solu¬ 
tion (p. 116), by adding an immiscible organic solvent such as chloroform 
or ether to the acid solution containing the cupferron precipitate, shaking, 
and drawing off the acid layer.'^ 

IV. METHODS OF DETERMINATION 

Probably the most satisfactory method for the determination of lead is 
that in which it is weighed as the sulfate, in spite of the fact that the solu¬ 
bility of the sulfate necessitates receweries in accurate analyses. Such recov¬ 
eries, as well as determinations involving but 1 or 2 mg of lead, are best made 

‘ For an interesting apparatus in which the solution of a sample of lead in hydro¬ 

chloric acid and the separation of the lead from impurities such as tin are accomplished 

simultaneously, see B. L. Clarke, L. A. Wooten, and J. D. Struthers, Ind. E?ig. Chem. 

A?iaL Ed., 9,'349 (1937). 

^L. W. McCay and N. Howell Furman, /. Am. Chem. Soc., 38, 640 (1916). 

^According to H. H. Willard and J. L. Kassner [ibid., 52, 2402 (1930)1, lead chro¬ 

mate is quite insoluble in dilute solutions of perchloric acid containing an excess of 

the chromate ion. For example, no lead was found in solution after the chromate was 

digested for 15 hours at 25° C in a solvent that was 5.0 M with respect to HCIO4 and 

0.03 M with respect to NaoCrijOy. 

" D. J. Brown, J. A. Moss, and J. B. Williams, Ind. Eng. Chem. A?ial. Ed., 3, 134 (1931). 

^R. Gilchrist, J. Research NBS, 30, 89 (1943). 

^ L. Panouse-Digeaud and H. Cheftel, Ann. fats, et fraudes, 32, 296 (1939). 
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by electrolyzing in nitric or nitric-sulfuric acid solution and weighing the 
dioxide, PbOo, obtained on the anode. The electrolytic method is especially 
desirable for the routine determination of moderate amounts of lead. The 
weighing of lead as the molybdate is on a par with its detennination as the 
sulfate, except that the method is less generally applicable, and the intro¬ 
duction of molybdenum is usually a drawback if the filtrate is to be exam¬ 
ined for other elements. The volumetric determination of lead as the 
chromate is an excellent method for the routine determination of lead in 
its ores and oxides. 

A. WEIGHING AS LEAD SULFATE 

As has already been stated, the separation of lead as sulfate in dilute 
sulfuric acid solution is not quite quantitative; the addition of alcohol 
reduces the solubility but at the same time increases contamination by ele¬ 
ments such as silver, bismuth, or calcium; and the solubility is increased in 
the presence of hydrochloric, nitric (or perchloric) acids. The interfering 
substances that should be borne in mind arc acetates, organic compounds in 
general, and the elements mentioned in Section III. Salts of the alkalies, 
particularly potassium, are prone to form double salts as in the case of 
barium sulfate (p. 715), and must be avoided. In accurate analyses it is 
better to separate lead from the contaminating elements before precipitating 
it as the sulfate than to attempt purification of the sulfate. 

PROCEDURE. Prepare a solution containing up to 0.5 g of lead, enough 
sulfuric acid to provide an excess of approximately 5 ml per 100 ml of 
solution when subsequently diluted, and none of the interfering substances, 
save volatile acids, that have been mentioned. Evaporate to fumes of 
sulfuric acid, and, if other acids were present, cool, wash down the sides 
of the vessel, and again evaporate to fumes of the acid. Organic acids are 
destroyed by repeated additions of nitric acid. Cool, and add 100 ml of 
water for every 0.1 g of lead present. Mix thoroughly, and let stand for 
at least 1 hour. Filter through a porous-bottom porcelain (finc-porosity) 
crucible or a platinum felt in a Gooch crucible. Wash the precipitate with 

dilute sulfuric acid (1 -1-99).^*^ Place the crucible in a radiator (p. 24), 

or muffle and gradually heat to constant weight at 500 to 600° C. Cool in 
a desiccator, and weigh as PbS04. 

According to D. N. Craig and G. W. Vinal [/. Research NBS, 22, 55 (1939)], the 

solubility of lead sulfate in dilute sulfuric acid solutions at 25° C gradually falls to 4.55 

nig per liter of 0.3 per cent (by weight) acid, then rises to 6.68 ing per liter of 10 per 

cent acid, and then falls to 1.08 mg per liter of 50 per cent acid. Some lead sulfate 

therefore remains in solution in any case, and corrective measures must be taken in 

accurate analyses. In routine analyses these are sometimes automatically made by using 

dilute sulfuric acid which has been saturated with lead sulfate in the strength chosen 

for precipitation and washing. In umpire analyses, convenient strengths are chosen and 

any dissolved lead is subsequently recovered, as during electrolysis for copper. 
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B. ELECTROLYTICALLY AS LEAD DIOXIDE 

The electrolytic deposition of lead dioxide is best made upon a rough¬ 
ened platinum gauze electrode (p. 31). About 0.1 g of lead is the maxi¬ 
mum amount that can be firmly deposited on such an anode.^^ The depo¬ 
sition of the dioxide is especially good if copper is present. Lead and cop¬ 
per can be determined simultaneously, preferably by electrolyzing at first 
as to be described until all of the lead is deposited and then adding a little 
sulfuric acid and completing the deposition of the copper, or by electro¬ 
lyzing at the start in a solution containing approximately 10 ml of nitric 
acid and 2 ml of sulfuric acid per 100 ml of electrolyte.^*^ In warm solutions 
containing nitric acid alone, there is danger of depositing lead on the 
cathode unless the concentration of acid is kept high, say about 20 per cent. 
If the concentration of acid is very low, deposition on the cathode may 
occur in cool solution. 

If lead has been separated as the sulfate, it can be brought into a condi¬ 
tion for electrolysis by boiling with an excess of ammonium hydroxide and 
pouring the mixture, with constant stirring, into enough nitric acid to 
leave an excess of 15 ml per 100 ml of solution. 

Interfering ions are chloride, mercury, arsenic, tellurium, selenium, and 
phosphorus that prevent complete deposition of the lead, and bismuth, tin, 
antimony, silver, cobalt, and manganese (unless the solution is strongly 
acid) that contaminate the deposit. 

PROCEDURE. Prepare 100 to 150 ml of a solution containing not more 
than 0.1 g of lead as lead nitrate, 15 to 25 ml of nitric acid, and none of the 
interfering substances that have been mentioned. Electrolyze overnight 
with sand-blasted gauze electrodes at approximately 0.5 ampere and 2 volts. 
Test for completeness of deposition by adding water, continuing the elec¬ 
trolysis for 10 to 15 minutes, and observing whether further deposition 
occurs on the stem of the anode. When deposition is complete, without 
interrupting the current, raise the anode as it is washed with water. Dry 
at 125° C for 30 minutes, cool in a desiccator, weigh, and calculate the lead 
by the use of the factor 0.866.^^ 

C. Luckow, Dinglers Poly tech, /., 178, 42 (1865), A. Classen und H. Danneel, Quan¬ 

titative Analyse durch Elektrolysey 7th ed., Julius Springer, Vienna (1927). 

^ 2 Adherent deposits of larger amounts of lead can be obtained, even on a non-sand- 

blasted anode, if electrolyses arc made in hot solutions'and the anode is rotated or the 

solution is stirred vigorously. 

I'^For routine determinations of lead (<7%) in ores, W. T. Schrenk and P. H. 

Delano [Ind, Eng, Chem. Anal. Ed., 3, 27 (1931)] recommend that the solution contain 

20 to 30 per cent of free nitric acid and 0.25 ml of sulfuric acid, and that the electrolysis 

be started with the solution at 90° C and continued 1.5 to 2 hours with a current of 3 

amperes as the solution cools. 

^^The procedure of converting the deposit to PbO by gentle ignition as recom¬ 

mended by W. C. May [Am, J, Sci,y [3] 6, 255 (1873)] has not proved of advantage in 

our hands. 
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To remove the deposit of dioxide, place the anode in a beaker containing 
warm dilute nitric acid (1 + 3), and add small amounts of a reducing agent 
such as alcohol or hydrogen peroxide. 

C. BY WEIGHING AS LEAD MOLYBDATE 

The precipitation of lead as the molybdate, PbMo04, is a desirable pro¬ 
cedure for the determination of lead in solutions that arc free from sub¬ 
stances such as the alkaline earths that also form insoluble molybdates; from 
substances such as chromates, arsenates, or phosphates that form insoluble 
compounds with lead; and from substances such as titanium or tin that are 
easily hydrolyzed. 

The precipitate is less soluble than the sulfate, suffers no change on igni¬ 
tion, and possesses the advantage of having a high molecular weight. 

The following method is that recommended by H. B. Weiser.^® 
PROCEDURE. Dilute the neutral solution, preferably containing about 0.5 g 

of lead, to 200 ml, and for this amount of lead add 8 drops of nitric acid. 
Heat to boiling, keep near this point, and slowly add from a burette and 
with stirring a 2 to 2.5 per cent solution of ammonium molybdate. When 
precipitation seems to be complete, boil for 1 minute, let the precipitate 
subside, and add a drop of precipitant to the supernatant liquid. Avoid 
much excess. When precipitation is complete, add dilute ammonium hy¬ 
droxide (1 + 2) dropwise from a burette until the solution is neutral or 
but faintly alkaline to litmus. Then make acid with a few drops of acetic 
acid, and let stand for a few minutes. Decant the supernatant liquid through 
an ashless filter or Gooch crucible with asbestos or platinum felt, and wash 
the precipitate with a hot 2 to 3 per cent solution of ammonium nitrate. 
Three or four washings by decantation with 75 ml of solution each time 
are enough. Transfer the precipitate to the filter, and wash until the wash¬ 
ings give no test for molybdenum. If paper was used, dry at 100° C, 
separate the precipitate from the filter, burn the latter in a porcelain cru¬ 
cible, add the precipitate, and heat to dull redness. If a Gooch crucible 
was used, place it in a radiator (p. 24) or muffle, and gradually heat to 
dull redness. Cool in a desiccator, and weigh as PbMo04.^^’ 

D. VOLUMETRICALLY BY THE CHROMATE METHOD 

In the chromate method, which is probably the best of the volumetric 
methods for the determination of lead, the element is precipitated as the 
chromate, PbCr04, in acetic acid solution, dissolved in hydrochloric acid, 

/. Phys. Chem,, 20, 659 (1916). 

According to H. H. Willard and J. L. Kassner [/. Am, Chem. Soc., 52, 2402 (1930)], 

lead molybdate is less soluble in perchloric acid, with or without a common ion, than 

in nitric acid of the same concentration. The solubility at 25® C in a solution 0.5 M 
with respect to HCIO4 and 0.05 M with respect to Na2Mo04 is of the order of 0.27 mg 

of PbMo04 per 100 ml. 
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and treated with potassium iodide, and the liberated iodine is titrated with 
a standard solution of sodium thiosulfate.’^ In the usual case, the lead is 
first separated as the sulfate. Antimony, bismuth, silver, barium, or gelati¬ 
nous silica is undesirable and must be separated before the lead is precipi¬ 
tated as the sulfate or by special treatments afterwards. 

PROCEDURE. Precipitate the lead (preferably not over 0.1 g) as sulfate, 
filter, and wash as described in IV, A. Open the paper carefully, and 
sluice as much of the sulfate as possible into a 250-ml flask by means of as 
little hot water as possible.’"' Digest the filter in 25 ml of hot extraction 
solution contained in a small beaker, and filter into the flask containing 
the precipitate. Wash the beaker, paper, and funnel with hot extraction 
solution, and heat until all of the sulfate has dissolved. Dilute if necessary 

to a volume of approximately 150 ml, heat to boiling, and add from a pipette 
10 ml of a saturated solution of potassium bichromate. Boil gently for 
5 to 10 minutes, filter, and wash the flask, paper, and precipitate 10 times 
with 10-ml portions of a hot dilute solution of sodium acetate.-’’ If bismuth 
is present, add 2 g of citric acid dissolved in a little hot water before filtering. 
Place the washed flask under the funnel, dissolve the precipitate, and wash 
the paper with hydrochloric acid mixture,-^ using at least 50 ml in all. 
Continue the washing with 50 ml of cool water. Add 1 to 2 g of potas¬ 
sium iodide dissolved in a little water, and stir gently. Titrate at once with 
a standard solution of sodium thiosulfate until the iodine is almost gone, 
add 5 ml of starch solution (p. 191), and continue the titration until the 
color of the solution changes to a clear green with no tinge of blue. 
Standardize the thiosulfate solution by means of pure lead that has been 
dissolved in nitric acid and carried through all steps of the method.^=^ 

H. A. Guess, Trans. AlAlEy 35, 359 (1904); J. Waddell, J. hid. En^. Chein., 3, 

638 (1911); A. H. Low, A. J. Weinig, and W. P. Schoder, Technical Methods of Ore 

Analysis, 11th ed., p. 153, John Wiley & Sons (1939). 

If barium is present rinse the lead sulfate back into the flask by means of a jet of 

hot water, using as little as possible and rinsing under the fold of the paper. Add 10 ml 

of hydrochloric acid and evaporate almost to dryness. Add 25 ml of the extraction 

solution, boil and continue the addition until the lead sulfate has dissolved, using not 

over 75 ml in all. Filter through the original paper, and wash the residue of barium 

sulfate with hot water. 

Made by preparing a cold saturated solution of sodium acetate, filtering, adding 

two volumes of water, and then 25 ml of glacial acetic acid per liter. 

Prepared by diluting 50 ml of a cold saturated solution of sodium acetate with 1000 

ml of water. 

21 Made by treating 1000 ml of a clear saturated solution of sodium chloride with 

300 ml of dilute hydrochloric acid (1 -j- 1). 

22 Z. Karaoglanov and M. Aiichov [Z. anal. Chem., 103, 113 (1935)1 maintain that 

quantitative detenninations of lead and excellent separations from copper, silver, cad¬ 

mium, nickel, manganese, zinc, iron*^’, aluminum, barium, strontium, and calcium can 

be had by obtaining the elements as nitrates in 250 ml of solution containing 5 to 15 ml 

(5 ml for copper and nickel, 10 ml for calcium and barium, and 15 ml for silver) of 3 N 
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E. OTHER METHODS 

Among other methods for the determination of lead that may be men¬ 

tioned are: (1) the molybdate method-^ in which an acetic acid solution 

of lead acetate is titrated with a standard solution of ammonium molybdate 

and with tannic acid as outside indicator, (2) the ferrocyanide method"^ 

in which an acetic acid solution of the lead is titrated w ith a standard solu¬ 

tion of potassium ferrocyanide and with uranium acetate as outside indicator, 

and (3) the permanganate method in which the lead is precipitated as the 

oxalate in acetic acid solution and then dissolved in sulfuric acid and titrated 

with a standard solution of permanganate. 

Very small amounts of lead are usually estimated colorimetrically by 

comparing the brown color of its sulfide produced in a dilute acetic acid or 

an alkaline solution with tliat produced in standard solutions, or by the use 

of dithizone.-' 

The dithizone method cannot be expected to be specific because at least 

17, and possibly 21, elements form compounds with dithizone. However, 

by proper control of pH and by the use of complexing ions, small amounts 

of lead and other elements can be accurately determined. The conditions 

for various materials are well described in Clifford’s article. In the general 

case, dithizone is added to the slightly alkaline solution (pH 8 to 10) con¬ 

taining lead, and the cherry red color thus formed is extracted with chloro¬ 

form or carbon tetrachloride. The percentage of lead is then determined 

by matching the color wuth similarly treated solutions containing known 

amounts of lead. For details the original articles should be consulted. 

nitric acid, healing to boiling, and stirring vigorously as a three- to five-fold excess of N 

amnioniuin chromate is added dropwisc in the course of 10 minutes. Fhe solution is 

then allowed to stand for a few hours, after which it is filtered through a fritted-glass 

crucible and the precipitate is washed moderately with warm w ater, dried at 140° C, 

and weighed as PbCr04. 

C. Schindler, ibid., 27, 137 (1888); FI. Alexander, Eng. Mining /., 55, 1 (1893); 

/. Chejn. Soc., [Ill 64, 599 (1893); A. H. Low, A. J. Weinig, and W. P. Schoder, Tech-^ 

nical Methods of Ore Analysis, 11th cd., p. 158, John Wiley & Sons (1939). R. C. Wiley 

\hid. Eng. Chein. Anal. Ed., 2, 124 (1930)] recommends that titration be made in nearly 

neutral solution, and with a mixture of stannous chloride and potassium thiocyanate as 

outside indicator. 

‘*A. H. Low, ]. Af?7. Ghent. Soc., 15, 550 (1893); A. C. Beebe, Chem. News, 73, 18 

(1896); I. C Bull, Z. anal. Ghent., 41, 653 (1902). 

25 W. Hcmpel, Jahresber., 627 (1853); A. H. Low, /. Am. Ghent. Soc., 15, 550 (1893); 

A. H. Low, A. J. Weinig, and W. P. Schoder, op. cit., p. 160. 

2«J. Pclouze, Ann. chim. phys., [3] 79, 108 (1841); J. M. Wilkie, J. Soc. Ghem. Ind., 

28, 636 (1909); ibid., 29, 7 (1910); L. W. Winkler, Z. angew. Ghe?n., 26, 38 (1913). 

27 H. J. Wichmann, C. W. Murray, M. Harris, P. A. Clifford, J. H. Loughrey, and 

F. A. Vorhes, /. Assoc. Offic. Agr. Chemists, 17, 108 (1934) and P. A. Clifford, ibid., 26, 

2(5-53 (1943). 



Chapter 10 

BISMUTH 

Bismuth resembles antimony in its modes of occurrence but is less com¬ 

mon. Its chief ores are native bismuth and the sulfide, bismuthinite. Rela¬ 
tively rare mineral species are its two silicates, several sulfobismuthides, 
and the telluride, oxide, carbonate, molybdate, vanadate, and arsenate. 

I. GENERAL CONSIDERATIONS 

It is quite safe to say that bismuth will not be encountered in the analysis 
of rocks and rarely in that of minerals. It is quite often found, however, 
in certain ores such as those of lead, tin, silver, copper, nickel, and cobalt, 

and in easily fusible alloys. In the ordinary method of analysis more or 

less bismuth will accompany silicon as an oxy compound if dehydration is 

carried out in hydrochloric (or nitric) acid solution. This will undoubt¬ 
edly cause an error in the determination of silicon as a result of a change 
in composition when the impure silica is treated with hydrofluoric and 

sulfuric acids and the impurities are ignited. If no other provision is made 

for it, bismuth will finally be caught in the ammonia precipitate and be 
counted as aluminum. Precipitation by ammonium hydroxide is practically 

complete in solutions containing the chloride ion, but the precipitate con¬ 

tains more or less oxychloride and so it cannot be ignited and weighed as 
the oxide. Precipitations from solutions containing sulfate or nitrate ion 
are not quite complete, and the precipitates also contain oxy compounds. 

In the analysis of metallurgical materials bismuth causes trouble chiefly in 
electrolytic determinations because it plates out on both cathode and anode, 
mostly on the former. 

II. ATTACK OF BISMUTH MINERALS 

Most bismuth minerals dissolve readily in a preliminary attack by nitric 

acid followed by small additions of hydrochloric acid and final evaporation 
with an excess of sulfuric acid. The residue that remains after dilution 
with water and gentle warming may contain bismuth, always if lead sulfate 

is present. Consequently, it must be separated by filtration, washed with 

dilute sulfuric acid and then with water, and dried. The dry residue is 
separated from the paper as completely as possible, the paper ignited in 

232 
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porcelain at as low a temperature as will destroy carbon and prevent fusion 
of the ash with the glaze, and the ash combined with the main residue and 
mixed with sodium carbonate in a platinum crucible. After fusion, the 
melt is thoroughly extracted with water to remove its sulfate content and 
the residue separated and dissolved in nitric acid. Its bismuth content is 
then recovered by precipitation as BiOCl as described in IV, A. 

Lead and silica are more conveniently determined in separate portions 
of the mineral after attack as described above and separation of silica and 
impure lead sulfate. In this residue the lead sulfate is first extracted by 
acetic acid-ammonium acetate solution (p. 224), and silica is determined as 
usual in the residue. Lead is first precipitated in the extract as sulfide, 
treated for removal of the arsenic group, dissolved in nitric acid, treated for 
removal of bismuth, and finally precipitated as the sulfate. 

The determination of sulfur is conveniently done as described under 
antimony (p. 276). 

III. METHODS OF SEPARATION 

Methods for the separation of bismuth are especially important, because 
most of the methods for its determination are far from selective. 

, The outstanding separations of bismuth are based on its precipitation as 

bismuthyl chloride, BiOCl, or bismuthyl bromide, BiOBr. The former is 

carried out by hydrolysis of the chloride in very dilute hydrochloric acid 

solution. The separation is ordinarily applied after bismuth has been sepa¬ 

rated together with the hydrogen sulfide group and then in turn separated 

from the arsenic group, for a number of elements such as zirconium, tita¬ 

nium, tin, and antimony also hydrolyze readily. If silver or univalent mer¬ 

cury is present, bismuth must, of course, be separated from these as well. 

The separation of bismuth as bismuthyl chloride can be made quantitative 

as in IV, A and is satisfactory in the presence of large amounts of lead,’ 

copper, cadmium, and presumably divalent mercury. 

L. Moser and W. Maxymowicz ^ stated that precipitation of bismuth as 

the oxybromide furnishes a better separation from lead, copper, zinc, or 

cadmium than precipitation as the oxychloride or oxynitrate. The precipi¬ 

tation is preferably done in the absence of chlorides or ammonium salts; if 

the former are present, more bromidc-bromate must be used, and a double 

precipitation must be made; ammonium salts retard the precipitation and 

necessitate longer boiling and possibly greater dilution. The procedure in 

the presence of lead is as follows: Prepare a nitric acid solution, and slowly 

^ For the determination of very small amounts of bismuth in lead, large Samples can 

be worked down to convenient size by scorification. 

2Z. anal. Cheni., 67, 248 (1925-26). 
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add sodium carbonate solution until the precipitate dissolves with extreme 
difficulty. Dilute to 200 to 300 ml, add 2 g of solid potassium or sodium 
bromate, and heat to boiling. If the turbidity which arises does not clear 
up on boiling, add nitric acid dropwise until it does. I'o the boiling solution 
add a 10 per cent solution of potassium or sodium bromide dropwise from 
a pipette until a turbidity ensues and the solution is deep brown in color. 
Cover with a cover glass, boil until the solution is clear yellow, add a little 
more bromide, and repeat until no further precipitation takes place, even 
on addition of a few drops of bromate solution, and then boil out all of the 
bromine. Let settle, filter, and wash with hot water. To make sure of 
complete separation of lead, especially if chloride ions were present, dissolve 
the precipitate in hot dilute nitric acid, and repeat the operation. Finally 
dissolve the precipitate in hot nitric acid, and determine bismuth as in 
Section IV. Single precipitations suffice to separate bismuth from copper, 
zinc, or cadmium unless the latter are present in large amount. As with 
lead, ammonium salts and chlorides should preferably be absent, although 
solutions containing the chlorides or sulfates of the metals can be used. 

Less satisfactory is the separation of bismuth as bismuthyl nitrate. In 
this separation the nitric acid solution is evaporated to syrupy consistency, 
treated w'ith water, evaporated to dryness, and the treatment with water 
and evaporation repeated until the addition of water does not produce a 
turbid solution. Finally the soluble salts are extracted w ith a cool 0.25 per 
cent solution of ammonium nitrate, and the insoluble residue is ignited to 
the oxide or treated further as desired. Obviously chlorides and sulfates, 
which also give basic compounds with bismuth, must be absent, as must 
also compounds such as arsenates and chromates that give insoluble precipi¬ 
tates, and elements that hydrolyze easily such as tin and antimony. 

The separation of bismuth as the sulfide is often used as a group separa¬ 
tion and for the purpose of separating bismuth from chlorides and sulfates 
when these are objectionable in the scheme of analysis. When bismuth is 

to be separated from the members of the arsenic group of sulfides, it should 

be borne in mind that bismuth sulfide is appreciably soluble in the normal 

sulfides, M2S, or disulfides, M^S^, of sodium or potassium, or in mixtures 
of the alkali sulfides and hydroxides. On the other hand, bismuth sulfide is 

insoluble in ammonium sulfide or the hydroxides or hydrosulfides, MHS, 

of sodium or potassium.*^ 

Complete precipitation of bismuth sulfide can be had in concentrations 

of sulfuric acid as high as 18 V. According to Keefe and Newell,^ satis¬ 

factory separations of bismuth from cadmium can be obtained in dilute 

sulfuric acid (1 -f 3) by warming, treating with hydrogen sulfide, filtering, 

«Cl. C. Stone, /. A^n. Chenu Soc., 18, 1091 (1896); T. B. Stillman, ibid., 683; J. Knox, 

/. Che?^/. Soc., 95, 1760 (1909). 

4 W. H. Keefe and I. L. Newell, Chernist-Analyst, 21 [2], 8 (1932). 
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and washing the precipitated bismuth sulfide with acid of the same strength 
that has been saturated with hydrogen sulfide. 

Bismuth is not quantitatively precipitated from its solutions by sodium 
or potassium hydroxide. 

As bismuth deposits on both cathode and anode during electrolysis in 
acid solution, it must be separated before determinations of copper and lead 
by electrolytic methods. 

Bismuth is readily separated from copper by rendering the nitric acid 
solution of the two elements almost neutral with ammonium hydroxide, 
diluting to 200 to 300 ml, adding a slight excess of ammonium carbonate, 
and heating to boiling. Bismuth separates as a basic carbonate of indefinite 
composition and is washed with hot water after filtration. As the precipi- 
tatc is somewhat soluble in an excess of either ammonium hydroxide or 
ammonium carbonate, these reagents must be carefully added. If appre¬ 
ciable amounts of either element are in question, the precipitate had better 
be dissolved and reprecipitated. According to A. P. Castanares,^ a some¬ 
what similar treatment serves to separate bismuth from mercury. The pro¬ 
cedure is as follow s: Prepare a solution of the two salts containing 5 ml of 
nitric acid and preferably not more than 0.1 g of mercury per 100 ml. 
Warm to 60*^ C, and slowly add a solution containing 10 per cent of ammo¬ 
nium carbonate and 1 per cent of ammonium hydroxide until alkaline. 
Raise the temperature to 80° C, and let stand with frequent stirring till no 
more CO2 is expelled. Let settle, filter, and wash with a 1 per cent solution 
of ammonium hydroxide until free from mercury. If only nitrates were 
present, ignite to Bi^Oa; if chlorides were present, dissolve the precipitate 
in nitric acid, and evaporate several times with fresh portions of acid. 

According to A. Pinkus and J. Demies,® bismuth can be quantitatively 
precipitated by cupferron in cold normal hydrochloric or nitric acid solu¬ 
tion and separated from the alkali metals, silver, mercury (bivalent), lead, 
cadmium, arsenic, antimony (quinquevalent), zinc, manganese, nickel, co¬ 
balt, aluminum, and chromium. Precipitation in hydrochloric acid solution 
is preferable. The cupferron solution is added dropwisc and with constant 
stirring, and approximately 5 ml of a 6 per cent solution per 0.1 g of bismuth 
is needed. The washing of the precipitate is carried out with a cold 0.1 
per cent solution of cupferron slightly acidified (from 0.1 to 1 N) with 
acid. If nitric acid is used, the filtration and w ashing of the precipitate 

must be carried out as rapidly as possible. The precipitate can be converted 

to Bi^Os by carefully igniting to 700° C, treating with a few drops of 

nitric acid, evaporating, and again igniting to 700° C. Elements such as 

tin or iron (p. 116) are also precipitated. If these are present, the paper 

.and precipitate can be decomposed by nitric and sulfuric acids (p. 66) 

^8th Intern. Congr. Applied Cbem., 25 [I-V], 39 (1912). 

soc. chim. Belg., 37, 267 (1928). 
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and further separations made as needed. Internal electrolysis offers a good 
separation of small amounts of bismuth from large amounts of lead (p. 141). 

L. Kieft and G. C. Chandlce ^ state that bismuth can be separated from lead, 
cadmium, copper, zinc, aluminum, chromium, iron, nickel, barium, calcium, 
sodium, and potassium by precipitating with gallic acid in a 3 per cent (by 
volume) solution of nitric acid heated to 70° C. Reprecipitation is necessary 
for good separations, and the final precipitate is converted to the subcarbo¬ 
nate, which is then ignited to the oxide. Antimony, mercury, tin, and silver 

interfere. 
For the separation of silicon from bismuth, conditions must be governed 

so that no oxy compounds are formed and no hydrolysis takes place. For 
these reasons dehydration had better be carried out in sulfuric or, possibly, 
perchloric acid solution. 

The separation of lead from bismuth by evaporation with sulfuric acid 
is not quantitative as bismuth is carried down with the lead sulfate.® 

As in the case of arsenic and antimony, small amounts of bismuth can be 
gathered by precipitation with ammonium hydroxide after the addition 
of a little iron if this is not already present (p. 305). In this connection, it 
should be noted that the precipitation of l)ismuth by ammonium hydroxide 

or alkali hydroxide is not complete when it occurs alone. Precipitation by 
ammonium hydroxide, however, is almost complete in the presence of an 
excess of ammonium chloride.® 

IV. METHODS OF DETERMINATION 

Bismuth is usually determined by gravimetric methods. Final weighing 
as Bi203 is to be preferred, especially when much of the element is in 
question. The weighing of bismuth as BiOCl is permissible only when a 
few milligrams are involved. 

7/wJ. Eng. Chem. Anal Ed.^ 8, 392 (1936). 

®For the separation of small amounts of bismuth «0.02 g) from large amounts of 

lead, as in metallic lead, C. Frick and H. Engemann [Chein. Ztg,, 53, 601 (1929)] pro¬ 

ceeded as follows: Obtain the metals as nitrates in 300 ml of solution, and treat with 3 

to 5 drops of a 1.5 per cent solution of Congo red. Add sodium hydroxide until a 

bluish-red tint is obtained, pH 3 to 5.2, stir, and then add 20 ml of a 0.7 per cent solution 

of cinchonine hydrochloride. Let stand for 30 minutes, filter, and test a few drops of 

the filtrate with potassium iodide for complete precipitation of bismuth (brown tint 

instead of lead-iodide yellow if bismuth is present). If bismuth is indicated, again 

neutralize with alkali, and reprecipitate. Wash the precipitate until free from lead with 

cold water containing 10 ml of cinchonine solution per liter and treated with nitric 

acid to give a bluish-red tint with Congo red. Dissolve the precipitate in hot dilute 

nitric acid, evaporate with sulfuric acid, dilute and filter to remove any lead, and test 

the filtrate by the colorimetric iodide method. 

®For separations of bismuth based on its reduction to the elemental state by hypo- 

sulfite in dkaline solution, consult B. S. Evans, Analyst, 54, 395 (1929). 
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A. WEIGHING AS BiOCI (FOR LESS THAN 5 MG OF BISMUTH) 

Bismuth oxychloride is usually precipitated by neutralizing a nitric acid 
solution of the element with ammonium hydroxide, adding a few drops of 
hydrochloric acid, diluting considerably with water, and then digesting on 
the steam bath. Silver and univalent mercury and thallium that form 
insoluble chlorides; elements such as antimony, tin, and zirconium that are 
easily hydrolyzed; and compounds such as sulfates, phosphates, and arse¬ 
nates that form insoluble precipitates with bismuth must be absent. The 
composition of the precipitate may vary a little from the ideal one, BiQCl, 
and for this reason it is not weighed directly if much bismuth is in question. 

PROCEDURE. Prepare a nitric acid solution which is free from the inter¬ 
fering elements that are listed above, dilute to 100 ml, and then add dilute 
ammonium hydroxide (1-1-2) with constant stirring and drop by drop 
from a burette until a faint opalescence appears. If a precipitate separates, 
redissolve it in dilute nitric acid (1 +4), and repeat the careful neutralization 
with ammonium hydroxide. Add 5 ml of dilute hydrochloric acid (1 4-9), 
dilute the solution to 400 ml with hot water, heat just to boiling, cover, 
and let stand on the steam bath for 2 hours or preferably at the side of the 
steam bath overnight. Filter on paper, and wash the beaker, paper, and 
precipitate with two or three small portions of hot water. Dissolve the 
precipitate in 4 ml of dilute boiling hot hydrochloric acid (1 -f- 9) by 
dropping the acid from a pipette around the edges of the paper, and catch 
the solution in the original beaker. Wash the paper with hot water, then 
with 1 ml of the hot dilute acid, and finally again with water. Dilute with 
hot water to 400 ml, and proceed as before. If the amount of bismuth is 
small, filter through a weighed Gooch crucible, wash the precipitate with 
hot water and then with alcohol, dry at 100° C, cool in a desiccator, and 

weigh as BiOCl. 

B. WEIGHING AS B^Os (FOR MORE THAN 5 MG OF BISMUTH) 

When the amount of bismuth exceeds 5 mg, it is best to weigh it as the 

oxide, Bi203, after precipitation as basic carbonate in ammonium carbonate 

solution. In this precipitation, chlorides and sulfates which w^ould also 

form insoluble basic compounds must be absent, as must also such elements 

or compounds as would be precipitated or cause a precipitate with bismuth 

in a solution containing ammonium carbonate. Such small amounts of 

chloride or sulfate as might be introduced through a preliminary separation 

of bismuth as oxychloride or sulfide have a negligible effect, and precipita¬ 

tion as carbonate can therefore follow such preliminary separations. When 

only copper and bismuth are involved, the separation can be applied directly 

but had best be repeated. Bismuth carbonate is somewhat soluble in ammo¬ 

nium carbonate; therefore, an excess should be avoided. 
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PROCEDURE. If lead is present, separate bismuth by double precipitation 
as the oxychloride as directed in A, or by precipitation as the oxybromide 
or the basic nitrate, III (p. 234). Dissolve the precipitate in hot dilute nitric 

acid (1 + 3), and evaporate twice to syrupy consistency with the acid in 

case the oxychloride or oxybromide is used. Nearly neutralize with ammo¬ 

nium hydroxide, dilute to 200 to 300 ml, and add a saturated solution of 

ammonium carbonate until in slight excess. Heat to boiling, and digest on 

the steam bath for 2 hours. Filter on paper, and wash moderately with 

hot water. If the precipitate is small, dissolve it in hot dilute nitric acid, 

catch the solution in a weighed platinum crucible or dish, and evaporate to 

dryness. If the precipitate is large, dry the paper and contents, transfer the 

greater part of the precipitate to a cover glass, and dissolve what remains 

on the paper as above. Evaporate the solution to dryness, add the reserved 

precipitate, ignite gently at first and then under good oxidizing conditions 

over the full flame of a Bunsen burner (about 1000^ C). Cool, and weigh 

as Bi-Oa. 

C. WEIGHING AS BiP04 (FOR AS MUCH AS 0.25 G OF BISMUTH) 

Bismuth phosphate, BiPOi, is a white, heavy, crystalline precipitate which 

is quite insoluble in water and in dilute nitric acid, and is quite stable upon 

ignition. Sulfate and chloride ions are coprecipitated to some extent and 

must be removed, as must ions such as lead or zirconium that form insol¬ 

uble phosphates in dilute acid solutions. Cadmium interferes slightly, and 

sodium, potassium, magnesium, calcium, zinc, and copper not at all. 

PROCEDURE.^*^ Prepare 100 ml of a cool dilute nitric acid solution con¬ 

taining not more than 0.25 g of bismuth as nitrate, and free from sulfate 

and chloride ions and from elements that form insoluble phosphates in 

dilute nitric acid solution. Add dilute ammonium hydroxide (1 -f- 1) 

slowly and with stirring until turbid, and then clear the solution by adding 

5 ml of nitric acid. Heat to boiling, and add 30 ml of a 10 per cent solution 

of diammonium phosphate in nitric acid (1 +9), drop by drop, and very 

slowly at first, from a burette, as the solution is continuously sStirred. Dilute 

with 300 ml of boiling water, and let settle for one-half hour at about 

80° C. Filter through a tared porous-bottom porcelain crucible, transfer 

the precipitate, and wash with a hot 2 per cent solution of ammonium 

nitrate containing a few drops of nitric acid per liter. Ignite, gently at 

first, and then at approximately 800° C. Alternatively, the precipitate can 

be caught on paper, which must then be cautiously heated until charred. 

For details, consult W. R. Schocller and E. F. Waterhouse, Analyst^ 45, 435 (1920); 

W. C. Blasdale and W. C. Parle, Ind. Eng, Chem, Anal, Ed,, 8, 352 (1936); and W. R. 

Schoeller and D. A. Lambie, Analyst, 62, 533 (1937). The last present a method for 

the determination of bismuth in high-grade ores. 



COLORIMETRIC DETERMINATION 239 

and then ignited at as low a temperature as possible to destroy carbon 
before the final heating at 800° C. In either case, cool in a desiccator, and 
weigh as BiP04. 

D. COLORIMETRIC DETERMINATION 

Small amounts of bismuth such as 0.05 to 0.5 mg may be determined by 
colorimetric comparison of the yellow to amber color obtained by treat¬ 
ment with potassium iodide in a dilute nitric acid solution with that pro¬ 
duced in a standard solution. Among the interfering substances should be 
mentioned copper and trivalent iron that react to give iodine, certain mem¬ 
bers of the arsenic group which also give colored solutions, and colored 
salts such as nickel nitrate in sufficient concentration to tint the solution. 
These can be removed by the usual separations or by treatment to fit the 
case in question.^^ Lead causes no trouble unless it is present in large 
amount, for the yellow iodide can be filtered off before the test is made; 
large amounts of lead iodide may carry down bismuth. 

PROCEDURE. Prepare 20 to 30 ml of a colorless solution containing 2 ml 
of nitric acid, and no iron, copper, or members of the arsenic group of 
sulfides. Transfer to a Ncsslcr tube, add 1 ml of a saturated solution of 
sulfur dioxide and 5 ml of a 30 per cent solution of potassium iodide, and 
dilute to 50 ml. To another tube add 40 ml of water; the same amounts of 
iodide, nitric, and sulfurous acids; and then standard bismuth solution 
until the colors match. Sulfurous acid imparts a slight color to the solution 
and should be used sparingly, 1 to 3 drops, if the amount of bismuth is very 
small. In such case, a little more should be added after the colors have 
been compared, to make sure that the color is not due to iodine. After 
the determination, add starch solution to both tubes to check any possible 
presence of free iodine.^^ 

J * For example in wire bar copper, S. Skowronski, chief chemist, Raritan Copper 

Works (private communication), recommends the following: Transfer 100 g of sample 

to a 2500-ml beaker, and dissolve in 700 ml of dilute nitric acid (1 + 1). Add 0.5 g of 

calcium carbonate, dilute to 1500 ml, boil, and cautiously add dilute ammonium 

hydroxide (1 + 1) until all basic salts arc dissolved. Add 2 to 3 g of ammonium car¬ 

bonate, and let .stand at least 30 minutes. Filter on a 1-inch Hirsh plate under suction, 

and wash the residue with dilute ammonium hydroxide (1 + 20) containing 1 per cent 

of ammonium carbonate until soluble copper salts are removed. Dissolve the residue 

in dilute nitric acid (1 + 1), dilute to 150 ml, make ammoniacal, boil, and reprecipitate, 

filter, and wash as before. Dissolve the precipitate in a solution of 2 ml of nitric acid 

in 10 ml of water, wash, and keep the volume below 30 ml. The addition of a moderate 

amount of ferric chloride followed by precipitation with ammonium hydroxide has 

been recommended for gathering small amounts of bismuth in copper. 

i-Made by dissolving 1 g of bismuth in 10 ml of nitric acid and diluting to 1 liter. 

I'^L. C. Nickolls [Analyst, 58, 684 (1933)1 recommends that the reduction be done 

with 0.05 to 5 ml of a solution of stannous sulfate (10 g of stannous chloride dissolved 

in 100 ml of 6 N sulfuric acid and allowed to settle until the supernatant liquid is 

clear) which gives a colorless blank. 
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Somewhat larger amounts of bismuth (0.1 to 4 mg) can be determined 

photometrically in dilute nitric acid solution by adding thiourea and noting 

the transmission of the yellow-colored complex compound at approxi¬ 

mately 425 m/x.’^ Antimony, palladium, osmium, and ruthenium also give 

colored complexes with thiourea in acid solution.^® Hydrofluoric acid pre¬ 

vents the formation of a colored antimony compound; silver, mercury, lead, 

copper, cadmium, and zinc give white precipitates when present in appre¬ 

ciable amounts but no precipitates or colors in dilute solutions; iron in 

excess of 0.1 mg per 50 ml volume must be removed or reduced to the 

ferrous state.^® Selenium and tellurium interfere.^^ 

E. OTHER METHODS 

Other methods for the determination of bismuth are less satisfactory, and 

include gravimetric, electrolytic, and volumetric procedures. Among the 

first are the methods in which bismuth is weighed as the sulfide, BioSa, 

and as the metal after reduction of the oxide or sulfide by fusion with potas¬ 

sium cyanide.^® None of these should be considered in accurate analyses. 

The same can be said of electrolysis in diluted sulfuric or nitric acid 

solution,^® and of volumetric determination by precipitation as basic oxalate 
and titration with pennanganate.-® 

According to C. Mahr,'^^ bismuth can be precipitated as the compound 

BiCr(CNS)(} and separated from molybdenum, iron, aluminum, chromium, 

zinc, manganese, nickel, cobalt, and magnesium by adding K3Cr(CNS)c to 

a cool, 0.3 to 1 N nitric or sulfuric acid solution. The precipitate is caught 

in a fritted-glass crucible, washed with cold water, dried at 120 to 130° C, 

and weighed as such, or decomposed, and the bismuth calculated after a 

volumetric determination of the chromium content. J. R. Hayes and 

G. C. Chandlee recommend the precipitation of bismuth as the quinaldine 

salt of iodobismuthous acid, which can be dissolved and its iodide content 

titrated with a standard solution of potassium iodate. As little as 0.3 mg 

ASTM Methods of Chemical Analysis of Metals, pp. 374, 384, American Society for 

Testing Materials (1950), and Bruce B. Bendigo, R. K. Bell, and H. A. Bright, /. Re¬ 
search NBS, 47, 252 (1951). 

J. H. Yoe and L. G. Overholser, Ind. Eng, Chem, Anal, Ed., 14, 435 (1942). 

i«C. Mahr, Z. anal. Chem., 94, 161 (1933); 97, 96 (1934). 

i^P. W. West and J. V. Tokos, Ind. Eng. Chem. Anal, Ed., 16, 761 (1944). 

Rose, Pogg. Ann., 110, 425 (1860). 

15 0. Brunck, Ber., 35, 1871 (1912). 

“5 M. M. Pattison Muir, J. Chem, Soc., 33, 70 (1878). For a critical study of the 

oxalate and other volumetric methods, such as the chromate and molybdate, for the 

detennination of bismuth, see L, Moser, Z. anal, Chem., 46, 231 (1907). 

21Z. anorg, u, allgem, Chem,, 208, 313 (1932). 

--Ind, Eng, Chem, Anal, Ed., 11, 531 (1939). 
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of bismuth can be precipitated in dilute sulfuric acid (1+9) solution, and 

in the presence of lead, copper, cadmium, antimony, tin, arsenic, manganese, 

nickel, cobalt, zinc, iron, chromium, uranium, aluminum, beryllium, and 

phosphorus. Mercury, silver, and high concentrations of the chloride ion 

interfere. 



Chapter 11 

COPPER 

Copper is rarely determined quantitatively in igneous rocks although 
minute amounts of it often occur. Its chief ores are native copper, sulfides, 
oxides, and carbonates. J.ess important arc the arsenides, arsenates, antimo- 
nidcs, phosphates, sulfates, and silicates. The determination of copper in 
minerals, ores, and metallurgical products is most important, especially as 
it is always determined directly in the last, and not reported by difference, 
as is the common procedure with iron, aluminum, and zinc in the analysis 
of allov^s in w hich they preponderate. 

I. GENERAL CONSIDERATIONS 

If minute amounts of copper are sought in rocks, great care must he 
used to prevent contamination of the sample by copper from brass or bronze 
sieves, reagents, or other sources. In ordinary analyses of material contain¬ 
ing moderate amounts of copper, most of the copper escapes precipitation 
entirely if treatment with hydrogen sulfide is omitted, and double precipi¬ 
tations with the customary reagents arc the rule. A small part of the 
copper, howxver, is caught in the ammonia precipitate and finally reported 
as alumina while another small part is precipitated as the phosphate and 
reported as magnesia.. No copper is caught with calcium in the oxalate 
precipitate if enough ammonia is added to keep the copper in solution 
before the oxalate is added. 

The small amounts of copper occurring in rocks are usually separated, 
together wdth manganese, nickel, and the like by precipitation wdth color¬ 
less ammonium sulfide after the separation of silica and the ammonia precipi¬ 
tate. This procedure is admissible only because of the small amount of 
copper present, for the ammonia precipitate is prone to carry down copper 
in spite of double precipitations in the feebly alkaline solution required for 
the complete precipitation of aluminum (p. 501).^ If appreciable copper 

J G. E. F. Lundcll and H. B. Knowles, /. Am. Chem. Soc., 45, 680 (1923). For ex¬ 
ample, in tests of mixtures of 0.1 g of A1 and 0.05 g of Cu, 0.0211 g of Cii remained 
in the precipitate after a single and 0.0077 g after double precipitation by the procedure 

favorable to the complete precipitation of aluminum (p. 504). A better separation of 

copper at the expense of incomplete precipitation of elements such as aluminum, can be 
obtained by using an excess of NH4OH and NH4CI. 
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is present or a correct determination of it is to be made, the copper must 

be separated from acid solution by precipitation with hydrogen sulfide or 

by electrolysis before the precipitation with ammonia is attempted.^ 

II. DECOMPOSITION OF COPPER MINERALS 

The decomposition of copper minerals or ores does not offer any diffi¬ 

culties and can usually be accomplished by attack with mineral acids. It is 

preferable to treat first with hydrochloric acid to dissolve oxidized minerals 

and then to add nitric acid to dissolve sulfide minerals. Silicates or insoluble 

matter may require treatment with hydrofluoric acid or fusion w ith sodium 
carbonate or potassium pyrosulfate. 

For the solution of difficultly soluble sulfide ores of copper, T. H. White- 
head ^ recommends that 0.15 to 3.0 g of the finely pow^dered ore be boiled 

for about 30 minutes wdth a mixture of 40 ml of 15 N nitric acid and 3 ml 

of 12 N hydrochloric acid, and the copper then converted to the sulfate 

by treating wdth 20 ml of 36 N sulfuric acid, heating to copious fumes, 

cooling, and diluting with water. 

III. METHODS OF SEPARATION 

The best and most satisfactory methods for the separation of moderate 

amounts of copper from a number of elements are based on the properties 

of its sulfide. Thus, copper can be .separated (1) from elements other than 

those of the hydrogen sulfide group by precipitation with hydrogen sulfide 

in dilute hydrochloric or sulfuric acid solution (p. 60), and even from 

cadmium in that group; * (2) from members of the arsenic group of sulfides 

by precipitation with sodium hydroxide and sodium sulfide (p. 62); (3) 

from cadmium, bismuth, and the like by precipitation of these in alkaline 

cyanide solution (p. 64); and (4) from tin and germanium by precipitation 

with hydrogen sulfide in hydrofluoric or oxalic acid solution (p. 63). 

- For the separation of cuprous oxide from metallic copper and cupric oxide in mix¬ 

tures of the three, and determinations of each, see L. C. Hurd and A. R. Clark, Ind, 
Eng. Chern. Anal. Ed., 8, 380 (1936). 

^Ibid., 6, 298 (1934). 
4 For the separation of copper from zinc, see page 426. In tests by H. B. Knowles, 

complete separations of from 0.5 to 0.05 g of copper from 0.05 to 0.5 g of cadmium 

were indicated in precipitations in which (1) the elements, as sulfates, were dissolved 

in 100 ml of sulfuric acid solutions in which the concentrations of acid ranged from 

9 N to 18 N, (2) the temperature of the solution was held at 95 to 100® C as hydrogen 

sulfide was passed in for 30 minutes, (3) the solutions were filtered immediately, and 

(4) the copper sulfide precipitate was washed with 100 ml of hot sulfuric acid of the 

strength used in the test and saturated with hydrogen sulfide. 
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Some of the above elements may, however, be more conveniently sepa¬ 
rated by individual reactions, as for example silver as the chloride (p. 206), 
lead as the sulfate (p. 227) or dioxide (p. 228), bismuth by precipitation 
with ammonium carbonate (p. 235), mercury by digestion of the mixed 
sulfides in nitric acid (p. 214), and arsenic or germanium by distillation 
of their chlorides or fluorides (pp. 261 and 298). 

The preliminary separation of very small amounts of elements such as 
bismuth, arsenic, antimony, selenium, or tellurium when associated with 
large amounts of copper is effected best by adding 0.1 to 0.2 g of iron or 
aluminum as an appropriate salt, and then precipitating with ammonium 
hydroxide (p. 305). Large amounts of selenium or tellurium are best sepa¬ 
rated by precipitation with sulfur dioxide in hydrochloric acid solution 
(p. 330). 

Precipitation of copper by sodium hydroxide (p. 84), serves for its 
separation from elements such as molybdenum, vanadium, arsenic, and 
tungsten, provided organic compounds are absent. The final concentra¬ 
tion of sodium hydroxide should not exceed 1 per cent, the precipitation 
should be made in a hot solution which is then boiled for 2 to 3 minutes, 
and the solution should be allowed to stand for 30 minutes before filtering. 
Separations from tin or antimony arc not satisfactory, for, if enough sodium 
hydroxide is added to hold them in solution, the precipitation of copper 
will be incomplete. Copper can be quantitatively separated from arsenic, 
selenium, and tellurium by precipitating with sodium hydroxide in boiling 
solutions in which the final alkalinity is carefully adjusted to pH 10. At 
pH 1.5, copper is not precipitated and can be separated from elements, 
such as quadrivalent tin in hydrochloric acid solution, that are quantita¬ 
tively precipitated at this hydrogen ion concentration.® 

A desirable method for the separation of copper from elements such as 
cobalt, nickel, manganese, zinc, arsenic, tin, bismuth, or antimony is that 
based on the precipitation of cuprous thiocyanate. The procedure as car¬ 
ried out by Demorest® is as follows: Prepare a solution of 0.1 g of copper, 
as sulfate, in 5 ml of sulfuric acid, add 30 ml of a 10 per cent solution of 
tartaric acid, and heat until soluble salts are dissolved. Cool somewhat, 
add ammonium hydroxide until the solution is alkaline, then add sulfuric 
acid until it is just acid, and finally 1 ml in excess. To the solution, which 
should now be hot, add 2 g of sodium sulfite, stir until the salt has dis¬ 
solved, and then pour in a solution of 1 g of potassium thiocyanate in a 

little water. Stir vigorously, heat to boiling, and allow the precipitate to 

settle for a few minutes. Filter through a tight paper, and wash the precipi- 

® R. Gilchrist, /. Research NBS, 30, 89 (1943). 

®D. J. Demorest, /. Ind, Eng. Chem., 5, 216 (1913). According to Demorest, a little 

copper remains unprecipitated, but the amount does not exceed 0.5 mg and is usually 

not over 0.2 mg. 
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tate with a solution containing 1 per cent of the thiocyanate and the same 
amount of tartaric acid. Return the paper and the precipitate to the vessel, 
treat with 20 ml of dilute nitric acid (1 + 2), and cover. Heat to boiling, 
dilute with 20 ml of water, filter, and wash the paper and pulp. Ignite at 
a low temperature in a porcelain crucible, dissolve the ash in dilute nitric 
acid, and add the solution to the main solution. Boil to destroy thiocyanic 
acid, and proceed with the determination of copper by electrolysis as in 
IV, A. 

The reduction of copper salts by the use of sheet aluminum or zinc in 
acid solution, preferably sulfuric, serves satisfactorily for the separation of 
copper from elements such as iron or molybdenum, provided all the iron is 
reduced, the acidity of the solution is low at the end of the reduction, and 
some of the reducing agent is kept in the filter paper during filtration. 
Elements such as cadmium, antimony, and tin accompany the copper. The 
common practice of adding hydrogen sulfide water to precipitate any 
unreduced copper increases the number of contaminants. If aluminum is 
used, its copper content must be known, and a correction made on the 
basis of the weight of the aluminum before and after the reduction. 

The electrolytic deposition of copper is seldom employed purely for the 
purpose of freeing copper from other elements save cadmium (p. 256) J 
This follows because of the uncertainty of complete deposition and because 
a number of other elements may be partially or even entirely deposited. 
The separation from cadmium proceeds best in nitric acid solution; small 

amounts of cadmium can be separated in sulfuric-nitric acid solution. 

Nickel, cobalt, zinc, and moderate amounts of iron cause no trouble; for 

the first three the electrolysis had better be carried out in a nitric or nitric- 

sulfuric acid solution. Electrolysis in an ammoniacal or ammoniacal fluoride 

solution yields good separations of copper from salts of arsenic or antimonic 

acids.® 
Precipitation with cupferron, although originally recommended for the 

determination of copper, does not provide a satisfactory general separation, 

for many other elements are also precipitated (p. 116). 

Copper can be quantitatively separated from cadmium, lead, mercury, 

manganese, zinc, nickel, and magnesium by precipitation with nitroso-^S- 

naphthol in a very dilute hydrochloric acid solution of the chlorides or 

sulfates.® 

7 According to L, W. McCay and N. H. Furman [/. Aw. Chem. Soc., 38, 640 (1916)], 

copper can be separated from tungstic, molybdic, stannic, and antimonic acids by 

electrolysis in nitrohydrofluoric solutions. (See p. 138 for references on equipment for 

electrolytic separations by means of controlled potential.) 

®L. W, McCay, Chem. Ztg., 14, 509 (1890); N. Howell Furman, Ind. Eng. Chem. 
Anal. Ed., 3, 217 (1931). 

•E. Hintz, Z. anal. Chem., 28, 234 (1889). 
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IV. METHODS OF DETERMINATION 

The electrolytic method is the most accurate procedure for the deter¬ 

mination of copper, provided interfering metals, such as those below cop¬ 

per in the electromotive series, are removed and complete recovery of the 

copper in the elcctroh^te is made certain. An attractive feature of the 

method is that as much as 5 g of copper can be handled as against 0.2 g 

or less in the other methods. Next in use and in accuracy is the iodimetric 

method,^^ which has the advantage in general work of being less susceptible 

to interfering elements. About on a par w ith the iodimetric method, though 

not so widely used, is the thiocyanate method with its gravimetric or 

volumetric luodifications.’- The determination of copper by precipitation 

as the sulfide, followed by ignition to the oxide requires the preliminary 

removal of a number of elements; moreover, the method cannot be applied 

to the determination of more than a centigram of copper for it is difficult 

to decompose the sulfate formed during ignition. Colorimetric methods 

find their chief application in rapid routine estimations of copper or for its 

determination when present in small amounts. The cyanide method '•* is 

at best inaccurate and only suited for rapid control work. The weighing 

of copper as the oxide after precipitation with alkali hydroxide and ignition 

of the precipitate is entirely unsatisfactory because of unavoidable contami¬ 

nation of the oxide by alkali. Other methods that are of interest though 

seldom used arc those in which copper is precipitated by cupferron,^^ by 

acetylene,’® or by hydrogen sulfide and this step followed by ignition to 

cuprous sulfide.^** 

SkowTonski, ASTM Bull, 174, 60 (May 1951); A. Classen and W. T. Hall, 

Quantitative Analysis by Electrolysis, p. 116, John Wiley & Sons (1919); E. F. Smith, 

Electro-Analysis, 6th ed., p. 73, P. Blakiston’s Sons and Co. (1918). 

^^E. de Haen, Ann., 91, 237 (1854); A. H. Low, /. Am. Chem. Soc., 18, 458 (1896); 

24, 1082 (1902); F. A. Gooch and F. H. Heath, Am. J. ScL, [41 24, 68 (1907); F. H. 

Heath, ibid., [4] 25, 513 (1908). 

12 L. E. Rivot, Compt. rend., 38, 868 (1854); S. W. Parr, /. A7?t. Chem. Soc., 22, 685 

(1900); R. G. Van Name, Z. anor^, Chenz., 26, 230 (1901); D. J. Demorest, /. Ind. Eng, 
Chem., 5, 215 (1913); W. H. Swangcr and E. Wichers, /. Am. Chem. Soc., 46, 1814 

(1924). 

12 Dr. Steinbeck, Z. anal. Chem., 8, 1 (1869); Chem. News, 19, 207 (1869); R. S. 

Dulin, /. Am. Chem. Soc., 17, 346 (1895). 

1^0. Baudisch, Chem. Ztg., 33, 1298 (1909); O. Baudisch and V. L. King, /. Ind. 
Eng. Chem., 3, 629 (1911). 

i®H. Erdmann and O. Makowka, Z. anal. Chem., 46, 128 (1907); A. Waegner, ibid., 
44, 565 (1905); H. G. Soderbaum, ibid., 564. 

12 W. Hampe, Chem. Ztg., 9, 1441 (1885); Z. anal. Chem,, 38, 465 (1894); R. Weg- 

scheider, ibid., 466, 
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A. ELECTROLYTIC METHOD 

The electrolytic method requires a clear solution free from the following: 

arsenic, antimony, tin, molybdenum, gold, the platinum metals, silver, mer¬ 
cury, bismuth, and quadrivalent selenium or tellurium which would con¬ 
taminate the deposit; hydrosulfocyanic acid which causes a spongy deposit; 
hydrochloric acid which does the same and also causes deposition of plati¬ 
num on the cathode through prior attack on the anode; and oxidizing 
agents such as oxides of nitrogen or excessive amounts of ferric nitrate or 
nitric acid which at first interfere in the deposition and then cause high 
results if complete deposition is finally attained.^* The electrolysis can be 
performed in either nitric or sulfuric acid solution and is usually carried 
out in a mixture of the n^o. 

If nitric acid alone is used, there is danger of retarded or of incomplete 
deposition. This can be avoided by adding one drop of 0.1 N hydro¬ 
chloric acid before electrolysis is started.’® The cathode and anode are 
preferably open cylinders of sand-blasted platinum gauze (p. 31). The 
most accurate results are obtained by slow deposition \\ ithout stirring and 
in a cool solution. Rapid deposition in either cold or wann solutions stirred 
by air, rotating electrodes, or magnetic rotation usually leads to high results. 
The electrolyzing beaker must be covered by split watch glasses to prevent 
loss by spraying and also contamination from the outside. The complete¬ 
ness of the deposition can be judged by covering a frcwsh part of the cathode 
with electrolyte and continuing the electrolysis, or by treating a portion of 
the electrolyte with hydrogen sulfide water. In all important analyses the 
electrolyte and washings must be concentrated and treated with hydrogen 
sulfide and any precipitate worked over for its copper content. The 
electrolytic deposit should be silky in texture, salmon pink in color, and 
adherent. Dullness in color denotes oxidation or the presence of foreign 
elements; coarsely crystalline or adherent spongy deposits are likely to 
yield high results. In the electrolysis of solutions of pure copper the 
dangers lie in incomplete deposition which causes low results and in occlu¬ 
sion of gases or oxidation which leads to high results. Loss of copper is 
avoided by testing of the whole electrolyte. Occlusion of gases is reduced 
to a minimum by slow deposition in a cool solution and removal of the 

Interference by arsenic is not serious in a nitric acid electrolyte and can be 

overcome by re-electrolysis in a new electrolyte in which the deposit is made the anode. 

Molybdenum, on the other hand, causes less trouble in a sulfuric acid electrolyte, and its 

effect can also be overcome by re-electrolysis. Iron is less objectionable if it is first 

rendered bivalent and the electrolyte is kept cold. Electrolysis in animoniacal solu¬ 

tion also yields good .separations of copper from salts of arsenic acid (see p. 265). 

Sexivalent compounds of selenium or tellurium in moderate amount do not interfere 

in a nitric acid electrolyte. 

J. A. Scherrer, R. K. Bell, and W. D. Mogerman, /. Research NBSy 22, 697 (1939). 
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cathode as soon as deposition is complete. Oxidation is avoided by the 
same procedure during electrolysis and by but brief heating of the deposit. 

PROCEDURE. Prepare a solution containing from 0.5 mg to 5 g of copper, 
5 ml of sulfuric and 3 ml of nitric acids, and none of the objectionable com¬ 
pounds that have been mentioned. If more acid is originally present, it 
can be neutralized with ammonium hydroxide if in moderate amount, or 
removed by evaporation if in considerable excess. Transfer to a 250-ml 
beaker, dilute to 200 ml, and insert the weighed cylindrical cathode so that 
the surface of the cathode clears that of the anode by at least 5 mm. 
Cover the beaker with split watch glasses, and electrolyze, preferably over¬ 
night, with a current of 0.5 ampere and 2 volts. Rinse off the glasses, and 
test for complete deposition. When no more copper can be detected, con¬ 
tinue the current, and raise the cathode gradually as it is thoroughly washed 
with water. Rinse with alcohol, dry for 1 minute at 100*^ C, cool in a 
desiccator, and weigh. In accurate analyses the electrolyte must be tested 
with hydrogen sulfide, after concentration^ and its copper content deter¬ 
mined, while the weighed deposit must be tested for such impurities as 
might be expected from the character of the material under test and the 
preliminary separations that were made.^^ 

B. IODIDE METHOD 

The iodide method depends on the fact that cuprous iodide and iodine 
are formed when acidified solutions of cupric salts are treated with potas- 
sium iodide. The method is nearly as accurate as the electrolytic method 
at its best and possesses the advantage of being less subject to interfering 
elements, a consideration that makes it extremely useful for the analysis of 
complex materials like copper ores. The chief interfering substances are 
oxides of nitrogen; compounds such as trivalcnt arsenic or antimony that 
react with iodine; compounds such as trivalent iron, sexivalent molyb¬ 
denum, or selenium that liberate iodine; mineral acids in the presence of 
quinquevalent arsenic or antimony or in concentration over 3 per cent 
by volume in their absence; and excessive amounts of ammonium acetate if 
acetic acid is the only acid present. Among the noninterfering elements 
may be mentioned zinc, quinquevalent arsenic and antimony, bismuth, lead, 
and silver. The three latter, however, consume iodide and require the 
addition of extra reagent. The reaction is usually carried out in acetic 
acid solution, of which as much as 50 per cent by volume can be used. An 
excess of potassium iodide, usually 5 g per 100 ml of solution, is necessary. 
The titration of the liberated iodine is carried out with a thiosulfate solution 

which has been standardized by titration of a known amount of copper 

it appears desirable to redeposit the copper, the first deposit must be very 

carefully dissolved in dilute nitric acid and in a deep-form beaker, for there is con¬ 

siderable danger of mechanical loss in the escaping gases. 
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carried through the method, and starch is not added until most of the 
iodine has been used up in order to avoid the separation of a difficultly 
soluble starch-iodine compound.^® 

The following description of the method as applied to ores serves as an 
illustration of the details of the process when applied to a complex material; 
for simple mixtures or pure salts the method can be shortened in the light 
of the r&ume just given. 

PROCEDURE. Weigh enough sample to give 0.05 to 0.25 g of copper, 
treat in a 250-ml beaker with 7 ml of hydrochloric acid, and warm. Add 
10 ml of nitric acid, and heat gently until the ore is decomposed. Next 
add 7 ml of sulfuric acid, heat until fumes of sulfuric acid are given off, 
cool, and add 30 ml of water. Warm until soluble salts are dissolved, cool, 
and add 4 g of granulated zinc. Shake for 5 to 10 minutes, heat until the 
zinc is gone, and add 25 ml of hydrogen sulfide water. Filter, wash the 
residue with feebly acidulated hydrogen sulfide water until iron is removed, 
and then wash the copper back into the beaker with as little water as pos¬ 
sible. Add 7 ml of nitric acid, heat to dissolve the copper, and boil to 
expel oxides of nitrogen. Pour the hot solution through the filter, wash the 
paper with a few milliliters of bromine water, and finally wash the beaker 
and paper with hot water. Boil the filtrate until all bromine is expelled, cool, 
*and add ammonium hydroxide until the solution just turns blue. Avoid an 

excess. Acidify with acetic acid, add 3 to 4 ml of 80 per cent acid in excess, 

and cool to room temperature. Add 3 to 5 g of potassium iodide, dissolved 

in a little water, stir well, and immediately titrate with a standard solution 

of thiosulfate, preferably having a titer equal to 0.005 g of copper. When 

the brown tints have nearly disappeared, add 5 ml of starch solution (p. 

191), and continue the titration until 1 drop changes the color from blue to 

yellowish-white.^^ 

According to A. 11. Low, A. J. Weinig, and W. P. Schoder [Technical Methods of 
Ore Analysis, 11th ed., p. 116, John Wiley & Sons (1939)], the end point in the presence 

of considerable cuprous iodide can be rendered sharper by adding approximately 1 mg 

of silver nitrate. The yellowish color of silver iodide neutralizes the purplish tinge of 

the cuprous iodide. H. W. Foote and J. E. Vance [/. Am. Chem. Soc., 57, 845 (1935)] 

recommend that 2 g of ammonium thiocyanate be added just before the addition of the 

starch solution, for the purpose of converting the buff-colored cuprous iodide to the less 

soluble white cuprous thiocyanate, thus releasing adsorbed iodine as well as sharpening 

the end point. J. R. Caldwell (ibid., 96) states that the end point can be greatly im¬ 

proved by adding 0.5 to 1.0 ml of a 4 per cent alcoholic solution of white shellac, slowly 

and while swirling the solution, when most of the iodine has been consumed, and allow¬ 

ing the precipitate to settle for 20 to 30 seconds before resuming the titration. The 

shellac has a two-fold function: it causes the precipitated cuprous iodide to flocculate 

rapidly and settle out as heavy curds, and it also deactivates the surface so that further 

adsorption of the blue iodo starch is reduced. 

21 The effect of iron can be overcome, and the oxidation of arsenic assured in material 

such as arsenopyrite, by proceeding as follows: Treat 1 g of sample with 15 ml of nitric 
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C. THIOCYANATE METHOD 

The thiocyanate method is based on the precipitation of insoluble cuprous 
thiocyanate after reduction with sulfurous acid in a feebly acid solution. 
The precipitate can be weighed as such, but is usually dissolved and oxi¬ 
dized by a standard solution of iodate or permanganate. Precipitation can 
be carried out in the presence of 1 per cent by volume of either sulfuric 
or hydrochloric acid, preferably the latter if much arsenic is present. 
Addition of 2 to 3 g of tartaric acid as specified in Section III is desirable 
for the prevention of hydrolysis when bismuth, antimony, or tin is present. 
The solution should contain no more than 0.2 g of copper per 100 ml, and 
a three- to five-fold excess of precipitant must be used. A larger excess is 
undesirable, for the precipitate is somewhat soluble in strong concentra¬ 
tions of thiocyanate.-^ It is also more soluble in hot than in cool solutions. 

In accurate analyses the precipitation can be made in hot solutions which 

arc then allowed to cool before filtration. Routine analyses are preferably 

made in hot solutions, for precipitation and filtration are more rapid. 

Filtration can be done through paper or asbestos or platinum felt, and the 

precipitate is usually washed with a cool 1 per cent solution of ammonium 

sulfate, followed by 20 per cent alcohol if the precipitate is to be weighed 

as such. 

Factors that interfere in the precipitation arc oxidizing agents, high acid¬ 

ity, and excessive amounts of ammonium salts or of the thiocyanate pre¬ 

cipitant. Compounds that contaminate the precipitate are lead, mercury, 

precious metals,^^ tellurium, and selenium when it is present in quantity, 

especially in hydrochloric acid solution. The coprecipitation of some of 

acid, and evaporate to 5 nil. Add 10 ml of hydrochloric acid and 10 ml of sulfuric 

acid, and evaporate to dense white fumes. ATakc sure of the oxidation of arsenic by 

adding 10 ml of nitric acid and 10 ml of hydrochloric acid, again fuming to remove 

all nitric acid and diluting with 20 ml of w’ater, or by adding 20 ml of water and 10 

ml of saturated bromine water and boiling to expel bromine. Add ammonium hydrox¬ 

ide until the blue copper complex begins to appear, and then 6 N ammonium hydroxide 

dropwise until the solution smells faintly of ammonia. Now treat with 2.0 g of am¬ 

monium bifluoride (1 g NH4HF2 for each 0.1 g of iron), stir to effect solution, add 

10 ml of a 3 M solution of potassium iodide, and titrate with thiosulfate. In this method 

iron is converted to a stable complex fluoride ion, and reduction of arsenic (also anti- 

monic and selenic) acid is avoided by keeping the pH of the solution at approximately 

3.3 IW. R. Crowell, T. E. Hillis, S. R. Rittenberg, and R. F. Evenson, Ind, Eng. Chem. 
Anal. Ed., 8, 9 (1936)]. For further discussions of the method, consult B. Park, ibid., 3, 

77 (1931); H. W. Foote and J. E. Vance, ibid., 8, 119 (1936), and 9, 205 (1937); W. R. 

Crowell, S. H. Silver, and A. T. Spiher, ibid., 10, 80 (1938); W. R. Crowell, ibid., 11, 

159 (1939); and W. R. Crowell and A. T. Spiher, ibid., 12, 147 (1940). 

--The concentration should not exceed 0.05 N according to I. M. Kolthoff and 

G. H. P. V. d. Meene [Z. anal. Chem., 72, 337 (1927)]. 

If certain precautions are taken, copper can be separated from platinum, palladium, 

iridium, and rhodium [W. H. Swanger and E. Wichers, loc. cit.]. 
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these elements is not necessarily harmful; lead, for example, would not be 
undesirable if the electrolytic method is to follow, nor would lead, mercury, 
or silver interfere in the iodide method. Among the noninterfering ele¬ 
ments can be mentioned bismuth, antimony, tin, arsenic, iron, nickel, 
cobalt, manganese, zinc, and cadmium. 

PROCEDURE. Prepare 150 to 300 ml of a hydrochloric or sulfuric acid 
solution containing not more than 0,1 g of copper and none of the inter¬ 
fering elements that have been discussed. Add a saturated solution of 
sulfur dioxide in 20-ml portions until, after standing for one-half hour on 
the steam bath, the solution still smells of sulfur dioxide and is a pale 
yellow. Cool, and neutralize most of the free acid by adding a solution 
of sodium hydroxide until a permanent precipitate just begins to form. 
At this point, clear the solution by adding 8 to 10 drops of hydrochloric 
acid, and then, for every 50 mg of copper present, add, drop wise from a 
burette and with constant stirring, 10 ml of a 2 per cent solution of ammo¬ 
nium thiocyanate in a saturated solution of sulfur dioxide. Let stand for 
several hours, preferably overnight, filter on a tight paper lined with filter 
paper pulp, and wash with a cool 1 per cent solution of ammonium 

sulfate. 

,For precipitation in the presence of bismuth, antimony, etc., see under 

Section III. 

The determination can now be finished by gravimetric or volumetric 

methods. 

a. Gravimetric Methods, a. Place the paper and precipitate in a porcelain 

crucible, and dry at 110° C. Cover with a Rose lid, and displace air by 

hydrogen. With the current of hydrogen still flowing, heat the crucible 

over a low flame until the cuprous thiocyanate has been decomposed. 

Remove the lid, burn the carbon in air, cool, replace the cover, again 

displace air by hydrogen, and heat until the oxide has been reduced. Cool 

as the stream of hydrogen is continued, and weigh as metallic copper. 

If the precipitate has been caught on asbestos or a platinum felt, the 

final washing can be done with a 20 per cent solution of alcohol and the 

precipitate weighed as CuCNS after drying at 105 to 120° C. 

b. Volumetric Methods, a. lodate method,^ ^ When iodate is added to 

a strong hydrochloric acid solution of cuprous thiocyanate, the latter is 

oxidized, and iodine is set free. When the oxidation is complete, further 

addition of the iodate converts the iodine to colorless iodine chloride, ICl. 

PROCEDURE. Transfer the paper and contents to a glass-stoppered 250-ml 

flask. Add about 5 ml of chloroform, 20 ml of water, and 30 ml of hydro- 

2-^0. S. Jamieson, L. H. Levy, and H. L. Wells, /. Am. Chem. Soc., 30, 760 (1908). 

For an application of the method to the potentiometric determination of copper in 

alloys, see H. B. Hope and M. Ross, Ind. Eng. Chem. Anal, Ed., 6, 316 (1934). 



252 COPPER 

chloric acid. Titrate with a standard solution of 0.2 iV potassium iodate 
by adding moderate portions, stoppering the flask, shaking vigorously, and 
so continuing as long as the color of the chloroform increases. When the 
color begins to weaken, add smaller and smaller portions until the last 
addition causes it to disappear sharply. 

p. Permanganate method^'* Dissolve the precipitate, preferably contained 
in a Gooch crucible, in 30 ml of a hot 10 per cent solution of sodium 
hydroxide, wash the asbestos well with water, and heat the solution to 50° C. 
Titrate slowly with a standard solution of potassium permanganate, using 
drops of a strongly acidified solution of ferric chloride as outside indicator. 
When but a faint red is obtained, add 30 ml of dilute sulfuric acid (1 + 1), 
stir until all Mn02 is dissolved, and continue the addition of permanganate 
solution to the usual pink tint. 

D. SULFIDE METHOD 

The precipitate obtained in the sulfide method is rarely pure unless care¬ 
ful preliminary separations have been made, and it is easily oxidized or 
rendered colloidal. During filtration and washing, the filter must be kept 
two thirds full, and the precipitate should never be washed with hot water. 
Very little loss occurs if the sulfide is w ashed with moderate amounts of 
cold water or w^ater saturated with hydrogen sulfide, and still less with 
acidulated hydrogen sulfide water. The sulfide is usually ignited to the 
oxide at 700 to 900° C in a good oxidizing atmosphere. The ignited oxide 
is slightly hygroscopic but can be weighed safely in a well-covered crucible. 
It is difficult to drive off all sulfur from large precipitates; therefore the 
method is undesirable for the determination of more than a centigram of 
copper. The conversion of the sulfide to cuprous sulfide, CU2S, by mixing 
with sulfur and heating at dull redness in an atmosphere of hydrogen in a 

Rose crucible is tedious and has nothing to commend it. 

PROCEDURE. Prepare a sulfuric or hydrochloric acid solution of copper 

that is free from other members of the hydrogen sulfide group and prefer¬ 

ably from nitric acid. Adjust the acidity so that the solution contains 

approximately 5 per cent by volume of the acid, heat to boiling, and pass 

in a current of hydrogen sulfide as the solution cools. When it is cool, 

discontinue the flow of gas, let the precipitate settle, filter, and keep the 

filter well filled with solution. Wash wath a 1 per cent solution of the 

acid saturated with hydrogen sulfide, still keeping the filter well filled, thus 

avoiding undue exposure of the sulfide to the air. Finally drain as quickly 

as possible, place paper and precipitate in a porcelain crucible, dry over a 

moderate flame, char without inflaming, and then burn off carbon. Ignite 

at approximately 1100° C, cool in a desiccator, and weigh as CuO. Repeat 

J. Demorest, loc. ctu 
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the ignition to constant weight. If desired, final ignition can be under 

hydrogen (p. 373) and the residue weighed as metallic copper. 

E. COLORIMETRIC METHODS 

Two methods arc in common use, the ammonia and the diethyldithio- 

carbamate methods.^^ The former is not too sensitive and is best confined 

to the determination of milligram quantities of copper. Organic matter 

and elements that give precipitates or colored solutions with ammonia must 

be absent, and the ammoniacal solution must not be filtered through paper, 

for copper in such solutions combines with or is reduced by impurities in 
the cellulose. 

'The diethyldithiocarbamate method is quite sensitive and should be limited 
to the determination of microgram quantities of copper. The reagent reacts 

with a number of elements,"” but most can be complexed with citric or 

tartaric acid, dimethylglyoxime, and cthylenediaminetetraacetic acid,"® so 

that the reagent is reasonably specific for copper. The copper complex 

can be extracted in organic solvents such as butyl acetate, and compared 

with standards in an ordinary colorimeter or by measuring the absorbancy 

in a photoelectric colorimeter. 

20 G. Bischof, Dingier's Polytech. /., 184, 433 (1867); J. Milbauer and V. Stanek, 
Z. mial. Chetn., 46, 644 (1907); A. H. Low, A. J. Weinig, W. P. Schodcr, Technical 
Methods of Ore Analysis^ 11 ed., p. 129, John Wiley & Sons (1939); O. I. Milner, Anal. 
C.bem.^ 18, 94 (1946). For the use of triethanolamine, consult J. H. Yoc and C. J. 
Barton, Ind. Eng. Cheni. Ami. Ed., 12, 456 (1940), and j. P. Mehlig and D. Durst, 
QheimsuAnalyst, 37, [3] 52 (1948). 

27 T. Callan and J. A. R. Henderson, Analyst, 54, 650 (1929). 
2«D. L. Drabkin, ]. Assoc. Offic. Agr. Chemists, 22, 320 (1939). A. H. Low, A. J. 

Weinig, and W. P. Schodcr, Technical Methods of Ore Analysis, 11th ed., John Wiley 
& Sons (1939). O. I. Milner, Anal. Chem., 18, 94 (1946). 

2f’L. A. Haddock and N. Evers, Analyst, 57, 495 (1932); L. I. Butter and H. O. 
Allen, /. Assoc. Offic. Agr. Chemists, 25, 569 (1942); V. Sedivec and V. Vasak, Co/- 
Icction Czechoslov. Chem. Communs., 15, 260 (1950); J. L. Hague, E, R. Brown, and 
11. A, Bright, /. Research NBS, 47, 380 (1951). 



Chapter 12 

CADMIUM 

According to Clarke ^ cadmium is a relatively rare metal found in asso¬ 
ciation with zinc which it resembles. It occurs usually as the sulfide, green- 
ockite. Although cadmium is not used to a great extent in metallurgical 
materials, it occurs often enough to make its determination a matter of 
interest. 

I. GENERAL CONSIDERATIONS 

Cadmium does not separate in an ordinary analysis, save as sulfide, except 
in such amounts as may be carried down by precipitates, for it is not precipi¬ 
tated by ammonium hydroxide or oxalate in the presence of ammonium 
chloride, and its precipitation as phosphate in strong ammoniacal solution 
takes place very slowly and incompletely. 

II. ATTACK OF CADMIUM MINERALS 

The attack of cadmium minerals is done as is described for zinc (p. 425). 

III. METHODS OF SEPARATION 

Methods for the separation of cadmium arc particularly important, for 
methods for its determination require freedom from most other elements. 

Chief among the separations are those based on the behavior of its 

sulfide; thus it can be separated from elements other than those of the 

hydrogen sulfide group by precipitation with hydrogen sulfide in acid 

solution (p. 58), from the arsenic group by precipitation with sodium 

sulfide,^ from copper by precipitation in cyanide solution, and from certain 
members of the hydrogen sulfide group by adjusting the acidity. The 

sulfide is precipitated most readily from sulfuric acid solution. The presence 

of much alkali chloride prevents its precipitation even from quite weak 
hydrochloric acid solutions.^ 

^ F. W. Clarke, The Data of Geochemistry, 17. S. GeoL Survey Bull. 770, p. 14. 
-'According to B. S. Evans [Analyst^ 54, 395 (1929)], tin prevents the precipitation 

of cadmium by “ammonium sulfide” (apparently NH4HS); precipitation by (NH4)2S 
is quite satisfactory. 

8 A. S. Cushman, Z. anal. Chem., 34, 368 (1895). 
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For the separation of cadmium from copper see p. 248. In tests by 
H. B. Knowles, 1.5 to 2.0 mg of cadmium were retained by a precipitate 
obtained by immediate filtration and washing (9 N sulfuric acid saturated 
with hydrogen sulfide), after treatment with hydrogen sulfide for 30 min¬ 
utes at 95 to 100° C in 300 ml of a 9 AT sulfuric acid solution containing 
0.05 g each of cadmium, copper, bismuth, arsenic, antimony, and tin. 
Complete separation of cadmium was obtained by dissolving the precipitate 
and again precipitating. 

Complete separation of cadmium from zinc, particularly if the latter is 
in large excess is difficult. Best results are obtained by passing hydrogen 
sulfide into a hot 3 N sulfuric acid solution containing the sulfates of the 
two elements, and then continuing the current of the gas for 1 to 1.5 hours 
as the solution is allowed to cool. If zinc was preponderant, the precipitate 
should be dissolved in hot dilute hydrochloric acid (1 + 1), the solution 

evaporated to fumes with a slight excess of sulfuric acid, and the precipi¬ 

tation repeated. 
Fairly satisfactory separations can be had by electrolyzing with sta¬ 

tionary electrodes in hot oxalic-oxalate solution, or with a rotating cathode 

in very weak sulfuric acid solution.^ 

Cadmium can be quantitatively precipitated in a hot 5 per cent solution 

of sodium hydroxide, but the reaction does not yield good separations 

from zinc. 

According to R. W. Coltman,® an excellent preliminary separation of 

cadmium from large amounts of zinc, as in sheet zinc, can be obtained as 

follows: Treat 20 g of clipped sheet zinc with 150 ml of w^ater and 30 ml 

of concentrated sulfuric acid. When the action of the acid has almost 

ceased, filter, wash the residue of “metallics” with a little water, and reserve. 

To the filtrate, which should not exceed 200 ml in volume, add a few 

drops of sulfurous acid, and then 2 g of potassium iodide. Cool to 20° C 

or lower, and add a solution of 0.1 g of /3-naphthoquinoline in 10 ml of 

2 N sulfuric acid. If a precipitate forms, filter, let drain without washing, 

and discard the filtrate, which contains most of the zinc. Dissolve the 

residue on the paper in hot water, and add the reserved “metallics,” which 

contain most of the cadmium. Treat with nitric and sulfuric acids, and 

a method in which cadmium is reduced to the metal by boiling with granular 
aluminum (<40 mesh) in dilute sulfuric acid solution (0.5 + 99.5) and separated 
from zinc and other nonreducible elements, consult F. E. Townsend and G. N. Cade, 
Jr., Ind, Eng. Chem. Anal. Ed,, 12, 163 (1940). 

Private communication. See also A. Pass and A. M. Ward, Analyst, 58, 667 (1933), 
and R. Berg and O. Wurm, Ber., 60, 1664 (1927). The latter stated that precipitation 
with /3-naphthoquinoline can also serve to separate cadmium from cobalt, nickel, man¬ 
ganese, ferrous iron, chromium, aluminum, magnesium, and, in the presence of tartaric 
acid, from tin and antimony. 
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evaporate to fumes of the latter. Cool, dilute with water, and separate 
the cadmium from the remainder of the zinc by two precipitations with 
hydrogen sulfide. Under the conditions, as little as 0.2 mg of cadmium 
gives a turbidity, and 0.5 mg an easily filterable precipitate with /?-naphtho- 
quinoline. 

Cadmium can be separated from zinc by electrolytic deposition in an 
alkaline-cyanide solution at a controlled cathode potential of —1.3 volts 
toward a saturated calomel electrode.® Less than 0.3 mg of zinc is deposited 
with the cadmium, but the results for cadmium arc slightly high. For 
accurate work the cadmium should be dissolved and weighed as the sulfate 
or pyrophosphate. 

The separation of cadmium from copper is easily done by electrolytic 
deposition of the latter in fairly strong nitric acid solution (p. 247), or in 
nitric-sulfuric acid solution if but little cadmium is present. Electrolysis 
in sulfuric acid solution is not satisfactory. Also satisfactory are precipita¬ 

tions of copper by thiocyanate (p. 244), and by boiling with sodium thio¬ 

sulfate (5 to 10 g) in dilute sulfuric acid (3 to 5 ml per 100 ml). 

Lead is separated as the sulfate (p. 224) or, when present in moderate 

amount, by electrolytic deposition as the dioxide (p. 226). 

Bismuth is separated by precipitation as bismuthyl chloride (p. 233), 

bromide (p. 233), basic bismuth nitrate (p. 234), or sulfide (p. 234). 

The separation of mercury from cadmium is based on the insolubility of 

the sulfide of the former in nitric acid (p. 214). 

IV. METHODS OF DETERMINATION 

The most satisfactory method for the determination of cadmium is that 

in which it is weighed as the sulfate after the separation of all other sub¬ 

stances that leave a residue upon evaporation with sulfuric acid. The only 

other method that merits consideration here is the electrolytic method. 

A. BY FINAL WEIGHING AS THE SULFATE 

The chief difficulty in this method is one that also occurs in similar 

determinations of zinc and manganese: namely, that it is hard to expel all 

sulfuric acid. The ignited cadmium sulfate must therefore be dissolved in 

water, reheated, weighed, and the process repeated until constant weight is 

obtained. 
PROCEDURE. Separate the cadmium from all other substances that leave 

a residue upon evaporation with sulfuric acid. If it is combined with a 

volatile aci^ transfer it to a weighed platinum crucible, treat with a 

•Harvey Diehl, Electrochemical Analysis with Graded Cathode Potential Control, 
p. 52, G. F. Smith Chemical Co., Columbus, Ohio (1948). 
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moderate excess of dilute sulfuric acid (1 + 1), and evaporate as far as 
possible on the steam bath. Place in a radiator (p. 24), heat carefully 
until sulfuric acid ceases to escape, and increase the heat to approximately 
500° C. Cool, dissolve the residue in a little water, carefully evaporate, 
and again heat. Cool, weigh, and repeat the operation until a constant 
weight is obtained. 

If cadmium has been separated as the sulfide, transfer as much of the 
precipitate as possible to a small beaker, and reserve the funnel and paper. 
Cover the beaker, treat the precipitate with dilute hydrochloric acid 
(1 + 3), heat gently until the precipitate has dissolved and the evolution 
of hydrogen sulfide has ceased, and then remove and wash the cover glass. 
Place the beaker under the reserved funnel, and dissolve any sulfide adhering 
to the paper in hot dilute hydrochloric acid (1 + 3). Evaporate the solu¬ 
tion to a small volume, transfer to a weighed platinum crucible, and proceed 
as has been described. 

The cadmium sulfate should be white and should dissolve to a clear solu¬ 
tion in water. A yellow or brownish color may be due to partial decompo¬ 
sition of the sulfate. In this case the residue should be moistened with 
dilute sulfuric acid and the process repeated at a slightly lower temperature. 

B.. ELECTROLYTIC 

An accurate electrolytic determination of cadmium is best made with 
stationary electrodes in a faintly alkaline solution containing only enough 
potassium cyanide to keep the cadmium in solution.^ Less accurate but 
rapid determinations in routine analyses can be made at a higher current 
density with a rotating cathode in very dilute sulfuric acid ® or a rotating 
anode in sulfuric, formic, or acetic acid solutions.® The elements that 
interfere in deposition from sulfuric acid solution are essentially the same 
as those mentioned under copper (p. 247); a number of elements such as 
zinc and silver interfere in the cyanide solution; in any case it is customary 
to free the cadmium from practically all other elements. 

PROCEDURE. Prepare a sulfuric acid solution that is free from interfering 
substances, evaporate to fumes of the acid, cool, dilute, and filter if a 
residue remains. Add a drop of phenolphthalein and then sodium or potas¬ 
sium hydroxide, until a permanent pink color is just obtained, and finally 
a 10 per cent solution of sodium or potassium cyanide, drop by drop and 

with constant stirring, until the cadmium hydroxide just dissolves. Care¬ 
fully avoid an excess. Dilute to 100 to 150 ml, and electrolyze in a cool 
solution with a weighed platinum gauze cathode and a current of 0.5 to 0.7 

^F. Bcilstcin and L. jawein, Ber,y 12, 759 (1879). 
«H. E. Medway, Am. ). Sci., [41 18, 56 (1904); C. P. Flora, ibid., [4] 20, 268, 392, 454 

(1905). 
®E. F. Smith, Electro-Andy sis, 6th ed., p. 94, P. Blakiston’s Son and Co. (1918). 
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ampere at 4.8 to 5.0 volts. At the end of 5 to 6 hours, increase the current 

to 1 to 1.2 amperes, and continue the electrolysis for another hour. Wash 

the cover glass and sides of the beaker, and continue the electrolysis for 

15 minutes. If the newly exposed surface of the cathode remains bright, 
continue the current, and drop the electrolyte as the cathode is well washed 

with water, then with alcohol, and finally with ether. Dry at 100^ C, cool, 

and weigh. Test the electrolyte for cadmium by saturating it w ith hydro¬ 

gen sulfide. 

C. OTHER METHODS 

The determination of cadmium by weighing as the sulfide is worthless, 

for the composition of the sulfide, whether throwm out from acid or from 

alkaline solution, is uncertain and cannot be corrected by ignition of the 

precipitate with sulfur in a current of hydrogen or hydrogen sulfide. 

Titration of the sulfide with iodine in acid solution is also unsatisfactory.'^ 

Fairly good results can be obtained by the precipitation of cadmium as 
the phosphate in a cool faintly acid solution (see Zinc, p. 432) free from 

excessive amounts of ammonium salts, followed by ignition to the pyro¬ 

phosphate at 800 to 900° C." The method, however, is not so accurate 

as the sulfate method and requires the removal of a number of elements 
such as zinc, bismuth, and iron. 

So many elements interfere in the determination of cadmium by precipi¬ 

tating and w^eighing as the molybdate or by titrating with a standard 
solution of molybdate that the methods cannot be applied until cadmium 

has been isolated^^ 

•‘^According to H. B. Weiser and E. J. Durham [/. Phys. CheT?i., 32, 1061 (1928)], 
the sulfide that is obtained in acid solution is not a double salt, but cadmium sulfide 
contaminated by adsorbed cadmium salt. 

M. Austin, A?n. /. Sci., |4] 8, 214 (1899); 14, 156 (1902); E. H. Miller and R. W. 
Page, Z. ajtorg. Chem.y 28, 233 (1901). 

C. Wiley, Ind. Eng. Chau. Anal. Ed., 3, 14 (1931). 



IL ELEMENTS THAT YIELD SULFIDES THAT ARE INSOLUBLE IN ACIDS 
BUT ARE SOLUBLE IN SOLUTIONS OF ALKALI SULFIDES 

Arsenic, Antimony, Tin, Germanium, Molybdenum, Rhenium, Selenium, 
Tellurium (and entirely or in part Gold, Platinum, and Iridium) 

Chapter 13 

ARSENIC 

Arsenic is very widely diffused in nature, and traces of it exist normally 
even in organic matter. It is found native, in two sulfides, in various arse¬ 
nides and sulfarscnides of the heavy metals, as oxide, and in a considerable 
number of arsenates. Arsenopyrite is the commonest arsenical mineral. 
It is not an uncommon ingredient in mineral, especially thermal, springs.^ 
Id most metallurgical products, arsenic is regarded as an impurity and 

usually occurs in amounts much less than 0.1 per cent. 

I. GENERAL CONSIDERATIONS 

In the analysis of rocks small amounts of arsenic cause no trouble, for 
any that remains trivalent after the solution treatment is volatilized during 
the evaporations with hydrochloric acid incidental to the dehydration of 
silica; while that which is quinquevalent is precipitated as basic iron or 
aluminum arsenate with the ammonia precipitate, and probablv entirely 
reduced and volatilized during the succeeding ignition of the paper and 

precipitate. Quite different is the case in the analysis of metallurgical 

products where the solution attack is usually oxidizing. For example in 

the analysis of ferrous materials, arsenic causes difficulties in the determina¬ 

tion of phosphorus, whereas with nonferrous alloys it may interfere in 

determinations such as those of tin, antimony, and copper. 

II. ATTACK OF ARSENIC MINERALS 

In all wet attacks of arsenic minerals, volatilization of arsenious chloride 

must be avoided, and consequently the solution treatment must be an 

oxidizing one. For the solution of arsenopyrite, the finely ground sample 

1F. W. Clarke, U, S. Geol. Survey Bull, 770, 14. 
259 
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is first oxidized by digestion at room temperauire in an aqueous solution 
of bromine in potassium bromide, then cautiously treated with small por¬ 
tions of nitric acid, and finally evaporated to dryness. The nitrates are 
then converted to chlorides or sulfates if desired. Metallic arsenic, arsenious 
sulfide, or most metallic arsenides can be dissolved in fuming nitric acid or 
aqua regia. Such arsenides as are not soluble in these treatments arc fused 
with a mixture of sodium carbonate and niter or arc suspended in potassium 
hydroxide solution and treated with chlorine. Some native arsenates require 
fusion with sodium carbonate. Niter is added if the mineral is not fully 
oxidized, and potassium carbonate is substituted for the sodium salt if anti¬ 
mony is present. No arsenic is lost in a fusion with sodium carbonate and 
niter, but appreciable arsenic is lost if the trivalent compound is fused with 
carbonate alone.^ Fusion with dehydrated and pulverized sodium thiosulfate 
was recommended by E. Donath.® 

When trivalent and quinqucvalent arsenic is treated with hydrofluoric 
and sulfuric acids, trivalent arsenic alone is volatilized as the fluoride.^ 

Under these conditions ferrous sulfate does not reduce quinqucvalent 
arsenic, and ferric sulfate does not oxidize trivalent arsenic. With sulfuric 
acid alone, trivalent arsenic is not volatilized at temperatures under 200° C.‘ 

III. METHODS OF SEPARATION 

In all separations, the volatility of trivalent arsenic in hydrochloric acid 
solution should be borne in mind. Continued boiling of quiquevalent arsenic 
in hydrochloric acid solution containing no oxidizing agent should be 
avoided, lest slow reduction and volatilization occur. 

The best method for the separation of arsenic from other elements lies 
in its distillation from a hydrochloric acid solution containing all of the 
arsenic in the trivalent state. In such a separation, germanium is the only 
element, so far as known to us, that will accompany arsenic quantitatively. 

Others such as antimony, quadrivalent tin, and bivalent mercury may vola¬ 

tilize to some extent, according to the procedure that is employed, but the 

contamination is negligible if the distillation is made from dilute solutions 

of the elements and the temperature of the vapor is held under 108° CJ 

2 E. T. Allen and E. G. Zies, /. Am. Ceram. Soc.y 1, 741 (1918). For an oxygen-bomb 
combustion method for breaking down materials containing small amounts of arsenic, 
see F. P. Carey, G. Blodgett and H. S. Satterlee, Ind. Eng. Chem. Anal. Ed., 6, 327 (1934). 

8 2. anal. Chem., 19, 23 (1880). 
* Hydrofluoric acid sometimes contains particles of the material of which the con¬ 

tainer is made. These, as well as dissolved organic matter, must be avoided. If facilities 
for purifying the acid are not at hand (see Reagents, p. 38), pure ignited NaF in 
concentrated solution can be used as the source of the acid in the attack. 

8 For a discussion of the theoiy^ of the distillation, see L. Moser and J. Ehrlich, Ber., 
55, 437 (1922). 
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In the rare occurrence of germanium, this element had better be first sepa¬ 
rated from quinquevalent arsenic by volatilization from hydrochloric acid 
solution in a current of chlorine (p. 298), and arsenic then volatilized after 
expulsion of chlorine and reduction to the trivalent state. Moderate 
amounts of sulfuric acid arc not objectionable. Nitric acid and nitroso 
compounds should be eliminated by adding sulfuric acid and evaporating 
to heavy fumes, without, however, prolonging the operation or overheating 
lest arsenic be slowly volatilized. As solu¬ 
tion treatments usually leave arsenic in 
the quinquevalent state, it must be reduced 
before distillation, by boiling with sulfur I 
in concentrated sulfuric acid solution (p. f] K ^ 
281) or by such reducing agents as cuprous |? ji 
chloride, ferrous sulfate, or sulfurous, hy- 
driodic, or hydrobromic acids. The dis- 
tillation apparatus need not be elaborate i \ 
(see Fig. 24), a 500- to a 1000-ml flask 
fitted with a three-hole stopper carrying ^11 
a thermometer extending to within 
inches of the surface of the liquid, a n 
separatory funnel and an outlet tube with 
spray trap, as show n in the figure, at- ^ 
tached to a vertical condenser being all 
that is required. The spray trap facilitates - 
the return flow of any solution that might 
be mechanically carried over, and uninter- ^ II- ^ 

rupted passage of vapor through the tube is ^ a ~ ^ i, ^ 
. ^ ^ , 1 . . , r . 24. Apparatus for distillation 
insured by blowing a hole in the side of it arsenic trichloride, 
about 2 cm from the open end within 
the flask. If arsenic is to be determined by iodometric titration of the 
neutralized distillate, the rubber stopper and rubber tubing must be made 
of rubber that is free from sulfur. When but little arsenic is in question, 
there is no need to pass a current of hydrochloric acid gas through the 
solution during distillation; with much arsenic, this is desirable. In such 
case the gas can be generated in a separate flask by dropping sulfuric acid 
into hydrochloric acid saturated with ammonium chloride. If the amount 
of arsenic is small, the distillate is caught under water contained in a beaker 
that is kept cold by ice or cold water; if the amount is large, or if a current 
of hydrochloric acid gas is maintained, there is danger of incomplete ab¬ 
sorption, and the absorption should be done in more efficient apparatus 
such as a Meyer bulb or a stoppered flask carrying suitable guard tubes. 
The distillate must be kept cold. In the distillation process as it is usually 
performed, 150 to 300 ml of hydrochloric acid are added to the solution of 
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arsenic, and then 15 to 30 g of cuprous chloride or ferrous sulfate, and 
the distillation is maintained until 100 to 200 ml of distillate are gathered 
or the temperature of the vapor begins to rise above lOS'^ C. When more 
than a centigram of arsenic is involved, 10 ml of hypophosphorous and 50 
ml of hydrochloric acids are added, and the distillation is repeated until no 
more arsenic is obtained.® 

L. Moser and J. Ehrlich*^’® asserted that tungstic and arsenic acids form 
complex compounds from which arsenic cannot be distilled by ordinary 
procedures. For this case they recommend that the distillation be made 
after evaporating the solution to small volume and then treating with 20 ml 
of glacial acetic acid, 120 to 150 ml of hydrochloric acid, and 30 ml of pure 
methyl alcohol. The distillation is continued for about 1 hour. If much 
arsenic is present, a mixture of 15 ml of hydrochloric acid and 15 ml of 
methyl alcohol is added, and the distillation continued for about one-half 
hour. 

For the separation of 1 mg or less of arsenic from as much as 10 g of 

tungstic oxide, T. Millner and F. Kunos ® recommend solution of the oxide 

in a 20 per cent solution of sodium hydroxide, acidification with phosphoric 

acid, warming for 1 hour on the steam bath, and distillation in a nonoxidizing 

atmosphere from an all-glass apparatus (p. 70) after the addition of dilute 

hydrochloric acid (5 + 1), 10 g of cuprous chloride, and 1 g of potassium 

bromide. 

Next in importance as a method for the separation of arsenic is the sepa¬ 

ration of the element by precipitation with hydrogen sulfide in strong 

hydrochloric acid solution. The separation is usually applied after a prior 

separation of the arsenic group and works well in the presence of tin and 

antimony, the elements that are usually encountered. It fails with elements 

such as germanium, molybdenum, mercury, and copper that also form 

difficultly soluble sulfides. The precipitation of the pentasulfide must be 

done by the passage of a rapid current of hydrogen sulfide through an ice- 

cold 10 N hydrochloric acid solution (p. 267). With weaker acid, the 

precipitation is slow, and, in w^armer solution, mixtures containing propor¬ 

tions of penta- and trisulfides are obtained. The precipitation of the trisul¬ 
fide can be performed in acidities up to 9 2V and at ordinary temperatures 

(p. 266); for this reason it is the one most often used. Arsenic in either 

valency can be separated from elements other than those of the hydrogen 

sulfide group by precipitation in acid solution (p. 60), and from elements 

of the copper group by precipitation in alkaline solution (p. 61), or less 

®For a distillation method in which arsenic, antimony, and tin are distilled in turn, 
sSee page 70. 

7 Op. city 430. 
®See also T. Millner and F. Kunos, Z. anal. Chem.y 107, 96 (1936). 
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satisfactorily by digestion of the mixed sulfides in alkaline sulfide solution 
(p. 63). Trivalent arsenic can be separated from quadrivalent tin and ger¬ 
manium by precipitation in hydrochloric-hydrofluoric solution (p. 63). 
According to Abrahams and Miillcr,® trivalent arsenic can be quantitatively 
separated from germanium by precipitating with hydrogen sulfide under 
pressure in a solution that is from 0.004 to 0.09 N with respect to sulfuric 
acid and contains 1 to 2 per cent of ammonium sulfate. Similar strengths 
of hydrochloric acid and ammonium chloride can be used insofar as the 
separation of arsenic is concerned, but they are undesirable because of the 
danger of losing germanium by volatilization of the chloride in subsequent 
operations. After precipitation, the solution is filtered and the arsenious 
sulfide washed with hydrogen sulfide water containing ammonium sulfate. 
The filtrate is made 6 N with sulfuric acid, and the germanium also precipi¬ 
tated as the sulfide, which will have a distinct yellow color if it contains 
more than 0.2 per cent of arsenic. 

Arsenic sulfide is soluble in ammonium hydroxide, in which medium it can 
be oxidized to the arsenate by hydrogen peroxide, preferably of 30 per cent 
strength. 

Quinquevaleiit arsenic can be separated from elements such as antimony 

or tin by precipitation with magnesia mixture in a cool, clear, ammoniacal 

solution containing ammonium tartrate or citrate. The precipitate will of 

course contain phosphorus if this clement was present, and the separation 

is subject to the same interfering substances as arc described under that 

element (p. 702). The arsenate is more soluble in ammonium hydroxide and 

in solutions of ammonium salts than is the phosphate, and it cannot be 

ignited in the presence of organic matter. Conflicting statements concerning 

the best conditions for precipitation have been made. Our experience is 

that the precipitation had better be repeated, excessive amounts of ammo¬ 

nium salts must be avoided, a comparatively large excess of magnesia mix¬ 

ture is needed, and the washing of the precipitate should be done sparingly 

with a dilute solution of ammonium hydroxide (5 + 95), never with a 

solution containing ammonium chloride or nitrate. Contamination by tin, 

antimony, and probably germanium is almost entirely avoided by the use 

of citrate or tartrate. Such small amounts of arsenic as would precipitate 

slowly, if at all, can be separated by freezing the solution and then allowing 

it to melt at room temperature.^^ For the ordinary case, the procedure is 

as follows: Prepare an acid solution of quinquevalent arsenic which is free 

from the interfering elements that have been cited. If arsenic has been 

distilled as the trichloride, first precipitate as the sulfide (p. 266), dissolve 

® H. J. Abrahams and J. H. Muller, /. Am. Chem. Soc., 54, 86 (1932). 
A. Levol, Ann. chim. [3], 16, 501 (1846). 

lip. A. Gooch and M. A. Phelps, Am. /. Scu, [4] 22, 492 (1906). 
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the precipitate in a little sodium hydroxide with the aid of an oxidizing 
agent such as hydrogen peroxide, acidify with nitric acid, and boil to small 
volume. Dilute to 100 ml if no more than 0.1 g of arsenic is involved, and 
then add 25 ml of magnesia mixture (p. 42); if elements such as tin, ger¬ 
manium, or antimony are present, add 3 g of citric or tartaric acid and 
50 ml of magnesia mixture. Add ammonium hydroxide, drop wise and 
with constant stirring, until the solution is alkaline and then 5 ml in excess 
for each 100 ml of solution. Allow to stand overnight, filter through paper, 
and wash the precipitation vessel, paper, and precipitate with two 20>ml 

portions of dilute ammonium hydroxide (5 + 95). Reserve the filtrate if 
tin, antimony, etc., are to be determined. Dissolve the precipitate in as 
little hot dilute hydrochloric acid (1 + 2) as possible, add 10 ml of magnesia 
mixture, dilute to 25 to 100 ml, depending on the amount of arsenic, and 
again precipitate by the slow addition of ammonium hydroxide which is 
finally added in 5 per cent by volume excess. Let stand for several hours, 

preferably overnight. Filter, wash very moderately as before with dilute 

ammonium hydroxide (5 + 95), and combine the filtrate with that already 

reserved. Dissolve the precipitate in hot dilute hydrochloric or nitric acid, 

and proceed with the determination of arsenic as in IV, A.^^ 

For the separation of arsenic from antimony, L. W. McCay^® recom¬ 

mended that the former be precipitated as silver arsenate in a feebly alkaline 

solution containing fluoride. The separation conveniently follows that of 

tin and is made as follows: Transfer the sulfides of arsenic, antimony, and 

quadrivalent tin to a platinum or quartz dish, treat with sulfuric acid and 

1 to 2 g of pure sulfur, and boil until the sulfides have dissolved. Dilute to 

200 to 400 ml, neutralize if necessary so that from 2 to 4 ml of acid is left, 

add 3 to 6 ml of hydrofluoric acid (45%), and filter into a platinum dish. 

Precipitate with hydrogen sulfide, filter, and wash the sulfides of arsenic 

and antimony with acidulated hydrogen sulfide water. Evaporate the fil¬ 

trate in platinum to expel hydrofluoric acid, and proceed with the determi¬ 

nation of tin by precipitation with ammonium hydroxide, or expel hydrogen 

sulfide by a current of carbon dioxide, add 4 to 8 g of boric acid, and 

precipitate the tin by hydrogen sulfide or cupferron. Transfer the sulfides 

of arsenic and antimony to a platinum dish, treat with fuming nitric acid, 

and expel most of the acid. Add 2 ml of hydrofluoric acid and a little 

water, warm until clear, and dilute to 100 ml. Cover with a quartz glass, 

heat to gentle boiling, and add 5 g of potassium persulfate in small portions 

at a time. Cool, and add a drop of methyl orange and then ammonium 

The use of magnesia mixture for the detection or determination of quinquevalent 
arsenic in the presence of trivalent arsenic is unsatisfactory [O. Lutz and R. Swinne, 
Z. moTg. Chem., 64, 298 (1909)]. 

w /. Am. Chem. Soc., 50, 368 (1928). 
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hydroxide until just yellow. Heat to boiling, add silver nitrate in slight 
excess, stir vigorously, add ammonium hydroxide if necessary to render the 
solution just alkaline to litmus, and then test for complete precipitation. 
Cool, filter, and wash with water containing 5 g of ammonium nitrate and 
0.25 g of silver nitrate per liter, and then with a little alcohol. Dissolve the 
precipitate in nitric acid, determine its silver content as in IV, B, and calcu¬ 
late the arsenic. Remove the excess of silver in the filtrate by a minimum 
of hydrochloric acid, filter into a quartz dish, and add 10 to 15 ml of sul¬ 
furic acid. Evaporate as far as possible on a water bath and then to fumes 
over a free flame. Add a piece of sulfur, boil for 20 minutes, cool, and 
proceed with the determination of antimony as described on page 281. 

Quinquevalent arsenic is not deposited and can be quantitatively separated 
from silver, copper, cadmium, and nickel by electrolysis in ammoniacal 
solution. 

li. S. Evans described a method in which tri- or quinquevalent arsenic 
is precipitated as the clement by reducing with hypophosphorous acid, 
H(H2P02), in boiling 33 per cent hydrochloric acid solution under a reflux 
condenser, and separated from elements such as iron, copper, lead, chro¬ 
mium, vanadium, manganese, nickel, cobalt, tin, and antimony. 

An excellent method for the preliminary separation of arsenic occurring 
in* small amounts in certain materials lies in its precipitation by ammonium 
hydroxide as basic iron arsenate, as for example in copper or in molybdenum 
ores. In such cases, the initial attack must insure the presence of quinque- 
valcnt arsenic; 0.1 to 0.2 g of ferric salt, if not already present, is added for 
every 10 mg of arsenic, and the precipitation is made as directed under 
molybdenum (p, 305). Other elements such as selenium, tellurium, phos¬ 
phorus, tungsten, vanadium, tin, and antimony will also be precipitated. 
Aluminum does not give such satisfactory results as iron.^® 

Minute amounts of arsenic (<0.1 mg) can be recovered by coprecipita¬ 

tion with magnesium ammonium phosphate, with which it forms mixed 

crystals. The arsenic must be converted to the quinquevalent state, treated 

with enough diammonium phosphate to furnish 0.5 g of P2O6 per 500 ml 

of solution, and precipitated with magnesia mixture and washed as in deter¬ 

minations of the phosphate ion (p. 702). Interference by elements such as 

iron, antimony, tin, aluminum, or zinc can be avoided by adding enough 

tartaric acid to hold them in solution. The washed precipitate is dissolved 

and its arsenic content determined as desired. 

Analyst, 54, 523 (1929). 
For example, in tests involving aluminum in 60-fold excess on the basis of 1 A1 -f 1 As, 

single precipitations as described on page 504 (Blum's method) yielded far from com¬ 
plete recoveries of either tri- or quinquevalent arsenic. Contrary to common opinion, 
arsenic that was caught in the precipitates was not quantitatively volatilized when the 
latter were caught on Alter paper and ignited at 1200^ C. 
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For the separation of traces (less than 0.1 mg) of arsenic from most 
other elements, the simplest method lies in its volatilization as arsine, AsHs 
by the action of zinc and sulfuric or hydrochloric acid upon a solution 
containing the element in the trivalent state (IV, D, p. 269). 

IV. METHODS OF DETERMINATION 

I^he tiirce most satisfactory methods for the determination of amounts 
of arsenic in excess of a milligram are (1) by weighing as the trisulfide, 
As^Sa; (2) by precipitation as silver arsenate of which the silver content 
is then determined by Volhard’s method; and (3) by iodimctric titration 
of the trivalent compound. There is but little to choose in point of accuracy 
betw^cen the first and second procedures. I'he second is less subject to 
interference and is especially desirable when elements such as antimony, 
tin, or germanium are present. Under ideal conditions the third method 
is probably the most accurate of the three. In this method the interfering 
clement that is most often encountered is trivalent antimony. Fhe deter¬ 
mination of arsenic based on its precipitation as magnesium ammonium 
arsenate and ignition to the pyroarsenate is capable of giving good results 
under closely governed conditions but is so uncertain in general use that 
it is recommended only for separations as in Section HI. Arsenic in 
amounts less than 0.1 mg is best estimated by volatilizing it as arsine as in 
IV, D (p. 269). 

A preliminary separation of arsenic by reduction to the trivalent state 
followed by distillation with hydrochloric acid is a desirable procedure in 
most methods of analysis. This separation leaves the arsenic dissolved in 
much strong hydrochloric acid, from which it may then be separated by 
dilution and precipitation with hydrogen sulfide. If the sulfide is not to 
be weighed as such, methods for its solution will vary, the more common 
attack being by alkaline hydroxide together with an oxidizing agent such 
as hydrogen peroxide or chlorine. Careful blank tests must be made on 
all reagents that are used, for these are seldom entirely free from arsenic. 

A. PRECIPITATION AS SULFIDE 

Arsenic can be precipitated and weighed as trisulfide, As^S^, or penta- 
sulfidc, AsoSr,. Both precipitates are subject to contamination by elements 
such as mercury, molybdenum, and germanium whose sulfides are more or 
less insoluble in strong acids, and by sulfur that results from the reduction 
of hydrogen sulfide by substances such as ferric or vanadic salts. The 
solubility of the trisulfidc in acid is greater than that of the pentasulfide. 
Precipitation as AsoSg is particularly attractive when applied to the deter¬ 
mination of arsenic in the hydrochloric acid distillate. 

a. Precipitation as AS2S3. Prepare a strong hydrochloric acid solution 

(9 N) containing all the arsenic in the trivalent state and no other metals 
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of the hydrogen sulfide group that arc precipitated at this acidity. Pre¬ 
cipitate at 15 to 20° C by a rapid stream of hydrogen sulfide, and allow to 
stand for 1 hour, or longer if i)ut little arsenic is present. Filter through a 
tared Gooch or fritted-glass crucible. If a film of sulfide adheres tenaciously 
to the vessel, dissolve it in ammonium hydroxide, and rcprecipitate the sulfide 
by adding some of the acid wash solution. Wash the precipitate moderately 
with strong hydrochloric acid solution (8 N) saturated with hydrogen sul¬ 
fide, then with alcohol, next with carbon disulfide until any free sulfur is 
removed, and finally with alcohol. Dry at 105° C to constant weight, and 
weigh as If the purity of the sulfide is in question, replace the 
crucible on the holder, apply gentle suction, and dissolve the sulfide in hot 
dilute ammonium hydroxide. Wash the crucible and pad with water, again 
dry, and weigh. 

b. Precipitation as AsoSr,, Prepare a strong hydrochloric acid solution 
(10 N) containing all the arsenic in the quinquevalent state and no other 
members of the hydrogen sulfide group that are precipitated at this acidity. 
Flcmcnts such as tin, antimony, or cadmium that form soluble sulfides are 
not objectionable. The arsenic must be entirely in the quinque valent state 
at the start, and the hydrochloric acid must bo added slowly and with 
constant stirring as the solution is kept at 0 to 10° C. Partial reduction of 
the arsenic will result if the solution becomes warm. Cool in ice to 0° C, 
and pass a rapid stream of hydrogen sulfide into the solution for 60 minutes. 
Stopper the flask, and let the ice-cold solution stand for 1 to 2 hours. Filter 
through a Gooch crucible, and wash the precipitate with cold 4 N hydro¬ 
chloric acid until the washings give no precipitate when diluted and tested 
with hydrogen sulfide. Finally wash with water and then with warm 
alcohol to hasten the drying, and dry at 105 to 110° C. Weigh as As^Sr,.^*' 

B. BY CONVERSION TO SILVER ARSENATE AND TITRATION AS IN VOLHARD'S 
METHOD 

The precipitation of quinquevalent arsenic as silver arsenate followed by 
solution in nitric acid and titration with thiocyanate as in Volhard’s method 
is particularly desirable for the determination of arsenic that has been 
obtained by distillation with hydrochloric acid and afterward separated 
as the sulfide. Germanium and such small amounts of antimony and tin 
as may accompany arsenic are without effect. The method cannot be 

According to L. W. McCay [Am, Chem. /., 9, 174 (1887); Che?n. News, 56, 262 
(1887)], the precipitation of the pentasulfidc can be effected rapidly and with no forma¬ 
tion of the trisulfide or sulfur, by transferring to a 200-iti1 pressure flask a solution 
containing 0.1 to 0.3 g of arsenic in the quinquevalent state, rendering strongly acid 
with hydrochloric acid, nearly filling the bottle with cool freshly boiled water, and 
saturating the solution with hydrogen sulfide. The bottle is next stoppered and heated 
for I hour in a boiling water bath, after which it is cooled, and violently shaken. The 
sulfide is then filtered, washed with water until free from chlorides and then with a 
little alcohol, and dried at 110® C. 
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applied indiscriminately in general analyses, for a number of substances are 
also precipitated as silver salts, as for example phosphates, vanadates, molyb¬ 
dates, tungstates, and chromates. Excessive amounts of ammonium or 
sodium salts should be avoided, for the former have a solvent action on 
silver arsenate whereas the latter tend to separate during the precipitation. 

PROCEDURE. Precipitate arsenic as the sulfide (p. 266) in the hydrochloric 
acid distillate (p. 261), and dissolve the precipitate in 2 to 3 ml of ammo¬ 
nium hydroxide or a 10 per cent solution of sodium hydroxide. In the 
rare case that appreciable antimony is present, dissolve the sulfides in 
fuming nitric acid, for then solution in ammonium hydroxide is difficult. 
Wash the asbestos pad with as little water as will suffice, evaporate nearly 
to dryness, and add 10 ml of concentrated nitric acid. Again evaporate 
nearly to dryness, take up with 100 to 150 ml of water, and add sufficient 
silver nitrate solution to react with the arsenic and to provide approximately 
10 ml of 0.1 N AgNOa in excess. Add a 10 per cent solution of sodium 
hydroxide, drop by drop, until a precipitate forms or the solution is alkaline 
to litmus. If very little arsenic is present, a precipitate will not always 
form at this point, and litmus must be used as a guide. Add dilute nitric 
acid (1 -f 1), drop by drop, until the precipitate just dissolves or the litmus 
paper just turns red, and then add 10 ml of a saturated solution of sodium 
acetate. Heat just to boiling to coagulate the precipitate of silver arsenate, 
Ag3As04. Cool, filter through asbestos, and wash sparingly with small 
portions of cold water until the excess of silver nitrate has been removed. 

Dissolve the silver arsenate in 30 ml of dilute nitric acid (1 + 1), dilute to 

100 to 150 ml if much arsenic is indicated, add ferric alum indicator, and 

titrate with 0.01 or 0.1 N potassium thiocyanate solution as described under 

silver (p. 207). The reaction proceeds according to theory, and arsenic is 

calculated on the basis of 3 atoms of silver to 1 of arsenic. The solution 

should be standardized against pure silver and in the presence of the same 
amounts of nitric acid and indicator as used in the method.^ 

C. BY TITRATION WITH IODINE 

The oxidation of arsenic from the trivalcnt to the quinquevalcnt condi¬ 
tion by titration with iodine is an exact process when applied to pure solu¬ 
tions. The reaction gives rise to hydriodic acid which would finally pre- 

In tests of this method by J. I. Hoffman, the following results were obtained: 

AS208 AS2O3 AS2O3 AS2O3 

Present, g Found, g Present, g Found, g 

0.0500 0.0502 0.0500 ♦ 0.0500 
0.1000 0.0999 0.1000* 0.1003 
0.1500 0.1503 0.0500 * 0.0503 
0.2000 0.1998 0.1000* 0.0998 
0.1500 0.1498 * 0.1 g Ge02 also added 
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vent complete oxidation if it were left in solution. Titration is therefore 
usually made in the presence of sodium bicarbonate which neutralizes the 
acid and does not react with iodine as do the soluble alkaline hydroxides 
and normal carbonates. The end point is bettered by the addition of potas¬ 
sium iodide to the solution and the use of a solution saturated with respect 
to carbon dioxide (see under lodimctry, p. 191). 

When the method is applied to solutions that are obtained in the course 
of an analysis, difficulties arise, in that compounds that consume or liberate 
iodine must be avoided, as for example trivalent antimony, sulfides, sulfites, 
or thiosulfates on the one hand, and trivalent iron on the other. Most of 
these difficulties are avoided by applying the method after arsenic has been 
distilled from hydrochloric acid solution; in this case antimony is the chief 
interfering element. Hydrogen sulfide and sulfurous acid are ordinarily 
removed by treatments prior to the distillation. If a determination of 
arsenic is to be made in a solution other than the hydrochloric acid distil¬ 
late, all the arsenic must of course be rendered trivalent, freed from inter¬ 
fering substances (including ammonium salts), and obtained in a solution 
that has been rendered acid, and then alkaline with an excess of sodium 
bicarbonate. 

PROCEDURE. If the determination is made in the hydrochloric distillate 
obtained as in Section III (p. 260), treat the distillate with sodium hydroxide 
until alkaline and then with hydrochloric acid till slightly acid. Add 15 to 
25 ml of a cool saturated solution of sodium bicarbonate, a few ml of 

starch solution (p. 191), and 1 g of potassium iodide. Titrate with a stand¬ 
ard 0.01 to 0.1 N solution of iodine to the first appearance of a blue tint. 

Subtract the volume of iodine required in a blank run, which should 

include distillation if the arsenic content of the reagents is uncertain. Cal¬ 

culate on the basis of 1 As to 2 I. 

D. BY VOLATILIZATION AS ARSINE 

Very small amounts of arsenic such as 0.1 mg or less are best estimated 

by volatilizing the element as arsine, AsHs, and comparing its reaction 

under certain circumstances with that obtained by the use of known 

amounts of arsenic. Various reactions have been proposed, as for example 

the formation of a mirror as in the Marsh test, the color produced with 

silver nitrate, or, best of all, the color produced on strips of dry paper 

impregnated with mercuric chloride.^® For the latter method, Sanger and 

18 C. R. Sanger and O. F. Black, Proc. Am. Acad. Arts. Sci., 43, 297 (1907); /. Soc. 
Chem. Ind. London^ 26, 1115 (1907); W. S. Allen and R. Al. Palmer, 8th Intern. Congr. 
Applied Chem., 1-2 [I-II], 9 (1912). See also J. R. Neller, /. Assoc. Offle. Agr. Chemists, 
12, 332 (1929); J. W. Barnes and C. W. Murray, Ind. Eng. Chem. Anal, Ed., 2, 29 
(1930); H. E. Crossley, J. Soc. Chem. Ind. London, 55, 272 T (1936); and C. C. Cassil, 
/. Assoc. Offle. Agr. Chemists, 20, 171 (1937). According to Cassil, as much as 10 g 
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Black claim an accuracy within 5 to 10 per cent of the true value and 
assert that 0.00008 mg is the absolute limit and 0.001 mg the practical limit 
of the amount of arsenious oxide that can be detected. 

According to W. S. Allen and R. M. Palmer,the following considera¬ 
tions must be borne in mind in a successful estimation of arsenic by the 
Gutzcit method: (1) The rate of evolution of arsine is of the greatest 
importance and does not depend necessarily upon the rate of evolution of 
hydrogen (for example platinic chloride accelerates the evolution of hydro¬ 
gen but prevents the reduction of arsenic compounds to arsine).(2) Bet¬ 
ter reduction and formation of arsine is obtained in the presence of ferrous 
iron, stannous chloride, zinc, and acid than with the two latter alone. (3) 
Ferrous iron should always be present in about the same amount, preferably 
0.05 to 0.1 g FeO. (4) The evolution of hydrogen should be as uniform 
as possible in standardization and in actual test. 

In all the evolution methods, arsenic must be in the trivalent state. Nitric 
acid, chlorine, bromine, iodine, and compounds that give hydrogen sulfide, 
sulfur dioxide, or phosphine must be excluded. These are easily eliminated 
by boiling with nitric acid, v^hich in turn can be removed bv evaporation 
with sulfuric acid until fumes of this acid just appear. In such treatments 
arsenic becomes quinquevalent and must be reduced, preferably by ferrous 
sulfate. Mercury, platinum, silver, palladium, nickel, cobalt, and their salts 
are undesirable, as is copper when added in large amounts as copper sulfate 
to the solution,-^*"’ and should therefore be separated before the test. Anti¬ 
mony, if present in amount less than 0.1 mg, does not interfere; larger 
amounts must be separated before the test by distilling trivalent arsenic in 
a current of hydrochloric acid as described in III (p. 260), but in a smaller 

apparatus. 

PROCEDURE, a. Sensitized Mercuric Chloride Paper, Prepare strips hav¬ 

ing a uniform width of 4 mm from clean cold-pressed drawing paper 

weighing about 160 g per sq m. Such strips can now be purchased. Thor¬ 

oughly soak by drawing through a 5 per cent solution of recrystallized 

mercuric chloride, dry on a horizontal rack of glass rods, and cut into 

7-cm lengths when dry, discarding the ends by which the strips were held 

of organic material such as shrimp, tobacco, and cod liver oil can be completely de¬ 
composed (and without loss of arsenic) in 30 to 60 minutes as follows: Transfer the 
sample to a Kjeldahl flask, moisten with water if dry, and add a mixture of 20 ml of 
sulfuric acid and 15 ml of nitric acid. Heat after the initial reaction has subsided, 
and add 10 ml portions of nitric acid from time to time as the material turns brown 
or darkens. After 20 ml have been added, add 10 ml of perchloric acid (60 per cent), 
continue the heating, add small portions of nitric acid if carbonization occurs, and 
finally boil to expel most of the perchloric acid. 

^^8th Intern, Congr. Applied Chem,^ 1-2 [I-II], 9 (1912). 
2® W. D. Harkins, J, Am, Chem, Soc,^ 32, 518 (1910). 

W. P. Headden and B. Sadler, Jr., Am, Chem, /., 7, 342 (1885-86). 
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during immersion. Place over calcium chloride in a closed vessel and keep 

in the dark until needed.-^ 

b. The Reduction Apparatus. The reduction apparatus is shown in 

Fig. 25. A is 2L wide-mouthed bottle of about 60 ml capacity. Through 

a no. 4 one-hole stopper is inserted a glass tube, B, 7 cm long and 1.25 cm 

in diameter, constricted at the lower end so as to pass easily through a 

hole in the stopper. Through a no. 00 
one-hole rubber stopper in the upper 
end of the tube B is inserted a second 
similar tube, K, of the same diameter 
but only 4 cm long. Finally, through 
another no. 00 one-hole stopper in the 
upper end of E is inserted a glass tube, 
C, of 4 mm inside diameter and 10 cm 
length, constricted at a point 6 cm from 
one end as shown. Pleated dry lead 
acetate paper is placed in B as a scrub¬ 
ber to remove hydrogen sulfide from 
the arsine and is renewed in each test. 
Tpbe E is packed loosely with glass 
wool moistened with lead acetate solu¬ 
tion to remove the last traces of hydro¬ 
gen sulfide and to moisten the arsine. 
The strip of sensitized paper is carefully 
centered in the upper part of C.-^ 

c. Special Reagents, a. Ferric alum 
solutioji. Dissolve 8.4 g of ferric ammo¬ 
nium alum in water containing 1 g of 
sodium chloride and 2 ml of sulfuric acid, 
and dilute to 100 ml. Two ml of this 
solution contains approximately 0.1 g of 

keoO^. 

--H. E. Crosslcy {loc. cit.) rcconmiends that strips of two widths, 2.5 mm X ULO 

mm for amounts of arsenic up to 18 and 5.0 mm X ULO mm for 18 to 45 /^g (used 

in a correspondingly large tube) be cut from gravimetric filter paper such as Swedish 

no. 1 F, immersed for a few seconds, without previous drying, in a 1.5 per cent solu¬ 

tion of mercuric bromide in 95 per cent alcohol, and drained for 5 minutes on a glass 

rack, with occasional turning, before being placed in a desiccator. 

2«H. E. Crossley (loc. cit.) states that more uniform stains are obtained if proper 
temperature and humidity conditions are insured by surrounding the top section of the 
vertical delivery tube C, in which the sensitized paper is placed, by a jacket through 
which cold water (20® C) is passed. To insure rigidity of the whole apparatus, the 
bottle and tube C are clamped to a brass rod, cast in a lead-ring base in which the 
bottle rests. 

Fici. 25. Apparatus for the determi¬ 

nation of small amounts of arsenic. 
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р. Lead acetate solution. Dissolve 1 g of lead acetate in water, add 

enough acetic acid to clear the solution, and dilute to 100 ml. 

y. Zinc. Treat zinc which is free from arsenic and preferably of to 

%-inch mesh, with hydrochloric acid until the surface is clean, wash with 

water, and keep under water. 

8. Stannous chloride. Dissolve 8 g of stannous chloride in 9.5 ml of 

water containing 0.5 ml of hydrochloric acid. 

с. Lead acetate paper. Soak qualitative filter paper in the lead acetate 

solution, dry, and cut into 7-cm-by-5“Cm strips. 

d. Standard Stains. Prepare a set of standard stained papers by vola¬ 

tilizing known amounts of arsenic as in the method below. These can 

range from 0.001 to 0.05 mg of AS2O3. The stains tend to fade through 

action of light and particularly moisture. If continually required, a fair 

degree of permanence can be had by dipping them in molten paraffin (free 

from water) and preserving them over phosphorus pentoxide in a closed 

tube which is kept in the dark. 

e. Method. Prepare 50 ml of solution containing the arsenic, 2.5 to 3.5 ml 

of sulfuric acid, 2 ml ferric alum solution, and 0.5 ml of stannous chloride 

solution. Warm to approximately 25° C. Charge the lower outlet tube 

with lead acetate paper and glass wool saturated with lead acetate solution, 

connect with the upper tube containing a strip of the sensitized paper, 

add 35 g of the prepared arsenic-free zinc shot to the solution, and insert 

the stopper carrying the tubes. Shake gently and allow to stand in a bath 

at 25° C for 1 hour. Remove the test paper, and compare with standards 

prepared at the same time, or dip in molten paraffin, and compare with 

preserved standards.®^ 

E. COLORIMETRIC METHOD 

In the absence of phosphorus and germanium, small amounts of arsenic, 

in the range 0.005 to 0.3 mg of AS2O5, can be determined by conversion 

to a molybdenum blue complex and comparison with standards in an ordi¬ 

nary colorimeter or by measuring the transmittancy in a photoelectric 
colorimeter.^® The method is particularly suited for use with arsenic 

distillates. 

24 For a method in which a diaphragm of paper impregnated with mercuric bromide 
is substituted for the strip of paper, see C. E. Lachele, Ind. Eng. Chem. Anal. Ed., 6, 
256 (1934). 

25 Ch. Zinzadze, ibid., 7, 230 (1935); R. B. Deemer and J. A. Schricker, /. Assoc. Offic. 
Agr. Chemists, 16, 226 (1933). For a study of the method, consult J. A. Schricker and 
P. R. Dawson, ibid., 22, 167 (1929), and, for its application to the determination of 
arsenic in metals, see C. J. Rodden, /. Research NBS, 24, 7 (1940), and, in copper 
and copper-base alloys, consult O. P. Case, Anal. Chem., 20, 902 (1948). 



Chapter 14 

ANTIMONY 

Although antimony is a common element, it is not so abundant nor so 
widely diffused in the earth’s crust as arsenic. It is found native, more 
frequently as the sulfide, stibnite, also in various antimonides and sulfanti- 
monides of the heavy metals, and as oxides of secondary origin. Unlike 
arsenic, antimony is of importance in the metallurgical field and is frequently 
found in nonferrous alloys. 

I. GENERAL CONSIDERATIONS 

Antimony will rarely, if ever, be encountered in the analysis of rocks 
and seldom in the analysis of minerals. In the ordinary scheme of analysis, 
antimony would be volatilized in part during hydrochloric evaporations for 
silicon; some would accompany silica through formation of oxychloride 
and be partially volatilized upon ignition of the silica, while the remainder 
would be carried down with the ammonia precipitate and, in the usual case, 
be counted as alumina. 

II. ATTACK OF ANTIMONY COMPOUNDS 

Pure antimony pentachloride boils at 140° C under atmospheric pressure 

and dissociates slowly at this temperature to give the trichloride and chlorine. 

The trichloride boils at 223° C and volatilizes to an appreciable extent from 

hydrochloric acid solutions at temperatures as low as 110° C. When hydro¬ 

chloric acid solutions containing antimony are evaporated, there is, there¬ 

fore, always some loss of antimony, and the extent of the loss will depend 

on the treatment.^ For this reason treatment with boiling hydrochloric 

iThe losses that may take place when hydrochloric acid solutions of antimony are 
boiled or evaporated are illustrated by the following experiments made by H. A. 
Buchheit: Three SO-ml portions of a dilute HCl (1 + 1) solution of SbCla showed 
0.2728, 0.2730, and 0.2728 g of Sb when titrated as described in IV, A. Three por¬ 
tions showed 0.0628, 0.1016, and 0.1204 g of Sb after evaporating to a syrup in a 
casserole on the steam bath, treating with 100 ml of dilute HQ (1 -f 1), and again 
evaporating to a syrup. Three portions showed 0.2675, 0.2678, and 0.2674 g of Sb 
after treating with 100 ml of HCl, boiling to 10 to 15 ml in a 600-ml beaker, treating 
with 100 ml of HCl, and boiling to 8 to 10 ml. Three portions showed 0.1546, 0.1447, 
and 0.0804 g of Sb after treating with 40 mf of HQ and 10 ml of HNO3 in a casserole, 
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acid is an undesirable aid in the solution of antimony minerals, and, when¬ 
ever it is so used, the solution should be heated in a covered vessel and 
preferably under a reflux condenser. If a condenser is not used, the attack 
should be made at as low a temperature and for as short a period as possible. 
The attack should never be made in open casseroles or evaporating dishes 
in which crusts may form. 

It should also be borne in mind that salts of antimony hydrolyze readily 
to yield difficultly soluble basic salts if the acidity of the solution is lowered 
by neutralization, dilution, or evaporation to dryness; tartaric acid prevents 
this separation to a considerable extent. 

Methods for the solution of antimony minerals will vary with the end 
in view. Antimony and other elements that yield volatile chlorides are best 
determined after solution in sulfuric acid or fusion with alkali. The deter¬ 
mination of sulfur is made on a separate sample after a special solution 

treatment. For the determination of other elements, the sample can be 
dissolved in hydrochloric, nitric, and sulfuric acids and this followed by 
fusion of the insoluble matter in alkali carbonate or hydroxide. 

Metallic antimony is practically insoluble in cold dilute mineral acids 

but is readily soluble in hot sulfuric acid. Solution of metallic antimony 

and of lead-antimony alloys can be obtained by carefully fusing with potas¬ 

sium bisulfatc in a porcelain or silica crucible and dissolving the cooled melt 

in 200 ml of Avater containing 10 ml of hydrochloric and 30 ml of sulfuric 

acid.2 

Moist sulfides are dissolved by heating with sulfuric acid and potassium 

or ammonium sulfate. For the determination of antimony and other ele¬ 

ments that yield volatile chlorides, proceed as follows: Transfer 1 g of the 

finely ground sample to a Kjeldahl flask, together with 5 g of ammonium 

heating under a cover for a few minutes, evaporating to a syrup on a steam bath, treat¬ 
ing with 100 ml of HCl (1-f-l), again evaporating to a syrup, diluting, heating to 
fumes of H2SO4, and titrating after reduction with H-SOa as in IV, A. Three portions 
showed 0.2288, 0.2304, and 0.2307 after treating with 10 ml of H2SO4 and 100 ml of 
dilute HCl (3 -f 2), evaporating in a casserole on the steam bath, heating to fumes of 
H2SO4, and titrating after reduction with H2SO3 as in IV, A. In tests made under 
somewhat different conditions, J. A. Scherrer obtained the following data: two 50-ml 
portions of a dilute HCl (I 1) solution of SbCls showed 0.2467 and 0.2467 g of Sb 
after the antimony was precipitated as sulfide, dissolved in nitric acid, heated with 
H2SO4 and K2SO4 and otherwise treated as in IV, A. Two portions showed 0.2461 and 
0.2461 after treating with 200 ml of dilute HCl (1 -f D and boiling to 100 ml in a 
partially covered 400-ml beaker. Two portions showed 0.2466 and 0.2467 upon treat¬ 
ing in the same way after oxidizing with KQO3. Two other portions showed 0.2148 
and 0.2223 after treating with 200 ml of dilute HCl (1 + 1) and 12 ml of H2SO4 and 
evaporating as far as possible in 350-ml casseroles on a steam bath. Finally, two portions 
showed 0.2268 and 0.2215 after treating as in the previous case and then heating to 
fumes of H2SO4. 

^K. Stanford and D. C. M. Adamson, Analyst, 62, 23 (1937). 
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sulfate, 1 g of potassium sulfate, 15 ml of sulfuric acid, and about 0.2 g of 
flowers of sulfur to aid in the reduction of arsenic and antimony to the 
trivalent states. Heat the mixture cautiously at first and then more strongly 
over a free flame until free sulfur is expelled and the solution is practically 
white. Cool the flask while running the melt up the sides, and add 25 ml 
of water and 2 to 3 g of tartaric acid. Warm to complete solution of soluble 
salts, filter if necessary, wash moderately with dilute sulfuric acid (1+9) 
and then with water to remove the acid. Any insoluble matter, particularly 
if it be lead sulfate, may contain antimony. In case a residue is left, dry 
the paper at 100° C, and remove and set aside as much of it as possible. 
Char the paper in a porcelain crucible, and destroy carbon at a low tem¬ 
perature. Add the reserved residue to the ash, mix with sufficient of a 
mixture of equal parts of sodium carbonate and sulfur, and fuse at a low 
temperature. Cool the melt, dissolve in water, and filter. Acidify the 
filtrate with sulfuric acid added in slight excess, and filter after the sulfides 
have settled. Dissolve the precipitate in a few milliliters of hot 10 per cent 
solution of potassium hydroxide with the aid of a little hydrogen peroxide 
if necessary. Acidify the solution with sulfuric acid, added in 3 to 5 ml 
excess, evaporate to fumes of the acid, dilute to 10 to 15 ml, and add the 
solution to the original filtrate. Evaporate the combined solutions to 25 to 
30 ml, cool, and proceed with the separation of arsenic if present by 
adding 50 ml of hydrochloric acid and treating with a rapid current of 
hydrogen sulfide (p. 262). Filter, with suction and cone, on a double 
paper that has been moistened with dilute hydrochloric acid (2 + 1), and 
wash the precipitate with the same acid. The precipitate contains all the 
arsenic, together with more or less copper, molybdenum, germanium, etc., 
if these were present in the ore. Dilute the filtrate with three to four 

times its volume of warm water, saturate the solution with hydrogen sulfide, 

let the precipitate settle, and filter. Wash with dilute sulfuric acid (1 + 99) 

saturated with hydrogen sulfide until chlorides are removed. Digest the 

paper and precipitate in 2 g of potassium sulfate and 8 ml of sulfuric acid 

in a Kjeldahl flask until free sulfur has been expelled and the solution is 

clear. Cool, dilute with 50 ml of water, and boil for a few minutes to make 

sure of the expulsion of sulfurous acid. The solution is now ready for the 

determination of antimony by the permanganate method as described in 

IV, A, which is to be preferred for this analysis. 

Other methods of attack when antimony alone is to be determined, espe¬ 

cially in oxidized material that may not dissolve readily upon digestion 

with sulfuric acid, are fusion methods such as with sodium hydroxide in an 

iron crucible or with dehydrated sodium thiosulfate ® or a mixture of sodium 

carbonate and sulfur in a porcelain crucible. 

•^E. Donath, Z. anal. Cheni., 19, 23 (1880). 
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The preparation of a solution for the determination of sulfur in antimony 
sulfides is a difficult matter. The following method worked out by J. A. 
Scherrer and one of us (1.,) is a modification of that proposed by Allen and 

Bishop ^ for the analysis of pyrites, and it has given excellent results in the 
analysis of samples of pure stibnite: Transfer a factor weight, 1.373 g, of 
the finely ground sample to a casserole, cover, and treat with 10 ml of a 

10 per cent solution of bromine in carbon tetrachloride introduced through 

the lip. Add 5 ml of bromine, slowly and with frequent shaking, and let 

stand with occasional shaking for 1 hour. Cool the casserole in ice water, 

add 15 ml of nitric acid, and let stand for 30 minutes with occasional 

shaking. Add 15 ml of strong hydrochloric acid, let stand at room tempera¬ 

ture for about 30 minutes, and then heat slowly to drive off carbon tetra¬ 

chloride. Evaporate to syrupy consistency (do not overheat or permit to 

run dry). Add 10 ml of hydrochloric acid, and again evaporate to syrupy 

consistency. Add 20 ml of hydrochloric acid, heat until soluble matter is 

in solution, and transfer to a 500-ml Erlcnmeycr flask, keeping the volume 

below 100 ml. Treat with 5 g of ingot iron chips, and let stand for an hour 

or so, wdien practically all of the antimony will be removed. Filter, and 

w^ash thoroughly with w^atcr. Dilute to 1600 ml, and precipitate barium 

sulfate by adding 125 ml of a 6 per cent solution of BaCl2'2H20 from a 

dropping pipette at the rate of about 5 ml per minute. Let stand overnight, 

filter through a Gooch crucible, wash moderately with cold water, dry, 

and ignite as usual.® 

For the determination of elements other than sulfur, silicon, and those 

that, like antimony, form volatile chlorides, the solution can be prepared 

by the usual attack with hydrochloric acid, followed by the use of nitric 

acid, and fusion of any insoluble residue. 

Treatment of the finely ground material with a slow current of chlorine, 

finally at low heat, serves to separate gangue matter and nonvolatile chlo¬ 

rides such as silver, lead, and copper from volatile chlorides such as mercury, 

antimony, and arsenic. 

Antimonic acid which may be obtained together with metastannic acid 

as a result of evaporation with nitric acid can be easily dissolved by heating 

with sulfuric acid containing a little sodium sulfate. Quantitative oxidation 

of antimony (also arsenic) by means of persulfate requires but 2 to 3 

minutes’ boiling if done in feebly acid solution.® 

^ W. S. Allen and H. B. Bishop, Ind, Eng, Chem,, 11, 46 (1919). 
® For the determination of stibnite sulfur in ores and minerals, see J. A. Tsehemikhov 

and T. A. Uspenskaya, Ind, Eng, Chem, Anal, Ed., 7, 309 (1935), For a method for 
the rapid extraction of free sulfur from antimony sulfide, consult H. C. Haller, 
Chemist-Analyst, 29 [1], 11 (1940). 

®N. Howell Furman, ibid,, 3, 217 (1931). 
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III. METHODS OF SEPARATION 

Chief among the separations of antimony are those based on the reactions 
of its sulfide. Thus antimony is separated from elements other than those 
of the sulfide group by precipitation with hydrogen sulfide in acid solution 
(p. 58) and from the members of the copper group by the solubility of its 
sulfide in alkaline solution (p. 62). Further, it can be separated from arsenic 
by the precipitation of the very insoluble sulfide of this element in strong 
hydrochloric acid solution (p. 262), from tin and germanium by precipita¬ 
tion with hydrogen sulfide in hydrofluoric acid solution (p. 63), and from 
tin by precipitation in oxalic or tartaric acid solution (p. 63). Of these 
separations, that of arsenic in strong hydrochloric acid solution is important, 
for this element interferes in all methods for the determination of antimony. 

Arsenic can be precipitated as cither tri- or pcntasulfidc (p. 266), and 

the separation can be made directly in an acid solution of the material or 

after antimony and arsenic have been precipitated together as sulfides and 

then obtained in acid solution. 

The removal of arsenic from antimony by distillation of trivalent arsenic 

chloride from hydrochloric acid solution (p. 260) is entirely satisfactory 

provided the temperature of the vapor is held below 107'’ C. The separa¬ 

tion of germanium by boiling with hydrochloric acid and chlorine (p. 261), 

is excellent. Antimony trichloride can be distilled and completely sepa¬ 

rated from copper, lead, molybdenum, and the like in sulfuric acid solution, 

by adding a little sulfur, heating to approximately 200° C, and passing 

through the solution a stream of vapor obtained by boiling dilute hydro¬ 

chloric acid (1 + 1) or by dropping sulfuric acid into hydrochloric acid. 

A reducing agent, such as sulfur, must be present to prevent the formation 

of a quinquevalent compound which is difficultly volatile. (For a distilla¬ 

tion method in which arsenic, antimony, and tin are distilled in turn, see 

p. 70.) 
Precipitation of quinquevalent arsenic by magnesia mixture in ammoni- 

acal solution containing tartrate (p. 263) does not furnish complete separa¬ 

tion of arsenic from antimony because magnesium ammonium arsenate is 

slightly soluble and also retains small amounts of antimony. 

Now that antimony is seldom determined by weighing as sulfide, its 

separation (together with arsenic) from quadrivalent tin by precipitating 

with hydrogen sulfide in oxalic acid solution ^ is rarely employed, except 

when a preliminary separation of antimony as the sulfide must be made and 

the amount of tin is so large as to cause inconvenience if it were also precipi¬ 

tated. Under the best of conditions, complete separation of tin is a diflicult 

^F. W. Qarke, Chem. News, 21, 124 (1870); Z. and. Chem., 9, 487 (1870). 
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matter, and the antimony precipitate is subject to contamination by arsenic, 
molybdenum, and probably a number of other elements. 

The separation is usually applied after tin and antimony have been 
obtained as the soluble thio salts in a solution of alkali sulfide and is made 
as follows: To the solution containing not more than 0.3 g of the metals 

as the soluble thio salts, add a solution of 6 g of potassium hydroxide and 

then 3 g of tartaric acid. Add hydrogen peroxide (30%) until the solution 

is decolorized and then 1 ml in excess, and boil for a few minutes to 

oxidize thio salts to sulfate and to destroy most of the excess of peroxide. 

When the evolution of oxygen ceases, cool the solution slightly, cover the 

beaker, and carefully add a hot solution of 15 g of crystallized oxalic acid. 

When the vigorous action ceases, heat to boiling, and boil to destroy the 

excess of hydrogen peroxide. Dilute to 100 ml, pass in a rapid stream of 

hydrogen sulfide as the solution is heated, and continue the current of gas 

for 15 minutes (carefully timed) after the first appearance of the orange- 

colored precipitate. Dilute the solution with hot water to a volume of 

250 ml, continue the gas as the solution is heated, and at the end of 15 min¬ 

utes remove the flame. Continue the current of gas for 10 minutes, filter 

the solution through a Gooch crucible, wash the precipitate twice by 

decantation with a 1 per cent solution of oxalic acid and then twice with 

dilute acetic acid (1 -f 99), both solutions being hot and saturated w ith 

hydrogen sulfide. The precipitate of antimony sulfide can then be dissolved 

and treated as in IV, while tin can be separated from the filtrate by elec¬ 

trolysis or by precipitation as sulfide after destruction of the oxalic acid 

by evaporation with sulfuric acid. 

Henz ® maintained that better separation results if tartaric acid is added 

before the oxidation with hydrogen peroxide and subsequent addition of 

oxalic acid. Vortmann and Metzl ® suggested the substitution of phosphoric 

acid for oxalic acid and claim excellent separations in one operation carried 

out as folloAvs: Dissolve the mixed sulfides of tin and antimony in dilute 

hydrochloric acid (1 + 1) in an Erlenmeyer flask, add a few drops of 

phenolphthalein, and neutralize with a strong solution of sodium carbonate 

or hydroxide. Add an equal volume of phosphoric acid (sp. gr. 1.3), and 

then for every 100 ml of solution add 20 ml of hydrochloric acid. Heat to 

incipient boiling, keep the flask immersed in boiling water, and precipitate 

with a rapid stream of hydrogen sulfide. When the precipitation of anti¬ 

mony has ended, as shown by a change in color from yellow to red and a 

clearing of the solution, reduce the current of gas to two to three bubbles 

per minute; otherwise tin will be precipitated. Gently whirl the contents 

®F. Henz, Z. anorg, Chem,^ 37, 18 (1903). 
^G, Vortmann and A. Metzl, Z. anal, Chem,^ 44, 532 (1905). 
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of the flask at intervals until the precipitate becomes crystalline and black. 
Remove the flask, and dilute the contents with an equal volume of hot 
water that is carefully poured down the wall to remove any clinging sulfide. 
Again place the flask in the hot bath, resume the slow current of gas, and 
continue until the solution clears. Cool somewhat, and filter through a 

Gooch crucible or paper, depending on the subsequent treatment of the 

sulfide. The authors do not specify the wash solution, but this had prob¬ 

ably better be one that approximates the composition of the solution and 

contains hydrogen sulfide. 

The separation of small amounts of antimony in solutions of certain 

materials such as copper and molybdenum ores, by coprecipitation with 

iron in ammoniacal solution is entirely satisfactory, as is the case with arsenic 

(p. 265). Coprecipitation with aluminum is less satisfactory.^*^ The sepa¬ 

ration of large amounts of antimony from molybdenum can be made by 

reduction with lead in hydrochloric acid solution as described under 

Molybdenum (p. 306). 

Digestion or evaporation to dryness with nitric acid never gives com¬ 

plete separation of antimony, vsave wdien tin is in decided excess, and the 

precipitate so obtained is rarely pure.^^ 

Separation of lead from antimony by precipitation of the former as sulfate 

should never be attempted in accurate analyses, for lead sulfate carries dowm 

appreciable antimony. The amount carried down is appreciably lowered 

if the solution contains 1 per cent of taitaric acid, but in this case evapora¬ 

tion cannot be carried to fumes of sulfuric acid, and some lead remains 

in solution. 

^®For example, 1 mg of quinquevalent antimony was not entirely caught by 100 

mg of aluminum, whereas the same amount of cither tri- or quinquevalent antimon\' 

and even 10 mg of quinquevalent antimony were quantitatively held by 100 mg of 

trivalcnt iron. 

According to H. Blumcnthal [Z. maL Chevt., 74, 33 (1928)1, the retention of anti¬ 

mony by the iron is not complete if 50 mg of antimony is involved, and a better re¬ 

covery can be obtained by dissolving the copper in nitric acid, neutralizing nearly 

all of the acid, and then gathering the antimony in manganese dioxide thrown down 

by adding manganous sulfate and then boiling as small portions of a nonnal solution 

of potassium permanganate are added. 

M. B. Rane, K. Kondaiah, and M. K. Ratnam [/. hidian Chem. Soc.y 13, 544 (1936)] 

maintain that solutions of nitric acid that are stronger than 8 N have no solvent action 

on anhydrous Sb204 or Sb^Os. Attack of antimony-bearing alloys by nitric acid 

yields hydrated oxides, the degree of hydration and solubility in nitric acid depend¬ 

ing upon the treatment. For example, it is stated that the compound obtained by 

evaporating and drying at 120® C is Sb205*2H20, whereas that obtained at 160® C is 

381)205‘21520. The former is insoluble in nitric acid solutions stronger than 10 N, 

while the latter is insoluble in solutions that are stronger than 8 N. These solubilities 

represent ideal conditions and may be disturbed (as in the case of tin) by the presence 

of other compounds. 
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Silver, copper, and cadmium can be deposited and quantitatively sepa¬ 
rated from quinquevalcnt antimony by electrolysis in ammoniacal solution 
(see Copper, p. 245). 

Silicon in the presence of antimony must be separated in sulfuric acid 
solution by evaporating to heavy fumes of the acid, cooling, adding water, 

rapidly and with stirring, until the solution contains approximately 10 per 
cent by volume of the acid, and filtering. Possibly dehydration with per¬ 
chloric acid might also be successful. If this acid is used, antimony must 
be quinquevalcnt (see Reagents, p. 40). 

Evans’- pointed out that sodium hyposulfite, Na2S204, reduces salts of 
copper, silver, mercury, lead, bismuth, arsenic, antimony, and selenium to 
the elemental state in alkaline solution, and is therefore not subject to inter¬ 
ference by oxidizing agents, such as nitric acid, which would be fatal in 
an acid medium. Potassium cyanide prevents reaction with copper but 
favors that of antimony. Several applications are described, including the 
separation of antimony from copper and of bismuth from tin and zinc. 

IV. METHODS OF DETERMINATION 

Probably the most accurate method for the determination of antimony, 

when its amount exceeds a few milligrams, is that in which the element is 

oxidized from the trivalcnt to the quinquevalcnt state in sulfuric-hydro- 

chloric acid solution by means of a standard solution of permanganate. A 

desirable feature of the method is that the same solution can afterwards be 

irsed for the determination of tin by the lodimetric Method (p. 291). The 

weighing of antimony as the trisulfide, SboS:^, or the tetroxidc, Sb204, is 

less satisfactory except where the amount of antimony is so small that 

errors of titration become serious. Very small amounts of antimony such 

as 0.1 mg or less are best estimated by evolution as stibine and comparison 

of the stain produced by this gas on mercuric chloride paper with standard 

stains. 

A. TITRATION WITH PERMANGANATE 

Hydrochloric acid is essential for rapid and complete oxidation of anti¬ 

mony by permanganate, and its amount should not be less than 10 per cent 

nor more than 25 per cent by volume. Sulfuric acid is also desirable in 

amounts approximating 10 per cent by volume. 

The reaction must be carried out at a temperature of 5 to 10° C and pro¬ 

ceeds so nearly according to theory that the theoretical titer of the per¬ 

manganate solution can be used if pure antimony or compounds of known 

S. Evans, Analyst, 54, 395 (1929); see also J. Meyer, Z. anorg, Chem., 34, 43 

(1903). 



TITRATION WITH PERMANGANATE 281 

antimony content are not at hand for its direct standardization. If these are 
available, the titer had best be determined by actual test, for the theoretical 
titer will usually be found about one part in a thousand too low. 

Arsenic is the chief interfering element and should be removed in accu¬ 
rate analyses; if the percentage of arsenic is known and its amount does not 
exceed a few milligrams, a fairly satisfactory determination can be made by 
titrating in its presence and subtracting 1.86 times the percentage of arsenic 
from the percentage of antimony that is indicated. Vanadium causes no 
trouble if antimony has been separated as sulfide before the determination, 
but must be considered if the material has been dissolved directly in sulfuric 
acid and treated with sulfurous acid to insure the presence of trivalent 
antimony. Iron had best be absent, although small amounts of it are not 
appreciably reduced by brief treatment with sulfurous acid in hot strong 
sulfuric acid solution. If large amounts of lead sulfate have separated, 
results for antimony are normally high. These, as well as errors caused 
by arsenic and other compounds, can be avoided by first separating the 
antimony by distillation as described on page 277. A less efficacious treat¬ 
ment consists in adding hydrochloric acid, warming gently until the lead 
sulfate has dissolved, and then diluting with water. The subsequent depo¬ 
sition of lead chloride is of no consequence. 

* PROCEDURE. Prepare a solution of trivalent antimony which is free 
from trivalent arsenic, quadrivalent vanadium, divalent iron, sulfurous acid, 
organic matter, and other compounds that consume permanganate, and 
which contains approximately 10 ml of sulfuric acid and 10 ml of hydro¬ 
chloric acid per 100 ml of solution. Cool to 5 to 10° C, and titrate with 
standard 0.03 to 0.1 N solution of potassium permanganate until a faint 
pink tint persists upon stirring for 5 seconds. Calculate the weight of 
antimony on the basis of oxidation from Sb203 to Sb206 or by the use of 
a titer obtained by titration of a known amount of antimony which has 
been dissolved in sulfuric acid and treated as described. 

If there is any doubt whether antimony is all trivalent at the start of the 
analysis, its condition must be made certain before the addition of hydro¬ 
chloric acid, by treating with sulfurous acid in hot strong sulfuric acid 
solution (1 + 2) and boiling until the sulfur dioxide is entirely expelled. 
The solution is then cooled, diluted with water, and treated with hydro¬ 
chloric acid. This precaution is very desirable when antimony has been 
obtained in solution by continued treatment with hot concentrated sulfuric 
acid which may lead to some oxidation. An alternative procedure consists 
in heating the sulfuric acid solution until fumes of sulfuric acid appear, 
adding approximately 0.2 g of flowers of sulfur and boiling the concen¬ 

ts For example by transferring a filter paper containing antimony sulfide or meta- 

stannic and antimonic acids to a Kjeldahl flask and digesting with K2SO4 + H2SO4 until 

the destruction of the paper and the solution of the residue is complete. 
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trated acid gently for 10 minutes. To remove sulfur dioxide and the excess 
of sulfur, the solution is then allowed to cool, diluted with 25 ml of water, 
boiled until about one half of the water has been evaporated, and filtered 
through a rapid filter; the vessel, paper, and sulfur are then washed. 

B. WEIGHING AS TRISULFIDE, SboSn 

Of the gravimetric methods for the determination of antimony, that 
calling for weighing as the trisulfidc, Sb2S3, after precipitating according to 
Vortmann and Mctzl and drying according to Henz,^® is the most satis¬ 
factory. Either the trivalent or the quinqucvalent sulfide can be precipi¬ 
tated, and the presence of sulfur causes no trouble. The application of 
the method is limited, however, in that no other elements that are precipi- 
table by hydrogen sulfide in acid solution can be present, and the sulfide 
must be dried and finally heated in an atmosphere of carbon dioxide at 
280 to 300° C. 

PROCEDURE. Prepare a solution of antimony in dilute hydrochloric acid 
(1 +4). Quickly heat to boiling, and immediately precipitate with a rapid 
stream of hydrogen sulfide as the solution is kept at 90 to 100° C. Gently 
shake the flask at intervals after the sulfide has turned red, but avoid running 
the precipitate up the sides of the flask. As the precipitate darkens, the 

current of gas can be slowed. The reaction usually requires 30 to 35 min¬ 

utes and is complete when the precipitate is crystalline and black in color. 

Dilute the solution with an equal volume of water, mix, and again heat as 

the gas is passed through. When the solution is clear, cool, and filter through 

a Gooch crucible that has been heated at 280 to 300° C and weighed. Wash 

a few times with water to remove acid and then with alcohol. Dry the 

crucible and contents by heating for 2 hours at 100 to 130° C in an atmos¬ 

phere of carbon dioxide (free from air), and then heat for 2 hours at 280 to 

300° C to convert the antimony to trisulfide and to expel sulfur. Cool in 

carbon dioxide, then place in a desiccator for 15 to 30 minutes, and weigh 

as Sb2S3. 

C. WEIGHING AS TETROXIDE 

Instead of antimony being weighed as the trisulfidc after the procedure 

described in B, the wet sulfide can be dissolved and finally ignited as the 

tetroxide, Sb204. This procedure is less troublesome than the former but 

is more subject to error unless carefully done. The tetroxide is very easily 

reduced and must be carefully protected from reducing gases. The usual 

treatment calls for digestion of the sulfide in nitric acid. This requires 

considerable care, and possibly treatment with ammonium hydroxide and 

1-^2. ami Chem., 44, 525 (1905). 

Henz, Z. anorg, Chem.y 37, 18 (1903). 
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hydrogen peroxide as recommended for germanium sulfide (p. 300) might 
be more satisfactory. 

PROCEDURE. Obtain antimony tri- or quinquevalent sulfide on paper, and 
dry at 100° C. Separate most of the precipitate, reserve it on a watch glass, 
and place the paper in a small casserole. Extract its sulfide content by 
boiling with 5 ml of a freshly prepared solution of ammonium sulfide. 
Filter the solution through a small filter, catch the filtrate in a 30~ml porce¬ 
lain crucil)le, and repeat the treatment of the paper until it is judged that 
all the antimony has been extracted. Evaporate the solution in the crucible 
to dryness, and add the reserved main precipitate. Direct treatment of the 
sulfide with nitric acid is apt to result in mechanical loss, and therefore it is 
better to expose the crucible and contents near a dish of fuming nitric acid 
under a bell jar overnight. After this preliminary treatment, add nitric 
acid, and heat on the water bath until the precipitate is \\ hite and most of 
the acid is expelled. Add a little water and then ammonium hydroxide, 
with stirring, until the solution is alkaline. Evaporate to dryness on the 
water bath; place the crucible in an asbestos shield, a radiator (p. 24), or 
preferably an electrically heated muffle; and heat until fumes of sulfuric 
acid arc expelled and then at 800 to 850° C for one-half hour.^^' Cool in a 
desiccator, quickly transfer to a glass-stoppered weighing bottle, and weigh 
against a similar bottle after both have stood for a few minutes in the 
balance case. Repeat the ignition until a constant weight is obtained. 

D. VOLATILIZATION AS STIBINE 

When the amount of antimony is less than 0.1 mg, it is best estimated 
by volatilizing it as stibine and comparing the stain produced on mer¬ 
curic chloride paper with standard stains produced by small known 
amounts of the element. Arsenic, sulfides, and phosphides which also cause 
changes in the mercuric chloride paper must be absent. The first can be 
removed by careful distillation (p. 260), and sulfides and phosphides can 
be easily eliminated in preliminary treatments. 

PROCEDURE. Proceed as directed under Arsenic (p. 270), until the stained 
paper has been obtained. Immerse the strip in dilute ammonium hydroxide 
(1+4) for 3 minutes, then wash with water five times, next immerse for 
5 minutes in a 1 per cent solution of AuCla, and finally wash 5 times with 

Antimony pentoxide, Sb205 (obtained for example by dissolving antimony in nitric 

acid, evaporating, and heating the residue), can be quantitatively converted to the 

tetroxide, Sb204, at approximately 800® C. At about 900° C the tetroxide decomposes 

slowly to yield the trioxide, Sb^Os- The trioxide then sublimes, slowly at 900° C and 

rapidly at temperatures above 1000® C. Mixtures of compounds of tin and antimony 

obtained by solution of alloys in nitric acid, digestion, filtration, and washing cannot 

be quantitatively converted by ignition to Sn02 4* SbjOi, or to Sn02*Sb205*H20, as 

asserted by A. G. Dunbar-Poole [Analyst^ 65, 453 (1940)]. 

17 C. R. Sanger and J. A. Gibson, /. Soc, Che?n. Ind., 26, 535 (1907). 
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water and compare with standard stains similarly made and preserved in 
glass-stoppered bottles containing a few milliliters of water and kept in 
the dark. 

E OTHER METHODS 

Among other methods for the determination of antimony are the elec¬ 
trolytic and the procedures calling for titration with iodine, bromate,^® 
or thiosulfate.®® Electrolytic deposition ordinarily gives high results and 
is made in sodium sulfide solution that is kept free from polysulfide by the 
addition of sodium cyanide. In titration by iodine which corresponds to 
the method for arsenic (p. 268), except that tartrate must be added to 
keep antimony in solution, and in titration with potassium bromate,®^ anti¬ 
mony is oxidized from the trivalent to the quinquevalent state. Both meth¬ 
ods are capable of yielding good results in solutions containing antimony 
alone but are subject to interference by arsenic and are as a rule less 
accurate than the permanganate method. The method calling for titration 
with sodium thiosulfate is based on the reduction of quinquevalent anti¬ 
mony to the trivalent state by an acidified solution of potassium iodide and 
titration of the liberated iodine by a solution of sodium thiosulfate. This 
method is less certain than the preceding two and is not recommended for 
accurate analysis. 

Parrodi and A. Mascazzini, Z. anal Chem., 18, 587 (1879); A. Classen, Ber., 27, 

2074 (1894); F. Henz, Z. anorg. Chem., 37, 31 (1903). 

10 S. Gyory, Z. anal. Chem., 32, 415 (1893); G. F. Smith, /. Am. Chem. Soc., 53, 2091 

(1931); ASTM Methods for Chemical Analysis of Metals, p. 394, American Society 

for Testing Materials (1950). 

20 A. Weller, Ann., 213, 364 (1882); G. S. Jamieson, /. Ind. Eng. Chem., 3, 250 

(1911). 

21 This titration is made in strong hydrochloric acid solution (15 to 35% by volume) 

by adding 0.1 N KBrOa solution, slowly and with vigorous stirring, to within 1 to 2 

ml of the end point, then adding 3 to 4 drops of methyl orange, and continuing the 

titration, very slowly and with vigorous stirring, until the rose color is destroyed. 

Titration can also be made potentiometrically, or with other internal indicators such 

as indigo sulfonate or naphthol blue black. According to G. F. Smith (private com¬ 

munication) titrations are preferably made at room temperature. 

For the use of a-naphthofiavone as a reversible internal indicator in a dilute sulfuric 

acid (1 + 5) solution containing enough tartaric acid to hold the antimony in solution, 

see E. Schulek, Z. anal. Chem., 102, 111 (1935). Pb, Zn, Ag, Sn, Cr, and H2SO4 do not 

interfere. Arsenic^^^ titrates like antimony; nitric acid, oxidizing agents, iron, and 

copper interfere as do also large amounts of calcium, magnesium, and ammonium salts. 

Large amounts of lead sulfate cause low results. 



Chapter 15 

TIN 

Tin, as the oxide cassiterite, is confined to the highly silicic rocks, granites, 

and pegmatites, and its presence is due generally to pneumatolytic processes. 

It also may occur in traces in ilmcnite, micas, feldspars, columbates, and 

tantalates. Native tin is very rare. The chief occurrence of tin in ores is 

as cassiterite, SnOo, and less often in combination with sulfur and sulfides 

of other metals. 

I. GENERAL CONSIDERATIONS 

The determination of tin is not often called for in the analysis of rocks 

and minerals. Methods for its determination are most important neverthe- 

hss, for tin is widely used in the industries. 

If no provision is made for tin in an ordinary analysis, some of it will 

volatilize, and some of it may hydrolyze and accompany silica. The hydro¬ 

lyzed compound may then cause an error in the determination of silicon 

as a result of a change in composition when the impure silica is treated with 

hydrofluoric and sulfuric acids and the impurities are ignited. In the ordi¬ 

nary analysis, the tin that escapes volatilization will be found in the 

ammonia precipitate and will normally be counted as alumina, for most of 

the reagents that are used for the reduction of iron do not reduce tin; zinc, 

which is an exception, ordinarily reduces all the tin to the metallic state, as 

in the Jones reductor, and even in this case the tin does not affect titrations 

for iron unless conditions permit its solution before titration is finished. 

II. AHACK OF TIN MINERALS 

In the decomposition of tin minerals, hydrochloric or aqua regia solutions 

containing stannic chloride should not be evaporated to dryness, even on 

the steam bath, for the chloride is appreciably volatile. Volatilization also 

occurs when solutions are concentrated under conditions, as in open evapo¬ 

rating dishes, that allow the separation of a ring of dry salts above the 

solution. No volatilization takes place, however, when dilute hydrochloric 

acid solutions of quadrivalent tin are boiled in covered beakers or when 

285 
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hydrochloric-sulfuric acid solutions of the element are evaporated to fumes 
of sulfuric acid.^ 

Tin minerals can be decomposed by fusion with sodium peroxide ^ alone 
or by a mixture of that reagent with 25 per cent sodium carbonate. To 
effect such decomposition, transfer 0.5 to 1.0 g of the dry, finely ground 
sample to a 50-ml nickel or pure iron crucible, and add 6 to 10 g of sodium 
peroxide. Thoroughly mix the contents of the crucible, cover, and heat 
moderately to expel any moisture. Cautiously increase the temperature 

until the charge melts, and continue the heating for 3 to 5 minutes after 

the charge has attained a dull cherry-red color during which time the 

crucible, held by tongs, is given a gentle rotary motion to insure thorough 

mixing. Cool, dissolve the melt in water, and acidify with hydrochloric 

acid. For fusion of some ores with sodium peroxide, the explosion method 

(p. 839) might prove desirable. 

Tin minerals, containing tin as oxide, can also be readily decomposed bv^ 

heating in hydrogen. In such cases, transfer a 0.5-g sample to a porcelain 

boat, mix thoroughly with approximately 0.3 to 0.4 g of pure calcium 

oxide, and heat for 2 hours at 750° C in a stream of pure, dry, hydrogen 

gas.^ When cool, transfer the boat with contents to an Erlenmeyer flask, 

and dissolve the tin by warming with dilute hydrochloric acid. With sul¬ 

fide-bearing material, the weighed sample should either be treated with 

dilute nitric acid and evaporated to dryness or be mixed with P/2 times 

its weight of calcium oxide, covered with a layer of the latter, and roasted, 

before reduction. 

Minerals containing more than a few per cent of sulfide sulfur should be 

treated with nitric acid before fusion. In this case, treat the weighed sample 

with dilute nitric acid, and evaporate to near dryness. Dilute with hot 

water, filter, wash, and reserve the insoluble residue. Treat the filtrate 

with ammonium hydroxide, filter, wash, and combine the precipitate with 

1 For example, in tests made with aliquot portions of a standard dilute hydrochloric 
acid solution of stannic chloride, H. B. Knowles obtained 0.0036 g as against the actual 
content of 0.1998 g of Sn02 after a 50-ml portion of the solution had been treated 
with 50 ml of dilute hydrochloric acid (3 + 2) and evaporated to dryness on the 
steam bath and the operation had been repeated five times. In a second test, 0.2002 g 
of Sn02 was obtained after 50 ml of the solution were diluted with 50 ml of water 
and 100 ml of hydrochloric acid and then boiled for 3 hours in a covered 400-ml 
beaker as the volume was kept constant by fresh additions of hot constant-boiling acid. 
In a third test, 0.1999 g of Sn02 was obtained after 50 ml of the solution were treated 
with 10 ml of dilute sulfuric acid (1 + 1) and 50 ml of dilute hydrochloric acid (3 + 2), 
evaporated to fumes of sulfuric acid, again treated with 50 ml of the 3 + 2 acid, and 
again evaporated. 

^Sodium peroxide stored in tin-lined cans may be contaminated by tin, especially 
if the can has been opened several times. 

3 Ammonia may be substituted for hydrogen. 
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the reserved insoluble residue. Ignite at a low temperature under good 
oxidizing conditions to remove carbonaceous material, and fuse the residue 
as described. 

Methods less commonly used for the decomposition of tin minerals include 
the following: (1) Decomposition by fusion with potassium (or sodium) 
hydroxide;^ (2) fusion with borax or a protracted hision with equal parts 
of sodium or potassium carbonate and sulfur ^ or with anhydrous sodium 
thiosulfate in a crucible from which air is excluded as carefully as possible; ® 
(3) sintering with quicklime or zinc oxide, or heating with zinc dust.^ 
Fusion with alkali carbonate is satisfactory for the decomposition of most 
insoluble silicates, but not for spinel, tin oxide, or sulfides.^ 

III. METHODS OF SEPARATION 

The outstanding separations of tin are those based on its reactions with 
the sulfide ion. Thus tin can be separated from elements other than those 
of the hydrogen sulfide group by precipitation in moderately acid solu¬ 
tion (p. 60), from the members of the copper group of sulfides by precipi¬ 
tation of the latter in alkaline sulfide solution (p. 61), from arsenic by 
precipitation of this element in strong hydrochloric acid solution (p. 262), 
and from elements such as trivalent arsenic or antimony by precipitation 

of the latter in a solution containing quadrivalent tin and either oxalic 

(p. 63) or hydrofluoric acid (p. 63). 

Precipitation of tin by ammonium hydroxide in the presence of ammo¬ 

nium salts serves as a satisfactory separation of tin from large amounts of 

copper, nickel, or cobalt, preliminary to analysis by the iodomctric method. 

The precipitation also serves to gather small amounts of tin in the presence 

of precipitable elements such as trivalent iron.^ 

^A. H. Low, A. J. Weinig, and W. P. Schoder, Technical Methods of Ore Analysis, 
11th cd., John Wiley & Sons (1939). 

^ H. O. Hoffman, Chciu. News, 62, 57 (1890); O. Beck and H. Fischer, School 
Mines Quart., 20, 372 (1899). 

® A. Froehde, Pogg. Ann., 119, 317 (1863); E. Donath, Z. anal, Chem., 19, 23 (1880). 
" W. van Tongcren, Ing. Nederland Indie, 7 (5), 51 (1941). 
^ H. N. Warren [Chem. News, 67, 16 (1893)1 stated that it has “lately been proved” 

that oxides of tin and antimony are volatilized during fusion with alkalies at high 
temperatures. The temperature and other conditions, and the rate of loss are not given. 

® J. S. Knapper, K. A. Craig, and G. C. Chandlee [/. Am. Chem. Soc., 55, 3945 (1933)1 
state that tin can be quantitatively precipitated by phenylarsonic acid, C6H5AsO(OH)2, 
in hot dilute (5-f-95) hydrocliloric acid solution, and separated from all of the 
elements occurring in brass or bronze excepting iron. If this is present, the precipitate 
must be dissolved and reprccipitated. The final precipitate can be converted to Sn02 
by igniting, gently at first until carbon is gone, and then at 1100® C until constant 
weight is obtained. According to B. Tougarinoff [Bull, soc, chmt. Belg,, 45, 542 
(1936)1, as little as 0.1 mg of tin in 30 ml of a boiling 15 to 20 per cent (by volume) 
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Tin ores and concentrates are frequently associated with minerals con¬ 
taining elements that require separation before reduction and iodimetric 
determination of the tin are attempted. In rapid, routine procedures the 
disturbing effect of small amounts of copper, arsenic, antimony, bismuth, 
and germanium is eliminated or largely overcome by treating the hydro¬ 
chloric acid solution of the tin with Ferrum Reductuni. The precipitated 
metallics retain a little tin which must be recovered by solution and re¬ 
precipitation. 

According to R. Gilchrist,^® tin can be completely precipitated at pH 1.5 
by addition of sodium hydroxide to a boiling solution containing chloro- 
stannic acid, such as is obtained when an alloy is dissolved in dilute aqua 
regia. If the tin is obtained in sulfuric acid solution, as by dissolving the 
precipitate and paper in sulfuric and nitric acids and fuming until organic 
matter is destroyed and compounds of nitrogen have been driven off, it 
can be completely precipitated by diluting to an acidity as high as 1.8 N 
(5 ml H2SO4 in 100 ml) and heating on the steam bath for 1 hour. Two 
or more precipitations are needed for the complete separation of elements 
like trivalent iron or indium that hydrolyze at a low pH. 

Tin can be separated from small amounts of tungsten by precipitation 
with hydrogen sulfide in a dilute acid solution containing tartaric acid (p. 
63). When considerable tungsten is present, the separation succeeds best 
by repeated precipitation with ammonium hydroxide in the presence of 
ammonium salts, followed by solution of the final precipitate in hydro¬ 
chloric and tartaric acids and precipitation of the tin by hydrogen sulfide.^^ 
Whenever stannic hydroxide is removed from filter paper, great care should 
be taken to make sure that all of it is dissolved. So easy is the loss of tin 
held in the fibers, that the only safe procedure lies in destroying the paper 
and recovering the tin by digestion with nitric and sulfuric acids (p. 388) 
or in igniting the paper at a low temperature in a porcelain crucible, trans¬ 
ferring the ash to a platinum crucible, fusing with a little carbonate, and 
dissolving the melt in acid. If hydrochloric acid was used in dissolving the 
hydroxide, an additional precaution is needed: namely, that all chloride be 
washed out of the paper, lest tin be lost by volatilization. 

In rocks and minerals, tin is rarely, if ever, separated as metastannic acid 
by digestion with nitric acid, as is done in the analysis of nonferrous metal¬ 
lurgical materials that contain little or no iron. This follows because rocks 
usually contain so much iron that complete precipitation of tin is impos¬ 
sible, and because the tin that does separate is never pure. When the 

hydrochloric acid solution can be detected by precipitation with nitrophenolarsonic 
acid, C6H3-0H*N02*As0(0H)2. Copper, zinc, cobalt, nickel, iron, and such 
amounts of bismuth and antimony as may survive the preparation of the solution do not 
interfere. 

1®/. Research NBS, 20, 745 (1938). 
^^See also under Tungsten, III (p. 684). 
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material is soluble in nitric acid and no more than a milligram or two is 
present, practically complete separation of the tin can usually be secured 
by dissolving in dilute nitric acid (1 + 1), diluting to (1 + 5), digesting 
for 3 hours or more at 80 to lOO'^ C, filtering the hot solution through a 
compact filter, and washing with hot water or hot dilute nitric acid 
(1 + 20). Moderate amounts of sulfuric acid do not interfere in the pre¬ 
cipitation. The precipitate is subject to contamination by a number of 
elements, as for example silica, columbium, tantalum, tungsten, antimony, 
arsenic, phosphorus, and even by elements such as iron, copper, and zinc.^^ 
Purification of the precipitate by fusion with sodium carbonate and sulfur 
is tedious, uncertain, and unsatisfactory, in that the fusion must be repeated, 
complete separation of tin is doubtful, and the operation leaves it still asso¬ 
ciated with such elements as arsenic and antimony. F'or these reasons, the 
precipitation of tin by digestion with nitric acid should be regarded as a 
preliminary separation and not as a quantitative procedure.^^ 

The separation of tin from antimony is described on page 70, from ar¬ 
senic on page 260, and from lead on page 226. Tin can be separated from a 
number of elements by precipitating it as the metal with zinc, aluminum, 
or cadmium in hydrochloric acid solution, and then treating the filtered 
metals with nitric acid to dissolve the excess precipitant metal and to con¬ 
vert the tin to metastannic acid. 

Tin can be completely volatilized and separated from elements such as 
copper and molybdenum by passing dry hydrochloric acid gas through a 
sulfuric acid solution containing the tin in the quadrivalent state and heated 
to approximately 200° C. For a distillation method in which arsenic, anti¬ 

mony, and tin are distilled in turn (see p. 70). 

An interesting separation of tin from certain elements is that based on 

the use of cupferron.^^ By the use of this reagent as described on page 116, 

tin can be quantitatively precipitated and separated from such elements as 
aluminum, chromium, manganese, zinc, cobalt, nickel, and probably quin- 

quevalent antimony. As the separation from some of the metals of the 

12 For example, determinations of tin in cast bronze (Cu 88.33, Sn 7.9, Zn 1.89, Pb 
1.52, and Fe 0.12) made by dissolving 1-g samples in nitric acid and digesting for 
several hours, or by evaporating to dryness and baking, showed essentially the same 
errors, the tin left in solution approximating 0.1 mg and the metastannic acid con¬ 
taining approximately 1.5 mg of iron, 0.4 mg of copper, 0.2 mg of zinc, and no lead. 
In analyses of 0.2-g portions of pure tin, the tin left in solution averaged 0.4 mg. It 
may be here remarked that aluminum does not interfere in the precipitation of meta¬ 
stannic acid and does not contaminate the precipitate. 

18 According to E. Stelling [Ind, Eng, Chem., 16, 346 (1924)], metastannic acid, 
even after it has been heated to dull redness, can be dissolved by covering it with 
50 ml of a strong solution of sulfurous acid, digesting at 60 to 70* C for a few 
minutes, and then boiling after adding 10 ml of hydrochloric acid. 

i*A. Kling and A. Lassieur, Compt, rend,, 170, 1112 (1920); N. H. Furman, Ind, Eng. 
Chent,, 15, 1071 (1923); A. Pinkus and J. Qaessens, Bull, soc, chim, Belg,, 31, 413 (1927). 
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hydrogen sulfide group is not satisfactory (p. 116), the chief application 
of this reaction would appear to lie in the preliminary separation of such 
small amounts of tin as may be contained in metals such as aluminum, zinc, 
and cobalt, and in the precipitation of tin in the solution obtained after the 
separation of antimony and arsenic by precipitation with hydrogen sulfide 
in the presence of hydrofluoric acid. In this case, the h\'drogcn sulfide 
must be expelled, and boric acid must be added. 

To get rid of tin, arsenic, and antimony, as in analyses of high-purity pig- 
tin, transfer 25 g of drillings or a solid piece to a distilling flask fitted with 
a carbon dioxide inlet tube, a thermometer, a dropping funnel, and a con¬ 
denser. Start a slow stream of carbon dioxide, and add a 5 + 1 mixture of 
hydrobroniic acid (48^o) and bromine, slowly at first. When vigorous 
action ceases, cover the residue with liquid, heat to 130 to 140 ’ C, and 
maintain at this temperature until the tin is entirely volatilized. Cool, 
dilute, and transfer to a convenient vessel. Complete removal of tin can 
be assured by treatment with sodium hydroxide and sulfide (p. 62). Less 
desirable is solution in an open vessel, followed by evaporation to dryness, 
retreatment with the acid mixture, and re-evaporation. Allovs such as 
bronze or nickel silver can be dissolved, and tin, arsenic, and antimony can 
be volatilized as follows: Transfer 5 g of the finely divided sample to 
a 600-ml beaker, and add 35 ml of hydrobroniic acid (48%) and 5 to 10 ml 
of bromine. Cover, and digest at 70 to 80*^ C until the sample is decom¬ 

posed. Rinse, and remove the cover. Evaporate to dryness, using radiant 

heat from an overhead source. Cover the beaker wfith a dry cover glass 

raised on hooks, and bake 10 to 15 minutes on a moderately hot plate. 

Cool, add 15 ml of nitric acid and 25 ml of perchloric acid (70%), evapo¬ 

rate to fumes of the latter, and boil gently 10 to 15 minutes. Cool, add 

100 ml of hot water, stir until salts are in solution, and filter and wash if a 

residue (silicic acid) is indicated, 

IV. METHODS OF DETERMINATION 

By far the best method for the determination of tin is that based on its 

oxidation to the quadrivalent state by means of a standard solution of iodine, 

after reduction to the bivalent condition in sulfuric or hydrochloric acid 

solution by reducing agents such as granulated lead,^® or strips of iron,^' 

or nickel^® 

Calvin Sterling, International Nickel Co. (private communication). 
i«A. R. Powell, /. Soc. Chem. Ind,, 37, 287 T (1918); G. E. F. Liindell and J. A. 

Scherrer, /. Ind. Eng. Chem., 14, 426 (1922). 
1^ A. H. Low, A. J. Weinig, and W. P. Schoder, Technical Methods of Ore Analysis^ 

IJth ed., p. 239, John Wiley & Sons, N. Y. (1939). 
L. Hallett, /. Soc. Chem. Ind. London, 35, 1087 (1916). 
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Determinations of tin made by precipitation of the quadrivalent com¬ 
pound with ammonium hydroxide, followed by ignition to the oxide, 
Sn02, are entirely satisfactory when applied to solutions containing tin 
alone but can rarely be used directly because of accompanying elements 
that are also precipitated. The separation of tin as the sulfide, followed by 
ignition to the oxide, requires the careful separation of all other metals 
of the hydrogen sulfide group, and must be confined to the determination 
of small amounts of tin because it is difficult to filter and wash the sulfide 

and to convert all of it to the oxide. 

A. lODIMETRIC METHOD 

The iodimetric method is often applied without any preliminary separa¬ 
tion of tin from other elements. In the presence of elements that may be 
reduced and subsequently reoxidized by iodine, a complete separation is 
essential. 

The chief precautions in accurate analyses by the iodimetric method lie 
in completely reducing the tin to the bivalent stage and in preventing its 
reoxidation by air. The former is not difficult and can be accomplished 
by the use of various metals or compounds. Success in the latter requires 
the maintenance of a nonoxidizing atmosphere during the entire operation 
and is impossible through the use of such expedients as a Bunsen valve or 
the addition of a few grams of sodium or other carbonate. It should be 
noted that the various metals or compounds that are used in acid solution to 
reduce tin to the bivalent state differ in their behavior with changes in 
temperature and acidity of the solution. For example, reduction with lead 
can be slowed down to a negligible rate by chilling the acid solution, and 
that with hypophosphorous acid by cooling the acid solution and then 

diluting with air-free water. Such treatments do not suffice with metallic 

iron (aluminum or zinc), any excess of which must be removed before 

titration with iodine can proceed. The effect of interfering elements, if 

present, cannot be predicted with certainty, for they either may be reduced 

to sponge metal and occlude small amounts of tin or may be more or 

less completely reduced to a lower valency, depending on the prevailing 

oxidation-reduction potential, and subsequently oxidized during titration 

with iodine. For example, germanium is largely, if not entirely, reduced 

to an insoluble compound and does not interfere when lead is used, but is 

partially reduced to a soluble compound and afterwards reoxidized by 

’Precipitated antimony, obtained in reductions by lead, iron, zinc, or aluminum, 
may coprccipitatc appreciable amounts of tin or tin and copper during the reduction 
of tin, and, to some extent, may also reduce quadrivalent tin during titration with iodine. 
If powdered antimony is used as the reductant, results for tin may be high or low, 
according to the fineness of the particles [S. G. Clarke, Analyst^ 56, 82 (1931); B. S, 
Evans and D. G. Higgs, ihid., 69, 201, 291 (1944)1. 
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iodine when iron is employed. Small amounts (<10 mg) are without 
appreciable effect. 

Among metals that have found use for the reduction of tin to the bivalent 
state, or to the metal, may be mentioned iron, lead, nickel, aluminum, and 
zinc. Of these, lead and nickel have acquired a preference, for their reduc¬ 
ing action is readily arrested by chilling the reduced solution, thereby 
making removal of the excess unnecessary. 

In the method employing lead as a reductant, interfering substances 
include nitric acid, tungsten, molybdenum, chromium, and vanadium. 
Nitric acid yields iodine with hydriodic acid and causes low results for tin. 
I'ungsten is reduced to a blue-colored compound that masks the end-point 
color with starch if much tungsten is present; the reduced compound does 
not consume iodine, however, and so does not cause error if the end point 
can be seen. Molybdenum, chromium, and vanadium are reduced and 
cause high results for tin because the reduced compounds consume iodine. 
The presence of these elements is betrayed by a change in color as reduc¬ 
tion of the tin proceeds; for example, molybdenum causes a brown and 
vanadium a purple coloration. Small amounts of arsenic are not harmful.^^’ 
Among other compounds that do not interfere may be mentioned sulfates, 
phosphates, iodides, bromides, fluorides, iron, nickel, cobalt, zinc, manga¬ 
nese, uranium, aluminum, lead, bismuth, magnesium, and the alkaline earths. 

Titanium, irrespective of the amount present, exerts a slight positive 
effect when titration is effected with an iodine solution containing dissolved 
air.2^ 

Some elements, as for example nickel, interfere when present in consider¬ 
able amount, because of the color of their solutions. Moderate amounts of 
copper (0.005 g or less) are reduced to the metal or to cuprous salts that 
do not interfere; the reduction of larger amounts is sometimes uncertain 
and if incomplete leads to low results because of the formation of iodine 
through reaction between the cupric salt and the hydriodic acid liberated 

in the titration. Some reduction of tin to metal may result if much copper 

is present, particularly if the acidity is low and the boiling is prolonged. 

Small amounts of antimony (<15 mg) are without serious effect; large 

amounts lead to errors that cannot be ignored. 

-opor example, H. A. Buchheit obtained 0.2000 g of tin in a solution containing 
0.2000 g of tin and 1 mg of arsenic, and 0.2018 g of tin in a solution containing 0.2009 g 
of the element and 100 mg of arsenic. 

F. L. Okell and J. Lumsden [Analyst, 60, 803 (1935)] state that correct results 
obtain if air-free iodine solutions are used while W. van Tongeren [Ing, Nederland 
Indie, 7, (5) 57 (1941)] cites E. A. Fisher, chief of the laboratory, Eastern Smelting 
Co., Penang, as recommending iodine solutions containing not less than 90 g KI per 
liter to avoid the effect of titanium. W. H. R. Allen [Mining Mag,, 40, 25 (1929)] also 
called attention to the effect of Ti and used an iodine solution containing 17.5 g I2, 
318 g KI per liter of water. 
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PROCEDURE, a. Reduction by Lead. Prepare 300 ml of a solution con¬ 
taining 0.2 g or less of tin, 10 to 15 ml of sulfuric acid, 100 ml of hydro¬ 
chloric acid, and no nitrates, tungsten, molybdenum, chromium, or vana¬ 
dium. Transfer the solution to a 500-nil Erlenmeyer flask, and add 2 to 
3 g of test lead. Insert a three-hole stopper carrying in one hole a gas 
inlet tube extending just below the stopper, in the second hole a vertical 
air condenser tube 15 to 20 cm in length, and in the third hole a small 
stopper. Start a slow current of oxygen-free carbon dioxide through the 
flask, gradually heat to boiling, and boil gently for 30 to 40 minutes. 
Finally, cool in ice to about lO'^ C after increasing the current of carbon 
dioxide to prevent back pressure. This can be detected by attaching a 
bubble tube on the gas outlet. When the solution is cold, continue the 
current of gas, remove the stopper in the third hole, add 5 ml of a clear 
solution of starch from a pipette, and then insert the tip of a burette con¬ 
taining a standard solution of iodine. Titrate to a permanent blue tint. 
Correct the titration by a blank determination carried through all steps of 
the method. The iodine solution should be standardized against pure tin, 

corresponding in amount to that being determined, which has been dis¬ 
solved and treated exactly as in the method. The titer thus obtained 
exceeds the theoretical value and is attributed to slight oxidation of the 
stannous tin, resulting from air contained by the iodine solution.^® 

b. Reduction by Nickel. Prepare 300 ml of a solution containing not 
more than 0.25 g of tin, 65 ml of hydrochloric acid, and free from 
nitrates, tungsten, molybdenum, chromium, vanadium, copper, and anti¬ 
mony. Transfer the solution to a 750-ml Erlenmeyer flask and introduce 
2 or 3 strips of pure nickel (% x 11-inch), coiled or bent to stand on edge. 
Insert in the flask a rubber stopper carrying a syphon outlet tube (7 mm. 
OD glass tubing) slightly constricted at each end and extending from just 
below the stopper on the inside to within approximately ^4 inch from the 
bottom of the flask on the outside. Heat the solution to boiling, and boil 
gently for 60 minutes, avoiding any great decrease in volume. While still 
boiling, seal the outlet by immersion in a saturated solution of sodium 
bicarbonate prepared from air-free water, remove flask with seal from the 
source of heat, and allow to cool somewhat. Cool to 10 to 15° C, care¬ 
fully remove the stopper, add 5 ml of starch solution, and titrate with a 

In many cases the sulfuric acid solution of the tin is prepared by placing the 
filter paper containing impure nictastannic acid or mixed sulfides in a Kjeldahl flask, 
and decomposing by boiling with sulfuric acid and sodium sulfate as in the Kjeldahl 
method (p. 784). 

2»F. L. Okell and J. Lumsden {loc. cit.) state that the stoichiometric titer can be 
used if titrations are made with air-free iodine solutions. See also B. S. Evans and D. G. 
Higgs [Analyst, 69, 201 (1944)]. If desired, the titration can be made with a standard 
solution of ceric sulfate in the presence of starch and potassium iodide [L. G. Bassett 
and L. F. Stumpf, Ind. Eng. Chem. Anal. Ed., 6, 477 (1934)]. 
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standard solution of iodine, allowing the latter to flow down the side of 
the flask. Avoid agitating or shaking the solution until all but approxi¬ 
mately the last milliliter of the iodine solution has been added. Titrate to 
a permanent blue tint. 

c. Reduction by Ahmnnimi or Zinc. Successful reductions of stannic tin, 
by means of metallic aluminum or zinc, may be obtained in hydrochloric 
acid solution free from other precipitable elements that may occlude tin, 
or compounds that undergo reduction and reoxidation by iodine. In such 
procedures care should be observed that all separated sponge tin is com¬ 
pletely dissolved and converted to stannous chloride before titration. 

Reduction by hypophosphorous acid, H3PO2, has been recommended 
by Evans.^* This is performed in hot, dilute hydrochloric acid solution 
(1 -f- 1) to which a little finely divided mercury catalyst has been added. 
Tin is reduced to the bivalent, antimony to the trivalent, and arsenic to the 
metallic state. The reducing action of the hypophosphorous acid is stopped 
by diluting and cooling the solution in an inert atmosphere, arsenic is 
removed before titration is attempted, and antimony does not interfere if 
potassium iodide and ammonium oxalate arc added and titrations are made 
in moderately strong acid solution. Iron, copper and nitrate ions interfere. 

B. GRAVIMETRIC BY WEIGHING AS Sn02 

As has already been pointed out, methods in which tin is weighed as the 
dioxide generally reejuire more or less elaborate separations to remove ele¬ 
ments that would otherwise contaminate the weighed residue. When the 
method is used, great care should be taken to preserve good oxidizing con¬ 
ditions during the ignition of the oxide for it is easily reduced. It is not 
uncommon to find globules of metallic tin after the oxide has been heated 
in a covered crucible that has been enveloped by the full flame of a 
Tirrill burner. Metastannic acid which is obtained by dissolving tin in 
nitric acid and evaporating to dryness, can be quantitatively converted to 

the oxide, Sn02, at temperatures as low as 700° C. Pure Sn02 is white 
when cold. A blue tint indicates contamination, often by antimony.-® 

PROCEDURE, a. A^ter Precipitation by Ammonium Hydroxide. Prepare 
an acid solution of tin that is free from organic matter and from which all 
other substances that are precipitable by ammonium hydroxide have been 

24B. S. Evans, Analyst, 56, 171 (1931); 69, 201 (1944). 
25 The presence of certain impurities in the stannic oxide can be checked by add¬ 

ing ammonium iodide, heating at 425 to 475® C, cooling, treating with nitric acid, 
evaporating, igniting cautiously, and reweighing. In this treatment, tin is volatilized 
as stannic iodide, and impurities such as iron, copper, lead, silicon, and tungsten re¬ 
main behind as oxides. Volatilization of antimony is also complete, that of zinc is in¬ 
complete, and that of phosphorus depends on conditions that obtain [E. R. Caley and 
M. G. Burford, Ind. Eng. them. Anal. Ed., 8, 114 (1936)]. Treatment with zinc and 
dilute hydrochloric acid yields metallic tin. 
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removed. Precipitate as described under Aluminum (p. 504), wash the 
precipitate with a hot 2 per cent solution of ammonium nitrate, and make 
sure that all chlorides are removed if these were contained in the solution. 
Dry the paper and contents carefully in a weighed porcelain crucible, and 
then char the paper and destroy the carbon in a good oxidizing atmosphere, 
preferably with the crucible in a shield and at as low a temperature as pos¬ 
sible. E^nally heat at 1100 to 1200"^ C in a muffle or with the crucible so 
placed over the burner that the flame does not envelop it. Cool in a desic¬ 
cator, weigh, and repeat the heating until constant w eight is obtained. In 
accurate analyses, the oxide should be transferred to a platinum crucible 
and corrected for silica by treatment with hydrofluoric and sulfuric acids. 

b. After Precipitation by Hydrogen Sulfide. Aside from the necessity 
of separating other elements that are precipitated by hydrogen sulfide, the 
determination of tin by the use of this reagent is not an attractive procedure, 
for the slimy character of the precipitate renders filtration and washing 
difficult, and the conversion of the sulfide to the oxide is uncertain. For 
these reasons, the method should not be applied when the amount of tin 
exceeds a few milligrams.-® 

PROCEDURE. Prepare a dilute acid solution containing no metals of the 
hydrogen sulfide group other than tin and precipitate as described under 
Precipitation with the Sulfide Ion (p. 60). Let the solution stand 2 to 
3 hours or preferably overnight. Filter on a weighed Gooch crucible, 
provided w^ith a bottom cover, and w^ash the precipitate with a 2 per cent 
solution of ammonium nitrate until foreign salts, especially chlorides, are 
removed. Replace the bottom cover, support the crucible in an inclined 
position, and heat gently at first to prevent decrepitation. This is done 
by placing the burner in front of the crucible and then gradually drawing 

it in until it heats the bottom of the crucible. When danger of decrepita¬ 

tion is past, heat at 600 to 700"^ C until sulfur dioxide cannot be detected, 

cool, and treat the residue with a small piece of ammonium carbonate. 

Heat gently until ammonium salts are expelled, and then at 1100 to 1200° C 

under good oxidizing conditions. Cool, weigh as Sn02, and repeat the 

process until constant weight is obtained. The oxide is not hygroscopic. 

c. After Precipitation by Cupferron. Precipitation with cupferron (p. 

116), followed by ignition of the precipitate to the oxide, Sn02, is an 

attractive procedure for the determination of tin in a distillate obtained in 

separations of arsenic, antimony, and tin (p. 70). Such determinations 

-®D. A. Lambie and W. R. Schoellcr [Analyst^ 65, 283 (1940)] assert that a dense, 
granular sulfide, which is readily converted to the oxide at bright red heat, can be had 
by obtaining the tin as stannic sulfate in 200 to 400 ml of a solution containing 5 to 15 
ml of sulfuric acid, 20 to 50 ml of a 20 per cent solution of ammonium chloride, and 
some paper pulp; saturating with hydrogen sulfide; allowing to settle; filtering; and 
washing with dilute sulfuric acid (14-99) containing hydrogen sulfide. 
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require special precautions: (1) to avoid excessive concentrations of am¬ 
monium chloride or bromide, which cause spattering during drying and 

ignition, (2) to use a six- to seven-fold excess of cupferron, (3) to remove 

halides completely during washing, for these cause volatilization of tin 

during ignition, and (4) to dry very slowly so as to avoid spattering. The 

first precaution can he observed by distilling with a mixture of 1 or 2 parts 

of water and 1 part of hydrobromic acid containing 5 to 10 ml of hydro¬ 

chloric acid per 100 ml and diluting the distillate to 5 to 10 per cent by 

volume of acid, rather than by neutralizing with ammonium hydroxide; the 

final volume can be as large as 1000 ml. In drying, the paper and precipi¬ 
tate should be heated 4 to 5 hours at approximately 45 ° C and then gradually 

brought to 1000^ C by starting with a cold muffle.^^ 

C. OTHER METHODS 

Chief among other methods for the determination of tin is the electrolytic 

method in which tin is deposited as the metal on platinum gauze cathodes 

in solutions containing oxalic acid and potassium or ammonium oxalate.^® 

This method will not be described, for it is less accurate than the iodimetric, 

requires more preliminary separations, and is much slower. 

For the determination of tin in organic compounds containing no other 
nonvolatile constituents, sec H. Gilman and W. B. King.^° 

For the colorimetric determination of 0.02 to 1 mg of tin following 

distillation of the quadrivalent chloride, reduction to the bivalent state, 

and development of the blue color with silicomolybdate, consult I. Baker, 

M. Miller, and R. S. Gibbs.*^® 

For details, consult W. D. Mogerman, /. Research NBS, 33, 307 (1944). The sepa¬ 
ration and determination of the tin in the distillate may also be effected by hydrolyzing 
at an acidity not exceeding pH 1.5, as recommended by R. Gilchrist (loc, cit,), filter¬ 
ing, washing, and igniting to oxide. As stated above it is necessary to remove halides 
completely during the washing. 

28 A. Classen and M. A. v. Reis, Ber., 14, 1622 (1881) ; F. Henz, Z. anorg, Che?n., 37, 
40 (1903). 

29 /. Am, Chem. Soc., 51, 1213 (1929). 
80/wd. Eng, Chem, Anal, Ed,, 16, 269 (1944). 
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GERMANIUM 

Germanium is a very rare metal allied to tin. It has been estimated that 
it is present in the igneous rocks of the earth’s crust to the extent of 
1 X per cent.^ Its chief occurrence is in certain zinc blendes of 
North America. The principal minerals are argyrodite, a sulfide of ger¬ 
manium and silver; canfieldite, a sulfide of silver and tin in which germanium 
partly replaces the tin; and frankeite, a germaniferous sulfide mineral con¬ 
taining lead, tin, and antimony. In addition, the element occurs in enargite,- 
tin,® niobium and tantalum minerals, and in certain coals and coke. It has 
also been found in minute amounts in certain continental mineral waters. 

I. GENERAL CONSIDERATIONS 

In the ordinary methods of rock analysis, all germanium would probably 
be volatilized as the chloride during the evaporations with hydrochloric 
acid incidental to the separation of silica, for the tetrachloride boils at 
86° C. So far as we know, germanium will be present in metallurgical 
materials only as an impurity. Whenever it is sought, its loss by volatiliza¬ 
tion must be guarded against. 

11. ATTACK OF GERMANIUM MINERALS AND OF ZINC OXIDE 
CARRYING GERMANIUM 

The volatility of the tetrachloride (also tetrabromide) precludes ordinary 
methods of attack with hydrochloric acid, aqua regia, mixtures of sulfuric 
or perchloric acids with hydrochloric or hydrobromic acids, or even fuming 

iP. W. Qarke and H. S. Washington, Proc, Natl, Acad, Sci.y 8, 114 (1922). 
2J. Papish, F. M. Brewer, and D. A. Holt, /. Am, Chem, Soc.y 49, 3028 (1927). 

These authors described an arc-spectrographic method for the detection and estimation 
of germanium. Papish [Econ. Geol., 23, 660 (1928)] reported the finding of germanium 
in stannite (traces), in Bolivian pyrargyrite (none to 3%), in native copper (as much 
as 0.001%), and in calamine (traces). 

For the determination of 0.019 mg or more of germanium in the presence of large 
amounts of arsenic, S. A. Coase [Analysty 59, 462 (1934)] recommends electrolytic 
reduction to monogermane, GeH4, in alkaline solution, followed by thermal decom- 
position to form a mirror of metallic germanium, and comparison with standards 
similarly prepared. 

297 
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with perchloric acid alone. Apparently, germanium is not lost hy volatili¬ 
zation in solutions containing hydrofluoric acid if evaporation and sub¬ 
sequent ignitions are carried on slowly.-^ 

Argyrodite or canfieldite can be broken up by fusion with 5 to 6 parts 
by weight of a mixture of equal parts of sodium carbonate and sulfur. The 
melt is then extracted with water, the solution filtered, and the residue 
washed with water. As the separation is rarely perfect, the fusion and 
extraction are repeated, the filtrates combined, and germanium, together 
with arsenic and more or less of the other elements of the arsenic group, 
are precipitated by making the solution 6 N with respect to sulfuric acid, 
saturating the solution with hydrogen sulfide, stoppering the flask, and 
allowing the solution to stand for 24 to 48 hours. The sulfides are then 
separated by filtration, washed with 6 N sulfuric acid that has been satu¬ 
rated with hydrogen sulfide, and then dissolved in a solution of sodium or 
ammonium hydroxide with the aid of hydrogen peroxide or chlorine. 

For the determination of germanium in germaniferous zinc oxide, direct 
distillation of the chloride as described by Dennis and Papish is the most 
convenient and is done as follows: Take 20 to 110 g of the oxide that has 
been dried at 110° C, grind to a paste with water, and pour into a flask 
containing a solution of sodium hydroxide. The proper proportions are 
1 part of sodium hydroxide, 2 parts of the crude zinc oxide, and 5 parts 
of water. Provide the flask with a three-hole stopper, carrying a tube 

reaching to the bottom of the flask, a small separatory funnel, and a small 

Vigreux distilling column. To the side arm of the Vigreux column attach 

a Liebig condenser, and to the other end of the condenser attach an adapter 

which passes through a two-hole stopper nearly to the bottom of an Erlen- 

meyer flask. Connect this flask with another guard flask by means of a 

tube extending to the bottom of the second flask. Add enough water to 

cover the ends of the inlet tubes in both flasks, and immerse the flasks in 

ice water. Immerse the distilling flask in cracked ice, fill the apparatus 

with chlorine, continue a slow stream of the gas, and introduce hydro¬ 

chloric acid slowly through the separatory funnel in amount sufficient to 

neutralize the sodium hydroxide and, in addition, to equal twice the weight 

of the zinc oxide. Remove the ice, heat gently, and finally distil until one 

half of the liquid has distilled over. Add an equal volume of hydrochloric 

acid, continue the distillation as before, and again add acid and distil. 

3 For example, no gennanium was lost when 0.003 g of Ge02 as Ge (804)2 was 
mixed with 1 ml HCIO4, 2 ml H2SO4, 5 ml HQ, 5 ml HF and 1 ml of HoO, the 
solution evaporated on the steam bath, then heated in an air bath, and the residue 
ignited at 900® C for 15 minutes. See also W. C. Aitkenhead and A. R. Middleton, Ind. 
Eng, Chem. Anal, Ed.y 10, 633 (1938). 

*L. M. Dennis and J. Papish, /. Am, Chem, Soc,y 43, 2140 (1921). See also C. James 
and H. C. Fogg, ibid,y 51, 1459 (1929). 
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Disconnect the receivers, combine the solutions, cool in ice, and add sulfuric 
acid to bring the acidity to 6 N. Saturate with hydrogen sulfide, stopper 
the flask, and let stand for 24 to 48 hours. Treat the precipitated sulfide 
of germanium as in the preceding separation. 

III. METHODS OF SEPARATION 

The outstanding separation of germanium is based on the volatility of 
its tetrachloride. By the use of a proper distilling column, germanium can 
thus be easily separated not only from elements that do not form volatile 
chlorides but also from such elements as arsenic, tin, antimony, selenium, 
and tellurium that do. A satisfactory distilling column described by Dennis 
and Johnson consists of a tube, 20 mm in diameter and 80 cm in length, 
filled with glass beads 7 to 9 mm in diameter, surrounded by a glass jacket 
tube, and fitted with a special still head. The distillation procedure follows 
the lines described in II. It is difficult to condense the tetrachloride con¬ 
tained in bubbles of air, and so an efficient absorbing arrangement must be 
used or, better still, concentrated hydrochloric acid substituted as the 
evolved gas.*^ 

Also useful are the separations based on the use of hydrogen sulfide or 
alkaline sulfides. Thus germanium belongs with the elements of the arsenic 
group of sulfides and can be precipitated by hydrogen sulfide in acid solu¬ 
tion and separated from the copper group by digestion of the sulfide with 
alkaline sulfide or polysulfide. Further, in hydrofluoric acid solution ger¬ 
manium behaves like tin and can thus be separated from elements such as 
trivalent arsenic and antimony that are precipitated (p. 63). The complete 
precipitation of germanium as sulfide in acid solution is more difficult than 

that of most elements of the hydrogen sulfide group and is best done in 

cool 6 N sulfuric acid solution by saturating the solution with hydrogen 

sulfide, stoppering the flask, and allowing the almost colloidal sulfide to 

settle during 48 hours. The precipitated sulfide also tends to cause trouble 

with ordinary washing mediums and should be washed with the 6 N acid 

that has been saturated with hydrogen sulfide. 

Germanium can be precipitated by tannin from acid solution ^ as follows: 

Prepare 150 to 250 ml of a neutral solution, preferably free from chlorides 

and containing the equivalent of 50 to 60 mg of the dioxide. Treat with 

5 to 15 ml of 2 N sulfuric acid and 8 to 10 g of ammonium sulfate, and 

®L. M. Dennis and E. B. Johnson, ibid., 45, 1380 (1923). 
®As little as 0.0003 per cent of germanium can be determined in silicate rocks by 

disdllation of the tetrachloride and its colorimetric estimation in the distillate after 
treatment with ferrous sulfate and ammonium molybdate [A-G. Hybbinettc and 
E. B. Sandell, Ind. Eng. Chem. Anal. Ed., 14, 715 (1942)]. 

7 G. R. Davies and G. Morgan, Analyst, 63, 388 (1938). 
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heat almost to boiling. Stir vigorously, and slowly add 10 to 30 ml of a 
freshly prepared 5 per cent solution of tannin. Let stand at the side of 
the steam bath until the precipitate has settled, and filter through ashless 
paper with the aid of gentle suction. Wash the paper and precipitate with a 
5 per cent solution of ammonium nitrate containing 5 ml of 2 N nitric acid 
per 100 ml together with a little tannin. For better washing, especially if 
chlorides w^erc present, return the precipitate to the beaker by a jet of 
the washing solution, stir w ith 50 ml of it, refilter, and further wash on the 
filter. Transfer paper and precipitate to a tared crucible, and ignite very 
cautiously below 700° C until carbon is destroyed, and then at 900 to 
1000° C. Alternatively, paper and precipitate can be decomposed by sul¬ 
furic and nitric acids and the solution evaporated to dryness and cautiously 
ignited. According to the authors, the method shows promise for the 
separation of gennanium from arsenic, gallium, zinc, copper, iron, manga¬ 
nese, vanadium, titanium, and zirconium, but not from molybdenum. 

Germanic chloride is quite insoluble in concentrated hydrochloric acid 
(0.3 mg per g of acid at 0° C) and can be separated from soluble chlorides 
such as arsenious, antimonic, stannic, and titanic by repeated shaking with 
the acid in a separatory funnel.® It does not interfere in the Gooch-Havens 
method (p. 499), for the chloride redissolves in fuming hydrochloric acid 
and is not reprecipitated by ether. 

IV. METHODS OF DETERMINATION 

A. PRECIPITATION AS SULFIDE AND WEIGHING AS OXIDE 

By far the best method for the determination of germanium lies in its 
preliminary separation as sulfide followed by conversion to the oxide, Ge02. 
The separation of the sulfide is attended by some difficulties as described 
in Section III; its oxidation is not difficult if performed by treatment with 
ammonia and hydrogen peroxide as described by Johnson and Dennis.® 
Oxidation by nitric acid is less satisfactory in that the reaction is violent, 
and it is difficult to get rid of the free sulfur that is formed, without some 
reduction and volatilization of germanium. 

According to Muller and Eisner,large or small amounts of germanic 
sulfide can be converted to germanic oxide by boiling with water until the 
sulfide has been decomposed and hydrogen sulfide expelled. The solution 

is then evaporated to dryness in a weighed crucible, treated with a few 
drops of nitric acid, again dried, and finally heated at 900° C. 

PROCEDURE. Obtain germanium sulfide by precipitation and washing as 
described in III, dissolve the precipitate by the addition of several small 

®E. R. Allison and J. H. Muller, /. Am, Chem, Soc,, 54, 2833 (1932). 
®E. B. Johnson and L. M. Dennis, ibid., 47, 790 (1925). 

J. H. Muller and A. Eisner, Ind, Eng, Chem, Anal. Ed., 4, 134 (1932). 
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portions of 10 iV ammonium hydroxide made from redistilled ammonia, and 

catch the solution in a weighed platinum dish or large crucible. But little 

ammonium hydroxide is required, as the sulfide is quite soluble; occasionally 
a little sulfur that was precipitated with the germanium sulfide may remain 
undissolved. Wash the filter with small portions of water until the washings 

are colorless. Add 20 ml of 3 per cent hydrogen peroxide, and allow the 
oxidation to proceed in the cold. A solution of peroxide that leaves no 

residue is essential. Evaporate the solution to dryness at a temperature of 

105° C, moisten the dry residue with sulfuric acid, and gently heat the 

contents of the dish with a Bunsen flame until ammonium sulfate and sulfuric 

acid are driven off. Ignite under good oxidizing conditions and finally at 

900° C to constant weight. The oxide melts at approximately 1100° 

B. WEIGHING AS MAGNESIUM ORTHOGERMANATE 

Quadrivalent germanium can be quantitatively precipitated as magnesium 

orthogemianate, Mg2Gc04, in ammoniacal solution.^- The method is quite 
similar to that used for phosphorus or arsenic, the chief difference being 

the substitution of a mixture of magnesium and ammonium sulfates for the 

ordinary magnesia mixture because of the danger of volatilizing germanium 
as chloride through interaction with chloride retained in the precipitate. 

The precipitation is prevented by ammonium tartrate, and so phosphorus 

or arsenic can be separated from germanium by the use of this reagent. 

PROCEDURE. Obtain the germanium as sulfide, dissolve in a slight excess 

of ammonium hydroxide with the aid of hydrogen peroxide that is free 
from phosphoric acid, and boil thoroughly to expel all hydrogen peroxide. 

Render slightly acid with sulfuric acid, dilute to 100 ml, and add 20 to 

25 ml of 2 ammonium sulfate solution and 15 to 25 ml of N magnesium 

sulfate solution. Add ammonium hydroxide, slowly and with stirring, until 

an excess of 15 to 20 ml per 100 ml is present. Heat to boiling, allow to 
cool, and digest for 10 to 12 hours. Filter and wash with dilute ammonium 

hydroxide (1 +9), using small portions at a time and not much more than 

50 ml in all. Ignite in porcelain as with magnesium pyrophosphate (p. 639), 

and weigh as Mg2Ge04. 

11J. H. Muller and H. R. Blank, /. Am. Chein. Soc., 46, 2358 (1924); A. W. Lauben- 

gayer and D. S. Morton, ibid., 54, 2310 (1932). 

12 J. H. Muller, ibid., 44, 2493 (1922). 
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MOLYBDENUM 

The distribution of molybdenum in the silicate rocks of the earth’s crust 
appears to be confined, in quantities susceptible of detection in a few grams 
of substance, to certain of the more siliceous rocks. It is most frequently 
found in granite in the form of the sulfide, molybdenite. The molybdates 
of iron, calcium, and lead are also known as mineral species. While the 

determination of molybdenum in rocks is not often called for or made, its 

determination in certain minerals, ores, and metallurgical products is com¬ 
mon. In the last tw o cases, accurate analyses are demanded because of the 

value of the metal or its efiFect. 

I. GENERAL CONSIDERATIONS 

The pure molybdenum minerals are usually of simple composition and 
offer no serious analytical problems. They are, however, often intimately 

associated with other minerals from which it may be impossible to separate 

them entirely. This is particularly true of ores that are not distinctly 
crystallized. In consequence, doubt or misinterpretation may result, as for 
instance when a highly bismuthiferous molybdenite w^as described which 

in reality was merely a mixture of molybdenite and bismuthenite. 
In ordinary analyses of rocks, where no precipitation with hydrogen 

sulfide in acid solution is made, any small amounts of molybdenum that 

might be present would probably remain in solution throughout the analysis 
and finally be discarded in the filtrate left after the determination of mag¬ 

nesium. In the complete analysis of its minerals, molybdenum would be 

separated, together with the other members of the hydrogen sulfide group, 
by precipitation with hydrogen sulfide in acid solution, silica, if present, 
having been first separated. 

II. ATTACK OF MOLYBDENUM MINERALS 

The common ore minerals of molybdenum are molybdenite (M0S2) and 

wulfenite (PbMo04). The former is often accompanied by oxidation 
products, of which molybdite or molybdic ocher—formerly regarded as an 

oxide but in reality a yellow hydrated ferric molybdate—is the commonest. 
302 
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This can be quantitatively extracted by dilute hydrochloric or sulfuric acid 
without dissolving any of the sulfide. It is also decomposed by alkalies. 

Molybdenite yields readily to the action of strong nitric acid and of aqua 
regia, which oxidize the molybdenum and sulfur to molybdic and sulfuric 
acids. If sulfur is not to be determined in the solution, sulfuric acid may 
be used in addition and the solution evaporated until fumes escape freely. 
It is then diluted and filtered from any particles of unattacked quartz or 
other foreign minerals. After these are ignited and weighed, they can be 
identified by appropriate treatment. Lead, if present, would also be found 
in the insoluble part as sulfate. It could be extracted by passing a warm 
solution of ammonium acetate containing a little acetic acid through the 
filter before the ignition. 

The molybdates yield to acids also, some even to hydrochloric or nitric 
acid alone, but it is common practice to use sulfuric acid and perhaps a 
drop or two of hydrofluoric acid in conjunction with them so as to insure 
perfect solution. If the mineral is wulfcnite (PbMo04), the simultaneous 
addition of sulfuric acid serves the useful purpose of precipitating the lead, 
which can then be filtered off and determined as sulfate in the usual way, 
if need be, after being separated from unattacked foreign matter, as pointed 
out for molybdenite. The use of sulfuric acid is, however, inadmissible if 
the*mineral is powellite (CaMo04, sometimes containing tungstate). 

Fusion methods, as for example those employing sodium hydroxide or 
peroxide, of decomposing either the sulfide or oxidized minerals (see Fluxes, 
p. 836) can be used if the situation seems to call for them. In some cases 
they may afford convenient separations of the molybdenum and sulfur 
from certain other elements and so facilitate subsequent operations. 

III. METHODS OF SEPARATION 

Methods for the separation of molybdenum from other elements depend 
of course on the object in view and the method of analysis that is to be 
employed. Ordinarily, precipitation as the sulfide, M0S3, is made at some 
stage of the analysis. Although the sulfide is rather insoluble in nonoxidiz¬ 
ing acids, its complete precipitation is a difficult matter (p. 60), particu¬ 
larly in hydrochloric acid solution or in the presence of impurities such as 
vanadium. Incomplete precipitation is caused by a reduction of part of 
the molybdenum by hydrogen sulfide. The reduced compound is then 
very slowly precipitated, even in a pressure bottle, and the only safe pro¬ 
cedure lies in filtering, washing the precipitate, boiling the filtrate to expel 
hydrogen sulfide, oxidizing the reduced molybdenum, as for example with 
persulfate, and again precipitating with hydrogen sulfide. When ferric 
compounds are present, as is often the case, reduction of the molybdenum 
is delayed, and more complete precipitation is usually obtained. Molyb- 
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denum sulfide can be precipitated from solutions of its salts by treating an 
acid solution, preferably sulfuric, with hydrogen sulfide or by acidifying 
an alkaline sulfide solution. In the first case, prepare a solution containing 
5 per cent by volume of sulfuric acid or 15 per cent by volume of hydro¬ 
chloric acid, heat to boiling, pass in a rapid stream of hydrogen sulfide for 
15 minutes and dilute with an equal volume of hot water. Again treat with 
the gas for 10 minutes, boil for 3 minutes, remove from heat, gas for 10 
minutes, and let stand at room temperature for 1 hour. To precipitate from 
an alkaline sulfide solution, heat to boiling, treat with hydrogen sulfide for 
10 minutes, add dilute sulfuric acid until in 2 per cent by volume excess, 
again gas for 10 minutes and allow to digest on the steam bath for 2 hours. 
If an alkaline sulfide solution is used instead of hydrogen sulfide, it should 
be fresh and be free from compounds such as sodium thiosulfate. If tung¬ 
sten or vanadium is present, better separation is achieved in the presence 
of tartaric acid, which forms stable complex compounds with these ele¬ 
ments; when precipitation of other elements by ammonium hydroxide is 
to follow, tartaric acid should not be used unless actually needed, for it 

must be removed before the ammonium hydroxide is added.^ Dilute sul¬ 

furic acid (1 + 99) saturated with hydrogen sulfide is a satisfactory washing 

medium when tungsten and vanadium are absent; when these elements are 

present, 20 g of tartaric acid per liter should be added. 

When tungsten separates from a solution containing molybdenum, it 

carries down some of the latter.^ In this event it is better to dissolve the 

tungstic acid in ammonium hydroxide containing ammonium tartrate, to 

treat with hydrogen sulfide, and then to precipitate the molybdenum as 

sulfide as already described. When much tungsten is present, it is best to 

dissolve the sulfide and repeat the separation. The separation of molyb- 

^The separation of molybdenum from tungsten or vanadium after the addition of 
tartaric acid succeeds better if the molybdenum sulfide is precipitated by adding hy¬ 
drogen sulfide to an acid solution, than by rendering the solution alkaline, gassing, and 
then acidifying. The presence of another hydrogen sulfide group member, such as 
copper, aids in the precipitation of molybdenum. 1. Koppel [Chem. Ztg., 48, 801 
(1924)] declared that precipitation of molybdenum sulfide in formic acid solution as 
recommended by J. Sterba-Bohm and J. Vostrebal [Z. anorg, Chem., 110, 81 (1920)], 
serves as a satisfactory separation of molybdenum from tungsten, and possesses an ad¬ 
vantage over the use of tartaric acid in that it is easily removed. In this method, the 
alkaline solution containing the two elements is rendered neutral by an 80 per cent 
solution of formic acid, treated with an excess of freshly prepared ammonium sulfide, 
and then again with formic acid until in 5 ml excess per 100 ml of solution. After 
digestion on the steam bath, the solution is filtered and the sulfide washed with a 5 
per cent solution of formic acid. 

2 For example, in the analysis of 1-g portions of ferrotungsten containing 78 per cent 
tungsten and 0.20 per cent molybdenum, more than 75 per cent of the latter was held 
by tungstic acid, no matter whether it had been separated by dehydration with H2SO4 
—HNOs or by precipitation with cinchonine. 
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denum from tungsten by its extraction from the moist acids with sulfuric 
acid is not so satisfactory. This method proposed by Ruegenberg and 
Smith ^ and subsequently modified by Hommel * is carried out by covering 
the freshly precipitated moist acids with concentrated sulfuric acid in a 
porcelain dish, heating over a free flame for half an hour and adding 1 or 
2 drops of dilute nitric acid occasionally if the tungstic acid turns green. 
At the end of the digestion, the solution is diluted with three times its vol¬ 
ume of water and filtered and the tungstic acid washed with cool dilute 
sulfuric acid.® 

A convenient method of separating moderate amounts of a number of 
elements from molybdenum lies in their precipitation by ammonium hy¬ 
droxide, repeated if the precipitate is at all large, followed by a further 
precipitation with ammonium sulfide. Thus ammonium hydroxide, in the 
presence of sufficient trivalent iron, provides a satisfactory separation of 
iron, phosphorus, arsenic, antimony, and probably also other elements such 
as bismuth, tin, germanium, and the rare earths.® Lead must be absent, for 
it carries down molybdenum as lead molybdate. Treatment of the filtrate 
with ammonium sulfide then eliminates all cadmium, silver, and most if not 
all copper. The precipitation with ammonium hydroxide is best done as 
(^escribed in IV, A, but is inadmissible if iron or alkaline earths arc to be 
determined. It should be noted that the clear feebly acid solution must be 
slowly poured into an excess of ammonium hydroxide as the solution is 
vigorously stirred. If ammonium hydroxide is slowly added to the acid 
solution, more or less molybdenum is caught in the precipitate."^ Sodium 
hydroxide and sodium sulfide can be substituted when desirable, as for 

3 M. J. Ruegenberg and E. F. Smith, /. A??i. Chem. Soc.y 22, 772 (1900). 
^W. Hommel, Inaugural Dissertation, Giessen (1902). 
5 For the separation of small amounts of molybdenum (5 mg) from large amounts 

of tungsten (1 g) by extraction of molybdenum xanthate from dilute sulfuric acid 
solution by chlorofonn, see D. Hall [/. Am, Chem, Soc,y 44, 1462 (1922)]. For the 
volatilization of molybdenum and tungsten in a current of CQ4 and CO2, see P. Jan- 
nasch [Z. prakt, Chem., 97, 93, 141, 154 (1918)]. 

® According to A. Schoep and W. Steinkuhler [Bull. soc. chim. Belg.y 31, 156 (1922)], 
the separation of sexivalent uranium from molybdenum is more satisfactory when 
the ammoniacal solution is treated with ammonium sufide than when ammonium 
hydroxide alone is used. This may be true also for calcium, which carries down 
molybdenum when oxalate is added to ammoniacal solutions containing appreciable 
amounts of these elements. 

’^D. A. Lambie and W. R. Schoeller [Analyst, 65, 281 (1940)] assert that satisfactory 
separations of tin from molybdenum can be obtained by preparing 10 ml of a hydro¬ 
chloric acid solution of the two elements, adding enough ferric chloride to provide 
iron equal in weight to the tin present, diluting to 100 ml, heating nearly to boiling, 
pouring during vigorous agitation into 100 ml of hot dilute ammonium hydroxide 
(1 + 4), boiling for 30 seconds, and filtering. After moderate washing with a 3 
per cent solution of ammonium nitrate, the precipitate is dissolved in hydrochloric 
acid, the operation repeated, and the ammoniacal filtrates are combined. 
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example for the better separation of copper. Similarly, fusion of the rock 
or an oxidized mineral with sodium carbonate, followed by extraction of 
the molybdenum with water, serves as a satisfactory separation of moderate 
amounts of molybdenum from many elements. It should be borne in mind 
that the substitution of one of these separations for another does not pro¬ 
duce the same result. Thus arsenic is in the ammonia precipitate but not 
in that produced by sodium hydroxide nor in the residue left after the 
extraction of the sodium carbonate fusion. On the other hand, copper is 
separated from molybdenum by precipitation with sodium hydroxide and 
not by ammonium hydroxide, whereas a water extraction of a carbonate 
fusion will separate zinc, the alkaline earths, and the like from molyb¬ 
denum, which is not true in precipitations with either ammonium or sodium 

hydroxide. 
The separation of considerable arsenic from but little molybdenum is 

preferably done by reducing the arsenic to the trivalent state and distilling 
from a hydrochloric acid solution (p. 260). A less satisfactory method 
lies in converting the arsenic to the quinquevalcnt state and precipitating 
with magnesia mixture in ammoniacal solution (p. 263). 

According to Schoeller and Powell,® antimony can be separated from 
molybdenum by preparing a chloride solution free from nitrates or sulfates 
and containing 20 to 25 ml of hydrochloric acid in 100 ml and boiling 
gently with 5 g of pure granulated or thin sheet lead for 20 to 30 minutes. 
The liquid is then diluted with boiling water and rapidly filtered and the 
residue washed with hot water. The molybdeunm can be oxidized with 
nitric acid and precipitated as lead molybdate, while the antimony and 
residual lead can be dissolved in sulfuric acid and the antimony determined 
by titration with permanganate as described under Antimony, IV, A (p. 

280). 
H. H. Willard and F. Fenwick stated that molybdenum can be com¬ 

pletely separated from trivalent chromium and quadrivalent vanadium by 

precipitating with lead perchlorate in a boiling solution containing 2 per 
cent of perchloric acid. Iron is occluded and must first be removed. 

For the separation of molybdenum from rhenium, see page 323. 

An interesting separation of molybdenum from a number of elements is 

based on its extraction by ether from a cold dilute hydrochloric acid solu¬ 

tion (sp. gr. 1.1), containing a goodly excess of ferric chloride^® (p. 320). 

This separation is chiefly employed in the analysis of steel and provides a 

practically complete separation from such elements as copper, manganese, 

®W. R. Schoeller and A. R. Powell, The Analysis of Minerals and Ores of the 
Rarer Elements, 2d ed., p. 192, J. B. Lippincott Co., Philadelphia (1941). 

»/. Am. Chem. Soc., 45, 932 (1923). 
10 A. A. Blair, The Chemical Analysis of Iron, 8th ed., p. 205, J. B. Lippincott Co 

(1918). 
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nickel, cobalt, chromium, and aluminum. Molybdenum can be volatilized 
from many compounds by heating at 250 to 300° C in a current of dry 

hydrochloric acid gas.^^ 
Molybdenum is quantitatively separated from calcium by double precipi¬ 

tation of the latter by ammonium oxalate in ammoniacal (p. 622) or oxalic 
acid (p. 626) solution. 

IV. METHODS OF DETERMINATION 

For the accurate determination of molybdenum in solutions of its pure 
compounds, there is little to choose between the volumetric method, in 
which molybdenum is reduced by zinc in a Jones rcductor, caught under 
a solution of ferric sulfate, and titrated with a standard solution of potas¬ 
sium permanganate, and the gravimetric methods in which it is precipitated 
by a-benzoinoxime, ignited, and weighed as M0O3, or precipitated and 
weighed as lead molybdate. The benzoinoxime method is subject to fewer 
interfering elements and is therefore more generally applicable in applied 

analyses. 
The weighing of molybdenum as the oxide M0O3, following precipita¬ 

tion of the sulfide and ignition, is not entirely satisfactory because it is 

difficult to convert the sulfide to oxide without some loss by volatilization; 

the use of this method should be confined to determinations involving but 

a few milligrams of molybdenum. 

With a milligram or less of molybdenum, it is difficult to obtain even 

approximately accurate results by either volumetric or gravimetric methods, 

and in this event it is better to determine the element colorimetrically by 

the use of the stannous chloride-thiocyanate reaction, preferably after first 
separating it as the sulfide. 

A. PERMANGANATE TITRATION METHOD 

The reduction of molybdenum in a Jones reductor provided with a solu¬ 

tion of ferric sulfate in the receiver, followed by titration with a standard 

solution of permanganate, leaves nothing to be desired in regards to accu¬ 

racy and convenience. The old misconception as to the incompleteness 

of the reduction of molybdenum to the trivalent stage was cleared by 

Randall,^2 who showed that low results are due to partial reoxidation by air 

of the sensitive reduced compound, and that thfe can easily be overcome 

by collecting the solution as it leaves the reductor in one of ferric sulfate. 

The molybdenum is not reoxidized to the sexivalent stage by the ferric sul¬ 

fate but to a more stable intermediate compound with the formation of a 

P. J. Koskey, Chemist-Analyst, 29, 53 (1940). See also Tungsten (p. 686). 
12 D. L. Randall, Am, J. Set, (4), 24, 313 (1907). 
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reducing equivalent of ferrous sulfate. Reduction of molybdenum in the 
Jones reductor goes rapidly to completion, even in cold sulfuric or hydro¬ 
chloric acid solution.^^ If the latter is employed, “titration mixture’* (p. 396) 
must be added before the volumetric addition of permanganate. The re¬ 
duced solution must be caught under a five-fold excess of ferric sulfate over 
what is theoretically required to oxidize the M02O3 to 2M0O3. Phosphoric 
acid can be used if desired during the titration of a sulfate solution to bleach 
the color of the ferric sulfate, and the theoretical titer of the permanganate 
solution can be used, for the reoxidation of the molybdenum to M0O3 is 
quantitative. 

Other substances which form soluble reduced compounds must be absent. 
Such are nitric acid, organic matter, polythionic acids, iron, chromium, 
titanium, arsenic, antimony, vanadium, uranium, tungsten, and columbium. 
The separations that are made will of course depend on the other elements 
present and should follow the methods outlined in Section III. Thus, treat¬ 
ment with nitric acid in hot concentrated sulfuric acid solution usually 
suffices to destroy organic matter, and repeated evaporation with sulfuric 
acid to remove nitric acid.^* Again, repeated precipitation with ammonium 
hydroxide in the presence of an excess of iron serves to remove iron, chro¬ 
mium, titanium, arsenic, antimony, vanadium, uranium, and columbium; 
while treatment of the ammoniacal filtrate with tartrate and hydrogen sul¬ 
fide, followed by filtration, acidification of the filtrate, and filtration, serves 
to separate the molybdenum from tungsten and polythionic acids. 

PROCEDURE. Prepare a 3 to 10 per cent (by volume) sulfuric acid solution 
of molybdenum which is free from other reducible compounds.^® Render 

G. E. F. Lundell and H. B. Knowles, Ind, Eng. Cheiii., 16, 723 (J924). 
When organic matter is destroyed by digestion with sulfuric and nitric acids, 

there is danger that compounds of nitrogen may remain, even though the solution 
is heated to strong fumes of sulfuric acid. Some of these compounds are reduced by 
zinc in sulfuric acid solution and are afterwards oxidized, but not destroyed, by 
permanganate in dilute acid solution. The remedy in such cases lies in the very cau¬ 
tious addition of a slight excess of a 10 per cent solution of potassium permanganate to 
the hot concentrated sulfuric acid solution. 

IB Precautions that are necessary in the preparation of the solution of an ore arc 
illustrated by the following procedure which is essentially one developed by cooper¬ 
ative experimental work carried out by J. A. HoUaday of the Electro Metallurgical 
Co. and A. M. Smoot of Ledoux & Co.: Dissolve 0.5 to 5 g of 100-mesh sample by 
warming with 10 to 35 ml of HNO3 and 7 to 10 ml of H2SO4 in a covered 150-ml 
beaker. When decomposition is complete, evaporate to fumes of H2SO4. Cool, add 
40 to 50 ml of H2O, boil briskly, cool, filter, and wash in turn with hot H2O, six to 
eight times with dilute NH4OH (l-|-3), and hot H2O. Reserve the filtrate. For 
wiilfenite, wash the residue with a jet of boiling NH4C2H3O2 solution [500 ml of 
NH4OH + 5OO ml of H2O 4-enough HC2H8O2 (99.5%) to render solution acid] to 
remove PbS04. Ignite at a low temperature in a platinum crucible, add HF~H2S04, 
and evaporate to dryness. Fuse with K2SJO7, dissolve in H2O, add tartaric acid, and 
test for Mo with H2S. For molybdenite, ignite in a porcelain crucible, cool, transfer 
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slightly pink with permanganate, reduce the cool solution, and catch it 
under an excess of ferric sulfate as described under the Jones reductor (p. 
108). Add a few milliliters of syrupy phosphoric acid to the contents of 
the receiver, and titrate with a 0.1 or 0.03 N solution of potassium perman¬ 

ganate which has been standardized against pure sodium oxalate (p. 186). 

Subtract the volume of permanganate required in a blank run in which the 

reagents have been carried through all steps of the process, and calculate 

on the basis of reduction to M02O3 and oxidation to 2M0O3. 

The performance of the method is indicated by the data given in Table 17. 

to platinum, add HF—H2SO4, and evaporate to dryness. Fuse with NaoCOg, dissolve 
in H2O, and add the water extract to the reserved filtrate, or acidify and treat sepa¬ 
rately with tartaric acid and H2S. To the reserved filtrate add enough Fe2 (804)3 to 
provide 10 times as much iron as there is arsenic present (from 0.3 to 0.4 g is usually 
enough) and then NH4OH until the solution is nearly neutral but still clear yellow, 
not amber. Heat almost to boiling, and pour, slowly and with vigorous stirring, into 
75 ml of nearly boiling dilute NH4OH (1 -f 6) contained in a 250-ml beaker. Rinse 
the first beaker with hot H2O, and then with a little hot NH4OH. Add a little paper 
pulp, filter into a 500-ml beaker, wash thoroughly with hot H2O, and reserve the fil¬ 
trate. Dissolve the precipitate in a slight excess of hot dilute H2SO4 (1 -h D, again 
nearly neutralize, pour into 75 ml of NH4OH, filter, and wash as before. (Dombine 
the filtrate with the reserved filtrate. If considerable arsenic is present, this method 

*is not feasible, and most of the arsenic had better be volatilized before the NH4OH 
precipitation as follows: After the decomposition of the ore and expulsion of HNOg, 
cover the beaker, add 20 ml of H2SO3, evaporate to a volume of 10 ml, and add 10 ml 
of H2SO8 and 50 ml of HCl. Boil briskly to a volume of 10 to 20 ml, add 10 cc HNO3, 
and evaporate to fumes of H2SO4. 

Dissolve 3 g of pulverized tartaric acid in the combined filtrates, wann, and pass in a 
brisk current of H2S until most of the NH4OH has been converted to (NH4)2S. Filter, 
wash the residue with dilute (NH4)2S, and discard. Warm the filtrate, cover, and care¬ 
fully add H2SO4 (1 -f 1) until in approximately 1 ml excess per 100 ml of solution. 
Let stand for at least 15 minutes in a warm place, let settle, filter, and wash thor¬ 
oughly with dilute H2SO4 (1 -f 99) that contains 20 g of tartaric acid per liter and 
has been saturated with HoS. Reserve the precipitate. To recover molybdenum in 
the filtrate, add 15 ml of HNO3, and evaporate to fumes of H2SO4, adding more HNOa, 
if necessary. Cool, add 5 ml of HNO3, again evaporate, and repeat the operation as 
long as organic matter is present. Cool, and add enough H2O to dissolve the salts, 
then 2 g of tartaric acid, and finally NH4OH in 5 ml excess. Warm, pass in H2S, 
acidify, let stand at least 1 hour at 40 to 60® C, filter, wash as before, and either com¬ 
bine the paper and precipitate with the main precipitate or analyze separately. 

Transfer the paper and M0S3 to a 250-ml beaker, cover, and add 10 ml of HNO3. 
Swirl until the paper is broken up, and treat with 10 ml of H2SO4. (Cautiously boil to 
fumes of H2SO4. Cool, add 5 ml more of HNO3, again evaporate, and repeat the 
operation until the solution shows no trace of yellow. Finally add a few drops of a 
saturated solution of KMn04 very cautiously to make sure of the decomposition of 
organic nitrogen compounds, cool, wash cover and sides of the beaker with a little 
water, and again evaporate to fumes of H2SO4 to make sure of the expulsion of HNOs. 
Cool, add 75 ml of H2O, boil for a few minutes, add 2 g of pure shot zinc (0.(X)2% Fe 
or less), and boil until molybdenum is reduced and copper is precipitated. Filter 
through asbestos, and wash with dilute H2SO4 (1-1-99). 
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TABLE 17 

• SULTS Obtained for Molybdenum by the Permanganate Titration Method 

After Removal of Interfering Elements 

Total Molybdenum 

Molybdenum Molybdenum Recovered in 2d H2S 

Impurity Added, g Present, g Found,g Precipitate, g 

As 0.002 0.0947 0.0946 0.0001 

U 0.022 0.1261 0.1258 0.0007 

V 0.004* 0.1262 0.1263 0.0006 

V 0.004 t 0.1262 0.1282 0.0011 

W 0.002 0.1179 0.1182 0.0104 

Cu 0.005 0.1179 0.1177 0.0004 

Pb 0.05 0.1195 0.1193 0.0(X)4 

Bi 0.011 0.1261 0.1264 0.0038 

Sn 0.011 0.1261 0.1263 0.0038 

P 0.002 0.1195 0.1196 0.0001 

Cr 0.07 0.1261 0.1262 0.0005 

* Tartrate used in dilute H2SO4-H2S wash water, 

t No tartrate used in the H2S04-'H2S wash water, 

B. PRECIPITATION BY a-BENZOINOXIME 

The best method for the gravimetric determination of molybdenum is 

H 

that based on precipitation with oc-bcnzoinoxirne, CeHs—C-C—CeHs, 

I II 
OH N—OH 

in cold solutions containing 5 per cent by volume of acetic, phosphoric, 
nitric, hydrochloric, or sulfuric acid. With the last, which is to be pre¬ 
ferred in the absence of elements that form insoluble sulfates, as much as 
20 per cent can be used. Hydrofluoric or tartaric acids cause incomplete 
precipitation. Two to five times the amount of reagent required by the 

ratio 1 Mo to 3 CeHs-CHOH-CrNOH'CoHs is needed, and a slight excess 
of bromine must be present in order to counteract a tendency toward 
slight reduction of molybdenum with consequent incomplete precipitation. 
The solution is stirred occasionally after addition of the reagent, filtered 
after 10 minutes, and washed with cold dilute sulfuric acid containing a 
little reagent. Long standing leads to a slight resolution of the precipitate. 

The precipitate cannot be weighed as such, but must be cautiously ignited 

to the oxide, M0O3. 

Silver, lead, mercury, bismuth, copper, cadmium, arsenic, antimony, tin, 

aluminum, iron, titanium, zirconium, trivalent chromium, quadrivalent 

vanadium, cerium, uranium, nickel, cobalt, manganese, and zinc are not 

precipitated either when alone or when associated with molybdenum. 

Selenium, tellurium, rhenium, ruthenium, rhodium, osmium, iridium, and 
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platinum are not precipitated when they occur alone, and probably not 
when associated with molybdenum. 

Columbium, silicon, palladium, tungsten, and tantalum contaminate the 
precipitate and must be either removed before precipitation of molyb¬ 
denum is attempted or else determined in the weighed precipitate and 
deducted. Vanadium in the quinquevalent and chromium in the sexivalent 
state interfere, but their effect can be avoided by adding sulfurous acid 
and reducing them to the quadri- and trivalent states, respectively, before 
adding the reagent. 

PROCEDURE. Prepare a solution containing 10 ml of sulfuric acid in a 
volume of 200 ml and not more than 0.15 g of sexivalent molybdenum. 
If vanadates or chromates are present, add sufficient freshly prepared sulfur¬ 
ous acid to reduce them, heat to boiling, and continue the boiling until the 
odor of sulfur dioxide can no longer be detected. Chill the solution to a 
temperature of 5 to 10° C. Stir, and slowly add 10 ml of a solution of 2 g 
of a-benzoinoxime in 100 ml of alcohol and 5 ml extra for each 0.01 g of 
molybdenum present. Continue to stir the solution, add just sufficient 

bromine water to tint the solution a pale yellow, and then add a few 
milliliters of the reagent. Allow the beaker and contents to remain in the 

^cooling mixture 10 to 15 minutes with occasional stirring, stir in a little 
macerated filter pulp, and filter through a paper of close texture, such as 

S. & S. no. 589 Blue Band. Filtration can be greatly facilitated by using a 

coarser filter, such as S. & S. no. 589 Black Band, but it is then requisite 

that the filtrate be very carefully examined and the first portions refiltered 

if they are not absolutely clear. Wash the precipitate with 200 ml of a 

cold, freshly prepared solution containing 25 to 50 ml of the prepared 

reagent and 10 ml of sulfuric acid in 1000 ml. On standing, the filtrate 

will deposit needle-like crystals if sufficient reagent has been employed. 

Transfer the washed precipitate to a weighed platinum crucible, cau¬ 

tiously dry, char, without flaming, over a very low gas flame, and then 

ignite to constant weight in an electric muffle at 500 to 525° C. Weigh 

as MoOs.^^’ 

C. MOLYBDATE METHOD 

The determination of molybdenum by precipitating and weighing it as 
lead molybdate, PbMo04, was suggested by T. M. Chatard and studied 

i®For further details, see H. B. Knowles, Bur. Standards J, Research, 9, 1 (1932). 
For a modification of the method in which the molybdenum is weighed as lead 
molybdate after solution of the oxime precipitate in ammonium hydroxide containing 
hydrogen peroxide, boiling to destroy the peroxide, and precipitating in a boiling 
lead acetate buffer mixture, consult C. Sterling and W. P. Spuhr, Irid. Eng. Chem. 
Anal. Ed., 12, 33 (1940). 

iMtw. J.Scu [3], 1, 416 (1871). 
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by others, notably by Weiser.^® The precipitation is usually made by the 
slow addition of a solution of lead acetate to a hot dilute acetic acid-ammo¬ 
nium acetate solution containing the molybdenum. 

The method is applicable in the presence of copper, cobalt, nickel, 
manganese, zinc, magnesium, and mercury. If the precipitation is made 
by the slow addition of a solution of ammonium acetate to a hot hydro¬ 
chloric acid solution of molybdenum containing a slight excess of lead, good 
results can be obtained in the presence of the alkaline earths, aluminum, 
uranium, and cadmium. Alkali salts are not objectionable except sulfates, 
which must be excluded when the alkaline earths are present. If these are 
absent, small amounts of sulfate, such as may be gotten through solution 
of molybdenum sulfide, are not objectionable. When chlorides and sul¬ 
fates are present, it is well to avoid any great excess of lead precipitant. 
Free mineral acids and tartaric acid prevent complete precipitation, and 
elements such as iron, trivalent chromium, aluminum, vanadium, tungsten, 
and silicon, if more than a little is present, contaminate the precipitate. 
Phosphates, chromates, and arsenates must be absent. To the commonly 
listed interfering elements, should be added tin, titanium, and others that 
hydrolyze readily. 

Unless it is known that the solution contains no elements that interfere, 
such preliminary separations must be made as will insure their absence (p. 
305). In continuing analyses of minerals, the method will usually be 
applied after the molybdenum had been separated as the pure sulfide and 
again dissolved. In other analyses, the treatments will depend on circum¬ 
stances; thus moderate amounts of iron (0.1 to 0.2 g) can satisfactorily be 
separated by precipitation with ammonium hydroxide, and larger amounts 
with sodium hydroxide. 

PROCEDURE. If the solution is alkaline, make it slightly acid with acetic 

acid; if it is acid at the start, add ammonium hydroxide in slight excess and 

then acetic acid. Then add 25 ml of a 50 per cent solution of ammonium 

acetate, and dilute in accordance with the amount of molybdenum and 
foreign salts present; approximately 200 ml per 0.1 g Mo is a convenient 

volume. 

Heat to boiling, keep near the boiling point over a small flame, and add 

from a burette a solution of lead acetate (containing 40 g of the salt and 

10 ml of acetic acid per liter), drop by drop with constant stirring. When 

a slight excess of the precipitant has been added, the milky solution clears 

visibly. When this occurs, boil for 2 to 3 minutes, as the solution is stirred, 

let settle, and add a few drops more to see if precipitation is complete. 

Avoid a large excess of precipitant, which renders washing more difficult 

and is undesirable if the solution contains appreciable amounts of chlorides 

18 H. B. Weiser, /. Phys. Chem,, 20, 640 (1916). 
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or sulfates. If these are present, it is well to test for complete precipitation 
by withdrawing a drop of solution and testing with a freshly prepared 
0.5 per cent solution of tannic acid, and finally to add a 2 to 5 ml excess of 
the lead acetate solution. Let settle at the side of the steam bath 10 to 60 
minutes, and decant the clear solution through paper or a tared Gooch 
filter. Wash by decantation three or four times with 75-ml portions of a 
hot 2 to 3 per cent solution of ammonium nitrate, transfer the precipitate 
to the filter, and wash until soluble salts have been removed. If it is sus¬ 
pected that the precipitate is contaminated, as for example by alkali salts 
or lead sulfate, dissolve it in hot hydrochloric acid, heat the solution to 
boiling, and add dilute ammonium hydroxide until the precipitate dissolves 
with difficulty, and then a solution of ammonium acetate, dropwise and 
with stirring, until all of the hydrochloric acid has been displaced by acetic 
acid and an excess of acetate is present. Finally add a few drops of lead 
acetate solution to insure complete precipitation. 

If a Gooch crucible has been used, dry, and ignite at dull redness in a 
muffle or in a radiator (see p. 24). If paper was employed, dry carefully 
in a tared porcelain crucible, and ignite at a low heat until carbon is 
destroyed and finally at dull redness in an oxidizing flame. Weigh as 

PbMo04. 

If sulfates are ab.sent, the addition of ammonium acetate can be omitted 
and the procedure recommended by Weiser^® employed. In this event, 
render the solution slightly acid with approximately 0.25 ml of nitric 
instead of acetic acid, precipitate with a 4 per cent solution of lead nitrate 
instead of acetate, and finally make the solution faintly alkaline to litmus 
by the addition of ammonium hydroxide and then slightly acid with acetic 
acid before the settling period.^® 

D. PRECIPITATION AS SULFIDE AND IGNITION TO OXIDE 

The determination of molybdenum by precipitation as sulfide, followed 
by ignition to the oxide MoOs, is not quite so satisfactory a method as the 

foregoing and is preferably confined to small amounts of molybdenum such 

as 2 to 10 mg. This follows because of the difficulty in satisfactorily 

igniting M0S3 to M0O3. Brinton and Stoppel showed that the sublima¬ 

tion of the oxide starts at 500° C and that betw^een 500 and 600° C the loss 

is not greater than 0.1 mg per hour in ordinary operations. 

PROCEDURE. Prepare a sulfuric acid or alkaline sulfide solution containing 

molybdenum as the only member of the hydrogen sulfide group, and pre- 

Molybdenum can also be weighed as silver molybdate, Ag2Mo04, after precipita¬ 
tion by silver nitrate in feebly acid solution and final ignition at 250® C [L. W. McCay, 
7. Am. Chem. Soc.y 56, 2548 (1934)]. The procedure is no more selective than the lead 
molybdate method. 

2® P. H. M-P. Brinton and A. F. Stoppel, ibid., 46, 2454 (1924). 
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cipitate as directed in Section III. Filter, wash the precipitate with hydro¬ 
gen sulfide water acidulated with a little sulfuric acid, and reserve the 
precipitate. Boil the filtrate to expel hydrogen sulfide, oxidize any reduced 
molybdenum by adding a few crystals of persulfate or other suitable 
oxidizing agent, and again treat with hydrogen sulfide. Filter if a precipi¬ 
tate is obtained, wash, and unite with the reserved precipitate. Ignite to 
constant weight as directed under B (p. 311). 

A properly performed precipitation of molybdenum in sulfuric acid 
solution rarely leaves more than I mg of molybdenum in solution after the 
first precipitation and less than 0.1 mg after the second. Complete precipi¬ 
tation occasionally results on a single precipitation but is not certain, even 
when made under pressure. 

E. COLORIMETRIC METHOD 

With less than a milligram of molybdenum, determinations by the pre¬ 
ceding methods are uncertain and sometimes misleading. In such cases it 
is well to precipitate as sulfide, ignite at not over 500^ C, weigh as oxide, 
and then check the determination by dissolving the oxide in ammonium 
hydroxide, rendering acid with hydrochloric acid, and comparing the color 
produced by stannous chloride and potassium thiocyanate with that pro¬ 
duced in a standard solution.-^ The use of this reaction for the determina¬ 
tion of larger amounts of molybdenum is not satisfactory except for routine 
analysis. Rhenium interferes in the usual thiocyanate colorimetric method 
for molybdenum.-^ Platinum interferes seriously in any case, and so solu¬ 
tions for test must not be prepared in contact with platinum, as for example 
by fusions or evaporations in platinum vessels. Nitric acid should be 
excluded, for it may give, with thiocyanic acid, variable amounts of a 
colored compound that is extracted with ether. If the solution has been 
obtained by heating with nitric and sulfuric acids, the heating to dense fumes 
of sulfuric acid should be repeated at least once after the inside of the 
vessel is washed down. The colored compound developed in hydrochloric 
acid solution is somewhat unstable, the intensity and stability of the color 

being dependent on acidity and salt concentration.-® In general the molyb¬ 

denum thiocyanate complex is more stable in organic solvents than in 

21 According to F. C. Krauskopf and C. E. Swartz [ibid., 48, 3021 (1926)], the com¬ 
position of the colored compound is represented by the formula Mo(SOJ)3. This is 
doubtful, for trivalent molybdenum obtained by reduction with zinc gives no color 
with thiocyanate. The compound is probably the quinquevalent salt of molybdenum. 
See J. I. Hoffman and G. E. F. Lundell, /. Research NBS, 23, 498 (1939). 

22 Ibid., 497. 
22 H. (3ox and A. A. PoUitt [/. Soc, Chem. Ind., 63, 375 (1944)] state that a stable 

molybdenum thiocyanate color is obtained in 15 minutes in HQO4—H2SO4, provided 
the solution contains 2 per cent of perchloric acid and 10 to 15 per cent by volume 
of sulfuric acid. The absorption of the colored compound is measured at 525 m/4. 
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aqueous solutions.^^ In extraction procedures, copper, nickel, cobalt, chro¬ 
mium, vanadium, and uranium are without appreciable effect. 

M. Kapron and P. L. Hehman recommend the use of the water-miscible 
glycol ethers, butyl carbitol or butyl cellosolve as stabilizers for the molyb¬ 
denum thiocyanate complex. 'The procedure is especially useful for the 
routine determination of molybdenum in steel because the extraction process 
is eliminated, but special provision must be made for elements such as 
chromium which form colored ions or for elements such as copper which 
form insoluble precipitates. The colored molybdenum compound develops 
in about 10 minutes and is stable for 24 hours. 

The thiocyanate butyl acetate-extraction method for the determination 
of small amounts of molybdenum is illustrated in the following procedure 
for the determination of molybdenum in steel: 

PKocEDUKK. To 0.1 g of Sample (0.02 to 0.4% of molybdenum) in a 
150-ml Erlenmeyer flask add 10 ml of dilute perchloric acid (1 + 1), and 
warm until the sample has dissolved. Heat to boiling, cover, and fume 
until all carbonaceous matter is destroyed. Cool somewhat, add 25 ml of 
water, and boil a few minutes to expel free chlorine. Add 10 ml of citric 
acid solution [250 g of citric acid per liter of dilute sulfuric acid (1 + 99) ] 
and 30 ml of sodium hydroxide solution (200 g per liter). Heat to about 
80^ C for 5 minutes, and cool. Add 25 ml of dilute sulfuric acid (1 + 1), 
and cool to room temperature. Transfer the solution to a 250-ml separatory 
funnel, and rinse the flask twice with 5-ml portions of dilute sulfuric acid 
(1+9). 

Add 10 ml of NaCNS solution (50 g per liter), and shake for 20 to 30 
seconds. Add 10 ml of stannous chloride solution [350 g SnCl2-2H20 

24 W. J. King [Ind. Eng. Chem., 15, 375 (1923)], in an article on the determination 
of small amounts of molybdenum in tungsten, recommended the extraction of the 
molybdenum thiocyanate in ether in which it is more stable. A further advantage 
is that colored compounds such as nickel or chromium do not interfere, for they are 
not appreciably extracted by ether. 

L. H. James [Ind, Eng, Chem, Anal. Ed., 4, 89 (1932)] states that perchloric acid 
can be used to advantage in preparing the solution for the test and recommends that 
the colored compound be extracted with butyl acetate instead of with ether, because 
no heat or pressure is generated in the separatory funnel. The extracting solution is 
prepared by shaking 250 ml of butyl acetate (b.p. 118 to 127° C) in a separatory funnel 
with 5 ml of a 5 per cent solution of sodium thiocyanate and 25 ml of an approximately 
25 per cent solution of stannous chloride. The solutions are allowed to settle, and 
the aqueous solution is drawn off and discarded. The extracting solution deteriorates 
and must be freshly prepared every 24 hours. 

Extraction with cyclohexanol which has been saturated with stannous chloride, potas¬ 
sium thiocyanate, and hydrochloric acid is recommended by L. C. Hurd and F. 
Reynolds [ibid,, 6, 477 (1934)], who point out that it is a better solvent and is less 
volatile than ether, that it shows little tendency to decompose at room temperature, 
and that its hydrolysis products do not promote color fading. 

25 Wd., 17, 573 (1945). 
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per liter of dilute hydrochloric acid (1 + 9)], and shake vigorously for 
exactly 1 minute. Add 20 ml of butyl acetate (technical grade) from a 
pipette, stopper, and shake for 20 to 30 seconds. Allow the funnel and 
contents to cool (preferably in running water), and repeat the shaking. 
Allow the layers to separate, and draw off and discard the lower acid layer. 
Add 50 ml of dilute sulfuric acid (1 +9), 10 ml of NaCNS solution, and 
5 ml of SnCl2 solution, and shake well. Cool the funnel and contents 
(preferably in running water), and repeat the shaking. Allow the layers 
to separate, and draw off and discard the lower acid layer. Transfer the 
butyl acetate extract to a test tube, and stopper. Place a 5- to 10-ml por¬ 
tion of the clear extract in an absorption cell and measure the absorbancy 
at approximately 540 using a blank run to set the zero. Detennine 
the percentage of molybdenum from a previously prepared calibration 
curve. 

F. OTHER METHODS 

There are a number of other methods for the determination of molyb¬ 
denum, but these do not add anything of value to those that have been 
given, although some, as for example precipitation by mercurous nitrate 
in a nearly neutral sodium carbonate solution, are capable of giving excel¬ 
lent results in pure solutions of molybdenum. By this reagent, chromium, 
vanadium, molybdenum, tungsten, phosphorus, and arsenic are also precipi¬ 
tated, and the reaction is ordinarily used as a preliminary separation in the 
water extract of a carbonate fusion of a rock.-^ 

The iodimetric reduction method is empirical and subject to various 
sources of error. Titration of molybdenum with a standard solution of 
lead acetate and with tannic acid as an indicator is not more than a routine 
control method for the determination of large amounts of molybdenum. 
It is not suited for small amounts and should never be used for accurate 
analyses in any case. Of interest is the reduction of sexivalent molybdenum 
to the quinquevalent state by potentiometric titration with a standard solu¬ 
tion of titanous sulfate,^® or by reduction in the silver reductor.^'^ 

Ignition of the sulfide with sulfur in an atmosphere of hydrogen, fol¬ 
lowed by weighing as MoSo, requires a pure sulfide at the start and offers 
no advantages over a careful ignition of M0S3 to M0O3. 

28 The absorbency maximum of the molybdenum thiocyanate complex is approxi¬ 
mately 470 mAt, but the measurement is made at the longer wavelength to avoid inter¬ 
ference by tungsten. 

27 W. F. Hillebrand, /. Am. Chem, Soc,, 20, 461 (1898); U. S. Geol. Survey Bull. 700, 
185. See also under Vanadium (p. 456). 

28 C. Friedheim and H. Euler, Ber.y 28, 2066 (1895); F. A. Gooch and C. Fairbanks, 
Am. 7. Sci.y [4] 2, 160 (1896) ; F, A. Gooch and O. S. Pulman, ibid.y [4] 12, 449 (1901). 

29 H. H. Willard and F. Fenwick, /. Am. Chem. Soc.y 45, 928 (1923). 
89 N. Bimbaum and G. H. Walden, Jr., ibid.y 60, 64 (1938). 



Chapter 18 

RHENIUM 

Rhenium, discovered in 1925 by W. Noddack, I. Tacke and O. Berg,^ 
is the most recent member of the family of stable, naturally occurring 
elements which has been isolated and whose properties have been studied. 

Although less than 0.001 per cent of the element is contained in the 
richest rhenium-bearing mineral, it is stated that about 500 pounds has 
been produced annually as a by-product obtained by treatment of residues 
from a copper-extraction process applied to German Mansfeld slate." So 
little rhenium has entered into commercial use that the analyst’s chief prob¬ 
lem at the present time is a qualitative one, to detect any rhenium that may 
be present in naturally occurring materials. 

I. GENERAL CONSIDERATIONS 

The only points at which rhenium normally appears in regular schemes 
of qualitative analysis are those involving sulfides, obtained by treatment 
with hydrogen sulfide in acid or alkaline solutions. Rhenium in the hepta- 
valent state forms no precipitates with ammonium hydroxide (except as 
NH4Re04 if the concentration of Re04” is high), with ammonium oxalate, 
or with diammonium phosphate. 

The most satisfactory chemical test for minute amounts of rhenium is 
that based on the yellowish-brown compound that it yields in hydro¬ 
chloric acid solution upon treatment with potassium thiocyanate and stan¬ 
nous chloride. 

Direct spectrochemical examination of minerals for rhenium should not 
be attempted, in view of the small amounts present, the richness of the 
spectra of accompanying elements such as iron and molybdenum, and 
the depressing effect that large amounts of other elements have upon the 
intensity of the rhenium spectrum. Such tests should, therefore, follow 
preliminary concentrations of rhenium. This is true of other identification 

tests. 
After rhenium has been obtained in suitable solution, it can also be 

detected under the microscope, through the formation of typical perrhe- 

^Naturwissenschafteriy 13, 567 (1925). 
2W. Feit, Z. angew, Chem,, 43, 459 (1930); Minerals Yearbook U. S. Bur. MineSy 

1937, 772, and 1948, 1338. 
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nate salts such as those of rubidium, cesium, potassium, silver, or univalent 
thallium. Under suitable conditions, as little as 0.25 fig of Re04” can be 
detected as the rubidium or cesium salt. The test is, of course, confused 
by compounds such as perchlorates, chlorostannatcs, or chloroplatinates. 

Assertions have been made that rhenium may exhibit valencies running 
all the way from —1 to +7 in its compounds. Of these, valencies of — 1, 
+ 1, +4, +6, and +7 appear to be reasonably well established. Of interest 
is the fact that certain compounds may undergo auto-oxidation or “dis¬ 
proportionation.” ^ Thus, when fused with sodium hydroxide in the absence 
of oxygen, ReOo yields Re207 and Re, whereas RcOs yields Re^Oi and 
Re02. It is also of interest that rhenium can form more or less stable com¬ 
pounds in the lower valencies and that these may exhibit special properties. 
Thus, chlororhenic acid, HoReClc, is precipitated but slowly by hydrogen 
sulfide and is quite stable toward oxidation. 

II. ATTACK OF MATERIALS CONTAINING RHENIUM 

The analyst must bear in mind that serious losses of rhenium will occur 
if sulfuric or perchloric acid solutions containing the clement are heated 
at their fuming points, with or without hydrochloric or nitric acid. No 
losses occur if hydrochloric, nitric, or hydrochloric-nitric acid solutions 
are boiled. Such solutions should not, however, be evaporated to dryness 
or the residues ignited. 

Minerals containing rhenium are dissolved in nitric acid or in mixtures 
of nitric and hydrochloric acid if possible. If they are insoluble in these 
acids, the minerals are fused with sodium carbonate or sodium carbonate 
and sodium nitrate. Rhenium imparts a yellow color to the carbonate melt. 
If, by chance, rhenium is encountered in metallic fonn, an oxidizing attack 
is chosen. 

As a result of the oxidizing treatments that have been outlined, rhenium 
will be present in the heptavalent state. 

III. METHODS OF SEPARATION 

The only reaction of rhenium with an inorganic reagent, which is useful 
in separating rhenium from other elements, is that with hydrogen sulfide 
in acid or alkaline solution. The first serves for the separation of rhenium 
from the nonsulfide-forming elements; the second serves as a means of 
separation from elements, particularly molybdenum, whose sulfides are 

soluble in alkaline sulfide. 

Treatment with hydrogen sulfide in acid or alkaline solution yields the 

heptasulfide, Re2S7. Precipitation in acid solution requires prolonged treat- 

3W. Biltz, Z. anorg. chem., 214, 225 (1933). 
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ment and is more satisfactory at high concentrations of acid, such as 4 N 
hydrochloric acid (1 + 2) or 6 N sulfuric acid (1 + 5); precipitation in 
more dilute acids is incomplete unless performed in hot solutions under 
pressure."^ 

Precipitation of the sulfide in alkaline solution is slow, and only becomes 
complete when the solution is saWrated with hydrogen sulfide and is 
allowed to stand for several hours, preferably overnight. No matter how 
it is obtained, the sulfide, Re2S7, is difficultly soluble in ammonium poly¬ 
sulfide. 

Rhenium is not precipitated by a number of the organic reagents that 
are used for the quantitative precipitation of certain elements. Thus, rhe¬ 
nium is not precipitated by dimethylglyoxime in either acid or alkaline 
solution, by a-nitroso-/?-naphthol, by cupferron, by a-benzoinoxime, or by 
8-hydroxyquinoline in either acid or alkaline solutions. The separation of 
molybdenum from rhenium by precipitation with benzoinoxime and by 
8-hydroxyquinoline in acetic acid solution ® has been studied. Other 
separations, such as that of molybdenum from rhenium by precipitating 
the former with cupferron in acid solution will, no doubt, find good use. 

Separations based on the volatility of certain rhenium compounds yield 

promise. Thus, rhenium can be volatilized by dropping concentrated nitric 

acid into a hot (about 200° C) sulfuric acid solution of perrhcnic acid. 

Complete volatilization can be obtained at 200 to 220° C by dropping 
hydrochloric or hydrobromic acids into a perchloric acid solution, or 

hydrobromic acid into a sulfuric acid solution.'^ Such separations are 

shared by other elements that form volatile compounds under the circum¬ 

stances: for example, selenium, germanium, or arsenic. 

In some cases interference by volatile elements can be avoided by using 

special precautions, that of molybdenum being overcome by adding phos¬ 

phoric acid when molybdenum is present in large amount, and by redistil¬ 

ling when it is present in small amounts. In the customary procedure for 

separating arsenic, antimony, and tin by distillation (p. 70), no rhenium is 

volatilized when arsenic is distilled with hydrochloric acid at 105 to 110° C; 

as much as 50 per cent may be volatilized when antimony is distilled by 

^W. Geilmann and G. Lange, Z. anal, Chem,^ 126, 321 (1944). 
^H. B. Knowles, Bur. Standards J. Researchy 9, 1 (1932). 
®W. Geilmann and F. Weibke, Z. anorg. chem.y 199, 347 (1931). L. C. Hurd 

[Ind. Eng, Chem. Anal, Ed.y 8, 12 (1936)] states that direct separation with 8~hydroxy- 
quinoline is not applicable to small amounts of rhenium in the presence of large 
amounts of molybdenum because perrhenic acid is adsorbed by the voluminous molyb¬ 
denum complex. 

I. Hoffman and G. E. F. Lundell, /. Research NBS, 22, 465 (1939); see also 
C. F. Hiskey and V. W. Meloche, Ind. Eng. Chem, Anal. Ed., 12, 503 (1940), who 
volatilize small amounts of rhenium by passing a mixture of air and steam through a 
sulfuric acid solution heated at 260 to 270** C. 
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dropping hydrochloric acid into sulfuric and phosphoric acids at 155 to 
165° C, and much of the remainder, but usually not all, may be volatilized 

when tin is distilled by dropping hydrochloric and hydrobromic acids into 
sulfuric and phosphoric acids at 140° C. 

Rhenium can be deposited quantitatively by electrolysis with a mercury 

cathode in dilute sulfuric acid solution, which serves as a means of remov¬ 
ing rhenium, if it is not wanted, and may serve as a method for its deter¬ 
mination. 

Rhenium, when alone, is not extracted by ether from a dilute (1 + 1) 
hydrochloric acid solution. Tliis may serve as a partial separation from 
molybdenum, particularly in the presence of ferric chloride. 

Again, when alone, rhenium is nor precipitated by an emulsion of zinc 
oxide. 

IV. METHODS OF DETERMINATION 

Determinations of rhenium can be made by gravimetric, volumetric, 
colorimetric, or electrolytic procedures. None of the methods is entirely 

satisfactory, even when used in determinations of rhenium in pure com¬ 
pounds such as KRe04. When used in applied analyses, all call for more 
or less elaborate preliminary treatments. 

A. GRAVIMETRIC METHODS 

Only three gravimetric methods for the determination of rhenium are 
worth considering: (1) in which it is weighed as the metal, (2) in which 

it is weighed as “nitron perrhenate,” and (3) in which it is weighed as 
tetraphenylarsonium perrhenate, (C6H5)4AsRe04. All are suitable for 

amounts of rhenium ranging from a few milligrams up. 

a. In the first gravimetric method, rhenium is weighed after it has been 
separated from accompanying nonvolatile elements, converted to a suitable 
compound (as for example, Re2S7), and ignited to metal at about 900° C 

under hydrogen. We have had no success in weighing rhenium as the 

sulfide. 
b. In the second gravimetric method, rhenium is precipitated by nitron, 

which is diphenylendanilodihydrotriazole and has the formula, 

QH5-N- 

H—C 

QHs 
N 

/ \ 

V 
CoHa 
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One molecule of the reagent reacts with one molecule of perrhenic acid 
to yield the compound, C2oHieN4 • HRe04, for which the rhenium factor 
is 0.3306. 

Interfering elements are tungsten, molybdenum, palladium, platinum, 
gold, and germanium; nitrates, chromates, and manganese in its higher 
valencies must also be removed. If the precipitation is to follow a pre¬ 
liminary separation of rhenium as Re2S7, the sulfide had better be dissolved 
in sodium hydroxide containing hydrogen peroxide; solution in ammonium 
hydroxide and peroxide causes high results. 

PROCEDURE.^ Prepare a neutral solution containing not over 0.1 g of 
rhenium, as perrhenate, dilute to about 50 ml, add 1 ml of 2 N sulfuric acid, 
and heat the solution to approximately 80° C. Add a 5 per cent solution 
of nitron acetate ° until the solution contains 0.3 to 0.4 per cent of free 
nitron. Cool to room temperature, place in ice water, and stir for 2 hours. 
Filter through a close-pore filter crucible, dried at 110° C and weighed, 
using the ice-cold filtrate for transferring the precipitate to the crucible. 
Wash the precipitate, according to its amount, with 10 to 20 ml of an ice- 
cold 0.3 per cent water solution of the nitron acetate, used in 3- to 5-ml 
portions, sucking the precipitate dry between each wash. To remove the 
nitron retained by the precipitate, wash two or three times with 2 to 3 ml 
of an ice-cold saturated water solution of nitron perrhenate. Dry for 
2 to 3 hours at 110° C, cool, and weigh. Calculate the content of rhenium 
by multiplying by the factor 0.3306. 

c. In the third gravimetric method, rhenium is precipitated by tetra- 
phenylarsonium chloride (see p. 130), in solutions varying from strongly 
ammoniacal (6 M) to moderately acidic (5 M HCl).^'^ Interfering ions are 
permanganate, perchlorate, periodate, iodide, bromide, fluoride, thiocyanate, 
mercury, bismuth, lead, silver, tin, and vanadyl. Nitrate must be absent in 
all but very low concentrations. Tungstate and metavanadate do not inter¬ 
fere; neither does molybdenum if precipitation is made in solutions contain¬ 
ing ammonium hydroxide (6 M) or tartaric acid (0.6 M). 

PROCEDURE. Obtain 0.5 to 100 mg of rhenium as perrhenate in 5 to 25 ml 
of a hot solution, containing enough sodium chloride to make the final 
solution about 0.5 M and none of the interfering ions that have been listed. 
Stir, and add an excess of a 1 per cent solution of tetraphenylarsonium 
chloride. The final volume should not exceed 25 to 60 ml. Stir, cool, and 
let stand for several hours, preferably overnight. Filter through a tared 
Gooch crucible, and wash several times with ice water. Dry at 110° C. 
Cool in a desiccator, and weigh as tetraphenylarsonium perrhenate, 

(C6H5)4AsRe04. 

®W. Geilmann and A. Voigt, 2. anorg, chem,, 193, 312 (1930). 
^Prepared by mixing 5 g of nitron with 3 ml of acetic acid, dissolving in 100 ml of 

water, and filtering through a filter crucible just before use. 
10 H. H. WUlard and G. M. Smith, Ind, Eng. Chem. Anal. Ed., 11, 305 (1939). 
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B. VOLUMETRIC METHODS 

Two volumetric methods are capable of yielding good results under 
ideal conditions. 

a. In the first method rhenium is determined by converting it to perrhenic 
acid and then titrating with standard alkali. The method is excellent, for 
perrhenic acid is a strong acid, and any indicator in the 4 to 9 pH range 
can be used. Moreover, there is no restriction on the upper limit of the 
amount of rhenium that can be handled. Titrations must be carefully 
made and weight burettes used, for the HRe04 titer is high, 0.02513 g per 
ml 0.1 N, The chief difficulty lies in converting rhenium to the acid with¬ 
out introducing other acids, and so the application of the method is limited 
to special cases, such as solutions obtained by dissolving RC2O7 in water, 
by treating oxides of rhenium with hydrogen peroxide, or by exposing 
electrodeposited rhenium to moist air or oxygen. Metallic rhenium yields 
ReoGy when heated in oxygen, but there is danger of volatilization loss. 

b. The second volumetric method, which is interesting eren though not 
very practical, is that based on the reduction of rhenium by zinc and 
subsequent titration with a standard oxidant. Obviously other elements, 
such as molybdenum, tungsten, vanadium, columbium, and iron, that 
undergo reduction and oxidation under similar circumstances must be 
removed. Further drawbacks arc: (1) only small amounts (<30 mg of 
Re) can be handled, (2) the solutions passing through the reductor must 
be freed from dissolved oxygen, and (3) the reduced compound must be 
caught under a solution of ferric sulfate or protected from contact with 
the air. Reduction (as well as subsequent oxidation) involves a change in 
valency from —1 to +7,^^ 

PROCEDURE. Prepare a dilute sulfuric acid solution containing not more 
than 0.06 mg of rhenium per milliliter, free from air and from reducible 
substances other than rhenium. Next prepare a Jones reductor by washing 

with warm dilute sulfuric acid (5 + 95) followed by cold water (both 
free from air), and then remove air entrapped in the zinc by placing water 

in the receiver, tightly stoppering the top of the completely filled reductor 

and alternately applying and releasing suction until no more gas is set free. 

Empty the receiver, add 20 ml of a solution of ferric sulfate containing 

0.02 g of iron per ml (p. Ill), and again attach to the receiver. In the 

treatments that follow, the solutions should all be freed frpm air by boiling, 

and then cooling under an atmosphere of carbon dioxide free from oxygen. 

Draw through the reductor 50 ml of a cold dilute solution of sulfuric 

acid (5 + 95), next 500 ml of the cold dilute acid solution containing not 

more than 30 mg of rhenium, then approximately 50 ml of the cold acid 

G. E. F. Lundell and H. B. Knowles, /. Research NBS^ 18, 629 (1937), O. Tomicek 
and F. Tomicek, ColL Czech, Chem, Commun,^ 11, 626 (1939). 
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to wash out the rhenium, and finally approximately 100 ml of the cold 
water to wash out the acid. Titrate with a standard solution of potassium 
permanganate, and correct the volume for that required in a blank run. 
The titer of a 0.1 N solution of KMn04 is 0.002329 g Re.^- 

C. COLORIMETRIC METHOD 

The colorimetric method is based on the brownish-yellow compound of 
rhenium, said to be ReO(CNS)4, which is formed when a hydrochloric 

acid solution of a perrhenate is treated with a mixture of SnCl2 and KCNS. 
The color of the solution can be compared directly against standards simi¬ 
larly treated, or after extractions by organic solvents such as ether or butyl 
acetate. The chief interfering elements are platinum and molybdenum. 
Interference by the latter can be avoided by treating with thiocyanate and 
reducing with mercury in acid solution and extracting the molybdenum 
with ether before the test for rhenium is made.^^ Molybdenum and rhenium 

can be separated by extracting, with chloroform and benzene, the metal- 

organic compound formed with ethyl xanthate; rhenium remains in the 

aqueous layer.^^ Rhenium can also be separated from molybdenum by 

distilling it from a mixture of perchloric and phosphoric acids to which 

hydrobromic acid is slowly added. (See the reference in footnote 7 for 

details.) 

The application of the colorimetric method is usually confined to amounts 

of rhenium ranging from 0.0005 to 0.5 mg. 

a. Procedure for Deterfnining Rhenium in Sohnions That Contain No 

Interfering Eleiitents}^ Transfer a nearly neutral solution, containing not 

more than 500 /ig of rhenium as perrhenate in a volume of 15 to 20 ml to 

a suitable-sized Nessler tube. Place in a beaker such amounts of hydro¬ 

chloric acid, stannous chloride, potassium thiocyanate and w^ater as will 

give, when added to the perrhenate solution, a volume of 50 ml containing 

2 per cent of hydrochloric acid, 0.4 per cent of potassium thiocyanate, 

and 0.2 per cent of stannous chloride. Transfer the solution of reagents, 

as prepared, to the Nessler tube, and shake no more than necessary to pro¬ 

duce uniformity. Let stand for 7 minutes, and then extract the colored 

rhenium compound with a suitable amount of ether which, preferably, has 

been treated with a solution of hydrochloric acid, potassium thiocyanate, 

and stannous chloride of the same concentration as employed with the 

rhenium. Compare the resulting color with that of known amounts of 

rhenium treated in exactly the same manner. 

For further details, see G. E. F. Lundcll and H. B. Knowles, loc, cit. 
13 J. I. Hoffman and G. E. F. Lundell, op, cit., 23, 497 (1939). 
i^E. E. Malouf and M. G. White, Anal. Chem., 23, 497 (1951). 
15 L. C. Hurd and B. J. Babler, Ind. Eng. Chem. Anal. Ed., 8, 112 (1936). 
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b. Procedure for Determining Small Amounts of Rhenium in Solutions 
That Contain Relatively Large Amounts of Molybdemm.^^ 

This procedure is applicable to solutions containing as much as 10 mg 
of molybdenum and not more than 1 mg of rhenium. 

a. Separation of the two elements. Add about 10 mg of iron as ferric 
chloride (if this amount of iron is not already present) and a drop or two 
of a saturated solution of potassium permanganate to the dry or nearly dry 
residue containing the rhenium and molybdenum. Then add a slight excess 
of ammonium hydroxide, and heat for a few minutes on the steam bath to 
make certain that the elements are present as perrhenate and molybdate, 
respectively. Dissolve the residue in 25 ml of cool dilute hydrochloric 
acid (1 +4), and add 2 ml of a 20 per cent solution of potassium thio¬ 
cyanate.^® Transfer the solution to a separatory funnel containing about 
25 g of mercury. Immediately add 20 ml of ether, stopper the funnel 
tightly with a cork, and shake vigorously until the acid solution above the 
mercury is colorlcss.^^ One minute of vigorous shaking usually suffices. 
As soon as the ether and acid have separated into layers, allow the mercury 
and acid to flow into another separatory funnel. Reserve the ether extract, 
which contains the bulk of the molybdenum. 

To the separatory funnel containing the acid solution and the mercury, 
add 1 ml of a 20 per cent solution of potassium thiocyanate and 15 ml of 
ether. Shake vigorously for 1 minute, allow the ether to separate, and 
draw off the mercury and the acid layer as before. Reserve the ether 
extract. Again add 1 ml of a 20 per cent solution of potassium thiocyanate 
and 15 ml of ether to the funnel which contains the acid solution and the 
mercury. Shake vigorously, and allow the ether and acid to separate into 
layers.^® Allow the mercury to run into a separatory funnel, and set it 
aside for use in future determinations. Next withdraw the acid layer which 
contains the rhenium^® (solution A). Reserve the ether extract, and com¬ 
bine it with those previously obtained (solution B). 

i® The residue sometimes dissolves with difficulty, but it goes into solution quite 
readily when the thiocyanate is added. 

If elements such as chromium, vanadium, cobalt, or nickel are present, the acid 
solution will have the color produced by these elements, but the shaking need be 
continued only until it has been ascertained that the color of the ferric thiocyanate 
has disappeared. 

If the ether layer at this point has no appreciable color, the extraction of molyb¬ 
denum is complete. A distinct color in the ether indicates that another extraction 
should be made. 

From 1 to 5 per cent of the rhenium passes into the ether during these extractions, 
but it is better to disregard this than to run the risk of extracting a trace of molybde¬ 
num and counting it as rhenium. Actually, the loss of rhenium here is without signifi¬ 
cance, because the total amount originally involved in this extraction seldom exceeds 
0.5 mg. Tests have shown that the loss is proportional to the total amount of rhenium 
and is not a fixed quantity. 



ELECTROLYTIC METHODS 325 

/?. Determination of the rhenkmi. To determine the rhenium, add 1 ml 
of a 20 per cent solution of potassium thiocyanate and 1 ml of a solution 
of stannous chloride to the reserved solution A, shake slightly, and allow 
to stand for 5 minutes. Add 20 ml of ether, shake vigorously, and allow 
the ether and acid to separate into layers. Allow the acid to drain into 
another separatory funnel, and twice repeat the extraction with ether, using 
15 ml each time. Discard the acid solution. Combine the ether extracts, 
add 10 ml of dilute hydrochloric acid (1 +4), shake vigorously, then 
allow the ether and acid to separate into layers. Withdraw and discard 
the acid. This acid washing removes iron, which, if allowed to remain, 
gradually oxidizes and produces a pink color. Transfer the ether, which 
contains the rhenium, to a 50-ml flask, dilute to the mark with specially 

prepared ether,and stopper tightly. Estimate the rhenium by comparing 

the color with that of a standard or set of standards prepared as follows: 

Transfer a suitable portion of a standard solution of rhenium to a sepa¬ 

ratory funnel which contains 10 mg of iron as ferric chloride and 25 ml 

of dilute hydrochloric acid (1 +4). Then add 2 ml of a 20 per cent 

solution of potassium thiocyanate and 1 ml of stannous chloride solution. 

Shake slightly, allow to stand for 5 minutes, and proceed with the extraction 

,of the rhenium and dilution of the combined ether extracts to exact volume 

as was described for the solution under analysis. 

A similar procedure is used for separating relatively large amounts of 

molybdenum from small amounts of rhenium, but then dilute hydro¬ 

chloric acid, (3 + 200) instead of (1 +4), is used during the reduction 

with mercury and extraction with ether. For more detailed directions, the 

original paper should be consulted. 

D. ELECTROLYTIC METHODS 

Electrolytic methods that have been developed for the determination of 
rhenium are not very satisfactory, for a number of elements interfere, the 
amount of rhenium that can be handled is small (<15 mg), the deposits are 

20 Dissolve 350 g of SnCl2'2H20 in 200 ml of dilute hydrochloric acid (1 + 1). 
Dilute the cool solution to 1 liter with cold recently boiled water. 

21 To prepare ether for diluting stronger ethereal solutions of molybdenum or 
rhenium, transfer 25 ml of dilute hydrochloric acid (1 + 4), 2 ml of a 20 per cent 
solution of potassium thiocyanate, and about 10 g of mercury to a large separatory 
funnel. Add 100 to 200 ml of ether, and shake vigorously for 1 minute. Allow the 
ether and acid to separate, and withdraw the mercury and acid. The ether is ready 
for use. 

22 Prepare a slightly acid solution containing 0.1 mg of rhenium in 1 ml. If a good 
grade of potassium perrhenate is available, this can be done by dissolving 0.155 g of the 
salt (KRe04) in 1 liter of dilute sulfuric acid (1 + 99). For determining less than 
0.1 mg of rhenium, it is convenient to dilute this solution to contain only 0.01 mg in 
1 ml. 
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contaminated by oxygen, and deposition is incomplete. Errors caused by 

oxygen or by incomplete deposition tend to compensate, but in careful 

work neither of these should exceed 0.5 mg in dilute sulfuric acid (5 + 95). 

Best results arc obtained by the use of (I) a stationary cathode of sand¬ 

blasted platinum gauze, and a spiral anode inclosed in an unglazed mullite 

thimble; (2) dilute sulfuric acid (5 + 95) as electrolyte; and (3) elec¬ 

trolysis overnight with a current density of 0.25 amp per dm^ and 2.34 volts 

between electrodes. Deposits are quickly washed with water, alcohol, and 

ether; dried for 10 seconds at 105° C; cooled in a desiccator containing a 

good desiccant, and weighed after 15 minutes. 

Deposits of this type can be quantitatively converted to pcrrhcnic acid, 

HRe04, by exposure to moist oxygen or air. 



Chapter 19 

SELENIUM AND TELLURIUM 

Selenium and tellurium are associated with each other and with sulfur 
in nature. Selenium, which is a nonmetallic element, occurs in the native 
state and in the selenides of copper, silver, mercury, lead, bismuth, and 

thallium. A few selenites exist as secondary minerals. Selenium is present 
in small quantities in numerous pyrites and is, therefore, found in sulfuric 
and hydrochloric acids. Tellurium is a semimetallic element and the least 

abundant of the sulfur group of elements. It is found native and in the 
tellurides of gold, silver, lead, bismuth, mercury, nickel, and copper. The 
dioxide of tellurium and a few rare tellurates and tellurites are known as 
alteration products. Tellurium is generally associated with gold, silver, 

and bismuth ores; it occurs in arsenical iron pyrites, and in minute amounts 

in copper ores. At the present time the sole supply of selenium and tel¬ 

lurium in the United States is as a by-product in the electrolytic refining 
of copper.^ 

I. GENERAL CONSIDERATIONS 

Selenium and tellurium, like sulfur, form dioxides and trioxides and unite 

with various metals to form compounds corresponding to the sulfides. 

Selenic acid, H2Se04, closely resembles sulfuric acid and forms insoluble 

salts with lead, barium, and the like. An important difference is the ease 

with which hydrochloric acid reduces the free acid and its salts to selenious 

acid, HoSeO.j. The latter, as well as its salts, is soluble in water and is not 

in any sense a reducing agent. Telluric and tellurous acids resemble the 

selenium acids in their reactions. Tellurous acid, however, is quite insoluble, 

and separates as a precipitate that is easily mistaken for antimony oxy¬ 

chloride whenever a hydrochloric acid solution of a salt of tellurium is 

diluted with much water. Tellurites or selenites are not oxidized by nitric 

acid; oxidation can be done by an excess of chlorine, chromate or perman- 

1 For references to the occurrences, physical properties, and qualitative and quanti¬ 
tative tests for selenium and tellurium, consult V. Lenher, Trans. AIMEy 69, 1035 
(1923) and Proc. Am. Phil. Soc., 65, 33 (1926). The former describes methods of 
analysis for a variety of products. For a discussion of the distribution of selenium 
in nature, consult L. W. Strock, Am. J. Pharm., 107, 144 (1935). For the occurrence 
of selenium in pyrites, see K. T. Williams and H. G. Byers, Ind. Eng. Chem. Anal. Ed.^ 
6, 296 (1934). 
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ganate, by an oxidizing fusion, or by treating 50 ml of a slightly acid or 

ammoniacal solution of the quadrivalent compounds with 1 to 2 g of solid 

potassium persulfate, boiling for 5 to 10 minutes, adding 1 g more of the 

salt, and boiling for 5 minutes.^ 

In the ordinary course of analysis such selenium and tellurium as survive 

the preliminary treatments will be found in the ammonia precipitate, pro¬ 

vided iron, aluminum, or the alkaline earths are in excess. If no provision 

is made for their presence, they will be reported as alumina. The presence 

of appreciable amounts, however, would be revealed in reductions inci¬ 

dental to the determination of iron. 

II. ATTACK OF SELENIUM AND TELLURIUM MINERALS 

In all methods of attack, it must be remembered that selenium is easily 

volatilized as Se02‘2HCl from boiling hydrochloric acid solutions and 

even from strong hydrochloric acid solutions heated on the water bath. 

No appreciable loss occurs when dilute hydrochloric acid solutions (<6 N) 

of selenium are heated at temperatures below 100® C.^ Tellurium is volati¬ 

lized from boiling concentrated hydrochloric acid but not from dilute acid, 

nor from strong acid heated at temperatures below 100® C. Alkali salts do 

not prevent the volatilization of selenium or tellurium. It should also be 

borne in mind that the volatile monochloride of selenium, Se2Cl2, is easily 

formed in strong hydrochloric acid solution by the action of reducing 

agents such as hydrogen sulfide, sulfur dioxide, or even filter paper fiber, 

and that serious losses may occur in warm solutions in which reduction is 

slow or there is insufficient reducer to carry reduction to the element. No 

loss of selenium occurs if sulfuric acid solutions of selenious acid are 

evaporated to dense fumes,^ but varying amounts of selenium will be vola¬ 

tilized when sulfuric or perchloric acid solutions are fumed if chlorides or 

bromides are present.® 

^N. Howell Furman and R. C. Newton (private communication). 
®For example, a hydrochloric acid solution containing 0.2069 g of selenium, as 

selenious acid, lost 0.0173 g of the element when the volume was reduced from 200 to 
50 ml by boiling in a tall 1.3-liter beaker, and again reduced to 50 ml after the addition 
of 150 ml more acid. Another solution, to which 10 g of sodium chloride had been 
added, lost 0.022 g of selenium when subjected to the same treatment. In another test, 
a solution containing 0.2025 g of the element showed 0.1009 g after evaporating to 
dryness on the steam bath with three successive portions of hydrochloric acid. An¬ 
other portion showed 0.1238 when subjected to the same treatment after the addition 
of 10 g of salt. Finally, 50 ml of a dilute hydrochloric acid solution (1 -f-1), containing 
0.0776 g of selenium, showed 0.0777 g after evaporation to 25 ml on the steam bath, 

4H. H. Willard and F. Fenwick, /. Am. Chem. Soc., 45, 936 (1923). 
«J. I. Hoffman and G, E. F. Lundell, /. Research NBS, 22, 467 (1939). 
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In fusions of selenium or tellurium minerals, the crucible must be chosen 
according to the mineral under test and the constituents that are to be 
determined. For such selenides as attack platinum, a porcelain crucible can 
be used if selenium or tellurium only is in question. For the general case, 
fusion can be done with sodium peroxide or a mixture of sodium carbonate 
and niter in a nickel crucible. In any event, the cold melt is extracted 
with water, filtered, and the filtrate acidified with hydrochloric acid and 
heated at a temperature below 100° C until conversion to selenite and tel¬ 
lurite is complete and chlorine has been expelled. 

If so little selenium or tellurium is present that large amounts of sample 
must be taken, the decomposition is effected by digestion of the material 
with aqua regia or hydrochloric acid and potassium chlorate. In either 
case, free chlorine must then be expelled and any selenate or tellurate 
reduced to the quadrivalent compounds by digestion with dilute hydro¬ 
chloric acid on the steam bath.® Attack by potassium persulfate in sulfuric 
or nitric acid solution, or by chlorine, bromine, or hydrogen peroxide in 
alkaline solution, yields the sexivalent compounds. Treatment with nitric 
or sulfuric acid or with aqua regia yields the quadrivalent compounds. 

Ores containing selenide or telluride can be decomposed by heating at 
dull redness in a current of chlorine and catching the volatile chlorides of 

*selenium and tellurium in dilute hydrochloric acid (1 1). By such treat¬ 
ment, arsenic, antimony, vanadium, bismuth, iron, and sulfur are also vola¬ 
tilized completely or in part. The hydrochloric acid solution must be 
treated as already described. 

Fusion of the material with five to six times its weight of potassium 
cyanide as often recommended yields soluble potassium telluride and potas¬ 
sium selenocyanate but is undesirable because volatilization losses occur. 

According to W. E. Bradt and R. E. Lyons,’’ selenium in organic com¬ 
pounds can be converted to selenious acid by heating with nitric acid in 
a closed tube, as in the Carius method, and determined by titrating with 
silver nitrate after the solution is rendered just alkaline to methyl orange, 
chromate being used as an external indicator. 

For the decomposition of organic compounds containing selenium, A. 

Fredga® recommended attack in an all-glass Kjeldahl flask fitted with a 

distillation head “greased” with sulfuric acid and carrying a dropping fun¬ 

nel and an outlet tube which leads into a Fresenius nitrogen bulb containing 

water. Decomposition is as follows: Transfer the sample to the flask, treat 

with 5 ml of sulfuric acid, and then in the course of 20 minutes add 

® For the decomposition of pyrite by nitric and sulfuric acids, and sources of error 
in the determination of its selenium content, see K. Bruckner, Z. anal Chem., 94, 305 
(1933). 

f /. Am, Chem. Soc., 48, 2642 (1926). 
« /. prakt. Chem., 121 [New series], 57 (1929). 
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nitric acid, dropwise as the flask is cautiously heated at such a rate as will 
leave the flask filled with red fumes. Finally raise the temperature until the 
sulfuric acid boils. With aromatic compounds, continue the boiling for a 
few minutes, cool, add 1 to 2 ml more nitric acid, and reheat. Transfer 
the solutions tp a porcelain dish, heat on a steam bath to expel most of the 
nitric acid, and filter if necessary. Neutralize with ammonium hydroxide, 
render faintly acid with sulfuric acid, and precipitate with hydrazine sulfate. 
Heat until the precipitate, settles, filter through a glass filter, wash with 

water and alcohol, and dry at 110'' C. 
Very small amounts of selenium, together with arsenic and germanium 

in pyrites, shales, soils, water, and a wide range of vegetation, grains, and 

animal matter had best be separated by distillation with hydrobromic acid 

in an all-glass apparatus before determinations are attempted.® The refer¬ 

ence should be consulted for directions concerning the decomposition of 

the materials. The distillation can well be performed in the distillation 

flask (Fig. 9) shown on page 71. If the amount of selenium exceeds 

0.5 mg, the determination is completed-by reducing with sulfur dioxide 

and hydroxylamine hydrochloride and weighing the selenium. Precipitates 

obtained with smaller amounts of selenium are dispersed by gum arabic 

and estimated colorimetrically by comparison with standards. Germanium 

and arsenic remain in solution after the reduction and can be separated bv 

distillation (p. 299) after the selenium has been removed by filtration. 

III. METHODS OF SEPARATION 

The chief separations of selenium and tellurium are those based on pre¬ 

cipitation of the elements by various reducing agents in acid solutions. 

Sulfur dioxide is the reducing agent and hydrochloric the acid most 

commonly used. For reduction by sulfur dioxide, the elements must be 

present in the quadrivalent state, and nitric acid must be absent. The sexi- 

valent compounds are easily reduced to the quadrivalent state by heating 

with dilute hydrochloric acid (<6 N) at a temperature below 100° C 

until chlorine has been expelled. Nitric acid can be destroyed by evapo¬ 

ration with dilute hydrochloric acid (<6 N) at a temperature below 

® W. O. Robinson, H. C. Dudley, K. T. Williams, and H. G. Byers, Ind, Eng. Chem. 
Anal Ed,, 6. 274 (1934); H. C. Dudley and H. G. Byers, ibid., 7, 3 (1935); K. T. Wil¬ 
liams and H. W. Lakin, ibid., 7, 409 (1935). 

^®Many other substances, such as potassium iodide, stannous or titanous chlorides, 
metals such as zinc or aluminum, and phosphorous and hypophosphorous acids, re¬ 
duce selenides or tellurides to the metal in cool acid solution, but are unsuited for 
quantitative work because the reaction products are occluded. For the applicability 
of hypophosphorous acid to the detection and determination of selenium and tellurium 
in copper, consult H. J. G. Challis, Analyst, 67, 186 (1942). 
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100'^ C, or by boiling under a reflux condenser. Sulfuric acid does not 
interfere, provided that hydrochloric acid is also present. Selenium is 
quantitatively precipitated from hydrochloric acid solutions that are 

stronger than 3.4 N (approximately 28% by volume). Tellurium is 

quantitatively precipitated in solutions ranging from 1.2 to 5 N (approxi¬ 

mately 10 to 42% by volume). In solutions that are stronger than 8.8 N 

(approximately 73% by volume), tellurium is not precipitated when alone; 

in cool concentrated hydrochloric acid, it docs not accompany selenium. 

In the usual case, selenium and tellurium are first precipitated together 

by reduction with sulfur dioxide in hydrochloric acid solutions ranging 

from 3.7 to 4.8 N (approximately 30 to 40% by volume). The precipitate, 

which may also contain gold, palladium, and small amounts of antimony, 

bismuth, copper, and other elements, is washed with water, and gold and 

the like separated by solution in nitric acid and treatments as to be described. 

Gold accompanies selenium and tellurium with most of the reducing 

agents. It is easily separated by digesting the washed precipitate with 

dilute nitric acid (sp. gr. 1.25), diluting, filtering to remove the gold, 

evaporating nearly to dryness, adding sodium hydroxide, and then separating 

selenium from tellurium by precipitation with sulfurous acid or hydroxyl- 

amine as described on page 334 or page 336. Gold can be quantitatively 

precipitated and separated from tellurium by reduction with ferrous sulfate 

in a boiling solution of auric chloride and tellurous acid in 0.3 to 0.6 M 

hydrochloric acid, filtering on a tight paper or filtering pad, and washing 

with hot dilute hydrochloric acid (1 + 99).^^ 

Quadrivalent selenium or tellurium is precipitated by hydrogen sulfide 

in acid solution and can thus be separated from elements of the succeeding 

groups. The sexivalent compounds are precipitated very slowly if at all 

in dilute acid solutions.^- The selenium precipitate is lemon yellow when 

thrown down from cold and orange yellow from hot solutions, the tel¬ 

lurium precipitate is reddish brown. Both dissociate rapidly into sulfur 

and the element and are soluble in alkali sulfide solution if precipitation 

was done in the cold and no sulfides of the copper group are present. A 

precipitate thrown down in hot solution is much less soluble, and one 

thrown down with the copper group can be extracted incompletely as to 

selenium and with difficulty as to tellurium. 

V. Lenher, G. B. L. Smith, and D. C. Knowles, Jr., Ind, Eng. Chem. Anal. Ed.^ 6, 
43 (1934). 

12 According to A. A. Noyes and W. C. Bray \A System of Qualitative Analysis for 
the Rare Elements, pp. 272, 330, Macmillan Co. (1927)1, at room temperature hydrogen 
sulfide precipitates selenium from selenic acid completcl)' in 12 N HCl, scarcely at all 
in 6 N, and not at all in 0.3 N. At room temperature selenium is completely precipi¬ 
tated from selenious acid in 3 N HF solution. 
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According to A. Brukl and W. Maxymowicz,^® tellurium can be sepa¬ 
rated from lead, bismuth, mercury, copper, gold, and selenium by precipi¬ 

tation with sodium sulfite in alkali sulfide solution after such preliminary 
treatments as are necessary. For tellurium alone the procedure is as fol¬ 
lows: Render the solution weakly ammoniacal, warm gently, and add 
yellow ammonium sulfide dropwise until the precipitate is fully dissolved. 
Add 20 to 25 ml of a saturated solution of sodium sulfite, boil 10 to 20 
minutes, dilute to 200 to 300 ml, add a few milliliters more of sulfite, boil 
again, and make sure that precipitation is quantitative. Let settle (for sev¬ 
eral hours if but little tellurium is present); filter through a Gooch crucible; 
wash successively with hot water, alcohol, and ether; and then dry by 
heating at 100° C in nitrogen or in air. Add more sulfite to the filtrate, 
and boil to make sure that all tellurium was precipitated. 

To separate lead, precipitate the sulfate as described under Lead, IV, A 
(p. 227), and then treat the filtrate as above, filtering off any lead sulfide 
that may form on the addition of ammonium sulfide. To separate bismuth, 
treat the acid solution with sodium carbonate until a faint precipitate forms, 
add 2 g each of potassium bromide and potassium bromate, heat to boiling, 
and boil until bromine is expelled. A^ake sure of complete decomposition 
by adding a little more bromide and bromate, boil, let settle, filter, and 
precipitate tellurium in the filtrate as above. Dissolve the bismuth oxy- 
bromide in dilute hot nitric acid, and determine bismuth as described under 
Bismuth (p. 234). To separate mercury (bivalent), add sodium hydroxide 
till the solution is just alkaline, and then enough sodium sulfide to dissolve 
the precipitate. Boil, and add solid ammonium chloride until all of the 
mercury is precipitated and the solution smells of ammonium sulfide. Boil, 
let settle, filter through a Gooch crucible, and wash the precipitate as 
directed under Mercury, IV (p. 174). Recover tellurium in the filtrate as 

above. Copper (and also gold) is separated as follows: if copper and 

tellurium are in solution, render the solution ammoniacal, and add yellow 

ammonium sulfide until precipitation is complete and the solution yellow. 

If the sulfides are at hand, treat with the yellow sulfide, and then dilute to 

100 ml with water. Add potassium cyanide until the precipitate dissolves, 

heat to boiling, and add 10 to 15 ml of a saturated solution of sodium sulfite. 

Boil gently for 10 to 20 minutes, dilute to 200 to 300 ml, add a little cyanide, 

and let settle for several hours if but little tellurium is present. Filter, and 

wash the precipitate with a dilute solution of cyanide. Copper can be 

precipitated as sulfide by acidifying the filtrate and boiling under a good 

hood. Gold accompanies copper. 

Selenium, if originally present, will accompany tellurium to some extent 

in the above separations. To separate it, obtain the two in alkaline sulfide 

18 2. anal, chem., 68, 14 (1926). 
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solution, treat with potassium cyanide until colorless, and heat to boiling. 
Add 10 to 20 ml of a saturated solution of sodium sulfite, boil until the 
precipitate agglomerates and the solution is clear, let settle, and filter as 
above. A determination of selenium in the filtrate is not worth while 
because of losses, as for example by volatilization, during the treatments. 

Selenium or tellurium, if present as selcnides or tellurides, can be sepa¬ 
rated from metals whose chlorides are nonvolatile, by heating in a current 

of chlorine gas, collecting the volatile tetrachlorides in water, and reducing 

with sulfur dioxide or hydroxylamine hydrochloride. With quadri- or 

sexivalent compounds, hydrochloric acid gas can be used instead of chlorine. 

Selenium can be separated from tellurium by distillation from hydro- 

chloric-sulfuric acid solution as follows: Transfer the material to a 

150-ml flask, add sulfuric acid, and heat to a temperature of 300 to 330^^ C 

as a current of hydrochloric acid gas is passed through the solution. Col¬ 

lect the distillate in cold water, and precipitate the selenium by sulfur 

dioxide as in IV, A (p. 334). Dilute the solution in the flask so that it 

contains 4 to 5 per cent of sulfuric acid (by volume), and precipitate the 

tellurium with sulfur dioxide and hydrazine hydrochloride as in B (p. 337). 

A quantitative separation of either sexivalent or quadrivalent selenium from 

tellurium can also be had from hydrobromic-phosphoric-selenious acid solu¬ 

tion as follows: Transfer the mixed oxides to a suitable flask, dissolve 

in potassium hydroxide, neutralize with phosphoric acid (sp. gr. 1.70), 

and add 20 ml in excess. Add 1 g of potassium bromide, and dilute to 

50 ml. Connect with a flask filled with water, pass carbon dioxide through 

the apparatus, and boil until the volume of the solution is reduced to 15 ml. 

Hydrobromic acid alone or with bromine can be substituted for phosphoric 

acid and potassium bromide. Arsenic, germanium, tin, and antimony accom¬ 

pany selenium in part. 

Very small amounts of selenium or tellurium, as for example in refined 

copper, can be gathered in a ferric hydroxide precipitate as described 

under Molybdenum (p. 305). In such case, 0.1 to 0.2 g of trivalent iron 

must be present and ammonium hydroxide added in excess.’® 

i*V. Lenher and D. P. Smith, Ind. Eng, Chem., 16, 837 (1924). 
i®F. A. Gooch and A. W. Pierce, Am, J, Sci., [4] 1, 181 (1896); Noyes and Bray, 

op, cit,, pp. 271, 291. 
According to R. C. Wells [/. Wash, Acad, Sci,y 18, 127 (1928)], the test for 

selenium in sulfuric acid is best made as follows: Dissolve 0.5 to 1.0 g of KBr in 3 to 4 
ml of bromine water, transfer to a 200-ml retort, and add 100 g of the acid. Place 3 to 
4 ml of HQ saturated with SO2 in a 25-ml cylinder cooled by ice water, insert the 
end of the retort into the cylinder so that the tip is just immersed in the acid, and 
distil until the sulfuric acid becomes colorless. Transfer the distillate to a small flask, 
saturate with SO2, stopper, and let stand for 24 hours to complete the precipitation of 
the red selenium. For the determination of small quantities of selenium in sulfur, see 
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For the determination of subordinate amounts of selenium and tellurium 

in a variety of ores, metals and by-products, W. R. Schoeller^^ recom¬ 

mends the following sequence of manipulations: acid attack (preferably 

with nitric acid), or fusion with sodium peroxide and solution in hydro¬ 

chloric acid, gathering of selenium and tellurium by adding ferric nitrate 

and precipitating with ammonium hydroxide if copper and nitric acid 

have to be eliminated, precipitation of the two elements by reducing with 

stannous chloride, solution of the precipitate in brominated hydrochloric 

acid, and precipitation with sulfur dioxide in two stages for the separation 

of selenium from tellurium. 

IV. METHODS OF DETERMINATION 

A. SELENIUM 

Selenium is usually weighed as the element after it has been precipi¬ 
tated by reduction in strong acid solution with either sulfur dioxide or 
hydroxylamine.^^’-® The former is of more general application, the latter 
is entirely satisfactory for the analysis of solutions containing only the two 
elements, particularly if in their higher valency, or if nitric or sulfuric acid 
is present. Both methods as described serve to separate selenium from 
tellurium. 

a. By Reductio7i 'with Sulfurous Acid in Hydrochloric Acid Solution, 

For the determination of selenium by reduction with sulfurous acid in 

hydrochloric acid solution, the selenium must be in the quadrivalent state 

at the start, and the acidity must be at least 3A N (approximately 28% 

by volume) for complete precipitation of selenium, and at least 8.8 N 

(approximately 73% by volume) for complete separation from tellurium. 

Moreover, the concentration of either selenium or tellurium should not 

exceed 0.25 g per 150 ml. Selenium can be precipitated in much higher 

G. G. Marvin and W. C. Schunib, Ind. Eng. Chem. Anal. Ed., 7, 423 (1935). As 
little as 1 part of selenium per million can be detected in organic compounds contain¬ 
ing no vanadium by a Kjeldahl digestion, followed by cooling, and the addition of 2 
drops of an aqueous 3 per cent solution of codeine sulfate, with cooling and shaking 
after each drop. A green color rapidly changing to blue indicates selenium [M. J. 
Horn, ibid., 6, 34 (1934)]. A colorimetric procedure, in which 0.005 to 0.15 mg of 
selenium can be estimated by comparing stains produced by filtering a colloidal sus¬ 
pension of the clement through a freshly precipitated mat of barium sulfate, is de¬ 
scribed by K. W. Franke, R. Burris, and R. S. Hutton [ibid., 8, 435 (1936)]. 

Analyst, 64, 318 (1939). 
18 M. Shimose, Chem. News, 49, 26 (1884)*, E. Divers and M. Shimose, ibid., 51, 199 

(1885); E. Keller, /. Am. Chem. Soc., 19, 771 (1897); 22, 241 (1900); V. Lenher and 
C. H. Kao, ibid., 47, 769 (1925). 

18 P. Jannasch and M. Muller, Ber., 31, 2389 (1898). 
20 V. Lenher and C. H. Kao, op. cit., 2454. 
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concentration of acid if the solution is kept cool. According to Lenher 
and Kao,^® the precipitation must be done by moderately rapid addition 
of a marked excess of sulfur dioxide to the cool (15 to 20" C) solution, 
and the amorphous precipitate of red selenium must not be converted by 
heating to the crystalline grey-black variety. If sulfur dioxide is slowly 

passed into a cold concentrated hydrochloric acid solution, selenium mono¬ 

chloride is first formed and some volatilization occurs; all the selenium may 

be lost if the solution is warmed. The conversion of the red compound to 

the black variety results in high values because of marked occlusion of sub¬ 

stances, including tellurium and water, that may be present in solution. 

The occluded substances cannot be washed out. The water mav cause 
•/ 

oxidation and cannot be entirely expelled below the temperature at which 

selenium volatilizes. Possible contaminants of the selenium are silver, gold, 

copper, bismuth, antimony, and mercury."" Silver can be removed as 

chloride at the start, gold can be separated by digestion in dilute nitric 

acid as in Section III, and the precipitation of antimony can be prevented 

by the use of tartaric acid. The others had better be separated before the 

precipitation of selenium. 

PROCEDURK. Take such an amount of the mixed oxides as will contain 

no more than 0.25 g of either selenium or tellurium, and dissolve in 100 ml 

of cold concentrated hydrochloric acid. Add, with constant stirring and 

at not over 30" C, 50 ml of the cool concentrated acid that has been satu¬ 

rated with sulfur dioxide at ordinary temperature.^’* Allow the solution 

to stand until the red selenium subsides, filter through a tared Gooch 

crucible and wash thoroughly first with cold concentrated hydrochloric 

acid and then wkh cold water until it gives no test for chlorine, next with 

alcohol to displace the water, and finally with ether. Dry the red sele¬ 

nium for 3 to 4 hours at 30 to 40" C to remove the ether, and then for 1 to 

2 hours at 120 to 130" C to make sure that the precipitate is dry. Cool in 

a desiccator and w^eigh as Se.^* 

If tellurium is to be determined, reserve the filtrate and hydrochloric 
acid and water washings. 

21 In our experience the conversion causes no appreciable difference in the method 
to be described if the solution contains only selenium. 

22 Palladium accompanies tellurium, as a telluride, whenever tellurium is precipitated. 
23 The liberation of sulfur dioxide in solution by the addition of a sulfite is not de¬ 

sirable because of the danger of introducing sulfur. The use of other reducing agents 
such as FeS04, TiClsi H3PO3, H3PO2, SnQ2, or metals is not satisfactory, for more 
or less occlusion takes place. 

2* According to J. Seath and F. E. Beamish [Ind. Efig. Qheim Anal. Ed.y 9, 373 (1937)], 
the washing with alcohol and ether can be omitted, and the dr\4ng of the water-washed 
selenium (or tellurium) precipitate requires but 45 minutes if the precipitate is dried 
in an atmosphere of carbon dioxide. 
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b. By Reduction with Hydroxylamine Hydrochloride, Selenium can be 
quantitatively precipitated and separated from tellurium by reduction with 
hydroxylamine hydrochloride in hydrochloric, tartaric, or citric acid solu¬ 
tion. Hydroxylamine sulfate is not satisfactory. 

proc:edure. For precipitation in hydrochloric acid solution, dissolve 
0.5 g or less (the weight of tellurium should not exceed 0.2 g) of the mixed 
oxides in 35 to 45 ml of cool hydrochloric acid, and dilute to 100 ml. The 

most desirable strength of hydrochloric acid is 5 N (approximately 42% 

by volume). Add 10 ml of a 25 per cent solution of hydroxylamine hydro¬ 

chloride, and heat at 90° C for 4 hours. Transfer the precipitate to a tared 

Gooch crucible, wash with water and then with alcohol, dry at 110°C, 

and weigh. If tellurium is to be determined in this or the next two pro¬ 

cedures, save the filtrate, and proceed as in IV, B (p. 337). 

For precipitation in tartaric acid solution, dissolve the mixture of the 

two oxides (containing not much over 0.25 g of TeOo) in as little sodium 

hydroxide solution as possible, add a 25 per cent solution of tartaric acid 

until the tellurium first precipitated just dissolves, and then in 25 ml excess. 

Dilute to 100 ml, heat to 90° C, add 10 ml of a 25 per cent solution of 

hydroxylamine hydrochloride, and proceed as with hydrochloric acid. For 

precipitation in citric acid solution, dissolve the mixed oxides in as little 

sodium hydroxide as possible, dilute to 100 ml with a 5 per cent solution 

of citric acid, add 10 ml of a 25 per cent solution of hydroxylamine hydro¬ 

chloride, heat to 90° C, and proceed as with hydrochloric acid. 

c. By Volumetric Methods, In most of the volumetric methods for the 

determination of selenium, it is necessary first to remove tellurium or else 

to correct for its effect. Among the methods may be mentioned: (1) iodi- 

metric procedures, in which selenic acid is reduced by hydrochloric or 

hydrobromic acid, and the halogen caught in a solution of potassium iodide, 

and titrated with arsenite or thiosulfate;"® (2) reduction of selenious acid 

by hydriodic acid followed by titration of the liberated iodine with thio¬ 

sulfate;®® (3) reduction by thiosulfate, in which a hydrochloric acid solu¬ 

tion of selenious acid is reduced by an excess of a standard solution of thio- 

25 W. Muthmann and J. Shafer, Ber., 26, 1008 (1893); J. T. Norton, Jr., Am. J. Set., 
[4] 7, 287 (1899); O. Pettersson, Z. anal, Chem., 12, 287 (1873); F. A. Gooch and co¬ 
workers, Am, J, Sci,, [3] 50, 254, 400, 402 (1895); [4] 1, 31 (1896). For an improved 
apparatus, see G. C. Soth and J. E. Ricci, Ind. Eng. Chem, Anal, Ed., 12, 328 (1940). 

For an application of the method to the determination of selenium in 18-8 stainless 
steels, see G. G, Marvin and W. C. Schumb, ibid,, 8, 109 (1936). For a method in 
which selenium in glass is determined by fusing the sample with sodium carbonate, 
dissolving the melt in dilute sulfuric acid (1 -f 1), distilling as selenium tetrabromide 
from a sulfuric-hydrobromic acid solution, and titrating by the iodide-thiosulfate 
method, consult A. E. Pavlish and R. W. Silverthom, J. Am. Ceram, Soc,, 23, 116 
(1940). 
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sulfate that is afterwards titrated with iodine solution; and (4) oxidation 
of selenious acid by an excess of standard permanganate in sulfuric acid 
solution, followed by potentiomctric titration with ferrous sulfate, or by 
the addition of a measured excess of oxalic acid and titration with perman- 
ganate.2® 

A method in which tellurium is without effect is that in which selenium 
is determined by potentiometric titration of selenious acid with a standard 
solution of titanous sulfate. In this method, iron, copper, and moderate 
amounts of sulfuric acid are also without effect.-® 

B. TELLURIUM 

a. By Reduction 'with Sulfurous Acid and Hydrazine. Tellurium, like 
selenium, is usually weighed as the element. The reduction, as a rule, is 
made in the filtrate obtained in the separation of selenium. Reduction by 
sulfur dioxide alone is too slow, and the precipitate is so very finely divided 
that it oxidizes readily in spite of washing with alcohol and ether. V. Len- 

her and A. W. Hornberger recommended the use of both sulfur dioxide 

and hydrazine hydrochloride as reducing agents, for these precipitate tel¬ 

lurium almost instantaneously if the hydrochloric acid strength is approxi¬ 

mately 3 N and the tellurium is in a reasonably high degree of concentra¬ 

tion. Moreover, the method is applicable to either tellurite or tellurate. 

PROCEDURE. Prepare a solution containing approximately 0.2 g of sexi- 

valent or quadrivalent tellurium per 50 ml of 3 iV hydrochloric acid 

(approximately 25% by volume). Heat to boiling, and add 15 ml of a satu¬ 

rated solution of sulfur dioxide, then 10 ml of a 15 per cent solution of 

hydrazine hydrochloride, and finally 25 ml more of the saturated solution 

of sulfur dioxide. Continue the boiling until the precipitate settles in a 

27 J. F. Norris and H. Fay, Am. Chem. 18, 703 (1896); ibid.y 23, 119 (1900); J. T. 
Norton, Jr., loc. cit., and W. C. Coleman and C. R. McCroskey, Ind. Eng. Chem. 
Anal. Ed., 9, 431 (1937). For a method in which selenium in foods is converted to 
selenious acid by digesting with HN03-H2S04-Hg0 and then determined by titrat¬ 
ing with standard solutions of sodium thiosulfate and iodine, consult A. L. Curl and 
R. A. Osborn, /. Assoc. Offic. Agr. Chemists, 21, 228 (1938). 

28 F. A. Gooch and C. F. Qemons, Am. J. Sci., [3] 50, 51 (1895); W. T, Schrenk 
and B. L. Browning, /. Am. Chem. Soc., 48, 2550 (1926); Z. Littman, Chem. Ztg., 51, 
323 (1927); and L. Moser, ibid., 720. For the determination of selenites or selenious 
acid in the presence of selenates by a method in which the selenite ion is oxidized to 
selenate ion in nitric acid solution by addition of standard bromate solution in excess 
and then titration with a standard arsenite solution in the presence of Fast Red B 
indicator, consult D. F. Adams and L. I. Gilbertson, Ind. Eng. Chem. Anal. Ed., 14, 
926 (1942). 

28 H. H. Willard and F. Fenwick, /. Am. Chem. Soc., 45, 933 (1923). 
30 /. Am. Chem. Soc., 30, 387 (1908). For a discussion of other reduction methods 

that yield crystalline precipitates, and of separations from Sb, Bi, Pb, Cu, Fe, Co, and 
Ni, consult O. E. Clauder, Z. anal. Chem., 89, 270 (1932). 
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form that can be easily filtered and washed. This should not require more 

than S minutes. Allow to settle, filter through a tared Gooch crucible, 

and without delay wash with hot water until all chloride is removed. 

Displace the water by alcohol as quickly as possible to prevent oxidation, 

and dry at 105° 

If the precipitation of tellurium is to follow that of selenium in hydro¬ 

chloric acid solution, concentrate the solution, and reduce the acidity by 

heating below 100'' C on the steam or water bath. If the selenium was pre¬ 

cipitated by hydroxylamine in tartaric or citric acid solution, evaporate the 

filtrate to 50 ml volume, and treat with 25 ml of a saturated solution of 

sulfur dioxide, 10 ml of concentrated hydrochloric acid, 15 ml of a 15 per 

cent solution of hydrazine hydrochloride, and then as above. 

b. By Volumetric Methods, Selenium interferes in most of the volu¬ 

metric methods for the determination of tellurium. An exception is the 

dichromate process outlined under (4). Among the methods that may be 

mentioned are: (1) iodimetric procedures, in which quadrivalent tellu¬ 

rium is oxidized by an excess of standard permanganate which is then 

determined by adding iodide and titrating with arsenite, or procedures in 

which sexivalent tellurium is reduced by a halogen acid, the liberated halo¬ 

gen caught in iodide, and the iodine titrated with arsenite or thiosulfate; 

(2) oxidation of quadrivalent tellurium by an excess of permanganate along 

the lines given for selenium; (3) reduction by an excess of a standard 

solution of stannous chloride followed by titration with iodine; and (4) 

oxidation by an excess of standard dichromate, followed by the addition of 

an excess of standard ferrous sulfate and titration with dichroinate, or addi¬ 
tion of iodide and titration with thiosulfate.'*"’ 

See footnote 24, p. 335. 
32 J. F. Norris and H. Fay, Am. Chem. /., 20, 278 (1898); F. A. Gooch and C. A. 

Peters, Am. J. Sci., [4] 8, 122 (1899); and F. A. Gooch and J. Howland, ibid., 131 48, 
375 (1894). 

33 B. Brauncr, /, Chem. Soc., 59, 238 (1891); F. A. Gooch and coworkers, Am. J. Sci., 
[3] 44, 301 (1892); |3J 50, 51 (1895); [4] 8, 122 (1899); W. T. Schrenk and B. L. 
Browning, loc. cit.; Z. Littman, loc. cit.; and L. Moser, op. cit., 729. 

34 B. Brauner, /. Chem. Soc., 59, 58 (1891). 
33 B. Brauner, op. cit., 62; V. Lenher and H. F. Wakefield, /. Am. Chem. Soc., 45, 

1423 (1923); W. T. Schrenk and B. L. Browning, op. cit., 48, 139 (1926). The last is a 
potentiometric application of Lenher’s method which is applicable in the presence of 
ferric iron and small amounts of selenium or copper. See also Z. Littman, and also 
L. Moser, loc. cit. For a discussion of volumetric methods, consult L. Moser and 
R. Miksch, Monatsh., 44, 335 (1923). 



II. THE NOBLE METALS-GOLD, OSMIUM, RUTHENIUM, PLATINUM, 
PALLADIUM, RHODIUM, AND IRIDIUM 

Chapter 20 

THE PLATINUM METALS AND GOLD 

By Raleigh Gilchrist, National Bureau of Standards 

The six platinum metals, osmium, ruthenium, platinum, palladium, rho¬ 
dium, and iridium, occur in nature chiefly in the metallic state in a number 
of alloys, most of which contain several if not all of the six elements, 
together v ith gold, iron, copper, and sometimes other base metals such as 
nickel and cobalt. The various alloys are usually associated together and 
often with native gold. The alloys in which platinum is the predominant 
constituent are the most abundant. Those that consist mainly of osmium 
and iridium, called osmiridium and iridosmine, are next in order of abun¬ 
dance. The principal occurrence of ruthenium, which is the rarest of 
the six metals, is in these alloys of iridium and osmium. Osmiridium and 
iridosmine are almost always found with the platinum alloys, but in some 
cases also by themselves. More or less pure native iridium, alloyed with 
platinum, and relatively pure palladium also occur with the other alloys. 
A native alloy of gold with palladium, called porpezite, is known, and 
alloys of gold with rhodium and of palladium with mercury (potarite) 
have been reported. 

The platinum metals also occur in nature ^ as compounds with arsenic, 
sulfur, antimony, and possibly selenium. Platinum arsenide, PtAso, known 
as sperrylite, is believed to be the form in which platinum exists in the 

economically important Sudbury ores, and the palladium which accom¬ 

panies platinum in nearly equal amount in these ores is thought to occur 

as a selenide. Two sulfide minerals are cooperite, PtS, and braggite, (Pt, 

Pd, Ni)S. Stibiopalladinite is a native compound of palladium and anti¬ 

mony. Laurite is a rarely found sulfide of ruthenium, RuS2. 

Until recently the principal sources of the met^s were the native alloys, 

found mainly in the form of very small grains, with some larger particles 

and occasional nuggets, in secondary deposits resulting from the disintegra- 

^For a more detailed account of the minerals and their mode of occurrence, see 
Platinum and Allied Metals, published by the Imperial Institute, London (1936). 
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tion of basic igneous rocks. Such occurrences are widely distributed, but 
only a few are of economic importance. The richest deposits thus far 
worked are in the Ural Mountains and in Colombia. Quite recently an 
Alaskan placer has added the United States to the list of platinum-producing 
countries. South Africa has large deposits which include both metallic 
and sulfide-arsenide minerals. In South Africa some of the primary 
deposits are rich enough to be workable directly for the platinum metal 
content. 

Within recent years Canada has become the foremost producing coun¬ 
try, because of the occurrence of the platinum group in the sulfide ores of 
nickel and copper, from which the metals are recovered by the process of 
electrolytic refining. The Canadian production has made ruthenium and 
rhodium much more generally available than they were previously. Rela¬ 
tively small amounts of the platinum metals are recovered from copper 
sulfide ores in other parts of the world. 

The occurrence of gold in nature will not be discussed here inasmuch as 
information is readily available on such phases of this subject as are not 
matters of common knowledge. Furthermore, it is not proposed to treat 
the determination of gold in ores, or, in general, by fire assay methods, 
but to limit the treatment of gold to its separation and determination by 
wet methods. 

I. GENERAL CONSIDERATIONS 

A. PLATINIFEROUS MATERIALS THAT ARE USUALLY ENCOUNTERED 

Among the substances containing platinum metals that the analyst is 
likely to encounter are the two most common types of platinum-metal 
minerals: grain platinum and osmiridium. These have usually been 

mechanically concentrated so that only a small proportion of associated 

minerals, such as quartz, ilmcnite, chromite, and magnetite, remain. These 

nonmetallic constituents are usually given the collective name of “sand.” 

Such materials may be directly subjected to analysis. Primary ores, con¬ 

taining small amounts of platinum metals, usually have to be concentrated 

by crucible fusion, as is commonly done for gold- and silver-bearing 

materials. 

Among the products of refining and manufacture that may require 

analysis are the more or less completely purified metals, particularly plati¬ 

num and palladium, in the form of either sponge or compact metal. There 

are also platinum-iridium alloys and platinum-rhodium alloys used in the 

electrical and jewelry industries and in scientific instruments and laboratory 

ware, gold alloys for dentistry that contain platinum or palladium or both, 

and a variety of alloys used for jewelry that usually predominate in plati¬ 

num (sometimes in palladium) but may contain several of the other metals. 
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There are also bimetallic pieces consisting of platinum alloys, and articles 
that have been electroplated with rhodium or other platinum metals. In 
addition, there are the various by-products and residues from refining and 
manufacture, as well as platinum recovered from catalyst masses, and resi¬ 
dues of native osmiridium and the synthetic alloys used in the penpoint 
industry. 

B. BEHAVIOR OF PLATINUM IN GENERAL ANALYTICAL WORK 

Because of the common use of platinum ware in general analytical work, 
it is important to consider the behavior of this element in group separations. 
For the purpose of this discussion, the small amounts of other platinum 
metals present in platinum ware may be regarded as negligible or at least 
as behaving in the same way as platinum. 

Platinum is precipitated by hydrogen sulfide from acid solution over a 
wide range of acidity. Treatment of the sulfide with ammonium sulfide 
results in incomplete solution. The reaction with ammonium sulfide is 
undoubtedly complicated by the presence of ammonium hydroxide, or 
more strictly speaking ammonia, which reacts with platinum to form a 
number of ammines, similar to the well-known cobalt ammines, of varying 
degrees of solubility. These compounds are in general sufficiently stable 
so that their solutions, whether acid or alkaline, exhibit distinctly different 
properties from those of solutions in which platinum is present as chloride, 
or, more properly, chloroplatinate. 

For example, platinum ammines react so slowly with hydrogen sulfide 

that it is practically impossible to precipitate platinum completely from solu¬ 

tions containing these compounds. This is also true of attempts to precipi¬ 

tate platinum from such solutions by means of hydrogen or organic reduc¬ 

ing agents. However, a slow reaction with these various reagents does 

occur. The practical result in analytical work is that platinum, once the 

solution in which it is present has been treated with ammonium hydroxide, 

is apt to precipitate fractionally in a number of the subsequent operations 

involved in a complete analysis. This troublesome performance begins 

with the treatment with ammonium hydroxide itself, in which most of the 

platinum will pass into solution if a fair excess of ammonium hydroxide is 

used and a reasonable time allowed, but some of it will remain with the 

precipitates of other metals. Once the ammines have been formed in solu¬ 

tion, a drastic treatment is necessary to change them to other types of 

platinum compounds. One method of destroying them is to add sulfuric 

acid and a little nitric acid to the solution and evaporate until the solution 

fumes strongly. The temperature of boiling sulfuric acid should be main¬ 

tained for 10 to 15 minutes. If the excess of sulfuric acid is undesirable, it 

can be removed by evaporation. After this treatment, it will usually be 
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necessary to add a little aqua regia to redissolve metallic platinum which 
has been precipitated. An alternative scheme is to evaporate the solution 
to dryness (without adding sulfuric acid) and to ignite the residue gently, 
thereafter adding a little aqua regia to redissolve the platinum. In the 
presence of alkali chlorides some of the platinum may not be reduced to 
metal, but may be converted directly to chloroplatinate. 

Ammonium hydroxide may also precipitate platinum partially from 
chloride solutions as the relatively insoluble ammonium chloroplatinate. 
However, in the analysis of other than platiniferous materials, there is 
seldom enough platinum present in the solution to exceed the solubility of 
ammonium chloroplatinate. 

Platinum reacts with an excess of sodium hydroxide to form soluble 
platinates, but this reaction passes through certain intermediate steps, some 
of which result in the formation of insoluble substances which may fail 
to redissolve completely if some other precipitate is present. 

Consideration should be given to the possible precipitation of platinum 
as metal if certain organic reagents or other reducing substances are added 
to the solution in which it is present. However, these reactions are less 
likely to be overlooked than the effect of certain reducing agents which 
merely reduce platinum from the quadrivalent to the bivalent condition. 
This reaction is not readily apparent in dilute solutions, but it may cause 
errors in volumetric work, either because of the excessive consumption of 
reducing agent, if this is measured, or of the oxidizing agent subsequently 
used, platinum being reoxidized to the quadrivalent condition. This occurs, 
for example, in the use of sulfur dioxide for reducing certain elements which 
are then determined by titration with an oxidizing agent. This particular 
case is complicated by the secondary reaction of bivalent platinum with 
sulfur dioxide, resulting in the formation of complex sulfites. These com¬ 
pounds are fairly stable and are only slowly converted to chloride when 
the excess of sulfur dioxide is removed from the solution. Additional 
errors are thus introduced into an oxidimetric titration, either because of 
the slow liberation of sulfur dioxide or the direct oxidation of the sulfite 
radical in the complex platinum compound. 

What has been said in the foregoing paragraphs illustrates the pronounced 
tendency of platinum to form complex compounds in solution. Many of 
these are so stable that they display feebly, if at all, the usual chemical prop¬ 
erties of “platinum,” which are really the properties of the platinum ion 
itself or of the chloroplatinate ion. Although some of these complexes may 
be reconverted to the chloroplatinates or to some other desired compound, 
such conversions are frequently slow reactions, in marked contrast to most 
of the nearly instantaneous reactions of analytical chemistry. For the 
analyst, all of this means that, when there is any doubt about the behavior 
of the small amounts of platinum in solutions resulting from fusions or 
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other treatments in platinum ware, it is a wise precaution to precipitate the 
metal by hydrogen sulfide from hydrochloric or sulfuric acid solution be¬ 
fore proceeding to other operations. 

Because of the reduction in cost of platinum in recent years, the use of 
gold or alloys of gold with palladium or platinum, as substitutes for plati¬ 
num in laboratory ware, is now uncommon. When such ware is used, 
appropriate consideration must be given to the behavior of the metals, 
which may thus be introduced into the solution to be analyzed. Both 

gold and palladium are precipitated completely from acid solution by 
hydrogen sulfide. Gold is precipitated by reducing agents more readily 

than platinum and may even be partially precipitated when its solutions 

are evaporated to dryness on the steam bath." It is precipitated by ammo¬ 

nium hydroxide (to form fulminating gold). An excess of sodium hydrox¬ 

ide yields no precipitate, but other insoluble compounds, if present, will 

hold some of the gold. 

Palladium behaves very much like platinum in genera] analytical work 

but has a less pronounced tendency to form stable complexes. Excess of 

ammonium hydroxide will yield a soluble ammine, but, if other compounds 

are precipitated at the same time, they will hold some of the palladium. 

Sodium hydroxide yields a precipitate of palladium hydroxide. Palladium 

reacts with sulfur dioxide to fomi soluble sulfites or double sulfites as does 

platinum. Palladium is precipitated by iodides and by dimethylglyoximc. 

The latter compound also partially precipitates platinum, if the solution is 

heated, and precipitates gold as metal, even from cold solutions. 

II. ATTACK OF MINERALS AND ALLOYS 

Of the six platinum metals and gold, only palladium and osmium are 

appreciably attacked by any single acid. Nitric acid slowly dissolves pal¬ 

ladium and attacks osmium as well, if it is finely divided. In this form 

osmium is also attacked by concentrated sulfuric acid and aqua regia but 

less by either of these than by fuming nitric acid. Palladium and gold are 

rapidly dissolved by aqua regia and platinum somewhat less so. Aqua regia 

scarcely attacks rhodium, iridium, or ruthenium (or osmium in compact 

2 If aqua regia solutions of gold are rapidly evaporated to dryness (maximum tem¬ 
perature 120° C), or if sulfuric acid is added to such solutions and they are then 
evaporated until copious fumes of H2SO4 appear, some gold is volatilized. For example, 
by making evaporations of solutions, containing 0.1 g of gold, in an all-glass distilling 
apparatus and determining the gold in the distillates, 1.5 mg was found to have been 
volatilized under the former conditions and 2.5 mg under the latter. No volatilization 
was observed when aqua regia solutions containing the same quantity of gold were 
first treated with 15 ml of 70 per cent perchloric acid and then evaporated until copious 
fumes of perchloric acid appeared (maximum temperature 205° C). 
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form), but, when these metals are present as minor constituents in a plati¬ 
num alloy, the entire alloy will be dissolved. The speed of attack of plati¬ 
num is diminished greatly by the presence of these metals. A 30 per cent 
iridium alloy for example is practically insoluble in aqua regia. When not 
barred by extremely low rate of solution, the best method of attack of 
alloys in which platinum is predominant is to digest them with hot aqua 
regia, bearing in mind that any osmium present will be lost as volatile 
osmium tetroxide unless the apparatus used is provided with a receiving 
flask in which the tetroxide is condensed or absorbed. Four volumes of 
hydrochloric acid, one volume of nitric acid, and one volume of water 
make a satisfactory aqua regia mixture. The attack of platinum alloys by 
aqua regia is often so slow that it may be advantageous to increase the sur¬ 
face of the sample by hammering or rolling. Diluted aqua regia should be 
used if gold, platinum, or palladium sponge, or black, is to be dissolved. 
When aqua regia is used to attack platinum minerals, it effects a separation 
of those alloys in which platinum is preponderant, together with any native 
palladium and gold, from the osmium-iridium alloys. 

Materials such as osmiridium, as well as others containing ruthenium, 
osmium, rhodium, or iridium not alloyed with a large excess of platinum 
or palladium, usually are best attacked by alkaline oxidizing fluxes. Unless 
the metallic material is very finely divided, it is, at best, only slowly attacked 
by fluxes. Coarsely granular materials, such as native osmiridium, can be 
pulverized by fusing with 10 parts of zinc, followed by treatment of the 
cooled ingot with dilute hydrochloric acid to dissolve the excess zinc. By 
this process the metallic grains are converted to a finely powdered mixture 
of alloys of zinc with the platinum metals. 

The fusion is conducted in a quartz crucible, under a cover of zinc 

chloride, at a red heat, and should be continued for an hour or longer. 

Stirring the melt with a graphite rod is desirable if care is taken to recover 

the metal which may adhere to the rod. Zinc that is practically free of 

lead should be used, since most of the lead in the zinc will remain with the 

residue insoluble in hydrochloric acid. The finely divided residue should 

be washed and dried, but not ignited,’ before being fused with alkalies. 

Sodium peroxide, sodium hydroxide mixed with about 25 per cent of 

sodium peroxide or sodium nitrate, and barium peroxide are variously used 

as fluxes."^ Sodium peroxide, or sodium hydroxide and peroxide fusions 

can be conducted in iron, nickel, or, preferably, in silver dishes. If a mix- 

3 Materials of this type sometimes explode violently when ignited. 
^Potassium hydroxide and nitrate are recommended in some of the older platinum 

literature, and have been asserted to be more efficacious than the corresponding sodium 
compounds. However, their use is subject to the disadvantage that relatively insoluble 
potassium salts are formed when the melt is acidified to convert the metals to halogen 
compounds. 
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ture of caustic alkali and nitrate is used, the fusion is best done in gold, as 
gold is less attacked than silver by these reagents and the melt does not 
tend to creep as it does in silver. If desired, the “explosion’* method of 
attack with sodium peroxide, described by Muehlberg,® may be used, in 
a nickel or silver crucible. The advantage of this method is that very 
little, if any, foreign metal is introduced through attack of the crucible, 
but an offsetting disadvantage is that a much larger proportion of reagent 
has to be used. When the fusion is done in the ordinary manner, a ratio 
of not less than 4 parts of reagent to 1 part of the material to be analyzed 
is desirable. 

When the mass resulting from a fusion with caustic alkali or sodium 
peroxide has cooled, it is leached with water. The metallic compounds 
will dissolve in part and in part remain in a residue insoluble in water. 
Osmium and ruthenium tend much more to form water-soluble compounds 
than iridium,® but the extent to which this occurs with all of these metals 
depends upon the temperature of the fusion and probably on other con¬ 
ditions. In the older literature, use was commonly made of the difference 
in the tendency to form water-soluble compounds to separate osmium and 
ruthenium from iridium. With the improved methods of analysis now 
available, it is no longer necessary to take account of this incomplete and 
uncertain separation. After the fused mass has been completely disinte¬ 
grated, the solution is heated to decompose hydrogen peroxide (if sodium 
peroxide was used) and then strongly acidified with hydrochloric or hydro- 
bromic acid and digested to convert hydrated oxides or salts of oxy acids 
to the halogen compounds. If osmium is present, the acid is added after 
the disintegrated melt is transferred to a distilling flask, the delivery tube 
of which is connected to a receiver suitable for the absorption of osmium 
tetroxide. This is particularly necessary if nitrate was used in the fusion. 

The use of barium peroxide has certain advantages over that of sodium 
hydroxide or peroxide, one of which is that the mixed mass sinters rather 
than melts. This decreases the attack of crucible walls, but necessitates 
thorough and intimate mixing of the reagent and sample to insure a maxi¬ 
mum degree of conversion to soluble compounds. A further advantage is 
that treatment of the sintered mass with water usually causes no solution 
of the platinum metal compounds, but converts the excess barium peroxide 
to a solution of barium hydroxide, which can be filtered from the residue 
and discarded. It is well first to make sure that this solution is free of 
platinum metals (by acidifying and digesting with hydrochloric acid and 
treating with hydrogen sulfide) before discarding it. When the residue 
insoluble in water is digested with hydrochloric or hydrobromic acid, the 

5 W. F, Muehlberg, Ind, Eng, Chem,, 17, 690 (1925). See Fluxes (p. 839). 
® It is doubtful whether iridium is in true solution under these conditions, at least in 

a form that is stable when the solution is warmed. 



346 THE PLATINUM METALS AND GOLD 

platinum metals, which are at least in part in the form of barium salts of 
their oxy acids, are converted to soluble chloro or bromo compounds. 
After this treatment, there will always be a small residue of unattacked 
metal and some barium sulfate. The barium peroxide available on the 
market is always contaminated with sulfate and may be further contami¬ 
nated with sulfur compounds if a gas flame is used for heating. Indeed, 
sulfur may be introduced from electrically heated furnaces which have 
been used at other times for the treatment of sulfur-bearing materials. The 
insoluble residue can be ignited and treated again with barium peroxide. 
If desired, the barium sulfate can first be separated from the unattacked 
metal by igniting the mixture in a porcelain crucible in an atmosphere of 
hydrogen, after which the barium sulfide (or sulfite) is leached out with 
dilute hydrochloric acid. 

The water-insoluble material left after the leaching of the sintered mass 
obtained when barium peroxide is used as the “flux'* is treated in the same 
manner as the solution and precipitate resulting from a fusion with alkalies. 
It should be remembered, however, that a considerable amount of barium 
is left in combination with the platinum metals after the leaching and may 
play a part in subsequent reactions. If desired, barium can be removed 
from the acidified solution by precipitation with a carefully regulated 
amount of sulfuric acid. An excess of sulfuric acid is undesirable because 
of its effect on certain subsequent analytical reactions. 

Whatever flux is used to attack the metals, it is uncommon to get com¬ 
plete conversion to soluble compounds in one treatment. The degree of 
conversion depends upon the state of subdivision and nature of the metallic 
material, and upon the temperature and duration of the treatment. In 
general, the higher the temperature, and the longer the time of fusion, the 
more nearly complete the attack will be. When barium peroxide is used, 

the operation does not need to be watched, and the crucible can be left 

in a furnace at 750 to 800^ C for some hours, if necessary. The caustic 

or caustic peroxide fusions cannot well be left so long without attention. 

In some cases they cause substantially complete attack of the metals in 

an hour’s time, at red heat. Beamish and Scott ^ report nearly complete 

attack of rhodium-iridium residues from the parting of assay beads in a 

10-minute fusion with sodium peroxide, at a dull red heat. Experience 

will be needed to determine the choice of flux and the conditions of attack 

for various types of materials. 

The oxy compounds into which the metals are converted by alkaline 

oxidizing fluxes are not always readily soluble in hydrochloric acid, espe¬ 

cially if iridium predominates. Hydrobromic acid attacks these compounds 

more readily and may be used to advantage in some instances. 

^F. E. Beamish and M. Scott, Ind. Eng, Chem, Anal, Ed,y 9, 460 (1937). 
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Materials rich in rhodium have sometimes been found to be very resistant 
to attack by alkaline fluxes. If such instances arise, the treatment described 
in the next paragraph can be used for the unattacked residue. 

The platinum metals may also be put into solution by grinding the 
sponge intimately with sodium chloride and heating the mixture to incipient 
fusion in an atmosphere of chlorine. This reaction yields the chloro salts 
of the metals with sodium, which are soluble in all cases. This treatment 
is very useful for materials rich in rhodium and may sometimes be alter¬ 
nated to advantage with the alkaline fusion in treatment of rhodium- 
iridium residues. It is well to use about 100 per cent of sodium chloride 
in excess of the amount required to form the double salts. The attack is 
seldom complete, and the method is not very suitable for analytical work 
on crude materials because there is almost always some volatilization of 
certain constituents, resulting in loss unless special precautions are taken to 
absorb all volatilized substances. 

Ruthenium and osmium arc dissolved by alkali hypochlorite solutions. 
Howe and Mercer ^ advocated this method of attack for metallic powders 
containing ruthenium. The solution must contain free alkali in order to 
avoid oxidizing the metal to the volatile tetroxide. Nearly pure ruthenium 
js rather rapidly dissolved, but the extraction of the metal from mixtures 
is slow and incomplete if the insoluble metals, for example, iridium, are very 
intimately mixed with the ruthenium. This may occur with mixed sponges 
resulting from the simultaneous precipitation of two or more metals from 
solution or from the ignition of mixed salts. 

A method developed by Wichers, Schlecht, and Gordon‘S deserves par¬ 
ticular mention, because it solves one of the most difficult problems of the 
platinum analyst. They found that refractory platiniferous material can 
be brought completely into solution by heating it in contact with hydro¬ 
chloric acid which contains a small amount of a suitable oxidizing agent, 
in a sealed glass tube at an elevated temperature. The rate of attack varies 
greatly with the composition of the acid mixture as well as with the tem¬ 
perature. A mixture of 20 volumes of concentrated hydrochloric acid 

with 1 volume of fuming nitric acid, or an equivalent amount of sodium 

chlorate, perchloric acid, or chlorine, is satisfactory. Such a mixture at a 

temperature of about 300° C will dissolve osmiridium and even metallic 

iridium at a fairly rapid rate. Leaving the tubes in a controlled oven for 

24 hours is sufficient for an average specimen of osmiridium, but larger 

grains or exceptionally refractory specimens may take longer. 

8 J. L. Howe and F. N. Mercer, /. Am, Cbem. Soc., 47, 2926 (1925). 
8 Charles L. Gordon, /. Research NBS, 30, 107 (1943). Edward Wichers, William G, 

Schlecht, and Charles L. Gordon, ibid., 33, 363 (1944). Edward Wichers, William G. 
Schlecht, and Charles L. Gordon, ibid,y 451. Charles L. Gordon, William G. Schlecht, 
and Edward Wichers, ibid,, 457. 
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For most materials, ordinary concentrated hydrochloric acid (about 36% 
of HCl by weight) is satisfactory, but, for unusually large particles or for 
exceptionally refractory materials, it is desirable to use a stronger acid. 
Concentrations up to about 50 per cent of HCI by weight are conveniently 
prepared by distilling some of the ordinary acid through a condenser, 
cooled with very cold water, into a receiver packed in ice. Ratios of 
hydrogen chloride to water, greater than 1 to 1, can be prepared by con¬ 
densing dry hydrogen chloride on top of frozen water. The amount of 
acid used must be sufficient to produce the best ratio of acid to oxidant, 
which is 20 g of hydrogen chloride to 1 g of chlorine. Not less than 4.2 g 
of hydrogen chloride should be used for each gram of sample. If the ordi¬ 
nary concentrated hydrochloric acid is used, 10 ml of the acid for each 
gram of sample is the minimum quantity. A larger amount, up to 20 ml, 
will hasten complete solution. 

The best quantity of oxidizing agent for the solution of iridium at 250 to 
300° C is 0.025 g of chlorine for each milliliter of internal tube volume, 
provided as chlorine or by the action of any chlorine-producing oxidant. 
Perchloric acid,^^^ preferably 70 per cent of HCIO4 by weight, is the most 

convenient oxidant to use if the reaction is to be conducted at temperatures 
above 250° C. At lower temperatures, it reacts too slowly with hydro¬ 
chloric acid to be suitable, and nitric acid or sodium chlorate should be 
used instead, the latter only if there is some reason to avoid the formation 
of nitroso compounds, such as H2[RuCl5NO]. For each gram of sample 
consisting predominantly of iridium, osmium, or platinum, 0.22 ml of per¬ 

chloric acid (70% of HCIO4 by weight) is the stoichiometrically required 

amount. If nitric acid is used as the oxidant, 0.27 ml of the ordinary con¬ 

centrated acid (70% of HNO3 by weight) or 0.19 ml of the fuming acid 

(91% of HNO3 by weight) corresponds to the 0.22 ml of perchloric acid. 

The corresponding weight of sodium chlorate is 0.37 g, and of chlorine 

0.74 g. If the sample contains significant amounts of rhodium, ruthenium, 

or palladium, a larger amount of oxidant should be used, in proportion to 

the smaller equivalent w^eight of these metals. For pure rhodium, the 

amount of chlorine would be 1,05 g for 1 g of metal. 

It should be noted that, if perchloric acid is used at temperatures much 

below 300° C, some of it is likely to remain if the heating period is not 

over 24 hours. Its presence may be undesirable in later analytical opera¬ 

tions; for example, osmium or ruthenium tetroxide may be evolved if the 

solution is evaporated by heating. For iridioplatinum alloys, w^hich can be 

dissolved at temperatures as low as 100 to 150° C, perchloric acid is not 

recommended. For these alloys about 0.27 ml of the ordinary concentrated 

10 If organic matter is present, there is danger of explosion by its reaction with 
perchloric acid. 
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nitric acid for each gram of metal is recommended, or sodium chlorate, 
0.37 g, can be used. 

In general, the temperature at which the reaction is conducted should 
be no higher than that necessary to effect complete solution in a convenient 
length of time, for example, in 18 to 24 hours. Temperatures as high as 
300° C will be needed only for the most refractory materials, unless the 
sample particles are unusually large. Inspection of the tubes, after a trial 
period, will indicate whether the temperature need be raised to get com¬ 
plete solution within the desired time. For the less refractory alloys, con¬ 
sisting mainly of platinum, heating at 110°C overnight is sufficient. In 
this instance no external protecting pressure of the glass tube is necessary. 

The tube should be no larger than is necessary to accommodate, when 
half to two thirds full, the tjuantity of acid to be used. For the amounts 
of acid needed for 1 to 1.5 g of sample, a heavy-walled (2.5-mm) Pyrex 
tube of 15-mm bore, about 20 cm long, provided with a stem of 4-mm 
bore and 2-mm wall thickness is very satisfactory. If larger samples are 
to be treated, it will be desirable to increase the length of the tubes, rather 
than their diameter, or to divide the material among several tubes. If the 
samples are as small as 100 mg, heavy-walled Pyrex glass tubes of 4-mm 
Jbore and about 20 cm long, half filled with acid, are recommended. For 
operations on a microanalytical scale, capillary tubes of 1-mm bore and 
1-mm wall thickness, either of Pyrex glass or quartz, can be used. 

At 300° C pressures within the tubes, when half full, are estimated at 
3500 to 4000 psi. The heavy-walled glass tubes of 4-mm bore and 20-cm 
length, half filled with acid, can be safely heated to 300° C without much 
danger of bursting. Larger tubes should be placed in a steel bomb into 
which a weighed amount of solid carbon dioxide is put to provide the 
proper compensating pressure. The sealed tube with its contents is placed 
in a steel shell, provided with a cap and gasket, into which previously has 
been placed sufficient calcium carbonate to neutralize all the acid in the 
tube in the unexpected event of its breaking. Solid carbon dioxide is then 
added in an amount calculated to give the desired pressure at the operating 
temperature. The approximate pressure to be expected by heating acid 
mixtures can be predicted as being nearly that of the hydrochloric acid 
used, provided the ratio of hydrochloric acid to oxidant is at least 10 to 1. 
Hence, the use of hydrochloric acid of 23, 37, and 48 weight per cent of 
HCl in the amount of slightly less than % in 1 ml of internal capacity of 
the sealed tube may be expected at 300° C to develop pressures of at least 
2000, 3630, and 4730 psi, respectively. The amounts of solid carbon 
dioxide that produce these pressures at 300° C are 0.14, 0.24, and 0.31 g 
of CO2 per ml of free space surrounding the sealed tube. After the carbon 
dioxide has been introduced, the cap is quickly screwed on, and the shell 
is immersed in water to test it for leakage around the gasket. The shell is 
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then tilted gently a few times to distribute the sample within the tube, 
placed horizontally in an oven, and heated to the desired temperature. 
When the reaction is completed, the shell is cooled to room temperature, 
and the tube is removed. 

In charging the tube, the weighed sample is first introduced through 
the open end. If tlic tube is to be charged with hydrochloric acid, espe¬ 
cially if fortified acid is used, it should be cooled in ice. TTie oxidizing 
agent, if used, is added next. If this is sodium chlorate, the tube must be 
chilled enough to freeze the hydrochloric acid and to keep it frozen until 
the sealing is completed. The chilling may be done by solid carbon dioxide 
or preferably by a slush composed of solid carbon dioxide and a 1 + 1 
mixture of chloroform and carbon tetrachloride. Sealing may be done by 
constricting and drawing off a short piece of the tube (or stem) and then 
working down the sealed tip in the usual way. It can also be done by 
allowing the open end of the stem to flow together by heating with an 
oxygen-gas flame and then warming the tube enough to blow out the 
end to a rounded shape. Good seals made in this way are easier to prepare 
and also are stronger than the drawn-out seal, unless the latter type of seal 
is reworked to a hemispherical shape. In either case, care must be taken 
to be certain that a minute capillary opening is not left; otherw ise the gas 
used to provide the compensating pressure may enter the tube during the 
heating but be prevented from escaping if the minute orifice is plugged 
by reaction products. This will leave a dangerously high pressure in the 
tube when the compensating pressure is released, which is likely to shatter 
the tube when it is subsequently cut open. Any type of seal can be tested 
for capillary leakage by standing the carefully wiped tube upside down 
over a small piece of litmus paper. 

When the reaction period is completed, the tube can be placed with its 
lower end in a beaker of warm water. Vapors condensing in the upper 
end soon wash the glass free of solution. Before opening the tube, it is 
usually best to chill it in a freezing mixture or in solid carbon dioxide. 
This condenses residual chlorine and diminishes the pressure of nitrogen, 
which gas will be present if nitric acid has been used as the oxidizing agent. 
If volatile reaction products have been formed, chilling the tube before 
it is opened serves to prevent their escape. When the tube is well chilled, 
the end is cut open, whereupon the tube is inverted in a beaker containing 
water or whatever liquid may be chosen to dilute the concentrated solution 
of the sample as it melts and runs dowm the tube. 

In opening tubes that contain an excess of oxidant, especially in the form 
of chlorine that has been frozen, the rate of thawing must be controlled. 
If the upper sealed end of the inverted tube becomes warm before the 
lower end does, the vaporization of chlorine will cause explosive expulsion 
of the still frozen solution below it. This danger is avoided if a stream of 
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warm distilled water is directed at the bottom of the frozen mass by means 
of a capillary U-shaped outlet of a wash bottle. Melting will then occur 
at the bottom of the frozen column, vaporization of chlorine will take 
place at an even rate, and no obstruction will remain to cause development 
of pressure. 

If there are no volatile end products other than the reactants used to 
effect the solution, the tube may be opened by heating the end of it with 
a fine flame until a small area gives way and lets the excess internal pressure 
(or the deficient pressure) blow a small hole through it. Continued heating 
will cause the glass to flow together, and the phenomenon will repeat itself. 
Then, w^hile the end of the tube is soft, the flame is held momentarily 
against the glass below the seal, thereby causing a large thin bubble to be 
blown out. Heating the upper portion of this bubble causes it to collapse 
and fuse into a funnel-shaped cup around the end of the tube, with no 
particles of glass broken off to contaminate the sample. This technic is 
especially desirable in preparing solutions of materials in which solid 
residues of silica, titania, etc., are to be determined. 

If osmium or ruthenium is contained in the sample, the opened tube is 
immersed in a 6 solution of hydrochloric acid which is saturated with 
.sulfur dioxide, and the contents are allowed to drain so that the volatile 
tetroxide will not escape. 

III. METHODS OF SEPARATION 

A. SEPARATION OF THE PLATINUM METALS AND GOLD FROM ONE 

ANOTHER 

In the subsequent discussion of separations and methods of analysis, it is 
to be understood, unless otherwise stated, that the platinum metals and gold 
are in solution as “chlorides,” or, more properly speaking, as chloro acids. 

Prepared in the wet way, platinum, for example, forms chloroplatinic acid, 
HoPtClu, and behaves in reactions as part of the anionic complex. Most 
of the analytical chemistry of the platinum group and of gold begins with 
the metals in this condition. The reactions involved in separations may 
be those of the anionic radicals or of the ions resulting from the dissociation 
of these radicals. In certain instances, however, the reactions used are those 
of other types of compounds than the chloro radicals. For example, in 
the isolation of ruthenium by distillation, and the separation of rhodium 
from iridium by reduction with titanous salts, it is advantageous to operate 
with solutions containing the metals as sulfates, and, in the separation of 
many of the base metals from the platinum metals by hydrolytic precipita¬ 
tion, success depends upon first converting the platinum metals to complex 

nitrites. 
In this section it will be assumed that base metals are absent. 
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a. Separation of Gold from the Platinum Metals. Gold can be separated 
from the platinum metals by a variety of reagents, the choice of which 
depends upon circumstances, and especially upon what is to be done with 
the other metals in the solution. Both ferrous sulfate and sulfur dioxide 
(or sulfite salts) cause complete precipitation over a wide range of acidity 
and do not require complete elimination of nitric acid. However, the use 
of the first is often objectionable because of the introduction of iron into 
the solution. Sulfur dioxide does not permanently leave in the solution 
anything other than a small amount of sulfate, but gold precipitated by 
means of sulfur dioxide carries down small amounts of platinum metals 
and must be reprecipitated to get accurate results. Oxalic acid has been 
used quite commonly, but it requires thorough elimination of nitric acid 
and closer adjustment of acidity than the reagents mentioned above. Beam¬ 
ish, Russell, and Seath recommend the use of hydroquinone, in a cold 
solution, about 1.2 with respect to hydrochloric acid, to separate gold 
from platinum and palladium. Maynard uses tetraethylammonium chlo¬ 
ride to separate gold from small amounts of palladium and platinum. 

It has recently been found that sodium nitrite has a number of advan¬ 
tages for the separation of gold from the platinum metals. A single pre¬ 
cipitation is usually sufficient, even for work of high accuracy. The metal 
separates in a form that is readily collected on a filter and washed, and the 
platinum metals are left in the form of soluble complex nitrites which can 
be converted to the chloro salts by digestion with hydrochloric acid. If 
sodium nitrite is used, reduction begins in rather strongly acid solution, but 
the solution must be neutralized rather carefully to pH 8 to insure com¬ 
plete precipitation of gold. The reagent itself can be used to bring the 
solution nearly to the desired neutrality. 

Whatever reducing agent is used, except hydroquinone, it is desirable 
to heat the solution to boiling for a few minutes to complete the reaction 
and to promote coagulation of the precipitate. The gold obtained with 
some reagents, such as oxalic acid, is likely to be very finely divided. A 
tight filter paper should always be used, and, if necessary, treated with a 
suspension of paper pulp to prevent loss of metal during filtration. 

Again, whatever reagent is used, it is usually necessary to treat the filtrate 
to destroy the excess of reagent and to convert the platinum metals to 
chloro compounds before proceeding with other separations. 

Gold can be separated from hydrochloric acid solutions of the platinum 
metals by extraction with ether or with ethyl acetate.’® However, these 

lip. E. 5eamish, J. J. Russell, and J. Seath, Ind, Eng. Chem. Anal. Ed., 9, 174 (1937). 
J. L. Maynard, ibid., 8, 368 (1936). 

13 R. Gilchrist, /. Research NBS, 20, 745 (1938). 
i*F. Mylius, 2. anorg. Chem., 70, 203 (1911). 
13 A. A. Noyes and W. C Bray, Qualitative Analysis for the Rare Elements, p. Ill, 

Macmillan Co. See also V. Lenher and C. H. Kao, /. Phys. Chem., 30, 126 (1926), 
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methods offer no advantages over the reduction to metal, except in special 
cases. 

b. Systematic Separation of the Platmum Metals from One Another, If 
a solution containing the six platinum metals as chloro acids is neutralized 
by means of certain reagents, such as hydroxides, carbonates, or bicarbo- 
nates, and the solution is boiled for a few minutes, all the metals except 
platinum form insoluble hydrated oxides.^® The ranges of hydroxyl ion 
concentrations over which these metals are completely precipitated vary 
somewhat, and not all reagents that can establish the necessary hydroxyl 
ion concentration are suitable, because some of them, such as nitrites, phos¬ 
phates, or ammonium hydroxide, convert the chloro compounds into other 
types of compounds, rather than into the insoluble hydrated oxides. In 
some instances, hydrolytic precipitation from solutions containing sulfate 
complexes, rather than chloro complexes, can be employed to advantage. 

Although osmium and ruthenium can be included in this collective sepa¬ 
ration of the platinum metals from platinum, advantage can be taken of 
the distinctive property possessed by these two elements of forming vola¬ 

tile tetroxides which can be isolated by distillation. This simple means of 

removing two metals of the group simplifies the task of separating palla¬ 

dium, rhodium, and iridium from one another after their collective sepa¬ 

ration from platinum by hydrolytic precipitation.^^ 

A discussion of the reactions involved in the determination of the 

metals after their systematic separation is given in Section IV. Section V 

contains detailed directions for the procedures, of both separation and 

determination, suitable for general use. These procedures have been 

adapted by Beamish and coworkers to the separation and determination 

Unless an oxidizing agent, such as bromate, is present, the precipitation of iridium 
is slow. It is possible that the chloroiridate radical, like the chloroplatinate radical, 
hydrolyzes slowly. The precipitate formed by iridium in the presence of bromate 
appears to contain iridium in a state higher than quadrivalent. 

For a more detailed discussion of these reactions, sec R. Gilchrist and E. Wichers, 
Trabajos IX Congr, intern, quim. pur a y aplicada, 6, 32 (1934), Madrid. 

’®F. E. Beamish and J. J. Russell, Ind. Eng. Chem. Anal, Ed,, 8, 141 (1936). E. C. 
Forbes and F. E. Beamish, ibid., 9, 397 (1937). S. O. Thompson, F. E. Beamish, and 
M. Scott, ibid,, 420. J. J. Russell, F, E. Beamish, and J. Seath, ibid., 475. J. Seath and 
F. E. Beamish, ibid., 10, 535, 639 (1938). F. E. Beamish and J. Dale, ibid,, 697. J. Seath 
and F. E. Beamish, ibid., 12, 169 (1940), W. J. Rogers, F. E. Beamish, and D. S. Russell, 
ibid,, 561. F. E. Beamish, Can, Mining J., 62, 146, 233 (1941). R. Thiers, W. Graydon, 
and F. E. Beamish, Anal, Chefn,, 20, 831 (1948). W. F. Allen and F. E. Beamish, ibid,, 
22, 451 (1950). Martha A. Hill and F. E. Beamish, ibid,, 590. 

For the determination of the metals of the platinum group in nickel ores and con¬ 
centrates by fire assay methods, see F. E. Lathe, Can. J, Research, 18, 333 (1940). 

For the microtitration of gold and the platinum metals, in connection with assay 
beads, see the series of papers by W. B, Pollard, Analyst, 62, 597 (1937); 67, 184 (1942) ; 
and BuU. Inst, Mining Met,, 400, 401, 402, 406, 409, 410, 411, 417, 497, and 500, 
dating from 1938 to 1948. 
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of the metals as collected in assay beads, in a series of papers which deal 
also M'ith other aspects of assaying procedures for the metals of the platL 

num group. 
a. Separation of osmium. Distillation of the tetroxide of osmium, usually 

from a solution acidified with nitric acid, has been universally used to 
separate this element from the remaining platinum metals. Osmium can 
be completely removed in about 1 hour by boiling a nitric acid solution 
of an alkaline melt of osmium-bearing material,’*^ containing 10 per cent 
of concentrated nitric acid by volume. The same thing is true if the 
osmium is present as bromo-osmate, but, if it is in the form of chloro- 
osmate, as many as 8 hours may be required to complete the distillation. 
In the latter case it is better, if possible, to distil from boiling sulfuric acid. 
In strange contrast to the ready elimination of osmium from a sulfuric acid 
solution of the chloro-osmate is the very slow distillation when osmium 
is present as bromo-osmate. In the latter case most of the osmium separates 
from solution as a black deposit. The addition of a little nitric acid to the 
sulfuric acid solution expedites the elimination of osmium. However, this 
should not be done unless ruthenium is known to be absent, since ruthenium 
tetroxide is slowly formed under these conditions. In the absence of nitric 
acid, ruthenium tetroxide is not formed in the boiling sulfuric acid, and 
the separation of osmium from ruthenium, as well as from the other plati¬ 
num metals, is complete. The separation of osmium from ruthenium is 
likewise complete when osmium tetroxide is distilled from a nitric acid 
solution (containing little or no sulfuric acid), if the concentration of nitric 

acid does not exceed about 40 per cent by volume. 

Separation of ruthenimn. Tlie traditional method for separating ruthe¬ 

nium from the other platinum metals, except osmium, consists in saturating 

a cool alkaline solution with chlorine and distilling to remove the ruthenium 

tetroxide thus formed. 

No difficulty is encountered with this method if the solution contains 

only ruthenium (or ruthenium and osmium), but the situation is entirely 

different if iridium is present, as it usually is. When the alkaline solution 

is saturated with chlorine and heated, it becomes neutral and gradually 

somewhat acid. The hypochlorite which was first formed has been con¬ 

verted into chlorate at this stage. The conditions that obtain cause the 

precipitation of the iridium in the form of a hydrated oxide, which has the 

catalytic property of dissociating chlorate (and hypochlorite) to chloride 

and free oxygen. In the solution that now remains, any ruthenium tetroxide 

that has not yet been removed by distillation tends to be reduced to the 

quadrivalent state. It then becomes necessary to cool the solution and to 

i®It has been observed that osmium could not be completely removed in this way 
from sodium hydroxide solutions to which alcohol had been added. 
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repeat the whole operation, by adding fresh alkali, saturating with chlorine, 
and distilling. Several repetitions of this process may be needed to approach 
quantitative separation of ruthenium. 

If, on the other hand, ruthenium is oxidized in a moderately acid solution, 
iridium has much less tendency to precipitate (when present in the con¬ 
centrations used for analytical work), and the distillation of the ruthenium 
tetroxide can be accomplished without interference. A solution that is 
about 2 N with respect to sulfuric acid is satisfactory for this purpose, if 
the platinum metals have first been converted to sulfates by heating their 
solution with sulfuric acid to the fuming temperature of this acid. Plati¬ 
num, which for the most part deposits as metal during the treatment with 
sulfuric acid, does not interfere in the subsequent distillation of ruthenium, 
and redissolves under the oxidizing conditions that exist. A very satis¬ 
factory oxidizing agent is bromic acid, introduced as sodium bromate. 
Bromic acid, which is comparatively stable in diluted sulfuric acid, permits 
the complete removal of ruthenium tetroxide by distillation within a period 
of 2 hours. 

Ruthenium tetroxide can also be distilled from a 10 per cent nitric acid 
solution; hence, this operation can be conducted immediately after the 
elimination of osmium, by simply adding sodium bromate. This procedure 
has the disadvantage that a considerable amount of nitric acid also distils 
and produces in the receiving solutions an unduly large quantity of sulfuric 
acid which, in turn, is not desirable in the subsequent recovery of ruthe¬ 
nium for determination. 

Distillation from hydrochloric acid or hydrobromic acid solution is not 
only unsuitable but also objectionable. When present even in small 
amounts, these acids cause decomposition of the bromate ion and the evo¬ 
lution of excessive quantities of bromine. Furthermore, their presence 
causes a film of ruthenium dioxide to form on the walls of the apparatus, 
unless unusual care is taken to control the temperature of distillation. This 
film is not readily removable, and its formation is to be avoided. 

y. Separation of palladium, rhodium, and iridium from platinum. Con¬ 
trolled hydrolytic precipitation in the presence of bromate furnishes a 
convenient means of separating palladium, rhodium, and iridium, either 
singly or collectively, from platinum. Although the hydroxides of bivalent 
palladium, tervalent rhodium, and tervalent iridium precipitate quantita¬ 
tively, they do not settle so quickly nor filter so easily as the precipitates 
formed in the presence of bromate. The addition of bromate has the 
further advantage of retarding the reaction of the chloroplatinate radical 
with hydroxyl ions, although it need not be added for this purpose since 
hydrolysis of the chloroplatinate radical proceeds so slowly at the concen¬ 
tration of platinum usually employed in analytical work that it does not 
interfere with the method. In any case, the first stages of the hydrolysis 



356 THE PLATINUM METALS AND GOLD 

of chloroplatinate do not result in the formation of insoluble compounds. 
This slow reaction of chloroplatinate must not be confused with the 
reaction of platinum when combined in other types of compounds, such 
as the sulfate. When solutions of platinum arc fumed with sulfuric acid, 
most of the platinum deposits as metal, but a portion of it is converted to 
a sulfate, which yields a precipitate on neutralization. 

In the separation of palladium, rhodium, and iridium from platinum, by 
hydrolysis of their chloro complexes, in the presence of bromate, final 
neutralization to an alkalinity of pH 8 does not interfere with the com¬ 
plete precipitation of iridium and is particularly recommended to insure 
complete precipitation of palladium and rhodium. If the hydrated oxides 
are precipitated by approaching neutrality from the acid side, they can 
be washed free from alkali salts, without becoming colloidal. The precipi¬ 
tates are readily filterable and contain so little platinum that the separation 
obtained by a single precipitation is superior to many in common use and 
needs only to be repeated once to attain strictly quantitative accuracy. 

8, Separation of palladium, rhodium, and iridium from one another. 
Palladium is readily and completely separated from rhodium and iridium, 
in acid solution, by a single precipitation with dime thy Igly oxime. 

Separation of rhodium from iridium is accomplished by the reducing 
action of the titanous ion, preferably in a boiling solution containing the 
two metals as sulfates. The metallic rhodium which precipitates is usually 
slightly contaminated by iridium, but it can be redissolved in boiling sul¬ 
furic acid and reprecipitated free from iridium. 

In thus separating rhodium from iridium, titanium is introduced and 
must be removed if recovery and determination of iridium are desired. For¬ 
tunately, titanium is completely precipitated by cupferron, with only 
slight contamination by iridium, which can be recovered by a reprecipi¬ 
tation of the titanium. 

c. Miscellaneous Methods of Separating the Platinum Metals from One 
Another. Probably the most commonly used reaction in the analysis of 
platiniferous materials has been the precipitation of ammonium chloroplati¬ 
nate, as a means of separating platinum from the other platinum metals (as 
well as from gold and base metals). The separation depends on the fact 
that rhodium and palladium in their customary states of valency do not 
form relatively insoluble double salts with ammonium chloride. Quadriva¬ 
lent osmium, ruthenium, and iridium do form such salts, isomorphous with 
the platinum salt and of the same order of solubility. The separation has 
commonly been used only for mixtures in which osmium and ruthenium 
are regarded as negligible constituents, but which may contain significant 
amounts of iridium. Sometimes an effort is made to avoid precipitating 
iridium and platinum together, by first reducing the iridium to its tervalent 
form. Sometimes the intention is to precipitate the two salts together, as 



SEPARATION OF THE PLATINUM METALS AND GOLD 357 

a means of joint separation from palladium and rhodium. Although rho¬ 
dium, which is invariably tervalent in chloride solution, and bivalent pal¬ 
ladium do not by themselves yield insoluble double salts with ammonium 
chloride, the two elements are carried down by the platinum salt, the former 
in a surprisingly persistent way. On the other hand, it is virtually impos¬ 
sible to get complete precipitation of the platinum by means of this reaction. 

Prolonged digestion with a large excess of ammonium chloride will result 
in nearly complete precipitation of ammonium chloroplatinate, but these 
conditions also favor the coprecipitation of the other metals. The conse¬ 
quences of these two shortcomings of the reaction arc that a clean sepa¬ 
ration of platinum from the other platinum metals is impossible by this 

means, although the analytical results obtained by using the reaction to 

determine “platinum” sometimes may approximate the true value because 

of the compensation of errors. 

When the foregoing reaction is used to effect a joint precipitation of 

platinum and iridium, the mixed salt is commonly ignited to sponge, which 

is then treated with diluted aqua regia with the object of separating plati¬ 

num (soluble) from iridium (insoluble). Although pure iridium sponge 

would be inert to the diluted aqua regia, the iridium and platinum in large 

p’art exist together in mixed crystals whose solubility in the aqua regia 

depends upon the relative proportions of the two elements. Only a very 

imperfect separation of platinum from iridium can be accomplished by 

this means. 

Palladium is precipitated quantitatively from its chloride solution, in the 

form of iodide, by addition of a soluble iodide. Precipitation is complete 

unless a very large excess of the reagent is used.^^’ The other metals, except 

rhodium,do not precipitate under these conditions. 

Palladium can likewise be precipitated as palladous cyanide, by the addi¬ 

tion of a solution of mercuric cyanide. However, it is believed that this 

reaction, as well as that of the iodide, seldom is to be preferred to the 

reaction with dimethylglyoxime. 

Ogburn and Brastow have described a separation of palladium from 

platinum by precipitation with ethylene, but their published results do not 

permit an appraisal of the accuracy of the method. 

A very satisfactory separation of iridium, when alloyed with platinum, 

from the rhodium and palladium which may occur in such alloys, is obtained 

by fusing the alloy with 10 or more parts of lead at 900 to 1000° C. After 

F. E. Beamish and J. Dale, loc. cit. 
V. V. Lebedinski!, Ann. inst. plat., 5, 364 (1927); C. A., 22, 1300 (1928), describes 

a separation of rhodium from iridium based on the precipitation of rhodium iodide. 
A trial of this reaction did not yield complete precipitation of rhodium. 

22 S, C. Ogburn, Jr., and W. C. Brastow, /. Am. Chefn. Soc,, 55, 1307 (1933). 
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this treatment, the excess of lead and alloys of lead with platinum, rhodium, 

and palladium are dissolved in successive treatments with nitric acid and 

diluted aqua regia. Iridium does not alloy with lead and is not dissolved 

by the aqua regia. However, it will be contaminated with ruthenium, 

iron, and possibly osmium, if these elements were in the alloy. Detailed 

directions for this remarkably accurate separation are given in Section IV. 

The method is also applicable to mixtures of platinum and iridium in 

sponge form, but the presence of zinc, resulting, for example, from its use 

to precipitate the platinum metals from solution, will cause some of the 

iridium to be dissolved. 

B. SEPARATION OF THE PLATINUM METALS AND GOLD FROM OTHER METALS 

a. Precipitation as Metals. Although the platinum metals and gold may 

be displaced from acid solution by base metals such as zinc, magnesium, 

aluminum, etc., the precipitates obtained will almost certainly contain some 

of the metal used as reagent, the amount varying from a trace in the case 

of magnesium to a considerable amount in the case of zinc. The precipi¬ 

tates may be further contaminated by other precipitable metals, either 

contained in the solution or introduced through the precipitating reagent. 

It is practically impossible to effect complete precipitation of iridium by 

displacement with metal, and, in the case of iridium and rhodium, the me¬ 

tallic deposits are redissolved with great difficulty. Because better analytical 

methods are now available, methods based on displacement of the platinum 

metals by base metals should seldom be chosen. 

The noble metals may be precipitated by molecular hydrogen, but the 

reaction is slow. The rate of precipitation may be increased by operating 

under pressure, but this involves unusual apparatus. 

Organic reducing agents have been much used to precipitate the metals, 

especially platinum and palladium. Formic acid, used in solutions whose 

acidity has been reduced by the addition of sodium or ammonium acetate, 

is one of the most convenient reagents for this purpose.-® The well- 

known adsorptive properties of platinum black should be borne in mind, 

and too much should not be taken for granted concerning the separation 

from base metals accomplished by this precipitation. Copper has been 

observed to be carried down in considerable quantity by platinum black 

precipitated by formic acid. 

b. Precipitation as Sulfides, Precipitation by hydrogen sulfide in acid 

solution affords a means of separation from most of the other chemical 

elements. The exceptions are silver, copper, cadmium, mercury, indium, 

33 J. Seath and F. E. Beamish [Ind, Eng, Chem, Anal, Ed,y 9, 373 (1937)] recom¬ 
mend reduction by hydroquinone for the separation of gold from tellurium and selenium. 
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germanium, tin, lead, arsenic, antimony, bismuth, molybdenum, selenium, 
tellurium, and rhenium. Discussion of these exceptions follows imme¬ 
diately after that of the precipitation of the platinum metal sulfides. 

All of the platinum metals except iridium precipitate rather readily as 
sulfides from solutions that are about 0.5 N with respect to hydrochloric 
acid, but it is desirable to keep the solution near the boiling point, espe¬ 
cially when precipitating platinum and rhodium. Treatment with the gas 
for about 30 minutes is usually ample. Under some conditions ruthenium 
partially escapes precipitation, because of reduction to an intermediate 
valence, characterized by a blue color, but prolonged treatment with hydro¬ 
gen sulfide will result in precipitating this form of ruthenium completely. 

The quantitative precipitation of iridium sulfide requires a higher acid 
concentration (about 3 N hydrochloric acid) and a much longer treatment. 
It is desirable to pass the gas into the gently boiling solution for 2 to 3 
hours. Even then precipitation may not be quite quantitative unless certain 
ions are present which aid the coagulation of colloidal iridium sulfide. 
The addition of about 0.5 g of aluminum chloride (the hexahydrated salt) 
to each 100 ml of solution serves this purpose. Coagulation can also be 
accomplished by salts of bivalent elements such as magnesium or calcium. 
There seems to be no danger of coprecipitation of such elements. 

All the sulfides are readily soluble in aqua regia, but the compounds that 
result contain in some instances closely bound sulfate groups which may 
affect subsequent reactions. This has been particularly observed in the 

case of iridium. The solution obtained when iridium sulfide is dissolved 

by aqua regia (or by other oxidizing agents, such as hydrogen peroxide and 

nitric acid) behaves quite differently from chloroiridate in such reactions 

as precipitation with ammonium chloride and conversion to complex nitrite 

salts. 
Whether or not it is desirable to separate the metals as sulfides depends 

upon what is to follow in the analytical procedure. 

Of those elements previously mentioned from v hich the platinum met¬ 

als cannot be separated by means of hydrogen sulfide, silver and mercury 

(in univalent condition) can be removed by precipitating them as chlorides. 

Copper, cadmium, indium, tin, lead, and bismuth can be separated by hy¬ 

drolytic precipitation, to be described in a later section. The separation 

of arsenic, antimony, and germanium can be accomplished by distilling 

these elements with hydrochloric acid, as described in other chapters. Mo¬ 

lybdenum can be removed, along with gold, by extraction with ether from 

hydrochloric acid solution. Similarly, selenium and tellurium (both in the 

quadrivalent state) can be removed, together with gold, by precipitation 

with sulfur dioxide. This reagent can be used to separate gold from mo¬ 

lybdenum, and extraction with nitric acid will serve to separate selenium 
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and tellurium from their mixture with precipitated gold. The analytical 
chemistry of rhenium has not been developed sufficiently well to permit a 
very definite statement as to reactions suitable for separating it from the 
platinum metals. Such work as has been done suggests that it can be sep¬ 
arated from all of the six metals, except platinum, by precipitating the 
platinum group as hydrated oxides. Rhenium can be distilled from solu¬ 
tion in the same manner as osmium and ruthenium and undoubtedly can 
be separated from platinum in this way. 

c. Precipitation as Hydrated Oxides. All of the metals except gold, and 
platinum in the quadrivalent state, can be precipitated as hydrated oxides 
in nearly neutral solution. This method is useful in separating the platinum 
metals, other than platinum, from such elements as the alkalies and mag¬ 
nesium. Beamish and Russell have shown that palladium, together with 
rhodium and ruthenium, can likewise be separated from silver by this means, 
in sulfuric acid solution. This procedure has an advantage, in some in¬ 
stances, over precipitation with hydrogen sulfide, in that the precipitated 
compounds can be converted readily to halogen compounds needed in other 
reactions. Since the method is most useful in separating platinum from 
palladium, rhodium, and iridium, it is discussed in greater detail in the sec¬ 
tion dealing with the systematic separation of the platinum metals from 

one another. 

d. Separation of Base Metals by Hydrolytic Precipitation from Solutions 

Containing the Platinum Metals as Complex Nitrites. When a solution con¬ 

taining the chloro compounds of the platinum metals is digested with sodium 

nitrite, these compounds are converted to soluble complex nitrite com¬ 

pounds. The conversion to complex nitrites occurs rapidly in a hot solu¬ 

tion, the acidity of which does not exceed pH 1.5. 

The complex nitrites of platinum, rhodium, and iridium are quite stable 

in mildly alkaline solution. They undergo no decomposition in a boiling 

solution at an alkalinity corresponding to pH 10, and they appear to be 

stable at even somewhat higher alkalinities. The complex nitrite of palladium 

is stable in boiling solutions not more alkaline than pH 8, but begins to 

decompose to hydrated oxide at about pH 10, and is rapidly decomposed 

at higher alkalinities, with practically complete precipitation of palladium. 

Of the base metals, none except nickel and cobalt tends to form complex 

nitrites. The complex with nickel appears to be completely decomposed 

at pH 8; that with cobalt is not completely decomposed at pH 8, but it is 

at pH 10. It is therefore possible, by converting the platinum metals into 

their complex nitrites and by adjusting the alkalinity of the solution, to sep- 

F. E. Beamish and J. J. Russell, loc, cit. 
The possible effect of a large excess of nitrite in retarding or preventing decom¬ 

position has not been studied. 



SEPARATION OF THE PLATINUM METALS AND GOLD 361 

arate the platinum group from all those elements that precipitate as hy¬ 
droxides or carbonates in neutral or slightly alkaline solution.^® 

If the hot nitrite solution is neutralized with sodium hydroxide to the end 
point of thymolphthalein (pH 10), or, more conveniently, to the change 
of color from yellow to blue of thymol blue, which is practically equiva¬ 
lent, indium, copper, zinc, nickel, cobalt, manganese, chromium, and iron 
are quantitatively precipitated and thus may be collectively separated 
from the platinum metals, with the exception of palladium. Its complex 
nitrite is unstable at this alkalinity. A reprecipitation of the base metals 
frees them from traces of the platinum metals, except palladium. This 
metal is readily removed, subsequently, by precipitation with dimethyl- 
glyoxime. 

Neither cadmium nor bismuth is quite completely precipitated by so¬ 
dium hydroxide at the blue end point of thymol blue, or at that of xylcnol 
blue (p-xylenolsulfonphthalein) which changes from yellow to blue at 
about pH 8. However, if sodium bicarbonate is used as the precipitating 
reagent instead of sodium hydroxide, these two metals are completely pre¬ 
cipitated. Lead is not completely precipitated by sodium hydroxide at 
any alkalinity, but precipitation is complete at the blue end point of xylenol 
blue, if carbonate is present. 

No precipitation occurs with bivalent mercur)?^ at the end point of either 
xylenol blue or thymol blue, whether sodium bicarbonate or sodium hy¬ 
droxide is used as the precipitating reagent. Likewise, no precipitation oc¬ 
curs with arsenic, vanadium, molybdenum, or tungsten, in the anionic form, 
if each is present alone in solution. Incomplete precipitation is obtained 
with antimony, and also with magnesium, calcium, strontium, and barium. 

Precipitation of beryllium begins at about the end point of bromcresol 
green, and it is complete in the range from the end point of chlorphenol 
red to that of thymol blue. If uranyl nitrate is taken, complete precipita¬ 
tion of a yellow compound appears to be obtained at the end point of 
xylenol blue. The presence of carbonate causes incomplete precipitation 

of uranium. 
The minimum alkalinity at which aluminum hydroxide is completely pre¬ 

cipitated appears to be that of the end point of bromcresol purple. At 

alkalinities greater than pH 7.5 (about halfway between the end points of 

bromthymol blue and cresol red), aluminum hydroxide becomes increas¬ 

ingly more soluble. Quadrivalent cerium, like thorium, is completely pre¬ 

cipitated hydrolytically at about pH 3. Precipitation of the tervalent mem¬ 

bers of the rare earth group appears to begin at about pH 6, and, depend- 

2»For a more detailed discussion of hydrolytic precipitadon and the advantages to 
be gained thereby, see R. Gilchrist, /. Research NBS, 30, 89 (1943). Also consult 
Chem. Revs.y 32, 277 (1943). 

R. Gilchrist, /. Research NBS, 20, 745 (1938). 
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ing on the basicity of the individual oxides, the range extends to pH 14, 
the alkalinity necessary to precipitate lanthanum. Thorium is completely 
precipitated at the end point of either xylenol blue or thymol blue, and so 

probably are hafnium, zirconium, and titanium. 
Precipitation of gallium hydroxide is complete between pH 4 and 6, but, 

at the end point of xylenol blue and at alkalinities higher than this, it is 
completely soluble. Germanium dioxide dissolves in boiling water, and no 
precipitation takes place in the range pH 1.5 to 10. 

No precipitation occurs with rhenium, in the form of perrhenate, in the 
range pH 1.5 to 10, nor does treatment of the perrhenate solution with 
hydrochloric acid, nitrite, or sulfur dioxide result in precipitation on sul>se- 
quent neutralization to and beyond pH 10. 

Certain of the base metals precipitate as hydroxides from solutions that 
are acid enough to prevent the precipitation of the platinum metals (ex¬ 
cept osmium), even when these elements arc not in the form of complex 
nitrites. For example, a satisfactory separation from tin^" can be accom¬ 
plished by digesting a chloride solution whose acidity has been adjusted 

to pH 1.5. 
After base metals have been separated from the platinum metals in the 

manner described in the foregoing paragraphs, the nitrite compounds of 
the platinum metals usually must be reconverted to the chloro compounds 
required by subsequent reactions. This can be done by evaporating the 

solution with hydrochloric acid, but it should be recognized that the sta¬ 

bility of some of these nitrite compounds, notably that of iridium, is such 

that prolonged digestion of the evaporated residue with dilute hydrochloric 

acid (1 + 1) may be necessary to insure complete conversion. 

e. Frecipitation as Drmble Chlorides (Chlorosalts). The precipitation of 

ammonium chloroplatinate and of ammonium chloroiridatc has already been 

referred to in the section on the separation of the platinum metals from 

one another. Similar relatively insoluble salts are formed by the other 

metals of the group save rhodium, which does not assume the quadrivalent 

state in halogen compounds. Quadrivalent salts of palladium tend to dis¬ 

sociate readily to bivalent compounds and free chlorine; hence, a strong 

oxidizing agent must be present if palladium is to be precipitated in this 

form. Solutions of osmium chloride (chloro-osmic acid) have a marked 

tendency to hydrolyze; hence, the solution from which chloro-osmate is 

to be precipitated must be kept rather strongly acid with hydrochloric 

acid (3 N is satisfactory). It has been reported that six normal acid is 

required to prevent the partial hydrolysis of chlororiithenate, but this 

hydrolysis is limited to the displacement of one chlorine atom in the 

radical. Potassium, rubidium, cesium, or univalent thallium may be sub¬ 

stituted for ammonium in the compounds, and bromine for chlorine. 



METHODS OF DETERMINATION 363 

In general, these salts do not show any pronounced tendency to carry 
down other heavy metals except those of the platinum group. However, 
certain metals, particularly tin, may contaminate the salts because they 
form similar double chlorides in their quadrivalent state. If precipitated in 
the presence of large concentrations of sodium salts, the compounds will 
be contaminated to some extent with this clement. The fact that all these 
salts are appreciably soluble limits their usefulness in analytical separations. 
As previously noted, digestion with a large excess of ammonium chloride 
(or any of the other precipitants) may decrease the amount of platinum 
metal left in solution nearly to the point of quantitative precipitation, but 
when this is done the salts are likely to be contaminated with other elements 
to a greater degree. Because of the availability of other more suitable 
methods of separation, recourse need seldom be taken to the precipitation 
of the chloro salts for analytical purposes. 

f. Collection in Lead, Very small amounts of platinum metals in ores or 
other solid materials can be collected in lead by the process that is used to 
collect gold and silver in the fire assaying of their ores. Silver may be 
added to hold the metals, if it is desired to remove the lead by cupcllation. 
Not all the metals dissolve in the silver, but all are held, except that most, 
if not all, of any osmium present will be lost during cupcllation. I'hc 
effects of the metals on the characteristics of assay beads, both silver and 
gold, have been described by Byers.-^ 

The surface effects of the platinum metals on silver assay beads have like¬ 

wise been described by Forbes and Beamish.-^’’^ 

IV. METHODS OF DETERMINATION 

A. GENERAL CONSIDERATIONS 

With few exceptions, the methods used for determining gold and the ele¬ 

ments of the platinum group arc gravimetric ones, based on weighing the 

metals. In recent years a few volumetric methods have appeared, but, in 

general, they lack the accuracy that can be attained in gravimetric opera¬ 

tions. Since they are usually applicable only after the clement to be deter¬ 

mined has been separated from the other metals in the group, it is doubtful 

whether any of them can be recommended even on the basis of simplicity 

or convenience. 

The methods that have been outlined for the separation of gold also 

lead directly to its determination. The separated gold needs only to be 

washed free of the solution from which it was precipitated, and then 

ignited at a moderate temperature. It is desirable to use a dilute elcctro- 

L. Byers, Trans, AIME, 102, 286 (1932); Bull. Mich. Coll. Min. Tech., 6, 1 (1933). 
^®E. C. Forbes and F. E, Beamish, loc. ciu 
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lyte, such as diluted hydrochloric acid (1 + 99), as a wash solution to in¬ 
sure against dispersion of the precipitate. Attention has already been 
called to the desirability of using filter paper of close texture, treated with 
ashless paper pulp. The color of the ignited metal furnishes a useful indi¬ 
cation of its purity. Even small amounts of platinum or palladium cause 
marked discoloration. 

Platinum can be precipitated as metal by various reducing agents, of 
which one of the best is formic acid, and collected on a filter, ignited, and 
weighed directly. Precipitation with formic acid is preferable to displace¬ 
ment by metals, except in special cases. If a metal is to be used, magnesium 
is preferable to zinc or aluminum. The latter metals, especially zinc, cause 
high results through contamination of the precipitate with the reagent 
metal. It is sometimes preferable to precipitate the sulfide, which is then 
ignited to metal and weighed as such. On reduction to metal there is some 
tendency for platinum, and the other metals as well, to adhere to the walls 
of the beaker. This may occur also in the case of the sulfides of the metals, 
but these compounds have the advantage that small amounts which can¬ 
not be removed from the glass surface by wiping with filter paper can be 

redissolved by heating a little aqua regia in the beaker. This can be done 
also with metallic palladium and platinum, but not successfully with rho¬ 
dium and iridium. When platinum sulfide is ignited to metal, small amounts 
of sulfur are retained unless the first part of the ignition is done exceedingly 
slowly, with free access of air. It is usually not desirable to ignite am¬ 
monium chloroplatinate directly for the purpose of determining platinum. 

Unless it is done in a reducing atmosphere, there will be some loss of plat¬ 

inum, probably through volatilization of platinous chloride, PtCU- There 

appears to be a tendency for the sponge to retain small amounts of volatile 

constituents. Moreover, ammonium chloroplatinate is likely to be con¬ 

taminated with alkali salts, if the latter are present in solution. Platinum 

can be deposited electrolytically, but there has been some difficulty in estab¬ 

lishing entirely satisfactory conditions. 

When the sulfides, and the hydrated oxides as well, of ruthenium, rho¬ 

dium, and iridium are ignited in air, anhydrous oxides are formed which 

are not of sufficiently definite composition to be useful as such for purposes 

of determination. The hydrated oxide of palladium is likewise converted 

by ignition in air to an indefinite oxide. When the sulfide is ignited, the 

residue holds sujfur very tenaciously. Ignition of palladium sulfide, unless 

the quantity of it is very small, should therefore be avoided. Even when 

these metals themselves are ignited, they oxidize partially, so that it is 

necessary to ignite the oxidized residues in hydrogen to obtain them in the 

metallic state for determination. Osmium compounds must not be ignited 

in air because the osmium will be oxidized to the volatile tetroxide. For 
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this reason osmium compounds must be converted to metal in a reducing 
atmosphere. 

The quantity of hydrogen adsorbed by spongy metallic ruthenium, rho¬ 
dium, and iridium does not affect the determination of these metals. Fre¬ 
quently, a momentary glow may be observed when the stream of hydrogen 
is removed and air is admitted into contact with the reduced metal. The 
glow is due to catalytic oxidation of hydrogen. The heat generated by 
the reaction is sufficient, however, to vaporize any water formed on the 
metal. In the case of osmium, on the other hand, the catalytic oxidation 
causes significant losses of the metal as tetroxide, and it is therefore neces¬ 

sary to displace the atmosphere of hydrogen with an inert gas, such as 

carbon dioxide or nitrogen, before the metal comes in contact with air. 

Since palladium absorbs significant amounts of hydrogen, results of deter¬ 

mination will be erratic unless the hydrogen is eliminated, best by a brief 

ignition in an inert gas. The oxides of palladium are not very stable, and 

the partially oxidized residue which results from the ignition of palladium 

compounds in air can also be converted to metal by igniting and cooling 

in an atmosphere of carbon dioxide, thus avoiding the reduction of the 

oxidized residue with hydrogen. 

* Palladium can be determined by igniting any of the compounds used 

for its separation, except the sulfide. The compound with dimethylgly- 

oxime is of definite composition and can be dried and weighed under the 

same conditions as the corresponding nickel compound. Weighing the 

compound is often more convenient than igniting it because the ignition 

must be done slowly and carefully to avoid loss of metal. 

For purposes of determination, it is more satisfactory to precipitate rho¬ 

dium and iridium as sulfides or hydrated oxides than as metals. Both the 

sulfides and the hydrated oxides can be ignited directly to oxides (of un¬ 

certain composition) which are reduced to the metals by a brief ignition 

in hydrogen. The addition of a small amount of a concentrated solution 

of ammonium chloride to the hydrated oxides is recommended to prevent 

deflagration. Conditions suitable for the precipitation of the sulfides and 

hydrated oxides have been discussed in the section dealing with separations. 

sopor the gravimetric determination of palladium (2 to 30 mg), J. R. Hayes and 
G. C. Chandlee [ibid,, 14, 491 (1942)] recommend precipitation of the compound 
Pd(C4H30CHN0H)2Cl2 by jS-furfuraldoxime, which they believe has certain advan¬ 
tages over dimethylglyoxime; namely, the precipitate has a lower Pd content and is 
easier to handle on filtration, and the reagent, ^-furfuraldoxime, is water-soluble. 

For the determination of small amounts of palladium (0.5 to 50 /Ag) J. H. Yoe and 
L. G. Overholser [/. Am, Chem, Soc,, 61, 2058 (1939)] recommend a colorimetric 
method based on the deep-red color produced by p-nitroso-diphenylamine in neutral 
or feebly acid solution. In this method interfering substances are gold, silver, oxidizing 
agents, cyanides, and iodides. 
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Osmium and ruthenium^- are most conveniently determined by pre¬ 
cipitation of their hydrated oxides, followed by ignition to the metals. The 
compounds are precipitated by the neutralization of an acid solution of 
their chlorides, exactly as with rhodium, palladium, and iridium, except 
that no bromate or other oxidizing agent may be added for fear of forming 
the volatile tetroxides instead of the ter- or quadrivalent hydrated oxides. 
Neutralization to an end point of about pH 4 is satisfactory for osmium, 
and pH 6 for ruthenium. 

The hydrated oxides of ruthenium and osmium are most conveniently 
precipitated from the hydrochloric acid solutions in which the tetroxides 
of these elements have been absorbed during the process of separation de¬ 
scribed in Section III. They can also be precipitated by neutralizing alka¬ 
line absorbing solutions, but under these conditions the precipitates are 
more difficult to handle and are almost certain to be contaminated with 
alkali salts. When alkaline solutions have been used, it may be satisfactory 
to acidify them with hydrochloric acid, in the presence of enough sulfur 
dioxide to reduce any nitrates, to digest with hydrochloric acid to remove 
sulfur dioxide, and to decompose sulfite compounds, and then to proceed 
with the precipitation. 

Complete precipitation of ruthenium as the hydrated oxide does not occur 
if the ruthenium is in the form of the nitrosochloride. This very stable 
complex of ruthenium is readily formed if the solution has been treated 
with nitric acid or with sodium nitrite. 

The precipitated ruthenium compound can be collected on paper and 

ignited in air. Since the osmium compound must be dried and ignited in 

hydrogen, it is collected in a Munroe or similar filtering crucible rather 

than on paper. Both compounds, while wet, are treated with a little am¬ 

monium chloride to prevent deflagration during ignition. The osmium 

compound is dried, ignited, and cooled in hydrogen, but the hydrogen 

must be displaced with carbon dioxide before air is admitted. 

B. PROCEDURES 

a. Gold, a. Precipitation with stilfur dioxide. To each 100 ml of the 

hydrochloric acid solution of gold, which contain not over 5 ml of hydro¬ 

chloric acid and not over 0.5 to 1 g of gold, but may contain almost all 

other elements except selenium, tellurium, lead, and the alkaline earths, add 

25 ml of a saturated solution of sulfur dioxide. Digest on the steam bath 

For the colorimetric determination of small amounts of osmium (4 to 37 /*g) by 
reaction with thiourea, see E. B. Sandell, Ind. Eng, Chem, Anal, Ed,^ 16, 342 (1944). 

32 For the microdetermination of ruthenium by precipitating with thioglycolic jS- 
aminonaphthalide (Thionalide), following distillation from a dilute sulfuric acid solution 
containing sodium bromate and absorption in a 3 per cent solution of hydrogen peroxide, 
consult W. J. Rogers, F. E. Beamish, and D. S. Russell, he, ch. 
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for 1 hour. Add 5 to 10 ml more of the sulfur dioxide solution, and set 
aside to cool. If the cold solution smells strongly of sulfur dioxide, the 
precipitation of the gold is complete. Pour the supernatant liquid through 
a paper of close texture which has been treated with filter paper pnlp, 
transferring as little as possible of the precipitate to the paper unless one 
precipitation is thought to be sufficient. Wash well by decantation with 
hot dilute hydrochloric acid (1 + 99). Examine the filtrate carefully for 
particles of gold which may have passed through the paper. If platinum 
metals accompany the gold, it is preferable to use the method of precipi¬ 
tation with sodium nitrite. If sulfur dioxide is used in the presence of 
platinum and palladium, a second precipitation will be necessary to get an 
accurate result. For the second precipitation, sodium nitrite or the follow¬ 
ing method of precipitation with oxalic may be used. 

p. Precipitation with oxalic acid. If the precipitate obtained with sulfur 
dioxide is to be reworked, return it and the paper to the beaker, and dis¬ 
solve the gold with 8 ml of hydrochloric acid, 2 ml of nitric acid, and 10 
ml of water for each gram or less of gold. Filter from the paper pulp, and 
wash very thoroughly with hot dilute hydrochloric acid (1 -f 99). Evap¬ 
orate the filtrate to dryness on the steam batli, add 2 to 3 ml of hydro- 
qhloric acid, evaporate to dryness again, and repeat this operation twice 
more so as to be sure to eliminate all the nitric acid. Take up the residue 
with 3 ml of hydrochloric acid, 5 drops of sulfuric acid, and 75 ml of 
water for each gram or less of gold. Disregard the presence of a small 
amount of metallic gold which may have separated. For each 75 ml of this 
solution, add 25 ml of a saturated solution of oxalic acid, and boil for not 
more than 15 minutes. Add 5 to 10 ml more of the oxalic acid solution, 
and boil for a minute or two. If no further visible precipitation of gold 
occurs, digest the solution on the steam bath for 4 hours or more. Filter 
off the gold, wipe out the inside of the beaker with pieces of filter paper, 
and take pains to see that all of the metal is transferred from the beaker. 
Ignite in porcelain at about 900° C and Weigh as metallic gold. 

y. Precipitation with sodimn nitrite.The following procedure may 
be used for the precipitation and determination of gold, whether the solu¬ 
tion contains only gold, or gold and the platinum metals, or gold, platinum 
metals, and certain base metals such as copper, zinc, and nickel. Since the 
procedure here described only concerns the determination of gold, it has 

been simplified and differs somewhat from those recommended in the refer¬ 

ences cited, which include the determination of other metals as well. 

To the hydrochloric acid solution containing not over 1.0 g of gold in 

33 For the determination of gold in alloys such as dental golds, see R. Gilchrist, J. 
Research NBS, 20, 745 (1938). 

34 For the determination of gold in jeweler’s alloys, see H. Holzer and E. Zaussinger, 
Z. and. Chem.y 111, 321 (1938). 
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100 ml, add enough of a solution of sodium hydroxide to neutralize most 
of the acid, stopping at the red-orange end point of thymol blue (about 
pH 1.5). Heat the solution to boiling, and add 10 ml of a 10 per cent 
solution of sodium nitrite. Boil for 2 or 3 minutes to coagulate the precipi¬ 
tated metal. Again neutralize the solution to the above end point, add 20 
ml of the nitrite solution, and further neutralize the hot, constantly stirred 
solution, by adding dropwise a dilute solution of sodium hydroxide, until 
it gives a faint blue color with xylenol blue or a faint pink color with cresol 
red (about pH 8 for either indicator). Boil gently for 5 minutes, and guard 
against bumping. Filter the precipitated gold, and wash it well with hot 
water, then with hot dilute nitric acid (1 -f- 99), and again with hot water. 
Ignite the filter and precipitate in a porcelain crucible at about 900'" C, and 
weigh the residue as metallic gold. 

b. Platinum, The procedure for the determination of platinum by pre¬ 
cipitation with hydrogen sulfide and with formic acid are described in 
Section V (p. 378), Procedure for the Systematic Separation and Determi¬ 
nation of the Platinum Metals. 

In some instances it may be desirable to precipitate platinum with mag¬ 
nesium. The procedure is simply to add bits of magnesium to the not too 
strongly acid solution (containing no other metals displaceable by mag¬ 
nesium) until no further precipitation occurs. Make sure that the solution 
is sufficiently acid to prevent hydrolytic precipitation of base metals which 
may be present, digest on the steam bath to clarify the solution and to co¬ 
agulate the precipitated metal, filter, wash with dilute hydrochloric acid 

(1 -f- 99), and ignite in porcelain. 

c. Iridium, as It Occurs in Platinum Alloys.^^ Fuse the alloy with 10 

times its weight of test lead, contained in a graphite crucible, for 1 hour at 

about 1000° C. Allow the molten metal to solidify in the crucible. Remove 

the cooled ingot, brush it lightly to dislodge adhering carbon, and then 

treat it in a covered beaker, on the steam bath, with dilute nitric acid 

(1 +4), using 5 ml of the dilute acid for each gram of lead. When the 

lead ingot is completely disintegrated, dilute the solution with an equal 

volume of water, and decant through a paper of close texture on which 

is superimposed a paper of looser texture. Wash the residue in the beaker 

with hot water, and pour the washings through the filter. Return the 

papers and small amount of residue to the beaker, and add, in order, 15 ml 

of water, 5 ml of hydrochloric acid, and 0.8 ml of nitric acid for each gram 

or less of platinum alloy taken. Digest on the steam bath until the lighter, 

black portion of the residue is dissolved (usually within 1% hours) and 

only a dense, gray residue of metallic iridium remains. Dilute the solution 

SCR. Gilchrist, Bur, ScL Papers, 19, 325 (1924); S 483. /. Am, Chem, Soc,, 45, 2820 
(1923). 
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with an equal volume of water, and filter through a double paper, like that 
used for the first filtration. Examine the beaker carefully to make sure that 
all of the very dense residue is transferred to the filter, wiping the walls 
with bits of ashlcss paper to supplement the action of the water jet from 
the wash bottle. Wash the filter and residue thoroughly with hot dilute 
hydrochloric acid (1 + 99), and examine the filtrate and washings to make 
sure that none of the residue has passed through the paper. Dry the papers, 
and ignite in a porcelain crucible. After the paper is burned out, ignite the 
iridium strongly in air. Finally, ignite briefly in hydrogen, cool in hydro¬ 
gen, and weigh as metallic iridium. Ruthenium, and probably osmium, and 
part or all of the iron in the original alloy will be counted as iridium in this 
method. To correct for them, the iridium must be put into solution and 
subjected to suitable methods of separation from these elements, as discussed 
elsewhere in this chapter. 

d. Other Platinum Metals. Procedures recommended for the determina¬ 
tion of palladium by precipitation with dimethylglyoxime, the precipita¬ 
tion of iridium, rhodium, osmium, and ruthenium as hydrated oxides, and 
the precipitation of rhodium as sulfide are described in Section V (p. 371). 

In some instances it may be desirable to determine iridium by precipitat¬ 
ing and igniting its sulfide. For this purpose, add O.S g of aluminum chlo¬ 
ride (Aids’6H2O) as a coagulating reagent for each 100 ml and enough 
hydrochloric acid to make the solution 3 N, keep the solution gently boiling 
while passing in a slow current of hydrogen sulfide for 2% to 3 hours, cool 
while still passing the gas, filter, wash with dilute hydrochloric acid (1 + 99), 
ignite in porcelain, reduce the oxidized residue in hydrogen, and weigh as 
metallic iridium. Treat the filtrate further to make sure that precipitation 
is complete. 

e. Recent Volumetric Methods. Grinberg and GoPbraikh investigated 
a method for the volumetric determination of platinum which involves re¬ 
duction of quadrivalent platinum, present as PtQ({-~, to the bivalent state 
with cuprous chloride, oxidizing the excess cuprous chloride by air, and 
titrating the chloroplatinite radical to chloroplatinate by means of potas¬ 
sium permanganate. 

Syrokomskii and Proshenkova reduced quadrivalent platinum to bi¬ 
valent platinum with a known quantity of ferrous ion and titrated the excess 
ferrous ion with NH4VO3 in the presence of phenylanthranilic acid as in¬ 
dicator. The concentration of ferric iron is kept low by adding phosphate 
or fluoride. These same authors report a method in which tervalent 
rhodium as sulfate is oxidized to “quinquevalenf' rhodium with sodium 
bismuthate and finally reduced with ferrous ammonium sulfate. 

8® A. A. Grinberg and Z. E. Gorbraikh, ]. Gen. Che7n. (USSR)., 14, 808 (1944). 
V. S. Syrokomskii and N. N. Proshenkova, Zhur. Anal. Khim., 1, no. 2, 83 (1946). 

^^lbid.y 2, 247 (1947). 
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Syrokomskii and Gubcrbank based a volumetric method for palladium 
on the reduction of chloropalladate by ferrous ammonium sulfate, titrating 
the excess of the reducing agent with K2Cr207, quinquevalent vanadium, 
or Ce(804)2, with phenylanthranilic acid as indicator. These authors'*^ 
also published a method in which the organic complex of palladium with 
/i?-furfuraldoximc was oxidized with quinquevalent vanadium and the excess 
of reagent titrated with ferrous ammonium sulfate. 

Potentiometric methods include that of Ryabchikov and Nersesova on 
the determination of platinum and of iridium with cuprous chloride, and 
those of Grinberg and Maksimyuk on the same subject, the method 
being an adaptation of that of Miiller and Tanzler.^^ 

A potentiometric method for iridium is given by Ryabchikov,'^’' based on 
the reaction between chloroiridatc and hydroquinone. 

f. Recent Methods Involving Organic Reagents, The interest in organic 
reagents in recent years has led to the development of a few methods for 
the platinum metals. 

Beamish and his coworkers studied the reactions of allylthiourea, 
phenylthiourea, r-di-o-tolylthiourea, thiophcnol, phcnylthiohydantoic acid, 
thiobarbituric acid, and r>diphenylthiourea with dilute hydrochloric acid 
solutions of the platinum metals and recommended a method for the deter¬ 
mination of platinum with thiophenol and one for rhodium with thiobarbi¬ 
turic acid. 

Haines and Ryan proposed a method for the gravimetric determination 
of rhodium, based on precipitation of rhodium in acetic acid solution by 
2-mercaptobcnzoxazole, with final ignition of the compound to metal. 
Ryan^® subsequently utilized the reaction for the microdetermination of 
rhodium by dissolving the red complex in acetone and estimating the quan¬ 
tity colorimetrically. Pollard described the use of mercaptobenzothiazole 
as a precipitating reagent for the noble metals. 

39 V. S. Syrokomskii and S. M. GubePbank, ibid,, 4, 146 (1949). 
40 Ibid., 203. 
41D. I. Ryabchikov and S. V. Nersesova, Ann. secteur platine Inst. chim. gen. URSS, 

18, 100 (1945). 
42 A. A. Grinberg and E. A. Maksiniyuk, Izvest. Sektora Flatiny i Drugikh Blagorod- 

nykh Metal. Inst. Obshcbei i Neorg. Khim. Akad. Nauk SSSR, 20, 149 (1947). 
43 A. A. Grinberg, E. A. Maksimyuk, and B. V. Ptizyn, Compt. rend. acad. set. URSS, 

51, 687 (1946). 
44 Erich Muller and K. H. Tanzler, Z. anal. Chem., 89, 339 (1932). 
40 D. I. Ryabchikov, Iz^vest. Sektora Flatiny i Drugikh Blagorodnykh Metal. Inst. 

Obshchei i Neorg. Khim. Akad. Nauk SSSR, 22, 35 (1948). 
40 J. E. Currah, W. A. E. McBryde, A. J. Cruikshank, and F, E. Beamish, Ind. Eng. 

Chem. Anal. Ed., 18, 120 (1946). 
47 R. L. Haines and D. E. Ryan, Can. J. Research, 27B, 72 (1949). 
48 D. E. Ryan, Anal. Chem., 22, 599 (1950). 
40 W. B. Pollard, Bull. Inst. Mining Met., 497, 9 (1948); 500, 44 (1948). See also 

I. Ubaldini, Gazz. chim. ital., 78, 293 (1948) and Ann. chim. applicata, 38, 241 (1948). 
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Dioxinies, which form inner complex salts with bivalent palladium, as 
does dimethylglyoxime, furnish methods of determining palladium. Among 
these are 1,2-cyclohexancdione dioxime”® and a-furildioxime.”^ 

Another organic reagent recommended for palladium is 1,10-phcnan- 
throline.”^ 

V. PROCEDURE FOR THE SYSTEMATIC SEPARATION AND DETERMINATION 

OF THE PLATINUM METALS 

In the following paragraphs are given procedural directions for the sys¬ 
tematic separation of the platinum metals from one another, in the absence 
of gold and other metals, and for the determination of each of the six ele¬ 
ments. The reactions involved in the methods of separation are discussed 
in Section III (p. 351) and those used for purposes of determination in 
Section IV (p. 363). Further details concerning the methods and data illus¬ 
trating the accuracy of results obtained with them can be found in the 
publication from which this procedure is taken. 

A. PROCEDURE RECOMMENDED FOR THE ANALYSIS OF THE PLATINUM 

GROUP 

a. Separation and Determination of Omiiwm a. Distilling apparatus. 
The distilling apparatus, which is shown in Fig. 26, consists of three main 
parts: namely, a 700-ml distilling flask, a set of three 300-ml absorbing 
flasks, and a train of inlet and delivery tubes which are sealed into one 
piece. The thistle tube, closed by a stopcock and placed between the first 
and second absorbing flasks, serves to replenish the absorbing solution with 
sulfurous acid if an unusual amount of nitric acid is distilled and also, at 

the end of the operation, to rinse the tube connecting the two flasks. The 

entire apparatus is constructed of Pyrex glass. The joints must be very 

carefully ground, and it is advantageous if they are made so that the flasks 

are interchangeable. It is important to note that these joints are sealed with 

a film of water only and not with lubricating grease, because the latter 

would cause reduction of some osmium tetroxide to dioxide which cannot 

be readily recovered. It was found necessary to grease the stopcock in the 

tube used for the introduction of nitric acid into the distilling flask, but 

this constitutes the only exception. During distillation, this delivery tube 

is frequently flushed with water in order to remove any osmium tetroxide 

which may have diffused into the column of water held in it. Three 

absorbing flasks are used, but the absorption of osmium tetroxide is prac- 

60 Roger C. Voter, Charles V. Banks, and Harvey Diehl, Anal, Chem,, 20, 652 (1948). 
61 Sherman A. Reed and Charles V. Banks, Proc, Iowa Acad, ScL, 55, 267 (1948). 
62D. E. Ryan and P. Fainer, Can, J, Research^ 27B, 67 (1949). 
6*R. Gilchrist and E. Wichers, J, Am, Chem, Soc,, S7, 2565 (1935). 
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ticaUy complete in the first flask, and no osmium has been found to escape 
the second flask. 

p. Separation of omnim by distillation as osmium tetroxide. Place 150 

ml of dilute hydrochloric acid (1 + 1), which has been freshly saturated 

with sulfur dioxide, in the first absorbing flask and 50 ml of the same reagent 

in each of the other two flasks. Place the solution containing the platinum 

metals in the distilling flask, and make sure that the separate parts of the 

entire apparatus are properly connected. If necessary, dilute the solution 

in the distilling flask to about 100 ml with water, and add through the inlet 

tube 40 ml of dilute nitric acid (1 + 1). Flush the thistle tube and stop¬ 

cock with 10 ml of water. Pass a slow current of air through the apparatus, 

and heat the solution in the distilling flask to boiling. Continue the distil¬ 

lation for 1 hour. This length of time should be sufficient to insure com¬ 

plete elimination of osmium from solutions in which it was originally 

present as an alkaline osmate or bromo-osmate. If, however, the osmium 

is present as chloro-osmate, the time required will be 7 to 8 hours. In 

this case, it is preferable to distil from concentrated sulfuric acid, thereby 

greatly reducing the time required, or, if ruthenium is known to be absent, 

from concentrated sulfuric acid to which a few milliliters of nitric acid 

are added. 

Reserve the solution which remains in the distilling flask for the separa¬ 

tion of ruthenium. 

y. Recovery of osmium by precipitation as the hydrated dioxide. Unite 

the portions of the absorbing solution, and evaporate as far as possible on 
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the steam bath in a dean unetched beaker. It is important, in precipitating 
the platinum metals hydrolytically, that the beakers used do not have an 

etched surface. An etched beaker often becomes stained with the precipi¬ 

tate, and this stain cannot always be removed readily. Digest the residue 

with 10 ml of hydrochloric acid for 15 minutes, and evaporate a second 

time. Repeat the digestion with hydrochloric acid, and the evaporation, 

three times more. This is done to insure complete decomposition of any 

sulfite compounds of osmium. Dissolve the residue from the last evapo¬ 

ration in 150 ml of water. Heat the resulting solution to boiling, and add 

to it a filtered 10 per cent solution of sodium bicarbonate until a precipi¬ 

tate appears and suddenly coagulates. Add a few drops of bromphenol 

blue indicator solution (0.04%) to the hot solution. This indicator changes 

from yellow to blue at pH 4. Add the bicarbonate solution, dropwise, 

until the indicator assumes a faint bluish color. Finally, boil the solution 

for 5 to 6 minutes to insure complete precipitation of the hydrated osmium 
dioxide. 

8. Determination of oswiiim. as metal. Filter the solution through a 

Munroe platinum crucible,®'^ carefully pouring the supernatant liquid 

tjhrough first. Transfer the precipitate, and wipe the inner walls of the 

beaker and also the glass stirring rod with a rubber policeman which has 

been thoroughly wetted so that the precipitate will not cling to it. It 

should be borne in mind that filter paper must not be used to wipe the 

beaker, although it is used when handling precipitates of any of the other 

five platinum metals. Wash the precipitate thoroughly with a hot 1 per 

cent solution of ammonium chloride, and then cover it wuth solid ammo¬ 

nium chloride. Moisten the ammonium chloride with a few drops of the 

wash solution, and saturate the precipitate by applying suction. If desired, 

a saturated solution of ammonium chloride may be used to impregnate 

the precipitate. Continue the suction until the bottom of the crucible is 

coated with solidified ammonium chloride. Wipe off this coating of salt, 

and place the platinum cap on the bottom of the crucible. 

Cover the crucible with a Rose lid, preferably of quartz. Ignite a stream 

of hydrogen from a Rose delivery tube, likewise of quartz, and regulate 

the stream so that a very small flame is produced. Then insert the tube 

through the opening in the lid. The hydrogen flame will probably become 

®^The chief disadvantage in the use of a Gooch crucible with an asbestos pad is 
the difficulty encountered during the ignition of the dioxide to metal. Even when 
the Gooch crucible is protected from the burner flame by being set in a circle of 
asbestos board in a larger porcelain crucible, one is not always able to extinguish the 
hydrogen flame readily. Another disadvantage is the inadequate protection of the 
reduced metal from attack by air diffusing through the holes in the bottom of 
the crucible. 
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extinguished by this operation and must be reignited. This is done by 
momentarily placing a burner flame under the crucible. The hydrogen 
will now burn as it emerges from under the lid at the edge of the crucible. 
The ignited hydrogen generates the requisite amount of heat to dehydrate 
the osmium compound without causing deflagration. After 5 minutes, 
gradually heat the crucible with the burner flame until all of the ammo¬ 
nium chloride is expelled. Ignite the osmium residue strongly in hydrogen 
for 10 minutes. Remove the burner, and allow the crucible to cool some¬ 
what. Extinguish the hydrogen flame by momentarily breaking the cur¬ 
rent of hydrogen, and allow the crucible to cool to room temperature. 
Finally, displace the hydrogen with a current of carbon dioxide without 
even momentary access of air. If the hydrogen is not displaced by an 
inert gas, such as carbon dioxide, the reduced metal will be rapidly attacked 
when first exposed to the air, with significant loss of osmium. Weigh the 

residue as metallic osmium. 
b. Separation and Determination of Rutheniim. a. Preparation of the 

solution. Evaporate to dryness on the steam bath the solution which 
remains in the distilling flask after the elimination of osmium. Add 5 to 
10 ml of hydrochloric acid, and again evaporate. Repeat the evaporation 
with hydrochloric acid until oxides of nitrogen are no longer evolved. 
Dissolve the residue from the last evaporation in about 20 to 30 ml of 
water. Add 10 ml of sulfuric acid, and evaporate the resulting solution 
carefully until fumes of sulfuric acid are evolved. Transfer the solution, 

and any residue of platinum that may have separated, to the distilling flask 

that was used for the distillation of osmium tetroxide. Dilute the solution 

in the distilling flask to 100 ml with water. 

p. Separation of ruthenimn by distillation as ruthenium tetroxide. Place 

150 ml of dilute hydrochloric acid (1 -f- 1), freshly saturated with sulfur 

dioxide, in the first receiving flask and 50 ml of the same reagent in each 

of the other two flasks. Add 100 ml of a filtered 10 per cent solution of 

sodium bromate through the thistle tube to the distilling flask. This tube 

should be flushed with water occasionally in order to remove any ruthenium 

tetroxide which dissolves in the column of liquid held in the tube. In 

order to maintain an excess of sulfur dioxide in the absorbing solution, a 

saturated solution of sulfur dioxide in water should be added from time to 

time through the thistle tube situated between the first and second receiving 

flasks. Pass a gentle current of air through the apparatus, and heat the 
solution in the distilling flask to boiling. Distil in this fashion for 1 ^ hours. 

Add 25 ml of the bromate solution, and continue to distil for an additional 
hour. 

y. Recovery of ruthenium by precipitation as a hydrated oxide. Combine 

the portions of the absorbing solution, and evaporate to a moist residue on 
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the steam bath. Add 10 ml of hydrochloric acid, and digest the solution, 
in a covered beaker, on the steam bath for one-half hour. Add 50 ml of 
water, and heat the solution to boiling in order to dissolve completely the 
somewhat dijfficultly soluble ruthenium compound formed on evaporation. 
When the ruthenium compound is completely dissolved, filter the solution, 
and wash the filter with dilute hydrochloric acid (l-|-99). Filtering 
insures the elimination of a small amount of silica which may be present. 
Dilute the ruthenium solution to 200 ml, heat it to boiling, and add a 
filtered 10 per cent solution of sodium bicarbonate until a precipitate 
begins to form. Add 3 or 4 drops of bromcresol purple indicator solution 
(0.04%). Continue neutralization of excess acid by adding the bicarbonate 
solution, dropwise, until the indicator changes from yellow to blue. Boil 
the solution for 5 to 6 minutes to coagulate the precipitate. 

The precipitate which is formed is a hydrated oxide of ruthenium, 
probably of tervalcnt rutlicnium. In general appearance it resembles other 
hydrated oxides of tervalent platinum metals. It docs not settle so quickly 
nor appear so compact as the precipitate formed on the hydrolysis of com¬ 
pounds of quadrivalent ruthenium. However, it is quantitatively precipi¬ 
tated, and no difficulty is encountered in handling it. 
, 8, Detenninatioii of nitheni'mn as vietal. Filter the solution, and wipe 

the inner walls of the beaker and also the glass stirring rod with a small 
piece of ashless filter paper. Wash the filter and the precipitate thor¬ 
oughly with a hot 1 per cent solution of ammonium sulfate. Finally, 

wash three or four times with a 2.5 per cent solution of ammonium sulfate, 

at room temperature. 

Place the filter and precipitate in a porcelain crucible, dry them, and 

char the filter slowly. The dried filter will usually char completely when 

once it begins to smoke. This operation should be done carefully in order 

to prevent loss of ruthenium by deflagration. Ignite the residue strongly 

in air and then in hydrogen. The ignition in hydrogen is made in a man¬ 

ner similar to that described for the determination of osmium. Cool the 
resulting metal in hydrogen, and leach it well with hot water. This is 

done to insure the removal of traces of soluble salts. It is well to leach 

the residue in the crucible first and then to transfer it to a filter. Ignite the 

filter and metal sponge in air and in hydrogen. Cool the residue in hydro¬ 

gen, and weigh it as metallic ruthenium. 

c. Separation and Determinatmi of Vlathivm, The solution that remains 

in the distilling flask after the elimination of ruthenium contains the four 

metals, platinum, palladium, rhodium, and iridium, together with sulfuric 

acid, sodium sulfate or acid sulfate, bromine, and undecomposed bromate. 

Experience shows that the platinum, rendered partly insoluble in the prepa¬ 

ration of the solution for the distillation of ruthenium, is entirely dissolved 
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during the distilling operation. A trace of iridium sometimes separates as 

the dioxide toward the end of the distilling period. 

a. Preparation of the solution. 1. Treatment of the solution from the 
distilling flask. In order to prepare the solution for subsequent operations, 

transfer the contents of the distilling flask to a liter beaker. Cautiously 

decompose the remaining bromate with hydrochloric acid. Unless pre¬ 

caution is taken in this treatment, mechanical loss may occur owing to 

the vigorous evolution of gas. Evaporate the solution when it has become 

quiescent. Make certain that any bromate remaining is decomposed, by 

evaporating with hydrochloric acid. Occasionally, the distilling flask is 

found to be slightly stained with iridium dioxide near where the level of 

the solution has stood. It is well, therefore, always to clean the flask with 

5 to 10 ml of aqua regia, which then must be evaporated with hydro¬ 

chloric acid to decompose nitroso compounds before it is added to the 

main solution. Finally, evaporate the solution as far as possible on the 

steam bath, and then dilute it to 200 ml with water. 

2. Treatment of a solution 'which has not contained osmimn or ruthenium. 

If the solution being analyzed is known not to contain either osmium or 

ruthenium and the parts of the general procedure referring to these metals 

have not been followed, evaporate it to a moist residue on the steam bath. 

If the solution has contained nitric acid, add 5 ml of hydrochloric acid and 

again evaporate, repeating this operation to insure the decomposition of 

nitroso compounds. Add 2 g of sodium chloride and 5 ml of hydrochloric 

acid, and evaporate this time to dryness on the steam bath. Add 2 ml of 

hydrochloric acid, and dilute the solution to 300 ml with water. 

p. Separation of platinum by collective precipitation of palladium, rho¬ 

dium, and iridium as hydrated dioxides. Heat the solution containing plati¬ 

num, palladium, rhodium, and iridium to boiling, and add to it 20 ml of a 

filtered 10 per cent solution of sodium bromate. Carefully add a filtered 

10 per cent solution of sodium bicarbonate until the dark-green solution 

shows evidence of the formation of a permanent precipitate. Test the 

acidity of the hot solution from time to time by allowing a drop®® of 

®®In hydrolytically precipitating palladium, rhodium, or iridium, a dilute solution 
of sodium hydroxide, if freshly prepared, may be used as the neutralizing agent instead 
of bicarbonate. If sodium hydroxide is used, the platinum metal solution should be 
well stirred as the neutralizing agent is added, to avoid excessive local concentration 
of alkali. 

Since the solutions being neutralized are usually highly colored or contain pre¬ 
cipitates, the method that is recommended for determining the end point is to allow 
a drop of a 0.01 per cent solution of the indicator to react with a drop of the solution 
on the end of a stirring rod. This method is not that of the usual “outside indicator.” 
The operation is performed by lifting the stirring rod above the level of the solution 
and testing the drop that clings to it. The stirring rod is then replaced in the solution 
with no loss of material. 
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bromcresol purple indicator solution (0.01%) to run down the stirring 
rod into the drop that clings to it as it is lifted from the solution. Enough 
bicarbonate has been added when the color of the indicator changes from 
yellow to blue. At this stage, add 10 ml more of the bromate reagent, and 
boil the solution for 5 minutes. Increase the pH of the solution slightly by 
carefully adding, dropwise, bicarbonate solution until a faint pink color is 
produced in the test drop by a drop of a 0.01 per cent solution of cresol 
red, or a faint blue color by xylenol blue. Again add 10 ml of the bromate 
reagent, and boil the solution for 15 minutes. 

When the beaker is removed from the source of heat, the mixed precipi¬ 
tate will settle quickly, leaving a mother liquor containing the platinum. 
Filter the solution by suction, using a porcelain filtering crucible having 
solid walls and a porous base. 

It is highly desirable to avoid the use of filter paper when repeated pre¬ 
cipitations are to be made. The material of which the paper is composed 
undoubtedly reacts with acids and probably forms small quantities of 
organic compounds with the platinum metals which are not easily hydro¬ 
lyzed. Iridium dioxide, which dissolves much less readily than either pal¬ 
ladium or rhodium dioxide, tends to stain paper pulp. The stain cannot 
always be removed by washing. These difficulties are avoided if the 
porcelain filtering crucible is used. Furthermore, such crucibles have the 
advantage that concentrated hydrochloric acid can be used to dissolve the 
hydrated dioxides, and considerable time is saved in preparing the solution 

for subsequent treatment. 

Pour the supernatant liquid through first, and then transfer the precipi¬ 

tate. Rinse the beaker, and wash the precipitate with a hot 1 per cent 

solution of sodium chloride, neutral to either cresol red or xylenol blue 

(about pH 8). Reserve the filtrate and washings, which contain platinum. 

Place the crucible with the precipitate, and also the stirring rod, in the 

beaker used for the precipitation. It may be necessary to remove a small 

amount of the precipitate which has crept over the lip of the beaker during 

filtration. It is preferable to do this with moistened crystals of sodium 

chloride, on the finger, rather than to use paper or a rubber policeman. 

Replace the watch glass, and add from 10 to 20 ml of hydrochloric acid, 

pouring most of it into the crucible. Place the covered beaker on the 

steam bath. The rhodium and palladium compounds will dissolve quickly, 

the iridium dioxide much more slowly. Carefully lift the crucible with the 

stirring rod, wash it with water, and place it in a 250-ml beaker. Pour 5 ml 

of hydrochloric acid into the crucible. Cover the beaker with a watch glass, 

and set it on the steam bath. This treatment will usually leach out the 

small quantity of metal chlorides in the porous bottom. This operation 

should be repeated with fresh acid to insure complete removal. Combine 
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the leachings with the main portion of the dissolved precipitate, add 2 g 
of sodium chloride, and evaporate to dryness on the steam bath. Add 2 ml 
of hydrochloric acid, dilute the solution to 300 ml with water, and repeat 
the precipitation of the hydrated dioxides. Two such precipitations arc 
sufficient ordinarily to effect the complete separation of platinum from 
palladium, rhodium, and iridium. Redissolvc the precipitate as previously 
directed and reserve its solution for the separation of palladium. 

y. Recovery of platimm by precipitation 'with hydrogen sulfide. Add 

20 ml of hydrochloric acid to each of the filtrates obtained from the 
hydrolytic precipitation of the dioxides of palladium, rhodium, and iridium. 
Carefully warm the solutions until they become quiescent. Partially con¬ 
centrate the filtrates, combine them, and then evaporate to dryness. Make 
certain that all of the bromate is destroyed, by evaporating with hydro¬ 
chloric acid. Dilute the yellow platinum solution somewhat, and filter it. 

Wash the filter with dilute hydrochloric acid (1 +99), Dilute the filtered 

solution to about 400 ml with water, and have it contain 5 ml of hydro¬ 

chloric acid in each 100-ml volume. 

Precipitate the platinum, in a hot solution, with hydrogen sulfide, using 

a rapid stream. Continue the passage of hydrogen sulfide as the solution 

cools somewhat, to insure complete precipitation. 

8. Determination of platinum as metal. Filter the solution, and wash the 

precipitate with dilute hydrochloric acid (1 +99). Dry the filter and 

precipitate, and ignite them in a porcelain crucible. Leach the metal 

residue with dilute hydrochloric acid, transfer it to a filter, and wash it 

thoroughly with hot water. Ignite the filter and metal again strongly in 

air. Weigh the residue as metallic platinum. The metal so obtained will 

usually contain a small but significant amount of sulfur which cannot be 

eliminated by ignition in either air or hydrogen. 

If the highest accuracy is desired, dissolve the metallic platinum, obtained 

by ignition of the sulfide, in aqua regia. Destroy nitroso compounds by 

evaporation with hydrochloric acid. Filter the solution into a clean, 

unetched beaker. Wash the filter with dilute hydrochloric acid (1 + 99). 

Dilute the solution to 100 ml, heat it to boiling, and add to it a solution 

containing 3 g of sodium acetate and 1 ml of formic acid for each 0.25 g 

®7ln the precipitation of platinum by formic acid, it has been found that it is 
simpler and preferable to add sodium hydroxide until the acidity is reduced to that 
corresponding to the end point of bromphenol blue (pH 4). If the acidity is main¬ 
tained at this concentration, reduction to metal is complete, the necessity of boiling 
is eliminated, and the operation can be conducted at the temperature of the steam bath. 
Furthermore, the reduction can be accomplished in solutions containing appreciable 
amounts of sodium salts, a condition that is unfavorable to the use of sodium acetate. 
Thus, the necessity of making a preliminary precipitation with hydrogen sulfide may 
often be avoided. 
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of platinum. Boil the resulting solution gently until the precipitated metal¬ 
lic platinum is well coagulated and the supernatant liquid is colorless. 
Filter the solution, and w'ash the metallic deposit with a hot 1 per cent 
solution of ammonium chloride. Place the filter and the spongy metal in 
a porcelain crucible, and ignite them strongly in the air. Leach and wash 
the ignited metal as previously directed. This precaution is taken to insure 
the removal of soluble salts. Finally, ignite the platinum in air again. 
Weigh the residue as metallic platinum, which will now be free from sulfur. 

d. Separation and Detemiination of Falladhnn. a. Separation of palla¬ 
dium by precipitation with dmicthylglyoxime. Filter the solution which 
was obtained by dissolving the hydrolytic precipitate of palladium, rho¬ 
dium, and iridium, and dilute it to about 400 ml. Precipitate the palladium 
by adding a 1 per cent solution of dimethylglyoxime in 95 per cent ethyl 
alcohol. Approximately 2.3 g of the solid reagent are required to precipi¬ 
tate 1 g of palladium. To provide an excess of the reagent and to insure 
complete precipitation, use 25 ml of the alcoholic solution for each 100 mg 
of palladium. Allow the solution to stand at room temperature for 1 hour, 
and then filter it. lest the filtrate with additional glyoxime to make 
certain that a sufficient amount of the reagent has been added. The 
manner of filtration will depend upon the form in which the palladium 

is to be determined. Wash the precipitate with dilute hydrochloric acid 

(1 + 99), and finally with A\'ater the temperature of which docs not exceed 

about 85° C. A single precipitation of the palladium is sufficient to sepa¬ 

rate it completely from rhodium and iridium. Reserve the filtrate and 

washings for the separation of rhodium. 

/3. Determination of palladium, 1. As palladium dimethylglyoxime. Pal¬ 

ladium dimethylglyoxime is sufficiently stable and constant in composition 

to be dried and weighed. If the determination is to be made in this manner, 

catch the precipitate in a porcelain or glass filtering crucible, using suction. 

Wash the precipitate as previously directed, and dry it at 110° C for 1 hour. 

Calculate the quantity of palladium, using the theoretical factor 0.3167. 

2. As metal. If the palladium is to be determined as metal, which in 

certain cases may be more convenient, catch the precipitate on an ashless 

filter. Wipe the inner walls of the beaker, and also the glass stirring rod, 

with a small piece of ashless paper. Wrap the filter and precipitate in a 

second filter, and place them in a porcelain crucible. Dry them, and ignite 

them carefully in the air. Only sufficient heat should be supplied to keep 

the papers smoking gently. Ignite the charred residue strongly in air, and 

then in hydrogen. Ignite the metallic palladium in carbon dioxide for 

Palladium possesses the property of absorbing a considerable quantity of hydrogen, 
so that it is difficult to obtain constant weight unless the metal is subsequently ignited 
in an inert gas. 
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2 minutes, and cool it in carbon dioxide. Weigh the residue as metallic 
palladium. 

e. Separation and Determination of Rhoditnn. a. Preparation of the so¬ 
lution. Evaporate the solution containing the rhodium and iridium as chlo¬ 
rides, together with the excess of dimethylglyoxime remaining from the 
precipitation of palladium, to a small volume, and transfer it to a 5()0-ml 
Erlenmeyer flask. Place a short-stemmed funnel in the mouth of the flask. 
Add 10 ml of sulfuric acid and 2 or 3 ml of nitric acid, and evaporate until 
heavy fumes of sulfuric acid are evolved. To insure complete destruction 
of organic matter, add a small quantity of nitric acid from time to time, 
and continue to heat over a free flame, keeping the solution constantly in 
motion. Dilute the cooled solution with 20 ml of water, and again evap¬ 
orate it until fumes of sulfuric acid appear. This is done to destroy nitroso 
compounds which may interfere in the precipitation of rhodium by titanous 
chloride. 

Separation of rhodium by precipitation with titanous chloride. Trans¬ 
fer the sulfate solution to a clean unetched beaker, dilute it to 200 ml, and 

heat it to boiling. Add, dropwise, a solution of titanous chloride (a 20% 
solution of this reagent may be purchased) until the supernatant liquid ap¬ 
pears slightly purple.’’^^’®^ If the solution is placed over a 100-watt light 
and stirred, observation of the end point is greatly facilitated. The metallic 
rhodium which is precipitated quickly coagulates to a spongy mass. If 
much iridium is present, the end point can be determined by the lack of 

formation of any further precipitate and the appearance of an orange color 

in the solution. Boil the solution for 2 minutes, and filter it. Wipe the 

walls of the beaker, and also the stirring rod, with a piece of ashless filter 

paper. Wash the filter and precipitated metal thoroughly with dilute sul¬ 

furic acid (2.5 -j- 97.5), at room temperature. Reserve the filtrate and 

washings, which contain iridium. 

Place the filter with its contents in a 500-ml Erlenmeyer flask, add 10 ml 

of sulfuric acid, char gently, add 5 ml of nitric acid, and digest the solu¬ 

tion on a hot plate. Complete the solution of the rhodium by heating the 

flask over a free flame, keeping the contents constantly in motion. Insure 

the destruction of organic matter and the decomposition of nitroso com¬ 

pounds. If some black specks remain, dilute the solution, filter it, and re¬ 

turn the filter to the flask. Wipe down the walls of the flask with a piece 

®®H. Holzer and E. Zaussinger, Z. and. Chem., Ill, 321 (1938), in their adaptation 
of this procedure, recommend the use of a much more dilute solution of titanous 
chloride and the addition of methylene blue as an indicator. 

®oN. K. Pshenitsyn lizvest. Sektora Platiny i Drugikh Blagorodnykh Metal.^ Inst. 
Obshchet i Neorg. Khitn. Akad. Nauk SSSR, 22, 16 (1948)] published a method based 
on reducing rhodium with chromous chloride. The reduction is performed in a 
10 per cent solution of hydrochloric acid, out of contact with air. 
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of ashicss paper. Add 5 ml of sulfuric acid, char the paper, and destroy 
all organic matter with nitric acid. Heat the solution until heavy fumes 
of sulfuric acid are evolved. This treatment will dissolve any remaining 
metal and will leave only a slight deposit of colorless silica. 

Precipitate the rhodium a second time in the manner described above. 
Reserve the filtrate and washings, which contain a small amount of iridium. 
Redissolve the metallic rhodium as before, dilute the sulfuric acid solution 
with 20 ml of water and 10 ml of hydrochloric acid, and boil the resulting 
solution for 15 minutes. This treatment is necessary to convert the rhodium 
into a form which will allow its complete precipitation by hydrogen sulfide. 
During this treatment the color of the solution will change from yellow 
to rose. Filter the solution, and wash the filter with dilute hydrochloric 
acid (1 + 99). Finally, dilute the solution to a volume of from 400 to 
500 ml. 

y. Recovery of rhodnm by precipitation with hydrogen sulfide. Pre¬ 
cipitate the rhodium as sulfide from a solution kept just at the boiling point 
by passing a rapid stream of hydrogen sulfide through it. Allow the solu¬ 
tion to cool somewhat, with the hydrogen sulfide still passing through it. 

8. Determination of rhodium as 7netal. Filter the solution, and wash the 
precipitate with dilute sulfuric acid (2.5 •+• 97.5), and finally with dilute 
hydrochloric acid (1 +99). Place the filter with the sulfide precipitate 
in a porcelain crucible, and dry them. Ignite the dried precipitate care¬ 
fully in air. Finally, ignite the oxidized residue in hydrogen, cool the re¬ 
sulting metal in hydrogen, and weigh it as metallic rhodium. 

f. Recovery and Determination of Iridium. Iridium may be determined 
in either of two ways. If the solution containing both rhodium and iridium 
can be divided conveniently into aliquot parts, the determination of iridium 
is greatly simplified and the precipitations of titanium by cupferron avoided. 
The rhodium and iridium in one portion of the solution can be recovered 
by hydrolytic precipitation, as described in the procedure for the separa¬ 
tion of platinum. If this is done, wash the mixed precipitate of rhodium 
and iridium dioxides with a hot 1 per cent solution of ammonium chloride, 
neutral to bromthymol blue indicator (pH 7). Dry the filter and precipi¬ 
tate in a porcelain crucible, and impregnate them with a few drops of a 
saturated solution of ammonium chloride, to prevent deflagration. Care¬ 
fully ignite to a mixture of anhydrous oxides. Ignite the oxidized residue 
in hydrogen, cool it in hydrogen, and weigh it as a mixture of metallic 
rhodium and metallic iridium. In order to calculate the quantity of iridium, 
it is necessary, in addition, to determine rhodium in a separate portion of 

the solution, as previously described. 
If the iridium cannot be determined in this way, it is necessary to recover 

it from the filtrates resulting from the precipitation of rhodium by titanous 

chloride. 
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a. Elirmnation of titanium by precipitation with cupferron. Dilute the 
combined filtrates from the precipitation of rhodium by titanous chloride 
to 800 ml. Cool the solution by placing the beaker in crushed ice. Add a 
chilled, filtered, freshly prepared 6 per cent solution of cupferron [am¬ 
monium salt of nitrosophenylhydroxylamine, CcH5N(NO)ONH4] in slight 
excess. Filter the solution, and wash the titanium precipitate with chilled 
dilute sulfuric acid (2.5 + 97.5) containing some cupferron. Reserve the 
filtrate and washings, which contain iridium. The cupferron precipitate is 
usually slightly contaminated by iridium, but the amount does not exceed 
1 mg when about 0.2 g of iridium is being handled. Return the filter and 
precipitate to the beaker, add 20 ml of nitric acid, and heat until the pre¬ 
cipitate is mostly decomposed. Add 20 ml of sulfuric acid, and heat the 
solution until fumes of sulfuric acid appear. Destroy the remaining organic 
matter by adding nitric acid and heating. Dilute the resulting solution to 
800 ml, and repeat the precipitation of titanium. Unite the filtrate and 
washings from this precipitation with that reserved above, and evaporate 
until approximately 10 ml of sulfuric acid remain. Insure the destruction 
of organic matter, as previously described. Dilute the solution somewhat 
and filter it. 

/3, Recovery of iridium by precipitation as the hydrated dioxide. Dilute 
the solution containing the iridium to 200 ml with water, and neutralize 
most of the acid in it with a freshly prepared solution of sodium hydroxide. 
Heat the solution to boiling, and complete its neutralization with cither 
sodium hydroxide or sodium bicarbonate to the end point of bromcresol 
purple, as described in the procedure for the separation of platinum. Add 
20 ml of a filtered 10 per cent solution of sodium bromate, and boil the 
solution for 20 to 25 minutes. Be sure that sufficient bromate is present to 
oxidize all of the iridium to the quadrivalent state. Filter the solution, and 
wash the precipitate thoroughly with a hot 1 per cent solution of am¬ 
monium chloride. 

y. Determmation of iridium as metal. Place the filter and precipitate in 
a porcelain crucible. Dry them somewhat, and then moisten them with a 
few drops of a saturated solution of ammonium chloride. Ignite the filter 
and precipitate carefully in the air, and then in hydrogen. Leach the me¬ 
tallic residue with dilute hydrochloric acid, then transfer it to a filter, and 
wash it with hot water. Ignite the filter and metallic residue in air. Fi¬ 
nally, ignite the resulting oxidized metal in hydrogen, cool it in hydrogen, 
and weigh it as metallic iridium. 

The procedure as herein written is designed for the highest degree of 
accuracy. If, however, one is not interested in such accuracy, the pro¬ 
cedure may be shortened in a number of places. For instance, some of the 
reprecipitations that are recommended may be omitted. Time can be saved 
by making only one hydrolytic precipitation of palladium, rhodium, and 
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iridium, in separating them from platinum, and by determining platinum by 

simply igniting its sulfide. The second reduction with titanous chloride 

might be dispensed with, and also the precipitations with cupferron can be 

avoided by determining rhodium and iridium together in aliquot portions 

of the solution, at this stage. It must be remembered, however, that in so 

doing errors of varying magnitude will be introduced, depending upon the 

relative proportions of the metals present. 



THE AMMONIUM SULFIDE GROUP 

Iron, Nickel, Cobalt, Zinc, Manganese, Vanadium, Uranium, 

Thallium, Indium, Gallium, Aluminum, Beryllium, Chro¬ 

mium, Thorium, Scandium, Rare Earths, Zirconium, Tita¬ 

nium, Columbium, and Tantalum 

I. ELEMENTS THAT FORM SULFIDES THAT ARE SOLUBLE IN ACIDS 

Iron, Nickel, Cobalt, Zinc, Manganese, Vanadium, Uranium, Thal¬ 
lium, Indium, Gallium 

Chapter 21 

IRON 

Iron is, next to aluminum, the most abundant metal and is found in prac¬ 
tically all rocks, especially those that contain amphiboles, pyroxenes, micas, 
or olivine. It is a normal constituent of hundreds of mineral species. If we 
disregard sulfides and rare occurrences of the metal or an alloy, iron occurs 
in nature in the ferrous (bivalent) and ferric (trivalent) states. This state¬ 
ment is true even for the magnetic oxide, Fe304, which upon solution under 
nonoxidizing conditions yields a definite portion bivalent and another defi¬ 
nite portion trivalent. The importance of methods for the determination 
of iron needs no comment. 

L GENERAL CONSIDERATIONS 

In an ordinary analysis the preliminary operations are designed to leave 
iron in the trivalent condition, and as such it is quantitatively caught in the 
ammonia precipitate. The total amount of iron present can then be deter¬ 
mined as in Section IV after solution of the ignited and weighed precipi¬ 

tate* For some purposes, it is desirable to use a separate sample or to di¬ 

vide the filtrate obtained in the determination of silica into two equal parts, 

one for the determination of iron, the other for precipitation with am¬ 

monium hydroxide. When the iron originally exists in both states it is 
customary to determine the total iron in one portion of the sample as just 

outlined and the ferrous or ferric iron in another. It may be possible to 
384 
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carry out these two operations in the same portion by determining first the 
ferrous or ferric and then the total iron, both volumetrically.^ 

II. ATTACK OF IRON MINERALS AND PREPARATION OF SOLUTIONS 

So varied are the types of iron-bearing minerals that any one of the nu¬ 
merous possible methods for decomposing them finds use at some time. A 
few are soluble in water. Many of the oxidized minerals that are not soluble 

in water yield to hydrochloric or nitric acid or aqua regia, frequently only 
when ground extremely fine and exposed to the acid for a long time. Many 
acid-resisting minerals have therefore to be opened up by one of the flux¬ 

ing agents named on page 836, which may be either an alkaline-oxidizing 
flux or a pyrosulfate or even acid fluoride, the choice depending on the na¬ 

ture of the mineral and the purpose in view. For sulfides and arsenides, 
alkali fusion is often preferred to acid attack, because, by extracting the 
melt with water, quantitative separation is at once effected, of sulfur, ar¬ 
senic, phosphorus, vanadium, and molybdenum, from many base metals. 

This is why the alkali fusion method is so much preferred in the assay for 

sulfur in pyritic minerals. 
^ variant of the alkali attack was found useful by one of us for a few 

iron minerals and ores that could be dissolved in hydrochloric acid, such 
as the alkali members of the jarosite group—hydrous basic ferric-alkali sul¬ 
fates. These, when warmed with caustic fixed alkali solution, at once de¬ 
composed, yielding a residue of dense and easily filterable ferric hydroxide 
and a solution containing all the sulfate ion. When this reaction was first 
applied by one of us (Hillebrand), it was to a complex mixture of jarosite 

and arsenical pyromorphite. This last held P2O5, AS2O5, and Cl, all of which 
accompanied the SO4 in the solution and so made the analysis easier. The 
attentive analyst will often be able to use special treatments, of which the 

foregoing is an example. 

A chloride solution is usually desired when the iron is to be separated by 

ammonium hydroxide or another precipitant from other metals, often after 

prior separation of silicon and elements of the hydrogen sulfide group.^ 

^For a method in which bivalent and trivalent iron in dilute sulfuric acid solution 
are determined by titrating with a standard permanganate solution to obtain bivalent 
iron, then shaking violently for 2 minutes with copper metal (precipitated powder 10- 
to 35-micron range), filtering, and again titrating to obtain total iron, consult J. O. 
Percival, ZwJ. Eng, Chem, Anal. Ed., 13, 71 (1941). 

* It should be remembered that platinum is attacked by hydrochloric acid solutions 
containing iron and that such solutions should not be boiled or evaporated in platinum 
dishes if much iron is present. In such evaporations, some reduction of iron from the 
trivalent to the bivalent state occurs. No reduction occurs in porcelain nor in evapo¬ 
rations of sulfuric acid solutions of ferric sulfate in either platinum or porcelain. 
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How this solution is obtained for rocks and silicate minerals is described 
under Silicon (p. 855), and Fluxes (p. 836), and for sulfides and arsenides 
under Fluxes (p. 847). Many ferruginous minerals that are resistant to hy¬ 
drochloric acid yield to nitric or nitrohydrochloric acid or to chlorine or 
bromine and can then be brought readily to the desired state l)y evapora¬ 
tions with hydrochloric acid. A nitrate and even sometimes a sulfate solu¬ 
tion is entirely suitable, but hydrochloric acid is less likely to interfere w ith 
subsequent operations and it is also as a rule preferable for a prior separa¬ 
tion of elements of the hydrogen sulfide group. In the latter event, the 
filtrate from the sulfides contains the iron in the ferrous state and is di¬ 
rectly suitable for precipitation by ammonium sulfide. If, however, the 
intention is to make an ammonia or basic acetate precipitation, the filtrate 
must be freed from excess hydrogen sulfide by boiling and then an oxidant 
added—chlorine, bromine, or hydrogen peroxide sufficient to reoxidize the 
iron. Any excess of the oxidant itself is then removed (usually by boiling) 
if it is likely to give trouble later, for instance if manganese is present. 
Nitric acid is usually a less suitable oxidant than the others named.’’ 

Materials used in making certain kinds of glass, especially optical glass, 
contain no more than a minute amount of iron. For the iron determina¬ 
tion in glass sands, it is customary to attack the sand with hydrofluoric and 

sulfuric acids until the silica disappears and then to expel by heat the excess 

hydrofluoric acid and most of the sulfuric acid. J. B. Ferguson ^ drew' at¬ 

tention to the fact that this procedure fails to decompose certain minerals 

in these sands that are iron bearing, like magnetite, ilmenitc, tourmaline, 

and staurolite, and that the iron reported represents but a part of that ac¬ 

tually in the sand. He pointed out that any slight residue left, on treating 

the sand with hydrofluoric and sulfuric acids and evaporating until white 

fumes appear, should be collected, fused with potassium pyrosulfate, and, if 

solution of the melt still leaves black particles (staurolite), these should be 

fused with sodium carbonate. In the analysis of the National Bureau of 

Standards sample of glass sand no. 81, it was found desirable to reverse this 

procedure, that is, to fuse with sodium carbonate first and then with pyro- 

sulfatc. Some minerals, for example zircon, are but slowly attacked by 

pyrosulfate and are decomposed with the formation of insoluble compounds 

by sodium carbonate. The latter, however, dissolve readily after fusion 

with pyrosulfate. Needless to say, freedom of the reagents used from iron 

and the use of platinum ware that is also free from iron are of prime impor¬ 

tance. Blank runs on the reagents will eliminate the error due to an iron 

content if carefully made, but correction for that in the platinum is not safe. 

8 For a study of the solution rates of iron in aqua regia or in solutions of “modified 
aqua regia,” see C. F. Bonilla, Ind. Eng. Chem. Anal. Ed., 4, 128 (1932). 

^ ]. Ind. Eng. Chem., 10, 941 (1918). 
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Trivalcnt iron can be quickly reduced to the bivalent state as follows: 
Add ammonium hydroxide to the solution until a permanent precipitate 
appears, and then slowly add 1 N hydrochloric acid until the color changes 
to pure yellow (not orange or reddish brown). Dilute to 200 to 300 ml, 
add 5 to 15 g of sodium thiosulfate, stir gently, heat to boiling, and boil for 
5 minutes. 

III. METHODS OF SEPARATION 

Chief among the methods for the separation of iron from other elements 
may be mentioned: (1) treatment with hydrogen sulfide in dilute acid so¬ 
lution (p. 60), whereby members of the hydrogen sulfide group such as 
bismuth and arsenic are precipitated and iron is left in solution; (2) pre¬ 
cipitation in a solution containing ammonium tartrate and ammonium 
sulfide (p. 89), by which iron is precipitated as sulfide and substances such 
as aluminum and titanium are left in solution; (3) precipitation with sodium 
hydroxide (p. 84), whereby iron is precipitated and separated from ele¬ 
ments such as vanadium, tungsten, molybdenum, arsenic, aluminum, and 
phosphorus; (4) fusion with sodium carbonate followed by extraction with 
water (p. 456), w hich accomplishes practically the same object as the fore¬ 
going, save that the separation of aluminum is usually incomplete, chromium 
is oxidized and extracted, and uranium divides; and (5) extraction with 
ether in dilute hydrochloric acid solution (p. 134), which is used chiefly 
for the removal of most of the iron w'hen so much of it is present that 
it is troublesome. 

When ferric iron alone is to be separated by ammonium hydroxide from 
the alkali and alkaline earth metals, or w hen under the same conditions it 
is accompanied by titanium, zirconium, or no more quinquevalent phos¬ 
phorus than the iron will care for, the exact neutralization that is needed 
to effect complete precipitation of aluminum is not necessary. Neither is 
it so important that there should be present a considerable amount of an 

ammonium salt unless magnesium has to be considered. When, however, 

aluminum is present or a separation is sought from magnesium, zinc, manga¬ 

nese, nickel, or cobalt, the same procedure as for aluminum should be fol¬ 

lowed (p. 504).'^ The use of macerated filter paper is advantageous in the 

® G. E. F. Limdell and H. B. Knowles [/. Ain. Chem, Soc,^ 45, 676 (1923)1 studied 
carefully the effectiveness of this procedure when used for separating aluminum, iron, 
etc., from manganese, zinc, nickel, cobalt, and copper. Their conclusions were; (1) 
Moderate amounts of iron and aluminum can be separated from manganese and nickel 
as satisfactorily by precipitation with ammonium hydroxide as by the basic acetate or 
barium carbonate methods. (2) Under the above conditions the separation of iron and 
aluminum from cobalt, copper, and zinc is incomplete. A large excess of ammonium 
chloride improves the separation. (3) An excess of both ammonium hydroxide and 
ammonium chloride gives a better separation from copper and zinc. Under these con¬ 
ditions, however, the precipitation of aluminum is incomplete, and the separation from 
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last of two or more precipitations in that it affords a precipitate that after 
ignition is wholly Fe^Oa, is finely divided, and is eawSy to dissolve. It should 

be remembered that many compounds besides those of iron are also pre¬ 

cipitated by ammonium hydroxide (see Chapter 4, p. 77) and that the 
precipitate may contain substances such as tungsten, vanadium, uranium, 

arsenic, and phosphorus. 

Probably one of the most useful procedures for the separation of iron 

from other elements in rocks and similar materials is that in which it is pre¬ 

cipitated as sulfide in ammonium sulfide-tartrate solution (p. 89), after a 

preliminary separation of the hydrogen sulfide group in a solution contain¬ 

ing mineral and tartaric acids.^’ By such treatment iron can be separated 

from elements such as aluminum, titanium, zirconium, columbium, tantalum, 

uranium, vanadium, and phosphorus. Elements that accompany the iron, 

such as nickel, cobalt, zinc and manganese (in part), are either uncommon 

in rocks or easily removed—as for example nickel and manganese by precipi¬ 

tation with ammonium hydroxide. The sulfide must always be dissolved 

before further treatments are carried our. Two courses arc open: (1) If 

the iron is to be determined gravimctrically, dissolve the sulfide and paper 

as in (2) below, or place the precipitate and paper in a beaker of suitable size, 

cover, and cautiously dissolve the sulfide in dilute hydrochloric acid (1 + 1). 

Heat till all black particles have disappeared, shred the paper by vigorous 

stirring with a rubber-tipped glass rod, oxidize the iron with a few drops 

of strong nitric acid or a little bromine water, dilute if necessary, and pre¬ 

cipitate the iron as ferric hydroxide. As aluminum is absent, it is not neces¬ 

sary to avoid overstepping neutrality. (2) If iron is to be determined volu- 

metrically, place the paper and precipitate in an Erlenmeyer flask, add 10 

ml of nitric acid, rotate the flask until the paper is disintegrated, and then 

add 5 ml of sulfuric acid. Gently swirl the contents as the flask is heated 

over a free flame, and evaporate to fumes of sulfuric acid. If the solution 

does not clear, cool somewhat, add 5 ml more of nitric acid, and again 

evaporate. Finally, cool somewhat, and very cautiously add a saturated 

manganese, nickel and cobalt is less satisfactory. (4) Phosphorus and vanadium inter¬ 
fere but slightly in the separation when iron or aluminum is preponderant. When the 
reverse holds, they fonn insoluble compounds with manganese and interfere in separa¬ 
tions not only by ammonium hydroxide but also by acetates or barium carbonate. 

® In such precipitations, the original acid solution should be treated with the tartaric 
acid and then made ammoniacal to insure that enough tartaric acid has been added and 
that interfering compounds, such as magnesium together with phosphorus, are absent. 
If the solution is clear, it is made acid and treated with hydrogen sulfide. If it is not 
clear, the analyst must find out whether precipitation can be avoided by adding more 
tartaric acid or, in case a precipitate still forms, whether it contains anything that will 
interfere in subsequent operations. 
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solution of potassium permanganate, dropwisc until in definite excess, in 
order to destroy all nitrogenous compounds. Cool, dilute to 100 ml, and 

proceed with the determination of the iron as in IV, B. 

Precipitation of iron by the basic acetate method (p. 79), succinate 
method (p. 82), or barium carbonate method (p. 82) is very useful when 
separation has to be made from zinc, manganese, nickel, or cobalt, especially 
when these are in considerable quantity. 

Hydrolytic precipitation of ferric formate from homogeneous solution 

by hydrolysis of urea for the separation of iron from manganese, cobalt, 

nickel, copper, zinc, cadmium, magnesium, calcium, and barium is described 

by Willard and Sheldon. 

Precipitation by cupferron as described under cupferron (p. 116),^ can 

rarely be applied for the separation of iron alone. The reaction is, how- 

ever, most desirable for separating small amounts of iron, together with 

titanium, zirconium, and vanadium, from large amounts of other elements 

such as aluminum, chromium, and manganese. In the usual case, the pre¬ 

cipitate is ignited, the mixed oxides are weighed, and iron and the accom¬ 

panying elements are determined by appropriate procedures after fusion of 

the oxides with pyrosulfate. 

PJatinum, introduced through fusion or evaporation in platinum vessels, 

causes difficulties in several of the methods that are used for the determina¬ 

tion of iron. It can be entirely removed by precipitation with hydrogen 

sulfide, preferably by digestion in dilute sulfuric acid solution containing 

no ammonium salts. A fairly satisfactory separation can be had by pre¬ 

cipitation with ammonium or sodium hydroxide, repeated if the precipitate 

is large. 

Hydrofluoric acid is objectionable in any solution in which bivalent iron 

is to be kept, for oxidation by air proceeds very rapidly in its presence.® 

In such cases it must be removed by evaporation with sulfuric acid before 

the iron is reduced, or else converted into the harmless fluoboric acid, 

HBF4, by addition of boric acid either before the reduction or before the 

solution containing the bivalent iron is exposed to the air (see Part III, 

p. 914). 
Iron can be separated from aluminum, chromium, zirconium, and beryl¬ 

lium, by slowly heating the mixed oxides to a temperature of 200 to 300° C 

in a current of dry hydrochloric acid and chlorine.® 

H. H. Willard and J. L. Sheldon, Anat, Chem.y 22, 1162 (1950). 
7 See also G. E. F. Lundell, /. Am. Chem. Soc., 43, 847 (1921). 
®R. Peters, Z. physik. Chem., 26, 193 (1898); W. F. Hillebrand, U, S. Geol. Survey 

Bull 700, 199. 
»F. S. Havens and A. F. Way, Am. /. ScL, [4] 8, 158, 217 (1899). 
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IV. METHODS OF DETERMINATION 

A. GRAVIMETRIC 

Gravimetrically, the total iron in a mineral substance is determined by 
weighing it as the oxide, FoOa, whatever its condition or conditions in the 
substance under analysis. 

The method that comes closest to an actual separation of iron from the 
substances with which it is usually associated is that in which the hydrogen 
sulfide group is removed by precipitation in acid solution, and the iron is 
next precipitated by ammonium sulfide in the presence of ammonium tar¬ 
trate, and then reprecipitated by ammonium hydroxide after solution of the 
sulfide in acid and oxidation to the ferric state. A direct determination of 
iron by precipitation with reagents such as ammonium hydroxide or cup- 
ferron is rarely possible because of the presence of other precipitablc 
elements. 

The manner of obtaining the final precipitate has been discussed in the 
preceding sections, and it remains only to indicate the subsequent treatment. 

Place the paper and precipitate in a platinum or porcelain crucible, grad¬ 
ually heat until dry, char the paper without inflaming, and then burn the 
carbon under good oxidizing conditions and at as low a temperature as 
possible. Finally cover the crucible and heat at 1000 to 1100° This 
heating must also be done in an oxidizing atmosphere and, if a burner is 

used, the covered crucible should be inclined at an angle or inserted in a 

shield so that the products of combustion do not envelop the crucible. 

The oxide usually contains silica derived from the reagents and glass or 

porcelain ware. If preliminary separations have been carelessly done, as 

for example through the use of insufficient tartaric acid to hold aluminum 

in solution, other oxides may also be present. Silica can be easily removed 

by treatment with hydrofluoric acid, followed by evaporation and careful 

ignition before the oxide is weighed. No iron is lost by volatilization.^^ 

B. VOLUMETRICALLY BY OXIDATION 

The oxidimetric method for the determination of iron can be applied 

either for the ferrous iron which pre-exists as such in the sample (see Part 

At temperatures higher than 1100® C, magnetic oxide of iron, Fe304, may be formed 
through loss of oxygen, and, at temperatures above 1200® C, some of the oxide in con¬ 
tact with platinum may be reduced to metal and alloy with it [R. B. Sosman and J. C. 
Hostetter, /. Am, Chem, Soc,, 38, 807, 1188 (1916)]. This explains in part the con¬ 
tamination of a platinum crucible by iron that sometimes comes about in analytical work. 

“For example, in tests by J. I. Hoffman, two samples of ferric oxide weighed 0.1176 
and 0.1177 g after treatment with HF—H2SO4, evaporation, and ignition; 0.1176 and 
0.1179 after solution in HF, evaporation, and ignition; and 0.1176 and 0.1179 after treat¬ 
ment with H2SO4, evaporation, and ignition. 
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III, p. 907) or for the total content after this has been separated as described 

in Section III, from such interfering elements as are present, and then re¬ 

duced to the bivalent state. 

Sulfuric or hydrochloric acid solutions of ferrous salts are but very slowly 
oxidized by air at room temperatures.^^ Thus, C. Baskerville and R. Steven¬ 

son could detect, by titration with 0.5 N permanganate, no evidence of 

oxidation after a stream of air had been passed for 3 hours through acidified 

solutions of ferrous sulfate or ferrous ammonium sulfate; tests with am¬ 

monium thiocyanate indicated that approximately 0.1 mg of iron had been 

oxidized out of a total of 0.7 g of bivalent iron. The rate of oxidation in¬ 

creases with an increase in the concentration of ferrous salt as well as that 

of oxygen; the concentration of free acid has a comparatively small in¬ 

fluence, that of sulfuric acid tends to retard, whereas that of hydrochloric 

acid tends to accelerate the rate. Oxidation is accelerated by certain com¬ 

pounds as for example nitric or, more markedly, hydrofluoric acid (see 

Part III, p. 914) and copper.^^ 

The reducing agents that are most used for the reduction of iron are stan¬ 

nous chloride, amalgamated zinc, sulfur dioxide, and hydrogen sulfide. Ti- 

tanous chloride is ordinarily employed in direct titration and will be consid- 

‘ered separately in C. Reductions with amalgamated zinc or sulfur dioxide 

lead to more accurate results when applied to pure solutions than do the 

others. The former, however, reduces so many compounds that, in the 

ordinary case, careful preliminary separations are in order, or else correc¬ 

tions must be calculated. Fewer substances interfere in reductions by sulfur 

dioxide, stannous chloride, or hydrogen sulfide. 

The oxidizing agents commonly used are potassium permanganate and 

potassium bichromate, and the solutions to be titrated may contain either 

sulfate or chloride. But, although both oxidants give excellent results with 

sulfate solutions, those afforded by permanganate with chloride solutions 

are too high unless manganous sulfate is added to counteract any oxidizing 

effect upon the hydrochloric acid accompanied by liberation of chlorine. 

Bichromate can be used without a stabilizer, and the preparation of its 

solution requires less care and time. For the preparation of these solutions 

see pages 185 and 189. 

a. Reducing Agents, a. Stannous chloride. In the ordinary case, stan¬ 

nous chloride is by far the most desirable reducing agent for iron because 

the reduction is rapid, the excess is easily removed, but few substances inter¬ 

fere, and results are accurate enough for most purposes. The interfering 

12 J. W. McBain, /. Fhys. Chem., 5, 623 (1901). 
13/. Am. Chem. Soc., 33, 1104 (1911). 
i^E. Posnjak, American Institute of Mining & Metallurgical Engineers (1927). 
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agents that are chiefly encountered are platinum and vanadium, the first 
introduced through operations carried out in platinum vessels, the second 
as a companion of iron. Platinum interferes in cither bichromate or per¬ 
manganate titrations; vanadium interferes in some titrations and not in 
others. Among other interfering compounds may be mentioned copper, 
gold, molybdenum, arsenic,^® antimony, and tungsten.'" All of the inter¬ 
fering elements had better be removed before stannous chloride is added, 
for their reduction does not proceed quantitatively, and no correction can 
be calculated even though their amounts are known. Uranium is not 

reduced. 
PROCEDURE. Reduction is done as described on page 395. The chief pre¬ 

cautions are to make sure that interfering substances are absent, that the 
hydrochloric acid solution is of small volume and hot, that no more than 
0.2 ml excess of stannous chloride solution is added, and that 5 to 10 min¬ 
utes be allowed between the addition of mercuric chloride and the titration. 

Amalgcmtated zinc. The reduction of iron by amalgamated zinc can 
be done in either cold or hot sulfuric or hydrochloric acid solution and is 
preferably carried out in the Jones reductor (p. 108). The method is rapid, 

and with solutions containing iron alone the results are more accurate than 

those obtained with stannous chloride. The chief objection to its use lies in 

the fact that many other substances are also reduced. These include ti¬ 

tanium, columbium, vanadium, chromium, molybdenum, uranium, tungsten, 

15 The following table given by J. Knop [/. Am. Chem. Soc,y 46, 268 (1924)] shows 
the effect of platinum in determinations of iron made by titration with bichromate 
after reduction with stannous chloride and treatment with mercuric chloride. In each 
case, 20 ml of approximately 0.1 N FeCls solution was taken. 

Platinum, mg None 0.1 0.2 0.3 0.5 1 
Vol. 0.1 iy K2Cr207 u.sed, ml 20.20 20.27 20.33 20.40 20.59 20.90 
Difference, ml . 4-0.07 +0.13 +0.20 +0.39 +0.70 

The following results were obtained at the National Bureau of Standards after reduc¬ 
tion with stannous chloride and direct potentiometric titration with dichromate 
(mercuric chloride not added): 

Platinum added, mg ^ 0 1 3 5 
Fe20.3 indicated, mg 7.28 7.58, 8.28 7.86, 7.64, 9.66, 8.66 8.88, 8.00 

15 Interference by arsenic can be avoided if a preliminary reduction is made by boiling 
with test lead and the solution is then filtered before final reduction with a few drops 
of stannous chloride [H. W. Jones, Chemist-Analyst, 18, [no. 6] 11 (1929)]. 

1^ Tungsten, in such amounts as will not prevent titration, interferes but slightly, 
and the effect is less than can be accounted for by the reduction of WO3 to W2O5. 
For example, in analyses of solutions containing 0.0528 g of iron, 0.0530 was indicated 
when 2.5 mg of tungsten were added, and 0.0534 when 5 mg were used. With 50 mg 
the solution was so blue that it could not be titrated. Molybdenum is slowly reduced 
below the quinquevalent stage whereas gold forms purple of (Cassius, which interferes 
in both reduction and titration. 
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arsenic, nitrates, and certain nitrogenous compounds.^® The last two may 
be introduced during the analysis, as for example by insufficient washing of 
an ammonia precipitate that has been obtained from a solution originally 
containing nitric acid, or by decomposing a filter paper and precipitate with 
nitric and sulfuric acid alone. The analyst must make sure that these two 
are absent. As for the rest, he must either separate them before the reduc¬ 
tion or else ascertain their amount, catch the reduced solution under ferric 
sulfate, and then calculate corrections.^® 

PROCEDURE. Reductions can be made in hot or cold solutions of either 
hydrochloric or sulfuric acid as described under the Jones reductor (p. 108). 
The acidity may range from 3 to 15 per cent of the former and 1 to 5 (both 

by volume) of the latter. Acid solutions of bivalent iron oxidize so slowly 

in the air that there is no need of protecting the solution in the receiver. 

y. Silver reductor. Reduction in a silver reductor (p. 112) offers advan¬ 

tages if iron is to be determined in the presence of elements such as chro¬ 

mium or titanium. Vanadium is also without effect if an indicator such 

as the orthophenanthroline-ferrous complex is used (see p. 113). 

S. Sulfur dioxide. Reduction of iron by sulfur dioxide can also lead to 

any reduction of iron by zinc and acid, as in the Jones reductor (p. 108), the 
formation of a colored compound must be viewed with suspicion. A dilute solution 
of bivalent iron is colorless as contrasted with reduced solutions of molybdenum, 
chromium and uranium which are green; tungsten or columbium which are brown; 
and titanium and vanadium which are violet and lavender, respectively. 

^®The compounds of titanium, molybdenum, vanadium, and chromium that are ob¬ 
tained by reduction with zinc are so easily oxidized by the air that corrections based 
on definite reduction arc misleading unless the reduced solution is caught under ferric 
sulfate (p. 111). For example, results for iron were 1.5 ing too low when a reduced 
solution of 0.2 g of iron and 0.002 g of vanadium was caught in an empty receiver and 
titrated with permanganate, and the result corrected on the assumption that vanadium 
had been oxidized from V2O2 to V2O5 by the permanganate. On the other hand, cor¬ 
rections for uranium can only be made if the reduced solution is caught in an empty 
receiver (p. 471). The interference of titanium can be overcome by adding cupric 
oxide, copper sulfate, or bismuth oxide (which oxidize trivalent titanium but not bivdent 
iron) filtering, and proceeding with the titration [F. A. Gooch and H. D. Newton, 
Am. J. Set., [4] 23, 365 (1906)]. Interference by moderate amounts of titanium 
(<10 mg) can also be avoided by aerating the solution or by adding aerated water 
and stirring for 2 to 5 minutes. This treatment converts Ti^^^ to Ti^v, but does not 
affect Fe^i [E. Truog and R. W. Pearson, Ind, Eng, Chem, Anal, Ed,, 10, 631 (1938)]. 
See also W. M. Thornton, Jr., and R. Roseman, /. Am. Chem. Soc., 57, 619 (1935). 
If mercuric chloride is used as a catalyst, large amounts of titanium can be reoxidized 
rapidly with no effect on the reduced iron [W. M. McNabb and H. Skolnik, Ind, Eng, 
Chem. Anal. Ed., 14, 711 (1942)]; Reinhardt’s solution (p. 396) must then be added 
if final titration is with permanganate. Chromium and titanium can be reoxidized by 
adding 3 ml of a 0.0001 M solution of copper sulfate and bubbling air through the solu¬ 
tion for 10 to 15 minutes; iron can then be determined by titrating with permanganate 
as usual [F. S. Grimaldi, R. E. Stevens, and M. K. Carron, Ind. Eng, Chem, Anal, Ed,, 
15, 387 (1943)]. 
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more accurate results than are obtainable with stannous chloride, but the 
procedure is much slower because greater care must be taken to insure com¬ 
plete reduction and the removal of the excess of reagent. Substances that 
interfere are perhaps less numerous than with stannous chloride but include 
platinum; certain members of the hydrogen sulfide group such as copper, 
arsenic, and antimony; and vanadium. 

The direct use of a solution of sulfur dioxide or of an alkali sulfite is in¬ 
admissible unless these have been freshly prepared, for after a lapse of time 
they contain other oxidizable bodies than siilfurous acid or a sulfite. The 
gas is most conveniently obtained from a cylinder of the liquefied gas or, 
in default of this, bv heating a flask containing a solution of sulfur dioxide 
or of a sulfite to which sulfuric acid has been added. Cas from a cylinder 
had better be bubbled through sulfuric acid. 

Reductions with the gas require low acidities and are more rapid in hy¬ 
drochloric acid-chloride solutions than in sulfuric acid-sulfate solutions. So¬ 
lutions containing the dioxide should not be allowed to stand for over 24 
hours lest other oxidi/able bodies be formed. The expulsion of the gas is 
expedited by boiling with the simultaneous passage of a rapid current of 
carbon dioxide that is free from oxygen. If the dioxide is generated from 
marble, it had better be passed through a U-tube containing glass beads and 
a solution of copper sulfate to remove hydrogen sulfide. 

PROCEDURE. The operation is preferably done in an all-glass apparatus 

such as a glass wash bottle. Prepare a hydrochloric or sulfuric acid solu¬ 
tion of the iron, and remove the hydrogen sulfide group if present. If this 
has been done, boil to expel hydrogen sulfide, and add permanganate until 
a pink color persists. Add ammonium hydroxide until the precipitate dis¬ 
solves with great difficulty but the solution is still clear. Dilute to 50 to 
100 ml, pass washed sulfur dioxide through the solution for 2 to 3 minutes, 
and then gradually heat to boiling as the stream of gas is continued. When 
the solution is colorless (15 to 30 minutes) stop the gas, pass a current of 
washed carbon dioxide through the solution, and boil vigorously until all 
sulfur dioxide is expelled (15 to 30 minutes) as shown by passing the es- 
caping gas for 30 seconds through a dilute sulfuric acid solution containing 
2 to 3 drops of 0.1 N permanganate. Increase the stream of carbon dioxide, 
cool, add more acid, and titrate as described on page 395. 

c. Hydroge7i sulfide. Hydrogen sulfide is not used for the reduction of 
iron so much now as formerly, for the reaction is accompanied by the for¬ 
mation of rather stable compounds of sulfur that are subsequently oxidized 
along with the iron and cause high results.^^ In addition, the method is 
slow and subject to interference by vanadium. Reductions must be done in 

20 For example, 3.7 mg of platinum caused a consumption of 0.47 ml of 0.1 N KMn04 

whereas 3.3 mg required 0.38 ml. 
21G. E. F. Lundell and H. B. Knowles, /. Am. Chem. Soc., 43, 1560 (1921). 
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solutions of small volume containing but little acid, preferably 2 to 2.5 per 
cent of sulfuric acid. Complete reduction is slow in cold solution and is 
impossible in boiling solutions containing much more than 1 per cent of 
the acid. 

PROCEDURE. Prepare 50 to 100 ml of a cool solution that is free from 
vanadium and contains 2.5 per cent of sulfuric acid by volume. Pass in a 
stream of washed hydrogen sulfide for 30 minutes, and then continue the 
stream for 15 minutes as the solution is heated to boiling. If members of 
the hydrogen sulfide group have separated, filter through a paper that has 
been washed with dilute sulfuric acid to remove organic matter,^- and 
wash the paper and residue with hydrogen sulfide water acidulated with 
sulfuric acid. Add 15 ml of dilute sulfuric acid (1 + 1), pass in a stream 
of carbon dioxide that is free from oxygen, and boil for 30 to 60 minutes 
as the solution is reduced to a volume of approximately 50 ml. Increase 
the stream of gas, cool, dilute to 200 ml with distilled water and titrate as 
described in b.-^ 

b. Oxidizing Agents, a. Potassium permanganate, 1. In sulfuric acid so¬ 
lution, For the attainment of the best results in the oxidation of iron by 
permanganate, there is needed a dilute sulfuric acid solution (1 + 20) of 
ferrous sulfate containing no other oxidizable substances. Such solutions 

’•arc obtained by separations as in Section III and reduction by Zn or SO2 as 
in Section IV (p. 390), or less satisfactorily by I+.S (p. 394). The volume of 
the solution when ready for titration should be gaged, so far as may be con¬ 
venient, according to the iron content. The titration is usually done in cool 
solution. If vanadium is present, the titration had better be done in warm 
solution because of the slowness with which vanadium is completely oxi¬ 

dized. The end point varies from the familiar faint pink when little iron is 

present to an off shade of yellow if much iron is present and no phosphoric 

acid is added to destroy its color. In any case the end-point tint must re¬ 

main unchanged upon stirring for 30 seconds. Finally, the volume of per¬ 

manganate required must be corrected for that used by the reagents alone. 

2. In hydrochloric acid solution. Titrations of iron by permanganate in 

hydrochloric acid solution ordinarily follow reductions by stannous chlo¬ 

ride as in IV, B (p. 391). A number of variants of the method have been 

proposed and used, of which the most satisfactory is that known as the 

Zimmermann-Reinhardt method. Because the procedure is so widely 

used, complete directions will be given. 

22 R. S. McBride and J. A. Scherrer, ibid., 39, 928 (1917). 
23 By reduction as described and titration with permanganate, Lundell and Knowles 

obtained 0.0046 g Fe203 as against 0.0044, 0.0256 as against 0.0254, 0.1313 as against 
0.1310, and 0.1766 as against 0.1765. 

24 C Zimmermann, Ann,, 213, 305 (1882); C. Reinhardt, Chem, Ztg,, 13, 323 (1889) ; 
G. C. Jones and J. H. Jeffery, Analyst, 34, 306 (1909). 
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The following special solutions are required: 
a. Reinhardt's solution. Dissolve 200 g of MnS04-4^120 in 1000 ml of 

water, and add a cooled mixture of 400 ml of sulfuric acid, 1200 ml of water, 
and 400 ml of syrupy phosphoric acid. 

b. Stannous chloride solution. Dissolve 50 g of SnCl2*2H20 in 100 ml 
of hydrochloric acid, and dilute to 1000 ml with water. 

c. Mercuric chloride solution. Prepare a saturated solution of HgC^ in 
water. 

procedurf:. Obtain the iron as chloride in 25 ml of dilute hydrochloric 
acid (1 + 1), heat, and reduce by adding stannous chloride solution, drop- 
wise and with stirring, until the iron is decolorized.-® Cool, and add at 
one stroke 10 ml of mercuric chloride solution. At the end of 5 or 10 min¬ 
utes, transfer the solution to a large porcelain dish to which 25 ml of Rein¬ 
hardt’s solution and 400 ml of water have already been added, rinse with a 

moderate amount of \vater, and add permanganate, dropwise and with con¬ 

stant stirring, to a definite pink tint. Blank runs on the reagents should be 

carried through all operations and the proper corrections made.^® 

/?. Potassium bichromate. Titrations with potassium bichromate can be 

done in either hydrochloric or sulfuric acid solutions. If, however, the 

solution contains sulfuric as the only acid, titration w^th permanganate is 

to be preferred, except when the solution contains organic matter (sec the 

Analysis of Rocks, Ferrous Iron, p. 917), which is more easily decomposed 

by permanganate than by bichromate. Ordinarily, titrations with bi¬ 

chromate follow reduction with stannous chloride and can be done with 

internal or external indicators or potentiometrically. 

25 Avoid more than 0,2 ml in excess. A larger excess leads to the formation of black 
compounds which spoil the analysis or to excessive amounts of mercurous chloride 
which lead to high results. If enough stannous chloride has been added, a slight silky 
precipitate of mercurous chloride is obtained. 

25 Results obtained by this procedure are normally a little high but are sufficiendy 
accurate for all ordinary purposes as can be seen from the following tabuladon. 

in Taken, g Iron Found, g Error, g 

0.2496 0.2499 +0.0003 
0.2496 0.2500 +0.0004 
0.1248 0.1249 +0.0001 
0.1248 0.1249 +0.0001 
0.0250 0.0251 +0.0001 
0.0250 0,0252 +0.0002 
0.0125 0.0125 0.0000 
0.0125 0.0125 0.0000 

Rapid addidon of permanganate leads to still higher results. For example, in titra¬ 
tions of 0.2496-g portions of iron, results averaged 1 mg high when 0.1 N permanganate 
was added at the rate of 20 ml per minute and 2 mg high when all but 1 ml of the 
necessary amount was poured from a beaker and the titration finished as usual. 
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1. With internal indicator. The use of diphenylamine as an internal in¬ 
dicator was recommended by J. Knop.^^ This reagent gives an intense 
violet-blue color when treated with a drop of 0.1 N solution of potassium 
bichromate in a hydrochloric or sulfuric acid solution containing trivalent 
iron, and preferably phosphoric acid to overcome the color of the iron 
salt.^® The addition of excess ferrous salt decolorizes the indicator so that 
back titration is possible. According to L. A. Sarvcr,^*’ the best results are 
obtained by keeping the volume of the solution low (not over 100 ml), 
adding a few drops of bichromate solution after the first trace of violet is 
observed, and making the final adjustment with ferrous sulfate and bi- 
chromate.^® 

Salts of quinquevalent vanadium oxidize diphenylamine to give the blue 
color whereas those of quadrivalent vanadium do not.'^^ Consequently 
vanadium does not interfere when solutions containing bivalent iron and 
quadrivalent vanadium are titrated with bichromate in the presence of di¬ 
phenylamine. 

2. With external indicator. The use of a dilute solution of potassium 
ferricyanide as an external indicator was almost universal before the intro¬ 
duction of diphenylamine. Its use is based on the fact that the indicator 
reacts to give a blue color with ferrous iron and not with ferric iron.®^ The 

27 /. Am. Chem. Soc.^ 46, 263 (1924). The solution of diphenylamine is prepared by 
dissolving 1 g of the reagent in 100 ml of concentrated sulfuric acid. Three drops of 
the solution are sufficient in titrations in 100 to 250 ml of solution. The solution should 
be usable for at least 8 months, even though it turns brown. According to H. M. 
State [Ind. Eng. Chem. Ami. Ed., 8, 259 (1936)], the indicator can be quickly prepared 
by melting diphenylamine to a clear liquid (m.p. 52.9® C), adding the required amount 
of concentrated sulfuric acid, and shaking until complete solution is effected (15 to 30 
seconds). 

28 Knop recommended the use of a solution containing approximately 1 ml of phos¬ 
phoric and 5 ml of hydrochloric or 2.5 ml of sulfuric acid per 100 ml. 

28 /. Am. Chem. Soc., 49, 1473 (1927). 
88 A 0.2 to 0.5 per cent solution of potassium diphenylamine sulfonate in water can 

be substituted for diphenylamine. 
81N. H. Furman, Ind. Eng. Chem., 17, 314 (1925). 
82 It is of course most important that the ferricyanide contain no ferrocyanide which 

gives a blue color with both ferrous and ferric iron. To this end, crystals of pure 
ferricyanide are washed a few times with water to remove any ferrocyanide that may 
have been formed by reduction by dust, and then dissolved to make a 1 per cent solu¬ 
tion, The salt is slowly reduced, and so small amounts of solution should be prepared 
as needed. In sunlight, ferricyanide and ferric iron react to give a blue color. Zinc 
cannot be used for reducing the iron as its salts react with the ferricyanide and inter¬ 
fere in the test, as do other elements such as copper, nickel, or manganese that form 
insoluble ferricyanides. Hydrofluoric acid retards the formation of the blue color and 
leads to low results for iron unless boric acid is added [O. L. Barnebey, /. Am. Chem. 
Soc., 37, 1829 (1915)1. 

Quadrivalent vanadium gives no color with ferricyanide under the usual conditions 
and therefore does not interfere if reduaion has been made by H2S, SO2 or SnQ2. 
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end point is determined by withdrawing at frequent intervals a drop of the 
solution and testing it on a spot plate with a drop of the indicator. To¬ 
ward the very end of the titration, the test should be protected from the 
light by a crucible lid and at least 3 minutes allowed for the development 
of the color. It is expedient to make duplicate determinations and in the 

second one to run in nearly all the required standard before starting the 

spot tests. 

3. By potentiometric titration. The potentiometric determination of 

iron is on a par with the Zimmermann-Reinhardt method and is applicable 

to the determination of small amounts of iron. Desirable features of such 

titrations are that reducing compounds such as stannous chloride or vanadyl 

chloride do not interfere. 

y. Ceric solutions. Ceric sulfate (p. 190) can be used to oxidize ferrous 

sulfate in the presence of moderate concentrations of chlorides and hydro¬ 

chloric acid, certain alcohols, and organic acids such as acetic, oxalic, tar¬ 

taric, and citric. 

C. VOLUMETRICALLY BY REDUCTION 

The use of titanous chloride for the determination of iron was first 

suggested by E. Knecht.®^ Solutions of titanous sulfate are equally satis¬ 

factory.^® Titrations with these solutions differ from those already de¬ 

scribed in that the iron is reduced instead of oxidized. The end point of 

the reaction is judged by the use of an internal indicator such as methylene 

blue, which is reduced and decolorized when the titanous solution has been 

added in excess, or ammonium thiocyanate which remains red as long as 

ferric iron is present. The latter is preferred in the ordinary case because 

methylene blue is not sensitive below 35° C unless salic}iic acid or sodium 

salicylate is added and the use of the organic compounds prevents subse¬ 

quent back titration with permanganate. 

Determinations can be made of cither total iron or of such iron as pre¬ 

exists in the trivalent state. In the former case care must be taken before 

titration to have all of the iron in the trivalent state, preferably by oxida- 

J. H. Hildebrand, ibid,^ 35, 871 (1913); J. B. Ferguson, /. Ind. Eng. Chein., 9, 941 
(1917); J. B. Ferguson and J. C. Hostetter, /. Am. Ceram, Soc.^ 2, 608 (1919); J. C. 
Hostetter and H. S. Roberts, /. Am, Chem. Soc,, 41, 1337 (1919) ; H. S. Roberts, ibid,, 
1358; /. Am, Ceram, Soc,, 10 (Bull.), 100 (1927); G. E. F. Lundell and H. B. Knowles, 
/. Am. Ceram, Soc., 11, 119 (1928). See also Potentiometric Titration (p. 200). 

84 E. Knecht, Ber,, 36, 166 (1903); E. Knecht and E. Hibbert, ibid,, 1549. See also 
P. S. Branier, Ind, Eng, Chem,, 19, 846 (1927). 

88 W. M. Thornton, Jr., and J. E. Chapman, ], Am, Chem, Soc,, 43, 91 (1921). 
88 E. Knecht and E. Hibbert, New Reduction Methods in Volumetric Analysis, p. 64, 

Longmans, Green & Co. (1925); H. Lauterbach, Ber. 1 Intern, Verg, Chem, KoL, 33 
(1922). 



VOLUMETRICALLY BY REDUCTION 399 

tion with pcripanganatc in sulfuric acid solution. Among the interfering 
substances arc nitric acid, hydrofluoric acid (but not in the presence of 

boric acid), certain organic compounds, copper, antimony, molybdenum, 

selenium, platinum (and probably other members of the hydrogen sulfide 

group), tungsten, and vanadium, which is reduced to V2O3. The standard 

solution is conveniently of 1 per cent 
strength and can be prepared by di¬ 
lution of the 20 per cent solution 
(free from hydrogen sulfide and ap¬ 
preciable iron), or made by direct 
reduction of an acid solution of the 
quadrivalent salt in the Jones reductor 
(p. 108). The prepared solution 
should be kept out of direct sunlight 
and must be carefully protected from 
the air at all times, because it is easily 
oxidized.^’’ This can be readily done 
by employing the apparatus shown in 
Fig. 27.^^ The bottle S is filled to 
the neck with the titanium solution 
and the three-way cock F turned so 
that the liquid enters the burette B and 
then set so that the burette is emptied. 

Meanwhile hydrogen is admitted from 

A until it is certain that all air has 

been expelled from the system, where¬ 

upon the burette is filled again ready 

for use. If thus protected, a standard 

8^ According to A. S. Russell, ]. Cbcm. Soc., 129, 497 (1926), the salt is most stable 
in 4 N sulfuric acid solution. Russell also states that vanadous sulfate, VSO4, is a more 
powerful reducing agent than titanous sulfate, the value lying between cadmium and 
tin in 2 N sulfuric acid. A 0.1 N solution in 10 N sulfuric acid can be kept in a 
burette for 1 hour without special precautions to prevent oxidation. See also P. C. 
Bancrjce, /. Indian Chem, Soc., 19, 30 (1942). W. M. Thornton, Jr., and J. F. Sadusk, 
Jr. [hid. Eng. Chein. Anal. Ed., 4, 240 (1932)], assert that a 0.1 N solution of chromous 
sulfate in sulfuric acid not stronger than 0.18 N undergoes no change during 2 months 
if stored properly, and can be used in potcntiometric determinations of iron in cold 
dilute sulfuric acid solutions containing a small quantity of potassium thiocyanate. For 
the preparation of chromous sulfate solutions, see H. W. Stone and C. Beeson, Ind. 
Eng. Chem. Anal. Ed., 8, 188 (1936), and E. Zintl and G. Ricnacker, Z. miorg. all gem. 
Chem., 161, 374 (1927). For potcntiometric titrations with solutions of chromous 
chloride, consult R. Flatt and F. Sommer, HeJv. Chhn. Acta, 27, 1518 (1944). 

Thornton and Chapman, he. cit. For other forms of containers in which solutions 
remain unchanged for months, consult E. Zintl and G. Rienackcr, loc. cit., and G. F, 
Smith and C A. Getz, Ind. Eng. Chem. Anal. Ed., 6, 252 (1934). 

I'kj. 27. Apparatus for storing and de¬ 
livering standard solutions of titanous 

sulfate. 
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solution should suffer no appreciable change during 1 to 2 months.^® When 
the solution is added from a burette, slight oxidation occurs as it falls 
through the air. The error is fairly well counterbalanced if the solution 
is standardized in the same way, and can be entirely avoided by making the 
titration in a flask fitted with a three-hole stopper carrying the tip of the 
burette and inlet and outlet tubes by means of which an atmosphere of 
carbon dioxide can be maintained. 

Standardization of the solution is done against pure ferrous ammonium 
sulfate by dissolving a weighed portion in dilute sulfuric acid (5 +95), 
titrating with permanganate to the usual end point, and then boiling vigor¬ 
ously to expel dissolved oxygen and the slight excess of permanganate. 
The solution is then cooled, treated with 10 ml of a 10 per cent solution 
of ammonium thiocyanate, and titrated with the titanium solution to a 
complete loss of color.*^® 

In determinations of iron, titration should be made at room temperature 
in solutions having a volume of 100 to 500 ml and containing approxi¬ 
mately 10 per cent by volume of cither sulfuric or hydrochloric acid, 10 to 
25 ml of a 10 per cent solution of amonium thiocyanate, and none of the 
interfering substances. 

After the titration is finished, the thiocyanate can be precipitated by an 
excess of silver nitrate,®® the reduced iron titrated in the presence of the 
silver thiocyanate with pcrnianganatc as in IV, B (p. 395), and the results 
corrected by a run on the reagents alone after oxidation of the titan ous 
solution with bismuth trioxide and filtration to remove the excess.'*^ 

D. COLORIMETRICALLY 

A widely used method for the colorimetric determination of iron is 
that based on the formation of the red-colored compound, ferric thio¬ 
cyanate. The simple procedure of adding thiocyanate to an acid solution 
of a ferric salt is not an ideal one, for the intensity of the color is by 
no means proportional to the concentration,^* the color tends to fade,^® 
and the reaction which yields the colored compound is influenced by a 
number of factors, such as the hydrogen ion concentration and the presence 

39 For an apparatus in which carbon dioxide is supplied from a cylinder, and purified 
by being passed through an acidified solution of chromous sulfate, consult H. W. 
Stone and C Beeson, 8, 188 (1936). 

*oFor the standardization of a solution of titanous chloride against potassium ferri- 
or ferrocyanide, see G. F. Smith and C. A. Getz, ibid.^ 6, 252 (1934). 

« H. D. Newton, Am, J, ScL, [4] 25, 343 (1908). 
^2 See E. Kahane, Bull, soc, chim,y 41, [4] T, 1403 (1927). 
^3 C. A. Peters, M. M. MacMasters, and C. L. French [Ind. Eng, Chem, Anal, Ed,y 

11, 502 (1939)] state that fading of the color, which is ascribed to the slow reduction 
of iron by thiocyanate, can be overcome by rendering the solution 0.001 to 0.0025 M 
with respect to hydrogen peroxide, 0.01 to 0.1 N with respect to hydrochloric acid, 
and 0.2 to 0.4 N with respect to sodium thiocyanate. 
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of substances that react with the ferric ion to yield more or less stable 

complex compounds having little or no color. In addition, numerous com¬ 

pounds interfere through their own color. 

Among substances that arc claimed to produce disturbing effects may 

be mentioned silver, copper, bismuth, platinum, nickel, cobalt, titanium, 

fluorides, phosphates, arsenates, molybdates, and, to a lesser degree, sulfates. 

Certain disturbing factors disappear if the thiocyanate reagent contains 

mercuric thiocyanate or the colored compound is extracted with ether or 

amyl alcohol. More satisfactory results are obtained in hydrochloric acid- 

ferric chloride than in sulfuric acid-ferric sulfate solutions. 

If the amount of iron is very small, colorimetric determinations must be 

preceded by a concentration treatment, as well as by the removal of the 

substances that interfere.^^ 

According to H. W. Winsor,^® 2-methoxyethanol (Methyl Cellosolve) 

is a superior medium in which to develop and compare the ferric thio¬ 

cyanate color because (1) it has a low dielectric constant, (2) with ammo¬ 

nium thiocyanate it forms a clear colorless reagent that conforms to Beer’s 

law, (3) the color is 85 per cent more intense than that developed in water, 

and (4) the color undergoes no appreciable change upon standing for sev¬ 

eral weeks. 

PROCEDURE. Prepare 2 ml of a 2.5 N hydrochloric acid solution contain¬ 
ing approximately 0.02 mg of iron as ferric chloride per milliliter. If the 

valency of iron is in doubt, add 30 to 50 mg of ammonium persulfate; or add 

2 drops of 0.1 N solution of potassium permanganate, and let stand until the 

permanganate color disappears. Add four volumes of reagent to one of 

the iron solution. Compare with standards treated in the same way. 

Among other methods for the colorimetric determination of iron that 

should be mentioned are those based on (1) the yellow-colored solution 

which ferric chloride yields when dissolved in constant-boiling hydro- 

^^For an exact procedure for the determination of minute amounts of iron which 
is based on a preliminary separation and concentration of iron, followed by solution 
in thiocyanic acid and extraction of the ferric thiocyanate by amyl alcohol and ether, 
consult H. N. Stokes and J. R. Cain, NBS Set, Paper 53, /. Am, Chem. Soc.y 29, 409, 
443 (1907). 

^^Ind, Eng, Chem, Anal, Ed,, 9, 453 (1937). J. T. Woods and M. G. Mellon [ibid,, 
13, 551 (1941)] state that the same end can be served by adding 60 per cent (by vol¬ 
ume) of acetone. 

Prepared as follows: Transfer 10 g of NH4CNS to a 250-ml glass-stoppered flask, 
fill with 2-methoxy ethanol, and shake until the salt has dissolved. Let stand in the dark 
for 24 hours before using. This should destroy any pink color caused by traces of 
iron in the reagent. If the color cannot be destroyed in this way the solvent must be 
distilled at approximately 125® C in an all-glass distillation apparatus. The prepared 
reagent should be stored in the dark, as it is subject to a photochemical change which 
gives rise to a yellow-colored compound. 
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TABLE 18 

The Determination of Iron in Glass Sand 

Percentage of Fe203 Found by 

Cooperating Analysts 

First Final H. B. 

Methods * * * § Analysis Analysis Knowles 

Potentiometric f 0.068 0.070 0.0714 

0.073 0.072 0.0726 

0.083 0.0726 

0.095 0.073 

0.097 

Gravimetric t 0.076 0.076 0.0720 

0.100 0.0724 

0.0724 

0.0724 

0.0728 

Colorimetric § 0.06 0.067 0.068 

0.065 0.068 0.069 

0.067 0.070 

Reduction by hydrogen sulfide || 0.066 0.077 0.0769 

0.097 0.079 0.0785 

0.077 0.080 

Reduction by sulfur dioxide If 0.0745 

0.0749 

* In all methods, the sand was completely broken up by HF“H2S04 and fusion of insoluble 

residue. 

t Reduction by SnCb and potentiometric titration with KMn04. 

t Precipitation in (NH4)2S-(NH4)2C4H406 solution, decomposition of FeS, and precipitation 

by NH4OH. 

§ Precipitation by NH4OH, solution in HCl and treatment with KCNS. 

II Reduction by H2S in H2SO4 solution, and titration with KMn04 after expulsion of H2S by 

CO2. 

^ Like preceding except for reduction by S02‘ 

chloric acid,^^ (2) the intense red color of the complex ion which bivalent 

iron forms with (?~phenanthroline/® (3) the amethyst-colorcd complex 

formed by the addition of salicylic acid to ferric ions in acetic acid solu- 

J. C. Hostettcr, /. Am. Chem. Soc., 41, 1531 (1919). 
48This is best suited for small amounts of iron (0.001 to 0.05 mg), and the ferric 

iron which is normally obtained in preparing the solution must be reduced to the 
ferrous state, preferably with hydroxylamine hydrochloride before treating with O- 
phenanthroline. Sec L. G. Say well and B. B. Cunningham, Ind Eng. Chem, Anal, Ed., 
9, 67 (1937); F. C. Hummel and H. H. Willard, ibid.,, 10, 13 (1938); and W. B. Fortune 
and M. G. Mellon, ibid.^ 60; who present a spcctrophotometric study of the reaction. 
For an extension of the method to the determination of iron in iron ores, consult J. P. 
Mehlig and H. R. Hulett, ibid.^ 14, 869 (1942). 
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tion/‘* (4) the reddish-purple color which is produced by reaction between 

mercaptoacetic acid and bivalent iron in alkaline solution {pH 10),(5) 

the blue-green compound formed by 7-iodo-8-hydroxyquinoline-5-sulfonic 

acid (“ferron’’) with trivalent iron in a solution acid to methyl orange,"^’ 

(6) the red-orange color produced when ferric ion is treated with sali- 

cylaldoxime at pH 7,°“ and (7) the reddish-purple color produced when 

ferrous ion (<1 mg) is treated with 2,2'-bipyridyl.'’‘^ Comparative data 

for most of the reagents that have been mentioned are given by Woods 

and Mellon.^® 

The difficulties that attend an accurate determination of a small amount 

of iron in material such as sand, and the performance of various methods 

of analysis, are illustrated by the data given in Table 18 which were ob¬ 

tained in analyses made by H. B. Knowles and by representative analysts 

in the glass industry 

For its use in a spectrophotomctric method, consult J. P. Mehlig, ibid.y 9, 162 (1937). 
"’^This serves as the basis for the determination of iron, in the presence of anions 

such as fluorides, phosphates and tartrates [H. W. Swank and M. G. Mellon, ibid., 
10, 7 (1938)]. 

H. Yoe, /. Am. Chem. Soc.y 54, 4139 (1932); N. A. Clark and D. H. Sieling, 
Ind. Eng. Chem. Anal. Ed., 8, 256 (1936). The reputed sensitivity is 1 part of iron per 
ten million parts of solution. The color is stable to light, but destroyed by strong 
acids or bases. Salts that h)xlrolyze readily or yield colored ions are objectionable 
unless present in low concentrations. 

52 D. E. Howe and M. G. Mellon, ibid., 12, 448 (1940). The range of concentration 
is from 0.05 to 10 parts of iron per million, and interfering substances are easily removed. 

58 M. L. Moss and M. G. Mellon, ibid., 14, 862 (1942). 
54 G. E. F. Lundell and H. B. Knowles, /. Am. Ceram. Soc., 11, 119 (1928). 



Chapter 22 

NICKEL 

Nickel is closely allied to cobalt and is found native, alloyed with iron, 

in meteorites and in the terrestrial minerals awaruite and josephinite. It 
is frequently detected in igneous rocks, probably as a constituent of olivine, 

and occurs primarily in silicates, sulfides, arsenides, antimonides, and as tellu- 

ridc, and secondarily in several other minerals, including the commercial 
phosphates, in which last it is often accompanied by zinc, copper, and chro¬ 

mium.^ The presence of nickel is especially characteristic of magnesian 

igneous rocks, and it is generally associated in them with chromium. It is 

apparent that careful tests for nickel are desirable in the analysis of rocks 

and minerals. The frequent need for its determination in all kinds of 

metallurgical material is too well known to need comment. 

I. GENERAL CONSIDERATIONS 

Practically all of the nickel escapes precipitation in an ordinary analysis 

if but moderate amounts are originally present and double precipitations 

are made throughout. No nickel should be found in the ammonia precipi¬ 

tate, no more than traces with the calcium oxalate, and very little of the 

total amount present, with magnesium in the phosphate precipitate.^ 

When but little nickel is present, it is separated by precipitation with 

ammonium sulfide (p. 64), after the precipitation of iron, aluminum, etc., 

by ammonium hydroxide. If large amounts are present, the basic acetate 

method is ordinarily used and the nickel then separated as the sulfide before 

the precipitation of the alkaline earths. 

II. ATTACK OF NICKEL MINERALS 

In general, minerals in which nickel occurs can be brought into solution 

by attack with acids, followed if need be by fusion of the insoluble residue 

1 Consult in particular A. Grammont, BzdL sac. chvm. Trance^ 35, 405, 1351 (1924). 
2H. F. Harwood and L. S. Theobald \Am\yn^ 58, 673 (1933)] point out that, under 

the conditions that obtain in the analysis of rocks, more or less nickel is caught in the 
ammonia precipitate, and that none will be found with the magnesium if an excess of 
oxalate is present. 

404 
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with sodium carbonate or potassium pyrosulfate. A common attack is as 

follows; Transfer 0.5 to 1 g of the powdered mineral to a casserole, cover, 

and add 40 ml of nitric acid. Let stand a few minutes, boil until red fumes 

no longer come off, and then cautiously add a few crystals of potassium 

chlorate from time to time. When decomposition is deemed complete and 

the solution is quiet, wash and remove the cover, and evaporate the solution 

to dryness. Add hydrochloric acid, again evaporate to dryness, and drench 

with the same acid. Dilute, filter, and wash the residue. Ignite, fuse with 

sodium carbonate or potassium pyrosulfate, dissolve the melt in acid, and 

add the solution to the original filtrate.® 

III. METHODS OF SEPARATION 

The outstanding method for the separation of nickel from other elements 

lies in its precipitation by dimethylglyoximc, (CH3)2C2(NOH)2. The use 

of this reagent was originally proposed by Tschugaeff,^ and the precipita¬ 

tion is usually carried out by adding the reagent to a nearly boiling, weakly 

acid solution and then making it slightly ammoniacal. Tartaric or citric 

acid is added before the solution is made ammoniacal if it contains elements 

such as iron and aluminum that are precipitable by ammonium hydroxide. 

When much cobalt is present, more complete precipitation and a purer 

precipitate are obtained by adding an excess of sodium acetate instead of 

ammonium hydroxide to the weakly acid solution, thereby substituting 

weakly ionized acetic acid, in which the precipitate is insoluble, for free 

mineral acid.® The same procedure leads to a purer precipitate when 

considerable amounts of zinc or manganese are present. Very few sub¬ 

stances interfere in the glyoximc separation, the notable exception being 

palladium, which is precipitated in either weakly acid or weakly ammoniacal 

solutions. Platinum and gold both tend to contaminate the precipitate, as 

does bivalent iron in ammoniacal solution. Small amounts of copper, 

molybdenum, and arsenic such as are found in plain carbon steels cause 

*For a study of the solution rates of nickel in aqua regia and in solutions of “modified 
aqua regia,see C. F. Bonilla, Ind. Eng, Chem, Anal, Ed,y 4, 128 (1932). Of these, a 
mixture of 3 parts of hydrochloric acid to 40 parts of nitric acid gave best results. 

*L. Tschugaeff, Z. anorg, Chem,, 46, 144 (1905); Ber,, 38, 2520 (1905). 
5 Quite satisfactory precipitations in the presence of considerable cobalt can also be 

had if cobalt is oxidized to the trivalent state before the glyoximc is added. This can 
be done by adding hydrogen peroxide or ammonium persulfate to the ammoniacal solu¬ 
tion and then boiling to destroy the excess of the reagent and to volatilize most of the 
ammonium hydroxide. Still another procedure consists in adding an excess of potassium 
cyanide to the ammoniacal solution, oxidizing with hydrogen peroxide, adding solid 
dimethylglyoximc, and then treating with formaldehyde [Fritz Feigl and H. J. Kapulitzas, 
Z. anal. Chem,, 82, 417 (1930)]. 
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no trouble. When much copper is present, it must be removed, as should 
most of the other members of the hydrogen sulfide group.® 

Precipitation by a-benzildioxime (CoH5)2C2(NOH)2 is equally satis¬ 

factory as regards completeness of precipitation and presumably also of 

separation, a-furildioxime, (C4H30)2C2(N0H)2, can be used in aqueous 

solution, and is claimed to be more sensitive to nickel in very low concen¬ 

trations than the other oximes.^ 

Small amounts of nickel can be separated from much cobalt by pouring 

a cold feebly acid solution containing approximately 1 g of cobalt into 

200 ml of a cold solution containing 5 g of ammonium chloride, 5 g of 

ammonium phosphate, and 25 to 30 ml of ammonium hydroxide. The 

solution is then stirred, heated to boiling, and treated with more ammonium 

hydroxide if an amorphous precipitate is formed. It is then boiled for 1 to 

2 minutes, set aside on the water bath for 15 minutes, and filtered on loose- 

textured paper, and the precipitate washed with cold water. For the 

determination of nickel, the filtrate is made slightly acid with acetic acid 

and precipitated with dimethylglyoxime as usual.® 

Other methods for the separation of nickel suffer in comparison with the 

foregoing and are really group separations which at best leave nickel still 

associated with cobalt, from which it must then be freed by the dimethyl¬ 

glyoxime method or by precipitation of the cobalt by the nitrite method 

(p. 419), or the nitroso-/?-naphthol method (p. 421). The group separations 

for the most part follow conventional lines as for example (1) the separa¬ 

tion of the members of the hydrogen sulfide group by precipitation with 

that gas in acid solution (p. 60);® (2) the separation of elements such as 

iron, aluminum, and titanium, by adjustment of the hydrogen ion concen¬ 

tration as in careful precipitations with ammonium hydroxide (p. 504), 

acetate (p. 79), succinate (p. 82), zinc oxide (p. 83), or barium carbo¬ 

nate (p. 82); and (3) the separation of nickel from the alkalies, magnesium, 

and the alkaline earths by precipitation with colorless ammonium sulfide in 

the presence of ammonium chloride (p. 64).^® The separation of iron, 

® J. Ranedo [Anales soc, espan, fts, y qutm,y 32, 611 (1934); ibid.y 33, 951 (1935)] 
states that interference by copper can be avoided by adding sodium hyposulfite, 
Na2S204, before the addition of the oxime. 

7B. A. Soule, /. Am. Chem. Soc.y 47, 981 (1925). 
® W. R. Schoeller, Analyst, 69, 8 (1944). 
® Quadrivalent tin, however, tends to carry down nickel. 

E. A. Ostroumov and G, S. Maslenikova lind, Eng. Chem. Anal. Ed,, 10, 692 
(1938)] recommend precipitation with hydrogen sulfide in a hot solution containing 
pyridine and the pyridine salt of hydrochloric acid, because the sulfides so obtained 
are coarsely crystalline; good separations from manganese, calcium, and magnesium are 
had; and pyridine does not interfere in subsequent precipitations of calcium as oxalate 
or magnesium as phosphate. 
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etc., by careful precipitation with ammonium hydroxide is entirely satis¬ 
factory when moderate quantities are involved, say, 0.1 g of R2O3 and a 
like amount of nickel; with larger amounts, the acetate, succinate, or 
barium carbonate methods are preferable. An excess of ammonium cyanide 
helps to keep nickel in solution and may be used if other conditions permit. 
None of the foregoing procedures separates nickel from zinc, or cobalt. 

The separation of zinc from nickel is best accomplished by its precipi¬ 
tation by hydrogen sulfide in 0.01 N sulfuric acid solution (p. 429), or in 
formic acid solution (p. 429). The precipitation must be repeated when 

the amount of cither element exceeds 0.1 g. 

For the separation of nickel (and cobalt) from manganese, deposition by 

electrolysis in an ammoniacal ammonium sulfate solution containing sodium 

sulfite (p. 412) is best when the amount of manganese does not exceed 0.01 

g; with larger amounts, the precipitation of manganese by Ford’s method 

(p. 440) is more satisfactory. The separation of cobalt and nickel from 

manganese by precipitation with hydrogen sulfide in a hot acetic acid- 

ammonium acetate solution is not entirely satisfactory as the precipitation 

is rarely complete and recoveries arc necessary in accurate analyses.^- 

Nickcl (but not cobalt except in small amounts associated with large 

.amounts of nickel) can be quantitatively separated from quinquevalent 

arsenic in ammoniacal solution by means of the electric current.^® 

An interesting separation which deserves wider attention is that based 

on precipitation in a boiling solution of alkali hydroxide, free from ammo¬ 

nium hydroxide and containing either alkali persulfate, peroxide, hypo- 

bromite, or hypochlorite. Better separation is obtained by nearly neutraliz¬ 

ing the solution with sodium hydroxide and then pouring slowly and with 

stirring into an excess of hot alkaline solution containing alkali (not ammo¬ 

nium) persulfate; when chromium is present, it is preferable to oxidize it 

with persulfate in acid solution before it is neutralized, and, when ura- 

G. E. F. Lundell and H. B. Knowles, /. Am, Chem, Soc,^ 45, 676 (1923). Accord¬ 
ing to H. Brcarley {The Chemical Analysis of Steel-Works Materials^ by F. Ibborson, 
p. 3, 1920 cd., Longmans, Green & Co.), a perfect separation of 1 decigram of nickel 
from as much as 1 g of ferric iron is possible if a cool feebly acid solution of iron and 
nickel is treated with a little more potassium cyanide than is required to form the com¬ 
pound K2Ni(CN)4, poured slowly and with constant stirring into an excess of am¬ 
monium hydroxide, and then filtered. If the nickel is to be determined by electrolysis 
or by precipitation with dimethylglyoximc, the cyanide must be expelled by acidifying 
the filtrate and boiling under a good hood, 

12 According to M. M. Haring and M. Leatherman [/. Am, Chem, Soc,, 52, 5135 
(1930)] and M. M. Haring and B. B. Westfall [ibid., 5141], the optimum pH values for 
precipitations of cobalt and nickel sulfides are 3.93 and 4.4, respectively. These are 
made in hot solutions which arc properly buffered with acetic acid and ammonium 
acetate. 

18 N. H. Furman, ibid,, 42, 1793 (1920). 
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nium is present, to use both peroxide and carbonate (p. 85). A second 

precipitation is desirable if the precipitate is large or if high accuracy is 

desired. A dense precipitate of nickelic hydroxide which filters readily 

is obtained, as well as complete separation of nickel from such elements as 

chromium, vanadium, phosphorus, uranium, and probably zinc.^^ 

Still other separations that should be mentioned arc the separation of 

large amounts of iron from small amounts of nickel by extraction with 

ether in cool dilute hydrochloric acid solution (p. 134), and of small 

amounts of iron, titanium, zirconium, and vanadium from nickel by pre¬ 

cipitation with cupfcrron in a solution containing 10 per cent by volume 

of sulfuric acid (p. 116). 

IV. METHODS OF DETERMINATION 

A. DIMETHYLGLYOXIME METHOD 

Precipitation of nickel by dimethylglyoxime was first applied to qualita¬ 

tive analysis by K. Kraut and to quantitative analysis by O. Brunck.^® 

The precipitate is scarlet red in color and is so voluminous that only 0.02 

to 0.1 g of nickel can be comfoitably handled in an analysis. It is insoluble 

in dilute ammonium hydroxide, in solutions of ammonium salts, in excess 

of the reagent, and in dilute solutions of acetic acid containing sodium 

acetate. It is soluble in free mineral acid (even as much as is liberated by 

reaction in neutral solution), in cyanide solution, in alcoholic solutions con¬ 

taining more than 50 per cent of alcohol by volume, and in concentrated 

ammoniacal solutions of cobalt. Excessive amounts of ammonium hydrox¬ 

ide, ammonium salts, cobalt, or copper retard the precipitation. 

Palladium and gold are partially precipitated in weakly ammoniacal solu¬ 

tion. In weakly acid solution palladium is quantitatively precipitated, and 

gold partially. As a general proposition, it is better to eliminate members of 

the hydrogen sulfide group before the precipitation with glyoxime, although 

moderate amounts of copper, arsenic, molybdenum, and probably several 

others of the group do not interfere. It should be remembered that any 

iron w ill be in the bivalent condition after hydrogen sulfide has been used 

and must be oxidized, for bivalent iron reacts with glyoxime to give a red- 

Neither bivalent nor trivalent nickel can be quantitatively separated from aluminum 
by precipitation with sodium hydroxide. However, this separation is improved when 
iron is present. For example, with solutions containing 200 mg of iron, 40 mg of 
aluminum and 40 mg of nickel, less than 0.5 mg of aluminum is retained in the sodium 
hydroxide precipitate [cf. H. A. Bright and R. M. Fowler, /. Research NBS, 10, 330 
(1933)]. 

angew, Cbem,, 19, 1793 (1906). 
20, 834, 1844 (1907). 
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colored compound in ammoniacal solution and leads to high results if much 
of it is present. Silicon and tungsten in amounts up to a few milligrams do 
not interfere. In greater amount they must be removed by the usual 
procedures. 

The precipitation is usually made by adding the precipitant to a hot 
feebly acid solution of the nickel salt and then rendering the solution faintly 
ammoniacal. This procedure yields a more easily filteral)le precipitate than 
direct precipitation from cold or from ammoniacal solutions. The am¬ 
monium hydroxide must be free from carbonate, and the solution must con¬ 
tain ammonium salts if zinc, manganese, magnesium, and the alkaline earths 
are present, and tartaric acid if iron and the like are present. Dimethyl- 
glyoxime is almost insoluble in water and is added as a 1 per cent solution 
in either alcohol or strong ammonium hydroxide (13 -f- 7). Only a slight 

excess over the theoretical 4 parts of glyoxime to 1 part of nickel is re¬ 

quired; a larger excess does no harm, provided no more than 50 per cent 

by volume of alcohol is introduced by its addition or no glyoxime sep¬ 

arates through dilution of the solvent. When precipitations are made in 

ammoniacal solutions containing appreciable amounts of cobalt, copper, or 

zinc, extra reagent must be added, for they consume glyoxime to form 

.various soluble compounds. In such cases extra time must also be allowed 

for the precipitation; as much as 2 days is required for very small amounts 

of nickel in col)aIt salts. Satisfactory results are obtained in the presence of 

considerable amounts of cobalt, manganese, or zinc, and in the absence of 

trivalent iron, aluminum, and the like, by rendering the solution but slightly 

acid, heating to boiling, and adding the reagent and finally a solution of 

sodium acetate until a precipitate is formed and then in 1 to 2 g excess. 

This precipitation can be done in the presence of iron by reducing it to 

the bivalent state and keeping it reduced during the precipitation; a better 

plan, however, is to separate the iron by the basic acetate process (p. 79), 

and then to separate the nickel from the cobalt by heating the solution to 

boiling and adding glyoxime and more acetate if necessary.^^ 

a. Procedure in the Absence of Considerable Cobalt^ Manganese^ or T^inc, 

Prepare a solution containing not more than 0.03 g of nickel which has 

been freed from the members of the hydrogen sulfide group unless it is 

G. Balz [Z. anorg, u, allgem, chem,, 231, 15 (1937)1 states that, in solutions con¬ 
taining iron, nickel, and moderate amounts of cobalt, precipitation is complete and the 
precipitate is pure if operations are performed in the following sequences: treatment 
of the acid solution with sulfurous acid or sodium sulfite, addition of tartaric acid, 
neutralization of most of the acid by ammonium hydroxide, boiling, addition of 
dimethylglyoxime, and precipitation of the nickel by adding either ammonium acetate 
or ammonium hydroxide. If copper accompanies iron, cobalt, and nickel, precipitation 
must be made in acetate-acetic acid solution; in the absence of cobalt, precipitation can 
also be made in ammoniacal solution, and sulfite is not needed. 
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known that no contamination need be feared. Make sure that iron is in 

the trivalent condition and that no excess of oxidizing agents is present. 

Add acid, if need be, to provide sufficient ammonium salts when the solu¬ 

tion is made ammoniacal, and also a filtered solution of tartaric acid if ele¬ 
ments that are precipitable by ammonium hydroxide are present. Dilute the 

solution to 200 ml, heat nearly to boiling, and add ammonium hydroxide in 

slight excess. If a precipitate appears, acidify the solution, add more tar¬ 
taric acid, and again add ammonium hydroxide. The solution must remain 

clear at this point before the next step is taken. Add hydrochloric acid 
until the solution is very slightly acid, heat to 60 to 80° C, and then add at 
least 5 ml of a 1 per cent alcoholic or ammoniacal solution of dimcthylgly- 

oxime for every 0.01 g of nickel present. Stir, and immediately add dilute 

ammonium hydroxide dropwise, directly to the solution and not down the 
beaker wall, until precipitation takes place and then in slight excess. Digest 

on the steam bath for 1 hour, or longer if but little nickel is present or 

cobalt or copper is preponderant. 

Cool to room temperature, let stand for 1 hour (overnight or longer with 

very small precipitates), and filter, preferably through a tared Gooch or 

Munroe crucible. Fritted-glass or other porous crucibles may also be used. 
Test the filtrate for completeness of precipitation, and wash the precipitate 

with cool water.^® Dry at 110 to 120° C for 45 minutes. Cool, and weigh 

as NiC8ni404N4 which contains 20.3 U per cent of nickel.^^ 

With large precipitates, or in work of high accuracy, drying had better 

be done at 150° C to constant weight to volatilize any reagent that may 

have been carried down by the precipitate. The precipitate sublimes at 
approximately 250° C, and consequently any attempt at ignition to NiO, 
if filtration has been done on paper, must be carried out with great care. 

Although ignition of the precipitate is not recommended, it can be done 

by wrapping the wet paper and precipitate in another filter paper, heating 

carefully without inflaming until the paper is charred, then gradually in¬ 

creasing the heat until carbon is burned, and finally heating at redness. 

b. Procedure in the Presence of Considerable Cobalt, Manganese, or 7Jnc, 

When considerable cobalt, manganese, or zinc is present, the precipitation 

18 The precipitate is appreciably soluble in the hot mother solution and in hot wash 
water [P. Nuka, 2. anaL Chem., 91, 29 (1932-33); W. J. Boyer, Ind, Eng. Chem. Anal. 
Ed,, 10, 175 (1938)]. Precipitates obtained in solutions containing high concentrations 
of soluble salts had better be dissolved in dilute hydrochloric acid and the nickel re- 
precipitated by dimethylglyoxime. 

18 Nickel dimethylglyoxime is not hygroscopic. Results that can be expected in solu¬ 
tions of pure nickel are illustrated by the values 0.09083, 0.09162, and 0.09207 in three 
successive determinations involving 0.0910, 0.0916, and 0.0921 g of nickel respectively 
and showing only a faint color when recoveries were attempted in the evaporated 
filtrates. 
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of nickel is more satisfactory when made in a solution containing acetic 

acid and sodium acetate. 

Prepare a solution containing not more than 0.1 g of total metals per 

100 ml which is free from the hydrogen sulfide group, unless it is known 

that no contamination need be feared, and from elements that are precipi¬ 

tated in the basic acetate method. If both hydrogen sulfide and basic acetate 

separations are necessary, iron must be oxidized before the latter is at¬ 

tempted. If a basic acetate separation has been made, heat the filtrate to 

boiling, adjust the solution so that it contains no more than 2 ml of 50 per 

cent acetic acid and approximately 5 g of sodium acetate, and add an ex¬ 

cess of dimethylglyoxime reagent over what is needed by both nickel and 

cobalt if the latter is present. If the basic acetate separation has not been 

made, adjust the acidity by evaporating to small volume and diluting, or by 

neutralizing so that no more than 1 ml of hydrochloric or sulfuric acid 

is present in excess in a volume of 200 ml. Free nitric acid is not desirable 

as it attacks the reagent. Heat the solution to boiling, and add the glyox- 

inie reagent. Stir, and add a strong solution of sodium acetate, directly to 

the solution and not down the beaker wall, until the precipitate appears. 

Finally add about 2 g of acetate in excess, allow to digest for at least one- 

half hour, cool, filter, wash, and dry as in a. 

Quite satisfactory though possibly less accurate determinations of nickel 

in the presence of considerable cobalt can be had by oxidizing the cobalt 

by means of hydrogen peroxide, ammonium persulfate, or other suitable 

oxidizing agents in ammoniacal solutions containing ammonium salts; boil¬ 

ing to destroy the excess of oxidizing agent and most of the ammonium hy¬ 

droxide; and then precipitating with glyoxime. 

The substitution of a-benzildioxime for dimethylglyoxime was advocated 

by Atack on the grounds that it is a more sensitive reagent for the detec¬ 

tion of nickel and that the precipitation is more rapid. According to Atack, 

satisfactory results can be obtained in the presence of iron, manganese, zinc, 

magnesium, and chromium. The precipitation is best made by the addition 

of a 0.02 per cent solution of the reagent in alcohol containing a little am¬ 

monium hydroxide to the ammoniacal solution containing nickel. Precipi¬ 

tation from an acetic acid solution is not so satisfactory because of the tend¬ 

ency of the a-glyoxime to change into the ^ variety, and care must be used 

in all cases lest the rather insoluble precipitant be added in too great an 

excess and separate from the solution. 

20 F. W. Atack, Chem. Itg., 37, 773 (1913); Analyst, 38, 316 (1913); 2. anal Chetn,, 

53, 620 (1914). 
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Kelley and Conant employed a-benzildioxime (diphenylglyoxime) as an 
indicator in the cyanide method for nickel.^^ The use of a-furildioxime 
has been recommended by Soule.^^ 

B. THE ELECTROLYTIC METHOD 

Nickel is not deposited by electrolysis from strongly acid solution. The 
deposition in weakly acid solution is incomplete and in quantitative analysis 
is of interest only in that it stresses the necessity of depositing copper in 
strongly acid solution if loss of nickel and contamination of copper are to 
be avoided. From ammoniacal solutions both nickel and cobalt are depos¬ 
ited easily and quantitatively if a few simple precautions are employed. 
The electrolysis is preferably done in a strongly ammoniacal solution con¬ 
taining nickel sulfate and an excess of ammonium sulfate. If cobalt is pres¬ 
ent, the deposition is aided by the addition of sodium acetate or, better, 
sodium sulfite, though the latter leads to some contamination of the deposit 
by sulfur.^® The electrolysis can be done in solutions containing chlorides 
instead of sulfates; nitrates should be absent, though one or two experi¬ 
menters have succeeded in obtaining deposits in their presence. Salts of po¬ 
tassium are without effect, as are also small amounts of manganese and 
chromium in the presence of sodium bisulfite.^"* Although small amounts 
of precipitated hydroxides, such as iron, are not occluded by the deposit 
to an appreciable extent, it is better to remove them by repeated precipita¬ 
tion with ammonium hydroxide if the amount is small, and by the basic 
acetate method if it is large. Elements such as silver, copper, arsenic, and 

zinc are also deposited, and consequently the hydrogen sulfide group and 
zinc are always removed. Vanadium and tungsten are undesirable; the 
former does not seem to interfere in the deposition of nickel or cobalt alone 
but does interfere when both are deposited together; the latter does not 
seem to interfere in the deposition of nickel but does interfere in the depo¬ 

sition of cobalt or of nickel and cobalt. Ferrous salts, chromates, tartrates, 

and molybdenum are very objectionable.^® The electrolysis should not be 

unduly prolonged, as there is a slight tendency toward solution of the 

anode, with subsequent deposition of platinum on the cathode. Completion 

of electrolysis can be judged by test with potassium thiocarbonate. The 

21G. L. Kelley and J. B. Conant, /. Ind, Eng, Chem,^ 8, 803 (1916). 
22B. A. Soule, /. Am, Chem, Soc,y 47, 981 (1925). 
22 Professor H. H. Willard, University of Michigan (private communication). 
2* It should be noted that, although sulfite prevents contamination of the deposit by 

manganese, it leads to contamination by sulfur. For example, a deposit obtained by 
electrolyzing a solution containing 0.3 g of nickel, 5 mg of manganese, and 2 g of 
sodium sulfite contained 2.2 mg of sulfur, but no manganese. In the absence of sulfite, 
0.74 mg of manganese was found in a deposit obtained from a solution containing 0.3 g 
of nickel and 2 mg of manganese. 

25 G. E. F. Lundell and J. I. Hoffman, /. Ind, Eng, Chem,, 13, 541 (1921). 
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deposition of nickel is seldom complete, and accurate analyses require re¬ 

coveries in the electrolyte. Single electrolyses in ammoniacal solutions con¬ 

taining ammonium sulfate normally yield deposits that weigh a few tenths 

of a milligram too much, in spite of the incomplete deposition of nickel.^® 

PROCEDURE. Remove the members of the hydrogen sulfide group, oxidize 

the solution, and separate iron and the like by repeated precipitations with 

ammonium hydroxide (p. 504) when their amount is small, and by the basic 

acetate method (p. 79) when it is large. Remove zinc, if present, by pre¬ 

cipitation with hydrogen sulfide in 0.01 N sulfuric or in formic acid solu¬ 

tion (p. 429). Add sufficient sulfuric acid to unite with the bases present 

and enough more to give ultimately a total of about 20 g of ammonium 

sulfate in solution. Evaporate to fumes of the acid, cool, dilute somewhat, 

neutralize with ammonium hydroxide, and add 35 ml in excess.^^ Dilute to 

150 to 200 ml, add 2 g of sodium bisulfite if cobalt is present and electrolyze 

for 6 to 8 hours, using gauze electrodes (see Copper, p. 247), and a current 

densityof 0.2 to 0.3 ampere per dm-. Without interrupting the current, 

wash the cathode with cold water as it is withdrawn from the solution and 

then with alcohol, dry for a few moments at 100® C, cool, and weigh.^®* 

The electrolyte, which usually contains 0.1 to 1 mg of nickel and cobalt 

‘(mainly cobalt), should be tested as follows: If manganese is present, first 

boil with an excess of ammonium persulfate, filter, and wash the precipitate 

of manganese. Treat the filtrate with hydrogen sulfide, allow to digest at 

the side of the steam bath for an hour, filter on a small filter, and wash with 

cold water containing a little ammonium chloride and clear ammonium 

sulfide. Ignite, and weigh as combined oxides of nickel and cobalt. The 

precipitate should not weigh over 1 to 2 mg at the most, and, with this 

amount, it is permissible to multiply the weight of the precipitate by 0.75 

and to add the product to the cathode weight. (The factors for metal in 

NiO, CoO, and C03O4 are 0.786, 0.787, and 0.734, respectively.) If the 

26 For example, in electrolyses of 0.30027-g portions of nickel at a current density of 
0.2 ampere per dm^, by W. Jukkola, at the National Bureau of Standards, the average 
weight of the deposits was 0.30032 and of the recoveries obtained by precipitation with 
dinicthylglyoxime in the electrolytes after evaporation to small volume was 0.00041, 
giving an apparent total value of 0.30073 as against the real value 0.30027 g. The platinum 
anodes showed an average loss of 0.23 mg in weight. Replating the nickel by substitut¬ 
ing a fresh electrolyte and reversing the polarity led to no marked improvement. 

27 R. M. Fowler (private communication) stated that an addition of 1 g of urea per 
100 ml of electrolyte leads to a more complete deposition of nickel. 

28 High current densities lead to comparatively large positive errors. 
28 Complete stripping of nickel from the platinum cathode is sometimes difficult, be¬ 

cause it tends to become “passive.” If nickel remains, any subsequent heating causes 
staining, which is difficult to remove. In our hands, complete solution of the nickel 
has always resulted when the electrode is immersed in boiling concentrated nitric acid. 
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weight of the oxides exceeds 2 mg, the electrolysis was not satisfactory, 
and any correction should be based on the weight of metal obtained after 

ignition in hydrogen (p. 373). 
If cobalt is present and sulfite has been used, dissolve the deposit and the 

oxides recovered from the electrolyte in concentrated nitric acid, dilute, 
cool, make up to exactly 100 ml volume, and take two 40-ml aliquot por¬ 
tions. Evaporate one portion with hydrochloric acid, and determine sulfur 
(p. 719). Evaporate the other portion with 1 to 2 ml of sulfuric acid, cool, 

dilute, and determine nickel as described in A, a or b. The weight of cobalt 
is of course found by deducting the weights of sulfur and nickel which are 

indicated.®® 

C. CYANIDE METHOD 

The cyanide method is not well suited for the occasional, accurate de¬ 
termination of nickel. It is, however, a valuable method for the routine de¬ 

termination of the element in metallurgical products and, under proper 
conditions, gives results of a considerable degree of accuracy. The method 
depends on the addition of a standard solution of cyanide to an ammoniacal 
solution of nickel until the double cyanide K2Ni(CN)4 has been formed as 
shown by the disappearance of silver iodide which is added to the solution 
as indicator. When iron or chromium is present, citric acid is added. 
The chief interfering elements, copper, cobalt, and zinc, usually occur in 
such small amounts that they are disregarded. When the situation is other¬ 
wise, or greater accuracy is desired, the nickel is separated by precipitation 

with dimethylglyoxime as on page 409, the precipitate dissolved in hot 
nitric acid, the glyoximc destroyed by boiling with persulfate or chlorate, 
and the nickel then titrated as usual. A certain amount of the cyanide 

solution is of course consumed by the silver iodide precipitate, and for this 

reason the amount of iodide solution must be measured accurately and the 

proper correction made. This difficulty, as well as the inconvenient end 

point can be avoided by the use of a-benzilglyoxime as an indicator.®^ 

30 For the separation of small amounts of nickel from most of as much as 1 g of 
cobalt, T. R. Cunningham and T. R. McNeill of the Electro Metallurgical Co. pro¬ 
ceeded as follows: Dissolve the cathode deposit in 10 ml of HNO3, evaporate the solu¬ 
tion to syrupy consistency, and take up in 10 ml of water. Add a slight excess of a 
solution of Na2C03, neutralize with acetic acid (50%), and add 10 ml in excess. Heat 
to boiling, and add 10 to 12 g of solid KNO2 in small portions and with constant and 
vigorous stirring. After 10 minutes, add 50 ml of hot water, and let the solution stand 
at 50 to 60° C with occasional stirring. Add paper pulp, filter, and wash with a cold 
solution containing 10 g of KNO2 and 2 ml of 50 per cent acetic acid per liter. Treat 
the filtrate and washings with 25 ml of HNO3, heat to boiling, add 5 g of KCIO3 in 
small portions, and boil for 10 minutes to decompose HNO2. Precipitate with glyoxime 
as usual, filter, dissolve the precipitate in 25 ml of boiling dilute HCl (1 -f 1), and repeat 
the precipitation. 
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PROCEDURE. If nickel alone is present in acid solution, add ammonium 

hydroxide in 1 to 5 ml excess, dilute to 250 ml, and add 10 ml each of po¬ 

tassium iodide (8 g per liter) and of silver nitrate (0.5 g per liter). Titrate 

with a standard solution of potassium cyanide (4,6 g per liter), rapidly so 

long as the turbidity increases and then more slowly until the turbidity has 

just disappeared. The titer of the cyanide solution is obtained by titration 

against known amounts of nickel, and the volume that is used in a titration 

must always be corrected for that consumed by the silver iodide. To de¬ 

termine this, add 10 ml each of the potassium iodide and silver nitrate solu¬ 

tions to a nickel solution which has been titrated and which has the volume 

at which the titration is usually made. Titrate with the cyanide solution, 

repeat the procedure, take the average of closely agreeing runs. 

Titration of nickel in steels containing little or no copper, cobalt, or 

tungsten can be done by dissolving 1 g of the steel in a mixture of nitric 

and hydrochloric acids and adding a little sulfuric acid to give a sharper 

end point, then 12 g of citric acid, and finally ammonium hydroxide in 

slight excess. More accurate determinations are had by precipitating the 

nickel as glyoxime, dissolving the precipitate, destroying the glyoxime, and 

then proceeding as above.^^ 

D. OTHER METHODS 

The only other gravimetric methods that need be considered here are 

the method calling for precipitation of nickel by means of potassium hy¬ 

droxide and bromine water followed by ignition to NiO and the method 

requiring precipitation of the sulfide and ignition to the oxide. The former 

is not accurate because of retention of alkali by the precipitate and its 

contamination by silicon, and is not attractive in view of the necessity for 

more or less laborious purification procedures. Precipitation of nickel as 

sulfide in acetic acid-sodium acetate solution is usually incomplete, whereas 

the precipitation of nickel in ammonium sulfide solution is difficult because 

of the tendency of the sulfide to go into solution. Both methods are sub¬ 

ject to many interfering elements. Metallic nickel obtained by igniting 

the oxide in hydrogen at 1000° C is pyrophoric.^^ 

Small amounts of nickel are conveniently determined by colorimetric 

methods as for example those based on the blue color of nickel-ammonium 

complex ion or on the soluble red complex formed by treating nickelic 

M. M. Haring and B. B. Westfall, /. Am. Chem. Soc., 52, 5141 (1930). 
82 G. H. Ayres and F. Smith, Ind. Eng. Chem. Anal. Ed.y 11, 365 (1939). Solutions 

containing 100 to 1500 ppm of nickel in 1.5 Af ammonium hydroxide remain practically 
unchanged in color for as long as 59 weeks when stored in glass-stoppered Pyrex bot¬ 
tles in diffuse light [J. P. Mehlig and R. E. Kitson, ibid., 15, 606 (1943)]. 
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ion in ammoniacal solution with dimethylglyoxime.®* The colorimetric de¬ 

termination of nickel in steel and magnesium alloys with a-furildioxime and 

extraction with 1,2-dichlorobcnzene is described by Gahler, Mitchell, and 

Mellon.®^ 

38 A. P. Rollet, Compu rend,, 183, 212 (1926). For a spectrophotometric study of the 
method, consult A. M. Mitchell and M. G. Mellon, Ind, Eng. Cbem. Anal. Ed,, 17, 
380 (1945). For the application of this method to the determination of nickel, see 
J. B. Culbertson and R. M. Fowler, Testing Stainless Steel, Steel, 122, no. 21, 108 (1948). 

84 A. R. Gahler, A. M. Mitchell, with M. G. Mellon, Anal. Chem., 23, 502 (1951). 
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COBALT 

Cobalt is less abundant in nature than nickel, with which it is generally 
associated. These elements are found in the olivine of periodite rocks, in 
sulfides such as pyrite and pyrrhotitc, in arsenides and in hornblende and 
biotite. Cobalt is found in some iron ores and is often present in manganese 
ores, a circumstance that is interesting because of its effect on the bismuthate 
method for manganese. The determination of cobalt is less called for than 
that of nickel in the analysis of both rocks and metallurgical materials. 

I. GENERAL CONSIDERATIONS 

Cobalt behaves quite like nickel in an ordinary analysis, and most of it 
escapes precipitation if but moderate amounts were originally present and 
double precipitations are made throughout. Unlike nickel, a little cobalt 
is caught in the ammonia precipitate; its retention by the oxalate and phos¬ 
phate precipitates is also a little greater, particularly by the latter. The 
small amount of cobalt present in rocks is usually separated, together with 
manganese, nickel, and zinc, by treating with ammonium sulfide (p. 881) 
before the precipitation of calcium. In extremely accurate work or when¬ 
ever large amounts of cobalt are present, the separation must be done before 
precipitation with ammonium hydroxide, or else precipitation by the basic 
acetate method must be used instead. 

II. ATTACK OF COBALT MINERALS 

As a general rule, cobalt minerals are broken up by preliminary attack 
with hydrochloric acid, followed by addition of nitric acid and, if need 
be, fusion of the insoluble residue with potassium pyrosulfate or sodium 
carbonate. With silver-bearing ores, attack with nitric and sulfuric acids 
is more satisfactory. In extreme cases, fusion with sodium peroxide (p. 
839) can be employed; this serves also if sulfur is to be determined, as does 
attack as described for pyrite or stibnite under Sulfur (p. 713). 

III. METHODS OF SEPARATION 

The group separations of cobalt from other elements follow, in the main, 
those already given for nickel, the separations being essentially the same 

417 
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with hydrogen sulfide/ aminonium sulfide, basic acetate, succinate, barium 
carbonate, zinc oxide,^ potassium hydroxide and bromine, ether-hydro¬ 

chloric acid, cupferron, and electrolysis. The outstanding exception in the 
group separations lies in the case of ammonium hydroxide, which cannot 
be used for the separation of elements such as iron and aluminum from 
cobalt as is the case with moderate amounts of nickel. The retention of 
cobalt by the ammonia precipitate is appreciable even though small amounts 
are involved and double precipitations arc madc.^ 

For the final separation of cobalt from metals such as nickel, zinc, and 
manganese, there is no reaction that compares with the dimcthylgh oxime 
separation for nickel. Precipitation by nitroso-^S-naphthol is rarely used 
as a separation. The method that is the most often employed is the con¬ 
verse of the cobaltinitrite method for potassium (p. 419): that is, precipi¬ 
tation of cobalt in acetic acid solution by the use of potassium nitrite. This 
method requires the preliminary removal of the hydrogen sulfide group 
and follows along the lines described in IV, B. 

Satisfactory separations of cobalt from iron, titanium, zirconium, and 
hafnium in rocks, minerals, and ores can be had by precipitating with the 
phosphate ion in acetic acid solutions in which the hydrogen ion concen¬ 
tration has been adjusted to approximately pH 3.5.^ 

1 Cobalt, however, is carried down with quadrivalent tin as a mixed sulfide, eveji 
in strong hydrochloric acid solution. It does not accompany bivalent tin. Special care 
must also be taken to prevent coprccipitation with zinc sulfide (see p. 426). The en¬ 
trainment of cobalt by stannic sulfide can be avoided by precipitating with hydrogen 
sulfide at 60® C in a 1 M solution of hydrochloric acid containing 0.5 ml of acrolein per 
100 ml [J. F. Flagg, J. Avi. Qhem. Soc,, 63, 3150 (1941)1. 

2 In the analysis of .steels, the sample is dissolved in dilute hydrochloric or sulfuric 
acids, the iron is oxidized by nitric acid, and most of the acids are removed by evapo¬ 
rating nearly to dryness. The solution is diluted, transferred to a 500-ml measuring 
flask, and further diluted to about 300 ml. The flask is then vigorously shaken as 5-ml 
portions of a freshly prepared suspension of finely divided zinc oxide (prepared by 
thoroughly shaking 50 g of the finely powdered reagent with 300 ml of water) arc 
added until the precipitate becomes lighter in color or the supernatant solution appears 
milky after the precipitate has settled somewhat. At this point, the solution is made 
up to volume and thoroughly mixed, and an aliquot portion taken by filtering through 
a dry paper, and with no washing of the precipitate. For the best separations, espe¬ 
cially with cobalt or large amounts of nickel, double precipitations are made, in which 
the solutions are not made up to volume, all of the solutions are filtered, and the filtrates 
are combined. If considerable chromium is present, it had better be removed by 
volatilizing from perchloric acid solution (p. 526) before being treated with zinc 
oxide. For further details see methods of separation in the chapter on Chromium 
(p. 526). 

8 For example, 0.0012 g of Co was still held by aluminum hydroxide after double 
precipitation by ammonium hydroxide as described under Aluminum (p. 504), in a 
solution originally containing 0.1 g of AI2O3 and 0.05 g of Co [G. E. F. Lundell and 
FI. B. Knowles, /. Am. Cbem, Soc., 45, 680 (1923)]. 

^ V. North and R. C. Wells, Ind. Eng. Chem. Anal. Ed., 14, 859 (1942). 
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According to H. H. Willard and Dorothy Hall,® cobalt can be separated 
from aluminum, chromium, vanadium, uranium, tungsten, molybdenum, 
arsenic, titanium, zinc, manganese, calcium and magnesium by precipitation 
with phenylthiohydantoic acid in slightly ammoniacal solution. Draw¬ 
backs to the method are the partial precipitation of iron and nickel and the 
odor of the reagent. 

IV. METHODS OF DETERMINATION 

A. ELECTROLYTIC METHOD 

The electrolytic method is by far the most satisfactory method for any¬ 
thing but small amounts of cobalt, in spite of the fact that it does not 
provide a separation from nickel and that cobalt is reported by difference 
after tlic analysis of the deposit for nickel and any other substances that 
it may contain, such as copper, silver, and sulfur. The last is invariably 
present as sulfide if sulfite was added to the electrolyte. Little, if any, is 
found if sulfate alone was used. 

The method follows along the lines given under Nickel (p. 413). 

According to Dorothy Hall Brophy,® 15 to 160 mg of cobalt can be 
deposited in 30 minutes by using a rapidly rotating anode (800 to 1000 
rpm), a gauze cathode, an electrolyte containing 50 ml of ammonium 

hydroxide, 5 g of ammonium chloride, 0.3 to 0.4 g of sodium bisulfite in 
80 to 100 ml, and a current density of CDioo 4 to 7 amperes. The bisulfite 
must be added to the alkaline solution, and more (0.4 g per 15 to 80 mg 
of cobalt) is needed for small than for large amounts (0.3 g per 100 to 

160 mg of cobalt). If the electrolyzed solution does not become colorless 

in 20 minutes, 10 to 20 mg more is added. The deposit may contain a 

little sulfur (not over 0.3 mg) and a little platinum (0.2 mg for a 30- and 

0.5 mg for a 60-minute electrolyzing period) derived from attack on the 

anode. 

B. POTASSIUM NITRITE METHOD 

The outstanding method for the actual separation of cobalt from 

nickel is based on the precipitation of cobalt as potassium cobaltinitrite, 

2K3Co(N02)6-3H20, by the addition of potassium nitrite in acetic acid 

solution. Free mineral acids and oxidizing agents must be absent, as should 

also the hydrogen sulfide group and, preferably, any considerable quantity 

of the elements precipitated by ammonium hydroxide; for this reason the 

method is usually employed in the filtrates concentrated from basic acetate 

separations. The precipitate is quite soluble in water or dilute mineral 

acids, but is reasonably insoluble in alcohol and in dilute solutions contain- 

5 /. Am, Chem, Soc,, 44, 2219 (1922). 
Eng, Chem, Anal, Ed,, 3, 363 (1931). 
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ing a little acetic acid and either potassium acetate or potassium nitrite. 
The precipitate is never weighed as such, nor is it titrated as in some modi¬ 
fications of the corresponding method for potassium. The method is best 
suited for the quantitative separation of a few milligrams of cobalt from 
nickel, and in this case the usual procedure is to dissolve the precipitate, 
rcprecipitate the cobalt as sulfide, and finally weigh it as the sulfate; with 
larger amounts of cobalt, the precipitate is dissolved in sulfuric acid and 
the solution made strongly amnioniacal and electrolyzed. 

a. Precipitation of Potasshnn Cobaltinitrite, Prepare an acid solution of 
cobalt, containing no ammonium salts, no members of the hydrogen sulfide 
group (unless those present arc known to be harmless), and preferably no 
elements that are precipitable in acetic acid-acetate solution (p. 79). If 
prior operations have introduced any considerable amount of foreign salts, 
separate the cobalt by precipitation with hydrogen sulfide in a hot solution 
containing acetic acid and sodium acetate or, better, when circumstances 
permit, by precipitation with potassium hydroxide and bromine in hot 
solution. Obtain the precipitate in hydrochloric acid solution, evaporate 
the solution to dryness, moisten the dry mass with 4 to 5 drops of hydro¬ 
chloric acid, and dissolve the salts in as little water as possible. Dissolve 
2 to 3 g of potassium nitrite (be sure that the salt contains at least 85% of 
KNO2) in as little dilute acetic acid solution (10% by volume) as possible, 
add the solution to that of the cobalt, and stir vigorously. Allow the 
solution (not exceeding 100 ml in volume) to stand for 24 hours, with 
occasional stirring. When clear, test a little of the liquid with more pre¬ 
cipitant. Filter on a small filter without making any attempt to transfer 
the precipitate completely, and wash the vessel, paper, and precipitate with 
a 5 per cent solution of potassium acetate or potassium nitrite which has 
been acidulated with 1 ml of acetic acid per liter. Avoid creeping of the 
precipitate. Dissolve the precipitate, and rcprecipitate if nickel was greatly 
preponderant. 

b. Final Determination as C0SO4 {for Small Amounts of Cobalt), After 
the preliminary washing of the precipitate with potassium acetate-acetic 
acid solution, transfer it to the paper, and continue the washing with 95 per 
cent alcohol until the precipitate and filter are free from the precipitant. 
Ignite the filter and precipitate in a porcelain crucible and at as low a 
temperature as possible so as to avoid fusion of the precipitate. Transfer 
the residue to a small beaker, digest it with hydrochloric acid and a few 
crystals of potassium chlorate, evaporate the solution to dryness, and dis¬ 
solve the residue in 3 to 5 drops of hydrochloric acid. Dilute with cold 
water, add about 1 g of sodium acetate, heat to boiling, and simmer gently 
for 1 hour in order to precipitate any iron or alumina that may be present. 
Filter through a small paper if these appear, and wash with a hot 2 per cent 
solution of ammonium chloride. Discard the precipitate, make the filtrate 
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ammoniacal, heat to boiling, and add a slight excess of colorless ammonium 
sulfide. Digest on the steam bath until the precipitate settles, filter, and 
wash with a cool 2 per cent solution of ammonium chloride containing a 
little colorless ammonium sulfide until alkali salts are removed. Dry the 
paper and precipitate very carefully in a tared platinum crucible, increase 
the heat so that the paper chars but docs not inflame, and finally cautiously 
burn off the carbon. Cool the crucible, add enough dilute hydrochloric 
acid (1 + 1) to dissolve the oxide, heat carefully until any slight excess has 
been expelled, and cool. Finally add enough sulfuric acid to convert the 
cobalt to sulfate and heat carefully until the excess of sulfuric acid has 
been expelled and finally for a few moments at incipient redness (approxi¬ 
mately 500° C). If the residue weighs more than 1 rng, moisten it with 
a drop or two of water, and again heat carefully as before in order to expel 
any free sulfuric acid. Cool in a desiccator, and weigh as C0SO4. 

c. Final Detennination of Cobalt by Electrolysis (When Cobalt Exceeds 
a Few Milligrams). Transfer the paper and precipitate to the precipitation 
vessel, add 20 ml of nitric acid, shake until the paper is broken up, and then 
add 5 ml of sulfuric acid. Heat until fumes of sulfuric acid are given off, 
cool, and then add more nitric acid, and repeat the heating if the organic 
matter has not been destroyed. Finally, cool, wash down the sides of the 
flask, and evaporate again until fumes of sulfuric acid appear and until it 
is certain that all of the nitric acid has been expelled. Cool, dilute, and 
proceed as directed in the electrolysis of nickel (p. 413). If sodium acid 
sulfite is added to insure more rapid deposition, the deposit will contain 
more or less sulfur as sulfide.^ 

C. a-NITROSO-^-NAPHTHOL METHOD 

The a-nitroso-j^-naphthol method for col)alt is on a par with the potas¬ 
sium nitrite method in that it requires the removal of elemenLs like iron, 
copper, and certain other members of the hydrogen sulfide group, and in 
that the precipitate cannot be weighed directly; the separation of small 
amounts of cobalt from large amounts of nickel is not so satisfactory in a 
single precipitation as in the nitrite method. In respect to the amount of 
cobalt that can be conveniently handled, 0.1 g, the method stands between 
the electrolytic and the nitrite methods. The method ® depends on the 
formation of cobaltinitroso-/3-naphthol, [CioHcO(NO)]3Co, by the addi¬ 
tion of a freshly prepared 50 per cent acetic acid solution of the reagent 
to a hot dilute hydrochloric acid solution of cobalt. The authors state that 

the precipitate is exceedingly stable towards acids, alkalies, and both oxidiz- 

7 For example, A. Isaacs at the National Bureau of Starldards found 0.5 mg of sulfur 
in a cobalt deposit weighing 0.9692 g and 0.7 mg in one weighing 0.2446 g. 

® M. Ilinsky and G. von Knorre, Ber,, 18, 699 (1885); G. von Knorre, Z. ang&w, Chem., 
264 (1893). 



422 COBALT 

ing and reducing agents. It is soluble in phenol or aniline, markedly soluble 
in strong alcohol, less so in dilute alcohol, and only very slightly soluble 
in dilute hydrochloric acid. Iron, copper, bismuth, silver, chromium, zir¬ 
conium, titanium, vanadium, tin, and nitric acid interfere, whereas alumi¬ 
num, beryllium, lead, cadmium, manganese, mercury, arsenic, antimony, 

zinc, calcium, magnesium, phosphates, arsenates, ammonium salts, cupfer- 
ron, and moderate amounts of nickel do not.*^ When nickel preponderates 
over cobalt or considerable of it is present, the precipitate should be ignited, 
dissolved in hydrochloric acid, and reprecipitated. The precipitate can be 
ignited and weighed as Co;{04 only when a few milligrams of cobalt are 
involved; with larger amounts, the uncertain composition of the oxide makes 
necessary a reduction to metal in hydrogen (p. 373), final electrolysis, or 
conversion to sulfate as in the nitrite method.^^^ 

PROCEDURE. Prepare a dilute hydrochloric acid solution of sulfates or 
chlorides containing not more than 0.1 g of cobalt and 0.2 g of nickel and 
none of the interfering elements that have been listed. Dilute the hydro¬ 
chloric acid solution to 200 ml, add enough hydrochloric acid to make a 
total of 10 ml, and heat to about 60° C. Add, slowly and with constant 
stirring, 1 % times as much reagent “ as is required by the cobalt, with a 
minimum of 10 ml in any case. Stir vigorously for 1 minute. Allow the 

S. Evans [Analyst^ 62, 363 (1937)] states that a reagent dissolved in syrupy phos¬ 
phoric acid does not precipitate trivalcnt iron, though it still precipitates cobalt, copper, 
and bivalent iron. The solution of the reagent, which should not be more than 2 or 
3 days old, is prepared by placing the a-nitroso-/3-naphrhol in a small beaker, adding 
syrupy phosphoric acid in the proportion of 50 ml to 3.5 g of the nitrosonaphthol, 
placing the mixture on a hot plate, stirring it with a thermometer until the tempera¬ 
ture reaches 60° C, and finally cooling. For details of the precipitation of cobalt, the 
original article must be consulted. 

C. Mayr and Fritz Fcigl [2. anal. Chem., 90, 15 (1932)] state tliat the precipitate 
can be dried at 130° C and weighed as the dihydrate, [CioHoO (NO) I3C0*21120, if 
(1) the cobalt is oxidized to the trivalent state before a-nitroso-jS-naphthol is added, 
(2) no more than 25 mg of cobalt is precipitated, and (3) precipitation is made in acetic 
acid solution. Oxidation of cobalt in a mineral acid solution free from ammonium 
salts can be had by treating the cool solution in turn with hydrogen peroxide (perhy- 
drol), sodium hydroxide until alkaline, and then acetic acid until acid. The method 
can be applied in the presence of aluminum, zinc, and moderate amounts of nickel. 

11 Prepared fresh as needed by dissolving 1 g of a-nitroso-/3-naphthol in 15 ml of 
glacial acetic acid. The quality of the reagent should be determined by the analyst; 
some lots contain an organic impurity which is carried down by the precipitate and 
is almost impossible to burn out, and others contain iron which is soluble in acetic acid 
and then precipitated in the hydrochloric acid solution. H. A. Fales [Inorganic Quan¬ 
titative Analysis^ footnote paragraph 230, Century Co. (1925)] stated that some reagents 
precipitate nickel. The precipitating power can be detennined as follows: Dissolve 1 g 
of reagent in 15 ml of glacial acetic acid, and add to it, slowly and with vigorous stir¬ 
ring, 300 ml of dilute hydrochloric acid (5 -f- 95) containing 0.25 g of cobalt as 
cliloride or sulfate. Digest, filter, wash, ignite, and weigh as described in the procedure. 
Theoretically, 1 g of reagent should precipitate 0.1 g of cobalt. 
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solution to cool to room temperature during the course of 1 hour, and filter 
through a moderately tight paper. Wash paper and precipitate thoroughly 
with at least 100 ml of warm dilute hydrochloric acid (1 + 19). If the solu¬ 
tion passing through the funnel stem is clear, any precipitate subsequently 

forming in the filtrate will be free from cobalt. 

Transfer the paper and precipitate to a w eighed 30-ml porcelain crucible 

of the deep type. Ignite gently at first and finally to constant weight at 

750 to 850° Weigh as Co;i04, of which 73.4 per cent is cobalt.^® 

In accurate w^ork in w4iich more than 0.01 g of cobalt is in question, the 

oxide should be reduced in hydrogen and the cobalt weighed as metal 

(p. 373). Alternatively, the precipitate can be converted to the sulfate 

and the determination completed as in B, b or c. If small amounts of 

cobalt (<0.6 mg) are in question, the precipitate can be dissolved in chloro¬ 

form and the amount determined photometrically.^^ 

D. COLORIMETRIC METHODS 

The nitroso-R-salt method is useful for the determination of micro¬ 

gram quantities of cobalt and depends on the red color formed by cobalt 

w ith the reagent in nearly neutral solution. Interference by elements such 

tis nickel and iron can be largely eliminated by boiling with a controlled 

addition of nitric acid after the cobalt complex is formed, and a few tenths 

of a milligram of cobalt can be determined in the presence of 10 to 12 mg 

of copper.^® 

According to E. S. Tomula,^^ satisfactory colorimetric determinations 

of 0.03 to 45 mg of cobalt can be had as follows: Treat 40 ml of a neutral 

’2 According to J. I. Hoffman [J. Research NBSy 7, 885 (1931)], the oxide C03O4 

tends to break up at temperatures above 900° C, and conversion to CoO is almost quan¬ 
titative at 1000° C. If the latter is heated at 750° C, the composition again approaches 
C03O4. In analyses of the highest accuracy, the oxide can be ignited at 900 to 1000° C 
in an atmosphere of hydrogen in a Rose crucible (p. 32), cooled to room temperature 
in the atmosphere of hydrogen (p. 373), and weighed as the metal. The metal so ob¬ 
tained is not pyrophoric. 

13 To dissolve C)o304, transfer to a deep crucible or beaker, add concentrated hydro¬ 
chloric acid, cover to prevent loss by effervescence, and warm on a steam bath. The 
ignited oxide should dissolve completely (freedom from organic impurities) and yield 
no precipitate with ammonium hydroxide (freedom from iron), or with hydrogen 
sulfide in acid solution (freedom from copper). The ignited oxide may also be dis¬ 
solved by fusing with pyrosulfate in a covered crucible. If much nickel was present, 
the ignited precipitate had better be dissolved in hydrochloric acid and the precipitation 
with o-nitroso-/9-naphthol repeated as before, after transferring the solution to a 200-ml 
beaker and adjusting the acidity to 5 ml per 100 ml of solution. 

i^L. Waldbauer and N. M. Ward, Ind. Eng, Chem, Anal, Ed,y 14, 727 (1942). 
^^H. S. Van Kloostcr, /. Am, Chem, Soc,^ 43, 746 (1921). 

A. J. Hall and R. S. Young, Anal, Chem., 22, 497 (1950). 
17 2. anal, chem,, 83, 6 (1931). See also V. North and R. C. Wells, loc, cit. 
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solution of cof)alt chloride with 5 g of ammonium thiocyanate and 50 ml 

of acetone. Dilute to exactly 100 ml, and shake thoroughly. Compare the 

resulting blue color with that produced under the same conditions in a 

standard solution containing not less than half and not more than twice 

as much cobalt. The depth of solution should not exceed 20 mm, and the 

white plate beneath the colorimeter tubes should be covered with a piece 

of glazed yellow gelatin paper if nickel is present. Satisfactory tests in the 

presence of nickel can be had in concentrations of 8 X 10”^ mol per liter 

each of cobalt and nickel chlorides; with more dilute solutions of cobalt 

relatively more nickel can be present. 

E. OTHER METHODS 

Among other methods for the determination of cobalt may be mentioned 

its precipitation as sulfide from acetic acid-acctatc solution or ammonium 

sulfide solution followed by ignition to the oxide, C03O4, and the cyanide 

titration method. The former is subject to difficulties in completely pre¬ 

cipitating the cobalt and in igniting to a definite product; it is therefore 

only suited for small amounts of cobalt and always requires tests for com¬ 

pleteness of precipitation. The cyanide method is not so satisfactory for 

cobalt as it is for nickel, and, as it requires various modifications to permit 

its use, it will not be considered here.^® The ferricyanide titration method 

is more often used in the routine analysis of metallurgical products, as the 
separation of nickel and iron is not required. The method is based on the 

oxidation of cobalt from the hi- to the trivalent state by pouring the 

solution into an ammoniacal citrate solution containing an excess of a 

standard solution of potassium ferricyanide, followed by potentiometric 

titration of the excess with a standard solution of cobalt nitrate. Manga¬ 

nese must be determined separately and its effect calculated. 

For a discussion of the cyanide titration method, and its application to the deter¬ 
mination of cobalt in steel after preliminary separations from nickel and iron by pre¬ 
cipitation with a specially prepared nitrosonaphthol, and from copper by precipitation 
with hydrogen sulfide, consult B. S. Evans, Analyst, 62, 363 (1937). 

Dickens and G. Maassen, Archiv Eisenhiittenw, 9, 487-98 (1936); G. J. Steele 
and J. J. Phelan, Gen, Elec, Rev,, 42, 218 (1939). 
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ZINC 

Zinc is a common and rather widely diffused element in nature, though, 
aside from its ores, it occurs in quite minute amounts. The sulfide, sphal¬ 
erite, is its commonest ore, but the carbonate, smitlisonite, and a silicate, 
calamine, are also abundant. It has been found in granite and in basic rocks. 
In metallurgical products, particularly in the nonferrous field, zinc is often 
encountered, and its analysis called for, except where it is one of the prin¬ 

cipal constituents as in brass, when it is commonly reported by difference. 

I. GENERAL CONSIDERATIONS 

Zinc is a component of some chemical glasswares. Careful attention should 
therefore be given to the glassware employed in analyses in which very 

little zinc is in question or high accuracy is sought. Sieves of brass should 
also be avoided for sifting material in which minute amounts of zinc are 
in question. 

In an ordinary analysis of material containing moderate amounts of zinc, 

most of the zinc escapes precipitation entirely if double precipitations are 
the rule. A small part of the zinc is, however, caught in the ammonia 

precipitate and finally reported as alumina, while another small part is 

caught in the phosphate precipitate and reported as magnesia. Very little, 

if any, is caught with calcium in the oxalate precipitate. When zinc occurs 

in small amount, it is usually separated by precipitation with ammonium 

sulfide (p. 64) in the filtrate obtained after double precipitation with 
ammonium hydroxide. Large amounts of zinc had better be precipitated 

with hydrogen sulfide in dilute acid solution as in IV, A before the precipi¬ 
tation with ammonium hydroxide. 

II. ATTACK OF ZINC MINERALS 

The solution of zinc minerals offers no difficulties and can usually be 

accomplished by attack with hydrochloric acid, hydrochloric acid followed 

by nitric acid, or nitric acid alone. The insoluble residue, which ordinarily 

contains no zinc, can then be decomposed by fusion with sodium carbonate, 

followed by solution of the melt in acid. 

425 
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III. METHODS OF SEPARATION 

There are no methods, such as the nitric acid-chlorate method for man¬ 
ganese or the glyoxime method for nickel, that give in one operation a 
reasonably complete separation of zinc from most of the other elements. 
By far the best separation is obtained by precipitation with hydrogen sulfide 
in dilute acid solution after a preliminary separation of the hydrogen sulfide 
group in a more acid solution. 

Proper conditions for the separation of the hydrogen sulfide group of 
elements from zinc and of zinc from the other sulfide-forming elements 
have received much study. Excellent separations from most of the former 
can be had by precipitation in sulfuric acid solutions that arc at least 2 N 
if filtrations are to be made immediately, or 9 N if filtrations are to be 
delayed.^ Precipitations in diluted hydrochloric acid solutions are less satis- 

2 

For the separation of zinc from iron, manganese, chromium, aluminum, 
and nickel (but not cobalt), Jeffreys and Swift® recommend precipitation 
with hydrogen sulfide in a hot solution of zinc sulfate which is buffered at 

approximately pH 1.65 by means of sulfate and hydrosulfate. Cald\\xll 

and Moyer ^ declare that good separations of the same elements can be 

obtained in single precipitations in cool solutions, provided 10 ml of a 

0.02 per cent solution of gelatin is added after the treatment with hydrogen 

sulfide, and the solution is allowed to stand for 15 minutes before filtering 

and washing with cold water. In such case, the gelatin promotes the 

coagulation of the colloidal zinc sulfide. For the separation of cobalt, the 

same procedure is followed, except that 0.2 ml of acrolein is added before 

’ In tests by H. B. Knowles, complete separations of 0.1 g of copper from 0.1 g of 
zinc were indicated in precipitations in which (1) the sulfates were dissolved in 50 ml 
of sulfuric acid solutions in which the acid concentration ranged from 2 to 18 N, (2) 
the temperatures ranged from 25 to 100® C, (3) the passage of hydrogen sulfide was 
continued for 60 minutes, and (4) the solutions were filtered immediately and the 
precipitates washed with hot solutions of like acidity and saturated with hydrogen 
sulfide. In another test, only 0.2 mg of zinc was retained by a precipitate obtained by 
immediate filtration after treatment with hydrogen sulfide for 60 minutes at 100® C in 
300 ml of a 9 N sulfuric acid solution containing 0.05 g each of zinc, copper, bismuth, 
arsenic, antimony, and tin. No zinc was carried down in a single precipitation in 
which 200 ml of a solution containing 0.1 g of copper and 0.2 g of zinc in 9 N sulfuric 
acid were treated with hydrogen sulfide for 15 minutes at 100® C, then for 5 hours 
as the solution cooled, and finally allowed to stand overnight before filtering. 

2 Zinc sulfide is carried down with copper and cadmium, even in 0.4 N solutions of 
hydrochloric acid (twice the concentration usually employed), and the sulfides must 
always be dissolved and reprecipitated one or more times, depending on the size of the 
precipitate (see also p. 255). 

3 C. E. P. Jeffreys and E. H. Swift, /. Am, Chem, Soc., 54, 3219 (1932). 
4 J. R. Caldwell and H. V. Moyer, ibid,, 57, 2372. 2375 (1935); 59, 90 (1937). 
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treating with hydrogen sulfide and with gelatin. In this case, the acrolein 
reacts with hydrogen sulfide on the surface of the zinc sulfide particles, 
thereby reducing postprecipitation. If added sulfates are objectionable, a 
chloroacetic acid-sodium acetate bufiFer (pH 2.8) can be substituted. Such 
treatments do not yield separations of zinc from indium, thallium, or 

gallium.^’ 
For the separation of small amounts of zinc from nickel, B. S. Evans 

recommends a method, based on the relative stability of nickel cyanide 
compared with that of zinc, in which zinc sulfide is precipitated by passing 
hydrogen sulfide through a solution of the cyanides which has been ren¬ 
dered slightly acid with acetic acid. 

Zinc, together with elements such as iron, nickel, and cobalt, can be 
conveniently separated from the alkalies, magnesium, and the alkaline earths 
by precipitation with ammonium sulfide (p. 64), and from these, as well 
as from aluminum, titanium, zirconium, columbium, and the like by the 
use of both tartrate and sulfide (p. 89). Separations from tin, antimony, 
arsenic, and the like can be had by precipitation with sodium or potassium 
sulfide. Ammonium hydroxide is often carelessly employed for the sepa¬ 
ration of zinc from iron, aluminum, and certain other elements. Unfortu¬ 
nately, zinc is carried down with the precipitate in the usual treatment with 
ammonium hydroxide (p. 504),^ and the separation is serviceable only when 
the precipitate is small, silica is absent, and the precipitation is repeated 
three or more times, or when zinc alone is sought and special treatment 
can be given.^ Zinc may also be carried down as an insoluble chromite in 
precipitates produced by ammonium or alkali hydroxide in solutions con¬ 
taining zinc and trivalent chromium. 

5 Hisaji Kato [Science Repts. Tohokit Imp, Univ. Scr. 1, 26 [41, 714 and 733 (1938)] 

states that separations of zinc from nickel or cobalt by precipitating with hydrogen 

sulfide are best made at pH concentrations of 2.4 and 2.3, respectively, in solutions that 

are buffered by monochloracetic acid and sodium monochloracctate, treated in clean 

smooth glassware with a rapid stream of hydrogen sulfide at room temperature, and 

then allowed to stand. 

Analyst, 60, m (1935). 
7 For example, G, E. F. Lundell and H. B. Knowles [/. A?n. Chem. Soc., 45, 680 

(1923)1 carried out single and double precipitations of mixtures containing 0.1 g A1 

and 0.05 g Zn and obtained 0.0216 and 0.0108 g of zinc, respectively, in the precipitates. 

When an excess of both ammonium hydroxide and ammonium chloride (which renders 

the precipitation of aluminum incomplete) was used, the retention after a double pre¬ 

cipitation dropped to 0.0005 g of Zn. 

® In the determination of zinc in ores, E. G. R. Ardagh and G. R. Bongard [Ind. 
Eng. Chem., 16, 297 (1924)1 obtained satisfactory separations of 0.2 g of zinc from as 

much iron or aluminum by a single precipitation made by evaporating a hydrochloric 

acid solution of the chlorides to approximately 2 to 3 ml, stirring in 5 g of ammonium 

chloride, and then adding 10 ml of ammonium hydroxide and 25 ml of water. The 

solution was then filtered and the precipitate washed with a solution containing 5 g 

of ammonium chloride and 5 ml of ammonium hydroxide per 100 ml. 
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A good separation of elements such as iron, titanium, zirconium, vana¬ 
dium, and tin from large amounts of zinc should be possible by the use 
of cupferron (p. 116). Separations of small amounts of zinc from large 
amounts of iron and the like that should be mentioned are those based on 
the precipitation of the latter by barium carbonate (p. 82), or by the 
basic acetate (p. 79) or succinate (p. 82) methods. 

Separations from copper by electrolysis, tin by digestion with nitric 
acid, cadmium by precipitation with hydrogen sulfide, nickel by precipita¬ 
tion with diniethylglyoxime, thallium by precipitation as thallous iodide, 
and indium by precipitation with barium carbonate are discussed under 
the respective elements. 

IV. METHODS OF DETERMINATION 

'ITic most desirable method for the accurate determination of zinc con¬ 
sists in its precipitation as sulfide from dilute sulfuric or formic acid solu¬ 
tion, followed by conversion to the oxide or sulfate. Precipitation of zinc 
as the phosphate, followed by weighing as the pyrophosphate, is also a 
good method but has the disadvantage of being less generally applicable 
than the former.^ The volumetric procedures arc not so accurate as the 
gravimetric and are not suited for occasional determinations by hands 
unskilled in their application. Only two such methods need be mentioned: 
the fcrrocyanidc method, wdiich is the more satisfactory, and the sodium 
sulfide method, which is used chiefly in Europe. I'he electrolytic deter¬ 
mination of zinc is not so accurate as the foregoing and is used chiefly for 
the separation of zinc from certain elements. It cannot as a rule be applied 
for quantitative determinations until preliminary separations have been 
made. Other methods that may be mentioned are the mercuric thiocyanate 
method,the precipitation of zinc by sodium carbonate followed by 
ignition to the oxide, and the w^eighing of zinc as the sulfide. The last has 
very little to commend it, whereas precipitation as the carbonate is suited 
only for rough routine work. 

A. PRECIPITATION AS THE SULFIDE 

The precipitation of zinc as the sulfide must follow the separation of the 
members of the hydrogen sulfide group and can be done in dilute sulfuric 

® Precipitations of zinc by the phosphate method or by hydrogen sulfide in dilute 

sulfuric acid solution are unsatisfactory when directly applied to filtrates obtained after 

the separation of nickel with diniethyglyoxime. 

G. E. F. Lundell and Nai Kim Bee, Trans, Am, Inst, Metals, 8, 146 (1914), C. A,, 
8, 3404 (1914). 

11 G. S. Jamieson, /. Am, Chem, Soc., 40, 1036 (1918). 

12 The precipitate obtained from a sulfuric acid solution of zinc sulfate is much more 

compact and easily handled than one from chloride solutions. 
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or formic acid solution. In cither case the presence of an electrolyte such 
as ammonium sulfate or thiocyanate is desirable because of its “salting out” 
effect. The best range of hydrogen ion concentration for the precipitation 
is between pH2 and pH3. In more acid solutions precipitation is inconn 
plete, whereas in more alkaline solutions slimy precipitates arc produced. 
In any case, the possible presence of the uncommon elements thallium, 
indium, and gallium in the sulfide precipitate must be borne in mind. 

a. Precipitation in 0.01 N Suljnric Acid Solution. Precipitation of zinc 
sulfide in 0.01 N sulfuric acid solution is never complete because of the 
solubility of the precipitate, and the precipitate will be contaminated by 
iron, nickel, and cobalt if these are present in solution. The loss of zinc 

need not exceed more than a few tenths of a milligram and can be almost 
entirely avoided by so adjusting the acidity at the start that the subsequent 
liberation of acid will not bring the acidity to more than hundredth normal. 
Contamination by iron and the like cannot be entirely avoided by adjust¬ 
ment of the acidity, and recourse must be had to precipitations repeated as 
required by the amounts to be separated. 

PROCEDURE. Prepare a clear sulfuric acid solution of zinc sulfate that is 
free from the hydrogen sulfide group, from hydrogen sulfide, and from 
elements that are easily hydrolyzed. Add a few drops of methyl orange 
or methyl red and then sodium hydroxide or carbonate until the solution 
is neutral. Dilute so that the volume of the solution is at least 250 ml and 
contains no more than 0.1 g of zinc per 100 ml. Make as nearly 0.01 N as 
possible (approximately 0.25 ml of sulfuric acid per liter), cool to room 
temperature, and pass a rapid current of hydrogen sulfide through the 
solution for 30 to 45 minutes. Let stand for about 30 minutes, filter, and 
wash with cold water. Treat further as described on page 430, 431, or 432. 

b. Precipitation in Formic Acid Solution. Precipitation of zinc sulfide 
in a solution of formic acid containing ammonium citrate and formate as 

buffers to preserve the proper hydrogen ion concentration during the 

treatment with hydrogen sulfide was recommended by H. A. Fales and 

G. M. Ware.^® The method has proved especially satisfactory in our hands 

for the determination of zinc in the presence of large amounts of aluminum 

as in aluminum alloys. The authors claim an accuracy of 0.5 to 1 part per 

1000 for the procedure. The separation of zinc from manganese is almost 

perfect, and contamination of the sulfide by iron is slight, provided an 

excess of 20 ml of formic acid (23.6 M) is added when the concentration 

of iron equals one tenth or more of that of zinc. The addition of ammo¬ 

nium thiocyanate does not improve the separation. An excess of formic 

acid is also required when nickel or cobalt is present, and single precipita¬ 

tions, particularly of cobalt, are not so satisfactory as with iron. 

« J. Am. Chem. Soc., 41, 487 (1919). 
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PROCEDURE. Evaporate the acid solution, which has been freed from the 
hydrogen sulfide group, to a volume of about 125 ml, and add ammonium 
hydroxide until the precipitate at first formed just fails to redissolve. Add 
25 ml of a 20 per cent solution of citric acid, and make neutral to methyl 
orange with ammonium hydroxide. Add 25 ml of “formic mixture,” 
transfer to an Erlcnmcyer flask, and dilute to 200 ml. If the amount of 
zinc exceeds 0.2 g, the volume should be proportionately increased. Heat 
to about 60“^ C and insert a two-hole stopper carrying an outlet tube flush 
with the bottom of the stopper and an inlet tube extending nearly to the 
liquid. Connect with a hydrogen sulfide generator,^"’ and displace the air 
in the flask by a slow stream of gas as the solution is heated to 90 to 100°. 
When steam issues from the flask, remove the heat, close the exit, and let 
the solution cool as it is saturated with hydrogen sulfide under increasing 
pressure. Shake occasionally, and let stand for 20 to 40 minutes. Filter 
and wash with a cold 0.1 M formic acid solution (4 ml of 23.6 M formic 
acid per liter) saturated with hydrogen sulfide. Treat the precipitate as 
described on page 430, 431, or 432. If any precipitate adheres to the flask, 
dissolve it in hot dilute sulfuric acid, neutralize with ammonium hydroxide, 
make slightly acid wdth formic acid, and saturate with hydrogen sulfide 
under pressure. Heat to boiling to coagulate the precipitate, and filter 
through the paper containing the washed main precipitate. No further 
washing is necessary, and the whole recovery need take no more than 
15 minutes. 

c. Precipitation in Anmioniacal Solution. This method is not desirable 
when much zinc is in question because of the slimy character of the precipi¬ 
tate. The precipitation is chiefly confined to the separation of small 
amounts of zinc from magnesium and the alkali earths in the analysis of 
rocks and minerals and is carried out as described under Precipitation by 
the Sulfide Ion (p. 64). 

d. Treatment of the Sulfide Precipitate. The sulfide precipitate when 

pure can be converted to oxide by ignition and weighed as such, or con¬ 

verted to sulfate, or ignited and w^cighed as the sulfide. The last is least 

preferable; there is little choice between the other two. 

a. Conversion to oxide. During the first stages of the ignition of the 

sulfide precipitate, almost complete conversion to the sulfate takes place. 

The dissociation of the sulfate starts at approximately 675° C and is com¬ 

plete at approximately 950° C. Zinc oxide is very slightly volatile at 

1*200 ml of formic acid (23.6 M), 250 g of ammonium sulfate, and 30 ml of ammo¬ 

nium hydroxide (IS M) per liter. 

1® A satisfactory arrangement consists of a Kipp generator connected in series with 

a wash bottle containing a manometer bulb having a stem of such length that, when 

the liquid level reaches the bottom of this bulb, the pressure in the precipitation flask is 

approximately one third of an atmosphere. 
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1000° C and should not be heated for long periods at this temperature nor 
at all at temperatures above this. Zinc will also be volatilized and lost at 
lower temperatures if the ignition is hurried while carbon still remains, or 
is carried out in a reducing atmosphere. The ignited oxide is hygroscopic 
and is preferably cooled over a powerful desiccant such as sulfuric acid or 
phosphorus pentoxide and weighed in a snugly covered crucible. 

PROCEDURE. Dry the paper and precipitate at a low temperature in an 
open porcelain or platinum crucible, burn the carbon at as low a tempera¬ 
ture as possible (not over 500° C), and then gradually increase the heat to 
approximately 900° C. Finally cover the crucible, heat at 1000° C for 5 or 
10 minutes, raise the cover to allow escape of any oxides of sulfur, reheat 

for a few moments, cool over a good desiccant, and weigh as ZnO. If a 
Gooch crucible is used, it should be ignited at 1000° C before it is weighed, 
and the crucible and sulfide should be heated in a muffle or radiator. 

/?. Conversion to sulfate. Many analysts prefer to convert the sulfide to 
sulfate. 'Fhis procedure is no more accurate than that described in a and 
is more troublesome if the necessary precautions are observed. In the usual 

case, the moist zinc sulfide is dissolved in dilute hydrochloric acid in a 
covered beaker and the solution boiled to expel hydrogen sulfide, trans¬ 
ferred to a weighed platinum crucible, and evaporated with a slight excess 

of sulfuric acid.^^ 
If the sulfide is first converted to the oxide, then the treatment with 

dilute sulfuric acid must be done carefully in order to avoid mechanical 
loss. Fales and Ware prefer to ignite to the sulfate at low temperatures 
as described in a, and then to add, repeatedly if necessary, small portions 
of sulfuric acid and to heat in a radiator until the excess acid is expelled. 
The zinc sulfate obtained by evaporation with sulfuric acid behaves on 
heating like manganese and cadmium sulfate so formed, in that a little 
sulfuric acid is tenaciously held.^® High results therefore ensue unless the 
ignited sulfate is cooled, moistened with a few drops of water, dried, and 
again heated at approximately 500° C. The sulfate can be converted by 
heat to the oxide as a check. The progress and completion of the con¬ 
version are indicated to the eye by the change from the white of the sulfate 
to the yellow of the oxide when hot. The change begins at the edges of 
the sulfate in the crucible and ends at the center. 

10 For example, 0.3723 g of ZnO lost 0.2 mg when heated for 2 hours at ]000° C in 

a tube through which a slow current of pure air was passed, and then 1.3 mg more 

when heated for 4 hours at 1100® C. 

E. C. Sullivan and W. C. Taylor, J. Ind. Eng. Chem., 1, 476 (1909). 

^®A. Gutbier and K. Staib, Z. anal. Chetn., 61, 100 (1922). For example, H. B. 

Knowles dissolved pure zinc corresponding to 0.2509 g and 0.2521 g of zinc sulfate and 

obtained 0.2515 g and 0.2538 g by evaporation with sulfuric acid and heating in a 

radiator, and 0.2508 g and 0.2525 g after the latter were moistened with water and 

reheated. 
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y. Weighing as the sulfide. Zinc is seldom weighed as the sulfide for the 
method is troublesome and no more accurate than those already described. 
The procedure is as follows: Dry the precipitate, and transfer it as com¬ 
pletely as possible to a weighed Rose crucible. Ignite the paper separately, 
add the ash to the precipitate, and mix with about one third as much pure 
sulfur. Cover with a layer of sulfur, place the lid on the crucible, and pass 
in a current of hydrogen. When the air is displaced, heat slowly until the 
sulfur is volatilized and the crucible is faintly red. Cool as the stream of 
hydrogen is increased, transfer the crucible to a desiccator, and weigh as 
ZnS. 

B. PRECIPITATION AS THE PHOSPHATE 

'riie determination of zinc by weighing it as the pyrophosphate is an 
excellent method but requires careful attention to the preparation of the 
solution, the composition of the precipitant, and the washing of the precipi¬ 
tate. The solution should not contain any appreciable amounts of alkali 
salts, unless a double precipitation is contemplated, and must be carefully 
made faintly acid because the phosphate is soluble in alkaline solution and 
in strong acid. Sodium or potassium phosphates are not satisfactory precipi- 
tants as they yield precipitates that are contaminated by sodium or potas¬ 
sium.’'’ A 10 per cent solution of diammonium phosphate is satisfactory, 
but it should not be kept for any length of time, and its composition must 
be assured by dissolving the salt in W’^ater and adding phcnolphthalein and 
then ammonium hydroxide if necessary until a pink color just appears. 
The washing solution is preferably a hot 1 per cent solution of diammonium 
phosphate made from the prepared reagent. The loss of zinc in the filtrate 
and washings should not exceed one or two tenths of a milligram. 

PROCEDURE. To thc cold acid solution of zinc, freed from all elements 
such as cadmium or bismuth that yield insoluble phosphates or hydrolyze 
under the conditions of the test, add a few drops of methyl orange, 5 ml of 
hydrochloric acid (unless ammonium salts are already present), then 
aTiimonium hydroxide in slight excess, and finally dilute hydrochloric acid 

until the solution is barely acid. Dilute to 150 to 200 ml, heat just short 

of boiling, and add, in a slow stream from a pipette, 10 to 15 times the 

theoretical requirement of the prepared solution of diammonium phosphate. 

Heat on a water bath or steam box, and stir until the precipitate becomes 

crystalline and settles readily. Remove from the heat, set aside for 2 to 

4 hours, and filter through a Gooch or Munroe crucible (p. 101 Wash 

10 H. D. Dakin, ibid,, 39, 273 (1900). 
20 Dakin {loc, cit,) stated that some specimens of asbestos are somewhat soluble in a 

solution of diammonium phosphate. This point should be tested in accurate analysis 
by completely dissolving the weighed precipitate in dilute nitric acid, washing the as¬ 
bestos with water, heating the crucible as in the method, and reweighing. 
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the precipitate with a hot 1 per cent solution of diammonium phosphate 
(which has been made from the specially prepared reagent) until the pre¬ 
cipitate is free from chlorides. Finally wash a few times with 50 per cent 
alcohol to remove the phosphate solution. Dry carefully in a radiator, and 

heat very slowly until water and ammonia are expelled and then at approxi¬ 

mately 900° C until constant weight is obtained. Weigh as Zn2P207.^^ 

The precipitate can be dried at 100 to 105° C and weighed as ZnNH4P04, 

but this procedure is less desirable."" 

C. PRECIPITATION AS ZINC MERCURIC THIOCYANATE 

Precipitation of zinc as the white doiil)le salt, ZnHg(CNS)4 finds at¬ 

tractive applications in determinations of from 1 to 100 mg of zinc in cer¬ 

tain materials."® 

Precipitations can be made in neutral or in acid solutions containing in 

100 ml not more than 1 ml of hydrochloric or nitric (preferred) or 0.5 ml 

of sulfuric acid. The precipitate is slightly soluble in water, alcohol, or 

ether. The solubility in a washing solution containing a little of the pre¬ 

cipitating reagent is negligible, and the amount of reagent left by the resid¬ 

ual wash water need not represent more than 0.02 mg of zinc. 

Certain elements profoundly modify the color of the precipitate. Minute 

amounts of copper change the color to chocolate browm, large amounts 

yield a dark-green precipitate. Cobalt imparts a blue tinge, deepening in 

color in proportion to the amount of cobalt present. Nickel, ferric, and 

ferrous salts all modify the color. 

The precipitate can be weighed as the double salt, or it can be dissolved 

in acid and its zinc content calculated after titration with potassium iodate, 

or with thiocyanate, following treatment with a standard solution of silver 

nitrate added in excess. 

Comparatively few ions interfere. In general, the chlorides, nitrates, and 

soluble sulfates of sodium, potassium, ammonium, magnesium, calcium, 

strontium, barium, aluminum, moderate amounts of ferric iron, lead, triva- 

lent or pentavalent arsenic or antimony, and quadrivalent tin have no seri¬ 

ous effect. Ferric salts modify the color of the precipitate, but the effect 

is small unless large amounts are present. 

Among the interfering elements should be mentioned copper, which is 

completely precipitated, and ferrous iron, cobalt, nickel, manganese, bis- 

21 The accuracy of the procedure is illustrated by the results 0.1004 and 0.1003 g 
of zinc obtained by H. B. Knowles in the analysis of 0.1001-g portions of zinc having 
a purity of 99.997. 

22 Z. H. Pan and C. H. Chiang f/. Chinese Chem. Soc., 3, 118 (1935)] state that 
decomposidon of ZnNH4P04 begins at 350® C and can be rendered complete at 520® C. 

2®G. E. F. Lundell and N. K. Bee, Trans, Am, Inst, Metals, 8, 146 (1914). 
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muth, and cadmium, which are incompletely precipitated. Silver and mer¬ 
cury (bivalent) are precipitated as thiocyanates and interfere in the gravi¬ 
metric but not in the volumetric methods. An excess of thiocyanate pre¬ 
vents interference by mercury in the gravimetric method. Interference by 
manganese is lessened, but not cured, by the addition of excess thiocyanate 
to the reagent. 

PROCEDURE. Prepare a diluted nitric acid solution which is free from the 
interfering substances that have been listed, and which contains no more 
than 1 ml of nitric acid and 0.05 g of zinc as nitrate per 100 ml. Stir vig¬ 
orously, and add potassium mercuric thiocyanate reagent dropwise until a 
precipitate begins to form. Continue the stirring, and then slowly add 20 

ml of the reagent for each 100 mg of zinc. Set aside, and stir occasionally 
for 30 minutes. If desired, the solution can stand overnight. 

a. Gravimetric, Decant the solution into a tared filtering crucible, wash 
by decantation twice with washing solution,-^ and finally transfer the pre¬ 
cipitate to the crucible. Wash moderately, and drain as completely as 
possible. Dry for 30 minutes at 105 to 110° C. Cool, and weigh. The 
factor for zinc in the precipitate is 0.1312. 

b. Volumetric, a. By Volhard titration. Catch the precipitate on paper 
or on a filtering crucible under suction. Wash, and let drain. Transfer 
to a flask, and treat with 50 ml of water and 10 ml of nitric acid. Stir 
vigorously, slowly add a standard solution of silver nitrate from a burette 
until in excess, and let stand for 30 minutes. Add ferric alum, and titrate 
as in Volhard’s method (p. 448). The true end point endures for 30 sec¬ 
onds as the solution is stirred.^^ 

The reactions involved arc expressed in the equations: 

ZnHg(CNS)4 + AgNOg in excess = Zn(N03)2 + Hg(CNS)2 + 2AgCNS 
+ excess of AgNOg 

Excess of AgNOg + NH4CNS = AgCNS + NH4NO3 

24 To prepare the reagent, dissolve 39 g of KCNS or 33 g of NaCNS in 200 ml of 
H2O, and then add 27 g of powdered HgCb as the solution is vigorously stirred and 
gradually diluted to 1000 ml with H2O. Filter if not clear. NH4CNS is not a satis¬ 
factory substitute for KCNS or NaCNS, as the complex (NH4)2Hg(CNS)4 does not 
give complete precipitation. 

25 Prepared by adding 20 ml of the reagent to 1000 ml of H2O. 
25 A procedure that is more rapid and sufficiently accurate for some work is as 

follows: Treat the precipitate with 50 ml of boiling water, 10 ml of nitric acid, and 
5 ml of the ferric alum solution. Titrate slowly with the standard silver nitrate solution 
until the precipitate and the solution no longer show a red tinge on continued and 
vigorous stirring. 

The reactions involved are expressed in the equations: 

3ZnHg(CNS)4 + Fe2(S04)s “ 2Fe(CNS)3 -f 3ZnS04 + 3Hg(CNS)2 

Fe(CNS)3 + 3AgN03 = Fe(N03)3 4- 3AgCNS 
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By titration with potassium iodate,^'^ In this modification, the washed 
salt is dissolved in diluted hydrochloric acid, and the solution then titrated 
with a standard solution of potassium iodatc. The reaction is illustrated 
by the equation: 

ZnHg(CNS)4 + 12HC1 + 6KIO3 

= ZnS04 + HgS04 + 4HCN + 2H2SO4 + 6IC1 + 6KC1 + 2H2O 

PROCEDURE. Fold the paper containing the precipitate, and transfer to a 
glass-stoppered bottle or flask of 250- to 300-ml capacity. Add a thoroughly 
cooled mixture of 35 ml of hydrochloric acid and 10 ml of water, and then 
7 ml of chloroform. Immediately start the titration with a standard potas¬ 
sium iodate solution (1 ml = 0.002 g zinc), adding the solution rapidly 
while rotating the bottle to keep the contents well mixed. When the 
iodine first formed has disappeared from the solution, stopper, and shake 
for about 30 seconds. Continue the titration slowly, stoppering and shaking 
thoroughly after each addition of iodate, until the iodine color has disap¬ 
peared from the chloroform indicator. 

If the end point is not reached by the time 50 ml of the iodate solution 
has been added, 10 to 15 ml more acid should be added before the titration 
is continued. 

The titer of the KIO3 solution had better be determined by carrying 
known amounts of zinc through all steps of the method.^® 

D. FERROCYANIDE METHOD 

The ferrocyanide method depends on the formation of the insoluble 

potassium zinc ferrocyanide, K2Zn3[Fe(CN)6]2, by titration of a hydro¬ 
chloric acid solution of zinc and ammonium chlorides with a standard solu¬ 
tion of potassium ferrocyanide. The end point can be determined potentio- 
metrically or by the use of either internal or external indicators. Although 
the method gives quite accurate results in the hands of those familiar with 
its use, it is not recommended as an umpire method or even as a method 
for ordinary analysis unless the analyst has familiarized himself with the 

precautions that must be observed. 
Titrations by this method should be made under the same conditions as 

to temperature (preferably 70® C), acidity (3 ml of hydrochloric acid per 
200 ml), volume (200 ml), amount of ammonium chloride (obtained by 
neutralization of 13 ml of ammonium hydroxide), and rate of titration 

27 George S. Jamieson, /. Am* Chem* Soc*, 40, 1036 (1918); George S. Jamieson, 
Volumetric Iodate Methods, p. 86, Chemical Catalog Co., New York (1926). 

2® For an empirical routine method in which the zinc mercuric thiocyanate is dis¬ 
solved in an excess of a standard solution of potassium iodide, wliich is then titrated 
with a standard solution of mercuric nitrate, consult A. C. Titus and J. S. Olsen, 
Ind. Eng* Chem, Anal* Ed*, 12, 133 (1940). 
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(slowly and with constant stirring). The commonly used indicators arc 

a 10 per cent solution of uranyl nitrate as an external indicator or ferri- 

cyanide-ferrous sulfate as an internal indicator.-® In the latter case the 

solution changes from a turquoise blue to pea green, the ferricyanide at 

first reacting with the ferrous salt to give the blue ferroferricyanidc and 

the excess of fcrrocyanide finally reacting with the blue compound to give 

ferrofcrrocyanide which causes the change to green at first and to yellowish 

tints later.®® 

Nitrates, oxidizing agents, most of the heavy metals, cadmium, manganese, 

and excessive amounts of iron must be absent.®^ The heavy metals can be 

removed by boiling with thiosulfate in dilute sulfuric acid solution or by 

boiling for one-half hour with pieces of aluminum in a 0.5 to 1 per cent 

solution of sulfuric acid, filtering upon a filter containing small pieces of 

aluminum, and w^ashing wdth cold w^ater. Cadmium is not completely 

separated by either of the above treatments and must cither be eliminated 

by electrolysis at approximately 1 ampere with a cadmium-platcd electrode 

in a solution containing 5 per cent by volume of sulfuric acid, or by pre- 

cipitati<m with hydrogen sulfide. The latter is dfme by saturating with 

hydrogen sulfide a solution containing 10 to 12 per cent by volume of 

sulfuric acid and then, if a precipitate does not appear, adding ammonium 

2^'F. C. Breyer [Intern. Congr. Applied Chein., 25, 13 (1912)] gave the following 
directions for the preparation of the solution: Dissolve 44 g of fcrrocyanide per liter, 
and let stand 1 month or more in a closed vessel in the dark. One milliliter of this 
solution equals approximately 0.01 g of zinc. For immediate use, 0.3 g of ferricyanide 
per liter can be added, but such a solution gradually changes strength through oxidation 
of the fcrrocyanide by the ox)"gen in solution. According to I. M. Kolthoff and 
E. A. Pearson [Ind. Eng. Chein. Anal. Ed., 3, 381 (1931) J, solutions of potassium 
fcrrocyanide should contain 0.2 per cent of sodium carbonate and be kept in brown 
bottles. Under such conditions, solutions are stable for at least 1 month. Change of 
temperature (up to 50° C) and presence of small amounts (0.2 per cent) of ferricyanide 
have no or little effect upon the stability in the alkaline medium. The stability decreases 
with increasing acidity, exposure to light, and presence of ferricyanide in an acid or 
neutral solution. 

30 W. H. Cone and L. C. (2ady [/. Am. Chem. Soc., 49, 356 (1927)] recommended 
the use of a few drops of a 1 per cent solution of diphenylbenzidine as an internal 
indicator. In the first stages of the titration, the color is blue, and this changes to 
purple and then to greenish yellow. According to I. M. Kolthoff [Chem. Weekblad., 
24, 203 (1927)] and I. M. Kolthoff and E. A. Pearson [Ind. Eng. Chem. Anal. Ed., 4, 
147 (1931)], the best results are obtained in a H2SO4—(NH4)2S04 solution heated 
to 60° C. The end point can also be determined potentiometrically, as recommended 
by F. R. V. Bichowsky [Ind. Eng. Chem., 9, 668 (1917)1 and G. G. Rcissans [2. anal. 
Chem., 69, 450 (1926)]. 

31 According to A. S. Aruina [Zavadskaya Lab., 8, 565 (1939)], interference by 
iron can be avoided by adding sodium pyrophosphate, Na4p207, with which iron 
forms a stable complex. 
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hydroxide, drop by drop, until it docs, after which the gas is again passed 
for a few minutes. The solution is next heated to 70 to 90° as the passage 
of the gas is continued, filtered, and the precipitate washed with cold 8 to 
10 per cent sulfuric acid and finally with hot water. A small amount of 
cadmium is unprccipitated, which tends to compensate for zinc carried 
down with the precipitate. If the precipitate is large, it should be dissolved, 
reprecipitated, and the filtrates combined. Iron and manganese are sepa¬ 
rated by precipitation with ammonium hydroxide in conjunction with 
bromine, hydrogen peroxide or persulfate or by precipitating the zinc as 
sulfide. The latter is discussed in Section A; the former is carried out as 
described under Manganese (p. 442) and is desirable only when the 
precipitate is small, for there is grave danger of losing zinc in the precipitate 

unless special procedures such as the method of Ardagh and Bongard 

are used. 

The following directions cover the standardization of the ferrocyanide 

solution and indicate the conditions that must obtain in any titration after 

the removal of interfering elements. 

Dissolve 0.25 g of pure zinc in 10 ml of hydrochloric acid, add 13 ml of 

ammonium hydroxide, and then hydrochloric acid until in 3 ml excess, and 

dilute to 200 ml. If uranium nitrate is used as external indicator, no other 

additions at this point are necessary; if the ferroferricyanide end point is 

used, add 0.3 mg of iron (as 0.3 to 0.4 ml of ferrous iron solution containing 

1 mg per ml). Heat to incipient boiling, pour one third of the solution 

into a small beaker, titrate the remainder of the solution to the end point, 

and then add an excess of about 20 per cent of the ferrocyanide required. 

Stir a few minutes, add all but a few milliliters of the reserved solution, 

continue the titration, and again pass the end point, this time by a few 

tenths of a milliliter. Stir, add the remainder of the solution, rinse the 

beaker with the whole portion, and continue to the end point. 

E. OTHER METHODS 

The titration of zinc with a standardized sodium sulfide solution is not 

so satisfactory a procedure as the foregoing, and the sulfide solution must 

be frequently restandardized.®® 

Electrolytic methods can be divided into two classes, those requiring 

alkaline electrolytes and those requiring acid. Depositions in the former 

are easier, but the results are usually high and less accurate than those 

obtained in the latter. Both require special apparatus and the elimination 

^^Loc. ciu 
88 For a description of the method, consult such references as F. Sutton, Volumetrie 

Analysis, 11th ed., p. 353, P. Blakiston’s Son and Co., Philadelphia (1924); Lunge, 
Technical Methods of Chemical Analysis, Vol. 1, Part 1, p. 289 (1908). 
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of numerous elements and have so little to commend them in applied 
analyses that the reader is referred to the literature on the subject in case 

special conditions render them attractive.'^^ 

F. DETERMINATION OF SMALL AMOUNTS OF ZINC 

The use of glassware that contains no zinc is especially important when 

small amounts of the clement are in question. Very small amounts of zinc 
are determined preferably by precipitating the zinc as sulfide as in A after 

the addition of a small amount of mercuric chloride as a gathering agent. 
The precipitated sulfides are then carefully ignited. The zinc oxide can 

be either w eighed or its amount determined after solution in dilute hydro¬ 

chloric acid, treatment with ferrocyanide as in D, and comparison in a 
nephelomctcr w ith a standard solution containing suitably small amounts 

of zinc. The last is the method followed by Bodansky after a preliminary 

precipitation of the sulfide in a citric acid solution containing calcium 

citrate. 
The use of benzoin, QjHn’CHOH-CO-CcjHr,, as a highly specific fluo¬ 

rescent qualitative reagent for as little as 10 /xg of zinc ion is described bv 

White and Neustadt."^’ The fluorescence appears in an alkaline solution 

in the presence of magnesium hydroxide and silicate. T'hc chief interfering 

elements are beryllium, boron, and antimony. Colored anions must be 

absent, as must the platinum metals, mercury, silver, and gold which arc 

reduced to the metallic state if not removed. 

Spitzer, Z. Elektrochem., 11, 391 (1905); E. B. Spear, E. E. Wells, and B. Dyer, 
/. Am. Chein. Soc., 32, 530 (1910); Smith, Electro Analysis, 6th ed., Blakiston’s Son 
and Co. (1918); Classen-Hall, QuiVntitative Analysis hy Electrolysis, John Wiley & Sons. 
For deposition from acid citrate solutions, R. Winchester and L. F. Yntema [Ind. Eng. 
Chem. Atial. Ed., 9, 254 (1937)] proceed as follows: Prepare a zinc sulfate solution free 
from heavy metals except aluminum, chromium, magnesium, and tin. Dilute to 175 ml, 
add 1.5 g of citric acid, and then a 40 per cent solutit)n of sodium hydroxide until the 
solution is neutral, or very slightly acid to methyl red-methylene blue (pH 4 to 5). 
Dilute to 200 ml, and electrolyze at 1 ampere per dm- with a copper or copper-plated 
gauze cathode and a rotating platinum anode for 1.5 to 2.0 hours, or until 0.5 ml of 
saturated hydrogen sulfide water produces not more than a faint opalescence with 
1 ml of the electrolyte. Wash the deposit quickly and thoroughly as the beaker 
and electrolyte are lowered, dip into acetone, dry at 85° C, and weigh. Nitrate ions, 
dimethylglyoxime, urea, and antimony, arsenic, bismuth, cadmium, copper, lead, mer¬ 
cury, silver, iron, cobalt, nickel, and manganese interfere. 

Bodansky, /. Ind. Eng. Chem., 13, 696 (1921). 
3®C. E. White and M. H. Ncustadt, Ind. Eng. Chem. Ami. Ed., 15, 599 (1943). 

For the use of dithizonc, consult Fritz FeigI, Qualitative Analysis by Spot Tests, 3d ed., 
Elsevier Publishing Co., New York (1946); Fritz Feigl, Specific Selective Sensitive 
Reactions, Academic Press, New York (1949). 



Chapter 25 

MANGANESE 

Manganese is found in ferromagnesian minerals in nearly all rocks, 
though as the result of their alteration it may appear sometimes, particu¬ 
larly on surfaces of limestones and sandstones, in a more or less peroxidized 
condition. It appears to favor rocks high in iron rather than those high 
in magnesium and is seldom present in amounts as high as 0.5 per cent. It 
never occurs native. It is most common in silicates, oxides, and carbonates; 

less so in sulfides, phosphates, tungstates and columbates. The most com¬ 

mon manganese minerals are the dioxide, pyrolusite, and the hydroxide, 
psilomelane. Manganese is widely used in the arts, and methods for its 

determination arc of prime importance. 

I. GENERAL CONSIDERATIONS 

If manganese is ignored in an ordinary analysis, most of it will be found 
with the lime and with the magnesia. Very little, if any, will be found in 

the ammonia precipitate if double precipitation has been carried out under 
conditions favorable for the precipitation of aluminum (p. 504). By far 
the greater amount will come down with magnesia and be weighed as the 

pyrophosphate, iMnoPaOj. The practice of catching manganese in the 
ammonia precipitate by the use of oxidizing agents such as bromine or per¬ 
sulfate is not desirable if much manganese is present and the precipitate is 
to be weighed, because of the uncertainty as to the composition of the 
oxide after ignition. As a general rule, manganese had better be removed 
immediately after the precipitation of iron and aluminum with ammonium 

hydroxide. For this, precipitation with ammonium sulfide is best for small 
amounts, whereas the nitric acid-chlorate method is to be preferred for 

large amounts. 

II. DECOMPOSITION OF MANGANESE MINERALS 

The solution of manganese minerals offers no serious difficulties and can 
be done by attack with single or mixed acids or by fusion with sodium 
carbonate or potassium pyrosulfate. If attack is by acid, complete decom¬ 

position of the mineral must be made certain. Any insoluble matter must 

439 
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be separated, washed, ignited, and fused, and the melt dissolved and added 
to the original solution. 

With oxidized ores, it is best to treat with hydrochloric acid in a covered 
beaker or casserole until evolution of chlorine ceases, and then to uncover 
and evaporate to dryness in case silica is wanted, or else to boil until 
chlorine is expelled and to continue the attack with hydrofluoric and 
sulfuric acids in platinum if silica is not desired. 

If manganese alone is to be determined in the oxidized ore, it had better 
be dissolved by digestion with dilute nitric acid (sp. gr. 1.135) and hydro- 
gen peroxide, the solution filtered, and any insoluble matter washed, ignited, 
and fused with pyrosulfate, and the melt taken up in dilute nitric acid and 
added to the main solution. 

III. METHODS OF SEPARATION 

Manganese, like chromium, is usually determined in a separate sample 
by methods that are subject to interference by but few elements. Separa¬ 
tions are therefore more often used for getting manganese out of the way 
than for isolating it in a pure condition. 

Probably the best method of actually separating manganese from other 
elements lies in its precipitation as the dioxide by boiling with nitric acid 
and potassium chlorate.^ Precipitation is never entirely quantitative and 
may fail with small amounts of manganese, such as 1 to 2 mg. With larger 
amounts, no more than 0.1 to 0.3 mg should remain unprecipitated.^ The 
dioxide is never weighed as such and will be contaminated by elements such 
as silicon, tungsten, columbium, and tantalum that arc more or less precipi¬ 
tated during the evaporation of nitric acid, as well as by others such as 
iron, cobalt, antimony, and vanadium if appreciable amounts of these were 
originally present in solution. These are of less moment when a volumetric 
method follows than when a gravimetric one does. The procedure is as 

follows: 

1 J. B. Haniiay, /. Chem. Soc.y 33, 269 (1878); S. A. Ford, Trans. AIME, 9, 397 
(1880-81). L. H. James [Jnd. Eng. Che?H. Anal. Ed., 3, 31 (1931)] states that the 
oxidation can be made in the presence of perchloric acid as follows: To the solution, 
free from organic matter, add 20 ml of perchloric acid (60%), continue to boil until 
the percliloric acid fumes and insoluble salts start to separate. Cool, dissolve in 30 ml 
of nitric acid, and heat just to boiling on a hot plate. Add a few crystals of sodium 
chlorate in order to prevent excessive foaming, and then precipitate the manganese 
with four additions of 2 g each of sodium chlorate, adding each portion after the 
effervescence produced by the last addition has about ceased. This should take about 
20 minutes, during which time the solution should always be saturated with free chloric 
acid and never overheated. Remove the solution from the hot plate before effervescence 
from the last addition of sodium chlorate has entirely ceased, filter, and wash as usual. 

2 It is possible that the precipitation may be much less complete in the presence of 
appreciable amounts of certain elements, as for example molybdenum. 
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Evaporate the solution, which should preferably contain no other acids 
than nitric, to a syrupy consistency, and then add 50 ml of nitric acid. 
Cover, boil for a few minutes to expel oxides of nitrogen, keep just at the 
boiling point, and in the course of 10 to 20 minutes introduce 5 g of potas- 
sium chlorate in very small amounts, raising the cover glass slightly and 
adding the reagent quickly by means of a glass or porcelain spoon. When 
all of the chlorate has been added, continue the boiling until effervescence 
nearly ceases, but making sure that a little chloric acid is still present. 
Rinse the cover glass and sides of the beaker with a small jet of water, 
add 40 ml of cold water, and cool quickly. Filter on a tight paper or on 
asbestos, and wash the beaker and precipitate with small amounts of cool, 
colorless nitric acid or ice-cold w^ater. Test the filtrate and washings for 
manganese by the bismuthate method. The dioxide can be titrated as 
described on page 448 or else purified as to be described before determina¬ 

tion by gravimetric methods. 
For the purification of the dioxide, transfer the precipitate and filter to 

the beaker in which the precipitation was made, and add 10 to 40 ml of 

strong sulfurous acid. Filter into a 200-ml beaker, wash with hot w^ater, 

and add 2 to 3 ml of hydrochloric acid to the filtrate. Heat until all sulfur 

dioxide is expelled, add bromine w^ater until the solution is strongly colored, 

and then boil to expel all free bromine. Add dilute ammonium hydroxide 

(1 -f 1) until the solution is just alkaline to methyl red, boil for 2 minutes, 

and immediately filter into a 600-ml beaker. Wash the precipitate tw^o or 

three times with hot water, and reserve the filtrate. Dissolve the precipitate 

in hot dilute hydrochloric acid (1 3), catching the solution in the beaker 

in which precipitation was made. Wash the paper with hot water, heat 

the solution to boiling, reprecipitate wfith ammonium hydroxide as before, 

filter, catch the filtrate in that already reserved, and w^ash moderately. 

Acidulate the combined filtrates with acetic acid, heat to boiling, and pass 

in hydrogen sulfide for 10 to 15 minutes. Let stand at the side of the steam 

bath for 15 minutes, filter, and w^ash the precipitate with hydrogen sulfide 

water, feebly acidulated with acetic acid and containing a little ammonium 

chloride. The filtrate contains all of the manganese ready for precipitation 

as in IV, B (p. 449).® 

3 In solutions, each containing 0.0113 g of Mn and 5 mg of the specified impurity, 
the following results for manganese were obtained by precipitation as Mn02, purifica¬ 
tion as described, and final precipitation as the phosphate: V, 0.0112; Ni, 0.0112; Co, 
0.0113; W, 0.0113; Cr, 0.0111; Ti, 0.0111; Zr, 0.0110; Mo, 0.0109; Sn, 0.0112; and Sb, 
0.0111. In solutions, each containing 0.0108 g of Mn and 5 mg of the specified impurity, 
the following results were obtained by precipitation as Mn02, solution in a standard 
solution of ferrous sulfate, and titration with permanganate: V, 0.0108; Ni, 0.0107; 
Co, 0.0108; W, 0.0103; Cr, 0.0110; Ti, 0.0110; Zr, 0.0108; Mo, 0.0105; Sn, 0.0108; and 
Sb, 0.0105. 
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Iron, aluminum, and the like can be quantitatively separated from man¬ 
ganese by precipitation with ammonium hydroxide in boiling solution, 
provided the solution is boiled for no more than 2 minutes after careful 
adjustment of the alkalinity and then immediately filtered.^ By this pro¬ 
cedure, which is the same as that recommended for aluminum (p. 504), 
two or three decigrams of iron or aluminum can be separated in two pre¬ 
cipitations from as much as a gram of manganese, provided elements such 
as phosphorus or vanadium arc not present in excess of what can be carried 
down by the iron or aluminum. 

Separations made by the basic acetate method (p. 79) are more trouble¬ 
some and are no more satisfactory than the preceding, except in cases 
where the ammonia precipitate is so large tliat it is difficult to handle, or 
the color of the solution renders the use of an indicator unceitain. 

The most satisfactory separation of manganese from calcium or magne¬ 
sium in ordinary analyses such as of rocks or minerals is made with ammo¬ 
nium sulfide as described on page 64. 

Manganese can be precipitated by bromine from a solution weakly acid 
(usually with acetic acid) and containing sodium acetate (filtrate from 
basic acetate precipitation) or from an amnioniacal solution, but the method 
is not the equal of the sulfide method when other metals are present. Com¬ 
plete precipitation is difficult, and it should be borne in mind that, if zinc 
or the alkaline earths w ere present, the precipitate may contain manganites.-' 
The presence of ammonium salts without free ammonium hydroxide is 
objectionable, as they arc oxidized by bromine and give rise to excessive 
amounts of free acid; hence in general they should be destroyed or expelled 
before the manganese is precipitated. If their amount is small, the precipi¬ 
tation may be made, but more bromine should be used, and the solution 
should be kept alkaline. 

Separations of manganese from a number of elements are based on pre¬ 
cipitation with hydrogen sulfide. Thus precipitation with hydrogen sulfide 
in solutions containing mineral acids (p. 60) serves to separate the members 
of the hydrogen sulfide group from manganese, precipitation in acetic or 
formic acid solution (p. 429) serves to separate zinc, and finally, as has 
already been pointed out, precipitation by ammonium sulfide provides a 
very satisfactory separation of manganese from the alkaline earths. 

A very satisfactory method for the separation of manganese from ele¬ 
ments such as molybdenum, vanadium, and the like lies in precipitation in 
sodium hydroxide solution (p. 84). If sodium peroxide is also used, or 
oxidation, as for example with alkali persulfate, precedes the precipitation, 

4 G. E. F. Lundcll and H. B. Knowles, /. Am. Chem. Soc., 45, 676 (1923). 
® If small amounts of manganese are present, and no precipitation with ammonium 

sulfide is contemplated, the manganese had better be gathered in the ammonia precipi¬ 
tate by the addition of a little bromine water or persulfate than allowed to go by 
and contaminate the lime and magnesia precipitates. 
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chromium can be separated as well. The same end can be attained by 
fusing with peroxide, taking up the melt in water, boiling with small addi¬ 
tions of sodium peroxide if permanganate is indicated, and filtering. Man¬ 
ganese can also be separated from chromium by volatilizing the latter as 

chromyl chloride from a boiling perchloric acid solution to which sodium 

chloride or hydrochloric acid is added from time to time (p. 526). Some 
manganese is also volatilized, but the amount is so small that it can be 
ignored in anything but the most accurate work.® 

Among the methods for the separation of other elements from man¬ 
ganese should be mentioned precipitation by ciipferron (p. 116), whereby 
iron, titanium, zirconium, and vanadium can [)c quantitatively separated 

from manganese; electrolvsis with a mercury cathode in dilute sulfuric 

acid solution (p. 138), by which elements such as iron, chromium, nickel 

or molybdenum are deposited; extraction of iron and molybdenum (p. 135), 
by ether from a hydrochloric acid solution of the chlorides (p. 136); and 
precipitation of elements such as iron, aluminum, and chromium bv barium 
carbonate (p. 82). 

IV. METHODS OF DETERMINATION 

Most methods for the determination of manganese arc volumetric and 
are based on its oxidation to permanganic acid followed by subsequent 

measured reduction. Exceptions are Volhard's method in which bivalent 

manganese is oxidized to the quadrivalent stage by standard permanganate 

solution, and methods in which manganese is first separated as the dioxide 
and then quantitatively reduced by ferrous sulfate, hydrogen peroxide, 

oxalic acid, or the like. Gravimetric methods for manganese arc not much 
used, though occasion sometimes arises for weighing it as the pyrophosphate 

or manganous sulfate. Determinations of the small amount of manganese 

in rocks are almost always too high if made by the gravimetric method. 
Colorimetric determinations of manganese arc of course limited to small 
amounts such as are found in most rocks and minerals, or in diluted solutions 

of materials of moderate manganese content. Selected methods of each of 

the three types will be taken up in order. 
Pyrolusite ores must be dried at 120° C and the whole dried sample taken 

for the analysis, for it takes up appreciable moisture if the container is 

opened for the withdrawal of a portion of it. 

A. VOLUMETRIC METHODS 

a. Bisimithate Method. The bismuthate method is quite generally appli¬ 
cable and is the most accurate method for the determination of manganese. 

« J. I. Hoffman and G. E. F. Lundell, /, Research NBS, 22, 465 (1939). 
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It was formerly thought that no more than 50 mg of manganese could be 
handled, but T. R. Cunningham and R. W. Coltman ^ showed that, with 
proper precautions, ten times as much (0.5 g) can be employed, thus 
extending the accuracy of the procedure when it is applied to materials of 
high manganese content such as pyrolusite or ferromanganese. 

Briefly stated, the method consists in oxidizing bivalent manganese to 
permanganic acid by the use of sodium bismuthatc in nitric acid solution,® 
filtering through asbestos, washing with dilute nitric acid, adding a meas¬ 
ured excess of ferrous sulfate, and then determining this excess by titration 
with a standard solution of permanganate. The reactions proceed rapidly, 
and the whole operation can be completed in a few minutes. 

The proper conditions for the bismuthatc method as described by Blum,-’ 
ImndelV^’ and Cunningham and Coltman ^ are as follows: 

rhe concentration of nitric acid in the solution should not be less than 
11 per cent (sp. gr. 1.062) and should preferably approximate 22 per cent 
(sp. gr. 1.135). The concentration of manganese is very important if much 
of it is to be oxidized. A solution containing about 0.05 g of manganese 
per 100 ml has the maximum stability, but the amount of manganese can 
l)e increased to 0.1 g per 100 ml without danger of material decomposition 
if filtration is not delayed. Approximately 26 g of an 80 per cent sodium 
bismuthate is required for 1 g of manganese, or 60 per cent more than the 
theoretical amount. In the absence of chromium, the oxidation can he 
made at any temperature up to 25® C, but is preferably made at tempera¬ 
tures low er than this, usually from 10 to 20® C. All of the foregoing direc¬ 
tions are based on an oxidation period, accompanied by shaking, of 1 minute. 
A period up to, say, 30 minutes does no harm but is unnecessary. Filtra¬ 
tion must be done through asbestos or other inorganic material, and washing 
is usually carried out with cold dilute nitric acid. In routine determinations 
of moderate amounts of manganese, 0.1 AT or 0.03 N solutions of ferrous 
sulfate and potassium permanganate are used, depending on the concen¬ 
trations of manganese handled. In occasional determinations, or wdicn 

" Ind, Eng. Chem., 16, 58 (1924). 
®B. Park [ibid., 18, 597 (1926)] stated that the bismuthate method can also be 

carried out in a solution containing sulfuric instead of nitric acid. We have not 
tested this procedure extensively, but it is desirable in cases where chromium is absent, 
manganese docs not exceed 20 mg per 100 ml, and it is not convenient to cool to 
10 to 15® C, as must be done when nitric acid is present. According to Park, the 
necessary conditions are; acidity 2 to 4 N (5.5 to 11 ml H2SO4 per 100 ml), concen¬ 
tration of manganese preferably not over 0.1 mg per ml, temperature 15 to 50® C, 
shaking with excess of bismuthatc for one minute, and washing with 5 per cent H^SO^. 

Manganese is not completely oxidized by bismuthate in the presence of perchloric 
acid alone, but the oxidation proceeds normally in a solution containing 15 ml of 
perchloric acid (60%) and 12 ml of nitric acid in a volume of 50 ml. 

»W. Blum, /. Am. Chem. Soc., 34, 1395 (1912). 
10 G. E. F. Lundell, ibid., 45, 2600 (1923). 
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more than 0.05 g of manganese is involved, it is better to add weighed 
portions of ferrous ammonium sulfate, provided the crystals are very fine 
and of uniform purity. In either case, the addition of ferrous sulfate 
should be judged, so that not more than 10 ml of permanganate solution is 
required in the back titration. The permanganate solution is usually 
standardized against sodium oxalate as described on page 185. Manganous 
oxalate or anhydrous manganous sulfate ^ can also be used, provided the 
pure salts are at hand. 

The bismuthate method as just outlined is singularly free from disturbing 
features, the only ones causing serious trouble being nitrous or hydrofluoric 
acid, chlorides, cerium, cobalt, and chromium. It is not difficult to insure 
freedom from the first two.’^ Cerium, which is rarely present, is oxidized 
to the quadrivalent state by bismuthate, reduced to the trivalent state by 
ferrous sulfate, and not reoxidized by permanganate; hence it causes high 
results for manganese unless it is removed, or ferrous sulfate is replaced 
by standard arsenitc solution which does not reduce quadrivalent cerium. 
The bismuthate method cannot be used in the presence of cobalt, for this 
clement is oxidized to an indefinite stage, and the oxidized compound reacts 
not only with ferrous sulfate but also with permanganic acid as soon as 
manganous salts are formed during titration.Manganese can be sepa¬ 
rated, as described in Section III, from cobalt by the nitric acid-chlorate 
method, or quite satisfactorily determined in its presence by the persulfate 
method. Chromium causes difficulties, because it is slowly oxidized by 

permanganic acid, even in cold solution. Results that arc accurate enough 

for all general purposes can be had if no more than 2 mg of chromium arc 

present per 100 ml of solution and the reactions are carried out quickly at 

10 to 20° C.^^ In analyses of the highest accuracy, chromium should be 

removed, as for example by repeated precipitation of the manganese by 

sodium peroxide; in routine analyses satisfactory results can be obtained 

by titrating the permanganic acid directly with a solution that does not 

react with chromate, as for example one of sodium arsenitc. Vanadium 

causes high results if care is not taken with the end point, because it is 

R. W. Coltman, Ind. Eng. Chem., 16, 606 (1924). 
5 2 A. Laacs noted, however, that as much as 2.5 mg of Cl as NaCl is without effect 

in colorimetric determinations of manganese in FeS04(NH4)2S04*6H20, provided 
the colorimetric comparison is made immediately after filtering off the bismuthate. A 
very slow fading takes place. 

I'^F. J. Metzger, /. Am. Chem. Soc., 31, 523 (1909). 
1-1 A. A. Blair, The Chemical Analysis of Iron, 8th ed., p. 208, J. B. Lippincott Co., 

Philadelphia (1918). 
15 For example 1 g portions of steel containing no cliromium and 0.635 per cent of 

manganese showed 0.637, 0.648, 0.652, and 0.659, after the addition of 2.5, 5, 7.5, and 
10 mg of chromium, respectively, and oxidation at 20® C. When reactions took place 
at 10® C, the effect of the 10 mg addition was reduced to 0.644 per cent. 
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reduced by ferrous sulfate and reoxidizcd but slowly by dilute permanga¬ 
nate in cool solution. Antimony tends to cause slightly low results, as 
for example 0.0109 instead of 0.0111 g of manganese in the presence of 
0.05 g of the element. Silver causes the formation of oxides of nitrogen 
and slightly high results, as for example 0.0112 and 0.0113 instead of 0.0111 g 
of manganese in the presence of 0.01 and 0.1 g, respectively, of silver. 
Phosphoric acid should be avoided during the oxidation of the manganese, 
although it is without serious effect unless present in excess of 1 g of PiiOn 
per 100 ml of solution. Moderate amounts of ammonium sulfate, such as 
10 g, or of tungsten, say, 0.25 g per 100 ml of solution, do not interfere. 
Molybdenum, uranium, titanium, lead, and platinum are without effect. 

PROCEDURE. Prepare a nitric acid solution containing approximately 22 
per cent by weight of nitric acid, not much over 0.05 g of manganese per 
100 ml, and none of the interfering substances that have been mentioned. 
Cool the solution, add 0.26 g of bismuthatc for each centigram of manga¬ 
nese, agitate the mixture for I minute, dilute with an equal volume of cool 
water, and filter through asbestos that has been specially prepared (p. 99). 
Wash the residue with cool 3 per cent nitric acid until free from perman¬ 
ganic acid.^® Add enough ferrous sulfate, as w^eighed crystals or a standard 
solution, to reduce all of the permanganic acid and to require approxi¬ 
mately 10 ml of permanganate in the back titration. Stir thoroughly until 
the permanganic acid is decolorized and the ferrous sulfate, if added as 
crystals, has dissolved. Titrate at once with OA N potassium permanganate 
to the usual end point. Carry a blank determination through all steps of 
the method, add the same amount of ferrous sulfate as was used before; and 
titrate with permanganate. The difference betw^cen the titrations repre¬ 
sents the permanganate equivalent of the permanganic acid formed in the 
test, and the amount of manganese is calculated from the manganese titer 
of the permanganate solution. 

b. Persulfate Method, The persulfate method has been improved to a 
point where as much as 100 mg of manganese can be determined with an 
accuracy that compares quite favorably with values obtained by the bis- 
muthate method. Furthermore, antimony, and moderate amounts of cerium, 

cobalt, and chromium have no serious effect. Chromium tends to mask 
the end point if more than 15 mg per 100 ml are present. 

The determination is based on titration with a standard solution of 

sodium arsenite, following oxidation of manganese to permanganic acid by 

the action of ammonium persulfate in a dilute nitric acid solution contain¬ 

ing silver nitrate, phosphoric acid, and, if desired, sulfuric acid. 

16 When much permanganic acid is involved, the bismuthate tenaciously retains manga¬ 
nese, which is not revealed until the drained pad has stood for 20 to 30 minutes and 
is treated with more wash solution. In the analysis of 0.3-g portions of a manganese 
ore (60% Mn), the manganese so retained amounted to 0.03 per cent. 
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Walters,’^ who first applied the method to the analysis of steel, found 
that oxidations by the dry salt were not satisfactory and that it had to be 
moistened slightly a few days before use. Present custom is to add the per¬ 
sulfate as a freshly prepared 25 per cent solution. Persulfate is occasionally 
of poor quality, and its oxidizing power should be tested before use, as 
described under Reagents (p. 37). 

Silver nitrate is added to promote the oxidation of manganese. It also 
aids in preventing the formation of manganese dioxide, provided the con¬ 
centration of manganese in the solution does not exceed, say, 5 mg per 
100 ml. The permissible concentration can be increased to as much as 
50 mg per 100 ml through the addition of phosphoric acid. In practice 
the concentration is held below 15 mg. 

For the oxidation of 10 mg of manganese per 100 ml, the optimum con¬ 
centrations of reagents arc 0.05 g of silver (0.079 g of silver nitrate), 2.5 g 
of ammonium persulfate, and 1 ml (4 ml if iron is present) of phosphoric 
acid. The amounts of nitric and sulfuric acids can be varied somewhat 
without affecting results, particularly if the arsenite solution is standardized 
by titrating solutions containing the same concentrations of acids. The 
time required to oxidize quantitatively the manganese to permanganic acid 
depends upon the temperature, other conditions being constant. Oxidation 
should be complete if the persulfate is added to a cool solution, which is 
rapidly brought to boiling and then boiled for about 1 minute. 

An arsenite solution is used in the titration because it is not affected by 
compounds, such as chromic acid, which may be encountered in applied 
analyses. The oxidation of the arsenite by permanganic acid does not 
proceed along stoichiometric lines, and so the solution must be standard¬ 
ized against material of known manganese content and carried through 
the steps of the method, or against a measured volume of a standard solution 
of potassium permanganate which may be added to a solution of the 
reagents used in the method, or reduced and then oxidized as in the 
method.^*' The end point is slightly influenced by the concentrations of 
the reagents in the solution, but is reproducible if these are kept reasonably 
constant. 

H. E. Walters, Proc. Eng. Soc. West. Penn.y 17, no. 7 (1901); Chem. News, 84, 
239 (1901). 

‘^E. IL Sandcll, I. M. Kolthoff, and J. J. Lingane [Ind. Eng. Che7fi. Anal. Ed., 7, 256 
(1935)] state that reactions proceed to completion and to a colorless end point if the 
permanganic acid is titrated with a standard solution containing equivalent amounts 
of sodium arsenite and sodium nitrite. In this modification, silver must be precipitated 
as chloride before titration, and small amounts of chromium, vanadium, nickel and 
molybdenum do not interfere. According to H. D. Hillson [Ind. Eng. Chem. Ami. Ed., 
16, 560 (1944)], as much as 0.05 g of manganese can be determined by oxidation with 
persulfate in a sulfuric and phosphoric acid solution containing silver nitrate, followed 
by stoichiometric titration with arsenite solution in the presence of osmic acid as a 
catalyst. 
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The procedure/® as applied in the analysis of cast iron or a plain carbon 
steel, is as follows: 

PROCEDURE. To LOGO g of the steel or iron in a 500-ml Erlenineyer flask 
add 30 ml of “acid mixture” (prepared by adding 100 ml of concentrated 
sulfuric acid to 525 ml of water, cooling, adding 125 ml of 85 per cent 
phosphoric acid and 250 ml of concentrated nitric acid, and mixing). Heat 
until solution is complete, and boil until oxides of nitrogen have been 
expelled."® Add 100 ml of hot water, 10 ml of a 0.8 per cent solution of 
silver nitrate, and 10 ml of a 25 per cent solution of ammonium persulfate. 
Heat to boiling, and boil briskly for 1 minute. Cool to 25° C or lower, 
add 75 ml of cold water, and titrate rapidly with standard arsenite to a 
clear yellow end point which docs not change upon the addition of more 
arsenite.^^ The end point can also be obtained potentiometrically. 

c. Other Voltmietric Methods. Among the other volumetric methods 
may be mentioned those depending on potentiomctric titration with mer¬ 
curous nitrate after oxidation by either bisniuthate or persulfate; - separa¬ 
tion of the dioxide, followed by measured reduction in acid solution with 
ferrous sulfate, oxalic acid, or hydrogen peroxide; or oxidation of bivalent 
manganese to the quadrivalent state by titration at approximately 80° C 
with a standard solution of permanganate in a solution that is feebly alka¬ 
line, as after precipitation with zinc oxide, or else just acidified with nitric 
acid.®^ The former is entirely satisfactory and can be applied in the 
presence of chromium and vanadium. Reduction of the dioxide by an 
excess of a standard solution of a reducing agent, followed by titration 
with permanganate, does not proceed according to theory and therefore 

A. Bright and C. P. Larrabee, Bur. Standards J. Research, 3, 573 (1929). 
20 With cast irons, filter through a rapid paper to remove the graphite, and wash 

with water. Dilute the filtrate, if necessary, to 125 ml, and proceed as with steels. 
21 The arsenite solution can be prepared and standardized as follows: To 6 g of cp 

arsenic trioxide in a 600-ml beaker add 250 ml of water and 15 g of sodium hydroxide, 
and stir until solution is complete. Saturate with carbon dioxide, and dilute to 5 liters. 
Transfer 30 ml of the acid mixture to a 500-ml Erlenmcyer flask, add 100 ml of water, 
10 ml of persulfate solution, 10 ml of silver nitrate solution, and boil for a minute 
to remove nitrous fumes. Cool to room temperature, dilute with 75 ml of water, add 
exactly 20 ml of a standard 0.03 N solution of potassium permanganate, and titrate 
with the sodium arsenite solution. The end point should be taken when the solution 
assumes a yellow-green color, which is not changed by the further addition of arsenite. 
The color is not the clear yellow obtained in the presence of iron. The difference 
in shade is slight, and with practice causes no difficulty. 

22 G, L. Kelley, M. G. Spencer, C. B. Illingsworth, and T. Gray, /. Ind. Eng. Chem., 
10, 19 (1918). 

28 F. H. Williams, Trans. AIME, 10, 100 (1881-82); G. von Knorre, Z. angew. Chem., 
14, 1149 (1901). The former separated the dioxide by attack with HNOa—KQO3 as 
in III, the latter by boiling MnS()4 with (NH4)2S208 in a solution containing not over 
4 per cent of free H2S04* 

-'*J. Volhard, Ann. Chem., 198, 318 (1879). 
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an empirical titer must be obtained by actual trials of the method with 
known amounts of manganese treated under exactly the same conditions as 
obtained in the analysis. An empirical titer must also be used in Volhard’s 
method,and in addition it is difficult to judge the end point. 

B. GRAVIMETRIC METHODS 

a. By Weighi/ig as the Pyrophosphate. The pyrophosphate method, 
originally recommended by W. Gibbs and later modified by F. A. Gooch 
and M. Austin and A. A. Blair,-® is probably the best of the gravimetric 
methods for manganese. It is based on the precipitation of manganese 
ammonium phosphate in a slightly ammoniacal solution containing an 
excess of ammonium salts. The method requires a preliminary separation 
of manganese from such other elements as would also be precipitated, and 
is usually applied after preliminary separation of the manganese as the 
dioxide and purification as described in Section III."'’ In accurate analyses, 
it is customary to make final corrections, based on colorimetric tests for 

manganese in the filtrates and washings obtained in the precipitation of 

both the dioxide and the phosphate. Ordinarily these should not exceed 

0.3 mg of manganese in the former and 0.2 mg in the latter. 

. Precipitation of the phosphate can be done in hot solution, as recom¬ 

mended by Gibbs and by Blair,-®*'*” or by single or double precipitation in 

cold solution as described under magnesium (p. 638).In the latter case, 

the first precipitation can be allowed to proceed for 12 hours or longer. 

y.'spor example, in tests (»f the Ford-Williams, von Knorre, and Volhard methods, 
W. Blum {Bur. Standards Circ, 26, Analyzed Iron and Manganese Ores, p. 17) found 
that the empirical titers were 0.4959 and 0.5058, rc.spcctively, as against 0.4918 times 
the iron titer in the first two, and 0.2984 instead of 0.2951 in the last. 

/. Set., [2] 44, 216 (1867). 
^Ubid., [4] 6, 233 (1898). 

Op. cit., p. 106. 
2^ For example cobalt is partially precipitated with manganese; the addition of citrate 

(p. 635) causes incomplete precipitation of manganese. 
W. Heintz [Annal. Physik, 74, 449 (1849)1 maintained that Mn3(P04)2 is formed 

in the cold and that this is converted to MnNH4P04 upon boiling or long standing. 
In careful precipitations of manganese in solutions obtained by reduction of 50-mI 

portions of KMn04, each equivalent to 0.1381 g of Mn*jP207, H. B. Knowles obtained 
0.1378 by Blair’s method and 0.1385 by Gooch’s method. No corrections were made 
for manganese lost in the filtrate and washings. By a single 4-hour precipitation in 
cold solution as described under Magnesium (p. 638), 0.1383 was obtained, and, bv a 
single 12-hour precipitation followed by a 4-hour precipitation, 0.1382. In the single 
precipitation, the filtrate and washings contained 0.12 mg of manganese; in the double 
precipitation, 0.15. A single precipitation made in hot acetic acid-ammonium acetate 
solution which was then allowed to cool and stand for 4 hours gave 0.1351 g of Mn2P207 

and showed 1.3 mg of Mn in the filtrate and washings. Three single precipitations 
made in (NH4)2HP04—NH4H2PO4 solution as under Zinc (p. 432) gave 0.1388, 0.1389, 
and 0.1390. 
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In any case, the final precipitation should not be allowed to proceed for 
longer than 4 hours, for otherwise high results arc the rule. Precipitation 

from hot solution is done as follows: 
PROCEDURE. To the acid solution containing not more than 0.001 g of 

manganese per ml, no interfering elements, and preferably of a volume of 
100 to 200 ml, add 20 g of ammonium chloride and 1 to 2 g of diammonium 
phosphate, (NH4)i»HP04. Heat to boiling, clear the solution with hydro¬ 
chloric acid if necessary, and then add dilute ammonium hydroxide, drop 
by drop and with constant stirring. As soon as a precipitate appears, stop 
the addition of ammonium hydroxide, and stir until the precipitate becomes 
crystalline. Then add another drop of ammonium hydroxide, stir as before, 

and so continue until no more precipitate is produced and its silky appear¬ 
ance is unchanged. Boiling is to be kept up throughout. Finally add 0.5 
ml of ammonium hydroxide in excess, and allow the solution to cool, prefer¬ 
ably in ice water. Let stand for 2 to 3 hours, filter on an ashless paper, and 
w ash with a cold, faintly ammoniacal 10 per cent solution of ammonium 
nitrate until chlorides are removed. Dry at gentle heat, ignite at as low' a 
temperature as possible until the carbon is destroyed, and then heat at 
approximately 1000° C to constant w^cight. Weighas Mn2P207. 

b. Other Methods, Aside from the pyrophosphate method, the gravi¬ 
metric methods that arc chiefly recommended are those in which manga¬ 
nese is weighed as Mn:]04, MnS, or MnS04. If such methods are to be 
employed, the last is by far the best. The former is entirely unsatisfactory, 
as the composition of the weighed oxide depends upon the temperature of 
the ignition and the nature of the atmosphere surrounding the precipitate.^'’^ 
Before manganese can be weighed as the sulfide, it must be ignited to oxide 
in a Rose crucible (p. 32), and then converted to the sulfide by covering 
with pure sulfur, carefully heating in a stream of dry hydrogen, finally at 

900° C, and then cooling in the same medium. To determine manganese 

by w eighing as the sulfate it is requisite that manganese be separated from 

all other substances that yield nonvolatile compounds with sulfuric acid, 

and that the sulfate be heated at 450 to 500° C until constant w^eight is 

obtained.^^ To convert the sulfide into sulfate, dissolve it in a slight excess 

32 The manganese ammonium phosphate precipitate can be weighed as MnNH.j- 
P04-H20 provided it is caught in a tared filtering crucible, given a final washing with 
ether, and allowed to stand for a few minutes in a desiccator before it is weighed 
[R. C. Crippen, Chemist-Analyst^ 29 [3], 54 (1940)]. If no more than a few milligrams 
of manganese are involved, as is usually the case with rocks, L. A. Dean and E. Truog 
lind, Eng, Chem, Anal, Ed,, 7, 383 (1935)] recommend that it be gathered with 
magnesium as the phosphate, after precipitation of the “R2O3” group at pH 6.2 and 
the calcium at pH 4.4. 

sounder carefully regulated conditions, P. N. Raikow and P. Tischkow [Chem, Ztg., 
35, 1013 (1911)] could not obtain results that agreed to better than 1 part in 200. 

34 W. Blum, op, cit,, 1379. 
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of dilute sulfuric acid, and catch the solution in a \\ eighed platinum cru¬ 
cible. F.vaporate to expulsion of the acid. Cool, moisten the residue with 
water, again evaporate, and heat at 450 to 500° C until the weight is con¬ 
stant. Weigh as MnS04. If the weighed residue is dark-colored, add a 
few drops of sulfuroiis and sulfuric acids, and repeat the treatment. 

C. COLORIMETRIC METHODS 

Small amounts of manganese can be determined accurately and quickly 
by colorimetric comparison after oxidation to permanganic acid by such 
agents as periodate,^^ persulfate, bismuthate or lead dioxide. The first is 
to be preferred, because the oxidation is reliable, no filtration is required, 
and the permanganic acid is stable if a slight excess of periodate is used. 
Willard and Greathouse state that no change was noted in a solution after 
it had stood for 3 months in a stoppered flawSk. 

Ferric periodate is insoluble in fairly strong nitric acid, but soluble in 

sulfuric or phosphoric acids. When much iron is present, either of the 

latter two must be used, phosphoric preferably because it also decolorizes 

the iron. Cerium and chromium (to a variable degree) are oxidized by 

periodate in acid solution. 

' PROCRDURE. I'rce the manganese solution from reducing agents by boiling 

it with nitric acid, adding a little ammonium persulfate if carbon compounds 

are present, as with steel. If chlorides are present, evaporate with nitric 

and sulfuric acids until fumes of the latter appear. Finally treat the solu¬ 

tion so that it contains approximately 20 ml of nitric acid per 100 ml, and 

in addition 10 to 15 ml of sulfuric acid or 5 to 10 ml of syrupy phosphoric 

acid or a mixture of the two. Add at least twice as much potassium or 

sodium periodate, KIO4 or NaI04, or the equivalent of NasHolOo, as is 

theoretically required (1 g of KIO4 per 0.1 g of Mn). Boil for 1 minute, 

keep hot 5 to 10 minutes, cool, and dilute to the proper volume. Compare 

with standards of know^i manganese content similarly prepared. When 

ready for test, the solution should not contain more than 1 mg of manga¬ 

nese per 50 ml; otherwise the color will be too dark.®*^ The color can also 

be measured photometrically at about 525 niju, or at 575 m/x if chromate is 

present. 

H. H. Willard and L. H. Greathouse, /. Am. Chem. Soc., 39, 2366 (1917). 
The excess of periodate must be removed if a volumetric determination is required. 

According to H. H. Willard and J. J. Thompson [Ind. Eng. Chem, Anal. Ed,, 3, 399 
(1931)1, this can be done by adding an excess of mercuric nitrate, filtering through a 
fairly large asbestos filter into an excess of a standard solution of ferrous sulfate contain¬ 
ing 10 ml of dilute sulfuric acid (1 -f 1), washing four or five times with cold water, and 
titrating back as usual with a standard solution of permanganate. The reaction goes 
best in a phosphoric acid solution, in which case less than a milligram of chromium 
does not interfere. Cobalt, cerium, and chlorides must be absent. 



Chapter 26 

VANADIUM 

The wide distribution of vanadium throughout the earth’s crust has been 
clearly established, not only in ores and coals but in clays, limestones, sand¬ 
stones, and igneous rocks.^ Vanadium occurs in appreciable amounts in 
the more basic igneous and metarnorphic rocks, up to 0.08 per cent or 
more of V2O3, but it seems to be absent or nearly so from the highly sili¬ 
ceous rocks. Some of their ferric aluminous silicate constituents carry 
still higher percentages—up to 0.13 per cent V2O3 in a biotite separated 
from a pyroxenic gneiss. Hence the quantitative search for vanadium will 
usually be limited to rocks with less than 60 per cent of silica. The search 
for it even then will perhaps not often warrant the necessary expenditure 
of time, but in this connection it should be remembered that neglect to 
determine it introduces an error in the figures for alumina, and for both 
ferrous and ferric oxides, which in extreme cases may be of considerable 
moment in the last two cases. 

The relation of vanadium to the ferric aluminous silicates of rocks, taken 
in connection with the existence of the mineral roscoelite, classed as a 
vanadium mica, indicates that the vanadium corresponds in condition to 
aluminum and ferric iron, and that it is to be regarded as replacing one or 
both of these elements. Hence in these cases it should be reported as V2O3 

and not V2O5. 
What its condition may be in matter of secondary origin, like clays, 

limestones, sandstones, coals, and ores of iron, is yet open to discussion. 
It was the opinion of one of us (W.F.H.) at one time that it should be 
regarded as in the pentavalent state (V2O5), but work on certain remarkable 
vanadiferous sandstones ^ of Western Colorado, in which it unquestionably 
occurs as trivalent vanadium (V2O3), led to a decided unsettling of this 

view. 

I. GENERAL CONSIDERATIONS 

In analyses of rocks by the usual method, vanadium is reduced to the 
quadrivalent state during the removal of silica by repeated evaporation with 
hydrochloric acid. Practically all of the small amount of vanadium in 

iW. F. Hillebrand, Am, /. ScL, [4] 6, 209 (1898); Chem. News, 78, 216 (1898); 
17. S, GeoL Survey Bull. 700, 184 (1924). 

2 W. F. Hillebrand and F. L. Ransome, Am. J. Set., [4] 10, 120 (1900). 
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rocks will be found in the ammonia precipitate when R20:{ is high, with 
Fe203 preponderating. When AI2O3 preponderates, the precipitation is 
less complete. When the precipitate is ignited, the vanadium is oxidized 
to the quinquevalent state and therefore weighed as V0O5. If vanadium 
is not removed before the determination of iron by volumetric methods, its 
effect will depend on the method of reduction. Hydrogen sulfide, sulfur 
dioxide, and stannous chloride all reduce it to the quadrivalent stage in 
which 1 mg V2O5 = 0.878 mg FcoOa. Zinc reduces the element to the 
bivalent stage in which 1 mg V2O6 = 2.63 mg Fe203. It is evident that, 
if vanadium is ignored, plus errors for both iron and aluminum will result 
when reduction to the quadrivalent compound takes place, whereas high 
results for iron and low results for aluminum will ensue when reduction 
goes to the bivalent stage. Bivalent vanadium is so unstable under the 
conditions that usually obtain that its effect in the determination of iron 
cannot be calculated unless the reduced solution has been caught in an 
excess of ferric sulfate. In addition to the effects already noted, vanadium 
interferes in the colorimetric determination of titanium and in the determi¬ 
nation of phosphorus. 

II. ATTACK OF VANADIUM MINERALS 

The complete analysis of vanadium minerals is best made by working 
with several portions of material, the different analyses being combined 
as convenient. 

Most vanadium minerals readily yield to acids, an initial treatment with 
hydrochloric acid followed by nitric acid usually sufficing to give com¬ 
plete extraction of vanadium. For complete decomposition of the ore, 
any insoluble residue is fused with sodium carbonate, dissolved in hydro¬ 
chloric acid, and added to the main solution. If silica is not to be deter¬ 
mined, the insoluble matter can be digested with hydrofluoric acid and the 
latter then eliminated by evaporation with sulfuric acid or by repeated 
evaporation with the acid that is desired. The customary treatment with 
hydrofluoric and sulfuric acids, followed by evaporation and ignition to 
remove silica, is not desirable with residues bearing vanadium, for there is 
danger of forming volatile fluorides or oxyfluorides of vanadium at red heat. 

Vanadium minerals also respond readily to fusion with sodium or potas¬ 
sium carbonate or sodium peroxide. When the carbonates are used, it is 
desirable to add a little niter; if sodium peroxide is used, it is not necessary 
to heat to complete fusion, the reaction being complete when the mixture 

sinters together. 
Fusion with pyrosulfate is not often employed except for the recovery 

of small amounts of vanadium in residues obtained in the course of an 

analysis. 
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With regard to solution methods having to do with the determination 
of the condition of vanadium, as in roscoelite, one of us (W.F.H.) effected 
decomposition by heating the air-free powder with dilute sulfuric acid in 
a tube sealed during the passage of a current of carbon dioxide through it. 

It is sometimes stated that losses of vanadium occur when solutions con¬ 
taining the element are heated above 100° C We have been unable to 
detect any loss when hydrochloric acid solutions were evaporated to dry¬ 
ness and baked at 175° C, nor when sulfuric acid solutions of quinqucvalent 
or quadrivalent vanadium were heated for 5 hours at the same temperature. 
That no volatilization occurs is explained by the fact that the volatile 
chlorides of vanadium are unstable in the presence of moisture. 

Small amounts of vanadium, approximating 1 part of vanadium per 1000 
parts of tungsten, are carried down by tungstic acid and must be recovered 
if the tungstic acid precipitate is large.'^ 

ill. METHODS OF SEPARATION 

Most methods for the separation of vanadium can be classed as they 
serve to gather the element in a precipitate or in a filtrate. Among the 
former can be mentioned the gathering of vanadium in the ammonia pre¬ 
cipitate, in the ammonium phosphomolybdate precipitate, in the residue 
obtained by evaporation with nitric acid, and in the precipitates produced 
by mercurous nitrate, lead acetate, or cupferron. The second class include 
fusions with sodium peroxide or sodium carbonate and niter, followed by 
extraction with water, and precipitations with sodium hydroxide or with 
hydrogen sulfide in acid solution. Entirely different methods arc such as 
electrolysis with a mercury cathode, the separation of iron and molyb¬ 

denum from vanadium by extraction with ether in cold dilute hydrochloric 

acid solution (1 -f- 1), and the volatilization of vanadium in a current of 

dry hydrochloric acid gas. 

When by itself, vanadium is not precipitated by ammonium hydroxide. 

Its presence in the ammonia precipitate depends on the formation of insol¬ 

uble compounds with bases such as iron and aluminum. As complete reten- 

/. Scu, 7, 451 (1899). 
According to H. H. Willard and P. Young [Ind. Eng. Chem., 20, 764 (1928)], 

small amounts of vanadium in tungstic acid can be determined colorimetrically as 
yellow vanadotungstic acid as follows: Dissolve the tungstic acid in 15 ml of a 4 per 
cent solution of sodium hydroxide, filter if necessary, dilute to 75 to 100 ml, acidify 
with 5 ml of phosphoric acid (sp. gr. 1.37), and match the color within 1 to 2 hours 
with that obtained by adding a standard solution of vanadotungstic acid to a like 
volume of water. Ammonium salts must be absent. The standard solution con¬ 
veniently contains 0.1 mg of vanadium and 5 mg of tungsten per ml and is prepared 
by disst)lving the required amounts of sodium vanadate and sodium tungstate in water, 
adding 25 ml of phosphoric acid (sp. gr. 1.37), and diluting to 500 ml. 
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tion is uncertain and the percentage of vanadium is ordinarily based on its 
determination in a separate sample, the precipitation of it by ammonium 
hydroxide is chiefly of interest in that it necessitates precautions in the 
analysis of the ammonia precipitate.® 

That ammonium phosphomolybdatc precipitates carry down quincjue- 
valcnt vanadium and become orange or brick red in color has long been 
known. Cain and Hostetter® showed that the precipitation can be made 
quantitative if the amount of phosphorus is five to ten times that of the 
vanadium. If, however, vanadium is in the quadrivalent state and precipi¬ 
tation is made at room temperature, none of it comes down with the phos- 
phomolybdate precipitate.^ Coprecipitation of vanadium with phosphorus 
gives the same separation from other elements as that of phosphorus alone 
(p. 696). In a few tests made by us, the separation of 5 mg of quinque- 
valent vanadium from 100 mg of sexivalent uranium was very satisfactory. 
l"o make the separation, prepare the solution as for a precipitation of 
ammonium phosphomolybdate, add ten times as much phosphorus as there 
is vanadium present and then a slightly greater excess of ammonium nitrate 
than usual, render nearly neutral by the addition of ammonium hydroxide, 
heat to boiling, add the usual excess of molybdate reagent, and shake for 
a^ few minutes. Filter, and wash by decantation with a hot (80° C) solution 
of acid ammonium sulfate (1000 ml of water, 15 ml of ammonium hydroxide, 
and 25 ml of sulfuric acid). 

Evaporation of a nitric acid solution ® to dryness, followed by extraction 
with water, filtration, and washing of the residue with a dilute solution of 

ammonium nitrate, yields a fair separation of vanadium as pyrovanadic acid, 

H4V2O7, together with such elements as iron and aluminum, from others 

such as alkalies and uranium which are dissolved. The separation is not 

quantitative,® as it is impossible to prevent a little of the vanadium, iron, 

and aluminum from going into solution, and more or less uranium, espe¬ 

cially when phosphorus is present, from staying with vanadium. 

Precipitation with mercurous nitrate in a solution containing a slight 

amount of sodium carbonate was long used for the group separation 

® Tests made by H. B. Knowles indicated that 1 mg of either quinquevalent or 
quadrivalent vanadium is quantitatively held by 100 mg of aluminum. Ten milligrams 
of vanadium in either valency were not held by this amount of aluminum. Retention 
by iron was slightly better, 100 mg retaining 10 mg of vanadium quantitatively when 
in the quinquevalent and almost quantitatively when in the quadrivalent state. 

« J. R. Cain and J. C. Hostetter, J. Ind. Eng, Chem., 4, 250 (1912); /. Am, Chem. Soc,, 
43, 2552 (1921). 

R. Cain and F. H. Tucker, J, Ind, Eng, Chem.j S, 647 (1913). 
®C. Friedel and E. Cumenge, Compt, rend,, 128, 532 (1899). 
®W. F. Hillebrand and F. L. Ransome, op, cit,, 136, 
low. F. Hillebrand, /. Am, Chem, Soc,, 20, 454 (1898); U, S, Geol, Survey Bull, 700, 

185. 
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of the small amounts of vanadium, chromium, molybdenum, tungsten, 

phosphorus, and arsenic that occur in rocks. The separation is applied 

after fusion with carbonate and niter as follows: Thoroughly fuse 5 g 

of the powdered rock with 20 g of sodium carbonate and 3 g of 

sodium nitrate. Extract the melt with water, reduce manganese with 

alcohol, and filter. In case fusion was incomplete or much vanadium 

is present, ignite the residue, repeat the operation, and combine the filtrates. 

Nearly neutralize with dilute nitric acid (1 + 1), the amount to be used 

having been determined by a blank test on the amount of fusion mixture 

employed. Do not overrun neutrality, lest chromium and vanadium be 

reduced by nitrous acid set free from nitrite produced during fusion. 

Evaporate until the solution is nearly dry. Dilute w ith 100 ml of water, 

warm to dissolve soluble salts, and filter. livaporate the silica and alumina 

precipitate with hydrofluoric and sulfuric acids, fuse the residue with 

sodium carbonate, dissolve the melt in 100 ml of water, again nearly neu¬ 

tralize with nitric acid, boil for a few minutes, filter, and add the filtrate 

to the main one. Add a nearly neutral solution of mercurous nitrate, drop 

by drop, to the cold alkaline solution until a further addition causes no 

precipitation after the precipitate has settled. If this does not occur by 

the time a fair precipitate has been formed, too much sodium carbonate 

was left in solution. In this event add dilute nitric acid (1 + 1), drop 

by drop, until an added drop of mercurous nitrate no longer produces 

a cloud. Heat to boiling, let settle, filter, and wash moderately with hot 

water containing a few drops of mercurous nitrate solution. Dry and 

remove from the paper to obviate possible loss of molybdenum and injury 

to the crucible by reduction of arsenic. Heat gently in a platinum crucible 

under a good hood until mercury is expelled, and then ignite at not over 

400 to 500° C. Fuse the residue with a little sodium carbonate under oxi¬ 

dizing conditions, extract the melt with w^ater, and test the solution for 

vanadium as directed in Section IV, bearing in mind that the solution 

should contain chromium and molybdenum quantitatively and that more 

or less phosphorus, arsenic, and tungsten may also be present. 

Precipitation of vanadium as lead vanadate is but a preliminary separation 

at best and usually no more than a group separation, for the precipitate 

cannot be weighed directly, and other elements such as molybdenum, tung¬ 

sten and sexivalent chromium are also precipitated. As carried out, the 

vanadium is obtained in alkaline vanadate solution, which is then made 

faintly acid with nitric acid, treated with a slight excess of lead acetate, 

heated to boiling, and stirred until the precipitate has coagulated. The 

precipitate is washed with very dilute acetic acid and dissolved in nitric 

acid, and lead separated as sulfate after evaporation with sulfuric acid. 
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Precipitation of quinquevalent vanadium by cupferron (p. 119) furnishes 
an excellent separation of vanadium from a number of elements, particu¬ 
larly sexivalent uranium, chromium, arsenic, phosphorus, and aluminum.” 
This precipitation can be applied directly to the complete solution of a 
rock when the amount of vanadium, iron, zirconium, and titanium is small. 
If the last three arc present in large amount, the precipitation can be 
made in the combined and acidified water extracts of carbonate-niter fusions 
obtained as in the separation with mercurous nitrate. In the latter case, 

chromium should be reduced to the trivalent condition by hydrogen perox¬ 
ide and the excess peroxide removed by boiling. 

Fusions with sodium peroxide or sodium carbonate and niter, followed 
by extraction with water, serve the same purpose: namely, to separate ele¬ 
ments such as iron, titanium, and zirconium from vanadium, phosphorus, 
arsenic, molybdenum, chromium, uranium, and most of any aluminum or 
silicon. These separations are therefore group separations and ordinarily 
necessitate further separations. The same is true in the main of precipita¬ 

tions with sodium hydroxide. 

The precipitation of uranium as phosphate in alkaline solution furnishes 

a good separation of uranium from vanadium according to Finn and is 

done by adding approximately 0.5 g of ammonium phosphate per 0.25 g 

of UaOs in dilute sulfuric acid solution, heating to boiling, and making 

alkaline with ammonium hydroxide. After boiling for a few minutes, the 

solution is filtered, and the precipitate washed with hot water containing 

a little ammonium sulfate. 

Vanadium by itself is not precipitated by hydrogen sulfide in acid solu¬ 

tion. It shows, however, a tendency to accompany other members of the 

group unless tartaric acid is also present. 

A very satisfactory method, which should be borne in mind for the 

separation of various elements from vanadium, consists in electrolysis with 

a mercury cathode in dilute sulfuric acid solution^® (p. 138). By this 

operation, elements such as iron, chromium, cobalt, nickel, copper, and 

molybdenum are deposited and separated from vanadium and such other 

elements as uranium, aluminum, and phosphorus. Arsenic is partially vola¬ 

tilized; the remainder stays with the vanadium. 

Separation of iron and molybdenum from vanadium by extraction with 

ether in cold dilute hydrochloric acid solution (p. 134) is not often applied 

outside of the analysis of ferrovanadium or alloy steels. Quinquevalent 

vanadium is appreciably soluble in ether; quadrivalent vanadium is very 

” According to S. G. Qarke [Analyst, 52, 466, 527 (1927)], vanadium can also be 
separated from tungsten if precipitation is made in the presence of hydrofluoric acid. 

A. N. Finn, /. Am, Chem, Soc., 28, 1443 (1906). 
isj. R. Cain, /. Ind, Eng, Chem,, 3, 476 (1911). 
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much less so, the solubility being inappreciable when a few milligrams are 

in question.^^ 

Volatilization in a current of dry hydrochloric acid gas is a desirable 

method for the removal of the major part of vanadium prior to the deter¬ 

mination of certain other elements in material rich in the element/"* In this 

method, a current of dry hydrochloric acid gas is passed over the dry 

material contained in a boat in a glass tube, which may be heated gently, if 

need be, for better expulsion of vanadium. The volatilized vanadium oxy¬ 

chloride can be caught in water and its amount determined. As some 

vanadium is reduced during the passage of the gas and does not then volatil¬ 

ize, better separations are had if the contents of the boat are oxidized by 

evaporation vith nitric acid and again distilled and the operation repeated 

until no further evidence of a brown distillate appears. Molybdenum and 

arsenic accompany vanadium, as will iron also if the tube is heated too 

highly. The method can be combined with the nitric acid evaporation; 

in this case, the dried residue and the evaporated and dried nitric acid 

solution are best treated separately with hydrochloric acid gas.^'’ 

IV. METHODS OF DETERMINATION 

Numerous methods, both gravimetric and volumetric, have been pro¬ 

posed for the determination of vanadium. The gravimetric methods are 

subject to so many interfering elements, and their applications are so limited 

that final recourse must generally be had to the volumetric methods. When 

gravimetric methods are employed, vanadium is usually weighed as the 

pentoxide (V20r,)- This is a reddish-brown crystalline solid that melts at 

658° C and does not volatilize at this temperature. It may, however, suffer 

slight reduction to V2O4 if organic matter was present and had therefore 

better be treated with a few drops of nitric acid and reignited. 

A. BY REDUCTION WITH SULFUR DIOXIDE 

The reduction of vanadium to the quadrivalent state by sulfur dioxide, 

followed by the expulsion of the gas by carbon dioxide and titration in 

hot solution with a standard solution of permanganate, furnishes one of 

the most satisfactory methods for the determination of large or small 

In tests made by H. A. Bright with 2.25 g of iron and 24 mg of vanadium, 2 mg 
of the latter was extracted by ether when the element was quinquevalent and less 
than 0.03 mg when it was quadrivalent. However, when 0.67 g of iron and 0.33 g of 
quadrivalent vanadium were used, 1.6 mg of the latter was found in the ether extract. 

F. Smith and J. G. Hibbs, /. Am. Chan. Soc., 16, 578 (1894). 
i®For the volatilization of vanadium in a current of CO2—CQ4, sec P. Jannasch, 

2. prakt. Chem., 97, 93, 141, 154 (1918). 
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amounts of the element. The reduced compound is quite stable in hydro¬ 

chloric or sulfuric acid solution.’^* Elements that interfere, such as iron, 

arsenic, and antimony, are not numerous and are usually easily separated. 

Chromium is an undesirable accompanying element, for its presence neces¬ 

sitates titration in cool solution, which is not quite so attractive because of 

the slower oxidation of vanadium and less sharp end point, or else correc¬ 

tion for the partial oxidation of chromium that takes place during titration 

in hot solution.’® Platinum should be excluded, for it leads to marked plus 

errors, caused in part by the formation of platinoiis compounds, and also 

because these prevent complete expulsion of sulfur dioxide. If hydrogen 

sulfide has been used to separate platinum or other metals, the solution 

must be thoroughly boiled to expel all hydrogen sulfide and then treated 

with permanganate to a pink tint in order to dcstrov polythionic com¬ 

pounds. Sodium sulfate does not interfere as is stated in some texts. 

PROCEDURE. Prepare a dilute sulfuric acid solution (2 + 98) of vana¬ 

dium which is free from other substances that are oxidi/x‘d by permanganate 

after reduction by sulfur dioxide. Heat to l)oiling, add a strong solution 

of potassium permanganate until the solution is pink, and then pass sulfur 

dioxide through the solution for 5 to 10 minutes. Next pass a rapid 

stream of carbon dioxide (free from oxygen and hydrogen sulfide) through 

the solution until it is free from sulfur dioxide, as tested by bubbling the 

stream through an acidified and very dilute solution of permanganate. Cool 

the solution to 60 to 80"^ C, and titrate with a standard solution of potas¬ 

sium permanganate which has been standardizxd against sodium oxalate. 

1 ml of 0.1 N solution = 0.0051 g of vanadium. If chromium is present, 

it is better to titrate in cool solution, until the color produced by a drop of 

the permanganate does not fade upon continued stirring for 1 minute. The 

reduction and titration can be repeated once or twice if desired; if it is 

carried out too many times, the accumulation of manganous sulfate renders 

the end point uncertain. In case very little vanadium is indicated, its pres¬ 

ence should be verified by evaporation to small volume and testing with 

hydrogen peroxide as in E, after the removal of interfering elements such 

as molybdenum or titanium if these are present. 

For example, L. E. Stout and G. C. Whitaker [Ind. Eng. Che?n., 20, 210 (1928)] 
stated that a sulfuric acid solution of vanadyl sulfate underwent no change in 6 months. 

18 W. F. Hillcbrand, U. S. Geol. Survey Bull. 700, 199. 
1® The direct use of a solution of sulfur dioxide or of an alkali sulfite is inadmissible 

unless these have been freshly prepared, for, after a lapse of time, they contain other 
oxidizable bodies than sulfurous acid or sulfite. Sulfur diqxide is most conveniently 
used from a cylinder of the liquefied gas, or it may be obtained as wanted by heating 
a flask containing a solution of the gas, or of a sulfite to which sulfuric acid is added 
drop by drop. 
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B. BY THE FERROUS SULFATE-PERSULFATE METHOD 

In cool acid solution containing no silver nitrate, ammonium persulfate 

oxidizes ferrous sulfate but docs not react rapidly with quadrivalent vana¬ 
dium, permanganate, bivalent manganese, or trivalent chromium. This 
behavior furnishes the basis for an excellent method for the rapid determi¬ 
nation of vanadium, in that it is possible to reduce the element by adding 
an excess of ferrous sulfate, to destroy the excess with persulfate, and then 
to titrate the reduced vanadium with permanganate. Tungsten interferes; 
chromium, nickel, cobalt, molybdenum, arsenic, and uranium are without 
effect. The method is not so accurate, particularly with small amounts of 
vanadium as the foregoing method, but is a good substitute for it when 
rapid results of reasonable accuracy are wanted. Other points in its favor 
are the noninterference of iron, and the fact that it can be applied after 
the determination of chromium as described under Chromium (p. 527). 

PROCEDURE. Prepare a dilute sulfuric acid solution (14-9) which is free 
from tungsten and the substances other than vanadium that are oxidized 
by permanganate after treatment with ferrous sulfate and ammonium per¬ 
sulfate. If iron is present, add enough phosphoric acid to decolorize it, 
and render the solution permanently pink by the addition of permanganate. 
Add, with constant stirring, approximately 0.1 N ferrous sulfate solution 
(1 ml of 0.1 N solution = 5.1 mg of V) until a drop of the solution gives 
an immediate blue color with potassium fcrricyanide, and then 3 to 5 ml in 
excess. Stir the cool solution for 1 minute, add 8 ml of ammonium persulfate 
solution (freshly made 15% solution of the 95% salt), and stir vigorously 
for 1 minute. Titrate with standard 0.03 N or stronger permanganate solu¬ 
tion to a definite pink color which does not fade upon continued stirring 
for 30 seconds. 

C. PRECIPITATION BY CUPFERRON 

Quinquevalent vanadium is quantitatively precipitated by cupferron in 

cold dilute sulfuric acid solution (1 +9), (p. 119). The reaction is not 

often applied for the determination of vanadium, however, for the necessity 

of previously separating other elements such as iron, titanium, and zirconium 

renders other methods more attractive. The method finds its chief appli¬ 

cation for group separations where the precipitable elements are present 

in minor amounts.^^ 

20 H. L. Hamner, Met. Cheftt. Eng.y 17, 206 (1917). 
21 Prepared by dissolving 39.2 g of FeS04* (NH4)2S04*61120 in 1000 ml of cool dilute 

H2SO4 (14-19). 
22 The accuracy of the procedure is illustrated by an average value of 0.2564 g of 

V2O6, obtained by precipitating with cupferron and carefully igniting the precipitate 
at about 800® C, as compared with 0.2560 obtained by potentiometric titration of aliquot 
portions of the same solution. In such ignitions, carbon should be burned completely 
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D. POTENTIOMETRIC 

Potentiometric methods for the determination of vanadium are capable 
of yielding excellent results, and are especially suitable for routine work. 
In the usual case, the titration depends on the reduction of quinquevalent 
vanadium to the quadriv^alent condition by the measured addition of fer¬ 
rous sulfate solution.^^ Other reducible substances must be absent or their 
effect deducted. Of these, chromium is the most common troublemaker, 
as complete oxidation of vanadium at the start of the analysis is apt to cause 
some formation of chromate. Kelley and his coworkers showed that the 
oxidation of vanadium by nitric acid is only 99 per cent complete at the 
concentrations that give no oxidation of chromium. Willard and Fen¬ 
wick insured complete oxidation of vanadium by boiling with nitric acid, 
then treating with a slight excess of permanganate, and finally boiling with 
sodium perborate in acetic acid solution to destroy chromate.^® 

E. COLORIMETRIC 

Oxidation by hydrogen peroxide in acid solution is not so satisfactory 

for the colorimetric determination of vanadium as it is for titanium, be- 

iinder good oxidizing conditions before fusion takes place and the oxide then heated 
just above the melting point. 

“^For example, with an apparatus such as that developed by Kelley (p. 203), the 
calomel and platinum electrodes are immersed in a cold dilute nitric-sulfuric acid 
solution of quinquevalent vanadium and the solution titrated with a standard solution 
of ferrous sulfate until the beam of light from the reflecting galvanometer begins to 
move again after a period of rest. A standard solution of potassium chromate of 
equivalent strength is then added until the beam shifts to its former position at the 
period of rest, whereupon the ferrous sulfate solution is again added until a marked 
displacement occurs. The volume of chromate used is then subtracted from the volume 
of ferrous sulfate required and the amount of vanadium calculated on the basis that 
1 V = 1 Fe. Chromium and tungsten do not interfere. 

G. L. Kelley, J. A. Wiley, R. T. Bohn, and W. C. Wright, Ind. Eng. Chem., 11, 
632 (1919). 

25 H. H. Willard and F. Fenwick, /. Am. Chem. Soc., 45, 84 (1923). 
26 According to H. H. Willard and P. Young [Ind. Eng. Chem., 20, 764 (1928)], 

vanadium can also be quantitatively oxidized to the quinquevalent state by the action 
of potassium bromate in a solution containing ammonium salts and a definite concen¬ 
tration of hydrochloric acid. Under such conditions, tungsten, molybdenum, and 
chromium remain scxivalent and manganese bivalent. In 200 ml of a dilute sulfuric 
acid solution containing 4 g of iron, 10 mg of vanadium, and 40 mg of chromium, 
6 ml of hydrochloric acid, 5 g of ammonium sulfate, and 2 g of potassium bromate 
are needed. The solution is heated from 25 to 60*^ C in the course of 15 minutes, 
then boiled for 10 minutes to destroy the excess of bromate, treated with 25 ml of 
sulfuric acid (sp. gr. 1.5), and cooled to 5® C before titrating potentiometrically with 
ferrous sulfate. Tungstic acid can be kept in solution by dissolving it in sodium 
hydroxide and pouring it back into the original solution, to which sufficient ferric 
sulfate to give 5 g of iron has been added, before the oxidation of the vanadium is 
carried out. 
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cause the color, reddish yellow to a brown red depending on the amount 
of vanadium, is harder to match against a standard. The reaction is used 
chiefly for the verification of the presence of vanadium, although it serves 
fairly well for its determination in solutions containing 15 to 20 per cent 
of sulfuric acid, not more than 0.1 mg of vanadium per ml, and preferably 
no other elements that give a color. Quinquevalent vanadium should be 
used, as the color is only slowly developed with the element in its lower 
valences. The color is intensified by strong acids and is not destroyed by 
hydrofluoric acid; the use of the latter therefore permits the detection of 
vanadium in the presence of titanium which is bleached (p. 581). Iron can 
be decolorized by the addition of either phosphoric or hydrofluoric acids. 
Moly[)denum also yields a color and must be separated before the test is 

made. 
PROCEDURE. Prepare a dilute sulfuric acid solution (about 1+4) which 

has been freed from molybdenum, titanium, and elements that give colored 

solutions. Add 1 to 2 ml of 30 per cent hydrogen peroxide, dilute with 

sulfuric acid (about 1 + 4) to a definite volume, and compare with the 

color produced in a standard solution of vanadium by the method outlined 

under Titanium (p. 583).^^ 

F. OTHER METHODS 

Most of the other methods for the determination of vanadium are volu¬ 

metric ones, based on titration with permanganate after the vanadium has 

been reduced by various reagents. Such arc: (1) Campagne’s method,^® in 

which vanadium is reduced to the quadrivalent state by evaporation with 

hydrochloric acid, preferably in the presence of ferric iron and sulfuric 

acid, and then finally titrated in sulfuric acid solution after evaporation to 

fumes of that acid and diluting; (2) the Jones reductor method, in which 

vanadium is reduced to the bivalent state and caught in a solution of ferric 

sulfate (p. Ill);®® (3) the reduction by hydrogen sulfide method in which 

vanadium is reduced to the quadrivalent state by the gas, which is then 

27 According to J. Meyer and A. Pawletta \Z, anal. Chem., 69, 15 (1926)], the test 
works best in a solution containing 15 to 20 per cent H2SO4 and a ratio of V to H2O2 

of about 1 to 1. An excess of H2O2 (by dilution of the acid) gives a yellow instead 
of the red-brown color. J. Lukas and A. Jilek [ibid., 76, 348 (1929)] stated that 
vanadium can be detected in the presence of moderate amounts of tungstates or molyb¬ 
dates by adding solid boric and oxalic acids to the alkaline solution until it is acid, 
and then 30 per cent hydrogen peroxide. 

2SEm. Champagne, Compt. rend., 137, 570 (1903). 
28 The temperature should be no higher than is required to fume the acid, and the 

fuming should not be continued longer than 10 minutes. 
so The bivalent compound is very easily oxidized under ordinary conditions. Ac¬ 

cording to A. S. Russell [/. Chem. Soc,, 129, 497 (1926)], it is quite stable in cool 
10 N H0SO4. 
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expelled by boiling as carbon dioxide is blown through the solution; (4) 

reduction to the quadrivalent state by shaking with mercury in dilute hy¬ 

drochloric or sulfuric acid solution, containing enough sodium chloride to 

react with the mercurous compound formed, followed by filtration and 

titration with permanganate;®- and (5) reduction to the quadrivalent state 

by hydrogen peroxide in hot sulfuric acid solution.®® Other interesting 

methods are those perfected by Johnson ®^ and by Furman.®® In the former, 

quinquevalcnt vanadium is reduced to the quadrivalent state by titration 

with a standard solution of ferrous ammonium sulfate and the use of potas¬ 

sium ferricyanide as internal indicator. In the latter, diphenvlamine (p. 

397) is used as an internal indicator. This is a sensitive indicator of the end 

point of the reaction between vanadic acid and ferrous iron in solutions 

containing hydrochloric or sulfuric acid and, in the presence of iron, phos¬ 

phoric acid. Ferric iron, quinquevalcnt arsenic, and hcxavalcnt uranium 

do not interfere; but a slight correction must be made for the vanadic acid 

consumed in oxidizing the indicator. 

All of the foregoing methods arc subject to various interfering elements, 

and none of them should be applied unless the analyst knows what elements 

are present in solution and v hat their reactions will be. 

G. E. F. Lundell and H. B. Knowles [/. Am, Chem. Soc,, 43, 1566 (1921)], showed 
that the reduction gives rise to polythionic acids which cause slightly high results. 

22 L. W. McCay and W, T. Anderson, Jr., /. A7f/. Chem. Soc., 43, 2372 (1911); 44, 
1018 (1922). In such reductions iron, antimony, and molybdenum interfere, while 
titanium, arsenic and uranium do not. 

22 J. R. Cain and J. C. Hostetter, Ind. Eng. Chem., 4, 250 (1912). 
24 C. M. Johnson, Che?nical Analysis of Special Steels, 3d ed., p. 6 (1920). 
25 N. H. Furman, Ind, Eng. Chem., 17, 314 (1925). 



Chapter 27 

URANIUM ^ 

Uranium is a rare element that is found as an essential constituent of 

but few minerals, chief of which are uraninite, carnotite, and samarskite. 

Its occurrence in rocks is confined almost exclusively to the very siliceous 

ones; thus the phosphates, autunite and torbenitc, are not uncommon in 

granite; the same is true of uraninite, whereas carnotite occurs with sedi¬ 

mentary sandstones. Uranium occurs sparingly in a number of minerals, 

especially those containing columbium, tantalum, thorium, zirconium, and 

some of the rare earths.^ 

Uraninite is the proper name for a crystalline uranium mineral, varieties 

of which were given the names of broggerite, cleveite, and nivenite before 

their relationship to uraninite was known. This mineral occurs in certain 

pegmatite veins, so far as known chiefly in Norway and North America. 

All of these are characterized by a high content of uranium in both the 

quadrivalent and sexivalent state, by a content of rare earths, usually mainly 

thoria, and of lead. The least altered mineral found at Branchville, Conn., 

contained 72 per cent of UO2 and 13 per cent of UO3. The varieties that 

arc most altered, cleveite and nivenite, show a much lower content of UO2, 
even below that of UO3. It is probable that the original mineral had orig¬ 

inally the formula UO2, corresponding to the Th02 of thorianitc. 

Pitchblende, often wrongly called uraninite, is an amorphous uranium 

compound found in a few mineral veins in association with sulfide minerals 

and nearly free from thoria and other rare earths and helium. 

Both of these minerals dissolve readily in nitric acid with oxidation of their 

UO2 content. Given sufficient time, they all dissolve with widely varying 

readiness in wami dilute sulfuric acid and with evolution of helium and 

nitrogen if present. Uraninites are decomposed completely by hydro¬ 

fluoric acid, uranous fluoride separating with the fluorides of lead and the 

rare earths. 

1A comprehensive review of the methods developed during World War II on the 
determination of uranium is given by C. J. Rodden, Analytical Qhermstry of the Man¬ 
hattan Froject, pp. 3-159, McGraw-Hill Book Co. (1950). 

2 For a critical study of a fluorescent sodium fluoride bead test for uranium applied 
direedy to minerals containing over 1 per cent of uranium, consult M. A. Northrup, 
Ind, Eng. Chem. Anal. Ed., 17, 664 (1945). 
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I. GENERAL CONSIDERATIONS 

In the analysis of rocks by usual procedures, the behavior of uranium 
will depend to a considerable extent on the presence or nonpresence of 
carbon dioxide and vanadium, both of which interfere in its normal re¬ 
actions. If these are absent, uranium will be quantitatively present in the 
ammonia precipitate. If correction is not made for it, the errors in the 
analysis will then depend on the method that is used for the determination 
of iron. Most of the error will fall on iron if this element is determined 
by titration with permanganate after reduction by zinc, for uranium is re¬ 

duced by zinc to a state somewhat below the quadrivalent. As the Fe203 

titer of a 0.1 N solution of permanganate is less than the UaOs titer, the 

result for aluminum will also be in error and a little high. If, however, iron 

is reduced by sulfur dioxide, hydrogen sulfide, or stannous chloride, all of 

the error will fall on alumina, for uranium is not reduced by these reagents. 

II. ATTACK OF URANIUM MINERALS 

Most ores of uranium are decomposed by attack with nitric acid, with 

the aid of hydrochloric acid in certain cases. With ores containing much 

siliceous matter, final treatment with a mixture of hydrochloric and hydro¬ 

fluoric acids is desirable unless silica is also to be determined, in which case 

the insoluble matter is fused with sodium carbonate. 

Swedish kolm can be broken up by treating with concentrated sulfuric 

and hydrofluoric acids, and heating to fumes of the former. If a residue 

remains after a second treatment with hydrofluoric acid, the solution is 

diluted and filtered, the residue ignited and fused with potassium pyro- 

sulfate, and the melt dissolved in the original solution. Uraninite can be 

decomposed by attack with nitric and sulfuric acids. 

Titanocolumbates and similar minerals are decomposed by fusion with 

sodium pyrosulfate. 

For the solution of carnotite, see Vanadium (p. 453), and, for a discus¬ 

sion of methods of attack in the analysis of uraninite, see an article by one 

of us (W.F.H.) in U, S, GeoL Survey Bull, 78 (1889-90), and Ajn, /. Sci., 

40, 384 (1890). 

For the determination of nitrogen one of us (W.F.H.) dissolved the min¬ 

eral by continued boiling at lOO'^ C with dilute sulfuric acid (1 -f- 6), and also 

by mixing the mineral with sodium-potassium carbonate in a porcelain boat 

enclosed in a cylinder of platinum foil, open at both ends and heated in 

a combustion tube as in a determination of absolute nitrogen. 

8 W. R, Bennett, /. Am. Chem. Soc.^ 56, 277 (1934). 
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III. METHODS OF SEPARATION 

It should be borne in mind that carbon dioxide and vanadium interfere 
seriously in the usual separations of uranium. Thus uranium is precipitated 
completely by ammonium hydroxide that is free from carbon dioxide, in¬ 
completely by ammonium hydroxide that has absorbed some carbon dioxide 
from the air, and not at all by solutions of ammonium carbonate. Similarly, 
uranium is quantitatively precipitated by sodium hydroxide that is free 
from carbonate if vanadium is absent, but incompletely if at all when this 
element is present. Most separations of uranium had best be repeated two 

or three times. 
Perhaps the most important separations of uranium are those based on 

the use of the alkaline carbonates; thus elements such as iron and aluminum 
are separated from uranium by precipitation with ammonium carbonate. 
All such precipitations arc done in hot solutions, care being taken in the 

case of ammonium carbonate lest it be entirely decomposed and uranium 

then precipitated. When sodium or potassium carbonates are used, better 

separations are possible if sodium peroxide is also employed. 

Uranium can be separated from the members of the hydrogen sulfide 

group by precipitation of the latter in acid solution containing tartaric acid 

(p. 63), and from the members of the arsenic group of sulfides by precipi¬ 

tation with ammonium sulfide. If ammonium carbonate is present, ura¬ 

nium is not precipitated by ammonium sulfide, and the precipitation serves 

to separate iron, aluminum, titanium, and the like from uranium. Uranium 

is not precipitated as sulfide in ammonium tartrate-sulfide solution and can 

thus be separated from iron, cobalt, and the like.* 

Interesting separations of certain elements from sexivalent uranium and 

of quadrivalent uranium from other elements are those based on the use 

of cupferron (p. 116). For example, vanadium, iron, titanium, and zir- 

R. Fresenius and E. Huntz fZ. ami, Chein., 34, 437 (1895)] separated uranium 
from phosphates and arsenates as follows: Separate silica as usual by evaporation with 
hydrochloric acid, add potassium ferrocyanide in excess to the slightly acid solution, 
and saturate with sodium chloride. Wash the impure ferrocyanides by decantation 
with a solution of sodiutn chloride, filter, and wash thoroughly. Without heating, de¬ 
compose the ferrocyanides by treating with a dilute solution of potassium hydroxide. 
Wash once by decantation with water, filter, and wash the hydroxides uninterruptedly 
with water containing a little ammonium hydroxide and ammonium chloride until no 
test for ferrocyanide can be obtained in the acidified washings. Dissolve the hydrox¬ 
ides, which arc now free from phosphorus and arsenic, in hydrochloric acid, concen¬ 
trate if need be, nearly neutralize with ammonium hydroxide, and add ammonium car¬ 
bonate in moderate excess. Let stand, filter, and wash the precipitate with water con¬ 
taining ammonium carbonate. Heat the filtrate and washings to free most of the carbon 
dioxide, acidify, and boil to expel all of the gas. Precipitate with hydrogen sulfide in 
boiling solution, filter, and precipitate uranium in the filtrate by usual procedures. 
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coniuni can be easily separated from sexivalent uranium by precipitation 
with cupferron in sulfuric acid solution (p. 119), and then uranium can be 
reduced to the quadrivalent state, precipitated by this same reagent (p. 119), 
and separated in turn from such elements as aluminum, chromium, manga¬ 
nese, and phosphorus. 

Uranium can be quantitatively separated from tantalum, columbium, and 
titanium by precipitating these elements with tannin in a feebly acid oxalate 
solution which is half-saturated with ammonium chloride,*^ filtering, and 
then precipitating the uranium by adding more tannin and rendering the 
solution ammoniacal. 

Uranium can be separated from large amounts of iron by extraction of 
the latter by ether in hydrochloric acid solution*' (p. 134), and from both 
iron and chromium by electrolysis with a mercury cathode in dilute sulfuric 
acid solution (p. 138). 

Quadrivalent uranium yields an insoluble fluoride and can thus be sepa¬ 
rated from sexivalent uranium that does not (p. 551). F. Hecht and H. 
Krafft-Ebing ^ state that precipitation with hypophosphoric acid, HiPoOu, 
in mineral acid solution serves the same purpose. 

Methods for the separation of uranium from vanadium are discussed 
under V^anadium (p. 457), from rare earths on page 551 and from the earth 

acids on page 591. 
For the separation of beryllium from uranium, Brinton and EUlestad ^ 

proposed the use of both ammonium carbonate and hydroxylaminc hydro¬ 

chloride as follows: To the hydrochloric acid solution of the beryllium 
and uranium, add 5 g of ammonium chloride, 5 g of hydroxylamine hydro¬ 
chloride, and then a concentrlfcd solution of ammonium carbonate until 
the precipitate wdiich at first forms has entirely dissolved. Heat the solu¬ 
tion to boiling, and continue the boiling for from one-half to one minute 
after the appearance of the heavy wdiitc precipitate of basic carbonate. 
Avoid excessive boiling. Filter without delay, and w ash thoroughly w ith 
cold water. Reserve this precipitate, w-hich is free from uranium, and com¬ 
bine it with the small recovery of beryllium hydroxide obtained in the 
filtrate. Acidify the filtrate with hydrochloric acid, and boil to remove 
carbon dioxide. Add 1 g of hydroxylamine hydrochloride, cool, and then 
add ammonium hydroxide in slight excess. Filter the cool solution to re¬ 
cover any beryllium hydroxide, wash the precipitate with a 2 per cent 
solution of ammonium nitrate to which have been added a few' crystals of 

hydroxylamine hydrochloride and enough ammonium hydroxide to insure 

alkalinity. If the precipitate has a tinge of yellow, dissolve it in hydro- 

6W. R. Schoeller and H. W. Webb, Analyst, 58, 143 (1933). 
«E. F. Kern, /. Am. Chem. Soc., 23, 689 (1901). 
7Z. anal. Chem., 106, 321 (1936). 
sP. H. M.-P. Brinton and R. B. Ellestad, /. A?n. Chem. Soc., 45, 395 (1923). 
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chloric acid, and reprccipitate as before. Combine the beryllium precipi¬ 
tates, and ignite to BeO, For the precipitation of uranium, combine the 
filtrates if two precipitations of beryllium hydroxide were made, slightly 
acidify with hydrochloric acid, and oxidize the hydroxylamine by adding 
75 to 100 ml of 3 per cent hydrogen peroxide and boiling until the evolu¬ 
tion of oxygen ceases and the solution has been concentrated to about one 
third of its volume. In case a precipitate is formed, dissolve it in hydro¬ 
chloric acid. The oxidation of the hydroxylamine can also be done by 
adding solid sodium or potassium bromate until free bromine is evident and 
then boiling to expel the bromine. Precipitate uranium by ammonium 
hydroxide as described in IV, A. 

Uranium can be separated from almost all other elements by extracting 
the dried nitrate with ethyl ether or certain other organic solvents.® 

IV. METHODS OF DETERMINATION 

The gravimetric method in which uranium is precipitated as diamrnonium 

uranate (NH4)2Ui>07, and weighed as uranous uranate, UsOs, and the volu¬ 
metric method in which it is reduced by zinc and titrated by permanganate 
are both accurate procedures if simple precautions are observed. The chief 
concern when these methods are used in the analysis of mixed materials 
lies in the removal of such elements as interfere, as for example vanadium 
and iron which interfere in cither method. 

Obviously the most rapid method of determining uranium or thorium 
is to make use of the natural radioactivity of these elements, but, unfor¬ 
tunately, it is necessary that only uranium or only thorium be present. 
Furthermore, the element in question must be in equilibrium with its radio¬ 
active dissociation by-products. Whereas, in some ores and minerals, equi¬ 
librium has been reached, in others, such as the carnotite-bearing sandstones 

of Colorado, this is not true, and radioactive methods are therefore un¬ 

reliable. For these reasons and because expensive equipment and trained 

personnel are required, methods depending on natural radioactivity will 
not be disscussed here.^® 

A. GRAVIMETRIC BY PRECIPITATION WITH AMMONIUM HYDROXIDE 

Notwithstanding many researches to the contrary, the determination of 

uranium by weighing as UsOs following precipitation by ammonium hy¬ 

droxide is an accurate procedure. The chief objection to the method is 

®E. Peligot, Ann. chtm. phys., [3] 5, 5 (1842); W. F. Hillebrand, U. S. Geol. Survey 
Bull. 78, 47 (1891) ; R. C. Wells, /. Wash. Acad. Set., 20, 146 (1930); J. L Hoffman, 
ibid., 38, 233 (1948). 

See C. J. Rodden, Determination of Naturally Occurring Radioactive Elements, 
Anal. Ghent., 21, 331 (1949). 
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that it can rarely be applied directly because of the presence of other ele¬ 
ments that are precipitated by ammonium hydroxide.’^^ The chief pre¬ 
cautions lie in the elimination of organic matter and of carbonates, both of 
which prevent precipitation. Ignition of the precipitate under good oxidiz¬ 
ing conditions sufSces, and there is no need for final ignition in oxygen or 
reduction of the precipitate to UO2 in a stream of hydrogen; in fact com¬ 
plete reduction to UO2 is almost impossible in a crucible.^^ 

PROCEDURE. Prepare a dilute sulfuric acid solution containing 1 per cent 

or less of uranyl sulfate and no carbon dioxide, organic compounds, or 

elements other than uranium that are precipitated by ammonium hydroxide 

or that unite with uranium in the presence of this reagent. Add a few 

drops of methyl red indicator, heat to boiling, and then add dilute ammo¬ 

nium hydroxide that is free from carbonate, until the indicator just changes 

to a distinct yellow. Stir in macerated paper in amount equal to one-half 

of a 9-cm filter, filter, and wash the precipitate with a hot 2 per cent solu¬ 

tion of ammonium nitrate.^® Dry the wet paper and precipitate in a plat¬ 

inum crucible, ignite under good oxidizing conditions at as low a tempera¬ 

ture as possible until carbon is destroyed, and then continue the ignition 

with the crucible in a slanting position over a full Tirrill burner or its 

equivalent (1000° C). Finally cover, and continue the heating for a minute. 

Cool in a desiccator, and weigh as UsOg. 

Theoretically, the weighed U3O8 residue should have the composition 

UO2-21103. Determinations of its UO2 and total uranium contents are 

desirable checks on a determination, especially if the uranium was originally 

associated with elements that might escape complete separation and finally 

The oft-repeated statement that uranium is prone to carry down sodium has no 
basis in fact. For example, H. B. Knowles obtained 0.2386 g of UaOg after single, 0.2386 
after double, and 0.2387 after triple precipitations with NH4OH in three 100-ml solu¬ 
tions, each originally containing 5 g of NaCl and uranium nitrate equivalent to 0.2389 g 
of UaOg. 

12 In some tests of ignition procedures by Lundell and Knowles [G. E. F. Lundell 
and H. B. Knowles, /. Am, Chem, Soc,y 47, 2637 (1925)], ignited residues obtained by 
precipitation of aliquot portions of a standard solution weighed 0.1138 and 0.1138 when 
ignited in air, 0.1136 and 0.1136 when ignited in oxygen, and 0.1137 and 0.1136 when 
those ignited in oxygen were dissolved in nitric acid, evaporated to dryness, and again 
ignited in air. Tests of the weighed UaOg residues for UO2 showed that this might 
vary by as much as 1 mg from the theoretical. Such differences cause less than 0.1 
mg variation in the weight of UsOg and are without significance in ordinary weigh¬ 
ings. Careful ignition in an atmosphere of hydrogen gave 0.1118 and 0.1115, represent¬ 
ing about two-thirds reduction to UO2. 

According to Kin’ichi Someya IScience Repts. Tohoku Imp, JJntv,, 15 [1], 411 
(1926); Z. anorg, Chem., 152, 378 (1926)], a crystalline precipitate can be obtained and 
the use of macerated paper avoided by adding ammonium hydroxide until the indicator 
turns orange red, boiling for 10 minutes, and then adding ammonium hydroxide until 
the indicator changes to a distinct yellow. 



470 URANIUM 

contaminate the precipitate. These determinations can be easily made as 
follows: 

Treat the weighed residue, contained in a platinum crucible, with 10 ml 
of hydrofluoric acid, crush any small lumps with a platinum or Bakelite 
rod, and stir for 3 to 5 minutes. Do not heat. The material will not go 
into complete solution because of the insolubility of uranoiis fluoride. 
Treat the solution with 10 to 20 ml of dilute sulfuric acid (1 + 1), stir for 
a few moments, and transfer to a beaker containing 100 ml of a cool, satu¬ 
rated solution of boric acid. Stir until the salts are in solution, titrate with 
standard permanganate solution, subtract the volume required for the end¬ 
point color, and calculate the UO2 content on the basis of oxidation from 
UO2 to UO,. 

Transfer the titrated solution to a platinum dish, evaporate to fumes of 
sulfuric acid, dilute so that the solution contains 5 per cent by volume of 
sulfuric acid, and proceed as in the volumetric method, B. If ferrous sulfate 
solution was added to obtain an end-point correction in the preceding de¬ 
termination, its permanganate equivalent must be deducted from the per¬ 
manganate reading in addition to the correction for reagents and for end¬ 
point color. Calculate the total uranium content on the basis of oxidation 
from UOo to UO.j. Theoretically, the volume of permanganate required 

in this titration should be three times that of the first. 

Because of the high uranium titer of the permanganate solution, it is 

essential in accurate analyses that the first titration be corrected by the vol¬ 

ume of permanganate solution required to produce the end-point color and 

that the second titration be corrected for the end-point color as well as for 

the volume of permanganate required in a blank run. The corrections for 

the second titration are discussed in B. The correction for the end-point 

color in the first titration is somewhat different, and usually less than that 

in the second, and can be found as in the second titration except that the 

small amount of ferrous sulfate solution must be carefully measured. This 

is necessary so that the permanganate equivalent may be subtracted in the 

second titration in addition to the corrections there made for the reagents 

and the end-point color. 

The UO2 content of a UaOs residue can also be determined by titration 

with permanganate after decomposition of the material at 150 to 175° C in 

a sealed tube containing dilute sulfuric acid (1 + 6) and an atmosphere of 

carbon dioxidc.^^ 
In the above tests of the purity of a weighed UsOr, it is quite likely that 

the result for UO2 will represent the true UO2 content. The value for total 

uranium will also be correct if the contaminants are not reduced in the re¬ 

duction, as for example aluminum or zirconium. If, however, any contam- 

F. Hillebrand, op, cit. 
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inating substance is reduced and afterwards reoxidizcd by permanganate, 
the result for total uranium will be too high and will exceed the theoretical 
content if the reducible compound is the only contaminant; such are va¬ 
nadium and titanium. In any event, it is quite certain that contaminants will 
have a distinct effect on the to ratio, for it is not likely that ura¬ 
nium will be reduced during ignition in the same fashion, if elements such 
as aluminum or titanium arc present. 

B. VOLUMETRIC BY REDUCTION WITH ZINC AND TITRATION WITH 
PERMANGANATE 

A proper reduction of uranium by amalgamated zinc in acid solution 
always proceeds below the quadrivalent stage, never reaches the trivalent, 
and rarely proceeds to exactly the same point.^® E'ortunately, the reduced 
compound can be oxidized to the (juadrivalent state by exposure to the air. 
Stirring for 5 minutes or bubbling of air through the solution for an equal 
period suffices in determinations involving as much as 0.25 g of uranium; 
1 to 2 minutes are enough for amounts less than 0.1 g. Quadrivalent ura¬ 
nium is quite stable in cool sulfuric acid solutions but is slowly oxidized in 
warm solutions.^In cool solutions, no oxidation of the quadrivalent com¬ 
pound occurs, even though the solution is exposed for 4 hours and occa¬ 
sionally stirred, or agitated with bubbled air for as long as 25 minutes. If, 
then, uranium is reduced in sulfuric acid solution at room temperature, and 
the reduced solution is given sufficient exposure to the air, the volumetric 
method becomes as accurate as the corresponding ones for vanadium, ti¬ 
tanium, iron, and molybdenum. 

PROCEDURE. Prepare a solution containing 1 per cent or less of uranium, 
5 per cent by volume of sulfuric acid, and no compounds other than ura¬ 
nium that are reduced in the Jones reductor.^^ Add enough permanganate 

According to Kin’ichi Sonieya {loc. ch.), uranium is easily reduced to the trivalent 
condition by treatment with zinc amalgam in 2 to 6 N hydrochloric acid solution, and 
to exactly the quadrivalent state by reduction with bismuth amalgam in 6 to 10 N 
HCI or 10 to 12 N H:.»S04. With aluminum in dilute sulfuric acid solution, reduction 
also proceeds to the quadrivalent state IH. V. Churchill, R. W. Bridges, and A. L. 
Miller, Ind. Eng. Che77i. Anal. Ed.y 8, 348 (1936)1. 

G. E. F. Limdell and H. B. Knowles (loc. cit.). According to G. Vortmann and 
F. Binder fZ. anal. Chem.^ 67, 269 (1925)1, a sulfuric acid solution of U(S04)2 is 
sufficiently stable to permit its use as a standard reducing solution. 

Nitric acid must be entirely expelled as it yields reduced compounds in the re- 
ductor that afterwards consume permanganate. According to J. A. Holladay and 
T. R. Cunningham [Trans. Am. Electrochem. Soc.^ 43, 329 (1923)], nitric acid is ob¬ 
stinately retained by uranium and is not entirely expelled by repeated evaporation to 
fumes with sulfuric acid. They recommended that nitric acid be avoided and that 
the uranium compound be dissolved in sulfuric acid alone or after fusion with pyro- 
sulfatc. Possibly all nitric acid can be expelled by cautious addition of permanganate 
to a hot concentrated sulfuric acid solution as recommended under Molybdenum 
(p. 308). 
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to produce a permanent pink tint, cool the solution to 20 to 25° C, and pass 
it through a Jones reductor (p. 108) at a rate of 50 to 100 ml per minute. 
Blow clean air through the reduced solution for 5 minutes, or pour the 
solution into a casserole, and stir it for an equal period. Titrate with a 
solution of potassium permanganate that has been standardized against pure 
sodium oxalate (p. 185), and correct the titration reading for the volume 
of permanganate required by the reagents, as well as the volume required 
to obtain an end-point color in the yellow solution. One milliliter of 0.1 N 

permanganate solution corresponds to 0.01191 g of uranium. 
To obtain the volume of permanganate required by the reagents, pass a 

solution of the reagents through the reductor, titrate with the permanganate 

solution, and then subtract the small volume of permanganate required to 
reproduce the end-point color in the same volume of solution. To obtain 
the correction for the end-point color, treat the titrated solution of uranium 
with a few drops of 0.1 N solution of ferrous sulfate, add 0.5 to 1 g of 
ammonium persulfate, stir for 1 minute, and then titrate with the perman¬ 
ganate solution until the original end point is reproduced. For the titration 
of uranium in ores by dichromate see reference in footnote 1. 

C. GRAVIMETRIC BY PRECIPITATION WITH CUPFERRON 

As has already been stated in Section 111, cupferron in hydrochloric or 
sulfuric acid solution precipitates quadrivalent but not scxivalcnt uranium. 
An attractive procedure in certain cases therefore lies in first precipitating 
with cupferron while uranium is sexivalent (p. 119), filtering, and then again 
precipitating with cupferron (p. 119), after the cupferron in the first filtrate 
has been destroyed and the uranium reduced by zinc as in B. In this man¬ 
ner, iron, vanadium, titanium, and zirconium can be quantitatively separated 
from uranium and then uranium in turn separated from such other elements 
as aluminum and phosphorus. Bivalent chromium is partly precipitated. 

Its interference can be overcome partially, if not entirely, by exposure of 
the reduced solution to air as in B. 

D. OTHER METHODS 

Among other methods for the determination of uranium may be men¬ 
tioned its determination by weighing as Na2U207, as (U02)2P207 and as 
V2O5 *21703. Precipitation of uranium by sodium hydroxide should only 
be employed as a separation, for the determination of uranium by weighing 
as sodium biuranatc is an inaccurate procedure that normally yields high 
results.^* The determination of uranium as phosphate offers no advantages 
over weighing as UsOg, save in routine analyses where no prior separation 

18 According to H. T. S. Britton [/. Chem, Soc,, 127, 2110 (1925)], the precipitate 
obtained with sodium hydroxide consists chiefly of the hydroxide and not sodium 
biuranate. 
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of vanadium is contemplated.^® The same can be said of precipitation as 

ammonium uranyl vanadate and ignition to VaOs-ZUOa. 

The yellow fluorescence of uranium in fused sodium fluoride under ultra¬ 

violet light is intense and reproducible. Methods based on this fluorescence 

are quite useful for determining traces of uranium in low-grade ores, sands, 

soils, and other materials. Because of the interference of ions such as iron, 

copper, chromium, and manganese, which inhibit the fluorescence, the 

uranium is usually first separated from the other constituents of the ma¬ 

terial by extracting it as uranyl nitrate with a suitable organic solvent which 

is then evaporated and the residue fused with sodium fluoride and potassium 

carbonate in a gold dish. The solid is removed from the dish and brought 

under an ultraviolet light, and the fluorescent intensity is measured with 

a photovolt electronic photometer.'-® 

Uranyl salts, when activated by wave energies below 3000 A, exhibit in¬ 

tense fluorescence in solution. Sill and Peterson have developed a quan¬ 

titative method based on this phenomenon. 

Small amounts of uranium can be determined colorimetrically in some¬ 

what the same fashion as with chromium (p. 530) by developing the color 

with sodium hydroxide and sodium peroxide and comparing the color with 

known amounts of uranium treated similarly," or photometrically by meas¬ 

uring the transmittancy of the solution at 423 m/n.’ 

i®The separation of uranium from vanadium is not complete^ even though the pre¬ 
cipitation of the phosphate is repeated. For example, after double precipitations, 
0.3052, 0.3056, and 0.3058 g of (U02)i»P207 were obtained from three aliquot portions 
of a solution containing uranium nitrate alone, and 0.3081, 0.3102, and 0.3147 from three 
other portions to which 0.2-g portions of vanadium as sulfate had been added. 

20 M. A. Northrup, Ind. Eng. Chem. Anal. Ed., 17, 664 (1945); C. E. White, Anal. 

Chem., 21, 104 (1949). 
21C. W. Sill and H. E. Peterson, ibid., 19, 646 (1947). 
22 For interfering elements, see G. E. F. Lundcll and J. I. Hoffman, Outlines of 

Methods of Chemical Analysis, p. 172 (1938). 
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THALLIUM 

Thallium occurs in the rare minerals: crookcsite, (CuTlAg)oSe; lor- 

andite, TlAsSo; vrbaite, TlAsoSbSn; and hutchinsonite, a sulfide of thallium, 

silver, copper, lead, and arsenic. Thallium is also found in minute quantity, 

associated with tlie alkali metals, iron, zinc, lead, copper, and manganese 

in certain rocks and minerals, as for example in carnallite, alunite, copper 

and iron pyrites, zinc blende ’ and braunite. When such minerals are used 

in manufactures, their thallium contents may be concentrated and give rise 

to determinable amounts, as in chamber mud and flue dust from sulfuric 

acid plants; in zinc, copper, and tellurium; and occasionally in commercial 

sulfuric and hydrochloric acids. 

I, GENERAL CONSIDERATIONS 

The behavior of thallium in an ordinary analysis will depend upon its 

valency. If it is monovalent and present in small amount, it will probably 

escape precipitation and detection unless the filtrate from the ammonia 

precipitation is treated with ammonium sulfide before the separation of 

calcium. If it is present in large amount, thallous chloride, TlCl,^ may 

separate during the dehydration of silica with hydrochloric acid, and prob¬ 

ably be noted because of its appearance or its melting during the ignition 

of the silica. In the usual ignition, some of the thallium might be fixed as 

silicate, but considerable would no doubt be lost by volatilization. In case 

the attack of the material has been such as to give thallic salts, most of the 

thallium will be found in the ammonia precipitate. Some, if not all of it, 

will be converted to the monovalent state during any strong ignition of 

the precipitate. It will then be counted as aluminum unless iron is deter¬ 

mined by titration with permanganate after treatment with a reducing 

agent, such as hydrogen sulfide or sulfur dioxide, that reduces thallium to 

the monovalent state. In this event, part of the thallium would be counted 

as iron and part as aluminum. 

iW. N. Hartley and H. Ramage, Chem, Soc,y 71, 533 (1897). 
2 According to M. Randall and K. S. Chang [/. Am, Chem, Soc.y 50, 1535 (1928)], 

1 liter of water will dissolve 3.863 g of TlCl at 25® C 

474 
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Thallium can be detected in a mineral spectroscopically by crushing the 
ore to a very fine powder in an agate mortar, moistening with hydrochloric 
acid, and taking up in a platinum loop which is then gradually introduced 
into the outer edge of a Bunsen flame. The characteristic green line ap¬ 
pears as a glow that continues for at least several seconds. If the glare of 
the sodium line is cut out, as little as 0.0002 per cent of thallium can be 
detected in 0.03 g of material.'' 

II. ATTACK OF THALLIUM MINERALS 

Thallium minerals are easily broken up as follows: Finely powder 1 g 
of the mineral, transfer to a 250- to 500-ml Erlenmeyer flask, and add 2 g 
of potassium sulfate and 10 ml of sulfuric acid. Heat over a free flame 
until completely decomposed, allow to cool, add 100 ml of water, boil, 
and again cool. Filter, neutralize the filtrate with sodium carbonate, and 
add 2 g in excess. Dilute to 200 ml, add 3 g of sodium cyanide that is free 
from sulfide, heat to boiling, and set aside for 12 hours. Filter, wash the 

residue with a 1 per cent solution of sodium carbonate, and treat the filtrate 

with colorless ammonium sulfide until no more black sulfide is precipitated. 

Cool, filter, and wash the precipitate with diluted colorless ammonium 

sulfide, taking care not to let the filter run dry. Dissolve the sulfide in 

dilute sulfuric acid (1 + 4), boil to expel hydrogen sulfide, and add a few 

drops of sulfurous acid. Make nearly neutral with sodium carbonate, filter 

if necessary, and precipitate the thallium as in Section IV. 

For the determination of thallium in minerals such as pyritc or blende, 

treat 25 to 100 g of the finely ground material with hydrochloric acid, boil, 

and add nitric acid at intervals until decomposition is complete. Add dilute 

sulfuric acid (1 + 1) in excess, heat to fumes of the acid, cool, dilute, and 
filter. Reduce the thallium, copper, cadmium, and the like to metal by 

adding an excess of zinc to the filtrate and letting the solution stand over¬ 

night. If the acid is spent, add enough more to start reaction with the 
zinc, filter through a paper containing a few pieces of zinc, and quickly 

wash the residue wdth a little hot winter. Extract the thallium with hot 

dilute sulfuric acid, and treat the extract wfith sodium carbonate and cyanide 

as above,^ 

8 R. Berg and W. Rocbling [Ber., 68, B, 403 (1935)], and R. Berg and E. S. Fahren- 
kamp [Z. anal. Che?n.j 109, 305 (1937)], maintain that thioglycolic acid j3-aminonaph- 
thalide (“thionalidc”) is specific for the detection or determination of thallium in sodium 
hydroxide-sodium cyanide solution, with or without tartrate, and that it is especially 
suitable for macro- or microtoxiccdogical work. 

4 In examinations of organic matter, the sample had better be decomposed by wet 
oxidation, as with sulfuric and nitric acid.s, for ignition, even at low temperatures, may 
lead to losses of thallium. 
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111. METHODS OF SEPARATION 

Thallium is monovalent or trivalent in its compounds, the former re¬ 
sembling the alkali metals in its reactions, the latter the heavy metals. Thal- 
lic salts are easily reduced to the monovalent state by the action of sulfurous 
acid or hydrogen sulfide in acid solution. Thallous salts are oxidized by 
chlorine, bromine,® or aqua regia but not by nitric acid alone. 

When by itself, thallium is not precipitated by hydrogen sulfide in strong 
acid solution. Separations based on this fact, however, are as a rule worth¬ 
less, for thallium forms compounds with members of the hydrogen sulfide 
group, such as arsenic, antimony, tin, or copper. Thallium is incompletely 
precipitated by hydrogen sulfide in the presence of dilute mineral acids, 
and completely precipitated as thallous sulfide, TloS, in acetic acid solution, 
or by ammonium sulfide. As thallous sulfide is rapidly oxidized by air, fil- 
trations must be done as rapidly as possible without letting the paper run 
dry, and the final washing must be carried out with dilute colorless ammo¬ 
nium sulfide. 

Lead can be readily separated from thallium by repeated precipitation 
as the sulfate (p. 227). For the separation of silver the best method is that 
based on the precipitation of silver chloride in a dilute nitric acid solution 
of cither thallous or thallic salts. The latter are somewhat more desirable, 
and, to make sure of their presence, the chloride precipitate can be boiled 
with aqua regia and the solution diluted, or the precipitation can be made 
with hydrochloric acid saturated with chlorine. 

Thallium can be precipitated as thallous iodide and separated from ele¬ 
ments such as cadmium, iron, aluminum, chromium, cobalt, nickel, zinc, 
manganese, alkaline earths, magnesium, and the alkalies by treating a cold, 
feebly acid solution of the sulfates with sulfur dioxide, adding potassium 
iodide in moderate excess, and filtering. Under these conditions, copper 
and silver are also precipitated; the former can afterwards be dissolved by 
digesting the precipitate with dilute ammonium hydroxide. Mercury is 
at first precipitated as the red iodide but can be dissolved by adding iodide 
until the thallous iodide is pure yellow. 

L. Moser and A. Brukl ® stated that manganese and lead can be separated 

®P. E. Browning, Ind. Eng. Chem. Anal. Ed., 4, 417 (1932). 
^ Monatsh., 47, 709 (1926). In a later communication [ibid., 52, 343 (1929)], L. 

Moser and W. Reif described a method for separating aluminum, chromium, and ferric 
iron from monovalent thallium which is based on treating an acid solution of the 
sulfates with sodium carbonate until nearly neutral, heating to 40° C, adding 20 ml of 
a 7 per cent solution of ammonium nitrite and 20 ml of methyl alcohol, and boiling 
gently for 20 minutes. After adding more reagents and boiling to make sure that 
precipitation is complete, the solution is filtered, the precipitate washed with 2 per 
cent solution of ammonium nitrate, and the thallium precipitated as the chromate in 
the filtrate after evaporating to 100 to 200 ml and rendering ammoniacal. 



METHODS OF DETERMINATION 477 

from monovalent thallium by precipitating with diammonium phosphate 
in an ammoniacal solution containing sulfosalicylate, and that thallium can 
be precipitated in the filtrate by adding chromate. This last reaction serves 
to separate thallium from iron, aluminum, and chromium which are not 
precipitated by chromate in an alkaline sulfosalicylate solution. The chro¬ 
mate reaction also serves to separate thallium from selenium, cadmium, zinc, 
nickel, and cobalt, provided enough ammonia is first added to hold these 
in solution; from copper, mercury, and silver, if cyanide is also used; and 

from arsenic and antimony, if these are first oxidized to the quinquevalent 

condition by treating with hydrogen peroxide in ammoniacal solution. 

Moser and Brukl assert that bismuth can be separated from monovalent 

thallium by precipitating with diammonium phosphate in a solution of the 

neutral salts. 

Gallium can be separated from thallium by precipitating with ammonium 

hydroxide in boiling solution after prior reduction of the thallium by sulfur 

dioxide in nearly neutral solution. 

An interesting separation of thallium from a number of elements is that 

based on the repeated extraction of thallic chloride from 6 N hydrochloric 

acid solution by means of ether ^ (p. 134). Thallium can also be quanti¬ 

tatively precipitated as the metal and separated from many elements by 

reducing with zinc ^ or magnesium in dilute hydrochloric or sulfuric acid 

solution. The thallium sponge that is obtained is easily oxidized by air or 

dissolved oxygen and must be compressed into a lump by means of a glass 

rod, most of the solution decanted, and the residue washed quickly by de¬ 

cantation with recently boiled water. 

A possible method of depositing thallium and separating it from elements 

such as vanadium, aluminum, and zirconium lies in electrolysis with a zinc 
amalgam cathode in dilute sulfuric acid solution.** 

IV. METHODS OF DETERMINATION 

Practically all methods for the determination of thallium call for its 

prior reduction to the monovalent state. Reduction is easily accomplished 

in acid solution by treating with an excess of sulfur dioxide, which is then 

expelled by boiling. Probably the most satisfactory method of analysis for 

general use is that in which thallium is weighed as thallous chromate, 

Tl2Cr04. Weighing as thallic oxide, TloOs, is also satisfactory, but is more 

7 A. A. Noyes, W. C. Bray, and E. B. Spear, /. Am, Chem, Soc,y 30, 489, 515, 559 
(1908). 

8 See H. B. Knowles, Analysis of Thallium Halide Oystals, Anal, Chem,y 21, 1539 
(1949). 

»G. W. Morden, /. Am, Chem, Soc,, 31, 1045 (1909). 
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troublesome, especially when small amounts of thallium arc in question. 
Determinations based on the precipitation of the iodide, Til, are usually 
low because of the solubility of the salt.^^^ 

A. BY WEIGHING AS THE CHROMATE 

The following method is a modification of that proposed by Browning 
and Hutchins.^^ Prepare a solution containing approximately 0.001 g of 
monovalent thallium per milliliter, no excessive amounts of ammonium salts, 
and no substances that form precipitates wdth ammonium hydroxide, reduce 
chromate, or react w ith thallium or potassium chromate in amtnoniacal solu¬ 
tions. Neutralize v\'ith dilute ammonium hydroxide (2 -j- 1), and add 3 ml 
in excess per 100 ml of solution. Heat to 70 to 80” C, add a 10 per cent 
solution of potassium chromate, slowly and with stirring, until the solvition 

contains approximately 2 g of the chromate per 100 ml. Let cool and stand 

for at least 12 hours. Filter through a Gooch crucible, and w ash first with 

a 1 per cent solution of potassium chromate and then moderately with a 

50 per cent solution of alcohol. Dry for 1 hour at 120 to 130” C, and w eigh 

as Tl2Cr04. 

B. BY WEIGHING AS THALLIC OXIDE 

Thallous salts when treated with potassium hydroxide and potassium 

ferricyanidc are oxidized and the thallium precipitated as thallic hydroxide. 

This reaction w as utilized by Browning and Palmer for the determination 

of thallium and modified by F. Mach and W. Lepper as follow^s: Prepare 

50 to 100 ml of an acid solution containing thallium in the monovalent state, 

no reducing substances, no compounds other than thallium that are pre¬ 

cipitated by potassium ferricyanide or fcrrocyanide in a solution containing 

potassium hydroxide, and no other compounds, such as iodide, that would 

react with thallium. Neutralize wdth a 5 per cent solution of potassium 

hydroxide, and add 25 ml in excess, and then 25 ml of an 8 per cent solu¬ 

tion of potassium ferricyanide. Let stand for 18 hours, filter through a 

Gooch crucible, and w ash the precipitate w ith hot water. Dry for 1 hour 

(no longer) at 200” C and preferably in an atmosphere free from carbon 

dioxide. Weigh as TloOs.^^ 

10 For a discussion of methods for the determination of thallium, consult W. Strecker 
and P. de la Pena, Z. anal. Chem., 67, 256 (1925-26). 

lip. E. Browning and G. P. Hutchins, A?h, J. ScL, [4] 8, 460 (1899); F. Mach and 
W. Lepper, Z. anal. Chein., 68, 36 (1926); and L. Moser and A. Brukl, loc. cit. 

12 P. E. Browning and H. E. Palmer, Am. J. Set., [4] 27, 380 (1909). 
13 F. Mach and W. Lepper, op. cit., 41. 
i^By this procedure, Mach and Lepper obtained 0.4203, 0.1122, and 0.0278 g of 

thallium in solutions containing 0.4206, 0.1120, and 0.0280 g of thallium, respectively. 
If very little thallium is present, the precipitate is very finely divided and difficult to 
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C. BY WEIGHING AS THALLOUS IODIDE 

The determination of thallium as iodide is not so satisfactory as the 

foregoing because of the solubility of the precipitate.^^' 

PROCEDURE. Prepare 50 to 100 ml of a solution containing not over 0.5 g 

of thallium as the sulfate or nitrate and free from chlorides and from sub¬ 

stances such as lead or silver that arc precipitated by iodide or substances 

such as titanium that hydrolyze in acetic acid solution. If there is any 

possibility that thallic salts arc present, treat the solution with sulfur dioxide, 

and boil to expel the excess. Render the solution neutral, add 2 ml of acetic 

acid in excess, heat to boiling, and add a solution of potassium iodide until 

an excess of 1 g per 100 ml is present. Let stand 12 to 18 hours, filter 

through a Gooch crucible, and wash with a solution containing 1 per cent 

of potassium iodide and 1 per cent of acetic acid until free from soluble 

salts, and finally with 80 per cent acetone to remove the wash water. Dry 

at 120 to nO"^* C, and weigh as T1I.^‘ 

D. OTHER METHODS 

Among other gravimetric methods that have been proposed are those in 

which thallium is weighed as thallous sulfostannatc,^'' TLSnS^; as thallous 

acid sulfate, TIHSO^, or the neutral sulfate, 112804,^^^ and as the chloro- 

platinate, TloPtClc.r’® w hich is the least soluble of the chloroplatinates. 

Volumetric methods that might be mentioned arc those based on the 

oxidation of thallous to thallic sulfate in hydrochloric acid solution by po¬ 

tassium permanganate,"^ potassium bromatc,-- or ceric sulfatc.^*^ 

For the determination of from 0.005 to 0.2 mg of thallium in the presence 

of 0.5 to 1 g of silver, copper, cadmium, antimony, chromium, and iron, 

filter. The ignited residue is prone to pick up carbon dioxide and breaks down to 
form thallous oxide at temperatures above 800° C. 

G. Werthcr, Z. anal. Chein., 3, 1 (1864); H. Baubigny, Compt. rend., 113, 544 
(1891); J. H. Long, 2. anal. Chern,, 30, 342 (1891). 

According to F. Kohlrausch [2. phys. Chen?., 64, 168 (1908)], 1 liter of water 
dissolves 0.0847 g of thallous iodide at 26*’ C. It is less soluble in solutions containing 
potassium iodide, alcohol, or a little acetic acid, and is nearly insoluble in solutions 
containing ammonium hydroxide or sodium thiosulfate. 

By this method, Mach and Lepper (loc. cit.) obtained 0.4185, 0.1113, and 0.0277 g 
of thallium in solutions containing 0.4206, 0.1120, and 0.0280 g of thallium, respectively. 

18L. F. Hawley, /. Phys. Chevt., 10, 654 (1906); /. Am. Cbem. Soc., 29, 1011 (1907). 
19 P. E. Browning, Am. /. Scl., f4l 9, 137 (1900). 
29 G. Neumann, Ann., 244, 349 (1888); A. S. Cushman, Am. Chem. 24, 222 (1900). 
21 L. F. Hawley, /. Am. Chem. Soc., 29, 300 (1907). Sec also R. S. Beale, A. W. 

Hutchison, and G. C. Chandlee, Ind. Eng. Chem. Anal. Ed., 13, 240 (1941). 
22 H. Marshall, J. Soc. Chem. Ind., 19, 994 (1900); E. Zintl and G. Rienacker, Z. 

anorg. Chem., 153, 276 (1926). 
28 H. H. Willard and P. Young, /. Am. Chem. Soc., 52, 36 (1930). 
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Haddock recommends the extraction of monovalent thallium with a 

solution of diphenylthiocarbazone (dithizonc) in chloroform, followed by 

conversion of the thallium to the trivalent state, reduction with potassium 

iodide in an acid solution containing starch-glycerin, and comparison of 

the starch-iodine color with samples similarly treated. 

2->L. A. Haddock, Analyst, 60, 394 (1935). 



Chapter 29 

INDIUM 

Indium, like gallium, lias never been found as the predominating metallic 
constituent of a mineral. It occurs, however, in traces in most zinc blendes 

and tin ores. It is also found in many samples of pyrites, galena, smith- 
sonite, and siderite,^ and in manganese, iron, and tungsten ores. It is some¬ 
times present in small amounts in commercial zinc and, together with gal¬ 
lium, in residues from zinc retorts. 

I. GENERAL CONSIDERATIONS 

In the ordinary course of analysis, indium will be caught in the ammonia 
precipitate. Some of the indium may be volatilized during the ignition of 

the precipitate. That which remains will be counted as aluminum if it is 
not detected and its amount deducted. Indium can be detected, after con¬ 

centration, by the bright blue color imparted to a flame by the chloride. 
The finding of the two bright blue lines \ 4511.55 and A 4101.95 when the 

spark spectrum is viewed through the spectroscope is more conclusive, 
whereas an examination of the photographed arc spectra is the most satis¬ 

factory of all. 
For the concentration and detection of indium, obtain the material in 

hydrochloric acid solution, and digest with an excess of zinc to precipitate 

the indium, together with such other reducible elements as copper and 
lead that may be present. Filter, disssolve the residue in nitric acid, add 
sulfuric acid, and evaporate to fumes of the latter in order to precipitate 

lead. Dilute so that the solution contains 10 per cent by volume of sulfuric 
acid, filter, and wash moderately with sulfuric acid of the same strength. 

Heat to boiling, add ammonium hydroxide in slight excess, filter, and wash 
the precipitate with a 2 per cent solution of ammonium nitrate. Dissolve 

the precipitate in as little hydrochloric acid as possible, nearly neutralize 
with ammonium hydroxide, and add 5 g of sodium bisulfite. Boil for 15 

minutes, filter, and wash the precipitate with cold water. Dissolve the 

precipitate in hydrochloric acid, evaporate to small volume, and test the 

solution on a platinum wire in a Bunsen flame. 

1W. N. Hartley and H. Ramage, /. Chem. Soc,^ 71, 533 (1897). 
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11. DECOMPOSITION OF MINERALS CONTAINING INDIUM 

Methods for the decomposition of minerals that contain indium vary ac¬ 

cording to the mineral in question; thus, zinc blendes are broken up by 

attack with hydrochloric acid followed by nitric acid (p. 425), pyrites re¬ 

quire solution in aqua regia, while tin ores must be fused, as for example 

with sodium peroxide (p. 2SYi). I'hcre is no danger of loss of indium 

through volatilization upon evaporation with hydrochloric acid. 

For the concentration of indium, use is made of such reactions as reduc¬ 

tion by an excess of zinc in acid solution, or precipitation with sodium ace¬ 

tate, barium carbonate, or sodium bisulfite. 

ill. METHODS OF SEPARATION 

Indium forms monovalent, bivalent, and trivalent salts, l)ut only the 

trivalent salts are stable in aqueous solutions. 

Hydrogen sulfide does not precipitate indium when alone in strong acid 

solutions. It is, however, carried down by certain members of the hydro¬ 

gen sulfide group in modcrntelv acid, ns for example 0.5 N sulfuric acid, 

solution. Unlike thallium, complete separations can be had by precipitating 

other sulfides in 3.6 N or stronger solutions. The yellow sulfide, In^Sa, is 

precipitated by hydrogen sulfide in acetic acid or weak (approximately 

0.02 N) sulfuric acid solution, the latter serving for the separation of indium 

from iron and aluminum. A white precipitate is formed when hydrogen 

sulfide is led into alkaline solutions containing indium, or when ammonium 

sulfide is added to neutral solutions. In cool solutions, precipitation by 

NH4HS is very incomplete, and by (NH4)2S almost complete. Little, if 

any, indium is precipitated by these reagents in boiling solutions. 

Indium can be quantitatively separated from elements such as zinc, man¬ 

ganese, nickel, or cobalt by precipitation with freshly precipitated barium 

carbonate (p. 82), or in an ammonium acetate-acetic acid solution (p. 79). 

Good separations of indium from moderate amounts of copper, zinc, and 

nickel can be had by double precipitation with ammonium hydroxide in 

the presence of ammonium chloride as follows: Obtain the elements as the 

chlorides, dilute to 200 ml, add 5 g of ammonium chloride if not already 

present, and heat to 60 to 80° C, Add ammonium hydroxide until the cop¬ 

per hydroxide redissolves. Avoid a large excess. Digest for a few minutes, 

filter, and wash the filter, and precipitate with a hot 1 per cent solution of 

ammonium chloride. Dissolve the precipitate in hot dilute hydrochloric 

acid (I 4- 10), and then wash the paper thoroughly with hot acid of 1 -f 100 
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Strength. Dilute the solution to 200 ml, and repeat the precipitation, filtra¬ 
tion and washing.^ 

Precipitation by potassium cyanate is said to give good separations of 
indium from zinc, nickel, sexivalent chromium, and, with slight modifica¬ 

tions, from cobalt. For the simplest case, prepare 200 to 400 ml of feebly 
acid solution, treat with six times as much ammonium chloride as there is 
zinc present, add a few drops of methyl orange, and then enough potas¬ 

sium cyanate to produce a yellow coloration. Gradually heat to boiling, 

filter, wash with hot water, and, if much zinc or nickel is present, dissolve 
the precipitate in acid, and reprccipitatc. If the precipitate is to be ignited, 
it must be washed until free from chlorides. 

Indium salts are casilv reduced to the metal by the action of an excess 
of zinc in dilute sulfuric acid solution, and so the clement can be conven¬ 
iently separated from other elements such as gallium, aluminum, and zii- 

conium that are not reduced. The reaction serves only as a preliminary 
separation in the presence of reducible compounds such as those of copper, 
cadmium, tin, and thallium. Electrodeposition of indium from a solution 

of the sulfate in dilute sulfuric acid solution (1+4) provides an excel¬ 
lent method of separating indium* from iron, but complete deposition is 
•difficult.^ 

The separation of lead from indium is done by precipitation of the former 

as sulfate (p. 227). 
An insoluble basic sulfite, In2(S03)3*21n(0H)3-5H20 is formed when 

a nearly neutral solution of an indium salt is boiled with an excess of 
sodium bisulfite. This reaction does not serve as a final separation in the 

presence of other precipitablc elements such as tin, titanium, or zirconium. 

The separation of indium from gallium by precipitation in boiling alkali 
hydroxide solution is not entirely satisfactory, for a little indium remains 
unprccipitated and a little gallium is caught in the precipitate, the latter in 

spite of double precipitations. For this separation, Dennis and Bridgman ® 
neutralized a solution containing approximately 100 mg each of the ele¬ 

ments in 200 ml, with sodium hydroxide, then added 1.5 g in excess and 

boiled the solution for several minutes. The solution was then filtered and 

the precipitate dissolved in hydrochloric acid and reprecipitated, before 

proceeding with determinations as in Section I\^ The same authors found 

that precipitation with potassium mercuric thiocyanate (p. 433) does not 

furnish a satisfactory separation of zinc from indium. 

2R. Gilchrist, /. Research NBS, 20, 745 (1938). 
«L. Moser and F. Sicgniann, Monatsh., 55, 14 (1930). 
** L. M. Dennis and W. C. Geer, /. Am. Chem. Soc., 26, 437 (1904); F. C. Mathers, 

ibid.y 29, 485 (1907); and U. B. Bray and H. D. Kirschnian, ibid., 49, 2739 (1927). 
°L. M. Dennis and J. A. Bridgman, ibid.j 40, 1552 (1918). 
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IV. METHODS OF DETERMINATION 

Indium is generally weighed as the oxide, IngOa, after ignition at 1100 to 
1200° C.^'^ The oxide is reddish brown when hot, and light yellow when 
cold. It dissolves readily in hot acids. As the oxide is quite easily reduced 
to metal, care must he taken to preserve good oxidizing conditions through¬ 
out ignition. 

The final precipitation of indium is usually done by precipitation of the 
hydroxide. In (OH) a, by ammonium hydroxide in a solution containing 
ammonium nitrate. Ammonium chloride is to be avoided, lest indium 
chloride be formed and volatilized during subsequent ignition of the pre¬ 
cipitate.^ 

Among other methods that may be mentioned are those based on titration 

with potassium ferrocyanidc ® and on the electrolytic microdeposition of 

small amounts of indium (2 mg) in a feebly ammoniacal solution containing 

ammonium oxalate.® 

The use of dithizone for the determination of small amounts of indium 

and the effect of copper, lead, iron, nickel, cobalt, zinc, gallium, tin, alumi¬ 

num, manganese, cadmium, and thallium on the determination is described 
by I. May and J. I. Hoffman.^^^ 

A. BY PRECIPITATION WITH AMMONIUM HYDROXIDE 

In this precipitation, all other elements that are precipitable by ammonium 

hydroxide must be absent, and a large excess of ammonium hydroxide must 

be avoided because of its solvent action on the precipitate. Tartaric acid 
inhibits the precipitation. 

PROCEDURE. Prepare an acid, preferably nitric acid, solution of indium, 

free from organic compounds and excessive amounts of ammonium salts 

and containing no other elements that are precipitable by ammonium hy¬ 

droxide when alone or, like phosphorus, when in combination with indium. 

Dilute in accordance with the amount of indium present, but avoid a con¬ 

centration greater than 0.1 g of indium per 200 ml of solution. If not 

already present, add 1 ml of nitric acid, heat to boiling, and add dilute 

® According to L. Moser and F. Siegmann [Monatsh., 55, 14 (1930)1, In203 is not 
volatile at the temperature of the blast lamp and is not hygroscopic after this strong 
ignition. 

^ A. Thiel and H. Koelsch, 2. anorg, Chem,, 66, 288 (1910). 
®See U. B. Bray and H. D. Kirschman {J, A?n. Chem. Soc., 49, 2739 (1927)] who 

recommended potentiometric titration, and H. B. Hope, M. Ross, and J. F. Skelly 
[Ind. Eng, Chem. Anal. Ed., 8, 51 (1936)], who use diphenylbenzidine as an internal 
oxidation-reduction indicator. 

«G. L. Royer, ibid., 12, 439 (1940). 
10/. Wash. Acad. Sci., 38, 329 (1948). 
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ammonium hydroxide (1 + 1) slowly until in slight excess. Boil for 1 min¬ 

ute, cool to approximately 60° C, add a little macerated paper, and filter. 

Wash with a warm, fahitly ammoniacal 1 per cent solution of ammonium 

nitrate, and place paper and precipitate in a fared platinum crucible. Care¬ 

fully dry, char the paper without inflaming, and bum the carbon under 

good oxidizing conditions at as low a temperature as possible. The heating 

of the crucible is done best in a muffle. If the crucible is heated over a 

direct flame, it had better be inserted in an asbestos shield to make sure of 

the exclusion of reducing gases from the flame. When the carbon has been 

destroyed, increase the heat to 1100 to 1200° C, and heat for 15 minutes. 

Cover the cracible, heat for a few minutes longer, cool in a desiccator, and 

weigh. Repeat the ignition to constant weight. 



Chapter 30 

GALLIUM 

No mineral is known in which gallium is the predominating constituent. 

It is, however, widely distributed in nature and is found in minute quanti¬ 
ties associated with the elements aluminum, iron, manganese, zinc, lead, and 

indium. Thus, it occurs in traces in many zinc blendes, iron ores,^ and 

kaolin. According to* Clarke - it is always present in spectroscopic traces 

in bauxite and in nearly all aluminous materials. As much as 0.02 per cent 

of gallium has been found in commercial aluminum. 

I. GENERAL CONSIDERATIONS 

Analytically, gallium belongs in the aluminum group, and so in the ordi¬ 

nary course of analysis gallium will be caught in the ammonia precipitate 

and counted as aluminum unless it is detected and its amount deducted. 

Preliminary tests for gallium are usually made by the spark-spectrum 

method after some preliminary concentration has been done. 

Dennis and Bridgman^ state that as little as 0.0046 mg of gallium and 

0.0013 mg of indium can be detected by ocular observation of the spark 

spectra of hydrochloric acid solutions of their chlorides, and that rela¬ 

tively large amounts of one element do not materially affect the delicacy 

of the test for the other. For the preliminary concentration and qualitative 

detection, the precipitation of gallium by potassium ferrocyanide in moder¬ 

ately strong hydrochloric acid solution, as described in Section 111, is by 

far the best. 
As little as 0.02 mg of gallium per liter can be detected or determined 

colorimetrically by the use of quinalizarin, with which it forms a pink- to 

amethyst-colored lake.^ The best results are obtained in a solution that 

contains 0.02 to 0.2 mg of gallium and 0.5 g of sodium fluoride per liter, 

has a pH of 5.0, and is 1 N in ammonium acetate and 0.5 N in ammonium 

1 According to W. N. Hartley and H. Ramage [Trans. Chem. Soc.^ 71, 533 (1897)], 
gallium was found in 35 out of 91 iron ores. Its presence is particularly remarked in all 
magnetites, and its absence in siderites. 

2F. W. Qarke, The Data of Geochemistry, U. S. GeoL Survey Bull. 770, 16 (1924). 
8L. M. Dennis and J. A. Bridgman, /. Am. Chem. Soc., 40, 1534 (1918). 
^H. H. Willard and H. C. Fogg, ibid.y 59, 40 (1937). 
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chloride. Elements that are known to interfere and that must be separated 

before the test is applied are lead, copper, tin, antimony, indium, platinum, 

germanium, vanadium, molybdenum, and more than 1 mg of iron or 10 mg 

of aluminum. 

The detection of as little as 0.1 fig of gallium per 10 ml of solution in the 

presence of iron (ferrous) and aluminum by a fluorescence reaction fol¬ 

lowing precipitation with 8-hydroxyquinolinc at pH 2.6 and extraction 

with chloroform is described by E. B. Sandell.*"' Ferric iron, cupric copper, 

vanadate, molybdate, fluorine, lithium, beryllium, scandium, indium, and 

zinc interfere and require special treatments. 

II. ATTACK OF MATERIALS CONTAINING GALLIUM 

The statement that gallic chloride is lost by volatilization when hydro¬ 

chloric acid solutions of its salts arc evaporated ® was disproved by E. H. 

Sw'ift,” who found that such solutions can be evaporated to dryness on the 

steam bath with no loss of the element whatever. Gallium is not volatilized 

during distillations at 200 to 220^ C in which hydrochloric or hydrobromic 

acids are dropped into solutions of gallium in sulfuric or perchloric acids.*^ 

The attack of materials containing gallium can therefore proceed along the 

lines usually adopted for the material in question. Hydrochloric acid or 

volatile chlorides should never be left in gallium-bearing compounds that 

are to be ignited.” 
Metallic gallium can be quite readily dissolved by heating with a mixture 

of two-thirds concentrated sulfuric acid and one-third perchloric acid 

(72%).^” 

III. METHODS OF SEPARATION 

Gallium is either bivalent or trivalent in its compounds. The gallous 

compounds, which have reducing properties, arc unstable and hence only 

the gallic compounds are encountered in the usual course of analysis. 

•'^E. B. Sandcll, Ind. Eng. Chem. Anal. Ed., 13, 844 (1941). 
Fresenius-Mitchell, Introduction to Qualitative Chentical Analysis, p. 269, John Wiley 

& Sons (1921). 
7 /. Am. Chem. Soc., 46, 2377 (1924). 
® J. I. Hoffman and G. E. F. Lundell, /. Research NBS, 22, 467 (1939). 
®For the rapid concentration of gallium (and germanium) from zinc oxide by dis¬ 

solving the oxide in acid, rendering the solution basic by slowly adding some of the 
original zinc oxide, and filtering, see C. James and H. C. Fogg, /. Am. Chem. Soc., 51, 
1459 (1929). F. Sebba and W. Pugh [/. Chem. Soc., 1371 (1937)1 state that all of the 
gallium in germanite can be obtained in solution by fusing the finely ground ore with 
sodium hydroxide in an iron crucible, extracting the melt with water, and filtering. 

S. Foster, ibid., 61, 3122 (1939). 
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Hydrogen sulfide does not give a precipitate in mineral or organic acid 

solutions containing gallic salts alone. On the other hand, gallium can be 

completely precipitated in feebly acid, such as acetic acid-acetate, solutions 

that contain precipitablc elements such as zinc, silver, copper, manganese, 

iron, or arsenic. In fact, such elements, particularly arsenic, are sometimes 

added for the purpose of gathering very small amounts of gallium. In this 

case, the arsenic can then be volatilized as described under Arsenic (p. 260), 

after dissolving the sulfides in aqua regia and evaporating to fumes with 

sulfuric acid. Separations by the use of hydrogen sulfide had best be 

confined to those that can be done in solutions that are appreciably acid.^^ 

Like aluminum, gallium can be separated from nickel, manganese, the 

alkaline earths, magnesium, and the alkalies by precipitation with ammonium 

hydroxide in the presence of an excess of ammonium chloride. An excess 

of ammonium hydroxide is to be avoided, for the precipitate is appreciably 

soluble. 

For the separation of gallium from zinc, nickel, cobalt, manganese, cad¬ 

mium, beryllium, and thallium, as well as for its precipitation preparatory 

to final ignition and weighing as GaoOa, Moser and Bnikl recommended 

precipitation by tannin in a boiling 1 to 2 per cent acetic acid solution con¬ 

taining 2 per cent of ammonium nitrate. The boiling solution is stirred as 

a 10 per cent solution of tannin is added, drop by drop, until precipitation 

is complete. A ten-fold excess should suffice unless the amount of gallium 

is small, when at least 5 ml should be used. The precipitate is washed with 

hot water containing a little ammonium nitrate and a drop or two of acetic 

acid. As a rule, the precipitate had better be dissolved in hot diluted 

hydrochloric acid, and the precipitation with tannin repeated after the acid 

is neutralized with ammonium hydroxide and acetic acid added. The final 

precipitate is ignited in quartz or porcelain. As the precipitate is quite 

voluminous, more than 0.1 g of Ga203 is handled with difficulty. In such 

case, most of the gallium had better be separated by double precipitations 

by the basic acetate method and the rest recovered by precipitation with 

tannin in the combined filtrates. 

Gallium, together with aluminum, beryllium, and the like, can be sepa¬ 

rated from indium, iron, titanium, and similar elements by precipitation of 

the latter by means of sodium hydroxide. The separation is not entirely 

satisfactory, for the precipitation of indium may be incomplete, and the 

precipitate tends to retain gallium. According to E. H. Swift,^ the sepa¬ 

ration of iron from gallium is complete in one operation, if the final con- 

No gallium, for example, is carried down by copper, arsenic, or antimony in 0.36 
N sulfuric acid solution. 

12 L. Moser and A. Brukl, Monatsh., 50, 181 (1928), 
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centration of the sodium hydroxide is not less than 0.3 N. For the sepa¬ 
ration of indium from gallium Dennis and Bridgmanpreferred a solu¬ 
tion that is approximately 0.2 N, 

Precipitation by barium carbonate (p. 82) serves satisfactorily for the 
separation of gallium from manganese but is worthless in the presence of 
zinc, nickel, or cobalt. 

A separation for which much is claimed is that based on precipitation 
of gallium by boiling with cupric hydrate. This is declared to give satis¬ 
factory separations from such elements as lead, cadmium, cobalt, nickel, 
manganese, zinc, iron, thallium (in presence of SOo), beryllium, uranium, 

and the rare earths. 

The precipitation of gallium by potassium fcrrocyanide is a distinctive 

reaction that is used both for the detection of the element and for its sepa¬ 

ration from other elemcnts.^^ Other elements such as zinc, zirconium, or 

indium that also give precipitates must l)e absent, as must also nitrates or 

other oxidizing agents. The reaction serves for the separation of gallium 

from aluminum, chromium, manganese, cadmium, mercury, lead, bismuth, 

and thallium if the fcrrocyanide is added in slight excess to a dilute hydro¬ 

chloric acid solution (1 + 3) of the chlorides which is then heated to 

60 to 70'^ C, digested at this temperature for 30 minutes, and then allowed 

to cool and stand for several hours, or days if the amount of gallium is 

very small. The precipitate is washed with cool dilute hydrochloric acid 

(1 + 3). According to Browning and Porter, the decomposition of gal¬ 

lium fcrrocyanide is done best by fusion with ammonium nitrate and subse¬ 

quent treatment with sodium hydroxide to remove the iron. 

J. Papish and L. E. Hoag stated that a quantitative separation of gal¬ 

lium from iron can be obtained by precipitation of the latter as follows: 

To a hydrochloric acid solution of the chlorides, add ammonium hydroxide 

until a slight permanent precipitate is obtained which dissolves on the addi¬ 

tion of a drop of hydrochloric acid. Add 2 or 3 drops more of hydrochloric 

acid and then add enough ammonium acetate to react with the acid. Add 

an excess of reagent (1 g of a-nitroso-^-naphthol dissolved in 50 ml of a 

50% solution of acetic acid and filtered), and let stand several hours. Filter, 

i‘'^See under Indium (p. 483). 
Crookes, Select Methods in Chemical Analysis, Longmans, Green & Co., Lon¬ 

don and New York (1894). 
i®For example, P. E. Browning and L. E. Porter [Am. J. Sci., [4] 44, 222 (1917)1 

stated that fcrrocyanide gave a positive test for gallium in a dilute hydrochloric acid 
solution (1 + 3) containing as little as 0.1 mg per 10 ml, provided the solution was 
allowed to stand for 1 hour. For the application of the reaction to the potentiometric 
titration of gallium, see H. D. Kirschman and J. B. Ramsey, /. Am. Chem. Soc., 50, 
1632 (1928), and Sunao Ato, Sci. Papers Inst. Phys. Chem. Research Tokyo, 10, 1 (1929). 

/. Am. Chem. Soc., 50, 2118 (1928). # 
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and wash the precipitate first w ith a cold 50 per cent solution of acetic acid 
and then with water. Dry, ignite very cautiously in porcelain, and weigh 
as Fe203. Evaporate the filtrate to dryness, add dilute ammonium hydroxide 
until alkaline, and boil until a moistened piece of red litmus paper does not 
turn blue in the vapor. Cool, filter, wash with a 1 per cent solution of 
ammonium nitrate until free from chlorides, ignite, and weigh as Ga^Oa 
which is hygroscopic. 

Aluminum can be separated from gallium by precipitation with gaseous 
hydrochloric acid in a solution containing ecjual parts of concentrated 
hydrochloric acid and ether (p. 134).-’^' The chief consideration in this 
separation is to make sure by repeated treatments that all of the aluminum 
has been precipitated. 

Precipitation by cupferron in dilute sulfuric acid (7 + 93) solution as 
described in IV, B provides an excellent method of gathering any gallium 
that may be present in a material such as aluminum,^” and of separating it 
from elements such as indium, w hich are not precipitated under the condi¬ 
tions (sec p. 493). Solution of the precipitate (p. 118) and rcprecipitation 
are desirable if elements such as aluminum or indium are present in large 
amount. 

Brukl stated that gallium can be separated from (1) titanium, zirconium, 

and thorium, by precipitating w4th cupferron in a N solution of oxalic 

acid containing ammonium oxalate, (2) zirconium, by precipitating with 

phenylarsonic acid (p. 567) in hot 2 N sulfuric acid solution, (3) thorium, 

by precipitating with oxalic acid in a hydrochloric acid solution free from 

sulfate ion, and (4) vanadium, molybdenum, and tungsten, by precipitating 

most of the gallium by 8-hydroxyquinoline in hot diluted ammonium 

hydroxide (5 +95) and filtering, and then recovering the remainder by 

rendering just acid w ith acetic acid, adding 1 ml of a saturated solution of 

ammonium carbonate, boiling until neutral to litmus, allowing to digest 

for 2 or 3 hours, and filtering. This last precipitate is usually impure and 

had better be dissolved and reprecipitated, before the combined precipi¬ 

tates are dissolved in 2 V sulfuric acid and the gallium precipitated by 

cupferron. Precipitation with cupferron in 2 N acid serves for the pre¬ 

cipitation of the gallium in the phenylarsonic acid filtrate, and in the 

filtrates obtained in 1 and 3 after evaporating with sulfuric acid to destroy 

the oxalic acid. 

Gallium can be separated from many elements by repeated extraction, at 

20° C, of a cold solution of the trichloride in 5 to 6 iV hydrochloric acid 

wdth ether that is free from alcohol and that has previously been shaken 

Browning and Porter, loc» cit. 
J. A. Scherrer, /. Research NBSf 15, 585 (1935). 

10 A. Bruld, Monatsh., 52, j53 (1929). 



METHODS OF DETERMINATION 491 

two to three times with acid of the same concentration (p. 134)/^*^ But 
traces of indium are extracted under the same conditions.^^ 

Gallium chloride can be separated from chlorides that are not volatile 
or that volatilize at appreciably higher temperatures by heating in a current 
of chlorine. Thus Dennis and Bridgman^ separated gallium trichloride 
(b.p. 215 to 220® C) from indium trichloride (volatilizes slowly at 600® C), 
and zinc chloride (b.p. 730® C) by distillation of the anhydrous chlorides 
in a current of dry chlorine at a temperature of about 230 to 255® C. 

Zinc can be precipitated in a dilute sulfuric or nitric acid solution by 
means of potassium mercuric thiocyanate and separated from gallium.® 
The gallium in the filtrate can then be precipitated by ammonium hydroxide 
after the removal of mercury by precipitation with hydrogen sulfide in a 
solution containing 5 to 7 per cent by volume of hydrochloric acid. To 
make sure that no gallium is carried down by the mercuric sulfide, the pre¬ 
cipitate had better be dried and ignited to expel mercury, and any residue 
recovered by fusion with sodium carbonate and solution of the melt in 
acid. Zinc is precipitated as follows: Prepare a clear solution of the pre¬ 
cipitant by dissolving 27 g of mercuric chloride and 39 g of potassium 
thiocyanate in 1000 ml of water, and then prepare a sulfuric or nitric acid 
splution of gallium and zinc containing no more than 0.05 g of zinc and 
1 ml of either acid per 100 ml of solution. Cool to room temperature, add 
the precipitant, drop by drop and with constant stirring, until a precipitate 
begins to form, and then add 20 ml for every 0.1 g of zinc that is present. 
Let stand for 2 hours or more, filter through asbestos, and wash with a 
solution containing 20 ml of the reagent per liter. If much zinc is present, 
set the filtrate aside, treat the precipitate on the asbestos mat alternately 
with a few drops of a strong solution of sodium hydroxide and of hydro¬ 
chloric acid, and finally rinse the pad with hot water. Neutralize the solu¬ 
tion with sodium hydroxide, make acid as before, reprecipitate, and finally 
combine the filtrates, which should now contain all of the gallium. 

IV. METHODS OF DETERMINATION 

Gallium is always weighed as the oxide, Ga203, after precipitation l)y 
ammonium hydroxide, cupferron, ammonium sulfite, or the like in solutions 
of its trivalent salts. As the chloride, GaCla, is volatile, precipitation had 

20 E. H. Swift [/. Am. Chem, Soc.y 46, 2375 (1924)] stated that about 97 per cent of 
the gallium can be extracted by shaking 50 ml of a 4.9 to 5.0 N solution of hydrochloric 
acid containing 0.1 g of gallium with 50 ml of ether, and that three extractions should 
leave less than 0.1 mg. See also J. A. Scherrer, /. Research NBS, 15, 588 (1935), who 
prefers to allow the separatory funnel to stand at room temperature for 1 hour before 
the acid layer is drawn off after the last extraction. 

211. Wada and Sunao Ato, Set. Papers Inst. Phys. Chem. Research Tokyo, 1, 70 (1922). 
22 G. E. F. Lundell and Nai Kim Bee, Trans. Am. Inst. Metals, 8, 146 (1914). 
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best be made in solutions that are free from the chloride ion. If it is 
ignited at temperatures below 1000° Q the oxide is hygroscopic and must 
be handled accordingly. If a proper oxidizing atmosphere is maintained, 
the oxide can be ignited without loss at temperatures as high as 1300° C, 
and is then nonhygroscopic.^® Gallic oxide is pure white. A tinted oxide 
indicates impurities; indium oxide, for example, causes a yellowish tint. 

A. PRECIPITATION BY AMMONIUM HYDROXIDE 

An excess of ammonium hydroxide must be avoided in the precipitation 
of gallium, and care must be taken to recover all of the precipitate, which 
has a tendency to stick to the vessel. 

PROCEDURE. Prepare a sulfuric acid solution of trivalent gallium that is 
free from organic matter and excessive amounts of ammonium salts and 
contains no other compounds that are precipitable by ammonium hydroxide. 
Dilute to 200 ml, add a few drops of methyl red, and heat to boiling. Add 
dilute ammonium hydroxide, free from carbonate, slowly until a precipi¬ 
tate begins to form, and then cease until further precipitation stops. Again 
add a little ammonium hydroxide, boil, and so continue until the indicator 
has just turned yellow.^^ Add a little macerated paper, boil for 1 to 2 min¬ 
utes longer, filter, and transfer as much of the precipitate as possible to 
the filter by scrubbing and washing with a hot neutral 2 per cent solution 
of ammonium nitrate. Cover the funnel, quickly dissolve any precipitate 
still clinging to the beaker in as little hot dilute sulfuric acid as possible, 
again precipitate with ammonium hydroxide as before, and filter. Finally 
wash thoroughly with a hot 2 per cent solution of ammonium nitrate. 
Transfer the wet paper and precipitate to a platinum crucible weighed with 
tightly fitting cover, and heat gently (uncovered) until dry and then at as 
low a temperature as possible until carbon has been destroyed. Ignite under 
good oxidizing conditions at approximately 1000° C, cover, and resume the 
heating for a few minutes. Cool over sulfuric acid or phosphorus pentoxide 
in a desiccator, and weigh while tightly covered. Again heat, cool as 
before, place weights on the balance, and then quickly weigh. Repeat to 
constant weight. The weighed residue should be examined for other oxides, 
and, in accurate analyses, it should always be corrected for impurities such 
as silica introduced through the reagents or by attack of the glassware. 

B. PRECIPITATION BY CUPFERRON 

Gallium can be quantitatively precipitated by cupferron in diluted sul¬ 
furic acid solution (7 + 93), provided a fair excess of the reagent is used 
and the solution is allowed to stand for a while before it is filtered. As 

23 G. E. F. Lundell and J. I. Hoffman, /. Research NBS, 15, 409 (1935). 
24 If the amount of gallium is of the order of a few tenths of a milligram, the solu¬ 

tion should be allowed to stand at the side of the steam bath overnight. 
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much as 1 g of tartaric acid is without effect on the precipitation. The 
precipitation of gallium can, therefore, follow preliminary separations of 
the elements that are precipitated by hydrogen sulfide in acid solution, 
and of the elements that are precipitated by ammonium sulfide in ammoni- 
acal solutions containing ammonium tartrate (see p. 65). In this case the 
method is as follows: 

PROCKDURR. Add dilute sulfuric acid (1 + 1) to the ammonium sulfide 
filtrate until it is acid, and then boil to expel hydrogen sulfide. Filter if a 
residue remains, and dilute the solution to 375 ml. Neutralize with ammo¬ 
nium hydroxide, stir, and cautiously add 30 ml of sulfuric acid. Chill the 
solution in ice water, and add enough of a chilled aqueous 6 per cent 
solution of cupferron to precipitate the gallium and to provide an excess 
of 15 to 20 ml of the reagent. Add a little ashless paper pulp, stir well, 
and let stand for 1 hour in the ice water. Filter, and wash the precipitate 
with cold dilute sulfuric acid (7 + 93) containing 1.5 g of cupferron per 
liter. Place the paper and precipitate in a platinum crucible. Dry care¬ 
fully, then char and bum off carbon cautiously, and finally ignite at 1000 
to 1300° C, always under good oxidizing conditions. Cool in a desiccator 
and weigh. 

• The treatment that is indicated removes hydrogen sulfide group elements 

such as tin, and ammonium sulfide group members such as iron. It does 

not take care of elements such as titanium, zirconium, or vanadium which 

are also precipitated by cupferron in acid solution. Unless it is known that 

these elements are not present in the materials under test, or that additional 

treatments have insured their removal, the ignited residue must always be 

examined, and the weight of any accompanying oxides deducted. 

C. BY PRECIPITATION WITH AMMONIUM BISULFITE 

Dennis and Bridgman ^ stated that precipitation of gallium hydroxide by 

ammonium bisulfite is complete and that the precipitate does not stick to 

the walls of the vessel as does the one thrown out by ammonium hydroxide. 
PROCEDURE. Prepare 100 to 200 ml of a hydrochloric or, preferably, 

sulfuric acid solution that contains no more than 0.1 g of trivalent gallium, 

and no other compounds that are precipitated by ammonium hydroxide or 

ammonium bisulfite. Add ammonium hydroxide until the solution is 

faintly alkaline to litmus, then 5 ml of a solution of ammonium bisulfite 

(prepared by saturating ammonium hydroxide with sulfur dioxide), and 

finally dilute hydrochloric acid until the solution is just acid to litmus. 

Dilute the solution to 200 ml, cover, and boil vigorously for 5 minutes. 

Filter, and proceed as in A. To make sure that precipitation is complete, 

the filtrate had better be treated with a drop or two of methyl red and 

then with ammonium hydroxide until the solution just turns yellow. 



II. ELEMENTS THAT FORM HYDROXIDES OR BASIC COMPOUNDS 

Aluminum, Beryllium, Chromium, Thorium, Scandium, Rare 
Earths, Zirconium, Titanium, Coliimbium, and Tantalum 

Chapter 31 

ALUMINUM 

Aluminum is the most abundant metal and is an essential constituent of 
nearly all important rocks except the peridotites, sandstones, and limestones. 
Even in these its compounds arc common impurities. It does not occur 
native for it is easily oxidized, and it always occurs trivalent in nature. 
Aluminum is found chiefly in silicates, such as the feldspars, micas, and 
clays, but also as the oxide corundum, the hydroxide bauxite, as fluoride in 
cryolite, and in various phosphates and sulfates. 

I. GENERAL CONSIDERATIONS 

The determination of aluminum in pure salts is a comparatively simple 
matter. Its correct determination in materials such as rocks, minerals and 
ceramic or metallurgical products is one of the analyst’s most difficult 
problems. In ordinary analyses, aluminum is found in the ammonia precipi¬ 
tate, together with a number of other elements such as iron, titanium, zir¬ 
conium, vanadium, phosphorus, and silicon. To report such a mixture as 
“Percentage of R20.j,” as is often done, is obviously misleading. Unless 
the analyst knows the composition of the precipitate, it should be reported 
as “Percentage of Mixed Oxides.” Equally misleading is the practice of 
determining iron, and perhaps titanium, in the ammonia precipitate and 
reporting the remainder as alumina. In most analyses the percentage of 
aluminum is best obtained by difference after determinations of each of the 
other components of the weighed residue. The task can usually be simpli¬ 
fied by determining some of the components in groups, as for example the 
percentage of FcoOs, Ti02, Zr02, and V2O5 by precipitation with cup- 
ferron (p. 116). 

II. ATTACK ON MINERALS CONTAINING ALUMINUM 

The attack by fusion of minerals containing aluminum is covered in the 
chapter on Fluxes (p. 836). 

494 
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Bauxite can be almost entirely decomposed by a mixture of hydrofluoric, 
nitric, and sulfuric acids. Such an attack is more attractive than a fusion 
procedure because the introduction of foreign salts is avoided and silica is 
eliminated. Hydrofluoric acid must afterwards be entirely expelled by 
fuming with sulfuric acid, lest the subsequent precipitation of alumina by 
ammonium hydroxide be incomplete; and any insoluble residue must be 
recovered, fused, and put into solution. 

For the decomposition of certain aluminous materials of a refractory 
nature, such as calcined alumina, Churchill, Bridges, and Miller^ recom¬ 
mend the following attack: Treat 1 g of sample with 20 ml of hydrofluoric 
acid, 20 ml of water, and 50 ml of dilute ammonium hydroxide (1 + 1). 
Evaporate, and heat until almost dry, but still moist and fuming. Repeat two 
or three times if necessary, then add 5 ml of sulfuric acid. Heat until fuming 
ceases, and ignite at dull red heat. Add 5 ml of sulfuric acid, and heat 
until fuming ceases. Take up in 2 ml of sulfuric acid, heat to incipient 
fuming, cool, and take up in water. This method of attack is attractive 
in that nonvolatile salts are not introduced, and the solution can be used 
for the determination of the alkalies, as by the triple acetate method for 
sodium (p. 666). 
. Some burned refractories of high alumina content do not respond to a 
wet attack. For these, as well as for bauxite when silica is to be determined, 
recourse must be had to a fusion method. Sodium carbonate, sodium 
peroxide,^ or alkali pyrosulfate are all satisfactory. With some refractories 
7 to 10 g of sodium carbonate are needed for the fusion of a 1-g sample, 
and the full temperature of a Mekcr burner must be maintained for at 
least 1 hour. According to M. O. Lamar,® satisfactory fusions of calcined 
bauxite are obtained through the use of equal parts of sodium carbonate 
and fused borax."^ The melt can be dissolved in dilute hydrochloric or 
sulfuric acid, depending upon which reagent is preferred for the dehydra¬ 
tion of silica. If there is any evidence of incomplete decomposition of the 
sample, after either wet or fusion attack, much trouble can be avoided by 
filtering off the insoluble matter, igniting, fusing with pyrosulfate, and dis¬ 
solving the melt in the original solution before proceeding with the analysis. 

Alumina (and beryllia) can be decomposed by heating with hydrochloric 
acid, either alone or with an oxidizing agent such as nitric acid or chlorine, 

1H. V. Churchill, R. W. Bridges, and A. L. Miller, Ind, Eng. Chem. Anal. Ed., 8, 

348 (1936). 
2 Preferably by explosion with sugar carbon as described under Fluxes (p. 839). 
s Chief chemist, Norton Co. (private communication). 
4 If borax is used, it must be removed before determinations of silica or alumina are 

attempted, for otherwise part of the boron is carried down by silica and finally volatil¬ 
ized as the fluoride, BFs, while part is carried down by the ammonia precipitate in 
spite of reprecipitations. Tlie removal of boron is carried out as described under 

Silicon (p. 672). 
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at 250 to 300° C in a sealed glass tube (p. 347). This permits solution of 
the material without addition of any foreign substance except the pure acid. 

Aluminum dissolves readily in certain acids and alkalies. Solution is 
rapid in hydrochloric acid, concentrated or moderately dilute; the same is 
true of hydrofluoric and other binary halogen acids. Reaction with dilute 
sulfuric acid (2 + 1) starts rapidly but slows up considerably unless a 
small amount of a salt of mercury is added. The action of nitric acid is 
slow, but can also be accelerated by mercury. Mixed acids, such as nitric- 

hydrochloric-sulfuric, are often used. Solutions of fixed alkali hydroxides 
dissolve aluminum readily.® 

III. METHODS OF SEPARATION 

Although there are satisfactory methods for the separation of aluminum 
when it is present in sirrlple combinations, there are no simple procedures 

for its isolation from the complex mixtures in which it usually occurs. 

Thus, the precipitation of aluminum by phenylhydrazine (p. 128), which 

serves as an excellent separation from bivalent iron, is but a preliminary 

step when other elements such as titanium, zirconium, phosphorus, or 
vanadium are present, as is usually the case. 

Aluminum can be separated from the alkalies (including lithium), alkaline 

earths, magnesium, and moderate amounts of certain elements such as nickel 

and manganese, by precipitation with ammonium hydroxide in the presence 

of ammonium chloride (p. 77). Complete precipitation of aluminum and 

good separations from manganese and nickel depend on neutralizing slowly 

from pH 3 on, and finally holding the pH slightly lower than 7 (preferably 

6.6 to 6.7). Separations from cobalt, zinc, and copper are not satisfactory.^ 

® H. V. Churchill and associates, Chemical Analysis of Aluminum, 3d ed., Aluminum 
Research Laboratories, New Kensington, Pa. (1950). 

8 W. Blum, Bur, Standards ScL Paper 286; /, Am, Chem, Soc,, 38, 1282 (1916); G. E. 
F. Lundell and H. B. Knowles, ibid,, 45, 676 (1923), 

The separations that can be expected when aluminum is precipitated as described in 
IV, A are indicated by the following data: 

Amount of Accompanying 
Element Found in 

A1(0H)3 after 

Aluminum, 
Accompanying 

Element, 
Single 

Precipitation, 
Double 

Precipitationj 

g g g g 
0.1 1.0 Mn 0.0017 0.00002 
0.1 0.05 Ni 0.0006 None found 
0.1 0.05 Co 0.0041 0.0012 
0.1 0.05 Cu 0.0211 0.0077 
0.1 0.05 Zn 0.0216 0.0108 
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So many other elements are also precipitated by ammonium hydroxide 
that the reaction ordinarily serves only as a preliminary separation. 

More dense precipitates of aluminum hydroxide can be obtained by the 
use of sodium thiosulfate/ potassium iodide and potassium iodate/ or 
sodium or ammonium nitrite.^ The reagents arc added to feebly acid solu¬ 
tions, and the precipitates can, in general, be expected to contain the same 
elements as are carried down by ammonium hydroxide. In the first method, 
the solution is treated with an excess of sodium thiosulfate, boiled until sulfur 
dioxide is expelled, and then treated with a faint excess of ammonium hy¬ 
droxide in order to precipitate the small amount of aluminum still in solution. 
The precipitate always contains sulfur. Its iron content depends on the 
treatment; very little will be found if thiosulfate alone is used, whereas more 
or less will be present if ammonium hydroxide has been added. In the second 
method a pH value of approximately 7.5 is obtained by adding equal 
volumes of a 25 per cent solution of the iodide and a saturated solution of 
the iodate (about 7%), letting the solution stand for 5 minutes, and then 
decolorizing with a 20 per cent solution of sodium thiosulfate. A little 
more iodate and iodide is next added, this is followed by thiosulfate if iodine 
is liberated, and the solution is heated for about 30 minutes on the steam 
tath. The precipitate is less prone to carry down alkali salts, and separa¬ 
tion from boron is said to be complete. In the nitrite method, the solution 
is diluted to about 250 ml, treated with an excess (20 ml) of a 6 per cent 
solution of pure ammonium nitrite,^® covered, boiled until the evolution of 
oxides of nitrogen ceases (about 20 minutes) and heated for 15 to 30 
minutes on the steam bath. Ammonium hydroxide must then be added 
in slight excess if more than 1 per cent of ammonium salts were originally 

present. 
Aluminum can be quantitatively precipitated as basic succinate and sepa¬ 

rated from a number of elements by adding urea and succinic acid to a 
feebly acid solution of the elements and boiling.^^ The excellence of the 

7 G. Chancel, Compt, rend,, 46, 987 (1858); W. Gibbs, Z. anal, Chent., 3, 391 (1864). 
8 A. Stock, Ber,, 33, 548 (1900). 
«G. Wyncoop, /. Am. Chem. Soc., 19, 434 (1897); E. Schirm, Chem. Ztg,, 33, 877 

(1909). 
Ammonium nitrite occasionally contains barium. If the solution of aluminum con¬ 

tains sulfates, the solution of the reagent must be treated with ammonium sulfate and 
filtered before use. 

11H. H. Willard and N. K, Tang, Ind, Eng. Chem, Anal. Ed., 9, 357 (1937); see 
also p. 389. The procedure is as follows: Prepare 50 to 100 ml of a dilute hydro¬ 
chloric acid solution containing approximately 0.1 g of aluminum in a 600-ml tail-form 
beaker, and add dilute ammonium hydroxide until the solution becomes slightly turbid. 
Add dilute hydrochloric acid (1 + 1) dropwise until the precipitate redissolves, and 
then add 1 drop in excess. Dilute to 400 ml, add 5 g of succinic acid dissolved in 100 
ml of water, and then add 10 g of ammonium chloride and 4 g of urea. Heat to boil¬ 
ing, and boil until the solution begins to become turbid (40 to 45 minutes). The pre- 
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separation is attributed to a combination of four factors: a dense precipitate, 
a slow and uniform increase in pH (through the hydrolysis of urea with 
formation of ammonia), a homogeneous solution, and a low final pH. By 

this method, a single precipitation will efficiently separate 0.1 g of aluminum 

from an equal amount of nickel or cobalt, or from 1 g of calcium, barium, 

magnesium, manganese, and cadmium, or a few milligrams of aluminum 

from 1 g of cobalt or nickel. Special treatments are required for zinc, 

copper, and iron.^^ 

Separations based on precipitation by ammonium carbonate or ammo¬ 

nium sulfide are not so satisfactory, for the precipitation of aluminum is 

incomplete in the excess of these reagents that must usually be employed. 

There is also danger of incomplete precipitation in the basic acetate 

method (p. 79), particularly when aluminum is preponderant. 

The separation of aluminum based on its precipitation by barium carbo¬ 

nate (p. 82) is a useful procedure but can rarely be applied in cases where 
aluminum alone is precipitated. 

It should be borne in mind that barium, and probably also lead, sulfate 

carries down appreciable amounts of aluminum.^® 

Iron, titanium, zirconium, rare earths, and manganese can be separated 

from aluminum by precipitation with sodium hydroxide (p. 84). This 

separation fails in the presence of magnesium or nickel which carry down 

aluminum; also when titanium is greatly preponderant, in which case the 

latter is not completely precipitated. Calcium does not interfere. Phos¬ 

phorus, vanadium, tungsten, molybdenum, and the like accompany alumi- 

liminary boiling period can be shortened, with but little effect on the separation, by 
adding dilute ammonium hydroxide to the bot solution until it shows a very faint 
opalescence. Continue the boiling for 2 hours. At this stage, the pH of the solution 
should be within the range pH 4.2 to 4.6. Let settle, add a little paper pulp, and filter. 
Wash the beaker, paper, and precipitate ten times with a 1 per cent solution of succinic 
acid, made neutral to methyl red with ammonium hydroxide. Scrub the inside of the 
beaker with pieces of filter paper to remove as much as possible of the precipitate, 
and add to the paper containing the main precipitate. To recover all of the adhering 
precipitate, dissolve it in dilute hydrochloric acid, and reprecipitate with ammonium 
hydroxide as in IV, A. Catch the precipitate on a separate paper, and then ignite both 
papers and precipitates to constant weight in a platinum crucible at 1200® C. 

Slightly less satisfactory separations of nickel, cobalt, zinc, and copper are obtained 
if 1 g of ammonium sulfate is substituted for succinic acid, which yields a final pH 
of 6.5 to 7.5. For the precipitation of aluminum with ammonium benzoate in magnesium 
alloys, see V. A. Stenger, W. R. Kramer, and A. W. Beshgetor, Ind. Eng. Chem. Anal. 
Ed., 14, 797 (1942). 

12 See also A. J. Boyle and D. F. Musser, Ind. Eng. Chem. Anal. Ed., 15, 621 (1943). 
18 For example, 0.14 per cent instead of the correct content 0.18 per cent of AI2O8 

was obtained when no attention was paid to the aluminum carried down by BaS04— 
PbS04 in analyses in which 10-g portions of a glass containing 17.5 per cent PbO and 
1.4 per cent BaO were dissolved in H2SO4—HF and evaporated to fumes of H2SO4. 
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num. Calcium does not interfere in separations based on the use of sodium 
hydroxide and sodium carbonate, whereas magnesium and manganese do. 

Members of the hydrogen sulfide group are separated from aluminum by 
precipitation with hydrogen sulfide in acid solution (p. 60); precipitation 
by ammonium sulfide in an ammoniacal solution containing tartrate (p. 
89) serves satisfactorily for the separation of iron. 

Silica separates in a much more compact and filterable form from sulfuric 
acid solutions containing considerable aluminum if the hot fuming acid is 
cooled somewhat, a little cool water is quickly poured into the still warm 
solution, and the solution is then diluted with warm water, warmed, and 
treated with macerated paper before filtering. 

Precipitation by cupferron (p. 116) affords a clear-cut separation of a 
number of elements from aluminum and is especially useful when small 
amounts of elements such as iron, titanium, zirconium, vanadium, tin, colum- 
bium, or tantalum must be separated from large amounts of aluminum, as 
in bauxite or metallic aluminum. If desired, aluminum can be precipitated 
in the filtrate by adding more cupferron and rendering the solution feebly 
acid, about pH 5. It can also be precipitated in the filtrate by rendering 
it ammoniacal, warming to 70^ C, adding 8-hydroxyquinoline, and pro- 
.ceeding as described on page 508. 

Iron, nickel, cobalt, chromium, zinc, gallium, copper, tin, and certain 
other elements are conveniently separated from aluminum by electrolytic 
deposition in a mercury cathode in dilute sulfuric acid solution (p. 138).^* 
Still another separation of iron from aluminum is that based on the extrac¬ 
tion of the former by ether in cold dilute hydrochloric acid solution (p. 
134). No doubt an excellent separation of aluminum from chromium can 
be obtained by oxidizing the latter to the chromate by heating to strong 
fumes with perchloric acid (see Reagents, p. 39), cooling, diluting, and 
then precipitating the aluminum with ammonium hydroxide. 

So far as we know, the only method that furnishes, in one operation, a 
reasonably good separation of aluminum from elements such as iron, tita¬ 
nium, the rare earths, and beryllium is that of Gooch and Havens.^® In 
this procedure, aluminum is precipitated as the hydrated chloride, AlCla* 
6H2O, by passing gaseous hydrochloric acid into a cold, concentrated solu¬ 
tion of aluminum chloride in a mixture of hydrochloric acid and ether. 
The solubility of the aluminum chloride amounts to approximately 5 parts 
of A1CI3*6H20, corresponding to 1 part of AI2O3, in 125,000 parts of the 

mixture. The authors show that good separations of aluminum from iron, 

zinc, copper, mercury, and bismuth are also possible. A good separation 

i*For an application of the method to solutions containing aluminum, copper, iron, 
nickel, manganese, and chromium, consult D. H. Brophy, Ind, Eng, Chem,y 16, 963 

(1924). 
«F. A. Gooch and F. S, Havens, Am. /. ScLy [4] 2, 416 (1896). 
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can also be had from phosphorus and presumably from a number of other 
elements. Alkali chlorides are insoluble and must be avoided. 

The procedure is as follows: Obtain the aluminum in hydrochloric acid 
solution and free from alkali salts. Evaporate the solution to as small a 
volume as will still keep the salts in solution, say, 5 to 10 ml. Cool, add 
enough hydrochloric acid to bring the volume to 12 to 25 ml, and saturate 
the solution with gaseous hydrochloric acid while cooled to a temperature 
not exceeding 15° C. Add a volume of ether equal to the volume of the 
liquid, and again pass gaseous hydrochloric acid into the cooled solution 
until it is saturated. At the same time, or while the solution is kept cold, 
prepare a washing solution composed of equal parts of hydrochloric acid 
and ether and saturated with hydrochloric acid gas at 15° C. Filter on a 
Gooch or Munroe crucible, preferably the latter, after it has been cooled 
by the passage of a little of the washing liquid through it. If the precipitate 
is to be ignited and weighed directly, use a crucible which has been tared 
after washing and igniting as in the metliod. Wash the precipitate with 
the cold washing solution until foreign salts are removed.^*' If the precipi¬ 
tate is not to be ignited directly, dissolve the salt in dilute hydrochloric 
acid, and treat the solution as may be necessary for reprecipitation, or for 
precipitation by ammonium hydroxide. If the precipitate is to be converted 
to AlaOa and .weighed, cover the chloride with a thin layer of pure (ashless) 
mercuric oxide to prevent mechanical loss, heat gently until hydrolysis has 
taken place, then raise the heat to expel mercuric chloride and excess oxide, 
and finally ignite at 1000 to 1100° C and weigh as AI0O3, 

Aluminum can be quantitatively precipitated by 8-hydroxyquinoline and 
separated from phosphates, arsenates, fluorides, and borates in ammoniacal 
solution;^’' from vanadium, molybdenum, columbium, tantalum, and tita¬ 
nium in an ammoniacal solution containing hydrogen peroxide; from 
uranium in a solution containing ammonium - carbonate; and from beryl¬ 

lium in an acetic acid solution (see p. 519). 

IV. METHODS OF DETERMINATION 

A. PRECIPITATION BY AMMONIUM HYDROXIDE 

The chief method for the determination of aluminum is that in which 

it is precipitated by ammonium hydroxide and weighed as the oxide, AI2O3. 
In most cases, other metals accompany the aluminum when so precipitated, 

and, as it is seldom possible then to obtain it free from one or more of its 

1® In analyses of the highest accuracy, the filtrate and washings should be evaporated 
to small volume and again treated with acid and ether. 

G. E. F. Lundell and H. B. Knowles, Bur, Standards /. Research, 3, 91 (1929). 
18 1. M. Kolthoff and E. B. Sandell, /. Am, Chem, Soc,, 50, 1900 (1928); H. B. 

Knowles, /. Research NBS, 15, 87 (1935). 
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companions, it is almost always necessary to make one weighing of all as 
oxides, then determine its associates one after another, and so obtain the 
aluminum by difference, thus throwing upon it all the errors that may have 
been incurred in determining the others. 

The precipitation of aluminum hydroxide begins at approximately pH 3, 
and is complete when the pH lies between 6.5 and 7.5, points approximately 
defined by the color change of methyl red or of rosolic acid. In more 
alkaline solutions re-solution of the precipitate takes place and becomes ap¬ 
preciable at pH 10.^*^ 

The presence of ammonium chloride is necessary to prevent precipitation 
of elements such as magnesium, to limit the alkalinity of the solution, and 
to aid in coagulating the precipitate. The frequently made assertion that 
sulfates cause incomplete precipitation of aluminum hydroxide has no basis 

in fact.2® The precipitation of aluminum in the presence of large amounts 

of ammonium phosphate is always incomplete and may not take place at 

all if very little aluminum is present. 

Hot water cannot be used in washing the precipitate, for aluminum hy¬ 

droxide readily assumes the colloidal statc.^^ A 2 per cent solution of 

either ammonium chloride or ammonium nitrate is satisfactory; the former 

IS to be preferred if the filtrates and washings are to be acidified and evapo¬ 

rated in platinum. If the neutral salts are used, there is no advantage in 

attempting to render the solution just alkaline to methyl red. 

The presence of ammonium chloride in the precipitate causes no volatili¬ 

zation of aluminum during ignition. With precipitates containing much 

iron a 2 per cent solution of ammonium nitrate had better be used in the 

final washing. Furthermore, no loss of aluminum results when aluminum 

hydroxide or oxide is treated with hydrofluoric acid and the residue is care¬ 

fully ignited after evaporation to dryness. 

The chief sources of error in a determination of AI2O3 in materials, such 

as bauxite or refractories, of high alumina content are: 

As a matter of fact, in ordinary analyses, the loss of aluminum caused by moderate 
overstepping of the proper hydrogen ion concentration causes greater errors in the 
determinations of calcium and magnesium than of aluminum, for, with aluminum, the 
loss tends to compensate for the usual plus error caused by the analyst’s failure to cor¬ 
rect for all of the coprecipitated substances, whereas, with calcium and magnesium, 
the aluminum that is left in solution is precipitated in small part with the former and 
in larger part with the latter, and adds to the plus errors that are usually made in de¬ 
terminations of these elements. 

20 For example, in the analysis of four aliquot portions of a solution of AlQs, 0.0969 
and 0.0968 g of AI2O3 were obtained in two portions by precipitation as usual in the 
presence of NH4Q, and 0.0968 and 0.0970 in the two others by precipitation after 
adding 5 ml of H2SO4, evaporating to fumes of the acid, and diluting with water. 

For example, W. Blum {loc, cit) found 0.5 to 2 mg of AI2O3 in the washings after 
washing precipitates equivalent to 0.1 g AI2O8 with only 75 ml of hot water. 
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1. Failure to decompose the material completely. Whenever there is 
doubt as to the completeness of decomposition, the residue left after dis¬ 
solving the melt should be fused, dissolved, and added to the original solu¬ 
tion. 

2. Failure to fuse the nonvolatile residue left after the treatment of the 
silica with hydrofluoric and sulfuric acids. This residue must be fused, the 
melt dissolved, and the solution added to the filtrate from the silica. 

3. Failure to detect the compounds that are normally carried down in 
the ammonia precipitate, as for example alkaline earths carried down as 
phosphates when phosphorus is in excess of what can be taken care of by 
iron or aluminum, as well as faulty determinations of the compounds that 
are detected and deducted. The following list of such compounds that are 
contained in the Bureau of Standards sample of bauxite no. 69 illustrates the 
extent of the errors that can be made if any or all of such corrections are 
omitted: Fe203, 5.66 per cent; TiOo, 3.07 per cent; Zr02, 0.08 per cent; 
PaOg, 0.11 per cent; V2O3, 0.03 per cent; and CroOs, 0.04 per cent.^- 

4. Coprecipitation of hydroxides that require an appreciable excess of 
ammonium hydroxide for resolution, as for example those of zinc, copper, 
and cobalt. These cannot be completely removed by repeated precipita¬ 
tion, as the alkalinity required for resolution of their oxides is such as to 
cause appreciable solution of aluminum as well.^^’^® 

5. Precipitation of the alkaline earths as carbonates. Precipitation of the 
alkaline earths as carbonates through absorption of carbon dioxide during 
boiling is not likely if the pH of the solution is kept at 6.5 to 7.5, but will 
take place if an ammonium hydroxide containing carbonate is used. 

6. Failure to remove the alkali salts carried down by the ammonia pre¬ 
cipitate. For example, after fusion of 0.5 g of bauxite with 7 to 10 g of 
sodium carbonate and elimination of silica, the alkali salts in the ignited 
mixed oxides as determined by the J. Lawrence Smith method, amounted 
to 0.7 mg after careful double, and 0.1 mg after triple precipitations by 
ammonia. The error caused by the retention of alkalies may therefore be 
as high as 0.14 per cent AI2O3 (on a 0.5-g sample) in spite of double precipi¬ 
tations and will be much greater if only a single precipitation is made. 

7. Incomplete solution of the hydroxide when resolution and reprecipi¬ 
tation is made. Complete removal of aluminum hydroxide from filter paper 
by extraction with acid is difiicult, and the thoroughly washed paper must 
either be reserved and ignited with the final precipitate or else added to the 
solution and macerated just before the filtration of the second precipitate. 

8. Improper ignition of the ammonia precipitate. W. Blum®® showed 
that AI2O3 which has been heated over the blast lamp to constant weight 
undergoes no further loss upon heating to 1440 to 1460° C. As a result of 

22 For a discussion of the analysis of the ammonia precipitate, see p. 92. 
28 W. Blum, loc, ciu 
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his tests, he stated that ignition for 5 to 10 minutes over a blast lamp is 
sufficient to bring AI2O3 to constant weight. This statement is correct for 
small precipitates obtained from pure solutions. In ignitions of the large 
mixed precipitate obtained from bauxite or refractories, the analyst must 
be sure that he is igniting at not less than 1200° C and that constant weight 
has been obtained. For example, a precipitate containing 0.35 g of AI2O3 

lost but 0.1 mg when heated in a muffle for 1 hour at 900° C, after a pre¬ 
liminary heating for a like period at 800° C. When heated for 1 hour at 
1050° C, it lost 1.4 mg, and, upon being heated over the blast, it lost 1.5 mg 
more, both corrected for the loss of weight of the platinum crucible. The 
error caused by the retention of water would therefore have been 0.58 per 
cent of AI2O3 (on a 0,5-g sample) if heating had been stopped at 900° and 
0.30 per cent if it had been stopped at 1050° C. 

9. Failure to protect the ignited residue from moisture before or during 
weighing. Alumina that has been ignited at moderate temperatures (900 
to 1000° C) absorbs water readily and takes up in the first few minutes a 
large proportion of the water that it will absorb in 24 hours. This is im¬ 
portant, as the atmosphere in a desiccator immediately after opening is not 
much different from that of the room. Fortunately, the rate of absorption 
is very slow if the crucible is covered with a well-fitting lid during cooling 
and weighing, and errors are negligible if a good desiccant is used in the 
desiccator and weighings are made rapidly. For example, a well-covered 
crucible containing 0.1 g of ignited AI2O3 showed no appreciable change 
in weight in 5 minutes on the balance pan, but gained 1 mg in 5 minutes 
when uncovered. An oxide ignited at 1200° C is less hygroscopic than one 
ignited at 1000° C. 

10. Failure to correct for silica carried down by the ammonia precipitate. 
Silica is always carried down by the ammonia precipitate, and the amount 
depends on the completeness of the recovery of silica at the start of the 
analysis and the amount afterwards introduced with the reagents, chiefly 
through ammonium hydroxide. Silica is alwaj s left in solution, even after 
double dehydration with hydrochloric or sulfuric acid. In careful analyses, 
the amount (on a 0.5-g sample) may represent as little as 0.05 per cent of 
AI2O3 and as much as 0.3 per cent. 

11. Misleading corrections for impurities derived from the reagents or 
through attack on the vessels used. The small precipitate obtained by pre¬ 
cipitation with ammonium hydroxide in a solution of reagents alone does 
not, as a rule, carry down impurities, such as Si02 or P2O5 introduced 
through the reagents or during the analysis, as completely as does the much 

larger precipitate obtained from the material under analysis. For example, 

in analyses of 0.5-g portions of bauxite, an average correction of 0.25 mg 

was indicated by the reagents alone, 1.8 mg when 0.25 g of AI2O8 as pure 

aluminum chloride was added to the reagents and no correction for Si02 
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was made, and 0.9 mg when aluminum chloride was added and correction 

for silica was made. If the correction was based on reagents alone, the re¬ 

sult for AI2O8 in the bauxite would therefore be high and differ by 0.13 

from the true percentage. On the other hand, if no correction was made 

for the silica carried down by the added AI2O3, the result would be low 

and differ by 0.18 per cent from the true value. 

PROCEDURE. To the solution containing at least 5 g of ammonium chloride 

per 200 ml of solution, or an equivalent amount of hydrochloric acid, add 

a few drops of methyl red (0.2% alcoholic solution), and heat just to boil¬ 

ing. Carefully add dilute ammonium hydroxide, drop by drop until the 

color of the solution changes to a distinct yellow.^^ Boil the solution for 

1 to 2 minutes, and filter at once on paper. Wash the precipitate thor¬ 
oughly with hot ammonium chloride or nitrate solution (2%). If the 

nature or amounts of other elements present call for it, dissolve the precipi¬ 

tate in dilute hydrochloric acid (1 3), and reprecipitate as before. After 
the reprccipitation, macerated paper can be stirred in if desired. 

Wrap the moist precipitate in its paper, dry, char, and ignite, finally 

for 5 to 10 minutes at 1200° Cool in a desiccator, weigh, and repeat 

the ignition until constant weight is obtained. The full heat of the ordinary 

Bunsen flame is insufficient to effect complete dehydration of aluminum 

oxide unless the quantity is small. If the precipitate is a composite one, 

containing large amounts of ferric or other oxides that are reducible by 

the charring paper or that tend to lose oxygen on very strong heating, 

the final heating must be so conducted as to insure access of air to the in¬ 
terior of the crucible. For ignitions of that kind an electric furnace is well 

adapted on account of its nonreducing atmosphere. 

The weighed oxide almost always contains silica. The amount will vary, 

depending on whether the determination follows a separation of silica or 

the precipitation was made in porcelain, glass, or platinum, and on the char- 

24 The end point would be difficult to detennine in presence of much iron, were it 
not for the fact that ferric iron precipitates before the solution is alkaline to methyl 
red; hence it is easy to obtain the correct end point by adding at first only enough 
ammonium hydroxide to precipitate the iron upon short boiling, and allowing the ferric 
hydroxide to settle; after this, the color of the indicator can be recognized readily in 
the supernatant liquid, and more ammonium hydroxide added if necessary, or any large 
excess can be neutralized with dilute acid. If bromthymol blue is used as indicator, 
ammonium hydroxide is added to the hot acid solution until the color changes to blue 
green. The solution is then boiled until the color changes to pure green with aluminum 
alone, or yellowish green when appreciable iron is present. With bromcresol purple, 
the purple end point (pH 6.8) is taken. 

26 The presence in the precipitate of a little ammonium chloride, derived from the 
wash fluid, does not lead to loss of aluminum by volatilization during the ignition, nor 
indeed of iron if its amount is below 1 per cent [Daudt, /. Ind, Eng. Chem.^ 7, 847 

(1915)]. 
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acter of the reagents. If but little oxide is present, it can be treated directly 
with a drop of dilute sulfuric acid (1 + 1) and 2 to 5 ml of hydrofluoric 
acid, evaporated to dryness, very slowly brought to the temperature used 
before, and weighed. If the precipitate weighs more than 50 mg, use more 
sulfuric acid, evaporate slowly, and ignite very gradually.^® Silica can also be 
recovered in any case by fusing with pyrosulfate and evaporating with 
sulfuric acid as described in Part III (p. 874). 

B. PRECIPITATION AS PHOSPHATE 

The determination of aluminum by weighing it as the phosphate is not 
entirely satisfactory, for the precipitate always contains an excess of P2O6 

if the precipitation has been properly performed, and it is impossible to 
judge, by a test for phosphate, when the excess has been removed by wash¬ 
ing, for AIPO4 hydrolyzes with either water or water containing an elec¬ 
trolyte like ammonium nitrate. lAindcll and Knowles found that the wash¬ 
ing is facilitated by the use of macerated paper and that the elimination of 
excess P2O5 is indicated by the disappearance of chlorides, which are added 
at the start of the analysis. With these modifications, the method is quite 
exact if but a few milligrams of AI2O3 alone are in question and is accurate 
to 1 or 2 parts in 100 with larger amounts. 

Aluminum phosphate is precipitated in dilute acetic acid-sodium acetate 
solution (pH 5 to 5.4), and at least a five-fold excess of the phosphate pre¬ 
cipitate, preferably (NH4)2HP04, must be added. Precipitation in alka¬ 
line solution or with less precipitant leads to low results. Trivalent iron, 
titanium, zirconium, and various other elements are also quantitatively pre¬ 
cipitated, while others like manganese, zinc, and calcium are precipitated in 
part. When iron is present, difficulties arise, regardless of whether it is 
reduced by thiosulfate before the precipitation or precipitated with the 
aluminum and deducted after separate determination and calculation as 
FeP04. The former generally causes low results for aluminum because of 
the presence of sulfurous acid which has a solvent action on aluminum 
phosphate; this difficulty can possibly be avoided by reduction with some 
other agent, as for example hydrogen sulfide. Deduction of calculated 
FeP04 leads to high results, because the washed ferric phosphate usually 
contains an excess of P2O5. Iron had therefore better be removed before 
the precipitation of aluminum, and tliis is also true of the other interfering 
elements. 

The interference of calcium can be prevented by keeping the pH value 

under 6, using a large excess of ammonium chloride, and repeating the 

2«The precision of the method is indicated by the results 0.0970, 0.0969, and 0.0968 
g of AI2O8 obtained in three successive determinations in which double precipitations 
were made, macerated paper added after the second precipitations, and silica volatilized 
by direct treatment with HF—H2SO4. 

27/ni. Eng, Chem,y 14, 1136 (1922). 
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precipitation when much calcium is present. Sodium salts or chromates do 
not interfere seriously, even when present in considerable amount. Vana¬ 
dium precipitates partially, but double precipitation gives a good separation 
if the amount of aluminum does not exceed 50 mg. Many of the interfer¬ 
ing elements can be separated from aluminum by precipitation in sodium 
hydroxide solution, with the addition of sodium carbonate when calcium 
is present. The most satisfactory procedure in this case lies in nearly neu¬ 
tralizing the solution with sodium hydroxide (free from aluminum), pour¬ 
ing this solution into a solution providing a 5 to 10 per cent excess of 
sodium hydroxide, diluting to a definite volume, and then taking a filtered 
half. This separation fails in the presence of magnesium or nickel. 

The washing of the phosphate precipitate can be done with hot water or, 
better, a hot 5 per cent solution of ammonium nitrate. Washing with a dilute 
acid like acetic or with ammoniacal solutions leads to low results. The 
ignition must be done cautiously, for the precipitate tends to decrepitate, 
less so when macerated paper is used. The ignited precipitate is hygro¬ 
scopic and should be weighed rapidly in a well-covered crucible. 

PROCEDURE. Prepare a solution with reference to the foregoing and pref¬ 
erably with hydrochloric as the only acid. Dilute to 400 ml, adjust the 
acidity so that approximately 10 ml of hydrochloric acid is present, and 
add 1 g (NH4)2HP04, or more if this does not provide a ten-fold excess. 
Add macerated paper (one 11-cm no. 40 Whatman or one half of an S. & S. 
macerated paper tablet no. 292), and then 2 drops of methyl orange. Make 
just alkaline with ammonium hydroxide, and restore the pink color by the 
addition of 0.5 ml of hydrochloric acid. Heat the solution to boiling, add 
30 ml of a 25 per cent solution of ammonium acetate, and continue the 
boiling for 5 minutes. Filter, and wash with a hot 5 per cent solution of 
ammonium nitrate until 5 ml of the washings give an almost indistinguish¬ 
able opalescence with an acidified solution of silver nitrate. Do not let 
the precipitate run dry at any time. Dry the paper and precipitate by 
gentle heating in an open platinum or porcelain crucible, burn off the car¬ 
bon at a low temperature, and finally cover and ignite at about 1000° C to 
constant weight. Weigh as AIPO4. 

28 The accuracy of the method is illustrated by the following data (G. E. F, Lundell 
and H. B. Knowles, loc. cit.): 

AI2O3 Calculated from 

AI2O3 Taken, g AIPO4 Obtained, g 

0.0019 
0.0094 
0.0943 
0.1886 

0.0019 
0.0096 
0.0964 
0.1930 

We have never found platinum crucibles to be attacked if carbon is completely de¬ 
stroyed by ignition under good oxidizing conditions and at low temperatures before 
the final heating at 900 to 1000® C. 
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C. BY PRECIPITATION WITH 8-HYDROXYQUINOLINE 

Aluminum can be precipitated quantitatively by 8-hydroxyquinoline in 
the range represented by pH 4.2 to 9.8.^^ The precipitate has the formula, 
A^CqHcNO)^, and can be weighed as such, weighed as AI2O3 after careful 
ignition, or titrated after solution in dilute hydrochloric acid. 

There is a tendency toward retention of the reagent by the precipitate, 
and so results are normally somewhat high if the precipitate is weighed as 
such or is dissolved and titrated on the assumption that it is pure. 

a. Precipitation in Acid Solution, Precipitation by 8-hydroxyquinoline 

in feebly acid solution serves admirably for the separation of aluminum 

from the alkaline earths, magnesium, and beryllium. The reaction has 

limited application in the determination of aluminum, for numerous other 

elements are precipitated in acid solution. Determinations are therefore 

restricted to favorable cases, such as in solutions of feldspars in which in¬ 

terfering elements such as iron, titanium, zirconium, and phosphorus are 

present in such small amounts that they can be ignored, or in solutions from 

which the interfering elements have been removed.^*^ 

PROCEDURE. Prepare 200 ml of an acid solution containing 10 ml of hy¬ 

drochloric acid, not more than 0.1 g of aluminum, and none of the inter¬ 

fering elements listed on page 122. Add 15 ml of a solution, prepared by 

dissolving 30 g of ammonium acetate in 75 ml of water, and 8 to 10 drops 

of a 0.04 per cent solution of bromcresol purple. Add dilute ammonium 

hydroxide (1 -f- 1) until the indicator just changes to a distinct purple. 

While stirring, add slowly from a burette a 2.5 per cent solution of 8-hy¬ 

droxyquinoline in acetic acid in 15 to 25 per cent excess of the amount 

called for by the ratio 1 A1 = 3 CoHjNO.®^ Stir occasionally as the solu¬ 

tion and precipitate are heated to boiling, and boil gently for 1 minute. 

Allow to cool to 60° C. Filter the solution (using moderate suction) 

through a 35-ml fritted glass crucible of fine porosity (5 to 15 microns such 

as the Jena glass filter crucible lbG4).®^ Wash the crucible and precipitate 

with one or two 10-ml portions of warm water (70 to 75° C), and then with 

29 H. Goto, /. Chem. Soc, Japan, 54, 725 (1933). 
39 Interference by small amounts (<1 mg) of iron in precipitations of aluminum by 

8-hydroxyquinoline in feebly acid solution (pH 4 to 6) can be prevented by reducing 
the iron to the ferrous state by reductants such as sulfurous acid or hydroxylamine 
hydrochloride, and adding a complex-forming compound, such as o, a' bipyridine or 
orthophenanthroline, which forms a ferrous complex that is stable at the acidity used 
[E. W. Koenig, Ind, Eng, Chem. Anal, Ed., 11, 532 (1939)]. 

31 To prepare the solution, treat 12.5 g of 8-hydroxyquinoline with 25 ml of glacial 
acetic acid, and warm gendy to effect solution. Pour the resulting solution into 450 
ml of water, at 60® C. Cool, filter if necessary, and dilute to 500 ml. 

32 If fritted glass crucibles are not available, the precipitate can be caught on a tight 
paper, such as a Whatman no. 42. 



508 ALUMINUM 

cool water until the washings are colorless. The volume of wash solutions 

should not exceed 100 ml. 
Determine the aluminum gravimetrically or volumetrically as in c, d, or e. 
The neutralization with ammonium hydroxide at the start gives rise to 

a precipitate of aluminum hydroxide which is subsequently converted to 
the oxyquinolate. If the final filtrate is to be discarded, or the presence 
of tartaric acid in it is unobjectionable, the formation of a precipitate can 
be avoided by adding tartaric acid in amount ecjual to five times the weight 
of aluminum present, before the addition of acetate and the neutralization 
with ammonium hydroxide.®’ 

b. Precipitation in Alkaline Solution. Precipitation of aluminum by 8- 
hydroxyquinoline in alkaline solution serves for its separation from phos¬ 
phorus, arsenic, fluorine, and boron if made in ammoniacal solutions; from 
tantalum, columbium, titanium, vanadium, chromium, and molybdenum if 
made in ammoniacal solutions containing hydrogen peroxide; from uranium 
if made in ammonium carbonate solution; and from elements such as iron, 
copper, cobalt, and nickel, that form complex ions with cyanide, if made 
in ammoniacal solutions containing alkali cyanide. The reaction has lim¬ 
ited application in the determination of aluminum, for numerous other ele¬ 
ments are precipitated in alkaline solution. Determinations are therefore 
restricted to favorable cases, such as certain filtrates obtained after precip¬ 
itation with sodium hydroxide, or extractions of alkali hydroxide melts 

with water. 
PROCEDURE, a. In the presence of phosphorus, arsenic, puorine, or boron. 

Prepare 100 to 200 ml of an acid solution containing not more than 0.1 g 
of aluminum and free from vanadium, tantalum, columbium, titanium, 
molybdenum, chromium, or others listed on page 122. Add an excess of 
a 2.5 per cent solution of 8-hydroxyquinoline in dilute acetic acid (p. 507), 

then dilute ammonium hydroxide (1 -f 1) until alkaline, and finally an 

excess of 10 ml for each 100 ml of solution. Warm to 60 to 70° C, and 

digest at this temperature until the precipitate becomes dense and crystal¬ 

line. Cool, preferably in ice water, filter through a tight paper or fritted 

glass crucible, and wash the precipitate thoroughly with a cold dilute solu¬ 

tion of ammonium hydroxide (1 + 40) containing 25 ml of the reagent, 

previously neutralized with ammonium hydroxide, in 1 liter. If the pre¬ 

cipitate is to be weighed as such or dissolved and titrated, final washing must 

be with cool water to remove the reagent. 

In the presence of tantalum, columbium, titanium, vanadium, chro¬ 

mium, and molybdenum. The only modification that is needed in the 

method as described in 1 is to add 10 to 15 ml of a 3 per cent solution of 
hydrogen peroxide before the 8-hydroxyquinoline. 

83 For further details, see H. B. Knowles, /. Research NBS, 15, 87 (1935). 
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y. In the presence of uranium. If uranium is to be separated from alu¬ 
minum, instead of neutralizing with ammonium hydroxide as in 1, cau¬ 
tiously neutralize with a saturated solution of ammonium carbonate, add 
an excess of 25 ml per 100 ml of solution, and heat to about 50° C (taking 
care to avoid excessive effervescence, caused by too rapid heating).®* 

8. In the presence of elements such as iron, nickel, cobalt, copper, molyb-- 
denum, or chro7nium that form stable co'tnplex cyanides.^^ Obtain a dilute 
hydrochloric or perchloric acid solution of the several elements.®® Dilute 
to about 250 ml, and add 50 ml of a 20 per cent solution of tartaric acid. 

If the solution has not been treated for the removal of chromium, add about 

20 mg of lead nitrate to aid in the following removal of manganese as 

sulfide. Add a slight excess of ammonium hydroxide, 10 g of sodium cy¬ 

anide, and considerable ashlcss paper pulp. Pass a brisk stream of hydrogen 

sulfide through the solution for 20 to 25 minutes. Filter on an 11-cm paper 

containing some ashless paper pulp, and wash 8 to 10 times with ammonium 

sulfide water containing 2 per cent each of ammonium tartrate, sodium 

cyanide, and ammonium chloride. 

Boil the filtrate 4 to 5 minutes, and slowly add an excess of a 2.5 per cent 

solution of 8“hydroxyquinolinc in dilute acetic acid (p. 507), while stirring 

vigorously. Add 1 to 2 ml of ammonium hydroxide, and stir with a mechan¬ 

ical stirrer for about 15 minutes. Filter, with moderate suction, through 

a paper of close texture [or a fritted glass (lbG4) crucible if the precipitate 

is to be weighed as the quinolate]. Wash 8 to 10 times with a cool aqueous 

solution containing 2 per cent each of ammonium tartrate, sodium cyanide, 

and ammonium chloride; then with 5 to 10 ml of hot water (70 to 75° C); 

and finally with cold water until the washings are colorless. 

c. Titration with Votassiimj Bromate-Bromide. Place the crucible with 

precipitate in a 600-ml beaker, add 200 ml of dilute hydrochloric acid 

(1 + 4), and warm gently until the precipitate has dissolved. In ordinary 

work the cmcible can be left in the beaker. In very accurate determina¬ 

tions, remove the crucible, rinse the adhering solution into the beaker, 

and recover the solution retained in the frit by replacing the crucible on 

the filtration apparatus, washing it with warm dilute hydrochloric acid 

^^For details of the procedures outlined in a, j9, and 7, consult G. E. F. Lundell 
and H. B. Knowles, Bur. Standards J. Research, 3, 91 (1929). 

®5T. Heezko, Chem. Ztg., 58, 1032-33 (1934); T. R. Cunningham (private com¬ 
munication) . 

Chromium tends to retard precipitation of aluminum quinolate in the tartrate- 
cyanide procedure. Hence, if more than 25 mg of chromium are present, add 20 ml 
of perchloric acid (if not already present), heat until fumes appear, and then boil for 
about 5 minutes to convert the chromium to chromic acid. Dilute to 100 ml, and boil 
for a few minutes. Add a slight excess of a 25 per cent solution of lead nitrate. Cool 
the solution to 15“ C, filter, and wash with cold dilute perchloric acid (1 + 99). 
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(1 + 9), and adding the wash solution to the beaker. Cool the solution to 

20^C± 3°. 
Add a standard solution of potassium bromate-bromide until an excess 

(about 2 to 3 ml) is present, as determined by the instant fading of the red 
color when 1 drop of a 2 per cent alcoholic solution of methyl red is added 
to the solution, or by calculation if the approximate amount of aluminum 
is known. Stir, and let stand for 30 to 60 seconds to insure complete 
bromination. Add 15 ml of a 20 per cent solution of potassium iodide, 
stir thoroughly to make sure that the reaction between the bromine and 
iodide is complete, and then titrate with a 0.1 N solution of sodium thio¬ 
sulfate until the color of the solution changes to a faint brownish yellow.^® 
Add 4 ml of starch solution (p. 191), and titrate until the blue color dis¬ 

appears. 
Subtract, from the volume of the potassium bromate-bromide added, the 

volume of the potassium bromate-bromide solution that is equivalent to the 
volume of sodium thiosulfate solution that was required. If it was neces¬ 
sary to add more than 2 or 3 drops of the methyl red solution before an 
excess of bromate-bromide solution has been added, the volume of bromate 
solution required by the methyl red should be determined and also de¬ 
ducted. To obtain the amount of aluminum, multiply the difference, rep¬ 

resenting the volume of potasSsium bromate-bromide solution required in 

the bromination of the 8-hydroxyquinoline, by the titer of the solution.®” 

The preparation and standardization of the potassium bromatc-potassium 

bromide and sodium thiosulfate solutions are described under Precipitation 

by 8-hydroxyquinoline (p. 125). For routine determinations of aluminum, 

the solutions had better be standardized against like materials, which con¬ 

tain amounts of aluminum that are known and approximate those involved 

in the routine tests, and which are carried through all steps of the method. 

d. Weighing as .^/(CoHcOiV),!. Dry the precipitate for 1.5 hours at 

135 to 140° C, and weigh as A1(C9H60N)3, which contains 5.87 per cent 

of aluminum. 

e. Weighing as AI2O3. Decomposition of the quinolate and conversion 

to the oxide, AI2O3, is somewhat difficult on account of the volatility of 

the aluminum compound. If this method is to be used, catch the precipi¬ 

tate on paper, cover with 5 g of anhydrous oxalic acid, fold, and place the 

^^The solution used in the titration should be of such strength that a reasonable 
volume is consumed in the titration. Suitable strengths vary from 0.1 N, for amounts 
of aluminum up to 10 mg, to N, for amounts such as 50 to 100 mg. 

88 Care in distinguishing between this color and the yellow color caused by the 
brominated 8-hydroxyquinoline is necessary. 

8® For the direct titration of the hydrochloric acid solution of the precipitate with 
bromate in the presence of a catalyst such as osmic acid or magnesium chloride, see 
G. F. Smith and R. L. May, /. Am, Ceram. Soc.y 22, 31 (1939). 
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wet paper and precipitate in a tared crucible. Cover the paper and pre¬ 
cipitate with an 11-cm filter paper, followed by an additional 2-g portion 
of oxalic acid. Heat gradually until the paper begins to char, and then 
ignite to Al^O^ in the customary manner (p. 504). The oxalic acid must 
be tested and correction made for any nonvolatile residue found. 

A more tedious, but a safer, method of converting the precipitate to the 
oxide lies in destroying all organic matter by digesting the precipitate, or 
paper and precipitate, with nitric and sulfuric acids (p. 66), diluting, pre¬ 
cipitating with ammonium hydroxide, filtering, and igniting as usual. In 
this method, special attention must be paid to corrections for impurities 
introduced through reagents or attack on the glass ware. 

D. DETERMINATION OF SMALL AMOUNTS «0.1 Mg) OF ALUMINUM 

The detection or determination of very small amounts of aluminum is 
difficult, for distinctive reactions for aluminum are uncommon. When 
preliminary operations leave less than 0.1 mg of aluminum in solution, the 
test or determination is often made with the dye aurintricarboxylic acid,^^* 
which forms a bright red lake with aluminum in faintly acid solutions, 
usually regulated with acetic acid-acetate bufTers.^^ The aurin dye is not 

specific for aluminum and a number of cations and anions interfere—in 

particular iron, beryllium, silicon, copper, chromium, metaphosphates, and 

fluorides.^- In general, there is less interference from other ions when the 

concentration of the aluminum lake is measured in feebly alkaline solution 

(pH 7.1 to 9). There is also less background color of the dye itself, an 

advantage when very small amounts of aluminum are determined by visual 

comparison methods. However, the superior photometric properties of 

the lake developed in a faintly acid solution containing a protective colloid 

often outweigh the higher specificity of the dye in alkaline solution. Con¬ 

sequently, in most of the recent photometric procedures, the concentration 

(absorbancy) of the lake is measured photometrically in the slightly acid 

solution in which the lake is formed. 

The intensity and stability of the aluminum lake are affected by a num¬ 

ber of factors, such as the pH of the solution in which the lake is formed, 

time and temperature for color development, concentration of aluminum, 

and the use of protective colloids. It is necessary, therefore, to adhere 

The quality of the dye is an important factor in any aurin method for determining 
aluminum. The preparation and colorimetric properties of the dye are discussed by 
W. H. Smith, E. E. Sager, and 1. J. Sievers, Anal, Chem,, 21, 1334 (1949). 

4^L. P. Hammett and C. T. Sottery, /. Am, Chem, Soc,, 47, 142 (1925). These 
authors stated that the lake is not decomposed in any reasonable time when the solu¬ 
tion is made faintly alkaline, although the lake does not form in alkaline solution. 
See also, G. E. F. Lundell and H. B. Knowles, Ind, Eng, Chem,, 18, no. 1, 60 (1926). 

J. H. Yoe and W. L. Hill, /. Am, Chem, Soc,, 49, 2395 (1927). 
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strictly to defined operating conditions in order to secure satisfactory re¬ 
producibility. It is also important to avoid any contamination by using 
high-purity reagents and having all apparatus scrupulously clean.^^ 

Illustrative applications of the aurin metliod are those for the determina¬ 

tion of aluminum in iron,^^ steel,and water.^® In the last procedure, the 

color is developed in a medium of pH 4.4, and the interference of small 

amounts (up to 100 /*g) of iron is eliminated by complexing the iron with 

thioglycolic acid as described by E. M. Chenery and by C. L. Luke and 

K. C. Braun.^* 

a. Photometric Measurement of the Lake in Acid Solution. The method 

of Rolfe, Russell, and Wilkinson is carried out as follows: 

a. Reagents. 1. Hydrochloric acid (5 N), Dilute 250 ml of hydro¬ 

chloric acid (sp. gr. 1.18) with an equal volume of distilled water and re¬ 

distil in an all-glass distillation apparatus. Standardize, and adjust to 5 N. 

2. Starch solution. Mix 1 g of soluble starch with 5 ml of cold distilled 

water, add 95 ml of boiling distilled water, and heat to boiling. Prepare 

fresh every 5 days, and filter before use. 

3. Thioglycolic acid solution. Dilute 2 ml of thioglycolic acid (90%) 

to 100 ml with distilled water. Prepare fresh every 5 days. 

4. Ammonium acetate solution (3.5 M). Prepare from glacial acetic 

acid and redistilled ammonium hydroxide as follows: Determine the nor¬ 

mality of the acid by titration with N NaOH, using phcnolphthalein as 

indicator. To 10 ml of the ammonium hydroxide, add a measured excess 

of N HCl (150 ml). Titrate the excess of HCl with N NaOH. Measure 

a volume of the glacial acetic acid equivalent to 3500 ml N, add about 

100 ml distilled water, and then, while stirring, add a volume of redistilled 

ammonium hydroxide solution equivalent to 3500 ml N. Cool, and dilute 

to 1 liter. 

*®A. L. Olsen, E. A. Gee, and V. McLendon, Ind. Eng. Chem. Anal. Ed., 16, 169 
(1944). 

G. Short, Analyst, 75, 420 (1950). In this method iron and other interfering 
elements are removed by an ether separation, followed by chloroform extraction of 
cupferron complexes at a pH of 0,5. The aluminum lake is subsequently formed at 
pH 5 at room temperature for 15 minutes and measured at 530 m/*. 

^®C. H. Craft and G. R. Makepeace, Ind. Eng. Chem. Anal. Ed., 17, 206 (1945). 
This procedure is designed for steels containing 0.04 to 1.5 per cent aluminum. Iron 
is removed with isopropyl ether. The lake is developed in an acetate-acetic acid buffer 
(pH 5.4), containing Knox gelatin, by heating the solution at 90® to 100® C for 10 
minutes. Chromium less than 2 per cent does not interfere. 

A. C. Rolfe, F. R. Russell, and N. T. Wilkinson, /. Applied Chem., 1, 170 (1951). 
Analyst, 73, 501 (1948). 

^®See Photometric Determination of Aluminum in Non-ferrous Alloys (i.e., lead 
and tin-base alloys, manganese bronze, zinc die casdng and magnesium alloys, Anal. 
Chem., 24, 1120 (1952); ibid., 24, 1122 (1952). 
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5. Armnonium aurintricar boxy late {aluminon reagent). Dissolve 1 g 
of the salt in about 400 ml of distilled water, filter, and dilute to 500 ml. 
Let stand 24 hours before use. 

PROCEDURE. Measure a suitable volume of the sample of water to con¬ 
tain not more than 20 /ig of aluminum into a 50-ml volumetric flask. Add 
in order, 2 ml of 5 iV hydrochloric acid, 2 ml of thioglycolic acid solution, 
3 ml of filtered starch solution, and 5 ml of ammonium acetate solution. 
Dilute to about 45 ml, add 3 ml of the aluminon solution, dilute to the 
mark, and mix. Immerse the unstoppered flask in boiling water for exactly 
4 minutes. The flask should be supported in the bath on a stand approxi¬ 
mately Y) inch high to avoid local overheating. Remove the flask from 
the bath, and cool gradually to room temperature for 1 hour, then place 
in a thermostat, controlled at 20^ (±0.1° C) for 30 minutes. Readjust the 
volume to 50 ml if necessary. Measure the absorbancy in a 4-cm cell, using 
a 525 m/x filter and distilled water in the comparison cell. 

Determine the amount of aluminum from a graph previously prepared 
from readings obtained with known amounts of aluminum following the 
procedure used for the sample under analysis. Deduct the aluminum 
equivalent to the reading obtained on a blank carried through all steps 
of the procedure. 

b. Measurement of the alummuni lake in alkaline solution by visual com¬ 
parison, In this method the lake is developed in an acetic acid-ammonium 
acetate buffer at about pH 4 to 5, and the solution is then made alkaline to 
approximately pH 8 with ammonium hydroxide or ammonium hydroxide 
saturated with ammonium carbonate. The final color of the dye alone is 
a clear light yellow. When aluminum is present, the color ranges from a 
clear faint pink to a deep red if the amount of aluminum does not exceed 
0.1 mg in 100 ml of solution; with larger amounts, the red lake separates. 
The addition of alkali and acid must be made as specified, and other ele¬ 
ments that form precipitates in the alkaline solution should be excluded. 

A similar lake is produced by beryllium. Iron must be entirely removed.®® 

PROCEDURE. Prepare 40 to 75 ml of clear acid solution containing 0.02 

to 0.08 mg of aluminum, not more than 5 ml of sulfuric or hydrochloric 

'*0 J. A. Scherrer and W. D. Mogerman, /. Research NBSj 21, 105 (1938). 
Zirconium, hafnium, scandium, thorium, yttrium, lanthanum, cerium, neodymium, 

and erbium give pink or reddish-colored lakes in ammoniacal but not in ammonium 
carbonate solutions. Gallium in amounts less than 0.1 mg, and iridium and thallium 
if less than 2 mg, do not interfere. Small amounts «1 mg) of quinquevalent vanadium 
have no effect; larger amounts yield a yellow color. Ten milligrams of calcium, 
strontium, or barium are without effect. Similar amounts of magnesium give a pink 
color not discharged by ammonium carbonate. Nitric acid, sulfur dioxide, hydrogen 
sulfide, hydrofluoric acid, and more than 25 mg of phosphoric acid bleach the color 
of the lake. [A. R. Middleton, /. Am, Chem, Soc,, 48, 2125 (1926); R. B. Corey and 
H. W. Rogers, ibid,, 49, 216 (1927); and J. H. Yoe, /. Am, Chem, Soc,, 54, 1022 (1932).] 
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acid, and free of the interfering substances. Add 5 nil of hydrochloric 

acid if not already present, and then 5 ml of glacial acetic acid and 5 ml 

of a 0.2 per cent aqueous solution of a suitable grade of ammonium aurin- 

tricarboxylate. Mix well, while cautiously adding ammonium hydroxide 

until the cloudy appearance of the dye disappears and the solution becomes 

clear, although still acid to litmus and still deeply colored. Place a small 

piece of litmus paper against the inner surface of the beaker, and, while 

stirring constantly, add ammonium hydroxide, dropwise, until the litmus 

paper turns blue. Now add 5 ml of glacial acetic acid, let the solution 

stand for 10 minutes, and slowly add ammonium hydroxide at a rate of 

1 drop every 2 to 3 seconds until the litmus paper just turns blue. Finally, 

add 5 ml of ammonium hydroxide in excess. When the solution has cooled 

to room temperature, compare the color obtained with that of solutions 

of known aluminum content which have been similarly prepared. 

If smaller volumes of solution are used throughout, yielding, say, 10 ml 

of final solution, the test can no doubt be applied to solutions containing 

as little as 0.001 mg of aluminum. 

E. OTHER METHODS 

The intensity of the yellow solution of aluminum 8-hydroxyquinolatc 

in chloroform has been utilized by S. E. Wiberley and L. G, Bassett for 

determining small quantities of aluminum in steel. After removal of iron 

and the like by a mercury cathode separation, aluminum quinolatc is formed 

in a buffered acetic acid solution at a pH of 6.0 ± 1.0 and extracted with 

chloroform. The color intensity of the resulting solution is measured at 

390 m^Lt. 

The dye, Eriochromecyanine-R, forms a red-violet lake with aluminum 

in an acetate-buffered solution of pH 5 to 6.®^ Ferric iron causes positive 

errors in concentrations greater than 2.5 ppm.®* W. Koch ®® has applied 

the reaction to the determination of aluminum in steels, subsequent to a 

mercury cathode separation. 

Pontachrome Blue Black R, (4-sulfo-2-hydroxy-a-naphthaleneazo-/£?- 

®ilf the presence of rare earths, scandium, or zirconium is suspected, ammonium 
hydroxide saturated with ammonium carbonate should be used throughout. 

AnaL Chem,, 21, 609 (1949) ; see also T. Moeller, Ind, Eng. Chem. And. Ed.y 15, 346 
(1943), and C. H. R. Gentry and L. G. Sherrington, Andy sty 71, 432 (1946), for a 
discussion of interfering ions. 

R. Fresenius and G. Jander, Handbuch der Andytischen ChemiCy Part III, Vol. Ill, 
p. 310, Springer, Berlin (1942). 

B*W. E. Thrum, Anal. Chem., 20, 1117 (1948). 
Arch. Eisenhiittenw.y 12, 69 (1938); see also L. C. Ikenberry and Arba Thomas, 

Anal. Chem.y 23, 1806 (1951) for the use of Eriochromecyanine-R in determining alumi¬ 
num in zinc and steel. 
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naphthol, color index 202), in an acetate-buffered solution of pH 4.8, forms 

a lake with aluminum which gives a red fluorescencc/'^^^ The reaction is 

very sensitive (0.5 in a 50-ml volume) and has been applied by A. 

Weissler and C. E. White to the determination of aluminum in steels, 

bronzes, and minerals.®^ Ferric iron destroys the fluorescence; titanium 

interferes slightly, vanadium more so, and zirconium and beryllium not at 

all.'*® 

E. White and C. S. Lowe, hid, Eng. Cheni. Anal. Ed., 9, 430 (J937); J. A. 
Radley, Analyst, 68, 369 (1943). 

Ind. Eng. Chcni. A?ial. Ed., 18, 530 (1946). 
the determination of alutninmn by photometric measurement of the intensity 

of fluorescent solutions produced by the aluminum-niorin reaction, see C. E. W'hitc 
and C. S. Lowe, ibid., 12, 229 (1940). 



Chapter 32 

BERYLLIUM 

Beryllium is a relatively rare clement. Its chief occurrence is in beryl, 
a double silicate of aluminum. Among other minerals containing beryllium 
arc euclase, another double silicate of aluminum; chrysoberyl, an aluminate; 
phenacite, a silicate; beryllonite, a beryllium sodium phosphate; and ham- 
bergite, a borate. It also is associated with yttrium, cerium, and zirconium 
in the minerals gadolinite, muromontite, and cyrtolite. Washington ^ states 
that “It has been suggested that in some cases beryllia has been weighed 
with, and supposed to be, alumina, unidentified beryl being present, thus 
accounting for an apparent excess of AI2O3, which it is difficult to reconcile 
with the mineral composition of the rock. It has been shown recently that 
alumina has been mistaken for beryllia in the mineral vesuvianite, in which 

the presence of beryllium had not been suspected. The need of a closer 

study of some minerals and rocks as regards this point is obvious.” 

I. GENERAL CONSIDERATIONS 

Beryllium accompanies aluminum in the regular scheme of analysis and 
will be counted as this element if it is not detected and its amount deducted. 

In view of the statements just made, it should be the duty of every petro¬ 

graphic analyst to make a special search for beryllium. 

If but little material is at hand, qualitative and quantitative tests for beryl¬ 

lium can easily be included in the analysis, as in the method described on 

page 95. If considerable material is available, the qualitative test for beryl¬ 
lium can be made as follows: Fuse the powdered ore with sodium carbo¬ 

nate, dissolve the melt in hydrochloric acid, and evaporate to dryness. 

Drench the residue with 5 ml of hydrochloric acid, add warm water, and 

boil until salts are in solution. Filter immediately to remove silica, and 

wash the residue with cool dilute hydrochloric acid (1 -f 99). Dilute the 

solution to 200 ml, saturate with hydrogen sulfide, and allow to digest at 

40 to 50® C for some time. Filter to remove elements such as tin and most 

of any gennanium, but do not wash the precipitate. Boil the filtrate to 

expel hydrogen sulfide, add a little nitric acid, and continue the boiling 

1H. S. Washington, The Chemical Analysis of Rocks, 4th ed., p. 22, John Wiley & 
Sons (1930). See also Am, Mineral,, 16, 37 (1931). 

516 
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to oxidize iron and to reduce the volume to 25 to 50 ml. Nearly neu¬ 
tralize the solution with a strong solution of sodium hydroxide, heat to 
boiling, and pour, slowly and with stirring, into sufficient strong sodium 
hydroxide solution to provide a 10 per cent solution when mixed. Filter 
to remove titanium, zirconium, and the like. If phosphorus is absent, 
acidify the filtrate with hydrochloric acid, and precipitate with ammonium 
hydroxide in slight excess. Filter to remove the excess of accumulated 
salts, wash the precipitate with a hot 2 per cent solution of ammonium 
nitrate, and then dissolve it in as little hot dilute hydrochloric acid as pos¬ 
sible. If phosphorus is present, acidify the sodium hydroxide filtrate with 
nitric acid, and precipitate with molybdate reagent as described under 
Phosphorus (p. 701). Filter to remove phosphorus, boil, and precipitate 
with ammonia in slight excess. Filter to remove molybdenum and excess 
of alkali salts. Dissolve the precipitate in hydrochloric acid, reprecipitate 
with ammonium hydroxide, and again filter. Dissolve the precipitate in 
as little hot dilute hydrochloric acid as possible. Nearly neutralize the solu¬ 
tion with sodium hydroxide, and pour slowly and with stirring into a wann 
solution containing enough sodium bicarbonate to provide a 10 per cent 
solution when mixed. Quickly bring to boiling, and boil for 30 seconds. 
Filter immediately to remove aluminum, acidify the filtrate with hydro¬ 
chloric acid, boil to expel all carbon dioxide, and then add a slight excess 
of ammonium hydroxide. A white precipitate indicates beryllium. The 
bicarbonate precipitate should contain all of the aluminum if the work is 

carefully done and should not retain beryllium unless the amount of alu¬ 

minum is considerable and that of beryllium very small. Germanium and 

gallium may be present, and further tests of the final precipitate should be 

made with these elements in view. 

The use of quinalizarin (1,2,5,8-tetrahydroxyanthraquinone alizarin bor- 
deaux) was recommended by H. Fischer ^ for the detection and deter¬ 

mination of small amounts of beryllium. In pure solution the qualitative 

test is made at room temperature as follows: Prepare a solution, preferably 

free from ammonium salts, and, if acid, neutralize with a solution of pure 

sodium hydroxide that is free from magnesium. Treat 10 ml of the neu¬ 

tralized solution with 5 ml of 2 2V sodium hydroxide, and then with 2 to 3 

drops of a 0.05 per cent solution of the dye in 0.25 N sodium hydroxide or 

10 to 15 drops of a 0.01 per cent solution in absolute alcohol. Prepare a 

^ Wtssenschaftlicbe Veroffentlichungen mts devt SiemenS’Konzern, Part 2, 99 (1926). 
This gives a very complete discussion of methods for the detection and determination 
of beryllium. See also G. Rienacker, 2. anal, Chem,y 88, 29 (1932). 

For the detection or detennination of 0.0002 to 0.0025 per cent of beryllium in silicate 
rocks by means of its fluorescence reaction with morin in sodium hydroxide-sodium 
pyrophosphate solution, consult E. B. Sandell, Ind, Eng, Cbem, Ami, Ed., 12, 674, 762 
(1940). 
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test with 10 ml of water and the reagents alone in exactly the same way, 
and compare colors by looking down through the solutions held against a 
white background. Beryllium causes a pure blue solution, whereas the re¬ 
agents alone give a violct-red color. As little as 0.015 mg of beryllium per 
ml can thus be detected. Aluminum does not interfere, but phosphates, tar¬ 
trates, iron, and magnesium do and require modified procedures. Fischer 
also employed the reagent for the determination of small amounts of beryl¬ 
lium by colorimetric and “colorimetric titration” methods.^ 

II. ATTACK OF BERYLLIUM MINERALS 

The attack of beryllium minerals is carried out in the main as described 
under Aluminum (p. 494), the powdered mineral being fused with sodium 
carbonate, the melt dissolved in hydrochloric acid, and silica removed by 
evaporation and filtration before precipitation with ammonium hydroxide 
or sodium bicarbonate. Beryl can be fused with sodium peroxide in a 
nickel crucible. 

Phosphate minerals can be decomposed by attack with aqua regia and 
the solution evaporated to dryness several times with nitric acid to destroy 
chlorides.^ Any insoluble matter should be separated by filtration, ignited, 
and fused with sodium carbonate, and the melt extracted with water. The 
water extract may contain phosphate, while the insoluble residue may con¬ 

sist of titanium or zirconium. The disposition of the extract and residue 

will depend on the end in view; for example, if phosphorus alone is a con¬ 

sideration, the residue would be discarded and the water solution added to 

the original filtrate. 

III. METHODS OF SEPARATION 

The separations of beryllium from other elements closely resemble those 

for aluminum. Precipitation by ammonium hydroxide requires a slightly 

higher pH than for aluminum. Tartrate prevents the precipitation of the 

hydroxide under certain conditions, and so beryllium can be separated from 

® According to I. M. Kolthoff [/. Am, Chem, Soc,, 50, 393 (1928)], as litde as 0.05 mg 
of Be per liter can be detected by the use of curcumin. This reagent is adsorbed by 
tte(OH)2 with the formation of an orange-red color. The test is made by adding 
1 drop of a 0.1 per cent solution of curcumin in alcohol to 10 ml of a feebly acid 
solution, then 0.3 ml of 4 N NH4CI and 6 to 8 drops of 4 N NH4OH. Magnesium 
decreases the sensitivity of the test, whereas iron and aluminum interfere. Iron can 
be removed by treatment with NaOH, while aluminum, as well as iron, can be 
rendered harmless by adding NaF and filtering after 1 hour. 

^ A solution of beryllium chloride can be evaporated to dryness and ignited at 1100® C 
to chloride-free beryllium oxide without loss of beryllium [L. Fresenius and M. Frommes, 
Z. anal. Chem., 93, 275 (1933)]. 
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iron by precipitation of the latter in ammonium sulfide-tartrate solution as 
described on page 89. 

Beryllium, together with aluminum, gallium, germanium, phosphorus, 
vanadium, and the like, can be separated from iron, zirconium, titanium, 
and similar elements by precipitation of the latter by an excess of sodium 
hydroxide as described on page 84. 

The best methods for separating beryllium from aluminum are those in 
which aluminum is precipitated by 8-hydroxyquinoline (p. 122), or by 
passing hydrochloric acid gas into a cold solution of the chlorides in equal 
parts of hydrochloric acid and ether as described under Aluminum (p. 500). 
In the latter, no beryllium is carried down with the aluminum, but there 
is always danger that the precipitation of aluminum may be incomplete; 
consequently, the filtrate must be concentrated by evaporation and the 
process repeated until no more precipitate is obtained. An alternate pro¬ 
cedure lies in separating most of the aluminum by the hydrochloric acid- 
ether method and then removing the remainder by precipitating with 8- 
hydroxyquinoline in feebly acid solution (p. 124).^ There is no need for 
removing the excess of 8-hydroxyquinoline in the filtrate before proceed¬ 
ing to precipitate the beryllium with ammonium hydroxide in hot solution, 
provided the hot ammoniacal solution is allowed to cool before it is filtered. 

The following procedure for separating aluminum from beryllium by 
precipitating with 8-hydroxyquinoline is that recommended by Knowles: ® 
To the acid solution containing not more than 0.1 g of aluminum and 10 
ml of hydrochloric acid in a volume of 200 ml, add 15 ml of a solution pre¬ 
pared by dissolving 30 g of ammonium acetate in 75 ml of water, and 
8 to 10 drops of a 0.04 per cent solution of bromcresol purple. Add dilute 
ammonium hydroxide (1 -f 1) until the indicator changes to a distinct 
purple. While stirring, add slowly from a burette a 2.5 per cent solution 
of 8-hydroxyquinoline in acetic acid until it is in 15 to 25 per cent excess 

of the amount theoretically necessary to precipitate the aluminum (1 A1 = 

3 C9H7NO). Stir occasionally as the solution and precipitate are heated 

to boiling, and boil gently for 1 minute. Allow to cool to 60° C. Filter the 

solution (using moderate suction) through a 35-ml fritted-glass crucible of 

fine porosity. Wash the precipitate with 100 ml of cool water. In accurate 

work, and always if much aluminum is present, dissolve the precipitate in 

dilute hydrochloric acid, (1 +4), reprecipitate, and combine the filtrates 

and washings for the determination of beryllium. The determination of 

» H. V. Churchill, R. W. Bridges, and M. F. Lee, Ind. Eng. Chem. Anal. Ed., 2, 405 
(1930); J. I. Hoffman and G. E. F. Lundell, J. Research NBS, 18, 8 (1937). 

«H. B. Knowles, ibid., 15, 94 (1935). 
^ Prepared as follows: Treat 12.5 g of 8-hydroxyquinoline with 25 ml of glacial acetic 

acid, and warm gently to effect solution. Pour the resulting solution in 450 ml of 
water at 60^ C. Cool, filter if necessary, and dilute to 500 ml. 
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aluminum can be completed gravimetrically or volumetrically (p. 509). 
Beryllium can be precipitated in the filtrate and washings by treating with 
ammonium hydroxide as described in Section IV (p. 522), except that the 
solution should be allowed to cool before filtration in order to insure com¬ 
plete precipitation of the beryllium in the presence of the quinolate. It is 
understood, of course, that the reactions are shared by other elements (see 
p. 77) and that, if their presence is objectionable, either they must be 
removed before the separation is attempted, or their effects must be con¬ 
sidered in any methods of determination that may be applied after the 
separation. 

For the separation of small amounts of aluminum from beryllium (for 
example, 1 Al:500 Be), chloroform extraction of the aluminum oxinate is 
employed by M. S. Richmond and C. J. Rodden.® 

Stevens and Carron ® prefer to separate aluminum and beryllium by first 
forming the phosphates, and then fusing the latter with sodium carbonate 
and leaching the melt with water for about 15 hours. 

Less satisfactory separations of aluminum and beryllium are those based 

on (1) the precipitation of aluminum in a boiling 10 per cent solution of 
sodium bicarbonate,^° (2) the precipitation of aluminum by ammonium 
carbonate, or (3) the precipitation of beryllium through extensive dilution 
and boiling of a sodium or potassium hydroxide solution containing the 

two elements. 
Moser and Niessner^^ stated that a satisfactory separation of beryllium 

from aluminum can be had by precipitating the latter with tannin, as fol¬ 
lows: prepare a feebly acid (sulfuric) solution of the sulfates, 500 ml if the 
amount of alumina is under 0.1 g and 600 to 800 ml for larger amounts. 

Heat to about 80° C, stir vigorously, and add at one stroke an excess of 

hot (80° C) clear tannin reagent (3 g of pure tannin dissolved in 100 ml of a 
solution which has been saturated with ammonium acetate at room tem¬ 

perature), Boil for 2 minutes, let settle, and test for complete precipitation 

by adding more reagent. Cool, filter, and wash with a warm 5 per cent 

solution of ammonium acetate. If the amount of alumina involved does 

not exceed 0.06 g, catch the precipitate on paper, and ignite to AI2O8, 

finally after one to three treatments with nitric acid; if larger amounts are 

present, collect and wash the precipitate in a fritted glass -crucible, dissolve 

in dilute nitric acid (1 + 3), and catch the solution in a tail-form beaker. 

Cover, boil, treat with fuming nitric acid to destroy tannin, and then pre- 

8 C. J. Rodden, Analytical Chemistry of the Manhattan Project, pp. 388-89, McGraw- 
Hill Book Co. (1950). See also T. Moeller, Ind, Eng, Chem. Anal, Ed,, 15, 346 (1943). 

® R. E. Stevens and M. K. Carron, Determination of Beryllium in Ores, Cbntribudon 
to Geochemistry, 1942-45, U, S, Geol, Survey Bull, 950, 91 (1946). 

10 C. L. Parsons and S. K. Barnes, /, Am, Chem, Soc,, 28, 1589 (1906). 
L. Moser and M. Niessner, Monatsh,, 48, 113 (1927). 
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cipitate with ammonium hydroxide as usual to obtain a less voluminous 
precipitate. Boil the filtrate obtained after the original precipitation with 
tannin, treat with nitric acid to destroy the tannin and volatilize all acetic 
acid, and precipitate the beryllium with ammonium hydroxide as in 
Section IV. Alternatively, the beryllium can be precipitated as follows 
after the removal of tannin and acetic acid: To the feebly acid solution, 
add 20 to 30 g of ammonium nitrate. Dilute to 300 to 400 ml, and heat to 
boiling. Add a 10 per cent solution of tannin until the ratio of tannin to 
beryllium oxide is about 10 to 1. Add ammonium hydroxide, drop by 
drop, until precipitation is complete. Let settle, filter, and wash with hot 
water. If alkali salts are present, dissolve the precipitate in a little hot 
dilute hydrochloric acid, dilute, and repeat the precipitation. Transfer to 
a platinum or silica crucible, treat with a few drops of nitric acid, evaporate, 
and ignite to the oxide, BeO. With modifications, the procedure serves 
for the separation of beryllium from iron, chromium, titanium, zirconium, 
tungsten, and vanadium.^^ 

The separation of beryllium from uranium is described under Uranium 

(p. 467). 
Iron can be separated from beryllium by heating the oxides in a current 

of dry hydrochloric acid gas containing a little chlorine.^^ The tempera¬ 
ture at the start should not exceed 200° C, lest mechanical loss of beryllium 
be caused by a too rapid volatilization of ferric chloride, and need not 
exceed 300° C at the end for complete volatilization. 

Another separation of beryllium from elements such as iron, chromium, 
copper, and nickel is that based on electrolysis with a mercury cathode 
(p. 138).^* 

Beryllium can be separated from the cerium group by precipitation of 
the latter with sodium sulfate (p. 560), and from the yttrium group by 
precipitation with oxalic acid in a 0.5 N hydrochloric acid solution of the 

chlorides (p. 551). 
A separation of beryllium which we have not tried on mixtures is that 

based on protracted fusion with sodium carbonate at a high temperature 
and extraction of the melt with water. It has been maintained that beryl¬ 
lium remains quantitatively in the residue with iron, titanium, and the like, 
while chromium (as chromate), phosphorus, and most of any silica and 
alumina go into solution.^® 

12 L. Moser and J. Singer, ibid,, 671. 
isp. S. Havens and A. F. Way, Am. J. Set., [4] 8, 158, 217 (1899). 
i^R, E. Meyers, J. Am. Chem. Soc., 26, 1124 (1904). 
i®M. Wunder and P. Wenger, 2. anal. Chem., 51, 470 (1912). On the other hand, 

A. Stock, P. Praetorius, and O. Priess \Ber., 58, 1577 (1925)] had no success with the 
method. In a single test made by H. B. Knowles with 0.1 g of BeO, 0.6 mg of BeO 
was found in the water extract after fusion with 6 g of Na2C03 for 3 hours at 
approximately 1100® C. 
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Beryllium is incompletely precipitated, if at all, by phenylhydrazinc (p. 
128). It is not precipitated by cupferron and can be separated by the use 
of this reagent from elements such as iron, titanium, zirconium, vanadium, 
and quadrivalent uranium. 

IV. METHODS OF DETERMINATION 

Beryllium is usually precipitated as the hydroxide Be (OH)2 and weighed 
as the oxide, BeO. The precipitation must be preceded, of course, by the 
separation of cations and anions that would be precipitated with beryllium 
in ammoniacal solution, as well as of organic substances that would prevent 
its precipitation. Double or triple precipitations of the hydroxide must be 
made when nonvolatile salts such as sodium chloride are present. Tlie pre¬ 
cipitate tends to stick to the walls of the vessel and must be recovered 
after the removal of the most of the precipitate, by dissolving it in as little 
acid as possible and reprecipitating with ammonium hydroxide. Beryllium 
hydroxide is appreciably soluble in pure water and it is therefore necessary 
to wash it with water containing an electrolyte, preferably ammonium 
nitrate. The oxide is slightly hygroscopic and should be cooled and 
weighed as described under Aluminum (p. 504). 

Precipitation with ammonium hydroxide can be made in the filtrate 

which is obtained when aluminum is separated from beryllium by precipi¬ 

tating with 8-hydroxyquinolinc in feebly acid solution as described on 

page 124. In this case, there is no need to remove the 8-hydroxyquinolinc 

if the neutralized solution is allowed to cool before it is filtered. The treat¬ 

ments must, of course, be preceded by the removal of substances that inter¬ 

fere, such as phosphorus in the separation of aluminum from beryllium, 

or magnesium or tartrates in the precipitation of beryllium. 

Beryllium cannot be precipitated as the phosphate and weighed as the 
pyrophosphate, for the precipitate is not of ideal composition. 

PROCEDURE. Prepare a nearly neutral hydrochloric or nitric acid solution 

containing beryllium as the only substance precipitable by ammonium 

hydroxide, and at least 5 g of ammonium chloride per 200 ml of solution. 

Heat to boiling, and add dilute ammonium hydroxide slowly until in very 

slight excess (pH 8 to 9). Boil 1 to 2 minutes, add a little macerated paper, 

and filter. Transfer as much of the precipitate as possible to the paper by 

rinsing with a hot 2 per cent solution of ammonium nitrate, and by thor¬ 

ough scrubbing. Cover the funnel, and without delay dissolve any precipi¬ 

tate sticking to the wall of the beaker in a very little hot dilute nitric acid, 

heat to boiling, and precipitate as before. Filter through the same paper. 

Phosphorus causes partial precipitation of beryllium as phosphate, at a pH as low as 
4.2, and contaminates any precipitate of beryllium obtained in the filtrate. 
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scrub the beaker, and wash thoroughly with the ammonium nitrate solution. 

Stir to mix the filtrate and washings, and let stand for several hours to make 

sure that no further precipitation occurs. Place paper and precipitate in a 

platinum crucible weighed with cover, dry, heat at a low temperature until 

carbon has been destroyed, cover, and finally ignite at approximately 

1000° C. Cool over sulfuric acid or phosphorus pentoxide in a desiccator, 

and weigh. Again hear, cool, place the weights required before on the 

pan, and quickly weigh. Repeat to constant weight. The weighed pre¬ 

cipitate should be examined to make sure of the absence of elements such 

as aluminum, phosphorus, gallium, and germanium.” 

A. OTHER METHODS 

Fluorometric determinations of beryllium in ores can be made by a method 

described by M. H. Fletcher, C. E. White, and M. S. Sheftel.*® The sample 

is fused with a mixture of sodium carbonate and borax, and the melt is 

dissolved in hydrochloric acid. Sodium citrate and quinizarin are added, 

and the solution is neutralized with sodium hydroxide. More quinizarin 

is added, and the fluorescence is compared with standards similarly prepared 

and treated.” 

According to A. Craig (private communication), beryllium oxide can be dissolved 
by fusing with sodium fluoride and a little silica, treating the melt with sulfuric acid, 
and heating to fumes of the latter. 

18/wd. Eng. Chem. And. Ed., 18, 179 (1946). 
18 For a photometric method for detennining beryllium in aluminum and its alloys 

with p-Nitrobenzencazoorcinol, see W. Stross and G. H. Osborn, J. Soc. Chem. Ind., 

63, 249 (1944). 



Chapter 33 

CHROMIUM 

Chromium is very widely diffused and is almost wholly confined to the 
femic (ferromagnesian) rocks, especially those that are high in magnesia 
and low in silica, and consequently contain abundant olivine, such as 
peridotite and dunite. It occurs as chromite and picotite (chrome spinel) 
and in some augites, biotites, and olivines. In rocks it may occur up to 
0.5 per cent of Cr203. A few chromates and several silicates containing 
chromium are also known, but as relatively rare minerals. Chromium is 
a common constituent of many materials, particularly irons and steels 
which are rarely entirely free from it, and methods for its determination 
are of considerable importance. 

I. GENERAL CONSIDERATIONS 

In the analysis of rocks, chromium is to be found in the ammonia precipi¬ 
tate and tends to cause high values for aluminum, even when the amount 
of chromium is afterward determined and subtracted as Cr20;{ from the 
weight of the ignited precipitate. This follows because Cr203 always 
undergoes some oxidation during ignition. If chromium is ignored, the 
resultant errors will depend on the manner in which iron is determined. 
If the solution of the ignited precipitate is reduced by zinc and titrated 
with permanganate, Cr203 is reduced to Cr202 and then reoxidized to 
Cr203; as 1 ml 0.1 N permanganate solution is equal to approximately 
0.008 g of Fe203 and 0.0076 g of Cr203, this procedure would cause high 
values for iron and slightly low values for aluminum. On the other hand, 
if iron is reduced by hydrogen sulfide, sulfurous acid or stannous chloride 
the error falls entirely on aluminum, for these reagents do not reduce 
Cr203. 

II. ATTACK OF CHROMIUM MINERALS 

For the determination of chromium in chromium minerals, attack with 
sodium peroxide in a porcelain crucible ^ as follows is preferable: Grind 
the sample to an impalpable powder, dry at 105° C, and mix 0.5 g of the 

iLron or nickel crucibles give rise to oxidized iron or nickel compounds that are 
difficult to break up by boiling. This may not be true if the “explosion method*’ 
(p. 839) is used. 

524 
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sample with 5 to 6 g of dry, yellow sodium peroxide in a 30- to 50-ml 
heavy-walled porcelain crucible. Cover the mix with 1 to 2 g of the 
peroxide, cover the crucible, and carefully fuse the contents by gradual 
introduction in an electric muffle heated to 600 to 700° C. When the 
charge melts, slowly whirl the crucible to stir up any unattacked particles. 
If a flame must be used instead, place the crucible on a triangle, and raise 
the temperature slowly to the melting point of the flux, using a low flame 
and holding the burner in the hand. When in quiet fusion, maintain the 
temperature at low redness for 5 minutes while the melt is occasionally 
stirred with a platinum wire. Cool the crucible, and place both crucible 
and cover in a 600-ml beaker. Cover the beaker, add 200 ml of water, and 
warm until the melt has dissolved. Remove and wash the crucible and 
cover, boil thoroughly to expel all hydrogen peroxide, nearly neutralize 

with dilute sulfuric acid, filter through paper, and wash the residue with 

hot water. Ignite the residue, recover any chromium content of the ash 

by a second fusion with sodium peroxide, and unite the two filtrates. To 
make sure that all of the chromium is in the sexivalent state before titration, 

make acid with sulfuric acid, and oxidize with persulfate as in IV, A. The 

filtration through paper introduces soluble organic matter, but this is 
destroyed during the boiling with persulfate. 

Fusion with sodium carbonate and potassium nitrate (p. 848) in a plati¬ 

num crucible is less desirable but can be used when determinations must 

be made of silica and other elements that might be introduced through 

fusion in porcelain, nickel, or iron. 

Chromite can be decomposed by grinding the sample to an impalpable 

powder, treating 0.5 g with 50 ml of dilute sulfuric acid (1+4) and 5 ml 

of perchloric acid (sp. gr. 1.54), and heating to fumes of sulfuric acid.^ 

III. METHODS OF SEPARATION 

Complete separation of chromium from other elements is rarely neces¬ 

sary as the chief methods for its analysis are applicable in the presence of 
a number of elements. 

The outstanding separation, although a group separation, is based on the 

oxidation of chromium to soluble sodium or potassium chromate by an oxi- 

2T. R. Cunningham and T. R. McNeill, Ind, Eng, Chem, Anal Ed,y 1, 70 (1929). 
For the solution of chromite in a mixture of 8 parts of 95 per cent sulfuric acid and 
3 parts of 85 per cent phosphoric acid, see G. F. Smith and C. A. Getz, ibid,, 9, 518 
(1937). For a method for the complete analysis of chromite following fusion with 
potassium pyrosulfate in a silica crucible, solution of the melt in acid, filtration, and 
decomposition of any unattacked matter by fusion with sodium carbonate, see C. F. J. 
van der Walt, Analyst, 63,176 (1938); see also F. J. Bryant and P. S. Hardwick, Analyst, 
75, 12 (1950), for analysis of chromite. 
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dizing fusion with alkali or by oxidation in alkaline solution. Thus chro¬ 
mium, together with aluminum, arsenic, molybdenum, tungsten, vanadium, 
and the like, is easily separated from iron, titanium, zirconium, nickel, cobalt, 
copper, and many other elements by filtration after precipitation with 
sodium peroxide (p. 85),® or fusion with sodium peroxide or carbonate and 
niter, followed by extraction with water (p. 839). A separation of chro¬ 
mium from iron and aluminum that is often employed consists in the oxida¬ 
tion of the former to the sexivalent state and then precipitation of aluminum 
and iron by ammonium hydroxide. 

Chromium can also be oxidized to the sexivalent state by heating with 
perchloric acid at its boiling point. Complete oxidation is difficult."^ If 
desired, the oxidized chromium can be volatilized as chromyl chloride, 
Cr02Cl2, by dropwise addition of hydrochloric acid ® or careful introduc¬ 
tion of ciy’stals of sodium chloride to the boiling solution.® In either case, 
the treatment causes partial reduction of the chromium to the trivalent 
state, which must be corrected by stopping the treatment at intervals and 
boiling the acid to reoxidize the chromium. 

If the presence of lead is not objectionable, chromium can also be 
removed from solution by oxidizing with perchloric acid, diluting so that 
the solution is approximately 1.0 M with respect to perchloric acid, render¬ 
ing it 0.02 M with respect to lead perchlorate, filtering to remove the pre¬ 
cipitated lead chromate, and washing with 0.1 M HCIO4. The precipitate 
does not carry down vanadium.*^ 

Another group separation that is employed in the analysis of rocks is 
based on the precipitation of mercurous chromate as described under 
Vanadium (p. 455). 

Precipitation with the sulfide ion in acid solution serves to separate the 

elements of the sulfide group from chromium, whereas precipitation in 

alkaline solution serves to separate chromium from elements of the arsenic 

group of sulfides and from magnesium and the alkaline earths. When the 

latter reaction is carried out in the presence of ammonium tartrate (p. 89), 

chromium is not precipitated and can thus be separated from iron, nickel, 
cobalt, and zinc. 

3 For the precipitation of trivalent chromium by sodium hydroxide, see Precipitation 
by Sodium Hydroxide (p. 84). 

^ G. E. F. Lundell, J. I. Hoffman, and H. A. Bright, Chemical Analysis of Iron and 
Steel, p. 298, John Wiley & Sons (1931); G. F. Smith, Ind, Eng, Chem, Anal, Ed,, 6, 
229 (1934). 

5 J. 1. Hoffman and G. E. F. Lundell, /. Research NBS, 22, 465 (1939). 
®F. W. Smith, Ind, Eng. Chem, Anal, Ed,, 10, 360 (1938). 
7 For a method in which chromiumis precipitated as lead chromate by means of 

lead nitrate in dilute nitric acid solution, and separated from iron, aluminum, cadmium, 
copper, manganese, and zinc, see D. Tschawdarov and N. Tschawdarowa, Z, anal, 
Chem., no, 348 (1937). 
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Chromium can be separated almost completely from large amounts of 

iron by extraction of the latter by ether in a hydrochloric acid solution of 

the chlorides (p. 134). 

An interesting separation of vanadium and such elements as iron, zirco¬ 

nium, titanium, columbium, and tantalum from chromium is that based on 

the precipitation of the former by cupferron (p. 116). 

Another separation that should be borne in mind is that based on elec¬ 

trolysis v^ith a mercury cathode in dilute sulfuric acid solution (p. 138). 

As here applied, this separation serves to remove large and objectionable 

amounts of chromium from vanadium, uranium, and a number of other 

elements. 

The separation of small amounts of silica from a solution containing 

large amounts of chromium is done best by adding an excess of sulfuric 

acid (20 to 30 ml), evaporating at as low a temperature as possible until 

fumes of sulfuric acid just appear, cooling slightly, and adding water as 

the solution is vigorously stirred. 

IV. METHODS OF DETERMINATION 

The most satisfactory methods for the determination of chromium are 

the colorimetric method and the method in which chromium is oxidized 

to chromate and titrated with ferrous sulfate and permanganate. The for¬ 

mer is suited for such small amounts of chromium as are usually to be 

found in rocks; the latter for the determination of such amounts as cannot 

be handled in the colorimetric method. 

A. TITRATION WITH FERROUS SULFATE AND PERMANGANATE 

In our experience the most satisfactory method for the determination of 

chromium lies in its oxidation to chromate, followed by the addition of a 

measured excess of ferrous sulfate and titration with potassium perman¬ 

ganate or dichromate. The oxidation of chromium can be done either by 

fusion or by treatment in acid solution—both methods find their application. 

Of the fusion methods, the use of sodium carbonate and potassium nitrate 

(p. 848) suffices for small amounts of chromium, whereas the use of sodium 

peroxide as in Section II is more desirable for large amounts. Oxidation in 

acid solution can be done by means of lead dioxide, potassium chlorate, potas¬ 

sium permanganate, or potassium or ammonium persulfate in the presence 

of silver nitrate.® Of these the last is by far the best and will be described 

in detail. 

sM. Philips, Stahl u. Eiseriy 21, 1164 (1907); H. E. Walters, /. Am, Chem, Soc,, 27, 
1550 (1905); Met, Chem, Eng,, 12, 310 (1914). 
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In this method silver nitrate is essential for complete oxidation and is 
always added to the hot acid solution before the addition of persulfate and 
in amount at least equal to that of the chromium.® If the solution is too 

acid complete oxidation is impossible; 5 to 6 ml of sulfuric acid and 1 ml 
of nitric acid per 100 ml of solution are best. The addition of 3 to 5 ml 
of syrupy phosphoric acid is desirable when iron or moderate amounts of 
tungsten are present, for this aids in judging the end point and helps to 
keep tungsten in solution. The persulfate is employed in freshly prepared 
solution of a salt that shows 95 per cent purity by test (p. 37). In all 
cases the solution must be boiled for 8 to 10 minutes to insure complete 
oxidation and also to destroy the excess of persulfate. Manganese, if 
present, is oxidized to permanganic acid or manganese dioxide and must 
also be destroyed before ferrous sulfate is added. This is easily done by 
adding 5 ml of dilute hydrochloric acid (1 + 3) per 300 ml of solution 
ajter the persulfate has been destroyed, continuing the boiling until the 
oxidized manganese compounds have disappeared, and then boiling for 

5 minutes more to expel chlorine. No reduction of chromic acid occurs 

in this treatment if the persulfate has been destroyed before the acid is 

added.^® If the amount of chromium is large, the reduction is made most 

conveniently by adding weighed crystals of a uniform grade of ferrous- 

ammonium sulfate, FeS04(NH4)2S04 *6^120. With moderate amounts of 

®D. M. Yost [/. Am, Chem. Soc,, 48, 152 (1926)] showed that the rate of the reaction 
between peroxysulfuric acid and chromic sulfate when catalyzed by silver salts at 
25 to 35®C is proportional to the first power of the concentration of peroxysulfate ion 
and silver ion and that it is independent of the concentration of chromic ion and 
not greatly affected by that of hydrogen ion. It is also stated that trivalent silver 
can exist in the form of a solid oxide and as a salt in strongly acid solution, and the 
results indicate that the silver ion acts as a carrier catalyst through the formation of 
this trivalent salt as the intermediate compound. 

10 This is shown by the following tests made by W. C. Fedde. In every case, the 
dicliromatc was contained in 300 ml of dilute H2SO4 (1 + 9) at the start, and the 
solution was finally titrated potentiometrically. 

K2Cr2C)7 

Taken Found 

1. Titrated directly with FeS04 solution 0.1939 0.1940 
2. Same as 1 0.1939 0.1938 
3. Added 20 ml HCl (1 +3). Boiled 30 minutes 0.1939 0.1937 
4. Same as 3 0.1939 0.1938 
5. Added 10 ml AgNOs (2.5 g per 1) + 1 g (NH4)2S208. Boiled 10 minutes. 

Treated with 5 ml HCl (1 + 3) and boiled 5 minutes more 0.2131 0.2131 
6. MnS04 added and then as in 5 0.2143 0.2142 
7. Added 5 ml 0.3 N KMn04, reduced with FeS04, and then as in 5 0.2143 0.2145 
8. Added 5 ml 0.03 N KMn04,10 ml AgNOs (2.5 g per 1), 2 g (NH4)2S208 

and 5 ml HCl (1 + 3). ^ilcd 10 minutes 0.2040 0.1943 
9. Same as 8 except solution was boiled 10 minutes before the HCl was 

added 0.2052 0.2053 
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chromium, and particularly when many determinations are to be run, it is 
more convenient to use a dilute sulfuric acid solution of the salt. In the 
presence of considerable chromium, the end point is a little difficult to 
judge because of the green color, but the proper correction for the end 
point can be easily determined. All reactions proceed quantitatively, and 
consequently the theoretical titers as based on sodium oxalate can be used. 

Vanadium and arsenic do not interfere, for, although they are reduced 
by ferrous sulfate, they are again oxidized with the consumption of an 
equivalent amount of permanganate. Moderate amounts of tungsten cause 
a change in the character of the end point but do not interfere in the 
reactions. If the amount of tungsten is so large as to make the end point 
uncertain, it had better be removed and its chromium content determined 
separately. Nickel, cobalt, molybdenum, and uranium are without effect. 

PROCEDURE. Prepare a solution, by fusion as in Section II or otherwise, 
which is free from chloride ion and contains approximately 15 to 18 ml of 
sulfuric acid and 3 ml of nitric acid in 300 ml of solution. Heat to boiling. 
Add a 2.5 per cent solution of silver nitrate in amount equal to 0.01 g of 
the salt for each 0.01 g of chromium present. Heat to boiling, and add 

20 ml of a freshly prepared 10 per cent solution of ammonium persulfate. 

Boil the solution for 10 minutes, and then, if permanganic acid or oxides 

of manganese are present, add 5 ml of a 5 per cent solution of sodium 

chloride or 5 ml of dilute hydrochloric acid (1 + 3), resume the boiling, 

and boil for 5 minutes after the manganese compounds are reduced. If 

complete reduction of manganese does not occur, add more sodium chloride 

or hydrochloric acid, and repeat the boiling. Cool the solution, add a 

measured excess of a solution of ferrous ammonium sulfate or of the 

weighed salt, and then titrate with a solution of permanganate that has 
been standardized against sodium oxalate. When the end point is reached 

and the readings have been noted, heat to boiling to destroy the excess of 

permanganate, cool to room temperature, and resume the titration with 

permanganate until the same end point is obtained as before, and subtract 
the volume required from that then required.^^ Multiply this corrected 

volume by the ferrous ammonium sulfate equivalent of 1 ml of the standard 

permanganate solution, subtract the product from the amount of ferrous 

sulfate used, and calculate the amount of chromium on the basis of 3 Fe to 

1 Cr. To determine the ferrous ammonium sulfate equivalent, take as much 

of the ferrous ammonium sulfate as was used in the test, dissolve or dilute 

in a solution having the same volume and acidity, titrate with the perman¬ 

ganate solution, and subtract the small amount of permanganate required 

to obtain an end point in this solution. 

The titrated solution can be used for the determination of vanadium as described 

under Vanadium (p. 460). 
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In routine analyses, it is not necessary to oxidize with persulfate after a 
careful peroxide fusion. In such work, dissolve the melt in 200 ml of 
w^ater, add 1 g of sodium peroxide, boil vigorously until hydrogen peroxide 
is decomposed (approximately 10 minutes), filter through asbestos, wash 
with hot water without letting the precipitate run dry, acidify the filtrate 
and washings with sulfuric acid, and proceed with the addition of ferrous 
sulfate. In this method, organic matter, derived for example by filtration 
through paper, must be avoided, for it causes low results for chromium. 
This error is not caused by a reduction of chromate, as might appear at 
first thought, but by reduction of permanganate. 

The ease with which a potcntiomctric titration of chromium can be 
carried out by the use of an apparatus such as that developed by Kelley’® 
is indicated by the following outline of the procedure: Prepare a dilute 
sulfuric acid solution in which all of the chromium has been oxidized 
to the sexivalent state. Cool to about 20° C, immerse the calomel and 
platinum electrodes, and bring the beam of light from the reflecting gal¬ 
vanometer near the left end of the scale. Add a standard solution of fer¬ 
rous sulfate, gradually until the beam has shifted permanently to the right. 
Now add an equivalent standard solution of potassium chromate until the 
beam will move no further to the left. Again add ferrous sulfate until the 
first permanent displacement toward the right occurs. Subtract the volume 
of chromate from the volume of ferrous sulfate, and calculate the amount 
of chromium on the basis of iCr = 3Fe. In the above titration, vanadium 
is also reduced by ferrous sulfate and is counted as chromium. Tungsten 

does not interfere. 

B. COLORIMETRIC METHODS 

a. Chromate Method, Determinations of chromium by the colorimetric 
method are preferably made by comparing the color of chromates in alka¬ 
line solution. In the analysis of rocks, a water extract of a sodium carbo¬ 
nate-potassium nitrate melt of the rock is usually employed, and no ordi¬ 
nary elements interfere. If niter has been used in the fusion in platinum 
and the crucible has been at all attacked by it, a yellow coloration of the 
filtrate may be due to dissolved platinum, but neither the proportion of 
niter nor the temperature of the blast should ever be high enough to 
permit the crucible to be attacked. If fusion is done with sodium peroxide, 
a little iron sometimes remains in the solution of the melt and gives a false 
color; this can be avoided by digesting the solution of the melt on the 
steam bath for an hour or more before filtration. A false color is also 
obtained when sodium hydroxide solutions are filtered through paper; this 
difficulty can be prevented quite satisfactorily by thoroughly washing the 
paper with alkali solution before use, and entirely avoided by filtration 

12 G. L. Kelley and others, /. Ind, Eng, Cbem,y 9, 780 (1917). 
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througli asbestos in a Buchner funnel or on a Witt plate. Borates do not 
interfere. In the presence of uranium, the method fails, for this element 
also gives a yellow color. Comparisons are best made in solutions con¬ 
taining approximately 0.01 to 0.1 mg of Cr203 per ml. 

PROCEDURE. Prepare a standard solution by dissolving rccrystallized potas¬ 
sium dichromate, K2Cr207 (conveniently, NBS Standard Sample 136) in 
water and diluting to 1000 ml. Each ml of the solution should correspond 
to 0.1 mg of Cr203. When this solution is used, it should be made alkaline 
to compare with the solutions under test. 

For the determination of chromium in rocks make a carbonate-niter 
fusion of 1 to 5 g of rock as described under Vanadium (p. 456). Dissolve 
the melt in water, add a few drops of ethyl alcohol to destroy the color if 
sodium manganate is present, and filter through asbestos. If the color of 
the filtrate is very faint, concentrate the solution by evaporation or by 
precipitation with mercurous nitrate and treatment as described under Va¬ 
nadium (p. 455). 

In the analysis of other materials, as for example ammonia precipitates, 
that contain but small amounts of chromium, a desirable substitute oxidation 
method consists in fusion with sodium peroxide in a porcelain crucible. 

In any case, transfer the final solution to a graduated flask of such a 
capacity that the color of the solution when diluted to the mark will be 
in the range equivalent to 0.01 to 0.1 mg CroO.} per ml. Complete the 
determination by titrating an equal amount of blank solution with the 
standard dichromate solution until the colors are equivalent, or, alterna¬ 
tively, by any of the usual colorimetric or photometric measurements. 

b. Diphcnylcarbazide method. For microgram quantities of chromium, 
the determination may be completed by the diphcnylcarbazide method,^^ 
which utilizes the red-violet color formed with the dichromate ion in weak 
acid solution. Vanadium, if present in appreciable amount, interferes and 
can be removed by extraction of the 8-hydroxyqninoline compound with 
chloroform.^^ Uranium docs not interfere in this procedure. 

C. OTHER METHODS 

Chromium can be quantitatively precipitated by ammonium hydroxide 
as in the method given under Aluminum (p. 504).^® The precipitate, how- 

C. F. J. van der Walt and A. J. van der Merwe, Analyst^ 63, 809 (1938). 
E. B. Sandell, Ind. Eng. Chem. Anal. Ed., 8, 336 (1936). 

15 In tests made by H. B. Knowles, complete precipitation in a solution containing 
0.06 g of in 350 ml was obtained by boiling and adding methyl red and then 
ammonium hydroxide to a distinct yellow tint. With 1 ml of NH4OH in excess, 0.1 mg 
of Cr was left in solution; with 5 ml of NH4OH, 0.2 mg; and, when 25 ml of HQ 
were added and then NH4OH in 5 ml excess, 0.4 mg of Cr was unprecipitated. 0.1 mg 
of Cr was dissolved when the precipitate was washed with 200 ml of 2 per cent 
NH4Q solution. 
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ever, oxidizes during ignition, and results are high unless the ignition is fin¬ 

ished in an atmosphere of hydrogen. For this reason, as well as because of 

the fact that chromium is seldom found unassociated with such other pre- 

cipitable elements as iron, aluminum, phosphorus, or vanadium, the method 

is rarely used for the determination of chromium.^® 

Precipitation of chromium as silver chromate, Ag2Cr04; mercurous chro¬ 

mate, Hg2Cr04; or barium chromate, BaCr04 are of more interest as 

methods of group separation and of qualitative test than as quantitative 

methods, for a number of other elements are also precipitated by these 

reagents. 

An accurate volumetric method for the determination of chromium con¬ 

sists in the reduction of the chromate by hydriodic acid and titration of the 

liberated iodine by a solution of sodium thiosulfate. This method is not 

of such general application as that described in A, for elements such as 

iron, copper, arsenic, vanadium, or molybdenum in their higher valencies 

that liberate iodine in an acidified solution of potassium iodide must be 

absent. 

It is of interest that strongly ignited CrsOa is said to be soluble in warm dilute 
solutions of potassium bromate, yielding chromate [R. Lyden, Z. anorg. u. allgem. Chem., 
223, 28 (1935)1. 
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THORIUM 

Thorium is probably a more common constituent of silicate rocks than 
has been generally supposed and is seemingly more abundant in highly 
sodic rocks. It is found associated with uranium, zirconium, titanium, tan¬ 
talum, columbium, and the rare earths in such minerals as uraiiinite, titano 
and tantalocolumbates and monazitc sand. Thorium, like uranium, is 
strongly radioactive, and so are its compounds. The typical thorium 
mineral is the silicate thorite, ThSi04, which always occurs more or less 
altered. Thorianite, a thorium-uranium oxide, is noteworthy for being 
richer in helium than any other known mineral. The chief source of thoria 
is monazitc sand, in wliich it occurs in variable amount associated with 
phosphates of the cerium group. The use of the lead-uranium-thorium 
ratio in determinations of the ages of rocks and minerals has given added 
interest and importance to methods for the determination of thorium. 

I. GENERAL CONSIDERATIONS 

For the detection of thorium, it is desirable that it first be separated as 
oxalate, together with scandium and the rare earths, from zirconium, tita¬ 
nium, and the other common elements. The separation of thorium from 
scandium and the rare earths is then accomplished by precipitation with a 
large excess of potassium iodate in strong nitric acid solution that is free 
from hydrochloric acid.^ For this precipitation two solutions are required: 
(1) a concentrated solution containing 15 g of potassium iodate, 50 ml of 

nitric acid, and 100 ml of water, and (2) a dilute solution containing 4 g of 

iodate, 50 ml of nitric acid, and 450 ml of water. To make the test, con¬ 

centrate a nitric acid solution of the rare earths, boil with a little sulfurous 

acid to reduce ceric nitrate, and treat 5 ml of the solution with 10 ml of 

solution 1. Mix thoroughly, add 20 ml of solution 2, and boil. Some ceria 

and yttria earths may precipitate upon the addition of solution 1, but these 

are dissolved upon boiling with solution 2. A permanent precipitate indi¬ 

cates thorium, and the test is sensitive to 0.1 mg of thoria per ml of the 

original solution. Zirconium is also precipitated. Should there be doubt 

as to its prior separation, filter, wash, sluice the precipitate into a small 

iR. J. Meyer, 2. morg, Chem,, 71, 65 (1911). 
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beaker, and boil with 50 ml of a 10 per cent solution of oxalic acid. Zir¬ 
conium is then dissolved while thorium is converted to the insoluble oxalate. 

Thorium can also be detected by spectrum analysis and by the “emana¬ 
tion method.*' 2 

In the course of an ordinary analysis, thorium will fall with the ammonia 
precipitate and will be counted as aluminum if this element is calculated 
l)y difference. If the ammonia precipitate is dissolved and treated with 
hydrofluoric acid or oxalic acid (p. 551), for the separation of crude rare 
earths, thorium will be precipitated and, if not otherwise provided for, 
eventually caught with the cerium or yttrium group, depending on the 
mode of treatment. 

II. ATTACK OF THORIUM MINERALS 

Monazite sand is decomposed as follows: ® Transfer 50 g of sand to a 
500-ml porcelain casserole, and add 75 ml of concentrated sulfuric acid. 
Heat for about 4 hours, maintaining a gentle evolution of fumes and stirring 
frequently. When the mass has become pasty, cool the mixture, and add 
the thick mass gradually to about 400 ml of cold water, contained in a 
large beaker surrounded by ice water. Do not allow the temperature of 
the solution to rise above 20° C. Decant into a graduated 1000-ml flask. 
Extract the residue with small portions of cold water, and set the extracts 
aside. Dry the remaining sand, add 10 ml of concentrated sulfuric acid, 

heat to copious white fumes, and continue the heating for 1.5 hours. Cool, 

chill the reserved extracts, and slowly add the pasty mass. Let settle, and 

decant the solution into the liter flask. Extract the residue thoroughly with 

dilute sulfuric acid (1 + 10), decanting each time into the flask. Dilute 

the solution to the mark at room temperature, mix thoroughly, and filter 

to obtain 200-ml aliquot portions for as many separations as may be planned. 

Dilute each portion (representing 10 g of sand) to 1000 ml, and feed the 

solution, drop by drop, from a separatory funnel into 150 ml of a cold 

saturated solution of oxalic acid which is vigorously agitated by a mechani¬ 

cal stirrer. Let stand overnight. Filter, and wash the precipitate with 

water, by decantation and on the filter, until free from acid. Dry the 

paper and precipitate in an air bath, and reserve. Neutralize the filtrate 

and washings with ammonium hydroxide, render acid with hydrochloric 

acid, and then add 15 ml in excess. Let the precipitate settle overnight, 

filter, and wash with dilute (1 -f 1000) hydrochloric acid containing 2 per 

cent of oxalic acid. Ignite the paper and precipitate in a platinum dish, 

moisten the residue with water, and dissolve by warming with a little 

2 H. H. Helmick, /. Am. Chem. Soc., 43, 2003 (1921). 
Mines Bull, 212, 53 (1923). 
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Iiydrochloric acid. Filter, wash with small portions of dilute hydrochloric 
acid (1 +99), render just acid to methyl red, and precipitate in a volume 
of 50 ml with 50 ml of a cold saturated solution of oxalic acid. Warm for 
a few minutes, let stand for 4 hours, filter and wash with the diluted hydro- 
chloric-oxalic acid solution. Transfer the precipitate to a platinum crucible, 
and ignite. Separate the reserved dried oxalates from the paper, and burn 
the paper in the crucible. Finally add the dried oxalates, and cautiously 
ignite to constant weight. This represents the “total rare earth oxides,” 
Transfer to a 600-ml beaker, moisten with a little water, dissolve in dilute 
hydrochloric acid (1 + 1), and proceed with the separation of thorium 
as described in Section III. 

Monazite sand and rare earth minerals that contain but little thoria can 
also be broken up as follows: Intimately mix 0.5 g of the finely ground 
sample with 0.5 g of sodium fluoride and 10 g of potassium pyrosulfatc in 
a large platinum crucible. Cover, place over a very small flame, and in¬ 
crease the heat very gradually until the melt is in quiet fusion. Cool, digest 
the melt with dilute hydrochloric acid (1 + 10) until it has disintegrated, 
let settle, and filter. Sluice the residue back into the beaker, digest with 
10 ml of hydrochloric acid, dilute to 100 ml, and again filter. Nearly neu¬ 
tralize the combined filtrates with ammonium hydroxide, and proceed with 
the precipitation of crude rare earth oxalates by the same general procedure 
as is described in Section IV. 

Thorite and other silicates that are rich in thoria and poor in rare earths 
can be decomposed by digesting the very finely powdered sample with con¬ 
centrated hydrochloric acid for 1 to 2 hours at a temperature just short of 
boiling. The solution is then evaporated to dryness, silica removed as usual, 
and the siliceous residue fused with pyrosulfatc. The melt is extracted with 
dilute hydrochloric acid (1 + 1), the solution filtered, and the filtrate com¬ 
bined with that first obtained. 

III. METHODS OF SEPARATION 

The separations of thorium that are of particular interest are those based 
on (1) precipitation as fluoride or oxalate, whereby thorium is separated 
from the common metals, including zirconium and titanium, but not from 
the rare earths; (2) precipitation with peroxide, iodate, hexamine, or thio¬ 
sulfate, whereby thorium is separated from the rare earths; and (3) pre¬ 
cipitation with iodate or an excess of ammonium fluoride, whereby thorium 
is separated from scandium. 

Thorium oxalate is soluble in solutions of alkali oxalates and in strong 
mineral acids. Precipitation must therefore be made under conditions that 
insure the absence of alkali oxalates, and are preferably made by the addi¬ 
tion of oxalic acid to hydrochloric acid solutions containing less than 4 per 
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cent by volume of the acid. Separations of thorium from the rare earths 
that are based on the solubility of thorium oxalate in ammonium oxalate are 
unsatisfactory, no matter whether the mixed oxalates are digested with 
ammonium oxalate or precipitation is made by adding an excess of ammo¬ 
nium oxalate.^ 

Thorium fluoride is quite insoluble in dilute mineral acids. Separation 
as the fluoride is used more for the separation of thorium, together with 
the whole rare earth group, from the other elements in the ammonia pre¬ 
cipitate that is obtained in ordinary analysis, than it is for the separation 
of large amounts of thorium from common metals. The separation is best 
applied under conditions that insure the absence of acids other than hydro¬ 
fluoric, as for example by transferring the washed ammonia precipitate to 
a platinum dish, treating with hydrofluoric acid, and evaporating to small 
volume (p. 554). More complete precipitation is obtained, particularly in 
the presence of mineral acids, if ammonium fluoride is added. 

Thorium must be separated from phosphorus before the hexamine, thio¬ 
sulfate or peroxide separations are applied or final precipitation with oxalic 
acid is made. Fusion with sodium carbonate or precipitation with sodium 
hydroxide is not satisfactory because of the solubility of the precipitate in 
alkaline solutions containing carbonate. Separation can be accomplished 
by the iodate method as described, or by precipitation with oxalic acid in 
cold, dilute, hydrochloric acid solution. As applied to monazite sand, the 
most common case, the separation is as follows: Dilute 200 ml of the sulfuric 
acid solution obtained as in Section II to 1 liter, and pour, very slowly and 

with constant stirring, into 150 ml of a cold saturated solution of oxalic 

acid. Let stand for at least 15 hours, filter, wash the precipitate with dilute 

hydrochloric acid (1 4- 99), dry, and set it aside. Neutralize the filtrate 

and washings with ammonium hydroxide, add an excess of 10 ml of hydro¬ 

chloric acid, and let stand 15 hours. Filter, and wash with a solution con¬ 

taining 40 ml of hydrochloric acid and 25 g of oxalic acid per liter. Dry, 

ignite gently in a porcelain dish, moisten with a little water, dissolve the 

residue in 10 ml of hydrochloric acid, and filter. Dilute to 500 ml, heat to 

boiling, and slowly add 100 ml of a hot 10 per cent solution of oxalic acid. 

Let stand for 4 to 5 hours at room temperature, filter, wash with the dilute 

hydrochloric-oxalic acid solution, and dry. Combine with the reserved 

precipitate, ignite to oxides, and proceed with the separation of thorium 

from the rare earths. 

Perhaps the simplest method for the separation of thorium from the rare 

earths lies in precipitation with hexamethylenetetramine (hexamine or uro- 

tropine, C6H12N4) as follows: ® Prepare 100 ml of a dilute hydrochloric 

<E. Benz, Z. mgev) Chem,, 15, 297 (1902). 
® A. M. Ismail and H. F. Harwood, Analyst^ 62, 185 (1937). 
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acid solution of the elements (pH 2 to 4), warm to 30® C, and add 5 g of 
ammonium chloride. Add a 10 per cent solution of hexamine, drop by 
drop and with stirring after each addition, until a slight excess is present. 
At this point, the pH should be approximately 5.8, and no further precipi¬ 
tation of thorium should be observed when the precipitate is allowed to 
settle and one drop is added to the clear supernatant solution. Decant the 
solution through a Whatman no. 41, or equivalent paper, then transfer the 
precipitate, and wash the paper and precipitate with a warm 2 per cent 
solution of ammonium nitrate. Reserve the filtrate for the determination of 
the rare earths. Dissolve the precipitate on the paper in hot 2 N hydro¬ 
chloric acid, and thoroughly wash the paper with hot water. Dilute the 
solution to 100 ml, add a few drops of methyl red, and then dilute ammo¬ 
nium hydroxide (1 -f- 1), slowly and with stirring, until the indicator just 
turns yellow. Next add dilute hydrochloric acid (1 -f- 1) until the solu¬ 
tion turns pink. If not already present, add enough ammonium chloride 
to bring the content in the solution to 5 per cent. Warm to 30® C, pre¬ 
cipitate with hexamine, wash as before, and add the filtrate and washings 
to the reserved filtrate. The washed precipitate can be ignited and weighed 

as ThOa,® or dissolved in hydrochloric acid and precipitated as oxalate as 

described on page 542. 

An alternative separation of thorium from moderate amounts of cerium 

and lanthanum is that based on precipitation with hydrogen peroxide.*^ The 

method has not been tested in the presence of other rare earths, or of scan¬ 

dium. Zirconium and titanium accompany thorium. The precipitation is 

carried out as follows: Treat the neutral solution of the nitrates of thorium, 

cerium, and lanthanum ® with 10 g of ammonium nitrate, dilute to 100 ml, 

warm to 60 to 80® C and precipitate the thorium by the addition of 20 ml 

of hydrogen peroxide (3%). Filter, and wash the precipitate with a hot 

2 per cent solution of ammonium nitrate. If the precipitate is colored yel¬ 

low, cerium is still present and must be removed by a second precipitation, 

after solution of the precipitate in nitric acid, evaporation to dryness, and 

®By this procedure, the authors obtained satisfactory separations of thorium from 
ceriumlanthanum, neodymium, praseodymium, and yttrium. Scandium accompanies 
thorium. In analyses of monazite sand, C. J. Rodden obtained a final precipitate in 
which none of the rare earth elements could be found by spectrochcmical test. 

7 G. Wyrouboff and A. Vemeuil, Compt, rend., 126, 340 (1898); E. Benz, 2. angew. 
Chem., 15, 297 (1902). 

® The nitrates can be prepared directly from the oxalates as follows: Sluice the oxalates 
from the filter to a porcelain dish by the use of as little water as possible, wash the 
paper alternately with hot dilute nitric acid and hot water, and evaporate the solution 
nearly to dryness. Add 5 to 10 ml of nitric acid, then 20 ml of fuming nitric acid, 
and cover with a glass. Place on the steam bath, and heat until evolution of gases 
ceases. Remove and wash the glass, rinse down the side of the dish, and evaporate 
the solution to dryness. Moisten with a little water, and again evaporate to dryness. 
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solution of the nitrates in 100 ml of a 10 per cent solution of ammonium 
nitrate.*^ 

According to R. J. Meyer and M. Speter,’*^® thorium can be readily sep¬ 
arated from cerium^”, “didymium,” common metals, and phosphoric acid, by 
precipitating with potassium iodate in strong nitric acid solution. Titanium 
and zirconium accompany thorium. The procedure is as follows: Dissolve 
the oxides or hydroxides of thorium and the rare earths in a mixture of 
100 ml of water and 50 ml of nitric acid, and cool the solution in ice water.^^ 
Add a cooled solution of 15 g of potassium iodate in 30 ml of water and 
50 ml of nitric acid, and stir occasionally during the course of 30 minutes. 
Let settle, filter, break up any lumps of precipitate with a rod flattened 
at one end, wash with 250 ml of a cool solution containing 8 g of iodate 
and 200 ml of dilute nitric acid (1 -f- 1) per liter, and let drain. Sluice the 
precipitate back into the beaker with 100 ml of the wash solution, stir 

thoroughly, and filter on the same paper. Let drain, and again sluice the 

precipitate into the beaker, this time with hot water. Heat nearly to boiling 

and dissolve the precipitate by adding 30 ml of nitric acid, slowly and with 

stirring. Dilute to 60 ml, add a solution of 4 g of iodate in a little water 

and dilute nitric acid, and let cool. Filter on the original filter, wash by 

decantation as before, and transfer the precipitate to the paper. Sluice the 

precipitate into the beaker, and wash the paper with hot dilute hydrochloric 

acid containing a little sulfurous acid. Boil the solution, adding more hy¬ 

drochloric and sulfurous acids if necessary, until the precipitate is dissolved. 

Dilute, precipitate with ammonium hydroxide, filter, and wash the precipi¬ 

tate with hot water until free of iodides. Finally dissolve in hydrochloric 

acid, and precipitate with oxalic acid as in Section IV.^^ 

A modification of the iodate method described in the detection of thorium 

in Section I serves for the separation of scandium as well.^^ In this case, 

separate the rare earths by precipitating w ith oxalic acid, ignite, dissolve 

the oxides in hydrochloric acid, and separate thorium and scandium by the 

® By this procedure, Benz obtained 0.1468 g of ThOo, by a single precipitation in a 
solution containing 0.1470 g of Th02, 0.13 g of Ce02, and 0.2 g of La203; and 0.0735 g 
of Th02 by double precipitation in a solution containing 0.0735 g of Th02 and the 
same amounts of cerium and lanthanum. 

R. J. Meyer and M. Speter, Chem, Ztg,, 34, 306 (1910). 

11 A 100-nil aliquot portion of a sulfuric acid solution of monazice obtained as in 
Section II can be treated directly with the nitric acid. 

12 By this method, Meyer and Speter obtained 0.4994, 0.4990, and 0.4988 g of Th02 

in solutions containing 0.4995 g of Th02; and 0.4999 g of Th02 in a solution containing 
0.4995 g of Th02 and 10 g of cerium nitrate. Praseodymium and neodymium were 
also found to be without effect. As applied to monazite sand, 5.54, 5.57, 5,58, and 5.57 
per cent Th02 were found in a sample that showed 5.53 per cent “by the most refined 
methods.” 

13 R. J. Meyer, op» cit,, p. 67. 
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thiosulfate method (below). Dissolve the final thiosulfate precipitate and 
recovery in nitric acid, filter, and evaporate the solution to dryness. Take 
up the residue in 5 ml of water to which a few drops of nitric acid have 
been added, and add 5 to 10 ml of iodate solution 1 (p. 533), depending on 
the amount of thorium present. Stir, add 10 to 20 ml of iodate solution 2, 
digest for 15 minutes at 60 to 80° C, and then set aside until the precipitate 
has settled. Filter, wash the precipitate with portions of solution 2 reserve 
the filtrate, and sluice the precipitate back into the beaker. Add ammo¬ 
nium hydroxide in goodly excess, boil to convert the iodate to hydroxide, 
and, toward the end of the boiling, add the filter paper. Filter, wash thor¬ 
oughly to remove iodate, dry, and ignite to ThOo. Heat the reserved fil¬ 
trate, add ammonium hydroxide in excess, boil, filter, wash as with thorium, 
ignite, and weigh as ScoOa. 

The separation of thorium from scandium by precipitating the thorium 
as fluoride in a solution containing a large excess of ammonium fluoride is 
described under Scandium (p. 545). 

According to R. J. Carney and E. D. CampbelV^ a very satisfactory 
separation of thorium from trivalent cerium, lanthanum, praseodymium, 
and neodymium can be made by precipitating with sodium pyrophosphate 
in a solution approximately 0.3 N with respect to hydrochloric or sulfuric 
acid, preferably the former.^® 

The separation of thorium (and scandium) from the rare earths by pre¬ 
cipitation with sodium thiosulfate is not entirely satisfactory, for the pre¬ 
cipitation of thorium is incomplete and the separation is not sharp. The 
separation does not work so well with the yttria as with the ceria earths.^® 
Another drawback to the method is the impossibility, because of separated 
sulfur, of telling whether any precipitation has taken place when small 
amounts of thorium are in question. Precipitations must be repeated until 
test of the thiosulfate filtrate with ammonium hydroxide indicates that the 
separation from rare earths is satisfactory. Moreover, thorium must be re¬ 
covered in the thiosulfate filtrates. Elements such as aluminum, titanium, 
and zirconium are also precipitated and should be removed before the sep¬ 
aration is attempted. The procedure is as follows: Dissolve the mixed 
oxides or hydroxides, obtained after a preliminary separation with oxalic 
acid, in hydrochloric acid, evaporate the solution to dryness, and moisten 

R. J. Camey and E. D. Campbell, /. Am, Chem, Soc., 36, 1140 (1914). 
15 According to M. Koss [Chem, Ztg,^ 36, 686 (1912)] and F. Wirth [Z. angenv, Chem,y 

25, 1678 (1912)1, a satisfactory separation of thorium from cerium, praseodymium, and 
neodymium can be had by adding a cool solution of NaHPOa, dropwise and with 
stirring, to a boiling 15 to 20 per cent H2SO4 solution of the elements, letting stand 
for several hours, and filtering to separate the precipitated Th(P03)2. 

i®G. P. Drossbach [Z. angev), Chem,, 14, 655 (1901)] found that appreciable yttrium 
was retained in spite of four precipitations. 

1^ R. Fresenius and E. Hintz, Z. anal, Chem,, 35, 525 (1896). 
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the residue with 5 to 10 ml of water. Again evaporate to dryness, add 
150 ml of water and 2 drops of hydrochloric acid, and heat to boiling. No 
precipitation should take place if the original precipitation with oxalic acid 
was properly made. Gradually add a solution of 2 g of sodium thiosulfate 
in 10 ml of water. Cover, and boil for 15 minutes. Filter, wash the pre¬ 
cipitate with hot water, and set the filtrate (A) aside for recovery of its 
thorium content. Spread the paper on a glass plate, sluice the thiosulfate 
precipitate into a porcelain dish by means of a jet of hot water, and wash 
the paper thoroughly with hot dilute hydrochloric acid and then with a 
little hot water. Add 20 ml of hydrochloric acid to the solution, boil for 
5 to 10 minutes, filter, and wash the sulfur residue and the paper with dilute 
hydrochloric acid and water. Evaporate the solution to dryness, and again 
precipitate with thiosulfate. Set the second thiosulfate precipitate (B) 
aside. Boil the filtrate, add ammonium hydroxide in slight excess, filter, 
wash the precipitate with a little hot water, and set it aside for recovery of 
its thorium content. The size of this precipitate (C) shows whether B 
must be dissolved and reprecipitated with thiosulfate. Dissolve the final 
thiosulfate precipitate in hydrochloric acid as already described, and re¬ 
serve the solution (D) for the precipitation of thorium as oxalate as de¬ 
scribed in Section IV. Combine the thiosulfate filtrate (A and any others 
not already treated with ammonium hydroxide), heat to boiling, add am¬ 
monium hydroxide in excess, filter, and dissolve the ammonia precipitate, 
together with precipitate C and any others obtained with ammonium hy¬ 
droxide, in hydrochloric acid. Evaporate the solution to dryness, precipi¬ 
tate with thiosulfate as before, filter, wash the precipitate, and reserve the 
filtrate if rare earths are to be determined. Dissolve the thiosulfate pre¬ 
cipitate in hydrochloric acid, and combine the solution with solution D 

which contains most of the thorium.^® 
T. O. Smith and C. James stated that thorium can be quantitatively 

precipitated and separated from cerium, lanthanum, praseodymium, neo¬ 
dymium, samarium, and gadolinium by treating a boiling neutral solution 
of their salts with a slight excess of a hot nearly saturated solution of sebacic 
acid (added slowly and with constant stirring), filtering at once, washing 
the precipitate with hot water, and igniting to the oxide, Th02. One draw¬ 
back of the separation is the difficulty of decomposing sebacic acid if the 
filtrate is to be treated by methods in which the presence of the acid is 

objectionable. 
According to W. B. Giles,*® a suspension of pure lead carbonate pre¬ 

cipitates thorium, zirconium, cerium^^, and iron^” completely; uranium, 

18 By essentially this procedure, Benz obtained 0.0436 g of Th02 and 0.2077 g of Ce02 
in a mixture containing 0.0443 g of the former and 0.2086 of the latter. 

19 /. Am, Chem, Soc,, 34, 281 (1912). 
^ochem. News, 92, 1, 30 (1905). 
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chroniium^^ and aluminum incompletely; and cerium^^^ lanthanum, neo¬ 

dymium, praseodymium, yttrium, samarium, and the yttria group (so far as 

investigated) not at all. Precipitation is carried out by adding an excess 

of lead carbonate to the cool solution and letting it stand with occasional 

stirring for 24 hours. 

Precipitation with phenylarsonic acid, CoH6AsO(OH)2, in boiling acetic 

acid-ammonium acetate solution has been suggested for the separation of 

thorium from the rare earth elements present in monazite sand.^^ Cerium 

must be in the trivalent state; zirconium is also precipitated. 

Treatment with hydrogen sulfide, preferably started in strong acid solu¬ 

tion which is afterward diluted (p. 58), serves to separate the members of 

the hydrogen sulfide group from thorium, whereas precipitation with am¬ 

monium hydroxide (free from carbonate) serves to separate thorium from 

magnesium, the alkaline earths, and the alkalies. The hydroxide is insoluble 

in an excess of carbonate-free sodium or potassium hydroxide, which per¬ 

mits separation from elements such as aluminum and beryllium. Thorium 

is not precipitated by ammonium hydroxide or ammonium sulfide in the 

presence of ammonium tartrate, and so can be separated from iron in sulfide 

solution.*^ 

Thorium is precipitated by a fresh solution of barium carbonate (p. 82), 

even in the cold, and so separated from elements such as nickel and manga¬ 

nese. The precipitation of thorium by cupferron (p. 116) is incomplete in 

solutions containing free mineral acids,-^’^^ but complete in solutions con¬ 

taining acetic acid and ammonium acetate. 

Thorium can be separated from zirconium by double precipitation of 

the latter as phosphate in dilute sulfuric acid solution (1 + 10) (see p. 570). 

Separation from tungsten can be carried out by volatilizing the latter at 

700° C in a current of oxygen and dry hydrochloric acid gas, first oxidizing 

the tungsten in oxygen alone if the metals are involved.^'* 

21 The lead carbonate is prepared as follows: Dissolve recrystallized pure Pb(N03)2 

in five times its weight of water, warm to 70® C, stir vigorously, and then add enough 
resublimed (NH4)2C03 to cause a decided precipitation. From time to time, withdraw 
some of the turbid liquid, filter, acidify with HNO3, and test with KCNS. If iron 
is present, continue the stirring until it is completely precipitated. Cool, filter, and 
pour the clear filtrate in a thin stream into a clear saturated solution of resublimed 
ammonium carbonate. Let setde, wash by decantation with distilled water, collect on 
a filter, and wash until 500 ml of washings show a decided acid reaction when treated 
with methyl orange and 2 drops of N HNO3. Let drain, heat at 40 to 50® C until 
pasty, and preserve in a wide-mouth glass-stoppered bottle. 

22 A. C. Rice, H. C. Fogg, and C. James, /. Am, Chem, Soc., 48, 895 (1926). 
23 W. M. Thornton, Jr., Am, J, ScL, [4] 42, 151 (1916). 
2* G. E. F. Lundcll and H. B. Knowles, /. Ind, Eng, Chem,y 12, 349 (1920). 
23 D. H. Brophy and C. Van Brunt, Ind, Eng, Chem,, 19, 107 (1927). 
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IV. METHODS OF DETERMINATION 

Practically all methods for the determination of thorium call for its final 

precipitation as the oxalate in order to make sure of the elimination of ele¬ 

ments such as zirconium and titanium that are likely to accompany thorium 

in preliminary treatments. The precipitation with oxalate must ordinarily 

be preceded by prior separations, such as are described in Section III, for 

the purpose of removing the common metals, the alkaline earths, the rare 

earths, and scandium. Precipitation with ammonium hydroxide as described 

under Aluminum (p. 504), followed by ignition to the oxide, is entirely sat¬ 

isfactory with solutions that are free from other precipitable compounds, 

but in this case the precipitate had better be washed with ammonium nitrate 

rather than the chloride because of the volatility of thorium chloride. 

PROCEDURE. Obtain the thorium in a hydrochloric acid solution free from 

phosphates and from the rare earths including scandium, and containing not 

more than 4 per cent of hydrochloric acid by volume and not over 1 mg 

of ThOa per ml. Heat to boiling, and add slowly and with stirring enough 

of a boiling 10 per cent solution of oxalic acid to combine with the thorium 

and to leave an excess of 20 ml for every 100 ml of solution. Let the solu¬ 

tion cool and stand overnight. Filter, wash moderately with a solution con¬ 

taining 40 ml of hydrochloric acid and 25 g of oxalic acid per liter, ignite 

at approximately 1100° C, and weigh as Th02. 



Chapter 35 

SCANDIUM 

Although scandium is the predominating basic constituent of only one 

known mineral, thortveitite, a silicate of scandium and the yttrium earths, 

it is actually one of the most widely distributed of the elements on the 

carth.^ The amounts present are usually so very small, however, that spec¬ 

tral methods are required for their detection. Scandium is found in many 

rare earth minerals, in certain zirconium minerals, in beryls, titanates, nio- 

bates, titanoniobates, micas, and especially in cassiterite and wolframite.* 

I. GENERAL CONSIDERATIONS 

The detection of scandium is usually accomplished by concentrating the 

oxide as described in Sections II and III, dissolvirig it in hydrochloric acid, 

and examining the arc spectrum of the solution for the characteristic scan¬ 

dium lines 3572.72, 3613.98, 3630.90, and 3642.96. 

In the course of an ordinary analysis, scandium will come down in the 

precipitate produced by ammonium hydroxide, and will be counted as alu¬ 

minum if this element is calculated by difference. If the ammonia precipi¬ 

tate is dissolved in hydrofluoric acid and the solution evaporated for the 

separation of crude rare earth fluorides (p. 554), scandium will be precipi¬ 

tated and will eventually be caught with thorium, the yttrium metals, or 

the cerium metals, depending on the mode of treatment. 

II. DECOMPOSITION OF MINERALS CONTAINING SCANDIUM 

If appreciable amounts of scandium are present, as in thortveitite, fuse 

1 g of the pow dered mineral with 5 to 6 g of sodium carbonate, and either 

carry the analysis through the search for rare earths in the ammonia pre¬ 

cipitate (p. 554), or else remove silica by dehydration with hydrochloric acid 

1 G. Eberhard, Sitzber, kgl. preuss, Akad, Wiss., 38, 851 (1908); Chem. News^ 99, 32 
(1909); 102, 211 (1910). 

- H. S. Lukens [/. Am, Chem, Soc,, 35, 1470 (1913)1 mentioned the occurrence of 
scandium in a wolframite from Colorado. In spectrochemical determinations of scan¬ 
dium in silicate rocks, A. Kvalheim and L. W. Strock [Spectrochim, Acta, 1, 221 

(1939)1 found from 0.0056 to 0.0178 per cent of SC2O3 in pyroxenites. 
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and proceed with the direct separation of scandium, zirconium, titanium, 
and thorium by precipitating with sodium thiosulfate as in Section III. 

Rare earth minerals are decomposed as described under Rare Earths 
(p. 549), and scandium is accumulated in the yttrium group by the sodium 
sulfate method of separation. 

For the decomposition of wolframite, fuse 10 to 100 g of the finely pow¬ 
dered mineral with two to three times its weight of sodium carbonate, and 
separate the scandium from most of the tungsten by leaching the melt with 
hot water and filtering.^ Dissolve the insoluble residue in hydrochloric 
acid, remove silica in the usual fashion, and precipitate the scandium as im¬ 
pure fluoride in the hydrochloric acid filtrate from the silica by precipitating 
with sodium silicofluoride as in Section III. The finely powdered ore can 
also be digested with aqua regia and tungsten separated as described under 
Tungsten (p. 690). 

Some minerals containing titanium, tantalum, and columbium can be de¬ 
composed and scandium separated by moistening the finely ground sample 
with water, cautiously adding hydrofluoric acid in excess, evaporating to 
dryness on the steam bath, taking up the residue in dilute hydrofluoric acid, 
filtering, and washing the crude scandium fluoride with dilute hydrofluoric 
acid (I + 99). 

111. METHODS OF SEPARATION 

Scandium resembles yttrium and lanthanum in some of its properties and 
thorium and zirconium in others. Like lanthanum it gives an insoluble 
double salt when treated with a saturated solution of potassium sulfate, and 
is precipitated by oxalic and hydrofluoric acids. Like thorium, it forms 
(I) an oxalate that is soluble in ammonium oxalate, (2) a carbonate that is 
soluble in a cool solution containing an excess of alkali carbonate, and (3) 
a basic thiosulfate upon boiling with sodium thiosulfate in neutral solution. 
Like zirconium, its fluoride is soluble in an excess of alkali fluoride. 

The most characteristic separation of scandium is that in which the 
fluoride, ScFa, is precipitated in boiling dilute hydrochloric acid solution 
(1 H- 10), by the addition of sodium silicofluoride (2 g per 100 ml of solu¬ 
tion) in small portions as the solution is vigorously stirred.^ The solution 
is then boiled for 30 minutes (as the volume is kept constant by additions 
of hot water), and allowed to stand until the precipitate has settled, the 
clear solution is decanted, and the precipitate finally transferred to the filter 
and washed with dilute hydrochloric acid (1-1-99) containing 1 per cent 
of sodium silicofluoride. In addition to scandium, the precipitate will con¬ 
tain silica and more or less of any thorium and rare earths originally present. 
The precipitate is therefore treated with sulfuric acid and evaporated to 

»R. J. M^er, Chem. News, 99, 86 (1909); 2. emorg. Chem,, 60, 134 (1908). 
*R. J. Meyer, op. ck., 97. 
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expel all hydrofluoric acid, before such further treatments as may be nec¬ 
essary. 

Of the ordinary reactions, precipitation with hydrogen sulfide in a solu¬ 
tion containing mineral acid serves to separate the members of the hydrogen 
sulfide group from scandium,® whereas precipitation with ammonium hy¬ 
droxide serves to separate the latter from magnesium and the alkaline earths. 

Scandium is precipitated by oxalic or hydrofluoric acid (p. 551), and 
\:an thus be separated from elements other than thorium and the rare 
earths. Scandium oxalate is the most soluble of the rare earth oxalates, and 
so precipitations must not be done in the presence of mineral acids or 
ammonium oxalate. On the other hand, the fluoride is one of the least 
soluble, provided an excessive amount of hydrofluoric acid, which leads to 
the formation of soluble complex compounds, is avoided, and 2 to 4 ml of 
hydrochloric acid per 100 ml of solution are present. 

The separation of scandium (and thorium) from the rare earths is made 
by precipitating with sodium thiosulfate, as described under Thorium (p. 
539). The separation from the cerium group can be carried out by pre¬ 
cipitating the latter in a saturated solution of sodium sulfate (p. 560). 

The separation of scandium from thorium has been studied more for the 
purpose of purifying scandium than of separating it quantitatively. Among 
such methods may be mentioned the precipitation of scandium by the slow 
addition of ammonium hydroxide to a boiling concentrated solution of 
ammonium tartrate containing the two elements,® and the separation of 
.scandium by precipitation in a boiling 20 per cent solution of sodium car¬ 
bonate and filtration while the solution is .still hot."^ According to Meyer 
and his associates,® a satisfactory method for quantitative purposes consists 
in pouring the nearly neutralized solution of the chlorides of thorium and 
scandium, slowly and with vigorous stirring, into a hot solution of ammo¬ 
nium fluoride, containing at least eight times as much fluoride as there is 
scandia present. The solution, in a hard rubber or Bakelite beaker, is then 
boiled for 10 minutes and filtered through paper in a hard rubber or Bakelite 
funnel, and the precipitate is washed with a little hot water. The scandium 
is then recovered by evaporating the filtrate to fumes with sulfuric acid and 
precipitating with ammonium hydroxide or oxalic acid. 

Thorium can also be separated from scandium by precipitating with 
potassium iodate in strong nitric acid solution as described under Thorium 

(p. 538). 

® According to R. J. Meyer {loc, cit,), lead sulfide carries down scandium, and so 
separations with hydrogen sulfide had better be started in strongly acid solutions which 
are then diluted. 

OR. J. Meyer and H. Goldenberg, Chem, News, 106, 13 (1912). 
TR. J. Meyer and H. Winter, ibid., 102, 176 (1910). 

® R. J. Meyer, A. Wassjuchnow, N. Drapier, and E. Bodlander, 2. anorg. Chem., 86, 

257 (1914). 
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IV. METHODS OF DETERMINATION 

Scandium is preferably ignited and weighed as the oxide, ScjOs, after 

precipitation with ammonium hydroxide. Precipitation with ammonium 

hydroxide is carried out as for aluminum (p. 504), and the precipitate is 

washed with a 2 per cent solution of ammonium nitrate. The wet precipi¬ 

tate is dried in the crucible, carefully ignited to the oxide, and finally heated 

at approximately 1000° C. 



Chapter 36 

RARE EARTH METALS 

Under the name rare earth metals are grouped a number of elements, 
nearly all trivalent, whose compounds have in the main great similarity. 
The more restricted rare earth group includes only the metals having 
atomic numbers 58 to 71 inclusive, but scandium (21), yttrium (39), and 
lanthanum (57), have pronounced rare earth characteristics and are re¬ 
garded as belonging to the group. Because of some of its chemical charac¬ 
teristics and its close association in nature with tlie trivalent earth metals, 
thorium is usually treated as a member of the group, which all form earth- 
like basic oxides. These, except thorium, all have the formula but 
certain of them form also higher oxides, of which CeOo is the best-known 
example. In this form, cerium shows relationship with the single oxide of 
thorium, Th02. 

The rare earths are widely distributed in nature,^ and the minerals are 
numerous and wcW scattered, but usually found in small deposits or inti¬ 

mately mixed with other minerals. Silicates are the most common form, 

phosphates are numerous, while halides, carbonates, oxides, titanates, ura- 
nates, columbates, tantalates, and zirconates arc found in varying degrees 

of complexity. Several or all of the distinctive acidic elements may occur 
in one and the same mineral. The minerals are generally found in granite 

or pegmatite veins in elacolitc syenites, or in gravels derived therefrom.^ 

About 150 different rare earth minerals are listed, of which the best known 

are gadolinite, a silicate of beryllium, iron, and the yttrium group; xeno- 
time, an yttrium orthophosphate containing erbium and members of the 
cerium group; euxenite, a titanocolumbate containing titanium, uranium, 

thorium, and members of the yttrium and cerium groups; fergusonite, a 

tantalocolumbate of yttrium containing thorium, zirconium, uranium, and 
members of the yttrium and cerium groups; samarskite, a tantalocolumbate 

containing uranium, thorium, zirconium, and the yttrium and cerium 
groups; monazite, a phosphate of the cerium metals with thorium silicate; 

cerite, a hydrated silicate of cerium metals with more or less yttria earths, 

calcium, and iron; allanite, a hydrated silicate containing members of the 

1B. S. Hopkins, Chemistry of the Rarer Elements, 1923 ed., p. 96, D. C. Heath and 
Co., New York. 

2F. W. Clarke, The Data of Geochemistry, U. S, Geol. Survey Bull, 770, 15, 21. 
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cerium and yttrium groups, in addition to calcium, beryllium, iron, and 
aluminum; and yttrocerite, an yttrium cerium calcium fluoride. Aside from 
the common elements, calcium, iron, and aluminum, which are almost 
always associated with the characteristic ones indicated in the foregoing 
list, the following arc cither of frequent or occasional occurrence: uranium, 
beryllium, fluorine, boron, lead, antimony, arsenic, tin, tungsten, helium, 
nitrogen, and probably others such as hafnium. 

I. GENERAL CONSIDERATIONS 

The whole rare earth group forms oxalates, which are insoluble in oxalic 
acid and in dilute mineral acids, and fluorides, which are insoluble in dilute 
hydrofluoric acid. These two reactions afford means for effecting group 
separations from most of the other elements. The further fact that they 
are all quantitatively precipitable by ammonium hydroxide makes it pos¬ 
sible to separate them from the alkali and alkaline earth metals and mag¬ 
nesium. Further, their hydroxides are insoluble in the hydroxides of sodium 

and potassium, a behavior that the analyst turns to good account on 

occasion. 

Thorium is practically always associated with the rare earth metals in 

nature, and its oxalate and fluoride comport themselves towards hydro¬ 

fluoric acid and oxalic acid like those of the rare earths.® The behavior 

of its hydroxide toward the alkali hydroxides is also like that of the rare 

earth hydroxides. Zirconium occurs also in many rare earth minerals and 

has to be considered in all analytical procedures that involve rare earths 

and thorium. Hence it is convenient to treat it analytically in connection 

with the rare earth group, even though it does not form an insoluble oxalate 

or fluoride. In certain of its reactions, it follows in a measure quadrivalent 

cerium and thorium. 

In an ordinary analysis, the rare earths are caught in the ammonia pre¬ 

cipitate and are counted as aluminum.^ They give no indication of their 

8 Ammonium oxalate is as good a precipitant as oxalic acid for many of the rare 
earth metals, but an excess of it redissolves certain of the oxalates, so that its applica¬ 
bility is not general. 

*The more basic rare earths may be more or less incompletely precipitated at the 
pH 6.5 to 7.5 usually established for the precipitation of duminum. Under certain 
conditions, lanthanum may not be precipitated at all. In their presence, it may be 
better to precipitate and to filter as usual, and then to recover unprecipitated rare earths 
by adding more ammonium hydroxide to the filtrate and again filtering if a precipitate 
is obtained. This leads to a better recovery of aluminum, and to less contamination 
by manganese. Better recoveries of lanthanum, cerium, and yttrium are obtained in 
this second precipitation if U) ammonium salts are first destroyed by digesting with 
acid (p. 133), (2) the excess of acid is removed by evaporating nearly to dryness, 
(3) the diluted solution is treated with enough ammonium hydroxide to cause malachite 
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presence by distinctive reactions, except for the color of certain of the ox¬ 
ides, as do other uncommon elements such as the earth acids or tungsten. 
Special tests, as with oxalic or hydrofluoric acid, must be made to make 
sure of their absence or presence. Certain of the elements yield colored 
oxides and colored solutions, which should put the analyst on guard in 
the comparatively uncommon case in which they may occur in appreciable 
amount and not associated with other colored compounds. The presence 
of the rare earths can oftentimes be established by examining the spectrum 
of the light reflected by the hydroxide or other compound or by examining 
the light transmitted by a solution of these compounds. If bands due to 
neodymium or praseodymium are observed, the cerium group is indicated; 
if erbium bands are observed, the yttrium group is generally present. 

It should be noted that cerium, praseodymium, and terbium yield higher 
oxides (R2O34.) on ignition in air, and will cause high summations if the 
weight of the ignited ammonia precipitate is corrected on the basis of the 

trivalent oxides. 

II. DECOMPOSITION OF RARE EARTH MINERALS 

So varied are the rare earths in character and composition that no rules 
for analysis can be laid down to cover all cases, even those that fall within 
the same subgroup. The best that can be done is to sketch broadly some 
of the most commonly used procedures. The practiced analyst will find 
greater opportunity for the exercise of judgment and choice of procedure 
or combinations of procedures here tlian anywhere else in the field of min¬ 

eral analysis. 
Before a quantitative analysis of a mineral is begun, a most thorough 

qualitative examination (preferably spectrographic) should be made if the 

supply of material permits, for knowledge of the qualitative composition 

is essential, and some idea of the relative amounts of the constituents is 

desirable. The information may be decisive in indicating the best methods 

of attack or of separation. Unfortunately it is very often the case that 

material is lacking for exhaustive preliminary test, in which event the 

analyst always risks error, sometimes slight, sometimes great. Examination 

of the light reflected from the surface, by means of a hand spectroscope, 

yields helpful information in many cases. 

green to fade completely (pH > 14), (4) the solution is warmed to 50 to 60® C before 
filtering, and (5) the precipitate is washed with dilute ammonium hydroxide (54-95) 
containing 1 per cent of ammonium nitrate. W. R. Schoeller and E. F. Waterhouse 
[Analyst, 60, 284 (1935)] state that, even so, complete precipitation is difficult, and 
that a better procedure lies in adding tannin before the boiling solution is treated 
with ammonium hydroxide in excess. In such case, ammonium salts and even tartrates 
are said to be without effect. 
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Although there are rare earth minerals of relatively simple composition 
and earth acid minerals equally simple, each free perhaps from the most 
characteristic components of the other class, there is as a rule complexity, 
often mingling of the components of the two. Then indeed the difficulties 
of the analyst reach their climax. 

Nitric acid alone is very little used for opening up minerals of the kind 
under consideration. Uraninite, broggerite, cleveite, nivenite, pitchblende, 
and thorianite are the only ones perhaps for which it is specifically indicated, 
because it dissolves them completely and at the same time oxidizes the 
quadrivalent uranium to the sexivalent state. Some of the minerals, particu¬ 
larly silicates of the rare earths, are decomposed more or less readily by 
hydrochloric acid. When completely decomposable, the resulting solution 
is to be treated like the solution of an ordinary silicate (p. 860). Other 
minerals yield with ease to attack by hydrofluoric acid (samarskite for 
example) and nearly all to fusion with an acid alkali fluoride. An attack 
of either kind is usually restricted to the columbates, tantalates, and titanates 
that are free from silicon. Naturally the boron- or fluorine- or silicon-con¬ 
taining minerals must be opened up by an alkali fusion for the determination 
of those elements. Most of the minerals yield to sulfuric acid. Some, like 
rnonazite and xenotime and cerite, require prolonged treatment at 200° C 

or over. For their phosphorus content, one or more fusions with an alkali 

is to be preferred, as also for those minerals that carry boron and usually 

for those with fluorine. 

Probably all the minerals succumb to fusion with an alkali pyrosulfate, 

but, as with sulfuric acid, this mode of attack is used more for the com¬ 

mercial assay for thorium than for general analysis. When it is used, the 

sodium salt is to be preferred because of the greater solubility of some of 

the resulting sulfates. Fusion with an alkali carbonate or hydroxide is 

usually resorted to for the determination of silicon when acids fail or when 

fluorine is present, and when boron or fluorine is to be determined. For 

a general analysis, phosphates also are decomposed by fusion with sodium 
carbonate. For fluorine, an evolution method may be used when the min¬ 

eral is soluble in hot concentrated sulfuric acid. Sodium hydroxide or 

peroxide is sometimes used in commercial assaying, but neither of these is 

so wxll suited as sodium carbonate when a general analysis is to be made, 

because they either are apt to be less pure or attack too strongly the fusion 

vessels. 

111. METHODS OF SEPARATION 

The methods of separating the rare earth metals from other elements in 

mineral analysis vary according to the composition of the mineral and the 

reagent used for its attack. Rare earth silicates, containing no titanium, 
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columbium or tantalum, are generally soluble in hydrochloric or nitric acid 
or are decomposable by an alkali-carbonate fusion. If so, the silica is 
separated in the usual manner by evaporation and filtration at least once 
repeated (p. 860). Then, as a rule, a double ammonia precipitation is made 
(p. 869). If both rare earths and calcium are present in appreciable 
amounts, three or four precipitations may be needed to insure complete 
separation of calcium. The precipitate contains the totality of the rare 
earth metals present, including thorium, also zirconium, titanium, and any 
other elements that are precipitable by ammonium hydroxide, and should 
be free from manganese, nickel, the alkaline earth metals, magnesium, and 
the alkali metals. It is dissolved in hydrochloric acid, the solution evapo¬ 
rated, and the residue taken up with water and just enough hydrochloric 
acid to give a clear solution. From this solution, the rare earths arc pre¬ 
cipitated by adding a saturated solution of oxalic acid in excess, the amount 
of wdiich is gaged mainly by the amount of trivalcnt iron or sexivalent 
uranium present."’ Both ferric iron and sexivalent uranium have a solvent 
effect on rare earth oxalates, especially those of the more basic metals, an 
effect that is largely overcome by having more than enough oxalic acid 
present to form ferric oxalate ® and uranyloxalic acid,^ as well as to precipi¬ 
tate the earths.® 

Columbates and tantalates arc for the most part insoluble in hydrochloric 
or nitric acid, but some yield more or less readily to hydrofluoric acid. If 
completely decomposable by the last named, the rare earth fluorides, tho¬ 

rium fluoride, and uranous fluoride, precipitate almost completely and can 

be washed free from nearly all other elements by wxak hydrofluoric acid. 

Tliis is especially advantageous as a means of separating the rare earths and 

quadrivalent uranium from columbium, tantalum, titanium, zirconium, and 

sexivalent uranium, whose fluorides are soluble. After conversion of the 

^L. A. Sarver and P. H. M.-P. Brinton [/. Am. CheiJt. Soc., 49, 943 (1927)] studied 
the solubilities of the oxalates of lanthanum, cerium, praseodymium, neodymium, 
samarium, and gadolinium in hydrochloric, nitric, sulfuric, and oxalic acids. They 
found that the solubilities of the oxalates of these elements in solutions saturated with 
respect to oxalic acid and containing very little hydrochloric acid decrease in the order 
given. For pure solutions, they recommend that 0.5 N hydrochloric acid be used in 
all cases, and that the solution be almost saturated with oxalic acid for the precipitation 
of lanthanum and cerium, and contain 0.5 N oxalic acid for the precipitation of the 
others. Furthermore, that the hot concentrated solution of oxalic acid be added with 
stirring to the boiling solution of the rare earths in 0.5 N hydrochloric acid and that 
the solution be then allowed to stand overnight before filtering. 

6M. Dittrich, Ber., 41, 4373 (1908). 
^O. Hauser, Z. anal. Chem., 47, 677 (1908). 
®The rare earth oxalates can be changed into soluble compounds by (1) igniting 

the oxalates and dissolving the oxides in acid, (2) treating with H2O2 if much Cc02 

is present, (3) boiling with fuming nitric acid, and (4) boiling with NaOH or KOH 
and dissolving the washed hydroxides in acid. 
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fluorides to sulfates and solution of these in dilute hydrochloric acid, pre¬ 
cipitation by ammonium hydroxide frees the rare earth metals from the 
alkaline earth metals that may have been also precipitated as fluorides. The 
washed hydroxides may then be ignited to oxides directly if was not 
originally present,*^ or they may be dissolved in hydrochloric acid (nitric 
if is present), the solution evaporated, and the rare earths precipitated 
by oxalic acid in excess. 

The hydrofluoric acid treatment will recommend itself further in one 
form or another when very small amounts of rare earths are accompanied 
by large amounts of other elements which ammonium hydroxide precipi¬ 
tates, as in silicate analysis (p. 868). In such cases, the ammonia precipitate 
can be treated directly with hydrofluoric acid, the solution evaporated 
nearly to dryness, and the earth fluorides filtered off and washed with dilute 
hydrofluoric acid and further treated as outlined above. Of course, this 
treatment of the ammonia precipitate may be employed also with large 
amounts of rare earths as an alternative to the oxalate precipitation already 
mentioned, and in general gives more complete precipitation. Protactinium 
is not precipitated by hydrofluoric acid. Quadrivalent cerium is precipi¬ 
tated by both hydrofluoric and oxalic acid, the latter ultimately yielding 
the trivalent salt. 

Small amounts of the rare earths admixed with the earth acids can be 

separated as follows:^® Fuse 0.5 g of the oxides with 6 g of potassium bisul¬ 
fate in a silica crucible, and dissolve the melt in 60 ml of a 10 per cent solu¬ 

tion of tartaric acid. Dilute to 400 ml, add 50 ml of concentrated hydro¬ 

chloric acid, and boil for 3 minutes. Let settle, and filter under light 

suction through a filter paper containing a little paper pulp. Return the paper 

and pulp to the beaker, stir with acidulated water, again filter, and discard 

the residue. Combine the filtrates, make ammoniacal, heat to boiling, and 

® It is difficult to obtain constant weight when certain rare earth oxides are ignited; 
there is a tendency to descend to a minimum and then gradually to register successive 
slight, but in the aggregate considerable, gains during subsequent ignitions [Sarver and 
Brinton, loc, cit,]. According to P. H. M.-P. Brinton and H. A. Pagel [/. Am. Chem. 
Soc.y 45, 1460 (1923)], praseodymium oxide obtained from the oxalate has the formula 
PreOii when ignition is carried out in air, and Pr208 when carried out at 900 to 1000® C 
in hydrogen. Cerium is always weighed as the dioxide, 002, after ignition at approxi¬ 
mately 1200® C, and cannot be readily reduced to O2O3 by ignition in hydrogen. 
Terbium yields Tb407 in air, and can be reduced to Tb208 by ignition in hydrogen. 
In a later paper, Pagel and Brinton [/. Am. Chem. Soc.y 51, 53 0929)] stated that they 
could obtain no higher oxides of lanthanum, neodymium, samarium, gadolinium, erbium, 
or ytterbium. They found, however, that the composition of the oxide of praseodymium 
obtained by ignition in air varies with the conditions of ignition and cooling. For 
summation analyses, cerium must be removed before igniting the remaining rare earth 
oxides in hydrogen. 

W. R. Schoeller and E. F. Waterhouse, loc. cit.; W. R. Schoeller, The Andy tied 
Chemistry of Tantdtm and Niobitm, p. 98, Qiapman & Hall, London, England (1937). 
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add 10 g of ammonium acetate and a fresh solution of 0.7 g of tannin. Let 
settle, filter, and wash the precipitate with a 5 per cent solution of ammo¬ 
nium nitrate containing a little tannin and ammonium hydroxide. Ignite 
in a silica crucible, fuse with 2 g of soditmt bisulfate, and dissolve the melt 
in 50 ml of a 10 per cent solution of tartaric acid. Dilute to 100 ml, heat to 
boiling, stir, and slowly add 10 ml of a saturated solution of oxalic acid. 
Let stand overnight, filter, and wash with a solution containing 1 per cent 
each of oxalic and tartaric acids. Ignite, to obtain the rare earths as oxides. 

The minerals that resist attack by all of the acids named will yield either 
to sulfuric acid or to fusion with an alkali bi- or pyrosulfate or with potas¬ 
sium-hydrogen fluoride. If the last reagent is used, the rare earth fluorides 
will not be so insoluble as when precipitated with hydrofluoric acid, because 
they are somewhat soluble in the alkali fluoride present. It may then be 
necessary to recover the residual amount held in solution, after evaporating 
the filtrate and removing the fluorine by sulfuric acid. Solutions obtained 
after attack by sulfuric acid are evaporated and heated until most of the 
excess acid is expelled, and the resulting pasty mass is cooled and dissolved 
by the addition of small portions of cold water (preferably ice cold to 
lessen the tendency for insoluble sulfates to form). Solution proceeds 
slowly and must be aided by frequent stirring. When all has dissolved 
that will dissolve, the solution is filtered. The residue may consist of undis¬ 
solved mineral, silica, and titanic oxide. If the mineral was impure (mona- 
zite sand), the residue may contain also foreign minerals. It is collected on 
a filter and ignited, and the treatment with sulfuric acid, etc., is repeated as 
often as the magnifying glass reveals unattacked particles of the mineral. 

Solution of a mineral other than a phosphate having been effected by 
nitric, hydrochloric, or sulfuric acid, silica, if present, is rendered insoluble 

as in silicate analysis (p. 860) and filtered. If lead is present and sulfuric 
acid the attacking agent, lead sulfate will accompany the silica and must be 

separated from it before igniting, by extracting with ammonium acetate 

solution or hot hydrochloric acid. If it is first ignited, there is danger of 

formation of lead silicate and incomplete extraction.^^ If tin or antimony 

is present and nitric acid the attacking agent, stannic and antimonic oxides 

will contaminate the silica. Titanic, columbic, and tantalic oxides, if present, 

will also be rendered insoluble wholly or partly upon evaporation, if any 

one of the acids named above was used for attacking the mineral. After 

ignition of the mixture, the silica can be volatilized by evaporating with 

Similar difficulties are encountered in many analyses for silica. Trouble can often 
be avoided by carefully choosing the acid that is used in the dehydration. Thus, 
sulfuric is to be preferred to hydrochloric acid if antimony is present, for hydrochloric 
acid gives rise to insoluble basic chlorides which undergo indefinite changes in weight. 
On the other hand, perchloric acid is more desirable than either hydrochloric or sulfuric 
acid if lead is present. 
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hyclrofluoric and a few drops of sulfuric acid, and the residual oxides 
weighed in order to obtain the weight of the silica. The residue must then 
he fused with alkali pyrosulfate or carbonate (which to use will depend 
on the composition of the residue) and the melt given appropriate treat¬ 
ment for separating and determining its components. 

The not too acid filtrate from the silica is treated cold with hydrogen 
sulfide. Lead and tin are metals most commonly found in the resulting 
precipitate, which should be treated by appropriate methods for whatever 
it may contain, in conjunction with any lead, antimony, or tin that may 
have been extracted from tlie silica or left as a residue after volatilizing it 

w ith hydrofluoric acid. 
In the filtrate, freed from hydrogen sulfide, reoxidized by nitric acid, 

and evaporated if need be, an ammonia precipitation is made (p. 504) and 
the precipitate dissolved in hydrochloric acid and rcprecipitated by ammo¬ 
nium hydroxide as often as may be necessary to eliminate alkaline earths, 
magnesium, and the alkalies.^^ 

The treatment of the ammonia precipitate wall vary according to its 
composition. If the rare earth metals are far exceeded by aluminum and 

iron, it is convenient to treat the precipitate with hydrofluoric acid, and 
to proceed as follows: Evaporate the solution to incipient dryness on the 
steam bath, moisten the residue with 0.5 ml of hydrofluoric acid, add 25 ml 

of water and then 0.5 ml of hydrochloric acid, digest awhile, filter, and 
w^ash with water containing 2 ml of hydrofluoric acid and 2 ml of hydro¬ 
chloric acid per 100 nil.^^ The fluorides are sluiced into a platinum dish, 
the filter ignited, the ash added to the dish, the solution evaporated with 

sulfuric acid, the excess of this expelled by heat over the radiator (Fig. 

24), and the sulfates dissolved in cold water. From the solution, they are 

to be precipitated by oxalic acid, washed with a 1 per cent solution of the 

same acid, ignited at 1200° C, and weighed. The color of the oxides may 

afford some indication of the general character of the mixture. They are 

to be brought into solution in hydrochloric acid if possible (if not, then in 

sulfuric acid) and treated for the separation and determination of thorium 

or cerium or both. The filtrate from which the fluorides were separated 

is to be evaporated from sulfuric acid and heated until the fluorine is 

expelled (the expulsion must be complete), the residue taken up with dilute 

hydrochloric acid, and the iron, aluminum, etc., precipitated by ammo- 

’2 For minerals of the kind under consideration, magnesium and the alkali metals 
are seldom present in amounts requiring more than one or at most two ammonia pre¬ 
cipitations. The same may be said of manganese and nickel if the precipitation is made 
with due care (p. 504). 

Alternatively, the hydroxides can be dissolved in hydrochloric acid, evaporated 
to dryness, dissolved in the smallest possible amount of hydrochloric acid, diluted to 
50 ml, treated with oxalic acid, and allowed to stand overnight before filtering. 
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nium hydroxide (p. 504). The precipitate is ignited, finally at 1200^ C, and 
weighed. In it, total iron (p. 96), zirconium (p. 96), and beryllium (p. 
95) can be determined, if present; titanium also, if not determined in a 
separate portion. Phosphorus is to be determined in a separate portion. 
After the several oxides thus found are deducted from the weight of the 
mixed oxides, the residue is to be counted as alumina. 

The treatment outlined does not apply to minerals that are essentially 
phosphates.^^ pAcept when these are to be assayed for a single constituent 
(thorium usually), one or more sodium carbonate fusions are called for. 
The aqueous extract of the melt will contain then the phosphorus; any 
arsenic, antimony, tin, and tungsten that ma\^ be present; also much of the 
silicon, aluminum, and uranium. The residue having been well washed 
with dilute sodium carbonate solution, the dissolved constituents in the 
extract arc to be determined after evaporating with nitric acid to render 
insoluble the silica (tungsten and antimony also in part, if present). After 
evaporating and treating the silica, the filtrate is treated with hydrogen 
sulfide to eliminate lead, arsenic, and the rest of any antimony that may 
be present. After expelling the hydrogen sulfide and evaporating, the 
phosphorus is precipitated by molybdate solution (p. 699) (which has been 
proved free from aluminum or any element that ammonium hydroxide pre¬ 
cipitates), and determined as described under Phosphorus (p. 702). From 
the filtrate evaporated to remove excess of nitric acid, the aluminum is 
precipitated twice by ammonium hydroxide (p. 504), washed with 2 per 
cent ammonium nitrate solution, ignited, and weighed. 

The residue from the sodium carbonate fusion is to be dissolved in 
hydrochloric acid and treated as in a silicate analysis or according to what 

has been said for the recovery of silica, aluminum, beryllium, titanium, 

zirconium, rare earths, alkaline earths, and magnesium, so far as one or 

another of them has not been determined in a separate portion of the sample. 

Cerium can be separated from neodymium, yttrium, holmium, erbium, 

and dysprosium by oxidizing it to the quadrivalent state and precipitating 

with potassium iodatc.’® Thorium, zirconium, and possibly some scandium 

accompany cerium. The procedure is as follows: Prepare a solution of 

rare earth nitrates containing 25 ml of nitric acid and not more than 0.15 g 

of Ce02. Dilute to 75 ml, add 0.5 g of potassium bromate, and stir until 

dissolved. Add, slowly and with constant stirring, 10 to 15 times as much 

a sulfuric acid solution of the mineral, such as monazite (p. 534), is poured 
into ten times its volume of 95 per cent alcohol, the rare earths are precipitated as 
sulfates. The separation is not quantitative, as precipitation of the rare earths is in¬ 
complete, and the precipitate retains some phosphate. 

i®The rare earths are also completely precipitated by sodium hydroxide and can 
thus be separated from phosphorus and the like. 

P. H. M.-P. Brinton and C. James, /. Am, Chem, Soc,^ 41, 1080 (1919). 
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of a solution of potassium iodate (10 g of iodate and 33.3 ml of nitric acid 
per 100 ml) as is theoretically required for the estimated amount of ceria 
present. Let settle, filter through a paper of close texture, and rinse the 
beaker once with a small amount of washing solution (8 g of iodate and 
50 ml of nitric acid per liter). Let drain, and then immediately rinse any 
precipitate on the paper back into the beaker. Break up clots, churn the 
mixture, again filter, and allow to drain. Rinse back into the beaker, this 
time with about 50 ml of hot water, heat to boiling, stir constantly, and 

add nitric acid, dropwise until the precipitate dissolves. From 20 to 25 ml 
of acid will be required by 0.1 g of CeOo, and an excess should be avoided. 
The solution should not exceed 75 ml in volume and should contain about 
one third of its volume in nitric acid. Add 0.25 g of potassium bromate 
and about the same amount of iodate as was used in the first precipitation. 
Let settle, filter through the original paper when cold, and rinse the beaker 
once. Rinse the precipitate back into the beaker, churn, filter, and wash 

with three small portions of the washing solution. Transfer the paper and 
precipitate to the beaker, and add 5 to 8 g of oxalic acid and 50 ml of 
water. Cover the beaker, heat gently, and then boil until iodine vapors are 
no longer given off and all sublimate is vaporized from the cover glass and 

edges of tlie beaker. Rinse the cover glass and inside of the beaker with 

water, and let stand for several hours. Filter, wash with cold water, and 

ignite to CcOo over the blast lamp, 

A fairly good separation of cerium can be obtained by Mosander’s 

method.^* 

For the separation of thorium and scandium, consult the chapters dealing 

with these elements. The following method shows promise for the sepa¬ 

ration of cerium from the rare earths: Oxidize a nitric acid solution of 

the rare earths as directed in footnote 17. Cool to about 50° C, and add 

1 g of ammonium persulfate, and then a suspension of zinc oxide (p. 83) 

until no further solution of zinc oxide takes place. Boil, filter, and wash 

with a 2 per cent solution of ammonium nitrate. Test the filtrate with 

G. Mosander, Fhil. Mag.f 23, 241 (1843); P. E. Browning and E. J. Roberts, 
Am. /. ScLy [4] 29, 45 (1910), who recommended substitution of bromine for chlorine; 
and S. J. Johnstone, /. Soc. Chem. Ind.y 33, 55 (1914). The method is as follows: 

Dissolve the rare earth oxides in hydrochloric acid by the aid of a little hydrogen 
peroxide, boil to remove the latter, and treat the solution with sodium hydroxide in 
slight excess. Boil for a few minutes, let settle, decant the supernatant liquid, and 
wash the precipitate by decantation. Dissolve the precipitate in as little dilute hydro¬ 
chloric acid as possible, dilute to about 200 ml, neutralize with potassium hydroxide, 
and add about 2 g in excess. Pass in chlorine until the solution no longer reacts 
alkaline. Boil for 5 minutes, dilute to 400 ml, and let stand for 12 hours. Filter, 
wash the ceric hydroxide with hot water, dissolve in hydrochloric acid, and repeat 
the whole operation 5 to 10 times. Entire freedom from the other earths can never 
be obtained. 
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hydrogen peroxide for complete precipitation of cerium. If a precipitate 
forms, filter, wash with the ammonium nitrate solution, and combine with 
the first precipitate. Reserve the filtrate for determinations of rare earths 
other than cerium. Transfer the precipitate to a 400-ml beaker, dissolve 
any residue on the paper in hot 2 N sulfuric acid, and wash the paper 
thoroughly with hot sulfuric acid (1 + 100). Dilute to 200 ml, and add 
enough dilute sulfuric acid (1 + 1) to dissolve the precipitate completely. 
Repeat the oxidation with persulfate and treatments as described, testing 
the filtrate with peroxide and finally adding it to the reserved filtrate. If 
cerium preponderates considerably, a third treatment may be needed. For 
the recovery of rare earths other than cerium, combine the reserved fil¬ 
trates, and treat with ammonium hydroxide until the zinc hydroxide, which 
is at first formed, redissolvcs. Filter, and w'ash with dilute ammonium 
hydroxide (1 + 20) containing 2 per cent of ammonium nitrate. Dissolve 
the precipitate in hot dilute hydrochloric acid (1 + 5), wash the paper 

with hot winter, and proceed with evaporation and precipitation with oxalic 

acid as described in footnote 13, page 554. To recover cerium, dissolve the 

final zinc oxide precipitate in hot dilute hydrochloric acid (1 + 5), and 

proceed with precipitations with ammonium hydroxide and oxalic acid as 

just described.^® 

Europium, and probably ytterbium, can be qualitatively separated from 

accompanying rare earth elements such as thulium and lutecium, by means 

of the amalgams which they form when solutions of their acetates in 

aqueous solutions of tertiary potassium citrate are shaken with potassium 

amalgam or electrolyzed with a mercury cathode. Special precautions must 

be taken in the presence of samarium, wdiich also tends to form an 

amalgam.^® 

During World War II ion-cxchange methods for the separation of rare 

earth elements were developed to aid in the determination of the rare earths 

which are formed as fission products during fission of the heavy elements. 

These methods have in many cases made possible much more rapid separa¬ 

tions than the conventional crystallization procedures. In general, a solu¬ 

tion of a mixture of rare earths is passed through a column of Amberlite- 

type resin. The rare earths are adsorbed on the resin and are then washed 

out or eluted by means of citric acid-ammonium citrate solutions at con¬ 

trolled pH. The citrate complexes of the individual rare earths are washed 

down the column at different rates so that, by taking judicious portions 

of the eluate, rather sharp separations can be made. Such separations 

i®For a study of the use of aromatic bases as precipitants of the rare earths, consult 
A. M. Jefferson, /. Am. Chem. Soc., 24, 540 (1902). 

N. McCoy, ibid., 63, 3432 (1941). See also J. K. Marsh, /. Chem. Soc., 8~10 
(1943), and T. Moeller and H. E. Kremers, Ind. Eng. Chem. Anal. Ed., 17, 798 (1945). 
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require means of detecting the point where all of one element is eluted. 
Radioactive isotopes and other means have been used for this purpose. 
Usually there is some overlapping in the eluate, that is, some of the second 
element appears before all of the first one is eluted. In this respect ion- 
exchange methods resemble separations by distillation, but, because of the 
ease with which a cycle can be repeated, these procedures offer a tremen¬ 
dous advantage over the older methods of separation by crystallization. 

The scope of this book is too limited to include detailed descriptions and 
specific applications of ion-exchange methods in applied analysis. These 
methods should provide a powerful tool for certain difficult separations.^*^ 

IV. METHODS OF DETERMINATION 

Methods for the quantitative separation and determination of all the rare 
earths are quite incomplete, as only a limited number of the elements of 
this group can be quantitatively separated by conventional methods in oxide 
mixtures of the group elements. Several methods have been suggested for 
the analysis of mixtures of the rare earths by means of spectrographic 

analysis. One that has received considerable attention is X-ray spectro¬ 

graphic analysis.^^ Certain of the rare earth elements show characteristic 

absorption lines and bands in the visible spectrum, which are generally used 

to detect one or another of the elements in a mixture."- Their use in 

determinations of the elements in mixtures of the rare earths has been 

suggested by various workers.^^ The use of emission spectra for approxi¬ 

mate estimations of the rare earths has been suggested by several workers.^* 

Cerium, when mixed with other elements such as thorium, lanthanum, 

neodymium, praseodymium, yttrium, erbium, samarium, gadolinium, tita¬ 

nium, or zirconium, can also be determined volumetrically after oxidation 

20 For references on this work, see a series of papers in /. Am, Chem, Soc,, 69, 2769- 
2881 (1947). 

21 For a survey of the literature and the determination of La, Nd, and Gd in the 
presence of other rare earth elements, consult Kenjiro Kimura, Bull. Chem, Soc. Japan, 
13, 10 (1938). 

22 Consult J. Bahr and R. Bunsen, Aftn, Chem,, 137, 30 (1866); W. Muthmann and 
L. Stiitzel, Ber., 32, 2653 (1899); G. and H. Kriiss, Kolorimetrische und Quantitative Spec- 
tralanalyze, Leopold Voss, Hamburg and Leipzig; and W. Prandtl and K. Scheiner, 
Z. anorg. u, allge?n. Chem., 220, 107 (1934). 

23 For example, Haas IBeitr, Kermtnis Pr. u, Nd, Dissert., 47, 51, 54, Berlin (1920)] 
described a dilution method, whereby the solution is diluted until a certain characteristic 
absorption band vanishes. With the double ammonium nitrates, he found the concen¬ 
trations at the vanishing point to be 0.0059 per cent with Nd203 and 0.0091 per cent 
with Pr203. See also L. F. Yntema, /. Am. Chem. Soc., 45, 907 (1923); E. Delauney, 
Compt. rend., 185, 354 (1927); and J. N. Friend and D. A. Hall, Analyst, 65, 152 (1940). 

2* See, for example, C. N. McCarthy, L. R. Scribner, M. Lawrenz, and B, S. Hopkins, 
Ind. Eng. Chem. Anal. Ed., 10, 184 (1938). 
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to the quadrivalent stage by bismuth tctroxidc,^® sodium bismuthate,-® or 
alkali persulfate.®^ A sensitive test for cerium is that based on the yellou' 
to red-yellow color which ccrous nitrate gives when a neutral solution is 
treated with 30 per cent hydrogen peroxide, followed by the addition of 
solid quinine hydrochloride.®® 

Europium, which readily forms a bivalent salt, can be determined in 
mixtures of the rare earths by passing a hydrochloric acid solution of the 
rare earth chlorides through a Jones reductor (p, 108), catching the solu¬ 
tion of curopous chloride under ferric sulfate, adding titration mixture (p. 
396), and oxidizing the ferrous equivalent of the eiiropous salt by a standard 
solution of permanganate.®'* No other rare cai*th element behaves in a 
similar fashion.^^’ 

A. Waegner and A. Muller, Ber., 36, 282 (1903). In this method, the cerium is 
oxidized by shaking with a goodly excess of bismuth tetroxide in a cold dilute nitric 
acid (l + l) solution, allowed to stand 30 minutes, and then diluted to a definite 
volume. After settling 1 to 2 hours, the solution is decanted through a dry filter, 
and an aliquot portion is treated with an equal volume of water and then with a 
standard solution of hydrogen peroxide in slight excess, which is finally determined 
by titration with permanganate. 

J. Metzger, /. A7ji, Cbem. Soc.j 31, 523 (1909); K. Someya, Z. anorg. u. allgem. 
Chem.y 168, 56 (1927); N. H. Furman, /. A7n. Cbem. Soc., 50, 755 (1928). In this 
method, the elements are obtained as sulfates in a solution containing 20 per cent by 
volume of sulfuric acid and 2 per cent of ammonium sulfate, boiled with an excess 
of sodium bismuthate, and cooled. The solution is then diluted with 50 ml of dilute 
sulfuric acid (2 -f- 98) and filtered through asbestos and the residue washed with the 
dilute acid. The filtrate is treated with an excess of standard ferrous sulfate and 
titrated with permanganate. 

G. von Knorre, Z. emgev). Chem.y 10, 717 (1897); Bcr., 33, 1924 (1900). Oxidation 
with persulfate is best done with the aid of silver nitrate [H. H. Willard and P. Young, 
/. Avi. Cbem. Soc., 50, 1379 (1928)1 as follows: Prepare a solution containing 0.1 to 
0.3 g of Ce and 2.5 to 10 ml of sulfuric acid or 5 ml of nitric acid per 200 ml, and 
treat with 1 to 5 g (according to the acidity) of (NT 14)28208 and 2 to 5 ml of a 
solution of silver nitrate containing 2.5 g per liter. Boil for 10 minutes, cool to room 
temperature, and titrate, preferably potcntiometrically with a standard solution of 
ferrous sulfate. 

^8 J. Lucas and A. Jilek, Z. anal. Cbem., 76, 350 (1929). 
29 H. N. McCoy, /. Am. Cbem. Soc., 58, 1577 (1936); 61, 2455 (1939). 
29 Trivalent europium is easily reduced to the bivalent state by magnesium, aluminum, 

and sodium amalgam as well as by zinc; trivalent ytterbium is not reduced appreciably 
by zinc but is reduced by sodium amalgam; and trivalent samarium resists reduction 
by wet methods [ibid., 58, 1577 (1936); 61, 2455 (1939); and 63, 3432 (1941)]. It has 
been asserted that samarium can be reduced to the bivalent state by calcium amalgam 
in a nonaqueous solvent [A. Brukl, Z. angew. Chem.y 52, 151 (1939)], and that ytterbium 
can be determined by quantitative reduction at a mercury cathode in an acid electrolyte, 
followed by treatment with ferric ammonium sulfate [thid.y 50, 25 (1937)]. 

Crystalline europous sulfate is not appreciably changed by months of exposure to 
the air; ytterbous sulfate is oxidized in air and also in water in a few hours; whereas 
samarous sulfate is completely oxidized by water, with liberation of hydrogen in a 
few minutes [McCoy, loc. cit.]. 
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Methods for spectrophotonietric determinations of praseodymium, neo¬ 

dymium, and samarium of the cerium group, and of dysprosium, holmium, 

erbium, thulium, and ytterbium of the yttrium group, based on measure¬ 

ments of transmittancies of solutions of their nitrates, have been developed 

by C. J. Rodden.^^ In these methods, the rare earth elements are first sepa¬ 

rated from other elements, and the cerium and yttrium groups then sepa¬ 

rated by means of sodium sulfate. The cerium group elements are deter¬ 

mined in the insoluble portion, and the yttrium group elements in the 

soluble portion after conversion of the mixed oxides to nitrates. Transmit¬ 

tancies are measured at 446 m^ for praseodymium, 521 and 798 for neo¬ 

dymium, 402 for samarium, 910 for dysprosium, 643 for holmium, 521 and 

653 for erbium, 684 for thulium, and 950 and 973 for ytterbium. Of the 

elements that show negligible abs(>rption bands, cerium and europium can 

be determined by other methods, whereas lanthanum, gadolinium, terbium 

and yttrium arc determined by difference. 

The separative extraction, into chloroform, of neodymium and erbium 

as 5,7-dichloro-8-(]uinolinol chelates and their subsequent spectrophoto- 

metric estimation in the chloroform solutions are described by T. Moeller 

and D. E. Jackson.'^- 

More or less complete separations of all the elements of the group have 

of course been made, but only by working with large amounts of material 

and usually through hundreds and even thousands of fractionations. Never¬ 

theless the analyst can take one other step and separate the mixed elements 

approximately into two major groups by saturating their solutions with 

potassium or sodium sulfate, whereby the elements of the so-called cerite 

subgroup and scandium and thorium (also zirconium, if present) are 

precipitated as double sulfates. Thorium is more completely precipitated 

by potassium sulfate than by sodium sulfate, and scandium is not precipi¬ 

tated by the sodium salt; hence, if thorium is present, the potassium salt is 

commonly chosen as the precipitant in order to obtain all the thorium in 

the insoluble precipitate. If both thorium and scandium have been precipi¬ 

tated by potassium sulfate, they can then be separated from each other by 

31 /. Research NBS, 26, 557 (1941); 28, 265 (1942). 
^^AmL Chetn,, 22, 1393 (1950). For the spectrophotometric determination of praseo¬ 

dymium, neodymium, and samarium, see also A. W. Wylie, /. Soc, Chem, Ind.y 69, 143 
(1950). 

33 The rare earths are usually divided into three subgroups, namely: (1) the cerium 
group composed of lanthanum, cerium, praseodymium, neodymium, promethium and 
samarium; (2) the terbium group composed of europium, gadolinium, and terbium; 
and (3) the yttrium group composed of yttrium, dysprosium, holmium, erbium, thulium, 
ytterbium, and lutecium. Dysprosium, holmium, erbium, and thulium are sometimes 
called the erbium group. 
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sodium sulfate, in which scandium is soluble. The precipitation is carried 
out as follows: 

If the rare earths are present as nitrates or chlorides, dissolve the salts 
in as little water as possible, add 200 to 300 ml of a saturated solution of 
potassium sulfate, and then 5 g of the powdered salt. Stir thoroughly, set 
aside for 12 hours, filter, and wash the double sulfates with a saturated 
solution of potassium sulfate. Digest the sulfates in a hot 5 per cent solution 
of sodium hydroxide, filter, and wash the hydroxides with hot water. Dis¬ 
solve in dilute hydrochloric acid, evaporate the solution to dryness, and 
repeat the operation. If the rare earths are present as sulfates, heat at 

about 450"^ C until fumes of sulfuric acid arc no longer given off, break up 

the mass, and dissolve in as little ice-cold water as possible. Dilute with an 

equal volume of water, stir in powdered sodium sulfate until the solution 

is saturated, and set aside for 12 hours. Filter, and wash the double sulfates 

with a saturated solution of sodium sulfate. Digest the sulfates with sodium 

hydroxide, dissolve the hydroxides in hydrochloric acid, evaporate to dry¬ 

ness, and reprccipitate with either potassium or sodium sulfate. The sul¬ 

fates must then again be converted to chlorides if the rare earths are to be 

})recipitated as oxalates and weighed as oxides, for oxalates precipitated in 

the presence of high concentrations of sodium salts are always contaminated 

by sodium. 

Although it is possible in this way to obtain a number of the elements at 

each end of the scries free from those at the other end—that is to say the 

so-called cerite subgroup free from the yttrium subgroup proper—the 

solubilities of the potassium double sulfates of the whole rare earth series 

increase so uniformly from the most insoluble lanthanum that a sharp divi¬ 

sion is impossible. The intermediate members will be found in both mix¬ 

tures of the double sulfates. By varying the conditions of fractionation 

other subgroups can be obtained, but the results are by no means quanti¬ 

tative. Variations in temperature during fractionation produce different 

results; therefore room temperatures are employed when the analyst en¬ 

deavors to obtain the two major subgroups. Fractionation of the ethyl 

sulfates is said to effect a better separation of the two major subgroups,'^* 

but the method has not been much used in analvsis. 

The object in quantitative analysis of these partial separations into two 

or more subgroups is to obtain light upon the general nature of the com¬ 

ponents of each group and upon the relative abundance of the two in a 

84 G. Urbain, Ann, chim, phys. [7], 19, 184 (1900). J. Kleinberg, W. A. Taebel, and 
L. F. Audrieth \lnd, Eng, Ghent, Anal, Ed,, H, .368 (1939)] state that sulfamic acid 
can be used to separate cerium-free rare earth oxide mixtures into insoluble lanthanum 
(La, Pr, Nd, and Sm) and soluble yttrium (Y, Tb, Dy, Ho, Er, Tm, Yb, and Lu) sub¬ 

groups. 
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mineral. In cerite and monazite, for instance, the cerite group predomi¬ 

nates; in gadolinite, the yttrium group.**^® The color of the oxalates and 

of the ignited oxides may be indicative, as is also a determination of the 

approximate average atomic weight made upon the mixed oxides. This 

last is a simple operation compared with a true atomic weight determination 

and involves, by one of the methods, only a comparison of the weiglit of 

mixed oxides with that of their anhydrous sulfates.^® 

In determinations of the average atomic weight of the rare earths in a 

mixture by the oxalate to oxide, oxalate to permanganate method, the per¬ 

manganate solution should be standardized against a pure sample of the 

oxalate of that rare earth which is the principal component of the mixture.'^^ 

Although atomic w'eight determinations are of most use in controlling 

large-scale separations, they may yield, in a general analysis, information 

of value regarding the probable relative proportions of certain elements or 

of subgroups, particularly among the members of the yttrium series which 

offer few distinctive physical differences or chemical reactions. 

As to the color of the mixed oxides,that of the cerite subgroup is char¬ 

acteristically different from that of the yttrium earths. Very small amounts 

An illustration of the usefulness of such tests and at the same time of their probable 
reproducibility is afforded in a footnote on page 150 of an article by the senior author 
I Am, J. ScL, [4] 13 (1902)], which is here reproduced. The three minerals gadolinite, 
yrtrialite, and rowlanditc occur in Llano County (Texas) in most intimate association, 
suggestive of close community of origin, a suggestion which is emphasized by the 
marvelous agreement for gadolinite and yttrialite, not only in the relative proportions 
of the trivalcnt earth metals but in their absolute amounts as well. 

Ce203 LaoOs, Etc. Y2O3, Etc. 

Gadolinite (Genth) 2.65 5.22 44.35 

Gadolinite (Genth) 2.66 5.01 44.45 

Gadolinite (Eakin) 2.62 5.22 41.55 

Yttrialite (Hillebrand) 3.07 5.18 43.45 

Rowlandite (Hillebrand) 5.06 9.34 47.70 

This concordant testimony of three analysts may be regarded as strong evidence 
of the correctness of the earth separations made by them in these cases. Nearly the 
same relation (as for gadolinite and yttrialite) is shown by the trivalent earth metals 
of rowlanditc as seen in the table. 

‘‘‘o Consult R. J. Meyer and O. Hauser, Die Analyse der Seltenen Erden und Erdsduren, 
pp. 216-19 (1912). 

G. L. Barthaucr, R. G. Russel, and D. W. Pearce, Ind. Eng. Chem. Anal. Ed., 15, 
548 (1943). 

38 The trivalent oxides of lanthanum, cerium, gadolinium, terbium, yttrium, dys¬ 
prosium, ytterbium, and lutecium are white. Of the others, thulium is white with a 
greenish tinge, samarium is yellowish white, holmium pale yellow, praseodymium green¬ 
ish yellow, europium pale pink, erbium rose, and neodymium lilac. Tb407 (obtained 
by igniting the oxalate) is dark brown, PreOn (obtained by heating in air) is brownish 
biack, and Ce02 (obtained by ignition in air) is yellow when hot and white when cold. 
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of praseodymium oxide in solid solution with CeOa suffice to color a cerite- 

earth mixture cinnamon brown. The lighter the color of a mixture of the 

earths of both subgroups, the greater is the proportion of yttrium earths. 

Mixtures of the yttrium earths free from ccritc earths and poor in the 

erbium subgroup arc colorle.ss to pale yellow, but, with increasing concen¬ 

tration of the erbia earths, tlic color becomes deeper yellow, even reddish.®® 

Consult Meyer and Hauser, Die Analyse der Seltenen Erden und Erdsawen, pp. 11 
and 191 (1912). 



Chapter 37 

ZIRCONIUM (HAFNIUM) 

Zirconium is shown by the microscope to be one of the most constant 
rock constituents, usually in the form of zircon, in which occurrence its 
amount can be approximately judged under the microscope and a chemical 
test rendered almost unnecessary, but it occurs also in other mineral com¬ 
ponents of some rocks and is then unrccognizal)lc under the microscope. 
It may be present up to a few^ per cent, rarely reaches 0.2 per cent, and is 
usually much less than 0.1 per cent. The use of zirconium for refractories, 
enamels, metallurgical products, and other purposes makes methods for 
its determination in ores of special interest. The ore minerals are zircon 
(ZrSi04) and baddeleyite (Zr02), but the element is a more or less im¬ 
portant constituent of many minerals. D. Coster and G. Hevesy ^ found 
hafnium in all of the zirconium minerals that they tested; in some, the 
amount was estimated to be as high as 1 per cent. It is estimated that 
its percentage in the earth’s crust is 4 X 10 ■ 

No entirely satisfactory methods of quantitatively separating hafnium 
from zirconium are known, but ion-exchange methods have been proposed 
for this separation. Proper choice of cation-exchange resins and eluant 
should prove advantageous in analytical w^ork, but such separations have not 
been worked out in sufficient detail to be included here. Oxalate and fluo¬ 
ride complexes of zirconium and hafnium were chromatographically sepa¬ 
rated on an anion exchanger of the strong base type by K. A. Kraus and 
G. E. Moore.^ For other separations, see Purification of Zirconium by Ion 
Exchange Columns by John A. Ayres,® and Ion Exchange Separation of Zir¬ 
conium and Hafnium by G. T. Seaborg.** Differences in the vapor pressures 
of zirconium tetrachloride and hafnium tetrachloride as well as of the phos- 
phoryl chlorides have been suggested as means of separation. 

In the discussion that follows the statements that are made concerning 
zirconium apply to hafnium as well. 

‘^NaturCy 111, 182 (1923); Naturwissenschaften, 11, 133 (1923); Chemistry Industry, 
42, 258 (1923). 

2 /. Am. Chem. Soc., 71, 3263 (1949). 
^lbid.y 69, 2879 (1947). 
^Ibid., 70, 4268 (1948). 

564 
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I. GENERAL CONSIDERATIONS 

In silicate analyses, zirconium, like titanium, will come down with silicon 
in part, owing to hydrolysis of its salts, and in larger part when the phos¬ 
phate radicle is present, because of the insolubility of zirconium phosphate. 
Upon volatilizing the silica, its zirconium content can be recovered and 
combined with that which is still in solution. If no provision is made for 
zirconium, it will fall with the ammonia precipitate and be reported as alu¬ 
minum. If the precipitate consists only of zirconium hydroxide, it can be 
ignited and weighed as ZrO^ after correction for a possible slight content 
of SiO^ (p. 573); if it is composite, the zirconium in it can be separated, or, 
perhaps preferably determined in a separate portion of the sample in which 
barium and the rare earth metals can also be determined (p. 888).® 

II. DECOMPOSITION OF ZIRCONIUM MINERALS 

The small amounts of zirconium usually found in rocks arc easily gotten 
into solution by the procedure employed for silicate rocks. It is not so 
easy to break up ores of zirconium like zircon or baddeleyite; nevertheless 
that procedure must be used for the complete analysis of phosphatic or 
fluoriferous minerals. Fusion with sodium carbonate in these cases is usually 
tedious and often incomplete, even though the material has been ground to 
a very fine powder, and usually must be repeated on the residue left after 
leaching the melt with water. Potassium pvrosulfate gives good fusions of 
baddeleyite but works slowly w^ith zircon.^ 

The corresponding sodium salt was recommended by J. Lawrence Smith ^ 
as being far preferable for the decomposition of emery and might prove 
more satisfactory for fusions of zirconium ore. Sodium peroxide has been 
recommended by M. Travers ^ and also by Holladay ^ who protects the 

® A nearly specific spot test for minute amounts of zirconium, in which it is said 
that only tantalum gives an analogous test, is its reaction with paradimethylaminoazo- 
phenylarsenic acid in hydrochloric acid solution (slightly modified in the presence of 
certain compounds) to yield a brown-colored compound [F. Feigl, P. Krumholz, and 
E. Rajmann, Microchem., 9, 395 (1931); Analyst, 56, 615 (1931)]. 

®With some materials it is desirable to fuse with sodium carbonate, thoroughly 
extract the melt with water, filter, and wash the residue, and then to fuse the residue 
with pyrosulfate and dissolve the melt in dilute sulfuric acid. The first fusion and 
extraction leaves an insoluble zirconium compound which is decomposed and easily 
dissolved after the second fusion. This compound is often called sodium zirconate. 
It is apparently zirconium oxide, for in tests by H. B. Knowles 0.1143 g of Zr02 gave 
0.1148 g of residue after thorough fusion with sodium carbonate, extraction with water, 
and ignition of the well-washed residue. 

fCompt. rend., 31, 48-50, 191-93 (1850); SUL Am. /. Set., 10, 354-69 (1850). 
^Chimie & industrie, 2, 385-392 (1919). 
*J. A. Holladay, Electro Metallurgical Co. (private communication). 
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platinum crucible by first fusing a layer of carbonate on the bottom and 
sides and then coating with a layer of fused peroxide before introducing 
the ore mixed with peroxide. M. Axt states that zircon sand can be dis¬ 
integrated by fusion with sodium hydroxide at 600 C. 

Potassium-hydrogen fluoride or a mixture of 1 part of it with 10 parts 
of pyrosulfate followed by treatment with 1 to 2 ml of sulfuric acid and 
careful heating to 900 to lOOC^C have been mentioned favorably. Both 
require subsequent removal of all fluorine; no zirconium is lost as fluoride 

if the fusion is made at as low a temperature as will keep the contents 
molten/^ which is at first thought surprising in view of its volatility when 
evaporated with hydrofluoric acid alone. The diflFerence is perhaps due 
to formation of a less volatile double fluoride when the alkali-fluoride flux 
is used. Of course neither of these fluxes is permissible for silica or alkali 
determinations. For the last, fusion with ammonium fluoride at the lowest 
possible temperature will serve if it decomposes the mineral completely. 
Borax was used with success for zircon and baddeleyite at the National 

Bureau of Standards.^^ It will of course not serve for an alkali determina¬ 

tion, but boric oxide (Fluxes, p. 848) will, if it decomposes the mineral at 

a temperature low enough to avoid loss of alkali by volatilization. 

The procedure with borax is as follows: 

Fuse 4 g of borax in a platinum crucible, cool, and place on top of the 

fused mass a 0.3-g sample of ore which has been ground to pass a sieve of 

approximately 100 meshes to the linear inch or 40 to the centimeter. Cover 

the crucible, and fuse thoroughly over a Mckcr burner, stirring the melt 

occasionally with a short, stiff platinum rod or wire kept in the crucible. 

When the decomposition of the ore is complete and the melt is clear, which 

does not usually require more than half an hour, remove the cover and rod, 

and put them in the beaker that is to be used for the solution of the melt. 

As the melt cools, run it up on the sides of the crucible. Dissolve the cooled 

melt in 150 ml of dilute hydrochloric acid (1 + 5) by filling the crucible 

with acid and inverting it in such a manner that one edge of the crucible 

rests on the crucible cover, thus allowing free circulation of the solvent. 

Allow to digest on the steam bath until solution is complete. This opera¬ 

tion proceeds slowly and is best done by letting the solution stand overnight. 

Boric acid in no way interferes with the subsequent determination of zir¬ 

conium by the phosphate or cupferron methods. If, however, precipitation 

is to be made with ammonium hydroxide, boric acid must be removed by 

the customary evaporation with methyl alcohol and hydrochloric acid 

10/wg. chim., 23, 142 (1939). 
11 For example, H. B. Knowles obtained 0.2309 and 0.2313 g of Zr02 after thorough 

fusion with KHFo, as against 0.2312 and 0.2311 g originally present. 
1® G. E. F. Lundell and H. B. Knowles, /. Am, Chem. Soc,y 42, 1439 (1920). 
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(p. 672), for it is partially precipitated in spite of as many as three pre¬ 
cipitations. 

Because of the insolubility of zirconium phosphate, it should always be 
borne in mind that zirconium and phosphorus are apt to cause trouble in 
analyses where they occur together. In general, compounds containing 
zirconium and phosphorus had better be fused with sodium carbonate, ex¬ 
tracted with water, and the water extract and insoluble matter handled 
separately. It should also be remembered that zirconium hydrolyzes quite 
readily and may separate from solution if too little acid is present. 

III. METHODS OF SEPARATION 

The most effective method for the separation of zirconium from other 
elements lies in its precipitation as the secondary phosphate in a solution 
containing about 10 per cent by volume of sulfuric or hydrochloric acid 
and also hydrogen peroxide if titanium, columhium, or tantalum is present. 
It is probable that very few elements, save hafnium, protactinium, colum- 
bium, and tantalum, interfere if they can be gotten into sulfuric acid solu¬ 
tion. The two latter do not precipitate except on long standing when alone 
in sulfuric acid-hydrogen peroxide-phosphoric acid solution at room tem¬ 
peratures but are partially precipitated in the presence of zirconium. The 
method of precipitation and subsequent treatment for zirconium is given 
in IV, A, below. Other elements such as iron, titanium, thorium,^® and the 
rare earths can then be separated from the excess of phosphoric acid by 
precipitation with sodium hydroxide and determined by usual procedures. 

Precipitation with phenylarsonic acid, Cr,H5AsO(OH)2, in boiling di¬ 
lute sulfuric acid (1 + 9) solution serves for the separation of zirconium 
(and hafnium) from most other elements. As in the phosphate method, 
hydrogen peroxide is added if titanium or columbium is present, and double 
precipitations arc needed if thorium or phosphorus is present.^^ Tantalum 

interferes in any case. 
Precipitation with 7z-propylarsonic acid in hot dilute hydrochloric acid 

(3 + 100), followed by digestion for 30 to 60 minutes, filtration, and wash¬ 

ing with hot water serves for the separation of zirconium from titanium. 

For complete separation from thorium, the zirconium must be reprecipitated from 
dilute H2SO4 (1 + 10). To do this, the paper containing the first precipitate can 
be destroyed and the precipitate dissolved by treatment with HNO3 and H2SO4 (p. 
388), the solution evaporated to fumes, and the zirconium again precipitated by adding 
the necessary (NH4)2HP04, diluting with water, and digesting at 40 to 50* C. By 
such treatment, H. B. Knowles obtained 0.1021 and 0.1022 g of ZrEjOi as against the 
true value 0.1024 in solutions to which 0.0232 g of Th02 as Th (804)2 had been added. 
Single precipitations in the presence of the same amounts of zirconium and thorium 
gave 0.1057 and 0.1058. 

1* A. C. Rice, H. C. Fogg, and C. James, /. Am, Chem, Soc,, 48, 895 (1926). 
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aluminum, chromium, cobalt, nickel, copper, uranium, vanadium, thorium, 
molybdenum, and such small amounts of silicon and tungsten as may sur¬ 
vive a preliminary dehydration in acid solution.^® If large amounts of iron 
are present, as in steel, the paper and precipitate must be disintegrated by 
warming gently with 10 ml of concentrated hydrochloric acid, the solution 
diluted with 100 ml of water and the zirconium reprecipitated as before. 
The precipitate can be ignited, in porcelain, to the oxide Zr02. Tin is par¬ 
tially precipitated, but can be removed by treatment of the ignited oxide 
with ammonium iodide as described on page 294. If sufficient phosphorus 
is present to cause precipitation of zirconium phosphate in the original solu¬ 
tion, the solution must be filtered, and the zirconium separated from the 
phosphate ion by fusing with sodium carbonate, extracting the melt with 
water, filtering, igniting the residue, fusing with pyrosulfate, and dissolving 
the melt in water containing a few drops of sulfuric acid. 

According to Schoeller,^® the most satisfactory separation of zirconium 
from titanium, columbium, and tantalum is obtained by fusing the mixed 
oxides with potassium bisulfatc, dissolving the melt in a saturated solution 
of ammonium oxalate, rendering feebly acid, half saturating with am¬ 
monium chloride, heating to l)oiling, precipitating with tannin, filtering, 
washing with a solution containing 5 per cent of ammonium chloride 
and 1 per cent of ammonium oxalate, drying, and igniting in a silica 
crucible. In these operations, tantalum, columbium, and titanium are pre¬ 
cipitated, while beryllium, aluminum, iron, thorium, and uranium accom¬ 
pany zirconium in the filtrate. If but little zirconium is present, it is de¬ 
sirable to first remove most of the earth acids by fusing with potassium 
carbonate, dissolving the melt in water containing a little potassium hy¬ 
droxide, filtering, washing with a 2 per cent solution of potassium carbonate, 
digesting the paper and precipitate with dilute hydrochloric acid, precipi¬ 
tating with ammonium hydroxide, and refiltering. Success in the separa¬ 
tion depends on careful attention to details for which the reference must 
be consulted. Protactinium does not dissolve in water after fusion with 
potassium carbonate when by itself.^^ Its behavior when associated with 
the other elements is not known. 

Zirconium can be quantitatively separated from aluminum, iron, chro¬ 
mium, neodymium, yttrium, uranium, beryllium, manganese, and nickel by 
precipitating with tannin in a hydrochloric acid solution of the chlorides. 
The most of the zirconium is precipitated in 0.25 N (0.5 N if thorium 

or vanadium is present) hydrochloric acid solution containing ammonium 

chloride. The small unprecipitated portion remaining in solution is re- 

H. H. Geist and G. C. CJhandlee, Ind. Eng, Chem, And, Ed,, 9, 169 (1937). 
R. Schoeller and A. R. Powell, Analyn, 55, 605 (1930); 57, 550 (1932); and 

W. R. Schoeller and H. W. Webb, ibid,, 58, 143 (1933). 
A. V. Grosse, /. Am, Chem, Soc,, 52, 1742 (1930). 
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covered by reducing the acidity of the filtrate to 0.1 N and again filtering. 
Titanium and tin are precipitated with the zirconium.^® 

The separation of zirconium from phosphorus is done by fusion of the 
original material with sodium carbonate or sodium peroxide and extraction 
with water as described in IV, A (p. 571), or by like treatment of the ignited 
precipitate obtained with ammonium hydroxide. 

In the main, zirconium behaves like titanium (p. 578), aluminum (p, 496), 
and the like when treated with reagents such as hydrogen sulfide, ammo¬ 
nium hydroxide, ammonium sulfide-tartrate, or phenylhydrazine, or when 
separations based on extraction with ether (p. 134) or electrolysis with a 
mercury cathode (p. 138) are applied. 

Interesting separations are those based (1) on the use of cupferron as 
in IV, B (p. 572), whereby zirconium can be quickly and quantitatively 
separated in strong acid solution from elements such as aluminum, chro¬ 

mium, or sexivalent uranium, and (2) on the use of hydrofluoric or oxalic 
acid (p. 551), whereby the rare earths are separated from zirconium. 

The fractional precipitation of hafnium and zirconium by means of 

triethylphosphate is described by H. H. Willard and H. Freund,^® but in 
our hands it has been difficult to obtain an entirely clean-cut separation. 

IV. METHODS OF DETERMINATION 

A. PRECIPITATION AS PHOSPHATE 

The precipitation of zirconium as the secondary phosphate is quantitative 

in solutions containing as much as 10 per cent by volume of sulfuric acid, 

provided an excess of phosphate precipitant is used and the solution is al¬ 

lowed to stand at 40 to 50° C for a few hours. This reaction affords a 

nearly ideal method of analysis, but unfortunately the precipitate tends to 

hydrolyze and lose P2O5 during washing. If the washing is prolonged, the 

ignited precipitate contains less P2O6 than is required by the pyrophosphate, 

ZrPaOi. With small amounts of zirconium, such as 2 or 3 mg, the error 

is of no consequence, but, with larger amounts, it may reach 1 to 2 per 

cent of the total Zr02 content.®® In such cases the ignited residue has to 

18 W. R. Schoeller, Analyst, 69, 259 (1944). 
^^Ind. Eng. Chem. Anal. Ed., 18, 195 (1946). 
20 The following results are typical: 

Zr02 as Calculated from 
ZrP207 Obtained, g 

0.00065 
0.00106 
0.00185 
0.0212 

0.0426 

Zr02 Taken for Analysis, g 

0.00064 
0.00107 
0.00193 
0.0216 
0.0431 
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be decomposed by fusion with sodium carbonate, phosphorus removed by 
extraction with water, and zirconium precipitated twice by ammonium 
hydroxide after fusion of the insoluble residue wdth potassium pyrosulfate 
and solution of the melt in dilute sulfuric acid (5 + 95). Pape recom¬ 
mends that the w^ashed phosphate be boiled twice with a 5 per cent solution 
of sodium hydroxide to separate zirconium from phosphorus. This pro¬ 
cedure is attractive, but we do not recommend it for accurate analyses be¬ 
cause it does not work w'ell with a zirconium phosphate that has been 
allowed to stand for sometime; in addition, there is a slight solubility of zir¬ 
conium in the alkaline liquid, and the final solution of the zirconium residue 
is sometimes difficult.-^ 

If titanium is present, an excess of hydrogen peroxide must be added be¬ 
fore the addition of the phosphate precipitant and be maintained during the 
precipitation.^^ The complete separation from thorium requires two pre¬ 
cipitations. Columbium and tantalum are precipitated in part and had 
therefore better be separated first (p. 568). A better separation of zirconium 
from cerium results if the latter is kept in the trivalent condition. Hafnium 
is precipitated completely, as is also protactinium.^^’ 

PROCEDURE.^® Prepare a sulfuric acid solution of zirconium sulfate, and 
dilute in accordance with its amount, for example 25 ml for 0.5 mg and 
200 ml for 0.1 g. Add a drop or two of hydrogen peroxide. If titanium 
is indicated, add an excess of pure hydrogen peroxide and make sure that 
an excess is maintained throughout the precipitation. Adjust the acidity 
so that the solution contains a little more than 10 per cent by volume of 
sulfuric acid, and then add a freshly prepared 10 per cent solution of 
(NH4)2HP04 in 10- to 100-fold excess of that required by the rati<^Zr:2P, 
the larger excess being desirable when but little zirconium is present. Ad¬ 

just the acidity to 10 per cent by volume of sulfuric acid, and digest at 40 

to 50° C."® If appreciable zirconium is indicated at the end of 2 hours, 

21H. Pape, Inaugural Dissertation, p. 37, Friedrich-Wilhelms-Universitat, Berlin 
(1917). 

22 We have never been able to verify Pape’s statement that it is impossible to free 
zirconium from sodium salts by precipitation with ammonium hydroxide, after it has 
once been precipitated by sodium hydroxide. 

23 If hydrogen peroxide is not used, the precipitation of titanium may be nearly com¬ 
plete. For example only 0.0066 g of Ti02 was found in the filtrate after 0.1248 g of 
Ti02, as Ti (804)2, in 200 ml of dilute H0SO4 (5-f95), had been treated with 100 

times enough H3PO4 to form the phosphate, allowed to stand at 30 to 40® C overnight, 
and filtered. 

24 A. V. Grosse, Ind, Eng. Chem., 27, 422 (1935); Ber., 61, 233 (1928). 
23 G. E. F. Lundell and H. B. Knowles, op. cit., 41, 1801 (1919). 
2« According to G. Hevesy and K. Kimura [/. Am. Chem. Soc., 47, 2540 (1925)1, the 

solubility of zirconium phosphate in 6 N HCl at 20® C amounts to 0.00012 molecular 
equivalent, and that of hafnium phosphate to 0.00009. In 10 N HG the values are 
0.00023 and 0.00012. The above values are for the phosphates alone and are no doubt 
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add macerated paper, let settle, and filter. If very little is shown, let cool, 

and stand overnight. For very minute amounts, the solution should be 

covered and allowed to stand for 2 or 3 days. Filter through paper if the 

precipitate is subsequently to be examined; otherwise a Gooch crucible can 

be used, provided it has been given before weighing the same treatment 

that is called for in the method. Wash the precipitate with a cold 5 per 

cent solution of ammonium nitrate until the excess of phosphate is re¬ 

moved. Approximately 300 ml of ammonium nitrate solution is required 

for moderate-sized precipitates, and the necessary amount is a matter of 

judgment, for, owing to hydrolysis of the precipitate, the washings are 

never free from phosphorus. To avoid decrepitation during ignition of 

the precipitate, dry the wet paper and precipitate in the crucible, gently 
heat until the paper is charred, partly cover, and ignite very carefully until 

carbon is gone. Finally heat over the blast lamp or its equivalent, and 

wxigh as ZrPoOT.^' 

When much zirconium is present or the highest accuracy is desired, pro¬ 

ceed as follows instead of weighing the precipitate: Thoroughly fuse the 

ignited residue with Sf)diuin carbonate, extract the melt w^ith water, filter, 

w ash with a 1 per cent solution of sodium carbonate and then wdth water, 

and ignite the residue. Fuse with pyrosulfatc, dissolve the melt in dilute 

sulfuric acid, boil, and precipitate with ammonium hydroxide. Filter, wash 

the precipitate with a hot 2 per cent solution of ammonium nitrate, ignite, 

and w eigh as Zr02. It is difficult to remove all phosphate by one carbonate 

fusion and extraction and to eliminate all alkali salt by one precipitation 

with ammonium hydroxide; hence each of the above operations is better 

repeated.^^ 

less in the presence of phosphoric acid. The authors believe that the phosphates have 
the composition ZrO(H2PO.i)2 and Hf0(H2P04)2 and that the ignited phosphates 
have the formula Zr0(P03)2 and Hf0(P03)2* 

27 In tests of the method, A. Claassen and J. Visscr [Rec. trav. chim,, 61, 103 (1942); 
Chevi. Xentr.^ 1942, I, 2304] found (1) that tartaric acid is without effect; (2) that 
perfect separations are obtained from Al, Cu, Cd, Bi, Ni, Co, Mn, Mg, alkalies, alkaline 
earths, W, V, Mo and U; (3) that large amounts of Fc are a disturbing factor and Sn 
always causes trouble; and (4) that, when Ti is present in solutions containing H2O2, 
satisfactory values are obtained only when the amount of zirconium is small. 

28 W. C. Schurnb and E. J. Nolan [Ind, Eng. Chem. Anal. Ed., 9, 371 (1937)1 point 
out that zirconium (also hafnium) can be precipitated by ammonium arsenate in boiling 
2.5 N hydrochloric or 3.75 N nitric acid solution, but not in the presence of sulfuric 
acid, or of hydrogen peroxide in nitric acid solution. The precipitate can be ignited 
to the oxide, provided sufficient carbon (preferably added as sugar charcoal) is present 
at the start. Elements that interfere in hydrochloric acid solutions containing hydrogen 
peroxide, and that require special treatments, are quadrivalent cerium, thorium, tungsten, 
tantalum, and columbium. See also L. Moser and R. Lessing, Monatsh,, 45, 323 (1924); 
V. Coppicters, Ing. chint., 22, 179, 233 (1938), and M. Axt, ibid*y 23, 142 (1939). 
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B. CUPFERRON METHOD 

The precipitation of zirconium by ciipferron (the ammonium salt of 
nitrosophenylhydroxylarnine, C(;H5*N-NO-ONH4),29 followed by igni¬ 

tion to the oxide, is an accurate process and possesses the advantage of 
yielding a weighable compound of definite composition and a complete 
separation of zirconium from aluminum, chromium, sexivalent uranium, 
boric acid, and, when present in small amount, phosphorus. On the other 
hand, many elements interfere, as for example titanium, thorium, cerium 
(and probably other rare earths), most of the hydrogen sulfide group, iron, 
vanadium, columbium, tantalum, tungsten, silica, and quadrivalent uranium. 

Precipitation by cupferron is carried out in a sulfuric acid solution after 
separations of silicon, tungsten, and the hydrogen sulfide group. Other 
preliminary separations are a matter of convenience. For example, if iron 
is not separated by ammonium sulfide in ammoniacal tartrate solution, it 
is precipitated with the zirconium and must afterwards be determined and 
deducted.^® Similarly, correction must be made for vanadium if it is not 
separated by treatment with fixed alkali and filtration as in a sodium hy¬ 
droxide precipitation or water extractions of sodium peroxide or carbonate 

fusions. The rare earths can be separated by hydrofluoric or oxalic acid 

treatment, but usually these, like titanium, are precipitated together with 

zirconium and afterwards determined and deducted. The cupferron pre¬ 

cipitate, Zr(C(jH5*N*N0*0)4, cannot be dried and weighed as such but 

must be ignited to the oxide. This ignition must be done very carefully 

in the early stages, owing to excessive liquefaction when wet precipitates 

are heated, and to the copious liberation of gaseous products when the dried 

precipitates are ignited. The oxide is not hygroscopic. 

PROCEDURE. Prepare a sulfuric acid solution of zirconium sulfate, dilute 

to 400 ml, and add sufficient sulfuric acid to bring the acidity to 10 per 

cent by volume.®^ Cool the solution to 5 to 10° C, and precipitate with an 

excess of a cold aqueous 6 per cent solution of cupferron. An excess of 

the precipitant is indicated by the formation of a fine white precipitate 
which redissolves, instead of a curdy one which persists. The color of the 

precipitate furnishes an excellent indication of the amount of titanium pres- 

29 0. Baudisch, Chem. Zrg., 33, 1298 (1909). W. M. Thornton and E. M. Hayden, 
Am. /. Sc% [4] 38, 137 (1914). G. E. F. Lundell and H. B. Knowles, /. Ind, Eng. 
Chem., 12, 344 (1920). 

90 According to S. L. Tzinberg [Zavadskaya Lab., 4, 735 (1935)], zirconium can be 
separated from trivalent iron by precipitating the latter with 8-hydroxyquinoline in an 
unbuffered acetic acid-tartaric acid solution. Zirconium can then be completely pre¬ 
cipitated in the presence of the excess of 8-hydroxyquinoline by strongly acidifying the 
filtrate and adding cupferron. 

91 Precipitation of zirconium is quantitative in solutions containing 1 per cent of 
tartaric acid and as much as 40 per cent (by volume) of H2SO4. 
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ent; a zirconium precipitate is pure white; the titanium precipitate is yellow. 
A brownish tint indicates iron or vanadium. 

After 5 minutes, add macerated paper, and filter, using a paper filter and 
a platinum cone and applying gentle suction. Thoroughly wash the pre¬ 
cipitate with cold dilute hydrochloric acid (1 + 10). Cloudy or opalescent 
filtrates or w ashings, which indicate incomplete precipitation, occasionally 
develop, and no explanation for their occurrence has been found, other 
than that they usually occur when the reagent is old or of uncertain manu¬ 
facture. If refiltration through a paper of close texture does not yield a 
clear filtrate, evaporate the solution to a small volume, destroy organic mat¬ 
ter by means of nitric acid, evaporate off all nitric acid, cool, dilute, filter 

if necessary, and again precipitate with cupferron. 

Carefully dry and ignite the paper and precipitate in a weighed platinum 

crucible, and finally ignite at approximately 1200'^ C. Cool in a desiccator, 

and weigh as Zr02. 

A correction for silica is not ordinarily necessary. In exact analyses and 

in cases where a recovery has been obtained from the first cupferron filtrate, 

this correction should be made, making sure that sufficient sulfuric acid is 

added to prevent volatilization of zirconium and titanium fluorides and that 

no mechanical loss takes place during the expulsion of the sulfuric acid.®“ 

C. PRECIPITATION AS BASIC SELENITE 

The precipitation of zirconium as a basic selenite, followed by ignition 

to Zr02, w as proposed by M. M. Smith and C. James as a substitute for 

the cupferron method. The method has not been so well tested as the 

cupferron method but is attractive in that iron and titanium need not be 

removed. Briefly stated, the method consists in precipitating with sclenious 

acid in hot dilute hydrochloric acid solution, filtering, washing the precipi¬ 

tate with hot dilute hydrochloric acid, and igniting to ZrOo. No other 

acids should be present, and the concentration of hydrochloric acid should 

preferably be 5 per cent and not over 7 per cent by volume.*^^ By this 

Sec under Earth Acids (p. 602). 
33 /. Am. Chem. Soc., 42, 1764 (1920). 
3^ The performance of the method, compared with precipitation by ammonium hy¬ 

droxide or by cupferron, is shown by the following results obtained for aliquot por¬ 
tions of a solution of zirconyl chloride: 

By By By 
NH4OH, Cupferron, Selenious 

g g Acid, g 

0.2107 0.2102 0.2106 
0.2111 0.2106 0.2108 

0.2109 
0.2109 



574 ZIRCONIUM (HAFNIUM) 

method zirconium can be separated from aluminum, certain of the rare 
earths, moderate amounts of iron, and also titanium, if hydrogen peroxide 
is used. Thorium and phosphorus arc known contaminants, and undoubt¬ 
edly others, such as coluinbium and tantalum, will be noted when the 
method is given more extended trial. 

PROCEDURE. As applied to zircon the method is as follows: Mix 1 g of 
zirconium ore with 12 to 15 g of potassium hydrogen fluoridein a plat¬ 
inum dish, and carefully heat over a very small flame. When the mixture 
has fused, stir with a platinum rod, gradually increase the flame until the 
whole is solid and white, and then heat over a powerful burner at as low 

a temperature as will give a clear liquid. Cool, add 50 ml of dilute sulfuric 

acid (1 -f- 1), and gently heat until water is removed, and then until copious 

fumes of sulfuric acid arc evolved. Cool, add water, heat until the melt has 

dissolved,®^^ cool, dilute to exactly 250 ml, and mix. Dilute exactly 100 ml 

of the solution to 250 ml, heat to boiling, precipitate with ammonium hy¬ 

droxide, filter, and wash. Transfer the precipitate and paper to the original 

beaker, and treat with 36 ml of hydrochloric acid and then with 40 ml of 

water. Boil until the precipitate has dissolved, dilute to 700 ml, heat to 

l)oiling, add 30 to 50 ml of a 12.5 per cent solution of selenious acid,'"*^ and 

boil for a few minutes. Let settle, filter, and wash the precipitate with hot 

dilute hydrochloric acid (3 + 97) containing a little selenious acid. Dry 

the paper and precipitate in a platinum or porcelain crucible, and ignite to 

constant weight. The weighed ZrOo will probably always contain TiOo 

(if no peroxide was used) and, in addition Th02, Cb205, Ta205 and possibly 

other oxides such as Sn02, if these were present in the ore.^® 

Prepared by treating KF with a slight excess of HF, evaporating over a very small 
flame until a clear fused mass is obtained, cooling and crushing the melt. 

If phosphates are present, filter, wash, and ignite the insoluble residue and fuse 
with Na2C03. Extract the melt with water, filter, wash, dissolve the residue in HCl, 
and add to the main solution. 

37 Prepared by treating selenium with concentrated nitric acid until oxides of nitro¬ 
gen cease to be evolved, evaporating to dryness, purifying the selenium dioxide by sub¬ 
limation, and then dissolving the oxide in water and diluting to proper volume. 

38 S. G. Simpson and W. C. Schumb [hid. Eng. Chem. Anal. Ed., 7, 36 (1935)] rec¬ 
ommend a preliminary precipitation of zirconium as basic selenite, followed by solution 
of the precipitate in hydrochloric acid and reprccipitation as zirconium phosphate. 
Advantages claimed are that the procedure requires no intermediate fusions, that co¬ 
precipitated thorium can easily be removed from the acid solution of the selenite before 
precipitating as the phosphate, and that the two independent precipitations yield a 
purer final product in any case. A. Qaassen [2. anal. Chem., 117, 252 (1939)] de¬ 
scribes a modification of the method in which zirconium is precipitated and weighed 
as the normal selenite, Zr(Se03)2- An application of Gaassen’s method to the deter¬ 
mination of zirconia and hafnia in mixtures of the two oxides is described by W. C. 
Schumb and F. K. Pittman [Ind. Eng. Chem. Anal. Ed., 14, 512 (1942)], and E. M. 
Larsen, W. C. Fernelius, and L. L. Quill [Inorganic Syntheses, III, 69 McGraw-Hill 
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D. OTHER METHODS 

Precipitation with ammonium hydroxide is excellent but hardly worth 

while except with pure salts; the same can be said in lesser degree of the 
use of phcnylhydrazinc or of precipitation in neutralized chloride solution 

by sulfurous acid as recommended by C. Baskerville or by iodate accord¬ 

ing to I. T. Davis.^^’ Microgram quantities of zirconium can be determined 

with Alizarin Red S which forms a pink lake in 0.2 N acid solution.*^ 

Book Co. (1950)]. The basic sclenites arc precipitated with a 20 per cent solution of 
selenious acid and arc converted to the nonnal sclenites by digestion on a steam bath. 
A weighed portion of the dried sclenites is ignited to the mixed oxides. 

% Hf02 
374.86[(wt. of oxides) — 0.35702(wt. of sclenites)] 

wt. of oxides 

39 /. Affj. Che?n. Soc,, 16, 475 (1894); Chem, News, 70, 57 (1894). 
A?n, Chem, 11, 27 (1889). 

<‘iBrita Hok, Fhotontetric Deter?mnauon of TArcomwn, M.S. thesis, University of 
Minnesota, 1949; D. E. Green, Anal, Chem., 20, 370 (1948). 



Chapter 38 

TITANIUM 

Once held to be rare, for lack of a distinctive qualitative test, titanium 
is now recognized to be one of the most universally distributed elements 
and about tenth in actual abundance in the explored crust of the earth. Tt 
is probably present in all igneous, metamorphic, or sedimentary rocks of 
a more or less siliceous character. Though seemingly present even in 
the most siliceous rocks, it is more abundant in the so-called basic silicate 
rocks. Chief among its numerous minerals are rutile, octahedrite or anatase, 
ilmenite, titanite, and perofskite, but it is also a component, in smaller 
amounts, of many pyroxenes, hornblendes, biotites, garnets, and other ferro- 
magnesian minerals, and is found in some magnetite and hematite. Owing 
to the refractory nature of some of its compounds, it tends to concentrate 
in the residual products of decomposition of many rocks; hence its high 
percentage in clays as a class, in these materials it is very unusual to find 
titanium present in amounts that can properly be designated only as traces; 

in the great majority of cases its amount will not exceed 1 per cent, but it 

may rise to over 5 per cent. Titanium must also be looked for and often 

determined in many other materials such as ores, refractories, and metal¬ 

lurgical products. Methods for its separation and determination are, there¬ 
fore, of considerable importance. 

I. GENERAL CONSIDERATIONS 

In the analysis of rocks and silicate minerals, some, but by no means all, 

of the titanium is carried down with the silica. This is recovered, and all 

of the titanium is later weighed with the ammonia precipitate. Before con¬ 

venient tests for it were known, it was common practice to omit even a 

qualitative test; so it counted often as alumina and at least two errors re¬ 

sulted—failure to report it and high results for iron or alumina or both, 

depending on the method of determining iron and the amount of titanium 

present, as the following illustrations show. If iron is determined by oxi¬ 

dation with permanganate after reduction with reagents such as hydrogen 

sulfide or sulfur dioxide which do not reduce titanium, then high results 

for alumina ensue. If the reduction is by zinc, which reduces 2Ti02 to 

Ti208, high results for Fe203 and nearly correct results for AI2O3 will be 
576 
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obtained when the amount of Ti02 is small, for the Ti02 titer of a standard 
permanganate solution happens to be almost the same as the Fe203 titer. 
When the amount of titanium is large, the reoxidation of Ti203 by air be¬ 
fore the titration with permanganate becomes appreciable, and in this event 
high results for both AI2O3 and Fe203 are the rule. 

II. DECOMPOSITION OF TITANIUM MINERALS 

The minerals of titanium are all essentially oxygenated compounds. They 
are, as a rule, imperfectly attacked by acids except hydrofluoric, the use 
of which of course precludes determination of silicon. When this acid is 
used, it is ordinarily in conjunction with sulfuric and nitric, and the excess 
of it must be removed completely by evaporating the solution to fumes of 
sulfuric acid. To insure complete expulsion of the fluorine, the cooled 
solution should be diluted; all solid material, especially on the sides of the 
vessel, brought into clear solution (with more sulfuric acid if necessary); 
and the evaporation and fuming repeated.^ This last operation should not 
be continued to complete or even nearly complete expulsion of the sulfuric 
acid, for the deposited salts may be hard to redissolvc. In all operations the 
ease with which titanium hydrolyzes should be borne in mind, and solutions 
must be kept moderately acid if titanium is to be kept in solution. 

Artificially prepared titania can be dissolved by heating with concen¬ 
trated sulfuric acid and ammonium sulfate, or by carefully controlled fusion 
with ammonium bisulfate (private communication from W. S. Clabaugh). 

Attack by fusion fluxes must generally be resorted to, and any one of 

those enumerated in the chapter on fluxes (p. 836) can be used with due 

regard to the composition of the sample and the objects in view. Of the 

alkaline fluxes, sodium hydroxide alone or its mixture with sodium car¬ 

bonate or peroxide is usually very effective, but the use of these is com¬ 

monly restricted to commercial assays because of the need for using cru¬ 

cibles of iron or nickel. For the determination of certain constituents, this 

is no objection, but, for a general analysis, the use of sodium carbonate is 

to be preferred. 

Pyrosulfate fusion is also as a rule effective, but usually less so for siliceous 

materials than for others.^ When such a melt is leached with cold water 

or dilute acid, the titanium goes into solution along with the bases, and 

^ Nitrates or sulfates of titanium do not, as has been asserted, attack platinum vessels 
when evaporated in them with nitric or sulfuric acids. 

2 Sodium pyrosulfate fusions of titanium ores are more satisfactory than those carried 
out with the potassium salt according to G. W. Sears and L. Quill [/. Am. Chem. Soc., 
47, 922 (1925)], who also pointed out that the ratio of the salt to the titanium material 
must be at least 12.5 to 1 with /utile and 35 to 1 with titanite, and that the temperature 
of the fusion must not exceed 700® C. 
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most of the silica remains undissolved along with alkaline earth and lead 
sulfates, according to their nature and amounts. Tantalum and columbium 
will also be in the residue wholly or in part and, if so, may hold some 
titanium and zirconium. The remainder of the silica is in solution by vir¬ 
tue of the action of the fused pyrosulfate in forming soluble alkali silicate,*^ 
a fact that is overlooked in some textbook directions for treating siliceous 
materials and for purifying silica by a pyrosulfate fusion. 

Fusion with acid fluorides may give perfect decomposition but precludes 
determinations of silicon and alkalies.^ According to P. Ronchesse,® fusion 
with four parts of dehydrated borax, followed by solution of the melt in 
5 N sulfuric acid is very satisfactory. 

111. METHODS OF SEPARATION 

Ordinarily it is not necessary to separate titanium from all other elements. 
Oftentimes no separation at all is required; again only a few elements need 
be eliminated. This follows because the two chief methods for the deter¬ 
mination of titanium are the the colorimetric method based on the color 

of titanium peroxide in solution and the volumetric method based on its 
reduction by zinc. For example, it is evident that a colorimetric deter¬ 
mination of titanium can be made directly in the complete solution of a 
limestone that is free from vanadium, and that its volumetric determination 
in rutile can be carried out after it is separated from the other elements 
that are reduced by zinc. 

The separation of titanium from the hydrogen sulfide group is carried 
out by precipitation of the latter by means of hydrogen sulfide in acid 
solution (p. 60), preferably after the addition of tartaric acid. If this is 
added, a further separation from iron, cobalt, nickel, zinc, and more or 
less manganese can be obtained by adding ammonium hydroxide to the 
filtrate from the sulfide precipitate, continuing the addition of hydrogen 

sulfide, adding ammonium bisulfite (p. 66), and filtering. This separation 
is best made after the reduction of iron in acid solution and requires suffi¬ 
cient tartrate to hold the titanium in solution. Iron can also be almost com¬ 

pletely separated from titanium by extraction with ether in dilute hydro¬ 

chloric acid solution (p. 134). 

Cupferron (p. 116) affords ordinarily but a group separation, for zir¬ 

conium, rare earths (at least in part), certain members of the hydrogen 

sulfide group, iron, vanadium, tungsten, and quadrivalent uranium are pre- 

®W. F. Hillebrand, ibid.y 24, 368 (1902). For its recovery see Silicon (p. 876). 
♦No volatilization occurs in such fusions. For example, after thorough fusion with 

KHF, 0.1820 and 0.1822 g of TiOo were obtained as against 0.1821 and 0.1821 g orig¬ 
inally taken. , 

^Ann. soc. scL Bruxelles^ B 54, 53 (1934). 
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cipitated with titanium if present in solution. Cupferron provides, how¬ 
ever, a good separation of titanium from elements such as aluminum, chro¬ 
mium, manganese, nickel, and moderate amounts of phosphorus. 

Precipitation of titanium by boiling in strong acetic acid solution after 
preliminary separation of iron fails in the presence of zirconium. Phos¬ 
phorus is also carried down, and in addition it is quite likely that some of 
the rare earths and possibly other elements arc also precipitated. The above 
can also be said of precipitation bv boiling a dilute hydrochloric acid solu¬ 
tion containing siilfiirous acid. 

Zirconium and thorium, but not titanium, can be precipitated by boiling 
with salicylic acid and ammonium salicylate.*^ A fair separation can there¬ 
fore be made as follows: Prepare a nitric acid solution of the elements, 
carefully neutralize as much of the acid as possible with sodium carbonate, 
boil, and add dropwise a solution of 10 g of ammonium salicylate in 50 ml 
of water. Boil the solution for 30 to 60 minutes, dilute with boiling water 
to 200 ml, immediately filter, and wash the precipitate wfith a boiling hot 
concentrated solution of ammonium salicylate until the precipitate is white 
or is no more than faintly yellow\ 

The separation of titanium from molybdenum, vanadium, and phos¬ 
phorus, w'hich interfere in the colorimetric determination, and from other 
elements such as aluminum and beryllium is conveniently done by precipi¬ 
tating it with sodium hydroxide. When titanium alone is present, the pre¬ 
cipitation is not quite complete, but, when iron accompanies it, as is usually 

the case, all of the titanium is precipitated. In this precipitation the acid 
solution is nearly neutralized with sodium hydroxide, poured with stirring 
into 200 ml of a boiling 5 per cent solution of sodium hydroxide, boiled 
for 1 to 3 minutes, filtered, and washed wfith a hot dilute solution of sodium 
hydroxide containing sodium sulfate. If much molybdenum or vanadium 
is present, the separation is to be repeated. As complete solution of the 

precipitate by dilute acid is difficult, it is better to decompose paper and 

all by treatment with nitric and sulfuric acids (p. 388), or else to ignite, 

fuse w^ith pyrosulfate, and dissolve the melt in dilute sulfuric acid (1 +9). 

Chromium can be eliminated at the same time, if it is oxidized by alkali 

persulfate in dilute sulfuric acid solution before the precipitation by sodium 

hydroxide, or if sodium peroxide or hydrogen peroxide is added to the 

sodium hydroxide solution. When peroxide is used, the solution must be 
thoroughly boiled for 10 minutes or longer to precipitate the titanium, 

which is at first held in solution as a soluble pertitanate. Fusion with sodium 

carbonate and extraction with water can be substituted for the precipita¬ 

tion with alkali. If the fusion and extraction are to be repeated, it is best 

to treat the w^ater-insoluble residue wdth dilute hydrochloric acid and to 

® M. Dittrich and S. Freund, 2. anorg. Chem.y 56, 344 (1908). 
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boil, treat with a slight excess of ammonium hydroxide, and filter before 
the ignition and second fusion. Fusion with sodium hydroxide and extrac¬ 
tion with water arc not permissible in the absence of iron, for large losses 
of titanium may result.^* 

Small amounts of earth acids in titania residues can be recovered by fusing 
the mixed oxides with potassium pyrosulfate, dissolving the melt in a hot 
solution of tannin in dilute sulfuric acid, boiling, and filtering to recover 
the earth acids. For centigram amounts the melt is dissolved in a solution 
of tartaric acid, boiled with dilute nitric acid, and filtered to recover the 
acids. For best separations, the melt is dissolved in a hot strong solution 
of ammonium oxalate and the solution treated in turn with salicylic acid 
and calcium chloride and then filtered. For details, the original references 
must be consulted.^^ 

IV. METHODS OF DETERMINATION 

The most important methods for the determination of titanium are the 
colorimetric method based on the use of hydrogen peroxide and the volu¬ 
metric method based on reduction by zinc and titration with permanganate. 
The former is limited to use in solutions containing no more than 0.1 mg 
of Ti02 per ml and is therefore best suited for the small amounts of titanium 
found in rocks and clays. 'The volumetric method is usually applied when 
the material contains more than 5 per cent of titania. Gravimetric methods 
such as precipitations by the use of the alkaline hydroxides or sulfides, by 
cupferron, or by boiling dilute acetic or hydrochloric acid solutions 
are capable of giving complete precipitation of titanium, but are not suffi¬ 
ciently selective when applied to mixtures. 

In the preparation of solutions for the determination of titanium, it 
should be borne in mind that titanium will hydrolyze if the acidity of the 
solution is low, especially if it is also hot, and that, as titanium phosphate 
is very insoluble in acid, it is apt to separate from solution when titanium 
and phosphorus occur together. Still another precaution is needed when 

titanium hydroxide is dissolved on paper, for appreciable amounts of in¬ 

visible precipitate can easily be left in spite of most careful washing. 

^F. A. Gooch, Froc, Am, Acad, Arts, Sci, [New Ser.], 12, 436 (1884-85). 
® W. F. Hillebrand, U, S, Geol. Survey Bull, 700, 132. 
® Consult also V. Auger, Compt, rend,, 177, 1302 (1923). 

R. Schoeller, The Analytical Chemistry of Tantalum and Niobium, pp. 109-16 
(1937); W. R. Schoeller and C. Jahn, Analyst, 57, 72 (1932); 54, 320 (1929). 

F. A. Gooch, op, cit., 435. 
12T. M. Chatard, Am, Chem, ],, 13, 106 (1891). 
^^Chem, News, 52, 55, 68 (1885); 63, 267 (1891). 
i^W. F. Hillebrand, op, cit,, 162. 
1® Charles Baskerville, /. Am, Chem, Soc., 16, 427, 475 (1894). 
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A. COLORIMETRIC METHOD 

a. General Considerations, The colorimetric method for titanium is 
based on a comparison of the color produced by hydrogen peroxide in a 
dilute sulfuric acid solution of the material with that obtained in a standard 
solution of titanic sulfate. In rock analyses, the test is usually made after 
the volumetric determination of iron in the sulfuric acid solution of the 
pyrosulfate fusion of the weighed ammonia precipitate (Silicon, p. 874). 
The test can of course be made before this stage, provided the conditions 
to be numerated are met. 

The strength of the peroxide, which need not be over 3 per cent, should 
be approximately measured by titration witli permanganate on opening a 
fresh bottle and at intervals thereafter; otherwise serious error may arise 
through deterioration of the reagent. Occasionally peroxide has been found 
to contain fluorine, and the absence of this element must be assured by 
careful test (p. 38). 

The oxidation should be done in the presence of at least 5 per cent by 
volume of sulfuric acid to insure complete oxidation of the titanium. The 
color intensity is increased by increase of temperature, and therefore the 
solutions to be compared should have the same temperature, preferably 
20 to 25° C. 

Elements that interfere are: (1) iron, nickel, chromium, and the like 
which interfere because of the color of their solutions; (2) vanadium, 
molybdenum, columbiiim,^® and, under some conditions, chromium which 

interfere because they form colored compounds with hydrogen peroxide; 

and (3) fluorine (even in minute amount) and large amounts of alkali salts 

or phosphate, all of which bleach the color.The interference of elements 

in the first class can be overcome, if they arc present in small amount, by 

matching the color by addition of like quantities of the colored elements 

to the standard before hydrogen peroxide is added. When large amounts 

of iron are present, phosphoric acid can be added in like amount to both 

standard and unknown, after the addition of the peroxide. Large amounts 

of the other coloring elements must be removed. Of the interfering ele¬ 

ments in the second class, vanadium and molybdenum can easily be re¬ 

moved by precipitation of the titanium with sodium hydroxide in the 

Colunibiuni yields a pale-yellow color with hydrogen peroxide in solutions con¬ 
taining less than 25 per cent (by weight) of sulfuric acid. The color increases as the 
strength of the acid is raised, and reaches a maximum intensity at 100 per cent (sp. gr. 
1.845/15® C) of the acid. The color of the titanium compound, on the other hand, 
decreases gradually as the acidity is raised to 25 per cent, and fades considerably but 
not completely at 100 per cent. 

According to R. D. Hall [/. Am, Chem, Soc,, 26, 1241 (1904)1, the color is bleached 
by citric acid, but not appreciably so by tartaric or oxalic acids. Succinic acid is also 
without marked effect. 
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presence of a little iron. Of the elements that bleach the color, fluorine 
is by far the worst, but fortunately its separation can be easily accomplished 
by repeated heating with sulfuric acid. The bleaching action of alkali salts 
is less in a 10 per cent (by volume) solution of sulfuric acid than in one 
containing 5 per cent; when moderate amounts are present, the stronger 
acid should be used with both unknown and standard and like amounts of 
the salts added to the standard. When large amounts are present, titanium 
should be separated by precipitation with ammonium hydroxide and re¬ 

dissolved in sulfuric acid. The bleaching effect of a small amount of phos¬ 
phoric acid in the sample can be overcome by adding a like amount to 
the standard. Whenever much of it is present together v'ith appreciable 
amounts of titanium, difliculty may be experienced in obtaining a clear 
sulfuric acid solution because of the formation of insoluble titanium phos¬ 
phate. In this event, the sodium hydroxide separation should be employed 
as a preliminary step. 

b. Preparation of the Standard Solution, Standard solutions prepared 
from the National Bureau of Standard’s standard sample of titania no. 1S4 
(which contains 98.7 per cent of TiO^) are entirely satisfactory. These 
arc conveniently prepared by dissolving weighed portions of the dried 
sample in concentrated sulfuric acid and ammonium sulfate, diluting, filter¬ 
ing, washing, and making up to definite volume.. 

Standard solutions can also be prepared from potassium titanium fluoridj, 
K2TiF6 *21420, as follows: Rccrystallize a quantity from boiling w^ater in 
platinum one or more times, dry, and preserve in a glass-stoppered bottle. 
Roughly weigh enough of the salt to provide a little more than 1 g of TiO^, 
transfer to a platinum dish, treat with 100 ml of dilute sulfuric acid (1 -f 1), 
and evaporate until fumes of sulfuric acid escape freely. Cool, wash down 
the inside of the dish, evaporate as before, and then repeat the operation 
again to make sure that all hydrofluoric acid is expelled. Cool, and dilute 
with w^ater to 1 liter. Withdraw^ tw^o or more 50-ml portions, dilute to 
200 ml, heat to boiling, and render faintly ammoniacal. Continue the boil¬ 
ing for 1 to 3 minutes, filter, and wash the precipitate w ith hot water until 
free from alkali salts. Ignite the moist filter, and finally heat to constant 
weight at 1100 to 1200° C. Calculate the Ti02 content per milliliter of 
solution, and affix the result to the bottle containing it.’^ The stopper of 

The titer so obtained is apt to be a little high, for titanium hydroxide carries down 
a little potassium. The error is of no consequence in ordinary work. In work of the 
highest accuracy, the precipitation had better be repeated two or three times or else 
made with cupferron. Such treatments give closely agreeing results. For example, 
after three precipitations with NH4OH in which the first two precipitates were dis¬ 
solved in dilute HCl and the well-w^ashed papers burned with the final paper and pre¬ 
cipitate, two 25-g portions of solution gave 0.002008 and 0.002004 g of Ti02 per g of 
solution, whereas single precipitations with cupferron in two 25-g portions of the same 
solution gave 0.002008 and 0.002002. 
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the bottle should be coated with Vaseline and the needed quantities of solu¬ 
tion withdrawn by a dry pipette, never poured. In a solution so prepared, 
there is not enough alkali sulfate to weaken the color when peroxidized.^® 

c. Prepctratioji of the Test Solution. The test solution should preferably 
contain titanium as sulfate in a sulfuric acid solution containing none of the 
undesirable constituents mentioned in a. The solution can be that ob¬ 
tained by concentration of the solution which has served for the titration 
of iron in the ammonia precipitate (p. 877), if no other acid than sulfuric 
has been introduced. The presence of manganese derived from the per¬ 
manganate used in titrating the iron is not objectionable. The direct use 
of this solution is not desirable when vanadium or much phosphorus is 
present, and, for this reason as well as to eliminate the alkali salts introduced 
in the fusion of the ammonia precipitate (Silicon, p. 874), it is desirable first 
to separate the titanium by precipitation with sodium hydroxide (p. 84). 
If only alkali salts arc present, good results are obtained by adding like 
amounts of alkali to the standard and by making the comparisons in 10 
per cent sulfuric acid solutions, but it is better in this case first to separate 
the titanium with ammonium hydroxide, to filter, and to dissolve in dilute 
sulfuric acid. 
, Other solutions obtained by direct attack of the material or by solution 
of certain weighed precipitates can be used with due regard to the inter¬ 
fering elements cited in a. Thus, the use of a solution obtained by direct 
attack of a rock by hydrofluoric and sulfuric acids requires great care that 
all hydrofluoric acid is expelled, whereas the use of a cupferron precipitate 
requires attention to vanadium which may be present. 

d. The Color Comparison. Evaporate the sulfuric acid solution contain¬ 
ing the titanium sulfate to less than 100 ml, and oxidize fully with hydrogen 
peroxide. If the color is less intense than that produced by 0.01 g of Ti02, 

add enough sulfuric acid to make a total of 5 ml, and dilute to 100 ml in 

a measuring flask. If the color is more intense than that produced by 

0.01 g of Ti02, the solution must be diluted to a larger definite volume 

containing 5 per cent sulfuric acid. The color comparison is then easily 

made in the various forms of photometers, spectrophotometers, or simple 

tow. W. Plechner and J. M. Jarnius [Irtd. Eng. Chem. Anal. Ed., 6, 447 (1934)] 
describe a method in which pure Ti02 is obtained from TiCU and then dissolved by 
boiling with concentrated sulfuric acid and ammonium sulfate. W. M. Thornton, Jr., 
and R. Roseman [Am. J. ScL, XX, 14 (1930)] recommend K2Ti0(C204)2*2H20 as 
the starting material, as follows: Recrystallize the cp salt once from water, and dry for 
several days at room temperature. Mix 4.5 g (representing about 1 g of Ti02) with 
8 g of ammonium sulfate, transfer to a Kjeldahl flask, and add 100 ml of concentrated 
sulfuric acid. Heat gradually until the solution boils, and then boil for 10 to 15 min¬ 
utes. Cool, dilute to approximately 1 liter, and filter if not clear. Test a portion of 
the solution with permanganate to make sure that oxalic acid which bleaches peroxidized 
titanium is absent, and determine the Ti02 content as usual. 
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colorimeters (p. 27).-^ If the presence of vanadium is suspected, hydro¬ 
fluoric acid can be added at the completion of the test. The color caused 
by titanium is bleached while the brownish red color caused by vanadium 

is not.^^ 
According to Klinger and Koch,"- a very satisfactory colorimetric deter¬ 

mination of small amounts of titanium (<1 mg of Ti per 100 ml) is that 
based on the intense red color which quadrivalent titanium gives with 

chromotropic acid. The determination of titanium in the mixed oxides of 

tantalum and coliimbium is made as follows: Fuse with potassium pyro- 

sulfate, dissolve the melt in 20 ml of a 2 per cent solution of oxalic acid, 

and dilute to 80 ml. Add 10 ml of an aqueous 6 per cent solution of chro¬ 

motropic acid, dilute to 100 ml, and determine the transmission of the solu¬ 

tion in a photometer, with a suitable filter (470 iu/a), using a solution contain¬ 

ing the reagents alone as a blank. Determine the titanium content from a 

curve obtained by using knou n amounts of titanium. Stannous, ferric, 

uranyl, and nitrate ions interfere; zirconium, molybdenum, coliimbium, and 

tantalum do not. Under suitable conditions, a determination of titanium 

can be made in the whole solution of steels and alloy steels.^- 

B. VOLUMETRIC METHOD 

If titanium is reduced by zinc in sulfuric or hydrochloric acid solution, 

as in the Jones reductor, complete reduction to the trivalent state proceeds 

quickly. The reduced compound is, however, very easily oxidized and 

must therefore be collected under a solution of ferric sulfate, whereby the 

titanium is immediately oxidized to the quadrivalent state with the forma¬ 

tion of an equivalent reducing amount of the more stable ferrous sulfate.^® 

All elements or compounds that form soluble reduction products that sub¬ 

sequently consume permanganate must be excluded, unless their effect can 

be calculated. The ordinary reducible compounds and elements are: cer- 

20 G. H. Ayres and E. M. Vienneau [Ind, Eng. Chem. Anal. Ed., 12, 96 (1940)] state 
that the yellow color developed by titanium and hydrogen peroxide in dilute sulfuric 
acid solution remains unchanged for at least 2 years. 

21M. Schenk [Analyst, 61, 872 (1936)] states that the intense red color which titanium 
yields in a solution containing 0.7 to 1.4 g of salicylic acid per 100 ml of 86 per cent 
(by weight) sulfuric acid is 5 times as sensitive as the peroxide test. Nitric, nitrous 
and permanganic acids interfere. 

22 P. Klinger and W. Koch, Tech, Mitt. Krupp Forschungsher., 14, 179 (1939) and 
Arch. Eisenhiittenw.y 13, 127 (1939). 

28 A. S. Russell [/. Chem. Soc., 129, 497 (1926)] recommended that the reduced ti¬ 
tanium be obtained in 4 N sulfuric acid solution, in which it is but very slowly oxidized 
by air. For a method for the detection of quadrivalent titanium in the presence of 
trivalent titanium based on the colored compounds produced by the former with 
chromotropic acid, pyrocatechol, and other polyphenols in slightly acid solutions, con¬ 
sult V. I. Kuznetsov, /. Gen. Chem. USSR, 14, 902 (1944), 
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tain organic compounds, nitric acid, tin, arsenic, antimony, molybdenum, 
iron, chromium, vanadium, tungsten, uranium, and columbium. The first 
two can usually be removed l)y evaporation with sulfuric acid; two evapo¬ 
rations with intervening cooling and washing down of the inside of the 
vessel are always desirable, and occasionally stubborn organic compounds 
require for their destruction the cautious dropwise addition of a saturated 
solution of permanganate through the lip of a covered beaker containing 
the boiling concentrated sulfuric acid solution. Tin, arsenic, antimony, 
and molybdenum are easily removed by hydrogen sulfide in a cool solution 
sufficiently acid to prevent hydrolysis of titanium. When hydrogen sulfide 
is used, polythionic compounds arc formed,and these must be destroyed 
after boiling to expel hydrogen sulfide, by adding permanganate to a per¬ 
manent pink tint. Iron can be removed by precipitation with ammonium 
sulfide in ammoniacal tartrate solution, followed by the destruction of the 
tartrate (p. 66). Chromium, vanadium, uranium, and tungsten can be re¬ 
moved, after oxidation to their higher valencies, by precipitation of the 
titanium, repeated if need be, with sodium hydroxide. In this operation 
titanium is not perfectly precipitated in the absence of iron, and so this 
separation should precede that of the iron. No entirely satisfactory method 
for the separation of columbium is known (p. 603). The method is there¬ 
fore not serviceable when that element is present. 

PROCEDURE. Prepare a sulfuric or hydrochloric (preferably the former) 
acid solution of titanium with regard to what has been said, and reduce as 
described on page 108. Titrate the solution with a standard 0.1 or 0.05 N 
solution of permanganate, and subtract the volume required in a like run 
on the reagents alone.^® 

C. PRECIPITATION BY CUPFERRON 

Titanium is quantitatively precipitated by cupferron in dilute sulfuric 
acid solution and separated from elements such as aluminum, chromium, 
sexivalent uranium, phosphonis, nickel, and the alkaline earths. The only 
drawback to this method is that many other elements are also precipitable; 
iron, zirconium, the earth acids, and vanadium quantitatively, and certain 
rare earths, tungsten, and several members of the hydrogen sulfide group 
partially. The chief differences between this method and the volumetric 

24 G. E. F. Lundell and H. B. Knowles, /. Am. Chem. Soc., 43, 1563 (1921). 
2® If the dimensions of the column of amalgamated zinc are smaller than those speci¬ 

fied in the reference, the analyst must determine whether operating conditions must 
be changed. For example, shorter columns may require a slower rate of flow, or pre¬ 
heating of the solution to, say, 40 to 60° C. The National Bureau of Standards sample 
no. 154 of titanium oxide is desirable for use in checking the reduction-oxidation tech¬ 
nique. For the use of zinc amalgam to reduce titanium, see p. 114. 

28 Precipitation is complete in solutions containing as much as 40 per cent by volume 
of H2SO4 and 1 per cent of tartaric acid. 
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method are that the latter is not subject to interference by zirconium, the 
rare earths, or tantalum whereas the cupferron method is not subject to 
interference by uranium in the scxivalent state. 

PROCKDURE. Prepare a hydrochloric or sulfuric acid solution which is 
free from members of the hydrogen sulfide group and which contains the 
elements in their ordinary valencies. Proceed as described on page 116 
(cupferron) until the precipitate has been ignited and weighed. If the 
constituents of the original material are not known, the precipitate must be 
examined for such possible contaminants as have not previously been re¬ 
moved. 

D. PRECIPITATION IN SOLUTIONS OF ACETIC ACID OR OF DILUTE HYDRO¬ 
CHLORIC ACID 

The separation of titanium from aluminum and final precipitation from 
a boiling acetate-acetic acid solution after removal of iron and phosphorus, 
as proposed by Gooch and subsequently slightly modified by Chatard,^" ’^ 
was for quite a time uncqualed in rock analysis. It is not much used today, 
in part because of the more reliable colorimetric and volumetric methods 
and in part because of the interference of zirconium which prevents com¬ 
plete precipitation.-" 

Precipitation of titanium by boiling in dilute hydrochloric acid solution 
as proposed by Baskerville is subject to interference by zirconium which 
is precipitated wholly or in part according to the acidity, by phosphorus, 
and no doubt by other elements whose action has not been investigated. 

E. OTHER METHODS 

Chief among other methods are the volumetric ones based on the reduc¬ 
tion of titanium by zinc and titration with ferric alum in the presence of 
potassium thiocyanate as indicator^® or with methylene blue.-'*^ Of these 
two, the latter is to be preferred because of the better end point. Both arc 
subject to error unless great care is taken to prevent reoxidation of the re¬ 
duced compound before and during titration and are less dependable than 
the method described under B. They possess one advantage in that they 

can be applied in the presence of iron. In the methylene blue method, a 

hydrochloric acid solution of titanic chloride is reduced by zinc, preferably 

in a Jones reductor (p. 108), and the reduced solution is kept in an atmos¬ 

phere of carbon dioxide and titrated wdth a standardized solution of methy¬ 

lene blue until a permanent blue color is obtained. The reduction and 

27 W. F. Hillcbrand, U. S, GeoL Survey Bull. 700, 163-164. 
2«Knccht and Hibbert, Ber.y 36, 1550 (1903); G. Gallo, Atti accad. nazl, Lrnceiy 16, 

Part 1, 325 (1907); E. Knecht, 2. angew. Chem., 26, Part 1, 734 (1913). 
2»Eva Hibbert, /. Soc. Chem. Ind., 28, 189 (1909); B. Neumann and R. K. Murphy, 

Z. angew. Chem., 26, Part 1, 613 (1913). 
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titration are done best in hot solution. Nitric and sulfuric acids interfere 

with the end point and are undesirable, as are also molybdenum, vanadium, 

tungsten, chromium, and tin, which react with methylene blue. The 

method is applicable in the presence of silicon, iron, aluminum, antimony, 

arsenic, and phosphorus. The methylene blue solution is made by dissolv¬ 

ing 3.9 or 7.8 g of the reagent, corresponding to 1 to 2 mg of Ti per ml, 

in 1 liter of water and standardizing against portions of a standard solution 

of titanic chloride which have been reduced as in the method.^'* 

For methods of analysis, see also W. M. Thornton, Jr., Titaniim, American Chem¬ 
ical Society Monograph Scries, Chemical Catalog Co., New York (1927). 



Chapter 39 

THE EARTH ACIDS 

COLUMBIUM (NIOBIUM) AND TANTALUM 

Columbiuni and tantalum are rare acid-forming elements which arc usu¬ 

ally found together. Both form salts with iron, manganese, calcium, ura¬ 

nium, and the rare earth metals, of which the minerals columbite, tantalite, 
and samarskite are typical examples. All of these minerals are most abun¬ 

dant in pegmatite veins ^ and are found in certain granites. Tantalite some¬ 

times occurs with wolframite and cassiterite. 

I. GENERAL CONSIDERATIONS 

The term earth acids is applied by some writers to the pentoxides of 

columbium and tantalum, but, just as thorium is commonly treated with 

the rare earth metal group, so titanium is by other writers treated as an 

earth-acid metal, for the reasons that the three metals have certain chemical 

characteristics in common that are important in analysis besides being 

closely associated in nature. Chemically they are characterized by such a 
strong tendency to hydrolizc that this property has been taken advantage 

of to effect their separation from some of the other elements. Titanates 

free from columbium and tantalum are common, and columbates and tanta- 
lates occur without titanium, but there is perhaps no natural columbate 

known that is entirely free from tantalum nor a tantalate mineral that is 

free from columbium. Quinquevalent phosphorus, arsenic, and antimony 
replace part of the columbium and tantalum in a few rare minerals. Tung¬ 

sten and tin are of frequent occurrence, but almost always in very sub¬ 
ordinate amounts. 

Among other acidic constituents, silicon is important and zirconium is 

common, the latter apparently functioning now as acid, now as base, by 

virtue of its amphoteric character. Hafnium probably accompanies zir¬ 

conium. Boron, fluorine, chlorine, and carbon dioxide also are met with. 

Several of the acidic elements may occur in one and the same mineral. 

Among the basic components of the minerals of this group, iron and man- 

1F. W. Qarke, The Data of Geochemistry, 5th ed., U. S. GeoL Survey Bull. 770. 
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ganese are characteristic of some, as in the relatively simple columbite and 
tantalite, calcium of others (perofskite, titanite). The rare earth metals 
and thorium are chief or subordinate constituents of a great number, and 
of frequent occurrence are uranium and beryllium. Possibly nitrogen and 
helium occur very sparingly in those that carry uranium or thorium. Ger¬ 
manium has been found. Most of the common elements appear in them 
scatteringly. 

In general it appears that arsenic and antimony are not found in titanium 
minerals which carry no columbium or tantalum, and that boron is asso¬ 
ciated rather with silicon (cappelenite, homilite, tritomite) or titanium 
(warwickite) than with columbium or tantalum. Fluorine (possibly chlo¬ 
rine) in other than a simple fluoride or fluorcarbonate is ordinarily regarded 
as entering into a silico or titano complex. By some mineralogists both 
fluorine and chlorine are assigned to basic oxy complexes. Boron occurs 
predominately in the form of borates, but, with fluorine also present, it is 
not impossible that there may be a fluoborate complex. 

From the foregoing presentation, it is apparent that many of the minerals 

of the group are extraordinarily complex and that the assignment of valid 
formulas is most difficult. Many of the formulas that have been assigned 
are purely hypothetical, being based on unproved and in part probably 
improvable assumptions. 

Before starting upon a quantitative analysis, it is here even more impor¬ 
tant than usual to make a thorough qualitative examination, if possible 
spectrographically. The information gained from it may be decisive in 

indicating the best methods of attack or of separation. Unfortunately, it 

happens very often that material is lacking for exhaustive preliminary tests, 

and the analyst is then seriously handicapped. There is no other class of 

minerals of which the analysis is so beset with difficulties. No methods 

are known for a simple quantitative separation of columbium and tantalum 

from each other and still less from titanium. If not in too large amount, 

this last can be determined colorimetrically in presence of the others. 

The literature is full of statements that were perhaps more or less true 

for the particular conditions that led to their formulation but untrue as 

generalizations. Unfortunately, some of them came to be accepted as 

true for all cases and conditions, and hence arose, no doubt, much of the 

confusion that has prevailed and still prevails. Doubtless many analyses 

and formulas reported are worthless quantitatively and defective qualita¬ 

tively because of this confusion, which was intensified if not brought about 

by the marked influence that one element exercises on the normal reactions 

of another when in the same solution. These effects in masking each other’s 

normal behavior are similar to those that have long been known with 

respect to zirconium and titanium. 
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As perhaps the most striking illustration of this effect may be cited the 
action of water upon the melt that results from a pyrosulfate fusion of a 
mixture of the three oxides or of a mineral that contains the three elements 
(Ti, Cb, Ta). It was formerly supposed that, from such a melt, cold water 
extracted all the titanium and left the columbium and tantalum unaffected, 
as is in fact practically the case in the absence of titanium. The method 
was in general use, but it is now agreed that this was a great mistake, and 
that not only do tantalum and particularly columbium pass into solution 
according to the relative amount of titanium present but also that tantalum 

particularly, when in excess, prevents some of the titanium from dissolving. 

Again, it w as supposed that, from a mixture of the oxides obtained from 

a pyrosulfate fusion, yellow ammonium sulfide extracted fully the tungstic 

and stannic oxides which it often contains and left the earth-acid oxides 

unaffected. Also that fusion of the ignited mixture with sodium carbonate 

and sulfur, followed by extraction wdth water, released similarly the tungstic 

and stannic oxides without dissolving columbium or tantalum. Neither of 

the suppositions is correct. The fusion method, if repeated one or more 

times, especially when done at a high temperature, wall no doubt yield the 

tungsten and tin, but at the cost of dissolving some columbium and tan¬ 

talum. The latter effect is lessened by fusing at a lower temperature, but 

then some of the tungsten and tin is not released.^ 

In view^ of the difficulties and uncertainties involved, our descriptions of 

methods will be less didactic than wc have felt was justified for well-estab¬ 

lished methods. Also, we shall mention, in greater detail than usual, some 

methods that have been put forth without sufficient support to justify their 

unqualified acceptance. This course seems desirable in order to bring to 

the analyst’s attention a number of possibilities w^hich may be worth further 

investigation. 

In an ordinary analysis, most of the columbium and tantalum separate 

with the silica and will be contained in the nonvolatile residue left after 

the volatilization of the silica with sulfuric and hydrofluoric acids. If the 

nonvolatile residue is fused with sodium carbonate or pyrosulfate, difficulty 

will usually be experienced in getting a clear solution of the melt because 

of hydrolysis of the earth acids. Both of the elements will finally be weighed 

with the ammonia precipitate in any case, and most if not all will be 

counted as aluminum. If the ammonia precipitate is treated for its silica 

content, the earth acids wall again separate. If an attempt to determine 

iron by reduction wdth zinc is made, the presence of columbium will be 

betrayed by the deep-brown color of the reduced compound, and high 

results for iron will ensue if its presence is ignored. 

2 W. B. Giles, Chem. News, 95, 1, 37 (1907); 99, 1, 25 (1909). 
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Serious difficulties in the analysis of materials containing the earth acids 
are caused by the ease with which these elements hydrolyze. Desirable 
aids in keeping the earth acids in solution are tartaric acid,^*^ oxalic acid,® 
hydrogen peroxide,® hydrofluoric acid,' and mannitol.® 

II. ATTACK OF EARTH-ACID MINERALS 

A. ATTACK BY HYDROFLUORIC ACID AND OUTLINE OF SUBSEQUENT 

TREATMENT 

The method of attack by hydrofluoric acid originated with J. Lawrence 
Smith ^ and its use is restricted almost exclusively to the columbates and 

tantalates of the rare earths that are free from silica unless this is to be 
determined in a separate portion of the sample. When applicable, it should 
always be used, for it affords very quickly and easily an almost perfect 
separation of the insoluble rare earth and alkaline earth fluorides from the 
soluble fluorides of the earth-acid and other metals. The method introduces 
no alkali salts and has the further advantage, shared by no other, not only 
of showing whether quadrivalent uranium is present but also of separating 
it quantitatively from sexivalent uranium if both are present. Uranous 
fluoride, UF4, is insoluble in dilute hydrofluoric acid and at once reveals 
its presence in more than traces by its green color, even when mixed with 
a large amount of rare earth fluorides. If uranous fluoride is not in ques¬ 
tion, the sample can be attacked with hydrofluoric and nitric acids, with 

final evaporation with hydrofluoric acid alone. 

Some natural columbates and tantalates dissolve with great ease in con¬ 

centrated hydrofluoric acid (samarskitc for example), but others do not 

(columbite and tantalite). Smith said that the less soluble minerals could 

be completely decomposed when ground to an impalpable powder and 

treated with successive portions of the acid, but our experience and that 

of others docs not fully bear him out in this contention. 

a. Solntio7i and Vrelnnmary Treatment, The mineral attack is best car¬ 

ried out by transferring the mineral, finely powdered and dried at 150° C, 

to a dish or capacious crucible of platinum, moistening with water, and 

treating with 5 to 10 ml of hydrofluoric acid. If the mineral is not at once 

soluble, evaporate the liquid not quite to dryness at a gentle heat with 

»A. R. Powell, /. Soc. Chejn, hid., 37, 285 T (1918). 
W. R. Schoeller and A. R. Powell, /. Chem. Soc., 119 1928 (1921). 

BH. Pied, Compt. rend., 179, 897 (1924). 
®L. Weiss and M. Laudecker, Z. anorg. Chem., 64, 65 (1909). 
^F. Pisani, /. prakt. Chem., 102, 448 (1866). 
« O. Hauser, Z. emorg. Chem., 60, 231 (1908), 
^ Am. Chem. J., 5, 44, 73 (1883); W. F. Hillebrand, Colo. Sci. Soc. Proc., 3, 38 (1888); 

R. C. Wells, /. Am. Chem. Soc., 50, 1017 (1928). 
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occasional stirring, and add fresh acid and evaporate as often as need be. 
When no more undecomposed mineral is left, dilute so that the solution 
contains 5 to 10 ml of hydrofluoric acid per 100 ml; collect the fluorides 
on a paper filter held in a funnel of platinum, hard rubber, or Bakelite; and 
wash with dilute hydrofluoric acid (1 + 20). Rinse the precipitate back 
into the vessel, bum the filter, and add its ash to the contents of the dish. 
The precipitate may contain as fluorides the rare earths, quadrivalent ura¬ 
nium, lead and zirconium in part, the alkaline earth metals, and perhaps a 
very little iron. If alkali metals were present, which is rarely the case, the 
precipitate might contain double fluorides of these with one or another 

of the other metals. 
b. Subsequent Treatnient. a. The fluoride precipitate. Convert the fluo¬ 

rides to sulfates by evaporating with sulfuric acid, and heat till all fluorine is 
expelled. If UF4 is present, add nitric acid also in order to oxidize the ura¬ 
nium.^® Dissolve the sulfates in cold water, and swirl the liquid so as to 
collect a possible precipitate at the center of the dish. If there is one, it 
is probably lead sulfate or less probably alkaline earth sulfate, although, if 
the washing of the fluorides was not thorough, it may consist wholly or in 

part of the oxides of columbium and tantalum. Collect it on a paper filter, 
and reserve the filtrate, extract the residue with hot ammonium acetate, and 
add ammonium sulfide to the extract. If lead sulfide appears, filter, dissolve 
in hot dilute nitric acid, evaporate with sulfuric acid, and eventually weigh 
the precipitate as lead sulfate (p. 227). Test the filtrates from the lead sul¬ 
fate and lead sulfide for alkaline earth metals. If the ammonium acetate left 
a residue, ignite and weigh it, and test for earth acids and alkaline earth 

metals. 

Precipitate the rare earth metals and uranium by adding ammonium 

hydroxide to the reserved filtrate, filter, and wash the precipitate with a 

2 per cent solution of ammonium chloride. Evaporate the filtrate and 

determine any calcium it may contain (p. 623), with due care to see that 

it is free from any contamination. 

Dissolve the ammonia precipitate in a slight excess of hydrochloric acid, 

and throw out the rare earth metals by oxalic acid (see Rare Earths, p. 550) 

and with addition of a little ammonium oxalate (the latter merely to reduce 

the acidity and leave no excess of the ammonium oxalate to dissolve certain 

of the rare eaith oxalates). Wash with 1 per cent oxalic acid solution, and, 

i<^The washed fluorides are in our experience entirely free from earth-acid metals. 
J. Lawrence Smith, in analyzing samarskite, found, on dissolving the sulfates in water, 
a small white residue which he held to be columbic and tantalic oxides. One of us, 
in analyzing a mineral similar to samarskite, observed also a white substance, but it was 
lead sulfate without a trace of columbium or tantalum. This is conclusive evidence that 
lead fluoride, in spite of its rather free solubility in hydrofluoric acid, may be carried 
down with other fluorides. 
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if uranium was present, convert the oxalates to chlorides, and reprecipitate. 
Reserve the precipitate. Whether uranium is present or not, evaporate the 
filtrate or filtrates to dryness, and destroy the oxalic acid by heating. Then, 
in absence of uranium, recover the remainder of the earths by resolution 
and precipitation with oxalic acid in a very small volume of solution. 
Examine the filtrate for iron and zirconium. With uranium present, take 
up the residue with hydrofluoric acid, evaporate nearly to dryness, filter, 
wash with weak hydrofluoric acid, and reserve the filtrate. Treat with 
sulfuric acid, convert to oxalates, and add to the rare earth oxalates already 
obtained. See Rare Earths (p. 558) for further treatment of the oxalate 
mixture. 

Evaporate the reserved filtrate containing the uranium, expel the hydro¬ 
fluoric acid by sulfuric acid, take up with dilute nitric acid, and precipitate 
the uranium by ammonium hydroxide. Ignite the precipitate to UsOg in 
air. Examine it for a possible content of iron and zirconium. Calculate 
the final weight as percentage of UO2, for it is only the UO2 content of 
the mineral that has thus been obtained. 

The filtrate jrom the fluorides. Evaporate the hydrofluoric acid fil¬ 
trate containing the earth acids, etc., nearly to dryness; add sulfuric acid; 
cpntinue the evaporation to fumes of the acid; cool; dilute with a strong 
solution of tartaric acid; and pass in hydrogen sulfide. If sulfides are 
found, filter, wash with hydrogen sulfide water, and treat appropriately. 
Lead, copper, tin, and possibly other metals may be present. Treat the 
hydrogen sulfide filtrate as described on page 595. 

B. ATTACK BY FUSION WITH POTASSIUM HYDROXIDE, POTASSIUM 

CARBONATE, OR SODIUM PEROXIDE 

Fusion with potassium hydroxide in a silver, gold, or nickel crucible or 
potassium carbonate in a gold or platinum crucible serves very well for the 
decomposition of columbates or tantalates. To make the fusion with the 
hydroxide, heat (preferably with the crucible placed in a hole in an asbestos 
shield) 3 g of the hydroxide until the melt is quiet, remove the lid, and 
carefully drop in 0.5 g of the finely powdered and dried mineral. Quickly 
rotate to mix the contents, heat for 5 to 10 minutes at a dull red heat, and 
again rotate the crucible. Heat for 20 to 30 minutes at a bright red heat. 
Remove and cool the crucible cover without losing any of the melt on it. 
Tilt the crucible so that the melt is on one side, cool, and treat the melt 
with the appropriate solvent. If the melt is extracted with water and the 
fusion is to be repeated, it is desirable first to decompose any alkali salt in 
the washed water-insoluble residue. This can be done by transferring the 
residue to a beaker, digesting at 100° C with a moderate excess of dilute 
hydrochloric acid, rendering the solution ammoniacal, filtering, and washing 

to remove the chlorides. The filtrate may contain other constituents besides 
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the extracted alkali and should be evaporated and combined with the water 
extract, after such treatments as may be necessary to conform with the 
scheme of analysis. 

To fuse with potassium carbonate, mix 0.1 to 0.5 g of the finely pow¬ 
dered and dried mineral with 3 g of potassium carbonate in a platinum 
crucible. Heat at 1000 to 1100° C until a clear melt is obtained, and then 
swirl to run it up on the sides of the crucil)le as the melt cools. Melts 
containing considerable tantalum may show' a faint cloudiness. For such 
minerals as can be decomposed at lower temperatures, a gold crucible can 
be used. Add approximately 0.5 g of solid potassium hydroxide, and then 
enough warm water to cover the melt. Warm gently until solution is 
complete, and then transfer to a 250-ml beaker, using as little w'arm water 
as possible. 

For the determination of constituents such as sulfur or silicon, fusion 
with sodium peroxide offers a desirable attack. After the fusion, sulfur is 
separated by boiling the melt w’ith w'ater, filtering, acidifying, rendering 
the solution ammoniacal, and again filtering. Silicon, together with more 

or less of the earth acids, can be separated by dehydrating with sulfuric 

acid after attack with peroxide in a crucible of Armco iron, or with potas¬ 

sium hydroxide or carbonate. The separation of silica from the earth 

acids is described in Section III. 

C ATTACK BY PYROSULFATE AND OUTLINE OF SUBSEQUENT TREATMENT 

Most columbates and tantalates are said to yield, when finely powdered, 

to the effect of hot concentrated sulfuric acid.^^ Titanates are more refrac¬ 

tory, but all succumb more or less readily to fusion with an alkali pyro- 

sulfate,^^ the sodium salt being preferred to the potassium salt because some 

of the resulting products are more soluble.^® This has particular reference 

to minerals that contain rare earth metals and zirconium. However, the 

use of either the free acid or the alkali salt is counterindicated for deter¬ 

mining the following: silicon when fluorine is present in appreciable amount; 

11 G. C. Hoffmann, Am. /. Sci., [3] 24, 475 (1882). 
12 L. F. Nilson, Ber., 13, 1430 (1880). 
13 It was asserted by G. W, Sears [/. Am. Chem. Soc., 48, 343 (1926)] that a separa¬ 

tion of coluinbium and tantalum from elements such as iron and manganese, and of 
tantalum from columbium can be accomplished as follows: Fuse one part of tantalate 
with nine parts of sodium pyrosulfatc at 835 to 875® C, digest the melt with warm 
water, filter, and wash the residue of columbium and tantalum with hot 3 N hydro¬ 
chloric acid to remove iron and manganese. Treat the residue with dilute sulfuric acid 
(I •+• 1), boil until the volume has been reduced one third, cool, filter through asbestos, 
and wash the tantalum residue with cold 6 N sulfuric acid until the washings give no 
precipitate with ammonium hydroxide. 

Our experience with such treatments would lead us to expect imperfect separations, 
especially if elements such as titanium or zirconium are present. 
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fluorine except by evolution; boron; carbon dioxide; sulfur; and phosphorus. 
The reason for most of these restrictions are obvious; those for phosphorus 
are due to the possibility of volatilizing^^ sonic P2O5. 

Regarding the choice of a mode of attack, it may be said that, although 
pyrosulfate fusion will decompose probably all the earth acid minerals, 
hydrofluoric acid should be chosen for all rare earth columbates or tanta- 
lates that are fully broken up by it, with due reservation that for silica 
some other procedure must be adopted. Disadvantages of the pyrosulfate 
attack arc that one fusion may not sufiice and that the residue of earth 
acids always contains certain other elements if originally present, some of 
which are extractable or otherwise removable only with difficulty if at all, 
and that, dependent upon the relative proportions of the earth acids, some 
portions of these are likely to pass into solution and their subsequent recov¬ 
ery may be difficult. 

As the general treatment after attack by sulfuric acid is like that after 
fusing with pyrosulfate and only^ the latter is extensively used, it only of 
the two procedures will be described. 

a. Fusion, Fuse the finely ground powder with 5 to 10 parts of sodium 
pyrosulfate in a covered silica crucible at a dull red heat, stirring from time 
to^ time with a stiff platinum wire. If need be, cool occasionally, add a 

few drops of concentrated sulfuric acid and renew the heating.^® Decom¬ 

position is complete ordinarily within an hour if the mineral is unmixed 

\\ ith refractory foreign matter. 

b. Treatment of the Pyrosulfate Melt. a. Probably the most satisfactory 

treatment of the pyrosulfate melt of the mineral itself, or of the crude 

earth acids obtained by other procedures, is that recommended by W. R. 

Schoeller and A. R. Powell.* This is essentially as follows: Leach the 

cooled melt with a solution of 10 g of tartaric acid in 50 ml of water. 

Filter, reserve the filtrate, and repeat the fusion and extraction if a residue 

remains. The final residue may consist of silica, lead sulfate, cassiteritc, 

and the like, and is fused and analyzed by^ ordinary procedures. Treat the 

filtrate so that it contains 1 per cent (by volume) of sulfuric acid and 5 per 

cent of tartaric acid, pass in hydrogen sulfide, filter, wash with a solution 

that is saturated with hy^drogen sulfide and contains 1 per cent of sulfuric 

and 5 per cent of tartaric acids, and analyze the precipitate for the hydrogen 

W. F. Hillcbrand and G. E. F. Lundell, ibid.y 42, 2609 (1920). 
1^ One to two grams but much more if columbium and tantalum are to be separated 

by the fluoride method of Alarignac (see p. 605). 
i®A silica instead of a platinum crucible should be used so as to avoid introducing 

platinum, which would greatly complicate the procedures for determining antimony, 
tin, and tungsten. This may necessitate the use of a separate portion of sample treated 
in platinum for the silica determination, but, if the fusion is made at as low a tem¬ 
perature as possible, a silica crucible does not undergo sensible attack. 
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sulfide group.^^ Render the hydrogen sulfide filtrate ammoniacal, again 

treat with hydrogen sulfide, and filter to remove the sulfides of iron, nickel, 

cobalt, and part of the manganese. It seems probable that the earth acids, 

titanium, zirconium, vanadium, and part of the rare earths could be precipi¬ 

tated by cupferron (p. 120), after the ammonium sulfide filtrate is acidified, 

and that determinations of aluminum, the remainder of the rare earths, ura¬ 

nium, beryllium, and the like could be made by usual procedures after 

tartaric acid and cupferron are destroyed with nitric and sulfuric acids 

(p. 118). 
According to H. Pied,® a solution of oxalic acid is a desirable solvent 

for the pyrosulfate melt of the minerals containing rare earths and the earth 

acids, for the former are precipitated and the latter are not. Moreover, 

oxalic acid does not retard subsequent precipitation by sodium hydroxide. 

Following this suggestion, the pyrosulfate melt might be dissolved in oxalic 

acid, and the rare earths separated by filtering after a suitable digestion 

period (p. 551). Titanium could then be determined colorimetrically 

after the addition of hydrogen peroxide to the filtrate.^® Proceeding from 

this point, there is no apparent reason why the solution cannot be treated 

with sulfuric acid, evaporated to destroy the oxalic acid, diluted with a 

solution of tartaric acid, and treated as in a. 

y. By hydrofluoric acid. Still another way of treating the pyrosulfate 

melt is to dissolve it in water, add a slight excess of ammonium hydroxide, 

filter, wash the precipitate thoroughly, and finally dissolve the precipitate 

in hydrofluoric acid. This treatment, however, will be useful only in 

special cases and particularly for rare earth columbates and tantalates that 

are not directly and readily decomposed by that acid. In case the method 

is used, the procedure follows in general that in which hydrofluoric acid 

is used for attacking the mineral itself as in A. It should not be used if 

silica is present, unless this is to be determined in a separate portion of the 

sample. Furthermore, the ammonia precipitate must be washed completely 

free from alkali salt, otherwise silico-, titano- or zircono-fluorides of the 

alkali metal will be precipitated with the insoluble fluorides which the 

method aims to produce, particularly if fusion should have been made 

with potassium instead of sodium pyrosulfate. Further, if the mineral con¬ 

tains quadrivalent uranium, none of it will appear with the rare earth 

fluorides, because the effect of the fusion is to oxidize it to the sexivalent 

state, for which there is no insoluble fluoride. 

such treatment, H. B. Knowles obtained perfect separations of antimony, tin, 
lead, and copper from solutions containing as much as 0.1 g each of Cb205 and Ta206. 

^®R. D. Hall [/. Am. Chem. Soc.y 26, 1241 (1904)] stated that oxalic or tartaric acid 
does not affect the Ti02—H2O2 color, but citric acid does. 
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D. ATTACK BY SULFUR CHLORIDE AND OUTLINE OF SUBSEQUENT 

TREATMENT 

A method of attack of columbates, tantalates, and tungstates which has 
much in its favor is that by sulfur monochloride or by a mixture of so-called 
sulfur dichloridc and chlorine.^It has been shown that rutile and prob¬ 
ably most if not all tungstates, columbates, and tantalates are completely 
decomposed when heated in a current of the vapors, and that titanium, 
columbium, tantalum, tungsten, tin, molybdenum, antimony, arsenic, and 
part or all of the iron volatilize as chlorides or oxychlorides, leaving behind 
as chlorides or unchanged the other metals and silicon and possibly boron, 
besides gangue. When the dichloride alone is used, much sulfur is separated 
in the receivers. With the dichloride and chlorine none separates, which 
is an analytical advantage. If the statement concerning boron holds true, 
this method above all others may be most suitable for boron-carrying min¬ 

erals of the classes named above. The method of attack and subsequent 

treatment merit more careful study than they have received. 

When sulfur dichloride and chlorine are used, the dried sample is placed 

in a porcelain boat contained in a suitable tube. This is gradually heated, 

first in the range 150 to 240® C in the course of 45 to 60 minutes, and then 

at 240 to 280® C for a like period as a stream of dry chlorine and sulfur 

dichloride is passed through. The latter is generated in an outside flask 

by gently heating the reagent at 40 to 50® C, and the escaping gases are 

condensed in water. Finally, the boat and near parts of the tube are heated 

for 5 minutes at 280 to 550® as a stream of chlorine alone is passed 

through to remove the volatile products that have condensed near the boat. 

For columbates and tantalates, Meyer and Hauser direct to evaporate 

the distillate and washings with sulfuric acid and to heat and treat the 

residue by one or another of the schemes outlined in II, A or C. W. B. 

Hicks,operating with sulfur monochloride without chlorine and with 

dilute nitric acid in the receivers, and a current of dry hydrochloric acid 

at the end of the operation, broke up the sulfur clots as much as possible 

with a flattened glass rod, added ammonium hydroxide, and introduced 

hydrogen sulfide, whereby the sulfur, tungsten, tin, etc. were dissolved 

and iron was precipitated as sulfide, together with the earth acids. The 

further treatment of the precipitate will follow one or more of the schemes 

outlined in B and C, perhaps with suitable modifications. 

Bourion, Ann, chim, phys,, [8] 21, 89 (1910); E. F. Smith, /. Am, Chem. Soc.^ 
20, 289 (1898). 

At high temperatures there is risk of volatilizing certain chlorides, such as those 
of zirconium and thorium, from the boat. 

Die Analyse der seltenen Erden und Erdsaueren, p. 276 (1912). 
22/. Am. Chem, Sac., 33, 1492 (1911). 
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The analytical treatment of the residue of chlorides, silica, etc., in the 
boat calls for no special comment. It may contain lead and other metals 
precipitable by hydrogen sulfide, besides silica, rare earths, all of the man¬ 
ganese, part of the iron if the temperature was not high enough to volatilize 
it all, aluminum, calcium, magnesium, and the alkalies. 

III. METHODS OF SEPARATION 

Several methods of treating the crude earth acid mixture have been pro¬ 
posed, one or another perhaps good up to a certain point or for special 
determinations, but no one meeting all needs. Some of these are described 
in the following sections. 

Probably the simplest method for separating zirconium from the earth 
acids consists in fusing the mixed oxides with potassium carbonate and 
extracting with water as follows: ^ Intimately mix 0.25 to 0.5 g of the 
mixed oxides with 5 to 20 parts of potassium carbonate, heat gently, and 
finally fuse at approximately 1200^^^ until the fusion is tranquil. Leach 
the cooled melt with hot water, add macerated paper, filter, and wash w ith 
a hot 2 per cent solution of potassium carbonate, and finally with a little 
hot water. Reserve the filtrate. Treat the residue as in II, B, ignite the 
paper and residue, and repeat the fusion and extraction once if columbium 
predominates, twice if tantalum does. Combine the filtrates for the deter¬ 
mination of the earth acids. Titanium dissolves in part and wfill be found 
in both filtrate and residue. The separation of zirconium from columbium 
is excellent, that from tantalum is not quite quantitative. 

Tannin quantitatively precipitates tantalum, columbium, and titanium 
from a barely acid oxalate solution w^hich is half-saturated with ammonium 
chloride. Zirconium, hafnium, thorium, uranium, beryllium, and aluminum 
are not precipitated under these conditions. A quantitative separation of 
any or all of the precipitable, from any or all of the nonprecipitable, ele¬ 
ments can thus be obtained.^-^ 

For the complete separation of earth acids from zirconium, W. R. 
Schoeller and E, F. Waterhouse proceeded as described in the following 

paragraphs. 

A. SMALL QUANTITIES OF EARTH ACIDS AND MUCH ZIRCONIA 

Fuse the mixed oxides wdth potassium pyrosulfate in a silica crucible, and 
dissolve the melt in a saturated solution of as much ammonium oxalate as 
pyrosulfate taken. Boil, add 0.2 g of tannin dissolved in hot water, and 
then dilute ammonium hydroxide (1 -f 1), drop by drop with constant 

23 For details of the method, consult W. R. Schoeller and A. R. Powell, Analyst, 57, 
550 (1932), and W. R. Schoeller and H. W. Webb, ibid., 58, 143 (1933). 

Analyst, 53, 517 (1928). 
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stirring. At or near the neutral point a precipitate will form, which will 
be whitish if earth acids are present in very small amount, and yellowy 
orange, or red if they are present in appreciable amount. Continue the 
addition of ammonium hydroxide until the color of the precipitate lightens 
as the white zirconium compound starts to precipitate. Let stand at 50 to 
70'' C until the liquid becomes clear, filter, wash the residue with a 2 per 
cent solution of ammonium chloride, and ignite in the original crucible. 
Fuse and dissolve as before, but with less pyrosulfate and oxalate. Boil the 
clear solution, SO ml or less, stir, and add dilute ammonium hydroxide until 
a cloudiness is perceptible. Remove with a minimum of hydrochloric acid 
(1 + 1). Boil, treat the clear solution with 1 g of ammonium chloride, and 
then with a freshly prepared 1 per cent solution of tannin (usually less 
than 10 ml) until the precipitate flocculates and the solution is decolorized. 
Digest at 50 to 70° C, filter, wash, ignite, and weigh as CboOr, + TaoOr,. 
Rctreatment of the boiling filtrate w^ith a little more tannin and a drop of 
ammonium hydroxide if necessary should produce no change or only a 
whitish precipitate if the precipitation of earth acids was complete. The 
weighed precipitate can be fused and the operation repeated to make sure 
of the absence of zirconium. The behavior of elements such as titanium 
o^ thorium is not stated. 

B. LARGE QUANTITIES OF EARTH ACIDS AND ANY QUANTITY OF 

ZIRCONIUM 

Fuse the mixed oxides with 6 g of potassium carbonate in a platinum 
crucible, at 1100 to 1200°C. Let the melt solidify against the inside of 
the crucible, and disintegrate completely by digesting for I to 2 hours 
with about 1 g of pure potassium hydroxide and enough water to cover 
the melt in the crucible covered and heated on a hot plate. Transfer the 

contents of the crucible to a small beaker, stir in paper pulp, and filter. If 

the filtrate is turbid, refilter. Wash the residue with a 2 per cent solution 

of potassium carbonate. Ignite in the same crucible, and repeat the oper¬ 

ation. Again ignite the residue, moisten with dilute sulfuric acid, dry and 

remove any remaining earth acids as in A. To obtain the earth acids in 

the potassium carbonate filtrate or filtrates, acidify with hydrochloric acid, 

boil, and add a slight excess of ammonium hydroxide. Add a little paper 

pulp, again boil, filter, and wash the residue with a 2 per cent solution of 

ammonium nitrate. Ignite gently, digest with 10 ml olf hydrochloric acid, 

dilute with 100 ml of water, boil, treat with ammonium hydroxide, etc., 

as before, ignite, and weigh as CbaOs + Ta205. 
A fair separation of earth acids from titanium, but not from zirconium 

or thorium can be obtained by repeated precipitation with salicylic acid.®*^ 

25 J. H. Muller, /. Am. Chem. Soc., 33, 1506 (1911). 
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The precipitation of the earth acids is never quite complete, and a little 
titanium remains in the precipitate.^® The separation is usually made by 

fusing the mixed oxides with 5 g of potassium carbonate, dissolving the 
melt in 200 to 300 ml of water at 60° C, pouring slowly and with stirring 
into a boiling solution containing 15 g of salicylic acid, heating at 100° C 

for 3 to 4 hours, filtering, and washing the residue with dilute salicylic acid 

solution. The whole treatment must be repeated as long as the salicylic 

solution becomes yellow on boiling. Titanium can be precipitated in the 

filtrate by boiling with an excess of ammonium hydroxide, but the precipi¬ 

tate is contaminated by alkali salts, as is also the earth acid precipitate. 

A reasonably complete separation of the earth acids from titanium can 

be made by boiling their tartaric acid complexes with nitric acid as fol¬ 

lows: Fuse 0.1 to 0.2 g of the mixed oxides with 2 g of potassium pyro- 

sulfate in a silica crucible. Cool, dissolve the melt in a strong solution 

containing 3 g of tartaric acid, and then dilute to 300 ml. Add 30 ml of 

nitric acid, boil for 15 to 20 minutes, add paper pulp, filter, and wash the 

crude earth acids with a 1 per cent solution of nitric acid. Ignite, repeat 

the process, and unite the filtrates which contain most of the titanium, 

together with a small amount of the earth acids. The small amount of 

titanium in the crude acids can be determined colorimetrically or separated 

by the salicylic acid method. The earth acids can be recovered in the 

combined filtrates by destroying the tartaric acid (p, 66), boiling with 

more than enough ammonium salicylate to react with the sulfuric acid, 

and filtering—while the titanium can be obtained by adding ammonium 

hydroxide to the salicylic acid-ammonium salicylate filtrate.^^ 

Aluminum can be quantitatively precipitated and separated from the 

earth acids by obtaining the three in a dilute sulfuric acid solution contain¬ 

ing hydrogen peroxide, adding an excess of 8-hydroxyquinoline, then 

ammonium hydroxide until the solution contains 10 ml in excess per 100 ml 

of solution, and precipitating as described under Precipitation by 8-Hy- 

droxyquinoline (p. 122). 

The separation of tungsten from the earth acids is very difficult. Extrac¬ 

tion of the mixed acids, obtained by hydrolysis, with ammonium hydroxide 

or ammonium sulfide, or extraction with water after a fusion with sodium 

carbonate and sulfur as well as the boiling of an alkaline solution of the 

W. R. Schoeller and E. C. Deering, Analyst, 52, 625 (1927). This article presents 
an excellent review of the methods that have been recommended for the separation of 
titanium from the earth acids. 

-7 By this method, one of us (L.) obtained 0.0321 g of TiOa and 0.0599 g of Cb206 + 
ra205 in the analysis of a mixture of 0.0307 g of the former and 0.0620 g of the latter, 
and 0.0344 g of Ti02 and 0.0584 g of Cb205 -{- Ta205 instead of 0.0325 and 0.0602. The 
mixtures of earth acids were made up of equal parts of the oxides. 
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tungstate, columbate, and tantalate are all unsatisfactory,^® Moreover, 
tungsten may be incompletely precipitated by cinchonine (p. 689) in the 
presence of the earth acids. For such separations three procedures,^” 
dependent on the elements associated with tungsten, are available, among 
which the magnesia method is recommended as generally applicable for 
the separation of tungsten in the presence of titanium, columbium, tantalum, 
and zirconium. The procedure is as follows: I'he mixed oxides (0.2 to 
0.5 g) are fused with 4 g of potassium carbonate in a platinum crucible 
over a strong burner for 10 to 15 minutes. The fused mass is taken up in 
200 ml of hot water, care being taken to disintegrate any lumps by gentle 
boiling and manipulation with a glass rod. The crucible is rinsed, and the 
hot solution is treated with freshly prepared reagent (1 g of crystallized 
magnesium sulfate, 2 g of ammonium chloride, 25 ml of water, 4 drops of 
ammonia). The covered beaker is kept on a covered water bath for an 
hour. The flocculent precipitate is collected on an 11-cm no. 40 Whatman 
filter, and washed with quarter-saturated ammonium chloride solution. 

a. Determination of the Mixed Earths. The precipitate is washed back 
with the same wash liquor; the filter is placed in the platinum crucible 
intended for the ignition of the tannin precipitate, TP^. The suspension 
of the magnesia precipitate (150 ml) is acidified with hydrochloric acid 
and digested on the water bath for an hour. An equal volume of a saturated 
solution of ammonium chloride is then added, and the reaction is adjusted 
with ammonia to slight acidity to litmus paper. The liquid is now treated 
with 2 g of ammonium acetate and heated to boiling, and fresh 5 per cent 
tannin solution is added until flocculation is complete. The precipitate, 
TP^, is allowed to settle on the water bath, collected with the aid of gentle 
suction, washed with the ammonium chloride solution, and ignited with 
the filter from the magnesia precipitate. If TP^ requires retreatment, it is 
again fused with potassium carbonate, and the operations above described 
are repeated, yielding a second magnesia precipitate and a filtrate therefrom 
which is added to the first. The magnesia precipitate is again treated with 

tannin as for TP^, giving TP^ which is ignited, leached as usual,®” and 

weighed as mixed earths. 

b. Determination of the Tungsten. The filtrate (or combined filtrates) 

from the magnesia precipitate or precipitates is treated by the tannin and 

cinchonine method. This procedure,*® as originally described, is carried 

out in a solution of high sodium chloride concentration; in the magnesia 

For a discussion of such methods, see W. R. Schoeller and C. Jahn, Analyst, 52, 
504 (1927). 

A. R. Powell, W. R. Schoeller, and C. Jahn, ibid., 60, 512 (1935). 
Purified by digesting with hot 5 per cent hydrochloric acid, rendering ammoniacal, 

filtering, washing with 2 per cent ammonium nitrate, and again igniting [W. R. Schoeller, 
ibid., 56, 304 (1931)]. 
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method, a filtered, hot-saturated solution of 20 to 30 g of ammonium 
chloride is added before precipitating the tungsten complex. 

Large amounts of silica in the presence of small amounts of the earth 
acids can be determined by evaporating as usual with hydrofluoric and 
sulfuric acids. Direct volatilization is not satisfactory with large amounts 
of the earth acids and must be carried out as follows: Transfer the ignited 
and weighed oxides to a good-sized platinum dish, dissolve by heating with 
sulfuric and hydrofluoric acids, and completely expel the fluorine by 
evaporating to fumes of sulfuric acid. (>ool, and bring the moist and 
strongly acid mass into complete solution by adding hydrogen peroxide 
and, if need be, dilute sulfuric acid. If a small white precipitate shows on 
standing, it is probably lead sulfate. Collect on a Munroe filter, wash with 
dilute sulfuric acid containing hydrogen peroxide, ignite gently, weigh, 
and test to make sure that it contains no other substances. To the filtrate 
add sulfur dioxide, boil to expel all hydrogen peroxide, and add ammonium 
hydroxide in excess. Filter, wash with a 2 per cent solution of ammonium 
nitrate, ignite, and weigh. The di/Tcrcncc between this and the earlier 
weight should represent the silica with a fair degree of accuracy if no lead 
was found. If lead was found, the difference noted is to be decreased by 
a proper amount for the lead. What this shall be cannot be said with cer¬ 
tainty. If the ignited earth acids contained the lead as sulfate, then the 
correct deduction is that of the lead sulfate found. If, however, the 
ignition of the earth acids had resulted in expulsion of SO3 and formation 
of lead columbate, for example, then the equivalent of PbO should be 
deducted in order to arrive at the proper value for silica. 

According to Schoeller and Powell,"^ the separation of silica from the 
earth acids can also be carried out as follows: Fuse the mixed oxides with 
3 g or more of potassium pyrosulfate, cool, digest on the water bath with 
50 ml of water containing 3 g of oxalic or tartaric acids, filter, and wash 
the residue with hot water. Ignite, weigh, treat with hydrofluoric and 
sulfuric acids, evaporate, ignite, and again weigh. 

Tantalum, together with columbium, titanium, zirconium, hafnium, and 

tin, can be quantitatively gathered in solutions of rocks by precipitating 

with 5 to 10 g of phenylarsonic acid in 300 ml of boiling 2 to 3 N hydro¬ 

chloric acid containing moderate amounts of sulfuric acid, 5 g of tartaric 

acid, and a little paper pulp; digesting on the water bath for 2 hours and 

then at room temperature for 48 hours; filtering; and washing the precipi¬ 

tate with cold dilute (1 -f- 10) hydrochloric acid or with a cold 2 per cent 

solution of ammonium nitrate. Complete solution of the rock may require 

(1) digestion with hydrofluoric and sulfuric acids, followed by complete 

expulsion of the hydrofluoric acid, addition of tartaric acid solution, and 

W. R. Schoeller and A. R. Powell, ibid,^ 53, 262 (1928). 
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filtration, (2) fusion of any residue with sodium carbonate, followed by 
solution in hydrochloric acid and filtration, and (3) fusion of any residue 
with potassium pyrosulfate, followed by solution of the melt in tartaric 
acid solution.^- 

IV. METHODS OF DETERMINATION 

As a general rule, the last stages of tlie analysis leave coliimbium and 
tantalum still associated with more or less of the titanium that was origi¬ 
nally present. In the long run it is probably more satisfactory to concen¬ 
trate on the separation of columbium and tantalum and then to determine 
the amount of titanium that is contained in each weiglicd oxide. 

Tantalum is finally weighed as the pentoxide, TaoOs, in all of the com¬ 
mon procedures. Columbium can be weighed as the pentoxide, CboOs,®® 
or determined volumctrically by reducing with zinc in sulfuric acid solution 
and titrating with permanganate.^^ 

A. SEPARATION OF TANTALUM FROM COLUMBIUM BY PRECIPITATING WITH 

TANNIN IN OXALIC ACID SOLUTION 

Possibly the best method for the separation of tantalum from columbium 
is that developed by W. R. Schoellcr.^® This method is based on differ¬ 

ences in the behavior of oxalotantalic and oxalocolumbic acids in dilute acid 
solutions of tannin. I'he former is stable only in the presence of a certain 
amount of free oxalic acid; the latter is much more stable. The color of 
the precipitate with tantalum is sulfur yellow’; that with columbium is 

bright vermilion and sufficiently intense to betray its presence in the tan¬ 

talum precipitate. Titanium,^® tungsten,^^ and antimony,^® but not zir¬ 

conium,®® arc partially precipitated and interfere in the separation. Titania, 

if present in amounts of 2 per cent of the tantalic oxide being determined, 

is not harmful.®® 

No doubt there are other elements that interfere, and so in a mineral 

analysis the oxides of columbium and tantalum had better be separated 

from other elements before the application of the method. 

3“K. Rankama, Bull, cormt. geol. Finland 133 (1944). 
The pentoxides of columbium and tantalum can be ignited at 1100 to 1200® C with¬ 

out loss and are not hygroscopic. Both volatilize to a marked extent wlien ignited after 
evaporation with hydrofluoric acid alone. 

34 For a comprehensive discussion of methods of determination, consult W. R. 
Schocller, The Analytical Chemistry of Tantalum and ’Niobium, Chapman & Hall, 
London (1937); see also W. R. Schoeller, Analyst, 61, 806 (1936). 

^^ibid., 57, 750 (1932). 
33 W. R. Schocller and A. R. Powell, ibid., S3, 265 (1928). 
37 W. R. Schocller and C. Jahn, ibid., 59, 465 (1934). 
33 A. R. Powell and W. R. Schoeller, ibid., 50, 494 (1925). 
snv. R. Schoeller, ibid., 57, 755 (1932). 
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Briefly, the method involves fusion of the mixed oxides with acid po¬ 
tassium sulfate in a silica crucible, solution of the melt in a hot solution of 
saturated ammonium oxalate, filtration, and retreatment of the insoluble, if 
necessary. The boiling solution, when cautiously and properly treated 
with a fresh 2 per cent water solution of tannin, preferably added from a 
burette, followed by the addition of a saturated solution of ammonium 
chloride, produces either a yellow (Ta) or an orange- to red-colored pre¬ 
cipitate (Ta + Cb). Following filtration and washing of the precipitate, 
further treatment of the filtrate with dilute ammonium hydroxide and tan¬ 
nin results in precipitation of a deeper-colored orange or red precipitate. 
The pure yellow fraction is ignited in porcelain and weighed as Ta205, 
while the orange or red precipitates arc combined, ignited, fused with 
bisulfate, leached as before, and again precipitated with tannin. By repe¬ 
tition of the process, a tantalum fraction is obtained, contaminated with 
adsorbed salts, silica, titania (if present), and a very small amount of co- 
lumbium, while the columbium fraction is recovered from the combined 
filtrates by precipitation with tannin and ammonium hydroxide. Each 

fraction requires purification and correction for titania. 

B. SEPARATION OF COLUMBIUM FROM TANTALUM BY DIGESTING THE 
OXIDES WITH SELENIUM OXYCHLORIDE 

According to H. B. Merrill,^^ columbium can be separated from tantalum 
by extracting the mixed oxides with selenium oxychloride as follows: Trans¬ 
fer the strongly ignited and weighed mixture of the earth acids (0.2 to 
0.3 g and preferably free from titanium) to a flask, treat with SO ml of a 
mixture in equal parts of selenium oxychloride^- and sulfuric acid, and 
boil on a sand bath for half an hour, but not so strongly that clouds of 
vapor are given off. After cooling and settling, decant the liquid with 
suction through a weighed Gooch crucible with asbestos mat. Boil the 
residue in the flask with 20 ml of the reagent for 15 minutes, and decant 
through the crucible. Repeat until the filtrate, when poured into 1000 ml 
of water and boiled, gives only a faint precipitate caused by traces of dis¬ 
solved tantalic oxide. Take care that as little as possible of the solid passes 
onto the filter. Three or four treatments usually suffice. Then transfer 

the residue to the filter by means of a jet of water, and wash with water. 

The washing need not be thorough, as the decomposition products of the 

reagent are volatile. Ignite, and weigh as Ta205. If titanium was present, 

it is with the columbium, and should be determined colorimetrically in a 

40 For details concerning the procedure and illustrative examples, reference should 
be made to the original article or to W. R. Schoeller, The Analytical Chemistry of 
Tantalum and 'Niobium, loc, cit, 

41 /. Am. Chem. Soc., 43, 2378 (1921). 
42 V. Lenher, ibid., 29. 
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separate sample and its weight deducted from the sum of the columbic 
and titanic oxides found by difference. 

In Merrill’s tests, the maximum divergence on prepared mixtures of 
Cb205 and Ta205 was 3 per cent of the total, and in most cases less. 
Greater divergencies would no doubt be found if the method is applied 
to mixtures containing impurities. 

C. SEPARATION OF COLUMBIUM AND TANTALUM FROM EACH OTHER BY 
MARIGNACS METHOD 

For the actual separation of columbium and tantalum from each other, 
the oldest method is the classical one of C. Marignac which leaves much 
to be desired, being tedious and only approximate. According to Meyer 
and Hauser, an accuracy of 0.5 per cent can be attained by careful work 
and by using large samples—15 to 30 g. T'he method depends upon a dif¬ 
ference in the solubilities in hydrofluoric acid of potassium-tantalum flu¬ 
oride, K2TaF7, and potassium-columbium oxyfluoride, K2CbOF5. It has 
been modified, primarily for factory control, by several analysts. Mellor 

employed the method in the following form: Dissolve the freshly precipi¬ 
tated and washed mixed oxides, preferably free from titanium and zir¬ 
conium, in just enough hydrofluoric acid. Avoid an excess. Boil and 

add, slowly and with constant stirring, a boiling solution of potassium 

fluoride twice the weight of the oxides. Evaporate to a volume of 10 ml, 

washing down the inside of the dish with a few drops of water toward 

the end, and cool slowly to 15® C or lower. Decant the clear solution 

through a small paper in a rubber or Bakclite funnel, and wash the felted 

mass of crystals of potassium fluotantalate with a little cold water four 

times. Evaporate the decanted liquid and washings to 5 ml, let cool slowly, 

decant through a second smaller paper and wash as before. If flakes of 

columbium salt are visible, wash until dissolved. Evaporate the filtrate and 

washings to dryness on the water bath, cool, add one drop of hydrofluoric 

acid, take up the residue in 1 to 5 ml of water added from a burette, and 

warm until all is dissolved. Add 0.1 g of potassium fluoride dissolved in 

1 ml of water. Record the volume of the solution (A). Cool for 30 to 

60 minutes at 15° C, filter into a small platinum dish, and wash three or 

four times with a few drops of cold water. Record the volume of wash¬ 

ings (B). 
To determine the columbium, evaporate the filtrate with sulfuric acid, 

making sure that all fluorine is expelled, cool, dilute, and precipitate with 

ammonium hydroxide in slight excess, at boiling heat. Filter, wash with 

Ann. chim, et phys., [4] 8, 60 (1866). 
44 A Treatise on Quantitative Inorganic Analysis, p. 421, Charles Griffin and Co., Lon¬ 

don (1913). 
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a hot 2 per cent solution of ammonium nitrate, and ignite. Add solid am¬ 
monium carbonate, cover tlie crucible, heat cautiously, ignite at 1100 to 
1200° C, and weigh. Allow for a tantalum content of the columbic oxide 
as follows: For each milliliter of acid liquid (A), deduct 0.002 g, and, for 
each milliliter of washings (B), deduct 0.00091 g. The tantalum is found 
by difference if the weight of the oxide mixture was known, or it can be 
determined directly like the columbium, with due plus correction for the 
Ta205 that was deducted from the CboOr*. Should titanium be present, 
determine this colorimetricallv in each oxide. 

E. Meimberg and P. Winzer dissolved the mixed oxides in just enough 
hydrofluoric acid to form the double fluorides, and proceeded as follows: 
Add an excess of a saturated solution of potassium chloride, let cool, and 
adjust the solution so that potassium-columbium oxyfluoridc remains in 
solution (solubility of potassium-columbium oxyfluoride in water, 1 in 12). 

Filter, wash with a cool saturated solution of potassium chloride, dissolve in 
water containing a little hydrofluoric acid, add more potassium chloride 
solution, cool, filter, and wash as before. Heat the precipitate with sulfuric 
acid, expel the fluorine, and precipitate the tantalum by ammonium hy¬ 
droxide after taking up with water acidulated with hydrochloric acid. 
Evaporate the filtrates with sulfuric acid, heat to expel fluorine, and deter¬ 
mine the columbium as in the preceding method. If titanium was present 

in the mixed oxides, it should be determined colorimetricallv in both the 
columbic and tantalic oxides. 

The studies of O. Rufi and E. Schiller enabled them to devise the follow¬ 

ing modification: Dissolve 0.5 to 1 g of the oxides, preferably free from 

titanium, in just enough hydrofluoric acid. If more than enough was used, 

evaporate the excess, and take up the residue with water. Add hydrofluoric 

acid so as to have 4.3 per cent in excess, and then potassium fluoride in a 

calculated amount (to form KoCbOFs) based on regarding the whole of the 

weighed oxides as columbium. Evaporate to dryness, boil the residue with 

hydrofluoric acid in 0.75 per cent strength, filter hot, wash at once with 

two portions of hot water each of 10 ml. Reserve the residue, evaporate the 

filtrate to dryness, and heat at 120°. Take up with an excess of hot water, 

and treat with 0.1 N potassium hydroxide solution as long as the precipitate 

that forms redissolves. Evaporate, take up the residue with 10 ml of water, 

and again evaporate. Repeat twice more the taking up with water and 

evaporating. In this way the salt, K4Ta405Fi4 is stabilized and can be fil¬ 

tered. All the columbium is said to be in the filtrate, from which it can be 

recovered as set forth above. The combined precipitates can be treated 
similarly for their tantalum content. 

angeav. Chem,, 26, 158 (1913). 
4‘^Z. anorg, Che?n,, 72, 348 (1911). 
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According to Fucke and Daublandcr,*^ tantalum can be precipitated and 
separated from columbium in 0.1-g mixtures of their oxides containing from 
0.01 to 0.09 g of CboOr,, by precipitating with phenylarsonic acid, CoHs* 

AsO* (0H)2, in sulfuric acid solution containing hydrogen peroxide. Sepa¬ 
rations are not strictly quantitative, but are said to suffice for routine work 
in which plus or minus errors, of say 5 per cent of the amount of oxide 
present, are not serious. See also Zirconium (p. 567). 

A chromatographic separation (99% + ) of columbium from tantalum in 
HCI—HF mixtures, using an anion exchange resin of the strong base type, 
is described by K. A. Kraus and G. E. Moorc.^” 

D. VOLUMETRIC DETERMINATION OF COLUMBIUM 

The quantitative determination of columbium, based on reduction by 
amalgamated zinc and reoxidation with potassium permanganate has, in 

general, produced results that lack both accuracy and precision. A study 

of the various factors involved indicates that essential conditions require 

adequate duration of reduction in the presence of an excess of zinc and 

a proper concentration of both acid and columbium. In the procedure to 

be described, columbium, in a sulfuric acid solution, is quantitatively re¬ 

duced by amalgamated zinc to the trivalent state and subsequently oxidized 

to the quinquevalent state. For satisfactory results, careful attention must 

be given to the amalgamation of the zinc, the length of the reductor, and 

to the acidity, temperature, and concentration of columbium in the solution 

to be reduced. 

A study of the reducing action of amalgamated zinc indicates that, for 

a number of elements, it is requisite that the zinc be but lightly coated with 

mercuiy. Satisfactory amalgamation is accomplished as follows: Transfer 

1000 g of 20-mcsh zinc metal (low in iron) to a stout, wide-mouthed glass 

bottle, add 500 ml of a 2 per cent aqueous solution of mercuric chloride, 

mix continuously for 45 to 60 seconds, discard the solution, and wash five 

times with distilled water. Treat the washed amalgamated zinc with 500 

ml of warm, dilute sulfuric acid (1 + 99), mix, discard the acid, and wash 

thoroughly with distilled water. The prepared amalgam is preferably pre¬ 

served in water to which a few drops of hydrochloric acid have been added. 

The period of use of an amalgam thus prepared is limited. With continued 

use, it eventually loses its efficiency and can no longer be used for this 

purpose. 

H. Fucke and J. Danblander, Tech, Mitt, Krupp, 14, 174 (1939). 
48 ], Am, Chem, Soc., 71, 3855 (1949). 
4» H. B. Knowles and G. E. F. Lundell, /. Research NBSy 42, 405 (1949). 

W. Stone and D. N. Hume, Ind, Eng, Chem. Anal. Ed., 11, 598 (1939); H. A. 
Liebhafsky, /. Am. Chem, Soc,, 59, 452 (1937). 
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A study of the acid concentration necessary for the quantitative reduc¬ 
tion of columbium indicates that the solution should contain preferably 20 
per cent by volume but never less than IS per cent by volume of sulfuric 
acid. With the latter concentration, there is a general tendency to slightly 
low but still satisfactory values. Under these conditions the reduced solu¬ 
tion is clear and possesses an “amethyst-like” color. At lower concentra¬ 
tions of acid, the reduced solution exhibits a dark (blackish) color and 
yields low values on titration. 

The presence of small amounts of succinic acid, introduced as an aid to 
prevent hydrolysis, if not beneficial at least exerts no harmful influence. 

Experiments indicate that essential factors for satisfactory reduction in¬ 
volve the time of contact of the solution with the amalgam and the amount 
of available zinc. The latter, in turn, is a function of both the active area 
of the amalgam and the degree of amalgamation. The time for the passage 
of all solutions through the reductor should be not less than 25 minutes. 

Definite limitations regarding the maximum concentrations of colum¬ 
bium for use with various reductors are difficult to define, because the solu¬ 
tion, when introduced into the reductor, undergoes dilution and, owing 

to nonuniform mixing, lacks homogeneity. Although concentrations of as 
high as 1.7 mg of Cb205 per ml have been reduced quantitatively at times 
with a long (33-in.) reductor, a critical study indicates a concentration not 
greatly exceeding 1.0 mg per ml to be desirable. Similarly, the concentra¬ 
tion for use with a short (18-in.) reductor should not exceed 0.7 to 0.8 
mg per ml. 

Although heat is not essential to quantitative reduction, all reductions 

are preferably conducted at a temperature of 65 ± 5°C. This tempera¬ 

ture facilitates the diffusion of zinc through the amalgam and effects more 

vigorous action during passage of the solution through the reductor. 

The following procedure describes conditions suitable for solutions that 

may contain as much as 300 mg of Cb206 and requires the use of a reduc¬ 

tor having a long column (33-in.) of amalgamated zinc. With solutions 

containing not more than 175 mg of the oxide, satisfactory reductions can 

be effected in a shorter reductor, such as one with an 18-in. column. 

RECOMMENDED PROCEDURE. Fusc a dry Weighed sample of not more than 

300 mg of the oxide in a 25-ml covered silica (or equivalent) crucible with 

3 to 5 g of potassium pyrosulfate. Cool, transfer the covered crucible with 

contents to a covered 250-ml beaker, add 20 ml of sulfuric acid, and heat 

moderately to dissolve the melt. Cool, add 1 to 2 ml of hydrogen peroxide 

(30%), cautiously dilute with 100 ml of water, and rinse and remove the 

crucible and cover. Cool, add 20 ml of sulfuric acid, dilute to 200 ml with 

water, add 2 g of succinic acid, and heat moderately, while stirring, until 
the succinic acid dissolves. 
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Reduce the columbium in a redactor having a 33-in. column in the fol¬ 
lowing manner: First clean and preheat the redactor by pouring through 
it hot dilute sulfuric acid (1 + 19) and then hot water (90° C). Discard 
the washings. Place a three-fold excess of ferric iron in the receiver, and 
attach to the redactor. Pour into the redactor 100 ml of sulfuric acid 

(1+4) heated to 65 dh 5° C. With the aid of suction, draw through the 
redactor the foregoing solution, then the solution of the columbium, then 
150 ml of sulfuric acid (1+4) containing 1 per cent of succinic acid, each 
at 65 db 5° C, and finally 200 to 250 ml of cold water, slowly and without 
interruption at such a rate (unchanged) that the total time for the passage 
of all solutions is not less than 25 minutes. Cool the solution of reduced 
columbium by immersion of the receiver in ice water during the operation. 
Remove the receiver from the redactor, rinse, and drain the outlet tube 
in the customary manner. Add 10 ml of phosphoric acid (85%) and titrate 
with a 0.1 iV solution of potassium permanganate (0.0066455 g of CbaOs 
per ml), using orthophenanthroline as an indicator. Correct the titration 
by deducting the amount of potassium permanganate consumed by a blank 
determination, involving all reagents, obtained under identical conditions. 
To insure absence of oxidizable impurities, each of the acid-wash solutions 
is, permanently tinted, while hot, by the addition of a few drops of a solu¬ 
tion of potassium permanganate. 

E. DIRECT COLORIMETRIC DETERMINATION OF COLUMBIUM 

At low concentrations of sulfuric acid, columbium yields a light-yellow 
color with hydrogen peroxide. The intensity of the color increases as the 
strength of the acid is increased, and reaches its maximum in 100 per cent 

of acid (sp. gr. 1.845 at 15° C).®^ Tantalum yields no color. The color 
of the titanium compound fades with increasing acidity, and reaches such 
a low intensity at 100 per cent acid that colorimetric determinations of 
columbium, with correction for any titanium present, can be made as 

follows: 
PROCEDURE. Obtain the mixed oxides of tantalum and columbium, prefer¬ 

ably weighing about 0.1 g and obtained by a method that removes most 

of the titanium. Ignite and weigh. Fuse with 5 g of potassium pyrosulfate, 

and dissolve the melt in 10 milliliters of sulfuric acid, and an equal volume 

of hydrogen peroxide (3%). Add 20 ml of the peroxide, and dilute to defi¬ 
nite volume, keeping the acidity at approximately 10 to 20 per cent by 

volume. Determine the transmittancy of the whole solution, or a definite 

part of it, in a photometer with an appropriate filter (Hg 436), and calcu¬ 

late the percentage of titanium oxide by comparison with know^n standards 

or by interpolation from a prepared curve. Evaporate the solution to fumes 

*iP. Klinger and W. Koch, Tech. Mitt. Krupp Forschtmgsber., 14, 179 (1939). 
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of sulfuric acid, dilute to definite volume with 100 per cent acid, add 1 milli¬ 
liter of hydrogen peroxide (30%), and determine the transmittancy of the 
whole, or a definite part of it, through an appropriate filter (Hg 436). Cal¬ 
culate the apparent columbium content from a curve prepared by using 
known amounts of columbium. To obtain the true amount, subtract 0.70 
mg of columbium for each 0.422 mg of titanium found. Tantalum is ob¬ 

tained by difference.^2 

F. PHOTOMETRIC DETERMINATION OF TANTALUM 

A photometric procedure for the determination of tantalum based on the 
formation of a yellow complex with pyrogallol in faintly acid ammonium 
oxalate solution is described by G. Thaneiscr.'^*' Titanium and molybdenum 

also form colored complexes with pyrogallol, and provision must be made 
for the color of ferric oxalate. 

G. PROTACTINIUM (EKATANTALUM) 

Protactinium is apparently a very rare element, its percentage in the 

earth’s 10-mile crust, 7 X 10 “ according to present estimates, being lower 

than that of any of the known elements save radon. What little has been 
isolated was separated from zirconium phosphate residues obtained in the 
process of refining radium from pitchblende. 

In its behavior toward reagents, protactinium is quite unlike columbium 
or tantalum.®^ Analytically it shows marked resemblance to zirconium in 

(1) yielding a solution when the oxide is fused with pyrosulfate and the 

melt is dissolved in dilute sulfuric acid, (2) remaining insoluble when the 
oxide is fused with potassium carbonate and the melt is dissolved in water, 

(3) being completely precipitated by (a) hydrogen peroxide added in ex¬ 

cess to warm (40 to 60° C) 2 per cent sulfuric acid, (b) ammonium hy¬ 
droxide, and (c) phosphoric acid in dilute sulfuric acid containing hydro¬ 
gen peroxide, and (4) yielding no precipitate with hydrofluoric acid.®® 

Protactinium pentoxide is a heavy white powder u^hich has a high melt¬ 

ing point and is insoluble in concentrated sulfuric, nitric, or hydrochloric 
acid. It is a distinctly, though feebly, basic oxide without acidic properties. 

®2For the ultraviolet spectrophotometric determination of columbium, see G. Telep 
and D. F..Bolt2^ AnaL Chem., 24, 163 (1952). 

Mitt. Kaiset Wilhelm Inst. Eisenforsch. Diisseldorf^ 22, 255 (1940). 
54 A. V. Grosse, /. Ain. Chem. Soc.^ 52, 1742 (1930); M. Bachelet and G. Bouissicres, 

Bull. soc. chim., 11, 169 (1944). 
55 For a method for the radioactive determination of protactinium in siliceous ter¬ 

restrial and meteoric material, following coprecipitation with zirconium phosphate and 
purification of the ignited pyrophosphate, consult W. C. Schumb, R. D. Evans, and 
J. L. Hastings, /. Am. Chem. Soc., 61, 3451 (1939). 



THE ALKALINE EARTHS AND MAGNESIUM 

Calcium, Stronhum, Barium, Macnksium, (Radium) 

Chapter 40 

THE ALKALINE EARTHS-CALCIUM, STRONTIUM, BARIUM 

Calcium is one of the most abundant metals, but, like strontium and 

barium, it is never found in nature uncombined. It is an essential con¬ 

stituent of many rock-forming minerals, and occurs as the carbonate, lime¬ 

stone; the sulfate, gypsum; the fluoride, fluorspar; the fluo- or chlorophos- 

phate, apatite; and in many other mineral species. Fcldspathic rocks are 

those most likely to carry barium and strontium, the fonner almost always 

in qxcess of the latter.^ Barium has been found in a few peculiar rocks 

in excess of 1 per cent, in terms of the oxide, but, in the greater part of 

the silicate rocks of the United States, its percentage is well below 0.2. It 

is found also as the sulfate, barite, and the carbonate, w itherite. Strontium 

has been found as high as 0.3 to 0.4 per cent, but generally there is little 

more than a trace of it. The most important strontium minerals are the 

sulfate, celestite, and the carbonate, strontianite. 

I. GENERAL CONSIDERATIONS 

The alkaline earth metals cause no trouble in an ordinary analysis if the 

solution contains only chlorides or hydrochloric acid. Other acids or their 

salts may cause difiicultics. For example barium (and sometimes strontium 

and calcium) will be found with silica if sulfuric acid or sulfates are present; 

calcium will be precipitated by ammonium hydroxide if the solution con¬ 

tains fluorides; and all three earths may be found in the ammonia precipi¬ 

tate if carbonates are present or phosphoric acid preponderates over iron 

or aluminum. 

’ 7'hcre is some evidence that barium is apt to be most abundant in rocks that are 
high in potash. Barium occurs in the feldspars, especially orthoclase, as the celsian 
molecule, in the rare hyalophane, in some zeolites, as well as in a few biotites and 
muscovites. We can at present form no definite conclusion concerning the character 
of the rocks most likely to carry strontium, and more analytical data on this point 
would be of interest. 

611 
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II. DECOMPOSITION OF ALKALINE-EARTH MINERALS 

The decomposition of alkaline earth minerals presents no difficulties and 
is carried out by direct solution in acids, usually hydrochloric; by fusion 
with carbonate, followed by solution in acid; or by preliminary solution 
in acid, as with limestone, followed by fusion of the insoluble matter. 

III. METHODS OF SEPARATION 

In general, the alkaline earths arc easily separated from interfering ele¬ 
ments by the use of ordinary procedures, such as precipitation with hydro¬ 
gen sulfide in acid solution, with ammonium hydroxide (avoiding any large 
excess), or with ammonium sulfide. Sulfates must of course be avoided if 
barium or an appreciable amount of strontium is present, and substances 
such as phosphates and arsenates cause trouble in ammoniacal solutions that 
do not contain enough iron, aluminum or the like to take care of them. 

Electrolysis with a mercury cathode in dilute acid solution (p. 138) yields 

excellent separations of the alkaline earths and magnesium from elements, 

such as zinc, iron, or chromium, that can be deposited in the mercury. 

A. SEPARATION OF CALCIUM FROM MAGNESIUM 

When calcium is preponderant, it is usually separated from magnesium 

by double precipitation with ammonium oxalate as described on page 622. 

Satisfactory separations can also be had by this method if the amount of 

magnesium equals or is in moderate excess over that of calcium, but triple 

precipitations may be required.- In such cases the same end is attained in 

fewer precipitations, but with more labor by Richard’s method as outlined 

on page 624.^ 

Calcium can be quantitatively separated from magnesium by precipitation 

with ammonium molybdate in a boiling feebly acid or feebly alkaline solu¬ 

tion.** The precipitated calcium molybdate can be caught in a filtering 

crucible, washed with hot water, dried at 130° C, and weighed as such. 

When an extremely accurate determination of very little calcium is de¬ 

sired, especially in the presence of much magnesium, as in magnesite, direct 

2 For example, in three analyses of a dolomite containing 21.54% of MgO, the per¬ 
centages of CaO indicated after double precipitations were 30.63, 30.62, and 30.68. 
When the weighed residues were dissolved and reprecipitated, the percentages dropped 
to 30.48, 30.45, and 30.49. When these in turn were dissolved and precipitated for the 
fourth time, the percentages remained exactly the same. 

8 For example, in analyses of the dolomite mentioned in the preceding footnote, 
single precipitations gave 30.84, 30.79, and 30.78; double precipitations gave 30.42 and 
30.40; whereas a triple precipitation gave 30.44. 

4R. C. Wiley, Ind. Eng, Chem, Anal Ed., 3, 127 (1931). 
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precipitation as oxalate is not satisfactory, llie hitherto available methods 

are all based on the precipitation of the calcium, first as sulfate by the aid 
of alcohol, then as oxalate. Precipitation as sulfate, however, presupposes 
absence of alkali metals, the sulfates of which are for the most part diffi¬ 
cultly soluble in alcohol. Hence the method is not suitable for those min¬ 
eral substances that must first be attacked by an alkali fusion, of which most 
of the natural silicates are the foremost examples. Moreover, of the avail¬ 
able methods—that of C. Stolberg'^ as modified by O. Kallauner and I, 
Preller ® and the E, Murmann method one involves the use of lithium 
sulfate, and the other presupposes knowledge of the amount of calcium 
present. A much more satisfactory method is based on one that was de¬ 
vised by the senior author for the recovery from the magnesium pyrophos¬ 
phate precipitate of the small amount of calcium that escapes precipitation 
as oxalate. As here applied, the usual precipitation with oxalate is omitted, 
and calcium is precipitated as phosphate along with the magnesium and re¬ 
covered as follows: Precipitate the magnesium together with the calcium 
as phosphate by the method given under Magnesium (p. 636).® Transfer 
the weighed precipitate to a small beaker, and dissolve it in a little dilute 
sulfuric acid, avoiding more than approximately 0.5 ml in excess. In case 
the* precipitate dissolves with difficulty, boil it with nitric acid, and evapo¬ 

rate until copious fumes of sulfuric acid appear. Add 100 ml of 75 per 
cent alcohol (by volume) for every 0.3 g of pyrophosphate originally pres¬ 
ent, and allow the solution to stand for several hours, or preferably over¬ 
night if the amount of calcium is very small.*‘ Filter, w^ash the residue of 
calcium sulfate with alcohol of 75 per cent strength, and dry the precipi¬ 
tate. Dissolve it in very little dilute hydrochloric acid, precipitate as oxa¬ 
late in as small a volume as possible, and finally ignite to oxide.^° If mag¬ 

nesium is not to be determined, the precipitated phosphate may be dissolved 

at once without igniting and weighing it.^^ 

®Z. angew. Chem., 17, 741 (1904). 
^Chem. Ztg., 36, 449, 462 (1912). 
7 2. anal, Chem,, 49, 688 (1910), 
® Barium also accompanies magnesium, but precipitation of the barium is not quite 

quantitative, even when magnesium preponderates. Lithium is not retained at all if 
magnesium is precipitated twice in cool solution. 

® This mixture dissolves approximately 0.06 g of MgO as MgSOi and less than 0,1 mg 
of CaO per 100 ml. A mixture containing 90 parts of ethyl alcohol, 10 parts of methyl 
alcohol, and 1 part of sulfuric acid is equally satisfactory as regards the precipitation 
of calcium sulfate and dissolves 0,46 g of MgO as MgSO.i per 100 ml. 

Tests made for us by H. B. Knowles showed that the recovery of calcium was 
complete by this method in mixtures of 0.0005 g CaO and 0.1 g MgO, 0.001 g CaO and 
0.05 g MgO, and 0,05 g of both CaO and MgO. 

For the separation of calcium as sulfate in alcoholic solution prior to the deter¬ 
mination of magnesium in phosphate rock, see J. I. Hoffman, Bur, Standards /. Research, 
9, 487 (1932). 
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According to A. C. Shead and B. J. Heinrich,calcium oxide can be 

extracted by a 30 per cent solution of cane sugar and quantitatively sepa¬ 
rated from magnesium oxide in a freshly ignited mixture of the two oxides. 

B. SEPARATION OF CALCIUM, STRONTIUM, AND BARIUM FROM OTHER 

ELEMENTS 

It is preferable that, for their separation from one another, the three 
alkaline earth metals be brouglit to the condition of chlorides qr anhydrous 

nitrates. Before this can be done, they must as a rule first be separated 
from other elements by removing some of these and completing the sepa¬ 
ration of the remainder by a group precipitation of the alkaline earth metals 

themselves. 
a. Grot/p Separation as Oxalates. Ordinarily the group separation is im¬ 

perfectly made as oxalates, and these are converted by ignition to oxides 
in the manner prescribed for calcium (IV, A, p. 624). See C below for 
further treatment. The differing behavior of the metals toward ammonium 
oxalate needs to be w ell understood. No one of the oxalates is entirely 
insoluble under the conditions that obtain. Strontium precipitates nearly 
as completely as calcium, but barium very incompletely.^^ When present 
in amounts up to 3 or 4 mg, barium will never be found with the calcium 
and strontium oxides after a second precipitation, and very often not when 
in even greater amount. It juust be recovered from the combined filtrates 
from the oxalate precipitates, of which there will be two ordinarily. If, 
however, the amount of barium is such that a third oxalate precipitate will 
hold none of it, a third precipitation may be advisable, as is the case also 
when much magnesium is present. In any event, the filtrates must be evapo¬ 
rated, the contained ammoniacal salts expelled by careful heating in a dish 
of platinum or porcelain, or by the action of concentrated nitric acid in 
a dish of porcelain (with a large funnel inverted over the liquid to prevent 
loss by spattering), the residue taken up with barely enough w^ater to effect 

ready solution, and a little sulfuric acid added, follow^ed by alcohol in vol¬ 

ume equal to that of the solution. This will insure throwing out the barium 

and strontium, but perhaps not all of the little calcium that is sure to have 

escaped precipitation as oxalate, which remainder wdll be recovered from 

the magnesium pyrophosphate. The small sulfate precipitate is to be fil¬ 

tered, ignited, converted to nitrate, and this added to the nitrate solution 

of the main portion. Direct recovery of barium by precipitation with 

^^Ind. Eng. Chem. Anal. Ed., 2, 388 (1930); see also A. C. Shead and R. K. Valla, 
ibid., 4, 246 (1932). 

VV. F. Hillebrand, /. Am. Chem. Soc., 16, 83 (1894); C. A. Peters, Am. J. Sci., [4] 
12, 216 (1901). According to the latter, strontium is almost completely precipitated 
in a solution containing one-fifth its volume of 85 per cent alcohol, and barium in a 
solution containing one-third its volume. 
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magnesium phosphate, as is done with calcium and strontium, is not per¬ 

missible because of the slight solubility of barium phosphate. 
b. Group Separation as Sulfates. Under special conditions, the separa¬ 

tion as sulfates may be made as prescribed for calcium (IV, A, p. 629) and 
is superior to the oxalate method above described as regards completeness 
of precipitation, but it has drawbacks in other respects. The sulfates must 
be ignited and fused with sodium carbonate, and the melt leached with 
water and then dissolved in hydrochloric or nitric acid, of which the ex¬ 
cess is to be expelled by evaporation. See next section for further treat¬ 
ment. 

C. SEPARATION OF CALCIUM, STRONTIUM, AND BARIUM FROM EACH OTHER 

No really good methods for separating calcium, strontium, and barium 
from each other arc known. They are all imperfect and give correct re¬ 
sults only through compensating errors. The separation is done in either 
of two ways, according to whether nitrates or chlorides are dealt with. 

(1) From the dry nitrates, calcium nitrate is extracted through its solu¬ 
bility in a mixture of absolute alcohol and ether or in concentrated nitric 
acid. From the aqueous solution of the residual nitrates, barium is re- 
movbd and weighed as chromate, and strontium is determined in the fil¬ 
trate. (2) From the chlorides, barium is precipitated as chromate, and, 
from the filtrate, calcium and strontium are thrown out as carbonates, these 
converted to nitrates, and the latter in turn separated by alcohol-ether as 
in a below. 

a. Separation of Calcium from Barium and Stronthmt. 1. By alcohol- 
ether. R. Fresenius stated that the solubility of strontium nitrate (dried at 
130°) in a mixture of equal volumes of absolute alcohol and absolute ether 
at room temperature is 0.0023 g in 250 ml, whereas under the same condi¬ 
tions 0.37 g of calcium nitrate is soluble in 1 ml of the solvent. His tests 
of the method show^ed that results for strontium are high while those for 
calcium are correspondingly low. 

First will be given directions for handling precipitates that contain stron¬ 

tium and barium in small amounts relative to the calcium (as will happen 

in the great majority of cases as in rocks), and then for the conditions that 

obtained in Fresenius’s tests of the method. 

a. With small amounts of stronthmt or barium or both. The first step 

is to convert to nitrates cither the mixed carbonates obtained from the 

sulfates as described above (b), or the weighed oxides resulting from ig¬ 

nition of the oxalates (p. 614). Ignite the carbonates to oxides. Transfer 

the oxides in either case to a flask of small capacity (20 to 25 ml is quite 

large enough as a rule), using a drop or two of nitric acid if necessary; 

Z. anal. Chem., 32, 189 (1893). 
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add enough of the same acid to dissolve all of the oxides; and evaporate to 
complete dryness without spattering. Aspiration helps greatly. The final 
temperature should be 150 to 160° C, though, according to Fresenius, 180° 
does no harm.^''’ When cool, pour upon the dry mass 10 times its weight 
of absolute alcohol, cork, swirl gently, and let stand for 1 to 2 hours. Add 
then an equal volume of absolute ether, cork, swirl gently, and let stand 
overnight. Collect the insoluble nitrates of barium and strontium on a per¬ 
forated filter with thin asbestos pad, or a platinum felt, and under gentle 
suction. If a paper filter is used, it should be as small as is consistent with 
the size of the precipitate and with speed in VMshing. The wash fluid is 
a mixture of absolute alcohol and absolute ether in equal volumes. If there 
is much insoluble matter, dissolve the washed and dried contents of the 
filter in hot water, evaporate, and dry in the flask as before, and repeat the 
treatment with alcohol and ether. In the combined filtrates and washings, 
after evaporating at a low temperature, determine the calcium, if desirable, 
by one of the methods given under IV, A. 

Dry the undissolved nitrates by very gentle warming, and pass enough 
hot water through the filter to dissolve them. Burn the extracted paper, 
and weigh the ash, or weigh the Gooch crucible. The residue will seldom 
if ever weigh half a milligram and is usually free from any alkaline earth 

compound; hence its weight is to be deducted from the gross weight of 
the oxides, unless it can be shown that it came from the glass of the flask 
in which the nitrates were evaporated. For the treatment of the solution 
see D below.^® 

p. With large awounts of strontium or barium or both. Dry the nitrates 
in a casserole at 130°, crush them, and extract with five 5-ml portions of the 
alcohol-ether mixture. Stir the solution after each addition, and decant 
into a small flask as soon as the residue settles. Stopper the flask and set it 
aside. Dissolve the residue in water, evaporate to dryness, and again dry 
at 130°. Crush the residue, transfer it to the flask, and sluice as much of 

any adhering nitrates as possible from the casserole to the flask by means 

of three 5-ml portions of the solvent. Reserve the casserole. Stopper the 

flask, shake occasionally, and let stand for 24 hours, filter through a small 

filter, and wash by decantation with twelve 5-ml portions of the solvent. 

If the calcium is to be determined, treat the filtrate as indicated in a above. 

Dissolve the nitrate that is in the casserole, the filter, and the small flask 

in water; add alcohol; precipitate with sulfuric acid; and weigh as sulfates. 

Manganese nitrate is decomposed before these temperatures are reached and gives 
rise to black oxides. It must therefore be separated before the separation of strontium 
is attempted. 

By a single extraction, H. B. Knowles obtained 0.0094 g of SrO in a mixture con¬ 
taining 0.008 g of SrO and 0.1 g of CaO, and 0.0661 g of SrO in a mixture of 0.0641 g 
of SrO and 0.05 g of CaO. 
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2. By extraction 'with nitric acid. S. G. Rawson based a method upon 
the fact that calcium nitrate is soluble in concentrated nitric acid whereas 
the nitrates of strontium and barium are not appreciably so. Rawson pre¬ 
ferred an acid having a specific gravity of 1.46 but stated that one of J.42 
is satisfactory. Approximately 0.7 g of calcium nitrate is soluble in 100 
ml of the former, whereas 7 g is soluble in a like volume of the latter. 

Upon the dry nitrates, pour concentrated nitric acid in excess, and stir 
well for some time. The crystals settle rapidly. Pour the clear supernatant 
liquid through a platinum-felted Gooch crucible, or, lacking that, through 
a double filter paper which has been moistened with concentrated nitric 
acid. Wash with the acid in small portions at a time.’* 

3. By precipitation 'with nitric acid. According to Willard and Good- 
speed,^’’ strontium nitrate can be completely precipitated in a dense crystal¬ 
line form from a water solution, and separated from calcium, magnesium, 

beryllium, and 25 other elements by stirring vigorously and adding 100 per 
cent nitric acid, drop by drop until the resulting solution contains 79 to 81 
per cent of the acid. The separation from calcium is made as follows: 

Dissolve the dry nitrates in 10.0 ml of H^O, add 26.0 ml of 100 per cent 
HNO3, drop by drop from a burette as the solution is mechanically stirred, 
and "let stand for 30 minutes. Filter on a tared Gooch crucible, transfer the 

precipitate by using jets of 80 per cent acid, and wash 10 times with ap¬ 
proximately 1-ml portions of the 80 per cent acid. Dry for 2 hours at 
130 to 140° C, cool, and weigh as Sr(N03)2. 

A precipitation temperanire of 20 to 70° C is permissible, the solution 
should be stirred mechanically for 45 minutes if less than 5 mg of strontium 
are present, the total volume of the solution must be increased if much cal¬ 
cium is present (as for example 30 ml of water and 78 ml of nitric acid 
with 500 mg of calcium), and the first precipitate must be dissolved in warm 

water containing a little nitric acid and reprecipitated if more than 50 mg 

of calcium are present. 
Barium and lead interfere, precipitation of the former being complete 

at 76 per cent, and of the latter at 84 per cent acidity. Moderate amounts 

of hydrochloric and perchloric acids do not interfere. 

17/. Soc. Chem. Ind., 16, 113 (1897). 
18 In tests of the method by H. B. Knowles, the nitrates were dried at 130®, and ex¬ 

tracted with 5 to 7.5 ml of nitric acid (sp. gr. 1.42) in a glass-stoppered flask, and the 
solution agitated and allowed to stand overnight. The residue was then crushed with 
the end of a glass rod, and the solution filtered through a platinum-felted crucible and 
washed with 20 to 25 ml of the concentrated acid. It was finally dissolved in hot water, 
converted to sulfate, and weighed. By this modification of the procedure, Knowles 
obtained 0.0150 and 0.0149 g of SrO in like mixtures containing 0.0144 g of SrO and 
0.1 g of CaO, and 0.0055 and 0.0057 g of BaO in like mixtures containing 0.0055 g of 
BaO and 0.1 g of CaO. 

1® H. H. Willard and E. W. Goodspeed, Ind. Eng. Chem. Anal. Ed., 8, 414 (1936). 
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D. SEPARATION OF BARIUM AND STRONTIUM FROM EACH OTHER 

a. Separation of Barmn as Chromate. The nitrates, obtained as in C 
(p. 615), or the chlorides are treated for the separation and determination 
of barium by the chromate method as modified by A. Skrabal and L. 
Ncustadtl,-*^ who, profiting by the experience of R. Fresenius and others, 
showed in what manner alone a very nearly accurate separation of barium 
can be made from both calcium and strontium. The following solutions 

are requisite: 

Ammonium bichromate free from sulfuric acid, 100 g per liter. 
Ammonium acetate a. 300 g per liter (neutralized by ammonium hy¬ 

droxide). 
Ammonium acetate b. 20 ml of a diluted to 1 liter. 

The reaction of the acetate solutions should be alkaline rather than acid. 
The method for the amounts used by Skrabal and Neustadtl (0.135 g of 
each oxide taken as chloride) is as follows: 

Add to the neutral or weakly acid solution ammonium acetate (10 ml 
of solution a) in excess. Bring the solution to boiling, and, while swirling, 
add about 5 ml of the bichromate solution. After allowing to settle and 

D 

cool, decant the clear liquid through a filter, and wash the precipitate with 
ammonium acetate (solution /;) until the filtrate is no longer perceptibly 
colored (100 ml of wash solution). Transfer the precipitate by a jet of 
water to the beaker, place the beaker under the funnel, dissolve the precipi¬ 
tate on the paper with warm dilute nitric acid, and wash the paper. Add 
more acid if need be until all is dissolved, and then dilute ammonium hy¬ 
droxide slowly and with stirring until the precipitate forming again no 
longer dissolves. Pour in ammonium acetate (10 ml of solution ^), bring 
the liquid to boiling w hile keeping it in swirling motion, allow to cool 
slowly, and wash by decantation with ammonium acetate (solution b). 
Dry, ignite the filter and precipitate separately, and wxigh the yellow barium 
chromate. If green spots of chromic oxide, due to reduction of chromate, 
should appear, continued ignition will cause reoxidation. 

It is probable that, for the small amounts contained in rocks and some 
minerals, a single precipitation of the barium by bichromate will suffice, 
but this is not so when considerable quantities arc to be separated. Skrabal 
and Neustadtl gave plus and minus errors of 0.2 to 0.5 mg on the barium 
when operating upon a mixture of 0.135 g of each of the three oxides.®^ 

20 2. ami. Chem.y 44, 742 (1905). 
21 According to F. W. Mar [Am. J. ScL^ [3] 43, 521 (1892)], barium can be precipi¬ 

tated and separated from calcium and magnesium by dissolving not over 0.5 g of the 
mixed chlorides in as little hot water as possible, adding 25 to 50 ml of HQ, slowly and 
with stirring, and then cooling, and adding 5 to 10 ml of ether. F. A. Gooch and M. A. 
Soderman [ibid., [4] 46, 538 (1918)], stated that the method also serves for the separa- 
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b. Determwatwn of Strontium in the Filtrate frojn Barium Chromate. 
Add a little nitric acid to the combined filtrates from the barium chromate, 
evaporate to a small volume, precipitate the strontium in that solution by 
ammonium hydroxide and ammonium carbonate, filter, wash a little with 
hot water, dissolve in just enough hydrochloric acid, and precipitate the 

strontium by sulfuric acid as described on page 629, wdicreby it is freed 
from contaminating chromate. 

IV. METHODS OF DETERMINATION 

The determination of any one of the alkaline earth metals, w hen free 
from the others, is relatively simple, but, when two or all three are asso¬ 
ciated, it is otherwise, for their separation is then influenced by their rela¬ 
tive proportions. A method suitable for one proportion may not work 
with another. Hence foreknowdedge of the presence or absence of one 
or another of the metals and an approximate idea of their relative amounts 
arc much to be desired before deciding on the quantitative procedure.-- 

A. CALCIUM 

a. pejieral Co7isiderations. Calcium is almost always precipitated as the 
oxalate, CaC-OrHoO, after preliminary treatments which aim at the sepa¬ 
ration of all of the other elements save the alkali metals, magnesium, and the 
other alkaline earth metals. The precipitation is never quite complete, and 
the first precipitate is seldom pure. Its ordinary contaminants are the alkali 

metals, magnesium, barium, and strontium. Among the possible contam¬ 

inants may be mentioned platinum, silicon, manganese, aluminum, and cer¬ 

tain rare earths.^^ These are what are to be expected when the usual pre¬ 

liminary separations have been made. If not made, the list of contaminants 

might be very materially increased, as ammonium oxalate precipitates many 

elements. 

Of the possible contaminants, platinum is likely to be present only if 

certain prior operations w ere carried out in vessels of that metal, while 

silicon would not be found unless ammoniacal solutions had been heated 

tion of barium from strontium if a 4 + 1 mixture of 33% HCl and ether is used (50 
to 75 ml for 0.5 g of chloride containing not over 0.3 g of SrQ2). After filtration, the 
BaQ2 is washed with the acid-ether mixture used with calcium and magnesium. 

22 In the improbable event that radium is present in weighable amount in the ma¬ 
terial under test, it will be found in any precipitate formed in the presence of the 
sulfate ion. For the determination of radium in carnotite and pitchblende by an elec- 
troscopic method, see L. D. Roberts, Ind, Eng. Chein. Ami. Ed., 8, 5 (1936). 

23 Iron is quantitatively precipitated by oxalate in ammoniacal solution, but more or 
less of the precipitate is dissolved if it is washed with a cold solution of ammonium 
oxalate. Aluminum when alone is not precipitated by oxalate in weak ammoniacal 
solution. 
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for some time in glass or porcelain. Manganese will come down in part 
with calcium, especially in alkaline solutions. Repeated precipitation of 
the calcium as oxalate will not eliminate all of the manganese; hence it 
should be removed beforehand. Aluminum should not be present if prior 
treatments were properly performed; these may however have been im¬ 
perfect, as for example when an excess of ammonium hydroxide was used 
or when organic matter or fluorides were present. Rare earths will not be 
present if a proper precipitation with ammonium hydroxide has been made 
(p. 504), but certain of the earths may be present if the basic acetate method 
was used. The remedy for both of these cases lies in ignition of the im¬ 
pure oxalate, followed by recovery of the aluminum and rare earths as de¬ 
scribed below and reprecipitation of the calcium as oxalate. 

Of the ordinary contaminants, the alkali metals are removed by double 
precipitation of the oxalate. This treatment also serves to separate such 
small amounts of barium as are usually encountered in silicate rocks."* 
When much barium is present, it will appear in part in the precipitate and 
will be separated later with the strontium. Strontium oxalate is nearly as 

insoluble as calcium oxalate, and its precipitation with calcium is nearly 
complete under the conditions that give a good precipitation of calcium.^ ^ 
Strontium is therefore weighed with calcium and afterwards separated and 
deducted. 

Magnesium is the most common of the contaminants of calcium oxalate. 
Its oxalate is occluded by calcium oxalate, and the degree of occlusion is 
directly proportional to the concentration of the undissociated magnesium 

oxalate in the solution during the precipitation. Magnesium oxalate is also 
slowly adsorbed by the calcium oxalate; the amount of contamination by it 
is proportional to the time that elapses before filtration. The concentra¬ 
tion of undissociated magnesium oxalate is increased by adding either con¬ 
stituent ion in excess, as for example by the addition of a large excess of 
ammonium oxalate at the moment of precipitation. The concentration is 

diminished by the hydrogen ion, by an increase in the concentration of 

ammonium salts (which form complex compounds wdth magnesium), or 

by dilution of the solution. Unfortunately, all of these remedies also tend 

to hinder precipitation of calcium. Furthermore, although precipitation by 

oxalate may eliminate the magnesium, it is not quite quantitative as to the 

calcium. Hence, in ordinary analyses, no attempt at a complete separation 

is made; the calcium result is raised by the magnesium which was occluded 

by the oxalate precipitate, while the magnesium result is raised by the cal¬ 

cium which remained in solution and was precipitated as phosphate with the 

magnesium. As the recovery of small amounts of calcium from magnesium 

pyrophosphate is much more convenient than the recovery of magnesium 

2^ W, F. Hillebrand, loc. ciu 
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from calcium oxide, accurate analyses should aim at complete separation 
of the magnesium and should provide for the recovery of the lost calcium 
which is subsequently to be found in the magnesium pyrophosphate. 

The extent of the loss of calcium through the solubility of the oxalate 
depends of course on the conditions that obtain during the precipitation 
and washing.^® If the precipitate is washed with a cool solution of ammo¬ 

nium oxalate, the total loss need not exceed 0.1 mg for each precipitation 

of the oxalatc.^*'^ The calcium so lost is subsequently caught in the mag¬ 

nesium ammonium phosphate precipitate and recovered as described in 

III, A. 

Calcium may be lost through other causes than the solubility of the 

oxalate. Whenever precipitations of other elements are made with ammo¬ 

nium hydroxide in solutions containing calcium, losses will occur if the 

25 The amount of pure or of impure calcium oxalate that is dissolved during washing 
is shown by the following data. A pure oxalate precipitate was obtained by precipi¬ 
tating 0.2-g portions of CaO, as pure CaCb, by the recommended procedure, divided 
between four 9-cni filters and each portion then washed with 1 liter of the cool wash¬ 
ing solution in question. A new pure oxalate was next obtained, divided as before, and 
washed with hot solutions, while two impure oxalate precipitates, obtained by single 
precipitations of 0.2-g portions of CaO each in the presence of 0.1 g of MgO, 10 g of 
NaQ and 10 g of NH4Q, were similarly treated. The 16 solutions so obtained were 
evaporated to dryness in platinum, the ammonium salts expelled, the small residues taken 
up in a very little HQ, and the calcium precipitated according to the recommended 
procedure and weighed as oxide. 

Milligrams of CaO per Liter of 
Temperature 
of Washing 
Solution, °C Precipitate H2O 

0.01% 
(NH4)2C204 

0.1% 
(NH4)2C204 

1% 
(NH4)2C204 

25 ] 
[ Pure CaC204 2.6 0.4 0.1 0.0 
[ Impure CaC204 2.7 0.5 0.1 0.1 

100 1 
[ Pure CaC204 4.9 0.9 0.5 1.1 
[ Impure CaC204 4.3 1.7 1.2 1.2 

It is evident that a 0.1 per cent solution of (NH4)2C204 is satisfactory and that hot 
solutions should be avoided. 

26 For example, H. B. Knowles obtained but 0.2, 0.3, and 0.2 mg of CaO in the 
weighed Mg2P207 precipitates obtained in analyses of three 1-g portions of a dolomite 
(30.5% Ca(D and 21,5% MgO), in spite of the fact that, in each analysis, the calcium 
had been precipitated as oxalate, four times in order to insure freedom from magnesium. 
Each time the precipitation was made in a volume of approximately 250 ml and the 
precipitate was washed with 25 to 50 ml of a 1 per cent solution of ammonium oxalate, 
making a total volume of over 1000 ml of combined filtrates and washings. Practically 
all of the solubility loss apparently took place in the first precipitation, for the weights 
of CaO obtained after four precipitations were exactly the same as those obtained after 
three precipitations. The hrger amount of calcium remaining in solution after the 
hrst precipitation is no doubt due to the much greater concentration of magnesium 
and ammonium salts. 
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ammonia precipitate is large and only a single precipitation is made, if the 
ammonium hydroxide contains carbonate or the alkaline solution is ex¬ 
posed for a considerable time to air containing carbon dioxide, if the solu¬ 
tion contains much phosphate, or if fluorides are present. The first two 
losses are easily avoided. The precipitation of calcium as phosphate during 
a precipitation by ammonium hydroxide is dependent on the ratio between 
phosphoric acid and bases of such elements as ferric iron and aluminum. 
If iron is in considerable excess, no calcium is thrown out; if calcium and 
phosphorus are preponderant, as in phosphate rock, practically all of the 
calcium comes down. Tests made for us by H. B. Knowles showed no 
calcium in the ammonia precipitate when solutions containing 0.05 g of 
lime, 0.005 g of phosphorus pentoxide, and a ten-fold excess of either ferric 
oxide or alumina \\ ere precipitated twice with a slight excess of ammonium 
hydroxide. These tests represent the ordinary conditions that obtain in 
rock analysis, and show that under such conditions no loss of calcium takes 
place. When phosphorus is preponderant and calcium alone is desired, sev¬ 
eral procedures are open to the analyst, no one of which is free from diffi¬ 
culty or objection, however. For example: (1) A sufficient excess of iron 
or aluminum can be added. (2) The calcium can be precipitated by sul¬ 
furic acid and alcohol from a solution slightly acid with hydrochloric or 
nitric acid as described on page 629, or by direct precipitation as oxalate in 
an oxalic acid-ammonium oxalate solution as on page 626. (3) The P2O5 

can be precipitated as phosphomolybdate and the calcium determined in 
the filtrate. Of course, this procedure calls for a precipitant free from 
calcium. Neither molybdenum nor phosphorus interferes in the precipi¬ 
tation of calcium oxalate in either ammoniacal or oxalic acid solution. 

When the sample contains fluoride, repeated evaporations with hydro¬ 
chloric or nitric acid do not always remove all the fluorine, and in such 
cases calcium is partially carried as fluoride into the ammonia precipitate. 
The remedy in such cases lies in a preliminary evaporation with sulfuric 
or perchloric acid, or with concentrated nitric acid while pure finely 
powdered silica is dusted into the solution.^^ 

b. Oxalate Separation, a. In alkaline solution. The following method 

for separating calcium from magnesium and alkali metals is applicable in 

all cases save when magnesium preponderates greatly and very little calcium 

is present. Most rocks and silicate minerals can be treated under this sec¬ 

tion. As has been noted in the preceding remarks, at least two precipita¬ 

tions of calcium are necessary if the analysis is to be accurate. The salts 

should be present as chlorides or nitrates, preferably the former. The cor¬ 

rect amount of ammonium chloride to have present is a problem; a large 

excess reduces the precipitation of magnesium and barium but at the same 

2^ A. A. Noyes, Technol. Qtiart,, 16, 101 (1903). 
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time retards the precipitation of calcium and more especially of strontium. 

If the analysis has followed the usual course, no destruction of the ammo¬ 

nium salts is necessary. If special operations have introduced excessive 

amounts of ammonium salts, these should be removed, as described on page 

133, or by evaporating the acidified solution in porcelain or platinum to 

complete dryness, followed by careful heating in any way that distributes 

the heat uniformly over the outer surface and docs not cause violent escape 

of fumes.-® If this has been done, moisten the residue of chlorides or 

nitrates with 2 or 3 ml of the corresponding acid, dissolve the salts in a 

little water, and filter if necessary. 

1. First precipitation. Prepare a solution that is free from silica, sulfur,-'^ 

the hydrogen sulfide group, and elements prccipitable by ammonium hy¬ 

droxide or ammonium sulfide. Dilute to 100 to 400 ml, and render the 

solution slightly ammoniacal.®^‘ The solution should not contain more than 

the equivalent of 1 mg of CaO per ml in any case. Heat to boiling, and 

slowly add, while stirring, sufficient of a hot 4 per cent solution of ammo¬ 

nium oxalate to precipitate all of the calcium and to provide an excess of 

1 g per 100 ml of solution.^^ Boil for 1 to 2 minutes, and heat on a steam 

2«l'hcrc is less danger of mechanical loss in volatilizing ammonium chloride than 
nitrate. The latter melts and gives off bubbles that burst and spatter. Moreover, the 
decomposing nitrate attacks platinum to some extent; hence ammonium nitrate should 
not be volatilized from platinum vessels. The prohibition applies of course still more 
to mixtures of nitrate and chloride. 

Calcium oxalate that has been precipitated in a solution containing free sulfur, as 
for example an ammonium sulfide filtrate that has been acidified, treated with ammo¬ 
nium oxalate, and then gradually neutralized, should not be ignited and weighed, be¬ 
cause the sulfur is oxidized and fixed during the ignition. The error is not overcome 
by solution of the wet precipitate, and reprecipitation, because finely divided sulfur 
passes into the filtrate and is again carried down. The difficulty can be avoided by 
igniting the precipitate, dissolving it, and again precipitating, or the sulfur can be de¬ 
stroyed in the original solution by acidifying, boiling sufficiently to expel hydrogen 
sulfide but not to coagulate sulfur, and then oxidizing with bromine. If sulfur separates, 
the solution must of course be filtered. 

30 In an ordinary analysis, such a solution is made up of the combined filtrates ob¬ 
tained after a double precipitation of iron, aluminum, and the like by ammonium hy¬ 
droxide as described under 8 B (p. 868). If elements such as manganese or zinc were 
present, the solution is the filtrate obtained by precipitation with ammonium sulfide as 
described under 8 C (p. 879). If the amount of calcium is very small and large amounts 
of ammonium salts are present, it is advisable to remove the latter. 

31 If appreciable magnesium is present, a better separation and a coarser precipitate 
can be had if the precipitation is made from an acid solution as follows; Render the 
solution acid with hydrochloric acid, and add 1 ml in excess for each 100 ml of solu¬ 
tion, and then enough oxalic acid or ammonium oxalate to combine with all of the 
calcium. Avoid any large excess at this time. Heat the solution to boiling, stir con¬ 
tinuously, and add dilute ammonium hydroxide (1 -j-3) dropwise from a pipette until 
a precipitate begins to form. At this point add the ammonium hydroxide still more 
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bath for one-half hour. Allow to cool, and filter at the end of 1 hour. 
Wash the paper and precipitate with five 10-ml portions of a cold neutral 0.1 
per cent solution of ammonium oxalate.®^ Reserve the filtrate and wash¬ 
ings if a determination of magnesium or a recovery of unprecipitated cal¬ 

cium is to be made. 

2. Second precipitation. Dissolve the washed oxalate precipitate in 50 ml 

of dilute hydrochloric acid (1 +4). Dilute, and add an excess of oxalate 

as in 1. Heat to boiling, stir continuously, and slowly add dilute ammonium 

hydroxide until alkaline. Digest, filter, and wash as in 1.®® Combine the 

filtrate and washings with those obtained after the first precipitation. 

3. Iffnitioji of the filial oxalate precipitate. Wrap the moist precipitate 

in the filter paper, place in a platinum crucible \\ eighed with a snugly fit¬ 

ting cover, and heat with the cover off or at the side so as to char but not 

inflame the paper. When the paper is fully charred, increase the flame, 

and, when the carbon has disappeared, set the crucible upright in the tri¬ 

angle, cover it, and heat at about 1200° C for 5 minutes. Throughout the 

slowly, and allow as much as possible of the precipitate to form ben^^een each addition. 
Continue until methyl red just turns yellow, and then add 2 to 3 g of ammonium 
oxalate in excess. Let the solution stand for 1 hour as it slowly cools. Filter, and wash 
as in 1. 

A still better separation can be obtained by proceeding according to T. W. Richards 
[Froc. Am, Acad. Arts Sci.j 36, 392 (1900-1^1)], as follows: Dilute the solution so 
that the concentration of magnesium is approximately 0.02 N, and add 10 ml of hydro¬ 
chloric acid, a few drops of methyl orange, and then ammonium hydroxide until neu¬ 
tral. Add sufficient oxalic acid to combine with the calcium, together with three times 
its equivalent of hydrochloric acid. Heat the solution to boiling, and add dilute am¬ 
monium hydroxide (1 -f 5), slowly and in small portions, to the boiling solution during 
the course of 30 minutes. At the end of this time, the solution should be just neutral. 
Add 5 g of ammonium oxalate, and let the solution cool and stand for 1 hour. Filter, 
and wash as in 1. 

32 It is unnecessary to ignite the precipitate before the second precipitation unless the 
analyst has reason to believe that elements such as iron and the rare earths might have 
been present when the precipitation was made. These elements should not be present 
if a proper precipitation with ammonium hydroxide preceded the precipitation with 
oxalate. They might be present if precipitation was made by the basic acetate method 
or if improper conditions, such as the presence of soluble organic matter, obtained in 
the ammonia precipitation. If the oxalate precipitate has been ignited, place the open 
crucible upright in a beaker containing a little water, cover the beaker, and let stand 
a while until the lime is partly slaked. Moisten with water, dissolve the residue in 50 
ml of dilute hydrochloric acid (1 -f 4), heat to boiling, and add dilute ammonium hy¬ 
droxide until in slight excess (p. 504). Boil for 1 to 2 minutes, and filter immediately. 
Wash the paper and precipitate with a hot 2 per cent solution of ammonium chloride, 
and reserve the filtrate and washings for the second precipitation of calcium. If the 
analysis is a continuing one, ignite the paper and ammonia precipitate, weigh, and 
make the proper corrections in the Fe203, AI2O3, etc., already found. 

33 In accurate analyses of material containing appreciable magnesium, the whole pro¬ 
cedure must be repeated until the weight of lime remains constant (see III, A). 
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heating it is well to protect the oxide from contamination by oxides of 
sulfur from burning gases or by volatile matter given off in muffles that 
are in general use (see p. 28). Remove the lid for a moment to permit 
escape of entrapped carbon dioxide, place the covered crucible in a desic¬ 
cator containing sulfuric acid or phosphorus pentoxide (never calcium 
chloride), and weigh as soon as cool. If left long in the desiccator, the 
lime may gain appreciably in weight. The first weighing is a preliminary 
one and should be followed by a short ignition and a second weighing in 
which the weights are already placed on the pan and only the rider is 
quickly adjusted. A well-covered crucible containing ignited calcium 
oxide does not gain in weight during exposure for 1 minute under ordinary 
atmospheric conditions.’*^ 

The presence of manganese in the ignited oxide is usually revealed by a 
yellowish to brown discoloration, occasionally by a green color due to 
calcium manganate. The weighed calcium oxide is reserved for the deter¬ 
mination of any strontium or barium it may contain as described on page 
615. For the recovery of the calcium that is not precipitated as oxalate, 
see III, A. 

4. Remarks on the ignition. It is a mistaken idea that it takes long to 
reach Constant weight at approximately 1200° C as has been frequently 
asserted or assumed. If a blast flame is inclined so that the gases do not 
enter the crucible, 5 minutes is ample ordinarily for any amount of lime 
that is likely to be dealt with. The heat of a Teclu, Meker, or a Bunsen 
burner of the Tirrill form, is in reality sufficient, notwithstanding that 
their flames envelop the crucible. Fifty minutes heating, over a Tirrill 
burner, of 3 g of precipitated calcium carbonate contained in a platinum 
crucible, sufficed to convert the mass so nearly to oxide that the blast 
afterward caused a further loss of only 1 mg. 

These remarks are offered to counteract the effect of certain conclusions 
reached by O. Brunck as a result of comparing the weighing of calcium 
as oxide, carbonate, sulfate, and fluoride. His results by the oxide method 
were all appreciably higher than those otherwise obtained and also more 
variable, and he concluded that the other methods were likely in average 
hands to lead to better results. No such variable and high results as those 
reported by Brunck were ever obtained in the U. S. Geological Survey 
laboratory, where only the oxide method was used. Duplicates by that 

method agreed as well as Brunck’s by the other methods. 

Brunck attributed one source of error in the oxide ignition to a loss in 

weight of the platinum crucible, due to the powerful heat that is called for. 

Alternatively, the oxalate may be caught on a tared Gooch, or other suitable filter¬ 
ing crucible, ignited at 475 to 525® C, and weighed as the carbonate, CaCXDs [H. H. 
Willard and A. W. Boldyreff, /. Am, Chem, Soc,, 52, 1888 (1930)]. 

8«Z. anal, Chem., 45, 77 (1906). 
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Either he heated his oxide far longer than was necessary or he mistook the 
cause of the platinum loss. Like barium oxide, but in lesser degree, calcium 
oxide attacks platinum u hen strongly heated in contact with it. That it 
does so can be demonstrated readily by dissolving in hydrochloric acid 
lime that has been heated over the blast in a platinum crucible for half an 
hour and then precipitating and weighing the dissolved platinum. If 

Brunck assumed the difference between the weights determined before and 
after igniting the cleaned crucible to represent volatilized platinum, it is 
easy to see how he may have been led to attribute the loss to a w rong cause. 
It is true that platinum crucibles lose weight on blasting, especially if iridifer- 
ous as most are, but a perceptible loss in the few minutes of blast heat 
needed could arise only in a very exceptional case. 

fi. Frecipitation of calcium in feebly acid {pH S.5 to 4.5) solution. 1. Gen¬ 
eral considerations. Methods have been proposed for precipitating calcium, 
as oxalate, from solutions containing organic acids such as oxalic, acetic, 
citric, and salicylic. These methods permit the direct separation of calcium 
from elements such as iron, aluminum, titanium, manganese (in part), mag¬ 
nesium, molybdenum, and phosphorus, and, although they should be re¬ 
garded as rapid routine methods, they are capable of giving excellent results. 

Precipitation in the presence of acetic acid is described by R. K. Meade, 

and that for citric by M. Passon.®^ The only method that has been used 
by us is an oxalic acid-ammonium oxalate method, employed during an 
analysis of the Bureau of Standards sample of phosphate rock. Careful tests 
of this method in solutions containing calcium only and in others containing 
also iron, aluminum, titanium, zirconium, magnesium, and large amounts of 

phosphorus gave excellent results and showed no greater losses, due to 

solubility of the calcium oxalate, than arc experienced in the usual procedure. 

Barium, when present in moderate amounts docs not appear in the final 

precipitate. Strontium, however, is divided, part being precipitated and 

part going into the filtrates. 

2. The method. Dilute the solution to 150 ml, treat with 10 ml of hydro¬ 

chloric acid, and add a few drops of methyl red or methyl orange. Heat 

to about 50° C, neutralize with ammonium hydroxide, and add 1 ml in 

excess. Just acidify the solution with a 10 per cent solution of oxalic acid, 

add 12 ml in excess, and boil 1 to 2 minutes as the solution is vigorously 

stirred. Add approximately 50 ml of a saturated solution of ammonium 

^^Che?n. Eng., 1, 21 (1895). Calcium can be precipitated as the oxalate in an acetic 
acid solution containing molybdate, thus permitting a determination of calcium after 
phosphorus has been precipitated as ammonium phosphomolybdatc [R. C. Wiley and 
A. Yedinak, Ind. Eng. Ghent. Anal. Ed., 10, 322 (1938)]. Separation from chromate 
is also satisfactory. 

87 Z. angew. Ghent., 11, 776 (1898); 12, 48 (1899); 14, 285 (1901); Mellor, A Treatise 
on Quantitative Inorganic Analysis, p. 522 (1913). 
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oxalate (about a 4 per cent solution), dilute to 250 ml, boil for 1 to 2 min¬ 
utes, and digest on the steam bath for 1 hour. Let cool to room tempera¬ 

ture, filter, and wash with cool ammonium oxalate-oxalic acid solution [ 2 g 
(NH4)2C204*2H20 and 1 g H2C2O4*21420 per liter]. In routine analyses, 
finally wash the precipitate with 5 to 10 small portions of cold w^ater, and 
determine calcium by the volumetric method (c, a). In more careful 
analyses, ignite the crude oxalate to oxide, slake the residue, and dissolve 
it in 40 ml of dilute hydrochloric acid (1 +4). Dilute to 200 ml, treat 
with 0.005 g of iron as FeCls, and separate any phosphorus and manganese 
bv making the solution slightly ammoniacal, adding 10 ml of bromine 
w ater, and digesting at a temperature a little below the boiling point for 
15 minutes. Finally add 5 ml more of bromine w ater, digest for 15 minutes, 
and filter. Wash the precipitate wdth hot ammoniacal ammonium chloride 
solution (10 ml of NH4OH and 10 g of NH4CI per liter), and discard it. 
Acidify the filtrate with hydrochloric acid, boil to expel bromine, and 
reprecipitate the calcium as oxalate as in the usual procedure (p. 623).*^^ 

c. Other Methods of Determining Calcium After Precipitation as Oxalate, 

(X. Pcwianganate titration. In the permanganate titration method the oxa¬ 
late is treated with dilute sulfuric acid and the liberated oxalic acid titrated 
with standard potassium permanganate. Obviously, if the calcium oxalate 
contains any strontium, barium, magnesium, or ammonium oxalates, these 
will be counted as calcium. For material containing calcium alone, the 
method is capable of giving exact results, and it is extremely valuable and 
much used as a routine method for the analysis of such products as cement 
and plaster. For this method, the oxalate is best caught on asbestos, fritted 
glass, or the like so that washing may be facilitated, and subsequent action 
of the permanganate on paper may be avoided,^® If paper is used, the 
oxalate is finally washed, but not excessively, with cold water until all 
ammonium oxalate is removed, and the paper is removed from the funnel 

For the volumetric determination of calcium in the presence of silicon, iron, alu¬ 

minum, magnesium, or phosphorus that is equal to or somewhat greater than the amount 

of calcium, and also in the presence of small amounts of titanium or manganese, J. J. 

Lingane [Ind. Eng. Chem. Anal. Ed., 17, 39 (1945)] recommends precipitation at ap¬ 

proximately pH 4 as follows: Prepare 100 ml of a solution containing 10 ml of hydro¬ 

chloric acid and approximately 0.07 g of calcium as oxide. Heat to 90® C, and add 100 

ml of a hot (90® (2) solution of ammonium oxalate containing 5 g of the monohydrate 

and a few drops of a 0.1 per cent solution of methyl orange. Precipitate at an initial 

temperature of about 80® C by the dropwisc addition of dilute ammonium hydroxide 

(1 -f- 1) over a period of 5 to 10 minutes, with continuous and thorough mixing of the 

solution by swirling, and stopping at a pH of 4.0 0.3 (by comparison of the pinkish 

yellow color with that of an equal volume of 0.1 M potassium hydrogen phthalate solu¬ 

tion containing the same quantity of indicator). Set aside to cool during 20 to 30 

minutes. Filter, wash sparingly with small portions (totaling <100 ml) of cold water, 

and titrate as in c, a. Consult also H. D. Chapman, Soil Sci.y 26, 479 (1928). 

8»R. S. McBride and J. A. Scherrer, /. Am. Chem. Soc.y 39, 928 (1917). 



628 THE ALKALINE EARTHS-CALCIUM, STRONTIUM, BARIUM 

and spread out on the inside of the beaker above 100 ml of warm dilute 
sulfuric acid (1+10). The oxalate is then rinsed off with a little warm 
water, and the solution is gently warmed until decomposition is complete 
and then titrated at 25° to 30° C with a standard solution of permanganate 
(p. 187). As soon as a permanent end point is obtained, the paper is dropped 
into the liquid, the inside of the beaker is rinsed, and the titration is quickly 
continued. The permanganate is standardized against the standard sodium 
oxalate of the National Bureau of Standards, or against Iceland spar of 
known purity which has been dissolved in hydrochloric acid and carried 
through the method. 

p. Gravimetric methods. Other methods that arc in vogue more or less 
involve conversion of the oxalate to carbonate, sulfate, or fluoride and 
weighing of the product. These, like the volumetric method already given, 
are of value only if the oxalate is free from strontium and barium or the 
amounts of these are accurately known. I'he first and second arc old 
methods that seem to have stood the test of time fully and are preferred 
by some analysts. Brunck gave data concerning all three methods that 
are most favorable, and, in view of the earlier testimony of eminent analysts, 
it cannot be gainsaid that in careful hands they will yield excellent results, 
particularly if the amounts involved are not large. Nevertheless, they 
require, especially the first and second methods, much more careful atten¬ 
tion than the oxide method, and hence will not commend themselves so 
widely. In general the complete conversion of one solid compound into 
another, by means of a reagent in which the first is insoluble or nearly so, 
is not ahvays easy to accomplish, especially if the amount is other than 
small. This statement is based on experience gained in converting lead 
chloride and difficultly soluble fluorides to sulfates by sulfuric acid. There 
is alw^ays a tendency, where an insoluble compound is at once formed by 
the action of one of the acids named, for some of the original compound 
to be protected from conversion even after two or more evaporations with 
fresh portions of acid. 

1. Weighing as carbonate. Ignite the oxalate gently to convert it to car¬ 
bonate after the paper with adhering matter has been first incinerated. 
Then digest with a few drops of ammonium carbonate solution, evaporate 
the liquid cautiously, ignite the residue gently just to visible redness, and 
weigh. Repeat the treatment with ammonium carbonate, etc., until con¬ 
stant weight is reached. 

2. Weighing as sulfate. Slake the oxide cautiously, and then add a slight 
excess of sulfuric acid. Concentrate by evaporation, and remove the excess 
of acid over the radiator (Fig. 5). Cool, add a little water, again evaporate 
to dryness, and ignite the dry sulfate to dull redness for a short time, and 
weigh. Repeat the treatment with acid, etc. Too strong heating causes 

expulsion of SO3. 
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3. Weighifig as fluoride. With substitution of hydrofluoric acid for 
sulfuric acid, treat the ignited oxide as in 2 above. Brunck regarded this 
as simpler than either of the foregoing methods, but he considered the sul¬ 
fate method best in experienced hands. 

d. Initial Precipitation of Calcium as Sulfate, Circumstances sometimes 
permit or require the direct precipitation of calcium as sulfate, cither in 
absence or presence of other elements whose sulfates arc insoluble. The 
solution may be neutral or only slightly acid with hydrochloric or nitric 
acid. 

Add a ten-fold excess of dilute sulfuric acid (I -f 0 i^ud then four vol¬ 
umes of alcohol, stir, let stand 12 hours, wash with alcohol of 75 per cent 
strength, dry, incinerate precipitate and paper, separately if detachable, in 
a platinum crucible, heat to dull redness, cool, and weigh as ('aSOi. Dur¬ 
ing this final heating, any reduction to sulfide that may have resulted from 
the charring of the paper is overcome. Should the precipitate contain one 
or more of the sulfates of other metals—strontium, barium, lead, for example 
—it may become necessary to effect resolution, and then separation in one 
of a number of ways. If lead is present, this will usually have to be done 
without igniting the precipitate, so as to avoid reduction.'^® 

B. STRONTIUM 

a. Precipitation and Weighing as Sulfate, Strontium, when occurring 
under conditions that permit its determination as sulfate, is best precipitated 

and weighed in that form. Such conditions will seldom obtain in the usual 

course of analysis, except after its separation from other elements, like 

barium and calcium, that had been precipitated with it in some other form, 

as for instance oxalates. The (preferably hydrochloric) solution should 

be as nearly neutral as possible. 

Add a ten-fold excess of dilute sulfuric acid (1 + 1) and then a volume 

of alcohol equal to that of the solution. Stir, let stand 12 hours, filter, and 

wash with 50 per cent alcohol containing a little sulfuric acid, then with 

95 per cent alcohol until the acid is displaced. Proceed then as under 

d, above, and weigh as SrS04. The remarks under that section apply here 

also. 

b. Precipitation as Oxalate and Weighing as Oxide, Usually the stron¬ 

tium is associated with calcium and often with barium, as in mineral analysis. 

40 E. R. Caley and P. J. Elving [Ind, Eng. Chem. Anal. Ed., 10, 264 (1938)] prefer 
to precipitate calcium sulfate by adding methanol to a solution of calcium and mag¬ 
nesium in dilute sulfuric acid (20 ml H2O-f-0.25 ml H2SO4 + 180 ml of CH3OH). 
The method is said to be satisfactory for the determination of calcium in magnesite, 
but not in limestone or in the presence of elements, such as strontium, that yield in* 
soluble sulfates. At a magnesium-calcium ratio of 200 to 1, precipitation requires 24 
hours; at higher ratios of magnesium, it is incomplete. 
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In that case it is first precipitated with the calcium as oxalate and ignited 

to oxide (p. 622). It may be here remarked that the behavior of strontium 
toward ammonium oxalate is much closer to that of calcium than is that 
of barium to strontium (p. 614). Strontium oxalate is a little more soluble 
than calcium oxalate, and the oxalate precipitate will not contain quite all 
of it unless a corrective measure like the addition of alcohol is taken.'*^ 
Such a precaution, although quite desirable when strontium alone is present, 
introduces complications when other elements like magnesium and barium 
are involved. If a determination of magnesium is to follow that of stron¬ 
tium, any of the latter that escapes the ordinary oxalate precipitation is 
caught in the magnesium-phosphate precipitate. The treatment of that 
precipitate for the recovery of calcium (III, A) serves to recover stron¬ 
tium as well. 

C. BARIUM 

a. Precipitatioji and Weighmg as Sulfate. Whenever circumstances per¬ 
mit, barium, like strontium, is precipitated and weighed as the sulfate. 
Elements such as lead, strontium, and calcium interfere because of the insolu¬ 
bility of their sulfates, whereas others like chlorine, and aluminum and iron 
in excessive amounts, contaminate the precipitate. The procedures for such 
cases are given elsewhere (p. 612). 

Barium sulfate is commonly regarded as being extremely insoluble (ap¬ 
proximately 1 part in 400,000 parts of cold water). This however is 2.5 mg 
per liter. In hot w ater or in dilute hydrochloric or nitric acid, the solu¬ 
bility is greater, wiiereas, in solutions containing a common ion, it is less. 
Hence the precipitation must be made in solutions that contain preferably 
not over 1 per cent of the mineral acids, and the washing of the precipitate 
even with cold w^ater should not be excessive. Furthermore, although the 

solubility in the weak hydrochloric acid that is recommended frequently 

as a wash for barium sulfate that has been precipitated in presence of much 

ferric iron is slight, saturation seems to be reached almost immediately, in 

contrast wdth some wash solutions that are used for other precipitates. 

To the boiling solution, weakly acid with hydrochloric acid (not over 

200 ml in volume nor containing more than 1 ml of hydrochloric acid per 

100 ml)‘, add an excess of hot dilute sulfuric acid (not over 5 ml of sulfuric 

acid per 100 ml), digest on the steam bath until the precipitate has settled 

well, filter, and wash wdth hot water containing two drops of sulfuric acid 

per liter, and then with a little water until the acid is extracted. Wrap the 

precipitate in the paper, place it in a weighed platinum crucible, dry, char, 

and ignite as for calcium (p. 629). A higher temperature is allowable than 

for calcium sulfate but not that of the blast. Weigh as BaS04, add a drop 

C. A. Peters, loc. cit. 
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of sulfuric acid, slowly fume this off, and weigh again. If there is a marked 

change in weight, repeat the treatment with acid, etc. 

Some barium chloride is occluded by the precipitate as formed, and the 

object of the acid treatment is to convert this to sulfate as well as any 

sulfide that may have been formed in charring the paper. The oxidation 

of sulfide will probably have been brought about by the ignition alone. 

If it is desired to check the purity of the ignited sulfate, dissolve it com¬ 

pletely in the crucible in 5 ml of hot concentrated sulfuric acid, cool, pour 

into 50 ml of water, dilute to 100 ml, and digest for an hour on the bath. 

Cool, filter, wash with a little hot water, incinerate as before, and weigh. 

Any difference in weight should be due to other metals, such as calcium, 

that were in the original solution and were carried dou n in the precipitated 

sulfate. If need be, these can be looked for in the filtrate.'^ 

b. Precipitation and Weighing as Chromate. The use of the chromate 

method for barium is practically limited to cases that involve separation 

from calcium or strontium or both (p. 618). 

■•-For example, in tests made by H. B. Knowles, an ignited mixture of 0.1641 g of 

BaSOt and CaS04 weighed 0.1525 g after a single, 0.1511 g after a double, and 0.1511 
after a triple purification treatment. Tlie mixed sulfates were obtained by treating 50 ml 
of a solution of pure BaOj with 0.00976 g of CaO as CaCla, boiling, and slowly adding 
10 ml of dilute H2SO4 (1 + 1). The solution was then allowed to cool, treated with 
an etjual volume of alcohol, filtered, and the precipitate washed with equal parts of 
alcohol and water. Two 50-ml portions of the BaCb solution similarly treated, but 
with no addition of CaCls, gave 0.1511 and 0.1509 g of BaS04. 



Chapter 41 

MAGNESIUM 

Magnesium is one of the most abundant metals. In igneous rocks it is 
represented by amphiboles, pyroxenes, micas, and olivine. Talc, chlorite, 
and serpentine are common magnesian silicates, and dolomite, the carbonate 
of magnesia and lime, is also found in enormous quantities. Magnesium 
compounds occur in sea water and in many mineral springs. The metal is 
not found native.^ 

I. GENERAL CONSIDERATIONS 

ATagnesium causes no difficulties in ordinary analyses except when soluble 
phosphates or arsenates are present in excess of what can be carried down 
by iron, alumina, and the like in the precipitation by ammonium hydroxide. 
In such case magnesium phosphate or arsenate is precipitated, and, if not 
detected, results for magnesia will be low and those for alumina corre¬ 
spondingly high. 

II. DECOMPOSITION OF MAGNESIAN MINERALS 

The decomposition of magnesian minerals presents no special difficulties 
and is done as described under the alkaline earths (p. 612). 

III. METHODS OF SEPARATION 

Methods for the separation of magnesium preparatory to its determination 
are, for the most part, simple. Thus, treatments with hydrogen sulfide in 
acid solution, ammonium hydroxide (avoiding any large excess), ammo¬ 
nium sulfide, and ammonium oxalate serve to remove a host of elements 
and leave, in the usual case, magnesium associated with ammonium salts and 
the alkalies, hich need not be removed. Barium, if originally present 
unassociated \v ith the sulfate radical, will also remain. In such an event its 
removal is easily accomplished by precipitation with sulfuric acid as de¬ 

scribed under Barium (p. 630). 
The separation of magnesium from calcium offers no difficulties when 

the former is present in appreciable amount and is done as described under 

1 F. W. Clarke, The Data of Geochemistry, L7. S. GeoU Survey Bull. 770, 17 (1924). 

632 
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Calcium (p. 619). If, however, very little magnesium is accompanied by 
much calcium, special separations must be used. Of these, J. C. Hostetter’s ^ 
application of the method that H. Neubaucr ^ devised for separating little 
magnesium from alkali sulfates is the most satisfactory, although it is not 
applicable for the determination of calcium in the same solution. As 
applied to the analysis of a commercial salt of calcium, the separation is as 
follows: Bring 10 g of the calcium salt into water solution, and dilute to 
100 ml. If acid is used to bring the salt into solution, neutralize the excess 
with sodium hydroxide after expelling COo, SOi>, etc., by boiling. Add 
calcium oxide (made by igniting 0.3 to 0.4 g of the carbonate), heat to 
boiling, and filter, but do not wash the residue. Dissolve the precipitate in 
hydrochloric acid, remove the calcium by two precipitations as described 
under Calcium (p. 622), and determine the magnesium in the combined 
ammonium oxalate filtrates as to be described in IV, A. 

For the separation of small amounts of calcium in the presence of large 
amounts of magnesium, sec the section on Alkaline Earths (p. 612). 

It may happen, for lack of sufficient material in the case of silicate min¬ 
erals decomposed by acid attack, that it is necessary to determine the 
alkalies as well as other bases and silica and titanium oxide in the same por¬ 
tion' of sample, after all of these have been separated by methods that 
exclude the use of alkali reagents. Then the question of a suitable method 
for separating magnesium becomes important. In such case, methods such 
as the mercuric oxide, ammonium carbonate, amyl alcohol, alcohol-ether, 
or the 8-hydroxyquinoline find use. 

In the first, magnesia is precipitated from a solution of the chlorides by 
moist alkali-free mercuric oxide as follows: Expel ammonium salts, dissolve 
in a little water, and add a suspension of the oxide (prepared as described 

under Precipitation by Suspensions of Carbonates or Oxides (p. 82), drop- 

wise and with stirring or swdrling between drops, until the yellow oxide no 

longer dissolves. Evaporate to dryness, add a few drops of water, again 

evaporate, and repeat a few times. Finally heat gently under a good draft 

until the poisonous mercuric chloride has volatilized. It is inadvisable to 

destroy by heat the excess of mercuric oxide at this step if alkalies are to 

be determined, for fear of volatilizing some. Take up with warm water, 

filter, and wash with water. With more than 1 per cent of magnesium 

oxide, dissolve the oxide in the hydrochloric acid, and repeat the operation. 

Dry die filter and contents in a weighed platinum crucible, incinerate 

under the hood, and weigh. As the use of hot water causes a little mag¬ 

nesium to dissolve, a desirable modification of the procedure would appear 

to consist in washing the residue with a saturated solution of calcium 

2/. /«i. Chem.f 6, 392 (1914); Chem, News, 110, 155 (1914). 
sZ. anal, Chem,, 43, 14 (1904). 
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hydroxide. Any calcium adhering to the residue could then be removed 
and deducted as described under The Alkaline Earths (p. 612), whereas 
that which accompanies the alkalies could be removed as described under 
The Alkalies (p. 651). 

The ammonium carbonate method ^ is carried out as follows: Saturate 
with ammonium carbonate a mixture in the proportion by volume of 18 ml 
of ammonium hydroxide, 75 ml of water, and 95 ml of 95 per cent alcohol. 
Evaporate the solution containing not more than 0.4 g of combined 
chlorides of magnesium and the alkalies to a volume of about 50 ml, and 
add an ecjual amount of 95 per cent alcohol and then 50 ml of the prepared 
reagent. Stir for 5 minutes, and let the mixture stand for 20 minutes. If 
the amount of alkali salts originally present is small (not exceeding 0.1 g), 
collect the precipitate on asbestos in a perforated crucible and wash with 
the precipitant. If the amount of alkali salts is larger, pour the supernatant 
liquid through the asbestos filter, dissolve the precipitate, and reprecipitate 
as at first. If it is desired to determine the magnesia as well as the alkalies, 
carefully ignite the final precipitate, and weigh as magnesium oxide. The 
fact that lithium would fall in part with the magnesium will seldom invali¬ 
date this method for silicate rock analysis, because of the absence of lithium 
in sensible amount from almost all rocks. 

The amyl alcohol and ether-alcohol methods differ from the two just 
described, in that the alkalies are precipitated instead of magnesium. In the 
absence of lithium, the amyl alcohol method developed by R. B. Riggs ® 
may be satisfactory. It is similar to that of Gooch for separating lithium 
from sodium and potassium and involves the same solubility corrections. 
The use of ether-alcohol was recommended by S. Palkin ® and is a modi¬ 
fication of the method for the separation of lithium from the alkali metals 
described in the section on The Alkali Metals (p. 655). Lithium if present 
will accompany the magnesium. The only deviation from the lithium 
method lies in the use for the first treatment of 25 ml of both alcohol and 
ether instead of 20 ml of alcohol and 60 ml of ether and, if the first precipi¬ 
tate tends to gelatinize, the addition of a few milliliters more of alcohol as 
the beaker is rotated. The filtrate is to be evaporated and the precipitation 
repeated. 

Magnesium can be separated from the alkalies and from barium, stron¬ 

tium, and calcium by precipitation with 8-hydroxyquinoline.^ Double pre- 

“^E. A. Wiilfing, Ber., 32, 2214 (1899); F. A. Gooch and E. A. Eddy, Am. J. Sci.^ [4] 
25, 444 (1908); Chem. News, 97, 280 (1908). 

M7«. /. ScL, [3] 44, 103 (1892). 
8/. Am. Chem. Soc., 38, 2326 (1916); 42, 1618 (1920). 
7 F. L. Hahn, Chem. Ztg., 50, 754 (1926); F. L. Hahn and K. Vieweg, Z. anal. Chem., 

71, 122 (1927); R. Berg, ibid., 70, 341 (1927); 71, 23, 171, 321, 369 (1927). According 
to L. Moser and K. Schutt [Monatsh., 51, 23 (1929)] the most satisfactory separation 
of magnesium from lithium is obtained by precipitating with 8-hydroxyquinoline. 
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cipitations are required when calcium or large amounts of the others arc 
present. The precipitation of magnesium can follow that of calcium as 
oxalate, thus permitting its removal without the introduction of nonvolatile 
matter in a continuing analysis. Magnesium (likewise copper, cadmium, and 
zinc) can also be separated from aluminum if precipitation is made in a solu¬ 
tion containing sodium tartrate and moderate amounts of sodium hydroxide. 
The use of 8-hydroxyquinoline for the separation of magnesium from cal¬ 
cium or aluminum does not appear to offer any advantages over the usual 
methods, except possibly for the separation of small amounts of magnesium 
from large amounts of these elements. For a description of the method, sec 
Precipitation by 8-Hydroxyquinoline (p. 122). 

Magnesium can be precipitated and separated from aluminum, iron, zinc, 
tin, and numerous other elements by direct precipitation with diammonium 
phosphate in ammoniacal solutions containing citrate as follows: Obtain 
the magnesium in approximately 100 ml of acid solution in a 300-ml Erlen- 
nieyer flask, add 2 g of citric acid and 15 ml of a 25 per cent solution of 
diammonium phosphate. Add ammonium hydroxide until the solution is 
alkaline to litmus, and then add 10 ml in excess. Add 5 to 10 glass beads, 
tightly stopper the flask, and shake on a shaking machine for at least 

1 hour. Allow to stand in a cool place for 4 hours or, preferably, over¬ 

night. Filter through a tight paper containing a little paper pulp, and 

wash thoroughly with dilute ammonium hydroxide (1 + 19) containing 

50 g of diammonium phosphate per liter. Pass 25 ml of hot dilute hydro¬ 

chloric acid (1 + 19) through the paper, catching the solution in the flask 

in which precipitation took place. Transfer the solution to a 150-mI 

beaker, and wash the paper and flask thoroughly with more of the dilute 

acid. To the solution in a volume of 50 to 75 ml and containing no glass 

beads, add 0.5 ml of a 25 per cent solution of diammonium phosphate. 

Cool, and then add ammonium hydroxide, while stirring, until the solution 

is alkaline to litmus. Stir for a few minutes, then add 3 to 4 ml of ammo¬ 

nium hydroxide, and allow to stand for 4 hours or overnight. Transfer 

the precipitate to a small filter, wash with dilute ammonium hydroxide 

(1 + 19), and proceed with the ignition to pyrophosphate as usual. Ele¬ 

ments such as calcium, strontium, and barium must be removed before the 

separation is attempted if they are present in appreciable amount; if present 

in small amount, they can be precipitated with the magnesium and, like 

manganese, afterwards sought in the precipitate as in IV, A (p. 640).® 

Magnesium can be separated from aluminum in the metal, and in alumi¬ 

num-base alloys, by immersing the metal in 200 to 500 ml of water, adding 

25-ml portions of a 30 per cent solution of sodium hydroxide at intervals 

8 For further details, see J. I. Hoffman and G. E. F. Lundell, /. Research NBSy 20, 
607 (1938). 
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until the aluminum has dissolved, and heating on the steam bath for 1 hour. 
The solution is then cooled and filtered, and the precipitate washed with 
a 1 per cent solution of sodium hydroxide.® 

IV. METHODS OF DETERMINATION 

A. DETERMINATION AS PYROPHOSPHATE 

a. General Considerations. Magnesium is nearly always precipitated as 
magnesium ammonium phosphate, MgNH4P04 • 6H2O, and weighed as the 
pyrophosphate, Mg2P207. As many other elements also form insoluble 
phosphates, the precipitation of magnesium must be made as a rule after 
the usual separations by hydrogen sulfide, ammonium hydroxide, ammo¬ 
nium sulfide, and ammonium oxalate. It should be borne in mind that more 
or less magnesium may be lost during these operations (see Calcium, p. 612), 
particularly if much arsenic or phosphorus is present, or if single precipi¬ 
tations by ammonium hydroxide and ammonium oxalate were made. Mag¬ 
nesium can be precipitated as the phosphate in the presence of the chromate 

ion. 
A great deal of uncertainty exists concerning the proper conditions for 

determining magnesium as phosphate in spite of the enormous amount of 
work that has been done.^® Nearly all experimenters have aimed at getting 
a precipitate of normal composition by a single precipitation. This can 
be accomplished in a solution containing magnesium alone and in known 
amount, but is a false hope as regards the solutions that are obtained in the 
course of an analysis. These practically always contain foreign salts such 
as alkali chloride, ammonium chloride, and ammonium oxalate. Sodium and 
especially potassium salts render the precipitate impure through substitution 
of the alkali metal for the ammonium radical.^^ The precipitate may also 
be contaminated by other magnesium phosphates such as Mg3(P04)2 or 
Mg(NH4)4(P04)2. Admixture of the former leads to low results. Admix¬ 
ture of the latter leads to high results unless the metaphosphate that is 
formed during the usual ignition is heated at a higher temperature until it 
has been converted to the pyrophosphate. All uncertainty is removed 
when double precipitations are made, as it is possible to create nearly ideal 
conditions after redissolving the first precipitate. The reprecipitation entails 

18, 1 (1937). 
Among the contributors to the subject may be mentioned H. Neubauer, loc. cit.; 

F. A. Gooch and M. Austin, Am. J. ScLj [4] 7, 187 (1899); K. Bube, Z. anal. Chem., 
49, 587 (1910); K. K. Jarvinen, ibid., 44, 335 (1905); D. Balarew, Z. anorg. Chem., 
101-104 (1918-19) ; Z. Karaoglanow and P. Dimitrow, Z. anal. Chem., 57, 353 (1918). 

For example, in careful single precipitations in solutions containing 0.0741 g of 
MgO as MgQ2 and 5 g of NaQ per 400 ml, an average value of 0.0766 g MgO was 
obtained when precipitation was made at 20® C and 0.0787 when it was made in hot 
solution, followed by digestion at 20® C. 
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no significant loss of magnesium and scarcely any loss of the analyst’s 
time. 

It is unnecessary to remove ammonium salts that have resulted from prior 
separations before making the first precipitation unless very little magne¬ 
sium or an unusually large amount of oxalate is present.^'^ According to 
our experience diammonium phosphate, (NH4)2HP04, is the most satis¬ 
factory precipitant. Phosphoric acid would probably serve as well if its 
purity were more certain. Other precipitants which have been used are 

microcosmic salt, NaNH4HP04, and disodium phosphate, Na2HP04. 
These are quite satisfactory if double precipitations are made and but 
little of the reagent is added prior to the second precipitation. If a single 
precipitation is made, results are appreciably higher, especially if much 
magnesium is present or if the precipitate has stood for only a short time, 
say, 4 hours. With longer standing, better results are obtained; presumably 
magnesium sodium phosphate is more soluble and is gradually converted 
to the magnesium ammonium salt. 

Formerly it was thought necessary to precipitate in the presence of a 

very large excess of ammonium hydroxide, but this idea has been shown 
to be erroneous. The precipitate is practically insoluble in a solution con¬ 
taining 5 to 10 per cent by volume of ammonium hydroxide. Precipitates 
that have been digested for 12 hours are slightly less soluble than those 
that have stood for 2 to 3 hours. 

Were it not for the necessity of examining the precipitate for impurities 
after ignition, a Munroe crucible (p. 101) could be used with advantage 
instead of a paper filter. The use of a Gooch crucible is not recommended, 
for some varieties of asbestos are attacked by alkaline solutions containing 
soluble phosphates. 

The ignition of the paper and precipitate must be done slowly and at as 
low a temperature as possible, preferably in a muffle, until the carbon is 
destroyed.^Otherwise, the pyrophosphate is slowly reduced and phos¬ 
phorus volatilized.^® In addition, the carbon becomes partially “fireproofed” 
and cannot be burned out. For fear of ruining the crucible by reduction 
of some of the phosphate if this is incinerated in contact with the filter 
paper, some chemists dry the filter and its contents, separate as much of 
the latter as possible, and burn the paper and what adheres to it before 
adding the main part of the phosphate. In this treatment there is always 

12 For example, in tests made for us by H. B. Knowles, aliquot portions of a solution 
of pure magnesium chloride showed an average of 0.0729 g of MgO in single, 0.0733 g 
in double, and 0.0734 in triple precipitations. See also Phosphorus (p. 702). 

12 For a convenient method of removing ammonium salts, see p. 133 
i^If time permits, the wet paper and precipitate can be placed in the cold muffle, 

gradually heated to 750® C in the course of 3 hours, and finally stepped up to 1100 to 
1150® C. 

i®K. D. Jacob and D. S. Reynolds, /. Assoc. Offic. Agr, Chemists^ 11, 128 (1928). 
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danger of losing a little of the fine dry precipitate; hence we prefer to take 
the small risk of damage to the crucible. In our experience covering thou¬ 
sands of analyses, only twice has a crucible been damaged by burning pre¬ 
cipitate and filter together, and dien probably through the presence of an 
unsuspected foreign compound. 

If the precipitate is of proper composition, it need not be ignited at tem¬ 
peratures above 1050 to 1100°C.^® In the ordinary case, however, and 
especially with large precipitates (0.5 g), ignition at such temperatures 
may still leave a little Aig(POa)2 in the residue, as the result of the forma¬ 
tion of a little Mg(NH4)4(P04)2 during the precipitation of the magne¬ 
sium. It may therefore be desirable, especially after single precipitations, 
finally to heat for 5 to 15 minutes, depending on the size of the precipitate, 
at 1150 to 1200° C in order to convert the A4g(P03)2 to A4g2P207. The 
precipitate cannot be heated to constant weight at this temperature, for 
Alg^PyOi itself slowly loses P2O5 (see under Phosphorus, p. 705). Small 
amounts of foreign phosphates, such as calcium phosphate, lower the 
melting point of the pyrophosphate appreciably and may lead to a fused 
mass at temperatures as low as 1000° C. 

The })ractice of Fresenius and others of moistening the ignited pyro- 
phosphate with a drop or two of nitric acid, evaporating, and again igniting, 
in order to obtain a perfectly white pyrophosphate rarely docs any good 
and sometimes leads to losses. Solution of the pyrophosphate in nitric acid, 
followed by evaporation and ignition, is certain to lead to losses.’^ Less 
objectionable is the procedure recommended by some authors to dissolve 
the washed magnesium ammonium phosphate in nitric acid, to evaporate 
the solution in a weighed platinum crucible* and then to ignite. If the 
evaporation is carefully carried out, there is no appreciable loss of phos¬ 
phorus, and, as the solution approaches dryness, a pink color affords a most 
delicate test for contamination by manganese. Still another “corrective’’ 
measure is a final washing with a slightly ammoniacal 10 per cent solution 
of ammonium nitrate. Under conditions of ignition not clearly known, one 
of us (W. F, H.) has often observed that the product is not wholly soluble 
in hydrochloric or nitric acid, even on long boiling, but that white lumps 
of some peculiar phosphate resist the acid attack. 

b. Pre,cipitation and Filtration, a. First precipitation. Ordinarily the 
case is one in which manganese, calcium, and most other elements have 

i®As a matter of fact, conversion to Mg2P207 actually takes place at temperatures 
as low as 250° C, but heating at the higher temperatures is necessary to expel other 
compounds. 

D. Campbell, Phil, Mag., [4] 24, 380 (1862); E. Luck, 2. anal, Chem., 13, 255 
(1874); Z. Karaoglanow and P. Dimitrow, ibid,, 57, 353 (1918). According to W. M. 
McNabb {/. Am. Chem. Soc., 49, 893 (1927)], no loss occurs if the nitric acid solution 
of the ignited pyrophosphate is neutralized with ammonium hydroxide before evapo¬ 
rating and igniting. 
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already been separated, and the solution is then ammoniacal and contains 
sufficient ammonium chloride besides ammonium oxalate and often much 
sodium chloride 

Slightly acidify the ammoniacal solution with hydrochloric acid, and 

add enough diammonium phosphate, as crystals of the pure salt or as a 
freshly prepared 10 per cent solution, to provide at least a ten-fold excess 
and preferably 1 g in addition for each 100 ml of solution.’Stir the solu¬ 
tion vigorously, and add ammonium hydroxide slowly, especially while 
the precipitate is forming, until the solution is alkaline. At this point add 
10 ml more for each 100 ml of solution, and set the solution aside. If but 
little magnesium is present, precipitation can be hastened by stirring vig¬ 
orously and by cooling to 0 to 10® C. If a glass rod is used, the sides of 
the vessel should not be scraped, for, wherever there is contact, an ad¬ 
hering crystalline deposit forms quickly. 

Let the solution stand overnight, filter through paper without attempting 
to transfer the precipitate, and wash the vessel, precipitate, and paper five 
or six times with cool dilute ammonium hydroxide (5 + 95). 

p. Second precipitation. Dissolve the precipitate in warm dilute hydro¬ 
chloric acid (1 -f- 4), and collect the solution in the original vessel so as 
to* dissolve wdiat precipitate may remain in it. Clean also the stirring rod 
with the acid.-^ If but little magnesium is present, transfer the solution to 
a smaller vessel. Dilute to 50 to 150 ml, depending on the amount of mag¬ 
nesium present, add 0.1 to 0.3 g of diammonium phosphate, and then am¬ 

monium hydroxide, drop by drop very slowly and with constant stirring 

until it is in slight excess and the crystalline precipitate has formed well. 

At this point add 5 ml in excess for each 100 ml of solution. Let the solu¬ 

tion stand for at least 4 hours (overnight docs no harm), filter through a 

fresh paper, and ^^^ash the precipitate with cool dilute ammonium hydroxide 

(5 + 95), using this time great care to clean the vessel and stirrer from 

adhering precipitate. 

y. Ignition of the precipitate. Dry the precipitate, wrapped in its moist 

paper, in a weighed platinum crucible, char the paper slowly without allow- 

18 If the amount of ammonium salts, particularly ammonium oxalate, is very large, 
or but very little magnesium is present, it is desirable to destroy tliem by evaporating 
and gently igniting, or by wet attack as described on p. 133, before the first precipi¬ 
tation is attempted. 

18 This is especially needed if the solution contains large amounts of ammonium 
chloride, if the amount of magnesium is small, or if the volume of the solution is large. 
Solutions of ammonium phosphate attack glassware, and should cither be freshly pre¬ 
pared or made distinctly acid with hydrochloric acid before storage. 

If platinum has not been removed in the course of a silicate analysis, and if the 
solution has been treated with ammonium sulfide and not acidified before the precipi¬ 
tation of calcium, some platinum sulfide may separate at this stage and should be re¬ 
moved by filtration. 
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ing it to ignite, and burn the carbon off over a gradually increased flame 
which never heats the crucible to more than the faintest red. Finally heat 
for 30 minutes at 1000 to 1100° C. Cool in a desiccator, weigh as Mg2P207 
and repeat the heating until the weight remains constant. 

c. Removal and Determination of the Usual Contannnants in Magesiimi 
Pyrophosphate, Experience has shown that most analysts are prone to re¬ 
port high results for magnesium. One of the causes of error lies in im¬ 
perfect separation of other elements that accompany it. After the usual 
separations it is to be expected that, if originally present, barium, small 
amounts of strontium and calcium and, if precipitation with ammonium 
sulfide is omitted, most of the manganese will be precipitated with the mag¬ 
nesium. The precipitation of calcium and manganese is complete; that 
of strontium and barium is practically so if appreciable amounts of mag¬ 
nesium are present and the concentration of ammonium salts is not ex¬ 
cessive. Lithium is not precipitated unless the solution is heated or evapo¬ 
rated. Even when all ordinary requirements have been met, small amounts 
of some of the elements escape removal and are weighed as phosphates with 
magnesium. The analyst should make tests for the commonest contami¬ 
nants, if only to convince himself of the reality of the error, even after very 
careful work, and of the limitations of most of our methods. 

a. Barium. In the usual analysis barium, in the absence of sulfates, ac¬ 
companies magnesium and is finally thrown down together with it and 
weighed as a mixture of Ba2P207 and Ba3(P04)2. If the magnesium pyro¬ 
phosphate is tested for calcium as directed below, the barium separates as 
sulfate together with the calcium. Because of the uncertain composition 
of its phosphate and the question of its complete precipitation, barium 
should be removed by sulfuric acid before the final precipitation of the 
magnesium. 

Calcium. The precipitation of calcium as oxalate is never quite 
complete, and so, if it was originally present, a very little of it will prob¬ 
ably always be found in the magnesium pyrophosphate as a mixture of 

Ca8(P04)2 and Ca2P207. The amount of the latter is relatively small and 
does not cause serious error if the total amount of calcium is small and cor¬ 
rections are based on the normal phosphate.®^ Both barium and calcium can 

21 For example, in rests made for us, H. B. Knowles obtained the following results: 

CaO Taken, MgO Taken, 
Mixed 

Phosphates, 

CaO 
Calculated 

to Ca3(P04)2, 
Mg2P207 by 
Difference, 

MgO 
Calculated, 

CaO 
Recovered 

from Mixed 
Phosphates, 

g g g g g g g 
0.0014 0.0492 0.1380 0.0026 0.1354 0.0490 0.0015 
0.0287 0.0158 0.0958 0.0526 0.0432 0.0156 
0.0042 0.0492 0.1442 0.0077 0.1365 0.0494 0.0045 
0.0070 0.0492 0.1489 0.0129 0.1360 0.0492 0.0072 
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be determined and allowed for as described under Calcium (p. 613). The 
weight of lime obtained should average less than half a milligram in rock 
analysis, and is added to that of the lime already found, and subtracted as 
tricalciuni phosphate from that of the magnesium pyrophosphate in order 
to arrive at a truer figure for magnesium. The alcoholic filtrate left after 
the separation of calcium can be evaporated, ignited to destroy organic 
matter and tested for manganese as in y below. 

A less certain way to separate the calcium that is in the pyrophosphate, 
but one that admits of detecting small amounts of iron and aluminum that 
may have escaped precipitation earlier in the analysis, is the following: 

To the ignited pyrophosphate dissolved in but slight excess of hydro¬ 
chloric acid, add ammonium hydroxide to alkalinity and then acetic acid, 
drop by drop, until the solution, which should measure 10 to 30 ml and 
not be hot, clears. It happens now and then that a little flocculent matter 
fails to dissolve. Remove this, ignite it, and subtract its weight if proved 
to be free from magnesium, which it often contains, from the original 
weight (see y below). It is likely to consist in great part or wholly of 

phosphates of aluminum, iron, or manganese, and shows often a reddish 
color on ignition.^^ If an excess of acetic acid has been added, neutralize 
most of this cautiously with ammonium hydroxide, then add a drop or two 
of solution of ammonium oxalate, and set the small beaker aside for 12 hours 
if necessary. Almost invariably a small precipitate shows itself, which, if 
fine grained and nonadherent to the glass, may be regarded as pure calcium 
oxalate; otherwise it contains or may consist largely of magnesium oxalate. 
In that case collect, ignite, redissolve, and reprecipitate it. The operation, 
to be satisfactory, requires great care. 

y. Manganese, Manganese behaves like magnesium and is w^eighed as 
the pyrophosphate, Mn2P207. A separation from one another of the iron, 
aluminum, and manganese which the flocculent precipitate mentioned under 
the second method in p may contain is not worth the trouble, careful prior 
treatment being presupposed. The first two constituents named may have 
been introduced since the original precipitation of the iron and aluminum, 
and their amount in terms of those elements is very small. But the amount 
of manganese it contains may be a sensible proportion of the whole of that 
element if it was not removed earlier in the analysis. Therefore, bring the 
precipitate into nitric or sulfuric acid solution, and reserve. The solution 
containing the magnesium may also be manganiferous and must be evapo¬ 

rated to dryness, ignited, and evaporated two or three times with nitric 

acid, or once with sulfuric acid, to remove all traces of chlorine. Unite 

^2 Iron by itself is not precipitated at all by diammonium phosphate in an ammoniacal 
solution containing ammonium oxalate. Aluminum is quantitatively precipitated, but 
more or less of it dissolves when the precipitate is washed with a 5 per cent solution 
of ammonium hydroxide. 
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this with the small vSolution already reserved. Now' determine the manga¬ 
nese colorimetrically as described under Manganese (p. 451), and add its 
amount to that already found, unless the total has been ascertained in a sepa¬ 
rate portion of the sample. In any case its amount, if significant, is to be 
deducted as pyrophosphate from the gross weight of the magnesium pyro¬ 
phosphate. 

The distribution of the manganese over tlie alumina, lime, and magnesia 
w hen ammonia w^as employed for the precipitation of the alumina and no 
attempt made to remove manganese at all, is shown in the table on page 880. 

B. DETERMINATION FOLLOWING PRECIPITATION WITH 8-HYDROXYQUINOLINE 

A very desirable method for the determination of magnesium is that in 
which it is precipitated by 8-hydroxyquinoline in alkaline solution and then 
determined by titrating with a standard brominating solution after dissolving 
the precipitate in diluted hydrochloric acid, or by weighing as the dih>'- 
drate, Mg(CjH(iN0)o-2H20; the anhydrous oxyquinolate, Mg(CyH(;NO):j; 
or the oxide, MgO; after heating at 105"^ C, 150 to 160° C, or 1000° C, re¬ 

spectively. liie method, especially the volumetric modification, is more 
rapid than the method in wiiich magnesium is weighed as the pyrophosphate. 

A number of elements (see p. 122) are also precipitated by the reagent; 
the precipitation of magnesium must therefore follow tlieir removal, as in 
the General Procedure (p. 855). In this procedure, the substitution of the 
volatile reagent 8-hydroxyquinoline, for the commonly used nonvolatile 

reagent, diammonium phosphate, permits determination of the alkalies in 
the final filtrate if they have not been introduced in other stages of the 
analysis. 

In any procedure, interfering elements such as copper, ir(jn, aluminum, 
titanium, manganese, zinc, and calcium must be removed. In the volumetric 
modification, interference by calcium can be avoided by converting it to 

the nonobjectionable calcium oxalate and then, without filtering, proceed¬ 

ing w^ith the precipitation of the magnesium oxyquinolate. The following 

procedure illustrates the precipitation with 8-hydroxyquinoline, and its 

application in the routine volumetric determination of magnesium in ce¬ 

ments containing no appreciable amounts of interfering elements, such as 

copper, jzinc, or manganese, that are not removed by the preliminary treat¬ 

ment with ammonium hydroxide.^^ 

PROCEDURE. Transfer a 0.500-g sample to a 400-ml beaker, mix wdth 10 

ml of water, and then add 10 ml of hydrochloric acid. Heat gently, and 

grind any coarse particles with the flattened end of a glass rod until de¬ 

composition is complete. Dilute to 150 ml with hot water. Add 3 drops 

of methyl red indicator (0.02% alcoholic solution), and then ammonium 

23 J. C. Redmond, Bur. Standards J. Researchy 10, 823 (1933). 
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hydroxide until the solution is distinctly yellow. Add macerated filter 
paper, and heat to boiling. Boil for 1 to 2 minutes, cease heating, and 
allow the solution to stand until the precipitate has settled. Filter without 
delay, and wash the precipitate thoroughly with a hot 2 per cent solution 
of ammonium chloride. 

Add 5 ml of hydrochloric acid to the filtrate, and then add 25 ml of a 
hot 4 per cent solution of ammonium oxalate, (NFl4)2C204*H20. Heat 
to boiling, stir gently, and slowly add ammonium hydroxide until the solu¬ 
tion is alkaline. Continue the boiling for 1 to 2 minutes, and let stand for 
10 to 15 minutes as the solution cools to about 70° C. 

Add 20 ml of a clear 1.25 per cent solution of 8-hydroxyquinoline (25 
g of the reagent dissolved in 60 ml of glacial acetic acid and diluted to 
2 liters with water), and then 4 ml of ammonium hydroxide per 100 ml 
of solution. Stir uitli a mechanical stirrer for 15 minutes, and set aside 
until the precipitate has settled. Filter, and wash with hot dilute ammo¬ 
nium hydroxide (1 +40). 

Dissolve the precipitate in 200 ml of warm dilute hydrochloric acid 
(1 +4). Cool to approximately 25° C, and add from a pipette 25 ml of 
a standard (0.2 N) solution of potassium bromatc-potassium bromide. Stir, 

and let stand for about 30 seconds to insure complete bromination. Add 

10 ml of a 25 per cent solution of potassium iodide, stir well, and then titrate 

with a standard (0.1 N) solution of sodium thiosulfate until the color 

caused by the iodine becomes faintly yellow. At this point, add 2 ml of 

starch solution, and titrate to the disappearance of the blue color. To cal¬ 

culate the weight of MgO, subtract the volume of sodium thiosulfate solu¬ 

tion used from the volume of sodium thiosulfate solution that is equivalent 

to 25 ml of the bromate-bromide solution, and multiply the remainder by 

the MgO titer of the thiosulfate solution. 

To prepare the 0.2 N solution of potassium bromate-bromide, dissolve 

20 g of potassium bromide and 5.57 g of potassium bromate in 200 ml of 

water, and dilute to 1 liter. To prepare the 0.1 AT solution of sodium thio¬ 

sulfate, dissolve 25 g of Na2S203*5H20 in 200 ml of water, and dilute to 
1 liter (see p. 196). 

For the determination of the volume of the thiosulfate solution that is 

equivalent to a given volume of the bromate solution, see Precipitation by 

24 This amount suffices for 0.5-g samples containing 6 per cent or less of magnesia. 
For cements of higher magnesia content, add proportionately more reagent. 8-hydroxy- 
quinoline is somewhat volatile at temperatures above 60® C. In precipitations, the chief 
concern is to avoid undue loss of the reagent before the precipitate has formed. After 
the separation of the precipitate, solutions can be boiled for 1 to 2 minutes to assist 
in coagulating the precipitate, and in removing any reagent carried down by it. When 
a precipitate is dissolved in acid before titration, the temperature of the solution should 
be no higher than is needed to dissolve the precipitate. 
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8-Hydroxyquinoline (p. 125). The most satisfactory method for the stand¬ 
ardization of the thiosulfate solution is in using a standard material of like 
nature, taking portions containing amounts of magnesia that are compar¬ 
able with those involved in the routine determination, and carrying them 

through all steps of the procedure. The titer of the thiosulfate solution 
is then found by dividing the weight of MgO by the difference between 
the volume of thiosulfate solution required in the back titration and the 
volume of thiosulfate solution that is equivalent to the volume of the po¬ 
tassium bromate-potassium bromide solution that was added. This pro¬ 
cedure leads to less calculation, and also to more accurate results if the 
thiosulfate solution has been properly prepared and its titer is checked at 

intervals of a week or so. 
Theoretically, the MgO and Mg titers of 0.1 N solutions of either reagent 

should be 0.0005038 and 0.0003038, respectively, whereas those of 0.2 N 

solutions should be twice these values. 
If the precipitate contains only magnesium oxyquinolate, it can be caught 

on a tared fritted-glass crucible and either dried at 105*^ C and weighed as 

Mg(C9HGN0)2-2H20, or at 150 to 160° C and weighed as Mg(C{)H(}NO)2; 
the latter is preferable if 8-hydroxy(]uinoline was used in considerable ex¬ 
cess. Small precipitates can be caught on paper and cautiously ignited to 

MgO. 

C. DETERMINATION BY TITRATION 

Various methods, other than that described under B, have been proposed 
for the volumetric determination of magnesium. 7'he one commonly used 
is that of Stolba-” as modified by J. O. Handy,w hich is based on the 

reaction: MgNH4P04 + H2SO4 - MgS04 + NH4H2PO4. 
The chief points in this method consist in precipitating and washing the 

phosphate according to the usual practice, removing the ammoniacal w^ash 

liquid, dissolving the precipitate in a measured excess of sulfuric acid (as 

shown by methyl orange), and then titrating with sodium hydroxide to 

a clear yellow^ color. If the solutions are equivalent, the difference in 

the volumes used represents the sulfuric acid required to convert the ter¬ 

tiary phosphate, MgNH4P04, to the primary phosphate, NH4H2PO4 or 

Mg(H2P04)2- The excess of the secondary phosphate precipitant and the 

ammoniacal wash liquid must be removed, for both would consume sulfuric 
acid, the former in a change to the primary salt, the latter in neutralization. 

Handy recommends that the washed precipitate be distributed over the 

lower two thirds of the filter, which is then to be turned, opened, blotted 

as much as possible on dry filters, and finally dried at room temperature 

25 F. Stolba, Jahresber., 985 (1876). 
28 /. Am. Chem. Soc., 22, 31 (1900). 
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for about 45 minutes or at not over 60° for about 15 minutes. The pre¬ 

cipitate can be dried completely, or the drying can be stopped when the 

paper has dried inward one-half inch from the margin, at which time the 

free ammonia will have been expelled. Gooch crucibles can be used as 

filters, and drying is facilitated by washing the precipitate a few times with 

alcohol. After the drying of the precipitate, the treatment is as follows: 

Place paper and precipitate in a suitable beaker, treat w^ith a measured 

excess of normal sulfuric acid, and stir well until the paper is disintegrated 

and the precipitate is dissolved. Add 2 drops of a 0.1 per cent solution 

of methyl orange and then more acid if the solution is not decidedly pink. 

Dilute to 100 ml, and titrate back with 0.1 N sodium hydroxide solution to 

the appearance of a clear yellow color. One milliliter of 0.1 N sulfuric 

acid corresponds to 0.00202 g of MgO.^’^ 

27 P. J. Elving and E. R. Caley [Jnd, Eng. Chem. Anal Ed.^ 9, 558 (1937)] point out 
that magnesium can be quantitatively precipitated as oxalate in 85 per cent acetic acid 
solution, thus y)crinitting ignition to the oxide or titration with permanganate, as well 
as the determination of the alkalies in the filtrate. Drawbacks are the unpleasant nature 
of the solution and the bulkincss of the precipitate. 
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Lithiu.m, Sodium, Potassium, Pubidium, Cf:sium 

Chapter 42 

THE ALKALIES 

Lithium is almost never found in rocks in more than spectroscopic traces, 

although it is one of the most universally distributed of the elements. It 

is found in the alkali feldspars, in muscovite, licryl, and in the lithium min¬ 

erals Icpidolite, spodumene, petalite, amblygonite, triphylitc, and lithio- 

phj’lite. According to Washington ^ there is reason for the belief that it 

is especially prone to occur in highly sodic rocks. Tlie more refined spec- 

trochemical methods now available have disclosed appreciable percentages 

of lithium in materials not formerly suspected of containing significant 

amounts of this element. For example, National Bureau of Standards stand¬ 

ard sample of flint clay no. 97 from Clearfield County, Pa., contains 0.22 

per cent of LioO which is about twice its sodium oxide content. The analyst 

should therefore guard against neglecting to test for lithium when the alka¬ 

lies are being determined. 

Sodium is the most abundant of the alkali metals, comprising 2.75 per 

cent of the lithosphere." In igneous rocks it is a constituent of the feld¬ 

spars, of the nepheline group of minerals, and of certain pyroxenes, such as 

aegirite.2 It is also abundant in rock salt and in nearly all natural waters, 

sea water especially. 

Potassium is also an abundant metal of the alkali group, comprising 2.58 

per cent of the lithosphere. It is found in many rocks, especially as a con¬ 

stituent of the feldspars, micas, and leucite. Nearly all terrestrial waters 

contain potassium. 

^Manual of the Chemical Analysis of Rocks, 4th ed., p. 31, John Wiley & Sons (1930). 
For a discussion of the geochemistry of lithium, see L. W. Strock, Nachr, Ges. Wiss. 
Gottingen, Math.-physik. Klasse, IV, 171 (1936). For a selective reaction for as little 
as a few tenths of a microgram of lithium in a single drop of solution saturated with 
the other alkali salts, which is based on the low solubility of the compound that lithium 
forms with trivalent iron and periodic acid, consult O. Procke and R. Uzel, Mikrochim, 
Acta, III, 105 (1938). 

-F. W. Qarke, The Data of Geochemistry, C/. 5. GeoL Survey Bull, 770 (1924). 

646 
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Rubidium is found in lepidolitc and, in minute quantities, in a number 
of minerals such as feldspars, beryl, micas, leucitc, spodumene, and car- 
nallite.^ 

Cesium is the rarest metal of the alkali group. It is found in pollucite, 
a silicate of aluminum and cesium, and, like rubidium, in lepidolitc and 
certain other minerals. 

I. GENERAL CONSIDERATIONS 

In the section on the Alkalies under Rock Analysis (p. 923), the assem¬ 
bling of the alkali metals as chlorides free from all other elements except 
perhaps a very little magnesium has been described. It is possible that no 
one of the procedures separates quite all of the magnesium. What little 
of it passes into the final filtrate and is eventually weighed with the alkalies 
as chloride can, however, be recovered later and its weight deducted from 
the gross weight of the chlorides.'* If ammonium carbonate alone was re¬ 
lied upon to separate calcium, the alkalies are also likely to contain a few 
tenths of a milligram of its chloride. In this case, the calcium should now 
be separated by a little ammonium oxalate and ammonium hydroxide, the 
filtrate evaporated to dryness, and the excess of ammonium oxalate de¬ 
stroyed by heat. The residue is then moistened with a drop of hydro¬ 
chloric acid, this evaporated, and the weight of chlorides again determined. 
Not all of the lithium will be gathered with the alkali chlorides in an or¬ 
dinary attack by the J. Lawrence Smith method, for some of it may be 
lost in the insoluble matter left after the extraction of the sintered melt 
with water, and some may be caught in the calcium carbonate and calcium 
oxalate precipitates. 

In the usual case lithium is not present in determinable amount, and the 
analysis is done by the chloroplatinate method as in Section II. If lithium 
is present, the analysis can be made by the butyl alcohol-ethyl acetate 
method as described in Section III or by any of the methods described 

in Section IV. The former is used for the determination of potassium 

(rubidium and cesium), sodium, and lithium in successive operations; the 

latter are designed primarily for the isolation of lithium, followed, if need 

3 W. R. Schoeller and A. R. Powell, The Analysts of Minerals and Ores of the Rarer 
Elements^ p, 41, 2d ed., Charles Griffin and Co., London, 1940. 

4 Precipitation by means of S-hydroxyquinoline as described under Precipitation by 
8-Hydroxyquinoline (p. 122), repeated when large amounts of alkalies are present, is 
an excellent procedure for the separation of magnesium from the alkalies [ (R. Berg, Z. 
anal, Chem,^ 71, 32 (1927); F. L. Hahn and K. Vieweg, ibid.j 126]. In fact, the pre¬ 
cipitation also serves to separate many other elements, as for example iron, aluminum, 
titanium, and zirconium. According to L. Moser and K. Schutt [Monatsh,^ 51, 23 
(1929)], the most satisfactory separation of magnesium from lithium is obtained by 
precipitating with 8-hydroxyquinoline. 
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be, by the determination of the accompanying alkalies. Rubidium and 
cesium are rarely encountered.® When originally present, they are to be 
found with the potassium that is obtained in any of the above methods and 
are to be determined as described in Section V. Finally, in Section VI are 
given the more common procedures for the determination of potassium 

alone. 

II. THE CHLOROPLATINATE METHOD 

In the chloroplatinate metliod, potassium (together with rubidium and 
cesium) is precipitated by chloropiatinic acid in a solution of the chlorides 
of the alkalies. The amount of sodium, as chloride, is then usually deter¬ 
mined by subtracting the potassium chloride equivalent of the chloroplat¬ 
inate precipitate that is obtained from the weight of the mixed chlorides. 
This is quite satisfactory when the two alone are involved, although the 
determination depends on the accuracy of the potassium determination and 
the purity of the mixed chlorides. If rubidium and cesium are present, 
the method fails; if these are absent and lithium is present, the subtraction 
of potassium chloride of course gives the weight of combined sodium and 
lithium chlorides, and further separations must be made.® 

The method is the oldest and best knowm, and is probably still the most 

widely used method today. It suffers, however, from the fact that the 

composition of the precipitate that is obtained may vary slightly from that 

expressed by the formula K2PtCl6. Partly for this reason and partly be¬ 

cause of the cost of the reagent, the perchlorate method has somewhat 

displaced the chloroplatinate method. In the long run, the saving is not 

much, for there need be no loss whatsoever of platinum if the precipitates 

and filtrates are saved and worked over from time to time. 

A. DETERMINATION OF POTASSIUM 

The following operations must be carried out in an atmosphere free from 

ammonia fumes. To the chloride solution in a small porcelain dish,^ add 

sufficient chloropiatinic acid solution (Reagents, p. 42) containing 10 per 

5 Cesium occurs as a silicate of aluminum and cesium in the rare mineral pollucite and 
is often found in lepidolite. Rubidium is also found in the latter, and frequently occurs 
in minute amounts along with potassium in iron ores [W. N. Hartley and H. Ramage, 
Trans. Chem. Soc., 71, 513 (1897)]. 

8 Separations of potassium from lithium may not be complete in a single precipitation 
of the former as chloroplatinate. B. Brauner [Collection Czechoslov. Chem. CoTTtmuns., 
2, 442 (1930)] states that 23 per cent of the lithium was found in the potassium chloro¬ 
platinate obtained by a single precipitation in a solution containing 0.1195 g NaCl, 
0.0175 g KQ, and 0.0017 g LiO. 

7 Preferred to platinum because of the possibility of the fonnation of an insoluble 
platinous compound by an undetermined reaction. See also F. Bolm, Z. anal Cbem., 
38, 349 (1899). 
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cent of platinum to react with all of both the sodium and potassium.® The 
necessary amount to use is readily calculated from the known strength of 
the platinum solution and the weight of mixed chlorides counted as sodium 
chloride. The dilution of the resulting solution should be such that, u heii 
heated on the steam bath, any precipitate that may have formed dissolves 
wholly. This is to prevent inclusion of mother liquor in a mass of crystals 
suddenly formed. P^aporate until the solution is syrupy but solidifies on 
cooling. Do not evaporate to dryness, as this will dehydrate the sodium 
salt and render it less soluble in alcohol. Drench the residue with 80 per 
cent (by volume) alcohol,® filter by decantation through a small paper, 
wash by decantation with more of the alcohol, crushing the crystals with 
a small pestle or the widened and rounded end of a short glass rod. Re¬ 
serve the filtrate and washings if sodium is to be determined directly. The 
residue should be golden yellow. An orange-red color indicates incom¬ 
plete removal of the sodium salt. It is unnecessary to bring tlie mass of the 
precipitate upon the filter. Dry the dish and paper for a few moments to 
remove adhering alcohol. Dissolve in hot water what precipitate is on the 
filter, catching the solution in a weighed crucible or small dish of platinum. 

Evaporate to dryness and add the salt that is still in the porcelain dish. 

If the salt is at all lumpy, redissolve it in water, and again evaporate to 

dryness. Heat for an hour at 130° C in an air oven (100° suffices for very 

small amounts of fine-grained precipitate). It is necessary tc) cover the 

receptacle at first because the precipitate is prone to decrepitate. When 

G. F. Smith and A, C. Shcad [/• Am, Chei7i. Soc., 53, 947 (1931)] assert that precipi¬ 
tates arc more nearly of ideal composition and can be heated at temperatures as high 
as 260° C if lithium chloroplatinate is substituted for chloroplatinic acid as the precipitant. 

^ H. Fresenius and P. H. M.-P. Brinton, Z. ami, Che?n,, 50, 21 (1911). The solubility 
of potassium chloroplatinate in 80 per cent alcohol is so slight that a correction is not 
necessary if the volume of alcoholic filtrate and washings is kept at 50 to 75 ml, de¬ 
pending on the size of the precipitate. According to the data given by E. H. Archi¬ 
bald and his coworkers [/. Am, Chem. Soc,, 30, 755 (1908)], the solubility of K2PtQfi 
in 80 per cent by volume C^HsOH at 20° C must approximate 10 mg per 100 ml, which 
represents about 1 mg of K2O per 50 ml. The amount that is dissolved during an 
analysis, however, is considerably under this figure because of the presence of chloro¬ 
platinic acid and sodium chloroplatinate in the solution in which the potassium is 
thrown out, and because the alcohol used for washing is by no means saturated after 
its short contact with the salt. Moreover, any solubility loss is fairly well taken care 
of if potassium is found in the blank runs on the reagents. 

It should be noted that potassium chloroplatinate is appreciably more soluble in methyl 
than in ethyl alcohol, and that the use of absolute ethyl alcohol, as sometimes recom¬ 
mended, may lead to decomposition of sodium chloroplatinate and precipitation of 
sodium chloride [J. Morozewicz, Anz, Akad, Krakau, 796 (1906)]. Alcohols denatured 
with 10 per cent of ethyl ether or of acetone can be substituted for 95 per cent 
ethyl alcohol in the triple acetate method for sodium or the chloroplatinate method 
for potassium [P. A. Webster and R. M. Crane, Ind, Eng, Chem, Ami, Ed,, 15, 36 
(1943)1. 
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drv% cool and weigh as KoPtCh;. Calculate first the KCl equivalent of the 
precipitate in order by subtracting it from the weight of mixed chlorides 
to get that of the sodium chloride, and then the K^O or K as desired. 
For such percentages of potassium as occur in rocks and most minerals, 
the theoretical factor 0.3067 based on the accepted atomic weight for plat¬ 
inum may be safely used for the conversion of KoPtClc to KCl. The use 
of the empirical factor 0.3056, as recommended by Fresenius, Treadwell, 
and others is not warranted in analyses made by the method as described.^® 

B. DETERMINATION OF SODIUM (LITHIUM) 

Few minerals and perhaps no rocks carry sodium alone of the alkali 
metals. It is customary to separate and determine its congeners after hav¬ 
ing weighed all together, and thus to find the sodium by difference. If a 
check is desired, however, the sodium can be determined in the platiniferous 
filtrate from the potassium chloroplatinatc obtained in A. First the plat¬ 
inum must be removed, and, of the several possible ways of doing this, 
the following of Bunsen’s is the neatest and most satisfactory. 

Evaporate the alcoholic solution in a flask of suitable size (ordinarily of 
100 ml capacity) until most of the alcohol is gone, add water if need be, 
insert in the flask n stopper with inlet and outlet tubes, the latter of which 
can be closed, connect the inlet tube with a hydrogen generator, and fill 
the flask with hydrogen. Close then the exit without allowing any air to 
enter, set the flask in a warm place or in a beaker of water which can be 
kept warm, and leave it still connected with the generator under slight 
pressure until the platinum is all precipitated and the liquid is water-white. 
This can be determined by shaking the flask gently so that the suspended 
metal sinks. 

Displace the hydrogen by an inert gas, filter, wash with water, evaporate 
the filtrate to a small volume in platinum or porcelain, transfer to a weighed 
platinum crucible which has a perfectly fitting cover with a projecting lip, 
and evaporate as nearly as possible to dryness. The attainment of this dry 
condition can be helped sometimes by drenching the concentrated solution 

at a certain stage with strong hydrochloric acid, which precipitates the 

salt in a fine granular state, and then continuing the evaporation very cau- 

W.‘J. O’Leary and J. Papish \lnd. Eng, Che?/!. Anal, Ed., 6, 107 (1934)] point out 
that potassium, rubidium, and cesium can be quantitatively precipitated and separated 
from large amounts of sodium, iron, aluminum, manganese, and other salts by direct 
precipitation with chloroplatinic acid in 60 to 70 per cent (by volume) alcohol, pro¬ 
vided everything in the solution has previously been converted to nitrate. If the alkalies 
have been assembled as chlorides, immediate and quantitative precipitation can also be 
obtained by dissolving them in 60 to 70 per cent alcohol and adding chloroplatinic acid 
and then 2 to 3 drops of ethyl ether. It is maintained that chloroplatinates thus pre¬ 
cipitated are purer than those obtained by evaporation with chloroplatinic acid to near 
dryness, followed by digestion with alcohol. 
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tiously. When it is apparently dry, set the covered crucible in a triangle 
of platinum wire at such a height that a Bunsen burner flame, turned as 
low^ as possible and quite undisturbed by draughts, can be brought under 
the lip so as to heat it without the flame touching the bottom or side of 
the crucible. If, when it is held close to the ear, decrepitation is audible, in¬ 
stantly withdraw the lamp for a moment. By degrees the heat may be 
increased when decrepitation has ceased and no more ammonium chloride 
fumes escape (if a little of that salt w^as present) finally to a point just 
short of causing the salt to melt. Weigh the residue as NaCl, and test it 
spectroscopically for lithium if that clement had not been separated. 

There remains a correction to be made for any small amount of mag¬ 
nesium chloride which, in the analysis of certain materials carrying mag¬ 
nesium, may have escaped separation and is now with the sodium. This 
can be determined by precipitating it as magnesium ammonium phosphate, 

as described under Magnesium (p. 638). If a check deteraiination of the 
sodium is not to be made, the filtrate from the potassium chloroplatinatc, 
freed from its platinum as explained above, can be used directly for this 
magnesium test. ITe weight of magnesium chloride calculated from the 
weighed pyrophosphate is to be deducted from the gross weight of the 
mixed alkali chlorides. 

If it is desired to weigh sodium as the sulfate, w’hich can be safely heated 

to a much higher temperature than the chloride, any sodium salt of a 

volatile acid can be converted to sulfate by evaporating with sulfuric acid 

and expelling the excess of acid. Most of this can be removed over a free 

flame or a radiator (Fig. 5), but the last of it is tenaciously retained and 

needs the help of ammonium carbonate vapor to effect its complete ex¬ 

pulsion. This salt is introduced under the cover of the crucible in small 

fragments, and heat is reapplied. After w^eighing, repeat the treatment with 

carbonate until the weight remains constant. Weigh as Na2S04, which 

is slightly hygroscopic. 

Sodium can also be determined directly as described in Section III. 

III. THE BUTYL ALCOHOL-ETHYL ACETATE METHOD 

In the butyl alcohol-ethyl acetate method,the chlorides are converted 

to perchlorates, and sodium and lithium are separated from potassium 

(rubidium and cesium) by extracting with a mixture of normal butyl al¬ 

cohol and ethyl acetate. The extract is then evaporated to expel ethyl 

acetate, and sodium is precipitated as chloride by addition of a solution 

of hydrochloric acid gas in butyl alcohol. Finally, the solution containing 

H. H. Willard and G. F. Smith, /. Am, Chem, Soc., 44, 2816 (1922); G. F. Smith. 

ibid,y 47, 762 (1925); G. F. Smith and J. F. Ross, ibid,, 774, 1020. 
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the lithium is evaporated with sulfuric acid, and the lithium is weighed as 

sulfate. The solubilities of the perchlorates of the alkali and alkaline earth 

metals, magnesium, and ammonium are given in Table 19. 

J'ABLE 19 

Solubility of thf. Pkrchloratks of the Alkali and Alkaline Earth Metals 

AND Ammonia 

Cl per 100 Ml Solution at 25° C 

Methyl Ethyl ;;-Bntyl Ethyl 

Perchlorate Water Alcohol Alcohol Alcohol Acetate 

NaC104 113.88 35.833 11.134 1.495 8.425 

LiCl04 47.42 89.44 79.41 49.25 63.40 

NH4CIO4 21.91 5.268 1.488 0.0137 0.0286 

KCIO4 2.0394 0.0830 0.0094 0.0036 0.0013 

RbC104 1.328 0.0472 0.0071 0.0016 0.0014 

CSCIO4 1.961 0.0734 0.0086 0.0048 Insoluble 

Ba(C104)2 128.99 119.85 78.543 41.716 80.812 

Ca(C104)2 112.34 113.68 89.551 68.419 57.377 

Sr(C104)2 157.51 113.95 100.01 71.205 76.67 

Mg(C104)2 73.453 37.749 18.398 44.638 54.173 

proc:edure. Dissolve the mixed chlorides in water, transfer to a 150-ml 

Pyrex beaker,and treat with two or three times the equivalent quantity 

of pure perchloric acid (not less than 1 ml of 60 to 70% acid in any case). 

Evaporate to dryness on the hot plate (not over 350° C), and expel any 

acid condensed on the side walls by brushing with a free flame. Cool, dis¬ 

solve the salts in 3 to 5 ml of water, and again evaporate to dryness on 

the hot plate.^^ Cool, add 10 to 20 ml of a mixture of equal parts by vol¬ 

ume of 72-butyl alcohol and ethyl acetate (both anhydrous),^® digest near 

the boiling point for 2 to 3 minutes, and cool to room temperature. 

Decant the supernatant liquid into a previously ignited and weighed 

Gooch or, preferably, Munroe crucible,^® and wash thrice by decantation 

H. Willard and G. F. Smith, ibid.y 45, 293 (1923). 
Hot perchloric acid is said to have a solvent action on some types of laboratory 

glass and porcelain ware. Pyrex glass is not affected [G. F. Smith and J. F. Ross, 
loc, cit,}. 

According to Smith and Ross, perchlorates that have been obtained from solution 
in perchloric acid still retain the latter after evaporation at 350° C and must be dis¬ 
solved in water and again evaporated. 

15 72-Butyl alcohol of a boiling range of 116 to 117.7° C at 760 mm should be prepared 
by fractional distillation of the cp reagent (sp. gr. 25°/4° 0.8065) and preferably dried 
by refluxing over metallic calcium. The anhydrous ethyl acetate must be free from 
ethyl alcohol and have a purity of 99.7 to 100 per cent. 

i®It is desirable to arrange the filtering apparatus so that the filtrate can be caught 
directly in a small beaker. 



THE BUTYL ALCOHOL-ETHYL ACETATE METHOD 653 

with 5-ml portions of the alcohol-acetate mixture. Reserve the filtrate 
and washings,^"^ Dissolve the residue in the crucible in a minimum of hot 
water, catch the solution in the original beaker, and again evaporate to 
dryness. Cool, add 10 ml of the solvent, digest and cool as before, and 
filter through the original crucible, which must of course have been dried. 
Transfer the residue to the crucible by means of a fine jet of the mixed 
solvent, and finally wash the crucible and contents 10 to 15 times with 
0.1- to 1-ml portions from the wash bottle. Combine and reserve the fil¬ 
trate and washings which should approximate 55 ml. Dry the original 
beaker, and brush any particles of perchlorate into the crucible. Dry the 
crucible and precipitate at llO^'C in an oven and finally for 15 minutes 
in a muffle at 350° C. Cool, and weigh as KC104.^^ 

Evaporate the combined filtrate and washings on a hot plate until the 
ethyl acetate is expelled, which is accomplished by concentrating to at 
least 40 per cent of the original volume. Continue the evaporation to 20 

ml if the volume of the solution is greater than this. Heat to 80 to 90° C, 

and add, dropwise and with stirring, 2 ml of a 20 per cent solution of 

hydrochloric acid gas in butyl alcohol and then 6 ml more. Cool to room 

temperature, collect the precipitate on a dry Gooch or Alunroc crucible, 

and ’wash 8 to 10 times with 1- to 2-ml portions of a 6 to 7 per cent solu¬ 

tion (sp. gr. 25°/4° 0.8425 to 0.8485) of hydrogen chloride in butyl al¬ 

cohol (made by diluting 40 ml of the 20% solvent with 100 ml of butyl 

alcohol). Reserve the filtrate and washings for the determination of lithium. 

Dry the crucible and contents for a few minutes at 110° C, and then ignite 

for 5 minutes at 600° C in a muffle, or at a very dull red over a free flame. 

If it is desired to determine the sodium gravimctrically, cool in a desiccator, 

and weigh the crucible and impure sodium chloride. Dissolve the pre¬ 

cipitate by means of a fine jet of water, thoroughly wash the crucible, and 

collect the filtrate and washings in a 150-ml beaker. Dry the crucible and 

insoluble residue for 1 hour at 110° C, cool, and again weigh. The loss 

i’’When sodium is absent, lithium can be completely separated from potassium by 
one extraction. 

18 According to Smith and Ross, a temperature of 350® C is required for the complete 
dehydration of KQO4 that has been crystallized from its solution in water. The oc¬ 
cluded moisture remaining after drying at 150® C may amount to as much as 0.3 per 
cent of the weight of the salt. The solubility of potassium perchlorate in the mixture 
of equal parts of w-butyl alcohol and ethyl acetate at 25® C is approximately 1.0 mg in 
100 ml, corresponding to 0.6 mg of KCl or 0.34 mg of potassium oxide. If the total 
volume docs not exceed 60 ml, no corrections are necessary, for the losses are offset 
by a correspondingly small amount of sodium and lithium perchlorates that are re¬ 
tained by the potassium salt. The solubility of rubidium and cesium perchlorates is 
about one-half that of potassium. 

Prepared by passing dry hydrochloric acid gas into butyl alcohol. 200 ml of a 
20 per cent solution (sp. gr. 0.905) can be prepared in 2 to 3 hours. 
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in weight represents pure sodium chloride.-'* The value so obtained can 
be checked or the sodium determined without the weighing, as described 

by titration of the dissolved chloride as in Mohr’s method (p. 732), 
Dilute the filtrate and washings that were reserved for the determina¬ 

tion of lithium with one third their volume of water, thus forming two 
layers. Cover with a watch glass resting on glass hooks, and evaporate on 
a steam bath in such a w'ay as to avoid any condensation on the upper 
part of the beaker.-'* Add 5 to 10 ml of water at the end to make the re¬ 
moval of organic matter more nearly complete before the fumes of per¬ 
chloric acid appear. When a slight brown coloration appears, remove the 
hooks, and rest the watch glass directly on the beaker. Meat on a wire 
gauze until fumes of perchloric acid appear. If a brown residue remains 
on the walls of the beaker, remove it by brushing the walls with a flame, 
if there is not enough perchloric acid to oxidize the organic matter, add 
a few drops more. When the brown color has been destroyed, add 0.5 

ml of sulfuric acid, replace the watch glass, and heat on a hot plate or on 

a gauze over a low flame until dry. Cool, add 5 to 10 ml of water, wash 

the watch glass and inside walls of the beaker, and transfer the lithium 

sulfate to a platinum crucible that has been ignited and weighed with the 

lid. Cautiously evaporate to dryness, cover with the lid, and heat, prefer¬ 

ably by a ring burner, until every trace of acid is removed, and then in 

a muffle at 600® C for 5 to 10 minutes. If the latter treatment is done 

over a free flame, some reduction of the sulfate to sulfide may take place. 

Cool, and weigh as LioS04. 

According to Kallmann,-- satisfactory determinations of lithium (and the 

other alkali metals) can be had by (1) obtaining the mixed chlorides by 

a combined J. Lawrence Smith-Berzelius attack, (2) converting the chlo¬ 

rides to perchlorates, (3) treating with w-butyl alcohol, perchloric acid, 

and hydrogen chloride to precipitate potassium, rubidium, cesium, and 

sodium, and (4) converting the lithium in the filtrate to sulfate. 

IV. METHODS FOR THE DETERMINATION OF LITHIUM 

The methods that are commonly used for the separation of lithium from 
the other alkalies are based on the greater solubility of its chloride and can 

20 The solubility of sodium chloride in the solution of hydrochloric acid in butyl al¬ 
cohol at room temperature is approximately 1.4 mg in 100 ml of solution, corresponding 
to 0.75 mg of sodium oxide. For this reason, the filtrate and washings should not 
greatly exceed 50 ml. 

21 This can be done by immersing the beaker in a copper capsule, flanged at the 
top and fitted to the rings of the steam bath so that condensation does not take place 
on the walls of the beaker or on the cover glass. 

22$. Kallmann, Ind. Eng. Chem. Anal. Ed., 16, 712 (1944). 
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be divided according to whether lithium chloride is extracted or the other 
chlorides are precipitated. The butyl alcohol-ethyl acetate method de¬ 
scribed in Section III is a combination of the two in that sodium and lithium 
are first extracted from the mixed alkalies and then sodium is precipitated 
in the extract. The ether-alcohol method of Palkin which is described 
in A is a precipitation method, whereas the acetone method of Brown and 
Reedy described in B is an extraction method. The amyl alcohol method 
of Gooch and the pyridine method of Kahlenbcrg and Kraiiskopfhave 
so little to commend them in point of convenience and accuracy that 
descriptions of them will be omitted. 

The (]iiantitative determination of lithium when present in unwcighable 
amount is best done by means of the spectroscope.^*^ 

A. BY THE USE OF ETHER-ALCOHOL 

The original ether-alcohol method of Rammelsberg for separating 

lithium from sodium and potassium was an extraction method and suffered 

on that account. S. Palkin-^ revised it as a precipitation method and 

improved it greatly as follows: Dissolve the chlorides in a minimum of 

w^atcr (1.5 ml is ample for half a gram of salts) in a tall beaker, and add 

one drop of concentrated hydrochloric acid and gradually 20 ml of absolute 

alcohol, dropped in the center and not dowm the side, while rotating the 

beaker. The sodium and potassium chlorides should precipitate in a 

uniform granular condition. Then, while rotating the beaker, add 60 ml 

of ether (usp sp. gr. 0.716 to 0.717), and let stand 5 minutes, or until the 

precipitate is well agglomerated and the supernatant liquid is almost clear. 

Rotate the beaker occasionally. Filter through a perforated crucible into 

an Erlenmeyer flask under a bell jar. Rinse the beaker, and wash the 

precipitate and then the funnel with a mixuire of one part alcohol to four 

or five parts ether. Detach matter adhering to the sides of the glass with 

a rubber-tipped rod. Set the crucible aside. Evaporate the filtrate on the 

2-^S. Palkin, /. Am. Chem, Soc.y 38, 2326 (1916); C. Rammelsberg, Pogg. Ann., 66, 
79 (1845). 

^^Proc. Am. Acad. Arts Sci., 22, 177 (1886); Ain. Chem. ]., 9, 33 (1887); Chem. 
News, 55, 18 (1887). 

25 L. Kahlcnberg and F. C. Krauskopf, /. Am. Chem. Soc., 30, 1104 (1908) 
26 See the Determination of Lithium, by W. W. Skinner and W. D. Collins, U. S. 

Dept. Agr. Bur. Chem. Bull. 153. For a turbidimetric method for the detection and 
estimation of small amounts of lithium based on the formation of insoluble lithium 
stearate in the amyl alcohol extract, see E. R. Caley, /. Am. Chem. Soc., 52, 2754 (1930), 
L. B. Rogers and E. R. Caley [Ind. Eng. Chem. Anal. Ed., 15, 209 (1943)] recommend 
an empirical method in which lithium is precipitated as a complex periodate in an 
alkaline solution. Chlorides, nitrates, sulfates, or perchlorates are without effect; ele¬ 
ments other than those of the alkali group, as well as small amounts of ammonium 
salts, must be removed. See also F. R. Bacon and D. A. Starks, ibid., 17, 230 (1945). 
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steam bath by the aid of a current of air. Take up the residue with 
10 ml of absolute alcohol, and warm if necessary so that practically every¬ 
thing dissolves. If a film remains, remove it by scrubbing. Rotate the 
flask while adding 50 ml of ether, then add one drop of concentrated hydro¬ 
chloric acid, rotate, and let stand half an hour with frequent rotation. 
When it is agglomerated, filter the small precipitate through the crucible 
already used, and wash with the ether-alcohol. After drying, ignite gently, 
weigh as the chlorides of sodium and potassium (also rubidium and cesium 
if present), and separate as in Section II. 

Carefully evaporate the filtrate on the steam bath, take up the residue 
in a little water, and add a slight excess of sulfuric acid. Transfer to a 
weighed small platinum dish, evaporate the liquid, expel the excess of acid, 
ignite as in Section III, and weigh as Li2S04. Repeat the treatment to 
constant weight.^^ 

B. BY THE USE OF ACETONE 

Brown and Reedy state that lithium chloride is freely soluble in acetone 
and can readily be dissolved and separated from the chlorides of sodium, 
potassium, barium, and strontium which are entirely insoluble. The chlo¬ 
rides of rubidium, cesium, and magnesium are slightly soluble; calcium 
chloride is so soluble that it must be removed. The procedure is as follows: 
Gently evaporate the solution containing the chlorides of the alkali group 
to dryness in a small beaker, and heat to expel ammonium salts. Crush the 
crystals to a fine powder with a blunt stirring rod or a small pestle. Add 
about 25 ml of dry acetone and 1 drop of concentrated hydrochloric acid, 
and stir thoroughly. Let settle for a few seconds, and decant the clear 
liquid through a small filter into a weighed platinum dish. Wash the 
residue in the beaker and on the paper two or three times with 5-ml por¬ 
tions of acetone. Dissolve the residue in a small amount of water, again 
evaporate, and pulverize. Extract the residue with 25 ml of acetone and 
1 drop of acid as before. If the weight of the combined chlorides was 
over 0.5 g, repeat the operation a third time. 

Evaporate the combined filtrates carefully to dryness on a low-tempera¬ 
ture hot plate or sand bath (<50° C), and cautiously heat the residue to 
drive off organic matter. Cool, and treat with 1 to 2 ml of concentrated 
sulfuric acid, making sure to wet all of the chloride. Heat carefully to 
expel the sulfuric acid, ignite as in a, and weigh as Li2S04. 

According to J. I. Hoffman,^® excellent results for lithium in a flint clay 

(0.22% Li20) were obtained when 1- to 3-g samples were decomposed 

27 The weighing of lithium as the fluoride or phosphate has nothing to commend it. 
Lithium chloride is quite hygroscopic. 

28 M. H. Brown and J. H. Reedy, Ind, Eng, Chem, Anal, Ed,, 2, 304 (1930). 
28 Unpublished work (1940). 
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by digestion with hydrochloric acid in a sealed tube (p. 347) and then 
subjected to the following operations: (1) dilution and filtration to remove 
silica, (2) evaporation to small volume, treatment of iced solution with 
hydrochloric acid gas and ether, followed by filtration to remove most of 
the aluminum, (3) double precipitation with ammonium hydroxide to 
remove the remainder of the aluminum together with other precipitable 
elements, (4) treatment with ammonium oxalate and then with 8-hydroxy- 
quinoline to remove calcium and magnesium (p. 643), (5) evaporation, 
ignition to chloride, and extraction with acetone (once repeated) to sepa¬ 
rate lithium, and (6) treatment with sulfuric acid and ignition to Li2S04.®^ 

V. METHODS FOR THE DETERMINATION OF RUBIDIUM AND CESIUM 

Minerals that contain both rubidium and cesium in determinable amounts 
are almost unknown. This is fortunate for the analyst, for there appears 
to be no truly special reagent for either rubidium or cesium ions, whereby 
these can be quantitatively separated from potassium or from each other. 
Differences in the solubilities of certain of their salts serve as means for 
obtaining each of them pure, but the methods are in no sense quantitative. 
Both form insoluble chloroplatinatcs and perchlorates, and cither one can 
be determined by the methods described for potassium when it occurs 
alone or in combination with lithium or sodium. When they occur together 
or in combination with potassium, further separations are in order. 

A. METHOD FOR THE DETERMINATION OF RUBIDIUM AND CESIUM 

The following method for the quantitative separation and determination 
of potassium, rubidium, and cesium is based on the use in succession of 
9-phosphomolybdic, silicotungstic, and chloroplatinic acids. Precipitation 
with the first serves to separate rubidium and cesium from potassium; pre¬ 
cipitation with the second serves to separate cesium from rubidium; whereas 
precipitation with chloroplatinic acid serves for the final precipitations of 

all three elements.®^ The method does not afford as clean-cut separations 

as might be desired, but is declared to be more reliable than those hitherto 

proposed. 

Other extraction procedures that might be mentioned are those of (1) A. Sinka 
[Z. anal. Chem.y 80, 430 (1930)], in which lithium chloride is extracted by pure an¬ 
hydrous dioxanc (dimethylcne dioxide) from ignited mixtures of the alkali chlorides 
in an extraction apparatus from which moisture is excluded as the condensed dioxane 
falls continuously into a suspended filtering crucible containing the mixed chlorides; and 
(2) E. R. Caley and H. D. Axilrod \lnd. Eng. Chem. Anal. Ed., 14, 243 (1942)], in 
which lithium chloride is extracted from the mixed chlorides by 2-ethyl hexanol. It 
is asserted that no solubility corrections are needed and that the fumes of the hot solu¬ 
tion are less bothersome than those of isoamyl alcohol. 

31W. J. O’Leary and J. Papish, Ind. Eng. Chem. Anal. Ed.^ 6, 107 (1934). 
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proc::edure. Obtain a sample containing not more than 0.08 g of RbCl 

and not more than 1.0 g of KCl. Dissolve in 100 ml of dilute nitric acid 
(1 + 3), heat almost to boiling, and treat with 9-phosphomolybdic acid 
until precipitation is complete. Let settle, filter through a Munroe cru¬ 
cible, and wash with a 1 per cent solution of sodium nitrate. The filtrate 
and washings contain all of the potassium, which can be determined by 
precipitation as chloroplatinatc as in the determination of rubidium and 

cesium. 

Dissolve the phosphomolybdate precipitate in the least possible amount 

of N sodium hydroxide. Saturate the solution with hydrogen sulfide, heat 

to boiling, and add dilute nitric acid until slightly acid. Boil to coagulate 

the precipitate, filter, wash with slightly acidified hydrogen sulfide water, 

and discard the precipitate. If there is reason to suspect that any molyb¬ 

denum still remains in solution, boil with a little bromine water, cool, again 

treat with hydrogen sulfide, boil, filter, wash and add the filtrate to that 

first obtained. 

Evaporate the filtrate (or combined filtrates) to a volume of about 20 ml, 

add 60 ml of 95 per cent alcohol, treat with a slight excess of chloroplatinic 

acid and then add 2 to 3 ml of ethyl ether. Let the precipitate settle, filter 
through a Munroe crucible (p. 101), and wash with 80 per cent alcohol. 

Place a fresh receiver under the cmciblc, and add to the latter 5 ml of 

water and 2 or 3 drops of hydrazine hydrate. As soon as vigorous evolu¬ 

tion of gas ceases, apply suction, and wash the alkali chlorides into the 

receiver. Cautiously add aqua regia, and boil to destroy the excess of 

hydrazine. 

Add hydrochloric acid, evaporate to small volume, and repeat two or 

three times to insure removal of nitric acid. Take up in 50 to 75 ml of 

6 N hydrochloric acid. Cool, add 0.5 to 1.0 g of solid silicotungstic acid 

dissolved in a few milliliters of water, and let stand for 12 hours. Filter 

through a Munroe crucible, and wash with 6 N hydrochloric acid. Reserve 

the precipitate for the determination of cesium. To the filtrate, which 

should contain all of the rubidium, add a little nitric acid and 5 ml of 

chloroplatinic acid, and then evaporate to about 10 ml. Add three times 

its volume of alcohol, then an excess of chloroplatinic acid, and 2 to 3 ml 

of ethyl ether. Filter, wash with 80 per cent alcohol, cautiously dry at 

120 to 130° C, and weigh as RboPtClc. 

82 Prepared as follows: Heat the commercial dodeca acid, carefully and while stir¬ 
ring continuously, until the temperature reaches 300 to 350* C and the color of the dry 
acid turns from orange to green. Continue the heating until no orange particles re¬ 
main, and then cool and extract with water. Filter if not clear, and oxidize the green 
solution with a little bromine water. Evaporate slowly to obtain the short, stout, yellow 
prisms of the luteo acid. 
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Dissolve the reserved precipitate in as little sodium hydroxide as possible, 
render faintly acid with nitric acid, and dilute to 200 ml. Cool, and add 
a 10 per cent solution of mercurous nitrate until precipitation is complete 
and the mercurous silicotungstare flocculates and settles rapidly. Filter, 
wash the precipitate with a 1 per cent solution of mercurous nitrate, and 
discard it. Oxidize the excess of mercurous nitrate in the filtrate by boiling 
with aqua regia. Evaporate to approximately 10 ml, and treat with three 
times its volume of alcohol and then with an excess of chloroplatinic acid 
and with ether as in the determination of rubidium. Filter, wash with 
80 per cent alcohol, cautiously dry at 120 to 130° C, and weigh as CsoPtChj. 

B. METHOD FOR THE DETERMINATION OF RUBIDIUM AND CESIUM (ALSO 

SODIUM AND LITHIUM) 

I'he follow ing methods were developed by Wells and Stevens after 
unsuccessful attempts to apply existing methods for the determination of 
the rare alkalies in rocks and minerals. The starting point is the mixture 
of chlorides obtained in a preliminary attack by the J. LawTence Smith 
method, and the separations arc based chiefly on the use of chloroplatinic 
acid, absolute alcohol and ether, and ammonium sulfate. Each alkali is 
w^dghed separately, so that the initial weighing of the mixed chlorides is 
merely a check. 

a. Separation oj the Sodium, and Votasshmi Groups. This is done by 
treating with chloroplatinic acid as described on page 648. After the 
chloroplatinates of potassium, rubidium, and cesium have been weighed, 
the alkalies are reconverted to the chlorides by dissolving in w^ater, pre¬ 
cipitating the platinum wdth hot dilute formic acid, and filtering to remove 
the platinum. This solution (1) is reserved for treatment as in d. The 
solution containing the sodium and lithium chloroplatinates is also treated 

with formic acid, filtered to remove platinum and the solution (2) reserved 

for treatment as in b. 

b. Determination of Lithium. The separation of lithium from sodium is 

done by a modification of Palkin’s method (p. 655) as follows: Evaporate 

the reserved solution (2) of sodium and lithium chlorides to dr\ ness, prefer¬ 

ably in a small glass-stoppered type of Erlenmcyer flask of about 30-ml 

capacity. Dissolve in 0.4 ml of w^ater, warming slightly if necessary. Cool, 

add 0.01 ml of concentrated hydrochloric acid and 5 ml of absolute alcohol, 

rotate the flask, and add 15 ml of ether. Allow to stand for about 15 

minutes. Filter through a weighed Jena sintered-glass or Gooch filtering 

crucible, wash w ell with a mixture of 1 part of alcohol to 4 or 5 parts of 

ether, and reserve the crucible and contents (3). In the usual case, a second 

treatment of the lithium-bearing filtrate for the recovery of sodium is 

33 R. C. Wells and R. E. Stevens, Ind. Eng, Che?n. Anal. Ed., 6, 439 (1934). 
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unnecessary. Evaporate the filtrate with a slight excess of sulfuric acid 

in a weighed dish, and heat to constant weight as lithium sulfate. 

c. Determinatioji of Sodium. For a direct determination of sodium, 

weigh the reserved filtering crucible and its sodium chloride content (3) 

obtained in b. 
d. Separation of Rubidium and Cesium from Potassium. Evaporate the 

reserved solution (1) containing potassium, rubidium, and cesium chlorides 

to drjaiess, in a 30-ml glass-stoppered type of Erlenmeyer flask, and then 

heat at about 106^’C. Cool, add 0.4 ml of water, w^arm, cool again, and 

saturate with dry hydrochloric acid gas. Add 10 ml of absolute alcohol 

which has also been saturated with hydrochloric acid gas. Filter with 

suction through asbestos in a small funnel or through a sintcred-glass filter¬ 

ing crucible. Wash with 2 ml of a mixture of absolute alcohol and ether. 

Reserve the residue (4) for possible recovery of residual rubidium as in f. 

Evaporate the filtrate to dryness, and ignite cautiously, finally for a moment 

at about 500'" C. Cool and weigh as rubidium and cesium chlorides, plus 

0.6 mg of potassium chloride for each extraction w ith alcohol and hydro¬ 

chloric acid at 25° C (5). This correction is based, of course, on the 

assumption that the sample contained enough potassium chloride to furnish 

the total amount. 

If the weight docs not exceed 0.6 mg,^^ these elements arc present in only 

spectrographic traces, if at all. If the weight exceeds 0.6 mg, the elements 

may be present. Unless appreciable amounts are present, very nearly all 

of the cesium is obtained in the first extract. If appreciable amounts are 

present, a second extraction should be made.^® Considerable rubidium may 

still remain with the potassium (residue 4). 

e. Determination of Cesium. To the dry alkali chlorides (5) obtained 

in d, add 0.1 ml of a 5 per cent solution of ammonium sulfate, and stir the 

solution until the chlorides dissolve. Stir vigorously, and add 5 ml of 

The amount of potassium chloride dissolved in a single extraction. 
35 J. C. Hillyer [Inci. Eng. Chem. Anal. Ed., 9, 236 (1937)] points out that as many 

as six extractions might be required if the material contains much rubidium or cesium, 
as for example in a pollucite containing 30 per cent of cesium oxide. In such case 
three procedures are open: (1) to take a small aliquot portion if the sample contains 
enough potassium to furnish 0.6 mg of KCl for every extraction made, or (2) if po¬ 
tassium is low, to substitute 10 ml of an extraction mixture made up of 1 part of 
concentrated hydrochloric acid and 2 parts of alcohol (which dissolves 3.1 mg of KCl 
instead of 0.6 mg at 25'’ C), or (3) if potassium is very low, to omit the extraction of 
cesium chloride from the mixed chlorides (solution 1) and treat them as ‘'cesium 
chloride.” R. C. Wells and R. E. Stevens [ilfid., 2361 suggest also that the mixed chloro- 
platinates may be subjected to several fractional crystallizations to separate the bulk of 
the least soluble cesium, followed by their suggested procedure for separating cesium 
from rubidium and potassium in the soluble chloroplatinate filtrates. 
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alcoholic ammonium sulfate at a rate of about 1 drop per second for the 
first milliliter, and then more rapidly until all has been added. Let stand 
for 30 minutes, and stir the solution occasionally. Filter with mild suc¬ 
tion through an asbestos pad, catching the filtrate, which contains the 
cesium, in a small weighed platinum crucible or dish. Rinse the precipitate, 
beaker, and filter thoroughly with three 0.5-ml portions of washing solu¬ 
tion.®^ Reserve the residue (6) for treatment as in f. Add a small amount 
of ammonium sulfate to the crucible containing the filtrate and washings, 
evaporate on the steam bath until salts begin to crystallize, and then add 
a few drops of alcohol. Continue the evaporation to apparent dryness, 
add a few drops of absolute alcohol, and again evaporate. Cover with a 
glass, and heat gently in a radiator until ammonium chloride sublimes on 
the cover glass. Remove the glass, and increase the heat, carefully to avoid 
loss through spattering, until the mass begins to melt and ammonium sul¬ 
fate to volatilize. When most of the ammonium sulfate is gone, gradu¬ 
ally heat to redness as the crucible is kept in motion. Cool in a desiccator 
while covered with a cover glass to prevent decrepitation, and weigh as 

CS2SO4. Repeat the heating until constant weight is obtained. As little 
as 0.1 mg of cesium can be confirmed with the spectroscope, by dissolving 
the" sulfate in 2 or 3 drops of water, dipping a platinum coil in the solution, 
and heating in the Bunsen flame. 

f. Detemnmtion of Rubidium, If the weight of cesium calculated to 
cesium chloride, plus 0.6 mg of potassium chloride for each extraction with 
alcohol and hydrochloric acid that was made, accounts for the weight of 
the chlorides (5) obtained in d, rubidium is absent. If the weight of the 
chlorides (5) obtained in d is greater, the difference represents the weight 
of RbCl (7) in the chlorides obtained in d. 

A check on the weight of rubidium chloride obtained as just described 

can be made as follows: Dissolve the residue (6) obtained and reserved in 

e, evaporate to dryness in a second tared crucible, ignite, and weigh, to 

obtain the weight of rubidium and potassium sulfates. The amount of 

K2SO4 is then calculated from the total weight of potassium chloride to be 

expected in the extraction treatment, this is subtracted from the weight 

of the mixed sulfates, and the remainder is calculated to RbCl (8). 

Any amount of RbCl indicated by cither of the above calculations docs 

not represent all of the rubidium, for some remains with the residue (4) 

reserved in d. 

Prepared as follows: Dissolve 1 g of ammonium sulfate in 20 ml of water, stir, 
and add slowly 100 ml of 95 per cent alcohol. Filter, and add a few crystals of the 
sulfate to the filtrate to keep the solution saturated. 

Prepared in same way as the alcoholic ammonium sulfate solution, except that 
0.16 g of ammonium chloride is also added to the water solution of the sulfate before 
addition of the alcohol. 
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To recover this, repeat the extraction of the reserved residue (4) with 

alcohol and hydrochloric acid as long as the loss in weight of the mixed 

chlorides exceeds 0.6 mg per extraction. Combine the extracts, and evapo¬ 

rate to dryness. Take up in a little water, add a slight excess of chloro- 

platinic acid, and evaporate nearly to dryness. Add 5 ml of 15 per cent 

alcohol, stir well, filter, and wash the precipitate with 95 per cent alcohol. 

Dry at C, weigh as Rb2PtClG, and calculate to RbCl (9).‘‘® 

The weight of RbCl is then represented by the w^eight (9) plus the 

weight (7) or (8). 

g. Detennwation of Potassium, If a moderate amount of potassium is 

present, calculate its weight after subtracting the cesium and rubidium 

chloroplatinate equivalents from the original weight of the mixed chloro- 

platinates. If the percentage is small, it is preferable to weigh the potas¬ 

sium as chloride or sulfate alter the separation of rubidium and cesium. 

VI. METHODS FOR THE DETERMINATION OF POTASSIUM ALONE 

A. REDUCTION OF THE CHLOROPLATINATE PRECIPITATE 

Instead of weighing the chloroplatinate a long-used alternative is to 

reduce and weigh the platinum in it. I'his procedure admits of determining 

the potassium in the presence of sulfates, chlorides, phosphates, nitrates, 

borates, dissolved silica and of salts of sodium, the alkaline earths, mag¬ 

nesium, iron, and aluminum. Possibly the sole interfering elements are 

rubidium and cesium, besides ammonium and some organic compounds. 

The method is especially adapted for the evaluation of potassium salts, 

salines, and mixed fertilizers, in which only the quantity of potassium is 

sought. V^arious reducing agents have been used, of wliich perhaps the 

most recently recommended and the simplest to use is magnesium in the 

form of ribbon. The procedure used by W. B. Hicks for testing natural 

salines and borings of ^vells for the U. S. Geological Survey is the fol¬ 

lowing: 

Precipitate the potassium as chloroplatinate in the usual way, except that 

5 ml of hydrochloric acid should be added before the platinum reagent 

which need be used in only slight excess over that required by the potas¬ 

sium, as the presence of sodium and other salts causes no interference. 

After the precipitate has been crushed and well washed with 80 to 90 per 

cent (by volume) alcohol, dissolve it in hot water, and add 1 ml of hydro- 

•''^Any cesium that may have escaped the initial extraction would, of course, be 
weighed here as Cs^PtClcj. 

/. Ind. Eng, Chem,y 5, 650 (1913); R. C. Wells, R. K. Bailey, and J. G. Fairchild, 
ibid,, 16, 935 (1924). 
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chloric acid and approximately 0.5 g of magnesium ribbon (previously 

washed in water) for every 0.2 g of potassium present. Stir the solution, 

and hold the ribbon at the bottom of the beaker by means of a glass rod. 

When the magnesium is nearly gone, add a few milliliters of dilute hydro¬ 

chloric acid, and allow the platinum to settle. If the reduction is com¬ 

plete, the liquid is clear and limpid. To make sure, add a little more mag¬ 

nesium, and note whether the solution darkens. Add hydrochloric acid, 

boil to dissolve any basic salts, filter, and wash with water until the filtrate 

gives no test for chlorides. Ignite, weigh the platinum, and calculate the 

potassium equivalent by the proportion Pt:2 K. 

B. PERCHLORATE METHOD WITH BUTYL ALCOHOL 

G. Frederick Smith modified the original perchlorate method by using 

normal butyl alcohol to precipitate the potassium perchlorate and thus 

overcome a disadvantage under which most extraction processes labor. 

Only w hen sodium is absent, or present in very little amount, is a solu¬ 

bility correction (0.38 mg K^O per 100 ml of solution) for the potassium 

necessary. Smith’s test results by one precipitation and without solubility 

corrections are good, but the agreement is due to compensation of positive 

and negati\ e errors. When the method was applied to mixtures of 0.14 g 

of potassium chloride and 0.16 g of sodium chloride, the results for the 

fonner averaged 0.2 mg low whereas those for the latter were 0.6 mg 

too high. 

PROCEDURK. Evaporate the mixed chlorides (free from sulfate) to dry¬ 

ness (at not over 350° C) with an excess of perchloric acid, and repeat if 

the amount of chlorides is large. According as the amount of potassium is 

small or large, add 2 or 3 ml of water, dissolve the salts by gently swirling 

over a free flame, and then, according as 2 or 3 ml of water were used, 

add to the warm perchlorate solution, slowly and with vigorous stirring, 

65 or 100 ml of boiling hot normal butyl alcohol,^^ containing 0.5 to 1 per 

cent of perchloric acid (70%). When all has been added, cover the vessel, 

boil gently for half a minute, and cool. Collect the precipitate on a Munroe 

or Gooch crucible by the aid of some of the precipitant, and wash it 

eight or ten times, each time with 1 or 2 ml of the same solution. The 

/. Am. Chem. Soc., 45, 2072 (1923). 
Normal butyl alcohol having a specific gravity of 0.8065 25®/4® and a boiling range 

of 112 to 118® C is readily obtainable on the market. Such an alcohol should be distilled 
and the first and last 5 per cent fractions discarded. 

The Gooch crucible should have holes not larger than 0.5 mm in diameter. A 
heavy mat of asbestos, protected by a perforated porcelain disk, is essential. Asbestos 
should be refluxed with the butyl alcohol mixture before use, or, as the same crucible 
can be used over and over, the crucible can be seasoned by two or three trial runs. 
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filtrate and washings should have a volume of 125 to 150 ml. Dry at 

350° C, and weigh as KC104.^® 
Sodium can be determined in the filtrate but is better found by difference. 

C. PERCHLORATE METHOD WITH ETHYL ALCOHOL 

The following method is not so desirable as that described in B because 
absolute alcohol is reejuired and the process is one of extraction instead of 
precipitation. A chloride solution is to be used which contains not over 
1 g of mixed clilorides and no sulfates. Ammonium salts should preferably 
l)e absent, though sparing amounts may be present; chlorides of lithium, 
magnesium, or the alkaline earths arc not objectionable. Two washing 
solutions arc rccjiiircd. The first consists of absolute alcohol containing 
0.2 per cent of perchloric acid (70%), and the second a solutit)n prepared 
shortly before use by shaking the first solution with crystals of potassium 
perchlorate for 5 to 10 minutes at room temperature, allowing to settle, 
and pouring off the clear solution. 

PROCEDURE. To the concentrated solution of the chlorides, add 1 to 2 ml 
of 60 per cent perchloric acid (free from sulfuric acid), and evaporate to 
drynCvSS on a hot plate or over a free flame. Add 10 ml of water, again 
add 1 to 2 ml of the acid, and evaporate to dryness at a temperature not 
over 350° C. There must be complete conversion to perchlorates. Extract 
the residue with 20 ml of absolute alcohol containing 0.2 per cent of per¬ 
chloric acid, and let stand some minutes.'^^ Filter the clear solution through 
a Munroc or, less preferably, a Gooch crucible, and wash the container and 
residue once or twice with the first washing solution. Suck dry, dissolve 
the residue in water, add 1 to 2 ml of perchloric acid, evaporate to dryness, 
and extract as before. Filter, transfer the residue to a tared and dry Munroe 
or Gooch crucible by means of not over 100 ml of the second washing 
solution, and suck dry. Dry at 120 to 130° C, finally heat for a few min¬ 

utes at 350° C, and weighas KCIO4. 

D. THE UNDO-GLADDING METHOD 

The Lindo-Gladding method finds its chief application in the presence 

of sulfates, nitrates, phosphates, and magnesium, and its distinguishing 

For the determination and separation of potassium as periodate, sec H. H. Willard 
and A. J. Boyle, hid, Eng, Chan, Anal, Ed., 13, 137 (1941). 

P. Baxter and F. E. Ruppert [/. Am, Chem. Soc,, 42, 2046 (1920)] showed that 
ethyl alcohol denatured with 5 per cent methyl alcohol (both dehydrated over lime) 
can be substituted for ethyl alcohol. The perchloric acid content of the alcohol is 
not critical, as much as 1 ml being without effect. 

For the thermal decomposition of the perchlorates of lithium, sodium, potassium, 
calcium, magnesium, iron, and aluminum, consult G. G. Marvin and L. B. Woolaver, 
Ind, Eng, Chem, Anal, Ed,, 17, 474 (1945). 

^^Chem, News, 53, 202, 296 (1886). 
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feature lies in first washing the chloroplatinate precipitate with 80 per cent 
alcohol, then with a special ammonium-chloride wash solution, and finally 
with 80 per cent alcohol. The wash solution is prepared by dissolving 
100 g of ammonium chloride in 500 ml of water, adding 5 to 10 g of 
pulverized potassium chloroplatinate, shaking at intervals for 6 to 8 hours, 
and filtering after the mixture has settled overnight. 

E. SODIUM-COBALTINITRITE METHOD 

The sodiuni-cobaltinitrite method is c]uite satisfactory for routine deter¬ 
minations of potassium in a given -material,provided the details of the 
procedure have been worked out for that material. See for example: (1) 
L. V. Wilcox,^^ who, in examinations of plant materials, developed a 
method in \\'hich potassium is precipitated by adding trisodium cobalri- 
nitrite to dilute nitric instead of acetic acid solutions, and then determined 
by weighing as K2NaCo(N02)6*H20, or by titrating with permanganate 
and oxalate; (2) E. W. Koenig,'*^ who recommends a seinidirect method 
in which potassium is precipitated as the cobaltinitrite, after decomposition 

of silicates or silicate products in hydrofluoric and perchloric acids, and 
then converted to the perchlorate; (3) A. Eden,^^^ who uses a photometric 
method for the determination of small amounts of potassium which is 
based on the green complex that cobalt in the precipitate forms with choline 

hydrochloride and potassium fcrrocyanide; and (4) R. J. Robinson and 

G. L. Putnam,®^ who describe a colorimetric method for the determination 

of 0.002 to 0.40 mg of potassium in fresh waters, based on a preliminary 

precipitation with silver cobaltinitrite, followed by a colorimetric estima¬ 

tion of the nitrite content of the precipitate. These authors point out that 

the silver cobaltinitrite is the most sensitive of all reagents for potassium.®- 

For a discussion of the cobaltinitrite method, see P. J. Van Rysselbcrge.®'* 

F. SEPARATION OF LITTLE POTASSIUM FROM MUCH SODIUM 

It is sometimes necessary or desirable when little potassium accompanies 

much sodium, as in mineral waters and brines, to concentrate the potassium 

The composition of the potassium-sodium cobaltinitrite precipitate varies with the 
conditions of precipitation, especially temperature. For best results, determinations had 
better be corrected as indicated by runs on like material containing known amounts of 
potassium. 

^^Ind. Eng. Chem. Anal. Ed., 9, 136 (1937). 
40 J. Am. Ceram. Soc.y 22, 164 (1939). 

Analyst, 68, 167 (1943). 
51/wi. Eng. Chem. Anal. Ed., 8, 211 (1936). 
52 See also L. L. Burgess and O. Kamm, /. Am. Chem. Soc., 34, 652 (1912); O. Lutz, 

Z. anal. Chem., 59, 145 (1920); and A. M. Ismail and H. F. Harwood, Analyst, 62, 443 
(1937). 

58Eng. Chem. Anal. Ed., 3, 3 (1931). 
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in a solution that contains little sodium before applying methods for deter¬ 

mining the potassium. Calcium, magnesium, etc., as chlorides or sulfates 

may be present. 

In such case, concentrate the aqueous solution as much as possible with¬ 

out causing deposition of salt in an Erlenmeyer flask, set the flask in ice 

\\ ater, and saturate the solution with hydrochloric acid gas. The end of 
the tube delivering the gas should be expanded and not dip beneath the 

surface of the liejuid. Then add 2 ml of water for every 100 ml of solution 

swirl, and, when the salt has settled, pour the liquid through a funnel fitted 

wfith a platinum cone, or better through a platinum-felted Gooch crucible 
if it is large enough to hold all of the salt. Bring the salt upon the filter 
with the aid of ice-cold w^ater saturated wfith hydrochloric acid gas and 
containing the same proportion of sodium chloride as the main solution 
held, w ash with this a few^ times, and suck dry at the pump. 

The solution contains all the potassium, together with some sodium 

chloride and salts of other metals, as w'ell as free sulfuric and boric acids 
if the original material held sodium sulfate or borate. Evaporate the filtrate 

to dryness in platinum, expel free sulfuric acid, take up the residue with a 

little hydrochloric acid, and apply method VI, A or 1). 

VII. DETERMINATION OF SODIUM ALONE 

In this method, sodium is precipitated in w'eakly acid solution as the 

triple acetate, NaZn(U0i»)3(C2H30o)9-6H20, which can be weighed as 
such or dissolved and its sodium content calculated after a volumetric 

determination of its uranium content. The method is not suited for deter¬ 

minations of the highest accuracy except under exceptional conditions. It 
is, however, attractive for routine determinations of sodium, because the 

reaction is quite selective and ordinarily requires few, if any, preliminary 

separations. 

The precipitate is quite bulky, w hich limits the amount of sodium that 
can be handled in a determination. It is also quite soluble in water. Its 

solubility in a solution containing an excess of the precipitant is less, but 
still high enough so that the volume of the solution must be kept at a 

minimum, and special care must be taken when the precipitate is transferred 

and washed. 

Among the interfering substances that have been mentioned are phos¬ 

phates,®^ molybdates,®® arsenates, sulfates (in the presence of potassium), 

5^ Phosphates interfere in the feebly acid solutions obtained by adding the reagent 
to a solution of the mixed chlorides in water. Moderate amounts of the phosphate 
ion, say 2.5 mg, are apparently without effect in dilute (0.2 N) perchloric acid solu¬ 
tion [E. W. Koenig, /. Am. Ceram. Soc., 22, 24 (1939)]. For the removal of the phos- 
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oxalates, tartrates, strontium,’'® lithium, and amounts of potassium exceeding 

50 mg per ml of solution. Moderate amounts of ammonium salts, calcium, 
barium, and magnesium are not harmful, as is the case with hydrolyzable 

elements such as iron or aluminum if solutions are kept acid. 

The following procedure is essentially that recommended by H. H. Bar¬ 

ber and I. M. KolthofF.®^ 

PROCEDURK. Prepare 1 ml of a neutral or feebly acid solution, containing 

not more than 8 mg of sodium as sodium chloride, and free from the inter¬ 

fering substances that have been mentioned. Add 10 ml of zinc iiranvl 

acetate reagent,stir thoroughly, and allow to stand for not less than 30 

minutes. Mechanical stirring hastens precipitation, especially with small 

amounts of sodium. Filter, by suction, through a weighed porous porce¬ 

lain or glass-fritted crucible of medium porosity. Transfer the precipitate 

to the crucible, and remove most of the original solution by using 2-ml 

portions of the reagent. Finally, wash both precipitate and the inside of 

phate ion in materials such as milk ash, O. R. Overton and O. F. Garrett [Ind. Eng. 
Chem. Anal. Ed., 9, 72 (1937)] proceed as follows: Prepare a solution containing 2 to 
8 mg of sodium in 10 to 15 ml of feebly acid (hydrochloric) solution. Treat with an 
excess of powdered zinc carbonate, and let stand for 6 hours, or o\'ernight. Filter, 
and wash the paper and residue thoroughly five or six times with cold water. Evaporate 
the filtrate and washings to a volume of 1 to 5 ml, adding a drop of acetic acid if a 
precipitate forms. 'Ehe results must be corrected for a blank carried through all steps. 

A number of other methods for removing phosphates and arsenates have been em¬ 
ployed, such as calcium hydroxide, lead acetate, barium chloride, or zinc acetate for 
the former, and magnesia mixture for the latter. 

•"’S Interference by molybdenum, which forms a precipitate with the reagent, can 
be overcome by adding no more citric or tartaric acid than is needed to fonn a stable 
complex ion [C. H. Hale, Ind. Eng. Chem. Anal. Ed., 15, 516 (1943)1. 

®®E. R. Caley and W. O. Baker \ihid., 11, 604 (1939)] state that salts precipitated 
from lithium solutions by uranyl acetate reagents for sodium are always trij)le acetates, 
analogous in composition to the triple acetates precipitated from sodium solutions by 
these reagents. With potassium, on the other hand, the same salt, KU02(C2H302)3, 
is precipitated from co?icentrated potassium solutions by all types of uranyl acetate re¬ 
agents for sodium. For the substitution of an alcoholic cupric acetate-uranyl acet::te 
reagent in determinations of sodium in the presence of lithium, consult E. R. Caley and 
L. B. Rogers, ibid., 15, 32 (1943). 

57/. Am. Che?n. Soc., 50, 1625 (1928); 51, 3233 (1929). 
58 Prepared as follows: Dissolve 100 g of U02(C2H.30_>)2’2H20 and 27.8 g of 

Zn(C2H302)2*2H20 in 27 ml of glacial acetic acid and 900 ml of water. Warm the 
solution on a steam bath or hot plate until no further solution takes place, and then 
cool. If a small precipitate of the sodium salt has not been formed through impurities 
in the reagents, add a few milligrams of sodium chloride. Let settle for 24 hours, 
filter, and decant as needed. It is desirable that the reagent be used at approximately 
the temperature prevailing at the time it was filtered. Increases in temperature of the 
order of a few degrees are permissible; decreases are not to be tolerated, for they lead 
to high results. 
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the crucible thoroughly 5 to 10 times with 2-iul portions of washing solu¬ 

tion,®® and then once with ether. Draw air through the crucible until the 

ether has been volatilized. Wipe off the outside of the crucible with a 

slightly moistened cloth, place in a desiccator for 10 to 15 minutes, and 

weigh. Correct the weight as indicated by a blank determination carried 

through all steps of the method, and multiply the remainder by the factor 

for NaiiO, 0.02015, or for Na, 0.01495. 

Among volumetric treatments of the precipitate might be mentioned 

titration with permanganate, after solution of the precipitate in acid and 

reduction of the uranium to the quadrivalent state,®" and solution of the 

precipitate in water, followed by titration of the uranium with sodium 

hydroxide.®^ A spectrophotometric method based on the orange- to red- 
colored compound formed by treating the triple acetate with ammonium 

carbonate and hydrogen peroxide is described by Eric Arnold and A. R. 
Pray.®2 

A number of modifications of the method have been developed in which 

larger amounts of sodium can be handled,®'^ the volumes of the solution 

and reagent are increased,®^ the temperature of the solution is stepped up 

to 40^^ C,®® and the acidity of the solution is stepped up to 4 iV sulfuric 

acid ®® or 2 ]V perchloric acid (1 -{- 5).®® Any marked deviation from the 

regular procedure is not warranted unless the analyst is confronted with 

Prepared by adding 1 nil of acetic acid (30%) to 100 ml of 95 per cent ethyl 
alcohol, shaking with a moderate excess of the triple salt at 25° C, and filtering. As with 
the triple acetate reagent, the solution had better be used at the temperature at which 
it was saturated with the triple salt. With some materials, the use of the reagent in the 
transferring and the preliminary washing of the precipitate is unnecessary, and all opera¬ 
tions can be done with the washing solution (sec Koenig, footnote 54). 

V. Churchill, R. W. Bridges, and A. L. Miller, /nd, Eng, Chem, Anal, Ed.y 8, 
348 (1936). 

J. T. Dobbins and R. M. Byrd, /. Am. Chem. Soc., 53, 3288 (1931). 
Ind. Eng. Chem. Anal. Ed.y 15, 294 (1943). For a method based on the absorption 

of blue light by an aqueous solution of the triple acetate, sec D. R. McCormick and 
W. E. Carlson, Cheinist-Analyst, 31, 15 (1942). 

«8E. W. Koenig {loc, cit.) places the upper limit at about 12 mg of NajO in a solu¬ 
tion which has a final volume of 25 ml. 

«4As for example 5 ml of solution and at least 20 ml of reagent [Koenig, loc. cit.]. 
According to Koenig (loc, cit,), temperatures as high as 40® C are permissible if 

(1) the reagent is saturated with the triple acetate at the temperature used, (2) the 
period of precipitation is increased to 30 minutes, (3) the temperature of the solution 
is not allowed to change during the interval between precipitation and filtration, and 
(4) the temperature during these operations is controlled within a few degrees. 

Koenig (loc, cit.) points out that precipitates obtained in perchloric acid solutions 
containing aluminum must be transferred and given a preliminary washing with the 
reagent to remove aluminum perchlorate, which would be precipitated if the alcoholic 
washing solution is used directly. 
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a steady flow of samples of a special type, and has worked out the modi¬ 
fications that are permissible in tests of that type.®' 

Triple salts containing other bivalent elements such as copper, cadmium, 
mercury, manganese, nickel, cobalt, ferrous iron, and magnesium have been 
investigated, but only those of magnesium have been found generally useful. 

Precipitation of sodium as the magnesium salt, NaAlg(U02)3(C2H302)9* 
6H2O, was advocated by E. R. Caley and C. W. Foulk,®® who found that 

as much as 50 mg of sodium can be handled. The salt can be dried and 

w^eighed as such, or dissolved and its sodium content calculated after titra¬ 

tion of the magnesium with disodium phosphate,®® or after reduction of the 

uranium and titration with potassium permanganate.'® 

Hie necessary reagents for the Caley-Foulk method are (a) a solution of 

magnesium uranyl acetate,^’ and (h) a washing solution freshly prepared 

by saturating 95 per cent alcohol at 20° C with sodium magnesium uranyl 

acetate. 

'The procedure is as follow^s: Prepare a neutral solution containing not 

more tlian 25 mg^^ of sodium, preferably as the chloride. Reduce to a 

volume of 5 ml, or less if there is no separation of salts. Add the reagent 

rjfpidlv, 100 ml if the amount of sodium is less than 10 mg and 10 ml per mg 

for larger amounts. Mix the solutions, partly immerse in a w^ater bath 

maintained at 20± 1°C, and stir vigorously for 30 to 60 minutes, the 

For the application of the uranyl-zinc acetate method to the direct rapid deter¬ 
mination of sodium in soda-lime glasses, sec F. W. Glaze, /. Am, Ceram, Soc,^ 14, 450 
(1931); for the use of the same reagent in the direct determination of sodium in cements, 
see F. W. Glaze, Rock Products, 44, no. 7, 42 (1941), and ASTM Specification C114-4J, 

Chemical Analysis of Portland Cement, p. 31. 
/. Am. Chem. Soc., 51, 1664 (1929). 

'-^>E. R. Caley, ibid., 52, 1349 (1930). 
A. Nau, Pull. soc. phar. Bordeaux, 65, 67 (1927); E. Kahane, Bull, soc, chim., [4] 

47, 382 (1930). For potcntiometric titration with potassium permanganate or ceric 
sulfate, see N. H. Furman, E. R. Caley, and 1. C. Schoonover, /. A?n. Chem. Soc,, 54, 
1344 (1932). 

Solution a is prepared from st)lutions A and B which arc prepared and mixed as 
follows: 

Solution A Solution B 

Uranyl acetate (2H2O) 90 g Magnesium acetate (4H2O) 600 g 
Glacial acetic acid 60 g Glacial acetic acid 60 g 
Distilled water to 1000 ml Distilled water to 1000 ml 

Each solution is separately heated to about 70° C until all the salts are dissolved, and 
then the two solutions are mixed at this temperature, allowed to cool to 20 db 1® C, 
held at this temperature for at least 1 hour, and then filtered through a dry filter into 
a dry bottle. The solution is stable if kept away from direct sunlight, and should not 
be allowed to cool below 20® C 

72 With larger amounts (up to 50 mg), special precautions must be used, and, with 
small amounts «1 mg), the initial volume should be reduced to 1 to 2 ml. 
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longer period being desirable with more than 0.2 mg of sodium. Imme¬ 

diately filter through a tared Gooch or a sintered-glass filtering crucible 

of medium porosity, using gentle suction and keeping the solution in gentle 

motion to prevent the precipitate from sticking to the beaker. When all 

of the solution has been transferred, drain, scrub the beaker, and wash the 

precipitate with four to six successive 5-ml portions of 95 per cent alcohol 

which has been freshly saturated with the triple acetate at 20° C. The 

alcoholic washings may cause salts to separate from the filtrate. Drain 

thoroughly, dry in an air oven at 105 to 110° C for 30 minutes, cool and 

weigh. The precipitate contains 1.53 per cent of sodium.'^^ 

Among the applications of the method might be cited: (1) The direct determina¬ 
tion of sodium in calcium carbonate intended for use in the J. L. Smith method fE. R. 
Caley, Irid. Eng. Chem. Anal. Ed., I, 191 (1929)1; (2) the direct determination of sodium 
in commercial aluminum fE. R. Caley, ibid., 4, 340 (1932)]; for separations from alu¬ 
minum and chromium, sec also E. R. Caley and D. V. Sickman, /. A?f7. Chc?n. Sac., 
52, 4250 (1930); and (3) the determination of from 0.05 to 2.0 mg of sodium by pre¬ 
cipitating with an alcoholic solution of magnesium uranyl acetate, followed by cen¬ 
trifuging and reading the volume of the precipitate in a capillary tube fE. R. Caley, 
C. 1. Brown, and H. P. Price, bid, Eng. Chcvi. Anal. Ed., 6, 202 (1934)]. K. C. Elliott 
[ibid., 12, 416 (1940)] states that the method can be successfully used in the presence 
of beryllium, cerium, lanthanum, neodymium, thallium, thorium, vanadium, and zir¬ 
conium. 



THE ACID-FORMING ELEMENTS 

Silicon, Tun(;sten, Phosphorus, Sulfur, Chlorine, Bromine, 

Iodine, Fluorine, Boron, Carbon, Hydrogen, and Nitrogen 

Chapter 43 

SILICON 

Silicon comprises about 27.6 per cent of the lithosphere and is, next to 

oxygen, the most abundant element. It is found in quartz, tridymite, opal, 

and all silicates, and is the characteristic element of all important rocks 
except the carbonates. 

I. GENERAL CONSIDERATIONS 

In the usual analysis, most of the silicon is separated by dehydration in 

acid solution at the start of the analysis, and all, or nearly all, of the remain¬ 

der is caught in the ammonia precipitate. If the preliminary separation of 

silica is carelessly done, and especially if the ammonia precipitate is small, 

appreciable amounts of silica may remain in the ammoniacal filtrate and 

may contaminate the oxalate and phosphate precipitates.^ The silica that 

is caught in the ammonia precipitate will be counted as alumina if it is not 

recovered. 

II. DECOMPOSITION OF ROCKS AND MINERALS CONTAINING SILICON 

The decomposition of rocks and minerals containing silicon is usually 

carried out as described under Fluxes (p. 836). Sometimes decomposition 
can be effected by attack with acids, particularly with the aid of hydro¬ 

fluoric acid when silica is not to be determined, and of perchloric acid 

when substances that form insoluble compounds with hydrochloric, sul¬ 

furic, or nitric acid are present. 

1 Special care should be taken to remove all silica before precipitation with ammonium 
hydroxide if zinc is present, for otherwise zinc will be carried down as a silicate. 

671 
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III. METHODS OF SEPARATION 

Complete separation of silicon from other elements is rarely necessary, 
for its amount is usually determined by the loss in weight that occurs when 
the weighed and impure silica is treated with hydrofluoric and sulfuric acids, 
ignited, and again weighed. Impurities are therefore unobjectionable if 
they do not volatilize or change in weight as the result of the treatment 
with the mixed acids, and are not present in amounts large enough to cause 
difficulties in the evaporation of the mixed acids or the ignition of the 
residue. 

Silica always carries down boron when it separates from a solution con¬ 
taining the two. If such a precipitate is afterwards treated with hydro¬ 
fluoric and sulfuric acids, both volatilize, and high results for silica ensue.- 
Boron must, therefore, be separated before this treatment, and it is usually 
more convenient to make the separation before the dehydration of the 
silica. This is done best by volatilizing the boron as the trimethyl com¬ 
pound, B(0CH3)3, from a solution containing little or no water. As 
applied to a boric oxide melt, the procedure is as follows: Place the melt 
in a large porcelain or platinum dish, cover, and treat with methyl alcohol 
that has been saturated with hydrochloric acid gas (by passing dry hydro¬ 
chloric acid gas into cooled methyl alcohol for 1 to 2 hours). When 
effervescence ceases, remove the cover, and heat just short of boiling, 

preferably on a water bath in a good hood. Cleanse the crucible in a 

similar manner, and add its contents to the dish. Add more reagent as 

necessary until disintegration is complete, boil to small volume, and evapo¬ 

rate to dr}mess on the bath. To remove the last traces of boron, evaporate 

to dryness at 80 to 85° C on the bath two or three times in succession, after 

adding small portions of tlie reagent and taking care to wash down the 

sides of the dish. 

Fluorine interferes in the usual method for the determination of silica 

because it forms volatile silicon tetrafluoride in solutions containing strong 

acids. The loss is always considerably less than that called for by the 

amount of fluorine present® and can be disregarded in ordinary analyses 

if the amount of fluorine is under 0.3 per cent. 

2 The same is true of arsenic if evaporations are carried on with sulfuric acid in the 
presence of silica and trivalcnt arsenic. The extent of the error caused by boron in 
determinations of silica is illustrated by the results 80.22 and 80.24 per cent of Si02 

(as compared with the most probable content 80.13) which were obtained when boron 
was ignored in the analysis of a glass containing 12.67 per cent of B2O3. These deter¬ 
minations were made by double dehydration with hydrochloric acid and recovery of 
silica as usual. 

2 Silicon tetrafluoride is unstable in the presence of moisture and so some of the 
fluorine escapes, perhaps as hydrofluoric acid, and more is fixed in fluosilicates. The 
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Less silicon is lost if the platinum dish is covered with a platinum cover 
and the atmosphere within the dish is kept saturated with water vapor 
during the evaporation. Still less loss of silicon occurs if the melt is dis¬ 
solved in a strong solution of boric acid and then treated as above, but this 
necessitates treatment of the silica for the removal of its boron content. 

If fairly large amounts of silica and small amounts of fluorine are present, 
as in glasses containing fluorine, interference by fluorine can be minimized 
by fusing with boric oxide for 30 minutes at 1200° C or higher and separat¬ 
ing silica as usual by evaporating with hydrochloric acid. With large 
amounts of fluorine and small amounts of silicon, as in fluorspar, this pro¬ 
cedure gives low results, and the Berzelius method described on page 939 

must be used. Fusion with a mixture of sodium carbonate and borax or 
with sodium carbonate followed by solution of the melt in a saturated solu¬ 
tion of boric acid before treatment with acid is nearly as satisfactory as 
fusion with boric oxide. In the latter case much of the fluorine is volatilized 
as boron trifluoride, BF3. In both cases, the fluorine that remains in solu¬ 
tion is fixed as the less harmful fluoboric acid, FIBF4, during the dehydration 
of the silica, and the boron that is gathered by the silica must be expelled 
by treatment with methyl alcohol before the silica is ignited. 

In the usual case, tungsten accompanies silicon, and no separation is at¬ 
tempted if only the latter is to be determined. The mixed oxides are ignited 
and treated with sulfuric and hydrofluoric acids as usual, except that the 
ignition of the nonvolatile residue must be done at a temperature not over 
850° C because of the volatility of tungstic oxide (p. 685). No umgsten 
is lost through treatment with the mixed acids or even with hydrofluoric 
acid alone. Some tungsten is lost if the mixed oxides are heated at a tem¬ 
perature high enough to dehydrate the silica thoroughly. If both are to 
be determined in the mixed oxides, the analyst must therefore choose be¬ 
tween getting high results for silica and low results for tungsten. Ordinarily 
the first choice is taken and causes less trouble, for, when the two occur 

latter, if evennially ignited with the silica, would undergo at least partial decomposi¬ 
tion, and, on treatment with the mixed acids, the metals of the fluosilicatc (presumably 
sodium) would be weighed eventually as sulfate if not volatilized by the heat of the 
ignition. According to W. T. Schrenk and W. H. Ode [Ind, Eng, Chem. Anal, Ed,, 1, 
200 (1929)1, losses in determinations of silica in fluorspar can be largely avoided by 
transferring the finely ground sample to a Pyrex beaker, adding 20 per cent perchloric 
acid that has been saturated with boric acid at 50® C, and digesting in a Pyrex beaker 
until fumes of perchloric acid are given off. H. Spielhaczek [Z. anal, Chem,, 119, 4 
(1940)1 states that satisfactory determinations of silicon in fluorine-bearing materials 
such as cryolite can be had by mixing 1 g of ore with 3 g of fused borax and 14 g 
of potassium bisulfate (all powdered) in a platinum crucible, covering, and heating 
cautiously at first and then until reaction is complete. The cooled melt is taken up 
in dilute hydrochloric acid, the solution evaporated, and the residue dried at 110® C, 
crushed, and reheated until hydrochloric acid is expelled. The residue is finally mois¬ 
tened with hydrochloric acid, treated with hot water, filtered, and washed as usual. 
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together, the percentage of silicon is usually relatively small. Tungsten can 
be dissolved and separated from silicon as described under Tungsten (p. 685), 
or by heating the mixed oxides in a current of hydrogen chloride. If a 
platinum boat is used, the gas must be dry and free from air or chlorine.^ 
Under such conditions, a little tungstic oxide may be reduced to an oxide 
which does not form a volatile chloride. Reduction can be avoided by 
using a quartz boat and hydrogen chloride together with either air or oxy¬ 
gen. If a platinum boat is used, the reduced oxide should be reoxidized 
and volatilized by cooling the apparatus, expelling the hydrochloric acid 
with air, heating, cooling, expelling the air with hydrogen chloride, and 
again heating. 

For the separation of small amounts of silicon from large amounts of 
iron, as in pure irons, the most satisfactory procedure lies in separating 
as much of the silica as possible by the usual dehydration with sulfuric 
acid, followed by dilution and filtration, and then recovering the remainder 
by evaporating the filtrate, heating to convert the ferric sulfate to ferric 
oxide, volatilizing the latter by heating at 400 to 700° C in a tube through 

w hich dry hydrochloric acid gas is passed, and w^orking over the residue for 
its silica content.'’ 

The separation of silicon from tin had better be done by dehydrating 
with hydrochloric acid, rather than with sulfuric or perchloric acids which 
may yield insoluble compounds of tin upon dilution, or with nitric acid 

w hich would certainly cause coprccipitation of tin. 

A satisfactory separation from lead can be had by dehydrating with sul¬ 

furic acid and then extracting the lead sulfate with ammonium acetate or 

ammonium chloride.^ If the acetate treatment is used, and much lead sul- 

♦D. H. Brophy and C. Van Brunt, Ind. Evg. Chcjn., 19, 107 (1927); C. Friedhcini, 

W. H. Henderson and A. Pinagcl, Z. anorg, Chem., 45, 398 (1905); A. Pinagel, In¬ 

augural Dissertation, Bern (1904); V. Perillon, Bull. sac. ind. Minerale (1884). 

5R. M. Fowler, Ind. Eng, Chem. Anal, Ed,, 4, 382 (1932). 

‘‘For example, by dissolving 5 g samples of bronze (88 Cu, 8 Sn, 1.5 Pb, 2 Zn, 0.2 

Sb -P small weighed amounts of a cast iron of known Si content) in HCl with the aid 

of HNO3, treating with 15 ml of H2SO4, evaporating to copious fumes, and then either 

(1) adding 200 ml of dilute H2SO4 (5 + 95), filtering, and washing in turn with dilute 

HQ (2 + 98), hot H2O, hot NH4C2H.3O2 solution (equal volumes of NH4OH and 

HoO made slightly acid with HC2H3O2) and hot H2O; or (2) diluting with 150 ml 

of H2O containing 25 g of NH4Q and filtering, the following results were obtained: 

Silicon 

Method Added, % Found, % 

1 None None 
1 0.005 0.005 
1 0.01 0.009 
1 0.048 0.047 
2 0.048 0.048 
2 0.048 0.043 
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fate is present, it is desirable to sluice the residue into a dish, digest with 
the acetate solution, and again transfer to the filter. 

Columbium and tantalum, when present in the original material, always 
accompany silicon. Occasionally precipitation is nearly complete.^ Both 
remain as the quinquevalcnt oxides after attack with hydrofluoric and sul¬ 
furic acids and, when originally present in appreciable amount, give rise 
to a large nonvolatile residue that should put the analyst on guard. For 
the determination of silicon in the presence of columbium or tantalum, see 
Earth Acids (p. 602). Titanium or zirconium does not accompany silicon 
to any extent unless solutions hav^e been treated so as to cause their hy¬ 
drolysis, or contain notable amounts of phosphates. Neither titanium nor 
zirconium is lost by evaporation with the mixed acids.^ If phosphates are 
present, the expulsion of sulfuric acid must be carried out at as low a tem¬ 
perature as possible, lest phosphoric acid be lost.-’ 

IV. METHODS OF DETERMINATION 

Silicon is usually weighed as silica, SiO^, after it has been separated by 
dehydration in acid solution and ignited (see under Part III, p. 863). The 
silica that is thus obtained is usually so impure that the actual amount pres¬ 
ent is determined by noting the loss of weight that occurs when the weighed 
residue is treated with sulfuric and hydrofluoric acids, ignited, and again 
weighed.^® 

It is rare indeed that all of the silicon is recovered by one evaporation 
with any acid,^^ and ordinarily some remains in solution after two evapo- 

" For example, in single dehydrations made by fusing the oxide with Na2C03, evapo¬ 

rating with HCl, baking at 110® C, taking up the residue in HCl and hot water, filter¬ 

ing, and washing with dilute HCl (1 -(- 99), H. B. Knowles recovered 3.6 out of 3.9 mg 

of TauOfl and 3.1 out of 4.3 mg of CboQs. 

Very little zirconium is lost if zirconia is treated with hydrofluoric acid alone and 

gradually heated in a wcll-covercd crucible. 

‘‘W. F. Hillebrand and G. E. F. Lundell, /. Am. Chem. Soc.y 42, 2609 (1920). 

^^Mn a careful study of the nonvolatile residues left after determinations of silica 

in 16 Finnish rocks, K. Rankama [Compt. rend. soc. geol. Finlande, XIV, 1 (1939)] 

found spectrographic evidence of Al, Ba, Be, Ca, C)e, Co, Cr, Fe, Ga, Ge, K, La, Mg, 

Mn, Mo, Na, Ni, Pb, (Pt), Sc, Sn, Sr, Ti, W, V, Y, Zn, and Zr, 28 elements in all. 

R. W. Bunsen, Ann.y 61, 265 (1847); E. Ludwig, Z. mal. Che?n.y 9, 321 (1870); 

C. Meineke, Repert. anal, chevi.y 7, 215, 757 (1887); J. P. Gilbert, Technol. Quart.y 3, 

61 (1890); W. F. Hillebrand, /. Am. Chem. Soc., 24, 362 (1902); A. Cameron, Chem. 
Ne%usy 69, 171 (1894); M. Wunder and A. Suleimann, Ann. chim. anal., 19, 45 (1914); 

V. Lenher and E. Truog, /. A7n. Chem. Soc., 38, 1050 (1916). R. M. Fowler, Ind. Eng. 
Chem. Anal. Ed., 4, 382 (1932). 

For example, in determinations of silica in 1-g samples of a soda-lime glass containing 

74.1 per cent of Si02, 73.4 was obtained by evaporating once with hydrochloric acid 

on the steam bath and then drying for 1 hour at 110* C. Single evaporations with 

sulfuric and perchloric acids yielded 72.4 and 73.3, respectively. 
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rations with intervening filtration.^® If the evaporations have been properly 
made, a third evaporation will give no more silicon, for solubility equilib¬ 
rium has been reached. The silica that is still in solution is carried down 
by the ammonia precipitate in proportion to the size of the precipitate and 
the amount of silica present. If the ignited ammonia precipitate weighs 
more than 0.1 g and two separations of silica have been made, not more 
than 0.1 to 0.2 mg of silica finally remains in solution.If the ammonia 
precipitate is small and especially if but one evaporation for silica has been 
made or the pyrosulfate melt of the ignited ammonia precipitate is dis¬ 
solved in water instead of evaporated with sulfuric acid (p. 876), the un¬ 
recovered silica may amount to several milligrams. The silica that is caught 
with the ammonia precipitate is counted as alumina if the latter is ()l)taincd 
by difference and no recovery of silica is made. If a recovery is made, the 
results for silica and alumina will still be in error unless corrections for im¬ 
purities in the reagents are determined as to be described. For ty pical re¬ 
coveries of silica in the ammonia precipitate after the majf)r portion of the 
silica had been separated by double evaporation and intervening filtration 
see Table 20.^^ 

12 In this process, the residue left after the first dehydration is taken up in a dilute 
solution of the acid that was used, the solution is filtered, the impure silica washed, and 
the filtrate and washings again evaporated. 

In analyses of 0.5-g samples of ferrosilicon and burnt refractories, the silica that re¬ 
mained in solution after such treatments averaged approximately 1 mg with hydrochloric 
acid and a trifle more with sulfuric acid (sec also Table 20). 

’2 The small amount of silica still in solution can be estimated satisfactorily by 
matching the yellow color of silicomolybdic acid produced by ammonium molyb¬ 
date [2 ml of a 10% solution of (NH4)2MoOu and 2 drops of H'iSOi per 50 ml of 
solution containing no more than 2.5 mg of SiO^l with an artificial standard solution 
of picric acid [F. Diencrt and F. Wandenbulcke, Compt. rend,, 176, 1478 (1923); Bull, 
soc, chivt., 33, 1131 (1923); E. J. King and C. C. Lucas, /. Am, Chem, Soc,, 50, 2395 
(1928)]. For the use of solutions of potassium chromate buffered with borax as colori¬ 
metric standards in the determination of small amounts of dissolved silica by the for¬ 
mation of the yellow heteropoly compound, molybdisilicic acid, see H. W. Swank and 
M. G. Mellon, Ind, Eng, Chem, Anal, Ed,, 6, 348 (1934); R. J. Robinson and H. J. 
Spoor, ibid,, 8, 455 (1936); and M. F. Adams, ibid,, 17, 542 (1945). For 0.01 to 1.0 mg 
of Si02 per 100 ml of solution, H. W. Knudson, C. Juday, and V. W. Meloche [ibid,, 
12, 270 (1940)1 recommend development of the color by adding (NH4)2*Mo04 in 
excess of a molecular concentration 12 times that of the Si02, adjusting the acidity to 
pH 1.6 to 2.0, letting stand for 10 minutes, and comparing against buffered chromate 
standards or measuring the color in a photoelectric colorimeter. Phosphate and un¬ 
doubtedly other complex-forming ions interfere. The use of oxalic acid to destroy 
the interfering colored phosphomolybdic acid in the photometric determination of 
small amounts of silica (50 ppm) in treated waters is described by M. C. Schwartz 
[ibid,, 14, 893 (1942)]. For a photometric method for the determination of as much 
as 1 per cent of silica in aluminous materials by the molybdenum blue reaction, consult 
J. A. Brabson, I. W. Harvey, G. E. Maxwell, and O. A. Schaeffer, ibid,, 16, 705 (1944). 

i*For the determination of silica in the weighed ammonia precipitate by direct 
treatment with sulfuric and hydrofluoric acids, see under Aluminum (p. 504). Ac- 
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TABLE 20 
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Rkcoveries of Silica in thk Ammonia Precipitate after Double Evaporation with 

Acid and Intervening Filtration 

Approximate Si02 Obtained 
Si02 Weight of in NH4OH 

Material Present, % Sample, g Acid Used Precipitate, mg 

Dolomite 0.31 10 HCl 1-1.2* 
Feldspar 66.66 1 HCl 5.6 
b'eldspar 66.66 0.5 HCl 0.9-1.1 
Soda-lime glass 74.1 1 HCl 0.3-0.8 t 
Sod a-lime glass 74.1 0.5 H2SO4 0.6 t 
1.cad-barium glass 65.36 0.5 HCl 0.3-0.6 § 
Lead-barium glass 65.36 0.5 HCIO4 0.4-1.1 II 
Burnt refractory 54.7 0.5 H2SO4 1 
Burnt refractory .32.4 0.5 H2SO4 0.5-0.6 
Burnt refractory 20.7 0.5 H2SO4 0.7-0.8 
Bauxite 6.32 1 H2SO4 0.5 
Refined silicon 96.8 11 0.5 HCl 0.6-1 
Refined silicon 96.8 IF 0.5 H2SO4 1-1.5 

*'rhe precipitate obtained by acidifying the ammoniacal filtrate, adding 15 mg of Fe263 as 

and treating with NH4OH, contained no more SiOo than the reagents, thus indicating 

that SiOy had been completely recovered in the two dehydrations and in the regular ammonia 
precipitate. 

t The SiOo obtained in the second dehydration ranged from 3.3 to 7.6 rng. 

I 9.4 mg of SiOo was obtained in the second dehydration. 

§ The Si02 obtained in the second dehydration ranged from 3 to 6 mg. 

II The Si02 obtained in the second dehydration ranged from 0.6 to 0.9 mg. 

H Si. 

Tlic dehydration of silica is usually carried out in hydrochloric acid solu¬ 

tion because of the greater solubility of the chlorides. The choice of acid, 

however, must be governed by the composition of the material.^^^ Sulfuric 

and perchloric acids both find use. Nitric acid gives satisfactoiy results 

with some materials, as for example soda-lime glass, but is not generally 

applicable because many nitrates are difficultly soluble in dilute acid after 

they have been evaporated to dryness. All require double evaporations and 

recovery of silica in the ammonia precipitate. Separations of silica together 

cording to L. R. Dawson and R. V. Andes [Ind. Eng. Chem. Anal. Ed.^ 12, 138 (1940)], 

quite satisfactory routine determinations of R2O3 and Si02 in cements can be made 

by combining the R2O8 and SiOo precipitates, igniting, weighing, and then treating 

with H2SO4—HF, evaporating, igniting, and again weighing. 

For example, careful double dehydrations with intervening filtration as applied in 

the analysis of a glass containing the oxides of antimony (5%), lead (2%), and boron 

(13%), besides those of silicon, iron, aluminum, the alkaline earths, and the alkalies, 

gave 67.2 per cent of Si02 with nitric acid, 68.2 with hydrochloric acid, and 68.8 with 

sulfuric acid. All were based on final treatment with HF—H2SO4, and the last result 

was the most nearly correct. 
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with titania made by digesting with formic acid as recommended by A. 
Leclerc are entirely unsatisfactory (L.). 

If hydrochloric acid is used, the chief concern is to continue the evapo- 
ration until the residue is dry. This can be done satisfactorily on the 
steam bath if the crusts that form are broken up with a rod.^^ Dehydration 
can be made more certain, especially in the presence of magnesium or man¬ 
ganese, by heating the residue in a muffle or oven; but in such case the 
temperature should not exceed 110°C, or be prolonged over 1 hour, lest 
the separated silica recombine with magnesia and again dissolve. 

If sulfuric acid is used for dehydration, enough should be taken to pre¬ 
vent the formation of a cake or paste that causes spattering or makes sub¬ 
sequent solution of the salts difficult. The heating should be carried to 
fumes of the acid, but not prolonged at a high temperature if substances, 
such as nickel or chromium, that form difficultly soluble sulfates are present. 
If cf)nsiderable aluminum is present, better results arc obtained if an equiv¬ 
alent volume of water is added while the acid is still quite hot, and the 
solution is then heated to boiling before further dilution with boiling water. 

If perchloric acid is used, enough must be taken to insure a liquid and 
not a pasty or dry mass at the fuming point, and the fuming acid must be 
boiled gently for approximately 15 minutes to insure dehydration of the 
silicic acid (see Part III, p. 862). 

Dehydrated silica is appreciably soluble in acid solutions"*^” and even in 
solutions containing sodium chloride or other salts.^*^ The acidity of the 
solution in which the dehydrated silica is digested should therefore be no 
greater than is necessary for the solution of accompanying salts and the 

prevention of hydrolysis. With hydrochloric or sulfuric acid, the amount 

of acid need not exceed 5 to 10 per cent by volume. The period of diges¬ 

tion should be as short as possible, never over 15 minutes. If two evapora¬ 

tions with hydrochloric acid are contemplated, it is desirable to wash the 

first residue with hot dilute hydrochloric acid (5 -f 95), and the second 

residue with cool dilute acid (1 +99). The more complete removal of 

contaminating salts by the hot acid more than compensates for its solvent 

^^Compt. rend., 137, 50 (1903). 

According to S. Shinkai I/. Soc. Che?n. bid, Japan, 29, 303 (1926)1, NH4CI trans¬ 

forms silica hydrosol to the hydrogel. He therefore recommends that 3 to 4 g of the 

salt be added after the hydrochloric acid solution of the sodium carbonate melt has 

been evaporated to small volume, and that the solution be then evaporated to dryness 

as it is frequently stirred. 

18 Wunder and Suleimann, loc. cit.; Lenher and Truog, loc, cit,; F. G. Hawley, Eng, 
Mining /., 103, 541 (1917). The last found that concentrated hydrochloric acid is less 

active than an acid of 18 to 25 per cent strength, and that the amount of silica dissolved 

is proportional to the amount of acid used. 

V. Lenher and E. Truog, loc. cit.; F. G. Hawley, loc. cit.; H. A. B. Motherwell, 
Eng. Mining /., 103, 1155 (1917). 
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action on the silica, and the cool dilute acid suffices to prevent hydrolysis 
and to remove impurities from the smaller amount of silica obtained by 
the second evaporation. 

It is almost impossible to remove all of the dehydrated silica from porce¬ 
lain or quartz dishes. For this reason platinum or gold dishes should be 
used whenever possible. If porcelain or quartz must be used, it is better 
to dissolve alkaline melts in dilute acid than in water, for less incrustation 
occurs. In any case, such dishes suffer attack during evaporation, and the 
silica so introduced may more than make up for that which cannot be 
separated from the dish b^^ scrubbing.-® 

Great care must be exercised to prevent mechanical loss of silica when 
paper and silicic acid are ignited, and when the ignited silica is treated with 
sulfuric and hydrofluoric acids. In the first case it is best to heat slowly 
the wet paper containing the silica obtained in the second evaporation until 
the paper has charred without inflaming, then to add and heat in the same 

way the silica obtained in the first evaporation, next to cover the crucible 

partial!)' and cautiously burn the carbon, and finally to cover tightly and 

keep out all drafts, especially if the final heating is done over a blast lamp 

or a Mcker burner.-^ If the former is used, it is desirable to set the covered 

crucible for tv'o thirds of its depth in an asbestos shield. The addition of 

water or dilute acid to the ignited residue is apt to cause dusting, and is 

done best from a pipette with its stem full of liquid and inserted against 

the side of the crucible underneath the slightly raised cover. 

It is often stated that an ignition of silica at approximately 1000*^ C suffices 

to drive out all water. This seems to be true of moderate amounts of pure 

silica obtained in the absence of salts. With silica obtained in ordinary 

analyses, however, and especially wdth large amounts of silica, the safest 

procedure lies in igniting to constant weight at approximately 1200° C.^- 

This temperature can be obtained by a blast lamp or a burner of the Meker 

type.^-^ Pure dehydrated silica is not hygroscopic, but the silica that is usu- 

-®For example, in careful analyses of soda-lime glass containing 74.1 per cent of silica, 

74.1 was obtained when evaporations were made in quartz and 74.2 when made in por¬ 

celain, in spite of the fact that all of the incrusted silica could not be removed from the 

dishes. 

21 If the wet paper containing the silicic acid is ignited in a covered crucible, silicon 

carbide may be formed at temperatures as low as 950® C [K. A. Krieger and H. S. 

Lukens, Ind. Eng. Chem. Anal. Ed., 8, 118 (1936)1. 

22 W. F. Hillebrand, /. Am. Chem. Soc., 24, 372 (1902). We have never been able 

to obtain any evidence that silica holds chlorine in chemical combination after de¬ 

hydration in hydrochloric acid, as was asserted by E. Jordis and E. H. Kanter fZ. 

anorg. Chem., 35, 16 (1903) and Th. Bauer, Thonind. Ztg., 37, 89 (1913)]. 

23 It must be borne in mind that some platinum crucibles lose weight steadily and 
very appreciably on continued heating at 1200® C, not only when new but even after 
long use. When a crucible suffers from this defect, the rate of loss should be ascer« 
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ally obtained had better be protected by a well-fitting cover and cooled 

over a good desiccant. 

As has already been stated, the amount of silica present in the ignited 

residue is usually calculated from the loss of weight that occurs when it 

is treated with hydrofluoric acid.^^ In the usual case, sulfuric acid must 

also be used in order to prevent volatilization of compounds other than 

silicon such as zirconium and titanium. The temperature at which the non¬ 

volatile matter is ignited should be high enough to change it to the state 

in which it occurred in the impure silica, but need not exceed 1000° C in 

the usual case. According to H. O. Hofman and W. Wanjukow,^'^ some 

of the commoner sulfates, when heated in a slow current of air, begin to 

decompose at the temperatures given in Table 21. Treatment with hydro¬ 
fluoric acid alone is permissible when the impurity does not volatilize or 

TABLE 21 

Tempkratitres at Which Certain Sulfates Decompose 

Temperature at which 'Femperature at which 

Decomposition Begins, Decomposition Becomes 

Sulfate X Energetic, °C 

FcS04 167 480 

Fe2(S04)3 530 

Bi2(S04)3 570 639 

Al2(S04)3 590 639 

PbS04 637 705 

CuS04 653 670 

MnS04 699* 790 

ZnS04 702 720 

NiS04 702 764 

C0SO4 720 770 

CdS04 827 846 

MgS04 890 972 

Ag2S04 917 925 

CaS04 1200 

BaS04 1510 t 

* According to W. Blum [/. Am. Chem. Soc., 34, 1389 (1912)], MnS04 begins to decompose 

slightly at temperatures from 550 to 600° C. 

t Dissociation temperature is lowered by impurities such as SiC)2 or Fe203 [W. Mostowitsch, 

Metallurgies 6, 450 (1909)]. No doubt this is also true of the other sulfates. 

tained from time to time and allowance made accordingly, or else the weight of the 
crucible should be taken after and not before ignition of the precipitate [see on this 
subject R. W. Hall, /. Am. Chem. Soc., 22, 494 (1900) and G. A. Hulett and H. W. 
Berger, tbid.s 26, 1512 (1904)]. 

24 The hydrofluoric acid must be free from nonvolatile impurities, or else corrections 
must be applied for the amount used, and the effect of the impurities on the rest 
of the analysis must be considered. 

AIME, 889 (1912), and Met. Chem. Eng., 10, 172, 695 (1912). 
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undergo a permanent change. This is the case with ferric oxide, alumina, 

or tungstic oxide. Boron or trivalent arsenic is volatili/.cd with silica in 

any ease and must be separated before silica is treated with hydrofluoric 

acid.^® 

Contamination of silica by alkali salts is a serious matter and can easily 

happen if fusions with alkali carbonate have preceded the separation of 

silica and the paper and residue are not thoroughly washed. Alkali salts 

that remain with the silica cause trouble because they volatilize in part 

during the ignition of the nonvolatile residue, and more or less of the re¬ 

mainder changes in weight. The latter is brought about because consider¬ 

able decomposition of the alkali salt occurs during the intense ignition of 

the silica, with the formation of alkali silicate and the liberation of acid. 

Any silicate so formed is broken up during the hydrofluoric-sulfuric acid 

treatment, and the alkali is then weighed as sulfate instead of oxide, thus 

causing low results for silica. Any alkali chloride originalK^ present and 

not decomposed or volatilized during the ignition of the silica is first 

weighed as chloride and then as sulfate, which of course also leads to low 

results. If the ignition of the nonvolatile residue is made at a temperature 

high enough to volatilize all of the alkali sulfate, high results for silica arc 

obtained. 

Sulfates, such as those of lead, and the alkaline earths are undesirable 

contaminants of silica, for these also tend to form silicates during the ig¬ 

nition of the silica, and cause results that are low in proportion to the 

amount of silicate that is formed."' Among other undesirable contaminants 

might be mentioned compounds, such as bismuth or antimony oxychlorides 

or stannic or antimonic acids, which undergo indefinite changes between 

the first and second weighings for silica. When such elements arc present, 

the dehydration must be done with an acid that gives soluble salts. 

Incorrect results for silica are also obtained as a rule if the ignited silica 

contains undecomposed material. This holds true, even though all of the 

silica in the undccomposed portion is volatilized during the treatment with 

hydrofluoric and sulfuric acids, because the accompanying substances rarely 

maintain the same weight. For example, with microclinc, KAlSisOs, vol¬ 

atilization of silica and ignition would leave K2SO4 and AI2O3 instead of 

26 According to T. Heezko [Z. anal, Che?n., 77, 327 (1929)1, the excess of acids can 

be evaporated more quickly and probably with less spattering of the nonvolatile residue 

if filter paper is put into the crucible to absorb the liquid. 

27 If the separated silicic acid is contaminated by barium sulfate, no appreciable inter¬ 

action between the two takes place, provided ignition temperatures do not exceed 

1000° C. At 1200° C, silicon dioxide displaces sulfur trioxide in the sulfate, and causes 

low values for silica in determinations made by the customary treatment of the impure 

silica with hydrofluoric and sulfuric acids. 
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K2O and AloOa, whereas with talc, H2Mg3(8103)4, MgS04 would be left 

instead of MgO. 

Corrections for impurities derived from the reagents or by attack of the 

('ontaining vessels are apt to be entirely misleading if made as in the usual 

fashion by carrying the reagents alone through the analysis. The reason 

for this lies chiefly in the size of the precipitate obtained in the analysis, 

as compared with that obtained with the reagents. The former carries 

dow n practically all of the silica that is introduced by the reagents, attack 

on glassware, or other causes; the latter carries down very little. This 

then leads to high results for silica, and can be avoided by adding to the 

solution of the reagents approximately as much iron and aluminum as are 

contained in the sample under analysis.^^ 

2«For example, in analyses of 0.5-g portions of bauxite, an average correction of 
less than 0.1 mg of silica was indicated by the reagents alone, and 0.9 mg when 0.25 g 
of alumina as pure aluminum chloride was added to the reagents. Corrections based 
on the analysis of the reagents alone would therefore have caused a plus error of O.IS 
per cent of silica. 



Chapter 44 

TUNGSTEN 

Tungsten is almost exclusively confined to the very siliceous rocks. It 
occurs chiefly as tungstates of iron, manganese, calcium, copper, and lead 
in the minerals ferberite, FeW04*, hiibneritc, MnW04; wolframite, (Fe, 
Mn)W04; scheelite, CaW04; cuproscheelite, (Ca, Cu)W04; and stolzitc, 
PbW04. It is also found as a sulfide, tungstenite, WS2, and in small quan¬ 
tity in a number of the niobates and tantalatcs. The ores of tungsten are 
by no means numerous. Wolframite is frequently found in tin ores. Tung¬ 
sten is a constituent of certain metallurgical materials, and methods for its 
separation and determination arc of considerable importance. 

I. GENERAL CONSIDERATIONS 

In the ordinary course of analysis, tungsten tends to separate with silica, 
and its presence is betrayed by the yellow color of the separated tungstic 
acid. Precipitation is incomplete and may not take place at all if but small 
amounts of tungsten arc present. Much of the tungsten that separates with 
the silicon will be lost if ignitions are made at the customary high tempera¬ 
tures, for tungstic oxide begins to volatilize at about 800° C. Considerable, 
if not all, of the tungsten that escapes separation with the silica will be 
found in the ammonia precipitate in combination with iron, aluminum, and 
especially the alkaline earths, in spite of repeated precipitations. The tung¬ 
sten so precipitated will probably survive the ignition of the ammonia pre¬ 
cipitate and be counted as alumina if iron is determined by reduction with 
hydrogen sulfide or sulfur dioxide. If reduction is made by zinc or stan¬ 
nous chloride, the error will be distributed between both iron and alumina, 
provided the blue color of the reduced tungsten docs not put the analyst 
on guard. 

It is evident that the complete separation of tungsten at the start of an 
analysis is even more desirable than that of silicon. 

II. ATTACK OF TUNGSTEN MINERALS 

Most tungsten minerals are quite satisfactorily decomposed by the hydro- 
chloric-nitric acid treatment described in IV, A, provided the mineral has 
been ground to at least 200 mesh. By such treatment scheelite and hubnerite 

683 
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are easily decomposed, ferberite is somewhat more difficult to decompose, 
and wolframite is the most difficult of all. 

Fusion of the mineral with sodium carbonate, sodium peroxide, or sodium 
or potassium pyrosulfate should be avoided if possible, whenever tungsten 
is to be deteniiined, for alkali salts prevent complete precipitation of tung¬ 
sten by digestion with acids, and retard its precipitation by cinchonine. 
There is, however, no objection to such fusions if they are preliminary 

to the determination of other elements in the mineral, as for example the 

determination of iron in the residue left after the water extraction of a 

sodium carbonate melt. 

Fusion with sodium carbonate is done by thoroughly mixing 0.5 g of 

the finely ground ore with 4 g of sodium carbonate in a platinum crucible 

and heating over a moderate flame for 30 to 60 minutes. The melt is ex¬ 

tracted with water, the solution filtered, and the residue washed with dilute 

sodium carbonate solution and finally with water. The residue is ignited 

at a low temperature, again fused with sodium carbonate, and extracted 

with water. The combined water extracts contain the tungsten, molyb¬ 

denum, vanadium, arsenic, phosphorus, chromium, and part, if not all, of 

the silicon, aluminum, antimony, tin, columbium, and tantalum. The resi¬ 

due contains iron, zirconium, manganese, calcium, and the like. 

Attack by pyrosulfate is carried out by fusing 1 g of the finely ground 

ore with 5 g of pyrosulfate in a covered platinum or silica crucible at as 

low a temperature as possible. If the melt is dissolved in dilute sulfuric 

acid (5-4-95), the same result is accomplished as in an acid attack, save 

for less complete separation of the tungsten. If it is desirable to keep all 

of the tungsten in solution, this can be done by dissolving the melt in a 

hot 5 per cent solution of tartaric acid. In either case, the insoluble residue 

is filtered off, washed, ignited at a low temperature, again fused, and the 

melt extracted to render the decomposition more complete. 

According to Travers,^ fusion of the finely powdered material with an- 

Iiydrous sodium sulfite in a porcelain crucible at bright red heat is desirable 

for the attack of wolframite containing tin. If the melt is extracted with 

boiling water, diluted to 700 ml, and then slightly acidified with an excess 

of not over 20 ml of normal acid, it is maintained that the tin is precipitated 

entirely free from tungsten. 

III. METHODS OF SEPARATION 

The chief method for the separation of tungsten depends on its precipi¬ 

tation as tungstic acid by digestion with acids, usually with the final aid of 

1M. Travers, Cofnpu rend^ 165, 408 (1917). 
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cinchonine as described under IV, A. The precipitate is seldom pure and 
must be separated from contaminants as to be described. 

If small amounts of tungsten are in question, it is better to separate silica 

by the usual dehydration with dilute hydrochloric acid,^ then to digest the 

filtrate after the addition of cinchonine (p. 690), and finally to unite any 

precipitate so obtained with the nonvolatile residue left after the treatment 

of the silica with hydrofluoric and sulfuric acids. The combined residues 

should then be fused with as little sodium carbonate as possible, the melt 

dissolved in dilute hydrochloric acid and treated with cinchonine, and the 

solution digested for 10 hours or more. 

Tungsten occurring as tungstate in an alkaline or ammoniacal solution 

containing considerable alkali chloride can be quantitatively precipitated as 

follows:^ Dilute the solution to 100 to 200 ml, warm to 50° C, and add a 

fresh solution of 0.5 g of tannin. Treat with dilute hydrochloric acid 

until the solution is acid to litmus, and then add a little paper pulp. Stir 

briskly, and add, drop by drop, 5 ml of a 5 per cent solution of cinchonine 

in dilute hydrochloric acid (1 + 3). Allow to cool, and let stand for sev¬ 

eral hours, preferably overnight. Decant upon a no. 41 Whatman or equiv¬ 

alent paper. Sluice any precipitate on the paper back into the beaker, and 

thoroughly wash the paper with 100 ml of a cool 5 per cent solution of 

ammonium chloride containing a little cinchonine. Stir the precipitate, 

again filter, and wash the paper and precipitate thoroughly. Let drain, and 

transfer to a tared porcelain crucible. Heat gently until the paper chars, 

and then proceed with the ignition to WO3 as described on page 692. 

Tungstic oxide can be quantitatively separated from silica by volatilizing 

the latter with hydrofluoric acid alone or in combination with sulfuric 

acid. When this is done, all ignitions must be made at temperatures below 

850° C because of the volatility of WO3. This is too low a temperature 

for the dehydration of silica, and so a separate sample should be taken for 

the determination of silica if much of it is present and an accurate deter¬ 

mination is to be made.** In this case the usual ignition at 1200° C should 

2 In our hands, the use of phosphoric acid for keeping tungsten in solution during 
dehydration of silica by sulfuric acid has not proved entirely satisfactory. 

3W. R. Schoeller and C. Jahn, Analyst, 52, 504 (1927). Consult also D. A. Lambie, 
ibid,, 64, 481 (1939). For the substitution of phenazone (antipyrine) for cinchonine, 
see ibid,, 70, 124 (1945). 

* According to J. Ciochina [Z. anal, Chem,, 72, 429 (1928)1, tungsten can be easily 
removed from silicon or tin in a mixture of their freshly precipitated acids, by washing 
with water until mineral acid is removed, filling the filter with a hot 25 per cent solu¬ 
tion of sodium tungstate as the stem of the funnel is closed, letting the solution run 
through after a few minutes, and then washing in succession with hot water, hot dilute 
hydrochloric acid, and hot water. In our hands this treatment has led to the removal 
of some silica as well. 
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be made before the weighing of the crude silica, followed by ignition at 

750 to 850° C after the treatment with hydrofluoric and sulfuric acids. 

Tungsten can be quantitatively volatilized and separated from silica by 

heating the mixed oxides at 700° C in a current of pure hydrochloric acid 

gas.° This treatment also causes more or less volatilization of tantalum, 

titanium, zirconium, and aluminum as does also heating in hydrochloric 

acid and oxygen, chlorine, or chloroform and oxygen. 

Hydrogen sulfide produces very little precipitate in acid solutions con¬ 

taining tungsten alone, hut appreciable amounts of the clement may be 

carried down by molybdenum or other sulfides. Tartaric or oxalic acid 

prevents such precipitation. Alkali sulfides yield a deep-brown solution 

containing the thiotungstatc except in the presence of elements such as 

manganese with which tungsten is partially precipitated. We do not know 

whether tartrate prevents the coprecipitation of tungsten in the latter case 

as it does in acid solution. The acidification of a solution of thiotungstatc 

results in incomplete precipitation of the brown flocculent sulfide, WS;i, 

when tartrates or oxalates arc absent and no precipitation when they are 

present. 

Precipitation by a-benzoinoxime in dilute acid solution as described under 

Molybdenum (p. 310) precipitates tungsten as well, and serves to gather 

tungsten or to separate it from a number of elements. The precipitation of 

tungsten is complete if molybdenum preponderates, but is often incomplete 

if tungsten occurs alone. 

Elements such as molybdenum, antimony, arsenic, and tin can be sepa¬ 

rated from tungstic acid by dissolving the impure acid or oxide in alkaline 

solution, adding 2 to 5 g of tartaric acid, and then precipitating the arsenic 

group by saturating with hydrogen sulfide and adding acid in slight ex¬ 

cess, or by acidifying the alkaline solution and precipitating with hydrogen 

sulfide. Tungsten can also be separated from tin and antimony by fusing 

the oxides with 12 to 15 times their weight of potassium cyanide in a 

porcelain crucible, extracting with water, filtering to remove the metallic 

tin and antimony, and precipitating the tungsten in the filtrate by adding 

cinchonine after acidifying and boiling under a good hood. 

Other methods for separating molybdenum from tungsten are those in 

which the wet freshly precipitated acids are digested with sulfuric acid or 

the ignited oxides are heated in a current of dry hydrochloric acid. The 

former is described under Molybdenum (p. 305). The latter depends on 

the fact that molybdenum is volatilized as the compound Mo03*2HCl 

®F. Perillon, Bull, soc., ind, Minerale, 1 (1884); A. Pinagel, Inaugural Dissertation, 
Bern (1904); C. Friedheim, W. H. Henderson, and A. Pinagel, Z. anorg, Chem,y 45, 
396 (1905); D. H. Brophy and C. Van Brunt, Ijid. Eng. Chem.y 19, 107 (1927). 
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when a mixture of the trioxides or their alkali salts is heated at 250 to 
270° C in a current of dry hydrochloric acid gas.® The temperature must 
be carefully controlled, for tungsten can be volatilized at red heat by a 
similar procedure.^ According to Marbaker,® as much as 0.25 g of tungsten 
can be separated from a like amount of molybdenum, in the form of sodium 
tungstate and molybdate, by diluting to 60 to 300 ml, depending on the 
amount of tungsten present, boiling, treating with 20 ml of stannous chlo¬ 
ride reagent (50 g SnClo *21120 dissolved in 200 ml of concentrated HCl) 

for each 0.15 g of WO.i present, and boiling for 5 minutes. The orange- 

colored supernatant liquid is then decanted through a filter, and the blue 

precipitate of WoOs thoroughly washed by decantation with portions of 

hot dilute (1 + 20) hydrochloric acid until free from molybdenum, and 

finallv transferred to the paper. The precipitate can be dried and ignited 

to WO3. 
Arsenic or phosphorus can be separated from tungsten by precipitating 

with magnesia mixture in an ammoniacal solution containing ammonium 

tartrate, as described under Phosphorus (p. 697). Because of the solubility 

of magnesium ammonium arsenate, it is desirable to filter without washing 

aiul to remove the tungsten more completely by dissolving the precipitate 

in acid and repeating the precipitation. Tungsten can be freed from small 

amounts of arsenic by adding sufficient sulfurous or hydrobromic acid to 

reduce the arsenic, and then hydrochloric acid in excess, and boiling to 

small volume. 

Powell, Schoeller, and Jahn® state that tungsten can be separated from 

titanium by fusing the mixed oxides with sodium carbonate, extracting the 

melt with a 10 per cent solution of sodium hydroxide, filtering, and w^ash- 

ing the residue with a half-saturated solution of sodium chloride. Recov¬ 

eries of titanium must be made in the filtrate, and tungsten is finally pre¬ 

cipitated with tannin and cinchonine. Zirconium can be separated from 

tungsten by fusing with alkali carbonate and extracting with w^ater. 

Tungsten can be separated from titanium, zirconium, columbium, and 

tantalum by fusing the mixed oxides with potassium carbonate, treating 

®E. Pechard, Compt, rend., 114, 173 (1892). P. J. Koskey, Chemist-Analyst, 29, 53 
(1940). 

7 F. Perillon, Bull. soc. ind. Minerale (1884). For the separation of very small amounts 
of thoria from large amounts of tungstic oxide, D. H. Brophy and C. Van Brunt (loc. 
cit.) recommend the volatilization of the latter in a current of equal parts of dry 
hydrochloric acid gas and oxygen at 700® C. For volatilization in an atmosphere of 
CQ4—CO2, see P. Jannasch and coworkers, Z. prakt. chem., 97, 93, 141, 154 (1918). 

8E. E. Marbaker, /. Am. Chem. Soc., 37, 86 (1915). 
®A. R. Powell, W. R. Schoeller, and C. Jahn, Analyst, 60, 506 (1935). For details 

of the treatments, consult the reference, or W. R. Schoeller, The Analytical Chemistry 
of Tantalum and Niobium, p. 91, Chapman & Hall, London (1937). 
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the aqueous solution of the melt with a slightly animoniacal solution of 

magnesium sulfate and ammonium chloride, filtering to remove the ele¬ 

ments save tungsten, and then precipitating the tungsten in the filtrate by 

the tannin-cinchonine method. The mixed earth oxides can be recovered 

by dissolving the magnesia precipitate in acid, precipitating with tannin, 

filtering, and igniting. As a rule, these still contain a little tungsten which 
must be recovered by again fusing with carbonate and repeating the whole 

process. If uranium is present, part of it is caught in the magnesia precipi¬ 

tate, and the remainder is left in the filtrate after the precipitation with 

tannin-cinchonine.^^ 

Tungsten can be separated from small amounts of elements such as tin, 

columbium, and tantalum by digesting the freshly precipitated tungstic 

acid with a moderate excess of ammonium hydroxide and filtering. The 

residue must, however, be carefully examined for tungsten, because some 

elements, notably iron,^^ carry down appreciable amounts of it. Arsenic, 

vanadium, and phosphorus may also be removed if present in such small 

amounts as can be held in the ammonia precipitate. For the separation of 

tungsten from large amounts of columbium or tantalum, see the Earth 

Acids (p. 600). 

Fusion of ignited impure tungstic acid with sodium carbonate, followed 

by extraction with water, is not satisfactory if tin, columbium, or tantalum 

is present, for these will be found in both water extract and insoluble resi¬ 

due. Moreover, chromium, if present, will be oxidized to chromate and 

accompany tungsten. Small amounts of iron, titanium, and the like can 

be separated from tungsten by precipitating with sodium hydroxide. 

IV. METHODS OF DETERMINATION 

The most satisfactory method for the determination of tungsten in mis¬ 

cellaneous materials is in weighing it as the oxide, WO3, after it has been 

separated as tungstic acid by digesting with hydrochloric or nitric acids, 

and finally in the presence of cinchonine. The precipitation of tungsten 

as mercurous tungstate, Hg2W04, followed by ignition to the oxide,^^ 

a quantitative procedure, but is subject to so many interfering substances, 

such as vanadates, chromates, and molybdates, that it serves best as a group 

separation as described under Vanadium (p. 455). The alkalimetric method, 

10 For details, consult A. R. Powell, W. R. Schoeller, and C. Jahn, he. cit. 
^^In fact, tungsten can be gathered, when present in minute amount, by adding an 

excess of a ferric salt and precipitating with ammonium hydroxide. 
12 J. J. Berzelius, Schweiggefs /., 16, 476 (1816); W. Gibbs, Am. Chem. 1, 219 

(1879); H. W. Hutchin, Analyst, 36, 398 (1911). 
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based on solution of tungstic acid in an excess of standard alkali and back 

titration with acid, is not so accurate a procedure as the gravimetric, even 

though the tungstic acid has been freed from all contaminants, a condition 

that can seldom be fulfilled. In our hands, methods based on the reduction 

of tungsten, followed by titration with permanganate^® proved entirely 

untrustworthy, for it is difficult if at all possible to reduce tungsten to a 

definite stage and to remove all impurities, such as molybdenum and iron, 

that also undergo reduction.^^ 

A. DETERMINATION BY DIGESTING WITH ACIDS AND CINCHONINE 

Fhe determination of tungsten is a simple matter when it occurs in pure 

materials and can be accomplished by digesting with acids alone. In mixed 

materials, complete separation is uncertain when acids are used, and re¬ 

course is had to final treatment with cinchonine, which forms an insoluble 

compound with tungsten.^® Among the substances that interfere in the 

precipitation of tungsten by digestion with acid are sodium, potassium, and 

ammonium salts, phosphorus,^® molybdenum, arsenic, fluorine, and organic 

matter such as tartaric acid. These also retard precipitation by cinchonine 

t6 some extent. 

The precipitated tungstic acid is usually impure. Of the likely con¬ 

taminants, some, such as silicon, tin, antimony, columbium, and tantalum, 

arc precipitated by the treatment used to separate the tungsten; others, 

such as phosphorus, molybdenum, and vanadium, are carried down in com¬ 

bination with the tungstic acid, whereas still others, such as iron and chro¬ 

mium, represent the usual contamination that results in a single precipitation. 

Many of these contaminants are eliminated by the treatments that are speci¬ 

fied in IV, A. 

13 0. Frieh v. d. Pforten, Ber., 16, 508 (1883); see also E. Knecht and E. Hibbert, 
Proc. Chem. Soc,, 25, 227 (1909). M. L. Holt and A. G. Gray [Ind, Eng. Chem. Anal. 
Ed.) 12, 144 (1940)] state that tungsten can be reduced to the trivalent state by liquid 
lead amalgam, reoxidized by ferric sulfate, and the resulting ferrous sulfate titrated 
with a standard solution of potassium dichroniatc, using diphenylamine sulfonic acid 
as indicator. Other easily reducible elements such as vanadium or molybdenum must, 
of course, be absent. 

14 For the preparation of K8W2CI0 by reduction with tin in concentrated hydrochloric 
acid solution and its use as a reducing agent, see R. Uzel and R. Pribil, Collection 
Czechoslov. Chem, Communs, 10, 7-8, 330 (1938). 

13 For example, in analyses of scheelite an average value of 58.4 per cent WOa was 
obtained, by digestion with acid alone and 59.6 by the aid of cinchonine, while with 
ferberite the results were 62.1 and 66.0, respectively. 

13 See S. G. Simpson, W. C. Schumb, and M. A. Sieminski, Ind. Eng. Chem, Anal. Ed,, 
10, 243 (1938). 
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The effect of certain substances is shown by the data given in Table 22. 
These were obtained by treating 1-g portions of ferberite with the con¬ 
taminants as shown and proceeding as in IV, A, up to the weighing of the 

impure tungstic acid. 

TABLE 22 

The Effect of Certain Substances on the Determination of Tungsten 

Contaminant 

WO3 Present, 

% 

Impure WO3 

Obtained, % 

1%P 66.0 66.21 

P 66.0 66.5) 

107c P 66.0 58.0 

3^4, P 66.0 65.8 

5^’-c As 66.0 65.9 

25% NH4CI 66.0 65.8 

25% NaCl 66.0 65.6 

25% KCl 66.0 65.7 

5^:;, Mo 66.0 66.8 

5% Mo 66.0 65.7 

25% V 66.0 65.7 

5% Bi 66.0 66.0 

25% Cu 66.0 65.8 

50% Pb 66.0 65.7 

8.7% Mn 73.1 73.0 

Remarks 

Contained iron and phosphorus. 

No cinchonine used in first precipitation. 

Phosphorus removed with magnesia mix¬ 

ture after first precipitation. 

No cinchonine used in first precipitation 

and precipitate contained molybdenum. 

The proper ignition of tungstic acid is a difficult matter, for a tempera¬ 
ture of 750° C is needed for complete dehydration of the acid, while the 
oxide begins to volatilize at 800° C. The rate of volatilization is slow at 
temperatures below 900° C, however, and so a range of 750 to 850° C is 
quite safe. Pure ignited WO3 is not hygroscopic. 

PROCEDURE. Grind the sample of ore or mineral in an agate mortar until 
all of it is of 200 mesh or finer. Transfer 1 g to a 400-ml beaker, add 5 ml 
of water, and gently whirl the beaker so as to break up the material and 
distribute it evenly on the bottom. Add 100 ml of hydrochloric acid, 
cover the beaker, and heat for 1 hour at a temperature not exceeding 60° C 
and witli occasional stirring to prevent the formation of crusts or cakes on 
the bottom of the beaker. Now raise the cover on glass hooks, increase 
the heat, and boil to a volume of about 50 ml. Stir the material on the 
bottom of the beaker until all caked residue is broken up, and then add 
40 ml of hydrochloric acid and 15 ml of nitric acid. Cover until danger 
of spattering is past, then remove the cover, and continue the boiling until 
the volume of the solution has been reduced to about 50 ml. Add 5 ml 

of nitric acid, break up all caked matter, and boil until the volume has 

been reduced to 10 to 15 ml. Add 150 ml of hot water, stir thoroughly 
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and gently siinnicr the solution for one-half hour. Add 5 ml of cinchonine 

solution/^ and digest the solution on a hot plate or water bath at a tem¬ 
perature short of boiling for at least 30 minutes. 

Let the precipitate settle, decant the supernatant liquid through a 9-cm 

paper containing some ashless paper pulp, and wash the precipitate three 
or four times by decantation with hot cinchonine wash solution.^^ Trans¬ 
fer the precipitate, so far as possible with moderate scrubbing, to the paper, 
and wash the beaker, paper, and precipitate thoroughly. Add cinchonine 
solution to the filtrate and washings (A), mix thoroughly, and set aside to 
make sure that recovery of tungsten is complete. Transfer the washed 
precipitate to the original beaker by means of a jet of w^ater; no more than 
about 25 ml should be used. xAdd 6 ml of ammonium hydroxide (enough 
to give a slight excess), cover the beaker, and w^arm gently for a few min¬ 

utes. Wash the inside of the beaker with warm dilute ammonium hy¬ 
droxide (1 + 9) containing 10 g of ammonium chloride per liter. Stir the 
solution w’cll, filter through the same paper as was used before, collect the 
filtrate in a 400-ml beaker, and w'ash the original beaker, the filter, and the 

residue with the w-arm dilute solution of ammonium hydroxide. Reserve 
the residue (B). Evaporate the filtrate, or gently boil it until most of the 
ammonia has been expelled. Add 20 ml of hydrochloric acid and 10 ml 

of nitric acid, and boil to a volume of 10 to 15 ml. Dilute to 150 ml with 

hot w^ater, add 10 ml of cinchonine solution, stir the solution thoroughly, 

digest at 80 to 90° C for at least 30 minutes, and then allow to cool. Add 

paper pulp, transfer the precipitate completely to a 9-cm paper, and wash 

thoroughly with the hot cinchonine w^ash solution. This is the main precip¬ 

itate and is to be ignited together with any additional tungsten obtained 

as to be described. Thoroughly mix the filtrate and washings (C), and set 

aside to make sure that precipitation was complete. 

If the material is completely decomposed, any tungsten held in the re¬ 

served residue (B) is usually combined with iron or alumina, and can be 

dissolved by digesting the residue with warm dilute hydrochloric acid 

(1+9), filtering, and w^ashing in turn with small amounts of a hot 0.5 per 

cent solution of ammonium chloride and the ammonium hydroxide wash 

solution. The tungsten (recovery 1) is then precipitated by further treat¬ 

ment with acid and cinchonine as with the boiled ammonium hydroxide 

extract, with which it should not be combined. 

The residue (D) still left after the treatments with dilute acid and am¬ 

monium hydroxide is usually free from tungsten. It may contain silica or 

Made by dissolving 125 g of cinchonine in a mixture of 500 ml of hydrochloric 
acid and 500 ml of water. 

Made by diluting 25 ml of the cinchonine solution and 30 ml of hydrochloric acid 
to 1 liter with hot water. 



692 TUNGSTEN 

undecomposcd silicates, cassiterite, and minerals containing colunibium and 
tantalum and can be tested as described under the Earth Acids (p. 601), 
or as follows: Ignite the paper and residue (D) at a low temperature in a 
porcelain crucible (because of a pOsSsible tin content), transfer the ash to 
a platinum crucible, and volatilize silicon by evaporation with hydrofluoric 
and sulfuric acids. Fuse the residue with as little sodium carbonate as pos¬ 
sible, cool, and extract with water. Filter, acidify the filtrate with hydro¬ 
chloric acid, boil to expel carbon dioxide, and test for tungsten by adding 
5 ml of cinchonine reagent and digesting the solution at the side of the 
steam bath for 30 minutes, and then at room temperature for several hours, 
preferably overnight. If a precipitate appears in this solution or in the two 
reserved filtrates and washings (A and C), filter all through the same 
paper, and wash the combined precipitates with cinchonine wash solution. 
Extract with ammonium hydroxide, precipitate, and wash as in the pre¬ 
ceding recovery (recovery 2). 

Transfer the papers containing the main precipitate and the recoveries 
(1 and 2) to a large weighed platinum crucible, and heat at a low tempera¬ 
ture until all carbon has been destroyed. Cool, moisten the precipitate 
with a little hydrofluoric acid, evaporate to dryness to expel any silica, 
and then ignite at 750 to 850° C. Cool in a desiccator, weigh as impure 
WO3, and repeat the ignition until constant weight is obtained. 

The tungstic oxide that is obtained must be examined for contaminants 
such as molybdcnum,^^^ silver, iron, and phosphorus as follows: Fuse with 
as little sodium carbonate as possible, extract the melt with water, filter, 
and wash any residue with a warm 1 per cent solution of sodium carbonate 
and then with hot water. Reserve the filtrate. Ignite the paper and residue, 
and repeat the operation. Combine the filtrates, and set aside. Ignite the 
well-washed paper and residue, cool, weigh, and correct the weight of 
tungstic oxide for the oxides found. In the rare event that silver is present, 

i®Columbium and tantalum are precipitated very slowly by cinchonine when alone. 
20 Molybdenum is carried down by tungstic acid, no matter whether precipitation is 

done by digesting with acid or by treating with cinchonine. If cinchonine is not used, 
the contamination is less, but precipitation of the tungsten is incomplete. For example, 
in analyses of 1-g samples of ferberite containing 65.8 per cent of WO3 and 5 per cent 
of added M0O3, the weighed WO3 contained 0.8 per cent of M0O3 when cinchonine 
was used and 0.36 per cent when it was omitted. In the former case, all of the tungsten 
was precipitated; in the latter, 0.4 per cent escaped precipitation. In analyses of 1-g 
samples of ferrotungsten containing 75.2 per cent W and 0.24 per cent Mo, the weighed 
tungstic oxide contained 0.002 g of M0O3 or approximately one half of the molybdenum. 
Tungstic oxide cannot be freed from molybdenum by heating at temperatures that do 
not also cause volatilization of tungsten. 

Molybdenum tends to retard precipitation of tungsten with cinchonine. When appre¬ 
ciable amounts of molybdenum are present, as in Mo-W tool steels, the solution should 
be allowed to stand for 30 to 40 hours before filtration in order to obtain quantitative 
precipitation of tungsten. 



DETERMINATION BY DIGESTING WITH ACIDS AND ONCHONINE 693 

digest the first insoluble residue with ammonium hydroxide, filter, wash 

the residue, and then proceed with the ignition and rcfusion with sodium 

carbonate. Treat the ammoniacal filtrate with ammonium sulfide, recover 

any precipitate, and ignite it with that obtained in the combined water 

extracts. 

Acidify the water extracts, boil to expel carbon dioxide, and then add 

ammonium hydroxide in excess. Ordinarily no precipitate should remain, 

if one does, it must be recovered by filtration, washed, and ignited, and the 

weight deducted from that of the tungstic oxide. Add 3 to 5 g of tartaric 

acid to the clear ammoniacal solution, saturate w’ith hydrogen sulfide, add 

sulfuric acid until 1 per cent by volume excess, digest for 1 hour at 40 to 

60° C, and filter. Wash the precipitate with hydrogen sulfide water con¬ 

taining 5 g of tartaric and 5 ml of sulfuric acid per liter. Reserve the 

filtrate if tests for phosphorus and vanadium are deemed desirable. As the 

sulfides may still contain tungsten, dissolve the precipitate in hot dilute 

nitric acid containing a little bromine, boil to expel the latter, add 1 to 2 g 

of tartaric acid, and render the solution ammoniacal. Again treat with 

hydrogen sulfide, and proceed as before. Finally ignite very carefully at 

a temperature not over 600° C, cool, w-eigh, and correct the tungstic oxide 

for the oxides found.“ 

21-The use of anti-1,5-di-(p-methoxyphenyI)-l-hydroxyI-amino-3-oxiniino-4-pentenc 
for the precipitation of the tungstate ion in 0.2 N hydrochloric acid solution is described 

by J. H. Yoe and A. L. Jones, Ind. Eng. Chem. Anal. Ed., 16, 45 (1944). For a colori¬ 

metric method for the determination of tungsten in low-grade ores based on the yellow 
color produced when weakly alkaline tungstate solutions are treated with thiocyanate 

and stannous chloride, consult F. S. Grimaldi and V. North, ibid., IS, 652 (1943) and 

E. B. Sandcll, ibid., 18, 163 (1946). 
For a colorimetric method for the determination of moderate amounts of tungsten 

in alloys based on the color produced by hydroquinone in strong sulfuric acid solution, 

see G. Bogatski, 2, Anal. Chem., 114, 170 (1938). Titanium and columbium give similar 

reactions, cf., C. M. Johnson, Iron Age, 157, no. 14, 66-69 (1944). 



chapter 45 

PHOSPHORUS 

Phosphorus is found in greatest abundance in the more basic igneous and 
metamorphic rocks and is practically never entirely absent. It affects 
especially those rocks that are high in lime and iron rather than in mag¬ 
nesia. With one or two minor exceptions, it exists in the mineral kingdom 
only in the form of phosphates, of which a large number are known. Its 
chief mineral occurrence is in apatite, though it may be found in xenotime 
and monazite. An iron phosphide occurs in meteorites.^ Phosphorus is 
an essential constituent of living matter. It is present in a great number of 
ores and metallurgical products and methods for its correct determination 
are of considerable importance. 

I. GENERAL CONSIDERATIONS 

In ordinary analyses, silica obtained by dehydration with acids may be 
contaminated by phosphates if the material under test contains elements, 
such as titanium, zirconium, thorium, or tin, associated with phosphorus. 
Some of the phosphorus so caught will be lost and counted as silica if, in 

the volatilization of silica, much sulfuric acid is added with the hydro¬ 

fluoric acid and then volatilized at elevated temperatures.^ The phosphorus 

that remains may again be precipitated if the nonvolatile residue left after 

the treatment of the silica is fused with sodium carbonate and the melt 

taken up in acid. In such case the phosphorus had better be removed by 

extracting the melt with water and filtering, before an attempt is made to 

dissolve the bases and to add them to the filtrate from the silica. The 

aqueous extract of the carl)onate melt may then contain other elements, 
such as tin, tungsten, or coliimbium, besides phosphorus, and it should 

therefore be carefully examined. When the filtrate from the silica is 

treated with ammonium hydroxide, any phosphorus that is present will 

accompany the iron, aluminum, and titanium. If it is preponderant, it will 

cause precipitation of the alkaline earths; in extreme cases it may cause 

their complete precipitation. If no provision is made for its effect, the 
determination of aluminum will be in error. If alkaline earths are carried 

1F. W. Clarke, The Data of Geochemistry, C7. S. GeoL Survey Bull, 770, 18 (1924). 
2 W. F. Hillebrand and G. E. F. Lundell, /. Am, Chem, Soc,, 42, 2609 (1920). 
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down, the error will extend to their determinations as well, if these are 
made in the filtrate from the ammonia precipitate. 

Losses of phosphorus during analysis are occasioned chiefly by the neglect 
or improper treatment of insoluble compounds which may be obtained. 
These frequently contain phosphorus, as for example silica as just cited, 
metastannic acid that is obtained by digesting with nitric acid, or tungstic 
acid that is separated by boiling with acid. A common cause of small losses 
of phosphorus lies in discarding filters that are apparently clean. If ammo¬ 
nium phosphomolybdatc has been precipitated in solutions containing tita¬ 
nium, zirconium, or tin, it is an easy matter to lose from 0.1 to 1 mg of 
phosphorus as an invisible phosphate left on the filter after extraction of 
the ammonium phosphomolybdatc by aiiiinonium hydroxide, or the subse¬ 
quent solution of the first magnesium ammonium phosphate precipitate in 
acid. 

II. SOLUTION OF COMPOUNDS CONTAINING PHOSPHORUS 

All methods for the determination of phosphorus in minerals, rocks, ores 
and metallurgical products call for its presence as orthophosphate. Meta- 
of pyrophosphates must be converted to the ortho by appropriate treat¬ 
ments such as fusion with alkali or digestion with hot strong acid. Aside 
from certain phosphides in meteorites and a doubtful pyrophosphate, the 
only known compounds in which phosphorus occurs in the mineral kingdom 
are orthophosphates. Furthermore, the usual methods for decomposing 

metallurgical products yield the orthophosphate. The analyst is therefore 

fortunate in that he will not ordinarily have to deal with other acids of 

phosphorus except as the result of special treatments of his own, such as 

ignitions of primary or secondary orthophosphates or prolonged fusions 

of these with alkali pyrosulfate at high temperatures. 

Cases where the material can be dissolved in water are few and are prac¬ 

tically confined to chemicals. The use of hydrochloric or sulfuric acid is 

not desirable except where direct precipitation with magnesia mixture fol¬ 

lows, or where the acid must be added to aid solution. In the latter case, 

as little as possible should be used. With metallurgical materials, a strong 

oxidizing attack is necessary, lest phosphorus be lost as phosphine. Nitric 

acid is generally employed and preferably alone. If hydrofluoric acid is 

used, it should afterwards be removed by evaporation or, if present in 

small amount, rendered harmless by the addition of boric acid. 

Minerals that are insoluble in acids or residues that are obtained during 

analysis are usually fused with sodium carbonate or peroxide (in some 

cases after the addition of silica), the melt is extracted with water, the 

solution filtered, and the residue washed with a 1 per cent solution of 
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sodium carbonate. When much phosphorus is involved, these operations 
are usually repeated. 

Compounds that contain phosphorus must not be subjected to protracted 
fusions with pyrosulfate in open crucibles or at unnecessarily high tem¬ 
peratures, nor should they be heated with sulfuric acid at high temperatures 
or to complete expulsion of the acid.^ No losses occur when evaporations 
with sulfuric acid are made at low temperatures and are stopped as soon 
as fumes of the acid appear, nor do losses occur when nitric, hydrochloric, 
or hydrofluoric solutions are evaporated to dryness. Negligible losses occur 
in short fusions with pyrosulfate if crucibles are tightly covered and only 
sufficient heat for proper fusion is used. Such fusions may, however, give 
rise to meta- or pyrophosphates which must then be converted to ortho¬ 
phosphate by boiling with dilute sulfuric acid (1 -p 9) for at least 2 hours.^ 

As a general rule, compounds of phosphorus mixed with organic matter 
should not be ignited in platinum unless good oxidizing conditions are main¬ 
tained. 

III. METHODS OF SEPARATION 

By all odds the most important method for the separation of phosphorus 
from other elements prior to its determination is that in which it is pre¬ 
cipitated as ammonium phosphomolybdate from nitric acid solution as 
described in IV, A. The method can be almost universally applied, and 
can serve as well for the removal of phosphorus from solutions in which 
it is not wanted. 

Very small amounts of phosphorus in the presence of large amounts of 
elements such as copper, nickel, or sexivalent chromium are best gathered 
by adding a decigram or rv\o of aluminum or iron as an appropriate salt, 
precipitating with ammonium hydroxide in slight excess, filtering, and dis¬ 
solving the precipitate in dilute nitric acid before attempting precipitation 
with molybdate.® Small amounts of phosphorus can also be gathered by 
precipitation with zirconium as follows: Add an excess of zirconium chlo¬ 
ride to a hydrochloric acid solution of the orthophosphate, evaporate to 
dryness, dissolve the residue in 30 ml of hydrochloric acid and 10 ml of 
hydrobromic acid, and boil to expel arsenic. Evaporate to dryness, bake, 
take up' in dilute hydrochloric acid (1 -|- 1), evaporate to 20 ml, and 
dilute with 500 ml of hot water. Digest at 50° C, filter, ignite the residue, 
and recover the phosphorus by fusing with sodium carbonate and extracting 
the melt with water.^ The same reaction can also be used for the removal 

3 The method of gathering phosphorus by digesting with tin and nitric acid, fusing 
the ignited residue with cyanide, and extracting the melt in water is no longer widely 
used because the recovery of phosphorus is rarely complete, even though the initial 
ratio of tin to phosphorus was as high as 20 to 1. 

‘‘T. R. Cunningham, Union Carbide & Carbon Research Laboratories (private com¬ 
munication) . 
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of part or all of the phosphorus from a solution containing large amounts 
of it. In the former case, prepare a solution containing 10 to 20 ml of 
hydrochloric or sulfuric acid, heat to about 50° C, slowly add the zirco¬ 
nium solution as long as a precipitate forms, let settle, and filter. In the 
latter case, treat the filtrate with enough zirconium solution to insure a 
slight excess, heat to boiling, and add ammonium hydroxide, slowly and 
with stirring until in slight excess. Add macerated paper, filter, and pro¬ 
ceed with such determinations as those of the alkaline earths, magnesium, 
or the alkalies. 

Phosphorus is easily separated from elements such as iron, nickel, cobalt, 
titanium, zirconium, or trivalent chromium by precipitating them, twice if 
need be, with sodium hydroxide (p. 84). The same end is usually obtained 
by fusing with alkali carbonate or peroxide, dissolving the melt in water, 
and filtering. Such separations leave phosphorus still associated with ele¬ 
ments such as vanadium and arsenic if these were originally present. Fur¬ 
ther separations or special treatments are then in order as to be described. 

The separation of iron, cobalt, zinc, and the like from phosphorus by 
precipitating with ammonium sulfide (p. 64) is of limited application, for 
elements such as the alkaline earths and magnesium must be absent. Ele¬ 
ments such as zirconium, titanium, and thorium, however, are not precipi¬ 
tated in phosphate solutions containing both ammonium sulfide and ammo¬ 
nium tartrate. 

Members of the hydrogen sulfide group, save possibly molybdenum, arc 
separated by precipitation with hydrogen sulfide in acid solution as 
described on page 60. The separation of molybdenum from phosphorus 
is best done by the addition of acid to a solution of the two in ammonium 
sulfide, or by repeated precipitation of the phosphorus by magnesia mixture 
as described in IV, A (p. 702). 

Arsenic can also be separated by reducing it to the trivalent condition 
and then boiling with either hydrochloric acid or hydrofluoric acid. Such 
treatments also serve for the removal of quadrivalent germanium. A fairly 
satisfactory separation of phosphorus from tungsten, quinquevalent vana¬ 
dium, or molybdenum can be obtained by precipitating with magnesia 

mixture in ice-cold ammoniacal solution containing tartrate.*’ 

Other separations that should be mentioned in passing are those based 

on the deposition of iron, copper, nickel, chromium, molybdenum, and the 

® In such case, add no more tartaric acid than is required to hold the bases in solution, 
warm to about 50® C, and add NH4OH in slight excess and then a 10- to 25-foId excess 
of magnesia mixture. Add glass beads, chill the solution, shake violently, and then add 
10 ml of NH4OH per 100 ml of solution. Again chill, shake violently, and keep the 
solution cold for at least 12 hours. Complete separation is somewhat difficult as indicated 
by the results 0.1589 and 0.1587 as against the actual value 0.1579 g of Mg2P207 obtained 
in double precipitation of a mixture of 0.2 g of W as Na2W04 and approximately 
0.04 g P as (NH4)2HP04. 
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like in a mercury cathode (p. 138), precipitation 'with cupferron in strong 

sulfuric or hydrochloric acid solution (p. 116), and extraction with ether 

(p. 134). t 

IV. METHODS OF DETERMINATION 

Phosphorus is nearly always determined in a separate sample, and prac¬ 

tically all methods require its preliminary separation as ammonioum phos- 

phomolybdate; (NH4):jP04* 12Mo03*2HN03*HwO is the ideal composi¬ 

tion.® It is difficult to get this composition under the conditions that usu¬ 

ally obtain in the determination of phosphorus. Numerous procedures for 

the subsequent treatment of the phosphomolybdate precipitate have been 

proposed. I'hese can be divided into two classes—those requiring a reason¬ 

ably pure precipitate of any composition and those based on a pure precipi¬ 

tate of definite composition. There are but few methods of the first type, 

and the only one that is in common use is that calling for final weighing as 

magnesium pyrophosphate.^ Methods that require a pure phosphomolybdate 

of ideal composition include such as involve the weighing of the dried ® or 

ignited precipitate,® the reduction of the molybdenum and subsequent titra¬ 

tion with standard permanganate,^® and the titration of the precipitate with 

a standard solution of alkali.^^ All of these methods can give good results 

in experienced hands, but only the last is now in general usc.^^ 

If citric acid is added and a goodly excess of magnesia mixture is used, 

phosphorus can be precipitated directly as magnesium ammonium phosphate 

®F. Hundeshagen, 2. anal. Cbem., 28, 141-172 (1889). 
7 This method was originally proposed by F. L. Sonncnschein [/. prakt. Chem.^ 53, 

339 (1851)] and since modified by many others. 
sQ Rammelsbcrg, Ber., 10, 1776 (1877); R. Finkencr, ibid., 11, 1640 (1878); G. P. 

Baxter, Am. Chem. 28, 298 (1902). According to the last, the best conditions are 
as follows: Prepare a solution containing about 0.1 g of P20r> per 50 ml, and, if much 
HNO3 is present, remove most of it by evaporation. Pour the solution, with vigorous 
stirring, into at least 50 ml more molybdate reagent than is theoretically required, both 
solutions being at room temperature. Let stand 16 hours, filter through a Gooch 
crucible, wash the precipitate with a 10 per cent solution of NH4NO3, heat at 300® C 
for at least 2 hours, and weigh as (NH4)3P04T2Mo03. The precipitate always con¬ 
tains a little more M0O3 than is indicated in the formula. 

0 C. Meineke, Chem. Ztg., 20, 108 (1896); R. Woy, ibid., 21, 441 (1897). This ignition 
is made at 300 to 400® C and yields the compound P205*24Mo03. 

i®F. A. Emrnerton, Trans. AIME, 15, 93 (1887); A. A. Blair, The Chemical Analysis 
of Iron, 8th cd., p. 87, J. B. Lippincott Co. (1918). 

H. Pemberton, Chem. News, 46, 4 (1882); /. Am. Chem. Soc., 16, 278 (1894); 
ASTM Methods of Chemical Analysis of Metals, p. 88 (1950). 

12 Routine determinations of phosphorus can also be made by noting the volume 
occupied by the precipitate after it has settled or has been centrifuged in a graduated 
tube [V. Eggertz, /. prakt. Chem., [1] 79, 496 (I860); G. W. Goetz and H. Wedding, 
Stahl u. Eisen, 7, 118 (1887); W. E. Baulieu, Ind. Eng. Chem., 17, 908 (1925)]. 
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in the presence of elements such as calcium, iron, aluminum, titanium, zir¬ 
conium, vanadium, and tin.^'* 

A. PRECIPITATION OF PHOSPHORUS AS AMMONIUM PHOSPHOMOLYBDATE 
AND TREATMENT OF THE PRECIPITATE 

a. Precipitation as Anmtonium Phosphomolybdate, For the precipitation 
of ammonium phosphomolybdate, an excess of molybdate reagent is re¬ 
quired. In the usual case 1.3 g of M0O3 per 100 ml of solution should be 
present in excess of that required bv the phosphorus (56 mg MoO;j per 
1 mg P). A larger excess does no harm, excepting that the precipitate 
T]iay be slightly richer in M0O3. Under some conditions, twice the above 
concentration may be required to effect complete precipitation, as, for 
example, if much titanium, zirconium, chloride, or sulfate is present. From 
5 t(j 10 per cent of ammonium nitrate is needed for rapid and complete 
precipitation. The amount of nitric acid can be varied between 5 and 10 

per cent (by volume). Fligher concentrations lead to incomplete precipi¬ 
tation unless the concentration of ammonium nitrate and molybdate reagent 
is also increased. Moderate concentrations of perchloric acid (1 + 20) or 
ammonium perchlorate (10%) are without harmful effect. 

Precipitation takes place more rapidly if the solution is warm (40 to 
50*^ C) and vigorously shaken. Precipitates formed at temperatures above 
50° C contain excessive amounts of M0O3 and suffer greater contamination 
by substances such as arsenates, vanadates, and silica. In pure solutions 
precipitation may be complete in 10 minutes. More time must be allowed 
if precipitations arc made in cool solution or if retarding substances such as 
quadrivalent vanadium are present. In analyses of the highest accuracy, it 
is well to let the solution stand for 12 hours. No significant change in the 

composition of the precipitate takes place during the longer period. 

Among the substances that may retard precipitation or contaminate the 

precipitate should be mentioned sulfuric, hydrochloric, or hydrofluoric 

acid, the ammonium salts of these acids, arsenic, vanadium, selenium, tel¬ 

lurium, tungsten, silicon, titanium, zirconium, and some organic compounds. 

In analyses of the highest accuracy, the three mineral acids should be 

avoided. Moderate concentrations of hydrochloric acid (1 -f 9) or sul¬ 

furic acid (1 + 20) are not objectionable in routine analyses if more 

ammonium nitrate and molybdate reagent are added and a longer precipita¬ 

tion period is allowed. The same is true of hydrofluoric acid (1 -h 20) if 

it is converted to fluoboric acid, HBF4, by the addition of boric acid in 

excess. If time allows, it is desirable first to drive out most of the hydro¬ 

fluoric acid by evaporating once or twice with nitric acid. 

13 G. E. F. Lundell and J. I. Hoffman, Ind. Eng, Chem.^ IS, 44, 171 (1923); J. I. Hoff¬ 
man and G. E. F. Lundell, /. Research NBS, 20, 607 (1938). 



700 PHOSPHORUS 

Arsenic is undesirable because it not only retards the precipitation of 
ammonium phosphomolybdate but it also reacts with molybdate reagent to 
form an insoluble arsenomolybdate. Precipitation may be complete at 75 
to 100° C; very little is precipitated at 20 to 25° C. If much arsenic is 
present, it had better be removed at the start bv reducing it and distilling 

with hydrochloric acid (p. 260), or by precipitating with hydrogen sulfide 

(p. 262). If small amounts of arsenic are present and precipitation is made 

at room temperature, the contamination can be ignored in any but the 

most accurate work. If phosphorus is to be reprecipitated as magnesium 

ammonium phosphate, any arsenic in the phosphomolybdate will be pre¬ 

cipitated as magnesium ammonium arsenate. In such case, it is customary 

to dissolve the precipitate in hydrochloric acid and to reprecipitate with 

magnesia mixture after removing the arsenic by treating with hydrogen 

sulfide or, less certainly with large amounts, by reducing with sulfurous or 

hydrobromic acid and boiling with dilute hydrochloric acid (1 + 1). 
Vanadium in the quinquevalent state also retards precipitation and con¬ 

taminates the precipitate. Its precipitation may be complete if phosphorus 

is in considerable excess. Quadrivalent vanadium retards precipitation 

somewhat, but is not carried down by ammonium phosphomolybdate if 

precipitation is made at 10 to 20° 

Both quadrivalent and sexivalent selenium or tellurium compounds inter¬ 

fere seriously in precipitations of phosphorus by molybdate reagent, for 

they retard precipitation of the phosphorus and contaminate the precipitate 

that is formed. For complete precipitation, the solution should be allowed 

to stand at least 4 hours, and the determination must be completed by pre¬ 

cipitating as magnesium ammonium phosphate in the presence of citrate. 

Tungsten is carried down by ammonium phosphomolybdate and must 

be removed before precipitation is attempted, except possibly in case the 

amount of tungsten is small and the molybdate-magnesia method is to fol¬ 

low. The removal of tungsten is accomplished by digesting with nitric 

and hydrochloric acid and filtering. The filtrate must then be evaporated 

with nitric acid to expel most of the hydrochloric acid, and the tungstic 

acid must be examined for its phosphorus content, preferably by dissolving 

it in ammonium hydroxide containing ammonium citrate and precipitating 

with magnesia mixture in ice-cold solution as described on page 706. 

J. R. Cain and F. H. Tucker, /. Ind. Eng, Chem.y 5, 647 (1913). If the amount of 
phosphorus equals or exceeds that of vanadium^^ and is large, all of the phosphorus is 
precipitated in 2 hours. If the amount is small, more time must be allowed. If the 
amount of vanadium^ exceeds that of phosphorus, precipitation is seriously retarded, 
never complete in 2 hours, and with little phosphorus not in 24 hours, if at all. In all 
cases, the retarding effect of vanadium^ can be overcome to some extent by using more 
molybdate. 
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Silicon is apt to retard precipitation and to be carried down by the pre¬ 
cipitate as ammonium silicomolybdate. If much is present, it may clog the 
filter. It is therefore preferably removed by dehydration, or by evapora¬ 
tion with hydrofluoric and nitric acids before precipitating the phosphorus. 

Titanium and zirconium usually cause trouble before the precipitation 
with molybdate is reached because of the insolubility of their phosphates. 
If they are present in appreciable amount, much of the phosphorus may 
be precipitated and lost in the preliminary operations unless the insoluble 
residues are fused with sodium carbonate and the phosphorus is extracted 
with water. If zirconium or titanium is present when molybdate is added, 
more of the latter should be used, and more time should be allowed, at 
least 12 hours. The elements arc then usually thrown down in part, and 
their presence is afterwards revealed if the phosphomolybdatc precipitate 
is dissolved in ammonium hydroxide. If their amount is not too large, the 
condition can be remedied by using a little citrate with the ammonium 
hydroxide. If a residue still remains, it must be ignited, fused wdth sodium 
carbonate, the melt leached with water, and the water extract added to the 
ammoniacal solution. In the presence of moderate amounts of titanium 
(0.025 g), more complete precipitation of phosphomolybdatc is obtained in 
dilute nitric acid solution (2 + 0 to which one half of its volume of 
molybdate solution is added. 

Organic matter is usually destroyed, as a matter of precaution by boiling 
with a slight excess of potassium permanganate and then reducing the 
excess before the molybdate reagent is added. 

a. In the absence of vanadium. Prepare 100 to 200 ml of solution con¬ 
taining 5 to 10 per cent by volume of nitric acid, 5 to 15 per cent of ammo¬ 
nium nitrate, and not much over 0.05 g of phosphorus entirely present as 
the ortho compound. Heat in an Erlenmeyer flask to 40 to 50° C, add a 
15- to 25-fold excess of molybdate reagent (see under Reagents, p. 41), 
stopper, and shake vigorously for 5 to 10 minutes. If the amount of phos¬ 
phorus is small, or substances that retard the precipitation are present, use 
a larger excess of the reagent, which will do no harm in any case. 

In accurate analyses in which precipitation as magnesium ammonium 
phosphate is to follow, allow the solution to stand overnight. In routine 
analyses, let the precipitate settle for 10 to 30 minutes. Filter through a 
paper of close texture. If the alkalimetric method is to follow, filtration 
through asbestos or paper pulp can be substituted and suction applied to 
promote more rapid filtration and more efficient washing. The choice of 
a washing medium will necessarily vary according to the further treatment 
of the phosphomolybdatc. If precipitation as magnesium ammonium phos¬ 
phate is to follow, wash the precipitate moderately with a 5 per cent solution 
of ammonium nitrate. If the alkalimetric method is to be used, wash with 
a 1 per cent solution of potassium nitrate until free acid is removed. The 
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precipitate is slightly soluble in the latter solution but not sufficiently so 
as to seriously disturb the results if a fixed procedure is used. 

p. In the presence of vanadiwn. Prepare the solution as in a, cool to 10 

to 20° C, and add sufficient ferrous sulfate to reduce the vanadium and then 

a few drops of sulfurous acid. If the solution does not contain iron, it is 
well to add at this point about 1 g of iron as ferric nitrate that is free from 
phosphorus, in order to prevent subsequent reduction of the molybdenum. 
Add a 20- to 30-fold excess of cool molybdate reagent, and shake the solu¬ 
tion for 5 minutes. Allow the solution to stand overnight or, if the alkali- 
metric method is to follow, for at least 30 minutes. Proceed with filtration 

as in a. 
b. Treatment of the Avmtonium Vhosphowolybdate Precipitate. Of the 

various procedures for the further treatment of the phosphomolybdate pre¬ 
cipitate, the two that are in most common use are those in which (1) the 
phosphorus is rcprecipitated as magnesium ammonium phosphate after solu¬ 
tion of the ammonium phosphomolybdate in ammonium hydroxide, and 
(2) the so-called alkalimetric method in which the phosphomolybdate is 

dissolved in an excess of a standard solution of sodium hydroxide which is 

then determined by titration with standard acid in the presence of phenol- 

phthalein.^® 

a. Gravimetrically by precipitation as magnesium ammonium phosphate 

and ignition to the pyrophosphate. The number of compounds that inter¬ 

fere in the precipitation of phosphorus as magnesium ammonium phosphate 

is so large that the precipitation must usually follow its preliminary separa¬ 

tion as the phosphomolybdate. There is no difficulty in obtaining the ideal 

composition, MgNH4P04-6Hi.0, and this method is recommended for all 

accurate analyses, particularly when the amount of phosphorus is large. 

In the rare cases where direct precipitation can be made, the procedure is 

the same as that used after the solution of the phosphomolybdate. It is 

practically impossible to obtain accurate results by a single precipitation of 

magnesium ammonium phosphate in either hot or cold solution containing 

alkali phosphate alone and in approximately known amount. When the 

The results that can be expected in determinations of phosphorus by the alkalimetric 

(A), molybdate-single precipitation as magnesium ammonium phosphate (B), and molyb¬ 

date-double precipitation as magnesium ammonium phosphate (C) methods, are illus¬ 

trated by the following results obtained by representative analysts who cooperated in 

the analysis of a sample of phosphate rock containing 31.33 per cent of P2O5. 

A B C 

% P2O6 % P2O6 % P2O6 

31.76 31.41 31.29 

30,68 31.44 31.30 

31.42 31.56 31.35 

31.75 31.51 31.34 
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approximate amount is unknown or foreign substances are present, a single 
precipitation can only give correct results through compensating errors. 
Double precipitations should therefore be the rule.^*^ The first precipita¬ 
tion is preferably carried out by adding magnesia mixture to an acid solu¬ 

tion of the phosphate and then slowly adding ammonium hydroxide until 

the solution is alkaline. The addition of magnesia mixture to an ammoni- 

acal solution of the phosphate is not so desirable. Tlie second precipitation 

must be made by the slow addition of ammonium hydroxide to the acid 

solution of the first precipitate to which a very little magnesia mixture has 

been added. 

For the first precipitation, a 3- to 4-hour precipitation period is sufficient 

for comparatively pure solutions containing appreciable concentrations of 

the orthophosphate. A 12-hour period is desiral)le in exact analysis and 

is necessary in cases where the concentration of phosphorus is very low or 

where the solution contains considerable amounts of dissolved salts. Special 

precipitation procedures, such as precipitation in boiling solution, have not 

been found necessary or even helpful by us. Contamination by elements 

such as tin, vanadium, iron, titanium, and zirconium can be entirely pre¬ 

vented if the precipitation is done in the presence of ammonium citrate as 

described on page 706.^^ 

Seleiiic acid does not interfere in the determination of phosphorus by 

double precipitation as magnesium ammonium phosphate. Selenious acid 

interferes slightly, and tellurous and telluric acid interfere seriously. None 

of these interfere if 1 g of citric acid is added before the first precipitation 

of the phosphate. For example, in double precipitations of phosphorus 

equivalent to 0.2423 g of Mg2P207, 0.2424 was obtained when 0.1 g of 

H2Se04 was added, and 0.2436 when 0.1 g of H2Se03 was added. Tellu¬ 

rites and tellurates give white precipitates with magnesia mixture. In 

double precipitations in which 1 g of citric acid was added before the first 

precipitation, results were 0.2420, 0.2424, 0.2424, and 0.2421 in determina- 

The loss of phosphorus through repeated precipitation is negligible [G. E. F. Lun- 
dell and J. I. Hoffman, /. AOACy 8, 188 (1924)]. In analyses of six aliquot portions 
of a standard solution of pure diainmonium phosphate (without preliminary precipita¬ 
tion as the phosphomolybdate), 0,2367 and 0.2368 g of Mg2P207 were obtained by 
single, 0.2370 and 0.2368 g by double, and 0.2366 and 0.2368 g by triple precipitations. 
An average of less than 0.03 mg of P2O6 was lost in each precipitation as shown by 
careful recovery of the phosphorus in the combined filtrates and washings from 10 of 
the 12 precipitations. The agreement between the results obtained in single and double 
precipitations is exceptional and was due to the fact that the latter were carried through 
first, the amount of magnesia mixture needed to give a 2-ml excess calculated, and the 
single precipitations then made in a solution containing this excess as well as the amount 
of hydrochloric acid used to dissolve the first precipitate in the other determinations. 

E. F. Lundell and J. I. Hoffman, Ind, Eng. Chem., 15, 44, 171 (1923). 
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dons involving 0.1-g portions of H2Se03, H2Se04, H2Te08, and H2Te04, 
respectively. 

PROCEDURE. 1. hi the absence of arsenic and appreciable amounts of 
elements such as tin or iron. Dissolve the phosphomolybdate precipitate 
obtained as in IV, A, in dilute ammonium hydroxide (1 + 2), and then 
wash the filter successively with hot water, dilute hydrochloric acid, and 
finally again with ammonium hydroxide. Treat the ammoniacal solution 
with 0.5 g of citric acid, and filter if the solution is not clear. If the filtrate 
remains cloudy, add a little macerated paper, boil, and refilter. When 
turbid solutions arc encountered, and, even in their absence in exact analyses, 
ignite the well-washed paper, fuse the small ash with a pinch of sodium 
carbonate, extract the melt wfith water, filter, and add the acidified extract 
to the main solution. 

Render the solution, preferably of a volume not to exceed 100 ml, slightly 

acid, cool, add 10 ml of magnesia mixture (see Reagents, p. 42), and then 
0.1 ml more for every mg of P2O5 that is expected. A greater excess will 
do no harm. Next add dilute ammonium hydroxide (1 + 1), slowly and 
with constant stirring. When the white crystalline phosphate begins to 
appear, stop the addition, stir until no further precipitation ensues, add a 
few drops of ammonium hydroxide, stir, and so continue. When the 
solution is alkaline, add 10 ml of the dilute ammonium hydroxide per 100 
ml of solution, and set the solution aside for 4 hours or preferably overnight. 

If only a single precipitation is contemplated, filter, transfer the precipi¬ 
tate to the paper, wash with dilute ammonium hydroxide (1 + 20) until 
free from chloride, and ignite as to be described. If a second precipitation 
is to be made, filter without attempting to transfer the precipitate, and 
wash the vessel, residue, and paper a few times with the dilute ammonium 
hydroxide. Dissolve the precipitate in 25 ml of dilute hydrochloric acid 
(1 + 1), catching the solution in the original beaker containing the bulk 
of the precipitate. Wash the filter thoroughly with dilute hydrochloric 
acid (1 + 20),’® dilute the solution to 50 to 100 ml, and add 1 to 2 ml of 
magnesia mixture. Add dilute ammonium hydroxide slowly and with con¬ 
stant stirring as before and finally in 10 ml excess. Allow the solution to 
stand for at least 2 hours or preferably overnight. 

Filter, transfer the precipitate to the filter, and wash with dilute ammo¬ 

nium hydroxide (1 + 20) until free from chlorides. Transfer the paper 

and precipitate to a weighed platinum crucible, dry, and heat carefully, 

preferably in a muffle, until the paper chars without inflaming. Burn the 

Ordinarily there is no need for saving this paper. As a matter of precaution, 
however, in very accurate analyses, and always, if the original material contained 
appreciable amounts of elements such as zirconium or titanium, bum the paper in 
platinum, fuse the ash with 0.2 g or less of sodium carbonate, extract the melt with 
water, filter the solution, and add the acidified filtrate to the main filtrate. 
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carbon at the lowest possible temperature. All of the carbon must be 

burned out before the precipitate is heated to 900® Q for otherwise the 

pyrophosphate is slowly reduced and phosphorus volatilized.^^ Finally 

ignite at 1050 to 1100® C to constant weight. Weigh as Mg2P207. 

If the precipitate is of proper composition, ignition at 1000® C until 

constant weight is obtained is sufficient. At temperatures above 1100®C, 

the precipitate gradually loses weight, probably through a slow dissociation 

of the Mg2P207 into Mg3(P04)2 and P20r,.“® 

Treatment of the pyrophosphate precipitate with a drop or two of nitric 

acid and reignition do no harm and rarely any good. Solution of the pyro¬ 

phosphate in nitric acid, followed by evaporation and ignition, leads to low 

results, for it is impossible to prevent volatilization and even popping of 

the residue. According to W. M. McNabb,^^ the operation succeeds, how¬ 

ever, if the nitric acid solution is neutralized with ammonium hydroxide 

before evaporating and igniting. The same is true if the acid solution of 

the pyrophosphate is treated with 2 to 3 ml of magnesia mixture and then 

with ammonium hydroxide and finally filtered and washed as usual. It is 

also permissible to dissolve the magnesium ammonium phosphate in nitric 

acid and then to evaporate and ignite. 

D. Jacob and D. S. Reynolds, J. Assoc. Ofjic. Agr. Chemists, 11, 128 (1928). 
20 This is illustrated by the following data obtained by heating approximately 0.25 g 

of Mg2P207 (obtained by double precipitation of pure (NH4)2HP04 as described) in 
a platinum crucible that showed no loss in weight when heated over a blast lamp for 
1 hour. After the usual ignition at 1000® C, the weight was 27.3394. Further heating 
changed the weight as follows: one-half hour at 1000° C, 27.3392; another half hour, 
27.3391; another half hour, 27.3392; one hour at 1100° C, 27.3392; one-half hour over a 
strong blast, 27.3386; another hour, 27.3382; and half an hour longer, 27.3380. In other 
tests, a similar precipitate when finally heated over the blast lamp for four one-half-hour 
and three one-hour periods showed an average loss of approximately 0.4 mg per hour 
and lost as much in the fifth hour as it did in the fourth. The slightly greater rate 
of loss obtained when the precipitate was first heated over the blast might well have 
been caused by the presence of a .small amount of Mg(P03)2 that had been formed 
from a corresponding amount of Mg(NH4)4(PO.i)2 in the original precipitate. The 
conversion of the metaphosphate to the pyrophosphate, which is desirable in the deter¬ 
mination of magnesia (p. 638), of course increases the error when phosphorus is in 
question. In experiments in which the Mg2P207 was obtained by preliminary precipi¬ 
tation as the phosphomolybdate, followed by double precipitation as MgNH4p04*61120, 
precipitates weighing 0.2835, 0.2824, and 0.2826, after ignition to constant weight at 
1000° C, lost 0.4, 0.3, and 0.1 mg, respectively, when heated for one hour at 1100° C. It 
is not at all unlikely that these losses represented in large part molybdenum still held by 
the phosphates in spite of the double precipitations. This is also indicated by the fact 
that the average loss in weight of these precipitates over the blast lamp was 0.7 mg per 
hour during the second and third hours. For a study of the precipitation and ignition 
of magnesium ammonium phosphate, see J. I. Hoffman and G. E. F. Lundell, /. Research 
NBS, 5, 279 (1930). 

21 /. Am. Chem. Sac., 49, 893 (1927). 
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2. In the presence of arsenic. Proceed as in 1 until the first precipitate 
of magnesium ammonium phosphate has been dissolved in dilute hydro¬ 
chloric acid. If the amount of arsenic is known to be small, add 0.5 to 1 g 
of ammonium bromide, carefully boil the solution to near dryness, and 
take up the residue in 25 ml of dilute hydrochloric acid (1 -f- 1). If much 
arsenic is present, the treatment of the hydrochloric acid solution with 
bromide and boiling must be repeated two or three times or, better, the 
arsenic removed by treating the acid solution with hydrogen sulfide and 
filtering. In the latter case, the filtrate should be boiled to expel hydrogen 
sulfide and to reduce the volume to 50 to 100 ml. After cither of these 
separations proceed as in 1. 

3. In the presence of moderate amounts of iron, aluttmum, vanadhmt, 
zinCj tin, selenium, tellurium, titanium, or zirconium. To 100 ml of the 
acid solution containing the orthophosphoric acid, add 3 to 5 g of citric 
acid and a 25- to 50-fold excess of magnesia mixture. Precipitate as in 1, 
and let the solution stand at room temperature for 12 to 24 hours. Filter, 
w^ash, dissolve the precipitate as in 1, and recover any phosphate left on 
the paper. Add 0.2 to 0.5 g of citric acid and 3 to 4 ml of magnesia mixture, 
and continue as in 1 except that the solution should be left for at least 
6 hours before filtration.^^ 

p, Volumetrically by dissolving the aamnonimn phosphomolybdate pre¬ 
cipitate in a standard solution of alkali. The alkalimetric method is by far 
the most important and widely used method for the rapid, routine deter¬ 
mination of phosphorus. It is based on the assumption that the washed 
phosphomolybdate precipitate has the composition (NH4)3P04-UMoOa, 
and that this compound yields nonnal salts of molybdic acid R2M0O4 and 
secondary salts of phosphoric acid, R2HPO4, upon titration with sodium 
hydroxide in the presence of phenolphthalein as indicator. The reaction 

22 If larger amounts of citric acid arc used, more magnesia mixture must be added, 
particularly if vanadium is present. 

23 The efficacy of the treatment is shown by the following data (G. E. F. Lundell 
and J. I. Hoffman, loc cit.). 

Mg2P207, g Contaminant, 
Expected Found g 

■0.1048 None 
0.1048 None 
0.1044 0.005 Fe 

0.1048 0.1049 0.005 A1 
0.1044 0.005 Ti 
0.1048 0.005 Ti 

-0.1043 0.005 Zr 

f 0.0107 0.005 V 
0.0105 0.0104 0.020 Sn 

[0.0107 0.250 Zn 
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can be expressed by an equation such as the following: (NH4)3P04* 

12M0O3 + 23NaOH = llNa2Mo04 + (NH4)2Mo04 + NaNH4HP04 + 
IIH.O. 

The equation holds quite well for phosphomolybdate that is precipitated 
at 20 to 45° C, no matter whether the solution is filtered after 15 minutes 
or after 15 hours. The advantage in starting at approximately 40° C lies 
in more rapid precipitation. Under no circumstances should the solution 
be heated after the molybdate reagent has been added. 

If conditions have not been carefully governed, the ratio of sodium 
hydroxide to phosphorus is usually higher than 23 to 1. Causes of higher 
ratios arc; (1) precipitation at temperatures above 45° C, which gives a 
precipitate higher in molybdic acid; (2) incomplete washing of the pre¬ 
cipitate, which leaves free acid; (3) boiling of the phosphomolybdate with 
an excess of sodium hydroxide, A\'hich drives out ammonia and leads to the 
ratio 26 to 1; (4) undue exposure or agitation of the alkaline solution of 
the phosphomolybdate (particularly when the precipitate is large), which 
causes slow volatilization of ammonia; and (5) presence of carbon dioxide, 
which causes consumption of sodium hydroxide. 

The foregoing concerns conditions that obtain in pure solutions. Other 
difficijlties are introduced by substances that retard the precipitation of 
ammonium phosphomolybdate in the short period that is commonly used 
in the alkalimetric method or, like arsenic, selenium, or tellurium, contami¬ 
nate the precipitate and afterwards consume alkali.®^ 

Phenolphthalein is not an ideal indicator for the titration because of its 
sensitiveness to carbonic acid and its lack of sensitiveness to ammonium 
hydroxide. No other indicator has, however, proved so satisfactory. Car¬ 
bonic acid can be avoided by proper preparation of the alkali solution. The 
liberation of some ammonia is unavoidable and would be expected to cause 

high results for phosphoms. Its effect, however, is to compensate for 

normal minus errors w hen results are calculated on the 23 to 1 basis. 

As regards the proper method of obtaining the phosphorus titer of the 
sodium hydroxide solution, the authors prefer to standardize the solution 

(free from carbonate) against benzoic acid or acid potassium phthalate 

(p. 178), and to calculate its phosphorus titer on the basis of the 23 to 1 

ratio. This procedure involves reasonable adherence to the directions to be 

described. If these are not to be follow^ed, the safest plan is to adopt some 

other definite procedure and then to standardize the sodium hydroxide 

For example, alkalimetric determinations of phosphorus in a steel containing 0.096 
per cent of phosphorus showed 0.167 when 0.1 g of H2Se04 was added, 0.109 when 
0.1 g of H2Te03 was added, and 0.116 when 0.1 g of H2Te04 was added. H2Se03 

gave a copious precipitate with molybdate alone. In the four cases cited, 0.0973, 0.0971, 
0.0971, and 0.0970 were obtained by allowing 4 hours for the precipitation of the molyb¬ 
date and then precipitating twice as magnesium ammonium phosphate as described. 
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solution by applying the procedure to material which is similar to that 
under test and of known phosphorus content. 

PROCEDURE. 1. Absence of vanadium. Precipitate the phosphomolybdate 
as in IV, a, a (p. 701) but at a temperature of 30 to 45° C The solution 
may be heated directly before the addition of molybdate reagent or, more 
simply, by the addition of a definite amount of ammonium hydroxide to a 
definite excess of nitric acid. After the solution has been shaken for 5 to 
15 minutes and allowed to settle for 10 to 15 minutes, filter upon an 11-cm 
paper of close texture, leaving as much of the precipitate in the flask as 
possible. Asbestos or paper pulp and suction can be substituted if desired. 
Wash the flask and precipitate five times with 15-ml portions of a 1 per cent 
solution of potassium nitrate,and then wash the paper five times with 
like portions of the same solution. The paper should be carefully washed 
each time from the rim downw^ard and then allow-ed to drain completely 
before washing with the next portion of solution. The wash solution and 
all others subsequently used must be free from carbon dioxide. Return the 
paper and precipitate to the flask, and add enough 0.1 N sodium hydroxide 
to decompose the precipitate and to leave approximately 2 ml in excess. 
Dilute with 25 ml of water, stopper, and shake until the precipitate has 
dissolved. Dilute to approximately 150 ml with water, add 6 drops of a 
1 per cent solution of phcnolphthalein, and discharge the pink color with 
standard acid which is exactly equivalent to the alkali solution. Finish the 
titration by adding standard alkali until the reappearance of the pink color. 
Subtract the volume of acid used from the total volume of alkali used, and 
multiply the remainder by the phosphorus titer of the alkali solution. 

2. Presence of vanadium. If vanadium is present, precipitate as in IV, a, p 
(p. 702). Let the solution stand for at least 30 minutes, and then proceed 
with filtration, etc., as above. 

B. DIRECT PRECIPITATION OF PHOSPHORUS AS MAGNESIUM AMMONIUM 

PHOSPHATE 

The conditions that govern the direct precipitation of phosphorus as 
magnesium ammonium phosphate are illustrated in the following procedure 
for the determination of phosphorus in a phosphate rock containing no 
appreciable amounts of compounds of phosphorus that are insoluble in the 
acid attack.^® 

25 If there is danger of hydrolysis, as with tin in phosphor bronze, wash the precipitate 

at first with small portions, not over 50 ml in all, of dilute nitric acid (1 4-49). 

20 J. I. Hoffman and G. E. F. Lundell, /. Research NBSy 19, 59 (1937). Moderate 
amounts of calcium do not interfere in the precipitation of phosphate ion by magnesia 
mixture. For example, 0.01 g of CaO added to either the solution or the magnesia 
mixture causes no contamination of the precipitate in single precipitations, and 0.1 g 
of CaO added to the original solution causes no difficulty in double precipitations 
[G. E. F. Lundell and J. I. Hoffman, ], Assoc, Offic. Agr, Chem,y 8, 188 (1924)]. 
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PROCEDURE. Transfer 0.5 g of a sample that has been dried at 105° C to 

a 300-ml Erlcnmcycr flask, and add 15 ml of hydrochloric acid and 3 ml of 

nitric acid. Place a small cover glass over the mouth of the flask, and boil 

gently for 30 minutes. Rinse and remove the cover glass, and, without 

filtering, add 30 g of ammonium citrate, 10 ml of hydrochloric acid, and 

100 ml of strong magnesia mixture.^^ Neutralize the solution with ammo¬ 

nium hydroxide, using litmus paper as indicator, and add 3 ml of ammonium 

hydroxide in excess. Dilute the solution to 225 to 250 ml with water, add 

a few glass beads, stopper the flask tightly, shake on a shaking machine for 

about one-half hour, and allow to stand overnight. Filter through a paper 

of close texture, and wash the flask and paper once with a small quantity 

of dilute ammonium hydroxide (1 + 19). Discard the filtrate. 

Dissolve any magnesium ammonium phosphate remaining in the flask in 

about 50 ml of warm dilute hydrochloric acid (1 +4), and pour the solu¬ 

tion through the paper to dissolve the phosphate that was transferred to 

the filter and to separate any insoluble residue that may have remained 

after the acid attack. Wash the paper and flask with more of the same 

acid, and add 0.3 g of citric acid and 1 ml of magnesia mixture to the 

solution, which should have a volume of about 100 ml. While stirring, 

slowly add ammonium hydroxide until the solution is alkaline to litmus, 

and then add 5 ml in excess. Stir occasionally during one-half hour, and 

allow to stand for 4 hours or overnight. 

Collect the precipitate on a 9-cm paper of close texture, wash with cool 

dilute ammonium hydroxide (1 + 19), and transfer the paper and precipi¬ 

tate to a weighed platinum or porcelain crucible. Char the paper without 

flaming, burn off the carbon below 900° C, and finally ignite to constant 

weight, preferably in a muffle, at 1050 to 1100° C. 

The time of standing in the first precipitation can be reduced to 3 hours 

and in the second to 2 hours, if the solutions are chilled before shaking or 

stirring and then allowed to stand in ice water or in a refrigerator at 5 to 

10° C. With small quantities (less than 10 mg of P20r>), the longer time of 

standing is essential, and even then it is best to chill and shake alternately 

two or three times.^® 

27 Prepare the strong magnesia mixture as follows: Dissolve 400 g of MgCl2*6H20 and 
300 g of ammonium chloride in 1500 ml of warm water. When solution is complete, 
add ammonium hydroxide until the solution is alkaline to litmus. Allow to stand for 
about 1 hour, filter, and add hydrochloric acid to the filtrate until the solution is acid 
to litmus. If properly prepared, the volume of the solution is almost exaedy 2 liters. 

28 For the analysis of mixtures of ortho-, pyro-, meta-, and polyphosphates consult 
L. F. Audrieth and R. N. Bell, Inorganic Syntheses, Vol. Ill, p. 91, McGraw-Hill Book 
Co. (1950); R. N. Bell, AnaL Chem., 19, 97 (1947); and L. T. Jones, ibid., 14, 536 (1942). 
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C. COLORIMETRIC METHODS 

Small amounts of phosphorus can be determined colorimetrically by (1) 

converting to the blue complex that phosphorus forms with molybdenum 

that has been reduced by stannous chloride and then comparing with stand¬ 

ards in an ordinary or in a photoelectric colorimeter,or (2) converting 

to the yellow complex that phosphorus forms with quinquevalent vanadium 

and sexivalent molybdenum and then measuring the transmittance at 450 

m/i in a spectrophotometer.^® The latter method is also being applied to 

materials containing considerable amounts of phosphorus, for example, phos¬ 

phate rock and basic calcium phosphate.^^ 

29 For a spcctrophotonietric study of the molybdenum blue reaction, consult J. T. 
Woods and Al. G. Mellon, Ind. Eng. Chem. Anal. Ed.., 13, 760 (1941), and R. E. Kitson 
and M. G. Alellon, ibid., 16, 466 (1944). See also C. W. Eddy and F. Deeds [ibid., 9, 12 
(1937)], who apply the method in determinations of as little as 0.001 mg of phosphorus; 
S. R. Dickman and R. H. Bray [ibid.^ 12, 665 (1940)], who apply the method in 
hydrochloric acid solutions of soils, waters, and plants; and J. L. Hague and H. A. 
Bright [/. Research NBS, 26, 405 (1941) 1, who measure the transmittancy of the colored 
solution with a photoelectric colorimeter and a Corning Lantern Shade yellow filter 
no. 349 in determinations of phosphorus in cast irons or steels. Interference by the 
fluoride ion in the formation of the blue complex can be avoided by adding boric acid 
[L. T. Kurtz, Ind. Eng. Chetn. Anal. Ed.y 14, 855 (1942)]. 

•*^9 For a method in which iron is decolorized and silica is removed by treatment 
with perchloric acid before the phosphovanadomolybdate color is developed in analyses 
of iron ores, consult II, H. Willard and E. J. Center, Ind. Eng. Chem. Anal. Ed., 13, 
81 (1941). For a spectrophotomctric study of the method, especially as applied to 
steels, consult R. E. Kitson and M. G. Alellon, ibid., 16, 379 (1944). 

'’’1 Allen Gee and V. R. Dcitz, Anal. Chem. (1953). 
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SULFUR 

Sulfur is found native and in inanv^ sulfides and sulfates. Essential rock¬ 
forming minerals containing sulfur in the oxidized condition are limited to 
haiiynite and noselite, minerals that are found chiefly in the more basic 
rocks, and especially those high in soda. In the sulfide condition, the ele¬ 
ment is of very wide distribution, both as pyrite and pyrrhotite, less often 
as chalcopyrite and possibly other sulfides, also in the mineral lazurite, and 
here too in greater abundance in the basic rocks. It is a very common 
error of most chemists to report the sulfur in silicate and carbonate rocks, 
clays, etc., as SO3 instead of S. Now and then it may occur in both states, 
but much more often only in the sulfide condition. 

I. GENERAL CONSIDERATIONS 

In ordinary analyses sulfur causes no difficulties unless it is associated 
with elements such as barium, lead or strontium that form insoluble sulfates, 
or is present in large amount together with calcium. In the former case, 
particularly with barium, an insoluble sulfate is precipitated and caught 
with the silica. Its presence is then revealed by the character of the pre¬ 
cipitate and by the size and appearance of the nonvolatile residue that is 
left after the treatment of the impure silica with sulfuric and hydrofluoric 
acids. If the latter treatment is omitted, the results for silica will of course 
be high; if it is carried out, the results will be low, for some of the barium 
sulfate reacts with silica to form barium silicate during the intense ignition 
that is necessary to dehydrate the silica before the first weighing, and the 
barium silicate so formed is reconverted to the sulfate by the hydrofluoric- 
sulfuric acid treatment prior to the second weighing. 

The amount of sulfate that comes down with the silica depends on the 
solubility of the sulfate. Precipitation is never complete, and further pre¬ 
cipitation of the sulfate usually occurs, especially with calcium, when the 
solution is made alkaline with ammonium hydroxide, because of its reduced 
solubility in alkaline solution. In such case, the result for aluminum, if 
calculated by difference, will be high in proportion to the amount of 
sulfate that is precipitated, whereas the result for the alkaline earths will 
be correspondingly low. If the nonvolatile residue left from the silica is 
weighed with the ammonia precipitate, the case is still worse. 

711 
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II. DECOMPOSITION OF MINERALS 

Especial care must be taken to avoid oxidation of sulfide minerals during 
the preparation of the sample. Fine grinding of material such as pyrite 
causes slight losses of sulfur as the dioxide and appreciable formation of 
sulfate.^ Both lead to a low result for total sulfur; the latter leads to false 
conclusions as to its condition as well. For most purposes it is sufficient 
to crush the sulfide to 60 to 80 mesh, and the crushing should be by con¬ 

cussion rather than by grinding (p. 809). 
Care must also be taken during the decomposition of sulfur minerals to 

avoid contamination by sulfur compounds in the atmosphere, and to use 

reagents that either are free from sulfur or contain so little that coiTections 

can safely be made on the basis of blank determinations. Although con¬ 

tamination may be caused by the exposure of solutions to an atmosphere 

containing such compounds as hydrogen sulfide or sulfur dioxide, it is 

more often the result of ignition or fusion over flames that are fed by gases 

containing sulfur. Such contamination can be avoided well enough for 

most purposes by protecting the work by means of an asbestos shield (p. 

26) from direct contact with the products of combustion. In analyses of 

the highest accuracy, heating must be done electrically, as for example in 

a muffle furnace, or over an alcohol burner. 

Certain sulfides can be completely oxidized by attack with fuming nitric 

acid at 125° C in a sealed tube.^ According to Allen and Bishop,the 

decomposition of pyrite and the preparation of the solution for analysis 

is best done as follows: Transfer 1.3736 g of pyrite, that has been ground 

to 80 mesh and dried at 100° C, to a dry 300-ml Jena beaker, add 10 ml of 

a mixture of two parts by volume of liquid bromine and three parts of 

carbon tetrachloride (both free from sulfur), and cover with a glass. Let 

stand 15 minutes at room temperature with occasional shaking, add 15 ml 

of nitric acid, and allow the mixture to stand 15 minutes longer at room 

temperature and with occasional shaking. Next place the beaker on an 

1E.T. Allen and J. Johnston, Ind, Eng. Chem., 2, 196 (1910); W. S. Allen and H. B. 
Bishop, 8th Intern. Cewgr. Applied Chem., 1-2 [I-II], 48, 1912. The latter showed 
that no appreciable error is occasioned if pyrite is ground not finer than 100 mesh, 
and that a sample so ground suffers no oxidation at 100® C, even though heated at this 
temperature for 16 hours. The preliminary drying of wet samples should be carried 
out at 50 to 75® C. 

2E. T. Allen and J. Johnston (loc. cit.) used 4 ml of fuming nitric acid for the 
oxidation of 0.5 g of pyrite. For the oxidation of sulfur compounds that give rise to 
stable sulfones, V. C. Rogers and G. Dougherty [/. Am. Chem. Soc., 50, 1232 (1928)1 
recommended the use of a little NaQ or KCl with the fuming nitric acid. Most 
organic compounds containing sulfur can be broken up by means of the sodium per¬ 
oxide-sugar explosion method (p. 839). 
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asbestos board on top of the steam bath, and let stand until all action ceases 

and most of the bromine is gone. Finally place directly over the bath, 

raise the glass cover on bent glass rods, and evaporate the solution to dry¬ 

ness. Add 10 ml of hydrochloric acid, mix thoroughly, and again evapo¬ 

rate to dryness under the raised glass. Dehydrate silica by heating in an 

air bath at 100'' C, preferably overnight. Drench the dried mass with 4 ml 

of hydrochloric acid, after 5 minutes add 100 ml of hot water, and rinse the 

glass, supports, and inside of the beaker thoroughly with hot water. Replace 

the supports and cover, boil gently for 5 minutes, let cool somewhat for 

5 minutes, add 0.2 to 0.3 g of powdered aluminum and gently shake until 

the solution becomes colorless. Cool, remove and rinse the cover and 

supports with cool water, and filter into a 2500-ml tail-form beaker. Wash 

the beaker, paper, and residue nine times with hot water. Add 6 ml of 

hydrochloric acid to the filtrate, and enough cool water to bring the vol¬ 

ume to 1600 ml. Stir well and precipitate as in IV, C.-'* 

In the following procedure the pvritc is oxidized and iron completely 

removed without the use of nonvolatile reagents: ^ Transfer approximately 

0.5 g of the sample, ground to pass 80 mesh to a 250-ml beaker, and treat 

with 12 ml of a mixture of three parts of nitric acid and one part of hydro¬ 

chloric acid to which 4 or 5 drops of bromine have been added. Cover 

the beaker with a well-fitting watch glass, let the reaction proceed at room 

temperature for half an hour, and then transfer the beaker to a steam bath. 

Heat gently until all apparent action has subsided, raise the cover, and 

evaporate the liquid to dryness. Add 5 ml of hydrochloric acid, replace 

the cover, and heat until effervescence ceases. Raise the cover, wash it 

and the sides of the beaker with water, and again evaporate to dryness. 

Treat the residue with 25 ml of hot water, and stir until it is disintegrated. 

The insoluble residue will not contain sulfur unless barium or appreciable 

amounts of lead, calcium, or strontium are present and need not be filtered 

^ rhe following modification of Allen and Bishop’s method was used with success 
for the solution of stibnite by J. A. Scherrer of the Bureau of Standards; Transfer a 
factor weight of the sample to a casserole, cover with a glass, and add through the 
lip 10 ml of a 10 per cent solution of bromine in carbon tetrachloride. Next add 5 ml 
of bromine, slowly and with frequent shaking, and allow to stand with occasional 
shaking for 30 to 60 minutes. Partially immerse the casserole in a beaker of cold water, 
add 15 ml of strong nitric acid, and allow to stand for 15 to 30 minutes with occasional 
shaking. Add 15 ml of hydrochloric acid, let stand at room temperature for 15 to 30 
minutes, warm slowly to drive off the carbon tetrachloride, and then evaporate to 
syrupy consistency (do not allow to dry). Add 10 ml more acid, evaporate to a syrup, 
and again add 20 ml of acid. Heat until all soluble matter is in solution, and transfer 
to a 500-ml Erlenmeycr flask. Keep the volume under 100 ml. Add 5 g of ingot iron 
drillings, let stand for 1 to 2 hours, filter, wash thoroughly, and proceed as in IV, C. 

4 A. M. Smoot, Eng, Mimng /., 94, 412 (1912). 
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off. Transfer the solution to an electrolyzing cell and deposit iron in a 

mercury cathode as described in Section III. 

For material containing but little sulfur, it is generally preferable to 

fuse with thoroughly mixed sodium carbonate and niter (12 + 1) in a plat¬ 

inum crucible set in an asbestos sliield (p. 26). After thorough fusion, 

finally for a few moments over the blast, the melt is extracted with water 

containing a drop or two of alcohol to reduce manganatcs, the solution 

filtered and sulfur determined in the filtrate as in IV, B, after the addition 

of a slight excess of hydrochloric acid to the cool solution. Ordinarily 

there is no need to repeat the fusion and extraction or to separate silicon, 

though the latter can be done by evaporating the solution to dryness on 

the steam bath, drenching with a little hydrochloric acid, diluting with 

water, and filtering. 

Evaporation of sulfates in perchloric acid solution can be carried to dry¬ 

ness without loss of sulfuric acid, provided the solution contains a relatively 

large excess of an element, such as calcium, which forms a difficultly soluble 

salt and the evaporation is made at as low a temperature as possible.^’ 

An interesting method for the decomposition of sulfates as well as the 

liberation of sulfur in certain materials, particularly those containing tung¬ 

sten or molybdenum, is that of C. M. Johnson,^^ in which the finely pow¬ 

dered compound is heated at approximately 1000° C in a tube through 

which hydrogen that has been bubbled through hydrochloric acid is passed. 

By this treatment, a sulfate such as barium sulfate can be entirely decom¬ 

posed with the formation of barium chloride and the liberation of all of 
the sulfur as hydrogen sulfide. 

III. METHODS OF SEPARATION 

Iron, and other elements that are precipitable by ammonium hydroxide 

without formation of basic sulfates, can be separated from the sulfate ion 

by double precipitation, preferably in a hydrochloric acid solution, with 

an excess of ammonium hydroxide as described under Molybdenum (p. 

305).*^ The ammonium chloride that is formed can be removed by acidify¬ 

ing the combined filtrates with hydrochloric acid, evaporating to small 

volurrie, digesting with nitric acid (p. 133), and finally evaporating with 

®For example, H. B. Knowles found no loss when a soda-lime glass containing 0.41 
per cent of SO3 was so treated, whereas a solution of Na2S04 corresponding to 0.1005 g 
of BaS04 gave but 0.0912 g of BaS04 after evaporation with 10 ml of 60 per cent HCIO4. 

®C. M. Johnson, Chernical Analysis of Special Steels, 3d ed., p. 122, John Wiley and 
Sons (1920). 

^ For an example of such a separation, see E. Hintz and H, Weber, 2. anal. Qhem., 
45, 31 (1916). 
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hydrochloric acid on the steam bath to remove the nitric acid. The de¬ 

composition of ammonium nitrate by repeated evaporation with hydro¬ 

chloric acid (p. 134), or of ammonium sulfate by evaporation with aqua 

regia (p. 134), does not proceed so easily, but is satisfactory for the purpose 
here in question. 

Electrolysis with a mercury cathode in dilute acid solution (p. 138) was 

recommended by A. M. Smoot ^ as a satisfactory procedure for the separa¬ 

tion of bases such as iron, copper, chromium, molybdenum, and nickel, 

preliminary to the precipitation of barium sulfate. In the case of pyrite, 

an initial attack by reversed aqua regia and bromine, followed by evapo¬ 

ration on the steam bath as in Section II, leaves sufficient sulfuric acid. 

Hydrochloric or perchloric acid can be employed in small amount. Elec¬ 

trolysis is carried out at 0.8 to 1 ampere for 5 to 6 hours or with a weaker 

current overnight. After the separation is complete, wash down the sides 

of the cell, decant the electrolyte as closely as possible into a 300-ml beaker, 

vv'ash the cell and mercury with small portions of water decanted into the 

main solution, and finally free this solution from suspended matter by 

filtering and washing. 

If it is not feasible to remove iron, much better results will be obtained 

if it is reduced to the bivalent state before precipitation of barium sulfate 

is carried out. This can be done with aluminum as described in Section II, 

with zinc, or with pure iron. These also serve for the removal of certain 

reducible compounds, such as lead or antimony. 

For the separation of sulfates from magnesium and the alkaline earths, 

the simplest procedure is in fusing with sodium carbonate, extracting the 

melt with water, filtering, and v ashing the residue with a hot 1 per cent 

solution of sodium carbonate. The operation must be repeated one or 

more times for complete recovery of the sulfate, and the filtrates and wash¬ 

ings must be combined. 

Members of the hydrogen sulfide group can be removed, or ferric chlo¬ 

ride can be reduced, by treatment with hydrogen sulfide in dilute hydro¬ 

chloric acid solution,® but this procedure would appear to be unreliable be¬ 

cause of the possibility of oxidizing sulfide ions. 

IV. METHODS OF DETERMINATION 

The literature on the determination of sulfur as barium sulfate is very 

voluminous, and the difficulties attending an exact determination have become 

well recognized. Most of the researches have had to do with the deter¬ 

mination of sulfur under conditions where the precipitate of barium sulfate 

» G. von Knorre, Chem, Ind.y 28, 9 (1905). 
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was large, as in the analysis of the commercially important mineral pyrite. 
In such cases it is only when the precipitation is made under well-defined 
conditions that the result is good, and then through compensation of con¬ 
siderable plus and minus errors. 

A determination of the sulfate ion by precipitation with barium chloride 
in a solution containing only sulfuric acid is subject to a minus error caused 
by the solubility of the precipitated barium sulfate in the solution and in 
the wash water, and to a plus error caused by the coprecipitation of barium 
chloride. These errors may be of about equal magnitude (1 to 2 mg) 
when precipitation is made by the slow addition of a moderate excess of 
barium chloride to a hot dilute solution of the sulfuric acid which is then 
allowed to stand for several hours.-’ Corrections for both errors must be 
made in analyses of the highest accuracy. It is safer to make no correc¬ 
tions at all than to correct for solubility alone as is so often done. 

When the sulfate ion is precipitated in a solution containing sulfates of 

the alkalies, two other sources of error, both minus, are introduced: one 

caused by the coprccipitation of alkali sulfate, the other by the coprecipi¬ 

tation of acid alkali sulfate. The former causes a low result through the 

substitution of a lighter clement for barium in the weighed precipitate; 

the latter through the same cause and, in addition, through loss of sulfuric 

acid when the precipitate is ignited. When ammonium salts are present, 

these errors are greater, for both base and acid are volatilized. It is evi¬ 

dent that the loss of sulfuric acid through volatilization will be counter¬ 

acted by any barium chloride that is coprecipitated with the impure barium 

sulfate, and that the ignited precipitate may contain very little, if any, 

barium chloride if much acid sulfate or ammonium sulfate was carried 

down. In such case the solubility loss is not counteracted by the presence 

of barium chloride in the ignited precipitate, and so uncorrected determina¬ 

tions of the sulfate ion in solutions containing sulfates or chloride are 

usually low.^® 

‘>For example, T. W. Richards and H. G. Parker [Prac. Am, Acad, Arts Set,, 31, 67 
(1895-96)], in precipitations of 10.2107- and 10.2189-g portions of a dilute solution of 
pure sulfuric acid, obtained 0.7804 and 0.7821 g of BaS04, 0.0011 and 0.0017 g of BaS04 

as the correction for solubility, and 0.0005 and 0.0017 g as the correction for coprecipi¬ 
tated BaCl2. The final corrected results therefore showed 3.213 and 3.215 per cent of 
H2SO4 fai the solution. The average, 3.214, was exactly that found by careful alkali- 
metric determination. 

10 The extent of the errors caused by the solubility of barium sulfate and by the 
coprecipitation of sodium sulfate or acid sulfate was studied by E. T. Allen and J. John¬ 
ston [/. Am, Chem, Soc.^ 32, 588 (1910)]. In every case enough of a solution of pure 
sodium sulfate to give approximately 2 g of BaS04 was weighed out, treated with the 
appropriate reagents, diluted to 350 ml, heated to boiling, and precipitated with a 1- 
to 1.5-ml excess of a 10 per cent solution of BaQ2, slowly added in a very thin stream 
flowing down the side of the beaker. The solution was then allowed to stand for 
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The solubility of barium sulfate varies directly with the acidity of the 

solution and the amount of wash water that is used. It is increased very 

little by the presence of chlorides. The coprecipitation of barium chloride 

varies directly with the acidity of the solution, the concentration of the 

sulfate, and the rapidity of the precipitation; it is greater when the sulfate 

is poured into the chloride than when the chloride is poured into the 

sulfate. The coprecipitation of alkali or ammonium sulfates varies directly 

with the concentration of alkali chlorides and inversely with the speed of 

precipitation and time of digestion. The coprecipitation of acid sulfates 

varies directly w'ith the acidity and with the concentration of alkali or 

ammonium chlorides, and inversely with the speed of precipitation and 

time of digestion. Greater contamination results with potassium than with 

sodium salts. 

If the solution contains other substances than those that have been dis¬ 

cussed, the case is worse. With some, as for example nitrates, marked oc¬ 

clusion occurs; with others, such as chromium sulfate,^^ complete precipi¬ 

tation is a matter of doubt; with others, such as ferric sulfate, coprecipita¬ 

tion results in subsequent loss of sulfuric acid and contamination by the 

base, whereas with others, such as zirconium sulfate, hydrolysis sets in if 

the acidity is kept at reasonable limits and causes serious coprecipitation 

of the base. The analyst must therefore endeavor to remove all heavy 

metals and prepare a solution containing cither sulfuric acid alone or else 

18 hours and filtered through paper, and the precipitate washed with water till 25 ml 
of washings showed no more than 0.005 mg of chlorides, then dried in a platinum 
crucible, and very carefully ignited to constant weight. The losses due to the solubility 
of BaS04 in the filtrate and 350 ml of washings were found to be 0.9, 1.50, 3.3, 3.9, 12.0, 
and 36.0 mg of BaS04, respectively, after precipitations in solutions containing 0.2, 1, 
5, 10, 20, and 100 ml of HCl in 350 ml. The average deficit in tenns of mg of BaS04 

caused by coprecipitation of the Na2S04 was found to be 8.1 when the solution of 
sodium sulfate contained 0.2 ml of HCl, and 11.4 when the solution also contained 10 g 
of NaQ. The average deficit in terms of mg of BaS04 caused by volatilization of sul¬ 
furic acid from coprecipitated sodium acid sulfate was found to be 0.5 when the solution 
of sodium sulfate contained 0.2 ml of HCl and 8.8 when the solution contained 0.2 ml 
of HQ and 10 g of NaQ. 

Better precipitation in the presence of trivalent chromium results if the solution 
is allowed to stand for 12 hours or longer. For the determination of sulfates in the 
presence of chromates, obtain approximately 1 g of chromate in 100 ml of solution 
containing 2 ml of hydrochloric acid, add 20 ml of a 1 per cent solution of barium 
chloride, and allow to digest. Filter, wash the precipitate moderately, ignite, and fuse 
the residue with a little sodium carbonate. Extract the melt with water, filter, acidify 
the filtrate with hydrochloric acid, and reduce the chromate with alcohol. Adjust 
the acidity and precipitate with barium chloride as usual. Quicker, and quite satisfactory 
results can be obtained by reducing all of the chromate to the trivalent state, and 
precipitating with barium chloride in an acetic-hydrochloric acid solution [H. H. Wil¬ 
lard and R. Schneidewind, Trans, Am. Electrochem, Soc.^ 56, 333 (1929)]. 
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a solution containing sodium sulfate and no impurity other than sodium 

chloride. 
Precipitates are usually caught in paper as a matter of convenience or 

of ease in examining the weighed residue. Gooch or Munroe crucibles can 
be used when subsequent operations permit. 

The washing of a barium sulfate precipitate should not be unduly pro¬ 
longed, for its solubility, 2.4 mg per liter at 20° C, is appreciable. In accu¬ 
rate analyses the washing should not be carried beyond the point at which 
25 ml of washings give but a faint opalescence with silver nitrate. 

Care must be taken during ignitions of barium sulfate in paper first to 
char the paper without inflaming, and then to burn off the carbon slowly 
and at a low temperature. Material will surely be carried out of the cru¬ 
cible if the ignition is hurried. The precipitate is not reduced when ig¬ 
nited in paper if an oxidizing atmosphere is maintained in the crucible and 
carbon is burned at temperatures below 600° Final ignition of the 
precipitate should not be done at a temperature above 350° C if the precipi¬ 
tate has been obtained from pure sulfuric acid and correction for occluded 
barium chloride is to be made; at higher temperatures the barium chloride 

is broken down in part. If the precipitate has been obtained from a solu¬ 
tion of sodium sulfate and corrections for free acid and occluded sodium 
sulfate are to be made, the preliminary heating must be done at approxi¬ 
mately 105° C and the final heating at 1000° C (sec footnote 15) to make 
sure that all of the occluded acid sulfate has been converted to the normal 
sulfate. If no corrections are contemplated, ignitions had better be made 

at approximately 900° C, although the precipitate suffers no appreciable 
dissociation at temperatures up to 1400° C if it is pure and is heated in 

pure dry air,’^ If impurities such as silica or iron oxide are present, de¬ 

composition sets in at about 1000° C with the liberation of sulfur trioxide. 

Treatment of the ignited residue with sulfuric acid is unnecessary and of 

course prevents subsequent correction for occluded barium chloride. 

Three methods of analysis will be given. The first is intended for the 

determination of the sulfate ion in solutions containing only sulfuric acid, 

and for the accurate analysis of solutions containing no other substances 

than alkali sulfates or alkali sulfates and chlorides. Corrections must be 

made as specified in accurate analyses of sulfuric acid and in all analyses 

of solutions containing alkali salts. If no corrections are contemplated, 

analysis of solutions containing moderate amounts of the sulfate ion in the 

presence of alkali or ammonium salts had better be done by method B, in 

which the normal tendency toward low results is offset by greater occlusion 

of barium chloride. Method C is designed primarily for the determina- 

i*W. Mostowitsch, Metallurgies 6, 450 (1909); Chem, Zentr., 80, II, 1038 (1909); 
C.A,s 5, 841 (1911). 
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tion of large amounts of the sulfate ion in solutions containing considerable 

iron, as with pyrite, and moderate amounts of other substances such as alu¬ 
minum, zinc, or calcium. 

A. FOR SOLUTIONS CONTAINING ONLY SULFURIC ACID 

Prepare a solution that contains no more than 0.5 g of the acid, and 

dilute with water so that it contains approximately 0.002 g of sulfuric acid 

per ml. Heat to boiling, add a 1- to 2-ml excess of a 10 per cent solution 

of barium chloride, dropwise and with constant stirring, from a burette 

or precipitation bulb drawn out to a capillary tip, and let the solution stand 

for 18 hours before filtering^'* Filter on paper, and wash with warm water 

until 25 ml of the washings show a barely perceptible opalescence with 

silver nitrate. Dry the wet paper and precipitate in a tared platinum cru¬ 

cible, char the paper without inflaming, and carefully burn the carbon in 

a good oxidizing atmosphere. Finally heat at approximately 375° C to 
constant w eight. 

As has already been stated, the result will be in error if the barium 

chloride that is carried dowai by the precipitate docs not compensate for 

the loss of barium sulfate in the filtrate and w ashings. In accurate analyses 

the* proper corrections for these two errors must be determined as described 

in footnote 15. 

Solutions containing only alkali sulfate or alkali sulfates and chlorides 

can be treated in the same w^ay after the addition of 0.05 ml of hydro¬ 

chloric acid in excess per 100 ml of solution. As already noted, the results 

obtained with such solutions are usually low^ and accurate analyses re¬ 

quire that all four corrections cited in the succeeding footnote be made.^’*^ 

18 E. J. Bogan and H. V. Moyer [Ind. Eng. Chem. Anal. Ed., 14, 849 (1942)] state 
that the precipitate can be flocculated and filtered within 30 minutes after precipitation, 
if I to 2 ml of a solution of agar-agar containing 1 mg per ml (prepared by suspending 
0.5 g of usp agar-agar in 50 ml of cold water, adding this to 450 ml of near boiling water, 
and stirring constantly as the solution is heated to boiling) is added a drop at a time 
while the suspension is stirred rapidly for 10 seconds after each drop. 

i-^This is illustrated by the following weights of BaS04 that were obtained by 
treating 100-ml portions of a standard sulfuric acid solution with 10 g of the specified 
salt; no addition 0.5992, NaCl 0.5883, FeCla 0,5896, NH4CI 0.5849, and NH4NO3 0.6113. 
Somewhat better but still incorrect results are obtained by digesting the unignited BaS04 
with FIQ, diluting or neutralizing to the proper acidity, and adding a little more 
BaCl2. Such treatment gave the following results: NaCl 0.5896, FeCla 0.5950, NH4Q 
0.5872 and NH4NO3 0.6014. The last is high because of the coprecipitation of barium 
nitrate. 

15 The correction for solubility can be made as follows: Evaporate the filtrate and 
washings to dryness in a platinum basin, take up the residue in a little water or, if 
necessary, in very dilute hydrochloric acid, filter on a small paper, wash to remove 
chlorides, and combine the recovery with the main precipitate. The correction for 
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B. FOR SOLUTIONS CONTAINING MODERATE AMOUNTS OF SULFATES IN 
THE PRESENCE OF ALKALI OR AMMONIUM SALTS 

PROCEDURE. Prepare a water or hydrochloric acid solution containing 

not more than 0.025 g of sulfur as sulfate per 100 ml and preferably no 

other salts than those of sodium, potassium, or ammonium. Add methyl 

orange, neutralize, and then add 1 ml of hydrochloric acid for each 100 ml 

of solution. Heat to incipient boiling. Take enough of a 10 per cent solu¬ 

tion of barium chloride to provide an excess of 7 to 8 ml over what is re¬ 

quired to precipitate the sulfate, dilute to 100 ml, heat to boiling, and 

quickly pour into the hot sulfate solution as it is vigorously stirred. Let 

stand at the side of the steam bath for 30 minutes, and decant the clear 

solution through a filter. Wash the precipitate three times by decantation 

with hot water, transfer to the paper, and continue the washing until a test 

for chloride gives no more than a faint opalescence. Place the wet paper 

in a weighed crucible, heat carcfullv until dry, char the paper without 

inflaming, carefully burn the carbon under good oxidizing conditions, and 

finally heat at approximately 900® (] to constant weight. I'he precipitate 

the barium chloride content of the precipitate can be made by either of the following 
procedures: (1) Fuse the precipitate with sodium carbonate, extract the melt with 
water, precipitate with silver nitrate after acidification with nitric acid, and calculate 
the weight of BaCL from the weight of silver chloride obtained; or (2) dissolve the 
precipitate in warm sulfuric acid, catch the evolved hydrochloric acid in a solution of 
silver nitrate, and proceed as in (1) [G. A. Hulett and L. H. Duschak, Z. anorg, Che?n,, 
40, 196 (1904)]. The correction for alkali sulfate is obtained as follows: Dissolve the 
precipitate in about 15 ml of sulfuric acid in a platinum dish, cool, and pour the solu¬ 
tion, slowly and with vigorous stirring, into about 350 ml of water. Warm to facilitate 
filtering, filter without washing, and evaporate the clear filtrate to fumes of sulfuric 
acid and finally until all acid is expelled. Dissolve the residue in water, filter through 
a small paper into a tared platinum dish, evaporate the solution to dryness, heat carefully 
to redness, and weigh. By this procedure approximately 90 per cent of the occluded 
sulfate is recovered. The remainder can be recovered by repeating the operation or 
its amount empirically assumed to be 10 per cent. The determination of the correction 
for free acid is the most difficult of all and must be made on the unignited precipitate. 
Allen and Johnston (loc. cit.) proceeded as follows: Dry the precipitate at 105® C, 
transfer it to a weighed platinum boat, and place in a platinum combustion tube. G)n- 
ncct one end of the tube with a source of pure dry air and the other end with two 
Liebig potash bulbs in series and containing a 1 per cent solution of 30 per cent 
hydrogen peroxide. Start a slow current of air, and gradually heat the tube to approxi¬ 
mately 1000® C. Cool and weigh the boat. Combine the two solutions, evaporate to 
expel hydrogen peroxide, precipitate with barium chloride, and calculate the weight 
of sulfuric acid. To make all corrections on a precipitate, perfonn the operation just 
described to obtain the volatilization loss of sulfuric acid and the weight of the impure 
barium sulfate, then determine the chloride by volatilization of hydrochloric acid from 
a hot sulfuric acid solution of the impure sulfate, and finally determine the occluded 
alkali sulfate in the sulfuric acid solution. 

Essentially the method of E. Hintz and H. Weber, Z. anal, Chem,y 45, 31 (1906). 
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can of course be caught in a Gooch or Munroe crucible, or the heating 

done in a muffle.^^ 

C FOR SOLUTIONS CONTAINING LARGE AMOUNTS OF SULFATES IN THE 
PRESENCE OF IRON AND THE LIKE 

PROCEDURE. Prepare a clear solution having a volume of approximately 

1600 ml and containing 10 ml of hydrochloric acid. Cool to 20 to 25° C, 

cover with a glass, and add, from a precipitating cup (Fig. 28) and without 

FiG. 28. Precipi¬ 
tating cup. Ca¬ 
pacity 130 ml and 
adjusted to deliver 

5 ml per minute. 

Stirring, 125 ml of a 5 per cent solution of barium chloride, dropwise at the 
rate of 5 ml per minute. When all of the solution has been added, stir 
gently, and allow the precipitate to settle, preferably overnight. Filter 

through a tared 35-ml Gooch or fritted-glass crucible under suction in the 

filtering arrangement shown in Fig. 29. Nearly fill the crucible with water 

In routine determinations of sulfur in the same kind of material by a method of 
this kind, more accurate results are obtained with very little extra labor by preparing 
a correction graph. This is done by running a series of determinations to cover the 
sulfur range, in which known amounts of the sulfate ion are precipitated according to 
the chosen method in solutions having exactly the same compositions as obtain in the 
routine analysis. The weights of barium sulfate found are plotted against the calculated 
weights and the corrected results read off directly thereafter. See C. E. Waters, Sulphur 
in Petroleum, Bwr. Standards Tech, Paper 177, 25. 
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before the cork and siphon are placed in position, exhaust the air in the 
bottle, and continue the filtration until most of the solution has siphoned 
over. Remove and wash the siphon and cork, transfer the precipitate to 
the crucible by sluicing and scrubbing with as little water as possible, and 
finally wash the precipitate six times with cold water, dry carefully, and 
heat, preferably in an oven at about 900° C for 30 minutes. Cool in a 

desiccator, and weigh. 

D. VOLUMETRIC METHODS 

Among the volumetric methods for the determination of sulfur should 
be mentioned the benzidine, barium chromate, and evolution methods. 

The first can be used for large amounts of sulfur as in pyrite, the second 

for moderate amounts as in coal, and the third preferably for small amounts 

of sulfur as in steel. All are best suited for routine analyses. 

In the preferred modifications of the first,^® the sulfate ion is precipitated 

by benzidine hydrochloride in neutral or slightly acid solution (pH 4), 

and the solution filtered, the precipitate of benzidine sulfate washed with 

five 3-ml portions of water and titrated at 50° C with a standard solution 

of sodium hydroxide and with phenolphthalein as indicator.^® The method 

can be applied in the presence of bivalent iron, copper, cobalt, zinc, nickel, 

manganese, and aluminum. It is subject to interference by compounds such 

as trivalent iron. 

In the barium chromate method,^*^ the sulfate is precipitated in very dilute 

hydrochloric acid solution by the addition of an excess of a hydrochloric 

acid solution of barium chromate. The barium sulfate and the excess of 

barium chromate are filtered off after the solution is rendered ammoniacal, 

and the soluble chromate etpivalcnt of the sulfate originally present is de¬ 

termined by titration with thiosulfate after the addition of potassium iodide 

and acid to the filtrate. 

This method is subject to interference by appreciable amounts of cal¬ 

cium, nitrates, or ammonium chloride. 

The so-called evolution method is employed for the determination of 

18 W. Miillcr, Ber,, 35, 1587 (1902); F. Raschig, Z. angew, Chem,, 16, 617, 818 (1903); 
C. Friedheim and O. Nydegger, 2. angew, Chem., 20, 9 (1907); Chem, Ztg,, 52, 318 
(1928); G. V. Knorre, Chem, Ind,, 28, 2 (1905); Chem. Ztg,, 34, 405 (1910). 

18 According to W. B. Meldrum and I. G. Newlin [Ind, Eng, Chem. Anal. Ed., 1, 
231 (1929)], the solubility of benzidine sulfate per 1000 g of solution at 25® C is 0.098 g 
in water, 0.542 g in 0.239 N HQ, 0.942 g in 0.53 N HQ, and 1.253 g in 1.009 N HQ. 
At 3.5 N, the solubility of benzidine hydrochloride is less than that of the sulfate. 

28 C. W. Hinman, Am, J. Set., [3] 14, 478 (1877); J. D. Pennock and D. A. Morton, 
/. Am, Chem. Soc., 25, 1265 (1903); M. Holliger, Z. anal. Chem., 49, 84 (1910). 

21 Evolution methods are best suited for the determination of small amounts of sulfur, 
as in steels, and are described in detail in texts dealing with the analysis of ferrous 
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sulfur occurring in a sulfide that quantitatively yields hydrogen sulfide on 
treatment with acid. The liberated hydrogen sulfide is generally absorbed 

in an amnioniacal solution of cadmium chloride or zinc sulfate and then 

oxidized by a standard solution of iodine or iodatc after the addition of 
acid. 

If the sulfide is absorbed in cadmium solution, it is very important that 

the solution be kept out of direct sunlight, for otherwise reactions take place 

that cause results that arc much too low.^- Zinc sulfide is affected very 

little if at all. 

E. TURBIDIMETRIC AND COLORIMETRIC METHODS 

Small amounts of soluble sulfates arc best determined in a nephclometer 

(p. 27), by comparing, under like conditions, the turbidities produced by 

barium chloride in solutions of the unknown and of standards.^^ Very 

small amounts of sulfur (such as 0.001 mg) occurring as easily decomposed 

sulfide, are conveniently determined colorimetrically by comparing stains 

produced on lead acetate paper with those produced by a standard.^* 

A photometric method for the determination of sulfur in metals is de¬ 

scribed by C. L. Luke.2® 

nicfals. [See, G. E. F. Lundell, J. I. Hoffman, and H. A. Brighr, Cbc7nical Analysis of 
Iron and Steel, John Wiley & Sons (1931).] For a method in which stannous chloride is 
used to prevent oxidation of hydrogen sulfide by higher oxides during the solution of 
materials such as cement, see H. A. Bright, /. Research NBS, 18, 137 (1937). 

22 For example, samples of steel containing 0.092 per cent of sulfur showed, when 
run by the evolution method in direct sunlight, 0.046 after the hydrogen sulfide was 
absorbed in ammoniacal cadmium chloride, 0.063 when ammoniacal cadmium acetate 
was used, and 0.090 when the absorbent was ammoniacal zinc sulfate. Further experi¬ 
ments showed that the effect was caused by the action of sunlight on the cadmium 
sulfide and not on the absorbing solution itself. 

23 Cf. R. B. Rudy, Detennination of Sulphuric Anhydride in Portland Cement by 
Means of the Wagner Turbidimeter, /. Research NBS, 16, 555 (1936). 

24 W. A. Drushel and C. M. Elston, Am. /. ScL, [4] 42, 155 (1916); C. E. Lachele, 
Ind. Eng. Chem. Anal. Ed., 6, 200 (1934). 

Anal. Chem., 11, 1369 (1949). The metal is dissolved in HCl -f HNO3. Sulfate is 
reduced to sulfide with HI, distilled as H2S, and the transmittancy of lead sulfide sol 
in the distillate measured at 370 m/A. 
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CHLORINE, BROMINE, AND IODINE 

Chlorine is present most abundantly in rocks that are high in soda, and 

especially when so low in silica that nephelite is present, though it is also 
found sometimes in nephelite-free rocks and in a few cases in quartz- 

bearing ores.^ It is an essential component of rock-forming minerals such 

as sodalite (also noselite) and the scapolites. It is commonly found as 
sodium chloride in sea water and rock salt and is also found in a variety 
of minerals of greater or lesser importance, as for example in camallite, 

cerargyrite, and a few apatites. When present in rocks its amount rarely 
exceeds 0.2 or 0.3 per cent, but in sodalite rocks it may exceed 1 per cent. 

Bromine is never found in the free state in nature. It usually occurs in 

combination with the alkalies and alkaline earths, and is therefore present 
in sea water, in many salt springs, and in salt deposits. Lesser occurrences 
are in coal, in saltpeter, and in the minerals bromyrite, and embolite, 

bromide, and chlorobromide of silver, respectively. 
Iodine is the least abundant member of the halogen group. It is found 

in sea water, in certain mineral springs and in a few rare minerals, notably 
the iodides of silver, copper, and lead. Lautarite, an iodate of calcium, 
occurs in the Chilean nitrate beds.^ 

I. GENERAL CONSIDERATIONS 

The halides rarely cause difficulties in the ordinary methods of analysis. 
Exceptions are analyses of materials that also contain elements, such as lead 
or silver, that form insoluble chlorides, or mercury or antimony that form 

volatile compounds. In such cases special treatments are required as noted 

in Section II. 

II. DECOMPOSITION OF HALOGEN COMPOUNDS 

For the decomposition of rocks and minerals containing chlorine, see 
Part III (p. 936). 

1 H. S. Washington, Chemical Analysis of Rocks, 3d cd., p. 20, John Wiley & Sons 
(1919). 

2 For the determination and occurrence of iodine in phosphate rock, consult W. L. 
Hill and K. D. Jacob, /. Assoc, Offic, Agr, Chemsts, 16, 128 (1933). 

724 
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Insoluble chlorides must be broken up by appropriate digestion or fusion. 

Lead chloride is digested with sodium or potassium bicarbonate, silver 

chloride is fused with sodium or potassium carbonate and the melt extracted 
with water, whereas mercurous chloride is digested with sodium or potas¬ 
sium hydroxide. Compounds that contain chlorine wholly or partly in 

the nonionized state must be broken up, as for example perchlorates by 
careful ignition, or mercuric chloride by digestion in a solution of sodium 
carbonate. 

In the analysis of a glass, the sample was decomposed and the chlorine 

successfully determined by one of us (L.) by treating the glass with a 
solution of silver sulfate in hydrofluoric and perchloric acids, warming 

gradually, and then evaporating until fumes of perchloric acid just ap¬ 
peared. The solution was then cooled, diluted, and filtered, and the silver 
chloride purified by dissolving in ammonium hydroxide and reprecipitating 

with nitric acid. Possibly a similar attack could be used on certain minerals. 
In general, methods for the decomposition of minerals containing bromine 

or iodine follow those given for chlorine. 

For a general method for the determination of halogens in organic com¬ 

pounds based upon the oxidation of the substance by fuming sulfuric acid 
and distillation of the halogen in an all-glass apparatus, consult J. J. Thomp¬ 
son and U. O. Oakdale.*’* A simplified lime ignition method, in which the 

sample is weighed in a gelatin capsule, ignited in a Pyrex tube filled with 
hydrated lime, and the halogens are determined by dissolving the residue 

in nitric acid and titrating as in the Caldwell-Moycr modification of the 

Volhard method (p. 732), is described by R. FI. Kimball and L. E. Tufts.'* 
F. E. Beamish ® states that substituted halogens in diphenyl, and diphenyl- 
benzene compounds can be completely converted to sodium halide by 
means of the sodium peroxide-sugar explosion method (p. 839). 

According to Schwenk, Papa, and Ginsberg,® many aliphatic, aromatic, 

alicyclic, and heterocyclic compounds can be dehalogenized by treatment 
with a nickel-aluminum alloy in an alkaline-hydroxide solution. A method, 
tested on 36 different organic halogen compounds, in which the sample is 

decomposed by vaporizing it into a stream of combustible gas which is then 

burned at a jet, is described by Winter.^ 

8 /. Am, Chem. Soc., 52, 1195 (1930). 
^Ind, Eng, Chem, Anal, Ed., 10, 530 (1938). 

6, 352 (1934). 
®E. Schwenk, D. Papa, and H. Ginsberg, ibid,^ 15, 576 (1943). 
7P. K. Winter, ibid,, 15, 571 (1943). 
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III. METHODS OF SEPARATION 

The chief separation of the chloride ion is that based on its precipitation 
as silver chloride. Substances that interfere are (1) iodides, bromides, 
cyanides, and thiocyanates that arc also precipitated by silver nitrate, (2) 
chlorides such as those of tin or antimony that hydrolyze in neutral or 
feebly acid solutions, (3) chlorides such as platinic chloride that are car¬ 
ried down by silver chloride, and (4) chlorides such as those of chromium 
or mercury that are incompletely precipitated. 

Tin can be separated from chlorine by diluting the solution to 200 to 
300 ml, rendering it just alkaline to methyl orange, boiling for 1 to 2 min¬ 

utes with 2 to 3 g of ammonium nitrate, filtering, and washing the precipi¬ 
tate with a 1 per cent solution of the nitrate. Solutions of platinic chloride 
are preferably evaporated with a slight excess of sodium carbonate, the 
residue heated until it just fuses, and the melt extracted with water. Ele¬ 
ments such as chromium and aluminum are best separated by repeated pre¬ 
cipitation with ammonium hydroxide. Antimony or mercury are best 

separated by precipitation with hydrogen sulfide. If chlorine is to be de¬ 

termined after the separation of the sulfide group, the precipitation with 

hydrogen sulfide should be done in a diluted solution which is saturated 

with the gas and allowed to digest for some time, for some sulfides tend 

to carry down chlorine. After filtration, most of the hydrogen sulfide can 

be removed by passing carbon dioxide through the solution and the rest 

conveniently destroyed by making the solution ammoniacal and oxidizing 

the hydrogen sulfide by means of hydrogen peroxide or potassium percar- 

bonate that contains no chloride. The solution is then boiled to remove the 

excess of the oxidizing agent, rendered just acid with nitric acid, and treated 

as in IV, A (p. 730). 

Iodides are usually separated from chlorides by oxidizing with a proper 

reagent in dilute sulfuric acid solution and volatilizing the liberated iodine. 

The oxidizing agent commonly used is nitrous acid or ferric sulfate.® To 

carry out the separation, transfer not more than 0.5 g of the mixed halides 

to a 1000-ml Erlenmeyer flask, dissolve in 400-ml of water, add 10 ml of 

dilute sulfuric acid (1 + 1), and then oxidize the hydriodic acid by the 

addition of 2 g of sodium nitrite if pure, otherwise by nitrous acid gen¬ 

erated in a separate flask. Insert a funnel with short stem in the neck of 

the flask, and boil the solution until it is colorless and the escaping steam 

gives no gray-blue color on red litmus paper upon exposure for 2 minutes. 

If ferric sulkte is preferred, 2 g of it (as ferric alum or ferrous sulfate 

oxidized in concentrated solution by 0.3 ml of nitric acid), together with 

8F. A. Gooch and F. W. Mar, Am, /. Scu, [3] 39, 293 (1890). 
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3 ml of nitric acid, are added instead of the nitrite, the iodine is expelled 
as before, and then again tested for complete expulsion of iodine after the 
addition of another milliliter of nitric acid. 

Bromine (and chlorine) is usually separated from iodine by Gooch’s 
method ® as follows: Prepare a neutral solution containing not more than 
O. 25 g of each of the halogens as fixed salts, and preferably no other salts. 
Dilute to 700 ml in a 1000-nil Erlenmeyer flask, add 2 to 3 ml of dilute 
sulfuric acid (1 + 1) and then 2 to 3 g of sodium nitrite that is free from 
the halogens. Insert a short-stemmed funnel in the mouth of the flask, 
and boil until all iodine has been expelled. This should not require more 
than 45 minutes, and the volume of the liquid should not be reduced below 
500 ml. If desired, the operation can be carried out in a closed flask fitted 
with a glass stopper carrying an inlet tube reaching to the bottom of the 
flask and an outlet tube, and the iodine quantitatively caught as follows: 
Connect the outlet tube with cooled flasks or tubes containing equal vol¬ 
umes of 5 per cent sodium hydroxide and 3 per cent hydrogen peroxide 
(both free from halogen), and pass a slow current of steam through the 

reaction flask as the solution is boiled. When all iodine has been expelled, 

combine the alkaline solutions, add 50 ml more of peroxide to oxidize all 

nitrite, and then boil to expel the excess of peroxide. Cool, acidify the 

solution with dilute sulfuric acid, and treat with sulfurous acid to convert 

all free iodine to iodide. 

Precipitation with palladous chloride in a slightly acidified mixture of 

the alkali halides as described on page 734 serves quite satisfactorily for the 

gravimetric separation of iodine from chlorine or bromine. Another de¬ 

sirable method for the separation of iodine in mixtures of the three halides 

is that based on precipitation with silver nitrate and oxidation of the mixed 

silver halides with sulfuric and chromic acids as described on page 735.^^ 

Spitzer points out that bromine, but not iodine, reacts with formic 

acid or formates as indicated in the equations: 

HCOOH + Bra = COg + 2HBr 

HCOONa + Bra = COa + HBr + NaBr 

and that the reactions can serve for the determination of bromine and 
iodine in the presence of each other, and of iodide in the presence of 

®F. A. Gooch and J. R. Ensign, ibid., [3] 40, 145 (1890). 
10 P. Jannasch and K. Aschoff, Z. anorg. Chem., 1, 144, 245 (1892). 
11 For the separation and detennination of iodine in natural waters, see H. W. Bru¬ 

baker, H. S. Van Blarcom, and N. H. Walker, /. Am. Chem, Soc., 48, 1502 (1926); 
P. A. Meerburg, Z. physik. Chem., 130, 105 (1927). For the determination of traces of 
iodine in organic matter, see J. F. McClendon, /. Am. Chew. Soc., 50, 1093 (1928). 

12 L. Spitzer, Ind. Eng. Chem. Anal. Ed., 8, 465 (1936). 
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bromide. In the first case, two aliquot portions of the solution arc titrated 

with thiosulfate, one after treatment with potassium iodide (Br2 + I2) and 

the other after treatment with sodium formate (I2 only). In the second 

case, a solution of bromine in potassium bromide is added to liberate the 

iodine, which is titrated with thiosulfate after the excess of bromine has 

been destroyed by sodium formate. 

The quantitative separation of bromides from chlorides is a more difficult 

matter. F. A. Gooch and H. I. Cole recommended oxidation of hydro- 

bromic acid by the use of telluric acid as follows: Transfer 0.5 g of the 

mixed halides and 1 g of telluric acid to a small distillation flask fitted with 

a ground-in stopper carrying a small separatory funnel. Add 40 ml of 

water, and then 10 ml of dilute sulfuric acid (1 -f 1). Pass a slow current 

of carbon dioxide through the flask, and boil the solution to a volume of 

17 to 18 ml.^" 

The separation of bromine from chlorine can also be accomplished by 

oxidation as follows: Prepare 50 ml of solution containing not more than 

0.25 g of each of chloride and bromide, and transfer to a flask such as de¬ 

scribed in the separation of iodine. If the solution left after the separation 

of iodine there described is to be used, add sodium hydroxide until just 

alkaline, and evaporate to a volume of approximately 50 ml. Cool, neu¬ 

tralize with diluted pure acetic acid (1 + 2), add 65 ml in excess, and then 

1 to 1.5 g of potassium permanganate. Connect the flask with absorption 

tubes filled and cooled as in the separation of iodine. Pass a slow current 

of steam into the flask until all bromine has been expelled, approximately 

1 hour, combine the alkaline solutions, and proceed as in the separation of 

iodine. 

According to L. W. Andrews,^® small amounts of chlorine are best sep¬ 

arated from large amounts of bromine by oxidation with potassium biiodatc, 

KH(I03)2, in dilute nitric acid solution as follows: Transfer the mixed 

bromides and chlorides to a Kjeldahl flask of 400 to 500 ml capacity and 

having a neck 20 to 25 cm long. Add the calculated amounts of 0.2 N 

]. Set., [4] 37, 257 (1914). 
I. Cole [Am. J. Set., [4] 38, 265 (1914)] extended the use of telluric acid to 

cover fijfst the expulsion of iodine and then the expulsion of bromine from a mixture 
of the three halides. Sec R. F. Newton and E. R. Newton, Ind. Eng. Chem. Anal. Ed., 
6, 213 (1934), for a method for the determination of bromide in the presence of a 
large excess of chlorides and of moderate amounts of iodides, in which bromine is 
liberated by clilorine water added in moderate excess, collected in sodium sulfite solu¬ 
tion, and titrated potentiometrically with a standard solution of potassium bromate after 
air oxidation of the excess sulfite. 

Jannasch and K. Aschoff, Z. anorg. Chem., 5, 8 (1894), 
18/, Am. Chem. Soc., 29, 275 (1907); S. Bugarszky, Z. anorg, Chem., 10, 387 (1895). 
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iodate solution and 2 N nitric acid,^^ and dilute to 200 to 250 ml. Rest the 

flask over a hole about 2.5 inches in diameter in a square of asbestos board, 
and incline it at an angle of 30® from the vertical. Heat to gentle boil¬ 
ing with a Bunsen burner, boil for 5 minutes, and let stand overnight. 
Again heat, and boil so that the volume is reduced to about 90 ml in 30 to 

40 minutes. Add 100 ml of water, continue the boiling until 50 ml have 
passed off, and then pass the escaping steam, with the help of a clean rub¬ 
ber stopper and narrow bent tube, into a test tube containing 10 ml of a 
2 per cent solution of potassium iodide feebly acidified with 0.1 N hydro¬ 
chloric acid. If the liquid shows no yellow color in about 40 seconds, the 
bromine has been expelled. When this occurs, add, without interrupting 
the boiling, 1 to 1.5 ml of a 25 per cent solution of phosphorous acid. Con¬ 
tinue the boiling until all iodine is driven off (about 5 minutes) as shown 
by the color and then 5 minutes longer. At no time may the volume be 
allowed to become less than 90 ml. Cool the solution, add a moderate excess 
of a 0.05 or 0.02 N solution of silver nitrate and then a fragment of filter 

paper, and shake violently. Filter, wash moderately with dilute nitric acid 

(1 + 100), and titrate the excess of silver by Volhard’s method as described 

under Silver (p. 207). 

Small amounts of bromide in the presence of large amounts of chloride 

can be recovered by oxidizing with chromic acid in cool dilute sulfuric 

acid (1 + 3) solution, passing a current of air through the solution, and 

catching the liberated bromine in a measured volume of a standard solution 

of sodium arsenite containing bicarbonate.^® 

Cyanides and chlorides are usually not separated from each other be¬ 

cause the combined chloride and cyanide can be determined by Volhard’s 

method as described on page 731 and then the cyanide in a second portion 

of sample by titration with a standard solution of silver nitrate. 

For the determination of chloride in crude potassium bromide the amounts of 
sample and reagents are as follows: 

Volume of Volume of 
KCl Present, Weight of 0.2 N KIO3 2 N Nitric 

% Sample, g Solution, ml Acid, ml 

5-10 0.6 36 20 
l.S-S 1.8 96 26 

0.25-1.5 3.6 186 35 

18 B. S. Evans, Analysty 56, 590 (1931). 
For a volumetric method for the determination of minute amounts of bromide 

(0.003%) in the presence of much chloride, as in sodium chloride, which is based on 
conversion of the bromide to bromate by hypochlorite, destruction of the excess of 
hypochlorite by sodium formate, reduction of the bromate with iodide, and titration 
of the liberated iodine with thiosulfate, see I. M. Kolthoff and H. Yutzy, Ind, Eng. 
Chem. Anal. Ed., 9, 75 (1937). 
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IV. METHODS OF DETERMINATION 

A. CHLORINE 

By far the most important method for the determination of the chloride 
ion is the gravimetric method in which it is weighed as silver chloride. 
Less accurate, but entirely satisfactory for anything but the most refined 
analyses, is the volumetric method in which the chloride is precipitated by 
a slight excess of a standard solution of silver nitrate and the excess deter¬ 
mined, after filtration, by titration with thiocyanate. Titration with silver 
nitrate in a neutral solution containing potassium chromate as indicator is 
a valuable routine method but is of restricted application and the least ac¬ 
curate of the three. 

a. By Weighing as Silver Chloride, Some of the substances that interfere 

in the determination of chlorine by precipitation as the chloride, and cor¬ 

rective measures that can be applied are described in Section III. In addi¬ 

tion, the determination is subject to error through solubility of the chloride 

in the solutions in which it is precipitated and washed, and through con¬ 

tamination of the chloride by other compounds in the solution. The solu¬ 

bility can be reduced by adding a proper excess of silver nitrate to a 

dilute solution of chloride or hydrochloric acid which has been freed 

from disturbing compounds and contains little or no nitric acid. Cor¬ 

rections for solubility can be calculated from solubility data and nephelo¬ 

metric determination as directed under Silver (p. 206). As regards con¬ 

taminants, excessive amounts of compounds such as silver nitrate and alkali 

or alkaline earth nitrates should be avoided, for these contaminate the silver 

chloride and also increase its solubility.^^ 

When silver chloride is exposed to light during precipitation, chlorine 

is liberated and then largely changed back to chloride ions. If the solution 

contains an excess of silver nitrate (as in the standardization of a solution 

of hydrochloric acid), these ions cause further precipitation of silver chlo¬ 

ride, and positive errors ensue. If silver nitrate is not present (as in the 

standardization of a solution of silver nitrate), the chloride ions remain in 

solution, and negative errors are obtained. The positive error is always 

greater .than the negative error for the same degree of exposure. In the 

standardization of 0.1 N solutions the errors approximate 1 part per 1000 

in the precipitation of silver nitrate and 2 parts per 1000 in the precipita¬ 

tion of hydrochloric acid, if operations are performed with reasonable speed 

in bright light (not sunlight or reflected sunlight). Light has very little 

Thallic nitrate, contrary to published statements, has no solvent action on silver 
chloride, according to A. S. Cushman [Am. Chem. 26, 508 (1901)] and A. J. Berry 
\Proc, Cambridge Phil, Soc., 22, 367 (1923-25)]. 
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effect on dry silver chloride. The error, if any, is negative and becomes 
greater if the dried precipitate is moistened before exposure or if the pre¬ 
cipitate is exposed before drying.^® 

PROCEDURE. In the succeeding operations, the precipitate should be pro¬ 
tected from light as much as possible. 

Prepare 200 ml of a solution containing approximately 0.1 g of chlorine, 
preferably as hydrochloric acid or sodium chloride, and none of the inter¬ 
fering substances that have been mentioned. Gradually and with stirring 
add a 5 per cent solution of silver nitrate containing 1 ml of nitric acid per 
liter, until the precipitate coagulates and no more precipitate is formed. 
Avoid a large excess.-^ If substances that tend to hydrolyze are present, 
add 1 to 2 ml of nitric acid. Heat the solution to approximately 60° C, 
let the precipitate settle, and add a few more drops of silver nitrate. Re¬ 
peat the operation if a precipitate appears. When precipitation is complete, 
set the flask aside in the dark for a few hours or preferably overnight. 
Decant the clear solution through a tared Gooch or Munroe crucible (p. 
101), and wash by decantation with a solution containing 0.05 g of silver 
nitrate per liter. Finally, transfer the precipitate to the crucible, wash with 
a very little dilute nitric acid (1 + 99) to remove the silver nitrate and then 

twice with w'ater to remove the nitric acid. Dry and ignite as described 

under Silver (p. 206), and w eigh as AgCl.“-' 
b. By Precipitation with Silver Nitrate a?id Titration with Thiocyemate. 

The determination of chlorides by precipitation with an excess of a stand¬ 
ard solution of silver nitrate, followed by titration of the excess by Vol- 
hard’s method as described under Silver (p. 207), is entirely satisfactory for 
most purposes and more rapid than the gravimetric method. The method 

is of more general application than Mohr’s method, which is described on 

page 732, for operations can be carried out in nitric acid solution. 

It is desirable to add but a small excess of silver nitrate, for this leads to 

less error through occlusion and the subtraction of the silver nitrate equiv¬ 

alent of the thiocyanate solution. Silver chloride must be removed before 

titration is attempted, for it reacts with thiocyanic acid and leads to low^ 

2«For further details, see G. E. F. Lundell and J. I. Hoffman, /. Research NBS, 4, 
109 (1930). 

With pure solutions the most desirable concentration of silver nitrate in the solution 
and in the preliminary washing solution is 0,05 g per liter [G. P. Baxter and F. A. 
Hilton, Jr., /. Am. Chem. Soc., 45, 698 (1923)]. Such a solution dissolves 0.05 mg of 
AgQ per liter at 20® C. 

22 In analyses of the highest accuracy the weight of chloride must be corrected by 
the amount of silver chloride that is unprecipitated or later dissolved in the washing 
solutions. In addition, the slight moisture content of the dried chloride must be expelled 
by fusion. For such refinements, consult such references as T. W. Richards and 
R. C. Wells, Carnegie Inst. Wash. Pub., p. 25 (1905), or G. P. Baxter and F. A. Hilton, 
Jr., /. Am. Chem. Soc., 45, 694 (1923). 
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results.^® Iodides, bromides, cyanides, and thiocyanates interfere because 
they are also precipitated by silver nitrate, while bivalent mercury and 
palladium must be removed because they are precipitated by thiocyanate. 
Nitrous acid and oxides of nitrogen must be excluded for they attack thio- 
cyanic acid and cause a premature red coloration of the solution.^^ 

PROCEDTOE. For solutions that are required, see under Silver (p. 208). 
It is desirable, though not absolutely necessary in routine analyses, that the 
silver nitrate solution be standardized against weighed portions of pure dry 

sodium chloride. 
Prepare 100 to 200 ml of a dilute nitric acid solution (1 + 99) containing 

approximately 0.1 g of chlorine, preferably as hydrochloric acid or alkali 
chloride, and none of the interfering substances that have been listed. Add 
a 1- to 3-ml excess of the standard 0.1 iV solution of silver nitrate, coagulate 
the silver chloride by vigorous shaking in a stoppered flask that is protected 
from the light, and filter through paper, asbestos, or platinum felt. Wash 
the flask, precipitate, and paper with dilute nitric acid (1 +99) that is free 
from nitrous acid. Titrate as described under Silver (p. 209). From the 
volume of silver nitrate added, subtract the volume of silver nitrate that is 

equivalent to the volume of thiocyanate required, and multiply the re¬ 

mainder by the chlorine titer of the silver nitrate solution.*'^® 

c. Mohr^s Method. Mohr’s method is based on the fact that silver 

chromate is much more soluble than silver chloride in neutral or feebly 

acid solutions. No permanent precipitate of red silver chromate can there- 

23 G. Drechscl, 2. anal. Chem., 16, 351 (1877); M. A. Rosanoff and A. E. Hill, 
/. Am. Chem. Soc., 29, 269 (1907). In tests made by the latter, a solution of sodium 
chloride containing 2.324 g of chlorine per liter by gravimetric test showed 2.276 g 
when the silver chloride was left in solution and 2.328 when it was removed before 
titration. J. R. Caldwell and H. V. Moyer [Ind. Eng. Chem. Anal. Ed., 7, 38 (1935)] 
state that it is not necessary to remove the silver chloride by filtration if 1 ml of 
nitrobenzene is added for each 0.05 g of chloride before precipitating with silver nitrate. 
The nitrobenzene forms an insoluble layer over the silver chloride and reduces its rate 
of solution to such an extent that it docs not interfere in the thiocyanate titration. In 
addition, it lessens adsorption of silver nitrate by the silver chloride and inhibits its 
darkening in light. 

2* Chlorine in thallic chloride, TlGsi cannot be determined by Volhard’s method, 
for trivalent thallium oxidizes thiocyanic acid in nitric acid solution and thereby causes 
increased consumption and low results [A. S. Cushman, loc. cit.]. Mohr’s method, how¬ 
ever, is applicable if ammonium acetate is first added [A. J. Berry, loc. cit.]. 

25 L. A. Reber and W. M. McNabb [Ind. Eng. Chem. Anal. Ed.^ 9, 529 (1937)] point 
out that the excess of silver nitrate can also be determined by titrating with a standard 
solution of potassium iodide in the presence of ceric ammonium sulfate and starch, 
after filtering to remove the precipitated silver chloride or bromide. J. F. Matejezyk 
[Chemist-Analysty 28, 54 (1939)] states that silver iodide must also be removed before 
titrating the excess of silver nitrate. 

*®C. F. Mohr, Liebig^s Arm.y 97, 335 (1856). For a study of the method, consult 
A. J. Berry and J, E. Driver, Analysty 64, 730 (1939). 
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fore be obtained in solutions containing chromate and chloride until all of 
the latter has been precipitated. Mineral acids, which dissolve silver chro¬ 
mate, must be absent or removed either by neutralizing with calcium car¬ 
bonate, or by neutralizing most of the acid by ammonium hydroxide and 
then adding an excess of ammonium acetate.^^ 

Among the substances that interfere may be mentioned (1) iodides, 
bromides, thiocyanates, phosphates, carbonates, and hydrogen sulfide that 
also form precipitates with silver nitrate; (2) cyanides and thiosulfates that 
dissolve the precipitate; and (3) organic or other compounds that reduce 
silver nitrate in neutral solution. Lead, bismuth, barium, and iron are pref¬ 
erably also excluded, for they form insoluble chromates and require the 

addition of excessive amounts of indicator. 
PROCEDURE. Standard approximately 0,1 N solutions of silver nitrate and 

sodium chloride and a 1 per cent solution of potassium chromate (free from 
chloride) are required. All must be neutral, and the first two should 
be equivalent. The silver nitrate solution should be standardized against 
weighed portions of dry, pure sodium chloride treated as in the method 

to be described. 
Prepare 100 ml of a neutral or weak acetic acid-ammonium acetate solu¬ 

tion,containing approximately 0.1 g of chlorine and none of the interfering 
substances that have been mentioned. Transfer the solution to a porcelain 
dish, add 1 ml of a 1 per cent solution of potassium chromate (free from 
chloride), and then slowly add the standard neutral solution of silver nitrate 
while stirring vigorously. Toward the end of the reaction, proceed very 
slowly until a permanent red tint is obtained. Now add an equivalent solu¬ 
tion of sodium chloride, drop by drop and with vigorous stirring, until the 
red color is just destroyed.^® Deduct the volume of solution so employed 
from the volume of the silver nitrate solution added, and multiply by the 

titer of the solution. 

27 For the use of dichlorofluorescein as an adsorption indicator (pink tint, on silver 
halide precipitate) instead of chromate, in titrations of halides in neutral or weakly 
acid solutions, see I. M. Kolthoff, W. M. Lauer, and C. J. Sunde, /. Am, Chem, Soc., 
51, 3273 (1929); for titrations of organic hydrochlorides in alcoholic solutions, consult 
K. Bambach and T. H. Rider, Ind, Eng, Chem, Anal, Ed,, 7, 165 (1935). W. T. Burg 
[Chemist-Analyst, 28, 52 (1939)] recommends titration to a violet-red color of the 
precipitate in 75 ml of solution containing 50 ml of methyl alcohol, 1 ml of 0.5 N 
nitric acid, and 1 drop of a 1 per cent solution of eosin. 

2» After the reading is made, it is convenient to add a few drops extra of the sodium 
chloride solution and then set the solution aside for use as a comparison solution in 
succeeding titrations. According to W. B. Meldrum and J. C. Forbes [/. Chem, Edu¬ 
cation, 5, 205 (1928)1, the end point can be easily judged if the titration is made as 
follows: Dissolve 0.4 g of the chloride in 75 ml of H2O, add methyl orange, then 
dilute HNO3 until just acid, and next just enough 1 per cent NaHCOs to turn the in¬ 
dicator yellow. Add 5 drops of molal K2Cr04 solution, titrate with AgNOs to a faint 
end point, boil for 5 minutes, cool in ice water, and finish the titration. 
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B. BROMINE 

Silver bromide is less soluble in water than is the chloride, 0.107 mg of 
the former per liter at 21° compared with 1.54 mg of the latter,^® and 
so methods for the determination of bromine are practically the same as 
those used for chlorine. Protection from light is more essential with the 
bromide than with the chloride because of its greater sensitiveness. For 
the titration of bromides in mixtures of the halides see under IV, C (p. 736). 

a. By Precipitation as Silver Bromide. Proceed as described under Chlo¬ 
rine (p. 730), except that the solution should be more dilute and especial 
care should be taken to wash all nitric acid from the precipitate.®^ 

b. By Precipitation voith Silver Nitrate and Titration with Thiocyanate. 

Proceed as described under Chlorine (p. 731). There is less need of filtering 
before titration than with chlorine, and this step can be omitted in anything 

but the most exact work. 

C. IODINE 

a. By Weighing as Silver Iodide. Silver iodide is the least soluble of the 

silver halides; 1 liter of water dissolves but 0.0035 mg at 21° C.®® It is prone 

to carry down silver nitrate and other compounds present in solution, and 

these are more difficult to remove than in the case of silver chloride. Pre¬ 

cipitation should therefore be made by adding a very dilute solution, say 

0.05 V, of silver nitrate, slowly and with stirring, to an equally dilute am- 

moniacal solution of the iodide until precipitation is complete and then 

adding nitric acid in 1 per cent by volume excess. The precipitate can 

be safely washed with dilute nitric acid of this strength, but the final wash¬ 

ing must be done with water to remove the nitric acid which would other¬ 

wise attack the iodide during drying. Water must be sparingly used, how^- 

ever, because it tends to render the chloride colloidal. For other details of 
the determination, see Chlorine (p. 730).®® 

b. By Precipitation as Palladous lodide.^^ Palladous iodide is insoluble 

in water and in dilute hydrochloric acid (1 + 99), but is slightly soluble 

in solutions containing excessive amounts of saline salts. Substances, such 

29 F. Kohlrausch, Z. physik. Chem.y 50, 356 (1904). 
80 G. S. Whitby, Z. anorg. Chem., 67, 108 (1910). 
8^ For an example of the procedure followed in the most exact analyses, consult such 

references as G. P. Baxter, Proc. Am. Acad., 42, 201 (1906-4)7). 
82 F. Kohlrausch, Z. physik. Chem., 50, 355 (1904). 
88 For descriptions of methods that are used in analyses of the highest accuracy, con¬ 

sult such references as G. P. Baxter, op. cit., 40, 419 (1904); 41, 73 (1905); and /. Am. 
Chem. Soc., 32, 1591 (1910). Silver iodide gradually lo^es iodine when heated above 
its melting point [G. P. Baxter and A. C. Titus, ibid., 62, 1826 (1940)]. 

8'^J, L. Lassaigne, J. Che7n. Med., 1, 57 (1835)^ R. Strebinger and I. Poliak, Mikro^ 
chemie, 3, 38 (1925). 
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as alcohol, that cause reduction to metallic palladium must be absent, as 
must precipitable compounds such as sulfides or cyanides. Quadrivalent 
palladium forms insoluble precipitates with chlorides in the presence of 
potassium or ammonium salts; it is not likely, however, that the quadrivalent 
compound will be present in the reagent or be formed in a solution that is 
suitable for the determination of iodides. The iodide can be weighed as 
such, or as metallic palladium after ignition in a current of hydrogen. The 
latter is preferable because the iodide slowly loses iodine when it is heated 
at 100° C 

PROCEDURE. Prepare a solution of the alkali halides containing approxi¬ 
mately 1 per cent of hydrochloric acid by volume, no reducing agents such 
as alcohol, and preferably no other bases. Add a solution of palladous 
chloride as long as a precipitate forms. Let the solution stand for 24 to 
48 hours at 20 to 30° C, filter on a weighed Gooch crucible, wash with 
warm water, and finally with a very little alcohol. Dry at 90 to 95° C for 
1 hour and weigh as PdL or, preferably, heat gradually to about 1000° C 
in an atmosphere of hydrogen and weigh as metallic palladium. In the 
latter case, stop the current of hydrogen as soon as the flame is removed, 
and cool. Moisten with alcohol, light, and allow to burn oflF. Cool in a 
desiccator, and weigh. 

c. By Oxidation of the Silver Halides voith Sulfuric and Chromic Acids, 
Perhaps the most desirable method for the separation and determination of 
iodine and the estimation of chlorine and bromine in mixtures of the three 
halides is Bekk’s modification of Baubigny’s method.**® This is carried 
out as follows: Divide the solution into two equal parts, and treat each with 
silver nitrate, filter, and wash as described under Silver (p. 207). Dry one 
precipitate to constant weight at 180° C, and weigh the mixed halides.®* 
Treat the second washed precipitate (preferably not over 0.4 g of mixed 
halides) with a solution of 2 g of potassium bichromate in 30 ml of sulfuric 
acid, and heat for 30 minutes at 95° C to liberate all chlorine and bromine 
and to convert the iodide to iodate. Toward the end of the operation, blow 
air through the solution. Dilute to 300 to 400 ml, filter, and reduce the 
iodate in the filtrate by adding a concentrated solution of sodium sulfite 
until a faint odor of sulfur dioxide is perceptible after the solution has 
stood for 10 minutes. A large excess may cause reduction of silver iodide. 

Filter the solution and wash, dry and weigh the silver iodide. Precipitate 

the silver in the filtrate and washings as silver iodide, filter, and wash and 

weigh. From the weights of AgCl + AgBr + Agl, the Agl derived from 

88 J. Bekk, Chem, Ztg., 39, 405 (1915). 
86 H. Baubigny, Compt. rend., 127, 1219 (1898); 128, 51 (1899). 
87 The weighed silver salts can be used instead of working with the moist halides 

obtained in a separate portion, but in this case the digestion with acid chromate must 
be continued for 2 hours. 
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the iodate, and Agl obtained from the silver originally bound to the chlorine 

and bromine, the weights of the three halogens are easily calculated. 

d. Volhard’s Method. Iodides can be determined by Volhard’s method 

as described under Chlorine (p. 731), except that ferric alum is not added 

until all of the iodide has been precipitated, the silver solution must be 

added very slowly and with vigorous stirring to a dilute solution, and there 

is no need of filtering before titration with thiocyanate. 

e. Other Methods. The determination of iodide in a mixture of the 

halides can be made in dilute sulfuric acid solution by potentiometric titra¬ 

tion with a standard solution of potassium permanganate.*® 

According to R. Berg,*® iodide, bromide, or combined iodide, bromide, 

and chloride can be determined by adding cyanide, carefully adjusting 

the acidity in accordance with the halogen in consideration, oxidizing to 

ICN, BrCN, or CICN by a standard solution of potassium bromate, and 

titrating with a standard solution of sodium thiosulfate after the addition 

of potassium iodide. Willard and Greathouse^® describe methods for the 

determination of iodide and bromide based on their oxidation by a standard 

solution of periodate added in excess (in neutral solution with iodide and 

in acid solution with bromide), followed by titration of the excess of the 

periodate with arsenite. 

®*R. Behrend, Z. physik. Chem., 11, 466 (1893); W. S. Hendrixson, /. Am. Chem. 
Soc., 43, 14 (1921); I. M. Kolrhofl and E. J. A. H. Veryzl, Rec. trav. chim., 42, 1053 
(1923); H. H. Willard and F. Fenwick, /. Am. Chem. Soc., 45, 623 (1923); and F. L. 
Hahn and G. Weiler, Z. anal. Chem., 69, 417 (1926). 

»9Z. anal. Chem., 69, 1, 369 (1926); see also N. McCulloch, Chem. News, 60, 259 
(1889); C. Meinekc, Z. anorg. Chem., 2, 157 (1892); T. Ewan, /. Soc. Chem. Ind., 25, 
1130 (1906); R. Lang, Z. anorg. Chem., 144, 75 (1925); G. Alsterberg, Biochem. Z., 
166, 1 (1925); and I. M. Kolthoff, Chem. Zentr., 97 (1), 1858 (1926). 

‘®H. H. Willard and L. H. Greathouse, /. Am. Chem. Soc., 60, 2869 (1938). 
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FLUORINE 

Washington said: ^ “Pluorine as a component of apatite, biotite, etc., 
seems to have no special preference as to magma, though, on the whole, 
it is found more frequently in silicic than in ferric (ferromagnesian) rocks. 
It is, however, most apt to be met with as fluorite and some other rare 
fluorine-bearing minerals in rocks that contain nephelite, as foyaites and 
tinguaites. It is an essential constituent of fluorite and most apatite, and as 
an integral part of the last mineral is almost universally present.^ It also 
occurs in small amount in biotites and other micas, in some hornblende and 
augite, as well as in tourmaline, topaz, chondroditc, etc.” 

In rocks, fluorine is usually found in amounts under 0.1 per cent, but, 
freedom of the weighed calcium fluoride from contamination being assured, 
the reported amount is invariably too low because of the inaccuracy of the 
metliod for its separation. 

It is interesting to record that Armand Gautier and P. Clausmann ® be¬ 
lieved that fluorine is indispensable to the living cell and stated that it 
occurs, together with phosphorus, in all animal and vegetable tissues. 

Determinations of fluorine are of increasing importance, in natural waters, 
in plant materials, in ores such as fluorspar, cryolite, and phosphate rock, 
and in ceramic materials such as opal glasses and enamels. 

I. GENERAL CONSIDERATIONS 

The presence of fluorine causes considerable trouble in the course of 
an ordinary analysis. In the case of rocks rich in the element, strict accu¬ 

racy requires the separation of silica to be made after the separation of 

fluorine, as in some such procedure as the Berzelius method (p. 939), but 

in practice it is not often necessary to resort to this tedious procedure, for 

the amount of fluorine is usually small, and it could by no possibility cause 

a loss of much more than three fourths of its own weight of silica if it were 

all to volatilize as silicon tetrafluoride when the sodium carbonate melt is 

1H. S. Washington, The Chemical Analysis of Rocks, 4th ed., p. 22, John Wiley & 
Sons (1930). 

2 See also K. D. Jacob and D. S. Reynolds, The Fluorine Content of Phosphate Rock, 
/. Assoc. Offle. Agr, Chemists, 11, 237 (1928). 

^Compt. rend., 162, 105 (1916). 
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dissolved and evaporated with hydrochloric acid. The loss is not so great 
as this, however, for the tetrafluoride is unstable in the presence of moisture. 
Some of the fluorine therefore escapes, perhaps as hydrofluoric acid, and 
more is fixed in fluosilicates. These, if eventually ignited with the silica, 
would undergo at least partial decomposition, and, on treatment of the 
ignited silica with hydrofluoric and sulfuric acids, the metal of the fluo- 
silicatc (presumabl)' sodium) would be weighed as sulfate if not volatilized 
by the heat of the ignition. 

Any fluorine that is left in the filtrate from the silica wall render the pre¬ 
cipitation of aluminum very incomplete.* The sometimes incomplete pre¬ 
cipitation of aluminum by ammonium hydroxide from sulfate solutions after 
a rock has been attacked w ith hydrofluoric and sulfuric acids and the solu¬ 
tion evaporated to fumes of the latter is due, no doubt, to failure to expel 
the hydrofluoric acid completely.*'^ No loss of aluminum occurs during 
evaporation of aluminum fluoride w^ith hydrofluoric acid and subsequent 
careful ignition. 

In addition to causing trouble wdth aluminum, fluorine causes more or 
less precipitation of calcium as calcium fluoride during the precipitation 
with ammonium hydroxide. This of course tends to olTsct the loss of 
aluminum at the expense of calcium. In such an event, the determination 
of calcium w ill be in error, not only because of its partial inclusion in the 
ammonia precipitate, but also because some calcium may be thrown down 
as fluoride instead of oxalate by any fluorine still remaining in solution. 

It is not difficult to detect fluorine in material, such as apatite or fluorite, 
that contains appreciable amounts of the element. In such cases the etch 
test, the hanging drop test, or the flame test arc all satisfactory. On the 
other hand, these methods will not reveal fluorine with certainty when 

applied directly to material, such as rocks, containing but little of the 

element. Although in some rocks as little as 0.1 per cent of fluorine can 

be detected with ease, in rocks of another class much larger amounts may 

fail to show\® 

The etch test is w ell know n and depends on the etching action on glass 

of the hydrofluoric acid that is liberated when the material is heated with 

P. Veitch, /. Chem, Soc.^ 22, 246 (1900); F. W. Hinrichsen, Ber., 40, 1497 
(1907), and Z. anorg. Che?n., 58, 83 (1908); and H. Cavaignac, Compt. rend-, 158, 948 
(1914): 

®E. Selch, Z. anal. Chem., 54, 395 (1915). 
®A. Gautier and P. Clausmann [Compt. r.end., 154, 1670 (1912); 158, 1389, 1631 

(1914); and 162, 105 (1916)] published a series of fine papers on the occurrence and 
determination of fluorine in waters, minerals, and other materials, and described an 
elaborate and seemingly extraordinarily delicate method of test that is especially suitable 
for very small amounts. The authors’ summary of the method is given in the last 
reference. Space does not allow presenting here a description of the method and of 
the apparatus employed. 
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sulfuric acid or fused with an acid flux such as sodium metaphosphate. 
If silicon or boron is present, silicon tetrafluoride or boron trifluoride is 
also formed and weakens the test, for these compounds do not etch glass. 
If the percentage of fluorine is low in proportion to that of silicon or 
boron, no etching at all takes place. In such case the fluorine must first be 
separated as calcium fluoride as in the Berzelius method (p. 939), and the 
final washed product subjected to the test.^ 

The hanging drop test is based on the turbidity produced in a drop of 
water by silicon tetrafluoride that has been formed by the action of sulfuric 
acid on a dry mixture of a fluoride and powdered silica or silicate. The 
turbidity is caused by silicic acid formed in accordance with the following 

eciuation; ^ ^ ^ 2H2SiF6 

This test is more satisfactory than the etching test when applied to siliceous 
material containing very little fluorine. As in the etching test, relatively 
large amounts of boron may cause a negative result, for boron trifluoridc 
may not render the water turbid.® 

The flame test takes its name from the green color caused by boron tri¬ 
fluoridc when a bead containing acid flux, fluoride, and borosilicate is fused 
in the Bunsen flame.® 

II. METHODS OF DECOMPOSITION 

Some silicates and fluorides yield all of their fluorine as silicon tetra¬ 
fluoride when mixed with finely powdered silica and treated with sulfuric 
acid as described in IV, A. 

7 A. G. Woodman and H. P. Talbot f/. Am, Chem. Soc,, 28, 1437 (1906)] gave de¬ 
tailed descriptions of an etching method which is stated to be sensitive to 1 part in 
5,000,000 if no silica whatever is present, 

8 The test is usually carried out by mixing approximately 0.5 g of the fine and 
thoroughly dried material with 0.1 g of dried precipitated silica and transferred to a 
small test tube fitted with a one-hole stopper that is slightly notched and carries a 
small piece of glass tubing which is sealed at one end and open at the other. A drop 
of water is placed in the open end and the tube adjusted so that the open end extends 
2 to 3 mm below the stopper. One or two milliliters of sulfuric acid are next poured 
on the mixed powder, the stopper is inserted loosely, and the test tube gently heated 
in a water bath for 30 minutes. If appreciable amounts of fluorine were present, a ring 
of gelatinous silicic acid is found at the mouth of the tube. 

8 According to F. B. Wilson [Chemist-Analyst, 24, 23 (1918)], the test is best made 
as follows: To 2 parts by weight of KHSO4 add 1 part of a borosilicate such as axinite 
or borosilicate glassware. Pulverize finely, and mix well. Mix 1 part of the substance 
to be tested with 3 parts of the above flux, make a semifused bead of the mix on a 
platinum loop, and hold the bead just outside of the lower margin of a Bunsen flame. 
Or, make a semifused bead of the flux alone, roll while hot in some of the powder to 
be tested, and hold in the flame. A transient green coloration of the flame, due to the 
liberation of boron trifluoride, indicates fluorine. Barium also gives a green flame. 
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If the silicate cannot be decomposed by sulfuric acid, the fluorine can 
be converted to soluble sodium fluoride by fusion of the silicate with 
sodium carbonate at as low a temperature as possible.^^ If the fluoride is 
refractory, it should be mixed with silica, which facilitates the decomposi¬ 
tion. The melt is then extracted with water, and substances such as sodium 
silicate, carbonate, and phosphate separated from the fluorine as described 
in the Berzelius method (p. 939). If appreciable fluorine is present or a 
large residue remains after extraction of the melt with water, two or three 
fusions and extractions may be necessary. Very little, if any, fluorine is 
lost during the evaporation or boiling of neutral or ammoniacal solutions 
of sodium fluoride.^^ 

Because of the great preponderance of lime, direct fusion of carbonate 
rocks with sodium potassium carbonate and silica is of somewhat doubtful 
practicability. Probably the following treatment will afford the best results: 
Dissolve the powder in dilute acetic acid, as far as this may be possible 
without boiling, filter, and wash with hot water. To the filtrate add a 
solution of sodium carbonate until in some slight excess, boil, and treat 

the precipitate of calcium carbonate and possible fluoride as described in 

the Berzelius method (p. 939). Most of the fluorine that may have been 

dissolved by the acetic acid will thus be found. Fuse the insoluble matter 

with sodium-potassium carbonate, and proceed as directed in the method. 

Fluorspar can be satisfactorily decomposed by fusing with potassium 

hydroxide in a gold crucible or potassium carbonate and niter in a platinum 

crucible, followed by solution of the melt in water or in cool dilute nitric 

acid. A4elts so obtained dissolve more readily than those made with the 

corresponding sodium salts. If fluorine is not to be determined, fluorspar 

may be decomposed by heating the fine powder with sulfuric or perchloric 

acid,^* or by digesting with diluted hydrochloric acid (1+1) containing 

boric acid. 

For the decomposition of organic compounds containing fluorine (and 

boron), D. J. Pflaum and H. H. Wenzke recommend that the compounds 

be weighed in gelatin capsules and decomposed by combustion in a Parr 

bomb with an oxidizing mixture of sodium peroxide, potassium chlorate, 

and sugar. 

According to F, G. Hawley [Ind, Eng, Chem., 18, 573 (1926)], sulfides, as for ex¬ 
ample pyrite, cause a loss of fluorine which can be partially overcome by the addition 
of niter or peroxide to the sodium carbonate. Possibly roasting after the addition of 
lime, as in IV, A, might overcome the difficulty. 

W. H. Adolph, The Qumititative Methods for Fluorine^ thesis, p. 12, University of 
Pennsylvania (1915); Z. anal. Chem., 55, 395 (1916). 

12 G. E. F. Lundell and J. I. Hoffman, The Analysis of Fluorspar, Bur. Standards J. 
Research^ 2, 671 (1929). 

is/72d. Eng. Chem. Anal. Ed., 4, 392 (1932). 
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III. METHODS OF SEPARATION 

In quantitative analyses, fluorine is usually separated by precipitating it 

as calcium fluoride, CaF2, or volatilizing it as silicon tetrafluoride, SiF4, or 

hydrofluosilicic acid, H^iSiFc. The former is not an ideal procedure because 

of the solubility of the salt and the necessity for removing a number of 

compounds such as phosphates, chromates, and sulfates that also form insol¬ 

uble salts with calcium. These separations arc described in detail in the 

Berzelius method (p. 939). The separation of fluorine by volatilization is 

based on attack with sulfuric or perchloric acid. Direct attack is seldom 

entirely successful, for most of the fluorine minerals occurring in rocks are 

attacked incompletely, if at all, by strong sulfuric or perchloric acid. The 

separation may fail, even with decomposable fluorides, if amorphous silica 

or silicates are used.’^ Best results are obtained with finely powdered 

quartz, but recent work indicates that, if distillation is continued sufficiently 

long, complete separation of fluorine can be obtained by volatilization, even 

if gelatinous silica is present.^^ 

O. Ruff and E. Schiller asserted that fluorine can be quantitatively sepa¬ 

rated, from columbium and tantalum as follows: Precipitate with ammo¬ 

nium hydroxide, let settle, decant, and reserve the clear liquid. Dissolve 

the precipitate in a little warm dilute nitric acid, again precipitate, decant, 

and repeat the operation a third time. Determine the fluorine in the com¬ 

bined filtrates and the earth acids in the final precipitate. 

For the elimination of fluorine from solutions in which it is not wanted, 

the chief separation is that based on its volatilization as hydrofluoric acid or, 

if silica be present, as silicon tetrafluoride or hydrofluosilicic acid. The 

complete decomposition of fluorides is sometimes difficult.^^ 

For the complete elimination of fluorine by the use of more volatile acids, 

such as nitric, A. A. Noyes recommended the addition of finely divided 

Daniel, 2. anorg, Che7n,, 38, 257 (1904). 
H. H. Willard and O. B. Winter, Ind, Eng, Chem, Anal Ed., 5, 7 (1933). 

10 2. anorg, Chem., 72, 329 (1911). 
I'^For example, after treating 1 g of calcium sulfate with hydrofluoric and sulfuric 

acids as in a silica determination, R. C. Wells [/. Am. Chem. Soc., 44, 2188 (1922)] was 
unable to expel all fluorine by evaporating to dryness and igniting, even though the 
residue was ignited four times, twice after intervening additions of water and sulfuric 
acid and twice after additions of 5-ml portions of sulfuric acid. The fluoride is more 
easily decomposed, however, if the residue is thoroughly broken up and triturated in 
the sulfuric acid, as was found by H. A. Bright, who thus obtained complete expulsion 
of fluorine in two treatments with 2-ml portions of sulfuric acid. A similar treatment 
completely removed all fluorine from 1 g of fluorspar. 

18 Technol. Quart., 16, 101 (1903); A. A. Noyes and W. C. Bray, Qualitative Analysis 
for the Rarer Elements, p. 25, Macmillan Co. (1927). 
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silica to the solution to supplement the action of the acid. Possibly boric 
acid would serve as well. Complete removal without the introduction of 
sulfuric acid can also be accomplished by evaporation with perchloric acid 
(see Reagents, p. 39). When this acid is used, evaporation had better be 
carried to dryness and, in most cases, repeated. The resultant perchlorates 
can then be converted to chlorides or basic chlorides by cautiously heating 
until no further effervescence takes place. 

IV. METHODS OF DETERMINATION 

The most commonly used methods for the determination of fluorine in 
rocks or minerals arc perhaps those of Berzelius and Steiger.^'* In the 
former, the fluorine is precipitated and weighed as calcium fluoride, CaF2; 
in the latter the amount of fluorine is judged by its bleaching effect on a 
peroxidized solution of titanium. The Berzelius method is used when 
appreciable amounts of fluorine are in question and gives results that arc 
almost certain to be too low, and even negative if the method is applied 
in solutions containing less than 1 mg of fluorine per 100 ml. For amounts 
of fluorine under 10 mg, the indirect method is preferable. The preliminary 
attack of material such as rocks and the subsequent treatments in both 
methods are described under Fluorine, Part III (p. 938). 

At present there is a tendency on the part of analysts to separate fluorine 
from interfering substances by distilling it from sulfuric or perchloric acid 
solutions. The procedure to be followed for final determination of the 
fluorine in the distillate depends on the amount. For quantities between 
0.01 and 0.10 g, the lead chlorofluoride method is convenient, and, for traces 
up to 50 mg, titration with thorium nitrate is usually employed. The latter 
procedure is especially useful in determining very small amounts. These 
methods are described in the succeeding sections. 

A. THE EVOLUTION METHOD FOR FLUORINE 

a. By Distillation as Hydrofluosilicic Acid and Titration 'with Thorium 
Nitrate. In this method, as originally proposed by Willard and Winter,^® 
an aqueous solution of a soluble fluoride or silicofluoride is treated with 
zirconium-alizarin mixture, diluted with an equal volume of alcohol, titrated 
with *a standard solution of thorium nitrate until the pink color of the 

zirconium-alizarin lake reappears, and the results are corrected as indicated 
in a blank run. 

If interfering substances are present, fluorine is volatilized as hydro¬ 
fluosilicic acid by distilling from a flask containing pieces of glass and either 

J. J. Berzelius, Schweigg /., 16, 426 (1816); H. Rose, Arm., 72, 343 (1849). 
Steiger, /. Am, Chem. Soc,, 30, 219 (1908); H. E. Merwin, Am, /. ScL, [4] 28, 

119 (1909). 
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sulfuric or perchloric acid, the final temperature being held at approxi¬ 
mately 135° C by adding water from a dropping funnel. Insoluble com¬ 
pounds are fused with sodium carbonate, and the melt is taken up with a 
little hot water before transferring to the distilling flask. If much silicic 
acid is present, it must be removed by treatments with zinc perchlorate and 

carbonate before attempting to distil.^^ 
Certain substances interfere in distillation or titration. Among the for¬ 

mer are high concentrations of aluminum salts which may prevent complete 
volatilization, or gelatinous silica which may retard the volatilization of 
fluorine. Substances that interfere in titrations include any ion that forms 
a precipitate or a nondissociated salt with fluorine or thorium. Among 
these may be mentioned sulfate, phosphate, arsenate, chloride, nitrate, per¬ 

chlorate, hypochlorite, and, to a lesser extent, alkali, borate, and sulfide 

ions. Arsenite, chlorate, and silicate ions are without effect. 

Numerous modifications of the original method have been proposed, as 

follows: Armstrong recommends the use of sodium alizarin sulfonate 

alone, the use of an aqueous rather than an alcoholic solution, and the addi¬ 

tion of silver perchlorate before distilling to hold back hydrochloric acid; 

Hoskins and Ferris point out that more satisfactory end points are 

obtafned with a concentration of 4 X 10“*^ per cent of the indicator in 

50 ml of solutions buffered at pH 3.5, as by the use of monochloroacetic 

acid; Churchill, Bridges, and Rowley state that interference by phosphate 

can be avoided by a preliminary distillation with sulfuric acid at 150° C, 

followed by redistillation of the distillate with perchloric acid at 135° C; 

and Gilkey, Rohs, and Hansen distil by leading superheated steam into 

a sulfuric acid solution in a distilling flask which is heated at 145° C in a 

copper vessel containing boiling tetrachloroethane, and fitted with a return 

condenser; perchloric acid cannot be used because of the danger involved, 

should the flask break. 

21 For studies of the distillation of fluoride ion from sulfuric, perchloric, or phos¬ 
phoric acid solutions, consult D. Dahle and H. J. Wichmann, /. Assoc, Offic. Agr. 
ChemistSf 19, 313, 320 (1936); 20, 297 (1937). In general, low volumes of liquid in the 
distilling flask and high temperatures (especially with HCIO4 and H3PO4) give better 
recovery of fluorine per milliliter of distillate. In the presence of considerable alu¬ 
minum a preliminary distillation with H2SO4 at 162 d= 2® C, followed by neutralization 
with alkali, concentration to small volume, and redistillation with H2SO4 at 137 ± 5® C, 
is desirable. Perchloric acid should be free from volatile acids. 

22 W. D. Armstrong, /. Am. Chem. Soc.^ 55, 1741 (1933), and Ind. Eng. Chem. Anal. 
Ed.^ 8, 384 (1936). R. J. Rowley and H. V. Churchill [ibid.^ 9, 551 (1937)] state that 
as much as 50 mg of fluorine can be handled in an aqueous as against 20 mg in an 
alcoholic solution. 

23 W. M. Hoskins and C. A. Ferris, ibid., 8, 6 (1936). 
2-^ H. V. Churchill, R. W. Bridges, and R. J. Rowley, ibid., 9, 222 (1937). 
25 W. K. Gilkey, H. L. Rohs, and H. V. Hansen, ibid., 8, 150 (1936). 
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The method can be illustrated by the following modified procedure 
developed by Reynolds and Hill for the analysis of phosphate rock. 

PROCEDURE. Transfer 0.5 g of sample and 15 ml of dilute perchloric 
acid (2 + 1) to a steam-distillation flask, and distil at 125 to 150° C until 
150 ml of distillate has been obtained.^^ If the material is pyritiferous, 
moisten the sample in the distilling flask with 2 to 3 ml of a saturated 
solution of potassium permanganate, and increase the concentration of the 
added perchloric acid accordingly. Add a few drops of phenolphthalcin 
to the distillate and then 1 M sodium hydroxide until just alkaline. Dilute 
to exactly 250 ml, and take a 50-ml aliquot portion. Add 5 drops of alizarin 
indicator (0.1 per cent aqueous solution of sodium alizarin sulfonate) and 
then 0.1 M hydrochloric acid until the pink color of the alizarin is dis¬ 
charged. Now add 2.5 ml of monochloroacetic acid (0.4 M), sodium 
hydroxide (0.2 M) buffer solution, and titrate with a 0.04 N solution of 
thorium nitrate. 

The solution of thorium nitrate had better be standardized against known 
amounts of fluorine in the form of specially purified sodium fluoride or 
standardized fluorine-bearing material of like composition, which cover the 
range of the amounts of fluorine involved in the analysis and have been 
carried through all steps of the method.^® 

B. THE LEAD CHLOROFLUORIDE METHOD 

The determination of fluorine as lead chlorofluoride has been attempted 
by a number of investigators.-® The method is based on the precipitation 

2®D. S. Reynolds and W. L. Hill, ibid., 11, 21 (1939). 
27 D. S. Reynolds [/. Assoc. Offle. A^r. Chevnsts, 18, 108 (1935)] points out that a 

coating of precipitated silica, which tenaciously retains fluorine, gradually accumulates 
on the walls of the distillation flask in analyses of slag, phosphate rock, and calcined 
phosphate. If it is allowed to accumulate, serious errors may arise when the flask is 
used successively in the analysis of samples containing widely differing quantities of 
fluorine. The coating can be removed by hot concentrated alkali solution. F. J. Mc- 
Qure [Ind. Eng. Chem. Anal, Ed., 11, 171 (1939)1 states that, if it is desired to reduce 
the volume of the distillate by rendering it alkaline and evaporating before the titration, 
the evaporation must be done in platinum and not in glass or porcelain, because low 
results are obtained if glass or porcelain is used. 

For a multiple-unit distilling apparatus in which steam is led into a distilling flask 
heatec} by a Nichrome coil in a transite board box, see D. S. Reynolds, J. B. Kershaw, 
and K. D. Jacob, /. Assoc. Offic. Agr. Chemists, 19, 156 (1936). 

28 Pure sodium fluoride can be prepared by treating pure sodium carbonate or bicar¬ 
bonate with an excess of pure hydrofluoric acid, evaporating the excess hydrofluoric 
acid, and finally heating the residue at about 600° C in an atmosphere of dry nitrogen 
or air. For purification of the hydrofluoric acid, see J. I. Hoffman and G. E. F. 
Lundell, Bur. Standards J. Research, 3, footnote page 582 (1929). 

28 G. Starck, 2. anorg. Chem., 70, 173 (1911); F. G. Hawley, Ind. Eng. Chem., 18, 
573 (1926). See also W. H. Adolph, loc. cit., and L. D. Hammond, Ind. Eng. Chem., 
16, 938 (1924); J. I. Hoffman and G, E. F. Lundell, Bur. Standards J. Research, 3, 581 
(1929). 
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of the compound PbClF, which can be weighed as such or titrated as in 
Volhard’s method (p. 731), and its fluorine content calculated from the 
amount of chlorine found. A desirable feature of the gravimetric method 
is the low conversion factor for fluorine; the volumetric method on the 
other hand can be applied in the presence of other precipitated substances, 
provided they do not contain chlorine. Either procedure gives excellent 
results when applied to solutions of pure fluorides. 

The precipitation is carried out in a solution having a pH value in the 
range pH 3.6 to 5.6, depending on the conditions. The presence of as 
little as 0.5 mg of aluminum causes low results, as do excessive amounts of 
boron (>0105 g) and ammonium (>0.5 g), sodium, or potassium salts 
(>10 g). Iron also interferes, but in practice it is always removed by pre¬ 
liminary treatments. If the precipitate is to be weighed, the precipitation 
must be made in a solution that is free from substances, such as carbon 
dioxide or phosphates, that are precipitated by lead chloride, or hydrolyze 
at the hydrogen ion concentration employed. In the volumetric procedure 
small amounts of silica are without effect on the reaction but tend to clog 
the filter if present in quantities in excess of 0.05 g. Small amounts of 
phosphates or sulfates (10 mg or less) do not interfere. The former may 

cause the filtrate from the PbClF to be cloudy, but this can be ignored. 

The precipitate is appreciably soluble in water, 0.325 g dissolving in 

1 liter at 25° C. It is less soluble in ice w^ater and is insoluble in a saturated 

solution of lead chlorofluoride."^ If the precipitate is to be weighed, it 

should be caught on a Gooch or iMimroe crucible and dried at 120 to 150° C. 

PROCEDURE. Prepare a neutral or alkaline solution containing 0.01 to O’.l g 

of fluorine and none of the interfering substances that have been discussed. 

For the preparation of such a solution in the analysis of rocks and minerals 

see under Fluorine (p. 944). The following operations can be carried out 

in glass if desired. 

Add 2 drops of bromphenol blue indicator to the solution, treat with 

3 ml of a 10 per cent solution of sodium chloride, and dilute the solution 

^*0 Corrections for the solubility of the precipitate cannot be based on data given in 
solubility tables. Tests made by J. I. Hoifman showed that no more than 0.002 g of 
PbQF (equivalent to 0.15 mg of fluorine) is dissolved when 0.5 g of PbQF is washed 
as described in the method. These experiments also indicated a solubility of 0.320 g 
of PbQF per liter in pure water at 21® C which agrees well with the value given by 
Starck. However, when 0.5 g of PbCHF was washed on a 9-cm S. & S. no. 589 blue- 
band paper by directing 10-ml portions of water on the precipitate so as to agitate it 
thoroughly at every washing, only 0.260 g of PbQF was found in a liter of washings. 
When the same precipitate was washed with a jet of water directed along the rim of 
the paper and without agitating the precipitate, the amount dissolved dropped to 0.220 
g per liter. 

81 Prepared by grinding 0.4 g of the dry powder with 6 ml of 0.1 N NaOH and 
diluting to 100 ml. 
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to 250 ml. Add dilute nitric acid until the color changes to yellow, and 
then add dilute sodium hydroxide until the color just changes to blue. 

Treat with 2 ml of dilute hydrochloric acid (1 + 1) and then with 5.0 g 
of lead nitrate, Pb(N03)2, and heat on the steam bath. Stir gently until 
the lead nitrate has dissolved, and then immediately add 5.0 g of sodium 
acetate, NaC2H302‘3H20. Stir vigorously, and digest on the steam bath 
for one-half hour. Stir occasionally. Let stand at room temperature over¬ 
night, and filter on a no. 589 blue-band S. & S. or a no. 42 Whatman filter 
paper. Wash the precipitate in the beaker and on the paper once with 
cold water, then four or five times with a saturated solution of lead chloro- 
fluoride,^^ and finally once more with cold v ater. Fransfer thfe precipitate 

and paper to the beaker in which the precipitation was made, stir the paper 
to a pulp, add 100 ml of dilute nitric acid (5 + 95), and heat on the steam 
bath until the precipitate has dissolved (5 minutes is ample). Next add a 
slight excess of a standard 0.2 N solution of silver nitrate, digest on the 
steam bath for 30 minutes, and cool to room temperature while protected 
from the light. Filter, wash w ith cold w ater, and titrate the silver nitrate 
in the filtrate with a standard solution of potassium thiocyanate as described 

under Silver (p. 207). Subtract the amount of silver found in the filtrate 
from that originally added. The difference represents the amount of silver 
that was required to combine with the chlorine in the PbClF precipitate, 
and from this the fluorine can be calculated. One milliliter of 0.2 N silver 
nitrate is equivalent to 0.00380 g of fluorine.®'^ 

C. COLORIMETRIC METHODS 

Numerous colorimetric methods for the determination of small amounts 
of fluoride in materials such as natural w^aters, sea w ater, grains, and foods 
have been developed. Among these may be mentioned those based on the 
fading effect of the fluoride ion on the (1) yellowish-red zirconium-quina- 
lizarin lake;®^ (2) reddish-violet zirconium-alizarin lake;(3) pink pur- 

32 To prepare the PbClF wash solution, dissolve 10 g of lead nitrate in 200 ml of 
water, and pour the solution into 100 ml of a solution containing 1.0 g of sodium 
fluoride and 2 ml of hydrochloric acid. Mix thoroughly, let settle, decant the super¬ 
natant liquid, and wash the precipitate four or five times by decantation with 200-ml 
portions of water. Add 1 liter of water to the precipitate, stir occasionally, let stand 
for 1 hour, and filter. More wash solution can be prepared as needed by treating the 
precipitate with fresh portions of water. 

38 For an application of this procedure to the distillate obtained by the Willard and 
Winter distillation (p, 742), consult J. I. Hoffman and G. E. F. Lundell, The Analysis 
of Phosphate Rock, /. Research NBS, 20, 607 (1938). 

34 0. M. Smith and H. A. Dutcher (natural waters), Ind, Eng, Chem, Anal Ed,, 6, 
61 (1934). 

33 T. G. Thompson and H. J. Taylor (sea water), ibid,, 5, 87 (1933); J. M. Sanchis 
(natural waters), ibid,, 6, 134 (1934); and O. B. Winter (alfalfa), J, Assoc, Offic, Agr, 
Chemists, 19, 362 (1936). 
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purin-zirconium oxychloride lake; (4) red ferric thiocyanate; (5) green- 

colored “ferron” (7-iodo-8-hydroxyquinoline-5-sulfuric acid)-ferric com¬ 

plex; and (6) yellow-colored peroxidized titanium.’^*^ 

Spectral methods, visual and photographic, arc described by Petrey,^'’ 

a photronic colorimetric method, based on the use of ferric-acetylacetonc 

reagent, by Wilcox,^ ^ and a colorimetric-titration method in which the color 

of the thorium-alizarin lake in the unknown is matched by titration of a 

blank, treated exactly as the unknown, with a standard solution of sodium 

fluoride, by Dahlc and his associates.^" 

D. OTHER METHODS 

Other methods for the determination of fluorine that might be men¬ 

tioned are the volumetric method carried out bv titration with ferric 

chloride and the gravimetric method in wliich the fluorine is precipitated 

as thorium fluoride, ThF4.^^ The former is applicable to soluble fluorides 

and is based on the formation of “iron” cryolite, NaaFeFo. The titration 

is carried out in a solution that is neutral to phenolphthalcin and contains 

ammonium thiocyanate as indicator, sodium chloride and alcohol to de¬ 

crease the solubility of the precipitate, and ether to render the end point 

more distinct. Potassium chloride can be substituted for sodium chloride 

and the titration can be made potentiornetrically.'*^ Boron interferes. 

The precipitation of fluorine as thorium fluoride is not so satisfactory 

as the foregoing. The precipitate is never pure, being contaminated per¬ 

haps by compounds such as NaoThFo; it is quite soluble in an excess of 

the thorium reagent; and it must be ignited to the oxide, ThOo. As much 

M. Kolthoff and M. E. Stansby, Ind. Eng, Chem, Anal. Ed., 6, 118 (1934). The 
authors describe a simple distillation method and state that the method is sensitive to 
0.005 mg of F in 1 ml. 

37 J. G. Fairchild (rocks), /. Wash. Acad. Set., 20, 141 (1930); H. V. Churchill, Ind, 
Eng. Ghent., 23, 996 (1931); and M. D. Foster, Ind. Eng. Chem. Anal. Ed., 5, 234 (1933). 
For a review of various methods, consult H. V. Smith, ibid., 7, 23 (1935). 

38 J. J. Fahey (rocks and minerals and natural waters), ibid., 11, 362 (1939). 
30 H. J. Wichmann and D. Dahle (fruits and vegetables), /. Assoc. Ofpe. Agr. Chem¬ 

ists, 16, 612, 619 (1933); D. Dahle, ibid., 20, 505 (1937). 
40 A. W. Petrey, Ind. Eng. Chem. Anal. Ed,, 6, 343 (1934). 
41 L. V. Wilcox, ibid,, 167. 
42 D. Dahle, R. U. Bonnar, and H. J. Wichmann, /. Assoc. Offic. Agr. Chemists, 21, 

459, 468 (1938). 
43 P. Guyot, Compt. rend., 71, 274 (1870); A. Grccff, Ber., 46, 2511 (1913); I. Bellucci, 

Ann. chim. applicata, 1, <441 (1914); L. D. Hammond, loc. cit. 
44 E. Dcladricr, Chem. Weekblad, 1, 324 (1904); M. F. Pisani, Compt. rend., 162, 791 

(1916); F. A. Gooch and M. Kobayashi, Am. /. Sci., 45, 370 (1918). 
46 A. F. Kohl, thesis 446, Technische Hochschule, Zurich (1926), and W. D. Tread¬ 

well and A. F. Kohl, Helv. Chim. Acta, 9, 470 (1926). 
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as 0.1 g of fluorine per liter may escape detection entirely.^® Organic fluo¬ 

rine compounds can be quantitatively analyzed for fluorine by determining 

the loss in weight of a tared Pyrex flask caused by the etching action of 

the generated hydrofluoric acid. The sample is completely destroyed by 

heating with small amounts of potassium nitrate in sulfuric acid solution.^^ 

According to L. Domange [Compt. rend., 213, 31 (1941)], precipitation of fluorine 
as bismuth fluoride, BiFa, offers certain advantages in that it has a high molecular weight, 
is stable in aqueous solution, is less soluble than CaFu, and is easy to filter and wash. 

Dirk H. Brauns, ]. Research NBS, 27, 105 (1941). 



Chapter 49 

BORON 

Boron, usually as a constituent of tourmaline, is most apt to occur in 
highly siliceous rocks and is common in many contact-metarnorphic schists. 
It is also an essential constituent of several other silicates, notably datolite. 
Its compounds are obtained commercially from borates, such as borax, 
ulexite, and colcmanite, or from the native orthoboric acid, sassolite, which 
is found in the waters of certain volcanic springs. Some alkaline lakes or 
lagoons, especially in California and Tibet, yield boron in large quantities.^ 

No doubt boron occurs occasionally in rocks in amounts superior to 
those of some of the other constituents that are habitually determined. 
But the lack of accuracy of the methods that are at all applicable to min¬ 
eral substances not directly soluble in acids, other than hydrofluoric acid, 
is accountable for the fact that no one has ever sought to apply these 
methods to rocks, unless boron was supposed to be present in appreciable 
amount. 

I. GENERAL CONSIDERATIONS 

The detection of very small amounts of boron in rocks is not a simple 
test. E. T. Wherry and W. H. Chapin - found the limit of sensibility of 
the direct flame test to be 0.2 per cent. The test is made by mixing the 
mineral powder with potassium bisulfatc and calcium fluoride and intro¬ 
ducing it on a clean platinum wire into the nonluminous Bunsen burner 
flame. A green color imparted to the flame, appearing only as evanescent 

flashes toward the lower limit of sensitiveness, is indicative of boron if no 
other elements are present that might give a green color. 

Applied to distillates as obtained in Section IV, the color imparted to the 

flame of burning alcohol by its boric ester affords a much more delicate 
test, as shown by C. Mannich and H. Pricss,*^ V. Lenher and J. S. C. Wells,^ 

and others. Barium interferes in a direct test with alcohol and acid.® 

The turmeric paper test as carried out by W. H. Low ® gave Wherry 

1F. W. Clarke, The Data of Geochemistry, U, S. GeoL Survey Bull. 770, 14 (1924). 
2 /. Am. Chem. Soc., 30, 1684 (1908). 
^Chem. Ztg., 32, 314 (1908). 
4 /. Am. Chem. Soc., 21, 417 (1899). 
*F. Krauss, Chem. Ztg., 51, 38 (1927). 
«/«d., 28, 807 (1906). 
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and Chapin a distinct positive test for boron in a mineral carrying 0.08 per 
cent B2O3. Low’s procedure is as follows: In the boric solution acidified 
with hydrochloric acid and contained in a shallow dish (not glass of the 
borosilicate type) is placed a piece of turmeric paper. The solution is 
then evaporated to complete dryness in a desiccator. Boron imparts a 
pinkish-red color to the paper if no interfering element, such as titanium 
or too much hydrochloric acid, is present. The test is not applicable 
directly to the solution of a mineral, but only to distillates obtained as 
described in Section IV. 

The turmeric test is the most delicate of all when made with the pre¬ 
cautions taken by G. Bertrand and H. Agulhon,' for which reference must 
be made to the original publications. I’hese authors applied the tests for 
amounts of boric oxide ranging from 0.1 down to 0.0005 mg. Specially 
prepared reagents must be used. E. T. Allen and E. G. Zies ® used the 
method with success. The basis of the test is the length of coloration 
imparted to small strips of turmeric paper dipping into like volumes of 
the test solution and of several standard solutions contained in small gradu¬ 
ates. The solutions drawn up by capillarity evaporate at the exposed ends 
of the strips, and after some hours these appear colored for different lengths 
according to the amounts of boron present in the different solutions. With 
a sufficient number of standard solutions, the test yields fairly accurate 
quantitative results. Application of ammonia turns the color blue. 

Cassal and Gerrans^ maintained that (1) the intense magenta-red color 
obtained with curcumin provides a more delicate test than does turmeric; 

(2) the color is permanent for at least 10 hours; (3) the coloring matter 

is soluble in alcohol and ether without alteration; and (4) an intense blue 

color is obtained on treatment with alkali. The test in materials such as 

milk or other food products is usually made on the ash as follows: Treat 

the ash with a few drops of (1) dilute hydrochloric acid, (2) a saturated 

solution of oxalic acid, and (3) an alcoholic solution of curcumin. Dry 

on the water bath, and take up in a little alcohol. If the amount of boric 

acid is very small, the sample should be made alkaline with a solution of 

barium hydroxide before evaporation and incineration. Caustic soda or 

potash and large amounts of sodium or potassium salts are objectionable. 

Boron causes trouble in the course of an ordinary analysis. In the first 

place, it is likely to accompany silica, and, when this occurs, it is volatilized 

by the hydrofluoric acid treatment and causes high results for silicon. It 

also interferes in precipitations of iron or aluminum by ammonium hydrox¬ 

ide, for it cannot be entirely removed by as many as three precipitations. 

7 Qompt, rend., 157, 1433 (1913); Bw//. soc. chtm., [4] 7, 90, 125 (1910); 13, 396 (1913). 
8 /. Am. Cermn. Soc., 1, 739 (1918). 
»C. E. Cassal and H. (ierrans, Chem. News, 87, 27 (1903). 
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The boron that remains is weighed with the ammonia precipitate and is 
finally reported as aluminum. So far as we know, moderate amounts of 
boron, as for example a 5 per cent solution of boric acid, cause no difficulties 
in the determination of calcium or magnesium. 

II. DECOMPOSITION OF MINERALS 

Care must be exercised in the preparation of solutions for the determina¬ 
tion of boron; otherwise appreciable losses may occur in such operations 
as evaporation, drying, ignition, and, under certain conditions, fusion with 
alkali carbonate. The losses that can occur during evaporation of solutions 
containing free boric acid are illustrated by experiments carried out by 
Tchijewski,^” who found that two solutions containing 0.603 and 0.0095 g 
of B0O3 lost 0.0522 and 0.0071 g of B2O3, respectively, when evaporated to 

drj ness on a water bath. He also noted considerable losses of boron when 
the dry acid was heated to prepare the oxide. 

There seems to be some question as to the volatility of borax when heated 
at moderate temperatures. 1. M. Kolthoff was unable to detect any loss 
as a result of heating borax for 2 hours at 800"^ C in an electric oven. H. V. 
A. ‘Briscoe and P. L. Robinson,^- on the other hand, asserted that borax 
loses sodium oxide when fused for several hours at 700 to 800° C in an 
electrically heated silica muffle. S. Waldbott stated that borax is lost as 
such when it is heated over the blast lamp, and V. Dimbleby and W. E. S. 
Turner found that boron is volatilized during sodium carbonate fusions 
of glasses containing more than 10 per cent of boric oxide. To overcome 
this difficulty, they recommend the use of a small sample and the addition 
of pure silica before fusing. 

Allen and Zies,** in tests of Chapin’s method (IV, A) as applied to 
material containing no fluorine, found no appreciable contamination of the 

solution by boron as a result of operations in a borosilicate (Jena) glass. 

Nevertheless, all operations had better be carried out in platinum or quartz 

if very small amounts of boron are in question or extreme accuracy is 

sought. In all cases the reagents must be carefully tested, for the amount 

of boron present may be appreciable, as was shown by Allen and Zies, 

who found 0.6 mg of B2O3 in the reagents entering into a single test. 

If the mineral is not soluble in hydrochloric acid, it can be fused with 

sodium carbonate alone or with potassium carbonate, and then dissolved 

10P. Tchijewski, Arch. Phys. Nat., [3] 12, 120 (1884). 

11 /. Am. Chem. Soc., 48, 1449 (1926). 

^-Nature, 118, 374 (1926); see also die same audiors with G. E. Stephenson, /. Chem. 
Soc., 127, 150 (1925). 

13 /. Am. Chem. Soc., 16, 410 (1894). 

14/. Soc. Glass Technol., 7, 76 (1923). 
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in hydrochloric acid at 15 to 30® C. In this event it is convenient to weigh 
the flux to within a milligram, so that the proper amount of acid to use in 

the solution of the melt can be determined in advance.^® 

Jannasch and Noll carried out the preliminary decomposition by first 

fusing 2 g of anhydrous Na2HP04 and 1 g of HPO3 in a platinum crucible, 

then adding 0.5 g of the finely powdered mineral, and slowly heating until 

the whole mixture is in complete fusion. If necessary, the covered crucible 

can be heated for a few' minutes over a blast lamp. The tightly covered 

crucible is then partl\' immersed, while still hot, in ice water, and the 

loosened cake transferred to the distillation flask (sec Section IV). Any 

substance adhering to the crucible is removed by heating with syrupy 

phosphoric acid; this is added to the flask as well as 10 ml more of phos¬ 

phoric acid and a few' pieces of cracked porcelain. The flask is then con¬ 

nected with the condenser and heated until the w ater has distilled over and 

a homogeneous solution is obtained. This is then treated with methyl 

alcohol, and the boric ester distilled. 

For the decomposition of organic compounds containing boron (and 

fluorine) see under Fluorine (p. 740). 

III. METHODS OF SEPARATION 

The chief separation of b(n*on, and the one of the greatest interest to 

the analyst, is that based on the fact that all of the boron is volatilized as 

methyl borate, B(OCH3)3, when alkali or alkaline earth borates are acidi¬ 

fied, treated with methyl alcohol, and boiled. This reaction serves as well 

for the isolation of boron prior to its determination as for its removal from 

solutions in which it is not wanted. The procedure adopted in the first 

case is indicated in detail under IV, A. Here the prime requisite is the 

recovery of all of the boron w ith as little contamination by acid as possible, 

and the use of a dehydrating agent such as calcium chloride or syrupy 

phosphoric acid is permissible. Dehydrating agents cannot ordinarily be 

used when the ol)]ect is to get rid of the boron. In this case, the solution 

is evaporated to dryness, the residue treated with 25 ml of absolute methyl 

alcohol or methyl alcohol saturated with hydrochloric acid gas, and the 

solution again carefully evaporated to dryness after being covered with a 

15 For the decomposition of certain metals containing boron, as for example steel, 
consult N. Tschischewski [Ind. Eng. Chem., 18, 607 (1926)], who recommended attack 
with dilute sulfuric acid under a reflux condenser, oxidation with 30 per cent H2O2, 
neutralization of most of the acid, electrolysis with a mercury cathode (p. 138), and 
titration with sodium hydroxide, first in the presence of methyl orange and then 
phenolphthalein as in Section IV. 

i®P. Jannasch and F. Noll, /. praku Chem.y 99, 1 (1919). 
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glass. From two to four treatments are necessary to remov^e all of the 

boric acid. Imperfect separations of boron arc usually obtained if dilute 

aqueous solutions are employed. 

Boron can also be volatilized and completely removed from solutions in 

which it is not wanted by evaporating to dryness with hydrofluoric acid 

or to fumes with a mixture of sulfuric and hydrofluoric acids.^® 

Aluminum and possibly also iron, titanium, zirconium and the like can 

be quantitatively separated from boron by precipitating with 8-hydroxy- 

quinoline in ammoniacal solution (p. 125). 

IV. METHODS OF DETERMINATION 

Most of the methods for the determination of boron are based on its 

volatilization as methyl borate. In the volumetric method described in A, 

the volatilized ester is caught and saponified in alkaline solution, the alcohol 

expelled, and the boric acid finally titrated with a standard solution of 

sodium hydroxide. In the gravimetric method described in B, the ester is 

saponified and the boric acid fixed in a weighed amount of lime which is 

then again weighed. The volumetric method is to be preferred. 

A. BY TITRATION WITH SODIUM HYDROXIDE 

An aqueous solution of boric acid cannot be titrated directly with a 

standard solution of sodium hydroxide, for no indicator is known that gives 

a sufficiently sharp color change at the neutralization point, which occurs 

at approximately pH 11. If, however, polyhydric alcohols are added, as 

for example glycerine or mannite, compounds of much stronger acid prop¬ 

erties are formed, and the titration can be carried out successfully by the 

use of such indicators as phenolphthalein or a-naphtholphthalein. Mannite 

gives a somewhat sharper end point than glycerine and is to be preferred 

for this reason as well as for the fact that it requires no special precautions 

and docs not materially increase the volume of the solution that is to be 

titrated. Glycerine which is cheaper can be used in ordinary work. 

In the usual case, a borate and not boric acid is obtained at the start of 

the analysis. The first problem, therefore, is to liberate all of the boron 

as boric acid in a solution containing no other free acid. This is accom- 

For example no residue whatever was left after treating 0.2 g of B2O3 with 20 ml 
of HF in a platinum crucible, evaporating, and igniting gently. 

18 For the separation and determination of small amounts of boron in tungsten, see 
D. H. Brophy, /. Am, Chem, Soc,, 47, 1856 (1925). 

18 G. E. F. Lundell and H. B. Knowles, Bur, Standards J, Research^ 3, 91 (1929). 
20 J. A. M. Van Liempt, Z. anorg, u, allgem, Chem,, 111, 151 (1920); M. G. Mellon 

and V. N. Morris, Ind, Eng. Chem,, 16, 123 (1924). 
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pushed by titrating with hydrochloric acid in the presence of an indicator 
that undergoes a definite color change at a hydrogen ion concentration 
slightly greater than that of the boric acid solution alone (pH 6.5 to 7) 
and does not cause interference in the final titration through its color. The 
use of methyl orange and titration to an orange-red color (approximately 

pH 4) answers these requirements quite well. In the method to be 
described, paranitrophcnol (pH 7 at the end point chosen) is used as indi¬ 
cator because the first titration is made in methyl alcohol in which methyl 

orange gives an unsatisfactor)^ end point. This indicator is not insensible 
to boric acid in high concentrations as was pointed out by Strecker and 
Kannappel and in such cases will cause low values if the final titration is 
made with a sodium hydroxide solution, the B20:{ titer of which has been 
obtained by calculation from its sodium hydroxide content. This difficulty, 
as well as the eflTcct of traces of carbonate in the sodium hydroxide solution, 
can be overcome by standardizing the solution against portions of pure dry 
boric oxide that are approximately equal to those sought and are treated 
exactly as in the method. 

No matter what indicators are used, some alkali will be consumed in 

passing from the first end point to the second in a solution containing no 
boric acid. For example, Allen and Zies® found that 0.08 ml of 0.1 N 
solution, corresponding to 0.3 mg of BoO^, was used in passing from the 
paranitrophcnol end point to that of phenolphthalein. This correction is 

included in the blank test on the reagents which must always be made. 

The following method is that perfected by Chapin and the most impor¬ 

tant references that relate to its development are given in the footnote 

below.2® 

a. Reagents, a. Faranitrophenol, One gram dissolved in 75 ml of neutral 

ethyl alcohol and made up to 100 ml with water. 

21 W. Strecker and E. Kannappel, Z. anal, Chein., 61, 378 (1922). 
22 In 1893, R. T. Thomson [/. Soc, Chem, Ind,, 12, 432 (1893)1 introduced a volu¬ 

metric method in which boric acid is set free by treating with hydrochloric acid in 
the presence of methyl orange, and then titrated with sodium hydroxide after the addi¬ 
tion of glycerol and of phenolphthalein as indicator. G. W. Sargent [/. Am, Chem, 
Soc., 21, 859 (1899)1 applied the Thomson method after distilling the boron as the 
ester and obtained satisfactory results in the analysis of tourmaline. Later M. F. Schaak 
[/. Soc. Chem. Ind., 23, 699 (1904)1 introduced the modification of passing methyl 
alcohol vapor through the solution during distillation, whereas W. H. Low [/, Am. 
Chem. Soc., 28, 807 (1906) 1 further improved the method by adding anhydrous calcium 
chloride to the solution of the borate to prevent the hydrolytic action of water on the 
methyl ester and by performing the final expulsion of carbon dioxide under reduced 
pressure. Finally W. H. Chapin [ibid,, 30, 1691 (1908)1 extended the application of 
Low’s method to the analysis of minerals and showed that the boric ester can be volatil¬ 
ized directly from the acidified solution of the carbonate melt. For a modification of 
the Chapin method applicable to organic materials containing less than 5 parts of boron 
per million, see L. V. Wilcox [Ind. Eng. Chem. Anal. Ed,, 2, 358 (1930)1. 
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jS. Phaiolphthalein, One gram dissolved in 100 ml of ethyl alcohol and 
made up to 200 ml with water. 

y. Hydrochloric acid^ OJ normal. The water should be boiled to remove 
carbonic acid. 

5. Dilute hydrochloric acid (1 + 1). A dropping bulb should be filled 
with this acid when it is needed in accurate small amounts. 

c. Sodiimi hydroxide, "‘0.5''' and “0.1" normal. These solutions must not 
be stored in contact with borusilicate glass, and should preferably be free 
from carbon dioxide (p. 178), and standardized as follows: Fuse pure boric 
acid in a platinum dish. While still warm, break the melt up, and place 
the fragments quickly in a weighing tube. Dissolve 1.741 g in 250 ml of 
hot, recently boiled water, cool, and dilute the solution to 500 ml. This 
solution is 0.1 xV, and each milliliter should require approximately 1 ml of 
the 0.1 N solution of sodium hydroxide after a measured appropriate vol¬ 
ume of the solution has been treated exactly as in the method to be described. 

Mamiite or glycerol. The former is to be preferred. 
rj. Methyl alcohol. A good grade of methyl alcohol should be distilled 

over lime after it has been heated for some hours in contact with the lime 
under a reflux condenser. The more nearly anhydrous the alcohol is the 
better. If volatile organic acids are left in the alcohol, high results for 
boron will of course ensue. 

6. Calcium chloride. This should be granular, anhydrous, and free from 
boron. 

b. Apparatus. The main setup of the apparatus required is shown in 
Fig. 30, 

PROCEDURE. Use iiot moi'c than half a gram of mineral powder and not 

less unless the percentage exceeds 10. When the percentage is high, it is 

best to so limit the weight of the sample that the amount of B2O3 shall not 

exceed 0.1 g. If a flux is used, it should be weighed to within a milligram 

or two; then the amount of acid required to take up the melt can be meas¬ 

ured out at once, and there is no danger of using too great an excess. 

If the mineral is soluble in hydrochloric acid, transfer 1 g of it to the 

flask B, without letting any adhere to the neck, and treat with not more 

than 5 ml of hydrochloric acid (1 + 1). Heat gently on a water bath until 

solution is complete. 

If the mineral is not soluble, add to it exactly six times its weight of 

sodium carbonate or of an equimolecular mixture of sodium and potas¬ 

sium carbonates, mix, and fuse in the usual manner. Without removing 

from the crucible, decompose the melt with 1 + 1 hydrochloric acid in 

calculated amount added by degrees. Wliile this is being done, the crucible 

should rest in a casserole, and the lid should be kept in place as much as 

possible. Toward the end it may be necessary to heat a little, but care 
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should be taken not to boil, for boric acid would be lost with the steam. 

Pour the solution into the flask B and rinse the crucible with a very little 

water. 

Then add pure anhydrous calcium chloride, using about 1 g for each 

milliliter of solution and running it through a paper funnel to keep the 

neck of the flask clean. Twirl the flask a little to allow the chloride to 

take up the water, connect it with the rest of the apparatus, raise the cas¬ 

serole beneath it until the flask rests in the water but does not touch the 

A, Flask of 500 nil capacity for methyl alcohol, having a U tube containing a little 
mercury as a safety trap, and a capillary “boiling tube” 3 mm in bore, the bore closed 
at 1 cm from the lower end. 

J5. Flask of 250 ml capacity, supported in a casserole of water but not touching the 
bottom. The outlet tube of B should be not less than 12 cm in vertical height and 
of rather wide bore. The end inside the flask should be jagged to allow condensed 
liquid to drop back instead of jumping up the tube. 

C. Glass condenser, 40 cm long, of tubing 3 cm wide. 
D. Receiving flask of 250 ml capacity. Two or three of these flasks should be at hand, 

with necks of the same size, so that the receiver can be changed without interrupting 
the distillation. The small U tube attached contains a little water to prevent the 
escape of any uncondensed methyl borate. 

E. (Not shown.) A second glass condenser like C, connected on the one side to a 
flask exactly like E, which, however, has a stopper with only one hole and rests 
completely within a large bath. The flask carries also a ‘‘boiling tube.” On the 
other side is a receiver like D, but without the U trap. This apparatus is used for 
distilling off the alcohol after the preliminary titration. 

F. (Not shown.) Filter pump. At the end of the side tube is an elbow tube connected 
to a rubber stopper with tw^o holes and of a size to fit the flask mentioned in con¬ 
nection with E. The second hole of the stopper is closed by a glass plug, which can 
be withdrawn to break the vacuum. Midway between pump and stopper is a small 
safety bottle, to prevent the tap water frcMii sucking back into the flask. 
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bottom, and then begin the distillation of the alcohol from flask taking 

care that the open end of the capillary “boiling tube” is free from alcohol 

and that the U tube attached to the receiver is trapped with water. 

ITie decomposition flask B is not heated until about 25 ml of alcohol 

have condensed in it. After that, the water bath is heated by a small flame 

and the flask thus kept hot enough to prevent further condensation of 

alcohol. The distillation should not be so rapid as to permit escape of 

methyl borate from the system. 

When a distillate of about 100 ml has collected, the receiver is exchanged 

for a fresh one, and the collection of a second distillate is proceeded with. 

The contents of the trap tube arc added to the first receiver, and a pre¬ 

liminary titration is made as follows: Add a drop of paranitrophenol solu¬ 

tion, and run in the standard sodium hydroxide until the indicator shows 

that the free mineral acid is neutralized. Next, add 0.2 ml of the phenol- 

phthalein solution, and continue the titration until the color of that indi¬ 

cator begins to appear. The end point will not be sharp, but the amount 

of alkali used between the two end points indicates approximately the 

amount of boric acid in the distillate. If the mineral is likely to contain 

more than 3 or 4 per cent of B2O3, use the 0.5 N solution, the object being 

to keep the distillate as free from water as possible and thus facilitate the 

dehydration later on. 

After completing the titration, add to the distillate twice as much alkali 

as was used between the two end points, transfer the distillate to the second 

distilling apparatus, and boil off the alcohol. The addition of the indi¬ 

cated amount of alkali prevents loss of boron by converting unstable 

NaB02 to stable NasBOs. 

In the meantime the second distillate of 100 ml will have collected. 

Unless the alcohol contained water or insufficient calcium chloride was 

used, this second distillate will contain the remainder of the boron.^^ 

Therefore, before removing the receiver, stop the distillation. Treat the 

second distillate exactly like the first, and then add it to the first. 

If the amount of alkali used for titrating the second distillate is less than 

1 ml of the 0.1 N solution, the distillation may be regarded as complete. 

23 In accurate analyses, especially if the amounts of boron and silica are high, the 
residue in the flask must be filtered off, washed moderately with water, ignited, fused, 
carried through the method, and the result corrected for the blank on the reagents. 
The amounts of boron thus recovered in analyses of a 1-g portion of the National Bu¬ 
reau of Standards sample no. 92 (approximately 75% Si02 and 0.7% B2O8) represented 
from 0.05 to 0.09 per cent of B2O8. One-half gram samples of sample no. 128 (69.51% 
Si02 and 1.52% B2O8) and of sample no. 93 (80.60% Si02 and 12.76% B2O8) yielded 
recoveries representing from 0.04 to 0.07 per cent of B2O8 and 0.06 to 0.08 per cent of 
BaOg, respectively. 
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When the liquid from which the alcohol is being distilled no longer boils 
in the steam bath, remove it to a casserole, rinsing the flask once or twice 
with water, and heat over a direct flame, rotating the casserole while doing 
so, until the little remaining alcohol has been boiled out. The residue 
should now be small—about 25 ml if 0.1 N alkali was used and much less if 
0.5. If the volume is less than 25 ml, make up to that extent. 

Return the solution to the flask, and add, drop by drop with constant 
twirling, hydrochloric acid (1 + 1) from a dropping bulb, until the color 
of both indicators is discharged, taking care not to add a drop too much. 
Now put in the “boiling tube,” heat the flask in the steam bath for a 
minute or two, then attach to the filter pump, and boil under reduced 
pressure until the liquid is nearly cold and onU' an occasional bubble 
appears. All carbon dioxide being thus removed, break the vacuum, cool 
if necessary under the tap, and proceed to the final titration. 

First neutralize the excess of hydrochloric acid by running in carefully 
0.5 N sodium hydroxide until the yellow of paranitrophcnol just appears. 
Bring back to acid reaction wdth O.l N hydrochloric acid and then to the 
appearance of a faint yellow with 0.1 N alkali. The solution is now exactly 

neutral, as the indicator itself shows this color in a neutral solution. Make 
sure that the end point is reached exactly. One drop of 0.1 N acid should 
discharge the color entirely. 

Now add 1 g of mannite,“* read the burette, and continue titrating to 
the end point for phenolphthalein. Add another gram of mannite, and, if 
this causes a disappearance of the end color, add more alkali until it re¬ 

appears. 
The number of milliliters of alkali used corrected for the blank on the 

reagents and multiplied by its equivalent in terms of B2O3 gives the amount 

of the latter contained in the solution. If the solution of alkali is exactly 
0.1 N, this equivalent is 0.00348. 

The changes of color that take place during the titration need mention. 

When the mannite (or glycerol) is added to the solution, the yellow color 

due to the paranitrophenol disappears at once. This is due to the fact that 

the combination of these reagents with the boric acid forms an acid of 

sufficient strength to affect the indicators, although boric acid alone does 

not. As the titration proceeds, the color reappears and grows stronger, 

becoming very intense just before the phenolphthalein end point appears. 

The latter will be noticed as a faint brownish tinge, and then another drop 

24 If glycerin is to be used instead of mannite, add 40 ml of glycerin at this point. 
Commercial glycerin contains fatty acids and should be treated as follows: For each 
500 ml of glycerin add 50 ml of water, then 5 ml of phenolphthalein solution, and finally 
0.5 N sodium hydroxide until the pink color of the indicator just begins to appear. If 
the solution becomes colorless on standing, again treat with 0.1 N alkali before it is 
added to the test. 
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of the 0.1 N alkali changes it to an intense brownish red, which is the real 
end point.^'* 

Compared with the time required for gravimetric determinations, that 
necessary to cany out this method is not excessive. After apparatus and 
reagents are ready, a scries of four determinations may be run easily in 8 

hours.^^ 
E. T. Allen and E. G. Zies ® tested the Chapin method very fully in its 

application to the determination of boron in glasses and regard it as far 
superior to other methods, even though it is subject to a slight but very 
uniform correction of 1 mg or less, to be determined by a blank run. The 
correction seems to be due always in part to a boron content of the reagents 
used and in part to a titration error. The fact that such correction is un¬ 
avoidable makes the method of uncertain value for determining the very 
small amounts of boron that rocks may be presumed to carry, but the con¬ 
stancy of results is so great that a consistent excess found over what the 
blank affords is strong evidence that boron is actually present. 

Allen and Zies also found that the presence of as much as 1 per cent of 
acetone in the methyl alcohol is not objectionable and that as much as 10 

mg of arsenious oxide causes no error if no more than 0.5 ml of hydro¬ 
chloric acid in excess is present in the distillation flask. Larger amounts 
of arsdnious acid had better be converted to arsenic acid, which is without 
effect, by oxidizing with hydrogen peroxide after making the solution dis¬ 
tinctly alkaline with sodium hydroxide. It w^as also found that relatively 
large amounts of fluoride (0.2 g NaF) affect the accuracy of the method 
but do not seriously impair its usefulness for ordinary work. Chapin found 
that a smaller amount of fluoride (0.1 g KF) gave no trouble. 

B. BY TITRATION WITH SODIUM HYDROXIDE FOLLOWING EXTRACTION 

The following method involves a special application of Henry’s law— 
the so-called “partition law,” and is based on the titration of the boric acid 
that can be extracted by ether from an aqueous solution containing boric 
acid, hydrochloric acid, and alcohol.^^ It is well suited for the routine 
determination of boron (in the range 0.3 to 16% of B2O3) in glass. Silicon, 
calcium, barium, magnesium, aluminum, sodium, lithium, iron, zinc, lead, 

25 Strccker and Kannappd {loc, cit,) asserted that the end point is sharper if o- 
naphtholphthalein is used instead of phenolphthalein. In this case the end point tint 
is green as a result of superimposing the blue color of this indicator on the yellow 
color of methyl orange or paranitrophenol. 

20 In three tests of the method on synthetic mixtures containing 0.0350 g of B2O3 

and various other substances, Chapin obtained 0.0348, 0.0351, and 0.0352 g. The pre¬ 
cision that can be expected is shown by analyses made by Allen and Zies (loc, cit.)^ 
who found 26.02, 26.06, and 26.06 per cent of B2O3 in a glass relatively high in this con¬ 
stituent, and 0.64, 0.67, and 0.69 in one that was relatively low. 

27 F. W. Glaze and A. N. Finn, /. Research NBS, 16, 421 (1936); 27, 33 (1941). 
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and arsenic do not interfere, in the amounts likely to be found in glasses. 
Fluorine causes low values. 

The method as applied in the determination of boric oxide in glass is as 

follows: 
PROCEDURE. Grind 0.5000 g of glass and 1 g of sodium carbonate inti¬ 

mately together in a mortar and transfer to a platinum crucible. Fuse at 
as low a temperature as possible and only as long as is necessary to effect 
complete decomposition. Cool, wash the lower surface of the lid, catching 

the washings in the crucible, and wash down the inside of the crucible 

with hot water. Disintegrate the melt by warming on the steam bath and 

stirring with a platinum wire. Concentrate the solution to about 5 ml. 

Cool, and cautiously neutralize most of the alkali with sulfuric acid (ap¬ 

proximately 5.8 N), guarding against loss by spattering. Add 2 drops of 

p-nitrophenol,2® complete the neutralization by adding the acid dropwise, 

and then add 1 ml of sulfuric acid (approximately 11.6 N). 

Transfer the contents of the crucible to a calibrated 100-ml glass-stop¬ 

pered cylinder. Dilute to 25 ml, and add 25 ml of absolute ethanol and 

50 ml of ether.^’^ Shake intermittently for 20 minutes, and note the final 

temperature. Allow the layers to separate, record their volumes, and 

pipette off a 50-ml sample of the ether layer. Transfer to a 250-ml Erlen- 

meyer flask, add 2 drops of p-nitrophenol, and titrate to the p-nitrophenol 

end point with 0.5 N sodium hydroxide which is free from carbon dioxide 

and boron, and has been stored in a container free from boron. Read the 

burette, add 1 ml of phenolphthalein,"^^ and continue the titration to the 

phenolphthalein end point. Add a volume of the 0.5 N sodium hydroxide 

equal to three times that used between the two end points, and shake the 

flask vigorously. Wash down the inside with water, and bring the water 

volume to 40 to 50 ml. Boil to expel the ether and ethanol as quickly as 

28 One gram dissolved in 75 nil of ethanol (95%) and made up to 100 ml with dis¬ 
tilled water. According to P. A, Webster and A. K. Lyle [/. Am. Ceram. Soc.., 23, 235 
(1940)], 1 drop of a 0.04 per cent solution of bromcresol purple can be substituted for 
p-nitrophenol in this and in the subsequent operations. Neutralization is then carried 
to a blue instead of a yellow color. 

29 The ether must be tested as follows: Mix approximately 50 ml of ether with 5 ml 
of 0,5 N sodium hydroxide and about 50 ml of water, and treat exactly as a sample 
would be treated for the removal of ether and ethanol. Dilute to 35 ml, and neutralize 
with 0.5 N hydrochloric acid to the p-nitrophenol end point. No color should de¬ 
velop if the ether is satisfactory. If a color docs develop, cool a supply of the ether, 
agitate with asbestos impregnated with alkaline permanganate (5 ml of saturated KMn04 

to 15 ml of a 33 per cent solution of NaOH), then slowly siphon in a very fine stream 
through a column of the impregnated asbestos into a bottle containing the impregnated 
asbestos, and store in a cool dark place. 

80 One gram dissolved in 100 ml of ethanol (95%) and made up to 200 ml with dis¬ 
tilled water. 
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possible,®^ first on a water or steam bath, and finally over a free flame to 
remove the last traces of ether and ethanol. 

Adjust the volume of 35 to 45 ml by adding water, cool, and then make 
just acid with 0.5 N hydrochloric acid. Warm on a steam bath for about 
1 minute, put under reduced pressure to boil and to remove carbon dioxide. 
Let cool, and titrate to the p-nitrophenol end point with 0.1 N barium hy¬ 
droxide. Record the burette reading, add mannitol, and titrate the 8203- 
One milliliter of 0.1 N barium hydroxide is equivalent to 0.00348 g of B2O3. 
Correct as determined by a blank determination made on a glass that is 
known to be free from boron. 

Calculate the percentage of B2O3 in a 0.5-g sample by the use of the 
equation: 

Percentage of B2O3 = 4(B2O3)50Et2O ^ira20 4- 

where (B2O3)50Et2O represents the grams of B2O3 found in the 50-ml 

aliquot portion taken for analysis, and FEt20 and Fh20 are the volumes 
of the ether layer and the water layer, respectively. The value of k in 

above is found from the equation 

k = 0.417 - 0.00232/ 

C. BY WEIGHING AS CALCIUM BORATE 

The following method is that perfected by Gooch and Jones. The most 

important references that relate to its development are given in the footnote 

bclow.^^ 

The apparatus is shown in Fig. 31 and consists essentially of a retort, 

paraffin bath, condenser and receiving flask. The retort is made from a 

200-ml pipette with tube of at least 0.7 cm inner diameter. The tube is 

bent at one end to a right angle and at the other to a gooseneck. To the 

Long .standing on a water or steam bath yields a colored acid solution which tends 
to mask the p-nitrophenol end point in the final titration. 

32^ represents the ratio of the concentration of boric acid in the ether and in the 
water layers (k = Cntgo/Cjiao), and is affected by temperature and by the amount of 
flux. It is practically independent of the quantity of B2O3 present. 

38 The first quantitative methods based on the saponification of methyl borate and 
weighing the boric acid after its fixation in alkaline solution were those of F. A. Gooch 
[A?n, Chem. /., 9, 23 (1887)] and T. Rosenbladt [Z. anal. Chem., 26, 21 (1887)], which 
appeared simultaneously. The former used lime for binding the boron; the latter, 
magnesia. Later Gooch and L. C. Jones {Am. J. Set., [4] 7, 34 (1899)] perfected the 
method. For a useful modification in the way of collecting the ester in ammonium 
hydroxide before bringing in contact with the lime, see S. L. Penficld and E. S. Sperry, 
Am. J. Set., [3] 34, 222 (1887); also H. Moissan, Compt. rend., 116, 1087 (1893), and 
Bull, soc, chim., [3] 11, 955 (1894), who modifies the Gooch distilling apparatus in 
certain respects. 
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former is fused a glass funnel tube fitted with a stopcock. The end of the 
gooseneck passes through a rubber stopper into the upper end of a con¬ 
denser, which in turn is connected with a small Erlenmeycr flask by means 
of a small thistle tube and rubber stopper grooved to permit free passage 
of air. Lime is used in the flask to retain the boric oxide. Before a de- 
tennination is started, approximately 1 g of tlie pure oxide is ignited in 

the crucible in which the final evap¬ 
oration of the distillate is to be made, 
carefullv ^\ei^hcd, then transferred 
to the Erlenmevcr flask, and finallv 
slaked with a little water. The cru¬ 
cible with any lime adhering to it is 
placed in a desiccator and reserved. 

For the determination of boron in 
a mineral, fuse with carbonate as in 
A, extract the melt with \\ atcr, and 
evaporate to small volume. Render 
the solution faintly acid with hydro¬ 
chloric acid, then just alkaline with 
sodium hydroxide, and finally acid to 
litmus by the addition of acetic acid. 
Iransfer the solution to the retort 
through a funnel tube, taking care not 
to fill the bulb more than half full. 
Close the stopcock, and start water 
through the condenser. Heat the par¬ 
affin bath to 130 to C, and care¬ 
fully lower the retort, keeping it in¬ 
clined so that only the rear end is at 
first submerged in the paraffin and no 
sudden expulsion of liquid into the 

gooseneck can take place. Finally completely submerge the retort, and 
heat until all of the liquid has passed to the distillate. Raise the retort, cool, 
and drench the dry residue with 10 ml of methyl alcohol (free from acetone 
and preferably absolute). Again submerge the retort carefully and heat 
till the alcohol is distilled. Repeat this treatment three times. Moisten the 
residue with 2 to 3 ml of water, and discharge the blue color of the litmus 
(caused by the hydrolytic decomposition of the acetate) by the addition 
of a drop or two of acetic acid. Repeat the treatment with methyl alcohol 
three times, and raise the retort so that it will not be broken when the 
paraffin solidifies. Remove the Erlenmeyer flask, stopper, shake thoroughly, 
and let stand 1 to 2 hours. Transfer the liquid as completely as possible 

to a 200-ml platinum dish, and let the alcohol evaporate slowly below its 

Fig. 31. Gooch apparatus for the dis¬ 
tillation of boron. 
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boiling point, so as to avoid mechanical loss of the solution. When the 
alcohol has been expelled, heat the dish carefully over a free flame, and 
finally ignite gently to destroy the calcium acetate that is always present. 
Cool, and transfer the residue by means of a little water to the crucible in 
which it was originally weighed. Remove any material clinging to the 
[irlenmeyer flask or the platinum dish by the use of a little nitric acid, and 
wash into the crucible. Evaporate the contents of the crucible to dryness 
on the water bath, and then, with the cover on, ignite at first gently and 
finally more strongly until the weight remains constant. The increase in 
weight represents the amount of 

D. OTHER METHODS 

Wherry’s method,'^'^ as modified by Sullivan and Taylor,is suited for 
routine control but not for accurate analyses because of the retention of 
boric acid in the residues. As applied to the analysis of glass the procedure 
is as follow s: Fuse 0.5 g of glass with 3 g of sodium carbonate for 1 to 2 
minutes after the mass is liquid. Decompose the melt with 20 to 30 ml of 
hot w'ater, filter, and wash the residue. Transfer the filtrate and washings 

to a 250-ml, round-bottomed flask, add about 7 ml of hydrochloric acid, 
heat nearly to boiling, and add dry precipitated calcium carbonate in mod¬ 
erate excess. Connect with a return condenser, boil vigorously for about 
10 minutes, filter by suction through a small Buchner funnel, and wash sev¬ 
eral times with hot water. Keep the volume below^ 100 ml. Return the 
filtrate to the flask, add a pinch of calcium carbonate, heat to boiling, con¬ 
nect with a filter pump through a splash trap, remove the flame, and con¬ 
tinue the suction until boiling has nearly ceased. Cool to room temperature, 
filter if the residue has a red color, add 4 or 5 drops of phcnolphthalein, 

and run in slowly 0.1 iV sodium hydroxide solution until the liquid is pink 

in color. Add 1 g of mannite, shake, continue the titration to a pink color, 

add another gram of mannite and, if necessary, more alkali until a permanent 

pink color is obtained. 

Boric acid can also be determined rapidly and accurately by potentio- 

mctric titration if the acid has been quantitatively separated from such 

84 The precision that can be expected in this method is shown by the following results 
obtained by Gooch and Adams: 

B2O3 Taken, g B2O3 Found, g 

0.2065 0.2062 
0.2067 0.2070 
0.2077 0.2075 
0.1791 0.1795 

8®E. T. Wherry and W. H. Chapin, /. Am, Chem, Soc., 30, 1687 (1908). 
86 E. C. Sullivan and W. C. Taylor, /. Ind, Eng, Chem,, 6, 897 (1914). 
87 J. H. Hildebrand, /. Am. Chem. Soc., 35, 861 (1913). 
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substances as would interfere in the titration with alkali. Interesting titra¬ 

tion methods in which an acidified carbon dioxide-free solution of a borate 

is titrated to a given pH, treated w^ith mannitol, and again titrated to the 

same pH have been described. The titration can be followed potentio- 

metrically or colorinietrically.^'*^ In the former, titrations are carried to 

about pH 7.3; in the latter, phenol red is used as indicator and titrations 

are carried to about 7.6. Such methods are based on the extraordinary dif¬ 

ference between the strength of boric acid by itself and the acid that boric 

acid forms when treated with mannitol. The former is so weak that its 

salts are almost completely hydrolyzed at pH values as high as 7.3, whereas 

the latter yields salts that are stable. The error introduced by the partial 

neutralization of boric acid at pH 7.3 (about 12%) can be taken care of 

by standardizing the alkaline solution against similar amounts of boric acid 

carried through the procedure. It is, of course, necessary that the solution 

should not be highly buffered or contain l)ases or other acids that are af¬ 

fected by mannitol. These conditions are met by most natural waters and 

soil extracts. The behavior of fluorides or considerable amounts of silica 

or phosphates has not been studied. 

For the detection and colorimetric determination of the small amounts 

of boron found in soils and plants, K. C. Berger and E. Truog make use 

of the color, pink changing to a bluish hue, which boron yields w ith 

quinalizarin in a solution containing 93 per cent (by weight) of sulfuric 

acid. Under proper conditions as little as 0.0001 mg of boron can be 

detected. Fluorides, germanium, nitrates, ferricyanidcs, and other oxidizing 

agents interfere.^^ 

For the determination of small amounts of boron in plant material, K. L. 

Robinson uses ortho-phosphoric acid as a dehydrating agent in the methyl 

alcohol distillation and estimates the boron in the distillate by the color 

developed with turmeric extract. All reagents must be of low-boron con¬ 

tent, and all parts of the apparatus or equipment that come in contact with 

solutions or the distillate must be of quartz or boron-free glass. The deter¬ 

mination is made essentially as follows: 

38L. V. Wilcox, Ind. Eng. Chem. Anal Ed., 4, 38 (1932); 12, 341 (1940). 
3»F. J. Foote, ibid.y 4, 39 (1932). 

Eng. them. Anal. Ed., 11, 540 (1939). 
Alizarin~S gives a color that can be matched more easily than the quinalizarin color 

[D. Dickinson, Analyst, 68, 106 (1943)]. 
*2K. L. Robinson, Analyst, 64, 324 (1939); see also J. A. Naftel, Ind. Eng. Ghent. 

Anal. Ed., 11, 407 (1939). The distillation-titration method for the determination of 
boron in steel and cast iron is described by J. L. Hague and H. A. Bright [/. Research 
NBS, 21, 125 (1938)]. 
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(a) Place 10 ml of the diluted distillate in a 3-inch porcelain dish, and 
add 5 ml of 0.1 N calcium hydroxide suspension.^® If the boron content is 

known to be high, less distillate may be used; if the boron content is low, 

a larger aliquot may be taken. The contents of the dish must be alkaline; 

if not, sufficient calcium hydroxide suspension must be added to make the 

solution alkaline. F-vaporate to complete dryness on a steam bath. Remove 

from the steam bath, and cool to room temperature. Add 1 ml of freshly 

prepared oxalic acid reagent.^^ Manipulate the dish so as to bring the 

oxalic acid reagent into contact with all the residue in the dish. Then add 

2 ml of turmeric extract,and twirl the dish to mix thoroughly. Place in 

a water bath or a constant-temperature bath which is kept at 55°C± 3°C 

until just dry; then dry for 30 minutes longer. The heating period is 

rather critical, and the 30 minutes must not be exceeded. Remove from 
the bath, cool, and add about 5 ml of ethyl alcohol (95%) from a wash 

bottle. Stir the residue with a rubber-tipped stirring rod, and transfer the 

alcoholic solution to a 15-nil centrifuge tube. Rinse the dish with ethyl 

alcohol (95%), and transfer the washings to the centrifuge tube. Centri¬ 

fuge for about 10 minutes at 1700 rpm. Pour the clear liquid into a 25-ml 

graduate, and fill to the mark with ethyl alcohol (95%), and mix. 

(/;) The transmittancy of the test solution may be measured conveniently 

with a Fisher Flcctrophotometer using a 525 mfi filter or with a Coleman 

spectrophotometer at 540 ni/A. First set the instrument aj 100 per cent 

transmission on a solution obtained by carrying 5 ml of Ca(OH)2 suspen¬ 

sion through all the steps described in a. T hen measure the transmittancy 

of the test solution, and calculate the boron content from a transmittancy- 

concentration curv'e prepared from measurements made on solutions ob¬ 

tained by carrying varying amounts of standard boric acid solution,^® 

(0.5 jug to 2 fig) through all steps described in a. Correct the amount of 
boron found by a blank carried through all steps of the procedure. 

43 Grind a boron-frcc (high-grade) calcium oxide, conveniently made from boron- 
free or low-boron calcium, in an agate mortar. Add 2.8 g to 1 liter of distilled water. 
Store in a boron-free container. 

44 Oxalic acid reagent. Mix 20 ml HQ (sp. gr. 1.18) and 80 ml of a 20 per cent 
solution of oxalic acid. (If the oxalic acid has crystallized, warm the solution until 
the crystals are dissolved. Prepare the reagent each day just before using.) 

45 Tuniicric extract. Prepare a 1 per cent turaieric extract in 95 per cent ethyl al¬ 
cohol by placing 1 g of turmeric powder in a boron-free flask, adding 100-ml ethyl 
alcohol (95%), and stirring 2 to 3 hours with a quartz or Corning no. 728 glass rod. 
Filter, and preserve in a stoppered boron-free container. 

46 Standard solution of boric acid (1 ml = 2 fig of boron). Transfer 5.72 mg of 
boric acid to a 500-ml volumetric flask, dilute to the mark with previously boiled water, 
mix, and store in a boron-free container. 



Chapter 50 

CARBON AND HYDROGEN 

In the mineral kingdom, carbon is found crystallized as graphite and 
diamond, amorphous in coal, and as hydrocarbons in natural gas, petroleum, 
and bitumen. Carbon dioxide is a normal constituent of atmospheric air. 
Carbonic acid and carbonates exist in most natural waters, and great rock 
masses are composed of carbonates of calcium, magnesium, and iron. Car¬ 
bon is found in a few silicates, but of these cancrinite is the only species 
having petrographic importance. 

Hydrogen occurs almost everywhere in nature. The free gas is present 
in very minute amounts in the atmosphere and in certain granite and other 
rocks.^ In a majority of all mineral species, and therefore in practically 
all rocks, it is found either as nonesscntial hydrogen, as for example 
absorbed moisture, or essential hydrogen, such as that present as hydroxyl 
(see under Water, Part III, p. 814). All organic matter contains hydrogen, 
and hence it is an essential constituent of such derived substances as natural 
gas, petroleum, asphaltum, and coal. 

I. GENERAL CONSIDERATIONS 

The following discussion has to do with the general phases of the deter¬ 
mination of carbon and hydrogen, especially as applied to rocks. For the 

detennination of these elements in special cases, as for example carbon in 
steel, other texts must be consulted.^ 

Carbonates or carbonaceous matter do not cause serious difficulties in 
ordinary analyses, though of course carbon dioxide must be excluded in 
certain determinations such as the precipitation of iron by ammonia in a 

1 A. Gautier, Compt. rend,, 131, 647, 1276 (1900); 132, 58 (1901); Ann, chim, phys., 
[7] 22, 5 (1901); F. W. Qarke, The Data of Geochemistry, U, S, Geol, Survey Bull, 
770, 17, 48 (1924). 

2 For example, Hans Meyer, Analyse und Konstitutionserinittelung organischer Ver- 
bindungen, Julius Springer, Berlin; Houben and Weyl, Die Methoden der organischen 
Chemie, Georg. Thieme, Leipzig; L. Gattermann and W. B. Schober, Practical Methods 
of Organic Chemistry, Macmillan Co., New York; G. E. F. Lundell, J. I. Hoffman, and 
H. A. Bright, Chemical Analysis of Iron and Steel, John Wiley & Sons, N. Y. (1931); 
ASTM Methods of Chemical Analysis of Metals, American Society for Testing Materials 
(1950); and ASTM Spec, D 211-48, Laboratory Sampling and Analysis of Coal and Coke, 
ASTM Standards, Part 5, p. 583 (1949). 
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solution of limestone. Provision must occasionally also be made for car¬ 
bonaceous matter, as by roasting before fusing with sodium carbonate or 
employing an oxidizing flux in dry attacks, or by fuming with nitric and 
sulfuric acids or oxidizing with permanganate in wet attacks. Carbonace¬ 
ous matter also causes trouble in analyses of certain materials containing 
elements in their lower valencies, as for example the determination of 
bivalent iron in carbonate rocks (p. 907). 

Free hydrogen occurs in such small amounts in rocks that it does not 
cause significant errors in the determination of water. That which occurs 
as water of crystallization or combined as hydroxyl is of importance as 
regards its behavior during the preparation of the sample before analysis 
(see Part III, p. 816). Hydrogen that occurs in organic matter is involved 
with the latter in its eflFect on the determination of elements, such as iron, 

in their lower valencies. 

II. ATTACK OF CARBONACEOUS MATERIAL 

In the usual case, carbon that is present as carbonate is determined by 

attack with dilute hydrochloric acid as in IV, A, whereas total carbon is 

found by direct combustion as in IV\ B. In special cases, other methods 

of attack ma)’ be desirable, as for example the preliminary separation of 

carbon in steel by solution of the latter in copper potassium chloride, or 

the direct combustion of carbon in aluminum by attack with sulfuric and 

chromic acids as in IV, C. For determinations of constituents such as 

halides, sulfur, phosphorus, and nitrogen in organic materials, samples can 

be oxidized by the action of fuming nitric acid at high temperatures and 

pressures in sealed glass tubes.® 

In analyses of inorganic materials, the hydrogen that is present in non- 

essential water or in volatile organic matter is usually driven off at some 

temperature between 100 and llO^^C for the purpose of reporting it as 

“moisture” or of starting the analyses with the material in a definite condi¬ 

tion.'^ That which remains as essential water or nonvolatile organic matter 

is then usually driven ofT by heating at higher temperatures and included 

in the result reported for “Loss on Ignition.” 

L. Carius and J. Houben, Die Methoden der organische Chemie, Vol. I, pp. 59-63, 
Georg. Thiemc, Leipzig (1925). For modifications of the method designed to minimize 
danger of explosions, consult C. L. Gordon, /. Research NBS, 30, 107 (1943), and L. A. 
Greenberg, Ind. Eng. Chem. Anal. Ed., 16, 308 (1944). 

^ With materials containing essential hydrogen present as hydroxyl, it may be difficult 
to obtain a definite condition at 110® C. For example, in the standardization of a sample 
of bauxite it was necessary to dry portions of the sample for 2 hours at 140® C in 
order to reproduce samples consistently for analysis, whereas with pyrolusite a tem¬ 
perature of 120® C was necessary. 
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111. METHODS OF SEPARATION 

Separations of organic matter are not usually necessary and are confined 
to special cases such as the separation of organic matter in shale as described 
in Part III (p. 935). 

IV. METHODS OF DETERMINATION 

A. DETERMINATION OF CARBON PRESENT AS CARBONATE 

The determination of carbon that is present as carbonate is done best by 
liberating the carbon dioxide through attack by acid and absorbing it in 
soda asbestos. Hydrochloric acid is preferable for the solution of the 
material, in spite of its volatility, because of the solubility of chlorides. In 
special cases, the use of dilute perchloric acid might be desirable. The carbon 
dioxide that is liberated must be freed from other gases that are absorbed 
by soda asbestos, it must be quantitatively driven into the absorbent by a 
current of air that has been freed from carbon dioxide, and the unabsorbed 
gas must not undergo a permanent change in moisture content. These 
requirements are met sufficiently well for most purposes by the arrange¬ 
ment shown in Fig. 32. 

In this chain, use is made of a small condenser to condense most of the 
water and hydrochloric acid, followed by (1) a tube containing sulfuric 
acid to bear the brunt of the dehydration; (2) a tube containing anhydrous 
copper sulfate to remove hydrochloric acid, chlorine, and hydrogen sulfide; 

(3) a tube containing the final desiccant, say, Mg(C104)2*3H20; (4) the 
C02-absorption tube containing soda asbestos and the desiccant used in 3; 
and (5) a second weighed CCT absorption tube to act as a guard and to 
indicate when tube 4 is beginning to fail. It should be noted that the end 
of the separatory funnel in E is bent upward to prevent escape of bubbles 
of carbon dioxide through the tube. The seals are all made with mercury 
as shown. With such seals, pressure is better than suction for drawing the 
gases through the train. Other absorbents can be substituted, as for ex¬ 
ample a solution of silver arsenite (Reagents, p. 46) for the copper sulfate, 
and anhydrone for the magnesium perchlorate trihydrate. For liquid ab¬ 

sorbents, tubes of the type pictured in Fig. 33 permit easy removal of the 

exhausted solution and refilling. 

PROCEDURE. Transfer 1 to 5 g of the sample to the flask, and cover with 

water. Insert the stopper carrying the separatory funnel and condenser, 

and connect the latter with D, C, and B. Pass air that is free from carbon 

dioxide through the system until it is judged that all carbon dioxide has 

been removed. Close the stopcock in the separatory funnel, and insert the 

weighed bulbs A and A in the train. Half fill the separatory funnel with 
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dilute hydrochloric acid (1 + 1), replace the stopper carrying the air, and 
see that there is free passage for gases through the train. Open the stop¬ 
cock in the separatory funnel and run acid into the flask, slowly if there 

is much carbon dioxide, rapidly if there is but little. When effervescence 
diminishes in the former case, at once in the latter, start a flow of water 
through the condenser, and heat the flask slowly so as to secure steady but 
quiet ebullition. When it is judged that carbon dioxide has been boiled 
out of the solution, remove the flame, increase the current of air, and sweep 
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out all carbon dioxide. Disconnect the weighed bulbs, close the inlet and 
outlet tubes, and place them in the balance case. When cool, open the 

stopper momentarily, and weigh against a 
similar tube used as a counterpoise. 

B. DETERMINATION OF TOTAL CARBON AND 

HYDROGEN BY DIRECT COMBUSTION 

In a determination of total carbon and 
hydrogen by direct combustion, care must 
be taken that combustion is complete; that 
no carbon dioxide is fixed and held in the 
ash; that no carbon monoxide is unburned; 
that all of the carbon dioxide and water 
is driven into the weighed absorbers; that 
halides, oxides of sulfur and nitrogen, and 
other compounds than carbon dioxide that 
would be absorbed by the absorbers arc 
removed; that the moisture content of 
the gas is the same when it leaves the 
%^eighed system as when it entered; and 
that the air introduced into the apparatus 
be freed from carbonaceous matter, carbon 
dioxide, hydrogen, and water, 

a. In Rocks and Minerals. With rocks 
and minerals, combustion is facilitated, and 
sulfur and halides are fixed by fusion with 
granulated lead chromate. 

PROCEDURE. Intimately mix I to 5 g of 
sample with a mixture of 10 parts of ig¬ 
nited and powdered lead chromate and 1 

part of potassium chromate. Transfer to a porcelain boat. Place in a com¬ 
bustion tube that is loosely packed with granulated lead chromate as de¬ 
scribed on page 774, and connect the exit end of the tube with a tube con¬ 
taining magnesium perchlorate trihydratc to dry the gas. Pass purified air 
through the system until all carbon dioxide is expelled, and then attach a 
weighed carbon dioxide absorber and guard tube as in A. With a slow cur¬ 
rent of air passing, heat the lead chromate in the exit end to 300 to 400° C, 
and then gradually heat that nearest the boat as hot as can be without fusing. 

Finally heat the section of the tube under the boat at full heat. Shut off 

the heat when combustion is judged to be complete, and continue the cur- 

® As used in the determination of carbon in steels by direct combustion in oxygen, 
the left arm is loosely packed with asbestos, and the right arm contains sulfuric acid 
that has been saturated with chromium trioxide. 

ides of sulfur.® 
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rent of air until all carbon dioxide has been swept out of the apparatus. 
Stopper and remove the weighed absorber, and weigh as in A. 

In case nitrogenous compounds are present, a reduced copper spiral must 
be placed in the exit end of the tube as described on page 775. The heating 
is at first conducted with the air current shut off until the combustion is 
practically finished and the reduced copper spiral has been allowed to cool 
somew^hat. Air is then introduced and the combustion finished as in a.® 

b. In Organic Compounds. Methods for the determination of total car¬ 
bon (and hydrogen) in organic compounds by direct combustion must 
necessarily vary according to the composition of the material under test 
and its volatility. Substances that contain halogens, sulfur, or nitrogen 
require the use of special reagents in the combustion uibe, whereas those 
that volatilize readily must be weighed and heated with special care. 

In the simplest case, that of a nonvolatile compound containing carbon, 
hydrogen, and oxygen, the procedure is as follows: 

a. Preliminary operations. For a furnace 75 cm long,^ procure a com¬ 
bustion tube 90 to 95 cm in length, 10 to 15 mm in internal diameter and 
2 mm in wall thickness.® Prepare three compact copper-gauze rolls that 
fit loosely in the tube, two 1 to 2 cm in length, and the other 10 to 15 cm 
long and provided with a loop to permit easy removal. Hold one of the 
shorrt rolls 10 cm from one end of the tube (afterwards to be called the 
exit end), pour in sufficient coarse copper oxide, prepared from copper 
wire or gauze, to form a 45-cm layer, and then hold it in place with the 

second small roll.^ Place the tube in the furnace so that the exit end extends 

10 cm outside of the furnace, and insert a one-hole stopper carrying a 

piece of glass tubing of the same outer diameter as the side arm of the 

absorption tube for water. The tubing must be flush with the stopper on 

the inside of the tube and extend 5 cm on the outer side.^® In the inlet end 

"For a discussion of the difficulties that attend a dctemiination of carbon in rocks 
and minerals, and a description of a wet combustion method based on the use of 
phosphoric and chromic acids, consult B. E. Dixon, Analyst^ 59, 739 (1934). See also 
C. J. Schollcnbcrger, /. Ind. Chc7U., 8, 1126 (1916). 

7 A three-unit split electric furnace is very convenient, for different sections of the 
tube can be heated at will, and the progress of the combustion can be easily followed. 

"For compact, micro and scmimicro trains for the determination of carbon and 
hydrogen in which 2.5 to 70 mg of sample can be burned within 40 to 55 minutes, 
see S. Natelson, S. S. Brodie, and E. B. Conner, Ind. Eng. Chem. Anal. Ed., 10, 276, 
609 (1938). 

"The copper oxide must be free from the chlorides of copper, the alkalies, and 
alkaline earths. 

1" It is desirable to draw out the end of the exit tube to permit direct attachment 
of the absorption tube, if the analyst is sufficiently skilled to do this without spoiling 
the tube or making the walls of the drawn out portion too thin. For the use of metal 
combustion tubes, copper for carbon and hydrogen, and nickel for nitrogen deter¬ 
minations, see S. Avery and D. Hayman, Ind, Eng, Chem, Anal, Ed,, 2, 336 (1930). 
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of the tube, insert another stopper carrying a tube with a glass stopcock. 
Protect the stoppers by slipping asbestos plates with a circular hole in the 
center along the tube until they rest against the ends of the furnace. To 
prevent overheating during the combustion, the stoppers can be cooled by 
strips of wet cloth wound around the ends of the tube and kept saturated 
by letting the ends dip into water placed directly underneath. 

Next prepare the tubes for tlie absorption of water and carbon dioxide 
and also the purifying and guard tubes. For the absorption of water, 
magnesium perchlorate trihydrate, phosphorus pentoxide, or sulfuric acid 
(p. 46), can be used in any glass tube that is light, permits good contact 
with the gases, and can be closed to the air when it is detached from the 
absorption chain. To spare the absorbent, it is desirable that the tube have 
an empty bulb in the side next the furnace, in which most of the water can 
be condensed. For carbon dioxide, soda asbestos (p. 45) is the most satis¬ 
factory absorbent, and it can be used, together with magnesium perchlorate 
trihydrate or phosphorus pentoxide in a tube such as is shown in Fig. 32 
(p. 769), or in special tubes such as the modified Fleming. The purifiers 
must contain the same absorbents, and of course in the same order as the 
absorption chain. To spare these as much as possible, they may be pre¬ 
ceded by less efficient and cheaper reagents, as for example strong potas¬ 
sium hydroxide solution (p. 44), before the soda asbestos, and calcium 
chloride before magnesium perchlorate trihydrate. If oxygen is used or 
there is any possibility that the air contains hydrocarbons (as from a com¬ 
pressor), the gas should be passed through a tube containing copper oxide 
heated to approximately 700® C in a small furnace before it enters the 
purifiers. A guard tube at the end of the weighed absorbing tubes is not 
necessary except in most accurate work or in very slow or long-continued 
combustions. In such cases a glass-stoppered U tube containing magnesium 
perchlorate trihydrate at the inlet and soda asbestos at the outlet end is 
satisfactory. 

To prepare the combustion tube and contents for a determination, insert 
the long copper roll as far as the copper oxide, connect the inlet end of 
the tube with the purifiers, pass a slow current of air through, and gradually 
heat to dull redness. Drive off any water collected in the exit end by 
brushing the tube with a small blue flame, shut off the heat except under 
the exit end of the copper oxide, and let the forward part of the tube cool. 
While the tube is being heated and cooled, weigh the tubes that are to be 
used for the absorption of water and carbon dioxide. These should be 
weighed against like tubes used as tares, and, of course, after they have been 
filled with the gas that is to be used in the combustion and have cooled to 
the temperature of the balance. 

If the substance is solid and nonvolatile, weigh 0.15 to 0.3 g in a porcelain, 
quartz, or platinum boat that has been previously heated strongly, cooled 
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in a desiccator, and weighed. If it is likely to burn with extreme difficulty, 
mix it with 100- to 200-mesh copper oxide that has been ignited and cooled 
in a desiccator.^^ 

p. The combustion. When the inlet end of the combustion tube is cool, 
withdraw the long copper roll by means of a hooked wire, and take care 
to prevent contamination during its removal. Insert the boat and contents 

as far as the coarse copper oxide, and then the copper roll to within 1 cm 

of the boat (see Fig. 34). Immediately connect the tube with the purifiers 

and with the weighed absorbents and guard tube. All connections must 

be made end to end by means of thick-walled seamless rubber tubing that 

fits tightly.^^ Start a slow current of air, I to 2 bubbles per second, through 

the apparatus, and increase the heat at the exit end so that the copper oxide 

)-15J i-lO- 
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Copper 
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F'ici. 34. lube for the combustion of coxupounds containing carbon, hydrogen, and 
oxygen. 

is heated at about 600*^ C while the section of tube covering the boat is 

still quite cool. Gradually advance the heat toward the boat, and at the 

same time start heating the section of tube at the inlet end. Fhis is the most 

difficult part of the analysis. No volatilization or combustion should take 

place until the copper oxide in the exit end is red hot, and at no time must 

combustion be very rapid. The part of the tube under the boat is now 

gradually heated to 600 to 800° C and oxygen admitted if it seems that 

combustion will be extremely slow or incomplete. When combustion is 

finished, turn off the source of heat, and drive over into the absorption 

tube any water that has condensed in the exit end of the tube or in the 

connecting tube, by brushing the tubes with a small blue flame. Continue 

the current of air or oxygen until it is judged that all water and carbon 

dioxide have been swept into the absorption tubes and these have been 

J. Meyer and H. Tischbierek [Z. anal. Chem.y 80, 241 (1930)] state that admixture 
with vanadium pentoxide aids in the burning of difficultly combustible carbon-bearing 
substances. Powdered metallic copper or freshly prepared Pb304 (free from C or 
CO2) serves the same purpose. 

12 For a discussion of an analytical combustion apparatus for accurate determinations, 
on a macro scale, of carbon and hydrogen in hydrocarbons or in compounds contain¬ 
ing carbon, hydrogen, and oxygen, and of the precision and accuracy attained in com¬ 
bustion of a highly purified benzoic acid, see D. D. Wagman and F. D. Rossini, /. 
Research NBS, 32, 95 (1944), and W. H. Smith, Charles Proffer Saylor, and H. J. 
Wing, Bur, Standards J, Research, 10, 479 (1933). 
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filled with the same gas as at the start. Disconnect and stopper the weighed 
absorbers, cool in the balance case, and weigh against the tares originally 
used, after opening momentarily to equalize the pressure. The amount of 
hydrogen is calculated from the increase in weight of the water absorber 
and the amount of carbon from the increase in weight of the carbon dioxide 

absorber. 
y. For substances that volatilize or sublwie, greater precautions must be 

taken. If the substance is difficultly volatile, it may be weighed in a boat 
and the section of combustion tube surrounding the boat heated with still 
greater care. Moderately volatile substances can be weighed in a very 
small glass-stoppered bottle \\ Inch is placed in an inclined position in the 
boat and opened just as the boat is pushed into the tube. Easily volatile 
liquids must be weighed in small glass bulbs with fine capillary stems. 
These are cleaned, dried, w^eighed, and then filled by warming the bulb, 
immersing the stem in the liquid as it cools, and repeating the operation 
if insufficient liquid is draw^n up. The capillary is then freed from liquid 
and sealed and the bulb again w-cighed. Finally, wdien everything is in 
readiness, the copper oxide in the exit end red hot, and the inlet end cool, 
the bulb is inclined in the boat, the stem broken, the boat quickly pushed 
in the tube, and the roll and stopper immediately inserted. With substances 
that sublime, care must be taken lest some of it sublime near the stopper at 
the inlet end. This can be avoided by pushing the boat as far aw^ay from 
this end as possible, heating the section of copper roll nearest the cork as 
hot as possible before the boat is heated, and using a somewhat more rapid 
current of air.^^ 

8. Substances that contain halogens or sulfur. Substances that contain 
sulfur or halogens give rise to compounds that are not completely retained 
by copper oxide at red heat. Substitution of granulated ignited lead chro¬ 
mate for copper oxide leads to satisfactory results, provided the chromate 
nearest the boat is not heated so hot that it fuses dow n and that nearest the 
exit end is not heated over 300 to 400° C. In such determinations, the 
material should be mixed with finely powdered ignited lead chromate 
cither in a large boat or in the tube itsclf.^^ 

For a rapid method in which the organic compound is burned in a calorimetric 
bomb containing compressed oxygen and a known amount of a standard solution of 
barium' hydroxide, consult H. D. Wilde, Jr., and H. L. Lochte, /. Am. Chem. Soc., 47, 
440 (1925). For the absorption of volatile, explosive, or easily carbonizable organic 
liquids in kiesclguhr prior to combustion, see M. G. Sevag, Ind, Eng. Chem, Anal, Ed., 
1, 16 (1929). 

1“* According to R. de Roodc [Am. Chem, /., 12, 226 (1890)], a mixture of lead 
chromate and lead oxide which is quite infusible can be prepared as follows: Make a 
slurry of finely powdered lead chromate, and then thoroughly mix with one-fourth its 
weight of red oxide of lead. Transfer the mixture to a filter under slight suction, and 
draw into a compact mass. While still moist, withdraw pea-sized portions with a spatula, 
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€. Substances that contain nitrogen. Nitrogenous materials give rise to 
oxides of nitrogen which cause high results for carbon unless they are 
reduced before they leave the furnace. This is easily done by using a 
reduced copper roll in the exit end and modifying the charge in the com¬ 
bustion tube and the manner of burning the sample. To make room for 

the reduced copper roll, the length of the copper oxide layer is shortened 
from 45 cm to 35 cm, leaving 20-cm open space at the exit end. In this is 
placed a 10- to 15-cm compact and snugly fitting copper roll which has 
been made from fine copper gauze and reduced as follows: Put 1 ml of 
methyl alcohol in a test tube that is large enough to hold the roll, and 
loosely clamp the tube in an upright position. Grasp the roll with crucible 
tongs, heat to glowing in a large roaring blast flame, and drop it as quickly 
as possible into the test tube. As soon as reduction is complete, cover 
snugly with a small beaker, and, when cool, withdraw and heat gently by 
passes through a blue flame until dry. 

In order to prevent oxidation of the roll, no air is admitted during the 
first part of the combustion. For this reason it is necessary to mix thor¬ 
oughly the sul)stance under test with considerable finely powdered and 
ignited copper oxide.^° Toward the end of the combustion, the section of 
tube around the reduced roll can be allowed to cool and the combustion 
finished in a current of air or oxygen. 

C. DETERMINATION OF TOTAL CARBON BY WET COMBUSTION 

Oxidation of organic matter by heating with sulfuric and chromic acids 

is less used now than before compressed oxygen could be so easily obtained. 

The method, however, finds occasional use in spite of the difficulty in 

obtaining complete decomposition without undue liberation of sulfur 

trioxide. An improvement in the process is the use of an electrical pre- 

and heat to redness in a porcelain crucible. Cool, break up to the size of wheat grains 
in a porcelain mortar, and sieve out the fine material which should be crushed still finer 
for mixing with the sample. Heat both fine and coarse material to 150® C, and cool 
in a desiccator. Under ordinary conditions, a charge of chromate can be used for 
three or four combustions. Sec also E. Beryl and others, Ber.y 61b, 83 (1928). 

^®This can be done in a large copper boat or direedy in the open space in front 
of the column of copper oxide in the tube. The boat is filled as follows: Heat sufficient 
200-mesh copper oxide in a porcelain crucible, and cool in a desiccator. Place a small 
agate mortar on a sheet of black glazed paper, pour in a little oxide, and next the 
weighed sample, and then cover with more oxide. Mix carefully by stirring without 
pressure with the pestle. Avoid loss by dusting. Transfer the contents of the mortar 
to the boat and dry-wash the mortar, pestle, and paper with more copper oxide. If 
the sample is to be poured directly into the tube, it can be mixed with oxide in a 
stoppered tube having a neck that will fit in the combustion tube, carefully poured into 
the tube, and the botde dry-washed with more oxide. 

i®R. E. Rogers and W. B. Rogers, SUL Am, [2] 6, 110 (1848); C. Brunner, Fogg, 
Am,, 95, 379 (1855). 
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cipitator as recommended by Oschwald for holding back sulfur trioxide. 
In this precipitator the gases pass through tubes in which a high tension 
field is maintained between copper gauze on the outside and a copper wire 
on the inside, by means of an induction coil. Inasmuch as some carbon 
monoxide may be formed, it is also desirable to pass the gases through a 
combustion tube heated at 800 to 900° C and filled with copper oxide. If 
the precipitator is used, connections must be made by mercury seals instead 
of rubber because of the ozone. Air is used for washing out the carbon 
dioxide unless hydrogen is evolved, as in the direct solution of some alloys, 
when nitrogen must be substituted. As for the rest of the apparatus, a flask 
of the Corleis type with long neck, ground-in stopper carrying an inner 
water condenser is preferable, and purifiers and absorbers such as have 
been listed in the preceding sections must be used as needed. 

PROCEDURE. To prepare for the determination, place 60 ml of a 50 per 
cent solution of chromium trioxide, CrOg, and 200 ml of dilute sulfuric 

acid (1 -f 1) in the flask, and connect with the purifiers and furnace. Heat 

the furnace to 800 to 900° C, start the electrical precipitator and the water 

in the condenser, and boil the solution for 30 minutes as a slow current of 

air is maintained. Insert the carbon dioxide absorber, continue the boiling 

and the passage of air for 30 minutes, remove the absorber, cool, and weigh. 

Again insert in the train, continue the boiling and the passage of air for 

2 hours, and again weigh. The gain in weight represents the blank which 

should not exceed 0.5 mg. 

Cool the solution in the flask, insert the absorber in the chain, transfer 

the sample to the flask, and start water through the condenser and a slow 

current of air through the apparatus. Heat gradually, and finally boil the 

solution for at least 1 hour after solution of the sample is complete. 

Remove the absorber, again weigh, and subtract the blank from the gain 

in weight.^® 

D. OTHER METHODS FOR THE DETERMINATION OF CARBON 

Instead of absorbing carbon dioxide in a dry, weighed absorbent as in 

A, B, or C, some analysts prefer to absorb the gas in a solution of barium 

hydroxide and then (1) weigh the washed and ignited barium carbonate,*® 

F. Oschwald, Beitr, Bestinrmung Kohlenstoffes Aluminimy Eidgenossischen Tech- 

nischen Hochschule, Zurich, p. 31 (1923). 

18 E. Corleis, Stahl «. Eisen, 14, 581-591 (1894). 

i®For the determination of total carbon in soils by a modification of the method in 

which a special apparatus is used and carbon is determined by titration after the carbon 

dioxide has been absorbed in an excess of a standard alkaline solution, see J. E. Adams, 

Ind, Eng, Chem. Anal, Ed,, 6, 277 (1934). 

28 Fresenius-Cohn, Quantitative Chemical Analysis, Vol. 1, p. 482, John Wiley & Sons 

(1904); Chemists U. S. Steel Corp., Sampling and Analysis of Carbon and Alloy Steels^ 
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or (2) dissolve the washed carbonate in an excess of standard acid, and 
titrate with standard alkali in the presence of methyl orange,or (3) 
determine the barium hydroxide that is left by titration with acid in the 
presence of phenolphthalein or by measuring the electrical resistance 
change of the solution in relation to its concentration.^® In such methods 
great care must be used to exclude contamination by carbon dioxide from 
the atmosphere. In the second procedure, it is not necessary to free the 
carbon dioxide from substances such as sulfur trioxide or hydrochlofic acid. 

The volumetric determination of carbon dioxide as in gas analysis can 
seldom be carried out in the analysis of inorganic substances other than 

gases, because the volume of carbon dioxide obtained is usually very small 

in comparison with that of the oxygen, air, or nitrogen that is required to 

collect it. 

Determinations of carbon monoxide arc seldom required except in tests 

concerned with safety of atmospheric conditions for breathing by humans 

or animals. By the use of a silica gel impregnated with a palladium and a 

molybdenum solution 1 part of carbon monoxide in 500,000,000 parts of 

p. 54, Reinhold Publishing Corp., New York (1938). J. McFarlane and A. W. Gregory 
[Chem, News^ 94, 133 (1906)] preferred to convert the carbonate to sulfate after the 
carbon dioxide has been absorbed in a cool ammoniacal solution of barium chloride 
(50 g of BaCl2*2H20 and 250 ml of dilute NH4OH (sp. gr. 0.88, per liter). The re¬ 
action yields barium carbamate, Ba(NH2C02)2, which is soluble in moderate concen¬ 
trations. Partial conversion to the insoluble barium carbonate takes place in concen¬ 
trated solutions, and complete conversion occurs if the solution is boiled for 1 minute. 
The. chief advantages in the use of the solution are that less of it is required because 
the chloride is more soluble than barium hydroxide, and no special precautions are 
needed during filtration and washing of the carbonate. When the solution is to be 
used, it is boiled for 1 minute to precipitate any carbon dioxide already absorbed, fil¬ 
tered through asbestos while still hot, caught in the absorption flask which has been 
swept free from carbon dioxide, and cooled before absorption is started. When ab¬ 
sorption is complete, the current of air free from carbon dioxide is continued and the 
solution quickly heated to boiling and boiled for 1 minute. It is then cooled and fil¬ 
tered, and the tube, flask, and residue are washed with cold and then with hot water. 
The small amount of carbon dioxide absorbed from the air during filtration and wash¬ 
ing remains in solution. Finally, the residue, together with any precipitate adhering 
to the tube or flask, is dissolved in hydrochloric acid and the barium precipitated by 
sulfuric acid (p. 630) as usual. 

J. R. Cain, /. Ind. Eng. Chem., 6, 465 (1914); J. R. Cain and L. C. Maxwell, ibid.y 
10, 520 (1918). 

22 W. Brady, /. hid. Eng. Chem., 6, 843 (1914); Methods of the U. S. Steel Corpora¬ 
tion, loc, cit., p. 56; J. Linder [Z. anal. Chem., 72, 135 (1927)] stated that this method 
gives slightly high results. 

23 E. L. Bennet, J. H. Harley, and R. M. Fowler, Conductometric Method for De¬ 
termination of Carbon in Steel, Anal, Chem., 22, 445 (1950); K. Gardner, W. J. Row¬ 
land, and H. Thomas, Method for the Estimation of Small Amounts of Carbon in Steel, 
Analyst, 75, 173 (1950). 

2*L. M. Dennis and M. L. Nichols, Gas Analysis, Macmillan Co., N. Y. (1929). 
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air can be detected. The gel can determine physiologically significant 

amounts in approximately 1 minute and will detect 0.001 per cent by volume 

in less than a minute. The color of the gel turns decisively from bright 

yellow to bright greens, and finally to bluish greens. For laboratory or 

field use, the gel is conveniently used in small glass tubes, and colorimetric 

determinations arc made by comparison with similar tubes exposed to 

known quantities of carbon monoxide. Even more convenient is the use 
of a st^dard color chart.-^ 

E. DETERMINATION OF HYDROGEN IN ROCKS AND MINERALS 

Methods for the determination of hydrogen in rocks and minerals include 

those that give (1) noncssential hydrogen, (2) essential hydrogen, (3) 

hydrogen present in organic compounds, and (4) total hydrogen. The 

first two are discussed in the section on Water (p. 823 and p. 827), the 
third in the section on Rocks (p. 936), and the fourth in IV, B (p. 770). 

25 For details, see Martin Shepherd, Rapid Dctcrniiiiation of Small Amounts of Car- 
bon Monoxide, Ind. Eng. Chan. Anal. Ed.y 19, 77 (1947). 



Chapter 51 

NITROGEN 

Nitrogen is the predominating element in the atmosphere, in which it'is 
uncomhined. It is also abundant in organic matter in such derived sub¬ 
stances as coal. Nitrates are present in the soil; in some arid regions they 
exist in enormous quantities. Nitrogen, though found in but small relative 
amount in the free state in the earth’s crust, is comparatively abundant and 
easily detectable as ammonia or ammonium salts in certain classes of rocks. 

1. METHODS OF DETERMINATION 

The standard procedure for the determination of nitrogen is that first 
recommended by Dumas ^ in which the substance is mixed with copper 
oxide, burned in an atmosphere of pure carbon dioxide in a tube containing 
copper oxide and metallic copper, and the nitrogen measured after the 
absorption of the rest of the gases in a solution of alkali hydroxide con¬ 
tained in a nitrometer. This method is applicable to all nitrogenous com¬ 
pounds. 

For most compounds, the determination of nitrogen by the simpler 
Kjcldahl method or its numerous modifications ^ suffices. Determinations 
can be made quickly and simply by microanalytical modifications of both 
methods. If the material is of sufficiently uniform composition to permit 
the use of small samples, these methods should be adopted whenever material 
is limited or much routine work is to be done.^ Very small amounts of 
nitrogen occurring as ammonium hydroxide or nitrates arc best determined 

colorimetrically. 

A. BY DUMAS' METHOD 

The chief difficulties in this method lie in maintaining an atmosphere of 
pure carbon dioxide during the whole operation, and in collecting and 
measuring all of the nitrogen, 

1 J. B. Dumas, Ann. chim. phys., 2, 198 (1831). 
2J. Kjeldahl, Z. anal. Chem., 22, 366 (1883); J. W. Gunning, ibid., 28, 188 (1889); 

H. Wilfanh, Chem. Zentr., 56, 17, 113 (1885). 
® For detailed outlines of such methods, consult Fritz Pregl and H. Roth, Quantitative 

Organic Microanalysis, translated by E. B. Daw, P. Blakiston’s Son and CJo., Philadelphia 
(1937); A. Steyermark, Quantitative Organic Microanalysis, Blakiston Co., Philadelphia 
(1951). 

779 
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An atmosphere of carbon dioxide was formerly obtained by using a tube 
closed and filled at one end with magnesite, from which the necessary gas 
was obtained by heating at the start and at the end of the analysis. In later 
modifications of the method, a tube open at both ends was used, and the 
carbon dioxide was generated outside by mixing a saturated solution of 
sodium or potassium carbonate with dilute sulfuric acid (1 + 1) in a suit¬ 
able generator.^ A still more convenient arrangement is one recommended 
by M. S. Kharasch in which the removal of air is facilitated by alternately 
evacuating the tube and filling with carbon dioxide from any reasonably 
pure source, and finally made certain by the use of pure carbon dioxide 
generated from sodium bicarbonate within the system^ (see Fig. 35). 

Fir.. 35. Fore part of apparatus for the determination of nitrogen by the Dumas method. 

4 For a detailed description of such a method, consult P. H. M.-P. Brinton, F. M. 
Shertz, W. G. Crockett, and P. P. Merkel, /. Ind, Eng. Chem., 13, 636 (1921). 

® Private communication. 
®This is accomplished by putting stopcocks on the exit and inlet ends of the com¬ 

bustion tube and connecting the inlet end with a tube which is in turn connected with: 
(1) a tube leading to a source of carbon dioxide (a cylinder of the gas or a Kipp gen¬ 
erator), (2) a bent tube of sufficient length and dipping into mercury to act as a 
manometer, (3) a tube leading to a vacuum pump, and (4) a large tube at the extreme 
end and filled with pure sodium bicarbonate (free from nitrogen). With such an ar¬ 
rangement, the exit end is closed, the system evacuated, and residual air drawn out by 
filling with carbon dioxide from the cylinder or generator, evacuating, and repeating 
the operation several times. The final washing and the filling of the tube with carbon 
dioxide is done with gas generated by heating the tube containing sodium bicarbonate. 
When connection has been made with the filled nitrometer and the system contains 
only carbon dioxide, the heating of the bicarbonate is stopped and the stopcock on the 
inlet end closed. The combustion is then carried out as usual until no bubbles are 
given off for 2 minutes. The bicarbonate is then again heated until carbon dioxide 
bubbles vigorously through the mercury in the manometer. The stopcock on the inlet 
end is then slowly opened and a slow stream of carbon dioxide maintained until the 
nitrogen is entirely washed out. Numerous schemes for utilizing Dry Ice as a source 
of carbon dioxide in determinations of nitrogen by the Dumas method have been 
proposed. For these, see W. S. Ide, Ind. Eng. Chem. Anal. Ed.^ 7, 442 (1935); W. H. 
Hamill and J. A. Alicino, ibid., 9, 290 (1937), and F. Shea and C. E. Watts, ibid,, 11, 
333 (1939). 
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The arrangement of the combustion tube and the treatment of the sample 
is the same as described under Carbon and Hydrogen (p. 773). The weight 
of the sample, however, must be calculated in advance to make sure that 
no more nitrogen will be given off than can be caught in the nitrometer. 

Fig. 36. Exit end of apparatus for the detennination of nitrogen by the Dumas method. 

and the sample must be well mixed with sufficient copper oxide to insure 
complete decomposition, for no air or oxygen can be admitted during the 

combustion.^ The exit end of the combustion tube is attached directly to a 

nitrometer of the Schiff type, having a mercury seal extending halfway 

between the inlet and the leveling bulb arms, and a leveling bulb filled with 

a 50 per cent solution of potassium hydroxide (see Fig. 36). The nitrom- 

^ For the burning of relatively unstable liquid compounds, consult F. Shea and C. E. 
Watts, Ind. Eng. Chem. Anal. Ed.y 11, 333 (1939), and for the combustion of compounds 
that are resistant to combustion, see J. R. Spies and T. H. Harris, ibid., 9, 304 (1937). 
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TABLE 23 

The Vapor Pressure of Lic^uid Water from 15 to 35° C 

In mm Hg * 

/°C 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 

15 12.788 
1 

12.870 12.953 13.037 13.121 1.3.205 13.290 13..375 13.461 13.547 

16 13.634 13.721 13.809 13.898 13.987 14.076 14.166 14.256 14.347 14.438 

17 14.530 14.622 14.715 14.809 14.903 14.997 15.092 15.188 15.284 15.380 

18 15.477 15.575 15.673 15.772 15.871 15.971 16.071 16.171 16.272 16.374 

19 16.477 16.581 16.685 16.789 16.894 16.999 17.105 17.212 17.319 1 17.427 

20 17.S3S 17,644 17.753 17.863 17.974 18.085 18.197 18.309 18.422 i 18.536 

21 18.650 18.765 18.880 18.996 19.113 19.2.11 19.349 19.468 19.587 19.707 

22 19.827 19.948 20.070 20.193 20.316 20.440 20.565 20.690 20.815 20.941 

23 21.068 21.196 21.324 21.453 21.583 21.714 21.845 21.977 22.110 22.243 

24 22.377 , 22.512 22.648 22.785 22.922 23.060 23.198 23.337 23.476 23.616 

25 23.756 23.897 24.039 24.182 24.326 24.471 24.617 24.764 24.912 25.060 

26 * 25.209 25.359 25.509 25.660 25.812 25.964 26.117 26.271 26.426 26.582 

27 26.739 26.897 27.055 27.214 27..374 27.5.35 27.696 27.858 28.021 28.185 

28 28.349 28.514 28.680 28.847 29.015 29.184 29.354 29.525 29.697 29.870 

29 30.043 30.217 .30.392 30.568 .30.745 30.923 31.102 1 31.281 31.461 31.642 

30 31.824 32.007 32.191 32.376 32.561 .32.747 32.9.34 33.122 33.312 33.503 

31 33.695 33.888 34.082 34.276 .34.471 34.667 34.864 35.062 35.261 35.462 

32 35.663 35.865 36.068 36.272 36.477 36.683 36.891 .37.099 37.308 37.518 

33 37.729 37.942 38.155 38.369 38.584 .38.801 39.018 .39.2.37 39.457 39.677 

34 39.898 40.121 40..344 40.569 40.796 41.023 41.251 41.480 41.710 41.94 

35 42.175 42.409 42.644 42.880 43.117 43.355 43.595 43.836 44.078 44.320 

* International Critical Tables, III, 212 (1928). 

eter is not filled with the solution until practically all of the air has been 

expelled, and the combustion of the sample is not started until the whole 

system is entirely free from gases that arc not absorbed in the potassium 

hydroxide solution. Once started, the combustion is carried out as usual, 

all of the nitrogen being finally driven into the nitrometer by a slow current 

of carbon dioxide. The carbon dioxide used for this purpose must of 

course be free from gases that are not absorbed by the alkaline solution. 
The nitrogen that has been collected is finally transferred to a water- 

jacketed nitrometer, the volume carefully read, the temperature and 

barometric pressure noted, and the weight of nitrogen calculated by refer¬ 

ence to tables giving the weight of a cubic centimeter of moist nitrogen 

at different temperatures and pressures or by the use of the formula 

= 0.04493 
v{B — w) 

(273 + t)a 
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in which x represents the percentage of nitrogen, v the volume of nitrogen 
obtained, B the barometric pressure, w the tension of water vapor measured 
in millimeters of mercury (see Table 23), t temperature and a the weight 
of the sample.® 

B. KJELDAHL METHOD 

In the simplest application of the Kjcldahl method, the sample is decom¬ 
posed and the nitrogen fixed as ammonium sulfate by boiling with sulfuric 
acid. Free halogens or oxygenated halogen compounds may cause losses 
in Kjeldahl digestions and should be avoided. The nitrogen is then deter¬ 

mined by boiling with sodium hydroxide, absorbing the ammonia in an 

excess of standard sulfuric acid, and titrating the excess. There is no 

modification of the method that is applicable to all nitrogenous compounds. 

Decomposition of the sample by sulfuric acid is usually aided by the addi¬ 

tion of mercuric oxide and potassium sulfate. With some compounds, 

these are unnecessary. A number of substitutes for mercuric oxide, potas¬ 

sium sulfate, and even sulfuric acid have been recommended.® 

® Illustrative of the accuracy of the method are the results obtained by Brinton and 
his students, loc. cit., in the analysis of specially purified picric acid and dinitrobenzenc. 
For these, average values of 18.45 and 16.70 per cent N were obtained as against the 
theoretical contents 18.35 and 16.64 per cent. 

^The molecular equivalent of sodium sulfate can be substituted for potassium sulfate 
in most cases where the latter is used (R. B. Deemer, /. Assoc. Offic. Agr. Chemists, 3, 
303 (1920); T. D. Jarrell, ibid., 304; W. L. Latshaw, ]. Ind. Eng. Chc?n., 8, 586 (1916)]. 
According to O. M. Shedd [/. Assoc. Ofjic. Agr. Chemists, 10, 507 (1927)], the digestion 
period can be materially shonened by using 18 g of Na2S04, together with 0.7 g of 
Hg, and heating strongly. I. K. Phelps and H. W. Daudt [/. Assoc, Offic, Agr* Chemists, 
3, 306 (1920); 4, 72 (1920)1 found, however, that the substitution was not satisfactory 
in the decomposition of pyridine zinc chloride, nicotinic acid, and hydroxyquinoline, 
as was also the case when potassium sulfate was replaced by compounds such as 
Na2HP04, Na4Pii07, CuS04, NiS04, KA1(S04)2, ZnCF, MnCb, Mn02, H2WO4, 
H2Mn04, H2Ti03, or FIV04. Substitution of other oxidizing agents such as CUSO4, 
KMn04, and H2O2 have also been recommended. Copper sulfate is satisfactory if a 
longer digestion period is used. KMn04 is unsatisfactory and leads to low results unless 
it is added 2 minutes after heating has stopped [W. Frear, W. Thomas, and H. D. 
Edrniston, /. Assoc. Offic. Agr. Chemists, 3, 220 (1919)]. According to F. C. Koch 
and T. L. McMeekin [/. Am. Chem. Soc., 46, 2066 (1924)], decomposition is facilitated 
and no nitrogen is lost in an attack with 30 per cent H2O2 and H2SO4; whereas H. H. 
Willard and W. E. Cake [/. Am. Chem. Soc., 42, 2646 (1920)] recommended the addi¬ 
tion of a moderate excess of dry, ammonia-free K2SJO8 to the cliarred and cooled solu¬ 
tion of organic matter. B. Mears and R. E. Hussey \Ind. Eng. Chem., 13, 1054 (1921)] 
stated that rapid decomposition is obtained by the use of 25 ml of H2SO4, 1 g of CUSO4, 
and 2 ml of HQO4. The substitution of H3PO4 for part of the H2SO4 does not have 
any marked advantage. M. F. Lauro [Ind. Eng. Chem. Anal. Ed., 3, 401 (1931)] states 
that complete decomposition of organic matter proceeds much more rapidly if selenium 
or selenium oxychloride is used as catalyst. A solution containing 10 g of either sodium 
or potassium sulfate, 25 ml of sulfuric acid, and 0.1 to 0.2 g of selenium is recommended, 
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The absorption of ammonia in a 50-ml portion of a 4 per cent solution 

of boric acid instead of a standard acid has been recommended by various 

investigators because such a solution need not be measured out carefully 

and no standard alkali is required. If a suitable indicator such as brom- 

phenol blue is used (preferably in artificial light) and the blank is carefully 

determined, the method gives excellent results. H. H. Willard and W. E. 

Cake have recommended that instead of distilling the ammonia, the 

solution be rendered slightly alkaline, treated with an excess of standard 

hypobromite and the excess determined by adding acid and iodide and 

titrating with thiosulfate. 
a. Procedure iv the Absence of Nitrate^ Nitrites, Azo, Hydrazine, Cyanide, 

or Other Coinpounds Noted in the Succeeding Sections, Place 0.35 to 3.5 g, 

according to the nitrogen content, of the 30-'mesh or finer sample in a 

500- to 600-ml Kjeldahl flask, add 10 g of powdered potassium sulfate, 0.5 to 

0.7 g of mercuric oxide [prepared in the wet way (p. 84), but not from 

mercuric nitrate], or 0.6 to 0.65 g of mercury, and 20 to 25 ml of sulfuric 

acid. Shake until the contents are well mixed; place the flask on a hole in 

an asbestos board, and incline the neck at an angle of about 60°. The hole 

must be of such size that the flame never plays on the flask above the surface 

of the liquid at any time during the digestion. Heat below the boiling 

point of the acid until frothing ceases. Extreme frothing can be pre¬ 

vented by the addition of a small piece of paraffin. Gradually increase the 

heat until the acid boils briskly, and continue the boiling for 15 to 30 min¬ 

utes after the solution becomes colorless or it is judged that decomposition 

is complete (about 1 to 1.5 hours). Decrease the heat so that the solution 

boils very gently, and heat for 1 to 3 hours longer. Add sulfuric acid as 

required to keep the volume of acid above 20 ml during the digestion. 

Cool; carefully dilute with about 200 ml of water; add a few pieces of 

pumice stone, granulated zinc, or cracked porcelain, if necessary, to pre- 

and no sulfide need be added before distillation. R. B. Bradstreet [ibid,, 10, 696 (1938)1 
maintains that the digestion time can be shortened by using 0.25 g each of selenium 
and ferrous sulfate. Larger amounts of selenium lead to losses of nitrogen and must 
be avoided. See also A. Srecnivasan and V. Sadasivan, ibid., 11, 314 (1939), who de¬ 
clare that the addition of mercuric oxide ofiFers no advantages and leads to complete 
oxidatio'n of selenium to selenic acid in the concentrated sulfuric acid solution. 

W. Winkler, Z. angew. Chem., 26, 231 (1913); F. A4. Scales and A. P. Harrison, 
/. Ind, Eng, Chem., 12, 350 (1920); H. D. Spears, /. Assoc. Offic. Agr. Chemists, 5, 105 
(1921); and K. S. Markley and R. M. Hann, ibid,, 8, 455 (1925); J. L. Hague, R. A. 
Paulson, and H. A. Bright, “Determination of Nitrogen in Steel,” J, Research NBS, 43, 
201 (1949). A. Eisner and E. C. Wagner [Ind. Eng. Chem. Anal. Ed., 6, 473 (1934)] 
state that 4 per cent solutions of boric acid undergo no change when stored in Pyrex 
glass. 

Loc. cit. 
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vent bumping, and then, carefully and with shaking, 25 ml of a solution 
containing 80 g of sodium thiosulfate or 40 g of either sodium or potassium 
sulfide per liter. This is to fix the mercury and can be omitted in its 
absence. Next add sufficient sodium hydroxide solution to make the solu¬ 
tion strongly alkaline (50 ml is usually enough), pouring the solution down 
the side of the flask so that it docs not mix at once with the acid solution.^'^ 
Place the flask in an upright position, attach a Kjeldahl bulb or other suit¬ 
able scrubber to prevent contamination by sprayed sodium hydroxide, and 
connect with a vertical condenser, preferably lined with tin. In an Erlen- 
ineyer flask put enough of a measured soludV)n of a standard sulfuric acid 
to react with the ammonia that is to be evolved, and place the flask so 
that the end of the condenser just dips in the acid. Mix the contents of 
the Kjeldahl flask by gentle shaking, heat to boiling, and distil until all 
ammonia has passed over into the standard acid. From 150 to 200 ml of 
distillate is sufficient. Lower the Erlenmeyer flask, remove the flame, and 
rinse the condenser with water. Add methyl red or cochineal to the distil¬ 
late, and titrate with an alkaline solution that is equivalent to the acid 

solution. Subtract the volume of the alkali required from the volume of 

acid taken, and correct the difference by the volume of acid required in a 

blank run on 1 g of a nitrogen-free organic compound, such as sugar. One 

milliliter of 0.5 N acid corresponds to 0.007 g of nitrogen.^'^ 

b. In the Presence of Nitrates, The preceding method fails in the presence 

of nitrates. If these are present, the special modification given in a can be 

’^For a convenient apparatus for adding the sodium hydroxide solution and aerating 
the solution during distillation, see 1. K. Phelps and H. W. Daudt, /. Assoc, Offic. Agr, 
Chemists^ 3, 312 (1920). The use of aeration in a slightly modified apparatus is also 
described by W. B. Mel drum, R. Melampy, and W. D. Myers [Ind, Eng, Chem, Anal. 
Ed., 6, 63 (1934)1. Distillation by steam instead of by heating with gas or electricity 
is preferred by F. T. Adriano [Philippine Agr., 17, 509 (1929)1, by J. Green [Ind, Eng. 
Chem. Anal. Ed., 3, 160 (1931)1, and by J. M. Fife, [ibid., 8, 316 (1936)]. For an effi¬ 
cient modification of the Kjeldahl trap, see G. H. W. Lucas, Ind. Eng. Chem. Anal. Ed., 
1, 140 (1929). 

13 By this method, I. K. Phelps and H. W. Daudt {loc. cit.) obtained excellent results 
in the analysis of compounds such as monomethylamine, trimethylamine, glucosamine 
hydrochloride, tetramethyl-ammonium iodide, cholin hydrochloride, isatin, atropine, 
cocaine, nicotine zinc chloride, nicotinic acid, /3-cucaine hydrochloride, hydroxyquin- 
oline, cinchonidine, strychnine, brucine, papaverine, narcotine, morphine, hydrastinine, 
caffeine, lophine, amarine, histidine dihydrochloride, quinoxaline hydrochloride, 2-methyl 
4-quinazolon, 2-methyl 3-phcnyl 4-quinazolon. Unsatisfactory results were obtained 
with azo and hydrazine compounds. For the behavior of certain organic substances in 
a different attack, consult P. Flcurv and H. Levaltier, /. pharm. chim., 30, 265 (1924); 
Bull. soc. chim., 37, 330 (1925); C. A., 18, 1625 (1924); 19, 2002 (1925). For a review 
of methods that have been recommended for Kjeldahl digestions, and the reduction of 
the time of digestion to 30 minutes by the use of sulfuric acid to which mercury, 
dipotassium phosphate and ferric sulfate have been added, see F. M. Stubblefield and 
E. E. De Turk, Ind. Eng. Chem. Anal. Ed., 12, 396 (1940). 
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used, although the determination can be done more rapidly and accurately 
by Devarda s method as given in p. The nitrometer method/^ in which 

the nitrate is decomposed by ferrous chloride in hydrochloric acid solution 

and the volume of nitric oxide that is given off is measured, gives results 

that are low unless based on results obtained with pure salts and is not 

recommended except for routine control work. 

a. Sulfinic-salicylic acid,^^ Dissolve 10 g of the nitrate in water, dilute 

to exactly 500 ml, and take a 25-ml portion for analysis. Transfer to a 

650-ml Kjeldahl flask, and evaporate to dryness at 90 to 100“ C. Add 35 ml 

of salicylic-sulfuric acid (40 g of salicylic acid dissolved in 1000 ml of 

sulfuric acid), rinsing down the neck of the flask. Shake frequently, and 

warm at a temperature no hotter than the hand can bear until solution is 

complete and reaction begins. Let stand at least 1 hour with occasional 

shaking. Add 5 g of sodium thiosulfate, heat at a low temperature until 

frothing ceases (about 5 minutes), and then add 10 g of sodium or potas¬ 

sium sulfate and 1 g of mercuric oxide, and proceed as in a. 

p. Devarda's method, Devarda’s method is not a modification of the 

Kjeldahl method but is given here because of its use for the determination 

of nitrogen in nitrates. It is based on the reduction of nitrates by aluminum 

and zinc in alkaline solution. An alloy containing 50 Cu, 45 Al, 5 Zn is 

ordinarily used, the copper giving a more brittle and easily powdered alloy 

and also tending to prevent bumping in the final distillation. The method 

is not applicable in the presence of nitrogenous organic matter.^^ Ammo¬ 

nium salts if originally present can be distilled from the alkaline solution 

before adding the alloy. The procedure is as follows: 

Dissolve a 10-g sample of the nitrate in water, dilute to exactly 1000 ml, 

and transfer exactly 50 ml of the solution to a 600-ml Erlenmeyer flask. 

Mix with 60 ml of w^ater, 5 ml of alcohol, and 40 ml of potassium hydroxide 

solution (sp. gr. 1.3). Add 2 to 2.5 g of finely powdered Devarda alloy, 

and immediately connect with a trap and a condenser, dipping into a 

J. J. Schlosing, Co'inpt. rend., 37, 858 (1853); Jahresber., 654 (1854); F. Tiemann, Ber., 
6, 1041 (1873); P. Wagner, Chem, Ztg,, 7, 1710 (1883); 8, 475 (1884); G. Lunge, Tech-^ 
jiical Methods of Cbe7mcal Analysis, Vol. I, Part I, p. 309, Gurney and Jackson, London 
(1908). 

15 0.-F6rstcr, Chem. Ztg., 13, 229 (1889); 14, 1674 (1890); H. C. Aioore, /. Ind. Eng. 
Chem., 12, 669 (1920); /. Assoc. Offic. Agr. Chemists, 8, 411 (1924-25). 

16 A. Devarda, Chem. Ztg., 16, 1952 (1892); Z. anal. Chem., 33, 113 (1894); /. Assoc. 
Offic. Agr. Chemists, 8, 410 (1924-25). 

For the determination of total nitrogen in solutions containing organic and nitrate 
nitrogen, B. S. Davisson and J. T. Parsons \lnd. Eng. Chem., 11, 306 (1919)] obtained 
excellent results by first reducing the nitrate with Devarda’s alloy in dilute alkaline 
solution, absorbing the ammonia in sulfuric acid, and then decomposing the organic 
matter as in a. 
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measured volume of standard acid. Gently heat for 30 minutes, and then 

distil, very gently at first.^® 

Correct the result as determined by a blank run, which must be made on 

each new lot of alloy.^^ 

c. In Presence of Azo Compoundsr^^ Dissolve 0.2 to 0.4 g of the com¬ 

pound in 20 ml of alcohol, add 5 ml of a solution of 40 g of stannous chlo¬ 

ride in 100 ml of hydrochloric acid, and heat at the boiling point under a 

return condenser until the solution is bleached and then for an additional 

7 minutes (at least 15 minutes in all). Cool, add an equal volume of water 

and 30 ml of sulfuric acid, and carefully heat until water is expelled and 

foaming has ceased. Add 0.7 g of mercuric oxide and 10 g of potassium 

sulfate, and proceed as in a (p. 784). If so much sulfuric acid volatilizes 

that stannous sulfate causes bumping, add 5 to 10 ml more acid. 

d. In Presence of Hydrazine Compounds, Hydrazine and semicarbazid 

compounds are not broken up by the preceding treatments. According to 

Phelps and Daudt,-^ hydrazine, phenylhydrazine, phenyl mcthjd hydrazine, 

and similar compounds are broken up by treating an alcoholic solution of 

the compounds with formaldehyde, zinc dust, and concentrated hydro¬ 

chloric acid, heating at the boiling temperature for 30 minutes or mtjre 

According to Devarda, the whole operation can be finished in 1 hour. The accuracy 
of the method is indicated by the values 13.88 and 16.46 as against the theoretical values 
13.86 and 16.46 obtained by Devarda in analyses of cliemically pure potassium and sodium 
nitrates. The performance of the method as compared with the sulfuric-salicylic acid 
method is shown by the following average results obtained by 20 chemists [/. Assoc. 
Offic. Agr. Chemists, 8, 415 (1924-25)]: 

Impure Impure “High Potash 

Method NaNO;, KNOa Nitrate” 

Devarda . 

Sulfuric-salicylic and 

15.55 12.49 15.1.3 

mercury fixed by Na^iS 15.55 12.45 15.08 
Na2S203 15.57 12.48 15.17 

According to M. B. Donald [Analyst, 61, 250 (1936)], the optimum conditions for 
the reduction of 1 g of nitrate is 3 g of alloy and 2 g of caustic soda in about 250 ml 
of water. For a modified method in which magnesium oxide is substituted for sodium 
or potassium hydroxide, and ammonia and nitrate nitrogen arc determined in the same 
solution, consult J. Davidson and A. Krasnitz, Ind, Eng. Chem. Anal, Ed., 6, 315 (1934). 

According to A. Seyewetz [Bull, soc, chim., [4], 45, 463, (1929)], nitrogen that 
is present as nitrate, nitrite, sulfonitratc or nitrated cotton can be determined by treat¬ 
ing with impalpable aluminum powder (dull gray, and not the bright powder used in 
varnishes, ere.), slowly adding a solution of sodium hydroxide (35® Be), and absorbing 
the ammonia in a standard solution of sulfuric acid. 

20 1. K. Phelps and H. W. Daudt, J, Assoc. Offic, Agr. Chemists, 3, 306 (1920). 
According to these authors, the procedure was applied successfully to azobenzene, hy- 
droxyazobenzene, amidoazobenzene, toluene azo-p-toluidine, methyl red, diethyl red, 
dipropyl red, benzene azo-/3-naphthylainine, Ponceau 4R, and G)ngo Red. 
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under a return condenser, and adding a little stannous chloride after 15 
minutes to hasten the reaction between the zinc and acid. The solution is 
finally diluted with an equal volume of w^ater and treated as in the preceding 
method. The zinc dust must be very finely divided and at least 90 per cent 
pure. 

C. PRECIPITATION AS NITRON NITRATE 

Nitron, the commercial name for l,4“diphenyl-3-S-endo-anilodihydro- 
triazol,^^ is a basic compound w^hich forms rather insoluble salts with 
certain acids. The more important of these, in order of their solubilities, 
and starting with the most soluble, arc bromide, nitrite, chlorate, chromate, 
thiocyanate, iodide, nitrate, perchlorate, and picrate. Oxalic and citric 
acids are also said to form more or less insoluble salts. 

Nitron has found its chief use in determinations of nitric, perchloric, and 
picric acids; organic nitrates, nitric esters; nitro compounds; and oxides of 

nitrogcn.^2 

Noninterfering substances that have been mentioned are dextrin, gelatin, 
sucrose, iodate, aluminum, magnesium, or ammonium sulfates, potassium 
phosphate, and magnesium chloride. Sulfuric, hydrochloric, phosphoric, 
boric, formic, acetic, benzoic, and tartaric acids form soluble salts. 

Interfering substances are the acids that form insoluble salts, peptone, 

ferro- and ferricyanic acids, and large amounts of chlorides. 
PROCEDURE. Prepare a solution containing not over 0.1 g of nitrate ion 

and free from the interfering substances that have been listed. Dilute to 
80 to 100 ml, add 0.5 to 0.75 ml of dilute sulfuric acid (2 + 3) or 1 ml of 
glacial acetic acid, and heat to boiling. Add at one stroke 10 to 12 ml of 

the nitron reagent,^-’ stir, let stand for 30 to 45 minutes, and then cool in 

CeHfi 

N(l)-(2)N 

CbHb 

N 

or C20H16N4. Nitron nitrate has the formula C2oHi6N4*HN03. 

CeHfi 

22 For its use in the determination of rhenium, see p. 320. For a detailed discussion 
of the uses of “nitron” in analyses of inorganic and organic materials, see W. C. Cope 
and J. Barab, /. Am. Chem. Soc.^ 39, 504 (1917). 

23 Made up as needed as follows: Dissolve 1 g of “nitron” in 10 ml of 5 per cent 
acetic acid, filter through a filtering crucible, transfer to an amber botde, and store 
in a cool place. 
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ice water for 1.5 hours. Filter through a weighed filtering crucible under 
moderate suction, using the filtrate for transferring the precipitate, and 
washing out the beaker. Finally wash the precipitate with five 2-ml por¬ 
tions of ice water. To make sure that precipitation is complete, heat the 
filtrate to boiling, add a little more of the reagent, and cool as before. Dry 
the crucible and precipitate at 105° C for 1 hour, cool in a desiccator, and 
weigh. The empirical factor for HNO3 in the precipitate is 0.1679. 

Results for “NO3” arc apt to be a little low.^'^ 

D. OTHER METHODS 

For the determination of total nitrogen in calcium cyanamide, K. Scher- 
rer recommended that 1 g of sample be moistened with water in a diges¬ 
tion flask, mixed with 1 g of powdered copper, and carefully treated in 
cooled solution with 30 ml of cold 50 per cent sulfuric acid. The solution 
is then digested for 1 hour at a low temperature, then for 30 to 60 minutes 
at a higher one, and finally distilled as usual 

According to K. Kurschner,^^ excellent results for nitrogen in substances 
such as phenylhydrazine hydrochloride, antipyrine, brucine, 7;^-dinitroben- 
20I, calcium cyanamide, and nitrates are obtained by proceeding as follows: 

Transfer 0.15 g of sample to a dry Kjeldahl flask, dissolve in 5 ml of water, 

arfd add an intimate mixture of 7 g of iron filings, or powder, with 1 g of 

cupric oxide. ATix thoroughly by shaking for 1 minute so that all of the 

iron settles to the bottom of the flask. Add 20 ml of well-cooled dilute 

sulfuric acid (1 + 1), and again shake thoroughly. If vigorous reaction 

takes place, cool the flask. Let stand for 1 hour, add 30 ml of sulfuric acid, 

heat gently for 15 minutes and then as usual for 1 to 3 hours, depending 

on the ease with which the compound is decomposed. A colorless solution 

does not necessarily denote complete decomposition. A residue of sulfur, 

undecomposed iron, and sulfates of copper and iron is of no consequence. 

W. A. Drushel and M. M. Brandegee maintained that the nitrogen of 

aliphatic nitrites, cyanogen substituted esters, amides, and imides can be 

quantitatively fixed as ammonium chloride by heating with an excess of 

hydrochloric acid in sealed tubes for 2 to 3 hours at about 200° C. The 

nitrogen in glycocol is fixed quantitatively at this temperature only after 

3 to 4 hours. After the attack, the solution can be evaporated to dryness 

24 For a study of the method, consult J. E. Heck, H. Hunt, and M. G. Mellon, 
Analyst, 59, 18 (1934). 

^^Chem, Ztg., 49, 237, 243 (1925). 
2® For the determination of urea and nitrate nitrogen in the presence of cyanamide, 

consult E. G. Fox and W. J. Geldard, ./nd. Eng. Chem., 15, 743 (1923), and K. D. Jacob, 
ibid., 1175. 

27 2. anal Chem., 68, 209 (1926). 
/. Scl, [4] 39, 398 (1915). 
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on the water bath, heated in an oven for 5 minutes at 110 to 112° C to 
expel all hydrochloric acid,^-* and the nitrogen calculated after titration of 
the chloride with a standard neutral solution of silver nitrate as in Mohr’s 
method (p. 732). 

According to H. ter Meulen,^® all of the nitrogen of many organic com¬ 
pounds can be transformed into ammonia by heating in a current of hydro¬ 
gen and passing the mixture of gases over nickelized asbestos. 

E. DETERMINATION OF MINUTE AMOUNTS OF NITROGEN OCCURRING AS 
AMMONIA OR NITRATE 

For the determination of verv small amounts of ammonia or nitrates, as 
for example potable water, recourse must be had to colorimetric methods,®’ 
such as the Nessler method for the former and the phenolsulfonic 
method ®® for the latter. 

a. Determination oj Minute Amounts of Free Annnonia, First prepare 

Nessler reagent as follows: Dissolve about 13 g of potassium iodide in 25 

ml of water, and add, with constant stirring, a cold saturated solution of 

mercuric chloride until the precipitate at first formed no longer redissolves. 

Do not let crystals of mercuric chloride fall into the solution, and avoid 

the formation of more than a very little permanent precipitate. Finally 

filter, and treat with a solution of potassium hydroxide obtained by dis¬ 

solving 55 g of potassium hydroxide in 150 ml of water, letting stand in 

a corked flask until clear and then decanting the clear solution. Dilute the 

solution to 250 ml, mix, and add a saturated solution of mercuric chloride, 

drop by drop and with constant stirring, until a slight yellowish permanent 

precipitate is formed. Let stand in a stoppered flask until clear, decant into 

a bottle, and keep stoppered and in a dark place. The reagent so prepared 

should have a yellow color, should give a brown tint in 1 minute when 

0.5 ml is added to 10 ml of distilled water containing 0.5 ml of standard 

ammonium chloride solution (0.00001 g nitrogen as NHa per ml) and must 

2®Drushel and Brandcgcc found that 1.2377 g of NH^Cl lost but 0.0002 g in weight 
when heated for 10 minutes at 110 to 112° C, and but 0.0005 g in one-half hour at 105 
to 108° C. 

^^Rec. trav, chim,, 43, 643 (1924); 44, 271 (1925). 
®^For detailed descriptions of these methods, consult such references as Standard 

Methods for the Examination of Water and Sewage, 9th cd., American Public Health 
Association, Boston (1946), or Official and Tentative Methods of Analysis of Associa-- 
tion of Official Agricultural Chemists, 7th ed., Washington, D. C. (1950). 

W. A. Miller, Z. anal, Chem., 4, 459 (1865); J. Nessler, ibid,, 7, 415 (1868); E. Frank- 
land and H. E. Armstrong, /. Che7n, Soc,, [2] 6, 77 (1868); H. Trommsdorff, ibid,, 
8, 356 (1869). 

Sprengel, Fogg, Ann,, 121, 188 (1864); A. Grandval and H. Lajoux, C. r,, 101, 
62 (1885); E. M. Chamot and D. S. Pratt, }, Am, Chem, Soc,, 31, 922 (1909), 32, 630 
(1910), and with H. W. Redfield, ibid,, 33, 366, 381 (1911). 
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not give a turbidity when 0.5 ml is added to 10 ml of water containing 8 ml 
of the ammonium chloride solution.^^ 

PROCEDURE. Place 50 ml of water in a thoroughly clean retort, add 2 ml 
of a saturated solution of sodium carbonate, connect with a vertical con¬ 
denser, distil off 30 ml, and then catch 10 ml in a Nessler tube. Cool to 
room temperature, add 0.5 ml of the Nessler reagent, and let stand 5 min¬ 
utes. If no color develops, the apparatus is free from ammonia; if the solu¬ 
tion turns yellow, more water must be added to the retort and the dis¬ 
tillation repeated until ammonia is gone. Then add 100 ml of the sample, 
distil at a rate of 10 ml per 2 minutes, and collect the 10-ml distillates in 
10-ml Nessler tubes. After five 10-ml portions have been obtained, catch 
a sixth, add Nessler reagent, and stand in warm (30 to 40^ C) water. If 
no yellow color results, stop the distillation; otherwise collect a total of 
eight fractions. Let the distillates cool to room temperature, and add to 
each 0.5 ml of Nessler reagent, beginning with the distillate last obtained. 
If a deep color appears in the third distillate, the first and second will prob¬ 
ably contain too much ammonia for direct test. In this case, dilute the 
second distillate to exactly 50 ml, mix, and test 10 ml of the solution. If 
the color is still too dark, dilute 10 ml of the already diluted solution to 
50 iiil. Treat the first distillate in like fashion, and determine the quantity 
of ammonia in each fraction as follows: Prepare a series of color standards 
by adding to a series of 10-ml Nessler tubes 0.5-, 1-, 2-, 3-, 4-, and 5-ml 
portions of an ammonium chloride solution containing 0.00001 g of nitro¬ 
gen per ml. Fill to the mark with ammonia-free water, add 0.5 ml of 
Nessler reagent to each tube, mix thoroughly, and, after 5 minutes, com¬ 
pare with the distillates. All solutions must have the same temperature. 
Tubes containing equal amounts of amnionia of course have the same in¬ 

tensity of color. 
b. Detennination of Minute Avwunts of Nitrates, a. Phenoldisulfonic 

acid method. The phenoldisulfonic reagent must not contain monosulfonic 

acid and is prepared as follows: Dissolve 25 g of pure white phenol in 150 

ml of pure concentrated sulfuric acid, add 75 ml of fuming sulfuric acid 

(13% SO3), wStir well, and heat for 2 hours at about 100° C. Two milliliters 

of this reagent suffice for 50 parts of nitrate per million of water. 

PROCEDURE. Measure into an evaporator 100 ml of the sample or, if 

nitrates are high, such a volume as will contain from 0.01 to 0.05 mg of 

nitrate nitrogen. Add sufficient 0.04 N or 0.02 N sulfuric acid to not quite 

3+A. P. Vanselow [Ind. Eng. Cheni. Anal. Ed., 12, 517 (1940)] recommends that the 
reagent be prepared as follows: Dissolve 45.5 g of mercuric iodide and 34.9 g of potas¬ 
sium iodide in as little water as is needed, add 112 g of potassium hydroxide (140 ml 
of an almost saturated solution, sp. gr. 15®/4® = 1.538), dilute to 1 liter, and let stand 
for 1 week before using. In the test, 5 ml are added per 100 ml of final volume, and 
the solutions are allowed to stand 30 minutes before being compared with standards. 
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neutralize all the alkalinity, and then a volume of standard solution of silver 

sulfate (free from nitrate and containing 4.3969 g per liter) which will pre¬ 

cipitate all but about 0.5 mg of the chlorine as previously determined in a 

separate sample. The removal of the chloride can be omitted if the sample 

contains less than 30 parts of chloride per million. Heat to boiling, add a 
little “aluminum cream,” filter and wash with small amounts of water. 

Evaporate the filtrate to dryness, add 2 ml of the disulfonic acid reagent, rub¬ 
bing with a glass rod to insure intimate contact. If the residue is compact or 

vitreous in appearance, place the dish on the w^atcr bath for a few minutes. 

Dilute with distilled water, and slowly add a strong solution of 10 to 12 N 
potassium hydroxide until the maximum color is developed. Transfer to 

a colorimeter cylinder, filtering if necessary, and compare with potassium 

nitrate standards.^^^ Nitrites interfere if present in excess of 1 part of nitrite 
nitrogen per million. They should be converted to nitrates by heating the 

sample a few moments with repeated additions of a few drops of hydrogen 

peroxide (free from nitrates) and a correction applied for the nitrate so 

formed. 

35 Prepared by })recipitating AKOHla from a solution of aluminum sulfate by means 
of a very slight excess of NaOH, filtering, washing, dissolving in HCl, and again 
precipitating and washing. 

These can be made as follows: Dissolve 0.72 g of pure recrystallized KNO3 in 
1 liter of water. Evaporate 10 ml of this solution to dryness on the water bath. Moisten 
the residue quickly and thoroughly with 2 ml of the phcnoldisulfonic acid, and dilute 
to 1 liter. One milliliter of this solution represents 0.001 mg of nitrate nitrogen. The 
comparison standards can be made as needed by adding 2 ml of potassium hydroxide 
solution to various amounts (as for example 0, 0.5, 1.0, 1.5, 2.0, 4.0, 6.0, 8.0, 10.0, 15.0, 
20.0, and 40.0 ml) and diluting to 50 ml in Nesslcr tubes. Such standards keep for 
several weeks without deterioration. 



PART III 

SILICATE ROCK 

ANALYSIS 

I. INTRODUCTION 

1. Importance of Complete and Thorough Analyses 

The composition of the ultimate ingredients of the earth’s crust—tlie dif¬ 
ferent mineral species that are found there, of many of which its rocks are 
made up—was the favorite theme of the great workers in chemistry of the 
earlier half of the nineteenth century, and, for the painstaking care and 
accuracy of Berzelius, Wohler, and others, the mineralogists and geologists 
of today have reason to be thankful. Considering the limited facilities at 
their disposal in laboratory equipment and quality of reagents, the general 
excellence of their work is little short of marvelous. As an outgrowth of 
the analysis of minerals and closely associated with it came the analysis of 
the more or less complex mixtures of them—the rocks. To aid the petrog- 
rapher and geologist in the study of rocks, a host of chemists, for many 
decades, have annually made hundreds of analyses of all grades of quality 
and completeness. With the growth and extraordinary development of 
the so-called organic chemistry, inorganic chemistry gradually fell into a 
sort of disfavor. In many, even the best, European laboratories the course 
in mineral analysis, although maintained as a part of the curriculum of study, 
became but a prelude to the ever-expanding study of the carbon compounds, 
which, multiplying rapidly and offering an easy and convenient field for 
original research and possible profit, proved more tempting to young 
chemists than the often worked-over and apparently exhausted inorganic 

field. For one student devoting his time to higher research in inorganic 

chemistry fifty perhaps were engaged in erecting the present enormous 

structure of carbon chemistry. TTie instruction afforded to the student in 

mineral analysis was confined to the ordinary separations of the commoner 

ingredients occurring in appreciable quantities, with little regard to sup¬ 

posed traces and with still less attempt to find out if the tabulated list really 

comprised all that the mineral or rock contained. 

With the introduction of improved methods of examination by the 

petrographer, especially as applied to thin rock sections, and the use of 

heavy solutions, whereby, on the one hand, the qualitative mineral com¬ 

position of a rock could be preliminarily ascertained with considerable cer¬ 
tainty, and, on the other hand, chemical examination of the more or less 

perfectly separated ingredients was made possible, a great help and in- 

793 
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ccntive was afforded to the few chemists engaged in rock analysis. The 
microscope often obviated in part the necessity for tedious and time-wasting 
qualitative tests, and the heavy solutions, by permitting the concentration 
and separation of certain components, facilitated the detection of elements 
whose existence had long been overlooked. 

Meanwhile, in the progress of chemistry, new methods and reagents for 
qualitative detection and quantitative separation and estimation were grad¬ 
ually being devised and discovered. The belief that some well-established 
methods were adequate was shown to be unAvarranted; some had to be 
discarded altogether; others were still utilizable after modification. In the 
light thus shed, it became possible to explain many hitherto incomprehen¬ 
sible variations in the composition of some rock species or types, as shown 
in earlier analyses, and in not a few cases it appeared that the failure to 
report the presence of ont or more elements had obscured relations and 
differences which more thorough examination showed to exist (see pp. 
796-797). Consequently there arose a feeling of distrust of much of the 
older work in the minds of those chemists and petrographers who were best 
fitted to judge of its probable qualities. This and the incompleteness of 
nearly all the earlier work (and some of that of today, unfortunately), as 
shown by the largely increased list of those elements now known to enter 
into the normal composition of rocks, are rendering the old material less 
and less available to meet the increasing demands of the petrographer.^ 

And yet these demands were, with few exceptions, by no means so exact¬ 
ing as they should have been. Frequently the analysis was intrusted to a 
student without other experience than that gained by the analysis of two 
or three artificial salts and as many comparatively simple natural minerals, 
and with a laboratory instructor as adviser whose experience in rock analysis 
might be little superior to his own. In other words, one of the most diffi¬ 
cult tasks in practical analysis was given to a tyro, and his results were 
complacently accepted and were published broadcast without question. 
Even to those who are thoroughly familiar with the subject, rock analysis 
is a complex and often a trying problem. Although long practice may have 
enabled one to do certain parts of the w ork almost mechanically, perplex¬ 
ing questions still arise which require trained judgment to meet and an¬ 
swer properly, and there is yet room for important work in some of the 

1 H. .‘S. Washington f U, S, Geol. Survey Profess. Papers 99 (Chemical Analyses 
of Igneous Rocks, published from 1884 to 1913, with a criticaFdiscussion of the char¬ 
acter and use of analyses) and 28 (The Superior Analyses of Igneous Rocks from 
Roth’s Tabcllen, 1869 to 1884, arranged according to the quantitative system of classi¬ 
fication)] did a most important w^ork in sifting the great mass of data accumulated in 
the thousands of analyses published since 1869. After a systematical critical examination, 
he assigned to each analysis a certain value on a scale of 5. Many of these values 
may be incorrect, but most of them undoubtedly give a fairly true measure of the 
weight to be attached to the respective analyses. 
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supposedly simplest quantitative determinations. If the results are to have 
any decided value for purposes of scientific interpretation and comparison, 
they must be the outcome of the work of one who is able to find his way 

through the intricacies of an analysis in which 15 to 25 components are to 

be separated and estimated with close approach to accuracy, and this a 

beginner cannot hope to do. The conscientious chemist should have a live 

interest in this matter. He should work with a two-fold purpose in view— 

that of lightening the labors of those who come after him by enabling them 

to use his work with less supplementary examination, and that of enhancing 

his own reputation by mei iting encomiums on work that has stood the test 

of time. 

How little understood may be the principles underlying the treatment 

of bodies so complex, and the accurate separation and determination of 

their constituents, even when these are comparatively few, have been strik¬ 

ingly shown in the work of committees of chemists charged with the in¬ 

vestigation of the methods employed in various branches of technical chem¬ 

istry involving the analysis or assay of zinc ores, slags from the smelting of 

copper ores, argillaceous limestones, glasses, refractories, and cements. In 

all cases a most woeful inability to obtain accordant results is apparent, not 

orfly among those less experienced but among those supposed to be most 

expert in each of the particular fields as well. Some improvement in com¬ 

mercial silicate analysis has resulted from the investigations set on foot and 

the recommendations made by these committees, and further improvement 

may be expected. A more marked improvement has been shown in the 

quality of analyses made for scientific study, but the art of analysis still 

stands in great need of more thorough treatment in our educational insti¬ 

tutions. 

The petrographer, again, should seek to have his analyses made as com¬ 

plete as possible, and not, as was often the case, be content with determina¬ 

tions of silica, alumina, the oxides of iron, lime, magnesia, the alkalies, and 

water. The latter course, it is true, is entirely justifiable at times and may 

serve the immediate purposes of the analyses, but their incompleteness may, 

on the other hand, not only conceal points fruitful of suggestion to the at¬ 

tentive mind, but, what is of still greater importance, they may be actually 

misleading. Enough instances of totally inaccurate conclusions to be drawn 

from them have fallen under our observation to fully justify this plea in 

favor of greater completeness in rock and mineral analysis made for purely 

scientific purposes.® 

2 For further presentation of this subject from the viewpoint of an experienced pe¬ 
trographer, see H. S. Washington, Manual of the Chemical Analysis of Rocks, pp. 7-17 
(1919). 



796 SILICATE ROCK ANALYSIS 

The importance of the points indicated in the foregoing paragraph is 

shown by the difference between the analyses given in Table 24A. The 
specimens were taken and analyzed at widely separated times and by dif¬ 
ferent persons, it is true, but they were unquestionably from the same rock 
mass, in which, however much the relative proportions of the different 
mineral constituents might vary within certain limits, there can be no reason 
to doubt the general distribution of all the elements shown by the second 
analysis. 

Another instance of similar kind is given in Table 24B. Here, again, cer¬ 
tain differences are explainable by natural variations in the proportions of 
the constituent minerals, but it can hardly be doubted that Ti02, BaO, SrO, 
P2O5, and SO3 were present in both specimens in approximately the same 
amounts. In the earlier analysis, determinations of some supposedly un¬ 
important constituents were purposely omitted or made only qualitatively, 
with results that cannot be other\vise than fatal to a full comprehension of 
the mineralogic nature of the rock. 

F. W. Clarke has shown that the combined percentages of titanic and 
phosphoric oxides in rocks of the earth’s crust, averaged from hundreds of 
analyses, amount to 0.8 per cent. When the determination of these is neg¬ 
lected, the error falls on the alumina. If the alumina is then used as a basis 
for calculating the feldspars, it is easy to see that a very large average error 
in the latter may result, amounting to several per cent of the rock. 

In order to emphasize more strongly the importance of completeness in 
analysis, a few facts brought out by the hundreds of rock analyses made in 
the U. S. Geological Survey laboratory may be cited. It has been demon¬ 
strated most conclusively that barium and strontium are almost never-failing 

constituents of the igneous rocks of the United States and of many of their 

derivatives. The amounts are usually below 0.1 per cent for each of the 

oxides of those metals, but higher amounts are by no means uncommon. 

Furthermore, the weight of barium is almost without exception in excess 

of that of strontium; but a still more important point is that the igneous 

rocks of the Rocky Mountain region, so far as examined, show much higher 

average percentages of both metals than the rocks from the eastern and the 

more western portions of the United States. The following examples serve 

to illustrate certain types of Rocky Mountain igneous rocks: Of seven 

rocks forming a Colorado series, six held 0.13 to 0.18 per cent of BaO, 

whereas in the seventh the percentage was 0.43. The SrO ranged from 

0.07 to 0.13 per cent for six and was 0.28 for that one highest in BaO. Of 
13 geologically related rocks from Montana, embracing basic as well as 

acidic and intermediate types, the range of BaO was 0.19 to 0.37 per cent, 

with an average of 0.30 per cent. Three others of the same series contained 

0.10 per cent or less, while the 17th carried 0.76 per cent BaO. The SrO 
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TABLE 24A 

Analyses of Specimens Taken from the Same Rock Mass at Different Dates 

Si02 

Earlier 
Analysis 

54.42 

Later 
Analysis * 

53.70 LizO 

Earlier 
Analysis 

Trace 

Later 
Analysis 

Trace 
TiOa 1.92 H2O below 110° 0.80 
AI2O3 13.37 11.16 H2O above 110° 2.76 t 2.61 
Cr203 0.04 CO2 1.82 
Fe203 0.61 t 3.10 P2O6 1.75 
FcO 3.52 t 1.21 SO3 0.06 
MnO 0.04 F 0.44 
CaO 4.38 3.46 Cl 0.03 
SrO 
BaO 

0.19 
0.62 99.58 100.40 

MgO 6.37 6.44 Less 0 for F 0.19 
K2O 
Na20 

10.73 
1.60 

11.16 
1.67 100.21 

* A still more recent analysis of another of the series of rocks of which this is an example has 
shown that this “later analysis” is itself probably incomplete and incorrect in part—incomjdete 
because of the probable presence of 0.2 per cent or more of Zr02, incorrect because of the error 
in AI2O3, resulting from the Zr02 being counted as AI2O3, and from the fact that titanium is 
nof fully precipitable in the presence of zirconium by Gooch’s method (the one employed). 
This latter error involves both the Ti02 and the AI2O3 (see p. 887). 

t From the fact that repeated determinations of the iron oxides in this and related rocks from 
the same region show always a great preponderance of ferric oxide, it is not improbable that 
the figures given for the two oxides in the first analysis were accidentally transposed. 

t In the published analysis, it does not appear whether this is total water or, as seems prob¬ 
able, only that remaining above 100°. 

TABLE 24B 

Analyses of Specimens Taken from the Same Rock Mass at Different Dates 

Earlier Later Earlier l^atcr 
Analysis Analysis Analyjjis Analysis 

Si02 44.31 44.65 Na20 4.45 5.67 

Ti02 Not est. 0.95 Li20 Trace 
AI2O3 17.20 13.87 H2O below 110° 0.77 0.95 
Fe^Oa 4.64 6.06 H2O above 110° 2.10 
FeO 3.73 2.94 H2O by ignition 3.30 
MnO 0.10 0.17 CO2 0.11 
CaO 10.40 9.57 P2O5 1.50 
StO 0.37* Cl Trace 
BaO 0.76 SO3 0.61 
MgO 6.57 5.15 
K2O 3.64 4.49 99.11 99.92 

* Not entirely free from CaO. 
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ranged from 0.37 per cent in the 17th rock to an average of 0.06 for the 
other 16. Certain peculiar rocks from Wyoming carry from 0.62 to 1.25 
per cent BaO and from 0.02 to 0.33 per cent SrO. Surely this concentra¬ 
tion of certain chemical elements in certain geographic zones has a signifi¬ 
cance which future geologists will be able to interpret, if those of today 

are not. 
Again, vanadium is an element that few chemists ever thought of looking 

for in igneous rocks, though it had long been known to occur in magnetites 
and other iron ores. A. A. Hayes, in 1875, reported its occurrence in a 

great variety of rocks and ores. To quote from Thorpe’s Dictionary of 

Chemistry: 'Tt is said to be diffused with titanium through all primitive 

granite rocks [Dieulafait] and has been found by Dcvillc in bauxite, rutile, 

and many other minerals and by Bechi and others in the ashes of plants 

and in argillaceous limestone, schists, and sands.” It is further reported 

to comprise, as the pentoxide, up to 0.1 per cent of many French and Aus¬ 

tralian ^ clays, 0.02 to 0.03 per cent of some basalts, 0.24 per cent of a coal 

of unknown origin, and 0.45 per cent of a coal from Peru. Still later ex¬ 

aminations in the Survey laboratory of about 100 rocks, chiefly igneous, 

covering nearly the whole continental territory of the United States, show, 

not only its general qualitative and quantitative distribution, but also that 

it predominates in the less siliceous igneous rocks and is absent, or nearly 

so, in those high in silica. In some of the more basic rocks it occurs in 

sufficient amount to affect seriously the figures for the oxides of iron unless 

separately estimated and allowed for, a matter of considerable importance, 

because the petrographer lays great stress on accuracy in their deter¬ 

minations. 

The same investigation also threw some light on the distribution of 

molybdenum, which seems to be confined to the more siliceous rocks and 

to occur in quantities far below those commonly found for vanadium. 

Finally, had it not been the practice to look for sulfur in rocks, even 

when no sulfides were visible to the eye, its almost invariable presence in 

the form of sulfide and consequent connection with the long mystifying 

lack of agreement between results for ferrous iron obtained by the Mit- 

scherlich and the hydrofluoric acid methods might not have been suspected 

(see b* p. 909). 

Although strongly upholding the necessity for more thorough work, 

necessarily somewhat at the expense of quantity, it is far from our intention 

to demand that an amount of time altogether disproportionate to the im¬ 

mediate objects to be sought should be expended on every analysis. But 

8J. C. H. Mingaye confirmed its wide distribution in Australian rocks, coals, etc. 
[Records GeoL Survey N. 5. Wales, 7 13], 213 (1903)]. 
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we maintain that, in general, the constituents which are likely to be present 
in sufficient amount to admit of determination in the weight of a sample 
usually taken for analysis-say, 1 g for Si02, AI0O3, etc., to 2 g for certain 
other constituents—should be sought for, qualitatively at least, in the ordi¬ 
nary course of quantitative work, and their presence or absence noted among 
the results. If present in little more than traces, that knowledge alone may 
suffice, for it is often more important to know whether or not an element 
is present than to be able to say that it is there in amount of exactly 0.02 

or 0.06 per cent. In the tabulation of analyses, a special note should be 

made, in case of intentional or accidental neglect, to look for substances 

that it is known are likely to be present. Failure to do this may subject 

the analyst to unfavorable criticism when, at some future time, his work 

is reviewed and the omissions are discovered by new analyses. 

Finally, whenever possible, a spectroscopic and a thorough microscopic 

examination of the rock in thin section should precede the chemical analysis. 

This may be of the greatest aid to the chemist in indicating the presence 

of unusual constituents or of more than customary amounts of certain 

constituents, whereby, possibly, necessary modifications in the analytical 

procedure may be employed without waste of time or labor.^ It is better, 

for both the geologist and the chemist, to turn out a moderate amount of 

thorough work than a great deal of what may ultimately prove to be of 

more than doubtful utility. 

2. The Constituents Occurring in Silicaie Rocks 

It is to the decomposition of the original igneous rocks or their magmas 

and their derivatives that nearly all ore bodies in the United States owe 

their origin by one or another process of concentration. A certain class 

of concentrates probably separated from magmas in the fluid state before 

solidification. Hence, it is the natural and inevitable inference that suffi¬ 

ciently careful examination of these rocks would show them to contain all 

or nearly all the known elements, not necessarily all in a given rock, but 

many more than were formerly found.® Mechanical and analytical diffi- 

^See also H. S. Washington, Manual of the Chemical Analysis of Rocks^ 6~7 (1919). 
The foregoing tables and accompanying remarks, including several sentences preceding 
the tables, were taken largely from a paper entitled A Plea for Greater Completeness 
in Chemical Rock Analysis, /. Am, Chem, Soc,, 16, 90-93 (1894); Chem. News, 69, 
1163 (1894). See also Distribution and Quantitative Occurrence of Vanadium and 
Molybdenum in Rocks of the United States, Am, J. Set,, [4] 6, 209 (1898); Chem, News, 
78, 216 (1898); and U, S, Geol. Survey Bull, 167, 49 (1900). 

®F. Sandberger’s researches showed to what extent this is true of a large number 
of those elements contributing to the filling of metalliferous veins, and L. Dieulafait by 
his elaborate qualitative researches showed how universal was the distribution of copper, 
zinc, barium, strontium, etc., in the primordial rocks. 
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TABLE 25 

Minor Elements of Certain Rocks * 

Rock Sample 

Element 1 2 3 4 5 

Cr 0.23 0.013 0.003 -* — 

Ni 0.015 0.0081 — — — 

Co 0.0017 0.0025 0.0003 __ 

Sc 0.0019 0.0055 0.0002 0.0005 
V 0.013 0.022 0.0026 __ 0.0062 
Cu 0.0023 0.0089 0.0015 0.0003 __ 

Mn 0.099 0.13 0.014 0.054 0.13 
Sr 0.044 0.014 0.012 0.0034 0.019 
Ba 0.074 0.038 0.13 0.013 0.0086 
Pb — — 0.0022 0.0005 0.0016 
Zr 0.013 0.0096 0.027 0.028 0.069 
Ga 0.0013 0.0012 0.0018 0.0024 0.0022 
Y __ 0.0025 0.011 0.010 
La — 0.017 0.0094 0.033 
Mo — 0.0007 — 0.0012 
Be 0.0002 0.0004 0.0003 
B — 0.001 — — 

Nb — ■ — — 0.0045 0.017 

A dash in the table means element was below the limit of spectrographic detection by the 
method used. 

1. Basaltic andesite (49-687SC), lava from Paricutin volcano, Mexico. 
2. Diabase (W-1), Centerville, Virginia. 
3. Granite (G-1), Westerley, Rhode Island. 
4. Rhyolite (50-51 ISC), Jemez Mountain, New Mexico. 
5. Nepheline syenite (49-93SC), Pulaski County, Arkansas. 
* Information furnished through the courtesy of K. J. Murata and Joseph J. Fahey of the 

U. S. Geological Survey (1951). 

culties have thus far stood in the way of experimental proof that this is 

so, owing to the great scarcity of many of the elements. In exceptional 

cases, it may be desirable to subject a given material to very exhaustive 

analysis, as, for instance, when searching for the origin of ore deposits. 

Ordinarily, however, the demands of the petrographer and geologist are 

satisfied with a knowledge of the quantitative relations of those constituents 

that can be determined in a limited amount of the sample—say, from 0.5 g 

to 2 or occasionally 5 g. In general the discussion relating to silicate analy¬ 

sis in this volume will be confined to such separations as may be required 

in the analysis of an igneous, metamorphic, or sedimentary rock of com¬ 

plex mineralogical composition, in which the majority and possibly all of 

the ingredients in the list given below may occur in weighable or readily 

discoverable quantities: 
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SiOa, TiOa, ZrOa, AI2O3, FcaOa, CraOs, V^Oa, FeO, MnO, NiO, CoO, 
MgO, CaO, SrO, BaO, ZnO, CuO, K^O, NaaO, LiaO, HaO, PaOs, S,“ SO3, 
C/ COa, F, Cl, N. 

To the above list might be added certain others, as the group of so-called 
rare earths, besides tin, platinum, tantalum, columbium, boron, 43eryllium, 
helium. Some of these occur at times in determinable amounts and may 
very well have been overlooked by reason of the absence of distinctive tests 
for identification. Thorium, cerium, and other rare earths are probably 
more common as constituents of silicate rocks tlian has been generally sup¬ 
posed. Their presence and amount can be so readily and certainly detected 

by the methods given in their proper place that the reason for neglecting 

to look for them is no longer so strong as it used to be, especially when 

there is microscopic or other evidence of the presence of minerals likely to 

contain them. 
That still other elements might be added is indicated by the elements 

found by W. N. Hartley and H. Ramage" by spcctrographic tests of cer¬ 

tain minerals and by a systematic study of minor elements in rocks by mem¬ 

bers of the U. S. Geological Survey as showm in Table 25. 

3. Preliminary Qualitative Analysis 

A 'complete qualitative analysis of a rock preceding the quantitative ex¬ 

amination is in most cases a sheer waste of time. A few constituents may 

now and then be specially looked for, but, in general, time is saved by 

assuming the presence of most of them and proceeding on that assumption 

in the quantitative analysis. 
This statement must not be misinterpreted so as to convey the impres¬ 

sion that qualitative analysis should receive little consideration. For ores, 

mineral species, waters, etc., it is indispensable, as also in the testing of 

precipitates and filtrates during the course of quantitative analysis. 

The student of qualitative analysis will find in papers by A. A. Noyes, 

W. C. Bray, and E. B. Spear ” a vast fund of information relating not only 

to the making of separations but also, and this is often of greater impor¬ 

tance, to the completeness of these separations and to the possible limits 

of detection. The scope of these papers is less restricted than their titles 

might be thought to imply, for such elements as beryllium, uranium, vana¬ 

dium, titanium, zirconium, and thorium are included. 

• Usually as pyrite, occasionally as lazurite, not infrequently as pyrrhotite. 
^ As graphite or coaly matter. 
^Trms. Chem. Soc., 79, 61 (1901). 
»/. Am. Chem. Soc., 28, 137 (1907); 30, 481 (1908); Chem. News, 95, 89, etc. (1907); 

98, 6, etc. (1908). See also A. A. Noyes and W. C. Bray, A System of Qualitative 
Andy sis for the Rare Elements, Macmillan Co. (1927). 
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4. SuMMArioN OF Analytical Results and Limits of Allowable Error 

As is well known, a complete silicate-rock analysis which foots up less 
than 100 per cent is generally less satisfactory than one that shows a sum¬ 
mation somc\\'hat in excess of 100. I'his is due to several causes. Nearly 
all reagents, however carefully purified, still contain or extract from the 
vessels used traces of impurities, which are eventually weighed in part with 
the constituents of the rock. The dust entering an analysis from first to 
last may he considerable, washings of precipitates may he incomplete, and, 
if large filters are used for small precipitates, the former may easily be in¬ 
sufficiently washed. 

Given the purest obtainable reagents, an ample supply of platinum, facili¬ 
ties for working, and a reasonably clean laboratory, there is usually little 
excuse for failure on the part of a competent chemist to reach a summation 
within the limits 99.75 and 100.50. Summations obtained by analysts work¬ 
ing vTth one of us (L.) are shown in Table 26. Failure to attain 100 per 
cent in several of a series of analyses of similar nature should be the strong¬ 
est evidence that something has been overlooked. Excess above 100.5 per 
cent should be good ground for repeating portions of the analysis in order 
to ascertain wdiere the error lies, for it is not proper to assume that the 
excess is distributed over all determined constituents. It is quite as likely— 
in fact, more than likely—to affect a single determination and one that may 
be of importance in a critical study of the rock from the petrographic side. 

Washington would extend the allowable limits above given to 99,50 and 
100,75. If the analysis has to be made in other vessels that those of platinum 

and careful blank determinations are not carried along, a higher limit than 

100.50 is certainly called for, but it is extremely doubtful if a lower one 

than 99.75 should be accepted, for, as has been said, there is a tendency 

toward too high results in any case, and a summation of less than 99.75 with 

vessels other than platinum w ould be indicative of rather gross error on 
the part of the analyst. 

As for the allowable variation in duplicate determinations of the same 

constitutent no rigid rules can be laid down. Washington proposed the 
following, with which the experimental values of Dittrich made sub¬ 

stantial agreement: For Si02 and others that amount to 30 per cent and 

over,^ 0.2 to 0.3 per cent; for ALO^ and others that amount to 10 to 30 per 

cent, 0.1 to 0.2 per cent; for constitutents that amount to 1 to 10 per cent, 

0.05 to 0.1 per cent. These percentages are in terms of the whole rock. 

The agreement that can be obtained in very careful determinations of cer¬ 

tain constituents is illustrated by the results shown in Table 27. Analyses 

of a granite and a diabase rock by 34 chemists, working in 25 world-wide 

Manual of the Chemical Analysts of Rocks, p. 127 (1919). 
^^Neues Jahrh,, 2, 69 (1903). 
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rock-analysis laboratories, have been reported by W. G. Schlccht and R. E. 
Stevens.^^ The precision and range of the values for approximately 15 
constituents are somewhat discouraging. These data indicate the continu¬ 
ing need for improvement in both the art and the science of rock analysis. 

Although it is desirable sometimes, and for the beginner imperative, to 
make duplicate determinations, agreement is not to be taken as proof that 
the results are correct unless they have been arrived at by different methods. 

Too great stress cannot be laid upon the importance, especially for the 
analyst of limited experience, of consistently testing most of his final pre¬ 
cipitates and filtrates as carefully as possible in order to be sure, on the one 
hand, that the substances reported by a given name are wholly such and, 
on the other, that all is reported. In no other w ay can an analyst so soon 
accjuire the needed confidence in himself and his methods. Likewise meth¬ 
ods should be checked w^ith standard samples of like material w^henever 
possible. 

5. Statement of Analyses 

For many years it w as the practice in the laboratory of the U. S. Geo¬ 
logical Survey to tabulate the constituents of a rock somewhat in the order 
of their detennination, beginning with SiOu as the chief constituent and 
grouping together all chemically related oxides, as shown, for instance, on 
page 797. 

From a strictly scientific point of view% a chemical classification, founded 
on a separation into basic and acidic atoms or radicals, would be more satis¬ 
factory, but, until we learn to find out what silicic radicals are present and 

in what relative amounts, and also how much free silica there may be, it 

is useless to think of employing the arrangement used in stating water 

analyses. 

Petrographers now demand, w^ith considerable reason, an arrangement 

‘Vhich shall bring the essential chemical features—both the percentage fig- . 

ures and the molecular ratios—prominently and compactly before the eye, 

so that the general chemical character and the relations of the various con¬ 

stituents may be seen at a glance.” 

In accordance with this demand, it is now the practice to follow pretty 

closely the arrangement proposed by Pirsson and later strongly advocated 

by Washington, namely: 

Si02, AI2O3, FeoOa, FeO, MgO, CaO, Na20, K2O, H2O (above 105 to 

110°), H2O (below 105 to 110°), CO2, TiOs, ZrOg, P2O5, SO3, Cl, F, S 

(FeSo), CraOa, V2O3, NiO, CoO, CuO, MnO, SrO, BaO, LisO, C, NH3. 

12 A Cooperative Investigation of Precision and Accuracy in Chemical, Spectrochemi- 
cal, and Modal Analysis of Silicate Rocks, U, S, Geol, Survey Bull, 980, 7 (1951); see 
also, W. G. Schlecht, Anal, Chem,, 23, p. 1568 (1951). 

13 H. S. Washington, The Statement of Rock Analyses, Am. J, ScL, [4] 10, 61 (1900). 
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By this arrangement the nine constituents which in the great majority of 
cases determine the character of the rock are placed at the head of the list, 
thus facilitating greatly the comparison of different analyses similarly ar¬ 
ranged, especially when, as Washington recommends, the molecular ratios 
are calculated for these leading constituents and placed immediately after 
the corresponding oxides. The order of the remaining members is deter¬ 
mined somewhat by the following considerations; COi» is placed next after 
H2O, for these two are generally a measure of the alteration the rock may 
have undergone. TiOo and ZrOo naturally follow COo on chemical grounds, 
and SO3 and Cl, being common constituents of the sodalite group, are 
conveniently placed together. 

It may be said with regard to the use of the word “trace” that the amount 
of a constituent thus indicated is supposed to be below the limit of quanti¬ 
tative determination in the amount of the sample taken for analysis. In 
general, for analyses laying claim to completeness and accuracy, it should 
be supposed to indicate less than 0.01 per cent. 

6. Time Needed for Making an Analysis 

The question has often been put, “How long does it take to complete 
an analysis of this kind?” This will depend, of course, on the mineral 
complexity of the sample and on the personal factor of the individual 
worker. If there is a competent assistant to do the grinding, and specific- 
gravity determinations are not required, it is quite possible after long ex¬ 
perience for a quick worker to learn so to economize every moment of 
time in a working day, with an abundance of platinum utensils and con¬ 
tinuous use of air and water or steam baths through the night, as to finish 
every three days, after the completion of the first analysis, barring acci¬ 
dents and delays, one of a series of rocks of generally similar character, 
each containing 18 to 20 quantitatively determinable constituents, exclud¬ 
ing, for instance, fluorine, carbon as such, nitrogen, metals of the hydrogen 
sulfide group, and cobalt. But such an output of work implies an unusual 
freedom from those occasional setbacks to which every chemist is exposed. 

II. METHODS APPLICABLE TO SILICATE ROCKS 

1. Introductory Remarks 

The order hereinafter followed in describing the various chemical sepa¬ 
rations has little relation to the affinities of the constituents of the rock, 
but those are grouped together that can be determined conveniently in the 

same portion of rock powder. Thus, in the main portion, it is usual to 

determine Si02, Ti02, MnO, NiO, CaO, SrO, MgO, total iron, and the 

combined weight of all the following: AI2O3, TiOo, P2O5, Zr02, all iron 
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as Fe203, and nearly if not quite all vanadium as V0O5, also perhaps rare 
earths if present. In a separate portion is estimated FeO, and also the total 
iron, as well as BaO, if these last are desired as checks. The alkalies need 

a portion for themselves. In another it is convenient to detennine Zr02, 
BaO, rare earths, and total sulfur. For V2O3 and CroOa still another and 
usually much larger portion is to be used. Determinations of CO2, C, H2O, 
F, and Cl are all made best in separate portions of substance, though various 
combinations are possible, as CO2 and HoO, C and H2O, or HoO, F, and 
Cl. In fact, by a judicious selection and combination of methods, a very 
satisfactory analysis can sometimes be made on 4 g of material without 
omission of anything of importance, though the time consumed will be 
greater than if ample material is available. 

As an illustration of the advantage to be gained by a little judgment in 
the combination of methods, the case of sulfur, barium, zirconium, and rare 
earths may serve. Many chemists never look for any but the first of these, 
but, by following the procedure given under 9, A (p. 889), not much more 
labor is expended in confirming their presence or absence than that of sulfur 
alone. 

With only occasional exceptions, nearly all the constituents mentioned 
on page 801 can be determined, if present, in portions of powder not ex¬ 
ceeding 1 g each in weight. 

This is a convenient weight to take for the main portion, in which silica, 
alumina, etc., the alkaline earths, and magnesia are to be sought; but it 
should, in general, be a maximum, because, if a larger quantity is taken, 
the precipitate of alumina, etc., is apt to be unwieldy. It cannot often be 
much reduced with safety if satisfactory determinations of manganese, 
nickel, and strontium are to be expected. For the alkali portion, ^4 g is 
a very convenient weight. In general, it may be made a rule not to use 

more than 2 g for any portion that has to be fused with an alkali carbonate, 

as for sulfur, fluorine, and chlorine. For carbon dioxide, the weight may 

rise to 5 g, or even more, if the amount of this constituent is very small, 

without expenditure of any more time than is required by 1 g and with 

correspondingly greater approach to correctness in the result. For vana¬ 

dium also usually a larger weight than 2 g is demanded. 

For the attainment of accurate results, such as are needed for the close 

classification of a rock in the system devised by Cross, Iddings, Pirsson, and 

Washington,too great stress cannot be laid on the exercise of the utmost 

care throughout the analysis. This applies not only to routine manipula¬ 

tions, but even more in the matter of double precipitations, where these are 

called for, and in the testing of filtrates and precipitates to insure complete 

Quantitative Classification of Igneous Rocks, 286 pp., University of Chicago Press 
(1903). 
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recovery of the desired substances, on the one hand, and freedom of them 
when obtained from matter that should not be there, on the other. These 
cautions are especially applicable to analysts who have little experience. It 
must always be remembered that analysis can at best afford but approxi¬ 
mate results, which will be more serviceable the greater the care bestowed 
in obtaining them.^® 

2. Preparation of Sample for Analysis 

A. QUANTITY OF ROCK TO BE CRUSHED 

The amount of material that must be used in preparing the analysis 
sample varies. ATost rocks arc well represented by a few chips from a 
hand specimen, but, if a rock in which porphyritic structure is strongly 
developed is to be analyzed a large sample should be provided, gaged ac¬ 
cording to the size of the crystals, and the whole of this should be crushed 
and quartered down for the final sample. Unless this is done, it is manifest 
that the analysis may represent anything but the true average composition 
of the rock. The geologist should sec that a fairly representative sample 
is provided; else the chemist’s work, however careful, may count for little. 

B. CRUSHING 

For accurate analyses, the use of steel power crushers and mortars is out 
of the question because of the danger of contamination by particles of metal 
and the impossibility of cleansing the roughened surfaces after they have 
been in use a short time. Extraction, by the aid of a magnet, of steel par¬ 
ticles thus introduced into the powder is quite inadmissible, for the rocks 
themselves, almost without exception, contain magnetic minerals. 

a. Methods Used at the L7. S. Geological Survey, For breaking large 
pieces of rock to small sizes a thick steel plate witli specially hardened 
surface and a similarly hardened pounder, such as street pavers use, will 
probably render the best service, but the hardening must be done with 
extreme care. 

Satisfactory crushing on a small scale can be done in a mortar devised 
by C. W. H. Ellis, mechanician in the geophysical laboratory of the Car¬ 
negie Institution, which entirely obviates loss of material by flying frag¬ 

ments. The method of operating is apparent from Fig. 37. The block, 

cylinder, and pestle are of the best chilled tool steel, surface-hardened to 

the utmost limit. The cylinder fits snugly into a depression in the block, 

after the manner of an ordinary “diamond” mortar, but the pestle has a 

diameter less than the inner diameter of the cylinder. The crushing is done 

by the pestle, without the aid of a hammer, and may be carried so far, if 

I'^For applications of microanalvtical methods in the analysis of silicate rocks, consult 
F. Hecht, Mikrochim. Acta, 2, 120, 188 (1937). 
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necessary (see 2, C, p. 811), as to furnish by the aid of a fine sieve, preferably 

of the best silk bolting cloth, a powder that is fit for analysis without need¬ 

ing further pulverization in an agate mortar. For very many rocks and 

minerals, a material that passes a sieve of 30 meshes to the linear centimeter 

can be used directly for the analysis. Much the greater part of this will 

consist of grains of a diameter less than that of the mesh of the sieve, even 
when the intervals between successive applica¬ 
tions of the pestle and siftings are very short. 

Metal sieves must on no account be used if 
search is to be made for elements identical with 
those of which the sieves are made. 

An imperative precaution, when using this 
method, however, is to refrain absolutely from 
the least grinding or rubbing motion with the 
pestle. Even quartz can be broken down by 
vertical blows to a size fit for the agate mortar 
without showing any darkening in color, whereas, 
if a rubbing motion has been employed to even 
a slight extent, the powder will, by contrast, be 
perceptibly dark after grinding in the mortar. 
The hardest steel is very susceptible to abrasion 
by minerals less hard than quartz.^^’ The crush¬ 
ing must be carried to such a degree of fineness 

that, after the grains are transferred to the mor¬ 

tar, the grinding motion of its pestle will not 

occasion further loss of flying particles because 

the portions lost will not have the same composi¬ 

tion as those retained unless the material is glassy 

or very fine-grained. 

If grinding is not to follow crushing, the sieve 

should be chosen of a mesh that will afford a powder susceptible of com¬ 

plete or nearly complete decomposition within 20 minutes by boiling with 

dilute hydrofluoric acid (see C, below, and 15, A, p. 907). In order to ob¬ 

tain the minimum of “flour,” it is important to sift at very frequent intervals. 

When the crushing has been done with proper care, the amount of steel contaminat¬ 
ing the sample is so small as to cause no important error. This steel is for the most 
part apparently not in splinters but as thin films on the mineral grains. Its presence 
can be shown readily by grinding the crushed sample to a very fine powder in presence 
of water. The films thus become separated from the grains and still further flattened, 
and, as the grinding progresses, they rise as a visible scum to the surface of the water, 
whence they can be removed by careful handling of a magnet. This behavior of the 
films might perhaps afford a means of testing for native iron in rocks, provided the 
use of steel for crushing could be avoided altogether. 

Fig. 37. Ellis’s mortar for 
crushing coarse materials. 
All parts of best chilled and 
surfacc-hardcnel tool steel. 
Af Block, 12V2 by llYj by 
6 cm, with depression in 
center 0.6 cm deep; B, pes¬ 
tle, 20 cm high, 3.5 cm in di¬ 
ameter at base; C, cylinder, 
12V2 cm high, 5 cm outside 
diameter, 4.4 cm inside di¬ 
ameter, fitting accurately the 

depression in the block. 
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Some flour is, however, essential to the production of a homogeneous sample 
when flaky minerals, like the micas, are present. If the flour is first sepa¬ 

rated from a micaceous powder, no amount of mixing of the coarser material 
will afford a sample in which the mica does not show in streaks instead 
of being uniformly distributed. The sample finally obtained is to be 
very thoroughly mixed on glazed paper or by gentle shaking in a clean 
bottle. 

b. Washingtoii^s Method, The rock is first reduced, as by the methods 
described in a, to lumps that will fit into a “diamond” steel mortar of Platt- 

ncr’s form, the bottom of the cavity being hemispherical and matched in 
shape by the end of the pestle. The lumps are crushed, one by one, in the 
mortar by a dozen blows of a half-pound hammer (billet of w ood, Dittrich), 
and the contents of the mortar arc emptied into a cylindrical glass box about 
3.5 cm deep and 7.5 cm in internal diameter, with walls about 2 mm thick. 
When the whole sample, or a (juartered portion if it is large, has been thus 
crushed, a piece of best silk bolting cloth with about 25 meshes to the linear 
centimeter is stretched over the open side of the box and clamped fast by 
a brass ring 1 cm in height. The box is now inverted and the finest powder 

gently sifted onto a sheet of glazed paper. The material left on the cloth 
is rccrushed in the mortar and resifted, these operations being repeated 
until nearly all has passed the sieve. I'he final small oversize portion is 
ground in an agate mortar. It will, of course, not do to reject any portion, 
for thereby the composition of the mass will be affected. 

Washington found that in this way there is no danger of serious con¬ 

tamination by metallic iron (sec preceding footnote) and that any error 

resulting from the introduction of cloth fiber is negligible. This last will 

hardly be true of the method practiced in parts of Europe (the German 

beicteln), which, at least as it was carried out in Bunsen’s laboratory, differs 

in essential points from the gentle sifting recommended by Washington. 

C. GRINDING 

Ordinarily an extremely fine state of division of the analysis sample is 

unnecessary, except for those portions in which alkalies and ferrous iron 

are to be determined or where soluble constituents are to be removed by 

acids, etc., and for such portions the final grinding can be done at the bal¬ 

ance table on a small quantity of the crushed sample. 

Not only is fine grinding for most purposes needless, but also it may be 

positively harmful, allowing escape of contained gases, and, as R. Mauzelius 

showed,^^ it is absolutely imperative for the correct determination of fer¬ 

rous iron to use the coarsest powder that can be decomposed completely 

17 The Determination of Ferrous Iron in Rock Analysis; Sveriges geol, Undersokn,, 
Arsbok 1, no. 3 (1907). 
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by the method of attack employed. W. F. Hillcbrand showed that this 

is true for the water that is not given off at 100 to 110°. Mauzclius dis¬ 

covered that, the finer the material (containing ferrous iron) is ground, the 

less ferrous iron is found. In all his experiments on rocks and on iron¬ 

bearing minerals separated from rocks, the oxidation was marked and in 

the most extreme case amounted to about 40 per cent of the total ferrous 

iron (3.13% FeO found in the finest powder against 5.13% in the coarsest). 

This totally unexpected behavior has been confirmed (see 15, A, p. 908). 

The necessity for an entire reversal of the hitherto prevalent practice of 

preparing a very fine powder for the ferrous-iron determination is obvious. 

The preparation of two samples, one coarse for the ferrous iron and an¬ 

other much finer for the other constituents, though perhaps unavoidable 

at times, is objectionable for several reasons. (1) The finer the powder, 

the more loosely held (hygroscopic) water it contains, easily 5 to 20 times 

as much as unground grains, and also the more water that is not given off 

at 100°. If two samples are used, the water given off both below and above 

100° must be determined in each and a correction applied to the other con¬ 

stituent or constituents that may be determined in the finely ground sample. 

(2) The composition of the unground sample will differ in another respect 

from that of the ground material by the amount of silica derived from the 

mortar. This may easily reach or exceed one half of 1 per cent of the 

weight of the mineral powder (see p. 813), depending on the hardness of 

the minerals and on the length of grinding. 

In order to obviate the need for two samples, experiments have been 

made with a view to securing fine grinding and at the same time avoiding 

oxidation. These experiments need to be multiplied before positive con¬ 

clusions can be reached and precise directions formulated. So far as they 

go, however, they show that grinding in a nonoxidizing medium, such as 

absolute alcohol, is fairly satisfactor}^ Water is somewhat less satisfactory, 

notwithstanding the lower solubility in it of oxygen.^^ Alcohol does not 

seem to exercise a reducing effect on ferric minerals when they are ground 

in it. These experiments have served to show at the same time that the oxi¬ 

dation of the iron is not due merely to the greater exposure of surface, but 

i®The Influence of Fine Grinding on the Water and Ferrous Iron Content of Min¬ 
erals and Hocks, /. Am. Chem. Soc., 30, 1120 (1908); Chem. News, 98, 205-215 (1908). 
J. W. Mallet [Phil. Trans., 171, 1017 (1880)] seems to have been the first to notice 
that mechanical crushing could expel water from hydrous minerals (alum). He 
ascribed the effect to heat developed by the crushing, a view with which we are in 
accord. M. Carey Lea [Phil. Mag., 34, 36 (1892); 37, 31 (1894)], however, regarded 
mechanical stress, especially shearing stress, as the effective factor. 

19 W. F. HUlebrand, /. Am. Chem. Soc., SO, 1120 (1908); Chem. News, 98, 205-15 
(1908). 
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that it is probably aided by intense local heat from friction and fracture of 
the grains under the pestle. Probably grinding in an inert gas would be 

more satisfactory, but, although this might be arranged with a mechanical 

grinder, it would be impossible when the grinding has to be done by hand, 

and in any case it would involve much inconvenience and trouble. When 

alcohol is used, it should be in small cjuantities at a time, enough to wet the 

powder thoroughly and to give a very liquid mass. A second and third 

application of alcohol are sometimes needed, because of the rather rapid 

evaporation. When the grinding is finished, the alcohol is allowed to evap¬ 

orate spontaneously under a cover placed a few centimeters above the mor¬ 

tar and pestle, so as to exclude falling dust and yet allow free circulation of 

air. When thoroughly free from alcohol, the powder is removed gently 

from mortar and pestle with a flexible knife blade and then bottled. 

Formerly all rock samples in the laboratory of the U. S. Geological Sur¬ 

vey were, after crushing, reduced to powder by hand grinding, with ex¬ 

penditure of much time and labor. Since then, except in special cases, the 

work has been done by mechanical grinders run by a small electric motor. 

It will be evident from the foregoing statements, however, that care must 

be exercised in their use. 

D. ABRASION OF MORTAR AND PESTLE 

The abrasion of crushing apparatus has been touched on in B. 

The abrasion of pestle and mortar becomes more manifest with mechani¬ 

cal grinders than with hand grinding, notwithstanding the fact that each 

has its motion simulating as far as possible that of the hands. There is 

undoubtedly a very considerable introduction of silica into the sample 

from these sources, but, in comparison with the amount invariably present 

in an igneous rock, the quantity abraded is hardly of moment. Rocks 

normally free from silica, or nearly so, like many iron ores, are as a rule 

softer than igneous rocks and consequently cause less abrasion of the 
grinding implements. 

E. T. Allen, in order to get an idea of the amount of silica introduced 

into an ordinary rock sample through the abrasion of the grinding imple¬ 

ments, caused 200 g of quartz sand to be ground in portions at a time until 

all passed a sieve of 150 meshes to the linear inch (60 to the centimeter), 

the time required being 19.5 hours. The mortar (635 g) lost 0.189 g in 

weight, and the pestle (268 g) lost 0.102 g, a total of 0.291 g, or 0.145 per 

cent of the weight of the sand. The powder obtained in this case was less 

fine than that ordinarily sought at that time by rock analysts, but, on the 

other hand, the material was all quartz, a mineral much harder than most 
of those constituting the average rock. 
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W. Hempel tested experimentally the effect of grinding in mortars of 

agate, glass, iron, and hardened steel and found that, for hard bodies, like 

glass, hardened steel is far superior to agate, and that even mortars and 

pestles of green bottle glass showed much less abrasion than agate. In 

grinding 10 g of glass to very fine powder, the agate mortar and pestle, 

weighing 416 g, lost 0.052 g in weight (or 5 mg per g of glass), against a 

tenth of that loss with a hardened steel mortar and pestle of the same 
weight that had been some time in use. 

Notwithstanding these observations in favor of steel, the use of metal 

in rock analysis is, as said above, forbidden by the conditions of the case. 

Still more so is that of glass because of its complex composition. If 

impurity cannot be avoided, it is far better that it should be of one kind 

only, and that one productive of less disturbance than any other. 

E. WEIGHT OF SAMPLE 

The sample when crushed or ground should weigh not less than 10 g, 

and preferably 20, in case it should be necessary to repeat or be advisable 

to employ unusually large portions for certain determinations, notably 

carbonic acid. Rock analysis has in this respect an advantage over mineral 

analysis, as rock material is almost always available in ample quantity, and 

any desired number of separate portions may be used, whereas, with a 

mineral, the analyst is frequently compelled to determine many or all 

constituents in a single, perhaps very small, portion of the powder. This 

course often involves delay and the employment of more complicated 

methods of separation than are usually necessary in rock analysis. 

3. Water-General Considerations 

A. THE ROLE OF HYDROGEN IN MINERALS 

As the purpose of this chapter is primarily the instruction and guidance 

of the analyst, it has been thought best to curtail the discussion of the role 

of hydrogen in minerals to such data as are likely to be of direct aid in 

the interpretation of the analytical results. Fuller discussions of certain 

more general aspects of the subject will be found in the works listed in the 

footnote,^^ although it should be noted that the changes in viewpoint con- 

202. angev), Chem., 14, 843 (1901). 
21 This chapter appeared in Analysis of Silicate and Carbonate Rocks, S, Geol. 

Survey Bull. 700 and was prepared by Edgar T. Wherry, H. E. Merwin, and Elliot Q. 
Adams, on the basis of the matter on this subject in the older U. S. Geol. Survey Bull. 
422. 

22 H. Le Chatelier, Z. physik. Chem.y 1, 396 (1887); Cowpt. rend., 104, 1443-1517 
(1887); Bull. soc. frang. mineral., 10, 204 (1887). 

A. Hamberg, Geol. Foren. i Stockholm Fork., 12, 591 (1890). 
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cerning crystal structure, solid solution, etc., since then render many of the 
conclusions of the earlier writers of doubtful validity. 

a. Conditions in Which Hydrogen May Occur, TTie outline that follows 

presents a classification of the ways in which hydrogen (especially that 

given off as water) may occur in minerals. In using this outline, it should 

be borne in mind that the subdivisions arc not, in general, sharply delimited, 

but that a certain amount of gradation between them exists; that a given 

mineral may contain hydrogen in several different forms; and that some 

of the hydrogen originally present in one form may pass into another on 
grinding or on heating. 

Classification of the Condition of Hydrocen in Minerals, Minerai. Aggregates, and 

Minerai, Powders 

A. Essential hydrogen—present in regular atomic arrangement in molecular or crystal 
structure. 

1. Present in definite, stoichiometric proportions. 
a. As hydrogen—called acidic by analogy to behavior in solutions. 
b. As hydroxyl—the hydrogen called basic, again by analogy. 
c. As water—especially water of crystallization. 

II. Not present in stoichiometric proportions with reference to the substance as a 
whole, but present, in one of the above forms, in one or more of the constituents 
qf mixed crystals, including isomorphous mixtures. 

B. Nonessential hydrogen—its presence not necessary for characterization of the mineral 
(considered as water or other compounds). 

1. In liquid solution, specially in deliquescent powders, also in amorphous material, 
including undercooled liquids. 

II. Held by surface forces. 
a. Adsorbed on surfaces in films of molecular thickness. 

1. On walls of cavities within grains of aggregates. 
2. On exteriors of grains. 

b. Held by capillarity, in liquid form. 
1. In colloids with mesh structure. 
2. Indefinite openings within grains of aggregates. 
3. In spaces between separate grains. 

III. Included. 
a. As liquid droplets in cavities. 
b. As included grains of minerals belonging to one of the above listed classes. 

G. Tammann, Z. physik. Ghent,, 10, 255 (1892); 27, 323 (1898); Z. anorg. Chem,, IS, 
319 (1897). 

J. M. Van Bcmmelen, ibid,, 13, 233 (1897), and subsequent volumes. 
G. Tschermak, Z. physik, Chem., 53, 349 (1905); Z. anorg, Chem., 63, 169 (1909). 
U. Panichi, Pubbl. inst. studi pract., Sez, di. sci. fis. e nat., 1 (1908). Lengthy abstract 

in Neues Jahrb. Mineral., Band 2, p. 2 of Referate (1910). 
F. Zambonini, Mem, accad, sci. fis. mat, Napoli, 14 [2], no. 1, 127 (1908). 
E. Lowenstein, Z. anorg. Chem., 63, 69 (1909). 
S. J. Thugutt, Centr. Mineral., 611 (1909). 
A. Beutell and K. Blaschke, ibid,, 4, 195 (1915). 
I. Langmuir, /. Am, Chem, Soc,, 40, 1361 (1918). 
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The following notes will help to interpret the table. 

A. I. Investigations by X-rays and infrared radiation indicate that groups, such as 

OH and H2O, may have identity vi'ithin crystals, and so the separation of essential, 

stoichiometric, hydrogen into three classes, a, b, and c, is believed to be justified.^^ 

A. II. This class is intended to include such minerals as topaz, which is believed to 

consist of an isomorphous mixture of two end members, one hydrous and the other 

anhydrous, Al2(0H)2Si04 and Ali.>F2Si04. As the proportion of these members may 

vary widely, the hydrogen content may vary also; but, even though the hydrogen is 

not present in stoichiometric proportions with reference to the mineral as a whole, it 

does bear definite relations to one of the constituent members and is therefore properly 

considered essential. It is not necessary, however, that the members entering tlie sub¬ 

stance be isomorphous in the strictest sense—that is, of homologous formula type; for 

instance, the mineral turgite is believed to be made up of two components, Fe203 

(hematite) and FeO(OH) (gocthite), in variable proportions, forming mixed crystals.-' 

B. 1. The liquid surrounding deliquescing crystals belongs here. A parr of the water 

in opal may be dissolved, but probably most of it falls in B, II, b, 1, where the water 

of most hydrous “amorphous minerals” is thought to belong. Such substances as liquid 

hydrocarbons and volcanic glass, though not strictly minerals, may be mentioned here. 

B. II. a. Adsorption of water in molecular films upon surfaces is believed to be a 

general property of solids, and, if the surface exposed is large in proportion to the 

ainount of material involved, the quantity of water thus held may be analytically signifi¬ 

cant. The increase in water content shown by many minerals upon fine grinding 

represents, thus, chiefly an increase in class B, II, a, 2. A few instances are known 

where water of class B, II, a, 1 is present in appreciable amount, one being the fibrous 

form of gocthite, which is generally knowm as linionite.-'* 

B. II. b. 1. With reference to this class, it may be pointed out that studies of colloids, 

among which are to be included many “amorphous minerals,” have shown that they 

often possess a submicroscopic mesh structure, water (or other liquid phase) being held 

in the interstices of this structure. It is possible that certain crystalline substances, and 

in particular certain of the zeolite minerals, may contain water in this form also, but 

this has not been convincingly demonstrated. Classes 2 and 3 under this heading are 

of special significance in connection with finely fibrous minerals, such as the above- 

mentioned gocthite which often contains considerable amounts of capillary water. 

B. III. Liquid inclusions of either water or hydrocarbons and solid inclusions lof 

hydrous minerals may be the source of a considerable content of hydrogen. 

b. Bearing of the Classification on Analytical Procedure, a. Behavior of 
hydrogen on grinding the mineral. The fine grinding of minerals may 
lead to either an increase or a decrease in total hydrogen content (see B, 
p. 819). An increase is the result of the subdivision of grains and the con¬ 
sequent development of a greater surface upon which water can be adsorbed 
and otherwise held. A decrease is for the most part due to decomposition 
caused by local heating—by pressure or by mere change in grain size. 

As in general (though by no means invariably) the decomposition tem¬ 
peratures of minerals containing water of crystallization are lower than 

23 w. W. Coblentz, Carnegie Inst. Wash. Pub. 65 (1906); Bull. Bur. Standards, 2, 457 

(1906); C. Schaefer and Martha Schubert, Ann. Physik, 50, 339 (1916); A. Johnsen, 
Physik. 2., 5, 712 (1914). 

24 E. Posnjak and H. E. Merwin, Am. J. Set., [4] 47, 325-37 (1919). 

^f^Ibid., 311-48. 
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those of minerals belonging to other classes, a marked loss of hydrogen on 
grinding may be regarded as pointing to the probable existence of the 
hydrogen in this form (A, I, c). Members of other classes, however, show 
low decomposition temperatures with sufficient frequency to render it 
unsafe to depend too much on this criterion. A decrease may of course 
also be due to the evaporation of water or other hydrogen-bearing liquids 
originally included as droplets (class B, III, a) when the grinding exposes 
them. It is to be inferred from the foregoing discussion that, in order to 
be representative of the mineral, the sample to be used for determination 
of water should be ground as little as possible; still the material must be 

fairly well subdivided in order that the water shall be liberated within 

reasonable limits of time and temperature. The effect of grinding on the 

water content may have at least confirmatory value in the final conclusion 

as to the role of hydrogen in the substance. 

Behavior of hydrogen on desiccation at constant temperature. On 

exposure of a mineral containing essential hydrogen which is given off as 

water to an atmosphere in which the partial pressure of water vapor is 

being continuously diminished, water is likely to be lost discontinuously. 

Hydrogen of class A, II may, however, behave differently; this class requires 
furth^ investigation. 

The behavior of nonessential hydrogen is likely to vary with the class 

concerned. If it is included (class B, III, a and b), no loss is to be expected. 
If it is held by capillarity (B, II, b), the mode of loss will depend on the 

size and shape of the capillary openings. Water adsorbed on the surfaces 

of grains probably wdll be lost continuously—that is, it will be given off 

gradually as the water-vapor pressure diminishes, and dehydration will not 

be complete at any definite pressure. Hydrogen dissolved in “amorphous’' 

material (B, I) w^ould be expected to behave likewise. 

The change here described is often reversible, water that has been lost 

by decreasing the aqueous vapor pressure being taken up again when this 

pressure is increased. Such rchydration may often be more readily fol¬ 

lowed than the original loss of water, and the continuity or discontinuity 

of the effect be more certainly determined thereby. In any thorough 

study of the role of hydrogen in a mineral, both dehydration and rehydra¬ 

tion data should be obtained and preferably represented graphically, for 

conclusions as to the relations existing are often best drawn from the 

examination of curves. 

y. Behavior of hydrogen {expelled as 'water) on heating.^^ The behavior 

of hydrogen which is expelled as water on heating a mineral substance may 

be considered under three heads. 

26 Thermal dehydration may give some other hydrogen compound, HQ from 
MgQ2’6H20, or from AIQ8*6H20, for example. 
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1. Heating to approximately constant weight at each step of a series of 
increasing temperatures in an atmosphere of uniform or regularly changing 
and usually small water-vapor pressure. 

Minerals containing essential hydrogen are likely to lose it discontinuously 
—that is, at one or more rather definite temperatures. The temperatures 
at which dehydration occurs in dry air depend chiefly on the element or 
elements with which the hydrogen, hydroxyl, or water is associated. But, 
aside from this, in class A, I, a, “acidic” hydrogen, the dehydration tempera¬ 
ture is likely to be relatively high; in A, I, b, “basic” hydrogen, somewhat 
lower; and in A, I, c, water of crystallization, relatively low, especially for 
the first water given off from a scries of hydrates. In this case the water 
from two or more states of hydration may come off at one temperature 
unless the surrounding atmosphere has a carefully controlled and rather 
high water content. 

The escape of water from mixed crystals is likely to be gradual as tem¬ 
perature increases, but experimental results are lacking. 

Nonessential hydrogen is most likely to be given off continuously, but 
there are exceptions. For example, included w ater may escape discontinu¬ 

ously as the cavities containing it are burst open (decrepitation of the min¬ 
eral); and even capillary uater may escape more or less discontinuouslv 
if the heating changes the size of the pore spaces. 

2. Heating with continuously increasing temperature, the water-vapor 
pressure being largely determined by the dehydrating substance. 

The rate of loss of water as determined by frequent weighings or by 
Le Chatelier’s method of heat absorptions is either discontinuous or con¬ 
tinuous, about as stated in the preceding section, except that the tempera¬ 
tures at w^hich discontinuities occur are much influenced by such factors 

as rate of heating, state of subdivision of the material, and method of agi¬ 

tating the material during heating; the discontinuities themselves, however, 

tend to be more marked, especially in case of a series of hydrates. 

3. Determination of vapor-pressure curves in cases of reversible changes 

in water content. 

This determination gives very definite information concerning the state 

of hydration of a substance, but it is not commonly made as an analytical 

procedure. 

c. Effect of Dehydration on Physical Properties, In general the crystal¬ 

lographic, optical, and other properties are likely to be profoundly changed 

by dehydration when the hydrogen is essential, and but slightly changed 

when it is nonessential. There are here, however, as in most other phe¬ 

nomena, important exceptions to the rule. In particular, some of the 

27 W. F. Hillebrand, H. E. Merwin, and F. E. Wright, Proc, Am, Phil, Soc,, S3, 45 

(1914); Z. Kryst,, 54, 221 (1915). 
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zeolite minerals, in which the water is presumably in part essential, may 

show only minor changes in their properties when they arc partly or even 
completely dehydrated. In minerals of class A, II, also, the change in 
properties incident to loss of w ater may be but slight. On the other hand, 
when minerals contain considerable quantities of nonessential w^ater, marked 
changes in properties may result upon its removal.^® 

d. Conclusion, From the foregoing discussion, it is evident that, although 
determination of the condition of hydrogen in minerals is by no means a 
simple matter, considerable information upon it may be obtained by appro¬ 
priate analytical procedure. No conclusions should be drawn from single 
observations, but, when the results of several methods of study show con¬ 
verging indications, it is quite possible to decide, for the majority of min¬ 
erals, the condition in w hich their hydrogen is present. 

B. WATER TAKEN UP OR LOST ON GRINDING 

Before considering methods of determining w^ater, attention must again 
be called to the effect of fine grinding of mineral pow^ders on their ability 
to take up from the air and retain at temperatures far above 100"^ very 
appreciable amounts of w^ater, even in excess of 1 per cent (see p. 811). 
Table 28 contains typical data on this subject. For fuller details see the 
papea* already cited. 

TABLE 28 

Water Content of Powders of Varying Fineness, Ground in Air 

Niim- 
Water, % 

Material Condition 
ber 

Below 100“ Above 100° 

1 la <60 meshes to 1 cm 0.03 0.66 

Diiibasic norite or gahbro lb 1 (tround 30 min 0.10 0.66 

1 Ic Ground 120 min 0.74 1.00 

Altered basaltic greenstone 
2a 1 <40 meshes to 1 cm 0.22 3.13 
2b Ground 120 min 1.70 4.19 

Andesite 
3a <60 meshes to 1 cm 1.01 3.40 
3b Ground 30 min 1.18 3.54 

Quartz 
4a <60 meshes to 1 cm None 0.06 
4b Ground 120 min [ 0.35 0.45 

Meerschaum 
5a Coarse 1 5.76 6.79 
5b Ground 600 min 6.33 9.81 

Unglazed Berlin porcelain 
6a 

6b 

Coarse 

Ground (?) min 

None 

0.62 
None 

0.18 

2®E. S. Larsen and E. T. Wherry, /. Wash, Acad, Sci,, 7, 178-208 (1917). 
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On the other hand, water of crystallization may be expelled from min¬ 

erals by long-continued grinding. Thus the content in water of a specimen 

of gypsum was reduced from over 20 to about 5 per cent.^** The inference 

is obvious that water of crystallization should be determined on unground 

material, if possible. 

The following excerpt from the work of Day and Allen on the feld¬ 

spars, already cited, has direct relation to the above: 

There is another error to which accurate specific-gravity determinations upon pow¬ 

dered minerals will be subject unless suitable precaution is taken. The exposure to the 

air during the period of grinding the samples gives opportunity for the condensation 

of sufficient atmospheric moisture upon the grains to affect the weight in air. The 

amount varies measurably with the size of the grains, as may be seen from Table 29 

and probably with the degree of saturation of the atmosphere and the time of exposure. 

In the last two groups in Table 29, note that the moisture in graded portions of the 

same sample varies with the fineness. 

TABLE 29 

Determination of Moisture in 1 G of Powdered Mineral upon Exposure to the Air 

< = finer than. > = coarser than. 

Fineness (Meshes to Moisture, 

Mineral the linear inch) g 

Orthoclasc (natural glass) <150 0.0006 

AbjAns (artificial glass) Selected, coarse 0.0001 

AbiAns (artificial crystal) <100>120 0.0010 

AbiAni (artificial glass) <100>120 0.0007 

AbiAni (artificial crystal) <100>120 0.0010 

Ab (natural crystal) | 
f Coarse 
[<150 

0.0006 

0.0069 

Orthoclasc (natural crystal) <120150 0.0011 

Orthoclase (same sample) | 
|<150 

[Still finer 

0.0031 

0.0059 

Orthoclasc (artificial glass) Everything >100 0.0065 

Orthoclase (portion of same) >150 0.0022 

We also verified the conclusion of Bunsen that this absorbed moisture is not alto¬ 

gether removed at temperatures only slightly above 100" but requires 600° to 800°— 

equivalent to low red heat. Several samples for which the moisture had been deter¬ 

mined were laid away in corked test cubes for a number of weeks, after which rc- 

determinalion gave exactly the former value. 

It is worth noting in this connection that these measured quantities of absorbed water 

are of the same order of magnitude as those usually obtained for the water content in 

feldspar analyses, where, again, of course, the finer the sample is ground for the analysis, 

Carnegie Inst, Wash, Pub, 31, 56-67; Am, ], Sci. [4th ser.], 19, 93 (1905). Consult 

also R. Mauzelius, loc, cit.; W. F. Hillcbrand, loc. cit. 
80 Wied, Ann,, 24, 327 (1885). 
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the greater the possible error from this cause. It may be that a part and occasionally 
all of the moisture usually found in these analyses is absorbed and the significance of 
its presence there mistaken. 

C. IMPORTANCE OF EMPLOYING AIR-DRY POWDER FOR ANALYSIS 

The time-honored custom of drying a powdered specimen before bottling 
and weighing has no sound basis in reason. Its object is plain, namely, 
that of securing a uniform hygroscopic condition as a basis for convenient 
comparison of analytical results, because some rock powders contain more 
hygroscopic moisture than others and the amount is dependent further on 
the degree of fineness of the powder. Nothing, however, is more certain 
than that, by the time the dried substance is weighed, it has reabsorbed a 
certain amount of moisture, small, indeed, in most cases, but very appre¬ 
ciable in others; and, further, that, with every opening of the container 
tube, moisture-laden air enters and is enclosed with the remainder of the 
dry powder. Therefore it may very well happen that a powder that has 
been dried will, after several openings of the tube, especially at consider¬ 
able intervals, be nearly as moist as it was at first. Dittrich has expressed 
views similar to the above. Of course, it is understood that no deliquescent 
substance is present. 

It is preferable to weigh the air-dry powder and to make a special deter¬ 
mination of moisture. If all the portions necessary for an analysis are 
weighed one after another, or even at different times on the same day, the 
error due to difference of hygroscopicity in dry and moist weather, which 
for most of the separate portions is an entirely negligible quantity, is 
eliminated. Only in the main portion, in which silica and the majority of 
the bases are to be estimated, can it ever be an appreciable factor. Espe¬ 
cially is this true if a rather coarse powder is employed, such, for instance, 
as passes a sieve of 30 to 60 meshes to the linear centimeter. In many 
powders of this grade, the moisture will fall below 0.1 per cent, whereas, 
in those that have been ground for 1 to 2 hours, it may easily exceed 

1 per cent. 

D. ARGUMENT IN FAVOR OF INCLUDING HYGROSCOPIC WATER IN THE 
SUMMATION 

The question has been asked: “If the so-called hygroscopic water is not 

always such, but not infrequently includes essential water, why are not its 

separate determination and entry in the analysis unnecessary? Why make 

a distinction which after all may not be a true one?” The question involves 

the further consideration of the need in any event of including the loss at 

100 or 110^ 

It would seem to be a reasonable desire on the part of petrographers to 

have all analyses referred to a moisture-free basis in order that they shall be 
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Strictly comparable. This involves the omission of the “hygroscopic” water 
from the list of constituents, which would be eminently proper were it 
always possible to be sure that the loss at 100 to 110"^ truly represents such 
water. As it very often represents more, and the determination of whether 
or not it docs in each case is not always possible and would add to the time 
required for the analysis, it seems necessary to include this water. What 

errors may arise from its exclusion, the following rather extreme case well 

illustrates: Certain rocks of Wyoming in powder form lost 1 to 2 per cent 

of moisture at 110®. That not even an appreciable fraction of this was 

truly hygroscopic is fully demonstrated by the fact that the uncrushed 

rocks lost the same amount; yet the rule followed by many chemists and 

petrographers would have involved the removal of all this water as a pre¬ 

liminary to beginning the analysis, and not only would a most important 

characteristic have passed unnoticed, but also the analyst would have 

reported an incorrect analysis, inviting false conclusions and possibly serious 

confusion. (See examples cited on p. 825.) 

Hence it may be said that the estimation of the loss at JOG or 110® and 

its separate entry in the analysis arc advisable as affording to the lithologist 

an indication of the mineral character of one or more of the rock constitu¬ 

ents, thus perhaps confirming the microscopic evidence or suggesting fur¬ 

ther examination in that line. A marked loss in w eight at 100® by a coarse 

powder other than that of certain igneous glasses may be taken as almost 

positive proof of the presence of zeolites or other minerals which charac¬ 

teristically contain loosely held water. It has been objected that the hygro¬ 

scopic moisture varies with the degree of comminution of the sample and 

with the condition of the air at the time of weighing, and that therefore it 

should not be incorporated in the analysis, but this variation is ordinarily 

not at all great if the pow^der is coarse. 

4. Water—Methods of Determination 

With the coarse pow ders that arc needed to afford a true value for the 

hydrogen content of rocks and minerals, one or another of the methods 

described in this section w ill be found more or less unsatisfactory, especially 

with those materials that lose their hydrogen at very high temperatures or 

that are difficult to decompose wdth fluxes. Unfortunately at present no 

directions can be given to cover all such cases. The analyst must exercise 

judgment in the selection of a method. In any event duplicate determina¬ 

tions should be made until he has acquired the experience that will permit 

him sometimes to make exceptions. M, Dittrich®^ compared different 

ignition methods. 

81Z. morg, Chem,, 78, 191 (1912), 
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A. INDIRECT METHODS 

a. General Considerations, The means employed for the indirect deter¬ 

mination of water differ according to whether fractional or total amounts 

are needed. For the latter, simple ignition is adopted; for the former, 

exposure to the effects of dehydrating reagents or different temperatures. 

These methods, as ordinarily carried out, although exceedingly simple, are 

affected in most cases by serious errors, which will be considered in turn 

in their proper places. The methods should not be employed, therefore, 

when accuracy is essential, unless it is known that the errors are too slight 

to be significant or unless modifications arc introduced to guard against 

them. A complication, sometimes serious, is added by the fact that with 

coarse powders the time required for expulsion of the w^ater may be much 

greater than w hen a fine pow^der is used. 

b. Methods Involvmg the Use of Dehydrating Agents. Calcium chloride, 

sulfuric acid, and phosphorus pentoxidc are the chemical dehydrants com¬ 

monly employed in mineral analysis. Magnesium perchlorate and mag¬ 

nesium perchlorate trihydrate should also be kept in mind (see Reagents, 

p. 48). Of these, sulfuric acid finds most extended use, generally in a 

condition of high concentration, but in varying degrees of known conccn- 

tratfon if detailed study of the behavior of a mineral during dehydration is 

in progress. The importance of employing in desiccators only sulfuric acid 

of maximum dehydrating power w hen the full effect of the acid is desired 

has been shown.^- Acid that has stood long in desiccators that are in con¬ 

stant use is by no means so effective as fresh strong acid. Furthermore, 

the acid becomes dark from access of organic matter from dust or from 

the lubricant of the vessel, and this gives rise to the formation of appre¬ 

ciable amounts of sulfur dioxide. 

A mineral that loses much w^ater over a strong dehydrant may need an 

exposure of several days or even weeks for its complete extraction. If the 

weighings are made from day to day, the apparent limit may be reached 

long before all water really removable has been taken up by the acid. 

Whenever the crucible, after weighing, is replaced in the desiccator, it is 

no longer in a dry but a more or less moist atmosphere, and its contents, 

even when covered, sometimes absorb a part of this moisture and retain it 

so persistently that the acid is unable to bring the powder beyond its 

previous state of dryness in the next 24 hours. In fact, it may be unable 

even to reach it unless greater time is allowed. An experiment on tyrolite 

(Table 30), made and published many years ago, illustrates this point in 

part: 

Am. Chem. /., 14, 6-7 (1892). 
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TABLE 30 

Experiment of Drying 1 G of Tyrolite over Strong Sulfuric Acid 

Time Time 

Exposed, Loss, Exposed, Loss, 
hr g hr g 

18 0.0231 24 0.0002 

26 0,0083 24 0.0003 

23 0.0029 48 0.0006 

24 0.0012 24 0.0002 

23 0.0008 — 

24 0.0001 283 0.0380 

25 0.0003 

The experiment might reasonably have been considered ended after the 
138th hour, when a loss of but 0.1 mg w^as shown during 24 hours; but 
nevertheless a nearly steady loss of 0.3 mg per day took place for six days 
more, and might have been observed longer but for the interruption of 
the cxperimcnt.^'^ The sample w-as in fine powder. Had it been coarse, 
the rate of dehydration would have been much slow er. The time can of 
course be greatly reduced if the operation is performed in a vacuum. 

The indirect method can be made more accurate by heating the mineral 
or rock in a weighed tube, through which a current of air or other gas can 
be passed, either dry or of definite moisture content, according to the 
object in view, and then determining the loss in weight of the tube and its 
contents. If the drying agent for the gas is phosphorus pentoxide, it is well 
to cause the gas to pass first over or through calcium chloride or sulfuric 

acid, for the effectiveness of the pentoxide rapidly lessens as it becomes 

glazed with metaphosphoric acid. 

c. Methods Involving the Application of Heat. a. Fractional determina¬ 

tions. As to the temperature to be adopted for drying in order to deter¬ 

mine so-called hygroscopic moisture,'** the practice has varied at different 

times and with diflFerent w^orkers, ranging from 100 to 110°. For the great 

majority of rock specimens, it is quite immaterial w hich of these tempera¬ 

tures is adopted, for no greater loss is experienced at the higher than at the 

lower temperature, given a sufficient time for the latter. It has been the 

practice in the Survey laboratory to employ a toluene bath giving a tem¬ 

perature of about 105°. Should the results show a very unusually high loss, 

the povl^der is reheated at, say, 125°, in order to learn if the loss is pro¬ 

gressive with increased temperature, as this knowledge is important for the 

Consult J. W. Mallet, Phil. Trans.^ 171, 1006 (1880), for an example of slow loss 

of water from alum in air in an experiment lasting six months. 

8^ For an exhaustive and most important discussion of the determination of moisture, 

with special reference to coals, see the Report of the International Committee on 

Analysis, 8th Intern. Congr, Applied Chem.y 77-131 (1912). 
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interpretation of results. To insure accuracy, this experiment should never 
be made in crucibles or dishes which must be cooled in a desiccator. One 
instance will suffice: A gram of a mineral mixture containing about 17 per 
cent of water, of which about 3 per cent was driven off at 100° and 8 or 9 
per cent at 280°, was placed in a desiccator over sulfuric acid, after several 
hours’ heating at the latter temperature, weighed as soon as cold, and then 
replaced and again weighed the next day. It had regained 1 ^4 per cent of 
its original weight, although the desiccator was tightly closed and the 

crucible covered. 
A specimen of tyrolite was found on one occasion to lose 10.34 per cent 

at 280°, and on another occasion 14.33 per cent. In the latter case the 
drying and heating at progressive temperatures had continued during a 
period of 528 hours, the weighings being made usually from day to day; 
wdiereas in the former the duration of the experiments was much shorter 
and the intervals between weighings were but a few hours each. 

An important research of G. Friedcl w ell show^ed what errors are 
possible in the determination of this easily removable w'ater, as he found 
that certain zeolites which had been largely dehydrated but not heated to 
the point of rupture of the molecular net, could then absorb, instead of 
w ater, various dry gases in w4iich they might be placed, as carbon dioxide, 
ammonia, carbon disulfide, and others, even air in large quantities, and cer¬ 
tain liquids. In the light of this observation, the cause of the great increase 
of lYo per cent in weight of the partly dehydrated mineral mentioned 
above may very possibly be attributed to air from the desiccator instead of 
moisture, as w^as at the time supposed. At any rate, as Friedel said, the 
danger of accepting a loss in weight as an index of the amount of water 
lost is clearly shown, and thus that method of determining water is for 
many cases fully discredited. Just what method to adopt must be left 
largely to the judgment of the operator, who will often be guided by the 
mineral composition of the rock as revealed by the unaided eye or the 
microscope. 

Friedel indicated a means for determining the true weight of water lost 

by minerals behavdng like the zeolites, even without collecting the water 

lost, namely, by driving out of the dehydrated and weighed mineral, under 

proper precautions, any air it may have absorbed in the process of drying 

and cooling, and collecting and measuring this air and thus finding its 

weight, which, added to the apparent loss, gives the true content of water. 

But, aside from the above reasons for avoiding the use of indirect methods 

of water determination, there is another very important one. They never 

give correct results where air baths are used in the ordinary way, for the 

reason that the drjdng is performed in an atmosphere far from dry, and 

85 Bm//. soc. mineraL 19. 14-94 (1896): ComDt. rend,. 122. 1006 (1896). 
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therefore the substance cannot lose all its moisture. As examples, if the 
indirect method shows 0.12 and 0.75 per cent in two samples, the direct 
method may afford 0.17 and 1.00 per cent, respectively. Similar observa¬ 
tions have been repeated many times and admit of no dispute. They apply 
as well to rocks as to minerals. Therefore, if the moisture content is more 
than an insignificant factor, the indirect method must be avoided or so 
arranged as to insure a constantly changing dry atmosphere. 

To effect this the powder should be heated in a weighed tube, through 

which a current of dry air can be passed, and allowed to cool therein, after 

w^hich a second weighing gives the loss of moisture. The degree of drying 

will depend on the nature of the reagent used for drying the air, sulfuric 

acid being more effective than calcium chloride, and phosphorus pentoxide 

most effective of all. When using the last, it is well to cause the air first 
to pass over or through one of the first-named dehydrants, for its effective¬ 

ness rapidly lessens as it becomes glazed with metaphosphoric acid. For 

experiments carried out at room temperature no bath is required, but for 

artificial temperatures the tube should pass through a suitable thermostat. 

p, ^^Loss on igfjition^^ method for total 'water. In a few cases, the loss on 

ignition of a rock will give the total water with accuracy, but, in the great 

majority, there are so many possible sources of error that this old-time 

method can seldom be used wdth safety.'*’* Only when the rock is free 

from fluorine, chlorine, sulfur, carbon, carbon dioxide, and fixed oxidizable 

(FeO) or reducible (MnOj) constituents, can the loss be accepted as the 

true index of the amount of water present, and it is seldom that a rock is 

encountered that fulfills these conditions, especially as to the absence of 

ferrous iron. Ignition at 1100 to 1200° C, in the presence of carbon dioxide 

alone of the above list, may give a correct result, after separate estimation 

of the carbon dioxide, provided this emanates from carbonates of the earths 
and not from those of iron or manganese. Another source of error lies in 

For example the following results were obtained by crushing a sample of ferberite, 
FeW04, and then sieving and heating as indicated: 

48-65 Mesh 
Finer than 

100 Mesh 
Portion, % Portion, % 

3 hours at 110® C, loss 0.005 0.130 
3 hours * at 110° C, loss 0.015 0.050 
2 hours at 150° C, loss 0.050 0.010 
1 hour at 200° C, loss 0.090 0.040 
2 hours * at 200° C, loss 0.020 0.010 
1 hour at 600° C, loss 2.410 1,930 
1 hour * at 600° C, gain 0.060 0.070 
1 hour * at 600° C, gain 0.040 0.090 

* Additional. 
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the fact that from some minerals the hydrogen is not all driven out, even 
at the highest temperature obtainable by a blast lamp. Such heat may, on 
the other hand, drive out other difficultly volatile constituents, as the alkalies. 
This happens particularly when mixtures of alkaliferous silicates and 
alkaline earth carbonates are concerned, such as argillaceous limestones. 

The long-maintained idea that in presence of ferrous iron a sufficiently 
correct result is obtainable by adding to the observed loss an amount needed 
for oxidizing all ferrous iron is not justifiable. There can be no certainty 
that the oxidation has been complete, especially in the case of readily 
fusible rocks, and, at the high temperature of the blast, a partial reduction 
of higher oxides is not only possible but sometimes certain.^^ If the quan¬ 

tity was in any degree large, it is sometimes decidedly magnetic, presum¬ 

ably from presence of magnetic oxide, which no amount of heating wholly 

oxidizes, especially in the larger grains. Neither is evaporation with nitric 

acid and reignition sufficient to destroy the magnetic property of the oxide, 

as has been asserted. 

P. G. W. Bayly,"^ in a paper on methods of rock analysis, gave the fol¬ 

lowing method for determining water. The total ignition loss is corrected 

for carbon dioxide when this is present, and for ferrous oxide by determin¬ 

ing the ferrous iron both before and after ignition. Deduction of the sepa¬ 

rately determined moisture gives finally the more firmly held water. It 

need hardly be said that this method presupposes very exact determinations 

of both moisture and ferrous oxide. 

B. DIRECT METHODS WITHOUT ABSORPTION TUBES-PENFIELD'S METHODS 

a. For Minerals Easily Deprived of Their Water, If no other volatile 

constituents than water are present, the beautifully simple method first used 

by G. J. Brush and extended by S. L. Penfield leaves nothing to be 

desired for accuracy, provided that the expulsion of water can be effected 

at relatively low temperatures. It consists simply in heating the powder 

in a narrow tube of hard glass, enlarged at the closed end and provided 

with one or two further enlargements in the middle to hold the water and 

prevent its running back and cracking the hot glass. A capillary glass 

stopper fitted in with rubber tubing prevents loss of water by circulating 

air currents. The tube being held horizontally, the bulb is heated to any 

required degree by the Bunsen or blast flame. Moistened filter paper or 

cloth wound about the cooler parts of the tube insures condensation of all 

H. Warth [Chew. News, 84, 305 (1901)] also mentioned this and drew attention 
to the effect of alumina, not only in decolorizing ferric oxide when the two are heated 
together, but also in restraining the reduction of the latter to the magnetic oxide. 

88 Australasian Association for the Advancement of Science, Adelaide meeting (1907). 
Am, J, Sci, [3d ser.], 48, 31 (1894); Z. anorg. Chew., 7, 22 (1894). 
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water. The heated end being finally pulled oflF, the tube is weighed after 

cooling and external cleansing, and again after the water has been removed 

by aspiration. For most rocks, as they contain little water, centra! enlarge¬ 

ments of the tube are hardly needed. 

Various forms of tubes used by Penfield arc shown in Fig. 38. 

Before being used, even if apparently dry, “these tubes must be thoroughly 

dried inside, which is best accomplished by heating and aspirating a cur¬ 

rent of air through them by means of a glass tube reaching to the bottom.” 

How this simple tube is made to afford entirely satisfactory results with 
minerals, even w hen carbonates are pres¬ 
ent, is fully set forth in the paper cited. 

Comparatively few rocks are alto¬ 
gether free from other volatile constitu¬ 
ents. Hence, for refined work the ap¬ 
plication of this apparatus in the simple 
manner above set forth is limited. How^- 
cver, it may be used wdth the addition 
of a retainer for fluorine, sulfur, etc., 
such as the oxide of calcium, of lead, or 
of bismuth. It gives, of course, the total 
water, 

b. For Minerals not Easily Deprived 
of Their Water, When minerals are present that do not give up their wearer 
wholly, even over the blast, as talc, topaz, chondrodite, staurolite, Penfield 
recommended the use of a simple combination of firebrick and charcoal 
oven, either with or without a retainer in the tube for fluorine, as circum¬ 
stances demand. The part of the tube in the fire is to be protected by a 
cylinder of platinum foil tightly sprung about its end, and the part outside 
by asbestos board, as well as by wet cloth or paper. A piece of charcoal 
is likewise laid on the tube, as well as beneath and behind, and the blast 
flame is given a horizontal direction, so as to play upon the side of the ap¬ 

paratus. In this way a most intense temperature can be reached, but the 
platinum foil does not last long. 

M. Dittrich condemned the above method as giving variable results, 

after comparative trial of different methods, but it would seem that he 
did not use a retainer for fluorine or sulfur. 

In whichever way the apparatus may be used the water found is the total 

water, from which that found separately at 105° may be deducted if desired. 

C. DIRECT METHODS WITH ABSORPTION TUBES 

a. General Considerations. In general it is preferable to collect and weigh 

the water in suitable absorption tubes after its expulsion from the rock or 

I'k;. 58. Pcnficld’s tubes for water 
deternunation in minerals, /r, 
different forms of tubes; thistle 
tube for introducing the powder; e, 

capillary-tipped stopper. 
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mineral. The method is especially suited for the determination of total 
water or of that escaping above 105°. It is less suited for those fractional 
determinations where the escape of water is very s1oa\^ at the different tem¬ 
peratures, for the absorption tube in such cases may gain weight, other than 
that of V ater from the mineral, sufficient to introduce appreciable error. 
This may sometimes be corrected to a certain extent by running a parallel 
blank test. 

Absorption, following ignition without a flux, is not suited for rocks or 
minerals which yield other volatile substances than water and carbon dioxide, 
unless some substance is employed to retain these before they pass into the 
absorption tube. Even so, at extreme temperatures the results arc likely to 
be in error, so that, for materials which yield their water only at very high 
temperatures, fusion with a flux is imperative. 

A precaution too often overlooked is to sec that the drying agent used 
for the air current (always forced, not drawn) is the same as that in the 
absorption tube in w hich the water from the sample is collected—not only 
the same in kind, but as near as may be in strength also, especially with 
calcium chloride. Therefore the contents of drying and absorption appa¬ 
ratus should be changed often, and, wdien the apparatus is refilled, the 
reagents should be taken from the same stock. Fresh calcium chloride in 
absorption tubes should be exposed to a current of carbon dioxide and 
the excess removed by air before use. Furthermore, all connections should 
be as nearly as possible glass against glass, with the least possible inside 
exposure of rubber. With long rubber connections, the error may be a 
very sensible plus one. Again, the direction of the air current through the 
absorption tube should ahva)'S be the same as long as a filling lasts. Care 
must also be taken that the conditions at the several times of weighing of 

the tubes are nearly alike in temperature and hygrometric state of the 

atmosphere, for the afternoon w eight of a tube may be appreciably different 

from the weight on the following morning. It is wxll, therefore, to avoid 

error from this cause by approximately counterpoising the absorption tube 

by another of about the same volume and weight. Finally, the electrifying 

effect of wiping a tube before placing it on the balance must not be over¬ 

looked. In our experience this has often amounted to as much as 1 to 2 eg 

in a balance resting on glass (always an increase in weight) after wiping 

with a clean linen handkerchief. The charge can be removed by repeated 

application of the hand, but disappears slowly without such aid. A strongly 

electrified condition makes itself apparent by marked irregularities in the 

swing of the needle. Although more pronounced in cold weather, the 

phenomenon is not peculiar to winter.^® 

♦^‘With regard to electrification, consult also Ernst Bornemann, Chem. Ztg,, 12S, 

220 (1908). 
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The absorption tubes should not weigh in general over 30 g each when 

filled. Sulfuric acid as an absorbent has no apparent advantage over cal¬ 

cium chloride if the drying apparatus for the air contains also calcium 

chloride of the same absorptive power as that in the collecting tube. 

b. Heating the Sample, The heating of the sample is carried out most 

satisfactorily in tubes heated in electrically heated ovens or muffles that are 

equipped with means for regulating and for indicating the temperature.^^ 

Of more elaborate apparatus, designed to be used with fluxes, the tubu¬ 

lated platinum crucible invented by F. A. Gooch is capable of affording 

most excellent service. 

Figure 39, which hardly needs detailed description, shows it in a modi¬ 

fied form, which differs from the original forms of Gooch in that the tubes 

for connecting with both the drying and absorption vessels are constructed 

wholly of platinum instead of lead glass. With inlet and exit tubes of the 

lengths shown in the figure, there is absolutely no danger of the ends 

becoming hot enough by conduction to scorch or soften the rubber con¬ 

nection. 

As an adjunct to its convenient use, there is needed an ordinary upright 

iron ring stand, with two small sliding rings, and a sliding ring burner 

provided with entering ducts for gas and air blast. Across the uppermost 

ring there is an arrangement of stout platinum wire S (Fig. 40), forming 

at the center of the ring a secure seat for the upturned flange of the 

crucible proper. Both rings and burner can be clamped firmly at any 

height. 

For an apparatus devised by George Steiger in which the sample is heated at 
temperatures up to 110° C in a tube immersed in a toluene l)ath, consult C7. 5. GeoL 
Survey Bull. 700, 81, and, for a description of a gas-heated oven for use at temperatures 
up to 300° C, see T. M. Chatard, Am. Chem. /., 13, 110 (1891). For heating at 1000 to 
1050° C, M. Dittrich and W. Eitel \Z. anor^. Chem., 75, 373 (1912)1 recommended a 
tube of fused quartz of 45 cm length, 22 mm diameter and 0.5 mm wall thickness drawn 
out at the exit end and provided with a stopper and inlet tube of the same material 
in one piece. The stopper and end of the large tube arc grounded to fit and rubbed 
with a little graphite to insure tightness. Further security against loosening is provided 
by two pairs of quartz hooks on both stopper and tube, over which wire springs can 
be stretched. For holding the sample, mixed with 5 to 6 g of dry sodium carbonate, 
a boat of platinum-iridium (10 per cent iridium), 12 cm long, is used, having a cover 
of the same alloy. To protect against injury to the tube by spilling of the contents 
of the boat, a cylindrical shield of the same alloy is used. Fusion is brought about 
by heating in an electric furnace or by the heat of a row of burners, increased toward 
the end of the operation by that of a large blast lamp. For the determination of water 
and carbon dioxide simultaneously at approximately 1400° C and without flux, the same 
authors {ibid.) described the use of a platinum-iridium tube of smaller bore and 
containing a spiral of silver at the exit end. 

^^Am. Chem. /., 2, 247 (1880); Chem. News, 42, 326 (1880). 
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The rock powder, having been placed in the cylindrical crucible (C, 

Fig. 39), is there mixed with not more than 3 or 4 g of fully dehydrated 

sodium carbonate,^’* or more of lead chromate if carbon is to be likewise 

determined. The crucible is sunk in its seat S (Fig. 40), in the upper ring 

JR', and the tubulated cap T (Fig. 39) is fitted on and attached to the 

Fifi. 39. Modified form of Gooch tubulated platinum crucible for the determination of 
water, one-half natural size. Weighs about 75 g. 

calcium-chloride drying towers—preceded by one containing potassium 

hydroxide if carbon dioxide is likewise to be estimated—on the one side, 

and to a sulfuric acid bulb tube B (Fig. 41), on the other. Powdered 

sodium tungstate free from arsenic, which w ould soon ruin the crucible 

43 This has been heated for a length of time to near its fusing point over a free flame 
or in an air bath, to decompose the bicarbonate it usually contains, and then placed 
in a desiccator. Thus heated, it is not very hygroscopic. Penfield found that 2.5 g 
of it, spread out on a watch glass, gained only 0.0002 g in 15 minutes. Potassium 
carbonate and potassium-sodium carbonate are too hygroscopic by far to be available. 

44 Private advice from E. W. Morley conveys the infonnation that sodium carbonate 
is perfectly satisfactory as a substitute for the tungstate. If so, its use is preferable 
when the contents of the crucible are to be used for other determinations. 
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Fig. 40. Arrangement, during drying, of Gooch apparatus for determining water. S, 
seat of stout platinum wire resting on ring R' and serving as a support for the crucible; 
R'", blast-fed ring burner; R", support for air or toluene bath, O; F, asbestos-board shield. 

Fig. 41. Arrangement, during fusion, of Gooch apparatus for determining water. R"', 
blast-fed ring burner; P, protective asbestos shield resting on ring R"; F, asbestos-board 
shield; A, calcium-chloride tube; B, sulfuric acid bulbs serving to show the rate of gas 
flow through the absorption tube and at the same time to prevent back entry of moisture 

from the air into A, 
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lips—is now poured into the flanged lip L (Fig. 39), in which the cap rests, 
and a metal vessel of cold water having been raised by the lower ring 2?" 
(Figs. 40 and 41), until the platinum crucible is immersed sufficiently, the 
flame of an ordinary blast lamp is turned on to melt the tungstate. As 
soon as this is fused, the flame is removed, and the salt solidifies and makes 
an air-tight joint, the test of which is the permanence of the column of 
sulfuric acid in the bulb tubes caused by the contraction of the air in the 
platinum apparatus as it cools. 

After drying by a current of air at 105° for 2 hours, more or less, by 
means of an air or toluene bath, as shown in Fig. 40, the absorption tube A 
(Fig. 41) is interposed between the sulfuric acid bulbs and the apparatus, 
and, while a slow current of air continues to pass, the gradual heating and 
subsequent fusion of the flux are brought about by the blast-fed sliding 
ring burner R'" (Figs. 40 and 41). The sodium-tungstate joint is shielded 
from the flame by small pieces of asbestos board T (Fig. 41), cut out so 
as to fit the crucible. It is well to begin fusing at the top of the mixture 
in the crucible and to lower the blast gradually till the bottom is reached. 
In this \\ ay may be avoided all danger of the outlet tube becoming stopped 
by flux carried up by the escaping carbon dioxide. When fusion is com¬ 
plete, as shown in the case of sodium-carbonate flux by the decided slacken¬ 
ing of the gas current through the safety bulbs attached to the drying tube, 
the flame is extinguished, and a current of air is allowed to continue until 
the apparatus is cold. 

This apparatus suffers from the drawback of being slightly permeable 
to combustion gases at high temperatures. The defect can be overcome 
by causing the flame to play upon an outer ordinary platinum crucible, kept 
permanently filled with sodium-potassium carbonate. This protective cru¬ 
cible, however, is soon ruined for other purposes, being distorted by the 
alternate expansion and contraction of the carbonate, unless this is poured 
out before it solidifies after each fusion. 

It has been found that, if the operation is carried out expeditiously and 
the final full heat applied for but a few minutes, the error due to pene¬ 
trating water gases is inappreciable. This hastening may be rendered safer 
by using rather finely powdered calcium chloride or magnesium perchlorate 
trihydrate (p. 48), in the central section of the U-shaped absorption tube 
to avoid large air channels. Through this or any other apparatus based on 
similar principles, the air current should always be forced, not drawn. A 
warm air blast directed upon the exit tube near its entrance into the absorp¬ 
tion tube greatly shortens the time required and is to be recommended. 

In this apparatus only the water expelled above 100 to 110° should be 
determined as a rule. The reason why it is unsafe to attempt to determine 
“hygroscopic” moisture in this apparatus is that the luting of the two 
parts must be done by direct application of a flame to the tungstate, and 
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considerable water vapor may enter the apparatus and be retained in part 
by the dried sodium carbonate. 

For the determination of water in those hydrous sulfates that are apt to 
lose some of their acid radical when heated, S. B. Kiizirian^® developed a 
method which may find application for hydrous salts other than sulfates. 
An ignition tube, which may be of hard glass, is used for heating the 

mineral. The sample is mixed in a boat of porcelain or platinum with six 
times its weight of sodium paratungstate and inserted into the tube, which 
has been dried thoroughly by passing through it a rapid current of dry air. 

The ignition is started gently while dry air passes over the boat at a rate 

of 3 bubbles a second for 15 minutes. Then the temperature is increased 

gradually until the mixture forms a clear melt. The usual precautions for 

drying the air and absorbing the water evolved from the mineral are to be 

observed. 

Kuzirian’s experiments were carried out on sulfates of copper, aluminum, 

and nickel and the potassium alums of chromium and aluminum. They 

gave good results, the sulfate radical being retained quantitatively by the 

paratungstate. 

The Gooch and the Dittrich-FJtel methods permit the determination of 

other constituents besides water in the same portion if necessary, and, by 

the use of lead chromate instead of sodium carbonate, graphite or the carbon 

of organic matter can be simultaneously determined with the water. If 

carbonates are present, together with graphite or organic matter, the total 

carbon is obtained. 

To one accustomed to its use, and with a drying and suspension attach¬ 

ment permanently set up, the Gooch apparatus, considering its limitations 

above set forth, offers a handy and convenient means for the determination 

of water in rocks. Its high first cost, in comparison with the glass or quartz 

tube, is made up in time by its durability. 

The apparatus shown in Fig. 42 has been recommended by C. O. Har¬ 

veyfor the determination of water in rocks that arc substantially free 

from volatile constituents other than water or carbon dioxide. After the 

apparatus has been assembled, the rounded end of tube A is heated at the 

temperature to be used, and then allowed to cool. To determine the cor¬ 

rection for the “blank,” the weighing bottle is removed, quickly stoppered, 

weighed, and replaced in the apparatus. The heat is then increased during 

/. ScL, [4] 36, 401 (1913); Chem, News, 109, 173 (1914); 2. anorg. Chem., 
85, 127 (1914). 

In order to purify the commercial paratungstate, which ordinarily contains sodium 
carbonate, it is fused in a large platinum dish over the blast, and pure tungsten trioxide 
is added until carbon dioxide ceases to bubble out. 

GeoL Survey Grt. Brit., 1, 8 (1939). 
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a period of 30 minutes, and maintained for 90 minutes. The apparatus is 

next allowed to cool for 30 minutes, after which the weighing bottle is 

again removed, stoppered, and weighed. The determination is made by 

placing 2 g of the sample in the platinum boat and proceeding in the same 

manner. The weighing bottle should always be left on the balance for 

15 minutes before weighing, the tube A being closed meanwhile by a 

similar but empty weighing bottle. With rocks that evolve carbon dioxide, 

Fic. 42. Modified Penfield method. silica test tube supported at B in a position 
slightly inclined from the horizontal, and carrying a rubber stopper; C, snugly fitting 
weighing bottle; D, 4 to 5 g of CaClj; E, capillary tube leading to F which also con¬ 
tains CaCl^; G, platinum boat for sample; asbestos screen. Circulation within the 

.system is based on unrestricted convection. 

the bottle is moved rapidly in an upward direction four times before stop¬ 

pering, in which case the bottle is treated similarly during the determina¬ 

tion of the blank.^® 

5. Mkthods of Decomposing Rocks 

The almost universal practice in silicate analysis is to determine silica, 

titania, and most of the basic elements in one and the same portion of the 

sample after fusion with sodium carbonate. For the determination of other 

constituents, other methods of decomposition may be required. These, as 

well as suggested substitutes for the sodium carbonate fusion, are described 

in the following section. 

48 The determination of water by micro methods is discussed by F. Hecht, Mikro- 
chim. Acta, 1, 127 (1937). 
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A. DECOMPOSITION BY THE USE OF FLUXES 

a. General Considerations, In this chapter are considered those fluxes 
that find application in mineral analysis for the treatment of different classes 
or types of minerals and often with different objects in view—either simple 
breaking up or oxidation of one or more components or both. Fluxes or 
semifluxes which find but a single application, like the mixture of calcium 
carbonate and ammonium chloride used for the alkali determination in 
silicates, will be discussed in connection with the specific use. 

With the exception of boric oxide, the common fluxes are compounds 
of the alkali metals: hydroxides, peroxides, carbonates, and borates on the 
alkaline side; bisulfatcs, pyrosulfates, and acid fluorides on the acid side. 
The sulfates and fluorides are sometimes used jointly for the purpose of 
generating hydrofluoric acid and so increasing the disintegrating action. 
At the fusion temperatures the alkaline peroxides are powerful oxidizers as 
well as disintegrators, too pow erful for use in vessels of platinum unless 
diluted. 

Fusion with the carbonates too effects oxidation of many elements in 
minerals, mainly by bringing them into more intimate contact with the 
air than is possible by simple ignition without a flux. In order to expedite 
this effect, an alkali nitrate, chlorate, or peroxide is sometimes mixed with 
the carbonate, but, given time, the oxidation will usually go to completion 
without the added agent. This is exemplified in the case of the mineral 
chromite by the complete oxidation of its trivalent to sexivalent chromium, 
whether or not a special oxidant is used. The action of the sulfates is also 
frequently oxidizing but markedly less so than that of the hydroxides and 
carbonates. Thus they oxidize bivalent to trivalent iron with comparative 
case but do not oxidize bivalent manganese or trivalent chromium. 

In addition to the more common fluxes, others such as lead oxide and 
carbonate and basic bismuth nitrate are occasionally used, especially for 
silicates. One of the advantages these have in common with boric oxide 

over the alkali carbonates is their removability after serving their purpose, 

thus allowing the various operations to be made without the annoying in¬ 

terference of several grams of foreign fixed salts, which are most trouble¬ 

some in that part of the analysis which is devoted to the separation of 

silicon, aluminum, iron, calcium, and magnesium. Another of their advan¬ 

tages is that with them it is possible to determine in one portion of sample 

the alkalies in addition to a number of other bases and silicon. Where the 

material is limited, as so often it is in mineral analysis, this is a most impor¬ 

tant advantage, sufficient to outweigh all possible objections; but in rock 

analysis, where the supply of material is usually ample, it is seldom worth 

considering. A further point in their favor is that it is probably easier to 

obtain them free from fixed impurities than an alkali carbonate. 
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Of the three compounds named, lead carbonate precipitated by ammo¬ 
nium carbonate and basic bismuth nitrate, both of which upon heating yield 
oxide as the fluxing agent, are to be preferred to lead oxide because they 
are more readily obtainable pure. In the absence of reducing substances 
and with the exclusion of flame gases, the fusions can be made safely in 
a platinum crucible of even small size under a good draught hood. 

There are, however, objections to some of these less commonly used 
fluxes. For some of them an extraordinary amount of time must be devoted 
to grinding the mineral to an impalpable powder with the result of in¬ 
troducing appreciable material from the grinding implements (Grinding, 
p. 813) and of oxidizing some ferrous iron (Iron, p. 907). The flux too may 
need considerable hand pulverization (B2O3). 

In mineral analysis these objections are entitled to far less weight than 
in rock analysis, for the object sought—usually the deduction of a fonnula— 
warrants the expenditure of much time and painstaking care. Finally it has 
l)ecn found that one or more of these fluxes are not available for altogether 
general use because certain minerals do not succumb fully to their attack 

under simple conditions. 

It seems unnecessary to descril)e the simple fusion procedures used with 

these unusual fluxes. Those interested can consult the original papers.^® 

b. ^The Commoner Fluxes, a. Sodiimi carbofiate. By far the most fre- 

quently used flux is anhydrous normal sodium carbonate. Except in special 

cases, as when chlorine or fluorine is to be determined, there is no advan¬ 

tage in using the more fusible double carbonate of sodium and potassium 

or the equimolecular mixture of the normal carbonates, for the temperatures 

used for most mineral fusions are much above those at which the mixed 

carbonates melt, and, as is well known, potassium salts are more prone to 

pass into precipitates than sodium salts. 

The fact that the so-called dry sodium carbonate almost always contains 

some bicarbonate and hence yields water on ignition in no wise detracts 

from its usefulness; in fact C. Uolthof recommended the bicarbonate itself, 

which is more easily obtainable of fair purity. Holthof said furtlier that 

with it there is less spattering onto the lid of the crucible than with the 

normal salt. However, as he uses 12 to 15 parts of it to 1 of mineral in¬ 

stead of the customary 4 to 8 parts of the normal salt, the advantage of 

possibly greater purity is in considerable measure lost. 

Fusions with sodium carbonate should be made ordinarily only in vessels 
of platinum or its alloys. 

Bong, BidL soc. chim. France, 29, 50 (1878); W. Hempel, Z. anal. Chem., 20, 
496 (1881). P. Jannasch and J. Locke, 2. anorg. Chem., 6, 321 (1894); P. Jannasch, 
ibid., 12, 219 (1896). 

50 Z. anal. Chem., 23, 499 (1884). 
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Potassium carbonate. The hygroscopic character of potassium car¬ 

bonate makes it less suited for mineral fusions than the sodium salts; yet 
it finds application now and then, mainly because with certain elements 
the products of fusion are more soluble than the corresponding sodium 
salts. Its chief use by itself is in certain procedures for analyzing tantalates 
and columbates, and in admixture with sodium carbonate to furnish a flux 
of lower melting point than cither carbonate alone has. Naturally the salt 
must be dehydrated immediately before use. 

y. Alkali hydroxides. Sodium and potassium hydroxides are powerful 
fluxes, but are seldom used by themselves for complete analyses, because 
the purity of even the best commercial articles is inferior to that of the 
best sodium carbonate or bicarbonate, and because fusions must be made 
in crucibles of silver or gold instead of platinum. With these a much lower 
temperature is called for than is permissible with platinum, and, although 
they are less attacked, an appreciable amount of the metal is dissolved and 
must be subsequently removed. 

As the hydroxides, particularly the potassium compound, give off water 
more or less copiously when fused, accompanied by frothing or spitting, 
it is not good practice to mix mineral and flux until the latter has been 
brought into quiescent fusion by itself. Then, if it is known that the 
action will not be violent, the mineral powder may be poured upon the 
liquid flux in portions at a time; otherwise the liquid should be allowed to 
solidify and the pow der then placed in its entirety on the cool melt before 
heat is again applied.®^ 

8. Sodium peroxide. Sodium peroxide, although a powerful disintegrator, 
is not so much used in making complete analyses as in industrial assaying 
when it is desired to bring a certain element to a required state of oxidation 
and perhaps to separate it from others that might interfere with its deter¬ 
mination-chromium from iron for instance and sulfur in many sulfides. 
When so used, its entire freedom from foreign matter is unessential so long 
as the element to be detemiined is absent. Here, as with the alkali hydrox¬ 
ides, the use of platinum is not generally permissible, but crucibles of iron 
or nickel are required instead. These are, however, strongly attacked in 
the usual procedure and hence have a short life. With both metals, most 
of the elements alloyed with them dissolve and therefore limit the possi- 

According to C. J. van Nieuwenburg and H. H. Dingemans [Chan, Weekblad, 
25, 266 (1928) ], the decomposition of a number of technical silicates can be satisfactorily 
carried out* by molten KOH or NaOH at about 400° C in a nickel crucible; and the 
attack on the crucible is very slight if it is protected from direct contact with the 
flame. See also E. W. Koenig, Ind, Eng, Chan, Anal, Ed,, 11, 532 (1939). 

52 Very satisfactory iron crucibles are those stamped from no. 20 gage (0.032" thick) 
r X 12' sheets of ingot iron, which is manufactured by the American Rolling Mill Com¬ 
pany, Middletown, Ohio. This iron contains approximately 99.9 per cent of iron and 
but traces of silicon, chromium, and copper. 
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bilities in a subsequent analysis. In some analyses, the crucibles can be 
weighed before and after fusion and corrections applied as based on the 
composition of the crucible. Platinum may be used if the inside of the 
crucible is A^^ell coated with fused sodium carbonate and then with a thin 
fused layer of sodium peroxide, and the fusion is made at the lowest pos¬ 
sible temperature and is not unduly prolonged. 

In peroxide fusions, the sample should be well mixed with 5 to 15 g of 
dry sodium peroxide, the charge covered with 1 to 2 g of peroxide, and 
the crucible well covered and heated in an electric muffle at 600 to 700° C 
or over a free flame. In the former case, gradualh' insert the crucible, and, 
w hen the contents are molten, gently rotate to stir up any unattached par¬ 
ticles and heat for 5 minutes longer. In the latter case, first heat the cru¬ 
cible and contents on a hot plate for 5 to 10 minutes to expel any w^ater 
in the peroxide, and then carefully fuse the charge by holding the crucible 
with a pair of tongs and slow ly revolving it around the outer edge of the 
flame until the charge has melted down quietly, taking care not to raise 
the temperature so rapidly as to cause spattering. When the contents are 
in cjuict fusion, give the crucible a slight rotary motion to stir up any un¬ 

attacked particles on the bottom or sides. While still rotating the crucible, 
continue the heating at about 600° C for about 5 minutes, and finally heat 
for 1 minute at about 700° C. Let the melt solidify, and then loosen it in 
a solid cake by tapping the bottom of the crucible, wfflile still warm, sev¬ 
eral times on an iron plate. 

A simple procedure for sodium peroxide fusions and one that results in 
little or no attack on nickel crucibles is that recommended by Muehlberg."'*^ 
In this method, the sample is mixed with sugar carbon and sodium peroxide 
and ignited, the crucible being immersed in water during the ignition and 
subsequent cooling. The melt shrinks from the crucible when cool or at 
most requires but a slight tap to loosen it entirely. A small unfused residue 
usually remains. This, how^ever, settles quickly when the melt is dissolved 
in acid and can easily be caught on a filter and again fused with peroxide 

as before or with sodium carbonate in a platinum crucible. Although the 

danger of violent explosion is very slight, it is well to wear goggles when 

the mixture is ignited. 

PROCEDURE. Transfer 0.5 to 1 g of the finely ground sample and 0.5 to 

0.7 g of sugar carbon (prepared by igniting granulated sugar in a covered 

porcelain crucible) to a nickel crucible about 52 mm high and 44 mm in 

diameter and having a capacity of about 60 ml. Transfer 15 g of fresh, 

dry, yellow sodium peroxide to the crucible, mix well by turning the cru¬ 

cible with the left hand against a spatula held at an angle, and finally brush 

adhering particles of the charge into the crucible. The crucible and con- 

W. F. Muehlberg, Ind, Eng, Chem,^ 17, 690 (1925). 
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tents should be perfectly dry. Tamp the charge firmly, cover the crucible 
with a cover having a small hole 5 to 6 mm in diameter in the center, and 
immerse it for two thirds of its height in water. If many fusions are made, 
the crucibles are best supported in a suitable tray. Immediately grip about 
10 cm of cotton string in the end of a crucible tongs, light the end of the 
string, and insert it through the hole in the cover. When cool, tap the 
crucible sharply against the table if the melt has not already loosened, and 
transfer the contents to a dry, covered 600-ml beaker. Fill the crucible 
with water, empty the solution into the beaker as the cover glass is drawn 
to one side, and then immediately recover. When the action has mod¬ 
erated, wash any particles from the crucible and cover into the beaker, 
and dilute the solution to 300 ml. Add a distinct excess of hydrochloric 
acid while stirring vigorously, being careful to add the acid very slowly 
as the neutral point is neared, to prevent excessive foaming. If a residue 
is left, allow to settle, filter, wash moderately and ignite in platinum. Fuse 
with as little carbonate as possible, cool, dissolve the melt in dilute acid, 
and add to the main solution.®^ 

c. Borax. Borax is a powerful disintegrator and is used with advantage 

in the analysis of some refractory minerals like chromite and zircon. Un¬ 
fortunately its use involves almost always complete removal of the boron 
after a fusion is made before the usual analytical operations can be carried 
out (see e, 848, and also Silicon, p. 672). It is best to prepare a stock of the 
fused salt if it is to be used frequently. For occasional use, a suitable 
amount of crystallized borax can be dehydrated and then fused in a plat¬ 
inum crucible and the mineral powder placed upon the solidified and cooled 
melt. As the molten salt is very viscous, it is well to place and keep in the 
crucible during the fusion a short stout rod of platinum with which to 
stir the mass from time to time. 

f. Boric oxide. Like borax, boric acid is a powerful nonoxidizing flux 
which labors under the same disadvantage as borax in that the boron must 
be removed as a rule after the fusion operation before the analysis can pro¬ 
ceed. Practically, it has been used only for silicate rocks and acid-resisting 
minerals with a view to determining their alkali content.®® 

®^G. G. Marvin and W. C. Schumb [/. Am. Chem. Soc., 52, 574 (1930)], after a 
quantitative study of the method, state that (1) 15 g of a mixture of 150 g of sodium 
peroxide and 10.0 g of sugar carbon (100 mesh) are best for general purposes, (2) very 
refractory materials such as corundum should be ground to pass 100 mesh, (3) the 
unfused residue from a 0.5- to 1-g sample need not exceed 2 mg and consists of un¬ 
attacked particles (chiefly thrown on the lid), (4) the temperature of the fusion is prob¬ 
ably higher than 1450® C, and (5) no loss in weight of the nickel crucible can be detected 
after repeated use. 

®®P. Jannasch and O. Heidenreich, 2. anorg. Che?n., 12, 208 (1896). This method 
of decomposing rocks with a view to the determination of their contained alkali origi¬ 
nated with Sir Humphry Davy [Phil. Trans., 231 (1805) and elsewhere]. Original with 
Jannasch and Heidenreich is the manner of getting rid of the introduced boric oxide. 
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The flux gains added interest from an observation made by Jannasch and 
Weber,®** but never followed up by them: namely, that it seems to afford 
complete expulsion of fluorine without loss of silicon. This provisional 
claim appears to be supported by some work of A. Travers who used 
boric oxide successfully in analyzing cryolite, and later for expelling fluorine 
from artificial fluophosphates and fluovanadates in order to facilitate the 
determination of phosphorus and vanadium. However, the claim was not 
substantiated by J. I. Hoffman and G. E. F. Lundell.®® 

The boric oxide method demands, if the alkalies are to be determined in 
the same portion of sample as silica, etc., an absolutely alkali-free boric 
oxide, which can be prepared by tw^o or three recrystallizations of a good 
commercial article. To dehydrate the purified cry.stals, fuse in a large 
platinum crucible. Cool suddenly to cause the anhydride to crack into 
pieces of a size convenient for powdering. Keep these in a tight glass ves¬ 
sel, and powder them only as needed, as the anhydrous oxide is hygroscopic. 
J'o this flux nearly all silicates readily succumb if very finely powdered. 
The authors recommend the expenditure of one-half to one hour’s time 
for grinding one-half to one gram of powder. 

Bisulfates and pyrosulfates. The sulfate fluxes are the bisulfates and 
pyrosulfatcs of sodium and potassium. Formerly the use of bisulfates was 
always prescribed, but, inasmuch as these become really effective only when 
converted by the heat of fusion to pyrosulfates and these last are commer¬ 
cial articles, it is better to use them and not bisulfates. An additional rea- 
son—one that has militated against a w ide use of bisulfates—is that the fusion 
must be watched closely in its initial stages in order to prevent overflow, 
for much water is given off accompanied by frothing, and substance is spat¬ 
tered onto the crucible lid. With pyrosulfates, the fusion is much more 
tranquil. If pyrosulfates are not available and bisulfates are, these can be 
easily converted into the former by melting them in a platinum dish and 

keeping them in fusion till spattering ceases and white fumes begin to come 

off freely. In this way a considerable stock can be prepared in one opera¬ 

tion. If the melt is poured into other dishes, it solidifies in thin sheets or 

cakes which can be readily broken up and bottled for future use. If a 

good article cannot be purchased, it is only necessary to mix and melt to¬ 

gether equivalent weights of sulfuric acid and the normal sulfate until the 

water of the acid has been mostly expelled and the conversion to pyro- 
sulfate accomplished. 

The recommendation of J. Lawrence Smith to use the sodium instead 

of the potassium salt can be followed in many cases with satisfaction. This 

32, 1670 (1899). 
57 Bw//. soc, chim. FrancCy 31, 293 (1922); 33. 297 (1923). 
^^Bur. Standards J. Researchy 3, 581 (1929). 

/. Scuy 40, 248 (1865). 
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salt melts more quickly and forms more soluble double salts with aluminum 
and some other metals. It has the slight disadvantage that the progress of 
decomposition of the mineral powder is not so readily followed because of 
the greater tendency of the sodium salt to crust over. 

For a mineral fusion, a platinum crucible is used, and the heat applied 
should be no more than is required to maintain liquidity until the last of 
the powder has been dissolved. This point is not always evident because 
the liquid is apt to become opaque even when not crusted over, but if the 
crucible is removed to a good light and allowed to cool, at a particular 

point the liquid becomes transparent and allows the bottom of the crucible 
and any undccomposed residue to be seen. This is truer of the potassium 
than of the sodium salt. More attention should be paid to proportions of 
powder and pyrosulfate and the temperature of fusion than usually is.*” 

In very prolonged fusions, it may be necessary to let the melt solidify, 
to add then a drop or more of concentrated sulfuric acid, and to heat cau¬ 
tiously to restore the flux to its original cfTcctive state, after w^hich the 
operation is continued. This addition of acid may also be advisable at the 
end of a fusion if the decomposition of the flux has proceeded far toward 
the formation of neutral sulfate, the reason being that salts of one or more 
of the mineral constituents may have been deposited that are difficult to 
dissolve in the next succeeding operation. T'his holds particularly in the 
cases of titanium and zirconium, not to mention tantalum and columbium. 

The platinum crucible is always more or less attacked in pyrosulfate 
fusions, the more the longer the operation, and it should be borne in mind 
that the dissolved platinum usually must be removed at some subsequent 
stage of the analysis. 

0. Acid fluorides. Acid fluorides, usually the potassium salt KHF2, are 
used for opening up certain refractory minerals such as some tantalates and 
columbates and zircon, and then more often for an assay than for a com¬ 
plete analysis. Silicates are of course not amenable to this treatment if sili¬ 
con is to be determined, but, even with siliceous materials, the method may 
be very useful for the other constituents, especially as in the fusion opera¬ 
tion the silicon is gotten out of the way. 

Platinum is the only material in which the attack may be made and none 
of it goes into solution. The temperature required for the fusion is very 
low, and the operation is usually completed in a much shorter time than 
with bther fluxes. No special directions are needed for carrying out the 
operation except that the fact must be borne in mind that fluorides of a 
number of metals are more or less volatile and that therefore the tempera- 

some work a quartz crucible can be substituted. 
G. W. Sears and L. Quill, /. Am, Chem. Soc., 47, 922 (1925); G. W. Sears, ibid,, 

48, 343 (1926); 51, 122 (1929). See Titanium (p. 577) and the Earth Acids (p. 594). 
®2 This averages about 3 mg in an ordinary fusion. 
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ture of fusion and the time should be reduced to the lowest possible limit, 
especially when tantalum, columbium, titanium, and zirconium minerals 
arc under treatment. 

c. Choice of a Flux, The composition of the mineral substance and the 
purpose of the analysis will determine which flux to employ when one has 
to be used. If only an assay is contemplated, a flux may be suitable that 
will not serve when several constituents are to be determined in the same 
portion of sample. 

For most of the vast list of silicates and other oxidized minerals not 
soluble in acids, sodium carbonate alone is best. For many of them that 
are soluble in acids the statement is also true concerning certain of their 
constituents, for instance the fluophosphates of calcium and indeed phos¬ 
phates in general. For many such, the object is not only to obtain a water 
solution of the anion in which it can be precipitated or otherwise deter¬ 
mined, but also to remove the anion so as to render possible the determina¬ 
tion of other elements in the part of the melt that is not soluble in water. 

It is impossible and unnecessary to indicate at this point all the cases in 
\vhich it may be necessary or advisable to use one of the composite fluxes 

referred to on page 847 or the single fluxes. A few observations will suffice; 
additional ones will be found in the chapters on individual elements or 
mineral classes. Those discussed on page 847 are used for sulfides and ar¬ 
senides chiefly, sodium peroxide and potassium chlorate without dilution 
being too powerful in their action on such materials. The purpose in using 
them is to oxidize sulfur to sulfate and arsenic and antimony to arsenate and 
antimonatc, respectively. It is true that most of these minerals can be 
thoroughly oxidized by liquid reagents, but an alkali fusion has the advan¬ 
tage, as already said, that aqueous extraction of the anions separates them 

from a number of elements that might interfere subsequently or else makes 

possible their immediate determination without having to go through a 

preliminary precipitation, as for instance of arsenic by hydrogen sulfide. 

Potassium carbonate is used seldom and then usually because some of the 

products of fusion are more soluble than the corresponding sodium com¬ 

pounds. 

Borax and boric oxide are used only for oxidized substances that are 

not volatile at the temperatures required. In either case, the boron must 

as a rule be expelled before the analysis can be completed. Boric oxide 

has the advantage over borax that no fixed solid is introduced. 

Potassium chlorate is never used alone on account of the attendant danger. 

Sodium peroxide may be used alone, but care must be exercised with un¬ 

oxidized substances. 

The sulfates are used only for oxidized substances or when it is desired 

to expel fluorine at the start from those that are free from silicon. Not- 
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withstanding their powerful disintegrating action even upon some silicates 
(zircon), there are many silicates that yield very slowly or incompletely 
to them (the feldspars for instance). Their most common use as initial 

attacking agents is with tantalates and columbates, but they are extensively 

used in the subsequent course of analysis for dissolving ignited precipitate 

mixtures with a view to the determination of their components. 

The acid fluorides are used but seldom and then only for a few refractory 

minerals free from silica or in which the silica is to be determined after 

some other mode of attack. The volatility of some metallic fluorides dur¬ 

ing fusion militates somewhat against more frequent use of the acid fluoride 
fluxes. 

d. Procedures for Sodium Carbonate Fusions, a. Procedure for oxidized 

ininerals in absence of appreciable chlorine^ fluorine^ or sulfide sulfur. It is 

assumed that any small amount of sulfur that may be present will be de¬ 

termined in a separate portion of sample. Mix thoroughly 4 to 6 g of flux 

with 1 g of rock or mineral powder in a platinum crucible of 20- to 30-ml 

capacity.‘^^ It is inadvisable to use the much larger amount of flux recom¬ 

mended by some writers except as it may be shown to be needed in iso¬ 

lated cases, for they introduce more impurity and necessitate longer wash¬ 

ing of precipitates.®^ Place the crucible, covered at first, over a moderately 

low flame, increase this gradually to a maximum (approximately 1000° C), 

and maintain it there till the mass is quiescent. There should be no violent 

action. The contents of the crucible will then appear in the case of highly 

siliceous materials as a viscous liquid, occasionally almost clear, though gen¬ 

erally more or less turbid, and, when it is placed over the blast flame (ap¬ 

proximately 1200° C) little or no further effervescence occurs. Melts of 

this character disintegrate very readily in w^ater. With less siliceous mat- 

®3With materials, such as soda-lime glass, that are easily decomposed, fusions can 
be made in a platinum dish, as of the Payne type, in which the solution of the melt 
and the evaporation for silica can be made directly without any transfer. 

In fact, for many materials it may be advantageous to use less than the customary 
proportion of flux. A. N. Finn and j. F. Klekotka [Bur. Standards J. Researchy 4, 813 
(1930)] recommend the following procedure for decomposing aluminous silicates: Thor¬ 
oughly mix 0.5 g of the powdered sample and 0.6 g of powdered anhydrous sodium 
carbonate in a platinum crucible by stirring with a platinum rod for at least 5 minutes. 
Cover the crucible, and heat at 875® C for 2 hours. Cool, add 1 or 2 ml of water, 
digest for about 10 minutes, and then stir, or grind if necessary, to break up all particles 
as completely as possible. Wash the contents of the crucible into a beaker or casserole, 
using not more than 50 ml of water. Heat to boiling, and, while stirring constantly, 
rapidly add about 20 ml of concentrated hydrochloric acid. Crush as well as possible 
any gritty particles that remain, evaporate to dryness, and proceed as usual with the 
determination of silica. See also James I. Hoffman, Decomposition of Rocks and 
Ceramic Materials with a Small Amount of Sodium Carbonate, /. Research NBSy 25, 
379 (1940). 
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ter, the fusion is less pronounced, though this does not necessarily imply 
incomplete decomposition. It is generally advisable and often necessary to 
heat these less fusible mixtures at approximately 1200® C, when a further 
and very marked escape of carbon dioxide often takes place and the cru¬ 
cible cover should be lifted cautiously at intervals to avoid loss by boiling 
over. This boiling is due not merely to further action of the carbonate 
on the mineral substance but sometimes more to the decomposition of 
alkaline earth carbonates, whose bases then enter into combination with 
other constituents of the flux and mineral or rock to form compound sili¬ 
cates, and probably aluminates if silicon or aluminum or both are present. 
It is a mistake to regard, as many have done, the alkaline earth metals, mag¬ 
nesium, iron, and manganese as present in the form of carbonates after fusion 
at 1200° C. They are seldom in that state even when the fusion has been 
carried out at 900 to 1000° C. Certain very refractory minerals (chromite 
and zircon for instance) may need heating at 1200° C for 1 or 2 hours, or 
even longer. 

As a general rule, the blast flame during fusion should not be directed 
vertically against the bottom of the crucible but at an angle against side 
and bottom, nor should the flame be allowed to envelop the whole crucible. 
These precautions apply in all ignitions of reducible substances and yet 
they'are too often neglected. In neither case, if they are neglected, will 
there be the necessary oxidizing atmosphere within the crucible; on the con¬ 
trary, reduction may occur fraught with serious consequences. This is 
especially true if the sample (silicate rock for example) contains more than 
traces of pyrite or other sulfide, when, after cleansing and igniting the cru¬ 
cible, there may appear on its interior a darkening due to oxidation of re¬ 
duced iron which had alloyed with the platinum. In exceptional cases, this 
may amount to several milligrams in weight and can be removed only by 
repeated ignitions in air, followed each time by scouring or by treatment 
with hydrochloric acid or an alkali bisulfate. 

In order to avoid this trouble and also the use of niter with pyritiferous 
and carbonaceous rocks, it is well first to roast gently the weighed powder 
in the crucible in which the fusion is to be made, turning the crucible 
around a few times to expose all of the powder to the air. With rocks 
exceptionally high in pyrite, the roasting must be done in a porcelain cru¬ 

cible. In such case, transfer the roasted powder to the platinum crucible, 

and, if brushing with a camel’s hair brush does not remove the last of any 

adhering dust, scour it off with a little of the sodium carbonate flux.^® 

Duparc [BulL soc, franf, mineral., 42, 156 (1919)] attributed the alloying with 
iron to the reducing effect of flame gases that diffuse through the platinum, and cbimed 
to avoid it by fusing in a muffle. In this, however, another serious error is incurred: 
namely, strong attack of the crucible around its rim by the molten alkali and consequent 
introduction of platinum into the analysis. Tests made by E. Wichers at the Bureau 
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When sulfate is to be determined in the melt, the heating should be done 
in a muffle if sulfur-bearing flame gases cannot be rigidly excluded other- 
wise.®“ 

It happens sometimes that the cooled melt indicates absence of manganese 
when it is really present in amount to give normally a strong coloration. 
Two fusions of a rock powder made side by side or successively under 
apparently like conditions may in one case show little or no manganese, 
in the other considerable. Therefore the absence of a bluish-green color 
in the cooled melt is not to be taken as proof of the absence of manganese 
if but little is present. This difference of behavior we can ascribe to no 
other cause than that of a neutral or nonoxidizing atmosphere in one of 
the crucibles and an oxidizing one in the other. It is of course not to be 
expected that the green color will show until all other oxidizable com¬ 
ponents of the mineral substance such as sulfides, ferrous iron, and organic 
matter have been fully oxidized, which, however, is soon the case if air 
has access to the surface of the melt. 

The melt may be yellow from sodium chromate if chromium is present 

and not enough manganese to obscure the effect. An aqueous extract will 

be green in the case of manganese and yellow in the case of chromate with¬ 

out manganese. If both are present, the yellow of chromate can be made 

to show by warming the solution with a few drops of alcohol and, if need 

be, filtering from the precipitated manganese compound.^'" 

If the melt is swirled gently just as it is cooling and then cooled thor¬ 

oughly, it can usually be detached by sharply tapping the inverted crucible 

on the bottom of the dish in which the melt is to be dissolved. In extreme 

cases, separation is aided by gentle pressure insufficient to deform the cru¬ 

cible. Another simple way of loosening the melt consists in letting it cool 

slowly, then heating the crucible quickly to 300 to 400° C, and immediately 

plunging it for two thirds of its depth into cold water. Still another pro¬ 

cedure consists in letting the melt solidify as above, half filling the well- 

of Standards showed this attack in a muffle and not over the blast flame. The explana¬ 
tion therefore probably is that over the flame the creeping alkali is kept carbonated 
but in the muffle becomes causticized. This appears to explain the conflicting statements 
that have been made regarding the effect on platinum of molten sodium carbonate. 

It should not be assumed that the use of a muffle furnace is a sure guarantee against 
contamination by sulfur, for it has been our experience that alkaline melts may absorb 
compounds of sulfur from the atmosphere within the muffle if the furnace was previ¬ 
ously used for ignition of sulfides or other volatile sulfur compounds. 

It cannot be taken for granted that extractions of sodium carbonate melts with 
water, followed by filtration and washing of the residue with water, will yield sharp 
separations of elements, such as silicon, aluminum, or tin, that might be expected to 
form soluble compounds, from elements, such as lead, that might be expected to form 
insoluble compounds. Moreover, the distribution of the elements between residue and 
filtrate is often affected by accompanying elements. 
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cooled crucible with water and then, after a minute, gently heating (but 
not boiling) at the edges of the melt by means of a small flame. When the 

melt has been loosened at the edges, the bottom is gently heated, where¬ 

upon the whole melt generally detaches itself. If time is no object, the 

bent end of a stout platinum wire can be placed in the melt before it solidi¬ 

fies, and most of the melt lifted out by again heating to melt a thin layer 

next to the crucible.^*® 

p. Procedure for oxidized minerals in presence of appreciable chlorine or 

fluorine and absence of appreciable sulfide sulfur. With a chlorine-con¬ 

taining mineral which it is permissible to subject to carbonate fusion (the 

silver halides for instance are not) or one containing enough fluorine to 

determine or to cause appreciable loss of silicon or incomplete precipitation 

of aluminum in the subsequent treatment (pp. 860-869), the flux should be 

an equimolecular mixture of sodium and potassium carbonates, and the 

blast flame should not be used if a lower heat will serve. In order to lessen 

the danger of loss of alkali chloride or fluoride by volatilization, it may be 

advisable to utilize a J. L. Smith crucible (Fig. 44, p. 926). 

Although not strictly germane at this point, it may be remarked that 

certain fluorides (fluorite or CaFo) and certain phosphates [apatite or 

Ca3(P04)2] are not completely decomposed so as to permit aqueous ex¬ 

traction of the anion unless silica is incorporated with the flux and mineral 

powder before the fusion is made. These cases will be considered in the 

chapters on fluorine and phosphorus, 

y. Procedure for sulfides and arsenides. If sulfide or arsenide minerals 

are to be fused with sodium carbonate, this is done with admixture of an 

alkali nitrate, chlorate, or peroxide, all free from sulfur or arsenic, the addi¬ 

tion being made for oxidizing and not for fluxing. An important precau¬ 

tion to be observed is that the proportion of oxidizer shall not be so great 

as to injure the crucible if platinum is used, or to cause too sudden and 

violent reaction with consequent loss of substance by projection or volatili¬ 

zation. The latter source of loss is particularly to be feared with arsenides, 

when the heat of reaction may expel some of the clement before it has be¬ 

come oxidized, a condition that reveals itself usually by the characteristic 

odor. A too violent reaction is also guarded against by very gentle heating 

at the start and, if need be, instant temporary removal of the crucible from 

the external source of heat. In general, it is well to limit the oxidizer to 

an amount little greater than is needed to oxidize fully all the oxidizable 

components of the sample. 

To facilitate the solution of sodium carbonate melts, R. S. Young [Ind. Eng. Qhem. 
Anal. Ed.y 16, 590 (1944)] recommends that the melts be cast as flat buttons by pouring 
into depressions in a Monel metal “pouring plate.” 
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1. Sodimn carbonate with potasshtm nitrate. Intimately mix in a crucible 
1 part of mineral ‘ (usually 0.5 to 1 g, depending on the sulfur content) 
with 10 parts of a mixture of sodium carbonate and potassium nitrate, and 
cover with a layer of tlic flux. Potassium nitrate is preferable to the sodium 
salt chiefly because it is not hygroscopic. The proportion of nitrate to car¬ 
bonate usually recommended is 1 to 2, but some writers advise as low as 
1 to 4. It may be even much less if the oxidizable content of the sample is 
low. The lower the proportion is, the less is the crucible likely to suffer, 
which is of importance if the metal is platinum. If only sulfur or arsenic is 
to be determined, nickel may be used. Special care must be taken to exclude 
flame gases from the interior of the crucible, either by use of a sulfur-free 
fuel or the device shown in Fig. 6. Heat at first gently, then more strongly 

until the contents arc melted and for 15 to 20 minutes afterw^ards. If the 
melt or its solution is to be heated with hydrochloric acid, this should not 
be done in contact with platinum. 

2. Sodium carbonate with peroxide. For other than a sulfur or chromium 
content, sodium peroxide is not often used in mineral analysis for oxidizing 
fusions with sodium carbonate, because it introduces more impurity than 
a nitrate; otherwise it is quite as effective if not more so, and the time 
required is less. The caution given under a about the exclusion of flame 
gases applies here too. 

Fuse 1 part of mineral with say 10 parts of peroxide and 8 parts of carbo¬ 
nate in a nickel crucible, with the protecting device as in a, for 10 minutes 

and then for 20 minutes with a full burner flame. By taking the precaution 

first to coat the whole inside of the crucible with molten sodium carbonate, 

one may be warranted in using a crucible of platinum, provided the fusion 

is made at the lowest possible temperature and is not unduly prolonged. 

3. Sodium carbonate with potassium chlorate. Fuse one part of mineral 

with 5 parts of carbonate and 1 of chlorate, at first gently, and then more 

strongly until no more oxygen is given off. With this mixture a platinum 

crucible may be used and more components determined than is possible 

when a nickel or iron crucible is used. 

e. Procedure with Boric Oxide, a. Fusion of easily decomposable silicates. 

Mix with 1 part of finely powdered mineral 3 to 8 parts of flux, according 

to the nature of the silicate, in a platinum crucible of 40 to 65 ml capacity. 

Apply heat from a burner turned low for 5 to 10 minutes until water is 

expelled, and then increasingly till the gas is fully turned on. Prevent bub¬ 

bling and rising in the crucible as much as possible by using a short platinum 

rod which does not rise above the rim of the crucible and is not removed 

00 The recommendation to use very finely ground mineral substance should not be 
adhered to too closely for fear of loss by oxidation. Pyrite, for instance, yields some 
sulfur dioxide on grinding (see p. 712). 
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during the fusion operation. When the mass has been in quiet fusion for 
a time in the covered crucible, apply a blast flame for 20 to 30 minutes or 
as long as necessary. 

p. Fusion of refractory silicates. For those minerals that like andaliisite, 
cyanite, and topaz are not fully decomposable by tlie heat of the ordinary 
blast flame, use a flame fed by oxygen instead of air. The blast lamp, of 
2^2 n™ opening, is supplied with ample gas (the authors of the method 
used 5 or 6 ordinary gas cocks), and the flame is made broad and free from 

luminosity. To the mineral having been first heated as described under a, 
but with a much larger proportion of flux—as high as 30 to 1—add a few 
grams more of boric oxide, and apply the oxygen blast flame until, in 10 to 
15 minutes, the fusion is as transparent as glass. 

y. Treatmetit after fusion. From this point the further treatment is the 
same in both cases, and as modified by Jannasch and Weber is as follows: 

Cool the hot crucible (covered to avoid loss of fl)dng fragments of the 
melt) in w^ater, and turn the contents into a very large porcelain or platinum 
dish, to w’hich, after covering with a glass, add a saturated solution of 
hydrochloric acid gas in methyl alcohol.^^’ 

The cover being removed, heat the liquid to boiling, over an asbestos 
board, by an inch-high flame, with constant stirring, or leave it without 
attention over a lower flame or on a w^ater bath heated short of boiling. 
Cleanse the crucible in a similar manner, and add its contents to the dish. 
In 10 to 15 minutes, with occasional addition of the methyl chloride, solu¬ 
tion is complete. Then boil the liquid dowm to a small volume, and evapo¬ 
rate to dryness on the bath. Digest the residue, on the bath, at 80 to 85° 
three or four times in succession wdth the ester solution in order to remove 
the last traces of boron as boric ester. Take care each time to w^ash down 

from the sides of the dish, wdth methyl chloride solution, the boric acid that 

formed and deposited thereon during the evaporation. For the subsequent 

treatment of a silicate, see Silicon (p. 860). 

8. Drawbacks of the 7nethod. (1) The boric ester, driven off in such 

quantities, at once decomposes in contact with moisture, and boric acid 

settles over all objects with which it comes in contact. Hence a special 

hood for these operations seems to be called for; otherwise boric oxide 

may at any time fall into other vessels and cause untold trouble. (2) A 

second objection attaches to the use of the oxygen flame when alkalies are 

to be estimated in the melt—and the ability to do this is one of the chief 

claims in favor of the method—for it cannot be doubted that, at the high 

temperature of this flame, alkalies are volatilized. Sodium borate can be 

volatilized slowly but wholly over an ordinary blast flame; hence there is 

■^^Made by passing dry hydrochloric acid gas into cooled methyl alcohol for 1 to 2 
hours. 
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great reason to fear sufficient loss at this much higher temperature to give 
rise to serious error. (3) Incomplete expulsion of the boric oxide gives rise 

to errors later in the analysis. 
When alkalies are not to be determined, boric oxide is almost certainly 

a much less suitable flux than fused borax, for it is almost certainly less 

energetic. 

B. DECOMPOSITION BY THE USE OF ACIDS 

The practice of separating alumina, etc., by the usual methods after first 
attacking the rock powder by hydrofluoric and sulfuric acids—silica being 
estimated in a separate portion—although attractive in principle, was long 
ago abandoned by one of us (W. F. H.) after fair trial, owing to the disturb¬ 
ance sometimes occasioned by incomplete expulsion of fluorine and to a less 
degree by the presence of sulfates instead of chlorides. The elimination 
of all fluorine can be made more certain if, after the solution has been heated 
to fumes of sulfuric acid, it is cooled, the inside of the dish is washed down 
with a little water, and the solution is again heated to fumes after the 
addition of a moderate excess of pure powdered silica,^^ preferably chemi¬ 
cally prepared. In this case the final solution must be filtered; the residual 
silica ignited, treated with sulfuric and hydrofluoric acid, evaporated to 
complete expulsion of hydrofluoric acid; and the small recovery added to 
the main solution. 

In some cases, especially when alkaline earths are present, decomposition 
by the use of hydrofluoric and perchloric acids possesses an advantage in 
that the attack yields soluble perchlorates which cause no difficulties in 
succeeding operations. As a rule, the expulsion of hydrofluoric acid is more 
difficult when perchloric acid is used, and the heating should be carried on 

until a dry residue is obtained if circumstances will permit. As in the case 

of sulfuric acid, the addition of a little silica may be needed in the last 

stages. 

Jannasch^^ poured upon the finely ground rock powder contained in a 

platinum tube of about 26 ml capacity a somewhat diluted hydrochloric- 

acid (4 acid to 1 water), placed over the open end a cap which did not 

hermetically close the tube, inserted the latter in a larger tube of potash 

glass, likewise partly filled with the diluted acid, sealed the glass tube, 

placed it in turn in an inclined position in a steel Mannesmann tube con¬ 

taining ether or benzine to equalize the pressure, and heated to any desired 
temperature up to 400°. 

The chief drawback seems to be a somewhat incomplete decomposition, 

doubtless due to the necessarily inclined position of the tube, which causes 

A. A. Noyes, Technol Quart,, 16 [2], 101 (1903). 
7224, 273 (1891); Z. anorg. Chem,, 6, 72 (1894). 
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the powder to collect at the lower end, and thus renders decomposition less 
complete than if the material were spread evenly throughout the length of 
the tube. F'urthcr, the acid attacks the platinum strongly unless the air in 
both the platinum and the glass tubes is replaced by carbon dioxide. E'vcn 
when this is done, several milligrams of platinum are found in the silicate 
solution. 

Nevertheless, to those possessing the necessary platinum and steel tubes, 
the method can render efficient service in special cases when economy of 

material is imperative. 
Many silicates, ceramic materials, refractory oxides, and refractory plati- 

niferous materials can be decomposed \\'ithout contamination with alkali 

salts by heating at elevated temperatures with acids in sealed glass tubes in 
which the internal pressure is compensated for by external pressure of 
carbon dioxide within a steel container.*^ 

Kaolin, which is only slowly attacked by dilute hydrochloric acid, can 
be quickly decomposed if it is roasted at about 700C for 15 minutes 
before treatment with the acid. Practically all the silica remains insoluble.^^ 

6. SiLic:oN 

A. SPECIAL CASES 

Before taking up the more general subject of silicate analysis, tw o special 

and simpler cases will be disposed of. 
a. Quartz and Very Highly Siliceous Minerals. Occasion may arise for 

determining the elements other than silicon that happen to be present in 
quartz, chalcedony, or other highly siliceous materials. In such cases it 

may be convenient, if the impurities make up but a very small percentage 

of the mineral, to determine the silicon first, but indirectly, by volatilizing 

it with hydrofluoric and sulfuric acids, instead of by the much more lengthy 

procedure that is ordinarily followed. In that case, the volatilization has 

to be preceded by a determination of the loss in w^eight on ignition, and 

this carries with it the limitation that the composition of the nonvolatile 

material after this ignition must not undergo change w hen the residue that 

is left after the volatilization is again subjected to the same degree of heat 

as in the first ignition. Thus, minute amounts of sulfides, if present, would 

probably be converted to oxides in the first heating, which would remain 

as such after the second and therefore not interfere; but substances that 

yield nondecoraposable sulfates (alkali and alkaline earth metals) would 

interfere. 

Wichers, W. G. Schlecht, and C. L. Gordon, /. Research NES, 33, 36.% 451, 457 

(1944); see also C. L. Gordon, ibid., 30, 107 (1943). 

Janies I. Hoffman, R. T. Leslie, H. J. Caul, L, J. Clark, and J. D. Hoffman, /. Re¬ 

search NBS, 37, 409 (1946). 
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Having determined the ignition loss in a platinum crucible, moisten the 
powder, pour upon it concentrated hydrofluoric acid entirely free from 
nonvolatile impurities, and evaporate slowly upon the steam bath or over a 
radiator. Repeat the operation with fresh acid until no unattacked min¬ 
eral remains. To effect this, a number of repetitions may be necessary, for 
the ordinary crystallized form of silica yields very slowly to the action of 
hydrofluoric acid in comparison with most silicate minerals and still more 
with precipitated silica. The end of the operation can usually be recog¬ 
nized by the final disappearance of all gritty particles as determined by 
gentle stirring with a rod of platinum or Bakelite. After the final evapo¬ 
ration to dryness, add a drop of strong sulfuric acid, fume this off, and 
heat the residue to decompose completely sulfates such as those of iron or 
aluminum. This last is important if it is desired, as assumed, to determine 
the percentage of silica and not merely that of the foreign matter. A 
second weighing gives the weight of silica volatilized and of the impurities 
as oxides if the sulfates were completely decomposed. The nature and 
amounts of these can be determined by the usual methods if desired. 
Should any of their compounds have been silicates originally, their silicon 
content will have been volatilized with the free silica. 

b. So-called Soluble Silica. Very often in treatment of minerals by acids, 
silica is separated in granular or gelatinous form mixed with unattacked 
substance, and it may become necessary to remove or estimate this silica, 
or perhaps to discriminate between soluble and insoluble silica existing 
together. Usually a boiling solution of sodium carbonate has been employed 
for this purpose, though the caustic alkalies have found advocates. G. 
Lunge and C. Millberg^® showed conclusively: (1) that quartz is not 
nearly so insoluble in solutions of the caustic alkalies as was supposed, but 
that, given a sufficient degree of subdivision, it can be brought wholly 
into solution; (2) that it is impossible to obtain correct separation of quartz 
and opaline silica by the use of either caustic or carbonated alkalies; and 
(3) that digestion on the steam bath for 15 minutes with a 5 per cent solu¬ 
tion of sodium carbonate is the only way to insure a good separation of 
unignited precipitated silica from quartz, and then only when the finest 
flour has been removed by levigation. The authors said: 

If, however, no more of such flour is present than is produced in the ordinary 
operations of powdering and sifting through cloth of the finest mesh, the error arising 
from the above-mentioned treatment is so slight that it can generally be neglected; 
it reaches 0.1 to, at the most, 0.2 per cent of the total silica, by which amount the 
quartz will appear too low, the amorphous silica too high. 

Lunge and Millberg also said, however, that the solvent action of the 
caustic alkalies on quartz becomes very apparent only when the material 
has been reduced to such an utterly impalpable degree of fineness as is 

7B2. angew. Chem., 393, 425 (1897). 
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practically never reached in the preparation of samples for mineral analysis. 
For this reason, there need be no hesitation in employing a dilute solution 
of sodium hydroxide when the silica separated by acid from one of several 
constituents of a rock is to be estimated. Even when the dilution is con¬ 
siderable, solution is almost immediate, and, as soon as this is accomplished— 
the point being known by the change in appearance of the residue—the 
solution should be diluted with cold water and filtered at once. The 
difficulty met with in filtration may often be overcome by acidifying 
faintly, which has the added advantage of at once arresting any further 
action of the alkali. If the dilution is sufficient, no separation of silica 
results from so doing. Very dilute acid should be used for washing, 
l.unge, when using sodium carbonate, washed with hot carbonate solution 
to which alcohol was added, thus obtaining clear filtrates. 

c. Quartz in the Presence of Silicates, a. The following method, proposed 

by Line and Aradine,^^ is based on treatment with fluoboric acid, which 

dissolves a variety of silicates, but attacks quartz so slowly that a correction 

factor can be applied. Quantitative decomposition in 2 to 8 days can be 

obtained with wollastonite, biotite, orthoclase, albite, muscovite, pyroxene, 

andalusite, cordierite, talc, amphibole, and zoisite. Decomposition is in¬ 

complete with forsterite, garnet, dumortierite, sillimanite, beryl, and zircon. 

Under favorable conditions determinations should be accurate to approxi¬ 

mately 1 per cent of the amount of quartz present. 

PROCEDURE. 1. Decomposition of silicate. Grind the sample to pass a 

100-mesh sieve, and transfer 0.15 to 0.2 g to a platinum crucible. Add 

5 ml of fluoboric acid,^^ 1 ml of phosphoric acid (sp. gr. 1.39), and 2 ml of 

2 M ferric chloride. Heat at 50° C for 48 hours, adding more ferric 

chloride if the yellow color of the solution fades. Transfer the residue to 

an ashless filter, and wash four times with N hydrochloric acid and five 

times with hot water. Unless the residue is negligible at this point, place 

paper and residue in the crucible, and destroy the paper by heating only 

76 W. R. Line and P. W. Aradine, htd, Eng, Chent. Anal, Ed,, 9, 60 (1937). The 
authors assert that fluoboric acid is superior to fluosilicic acid, which has been recom¬ 
mended for the same purpose by A. Knopf [t7. S, Pub, Health Repts., 48, 183 (1933)1, 
in that it dissolves a greater number of silicates, solution is more rapid, and the correc¬ 
tion factor is 0.34 per cent for a 24-hour attack at 50® C, compared with 0.7 per cent 
per 24-hour attack at room temperature. See also H. Jung, Natur'wissenschaften, 30, 
266 (1942), and F. H. Goldman, Ind, Eng, Chem. Anal. Ed,, 13, 789 (1941). 

77 Prepared as follows: Pour 75 ml of pure 48 per cent hydrofluoric acid into a 
125-ml platinum dish, cool in an ice bath, and add 32 g of purified boric acid in small 
amounts, allowing each portion to dissolve before more is added. To dissolve the last 
portions, heat on a steam bath, and then concentrate the solution to about 50 ml. 
Cool to 0 to 5* C, and filter. The resulting acid should have a specific gravity of about 
1.45 and give no test for fluoride. It must be stored in wax or rubber bottles, but 
filtration can be done in glass. 
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to dull redness. Repeat this treatment for 48 hours longer. Filter, wash, 
and determine the weight of the residue. Unless solution has been com¬ 
plete, repeat this treatment for 48-hour periods until a loss of only 1 to 
2 mg is found. This indicates complete solution of the silicate. Some 
siliceous materials may be dissolved in less than 48 hours, in which case 
treatment with the fluoboric acid should be stopped as soon as complete 
decomposition is apparent. In other cases, even 12 days may not effect 
complete decomposition. 

2. Detemmiatton of free silica. Treat the residue insoluble in fluoboric 
acid with 2 to 3 ml of 48 per cent hydrofluoric acid, evaporate, ignite, 
weigh, and repeat until constant weight is obtained after ignition. The 
loss in weight corresponds to the free silica content of the residue, pro¬ 
vided undecomposed silicates are absent. This value must be corrected 
for the amount of free silica dissolved during the time required to decom¬ 
pose the silicate. This correction factor is 0.34 per cent of the free silica 
present for each day’s treatment.'^ Results for quartz will, of course, be 
too high if undecomposed silicates remain and are attacked by the hydro¬ 
fluoric acid. 

Trostel and Wynne point out that petrographic methods for deter¬ 
mining quartz in refractory clays are capable of only fair accuracy, and 
that chemical methods based on attack with fluosilicic or fluoboric acids 
are slow and uncertain. They recommend a method in which the quartz 
remains as a residue after the clay has been fused with pyrosulfate and the 
silicic acid liberated from the clay minerals has been dissolved in a hot 
solution of sodium hydroxide. Alleged advantages are that simple reagents 
are used, determinations can be made in 8 hours or less, and net errors 
should not exceed 0.15 per cent. The accuracy is dependent on a minus 
error caused by solution of the quartz, and a plus error due to contamina¬ 
tion of the quartz by unattacked mineral matter. The net error ranges 
from a minus error of about 0.15 per cent with clays containing 50 per cent 
quartz, to a plus error of about 0.13 per cent with clays containing 10 per 
cent or less of quartz, plus and minus errors being practically balanced with 
a clay containing 25 per cent. 

PROCEDURE. Weigh a 0.5-g sample of the dried clay, ground to pass 150 
mesh, in a vitreous silica crucible, and add 10 to 15 g of potassium pyro- 
sulfate^ Fuse thoroughly, at first by gradual heating to prevent loss of 
sulfur trioxide, and finally at 900 to 1000° C. Do not continue heating to 
a point where salts begin to freeze on top of the melt and on the sides of 
the crucible. Dissolve the cooled melt in 150 to 200 ml of hot water in a 

Kaplan and W. T. Fales [Ind. Eng. Chem. Ami. Ed.y 10, 388 (1938)] recommend 
that the computation of the correction be made by applying a form of the compound- 
interest law. 

^»L. J. Trostel and D. J. Wynne, /. Am. Ceram. Soc., 23, 18 (1940). 
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400-ml beaker, and then add about 12 g of sodium hydroxide pellets, one 
or two at a time, to dissolve the precipitated silicic acid. Digest on the 
hot plate for 30 minutes, maintaining the temperature at 85 to 90° C. 

Filter quickly through a paper of close texture, and scrub and wash the 
beaker thoroughly with hot water to insure complete transfer of the 
quartz. Finally wash the paper and residue 10 times with hot water, 5 to 10 
times with hot dilute hydrochloric acid (1 + 1) to dissolve iron and other 
contaminants of the quartz, and then 5 times with hot water. Transfer the 
paper and residue to a tared platinum crucible, ignite, cool in a desiccator, 
and weigh to obtain the weight of free quartz. 

Occasionally, the quartz is contaminated by compounds not decomposed 
during fusion or dissolved in the subsequent treatments. The quartz 
residue should therefore be examined under the microscope, and then treated 
with 2 drops of dilute sulfuric acid (1 + 1) and 10 ml of hydrofluoric 
acid, evaporated to dryness, ignited, and weighed. If the weight of the 
residue exceeds 0.001 g, the results should be discarded and the determina¬ 
tion repeated. 

y. Other methods for the determination of free silica that should be men¬ 
tioned arc (1) a modified petrographic immersion method,®® (2) a grain- 
count method for the rapid estimation of free quartz in feldspars to be used 
in preparing enamels,®^ and (3) an X-ray powder diffraction method for 
the determination of quartz in industrial dusts.®^ 

B. SILICATE ANALYSIS 

After bringing silicate minerals or siliceous mineral products into appro¬ 
priate solution, the determination of silicon is the starting point in a suc¬ 
cession of operations that lead to the determination, in one and the same 
portion of sample, of other elements, the number of which varies with the 
nature or complexity of the substance to be analyzed and is often very 
considerable. These may be, after first separating the silicon as silica, first, 
elements precipitable by hydrogen sulfide, then others precipitable by 
ammonium hydroxide or ammonium sulfide, next calcium and strontium, 
and finally magnesium. The General Procedure usually followed is given 
in outline form by G. E. F. Lundell and J. I. Hoffman in Outlines of Methods 
of Chemical Afialysis, John Wiley & Sons, pages 30-78 (1938). One or an¬ 
other of the indicated operations may be unnecessary, or variations^ in the 
general procedure may be called for in special cases. It should be emphasized 
that not all of the elements in a group are necessarily determined in the group 

precipitate. Some of them may require special portions of the sample, but 

80 H. L. Ross and F. W. Sehl, Ind, Eng. Chem. Anal. Ed., 7, .30 (1935). 
81 G. H. McIntyre and M. Bozsin, ibid., 12, 326 (1940). 
82 J. W. Ballard, H. 1. Oshry, and H. H. Schrenk, U. S. Bur. Mines Repts. Invest. 

3520 (1940). 
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they must as a rule be separated from solution in this portion and even 
weighed as part of a composite precipitate. This is particularly true of the 
group that is ordinarily precipitated by ammonium hydroxide and that is 
sometimes of great complexity. 

In illustration may be cited the familiar instance of the ammonia precipi¬ 
tate in rock analysis. Besides aluminum, iron, titanium, and a little silicon 
as almost invariable components, this contains also the phosphorus, chro¬ 
mium, zirconium, and the like that may be present in the rock, more or 
less of the vanadium, and, if desired, the manganese. The weight of the 
aggregate having been found, it is customary to determine one or all but 
aluminum in it or in separate portions, to subtract the several amounts 
from the sum, and to regard the remainder as aluminum for lack of an 
exact method for determining that element in such a mixture. 

Most silicate rocks are amenable to well-workcd-out analytical proced¬ 
ures, which as to the main constituents are the same for all rocks, for, 
although in general more complex than any one mineral species, the con¬ 
stituents that are apt to occur in them in amounts determinable in 1- to 5-g 
portions of substance seldom exceed 25 and are in many rocks no more 
than 15,^^ Silicate minerals, on the other hand, offer a much greater 
diversity of composition with respect to the major constituents and demand 
a correspondingly greater variety of methods for their analysis. Even to 
them, however, many of the methods applicable to rocks apply also, at 
least in their main features. With the precipitate formed by ammonium 
hydroxide are encountered as a rule the greatest possibilities of choice or 
necessity for variations in procedure. 

As the analysis of a complex silicate rock covers many of the operations 
and separations that have to be made in analyzing very many minerals, a 

full outline of such an analysis will be given immediately after the detailed 

procedure for silicon itself. This is done in order the better to indicate the 

precautions and corrections that are necessary in work that lays claims to 

accuracy, for a correct determination of silicon is not an operation that can 

be done at one stroke as it were, but as a rule is bound up with other opera¬ 

tions which involve corrections for impurities in the crude silica and recov¬ 

ery of residual silica from other precipitates. The actual methods used for 

determining the several components other than silica will not be considered 

in that ^outline except by cross references to the chapters where descriptions 

are given in detail. Certain special cases where silica occurs as a minor 

constituent or mere accessory associate of a mineral can be treated more 

conveniently in other chapters, as for instance in that devoted to the colum- 

bates and tantalates. 

88 This statement in nowise conflicts with the belief that in igneous rocks as a whole 
every element may exist. 
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a. Opening up of Silicates, a. By acids. 1. When silicon is to he deter¬ 
mined. When a silicate mineral is decomposable by an acid, the one chosen 
for the portion in which silica is to be determined is almost always hydro¬ 
chloric acid. It is preferred to nitric acid chiefly because, when the solution 
is evaporated to render the silica insoluble, there is usually less tendency 

for difficultly soluble salts to form; and to sulfuric acid because the latter 
produces more or less insoluble lead and alkaline-earth sulfates to contami¬ 
nate the silica. Naturally, for lead silicates, nitric or perchloric acid will 
usually be employed, and other circumstances may sometimes dictate their 
use. With some silicotitanates sulfuric or perchloric acid may perhaps be 
used advantageously instead of hydrochloric because, with a sufficient 
excess, the titanium can be held in solution while the silica is l)eing rendered 
insoluble. 

No fixed rule can be given for the strength of the solvent acid. If a 
dilute acid will effect the purpose, it should in general be used in preference 
to concentrated acid because there is less tendency for silica to separate 
prematurely and so protect the remaining powder from attack, and for 

chlorides (BaCl2, PbClij) to precipitate that are insoluble in the strong acid. 
Neither can a definite temperature be prescribed. Some silicates dissolve 

without warming; others require heat, frequently for a long time. A few 
silicates contain carbon dioxide, in w^hich case the vessel should be kept 
covered as long as gas is given off. A cover should also be used if the acid 
has to be boiled, particularly if it is strong hydrochloric acid. 

The end of decomposition, if not patent to the eye, can generally be 
recognized by the disappearance of all grit as revealed by gentle pressure 
with a glass rod. 

For the rapid determination of silica in siliceous materials, such as cements, 
which can be decomposed by hydrochloric acid, E. E. Maezkowske 
recommends that the sample be mixed with ammonium chloride, treated 
with hydrochloric acid, digested on the steam bath for 30 minutes, filtered, 
and the siliceous residue washed with hot water. 

Here a warning is in order against what might at first thought seem to 

be an acceptable procedure for a pure homogeneous mineral that is attack¬ 

able only with difficulty under atmospheric pressure by an acid such as 

hydrochloric or sulfuric. The procedure is to subject a weighed portion 

of the mineral to a prolonged attack by the acid, to filter, and to analyze 

the filtrate, taking into account any silica that may have been set free in 

the insoluble state by the action of the acid. The insoluble matter sepa¬ 

rated from this freed silica is weighed in order to get the weight of the 

dissolved matter. The assumption here made is that the percentage rela¬ 

tions of the constituents of the decomposed part of the mineral are the 

/. Research NBS, 16, 549 (1936). 
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same as those of the part that w as not attacked. That the assumption is 
unwarranted has been amply shown.®® 

For the- opening up of refractory minerals that require long treatment, 
platinum or porcelain vessels should be used instead of glass because silica 
and other constituents are sure to be dissolved from glass and even from 
porcelain. Platinum, ho\vever, should not be used for substances that yield 
chlorine with the acid nor for ferric minerals that have to be heated with 
hydrochloric acid for a long time. Neither should a stirring rod, espe¬ 
cially one of platinum, be allowed to scrape the sides or bottom of a plati¬ 
num dish, because the dish suffers and a measurable amount of metallic 
platinum may become detached and be reported later as a part of something 
else. 

Having decomposed the mineral, evaporate the solution to dryness, and 
treat the residue according to b (p. 860). 

2. When silicofi is not to he detemiined. Before the J. Lawrence Smith 
procedure for decomposing silicates preliminary to determining alkalies 
came into general use, it was customary to break up a rock, or a mineral 
that was resistant to hydrochloric, nitric, or sulfuric acid, by the use of 
hydrofluoric acid to which sulfuric acid w^as added so as to obtain the bases 
as sulfates.®® This procedure enabled the analyst to determine other bases 
as w^ell as the alkalies in the same portion of sample, but of course precluded 

determining silicon in it. The method, sometimes w ith the substitution of 
perchloric for sulfuric acid, still finds occasional use but is subject to the 
drawback that, unless the last trace of fluorine is expelled, it is impossible 
to precipitate aluminum completely by ammonium hydroxide.®^ According 
to E. Selch,®® complete expulsion of fluorine can be effected by bringing 
the residue of salts, left after a first evaporation, into clear solution with 
dilute sulfuric acid and then evaporating a second time till fumes escape 
copiously. With perchloric acid the evaporation had better be carried to 
dryness. 

p. By fluxes. No silicate rocks yield wholly to hydrochloric acid; hence 
for them and practically all the insoluble silicates, fusion methods are 

employed, a statement that holds of necessity also for soluble silicates that 

carry fluorine insofar as concerns the silicon determination itself. The 

86 Consult in particular L. Duparc, Bull. soc. jrang. mineral., 42, 138 (1919). An 
observation of interest made by Duparc is that, with silicates which are for the most 
part quickly decomposable by acids, it happens frequently that a small residue is left 
which is very resistant to the acid attack. The bearing of this is obvious. 

88 Cold treatment with hydrofluoric acid overnight before evaporation with the acid 
favors completeness of decomposition. 

8" Consult also F. P. Veitch, J. Am. Chem. Soc., 22, 246 (1900); F. W. Hinrichsen, 
Ber., 40, 1407 (1907), and Z. anorg, Chem,, 58, 83 (1908); H. Cavaignac, Compt, rend., 
158, 948 (1914). See also p. 738. 

w2. anal, Chem,, 54, 395 (1915). 
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flux almost universally used is dry normal sodium carbonate, though 
various other reagents have been recommended and to some extent used, 
such as lead and boric oxides, lead carbonate, borax, and boric oxide. 
Consult the section on Decomposition by the use of Fluxes (p. 836). 

1. Ftisio7i with sodiwm carbonate. Although strict accuracy requires that 
all fluoriferous silicates should be treated according to Z?, below, it is not 
necessary to resort to that tedious procedure when the fluorine content is 
very small, as it is in practically all silicate rocks. The reason is that the 
fluorine could not cause a loss of much more than three fourths of its own 
weight of silica if it \\ ere all to volatilize as silicon tetrafluoride when the 
sodium carbonate fusion is evaporated with hydrochloric acid. The loss is, 
however, less, as silicon fluoride is unstable in presence of moisture. Some 
of the fluorine escapes perhaps as hydrofluoric acid, and more is fixed in 
fluosilicates. These last, if eventually ignited with the silica, would undergo 
at least partial decomposition, and, on treatment of the ignited silica with 
hydrofluoric and sulfuric acids, their metal (presumably sodium) would 
be weighed eventually as sulfate if not volatilized by the heat of ignition. 

In any event the error is of comparatively slight importance, for it attaches 
always to the constituent that is present in greatest amount. 

a. Procedure in absence of appreciable fluorine. See Fluxes (p. 844). 
b. Procedure in presence of appreciable fluorine. With a rock or min¬ 

eral containing sufficient fluorine to determine, or to cause appreciable loss 
of silica by the procedure just given, or incomplete precipitation of alumi¬ 

num, proceed as directed under Fluorine (p. 943). 

According to Travers,silicon can be satisfactorily determined in silicate 

rocks containing fluorine by fusing with potassium hydroxide, extracting 

with water, precipitating with potassium fluoride and an excess of potas¬ 

sium chloride in the acidified extract, and titrating the precipitated potas¬ 

sium fluosilicate with a standard solution of potassium hydroxide. The 

method fails in the presence of titanium and zirconium and requires modi¬ 

fication when applied to silicates containing aluminum. 

2. Fusion with boric oxide,^^ See Fluxes (p. 840), and (p. 848). 

^^Compt. rend,, 173, 714 (1921). 
Silica that separates in the presence of boric acid always contains boron, and high 

results, through volatilization as BFs, ensue if the boron is not removed. The inter¬ 
ference can be avoided by treating the melt with methyl alcohol and hydrochloric 
acid as described on page 849, or, less satisfactorily, by digesting the moist contaminated 
silica with the same mixture. The extent of the error caused by the presence of boron 
is indicated by the following results obtained by M. O. Lamar, chief chemist, Norton 
Company (private communication): Samples of the Bureau of Standards glass indicated 
74.63 and 74.52 per cent as against the true content of 74.1 per cent of silica when 
0.5-g samples were fused with 3 g of sodium carbonate and 1 g of boric oxide and the 
silica then determined by solution of the melt in hydrochloric acid and the usual double 
evaporation with intervening filtration. Similarly, two analyses of the Bureau’s standard 
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b. Separation and Determination of Silica, a. Dehydration. The follow¬ 
ing procedures are adapted for silicate minerals free from fluorine and for 
rocks carrying no more than 0.3 per cent of fluorine. 

1. By hydrochloric acid. Place the contents of the crucible in a rather 
tall beaker with some water. A green color imparted to tlie water indicates 
manganese, a yellow one chromium. Cover the beaker, and add gradually 
under the lid in some excess dilute hydrochloric acid (1 + 1). If an 
evanescent pink color appears, manganese is present, and its depth indi¬ 
cates roughly whether much or very little. Place the beaker on the steam 

bath, and assist disintegration of the cake by gentle pressure with a blunted 
glass rod. When all has dissolved except perhaps some flocculcnt silica, 
transfer the contents of the vessel to a large dish, and evaporate on the 
bath. It is permissible to dispense with the beaker and to perform the 
whole operation of solution in the dish. Ordinarily this should be of 
platinum, but one of porcelain is required if the mineral held manganese, 
chromium, or vanadium in amount greater than is usuallv found in rocks, 
because they are oxidized to manganatc, chromate, and vanadate, respec¬ 
tively, by the fusion, and these compounds yield chlorine with hydro¬ 
chloric acid. Porcelain is also indicated for highly ferruginous substances 

because ferric chloride in contact with platinum is slowiy reduced with 

corresponding solution of platinum as chloride. 

From this point the general treatment will be the same w+ether the 

silicate w^as opened up by fusion with sodium carbonate, by solution in 

hydrochloric acid, or by fusion with boric oxide follow^ed by expulsion 

of the boron. If by cither of the second or third of these, the separation 

of the silica should be more perfect than by the first because of the absence 

of a mass of sodium chloride. 

The dish containing the dissolved carbonate melt or mineral should be 

capacious enough to permit considerable surface distribution of the residue 

that will be left after evaporation. A dish of one-liter capacity is ample 

when fusions have been made and a smaller one in other cases. Steam bath 

temperature suffices—is indeed demanded—for the evaporation to approxi¬ 

mate dryness. If the analysis is begun in the morning, the first filtration 

can be made in the afternoon. Nothing is gained by continuing the evapo¬ 

ration beyond apparent dryness this first time, for a slight reduction in 

the soluble silica gained by so doing is oflFset by a large loss of time; nor is 

there much advantage in crushing to powder the residue obtained from 

fusions, whereby moreover the dish is easily scratched. The amount of 

silica passing into the filtrate will generally vary from 1 to 3 per cent of 

sample of bauxite, which contains 6.30 per cent of silica, gave 6.49 and 6.44 per cent 
when the sample was fused with carbonate and boric oxide, dissolved in sulfuric acid* 
and then evaporated twice to fumes of the acid, with intervening filtration. 
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the amount present and is little less after 20 hours’ drying than after one 
tenth of that time. 

Cover the dish, add cautiously to the dry and cool mass 10 ml of hydro¬ 
chloric acid, and then, after 1 or 2 minutes, 100 ml of hot water. With 
residues from solutions of melts it is well to have the dish covered, for 
sudden addition of acid is apt to cause expulsion of dustlike particles. 
Allow to stand on the bath for 5 to 10 minutes, and stir the solution occa¬ 
sionally. Filter, first by decantation, leaving nearly all the silica at the 
bottom of the dish. If the silica is in a coarse condition, crush it finer 
u ith a pestle. If much iron is present, it may be advisable at this stage to 
add hydrochloric acid of half strength and heat. Then bring the silica 
upon the filter. Should a film of it remain adhering to the dish beyond the 
pow cr of a stiff feather to dislodge, this need not be removed, for in the 
subsequent evaporation it will disappear. If only a single evaporation is 
contemplated, warm the film with ammonium hydroxide, evaporate this, 
tlieii evaporate with a little hydrochloric, and so recover the silica. Wash 
the main lot of silica with hot dilute hydrochloric acid (5 + 95) until the 
color of the paper of the filter indicates removal of most of the iron. Hot 
\\ ater may be used with advantage for the last washings and the filter 
should be sucked dry at the pump. Reserve the paper and residue. 

Evaporate the filtrate and washings to dryness in the same dish. Usually 
this state will be reached by the following morning if the bath is allowed 
to run overnight. When dry, place the disli in an air bath, and heat for 
1 hour at 110^ C. It is probable that a higher temperature would have no 
bad effect in most cases except to increase the amount of insoluble matter 

other than silica, especially with highly titaniferous and ferruginous ma¬ 

terials. Cover, take up the residue with 5 ml of hydrochloric acid, add 

50 ml of hot water, and heat on the bath for 5 to 10 minutes. Filter imme¬ 

diately on a new and smaller paper, and wash with cool dilute hydrochloric 

acid (1 +99) and finally with hot water. Reserve the paper and residue 

and also the filtrate and washings. The silica in the second filtrate should 

not amount to much more than 2 or 3 mg in the usual case. A third evapo¬ 

ration is usually a waste of time if the preceding evaporations have been 

properly carried out, for equilibrium has been reached. The silica still in 

solution can be recovered later if an ammonia precipitation is made and a 

fair-sized precipitate is obtained. The second filtration with its attendant 

operations consumes less time than the first. The second silica is, espe¬ 

cially with rocks, more colored than the first, and, if the mineral or rock 

is even moderately titaniferous, is by no means pure. 

With minerals like zeolites, or artificial products like Portland cements, 

which are directly soluble in hydrochloric acid, the first dehydration may 

be much hastened by placing the covered dish, after approximately drying 
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on the bath, on a sand bath or on a triangle which itself rests on a hot plate. 
The temperature may rise in the dish to 200°; in fact, according to Blount, 
it should not be lower. After an hour’s exposure to this temperature, less 
silica (in the absence of magnesium) will perhaps pass into the filtrate than 
after prolonged drying at steam-bath temperature, but this is usually at the 
expense of greater contamination of the filtered silica. As this contami¬ 
nation is very large (p. 865) with highly titaniferous and ferruginous rocks 
and minerals, the operator should use discretion in his choice of a high 
drying temperature. 

As already intimated, the silica obtained does not represent quite all that 
the mineral or rock held, nor is it ever perfectly pure. A further small 
but appreciable portion is to be found and determined in the precipitate 
produced by ammonium hydroxide as in 7, B (p. 874), if one is so obtained. 
If there are no metals precipitable by ammonium hydroxide, the recovery 
of the remainder of the silica is best accomplished by adding 0.1 g of iron 

or aluminum as chloride, precipitating with ammonium hydroxide, and 

recovering the silicon in the precipitate as described in 7, B (p. 874). 

2. By perchloric acid. H. H. Willard and W. E. Cake recommended 

perchloric acid as a dehydrating agent for silica on the ground that the 

silica obtained is purer than when hydrochloric acid is used, the time 

required is much less, and the salts formed are all wholly and quickly sol¬ 

uble. The acid—60 to 70 per cent as sold—can be used directly if the 

material contains no organic matter and is soluble in it, or added after its 

solution in another acid, or after opening up by an alkali-carbonate fusion. 

The test results upon silicates, cements, irons, steels, and other metals coni- 

pare most favorably with those obtained by the usual method.®- No state¬ 

ment appears concerning the effect upon the subsequent course of analysis 

(Section 7, p. 867), which as herein set forth assumes dehydration of the 

silica by hydrochloric acid. The procedure for mineral analysis is as 

follows for 1 g of substance: 

Dissolve soluble minerals in a mixture of 10 ml of perchloric acid and 

twice as much water, or use a hydrochloric or nitric acid solution, and 

add the requisite amount of perchloric acid. If the silica content is very 

high, use more perchloric acid. Fuse refractory minerals with sodium 

01 /. 4m. Chem. Soc., 42, 2208 (1920). 
02 In the analysis of 0.5-g portions of a lead-barium glass containing 17.5 per cent 

PbO and 1.41 per cent BaO, H. B. Knowles obtained 65.38, 65.38, and 65.36 per cent 
Si02 by the perchloric acid method, as against 65.35, 65.35, and 65.36 per cent by the 
hydrochloric acid method. In both methods, double dehydrations were made, and 
silica was recovered in the ammonia precipitate. The silica obtained in the second 
dehydration ran from 3 to 6 mg in the hydrochloric and 0.6 to 0.9 mg in the perchloric 
acid method, whereas that obtained from the ammonia precipitate ran from 0.3 to 0.6 mg 
in the former and 0.4 to 1.1 mg in the latter. 
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carbonate, treat the melt with water until disintegrated, and dissolve it in 
sufficient perchloric acid. Evaporate till copious fumes of perchloric acid 
come off, and then boil gently for 10 to 15 minutes. Use a beaker or 
deep dish to avoid undue loss of the acid. Do not allow the contents of 
the vessel to become solid, or the separation of the silica will be incomplete. 
If there is a tendency for much insoluble perchlorate to separate, either the 
heating was not properly regulated or insufficient acid is present. How¬ 
ever, if much aluminum is present, some insoluble perchlorate always sepa¬ 
rates in the hot solution. As the solution cools, it usually becomes solid. 
Dilute with 4 to 5 times its volume of water, heat to boiling, filter, and 
wash the silica with dilute hydrochloric acid (1 + 99) and finally with 
water. Ignite and weigh as in the succeeding section. The correction for 
impurity is usually very small. If potassium carbonate was used in the 
fusion mixture or if potassium salts were introduced during the course of 
analysis, there may be some separation of potassium perchlorate; perchlorates 
must be completely washed out of silica and filter before ignition. 

Ignition of silica. Place the combined papers containing the silica in 
a platinum crucible, moisten with a few drops of dilute sulfuric acid (1 +4), 
and carefully heat so that the silica is slowly dried and the paper charred 
without inflaming. Partly cover the crucible, slowly increase the heat until 
the carbon has been burned, then cover the crucible, and heat at approxi¬ 
mately 1200® C for 10 to 30 minutes.®'* Cool over a good desiccant, weigh 
while still covered, and repeat the ignition until constant weight is obtained, 
lightly fitting crucible lids must be used to avoid loss of silica by drafts; if 
a blast lamp is used, the crucible should be sunk two thirds of its depth in 
a hole in an asbestos shield. 

y. Correction for impurities in the silica. The weight of the crude silica 

should always be corrected for impurities, which in rock analysis certainly 

are never absent, by evaporating with hydrofluoric and sulfuric acids (both 

free from nonvolatile impurities), heating for a minute or two, and again 

weighing. Blast flame ignition is here hardly ever called for because of 

the small masses involved. It is a mistake to neglect another weighing at 

this point, even if the residue appears to be insignificant. In rock analysis 

it is never unweighable, and furthermore the error due to loss in weight 

of the crucible itself during the heating of the silica is eliminated if the 

weighing is made. Before adding the hydrofluoric acid, moisten the silica 

in the crucible with water, though w^ith strongly ignited silica the action 

®3The duty of every analyst to test the efficiency of his burner or muffle cannot 
be emphasized too strongly. The discordance of many statements and results on a 
variety of subjects is to be attributed to a difference in the ignition temperature em¬ 
ployed by different writers. A really good blast will readily melt a few centigrams 
of orthoclase powder in the bottom of a small platinum crucible, showing a temperature 
of about 1200® C. 
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of the acid is not so violent as with that which has not been heated over the 
blast flame. One treatment with a few milliliters of hydrofluoric acid is 
sufficient to remove all the silica. With quartz the case would be different, 
for it is attacked much less readily than precipitated silica. With rocks 
containing 60 to 80 per cent of silica, one or two drops of dilute sulfuric 
acid (1 + 1) suffice, but, with less siliceous rocks, the amount ought to be 
increased, not only in order surely to afford enough acid for the conver¬ 
sion of all the contaminating bases to sulfates but also to prevent loss of 
titanium (if present) by volatilization as fluoride.'^* With rocks the per¬ 
centage of this clement in the residue is likely to be larger, the more basic 
their character. 

In routine analyses, the subsequent precipitate of alumina, etc., is usually 
ignited in the crucible containing the residue from the silica. In accurate 
analyses, the residue must be fused with a pinch of sodium carbonate, dis¬ 
solved, and added to the filtrate from the silica. For silicotitanate minerals, 
a different procedure is probably to be preferred, because of the large 
amount of titanium that would be rendered insoluble along with the silica. 
In such cases it might be better to rinse the several portions of impure silica 
as far as possible from the filters into a dish, to ignite the papers and burn 
them at as low a temperature as possible, to add the joint residue to the 
contents of the dish, to evaporate the water, to add strong sulfuric acid and 

fume this in order to bring the titanium into solution, to dilute with water 

somewhat, digest on the bath for a short time, filter, wash with water acidi¬ 

fied with sulfuric acid, and then ignite and weigh the silica. It is possible 

^that the silica treated in this way would still not be entirely free from tita¬ 

nium, but the amount would be so small as to cause no trouble when the 

usual test with hydrofluoric and sulfuric acids is made. The filtrate would 

Hydrofluoric acid alone suffices when iron or aluminum oxides are involved. With 
zirconia or titania, sulfuric acid had better also be used, although volatilization losses 
in well-covered crucibles arc not so great as arc commonly believed. This is shown 
by the following data obtained by J. I. Hoffman: 

* White film on inside of crucible and cover and a little on outside, 
t Very faint coating on crucible cover, 
t No sign of volatilisation. 
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then be treated substantially like the main one, but separately from it 
although the corresponding precipitates would be united and treated as one. 

8. Accuracy of the silica deter?7iinatio?2. By observing the foregoing 
rules—use of platinum, repeated evaporations and filtrations, proper igni¬ 
tions, and correction for foreign matter—the determination of silica, from 
being one subject to grave error, has become one of high accuracy, provided 
care is also taken to recover as hereinafter described (7, B, p. 874) the small 
portion that has passed inevitably into the filtrates. With careful work, 
variations of 0.1 per cent arc the exception in duplicate rock analyses.**® 

c. Coinposition of the residue obtained front the silica, 1. From rocks. 
The qualitative composition of the residue obtained from the silica varies 
with different rocks less than the quantity. The residue will contain alu¬ 
mina and ferric, titanic, and phosphoric oxides invariably if the rock con¬ 
tains them. If it is low in the last three, particularly the last two, the 
residue should be slight, occasionally less than 1 mg. Usually it is much 
greater, and it may amount to 2 or even 3 per cent with basic rocks rich 
in titanium and phosphorus. It may contain as much as one third of the 
total amount of the titanium. Conceivably it may contain also zirconium 
or thorium when these are present, especially if there is much phosphorus, 
and it would also carry columbium and tantalum. 

ft might be supposed that the residue would contain most of the barium 
of those rocks which carry that clement together with sulfides or sulfates, 
but this is not so because barium sulfate is appreciably soluble in hot hydro¬ 
chloric acid, and the metal is a very minor constituent of most rocks. 
Should some of it be present in the residue, its removal and estimation at 
this stage are not necessary as it can be recovered more conveniently later, 
together with the silica accompanying the precipitate of alumina, etc. (7, 
B, p. 874). Quite as rarely is calcium a component of the residue if the 
decomposition of the rock powder was complete at the outset. When the 
analysis has been properly done, the residue, after resolution, is quanti¬ 
tatively precipitable by ammonium hydroxide in presence of an ammonium 
salt. This fact and special tests made by one of us (W. F. H.) controvert cer¬ 
tain statements that the residue is likely to contain calcium, magnesium, and 
alkalies. Occasionally magnesium was found but not in excess of 0.3 mg 
MgO. A statement that sodium chloride is one cause of persistent small 
losses of weight when the silica is ignited is opposed to our observations 

and to those of Lenher and Truog.**® The contrary experience of Bloor 

and of Aurousseau is perhaps to be attributed to incomplete decomposi¬ 

tion of the rock by the alkali carbonate fusion. 

See footnote 92, p. 862, and Table 27, p. 804. 
eo /. Am. Chem. Soc., 38, 1050 (1916). 

29, 1063 (1907). 
es/. Wash. Acad. Set., 13, 330 (1923). 
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2. From minerals. Nothing so definite can be said as to the contaminants 
of the silica that is obtained in analyzing silicate minerals as distinct from 
silicate rocks. They will of course vary with the composition of the min¬ 
eral and be sometimes small or even absent; at other times large, especially 

with minerals containing titanium, zirconium, tin, tungsten, antimony, co- 

lumbium, or tantalum. With the latter, special procedures for separating 

silicon before its final determination are to be preferred, as for example 

by dehydrating with sulfuric acid when antimony is present. 

7. A^’ALYSIS AFTKR SkPARAHON OF SlLICA 

Section 6 deals with the detemiination of all but a small residuum of the 

silicon in silicates, with special reference to rocks. This section continues 

the analysis, but for the most part more in outline. Much of this is not 

restricted to silicates but finds equal application to many other minerals if 

interfering elements are absent. It is, however, written as a sequel to Sec¬ 

tion 6, with special reference to rocks, because their analj^sis constitutes a 

large part of the work of many mineral analysts. 

After silica has been separated as completely as possible, the analyst is 

confronted with the question as to whether treatment with hydrogen sul¬ 

fide is necessary or desirable. In rock analysis, the treatment is usually un¬ 

necessary and a waste of time, for the only member of the hydrogen sulfide 

group that is likely to be present in determinable amount in a 1-g sample 

is the platinum derived from the crucibles and dishes, and this causes no 

difficulties if it is left in solution. In the analysis of minerals or material 

of unknown composition, the treatment should not be omitted, for it is 

simple, and may lead to the separation and detection of elements that should 

not be missed and that would cause errors if left in solution. 

Before proceeding with the analysis after the separation of silica, or the 

precipitation of the hydrogen sulfide group if this was deemed desirable, 

the next concern is to make sure :that all of the iron is in the trivalent state. 

Bivalent iron is to be expected if hydrogen sulfide was used, and may be 

present in small amount if evaporations for silica were made with hydro¬ 

chloric acid in platinum dishes. The oxidation of the iron can be done by 

treating with bromine in excess and boiling until the excess is expelled, or 

by boiling with nitric acid, after prior expulsion of hydrogen sulfide if this 
was used. 

The analysis can now follow any one of several courses, depending on 

the end in view. In the usual case, iron, aluminum, and the like are pre¬ 

cipitated by carefully neutralizing with ammonium hydroxide. There is 

little danger of coprecipitation of manganese if the pH value is kept under 

7 and the solution is filtered quickly after the neutralization. The necessity 
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of employing the basic acetate method whenever appreciable amounts of 
manganese are present is not so great now as when less attention was paid 
to the proper conditions for precipitating with ammonium hydroxide, or 
from homogeneous solutions (p. 497). In the older methods, the separation 

of manganese was far from perfect, and the error was allowed to distribute 

itself among aluminum, calcium, and magnesium, when the total amount of 

manganese did not exceed a few tenths of 1 per cent. The errors caused 

by such a procedure are illustrated by the data given in footnote 117, page 

879. With large amounts of manganese, the basic acetate method was 
usually recommended. 

Either treatment leaves manganese in solution associated with elements 

such as nickel, zinc, calcium, and magnesium. In rock analysis, the next 

step therefore usually consists in separating the manganese, zinc and nickel 

by precipitating with ammonium sulfide, after which the calcium is thrown 

down as the oxalate and then the magnesium as the phosphate. In such 

procedures, strontium accompanies the calcium, and barium is found with 

magnesium. 

For some purposes it is desirable to gather all of the manganese in the 

ammonia precipitate, and this is done by using bromine or persulfate in 

conjunction with the ammonium hydroxide. Such a course leaves elements 

such as nickel and zinc still to be separated if they were present in the orig¬ 

inal material. 
The stumbling block to the use of a greater diversity of methods after 

the separation of silica and the hydrogen sulfide group is the incomplete 

separation of the silica at the start of the analysis. If the silica still left in 

solution can be ignored, a number of variations may be employed. For 

example, the hydrogen sulfide filtrate can be treated with tartaric acid and 

then made ammoniacal for the separation of iron, zinc, nickel, cobalt, and 

more or less of the manganese as the sulfides. 1 he filtrate can then be 

acidified and treated with cupferron for the determination of columbium, 

tantalum, zirconium, titanium, and vanadium. If desired, one half of the 

oxidized filtrate from the silica or the hydrogen sulfide treatment can be 

precipitated with ammonium hydroxide as usual and the other half with 

cupferron. The first gives such oxides as Aln03, P20r„ Fe^Os, Ti02, ZrO^, 

and V2O5, while the second gives the last four and leads to a more accurate 

determination of alumina by difference. Still another method that is useful 

in the absence of magnesium and nickel is the treatment of the oxidized 

filtrate from the silica or hydrogen sulfide precipitation with sodium 

hydroxide in slight excess, whereby iron, titanium, zirconium, and the like 

are separated from aluminum, vanadium, and phosphorus (see Precipitation 

by Sodium Hydroxide, p. 84). 
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A. METALS PRECIPITABLE BY HYDROGEN SULFIDE 
Appreciable amounts of elements precipitable by hydrogen sulfide are 

of very infrequent occurrence in most rocks, and their removal is therefore 
seldom called for. It is of course different with many minerals, and in gen¬ 

eral the procedure to follow is that given under Precipitation with Hydro¬ 

gen Sulfide (p. 60). 
Little attention has been paid to the determination or even detection in 

rocks of minute amounts of the hydrogen sulfide elements. For some ref¬ 

erences see Minute Traces of Certain Constituents (p. 953). 

The sample should never be passed through copper or brass sieves when 

copper or copper and zinc are to be determined. 

The filtrate from the silica almost always contains notable amounts of 

platinum. This is derived in very small degree if at all from the action of 

the alkali carbonate on the crucible unless fusion was made in a muffle in¬ 

stead of over the flame (footnote 65, p. 845) or unless in special cases niter 

was used as an oxidant in too large amount; to a larger degree indirectly 

from the action of the hydrochloric acid on the manganate, chromate, and 

vanadate of sodium formed during the fusion; and finally, if much iron is 

present, in no small degree from the reduction of ferric to ferrous chloride 

by the platinum of the evaporating dish. The second and third sources of 

contamination are eliminated by using a porcelain dish, and this should 

always be done if other elements of the hydrogen sulfide group are present 

and are to be determined in this portion of the sample. The presence of 

platinum alone causes no inconvenience, however, in rock analysis, as it 

can be removed easily at a later stage instead of by the action of hydrogen 

sulfide. In the descriptions that follow, it is assumed that platinum is ab¬ 

sent, or, if present, does not need to be eliminated at this stage, or that, if 

other metals precipitable by hydrogen sulfide were present, they together 

with platinum have been removed. 

It should be borne in mind that, if much titanium is present, a little of 
it may be thrown down with the sulfides. 

B. JOINT PRECIPITATION OF ALUMINUM, IRON, TITANIUM, ZIRCONIUM, 
CHROMIUM, RARE EARTHS, PHOSPHORUS, AND VANADIUM V/ITH 
AND WITHOUT MANGANESE 

The difficulties are considerable in the way of successfully producing 

and handling the sometimes very complex precipitate which is obtained in 

the next stage of the analysis of silicates. It should or may contain alu¬ 

minum, iron, titanium, phosphorus, and the remainder of the silicon besides 

Needless to say, if niter was used, the subsequent evaporation should be made in 
porcelain. 
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chromium, vanadium, zirconium, and rare earth metals, not to mention 
beryllium, gallium, and indium as possible components, though in rock 
analysis these last are seldom if ever reported. It is not necessary nor in¬ 
deed is it readily possible to determine all of them in the one precipitate. 
P'or some at least, separate portions of sample have to be used, but their 
joint weight must be found. 

If a precipitation by hydrogen sulfide was not necessary, treat the filtrate 
from the silica directly; otherwise boil out the hydrogen sulfide, reoxidize 
the iron by bromine water,^*^** and boil out the excess of bromine. Then 
the procedure to follow depends on whether it is desired to precipitate the 
manganese or not to do so at this stage. 

a. Precipitation 'without Manganese, a. Precipitation by enmnonium hy¬ 

droxide. Two precipitations by ammonium hydroxide at boiling heat usu¬ 

ally suffice to separate ferric iron, aluminum,titanium, phosphorus, vana¬ 

dium, trivalent chromium, rare earth metals, zirconium (beryllium, gallium, 

and indium) if all should happen to be present, from manganese, nickel, 

tlie alkaline earth metals, and magnesium in the relative proportions in which 

these elements ordinarily occur in rocks, provided an ammonium salt—usu¬ 

ally the chloride—is present in sufficient quantity. This last point is of spe¬ 

cial importance as regards magnesium, and failure to observe it is doubtless 

the reason why many old analyses show utterly improbable percentages of 

alumina, especially as analysts were formerly satisfied with a single precipi¬ 

tation. The necessary ammonium chloride is obtained better by the use of 

purified ammonia water and hydrochloric acid than by adding the solid salt, 

which may not be pure enough. The analyst should always satisfy himself 

as to the amounts of ammonium salt that are needed to hold in ammoniacal 

solution the maximum percentage of magnesium that the rock or mineral 

he is analyzing may contain. With an extremely high magnesium content, 

a third precipitation is generally requisite. 
For the complete precipitation of aluminum and a sharp separation of 

manganese, an excess of ammonium hydroxide must be carefully avoided 

(see Aluminum, p. 501, and Precipitation by Ammonium Hydroxide, p. 77). 

Desirable conditions are as follows: To the solution containing at least 5 g 

of ammonium chloride per 200 ml of solution, or an equivalent amount of 

hydrochloric acid, and no oxidizing agent such as nitric acid that would 

destroy the indicator, add a few drops of methyl red, and heat just to boil¬ 

ing. Carefully add dilute ammonium hydroxide (1 + 1), drop by drop 

’00 If much iron is present and evaporations for silica have been made with hydro¬ 
chloric acid in platinum, oxidation is desirable, even though hydrogen sulfide was not 
used, for some of the iron may have been reduced. 

101 It is well to bear in mind that, in the presence of fluorine, aluminum is precipi¬ 
tated very incompletely by ammonium hydroxide. 
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until the color of the solution changes to a distinct yellow. Boil the solu¬ 
tion for 1 to 2 minutes, adding more ammonium hydroxide if the color of 
the solution changes to orange or red, and filter at once. For the complete 

precipitation of rare earth elements, see page 548. Wash the precipitate 
thoroughly with a hot 2 per cent solution of the ammonium chloride. Re¬ 
serve the filtrate and washings. Dissolve the precipitate in warm dilute 
hydrochloric acid, wash with hot water, and reserve the paper. Reprecipi¬ 
tate the aluminum, filter, and wash as before. The final precipitation may 
be made with advantage in the presence of macerated filter paper (p. 98), 

and the precipitate should be well drained. 
Combine the ammoniacal filtrates and washings for treatment as described 

on page 872, and ignite the precipitate as described in d. 

fi. Precipitation by the basic acetate method. In the presence of moderate 

amounts of manganese, nickel, and iron, the ammonia method of precipi¬ 

tation as just specified is preferable by far to the basic acetate method (Pre¬ 

cipitation by Regulation of the Hydrogen Ion Concentration, p. 75) once 

greatly in vogue. Nevertheless the latter method gives good service in the 

presence of much iron together with zinc or cobalt, or in the presence of 

large amounts of manganese or nickel, especially for the first precipitation. 

The chief objection to the method, aside from its poor serviceability for 

precipitating aluminum unmixed with much iron, was that the last traces 

of manganese were often incapable of removal even by more than one repe¬ 

tition of the process. The precipitate produced in the basic acetate method 

contains essentially the same elements as when ammonium hydroxide is used. 

Perhaps the most marked difference is that some of the rare earth metals 

are not precipitated in the basic acetate process. If then later, on rendering 

the combined filtrate ammoniacal, an unexpectedly large precipitate appears, 

this should be carefully examined as to its nature. In an analysis of pied- 

montite from Maryland, over 2 units per cent of rare earths, including cerium 

and others not identified, were quantitatively separated from iron, aluminum, 

etc. On the other hand. Pope said that quinquevalent vanadium is com¬ 

pletely precipitated, which is a very desirable effect. 

After making the precipitation, dissolve the precipitate in hydrochloric 

acid, and reprecipitate by ammonium hydroxide as in a. Treat the filtrates 
separately as described on page 872. 

b. Precipitation Together with Mangofiese. a. By ammonium hydroxide 

and armnonium persulfate. Precipitation by ammonium hydroxide and am¬ 

monium persulfate has for its object the coprecipitation of manganese with 

a view to simplifying subsequent operations. It is, however, defective in 

case the rock carries appreciable amounts of barium or strontium by reason 

^02 Trans. AIME, 29, 372 (1899). 
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of the certain partial precipitation of some of one or both as sulfates. Cal¬ 
cium can be held completely in the filtrates by two precipitations in any 

case.^®® If strontium is not present in sufficient amount to be retained by 

the precipitate, there is no vital objection to the method on this score, for 

barium can be recovered as described on page 876. 

The applicability of the method as above limited being assured, it may 

be carried out as follows: 

PROCEDURE. To the filtrate from the silica, held in a platinum dish, add 

enough hydrochloric acid to prevent precipitation of magnesium when made 

ammoniacal (p. 869), then methyl red indicator, and finally ammonium hy¬ 

droxide until the indicator turns yellow. Add about 1 g of ammonium 

persulfate free from all interfering impurities,and heat to boiling. When 

the liquid begins to boil, add dilute ammonium hydroxide carefully until 

in slight excess as shown by the odor, and continue boiling for several min- 

utes.^^® Let the precipitate settle, filter quickly, wash three or four times 

with a 2 per cent solution of ammonium chloride, and suck the precipitate 

dry. Dissolve it in a small amount of hot hydrochloric acid containing a 

few drops of sulfur dioxide, add macerated filter paper, and reprecipitate, 

wash, and filter as before. Combine the filtrates for treatment as on page 

873, and ignite the precipitate as described in d. Manganese is weighed as 

Mn304. Any chromium would be in the filtrate wholly oxidized by the 

persulfate, but it will be recovered with the precipitated traces of aluminum 

ion A. W. Epperson, Ind. E?ig, Chem., 17, 744 (1925). 
The reagent as bought should always be tested for strength as well as for aluminum 

and other impurities (sec Reagents, p. 37). Jannasch [Frakt. Leiifadeii Gcwichtsanalysc 
[2], 179 (19()4)] purified it as follows: To a wann saturated solution (not over 95®) 
add ammonium hydroxide until its odor persists (more will have to be added at intervals, 
for the continual decomposition of persulfate sets free sulfuric acid). When the precipi¬ 
tate of alumina, etc., has settled, filter as rapidly as possible (through asbestos in a 
porcelain funnel, because the strong solution attacks both paper and glass markedly. 
When cooled to about 30®, pour the filtrate into twice its volume of alcohol, and cool 
it further by ice applied externally. After half an hour, filter, wash with alcohol and 
then with ether, and dry in the air. The alcohol must be removed thoroughly. 

A commercial article purified thus was found to contain no interfering impurities 
though not free from alkali, and it held, moreover, much ammonium sulfate. Because 
of the decomposition and consequent loss that results when Jannasch’s method of puri¬ 
fication is employed, it is preferable to use a weighed amount of a reasonably pure 
reagent in the analysis and to correct for the impurities as shown in the blank deter¬ 
mination. 

It has not been determined if .such a very dilute solution of the persulfate as would 
be handled in the analysis has any appreciable effect on glass, but apparently not, so 
far as our limited experience shows. 

There is need of adding more ammonium hydroxide because of the acid that is 
liberated when the persulfate decomposes. Methyl red cannot be used as indicator 
because it is too rapidly destroyed. 
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as detailed on page 873 and should be added to the main precipitate. It is 
not best to determine it colorimetrically in the filtrate. 
р. By anrmojiium hydroxide and armnontum sulfide. Although the old 

method of precipitation by ammonium hydroxide and ammonium sulfide 
can be employed in special cases, it is not well adapted generally to silicate 

rocks and will not be discussed in this connection. It is often very useful 

with minerals, although the precipitation of aluminum is, as a rule, incom¬ 

plete. 
с. Recovery of Unprecipitated Alimtimim and Iron from the Filtrates, 

a. After an ammonium hydroxide precipitation. Aluminum, iron, and the 

like will ordinarily be completely precipitated by ammonium hydroxide in 

the procedure described on page 869. In case of doubt, and especially if 

it is desired to destroy ammonium salts before the precipitation of man¬ 

ganese or calcium, transfer the combined ammoniacal filtrates to a beaker, 

acidify with hydrochloric acid, and evaporate to small volume. Cover the 

beaker, and heat with nitric acid as described under the Removal of Am¬ 

monium Salts (p. 133). When these are destroyed and evolution of gas has 

ceased, remove and wash the cover, dilute not more than necessary to hold 

salts in solution, and heat to boiling. Render faintly ammoniacal as de¬ 

scribed on page 869, boil for 2 minutes, and filter at once through a small 

paper if a precipitate appears. Wash with a hot 2 per cent solution of 

ammonium chloride, ignite, and add the weight of the residue to that of 

the main precipitate. Reserve the filtrate and washings for treatment ac¬ 

cording to C, b, or D. 

After a basic acetate precipitation. Evaporate the first filtrate to or 

nearly to dryness. Take up the residue with only enough hot water to 

keep it in solution, and replace the dish on the bath for a short time. Col¬ 

lect the precipitate, which will generally be appreciably larger than any 

ever obtained in a, on a small filter and the filtrate in a flask of 150 to 200 

ml capacity. While the acetic acid~acetate filtrate is being evaporated, 

evaporate the second or ammoniacal filtrate separately, and treat with am¬ 

monium hydroxide as described in a. This solution serves as first wash 

water for the other dish and for the precipitate on the filter. Finally rinse 

both dishes and the filter with 2 per cent ammonium chloride solution. The 

ammoniacal filtrate contains enough ammonium nitrate to prevent precipi¬ 

tation of magnesium in the first filtrate when the two come together. 

If manganese peroxide has deposited on the surface of the dish, remove 

it by hydrochloric acid and a drop or two of sulfur dioxide, pass the hot 

mixture through the filter, and catch the filtrate in a small beaker. Repre¬ 

cipitate then by ammonium hydroxide, and collect the precipitate again on 

the same filter, and the filtrate in the flask that contains the previous filtrate. 
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If much manganese is present, a second precipitation by ammonium hy¬ 
droxide of the small precipitate may be required. In these cases, where 
the original amount of manganese is small, there is no difficulty in getting 
all of it into the filtrate. Treat the final precipitate and the filtrate or com¬ 
bined filtrates as in the foregoing section. 

y. After precipitation by mrmonimt hydroxide and ammonium persulfate. 
Acidify the combined filtrates, reduce chromates if present by the addition 
of a drop or two of hydrogen peroxide, and evaporate as in a to destroy 
ammonium salts. Dilute the solution to 100 ml, precipitate by ammonium 
hydroxide in slight excess, and place on the steam bath till the small pre¬ 
cipitate has coagulated. Collect the precipitate on a 7-cm filter, and reserve 
the filtrate. Dissolve the precipitate in hydrochloric acid, reprecipitate in 
a small bulk of solution by ammonium hydroxide, and finally add it to the 
main portion obtained on page 870. Add the ammoniacal filtrate to that 
already reserved, and treat according to C, b or D. 

d. Ig7iition of the Joint Precipitate of Aluminum^ Iron^ etc. Ignite the 
combined precipitates of aluminum, etc., obtained in a, b, or c, without pre¬ 
liminary drying in a platinum crucible weighed with a well-fitting cover. 
A precipitate formed in the presence of thoroughly macerated paper, as 
recommended by Dittrich, yields on ignition a powder, and the fine state 
of division makes reoxidation of any reduced iron easy, besides wonderfully 
shortening the time required for subsequent resolution. 

O. Hackl^°® warned against using paper pulp with ferric or aluminum 

hydroxide for any but the last of wo or more contemplated precipitations. 

AL F. Connor,’"^ instead of using macerated paper, moistened the washed 

and dried precipitate, separated from the filter, with an alcoholic solution 

of ammonium nitrate, dried again, and ignited, the paper being ignited 

separately. 

Alumina in the quantities usually found in rocks and in many minerals 

cannot be dehydrated completely by the full heat of the ordinary Bunsen 

burner (see Aluminum, p. 502). It must be heated with a blast flame 

(1200^ C or its equivalent) until constant weight is obtained. If iron is 

present in large amount, this heating must be so conducted as to insure 

access of air to the crucible. The crucible and contents must be cooled 

over a good desiccant and weighed while covered with a well-fitting cover. 

For ignitions of this kind, which involve very prolonged heating, an elec¬ 

tric furnace is well adapted by reason of its nonreducing atmosphere, pro¬ 

vided the temperature is not high enough (over 1200® C) to cause by tem¬ 

perature alone reduction of ferric to magnetic oxide of iron or, by contact 

10® Qhem, Ztg,^ 43, 70 (1919). Consult also E. Wilke-Dorfurt and E. Locher, 2, ami. 
Chem., 64, 436 (1924). 

107 Congr- Qeol. Intern. 12^ Sess. Canada, 885 (1913). 
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with the platinum formation of an iron alloy accompanied by liberation of 
oxygen (see Iron, p. 390). 

The crucible itself may have changed in weight since the silica was ig¬ 
nited in it. Its correct weight is found after treatment of its contents as 
explained in the next section. 

e. 'Determination of Residual Silicofi and Possibly Barimn in the Joint 
Precipitate, Because of the extreme difficulty of its determination in a 
mixture of the kind under consideration, it is customary to determine alu¬ 
mina by difference after deducting, from the precipitate produced by am¬ 
monium hydroxide, by sodium acetate, or by ammonium hydroxide and 
ammonium persulfate, the sum of all other oxides this precipitate may con¬ 
tain. Of these, only ferric oxide (representing the total iron of the rock 
or mineral), titanic oxide, and the small amount of residual silica that is not 
recovered by the procedure detailed in 6, B (p. 860), and in rare instances 
perhaps a little barium are determined in this portion. The oxides of phos¬ 
phorus, vanadium, chromium, rare earth metals, zirconium, titanium if de¬ 
sired, and sometimes manganese are usually best determined in other por¬ 
tions of the sample, sometimes in larger portions than are usually treated 

for the major constituents. (Consult the chapters on the respective ele¬ 
ments.) The same would hold for beryllium, uranium, gallium, and in¬ 
dium, should these happen to be present. Because of their rarity and the 
very small amounts in vffiich they would probably occur, it is customary 
to disregard these last in rock analysis, although there is no doubt that they 
could be found in certain rocks, especially of the highly siliceous granitic 
type. This throws on the alumina all errors that are involved in the separate 
determination of the other components of the oxide mixture, but these 
errors may balance. In any event the probable error can hardly be as high 
as that involved in the direct determination of the alumina itself, consider¬ 
ing the difficulty of effecting a satisfactory separation of it from the other 
components of the mixtures, an operation which w ould moreover extend 
immoderately the time required for each analysis. 

Phosphorus cannot be determined in the ignited oxides after these have 

l)een fused with pyrosulfate (a below) for the reason that the treatment is 

likely to volatilize some of 

a. Residual silicon. The first step in the analysis of the joint precipitate 

is to obtain the ignited oxides in a suitable solution. Some early writers 

recommended dissolving the oxides in hydrochloric acid, but this is a most 

ineffective mode of attack. Perfect solution is effected in the manner de¬ 
tailed in the next paragraph. 

Transfer the weighed precipitate as far as possible from the original cru¬ 

cible to another of 25 to 30 ml capacity if a smaller one was used for the 

108 w. F. Hillcbrand and G. E. F. Lundell, J, Am, Chem, Soc,, 42, 2607 (1920). 
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ignition,^®® or if it is desired to ascertain the loss of weight of the cru¬ 
cible. Bring the small adhering residue into solution by fusion with a small 

amount of sodium or potassium pyrosulfate. This fusion takes but a few min¬ 

utes and must not be continued beyond the time actually needed; otherwise 

it will be impossible, after cleaning and igniting, to get the correct weight 

the crucible possessed after the ignition of the alumina, etc.^^® Pour the 

hot liquid onto the main mass of the precipitate in the other crucible, add 

more pyrosulfate (up to 7 g in all),^^^ and renew and continue the fusion 

with the crucible covered and at as low a temperature as will keep the con¬ 

tents molten until the whole has been dissolved. In the case of the potassium 

salt, this is always easily ascertained, even when the liquid is dark red and 

opaque, by removing the crucible from the flame to a good light and allow¬ 

ing the vessel to cool. At one point during the cooling, the liquid becomes 

transparent and so permits the bottom of the crucible to be seen. This is 

less true of the sodium salt. 

When all is dissolved, pour the melted mass into a large dry platinum 

dish, remove w'ith dilute sulfuric acid (1+9) what adheres to the two 

crucibles, and pour the solution and rinsings into the dish. Add enough 

of the dilute acid to bring the volume to 100 ml, and heat the dish until 

the solid is dissolved. FA’aporate the solution as far as can be done on the 

steam bath, and then gradually higher until fumes come off copiously. 

During this heating, the mass is apt to darken from reduction and separa¬ 

tion of platinum dissolved from the crucible. The acid must be used in 

^‘’^This crucible may be of gold, as that metal is less attacked by the subsequent 
treatment than platinum. If gold is used, the remarks in the text concerning the recovery 
of dissolved platinum apply to the dissolved gold. 

^^‘^Long blast or furnace ignition may have reduced the weight of the crucible by 
an appreciable amount; hence the need for getting its weight empty at this point. 

The total weight of pyrosulfate should be known approximately in order to correct 
later for the effect of the salt in the colorimetric determination of titanium (Titanium, 
p. 5S2), unless a precipitation with ammonium hydroxide is to be made in order to 
eliminate the alkalies and so obviate the precaution. 

The recommendation of J. Lawrence Smith \Avi. J, Sci,, 40, 248 (1865)1 to use the 
sodium instead of the potassium salt is excellent. This salt acts more quickly and forms 
a more soluble double salt with aluminum, but has the sliglit disadvantage that the 
progress of decomposition of the ignited mass is not so readily followed because of the 
greater tendency of the sodium salt to crust over. Fused pyrosulfate dissolves platinum 
from the crucible. To avoid this Deussen [Z. anorg. Chem., 44, 423 (1925)1 fused the 
ignited oxides with about 1 g of acid potassium fluoride. The mass melts over a low 
flame and then solidifies. He evaporated its solution with sulfuric acid to expel most 
of the fluorine and detennined iron by titration. The use of the fluoride is however 
incompatible with accurate work in silicate analysis because the silica in the ignited 
oxides cannot be determined. Moreover the oxides must be finely powdered, and con¬ 
sequently an aliquot part only can be taken for the fusion. The expulsion of the fluorine 
by sulfuric acid must be thorough if titanium is to be determined in the solution. 
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such quantity that, after cooling, the mass is pasty and not solid, for it then 
dissolves readily, on heating, in the water which is now to be added, the 
sodium salt dissolving much more readily than the potassium salt. 

Place the dish on the bath and as soon as the silica can be seen in coagu¬ 
lated form at the bottom, collect it on a small filter, wash well with hot 
water, burn, and weigh in a platinum crucible. As it is seldom pure, correct 
it by a few drops of hydrofluoric and a single drop of sulfuric acid, evapo¬ 
rate, ignite, and reweigh the crucible. Bring the slight residue that may 
remain in the crucible into solution by pyrosulfate, and add it to the main 
portion, for the treatment of which see f after filtering from barium sulfate 
if any of this shows itself (see ^ below). 

The amount of silica so recovered (see Table 20, under Silicon, p. 677) 
ranges usually between 0.5 to 5 mg after two filtrations of the main silica 
and is of course to be added to this. Only in this way is the full amount 
of silica in the ignited oxides to be recovered.^^- Formerly it was customary 
to regard that remaining undissolved when the pyrosulfate melt was taken 
up with water or dilute acid as the total amount present. It is however but 
a small part of what the alumina, etc., held, the greater part having formed 
alkali silicate during the fusion and remaining in solution afterward, unless 
set free and rendered insoluble by the treatment above given. 

The silica thus recovered may not, howev^er, represent quite all of that 
which originally escaped separation by evaporation with hydrochloric acid. 
A small part, depending on the amount that escaped separation by evapo¬ 
ration with hydrochloric acid and the size of the ammonia precipitate, some¬ 
times escapes recovery altogether. The amount may be several milligrams 
if but a single separation of silica was made. It is therefore apparent why 
a thorough separation of silica at the start is so urgently called for. 

In case the recovery of the residual silica is not required, the procedure 

of Trautmann for removing it from alumina is serviceable, especially for 

small amounts of ignited oxides. He recommends the evaporation of hydro¬ 

fluoric and sulfuric acids in the crucible containing the ignited alumina, 

after which the alumina is to be again ignited and weighed. In following 

this procedure it is wise not to hasten the expulsion of the sulfuric acid 

unduly for fear of incomplete conversion of the fluorides to sulfates and 

consequent loss by volatilization of the anhydrous fluoride. Selch main¬ 

tained that there is no danger of a sensible loss of aluminum by volatilization 

as fluoride when this procedure is followed, and this has been our experience. 

Barium. Should by any chance the alumina precipitate have held 

barium sulfate, something that has not happened in our experience with 

rocks, unless ammonium persulfate was used as described on page 870, it 

112 Por proof see /. Am. Chem. Soc., 24, 368-70 (1902). 

^13 2. (tn^ew. Cbem., 26, 702 (1913). 
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will be found as a contaminant of the silica recovered after the pyrosulfatc 
fusion. If the weighed residue remaining after expulsion of this silica by 
hydrofluoric acid is dissolved by a little pyrosulfatc and the cooled melt 
taken up with dilute sulfuric acid, any barium will be left in the form of 
sulfate. Now and then a few particles of metallic platinum may be ob¬ 
served with it. If so, a sufficiently satisfactory separation of the two can 
be effected by levigation. 

f. Determination o] Iron in the Joint Frecipitatc, a. Volimietrically with¬ 
out regard to vanadium. Treat the cooled filtrate obtained in c by method 
8 or € under Iron (p. 393) if titanium is present, or by if absent, then 
titrate the resulting ferrous iron with permanganate as described on page 
395, and follow IV, A, under Titanium (p. 581), for a titanium content. Or, 
if titanium is absent or not to be determined in this solution, the iron can 
be titrated in the ferric state by a titanous salt (Iron, p. 398). 

p. Volumetrically having regard to vanadium. The procedures that fol¬ 
low assume that vanadium is present only in very small amount, as in silicate 
rocks, clays, and siliceous limestones. In such cases the value found for 
total iron by permanganate titration will be in error whatever the reducing 
agent (see Iron, p. 390). In view of what has been said, it seems advisable 
when a little vanadium is present to use the method of reduction by sulfur 
dioxide (Iron, p. 393) even when titanium is absent. When the amount of 
vanadium is known, a correction can be applied on the assumption that all 
of it is collected in the precipitate now under consideration, a point that 
needs further investigation. Various writers have asserted its precipitability 
with aluminum and iron by ammonium hydroxide and by ammonium ace¬ 
tate, though Carnot said that repeated precipitation by ammonium hy¬ 
droxide, ammonium carbonate, or ammonium sulfydrate separates it from 

iron. Ridsdale^^® determined its precipitability with various metals and 

gave numerous figures which show an approximation to 90 per cent when 

thus thrown down under the conditions prevailing in analysis of iron slags, 

the remainder passing into the filtrates and appearing in small part with 

the calcium and to a greater extent with the magnesium. For all practical 

purposes it is probably safe to assume that the small amounts of vanadium 

met with in rocks are ^wholly in the alumina-iron oxide precipitate. 

If the amount of vanadium is not known and great accuracy is necessary, 

caution requires the determination of the total iron to be made either in 

a separate portion after vanadium is removed or to precipitate in the sulfate 

solution (p. 876), by ammonium hydroxide the iron, aluminum, titanium, 

vanadium, etc., and then to separate the iron from the vanadium by igniting 

and fusing the oxides with sodium carbonate, extracting with water, filter- 

^^^Qompt. rend., 104, 1803 (1887). 
115 /. Soc. Chem. Ind., 7, 73 (1868), 
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ing, bringing the insoluble residue into sulfuric acid solution, reducing, and 
titrating as in absence of vanadium. But, unless a certain precaution is 
here observed, an error greater than that which it is designed to avoid v ill 
be committed. Contrary to general belief, the aqueous extract from the 
sodium carbonate fusion carries a small but appreciable fraction of 1 per 
cent of iron. This iron is thrown out with the aluminum (and silica, if 
present) by the usual methods of neutralizing the alkaline solution, and 
can be brought to light when the precipitate thus formed is treated with 
a fixed caustic alkali or again fused with sodium carbonate and the melt 
leached with water, when it remains wholly or in part undissolved. Hence 
it is necessary to collect this iron and add it to the main portion before 
titrating. 

The differential method of Edgar for determining iron and vanadium 
in the presence of each other is not well suited to rocks because of the very 
small amounts of vanadium held by them, 

y. Gravimetrically after separating as sulfide. In view of the errors in¬ 
volved in the titrimetric determination of the iron, it is desirable in accurate 
analyses to determine it gravimetrically by precipitating with ammonium 
hydroxide after first precipitating it as the sulfide from a solution contain¬ 
ing ammonium tartrate (Precipitation by Ammonium Sulfide, p. 65), the 
function of which is to hold in solution most of the other elements. 

8. Tnie value for ferric oxide in a rock or mineral. In order to ascertain 
the percentage of ferric oxide in a rock or mineral containing also ferrous 
oxide, it is customary to deduct from the total iron oxide the ferric equiv¬ 
alent of the ferrous oxide separately determined. If the content of ferric 
oxide were as surely determinable as that of the ferrous oxide, the latter 
could be found by deducting the ascertained ferric oxide from the total 
oxide and calculating the remainder to ferrous oxide. Assuming precise 
work, the result in either case is satisfactory if interfering elements are ab¬ 
sent. This is, however, often not quite the case, particularly with rocks 

and clays. In rocks, small amounts of sulfides are common—almost always 
pyrite. The oxide content that is found by difference will then be in error 

unless the proper amount of pyritic iron calculated as ferric oxide is known 

and deducted from the total oxide. It is possible to determine this amount 

from the sulfur content if this is wholly pyritic, a fact that can usually be 

ascertained with considerable certainty. If, however, the sulfide is soluble 

in sulfuric or hydrofluoric acid, the hydrogen sulfide liberated in dissolving 

the sample for the ferrous or ferric oxide determination will probably re¬ 

duce a little ferric salt and so increase the ferrous and decrease the ferric 

oxide. This effect is indeterminable. Finally the small amounts of vana¬ 

dium present in most rocks and clays are disturbing. Hence it is evident 

iiMw. J, Sci,y 26, 9 (1908), 
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that the final result which passes for ferric oxide may be only an approxi¬ 
mation. 

g. Determination of other constituents in the joint precipitate. It is un¬ 
necessary to consider here the procedure that can be used to determine the 
other possible components of the joint precipitate, of which a list is given 
on page 868. Suffice it to refer to the chapters on the different elements 
and to the chapter on Separations in the Ammonia Precipitate (p. 86). 

C. MANGANESE, NICKEL, COBALT, COPPER, AND ZINC 

a. Difficulties in the Way of a Correct Gravimetric Determination of 
Manganese. The gravimetric determination of manganese in small amounts 

seems to be more of a stumbling block to the average chemist than that of 
almost any other of the frequently occurring elements met with in mineral 
analysis. This is due almost always to incomplete prior separation of ele¬ 

ments which later suffer coprecipitation with tlie manganese. The error 

is therefore generally a plus one, and often amounts to many times the 

weight of the manganese actually present. The importance of thorough 

separation of the constituents treated of in the foregoing pages is therefore 

manifest, particularly since, to the inexperienced analyst, very small amounts 

of manganese precipitated in the form of a higher hydroxide may easily 

mask a good deal of alumina or other colorless precipitates.^^^ 

If the directions already given have been carefully followed, however, 

there will be little chance of error due to foreign contamination, by either 

alumina or magnesia, a sufficiency of ammonium salts being a guaranty 

against the latter. Consideration must be given, however, to the rather 

remote possibility of the presence of rare earths which were not thrown 

out by the basic acetate precipitation (see p. 870), for they will appear at 

this stage. 

1). Precipitation of the Group and Separation of Its Constituents, a. The 

anmionimn-sulfide method. 1, Its advantages and disadvantages. The usual 

methods of separation of manganese from the alkaline earths and magnesia 

by bromine or ammonium sulfide are imperfect, in part because of incom¬ 

pleteness and in part because of coprecipitation of small amounts of these 

metals. The former error, though absolutely slight, is probably of more 

consequence in rock analysis than the latter. In completeness of precipi¬ 

tation, bromine offers no advantage over ammonium sulfide, and the latter 

has the advantage that, by a single operation, nickel, cobalt, copper, and 

It was for these reasons that Washington deemed it better for the novice in rock 
analysis to make no attempt to determine the manganese, but to allow the error from 
this neglect to distribute itself over the alumina, lime, and magnesia. The relative order 
of this distribution was determined by George Steiger in the Sur\'ey laboratory while 
analyzing a series of carbonate rocks, some of them highly siliceous. The results are 
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zinc, if present, are likewise separated from the earth metals and alkalies. 
There need be no fear of overlooking nickel or copper, for, under the 

conditions of the precipitation they are not retained in solution. It is for 

this reason chiefly that the ammonium-sulfide method is to be preferred. 

Most of the small amount of manganese that escapes precipitation is weighed 

later with the magnesium as pyrophosphate and can be corrected for readily 
by the colorimetric method described on page 641. 

The precipitation of manganese in alkaline solution by hydrogen peroxide, 

as proposed by P. Jannasch and E. v. Clocdt,^^® a method that appeared to 

insrructivc. Double precipitations were the rule, and iron and aluminum were thrown 
out by ammonia in slight excess, according to the procedure then followed. 

If the addition of ammonium hydroxide is stop})ed when the pW value reaches 7, 
and the solution is filtered after 1 to 3 minutes, very little if any manganese is found 
in the ammonia precipitate. 

Tests Showing Distribution of Manganese in Gravimetric Separations 

No. 

j Partial Composition of Rock MnO by Colorimetry 

AljOs, 
Fe203 

CaO MgO Total 

With 

AI2O3, Fe20:j 
(by difference) 

CaO Mg2P207 

957 2.03 10.60 6..30 0.193 0.085 0.011 0.097 
973 9.35 11.84 2.81 0.311 0.036 0.023 0.252 
974 4.80 50.51 1.04 0.700 0.301 0.087 0.312 
975 12.71 U.98^ 4.30 0.442 0.088 0.016 0.338 

1126 0.58 30.54 20.41 0.281 0.030 0.030 0.221 
1128 0.98 29.69 19.07 0.245 0.019 0.055 0.171 
1130 3.49 3.99 0.92 0.016 0.016 None None 
1131 1.00 28.04 19.11 0.574 0.032 0.101 0.441 

Steiger’s practice followed to a degree that of Washington, assuming a method of 
precipitating aluminum, etc., that does not also precipitate manganese. The procedure 
is to determine total manganese by colorimetry in a separate portion of the sample 
and to correct the magnesium pyrophosphate for its manganese content by another 
colorimetric determination. This correction is the more permissible because, as the 
table above shows, the major part of the manganese remains in solution until precipitated 
as phosphate with the magnesium, and the error thus thrown upon the alumina and 
lime is slight. Indication of contamination of ignited calcium oxalate by even very little 
manganese is revealed usually by a brownish discoloration, sometimes by the green 
color of calcium manganate. 

118 2. morg. Chem.y 10, 405 (1895). 
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be simple and accurate, besides affording a separation from zinc, was shown 
by C. Fricdheim and E. Briihl to be valueless. 

2. Precipitation by aimnoniiim sulfide and separation of manganese and 
zinc from nickef cobalt^ and copper. Two or three milliliters of ammonia 
are added to the flask containing manganese, the earth metals, etc. (p. 872), 
and hydrogen sulfide gas is introduced to saturation, whereby manganese, 
nickel, cobalt, copper, zinc, and a small part of the platinum from the dish 
are precipitated, A second like amount of ammonia is now added. Ehe 
flask, filled to the neck and corked, is set aside for at least 12 hours, and 
preferably 24, or even longer. The precipitate, collected and washed on 
a small filter with water containing ammonium chloride and sulfide, is 
extracted by hydrogen sulfide water acidified with one-fifth its volume of 
hydrochloric acid (sp. gr. 1.11), manganese and zinc, if present, going into 
solution. 

(For treatment of the ammonium sulfide filtrate sec D, p. 883.) 
p. Mangofnese and zinc. The hydrochloric acid filtrate is evaporated to 

dryness, ammonium salts are destroyed by evaporation with a few drops of 
sodium carbonate solution, hydrochloric acid and a drop of siilfurous acid 
are added to decompose excess of carbonate and to dissolve precipitated 
manganese, and the latter is precipitated at boiling heat by sodium carbo¬ 
nate after evaporation of the hydrochloric acid. If zinc is present, it can 
be separated from the manganese after weighing. For the small quantities 
of managnese usually found the sodium carbonate method of precipitation 
is to be preferred to that by bromine or sodium phosphate, as equally 
accurate and a time saver. For the amounts of manganese found in rocks, 
the error caused by retention of alkali is negligible. 

The manganese is weighed as Mn304 and calculated to MnO, or, if present 
in some quantity, it may preferably be weighed as the sulfate,^^^ or, finally, 
it may be determined colorimetrically with much greater certainty, as in 
C, below, when the amount is within the usual limits for rocks. In the last 
case, in the absence of zinc, the hydrochloric acid solution of the sulfide 
may be used for the colorimetric test, after the hydrochloric acid is first 
evaporated off with nitric or sulfuric acid. 

y. Nickely cobalt, and copper. The paper containing nickel, cobalt, and 
copper is incinerated in porcelain, and the ash is dissolved in a few drops 
of aqua regia, and the solution evaporated with hydrochloric acid; the 
copper and platinum are thrown out warm by hydrogen sulfide, and, in 
the filtrate made ammoniacal nickel and cobalt are thrown down by hydro¬ 
gen sulfide. This liquid is then rendered faintly acid by acetic acid and 
allowed to stand. The sulfide precipitate, after filtering, is burned and 

u»2. anal Chew., 38, 681 (1899). 
120 Ji Volhard, Ann. Chem., 198, 329 (1879); F. A. Gooch and Martha Austin, Am. /. 

Set., [4] 5, 209 (1898); Z. anorg. Chem., 17, 264 (1898). 
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weighed as oxide—its weight being always very small, hardly ever over 
0.3 or 0.4 mg—which is then tested for cobalt in the borax bead. The color 
of the last drop or two of the hydrochloric acid solution, after the aqua 
regia is decomposed, is a good indication of the presence or absence of 
nickel and cobalt. It is always well at this point to separate by ammonia 
any traces of iron that may be present, and then to acidify and treat with 
hydrogen sulfide as above.^-^ 

It is somewhat unsafe to consider traces of copper found at this stage 
to belong to the rock if the evaporations have been conducted, as is usually 
the case, on a copper water or steam bath, or if water has been used w hich 
has been boiled in a copper kettle, even if the kettle is tinned inside. There¬ 
fore, and because of its contamination by a little platinum, it is better to 
determine copper in a separate portion if its presence is indicated with 
certainty (see p. 868). This warning is particularly to be heeded if copper 
or brass sieves were used in preparing the sample. 

c. Colorimetric Detenmnation of Mmganese, As has been shown above 
(p. 879), the gravimetric determination of manganese is subject to grave 
error, even when great care is used. This is due to a variety of reasons, 
such as incompleteness of separation from aluminum and iron, incomplete 
precipitation by ammonium sulfide, and contamination by other bodies. 
Because of the small amounts in question, these errors may be relatively 
enormous, and they cannot be depended on to balance each other. There¬ 
fore, it would be an advance if the total manganese could be determined in 
a separate portion of the sample, and in the main portion only that part 
which is weighed with the magnesium pyrophosphate, and this only as a 

correction to the magnesia. This course is readily feasible with carbonate 

rocks, which can usually be brought into a fit state in a few minutes without 

a fusion or the separation of silica. With silicate rocks, more labor is 

involved, but the determination itself is very accurately performed by 

colorimetry, as in the case of carbonates. 

The preliminary treatment consists in decomposing a gram or half a gram 

of the rock powder in a small platinum dish or capacious crucible (placed 

in the radiator shown in Fig. 5, p. 24), with hydrofluoric and sulfuric 

acids till all is disintegrated. The hydrofluoric acid is then to be driven 

off by repeated evaporations with small portions of sulfuric acid, after 

which either sulfuric or nitric acid free from chlorine is added, together 

with water, and as much of the residue is brought into solution as possible. 

What remains insoluble is usually barium and calcium sulfates. This is 

filtered off on a small filter, the filtrate is caught in a small beaker or flask, 

and the manganese determined as under Manganese (p. 451). 

121 Consult O. Hackl, Chem, Ztg,, 46, 385 (1922), regarding the determination of 
small amounts of nickel and cobalt in rocks. 
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D. CALCIUM, STRONTIUM (BARIUM) 

Sections I, III, and under The Alkaline Earths (p. 611) should be read 
carefully before the next steps are undertaken. 

The platinum derived from the dish during the silica evaporation is now 
wholly in the filtrate from the manganese sulfide obtained in C (p. 880), 
except for the small portion that may have been precipitated with the man¬ 
ganese. Its special separation is unnecessary, nor is removal of ammonium 
chloride usually demanded, for, as a rule, there is no undue amount present, 
particularly if the first precipitation of iron and aluminum was effected by 
the basic acetate method. Therefore, without destroying the ammonium 
sulfide, the calcium and strontium can be thrown out by ammonium oxalate, 
the solution filtered, and the precipitate w^ashed with a 0.1 per cent solution 
of ammonium oxalate in accordance wdth the directions given under The 
Alkaline Earths (p. 622). The filtrate is reserved and combined with that 
obtained after reprccipitatioii. There is needed here only the additional 
observation that the precipitate is often dark from deposited platinum sul¬ 
fide. The platinum so held can be removed by filtration after solution of 
the oxalate or after ignition of it and resolution of the oxide in water and 
hydrochloric acid. In any case, the calcium must be reprecipitated as the 
oxalate, w^ashed, ignited, and weighed as directed under The Alkaline 
Earths (p. 624), while the filtrate is combined with that already reserved 
for the determination of magnesium as in E. 

Transfer the final weighed precipitate to a small flask of 20-ml capacity, 
slake carefully, dissolve in dilute nitric acid, and evaporate the solution to 
dryness. Heat at 130 to 160*^0 and separate strontium from calcium by 
extraction of the latter with ether-alcohol as described under The Alkaline 

Earths (p. 615). 
Although the foregoing procedure for the precipitation of calcium is 

applicable to almost all silicate rocks, when an extremely accurate deter¬ 

mination of very little calcium in the presence of much magnesium is desired, 

recourse must be had to successive precipitation of the calcium, first as 

sulfate, then as oxalate (Alkaline Earths, p. 615). 

E. MAGNESIUM 

Sections III and IV under Magnesium (p. 632) should be carefully read 

before the determination of magnesium is attempted. 

The preliminary precipitation of magnesium can be done directly in 

the combined filtrates from the calcium determination if the solution does 

not contain excessive amounts of ammonium salts, particularly ammonium 

oxalate, and the volume does not exceed 600 ml. If, by chance, the volume 

is greater than this, the solution should be acidified and its volume reduced 

by boiling. If excessive amounts of ammonium salts are present, particu- 
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larly when the amount of magnesium is small, acidify the solution, evapo¬ 
rate, and destroy the ammonium salts by careful ignition or by treatment 
with nitric acid as described under the Removal of Ammonium Salts 

(p. 133). 
An excess of approximately 2 g of diammonium phosphate, (NH4)2HP04, 

should be added per 100 ml of solution which should finally contain approxi¬ 
mately 10 per cent by volume of ammonium hydroxide and be allowed to 
stand 12 hours before filtering. In this filtration the solution should be 
decanted through a rapid filter, the precipitate and beaker washed three or 
four times with small portions of dilute ammonium hydroxide (5 + 95), 
and the filtrate and washings stirred and set aside to determine whether 
any further precipitation takes place. In analyses in which a platinum dish 
has been used in separating silica, and ammonium sulfide for separating 
manganese, the first magnesium ammonium phosphate precipitate may be 
contaminated by platinum sulfide, but this matters not, as it remains on 
the filter when the phosphate is dissolved in hydrochloric acid prefatory 
to the second precipitation. In this operation the precipitate clinging to 
the walls and bottom of the beaker should be dissolved in hot dilute hydro¬ 

chloric acid (1 + 9), the solution poured through the paper, and the filtrate 

caught in a 200-ml beaker. Complete solution of all of the precipitate must 

be assured; the beaker, paper, and funnel thoroughly rinsed with water; 

and the second precipitation and final ignition of the phosphate carried out 

as described under Magnesium (p. 639), not omitting the addition of a 

small amount of the precipitant and the corrections there cited. 

8. Titanium 

A. GENERAL CONSIDERATIONS 

In recent years the analytical study of titanium has received great atten¬ 

tion, not so much from rock analysts as from industrial chemists, with 

respect to both the ores and the metals and alloys derived from them. The 

same is true to a degree of zirconium. As zirconium is a very common 

though minor constituent of rocks and in many of its chemical character¬ 

istics patterns after titanium, no presentation of methods of precipitation 

and separation of the latter can be made without frequent reference to 

the formei:, particularly when gravimetric methods are considered. 
When titanium and zirconium are unaccompanied by other elements 

that would be precipitated, it is best to throw them out by ammonium 

hydroxide. Otherwise, under favorable conditions the colorimetric method 

for titanium (p. 581) gives results that are probably fully equal to those 

attainable by the best gravimetric method and in much less time, for such 

percentages as are found in rocks, clays, and soils (usually under 1 per cent, 

but occasionally rising to 2 or even 3 per cent or more). Normally the 
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error should not exceed 2 per cent over a wide range of concentrations.^®- 
The favorable conditions referred to are absence of large amounts of 

iron and phosphorus, alkali salts, vanadium, and even traces of fluorine. 
The use of the colorimetric method when one or more of these are present 
in disturbing amount introduces so many complications that it is advisable 
to employ this method, whenever possible, only after the titanium has been 
separated from all interfering elements by one or another of the procedures 
given in the references listed under 7, g (p. 879). Under certain condi¬ 
tions, as in the absence of zirconium, it may suffice to weigh the titanium, 
so separated, but generally the determination by color or by titration will 
he necessary. Which course to pursue the analyst will soon learn to decide 
when he has familiarized himself with the limitations and advantages of 
all the methods. 

Of gravimetric methods, the cupferron method, being much simpler than 
that of Gooch, has superseded it to a large extent. The interference of 
zirconium, if present in more than traces, also limits the usefulness of the 
Gooch method. The older method of precipitation by long boiling of a 
nearly neutral sulfuric acid solution need not be considered. 

The volumetric methods have the great advantage of being applicable in 
the presence of aluminum and zirconium and therefore find most extended 
use in assaying ores and technical products. 

In general it will be advisable to employ either the colorimetric (p. 581) 
or a volumetric method (p, 584) as the final test after separating interfering 
elements. The choice of a procedure will also be influenced by the purpose 
in view. If only the percentage of titanium is sought, a method may be 
acceptable that could not be introduced in a scheme for complete analysis. 

The above remarks are predicated upon the assumption that it is titanium 
without regard to its state of oxidation that is to be determined. In almost 
all titaniferous minerals the element is beyond doubt in the quadrivalent 
state, corresponding to the oxide Ti02. There is some reason to believe, 
however, that it may here and there be in the trivalcnt state, corresponding 
to the oxide Ti203. The proof is fraught with almost unsurmountable 
difficulty at present, mainly because of the general occurrence of iron. 
J. Jakob (Chemische Analyse der Gesteine und Silikatische Mineralien, 1952 
ed., p. 73, Verlag Birkhauser A. C. Basel) gives analyses of two phlogopites 
and one biotite showing that in these particular minerals the titanium is almost 

equally distributed between the tri- and quadrivalent states. 

B. COLORIMETRIC DETERMINATION WITH HYDROGEN PEROXIDE 

For detailed directions, see under Titanium (p. 581). 

If the colorimetric method is to be followed, a rough estimate of the 
amount of titanium can be had by treating the sulfuric acid solution of the 

IMR. C. Wells, /. Am. Chem. Soc., 33, 501 (1911); Z. anorg. Chem,, 70, 399 (1911). 
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pyrosulfate melt of the ammonia precipitate with hydrogen peroxide before 
evaporating for its silica content (p. 875). It can be determined conven¬ 
iently as a rule, in the solution that has served for the titration of total iron 
(p. 877). The direct use of this solution involves, however, for accurate 
work, provision for its iron and alkali sulfate contents, and sometimes for 
vanadium. Interference by iron can be avoided by adding a solution of 
ferric sulfate to the solution of the standard until the colors match before 
peroxide is added. The effect of the alkali salt can be overcome by a prior 
precipitation with ammonium hydroxide, moderate washing of the precipi¬ 
tate, and solution of the precipitate in 5 per cent sulfuric acid. The inter¬ 
ference of vanadium can be avoided by precipitating with sodium hydroxide 
instead of ammonium hydroxide (p. 581), or by fusing the ignited ammonia 
precipitate with sodium carbonate, extracting the vanadium with water, 
and bringing the residue into sulfuric acid solution. 

The error arising from the use of alkali sulfates can also be avoided by 
making the determination on some other portion of the rock powder than 
that indicated in the foregoing paragraph. It can be combined with the 
determination of barium, by decomposing the powder by sulfuric and 

hydrofluoric acids,^^^ expelling the latter by repeated evaporations with 
sulfuric acid, taking up with dilute sulfuric acid,^-^ filtering from barium 
sulfate, etc., and estimating the titanium colorimetrically in the filtrate. The 
expulsion of fluorine must be thorough, or else the titanium result will be 
low, as already stated (p. 581), and it is not always easy to effect this com¬ 
plete removal, though the time required to do so seems to be in no slight 

degree dependent on the nature of the fluorides to be decomposed. Long 

after every trace of fluorine seems to be gone, the formation of a crust on 

the evaporating solution sometimes allows an accumulation of enough 

hydrofluoric acid gas to become plainly manifest to the smell when the 

crust is broken.^ 

Both the iron and alkali effects are excluded if the determination is made 

on the precipitate of Ti02 and ZrOo obtained by one of the methods given 

in the references listed under 7, B (p. 879). 

123 It is to be borne in mind that evaporation, followed by ignition with hydrofluoric 
acid alone, results in loss of titanium by volatilization, but that there is no loss if excess 
of sulfuric acid is also present. 

124 With acid rocks, solution is very complete, and it can be made nearly so with 
the most basic by transference to a small beaker and gende boiling. The residue thus 
obtained may contain, besides barium sulfate, a little calcium sulfate, zircon, andalusite, 
topaz, and possibly a trace of titanium in some form. It is therefore to be fused 
thoroughly with sodium carbonate, leached with water, fused with potassium pyrosulfate, 
dissolved in dilute sulfuric acid, and filtered, and the filtrate added to the main one. 
The insoluble matter will now be chiefly barium sulfate, for the further treatment of 
which see 9, A (p. 889). 

126 See p. 741 for a procedure to facilitate the removal of fluorine. 



GRAVIMETRIC METHODS 887 

The residue from an alkali-carbonate fusion of rock powder, which has 
been obtained as in 9, A (p. 889), can be used conveniently, either before 
or after separation of zirconium (10, A, p. 891). 

The conditions are such as to involve in the titanium determination, a 
correction for the iron of the rock, whether zirconium is first removed or 
not. If it is removed first, a further correction may have to be made for 
the alkali sulfate that results from the addition of the sodium phosphate 
used to precipitate the zirconium and also, possibly, for the phosphoric acid 
in the rock and that added. However, in most cases the amounts of sodium 
phosphate needed for two precipitations of the zirconium should not pro¬ 
duce a sensible error in the value found for the titanium. Tlie precaution 
should never be omitted, when determining the titanium here, to combine 
the two filtrates from the zirconium phosphate in order to find all the tita¬ 
nium. 

The needs of the case or the convenience or preference of the analyst 

after he has acquired experience will determine which of the courses to 

pursue in determining titanium by colorimetry. Naturally, a procedure 

is to be preferred that will obviate the need for corrections, but, in order 

to secure final conditions that satisfy this aim, it is folly to run the risk 

of incurring other errors of uncertain and varying magnitude when it is 

possible, though perhaps troublesome, to apply corrections. 

Even if no corrections arc applied in rock analysis, the error in the tita¬ 

nium value found is so small as to be of rather slight importance, especially 

if it is known to be al^\'ays in one direction. Of course, any error incurred 

involves an equal and opposite one in the value found indirectly for alumina. 

C. GRAVIMETRIC METHODS 

When titanium is present in excess of 4 or 5 per cent, and whenever for 

any reason it is desired to employ a gravimetric method, either the cup- 

ferron (p. 116) or the Gooch (p. 586) method can be employed. In the 

former, fewer operations are required and zirconium is precipitated quanti¬ 

tatively with the titanium. In the latter, zirconium prevents complete pre¬ 

cipitation of titanium, especially when but little of the latter is present.^^® 

Gooch’s method is applicable to any solution of the rock that is free from 

silicon, iron, zirconium, and elements such as columbium and tantalum that 

are easily hydrolyzed. The cupferron method is applicable to any solution 

of the rock that is free from silicon, the hydrogen sulfide group, and appre¬ 

ciable amounts of phosphorus. It usually serves for the separation of tita- 

126 For example 0.2 per cent of Zr02 prevented precipitation of 0.3 per cent of Ti02 
in a certain series of rocks, and the titanium that came down in excess of this amount 
did not settle out in flocculent condition, as happens when zirconium is not present, 
and it was difficult to filter. 
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niuin along with zirconium, iron, vanadium, etc. (p. 119), from aluminum,, 
chromium, and also phosphorus, except when the latter is present in appre¬ 
ciable amount and accompanied by zirconium, thorium, or titanium. With 

phosphatic materials, the phosphorus is first leached out with water after a 
carbonate fusion, and the cupferron method then applied to a sulfuric acid 
solution of the insoluble residue, after fusion with pyrosulfate if need be. 
The water extraction also removes vanadium. Metals of the hydrogen sul¬ 
fide group can be removed from the sulfuric acid solution by treating with 

hydrogen sulfide (p. 60), and then iron by adding tartaric acid and ammo¬ 
nium sulfide (p. 65). These treatments serve to remove all ordinary inter¬ 
fering elements save zirconium, which is usually weighed with titanium 
after precipitation by cupferron in the acidified filtrate from the iron. 

Titanium is then found by difference after fusion of the mixed oxides with 

pyrosulfate, solution of the melt in sulfuric acid, and the determination of 

zirconium as the pyrophosphate (p. 569). 

D. VOLUMETRIC METHODS 

Of the volumetric methods, that calling for reduction in a Jones reductor 

(p. 108), collection of the reduced solution under an excess of ferric sulfate, 

and final titration with permanganate (p. 584) is to be preferred for 

accurate work. This method is subject to interference by substances such 

as iron, vanadium, chromium, and nitric acid which are also reduced. It 

must therefore be applied after the separation of these substances from tita¬ 

nium if the result cannot be corrected for their effect. 

9. Barium (Zirconium, Rare Earths, Total Sulfur, Chromium) 

The five constituents barium, zirconium, rare earths, total sulfur, and 

chromium can be determined with great economy of time and labor in the 

same portion of rock powder, of which a 2-g portion should be used, 

though, if vanadium is to be looked for it will be best to determine it and 

chromium in a different portion (14, C, p. 902). It has been said (Alkaline 

Earths, p. 614) that only in very exceptional cases will barium be found 

with the calcium and strontium after two or possibly three precipitations 

of the latter as oxalate, since it passes into the filtrates with the magnesium, 

whence it- may be obtained as sulfate after removal of ammonium salts. 

Addition of some alcohol insures also the simultaneous recovery of traces 

of strontium if the rocks are very rich in it; but it is unsafe to regard the 

amount of barium thus separated from the magnesium as representing the 

total amount in the rock. It will almost always be found lower than the 

truth, probably for the reason that there are opportunities during the analy¬ 

sis for slight losses. 
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A. THE GENERAL METHOD 

Decomposition is effected by fusing the 2-g portion with sulfur-free 

sodium carbonate and an amount of niter insufficient to injure the crucible 

(0.5 to 1 g), first over the Bunsen flame, and then over the inclined blast, 

the crucible being fitted snugly into a hole in a disk of platinum foil or 

asbestos board (Fig. 6, p. 25) to prevent access of sulfur from the gas 

flame. If sulfur is not to be regarded, the niter and disk are omitted. After 

thorough disintegration of the melt in water, to which a drop or two of 

methyl or ethyl alcohol has been added for the purpose of reducing man- 

ganate, the solution is filtered and the residue washed with a very dilute 

solution of sodium carbonate free from bicarbonate. This is to prevent 

turbid washings. A yellow color in the filtrate indicates chromium. 

After reduction of the manganate by alcohol, the filtrate contains silica, 

alumina, and all the other acid constituents except titanium, and also a very 

little iron, but the separation of these from the remaining constituents is not 

always quantitative, never so as to silica and alumina. The proportions of 

these two that go into the aqueous extract vary greatly, according to their 

relative proportions in the original material and the amounts and character 

of the bases other than alumina. For instance, with alkali feldspars, much 

of each dissolves, but, with pure kaolinite, very little of either. With most 

rocks, both filtrate and residue contain large amounts of both. 

(For the further treatment of the filtrate see Sulfur, 20, B, p. 949, and 

Chromium, 13, B, p. 899.) 

The residue is washed from the paper into a small beaker without the 

filter being removed from the funnel and is digested with little more than 

enough w^arm dilute sulfuric acid to effect solution of all soluble constituents 

(stronger acid may be used and in larger amount if barium only is 

sought). If zirconium is to be determined, the amount of acid used at 

this stage and later should be measured, so as to permit control of the 

concentration given under 10, A (p. 892). A few drops of sulfurous 

acid arc added at the same time to effect solution of the brown hydroxide 

of manganese. There will remain undissolved more or less residue. Care 

must be taken not to digest so long with acid as to cause gelatinization 

of the dissolved silica. The liquid is passed through the original filter 

and collected in an Erlenmeyer flask of 100 to 150 ml capacity. The 

paper with its contents after washing is ignited, evaporated with hydro¬ 

fluoric and sulfuric acids together, and the final residue taken up with a 

little hot dilute sulfuric acid. All the barium will remain undissolved, 

besides some of the strontium and perhaps a good deal of calcium. This is 

collected on a small filter and the filtrate added to the former one, which 
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now contains all the zirconium and rare earths. (For its further treatment 
see 10, A, p. 891, and 11, A, p. 894.) 

The residue last obtained is ignited and fused with sodium carbonate, and 
leached with water, and the residue dissolved off the filter by a few drops 
of hydrochloric acid, from which solution the barium is thrown out by 
sulfuric acid. A single solution of the ignited barium sulfate in concen¬ 
trated sulfuric acid and reprecipitation by water suffice to remove traces 
of calcium which might contaminate it if the rock was one rich in calcium, 
and even strontium is seldom retained by it in quantity sufficient to give 
concern. Should this be the case, however, which will occur when the 
SrO and BaO are together in the rock in, roughly speaking, 0.2 and 0.4 
per cent, respectively, the only satisfactory way is to convert the sulfates 
into chlorides and to apply to the mixture the ammonium-chromate method 
of separation (Alkaline Earths, p. 618). 

Barium and strontium sulfates can be brought into a condition for testing 

spectroscopically by reducing for a very few moments the whole or part 
of the precipitate on a platinum wire in the luminous tip of a Bunsen 
burner, then moistening with hydrochloric acid, and testing in the usual 
manner. This test should not be omitted. 

The procedure outlined in the foregoing paragraphs for the determination 

of barium in silicate rocks and its separation from calcium and strontium is 

the one that long experience has shown to be best adapted for securing the 

most satisfactory results with a minimum expenditure of time.’^^ Even 

where, no attempt is made to separate contaminating traces of strontium 

and barium from each other, the error is usually of no great consequence, 

for an absolute error of even 25 per cent in a substance constituting only 

0.1 or 0.2 per cent of a rock is ordinarily of small moment compared with 

the ability to certify to its presence with approximate correctness. 

With such small amounts of barium as are usually found in rocks, it is 

doubtful if Mar’s method for the separation of barium from calcium and 

magnesium by the solvent action of concentrated hydrochloric acid mixed 

with 10 per cent of ether on the chlorides could be conveniently applied 

here, although, for larger amounts, the method would seem to be accurate 

and easily executed. Moreover, it would probably not entirely remove 

contaminating strontium, and hence offers no advantage. 

B. THE METHOD WITHOUT REGARD TO ZIRCONIUM AND SULFUR 

If zirconium and sulfur are not to be looked for, the simplest procedure 

is to decompose the powder by sulfuric and hydrofluoric acids (see 8, B, 

details, consult W. F. Hillebrand, /. Am. Qhem. Soc.y 16, 83 (1894); Chem. 
NewSy 69, 147 (1894). 

/. ScLy 3d ser., 43, 521 (1892). 
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p. 886 under Titanium) and to complete the purification of the barium 
sulfate thus obtained in the manner described in the fourth paragraph of A, 
above. 

10. Zirconium 

Zirconium is one of the most constant rock constituents, usually in the 

form of zircon, in which occurrence its amount can be approximately judged 

and a chemical test rendered almost unnecessary; but sometimes it occurs 

in other minerals, and is then unrecognizable under the microscope. In 

most exceptional cases, it may be present up to a few per cent of the rock, 

rarely reaches 0.2 per cent, and is usually much less than 0.1 per cent. 

A. HILLEBRAND'S METHOD 

a. Preliminary Remarks. For its detection and estimation in such cases, 

or whenever a search for it seems called for, the following procedure, 

resulting from an attempt to use a method of G. H. Bailey,^"® has been 

devised, which serves, when carried out with care, to detect with certainty 

the merest trace—0.02 per cent, for instance—in 1 g. The precipitant is a 

soluble orthophosphate. 

The preliminary treatment of the rock powder has been fully given 

under Barium (9, A, p. 889), where the separation from barium has been 

described and also the concentration of the zirconia in a small amount of 

dilute sulfuric acid solution. 

At first the statement was made that the precipitation should be made 

in a solution containing only a small amount of sulfuric acid, probably not 

more than 1 per cent. George Steiger showed, however, that precipi¬ 

tation is complete in the presence of as much as 3 per cent of the acid, and 

more recently P. Nicolardot and A. Reglade found that it is complete 

with even 20 per cent of acid (by weight). This higher acidity has the 

advantage of preventing contamination of the precipitate by titanium, iron, 

and chromium. According to Nicolardot and Reglade, separation from 

aluminum is complete with 10 per cent of acid. 

At the National Bureau of Standards, it was found that the composition 

of the precipitate is affected by the amount of precipitant used and by the 

manner of washing. With not less than 10 times the theoretical amount of 

precipitant, the composition is uniformly such, after washing with am¬ 

monium nitrate solution, that on ignition it yields ZrPoOi, containing 46.5 

per cent of Zr02. With less precipitant, the composition is variable, al¬ 

though precipitation is complete if twice the theoretical amount is used. It 

129 /. Chem. Soc., 49, 149, 481 (1886). 
130/. Wash. Acad. Sci., 8, 637 (1918). 
^^^Compt. rend., 168, 348 (1919). 
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was also found that washing with pure water extracts phosphorus. Nico- 
lardot and Reglade used in their tests 1 g of ammonium phosphate, which 
they prefer to sodium phosphate, although the latter precipitates zirconium 
completely. 

PROCEDURE. To the solution, which should be in a small flask or beaker 

and contain about 10 per cent by volume of sulfuric acid, is added hydrogen 

peroxide to oxidize the titanium and then at least ten times the theoretical 

amount of a soluble alkali orthophosphate in water solution. The ammo¬ 

nium salt is preferred. Ordinarily 1 g of the precipitant may be used. The 

solution is then kept at 40 to 50° C for 2 hours. If the solution bleaches 

after a time, more hydrogen peroxide should be added. Under these cir¬ 

cumstances the zirconium is thrown out as phosphate and collects as a 

flocculent precipitate. If it can be assumed to be free from titanium and 

iron, the precipitate may be filtered, washed thoroughly with water con¬ 

taining ammonium nitrate (5 per cent), ignited, and weighed as ZrP207 

(46.5 per cent Zr02). For the amounts of zirconium found in rocks, the 

phosphate may be ignited without special precautions, but, if the amount 

is large, such as is obtained with ores of zirconium, marked decrepitation 

occurs, which makes it necessary to ignite up to a certain point in a tightly 

covered crucible. Even then, slight loss may be suflfered. (For the treat¬ 

ment of the filtrate see Rare Earth Adetals, p. 894.) 

If there is reason to think that the precipitate is not pure, it is collected 

on a filter, ignited, fused with sodium carbonate, and leached with water. 

The insoluble matter collected on a filter is washed, ignited, and fused 

with potassium or sodium pyrosulfate. The melt is dissolved in dilute 

sulfuric acid (1 + 9), a little hydrogen peroxide is added, and the precipi¬ 

tation with alkali phosphate is repeated. Naturally the volume of the solu¬ 

tion should be gaged by the amount of the zirconium. For most rocks it 

need not exceed 20 ml. Titanium is now almost never present, and the 

zirconium soon appears as a colorless flocculent precipitate in a fit condi¬ 

tion to be collected and weighed as phosphate. 

If there is doubt of the precipitate having the normal composition, espe¬ 

cially if large, or if the qualitative identification of zirconium is desired, 

the following procedure is in order. Fuse with sodium carbonate, leach, 

ignite, fuse with pyrosulfate, reprecipitate by ammonia, and weigh as ZrOa- 

Certainty as to its identity can be had by again bringing it into solution, 

precipitating by ammonia, dissolving in hydrochloric acid, evaporating to 

a drop or two, and testing with turmeric paper or by a microchemical 

reaction. With the very smallest amounts no color can be obtained by this 

turmeric-paper test, which, however, responds readily to as little as 1 mg 

of dioxide and with proper care for as small an amount as 0.3 mg (H. N. 
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Stokes). No elements other than hafnium, thorium, columbium, or tan¬ 
talum are ever likely to contaminate the zirconium thus precipitated. 

The above-described method is applicable to the separation of zirconium, 
if present, in the mixture of it and titanium obtained by the cupferron 
method (8, C, p. 887). 

In Bailey’s experiments the precipitation was not made by addition of a 
phosphate but is said to be due solely to the hydrogen peroxide, the precipi¬ 
tate being a hydrated peroxide, or ZrOa.^''^- (3ur efforts as well as 
those of others to secure a precipitate in acid solutions of zirconium sulfate 

by hydrogen peroxide alone have been unsuccessful, except in very concen¬ 

trated solutions and with 30 per cent peroxide. The al)ility to obtain the 

zirconium free from phosphoric acid would certainly be a great improve¬ 

ment on the method described above. 

B. OTHER METHODS 

G. Streit and B. Franz claimed to secure complete separation of tita¬ 

nium from iron and zirconium by boiling the neutralized solutions of the 

sulfates with a large excess (50 per cent) of acetic acid. The method has 

been recommended from time to time, but without any data showing its 

value.v The single separation made by Streit and Franz was far from perfect. 

I. T. Davis separated zirconium sharply from aluminum, though not 

from iron, by precipitation as an oxyiodate in a boiling neutralized solution 

of chlorides, but the method has not been studied further. 

C. Baskerville proposed a method for the separation of zirconium 

from iron and aluminum similar to his method for the separation of titanium 

from those elements. It is based on the prccipitability of zirconium by 

boiling the neutralized chloride solution for 2 minutes in presence of sul- 

furous acid and seems to be excellent. As titanium is always present and 

is quantitatively thrown down also, the two would have to be separated 

by hydrogen peroxide and a soluble phosphate. No tests on the availability 

of the method for separating the small amounts encountered in rock analysis 

have been made, but M. Dittrich and S. Freund used it successfully in 

slight modification for larger amounts and also devised a method for the 

direct separation of zirconium from titanium by precipitation with ammo¬ 

nium salicylate.’®^ 

The “cupferron” method as given under Titanium (p. 887) can be used 

also for the precipitation of zirconium alone or in company with titanium. 

^'^-Chenu News, 60, 6 (1889). 
133 prakt, Chemhy 108, 65 (1869). 

Chem, 11, 27 (1889). 
185/. Am. Chem. Soc.y 16, 475 (1894); Chem. News, 70, 57 (1894). 
i3«Z. anorg. Chem., 56, 344 (1907). 
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11. Rare Earth Metals 

If it is necessary to look for rare earths, the following procedures will 
prove satisfactory and not at all difficult.^®^ 

A. USUAL METHOD 

The filtrate from the zirconium phosphate (10, A, p. 891) or, if zirconium 
is not to be determined, the earlier solution (9, A, p. 889) is treated with 
excess of potassium hydroxide to precipitate the rare earths and ferric and 
titanic oxides, while retaining the silica and alumina in solution. After 
settling, the liquid is decanted, and the precipitate is washed once or twice 
by decantation and slightly on the filter. The precipitate is washed from 

the paper into a small platinum dish and treated with hydrofluoric acid, 

and the liquid evaporated nearly to dryness. A little water with a few drops 

of hydrofluoric acid is added and the insoluble rare earth fluorides (crude) 

are collected on a small filter held by a perforated platinum or rubber 

cone and washed with water acidified with the same acid. The precipitate 

is washed into a small platinum dish and evaporated to dryness with sulfuric 

acid, the paper being burned and added before expulsion of the acid. The 

sulfates are dissolved in dilute hydrochloric acid, the rare earth hydroxides 

precipitated by ammonia added in moderate excess (see p. 548) and redis- 

solved in hydrochloric acid, the solution evaporated to dryness, and the 

residue heated with a few drops of a solution of oxalic acid. Anything that 

may be present except the rare earths dissolves readily, these remaining as 

insoluble oxalates. If there is a doubt about the complete separation of the 

alkaline earths, the ignited oxalates may be dissolved in hydrochloric or 

nitric acid, precipitated by ammonia, and redissolved in whichever one of 

the acids may have been used, the solution evaporated to dryness, the 

oxalates reprecipitated and ignited, and the resulting oxides weighed. 

In rocks, the amounts are too small to permit separation into further 

groups, but the presence of cerium can be readily shown if a strong yellow 

color develops when the ignited oxides are heated with strong sulfuric acid. 

B. ALTERNATIVE METHOD 

The rock powder is thoroughly decomposed by several partial evapora¬ 

tions with hydrofluoric acid, and the transparent precipitate of silicofluorides 

187 M. Dittrich IBer, deut. chem. Ges,, 41, 4373 (1908)] called attention to the fact 
that ferric, aluminum, and chromic, as well as uranic compounds prevent precipitation 
of cerium and presumably other rare earth metals as oxalate, unless a very large excess 
of the precipitant is used, but that, with such excess, precipitation is complete. Salts 
of these metals even dissolve cerium oxalate, but excess of oxalic acid or ammonium 
oxalate throws it out again. This behavior need hardly be considered in the procedures 
here given. 
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and of the fluorides of all earth metals except zirconium is collected on a 
platinum cone, washed with water acidulated by hydrofluoric acid, washed 
back into the dish or crucible, and evaporated with enough sulfuric acid 
to expel all fluorine. The filter is burned and the ash added. By careful 
heating, the excess of sulfuric acid is removed and the sulfates are taken 
up by dilute hydrochloric acid. The rare earths, with perhaps some 
alumina, are then precipitated by ammonia, washed, redissolved in hydro¬ 
chloric acid, and evaporated to dryness, then taken up with water and a 
drop of hydrochloric acid, and only enough ammonium acetate to neutralize 
the latter added, followed by oxalic acid (not ammonium oxalate, which 
would fail to precipitate thorium). In this way as little as 0.03 per cent of 
rare earths has been found in working on not more than 2 g of material. 

12. Phosphorus 

A. PRELIMINARY REMARKS 

It is sometimes possible to extract all phosphorus from a rock by simple 
digestion with nitric acid, but not always; hence the necessity for resorting 
to one of the longer methods of extraction detailed below. Whatever 
method is used great care is required in order to obtain accurate results. 

Unless the utmost economy of material is called for, it is inadvisable to 
determine the phosphorus in the mixture of oxides obtained as described 

in Section 7, B (p. 868), but an independent portion of the rock sample 

should be used. Furthermore, phosphorus should never be determined in 

any solution that has been obtained from a fusion with alkali bisulfate or 

pyrosulfatc, or after fuming with sulfuric acid, because these operations 

cause a loss of P-Os (see 7, B, p. 874), cither by volatilization (as meta- 

phosphoric acid) or by reversion to metaphosphoric acid without volatiliz¬ 

ing. In the latter event, the subsequent treatment of the solution may not 

effect its complete retransformation to the orthophosphate state, in which 

alone is the ordinary precipitation by magnesia mixture applicable. 

B. PROCEDURE WHEN MATERIAL IS AMPLE 

a. Wasloington's Method of Preliinmary Treatment, Decompose about 

1 g of rock powder in a platinum dish or capacious crucible with dilute 

nitric and hydrofluoric acids. When all gritty particles have disappeared, 

evaporate the solution to dryness, and re-evaporate with nitric acid two or 

three times to decompose fluorides and silicofluorides to a considerable 

extent.^®® Treat the residue on the bath with dilute nitric acid, and eventu- 

138 The method as originally described in Washington’s Manual of the Chemical 
Analysis of Rocks was modified by Washington and by one of us (W. F. H.) independ- 
endy to the extent of doing away with the filtration of the precipitate of silicofluorides 
and fluorides before proceeding with the evaporadon. 
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ally filter from any undissolved matter. This last should be for precaution’s 
sake always ignited, fused with a little sodium carbonate; and extracted 
with water, and the extract acidified with nitric acid and added to the 
main solution. (For further treatment see c, below.) 

b. Alternative Method of Prelimnary Treatment, Fuse with sodium car¬ 
bonate, separate silica by a single evaporation with nitric acid, treat the 
ignited silica with hydrofluoric and nitric acids, evaporate to expel hydro¬ 
fluoric acid, repeat the evaporation with nitric acid alone two or three 
times, bring the small residue into solution by boiling with nitric acid, and 
add it to the main portion. 

c. Subsequent Treatment, Add, to the solution obtained in a or b, 5 g 
of ammonium nitrate, 1 to 2 g of boric acid, and then molybdate solution 
as prescribed under Phosphorus (p. 699). Allow to stand at a temperature 
of not over 40° for 12 hours, or until it is certain that precipitation is 
complete. 

Filter on paper, and wash the precipitate with water containing 5 per 
cent ammonium nitrate and 1 per cent nitric acid, after which transfer it 
by a jet of water to a small beaker, which is then placed under the funnel 
containing the filter paper. Wash the paper with dilute ammonia water 
and two or three times with pure water. If the ammonia is insufiicient to 
dissolve the whole of the yellow precipitate in the beaker, add more, and, 
if a clear solution does not result, pass the liquid through the same filter 
in order to collect the insoluble matter. 

The turbidity often observed on dissolving the precipitated and washed 
phosphomolybdate in ammonia is due to a compound of phosphorus. If 
the addition of a small fragment of a crystal of citric or tartaric acid fails 
to dissolve it, this should always be fused with sodium carbonate and 
extracted with water, and the filtrate otherwise treated as above, in order 
to obtain the phosphorus in it. 

Treat the ammoniacal solution with magnesia mixture, and proceed to 
the final weighing of the phosphorus as Mg2P207 as described under Phos¬ 
phorus (p. 702). A second precipitation of magnesium phosphate is not 
required when the precipitate is very small, as is usually the case in rock 
analysis. 

Vanadium, if present, is not only partially precipitated with phosphorus by 
the molybdate reagent, but it also retards and may even render the precipi¬ 
tation of the phosphorus incomplete. Further, the mixed precipitate is 
affected differently by wash solutions from the pure phosphomolybdate. 
An orange color of the phosphomolybdate betrays the presence of vana¬ 
dium. However, in rocks the vanadium content is so low that ordinarily 
its effect may be disregarded. If the unexpected case should present itself, 
precipitation must be made in a cold, reduced solution as described under 
Phosphorus (p. 702). 
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C. PROCEDURE WHEN MATERIAL IS SCANTY 

The following procedure admits of determining in the same portion not 
only phosphorus but also barium, iron, vanadium, chromium, and titanium, 
the last two either colorimetrically or gravirnetrically, and is in part 
extracted from a paper by T. M. Chatard.^^^ 

Silica is removed by hydrofluoric and sulfuric acids, excess of fluorine 
expelled (6, B, p. 858), the residue brought into solution as far as pos¬ 
sible with dilute warm sulfuric acid (1 + 10) and filtered, the residue 
ignited, fused w^ith sodium carbonate, dissolved in hydrochloric acid, and 
reduced if chromates are indicated, and the solution, after precipitation of 
barium, added to the main one, w+ich is now precipitated by ammonium 
hydroxide to get rid of the magnesium salts usually present, and thus insure 
a cleaner subsequent fusion with sodium carbonate. 

The precipitated AloOa, P2O5, V2O5, Cr^O^, Fe20;{, Zr02, and Ti02 are 
dissolved in hot hydrochloric acid and filtered into a large platinum cru¬ 
cible, the filter is burned and added, the solution evaporated to pastiness, a 

little water added to dissolve the salts, and dry sodium carbonate added in 

portions and stirred in thoroughly to prevent lumpiness in the fusion to 

follow, which is continued for half an hour. Addition of sodium nitrate 

is not necessary. 

The fused mass is boiled out with water and filtered, and the insoluble 

matter is washed with a 1 per cent solution of sodium carbonate. In the 

residue, iron, titanium, and zirconium can be determined by the methods 

already described.’In the filtrate, chromium can be determined colori¬ 

metrically if present in sufficient amount to give a pronounced color (see 

13, B, p. 899). Afterward, or immediately if the chromium is not to be 

thus estimated, enough ammonium nitrate is added to react wdth all the 

carbonate, and the solution is digested on the bath till most of the ammo¬ 

nium carbonate is gone. Nearly if not quite all alumina is thus thrown out, 

carrying with it the phosphonis and some of any vanadium present. The 

precipitate is w^ashed with a dilute solution of ammonium nitrate till the 

yellow color of the chromate wholly disappears, after which it is dissolved 

in nitric acid and the phosphorus is thrown out by molybdate solution. 

The filtrate from the aluminum and phosphorus, containing chromium as 

the chromate and more or less of the vanadium, can be treated as detailed 

in the following sections. 

Am, Chem, J,, 13, 106 (1891); U, S. Geol Survey Bull. 78, 87 (1891); Chem. News, 
63, 267 (1891). 

1*0 The expulsion of fluorine should be made without excessive volatilization of sul¬ 
furic acid, so as to avoid loss of P2O5 (see p. 874). 

See 7, B, p. 877, concerning recovery of a small amount of iron that may have 
passed into the alkaline filtrate. 
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13. Chromium 

If vanadium is absent, or nearly so, as it is likely to be in those highly 

magnesian rocks (peridotites) which usually carry a good deal of chromium, 

the following separation and gravimetric method for chromium gives good 

and concordant results, but in the presence of vanadium, and it is best gen¬ 

erally to assume its presence, the colorimetric method should always be 

adopted. 

A. GRAVIMETRIC METHODS 

a. Hillebraiid's Method. Having obtained chromium in solution as chro¬ 

mate and free from all else but a little alumina, as at the conclusion of the 

preceding section on phosphorus, proceed as follows; 

Concentrate if necessary and add fresh ammonium sulfide, or introduce 

hydrogen sulfide. The chromium is reduced and appears as a precipitate 

of sesquioxide mixed with the rest of the alumina. This precipitate is now 

treated, according to H. Baubigny,^'^^ by dissolving in nitric acid, evapo¬ 

rating nearly to dryness, heating with strong nitric acid and potassium 

chlorate, and finally evaporating to dryness to get rid of the acid. Oxida¬ 

tion is complete and very speedy. On dilution with cold water, sodium 

bicarbonate is added in slight excess, and, after 2 or 3 hours, the precipi¬ 

tated alumina is filtered off. From the filtrate the chromium is then thrown 

out by fresh ammonium sulfide, redissolved, rcprccipitatcd to free from 

alkali, and weighed. The results will be a trifle high because of partial 

oxidation of the oxide during ignition (p. 531), but this is of no moment 

with the small amounts of chromium in question. 

b. Jakob^s Method. W, Jakob recommended the following method 

for the precipitation of aluminum (and evidently of ferric iron, titanium, 

zirconium, and manganese) and its separation from chromium. To the 

hydrochloric acid solution containing the equivalent of 0.1 to 0.2 g of AI2O3 

and 20 to 100 ml in volume, in an Erlcnmeyer flask of 100 to 300 ml capacity, 

is added, drop by drop, a freshly prepared solution of sodium hydroxide 

(about 5% strength) until the aluminum hydroxide formed redissolves. 

Avoid an excess. The solution is then boiled, and saturated bromine water 

is added,,drop by drop at first in order not to lower the temperature of the 

solution too much and so produce a slimy precipitate. Toward the end, 

the bromine may be added faster until the solution remains red. The excess 

bromine is then boiled out, the liquid is filtered, and the precipitate is 

washed with hot water. Precipitate adhering to the glass is loosened by 

50C. chim. [New Ser.], 42, 291 (1884); Chem. News, 50, 18 (1885). 
anal. Chem., 52, 651 (1913). 
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a little nitric acid and reprecipitated by ammonia. Some chromium is car¬ 
ried down with the aluminum but can be removed, after decanting, by boil¬ 
ing for a few minutes with water containing ammonium nitrate and am¬ 
monia. It is possible that a little aluminum may be redissolved by this 
treatment. The combined precipitates are ignited and weighed. 

The chromium can be determined in the filtrate by applying the treat¬ 

ment given under a, above. 

Magnesium and zinc, if present, are partly precipitated with the alu¬ 

minum. Jakob maintained that small amounts of these can be removed by 

the treatment with ammonium nitrate and ammonia. In the presence of 

sulfates and borates, the method is unsatisfactory. 

B. COLORIMETRIC METHOD 

For the chromate colorimetric method, which is very accurate and by far 

the quickest method of determining chromium in rocks and ores where the 

amount does not exceed a few per cent, there is needed the aqueous extract 

of a sodium carbonate fusion of the rock (as obtained, for instance, in the 

manner explained under Phosphorus, p. 897, or under A, above) in order 

to compare its color with that of a standard solution. 

af Preparation and Strength of Standard Solution. This standard solution 

is made by dissolving 0.1935 g or double that amount of pure potassium 

dichromate (for example, NBS standard sample no. 136) in 1 liter of water 

made alkaline by a little sodium carbonate. Each milliliter then corresponds 

to 0.1 or 0.2 mg of chromic oxide (Cr^Oa), in which condition chromium 

is usually reported in rocks and ores. It is probably inadmissible to in¬ 

crease the strength of the standard much above the higher of the figures 

given. 

b. Preparation of the Test Solution. Before filtering the aqueous extract 

of the sodium carbonate fusion, a few drops of alcohol (ethyl or methyl) 

are added to destroy the color of sodium manganate. If the yellow color 

of the filtrate is very faint, concentration by evaporation will strengthen it, 

and less than 2 mg of chromic oxide in 1 g of rock can then be determined 

exactly. For smaller amounts, it is best to employ 3 to 5 g of powder and 

then to concentrate the chromium by precipitation by mercurous nitrate, 

as detailed in the next section under Vanadium (p. 902); otherwise it may 

be difficult or impossible, because of the large amount of alkali carbonate 

144 w. F. Hillebrand, /. Am, Chem, Soc., 20, 454 (1898); Chem. News, 78, 227, 239 
(1898); U. S, Geol. Survey Bull. 167, 37 (1900). First applied by L. de Koningh 
[Nederland Tijdschr. Fharm. Chem, Tox. (1889)] for the estimation of chromium in 
foodstuffs. 

For the application of the diphenylcarbazide method to the determination of chro¬ 
mium in rocks, consult references cited in footnotes 13 and 14, p. 531. 
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present, to obtain a filtrate of sufficiently small bulk to show a decided 
color. 

If niter has been used in the fusion and the crucible has been at all at¬ 

tacked by it, a yellow coloration of the filtrate may be due to dissolved 

platinum, but neither the proportion of niter nor the temperature of the 

blast should ever be high enough to permit the crucible to be attacked. 

A passing ycllowisli coloration of the filtrate, due to this or some other 
cause,is not to be ascribed to chromium. 

If it is desired to use the solution obtained as in either A, a or A, b above, 

there will be no need to add alcohol, for manganese is absent. 

c. Cmnparison of Colors. The final solution is transferred to a graduated 

flask, wffiich is then filled to the mark with water. The flask should be of 

such size that the color of the oxidized solution shall be weaker than that 

of the standard chromium solution. Definite amounts of the latter are 

then diluted with water from a burette until of the same strength as the 

test solution. For very minute amounts, it may be necessary to use Nesslcr 

tubes, as in ammonia estimations, instead of the glasses and apparatus there 
described and depicted. 

As with colorimetric methods in general, better results arc obtained with 

small than with large percentages of chromium; yet the method can be ap¬ 

plied in the latter cases with satisfactory results by making a larger number 

of consecutive comparisons with the same solution.^'^® 

C. COMPARATIVE DATA 

A few comparisons between colorimetric and gravimetric determinations 

of chromium made by one of us (W. F. H.) are given in Table 31 to show 

the order of agreement, the former having been made several months and 
even years after the latter. 

TABLE 31 

Pkrcentace Determinations of Chromium (CR2O3) 

Gravimetric Colorimetric 

Trace 0.018 
0.05 0.051 

0.14 0.12 

0.08 0.083 

Trace 0.013 

None 0.0086 

None 0.0067 

Consult R. S. McBride and J. A. Scherrer, /. Am. Chem. Soc., 39, 928 (1917). 
11*0. W. Mom studied the “Variable sensitiveness in the colorimetry of chromium.” 

See Am. Chem. J., 35, 253 (1906); 36, 196 (1906). 
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The outcome was somewhat surprising, for it was hardly to be expected 
that the long and laborious quantitative separations should have resulted 
so well. It should be mentioned that, for the gravimetric tests, but 1 or 
2 g at most were used, which accounts for the reported absence of chro¬ 
mium in two instances, this report being based on the lack of color in the 
aqueous extract of the alkali fusion after removal of manganese. 

14. Vanadium (Chromium) and Molybdenum 

A. DISTRIBUTION OF VANADIUM AND MOLYBDENUM 

The wide distribution of vanadium throughout the earth's crust has been 
clearly established (see Vanadium, p. 452), not only in ores and in coals, but 
also in clays, limestones, sandstones, and igneous rocks.^^' It has been shown 
by one of us (W. F. H.) that vanadium occurs in appreciable amounts in the 
more basic igneous and metamorphic rocks up to 0.08 per cent or more of 
V2O3, but that it seems to be absent or nearly so from the highly siliceous 
rocks. Some of their ferric aluminous silicate constituents carry still higher 
percentages—up to 0.13 per cent V2O3 in a biotite separated from a pyroxenic 
gneiss. Molybdenum, on the other hand, appears to be confined in quan¬ 
tities susceptible of detection to the more siliceous rocks, and, except per¬ 
haps in rare instances, is not present in them in quantitatively determinable 
amount when operating on 5 g of material. Hence the quantitative search 
for vanadium will usually be limited to rocks with less than 60 per cent 
of silica. The search for it even then will perhaps not often warrant the 
necessary expenditure of time, but in this connection it is to be remembered 

that neglect to determine it introduces an error in the figures for both fer¬ 

rous and ferric oxides, which in extreme cases may be of considerable mo¬ 

ment (see 7, B, p. 877, and 15, A, p. 917). 

B. CONDITION OF VANADIUM IN ROCKS 

The connection below and elsewhere mentioned of vanadium with ti\c 

ferric aluminous silicates of rocks, taken in connection with the existence 

of the mineral roscoelite, classed as a vanadium mica, indicates that the 

vanadium corresponds in condition to aluminum and ferric iron, and that 

it is to be regarded as replacing one or both of these elements. Hence it 

should be reported as V2O3 and not as V2O6. 

What its condition may be in matter of secondary origin, like clays, lime¬ 

stones, sandstones, coals, and ores of iron, is yet open to discussion. It was 
the opinion of one of us (W. F. H.) at one time that it should be regarded 

as in the pentavalent state (V2O6), but work on certain remarkable vana- 

F. Hniebrand, Distribution and Quantitative Occurrence of Vanadium and 
Molybdenum in Rocks of the United States, Am. /. Sci., [4] 6, 209 (1898); Chem. NewSy 
78, 216 (1898); U. S. Geol Survey Bull. 167, 49 (1900). 
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diferous sandstones of western Colorado, in which it unquestionably oc¬ 
curs as trivalent vanadium (V2O3), has led to a decided unsettling of this 
view. It is proper to recall that C. Czudnowicz,^"^^ because of the extreme 
difficulty in completely extracting it from iron ores by an alkali carbonate 
fusion and because of the easy reducibility of vanadic acid by ferrous salts, 
under the conditions in which brown iron ores are supposed to form, con¬ 
sidered the vanadium in such ores to be in a lower condition of oxidation 
(V2O3). O. Lindemann’s contrary conclusion^®® about certain iron ores, 
because the vanadium was extracted as V2O5 by sodium carbonate fusion 
without niter, is not valid, since this would probably be the case even if 
it existed in the ore as V2O3. 

C. HILLEBRAND'S METHOD 

a. Descriptio?i of the Method. In the following method, there is nothing 
absolutely novel except that chromium and vanadium, when together, need 
not be separated, but are determined, the former colorimetrically, as already 
described (13, B, p. 899), the latter volumetrically, in the same solution.^*^ 

Five grams weight of the rock is thoroughly fused over the blast with 
20 of sodium carbonate and 3 of sodium nitrate. After extracting with 
water and reducing manganese with alcohol, it is probably quite unneces¬ 
sary, if the fusion has been thorough, to remelt the residue as above, though, 
for some magnetites and other ores containing larger amounts of vanadium 

than the generality of rocks, this may be necessary, as Edo Claassen 

showed.^®^ The aqueous extract is next nearly neutralized by nitric acid, 

the amount to be used having been ascertained conveniently by a blank 

test with exactly 20 g of sodium carbonate, etc., and the solution is evapo¬ 

rated to approximate dryness. Care should be taken to avoid overrunning 

neutrality, because of the reducing action of the nitrous acid set free from 

the nitrite produced during fusion. Chromium and occasionally vanadium 

will be retained by the precipitated silica and alumina. The use of am¬ 

monium nitrate, instead of nitric acid, for converting the sodium carbonate 

into nitrate does not seem to lessen the amount of chromium retained by 

the silica and alumina. 

As a precautionary measure, therefore, and always when chromium is 

to be determined also, the silica and alumina precipitate should be evapo¬ 

rated with hydrofluoric and sulfuric acids, the residue fused with a little 

148 W. F. Hillebrand and F. L. Ransome, Am. J. Sci., [4] 10, 120 (1900); U. S. Geol. 
Survey Bull. 262, 9 (1905). 

Ann., 120, 20 (1863). 
158 Dissertation, Jena (1878), through Z. anal. Chem., 18, 99 (1879). 
151 w. F. Hillebrand, ]. Am. Chem. Soc., 20, 461 (1898); Chem. News, 78, 295 (1898); 

U. S. Geol. Survey Bull. 167, 44 (1900). 
152 Chem. J., 8, 437 (1886). 
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sodium carbonate, and the aqueous extract again nearly neutralized with 
nitric acid and boiled for a few moments, the filtrate being added to the 
main one. 

Mercurous nitrate is now added to the cold alkaline solution in some 
quantity, so as to obtain a precipitate of considerable bulk, containing, be¬ 
sides mercurous carbonate, chromium, vanadium, molybdenum, tungsten, 
plKxsphorus, and arsenic, should all happen to be in the rock. The mer¬ 
curous carbonate serves to counteract any acidity resulting from the de¬ 
composition of the mercurous nitrate. Precipitating in a slightly alkaline 
instead of a neutral solution renders the addition of precipitated mercuric 
oxide unnecessary for correcting this acidity. If the alkalinity, as shown 
by the formation of an unduly large precipitate, should have been too great, 
it may be reduced by careful addition of nitric acid until an added drop 
of mercurous nitrate no longer produces a cloud. 

After heating and filtering, the precipitate is ignited at not over 500° C 
in a platinum crucible after drying and removing from the paper to obviate 
any chance of loss of molybdenum and of injury to the crucible by reduc¬ 
tion of arsenic. The ignited precipitate is fused with a very little sodium 
carbonate and leached with water, and the solution, if colored yellow, is 
filtered into a graduated flask of 25 ml or more capacity. The chromuim 
is then determined accurately in a few minutes by comparing with a stand¬ 
ard alkaline solution of potassium dichromate (13, B, p. 899). Then, or 
earlier in absence of chromium, sulfuric acid is added in slight excess, and 
molybdenum and arsenic, together with occasional traces of platinum, are 
precipitated by hydrogen sulfide.^®^ If the color of the precipitate indicates 
absence of arsenic, the filter with its contents is ignited carefully in a 
weighed porcelain crucible at not over 500° C and weighed, and the deli¬ 
cate sulfuric acid test for molybdenum is applied as follows: The residue 
is heated with a single drop of strong sulfuric acid until the acid is nearly 
volatilized. On cooling, the appearance of a beautiful blue color is proof 
of the presence of molybdenum. If arsenic is present, molybdenum can 
be determined colorimetrically after solution of the mixed oxides as directed 
under Molybdenum (p. 314). Arsenic should be determined in a separate 
portion of rock, after distillation from hydrochloric acid solution as de¬ 
scribed under Arsenic (p. 260). 

The filtrate in bulk from 25 to 100 ml is boiled to expel hydrogen sulfide 
and titrated at a temperature of 70 to 80° with a very dilute solution of 
permanganate, representing about 1 mg of V2O6 per ml, as calculated from 
the iron strength of the permanganate, one molecule of V2O6 being indi¬ 
cated for each one of Fe203. One or two checks are always to be made 
by reducing again by means of a current of sulfur dioxide gas, boiling this 

168 From a sulfuric solution the separation of platinum and molybdenum by hydrogen 
sulfide is much more rapid and satisfactory than from a hydrochloric solution. 
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out again,and repeating the titration. The latter results are usually a 
very little lower than the first and are to be taken as the correct ones. 

The high results in the first titration are caused by the formation of poly¬ 
thionic compounds as vanadium is reduced by hydrogen sulfide and by 
extraction of oxidizable matter from the filter paper. The former is not 
easily avoided; the latter effect can be eliminated almost wholly by first 
passing as little as 25 ml of water through the paper and completely with 
a larger amount or by the use of an asbestos or platinum-felted perforated 
crucible (p. 101). 

b. Confirmatory Qualitative Tests, In case the volume of permanganate 
used is so small as to make doubtful the presence of vanadium, it is neces¬ 
sary to apply a qualitative test, which is best made as follows: The solution 
is evaporated and heated to expel excess of sulfuric acid, the residue is taken 
up with 2 to 3 ml of water and a few drops of dilute nitric acid, and a 
couple of drops of hydrogen peroxide are added. A characteristic brownish 

tint indicates vanadium. Unless the greater part of the free sulfuric acid 
has been removed, the appearance of this color is sometimes not immediate 
and pronounced; hence the above precaution. It is also necessary that the 
nitric acid shall be in considerable excess, since, in a neutral or only faintly 
acid solution, the color does not appear strongly. 

The above is a surer test to apply than the following: Reduce the bulk 
to about 10 ml, add ammonia in excess, and introduce hydrogen sulfide to 

saturation. The beautiful cherry-red color of vanadium in ammonium sul¬ 

fide solution is much more intense than that caused by hydrogen peroxide 

in acid solution, but the action of ammonia is to precipitate part or all of 

the vanadium with the chromium or aluminum that may be present or with 

the manganese used in titrating, and ammonium sulfide is unable to extract 

the vanadium wholly from these combinations. Usually, however, the solu¬ 

tion. will show some coloration, and addition of an acid to the filtered 

solution precipitates brown vanadium sulfide, which can be collected, ig¬ 

nited, and further tested if desired. 

c. Application of the Method in Preseyice of Relatively Much Chromium, 

The application of the method in its foregoing simplest form is subject to 

one limitation—the chromium must not be present above a certain moderate 

amount. This limitation is due to the considerable amount of permanganate 

The direct use of a solution of sulfur dioxide or of an alkali sulfite is inadmissible 
unless these have been freshly prepared, for, after a lapse of time, they contain other 
oxidizable bodies than sulfurous acid or a sulfite. The sulfur dioxide is best obtained 
as wanted by heating a flask containing a solution of sulfur dioxide, or of a sulfite to 
which sulfuric acid has been added. 

The expulsion of the last trace of sulfur dioxide is accomplished more effectively 
by boiling with simultaneous passage of a rapid current of carbon dioxide for a few 
minutes at the last than by boiling alone. Because of the small amount of air carried 
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then required to produce a clear transition tint when titrating in a hot solu¬ 
tion, as is advisable with vanadium (p. 459). In a cold solution of chromic 
sulfate, much less permanganate is needed to produce the peculiar blackish 
tint without a shade of green, which affords a sure indication of excess of 
permanganate, but, in a hot and especially a boiling solution, the oxidation 
of the chromium itself takes place so rapidly that a very large excess of 
the reagent may be added before a pronounced end reaction is obtained. 
Nevertheless, fairly satisfactory detenninations of as little as 1 or 2 mg of 
vanadium pentoxide can be made in the presence of as much as 30 mg of 
chromic oxide. To accomplish this it is only necessary to apply a simple 
correction obtained by adding permanganate to a like bulk of equally hot 
chromic sulfate solution containing approximately the same amount of 
chromium. 

Tables 32 and 33 contain the results of a considerable number of tests, 
those in Table 33 being tabulated separately, in order to show the degree 
of accuracy attainable with a large excess of chromium by applying the 
correction mentioned above and also the amount of this correction. 

In spite of the fact that the correction in most of the trials of this last 
table represents a large proportion of the permanganate used, the results 
must be considered satisfactory in view of the small amount of vanadium 
present, and they show that the method in competent hands after a little 
experience affords trustworthy figures. 

The method of T. Fischer digestion of the precipitated lead salts with 

a strong solution of potassium carbonate—appears to offer the long-needed 

satisfactory quantitative separation of arsenic, phosphorus, chromium, tung¬ 

sten, and molybdenum from vanadium, the normal lead metavanadate re¬ 

maining quite unattacked, according to Fischer, while the other lead salts 

are wholly decomposed, but the applicability of this method to the separa¬ 

tion of the minute amounts often found in rocks and ores has not been 

tested. The object has been in the present case to reach satisfactory results 

with the greatest expedition, and, when chromium is not present in con¬ 

siderable amount, this is accomplished. 

Fortunately chromium is almost never a prominent constituent of clays, 

coals, iron ores, and those rocks in which vanadium has thus far been re- 

ported.^®^ 

with it, long passage of the gas is said to result in slight oxidation of the vanadium 
[O. Manasse, Ann. Chem. u. Fhamt., 240, 23 (1887); 2. ami. Chem., 32, 225 (1893)]. 

G. E. F. Lundell and H. B. Knowles, /. An2. Chem. Soc., 43, 1560 (1921). 
’®® Inaugural dissertation, Rostock (1894). 
i®7For colorimetric methods for the determination of as little as 0.001 per cent of 

vanadium or chromium and 0.0001 per cent of molybdenum following a sodium car¬ 
bonate fusion of a 1-g sample of silicate rock, see E. B. Sandell, Ind. Eng, Chem. Anal. 
Ed., 8, 336 (1936). 
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TABLE 32 

Tests for Vanadium in the Presence of Chromium 

No. 
Chromic 
Oxide, 

mg 

Vanadium 
Pentoxidft, 

mg 

Vanadium 
Pentoxide 

Found, 
mg 

Error, 

mg 
No. 

Chromic 
Oxide, 

mg 

Vanadium 
Pentoxide, 

mg 

Vanadium 
Pentoxide 

Found, 
mg 

Error, 
mg 

1 1 9.37 9.22 -0.15 7 3.5 18.71 18.97 +0.23 
2 1 0.94 1.04 +0.10 8 6 5.6 6.1 1 + 0.50 

0.98 +0.04 9 6 4.08 4.78 + 0.10 
3 1.0 5.25 .5.49 +0.24 10 6 5.62 5..58 -0.04 

1 5.43 +0.19 11 10 5.62 5.58 -0.04 
4 2 5.62 5.5 -0.12 12 10 23.52 23.81 + 0.29 

5.5 -0.12 23.71 +0.19 
5 3 4.08 4.78 + 0.10 13 10 46.85 46.98 + 0.13 

4.78 +0.10 47.20 +0..35 
4.83 4 0.15 14 25 23.52 23.65 + 0.13 

6 3 5.02 5.58 -0.04 23.75 + 0.23 
5.58 -0.04 15 87.5 23..52 23.71 +0.19 

7 3.5 18.74 18.89 +0.15 

TABLE 33 

Application of Correction for Larger Amounts of Chromium, Obtained by Adding 

Potassium Permanganate to an Equal Bulk of Solution Containing a Like Amount 

OF Chromic Sulfate 

No. 

Chromic 

Oxide, 

mg 

Vanadium 

Pentoxide, 

mg 

Vanadium Pentoxide 

Found, mg 
Error, 

mg 
Volume of 

Solution, ml 

Uncorrected Corrected 

16 20 0,94 1.59 0.99 -fO.05 50 to 100 
17 20 1.87 2.69 2.09 -fO.22 50 to 100 

2.39 1.79 --0.08 

2.59 1.99 -fO.12 
18 20 18.74 19.4 18.73 -0.01 50 to 100 

i 19.3 18.63 -0.11 

19.3 18.63 -0.11 

19 30 1.87 2,99 2.14 +0.27 About 100 
2.79 1.94 +0.07 

. 2.79 1.94 +0.07 

2,69 1.84 -0.03 

’ 2.69 1.84 -0.03 
20 30 ! 1.87 2.69 1.79 -0.08 200 

2.89 ! 2.09 +0.22 

2.89 2.09 +0.22 

2.79 1.99 +0.12 
21 62 46.85 48.90 47.60 +0.75 200 



FERROUS IRON 907 

15. Iron 

A. FERROUS IRON 

A correct determination of the ferrous iron content of minerals is beset 
as a rule with great difficulties, which begin with the preparation of the 
sample, and it is desirable to discuss these at some length. The effect of 
grinding in air is to lower the FeO and increase the Fe^Os in a mineral that 
contains FeO.^°® Of the latter, 20 to 30 per cent or more may be caused 
to disappear by grinding steadily for 2 hours. Attempts to prevent this 
chemical change by grinding under water, alcohol, and carbon tetrachloride 
have been partly successful, but not enough to permit the substitution in 
general practice of one of these media for air. Grinding in a wholly inert 
atmosphere, such as nitrogen (not carbon dioxide, which seems to form 
carbonates), might be successful in preventing oxidation in large part if not 
wholly, but is cpite impracticable for general work. That it would not 
prevent taking up both loosely and firmly held water on subsequent con¬ 
tact with the air is certain as a result of the increased surface exposure. 
h>om the fact that oxidation is greatly lessened by grinding under one of 
the above-named liquids, even though the powder be then exposed to the 
air, it follows that increased surface is not the dominant factor in promot¬ 
ing oxidation, but probably local heating as the grains are fractured and 

rubbed under the pestle. The effect seems to be influenced also l)y the 

hardness of the iron minerals and those associated with them in mixtures, 

and perhaps still more by the chemical nature of the iron-bearing molecules 

themselves. Typical data are given in the article by one of us last cited.^‘'^’* 

The experiments made, mainly upon silicates, show several things: (1) 

Although comparatively brief grinding (15 to 30 minutes) in air and long 

grinding under alcohol do not, as a rule, yield powders that are markedly 

oxidized (sometimes almost no oxidation seems to have taken place), this 

is not always so; hence grinding under one or the other of these media 

cannot be recommended as a practice to follow at all times. (2) Alcohol, 

in spite of its greater solvent power for oxygen, seems to be a little more 

effective in preventing oxidation than water. It has the further advantage 

that it can be removed more quickly afterw^ard. (3) Of the organic media 

employed, alcohol seems to be more efficacious than carbon tetrachloride. 

(4) The effect of the presence of refractory iron-bearing minerals (garnet 

and others) in mixtures is indicated by rather wide variations in duplicate 

detenninations when the material is not in a fine state of division. (S) The 

agreement that can be expected in duplicate determinations by either the 

Pratt or the Cooke method is excellent with fine powders or with coarse 

158 R. Mauzelius, Sveriges GeoL Undersokningy Arsbok 1, no. 3 (1907); W. F. Hille- 
brand, /. Am. Chent. Soc., 30, 1120 (1908). 
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powders that yield readily to attack by hydrofluoric acid. (6) Inasmuch 
as powders so fine as to pass sieves of 30 and even 60 meshes to the linear 
centimeter often show much less than 0.1 per cent of moisture, if hydrous 
alteration products are absent, it is reasonable to conclude that, in their 
preparation, there has been occasioned relatively as little oxidation of fer¬ 
rous iron as absorption of moisture, on the assumption that the small amount 
of water found results from the increased surface exposure due to crushing 
and is not inherent. Therefore if the powder is completely decomposed 
by hydrofluoric acid, it is safe to assume that a determination of ferrous 
iron in it carried out with proper precautions will give a result close to 
the truth when other disturbing factors are not in evidence. (7) With 
different minerals, very different degrees of oxidation are brought about 
under like conditions—from a few per cent up to about 45 per cent of the 
FeO after several hours’ grinding—and it is not always the mineral that 
might a priori be regarded as most oxidizable that shows most oxidation. 
Further, a soft or tough mineral undergoes greater oxidation if ground with 
a hard one than by itself alone. 

It is plain that nearly all mineral analyses that were made before the effect 
of fine grinding was considered are affected by more or less serious errors, 
in respect not only to the oxides of iron but also to water, the error being 
greater, the further the comminution of the sample was carried. \^ery 
many analyses show ferric iron in minerals that should apparently contain 
none and small amounts of water for which there seems to be no place in 
any probable formula. These are discordances for which a simple and in 
most cases probable explanation is now offered. A revision of much past 
analytical work, particularly that relating to iron minerals, is called for, but, 

before it can be properly done, adequate provision must be made to avoid 

the old errors. In the paragraphs following are set forth the procedures 

that seem best adapted to attain this end in the light of present experience. 

Much routine and experimental work, however, must yet be done before 

rules to fit all cases can be formulated. It is perhaps advisable to add here, 

in order to prevent misconception, that the errors in past work are not as 

a rule to be assumed equal to those cited in the table referred to, for these 

resulted from grinding for 2 hours or more, although few if any analysts 

have made it a rule to grind for such a length of time. 

a. Preparation of Scrmple, The mineral powder that has been prepared 

by crushing without grinding (2, B, p. 809) serves as the starting point. If 

trial shows that gentle boiling of it for 20 minutes with hydrofluoric acid 

leaves no residue or but little, use this sample directly for the ferrous iron 

determination. If the residue is considerable, grind a weighed portion (0.5 

to 1.0 g) of the sample with absolute alcohol in a large agate mortar only 

long enough to yield a powder that will leave little or no residue. Allow 
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the alcohol to evaporate spontaneously, and, when the last trace has dis¬ 
appeared, transfer the powder by aid of a fine jet of water to a platinum 
crucible of 20 to 100 ml capacity, not neglecting that which may adhere 
to the mortar and pestle. The subsequent operations are given under the 
respective methods (c, below), which arc those involving decomposition 

by hydrofluoric acid. The Mitschcriich method (p. 911) requires in almost 
every case a very fine powder. For this and other reasons, that method 
finds little application. For the same reason, the modifications of the hy¬ 

drofluoric acid method that require a powder of considerable fineness 
will be less applied than the one that permits the use of a relatively 
coarse powder. If a very fine powder must be employed, there seems to be 
no way known at present of correcting for whatever oxidation may have 
taken place during grinding. It will be preferable in such cases to grind 
under alcohol a small weighed portion of the coarse sample, instead of 
grinding a large portion and taking from this an aliquot part, the reason 
being that, in the latter case, separate determinations of both loosely and 
firmly held water must be made in order to be able to correct the FeO 
found for the considerable weight of water taken up during grinding 

(3, B, p. 819). 
b. Comparison of Sealed-Tube and Hydrofluoric Acid {Cooke) Methods. 

No* point in rock analysis has been the cause of greater solicitude to the 
chemist, and especially to the mineralogist and petrographer, than the de¬ 
termination of iron in ferrous condition. The sealed-tube or Mitscherlich 
method with sulfuric acid under pressure, for a long time the only available 
one for opening up the mineral, is in theory perfect, as complete exclusion 
of oxygen is easily attainable. Its earliest recognized defect lies in the in¬ 

ability to secure always complete decomposition of the iron-bearing min¬ 

erals, and even to ascertain, oftentimes, whether or not the decomposition 

has been complete. The addition of hydrofluoric acid to the sulfuric in 

the tube, in order to insure this breaking up, is of very doubtful utility in 

most cases, as the glass may be so strongly attacked as to add an appreciable 

amount of iron to the solution, and the hydrofluoric acid may have ex¬ 

hausted itself in attacking the glass before the more refractory minerals 

succumb. Nevertheless, if decomposition can be effected by sulfuric acid 

alone, the results obtained are sharp and concordant; but they are in rock 

analysis usually higher than when made by any of the modifications of 

the hydrofluoric acid method. This diflFerence is not very marked with 

rocks containing but 1 or 2 per cent of ferrous iron, but it increases with 

rising percentage to such an extent that, where the sealed-tube method will 

show 12 per cent ferrous oxide, the other may indicate no more than 10 

per cent. Experiments with soluble iron salts of known composition, like 

ferrous sulfate and ferrous-ammonium sulfate, throw no light on the sub- 
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ject, for both methods give with them the same sharp and accurate results. 
The key to the problem was discovered by L. L. dc Koninck^®® in 1882 

but remained unknown to the chemical world until rediscovered by H. N. 
Stokes in 1901 during an investigation on the action of ferric salts on pyrite 

and other sulfides.^®® That oxidation of the sulfide and reduction of the 

ferric salt hereby takes place had been recognized a little earlier by J. H. L. 

Vogt but not the ease with which the change takes place and the com¬ 

pleteness of the oxidation of the pyrite, not only of its iron but of the 

greater part of the sulfur as well. Pure pyrite itself is attacked with 

extreme slowness by boiling dilute sulfuric and hydrofluoric acids, either 

alone or mixed, but, the moment a ferric salt is introduced, the case is alto¬ 

gether different. 

The complete solution to the problem was afforded by the observation 

made by one of us (W. F. H.) that rocks with hardly an exception and many 

minerals carry pyrite or pyrrhotite, or both, often in considerable amount, 

often in traces only. Sulfur can almost always be detected in 2 g of rock 

powder. 

Experiment has shown (p. 916) that, with the amounts of sulfides usually 

found in igneous rocks, their effect on the estimation of ferrous iron by 

the hydrofluoric acid method at atmospheric pressure and boiling heat is 

negligible, though, if the amount of sulfide is increased, the effect becomes 

more and more apparent, because of the greater surface of pyrite exposed 

to the action of the ferric iron of the rock. 

Under the conditions of the sealed-tube method, on the other hand—a 

temperature of 150 to 200° and even higher, high pressure, much longer 

time of action, and impossibility of escape of any hydrogen sulfide that may 

be formed—the sulfur of the sulfides becomes nearly if not fully oxidized 

to sulfuric acid at the expense of the ferric iron in the rock or mineral, 

with the production of an equivalent amount of ferrous iron in addition to 

that resulting from the sulfide itself. 

Let us now see what the effect of these traces of sulfides amounts to when 

fully oxidized. One atom of sulfur (32) requires for its complete conver¬ 

sion to trioxide the oxygen of three molecules of ferric oxide (480), which 

then become six molecules of ferrous oxide (432). In other words, 0.01 

per cent of sulfur may cause the ferrous oxide to appear too high by 0.135 

per cent, and 0.10 per cent of sulfur may bring about an error of 1.35 per 

cent in ferrous oxide. The case is still worse if the sulfur is set free as 

hydrogen sulfide from a soluble sulfide, for then the above percentages of 

150/4m soc. geol, Belg,, 10, 101 (1882-3). 
U. S, GeoL Survey Bull. 186 (1901); Am. /. Set., [4] 12, 414 (1901). 

i«iZ. prakt. Geol, 250-51 (1899). 
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sulfur produce errors of 0.18 and 1.8 per cent, respectively, in the ferrous 
oxide determination. 

The error caused by sulfides tends to become greater the more there is 
present of either or both sulfide and ferric salt. Now, the highly ferru¬ 
ginous rocks usually carry more ferric iron than the less ferruginous ones, 
and they are often relatively high in pyrite and pyrrhotite; hence the in¬ 
creasing discrepancy between the results by the two methods as the iron 
contents of the rocks rise is fully in accord with the above explanation.^®^ 

Of course carbonaceous matter will, under the conditions of the Mitscher- 
lich method, likewise reduce sulfuric acid and cause the determination of 
ferrous iron to be faulty. 

Notwithstanding the fact that the sealed-tube method has thus been dis¬ 
credited in its general applicability to rocks and minerals, it is still probably 
the best with those that are totally free from sulfides and wholly decom¬ 
posable. Hence the conditions under which success can best be achieved 
by it are set forth in the following paragraphs: 

c. Description of Methods, a. The sealed-tube method. 1. Filling, seal¬ 
ing, and heating of the tube. The sealed-tube or Mitscherlich method in 

its original and usual application calls for a mixture of 3 parts of sulfuric 
acid and 1 of w ater by weight, or about 3 to 2 by volume, though a still 
stronger acid is sometimes used. In some cases, however, perhaps in most, 
much better decomposition of the silicates is effected by reversing the pro¬ 
portions of w ater and acid, or at any rate by diluting considerably beyond 
die above proportions. Hereby the separation of salts difficultly soluble in 
the stronger acid is avoided, and the actual solvent effect on the minerals 
seems to be in no w ise diminished. 

The very finely powdered mineral having been introduced into a tube 

of resistant glass free from ferrous iron, draw out the open end in such 

a way as to leave a funnel for introduction of the acid. Pour in very little 

water, and carefully heat to boiling for a moment to expel all air from the 

powder. Next introduce the diluted acid—which has just been boiled down 

from a state of greater dilution in order to have it free from air—until the 

tube is about three fourths filled. Pass in carbon dioxide free from hydro¬ 

gen sulfide from a generator which has been in active operation for some 

time, through a narrow glass tube drawn out of the same kind of glass as 

that of which the decomposing tube consists. In a few moments the air 

is expelled. Finally seal the small tube into the large one over the blast 

lamp without interrupting the gas current until the very last instant, when 

to prolong it would perhaps cause a blowing out of the softened glass. 

The interruption of the current at the proper moment is easily eflFected by 

i®2For details of experiments, see W. F. Hillebrand and H. N. Stokes, /. Am. Cbem. 
Soc.y 22, 625 (1900) and 2. anorg. Chem., 25, 326 (1900). 
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the pressure of the thumb and finger holding the small tube at the point 
where it enters the rubber tube leading from the gas generator. No break¬ 
age in the next operation ever occurs as a consequence of thus fusing one 
tube into the other.^®* 

Heat the tube, inserted horizontally, in a bomb oven at any desired tem¬ 
perature up to, say, 200° C until decomposition is complete or has pro¬ 
gressed as far as can be hoped for. This is determined by withdrawing the 
tube at intervals and examining its contents with a low-power lens. By 
enclosing the tube in an outer one of strong steel, properly capped and 
containing a little ether, benzine or solid CO2 to equalize the pressure on 
both sides of the glass, the temperature can be raised far beyond what is 
otherwise permissible, and the decomposition will then doubtless be more 
complete with refractory minerals. 

2. Titration of the iron. File a scratch around the upper end of the tube 
well above the liquid, break off that end, rinse it and the contents of the 
rest of the tube into a beaker or dish, and titrate the cold solution with 
permanganate as directed under Iron (p. 395). Duplicate determinations 
should agree almost exactly. 

If other reducible compounds are absent, the total iron can then be de¬ 
termined volumetrically by reduction with titanoiis chloride as described 
under Iron (p. 398) as a check upon the result obtained in some other stage 
of the analysis. 

p. Hydrofluoric or Cooke method. The hydrofluoric method, devised 
by J. P. Cooke,^^’^ consists simply in decomposing the mineral powder in 

the absence of air and at atmospheric pressure by means of hydrofluoric 

acid in presence of sulfuric acid and titrating the ferrous iron in the result¬ 

ing solution by permanganate. The method as ordinarily carried out is 

subject to two errors of opposite sign but unequal value, the second and 
greater of which long remained unsuspected.^^® 

It is possible to titrate ferrous iron in the presence of sulfuric acid and 

as much as 5 to 7 ml of 40 per cent hydrofluoric acid in a total volume of 

200 to 400 ml almost if not quite as exactly as in sulfuric acid alone, pro- 

163 The usual practice has been to expel air before sealing the tube by introducing 
a few crystals or lumps of an alkali carbonate, the gas set free from their contact with 
the acid being supposed to displace the air effectively. That this is not accomplished 
has been fully shown [VV. F. Hillcbrand, 17. S. Geol. Survey Bull. 78, 50 (1891); Chem. 
NewSf 64, 232 (1891)], the error often being large. 

/. ScL, [2] 44, 347 (1867). 
It is not clear what if any bearing certain observations of E. Deussen [Monatsh., 

28, 163 (1907)] may have on the method. He asserted that solution of ferric oxide in 
hydrofluoric acid involves partial reduction of the iron with formation of both ferrous 
iron and hydrogen peroxide: 2Fe203 + 8HF = FesFg + FeO + 3H2O + H2O2. If this 
is true, it would seem that the two must neutralize each other with respect to consump¬ 
tion of permanganate. 
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vided the iron solution is diluted with air-free water and the titration is 
made immediately after adding the hydrofluoric acid and with all possible 
dispatch. This condition cannot be fulfilled in practice, because the min¬ 
eral must be in contact with the acid for a long time in the apparatus com¬ 
monly employed, and it seems to be almost impossible to prevent some 
oxidation during this period. It is not known whether, after titrating the 
ferrous iron in hydrofluoric acid solution, the total iron can be satisfactorily 
titrated with titanous chloride (p. 398), as it can be when the sealed-tube 
method of attacking the sample is employed. 

1. Defects of the method, a. Oxidizability of bivalent manganese by per¬ 
manganate in the presence of hydrofluoric ^r/rf.—Manganic fluoride in dilute 
solutions is hardly at all dissociated, wherein it differs from manganic sul¬ 
fate. The entering of the manganic ion as fast as formed into the undis¬ 
sociated state or into a complex ion explains the fact that, in the presence 
of hydrofluoric acid, bivalent manganese is oxidized readily by perman¬ 
ganate, whereby a sharp end reaction is rendered unattainable in the pres¬ 
ence of much hydrofluoric acid, say, over 7 ml of 40 per cent acid. It is 

easy to obtain a transitory pink color throughout the liquid, but this dis¬ 
appears rapidly, the more rapidly the greater the amount of hydrofluoric 
acid or of manganous salt present. The oxidant can be added by the milli¬ 
liter to solutions already containing manganous sulfate in the presence of 
hydrofluoric acid without producing a more than passing pink color. The 
solution, however, takes on in ever-increasing intensity the red-brown color 
characteristic of manganic salts. Hence the decolorization due to this cause 
is much more pronounced in rocks high in ferrous iron than that of those 
low in this constituent, because of the greater amount of manganous salt 
xesulting from reduction of a correspondingly larger amount of perman¬ 
ganate, and is also greater with increasing hydrofluoric acid. In the pres¬ 
ence of but little ferrous iron, up to, say, 2 eg, and 5 to 7 ml of hydrofluoric 
acid, the color produced by a drop of permanganate lasts some time, but 

is very evanescent as the ferrous iron, and consequently the manganous salt 
formed, increases. 

Numerous tests were made by one of us (W. F. H.) to ascertain the error 

due to oxidation of the manganese under conditions similar, in respect to the 

amounts of iron involved, to those encountered in rock analysis. Increas¬ 

ing amounts of hydrofluoric acid were added to fixed amounts of ferrous 

sulfate and sulfuric acid, and the titration was made with the least possible 

expenditure of time. With not more than 7 ml of 40 per cent hydrofluoric 

acid, a very slight tendency was observed toward high results, but, in most 

cases, the results were identical with those obtained in the presence of sul¬ 

furic acid alone. As the amount of hydrofluoric acid was increased to 10 

Muller and P. Koppe, Z. anorg, Cbem,, 68, 160 (1910). 
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ml, a perceptible increase was noticed, which became markedly greater 
with 15 ml of the acid, amounting in this case to about 0.2 ml in the average 
on a normal consumption of 20 ml of permanganate of 0.0032 FeO titer. 

Hence, after the mineral is decomposed, removal of the excess of hydro¬ 
fluoric acid is called for if the best results are to be expected, or else its 
effect must be counteracted. 

A distinct contribution to the subject was made when O. L. Barnebey 
investigated the effect of a large number of proposed preventives and found 
that boric acid is the most effective of all. When added, either as solid or 
in solution, it renders the fluorine inactive by formation of fluoboric acid 
(HBF4), “which docs not dissociate apprcciablv to yield hydrofluoric acid 
in the presence of boric acid.” 

b. Extreme oxidizability of bivalent iron by free oxygen in the presence 
of hydrofluoric acid or a fluoride. In comparing tw^o series of results ob¬ 
tained with the Cooke apparatus, using a solution of ferrous sulfate in sul¬ 
furic acid alone in the one and in sulfuric acid with hydrofluoric acid in 
the other, a minus error w^as observed in all cases when the latter acid w as 
present. An observation made by R. Peters,but not applied by him to 
the present case, explains this. Ferric fluoride, like the corresponding man¬ 
ganic salt, is almost undissociated in solution, whereas the sulfate undergoes 
considerable dissociation and in this state counteracts, to a great extent, the 
tendency of any ferrous iron present to become oxidized by free oxygen. 
Hence the slow oxidation of bivalent iron by air in sulfuric acid solution 
and its very rapid oxidation in the presence of hydrofluoric acid. Although 
a sulfuric solution of ferrous sulfate exposed to the air in an open dish will 
hardly change in strength during an hour, a similar solution to which 
hydrofluoric acid has been added will suffer a large measure of oxidation 
in a quarter of the time. The change in titer becomes pronounced after a 
few minutes.^®® 

In the experiments with the Cooke apparatus referred to, the minus error 
should amount to not more than 0.1 to 0.2 ml of permanganate on a normal 
consumption of 20 ml or 0.5 to 1 per cent of the iron, but it may be con¬ 
siderably greater if the utmost care is not taken to employ carbon dioxide 
as free as possible from air and to exclude most carefully the entrance other¬ 
wise of air into the apparatus. It will also be greater, the higher the con¬ 
centration, within certain limits, of the solution during titration. 

With a view to lessening the error, if possible, the mode of operating was 

varied by doing away with carbon dioxide, except at the start, shutting it 

O. L. Barnebey, /. Am. Chem. Soc., 37, 1481 (1915). 
i«8Z. physik. Chem., 26, 193 (1898). 
i«9 The oxidation of ferrous sulfate in acid solution is also greatly accelerated by the 

presence of copper sulfate [E. Posnjak, American Institute of Mining and Metallurgical 
Engineers (1927)]. 
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off as soon as the bath was in active ebullition, and transferring the crucible 
direct from the hot bath to the titration vessel. The results were, if any¬ 

thing, a trifle better. As the employment of either the Cooke, Barnebev, 
or Treadwell apparatus involves long contact of the mineral w ith the acids, 
and as the experiments last mentioned wxre favorable in their results, it 
seemed as if the simple method of J. H. Pratt might be modified in the 
same sense. He avoided the use of all apparatus other than a capacious 
platinum crucible fitted with a perforated cover for the introduction of 
carbon dioxide, in which he boiled the mineral powder with sulfuric and 
hydrofluoric acids, the decomposition being greatly hastened by the active 
movement and higher temperature and usually completed in 5 to 10 min¬ 
utes. The modification consists in doing away altogether with carbon 
dioxide, except at the start, and depending on the steam of the boiling iron 
solution to exclude air, a modification which Pratt himself tried with rather 
considerable minus errors, resulting perhaps from his having a smaller cru¬ 

cible at command than the method really demands. With a crucible of 
100 ml capacity, the results with ferrous sulfate given in Table 34 show 
what are the possibilities of the method. 

TABLE 34 

* Ferrous Ikon Determinations by the Modified Pratt Method 

Strength of Permanganate 0.0032 g FeO per ml 

Normal Normal 
Perman¬ Consump¬ Perman¬ Consump¬ 

I'ime of ganate tion of Per¬ Time of ganate tion of Per¬ 
Roiling, Used, manganate, Boiling, Used, manganate, 

min ml ml min ml ml 

10 4.9 4.8 10 19.4 19.2 
10 

G
O

 

o
o

 10 19.3 19.2 
10 5.0 4.8 15 19.25 19.2 
10 4.9 4.8 15 19.1 19.2 
10 9,6 9.6 15 19.3 19.2 
10 9.6 9.6 20 19.2 19.2 
10 9.6 9.6 20 19.3 19.2 
10 19.2 19.2 

These results leave little, if anything, to be desired. They show either 
nonnal values or a slight plus error instead of the invariable negative one 

of all previous determinations. The procedure was tested during two years 

in comparison with that of Cooke with favorable results. It is the method 

preferred not only because of its simplicity and quickness, but also because 

with it a coarser powder can be decomposed than with the Cooke, the 

Barnebey, or the Treadwell procedure. However, as the exigencies of the 

170 /. Sci., [3] 48, 149 (1894). 
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FeO determination are now known to demand a powder as coarse as pos¬ 
sible, a longer treatment has to be given than was called for by the fine 
powders used by Pratt.^^^ 

2. Influence of sulfides, vanadiwn, and carbonaceous matter on the deter¬ 
mination of ferrous iron by the hydrofluoric acid method. A dark color 
of the insoluble fluorides and silicofluorides may be due to pyrite, graphite, 
or carbonaceous matter. The first of these affects the result but little, and 
the second probably not at all, and they can be distinguished by their be¬ 
havior toward nitric acid. Organic matter, of course, renders impossible 
the determination of ferrous iron. These contaminants are seldom encoun¬ 
tered with minerals as distinguished from rocks. 

a. Sulfides. Pyrite, in the quantities usually met with in igneous rocks, 
is probably without serious effect on the ferrous iron determination by any 
of the hydrofluoric acid methods. This sulfide is very resistant toward at¬ 
tack in the absence of oxygen, as is shown by the fact that, if present in 
any quantity, it can be recognized readily in the residue after titration. In 
any case it is impossible to allow for an error introduced by its possible 
decomposition, and the result of titration must count as ferrous iron. In 

the case of soluble sulfides two sources of error are introduced—that of re¬ 

duction of ferric iron by hydrogen sulfide evolved, and that due to the 

ferrous iron which the sulfides themselves may contain, especially if pyr- 

rhotite is present. The first of these is perhaps negligible, for most of the 

hydrogen sulfide would probably be expelled without reducing iron. The 

second is approximately measurable if it is known that pyrrhotite is the 

only soluble sulfide present, and its amount has been ascertained by deter¬ 

mining the hydrogen sulfide set free on boiling with hydrochloric acid in 

a current of carbon dioxide. In this case a correction is to be applied to 

the result of titration for total ferrous iron (see also p. 950 under wSulfur). 

In order to obtain quantitative data regarding the effect of pyrite on the 

ferrous iron determination by the hydrofluoric acid method, the following 

tests were made: Part of a fine crystal of pyrite was powdered rather finely 

and boiled with dilute sulfuric acid, which extracted considerable ferrous 

iron, derived presumably from admixed or intergrown pyrrhotite, as a 

second boiling with fresh acid gave a negative test for ferrous iron. After 

washing by decantation with water, followed by alcohol and ether, the 

powder was dried and further pulverized. A quarter of a gram of it, when 

treated with hydrofluoric and sulfuric acids in a large crucible by the 

Cooke method for ferrous iron and then rapidly filtered through a very 

M. Dittrich [Ber., 44, 990 (1911)] facilitated the attack of refractory minerals by 
adding half a gram of not too finely ground quartz (not precipitated silica). The effect 
was to separate the mineral grains and prevent caking on the bottom of the crucible, 
thus exposing them to more effective action of the acid. 
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large perforated platinum cone fitted with filter paper, required but 2 drops 
of a permanganate solution representing only 0.0032 g of FeO to the milli¬ 
liter. 

However, as H. N. Stokes found that the oxidizing effect of ferric 
salts on pyrite and other sulfides is vastly greater than seems to have been 
suspected (see pp. 910-911), the following tests were made, in order to 
ascertain the probable error due to this action under the conditions pre¬ 
vailing in rock analysis: Successive portions of 1 g each of a hornblende 
schist, free from sulfur and carrying 10.09 per cent FeO as the mean of 
several determinations and 4.00 per cent Fe203, were mixed in a large 
100-ml platinum crucible with 0.02, 0.025, and 0.10 g, respectively, of the 
above purified pyrite powder, and treated with hydrofluoric and sulfuric 
acids by the Cooke method, the water bath being at boiling heat for 1 hour. 
The cooled contents of the crucible were poured into a platinum dish con¬ 
taining water and titrated rapidly nearly to an end. Then, in order to get 
rid of the pyrite, which would obscure the end reaction by its reducing 
effect on the permanganate, the solution was filtered as above, and in the 
clear filtrate the titration was carried to completion. The results were 
10.02, 10.16, and 10.70. Inasmuch as the smallest of these three charges of 
pyrite was several times greater than what may be considered an unusually 
high amount for an igneous rock, it is very evident that, for all practical 
purposes, the influence of pyrite on the ferrous determination by the Cooke 
method is negligible. At the same time it is to be borne in mind that, with 
increased content in ferric iron, an increased amount of pyrite will be 
attacked, and that the extent of this attack is influenced by the degree of 
fineness of the pyrite powder, which itself undergoes oxidation during 
grinding. 

b. Vanadium. If vanadium, when present, exists in the trivalent condi¬ 
tion, it affects with an error varying with its amount the result of titration 
for ferrous ion. If the amount of the trivalent vanadium is known, a cor¬ 
rection can be applied. 

c. Carbonaceous matter. As said before (p. 916), matter of organic 
origin other than graphitic carbon renders the results of the ferrous iron 
determination altogether unreliable. 

3. The method in its various modifications, a. According to Pratt {modi¬ 
fied). Place 34 to 1 g of the coarsest powder that can be used successfully 
in a platinum crucible of 80 to 100 ml capacity and provided with a tightly 
fitting cover. Moisten with 1 to 2 ml of air-free water, and add 10 ml of 

dilute sulfuric acid (1 + 3). If the powder contains carbonates, there will 

1^2 JJ. 5. Geol. Survey Bull. 186 (1901); Am. J, Sci, 4th series, No. 12, p. 414 (1901). 
fineness of grinding will depend on the nature of the rock. Most granite 

rocks require but moderately fine grinding; those high in ferruginous and refractory 
minerals generally, as tourmdine, need to be very fine. 
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be effervescence; hence the acid must be added cautiously and the cover 
placed on until the action is over. There need be no fear of oxidation of 
ferrous iron at this stage, should any go into solution. Now add air-free 
hot water till the crucible is at least half full; cover the crucible, and place 
on a triangle well down over a lamp turned low and protected from drafts. 
Displace the air in the crucible rapidly l)y carbon dioxide entering through 
a small glass tube inserted beneath the lid slightly raised on one side. Heat 
to boiling rapidly, and, as soon as steam issues from the crucible, slightly 
move the crucible cover aside, and at one stroke add 7 ml of hydrofluoric 
acid from a small platinum crucible. A second of time suffices.^^^ As soon 

as the solution again boils remove the tube carrying the carbon dioxide, 

cover the crucible completely, and boil gently for 12 to 15 minutes. At 

the conclusion of the boiling, quickly transfer the crucible, cover, and con¬ 

tents to a titration vessel (which may be of glass) containing 300 ml of a 

standard air-free solution of boric acid containing an excess of the solid 

acid, 10 ml of dilute sulfuric acid (1 + 3), and all except 1 to 2 ml of the 

standard solution of potassium permanganate that will be required to oxidize 

the iron. Complete the titration in the custoniary manner.^ 

Even without boric acid and with little iron, the color will last some time, 

but, with increasing amounts of iron, as also with increasing amounts of 

hydrofluoric acid, it fades with ever greater rapidity. In making a duplicate 

determination, it is well to run in a little less than the calculated amount of 

permanganate before introducing the contents of the crucible. 

The method should be tested first by the novice with ferrous sulfate solu¬ 

tion that has been standardized without hydrofluoric acid. It is important 

Hydrofluoric acid sometimes contains particles of the material of which the con¬ 
tainer is made. These, as well as dissolved organic matter, must be avoided. 

I'^L. A. Sarver [/. Am, Chem, Soc.^ 49, 1472 (1927)] pointed out that dichromate 
reacts much less readily on organic matter than permanganate, and recommended its 
use, together with diphenylamine as an internal indicator. For the determination of 
ferrous iron in silicates, he proceeded as follows: Provide an ordinary platinum crucible 
with a snugly fitting cover of transparent Bakelite having a Bakclite tube for the intro¬ 
duction of carbon dioxide and a small Bakelite funnel for the addition of acid and the 
escape of vapors and steam. Transfer 0.5 g of coarsely powdered sample, moisten 
with water, and treat with 10 ml of 12 N hydrochloric or 18 ml of 18 N sulfuric acid. 
Drop in a small coil of platinum wire to prevent bumping, fit the cover tightly, and 
pass carbon dioxide through for at least 10 minutes as the mixture is gradually brought 
to boiling. Stop the stream of gas as soon as steam escapes, immediately add 7 ml of 
48 per cent hydrofluoric acid through the funnel and gently boil for 10 to 15 minutes. 
When decomposition is complete, as seen through the cover, again start the stream 
of gas, and cool to room temperature. Add a measured excess of standard dichromate 
solution through the funnel, remove and rinse the cover, and pour the solution onto 
solid boric acid in a ceresin-lined porcelain crucible. Titrate at once with an equivalent 
solution of ferrous sulfate, using diphenylamine as indicator. See also C. J. Schollen- 
berger, /. Am, Chem, Soc,, 53, 88 (1931). 
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not to prolong the boiling unduly, for salts not easily soluble will separate, 
and, as the temperature rises, the oxidizing action of the concentrating sul¬ 
furic acid comes into play. 

If an unattacked residue shows after titrating, allow it to settle completely, 
and then free it from the liquid by a decantation with water, once repeated. 
Now transfer it by a jet of water to a small agate mortar, allow to settle 
again, free from most of the water by decantation, grind for a few minutes 
under the water that remains, and wash back into the large crucible. Repeat 
the treatment with hydrofluoric and sulfuric 
acids, in smaller amounts and for a shorter 
time than at first. The succeeding titration 
can be made in the crucible itself after 
quickly filling this nearly full of cold air-free 
water. Usually decomposition will now be 
complete; if not, repeat the various opera¬ 
tions. In the very short time required for / 
grinding the residues under water, no appre- 
ciable oxidation of ferrous iron need be feared. 

The directions given by Pratt for the 
treatment of a possible undissolved residue 
of very refractory minerals must be under¬ 
stood as applying only to homogeneous min¬ 
erals and not to rocks, where the relations of 
ferrous and ferric iron in the undecomposed 
portion are certainly different from those in apparatus for 

the part dissolved. 
b. According to Cooke.^^* The apparatus, as shown in Fig. 43, consists 

of a small water bath of a single opening and covered with a glass funnel, 
the stem of which has been cut off near the flare, resting in a troughlike 
depression of the specially made cover. Into this trough water constantly 
drops from a tubulated bottle, thus securing a perfect water joint and 
serving to keep the bath full by overflowing on the inside. For the more 
perfect exclusion of air, it is best to use water that has been freshly boiled. 
Through a small metal pipe, carbon dioxide gas flows into the bath under 
the cover, but above the surface of the water, and, rising through notches 
in the edge of the opening of the cover, fills the funnel and crucible.^^^ 

Treat ^4 to 1 g of the powder exactly as in a until any carbonates that 
may be present cease to effervesce. Rinse the cover of the crucible if need 
be, and place the open crucible at once in the opening of the bath, put the 

/. Scu, [3] 48, 150 (1894). 
The gas generated from every new lot of even white marble must be tested care¬ 

fully for hydrogen sulfide. It should be washed by passing it through a large U tube 
containing glass beads and a solution of copper sulfate. 
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funnel in place, start the gas current, as also the flow of water from the 
reservoir, and light the lamp under the bath already full of water. As soon 
as it can be safely assumed that the air in both funnel and crucible has been 
displaced, pour a measured volume of strong hydrofluoric acid (5 to 7 ml) 
into the crucible through a funnel of platinum, rubber, or Bakelite, and 
insert a platinum stirring rod through the stem of the glass funnel into the 
crucible. In the absence of a suitable funnel for the acid, the glass may be 
momentarily raised for the introduction of the acid, but not before the 
crucible has become filled with carbon dioxide. 

When steam issues strongly from the funnel, stop the gas current from 
the generator, and leave the apparatus to itself for an hour, except for 
occasional stirring of the powder. When gritty matter can no longer be 
felt or when experience tells that decomposition must be complete, again 
turn on the gas current, extinguish the lamp, and increase the water flow 
to the capacity of the outlet tube from the bath. In 15 minutes the cru¬ 
cible and contents should be cool. Remove the rod, place it in the titration 
vessel, and make the titration as in a. Until the operator has become ex¬ 
perienced a duplicate determination should invariably be made. It is to be 
noted that the crucible is always much fuller at the end of the heating than 
when first placed on the bath, because of condensation of steam. 

Instead of the crucible being allowed to cool in a current of carbon 
dioxide, it may be transferred at once to the titration dish and permanganate 
run in as above directed. If carefully done, the experiments already referred 
to seem to show that the results by this variation of the method may be a 
trifle better than those obtained after cooling. 

Those inexperienced with the method in either variation should not fail 
to test it first with a solution of ferrous sulfate that has been standardized 
without hydrofluoric acid, and in practice duplicate determinations should 
be made if possible. 

c. According to Bamebey, O. L. Barnebey described a simplified 
form of the Cooke apparatus. In an 8-inch porcelain dish are placed some 

glass beads and a 5-inch porcelain desiccator plate having under supports. 

On the plate is a suitable support of glass or porcelain to hold in place the 

platinum dish in which the decomposition of the sample is effected. Over 

the plate is placed a 6-inch funnel like that for the Cooke apparatus. This 

extends far* enough down to form a trap when a suitable liquid is poured 

into the outer dish. For the determination of ferrous iron, Barnebey used 

as the liquid a solution of phosphoric acid (1 -f- 2). This serves not only 

as a trap but also to furnish steam for expelling and excluding air from the 

funnel and inner dish. Tlie bath is heated by a direct flame or by a hot 

plate. If needed, air-free water can be added to replace that which evapo- 

178/. Am. Chem. Soc., 38, 374 (1916). 
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rates, by the aid of a platinum rod. Reference to the description of the 
Cooke apparatus renders further explanation unnecessary. 

Of course, the absence of provision for introducing carbon dioxide makes 
it necessary to transfer the hot solution of the sample to the titration vessel, 
and the need of a fine powder is a serious objection, as with the Cooke 
apparatus. The latter has the advantage over Barnebey’s modification that 
the introduced carbon dioxide effects more rapid expulsion of the air in 
the decomposition vessel than is possible by the aid of steam alone. 

d. According to Tread^^elL F. P. TreadwelP^^* used a paraffin bath in 
which was supported a lead box having a lead cover provided with two 
openings, one at the side for introducing carbon dioxide, the other in the 
center for the escape of steam and the insertion of a stirring rod. In the 
box the small dish containing the sample rested on a support, under the 
central opening. 

Although the chief object of this device was, by raising the temperature 
to 120° at the end of the experiment, to remove the excess of hydrofluoric 
acid and thus avoid one source of error in the titration, it may be said, so 
far as our limited experience with it goes, that the expulsion of the acid is 
by no means perfect and that the long duration of the experiment (about 
2 hours) renders it likely that lower results will be obtained than with the 
procedures already described, especially the procedure given under a. 

e. According to Soule. B. A. Soule recommended that the sample be 
dissolved in a Pyrex or, preferably, quartz flask because the completeness 
of the reaction can be readily observed and the solution need not be trans¬ 
ferred. A correction factor per gram of glass dissolved must be applied, 
and is determined by weighing the flask, treating a weighed portion of pure 

ferrous ammonium sulfate as in the method, titrating, again weighing the 

empty flask, and dividing the difference between the volume of perman¬ 

ganate consumed and the volume required in the direct titration of a 

similar portion by the weight of glass that was dissolved. The procedure 

is as follows: Clean the flask, weigh against another used as a counterpoise, 

fill with carbon dioxide, and introduce the sample for analysis. Add 15 ml 

of water, 10 ml of dilute sulfuric acid (1 -f- 3), and 5 to 8 ml of hydrofluoric 

acid (40%). Place on a hot plate, and boil gently under a slow stream of 

carbon dioxide. When no undecomposed particles are observed upon 

swirling the solution, remove the flask, and immediately add 100 ml of a 

freshly prepared cold solution containing 6 g of boric acid and 5 ml of 

dilute sulfuric acid (1 -f 1). Cool to approximately 15° C, and titrate with 

0.05 N potassium permanganate. Clean and dry the flask, again weigh, and 

correct the volume of permanganate on the basis of the dissolved glass. 

^'^^Kurzes Lehrbuch analytischen Chem,, [6] 2, 425 (1913). 
180 /. Am. Chem. Sac., 50, 1691 (1928). 
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In a later article/®^ Soule stated that ferrous iron can be determined 
quickly and accurately in magnetites and materials of higher silicate con¬ 
tent by potentiometric titration with a 0.05 N solution of ceric sulfate 
(p. 190). In such case, the sample (0.3 to 0.4 g) is decomposed by treating 
with a mixture of 10 ml of hydrochloric and 3 ml of hydrofluoric acids in 
a Pyrex flask filled with carbon dioxide, and heating at 40 to 50° C for 3 to 
5 minutes. The solution is then treated with 100 ml of water containing 
5 g of boric acid and 5 ml of dilute sulfuric acid (1 6) and titrated with 

the aid of a bimetallic (Pt-Ag) electrode system. Arsenic, the chief 
reducing agent derived from the glass, is without effect.^®" 

A procedure for the determination of ferrous iron in silicate materials 
that are soluble in cold hydrochloric acid or hydrochloric-hydrofluoric acids 
containing iodine monochloridc (ICl), by titrating the liberated iodine with 
potassium iodatc, is described by M. H. Hey.^®‘^ 

For the determination of ferrous iron in silicate minerals that are insoluble 
in acids, H. P. Rowledge found that sodium metafluoborate (NaF)2B203 

was the most suitable flux. A. W. Groves has modified the Rowledge 
method by making the fusion at 950° C in an atmosphere of carbon dioxide 

in a silica tube and using cither the boric acid-permanganate titration or 
the iodine monochloridc (ICl) procedure. 

f. Uncertainties of the ferrous iron detennination. From the foregoing, 
it is apparent that, despite the utmost care in practical manipulation, the 
exact determination of ferrous iron in rocks is one fraught 'with extraordi¬ 
nary difficulties and uncertainties. Only in the absence of decomposable 

sulfides and carbonaceous matter and when the amount and condition of 
vanadium are known and relatively coarse pow ders can be used, is it per¬ 
missible to regard the result as fairly above suspicion. 

B. FERRIC IRON 

a. Direct Determination in Presence of Ferrous Iron, The applicability 

of the titanous chloride method (see Iron, p. 398) to the direct determination 

in minerals of ferric iron when accompanied by ferrous iron has not been 

studied. If suitable for minerals that are readily soluble in sulfuric or 

hydrochloric acid, it might not be so for rocks and the minerals that have 

to be attacked by hydrofluoric acid with exclusion of air, the resulting 

conditions being then quite different from those under which the authors 

of the method worked. 

181B. A. Soule, ibid., 51, 2117 (1929). 
182 H. H. Willard and P. Young, ibid., 50, 1335 (1928). 

Mineralog. Mag., 26, 116 (1941). 
184 /. Royal Soc. W, Australia, 20, 165 (1934). 
186 A. W. Groves, Silicate Analysis, 2d ed., p. 184, G. Allen and Unwin, London 

(1951). 
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In any event, the solution of the mineral and titration of the iron would 
have to be hedged about with all the precautions that are described under 
ferrous iron, and the result would be subject to errors similar but of 
opposite sign. 

b. True Value for Ferric Iron in a Rock or Mineral, If, in the substance 
undergoing analysis, iron is present in both the ferric and ferrous states and 
the amount corresponding to only one of these (usually ferrous) has been 
determined in addition to the total iron in terms of ferric oxide, it remains 
only to deduct from this last the ferric oxide equivalent of the first in order 
to obtain the value for the ferric oxide. This is the most favorable case. 
With minerals and rocks that are contaminated with sulfides-whether iron¬ 
bearing or not—two errors result. One of these arises from an iron con¬ 
tent of the sulfides; another from the indeterminable reducing effect upon 
ferric iron of hydrogen sulfide that may be liberated in the ferrous iron 
determination (p. 916). To these sources of error should be added that 
due to vanadium (p. 917). Hence in all such cases the final value deduced 
for ferric iron as well as for ferrous iron is subject to some uncertainty. 

16. Alkalies 

A. GENERAL CONSIDERATIONS 

It is seldom that any one of the metals of the alkali group occurs quite 
unaccompanied by one or more of its fellows. Ordinarily one has to deal 
only \vith sodium and potassium, in occasional company with appreciable 
lithium in a few minerals. In rocks, lithium occurs widely distributed but 
practically never in more than spectroscopic traces. Rubidium and cesium 
are found in only a very few rare minerals, local concentrations of which in 
depth have no doubt given rise to the rubidium and cesium content for 
which a few natural mineral waters are noted. The first step in determining 
alkalies in minerals is to collect and weigh the metals as chlorides. Lithium 
and potassium (rubidium and cesium) are then determined separately. 

Sodium is usually found by difference. 
The methods most commonly used for the determination of the group 

require that all other metals be first removed, as well as all nonmetals except 

chlorine or, occasionally, the sulfate radical. In the very exceptional case 

that but one of the alkali metals is present, it is permissible to weigh it as 

sulfate. However, that there is no second or third member of the group 

present is not always and perhaps but seldom known in advance; hence it 

is necessary to have a solution better suited for making the required separa¬ 

tions, and this is a chloride solution. 

Soluble sulfates are converted to chlorides by treatment with barium 

chloride; in general, other salts are converted by repeated evaporation with 

hydrochloric acid, for which methyl alcohol saturated with the acid named 
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is substituted when soluble borates are to be converted.^®® Bromides and 

iodides are best converted to chloride by evaporation (not in platinum) with 

hydrochloric acid containing hydrogen peroxide. [See G. E. F. Lundell 

and James I. Hoffman, Outlines of Methods of Chemical Analysis^ p. 76, 

John Wiley & Sons (1938).] 

There are but two well-known and generally applicable procedures for 

obtaining the metals in the form of chlorides when the mineral is not 

soluble in hydrochloric acid. One of these is old, having been devised by 

Berzelius; the other is more recent and is due to J. Lawrence Smith.’®® 

Both find their commonest application in silicate analysis. The first begins 

with attack by hydrofluoric and sulfuric acids and expulsion of silicon and 

excess fluorine, followed by removal of all metals except the alkalies and 

conversion of the remaining sulfates to chlorides. In the Smith method, 

decomposition of the mineral is effected by heating the powder with a 

mixture of ammonium chloride and calcium carbonate, whereby complete 

decomposition is expected and the alkali metals are converted to chlorides 

which can be extracted by water. In the ordinary case nothing else except 

much calcium, and the sulfate radical, if present, dissolves. Both of these 

are easily removable, so that one has finally a solution of the alkali chlorides 

only. In the analysis of unusual compounds such as borosilicates or com¬ 

plex glasses, other compounds such as borates may dissolve and require 

special treatments for their removal. 

Other methods less used are those in which boric, lead, or bismuth oxide 

is used as the decomposing agent. The first of these methods and the sub¬ 

sequent procedure are described under Silicate Analysis (p. 848); the others 

186 The extent of error caused by boron in determinations of alkalies is illustrated 
by the results 5.01 and 4,73 per cent of Na^O, as compared with the most probable 
content 4.15, which were obtained when boron was ignored in a J. Lawrence Smith 
determination of the alkalies in a glass containing 12.7 per cent of B2O3. The data 
were as follows: 

Weight of Weight after Most Na20 Content 
“Chlorides*' Treating Weight of Probable Indicated 
When Boron “Chlorides** Chlorides NazO When Boron 
Was Ignored, with CH3OH- Probably Content,* Was Ignored, 

g HCl,g Present,* g % % 
0.0486 0.0403 0.0404 4.15 5.01 
0.0458 0.0401 0.0403 4.15 4.73 

* As found by careful determinations in which all of the known precautions were taken. Errors 
caused by boron would probably fall entirely on sodium. 

i®^J. J. Berzelius, Pogg. Am,^ 1, 169 (1824). 
/. Sci., [2] 50, 269 (1871); Am, Chemist^ 1 (1871); Anml. Chem, u, Pharm,^ 

159, 82 (1871). 
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need no specific description. They involve the separation of large amounts 
of boron, lead, or bismuth from the resulting solutions, but are very useful 

when paucity of material requires that other metals as well as those of the 
alkali group be determined in one and the same portion of sample, or when 
a given mineral will yield to attack by one of them but not by the others. 
Which to select in a given case may be more a matter of preference than 
of necessity, or the choice may be determinable by trial. No rule can be 

laid down.^®® 

The method of Berzelius was long the only one in use, but it has now 
been largely superseded by that of Smith. The Smith method has certain 

great advantages, of which the most important is that no magnesium ac¬ 

companies the alkalies into the water solution, and the troublesome and 

error-inviting separation of that metal and all other metals except calcium 

is obviated. Most of the boron also remains insoluble as calcium borate. 

Further, in the Smith method, the precipitation of the large amounts of 

barium sulfate with the attendant danger of occlusion of alkali salts is not 

called for. Lastly, the operations, after the mixed sample is ready, are 

simpler than those of the Berzelius procedure. Hence, the Smith method 

is now preferred by all who have used both methods, and it is even recom¬ 

mended for silicates that are soluble in hydrochloric acid, especially for 
those that carry magnesium. 

B. THE J. LAWRENCE SMITH METHOD OF ATTACK FOR INSOLUBLE SILICATES 

AND COLLECTION OF THE ALKALIES AS CHLORIDES 

a. Reagents. Decomposition of the sample is effected by heating it with 

its own weight of ammonium chloride and eight times as much precipi¬ 

tated calcium carbonate. The ammonium chloride is best made by slowly 

subliming the commercial article, dissolving the crusts in water in a platinum 

dish, filtering if need be, evaporating on the steam bath (not heated by a 

gas flame), and stirring as the crystals form, in order to keep them small 

and easy to grind. Pour off the hot liquid, throw the crystals onto a porous 

filter, and let them dry in the air. Keep the stock in a well-stoppered 

small bottle. 

If calcium carbonate of sufficient purity is not obtainable it is best pre¬ 

pared from pure calcite, by dissolving the calcite in hydrochloric acid, pre¬ 

cipitating with pure ammonium carbonate and ammonium hydroxide, and 

washing thoroughly with hot water. When dried, it should be kept in a 

189 For the determination of potassium in soils by the cobaltinitrite method, J. E. 
Gieseking and H. J. Snider [Ind. Eng. Chem. Anal. Ed., 9, 232 (1927)] recommended 
pretreatment of the soil, followed by the use of a flux containing two parts of sodium 
carbonate and one part of lithium carbonate, and a fusion temperature between 500 
and 600** C. 
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well-stoppered bottle by itself, not mixed with the ammonium chloride. 
However obtained, the carbonate is perhaps never free from alkali chlorides, 
which must be estimated once for all in a blank test in order that a correc¬ 
tion may be applied. Eight grams of the carbonate will yield usually 0.0012 
to 0.0016 g of alkali chlorides, almost entirely the sodium salt, when platinum 

vessels are used throughout the test, but 
the amount has been brought down to 
half this by very long c ashing of the pre¬ 
cipitated carbonate. 

This correction is admittedly a defect, 
but it is one easily applied with safety if 
the blank was run with care. It is prob¬ 
able that not all the alkali found in the 
blank test comes from the carbonate, for 
much hot \\ ater is used, and a hot-water 
bottle, even of the best glass, will afford 
weighable amounts of alkali to the water 
it holds. 

M. O. Lamar, W. M. Hazel, and W. J. 
O’Leary point out that better disinte¬ 
gration of the sample is obtained, and less 
fuming occurs, if a “ball-milled” mixture 
of calcium carbonate and ammonium chlo¬ 
ride is used. This is prepared by adding 
one part of rcsublimed ammonium chlo¬ 
ride to eight parts of precipitated and 
washed calcium carbonate, and ball-milling 
in a porcelain mill with flint balls for 5 
hours. Such a mixtiire is just as effective 
and has the same blank after storage for 
12 months.^ 

b. Apparatus. For decomposing the 
mineral powder the elongated platinum 

crucible with cap, like that shown in Fig. 44, is the most satisfactory be¬ 
cause it permits the use of a higher temperature than any other form of 

190/«d. En^g. Chem. Anal Ed., 7, 429 (1935). 
101 Mixtures of CaO and CaCl2 are recommended by S. R. Scholes and J. E. Wessels 

[Chemist-Analyst, 25, 38 (1936); W. Piikall, Sprechsaal, 66, 23 (1933); and D. Japhe, 
Sklarske Rozhl, 14, 123 (1937)]. E. Makinen [Z. anorg. Che?n., 74, 74 (1912)] recom¬ 
mended the use of calcium chloride (melted, crushed, and kept in a well-stoppered 
bottle) instead of the mixture of ammonium chloride and calcium carbonate, and 
claimed to get with it a slightly more perfect attack, in consequence of the complete 
fusion that attends its use. For minerals containing sulfates, R. E. Stevens [Ind. Eng. 
Chem. Anal Ed., 12, 413 (1940)] recommends a mixture of BaQ2 and CzCOz. 

Fig. 44. The J. Lawrence Smith 
crucible for alkali determinations. 

For dimensions see text. 
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vessel, and hence of obtaining more thorough decomposition of the powder 
without the need for such very fine grinding of it as may otherwise be 
required. A crucible of suitable size for treating one-half gram of mineral 
is 8 cm long, 1.8 cm wide at the mouth, and 1.5 cm at the bottom. For 
double the amount the dimensions may be 8 cm, 2.5 cm, and 2.2 cm. The 
weights are 25 and 40 g. Crucibles of nickel having the same shape are 
now obtainable and arc entirely satisfactory, provided the covers fit 
snugly.^ 

The ignition may, however, be made in a covered crucible of the ordi¬ 
nary shape and of 20 to 30 ml capacity, and this was the practice of the 
senior author when he first used the Smith method, as indeed it was of 
Smith himself. In order to utilize a high temperature without loss of alkali 
chloride by volatilization when using an ordinary crucible, it is necessary 
to insert it in a hole in a clean asbestos-board shield so that about one 
fourth projects below the shield.^'^-^ As a further precaution, the cover 
can be replaced by a closely fitting small platinum dish filled with watcr.^®^ 

c. Treatment of the Mineral Po^ieder. In a large smooth agate mortar, 
grind half a gram of the pov'dered sample (see Preparation of Sample, 
p. 809) to an impalpable powder,add half a gram of the ammonium 
chloride reagent, and incorporate the two most intimately by further grind¬ 
ing. Then add in several portions nearly all of 4 g of the calcium carbonate 
reagent, and mix the whole most thoroughly in the mortar. Line the bot¬ 
tom of the crucible w ith a little of the carbonate so as to prevent adhesions 
of the mass to the crucible upon ignition. Transfer the mixture to the 
crucible by the aid of a somewhat flexible and not too broad-bladed spatula. 
Use the rest of the carbonate for rinsing mortar and pestle, and transfer 
the rinsings also. All this should be done over a sheet of glazed paper, 
preferably black. 

If the sample is high in iron, the proportion of carbonate should be 
increased so as to prevent formation of a too strongly sintered or even 
melted cake, w^hich is hard to slake. As an aid in producing a well-sintered 
button, W. P. Echdahl recommends that 1 g of quartz sand be ground 
in with the sample. The button is then leached, the residue transferred 
and ground in an agate mortar, and the slurry w^ashed back into the original 
solution for further slaking. 

i»2 A. W. Epperson and R. B. Rudy, Ind. Eng, Chem., 17, 35 (1925). 
i^^Th. Doring, Z. anal, Chem., 49, 158 (1910); E. Wilke-Ddrfurt, ibid., 51, 755 (1912). 

W. Morlcy (private communication). 
M. O. Lamar (loc, cit,) states that “an impalpable feel” is not a good criterion 

and points out (1) that comparable disintegrations can be obtained only when samples 
have been ground to a comparable controlled size and (2) that highly aluminous samples 
of low silica content (such as fused alumina) must be ground so that all of the sample 
passes a 200-mesh sieve. 

Chemst-Analyst, 28, 47 (1939). 
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Cap the long crucible, tap it gently to cause the powder to settle, and 
place it in an inclined position in a clay cylinder provided with a suitable 
hole to receive the crucible (Fig. 44) or through a hole in a piece of stout 
asbestos board clamped at a slight angle. Heat the part within the cylinder 
or projecting through the board by a fish-tail flame placed considerably 
beneath and untroubled by drafts, for about 15 minutes or until the 
odor of ammonia is no longer perceptible. The heat should not be strong 
enough to cause escape of vapors of ammonium chloride. Replace the 

fish-tail flame by a burner of the Meker type, raise the temperature to 
1000 to 1100° C in the course of 20 to 30 minutes, and then continue the 
heating for 90 minutes. The sintered or semifused cake usually detaches 
readily from the crucible or can be made to do so by gentle pressure with 

a rod. If it does, transfer it to a 5-inch porcelain dish, pour hot water into 

the crucible, and digest until all remaining matter can be washed out into 

the dish or until it is thoroughly‘extracted. Slake the cake in the dish 

with 1 or 2 ml of water for 10 to 15 minutes, then add 50 ml more, and 

digest on the steam bath until thoroughly disintegrated. If the cake should 

not detach from the crucible, the slaking must be done without removing 

it. When the cake has disintegrated and the solution is saturated with cal¬ 

cium hydroxide, filter by decantation upon a 9-cm filter, and let the filtrate 

run into a capacious dish, preferably of platinum. Keep as much as possible 

of the residue in the dish. Add 50 ml more of water, break up any lumps 

by gentle pressure with a pestle, let settle, and, when the solution is satu¬ 

rated with calcium hydroxide, again decant. Repeat the extraction three 

or more times, depending on the alkali content of the material. If little or 

no magnesium is present, wash the residue in the paper and dish with 50 to 

100 ml of hot water, otherwise with a saturated solution of calcium 

hydroxide. 

The final residue should dissolve completely in hydrochloric acid with¬ 

out leaving any traces of unattacked mineral, though sometimes a few 

black particles of iron or other ores, if originally present, will dissolve but 

slowly. In careful work it is rare indeed that the residue still contains 

alkalies, in spite of the assertion of some chemists that 1 to 3 mg of alkali 

are not recovered.^®’' The unfavorable results reported may have been due 

to an insufficient temperature or coarse material, as we have seldom found 

need for retreatment.^°® In case of doubt, the residual matter should be 

j. w. Mellor, Quantimive Inorganic Analysis, pp. 22S-A7\ M. Dittrich, Neues. 
Jahrb,, 2, 69 (1903); and M. F. Connor, Congx> GeoL Intern, 12^ Sess. Canada, 885 
(1913). 

198 For example, in tests made by J. I. Hoffman, the same results for K2O and Na20 
were obtained in single and double treatments of a feldspar containing 12.58 per cent 
K2O and 2.37 per cent NaoO, and of refractories containing 1.43 to 2.90 per cent K2O 
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dried and mixed with more ammonium chloride but no additional carbo¬ 
nate and the whole treatment repeated. In this case, the water extract of 
the sintered mass should be carried along separately up to the point at 
which the last calcium is thrown out. 

d. Removal of Calciuvi and the Sulfate Ion, The solution obtained as 
described contains a large amount of calcium, more or less of any sulfate or 
borate that the sample may have held, and possibly magnesium if much of 
it was originally present. In the latter case, to make sure of the removal 
of magnesium, evaporate the solution to approximately 100 ml, filter, wash 
the residue with a saturated solution of lime water, treat the filtrate as to 

be described, and add the residue to the original residue in case this is to 

be worked over for a possible alkali content. 

Remove the calcium by precipitating with ammonium carbonate and 

ammonium hydroxide at a boiling temperature in a large dish (platinum 

if possible) which should be kept covered because of the effervescence 

caused by escape of ammonium carbonate from the hot solution. Filter, 

wash the precipitate with hot water, redissolve it in little more than enough 

hydrochloric acid, and repeat the precipitation and filtration. Evaporate 

the combined filtrates to dryness, carefully drive off the ammonium salts 

at a temperature short of dull redness, dissolve the residue in 25 ml of 

water, and throw out the last of the calcium by the addition of a few 

crystals of ammonium oxalate and a drop or two of ammonium hydroxide. 

Digest at the side of the steam bath for at least 30 minutes, cool, filter 

through a small filter, and wash with a 0.1 per cent solution of the oxalate, 

catching the filtrate in an untared platinum crucible or small dish. Evapo¬ 

rate the liquid to dryness, and ignite the residue at a temperature short of 

dull redness. Moisten it with a drop of hydrochloric acid to convert to 

chloride any alkali carbonate that may have been formed by action of the 

ammonium oxalate during the ignition, and again evaporate, cover with a 

glass, heat at llO'^C for 30 minutes, and then cautiously (and while still 

covered) continue to heat over a slowly moved free flame until the salts 

just melt. Cool in a desiccator, and weigh.^®® Dissolve in very little water, 

and 0.36 to 0.89 per cent Na20; H. B. Knowles obtained similar results with a soda-lime 
glass containing 16.63 per cent NaaO and 0.04 per cent K2O. In analyses of a diorite, 
however, he obtained 3.55 per cent K2O by a single, and 0.08 per cent more, or a total 
of 3.63 per cent by a double fusion. For Na20, the single treatment gave 4.16 per cent 
and the double 0.05 per cent more or a total of 4.21 per cent. It should be noted that 
the cake formed with high-alumina refractories is hard to disintegrate. 

i®®It is difficult to drive out all NH4Q from large amounts of the alkali chlorides 
without also volatilizing the alkalies. In such cases it is better to dissolve the weighed 
chlorides in water and again evaporate, ignite, and weigh. The ignition should not be 
carried bieyond 500® C. KQ volatilizes slowly from even the semifused state. Lithium 
chloride is quite hygroscopic, and sodium chloride is slightly so. If appreciable amounts 
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collect the few tenths of a milligram of fixed residue on a small filter, and 
wash, catching the filtrate in a 3-inch dish of porcelain.^^^^ Ignite and weigh 
the residue in the crucible or dish from which it came in order to arrive at 

the weight of the chlorides. These treatments do not take care of anv 
magnesium which may have crept through. In case there is any doubt, 
test should be made, and correction should be applied as described on page 
651; this applies to the blank determinations as well. 

If the sample contains sulfur, this will be found in part if not wholly 
with the chlorides as sulfate. Therefore, if at all large, it must be removed 

by a suitable amount of a 10 per cent solution of barium chloride (one 

drop is often more than enough) before the second precipitation of the 

calcium. The excess of barium added is then to be removed by ammonium 

carbonate and the last of the calcium by ammonium oxalate as above. If 

the sulfur is not thus removed, the weight of the chlorides will be slightly 

in excess, and there is danger if not certainty of sodium sulfate contaminat¬ 

ing the potassium chloroplatinate later. A faint reaction for sulfate can 

usually be obtained, anyway, if the evaporations have been made on a 

water bath heated by gas. 

C. THE BERZELIUS METHOD OF ATTACK AND COLLECTION OF THE ALKALIES 

AS CHLORIDES 

a. General Considerations. For treatment by the Berzelius method with 

hydrofluoric and sulfuric acids, the sample does not have to be so finely 

ground as a rule as for the Smith method, and most silicates yield to it, 

that is, to the action of the hydrofluoric acid, the sulfuric acid being used 

mainly to convert the fluorides and silicofluorides that are formed into 

sulfates. Among the comparatively few silicates that yield incompletely 

are andalusite, topaz, and some varieties of tourmaline. Spinel, graphite, 

and pyrite, which are found in some rocks, are also refractory, but are not 

silicates and contain no alkalies^ and hence may be disregarded if identified. 

For the first three named, Jannasch recommended to ignite the mineral 

powder sharply in a platinum crucible, to decompose it with molten ammo¬ 

nium fluoride, to expel the excess of this by heat, and to convert the fluorides 

of lithium are present, the mixed chlorides must be protected from moisture during 
weighing. Potassium, rubidium, and cesium chlorides are not hygroscopic if pure and 
properly dried. Traces of impurities, as, for example, magnesium chloride, may increase 
the hygroscopicity very markedly. G. F. Smith, F. M. Stubblefield, and E. B. Middle- 
ton [Ind. Eng. Chem. Anal, Ed., 6, 314 (1934)] point out that more or less water is 
still retained by mixed chlorides that have been heated at 550® C and that heating 
should be carried to fusion with precautions to prevent volatilization. 

200 Preferred to platinum because of the possibility under certain undetermined con¬ 
ditions of the formation of an insoluble platinous compound. See also F. Bolm, Z. anal, 
Chem., 38, 349 (1899). 
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to sulfates by heating with sulfuric acid.^®^ For minerals that are com¬ 
pletely decomposed by hydrofluoric acid, the attack and first part of the 
subsequent treatment are as next described, it being assumed that there are 
elements present that call for all of the operations enumerated, as for instance 
in silicate rocks. I'he procedure may be shortened when certain elements 
are absent, but this condition will seldom arise. 

b. The Attack, Upon about 1 g of mineral powder in a platinum crucible 
or small dish, pour about 5 ml of dilute sulfuric acid (1 + 5), mix it with 
the powder by means of a spatula or stout wire of platinum, add 5 ml of 
pure concentrated hydrofluoric acid,^®^ and evaporate until the sulfuric acid 
begins to escape. If at this stage gritty particles can still be felt, repeat 
the evaporation with more hydrofluoric acid until the mineral is wholly 
decomposed. Then expel most of the sulfuric acid by heating over the 
radiator (p. 24). The expulsion of fluorine should be thorough, and it 
may be necessary to add more dilute sulfuric acid and to expel most of it 
as before. E. Selch brought the residue of sulfates into clear solution 
with the dilute acid before beginning the second evaporation and claimed 
thus to effect removal of all fluorine in two treatments. 

It is well to bear in mind that, long after every trace of fluorine seems to 
be gone, so far as the sensitive nose can determine, the formation of a crust 
on the slowly evaporating solution sometimes allows enough hydrofluoric 

acid to accumulate to become plainly manifest by its peculiar sharp odor 

on breaking the crust. 

From this point the procedure varies, {a) The older analysts did not 

expel so much of the sulfuric acid as to give rise to the formation of oxides, 

basic sulfates, or anhydrous sulfates, but kept the residue moist so that, on 

warming with sufficient water, a clear solution resulted.^^s Some use a 

little hydrochloric acid to aid solution, {h) In order to shorten the time 

required for the subsequent removal of all but the alkali metals, A. H. 

Low heated the sulfate residue until fumes of sulfuric acid nearly ceased, 

and H. V. Krishnayya until they ceased entirely. Thus oxides, or salts 

201 A. C. Shead and G. F. Smith [], Am, Chem. Soc,, 53, 483 (1931)] recommend 
fusion with ammonium fluoride for the decomposition of refractory silicates and for 
the determination of silica, by difference, in glass sands. 

202 In the United States a concentrated and pure acid is obtainable in bottles of 
ceresin or polyethylene. In lack of this, the crude acid must be distilled from a platinum 
retort or a blank test made for alkali metals. A slight content of organic matter is not 
prohibitory as it is when making a ferrous iron determination. 

203 Unless barium or other alkaline earth sulfates show as a white sediment. If they 
do, they are to be filtered off, washed with cold water, and discarded. Or, if to be 
used for the determination of barium, either weighed as BaS04 if pure, or purified if 
contaminated. 

^^*Chem. News, 67, 185 (1893). 
107, 100 (1913). 
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of iron, aluminum, titanium, and phosphorus (of the commonly occurring 
elements) are rendered insoluble in water. 

c. Subsequent Treatmeiit, a. Usual procedure. Once a clear solution 
has been obtained from the moist residue, the procedure again varies with 
different analysts. Probably that most used is Bunsen’s w hich as given by 
Dittrich is substantially as follow\s w^hen only the alkalies are sought: 

Precipitate the sulfate ion by barium chloride solution in slight excess. 

Without filtering, evaporate the liquid to dryness, take up with a little hot 

water, and add alkali-free barium hydroxide solution until the reaction is 

alkaline. In order to render the magnesium more insoluble, again evaporate 

to dryness without filtering, stir the residue up with water, filter, and wash 

with a dilute alkali-free barium hydroxide solution.-^® Warm the filtrate, 

and precipitate most of the excess barium by ammonium hydroxide and 

ammonium carbonate.^‘‘^ Warm for half an hour, filter, wash, evaporate 

the filtrate to dryness in a platinum dish, and remove the last traces of 

ammonium salts by gentle ignition. Take up the residue with a little w\ater, 

treat again with ammonium hydroxide and ammonium carbonate, filter, etc., 

and repeat all these operations as long as any precipitate of barium carbo¬ 

nate appears. Then evaporate the final filtrate to dryness, moisten the 

residue with a drop of hydrochloric acid, evaporate, ignite very carefully, 

and weigh the alkali chlorides, which still may contain a little magnesium 

as a basic chloride. This last comes from decomposition of the chloride 

during the preceding ignition. If on solution of the chlorides in a little 

water any residue is seen, collect, ignite, and weigh it, and deduct its weight 

206 The removal of magnesium is not perfect, probably because the precipitated hy¬ 
droxide is redissolved in part by the wash water. It is probable that calcium hydroxide 
in the form of milk of lime would serve better as a precipitant than barium hydroxide. 
H. Neubauer [Z. anal. Chem., 43, 14 (1904)] recommended the following procedure: 
To the neutral aqueous solution of the chlorides or sulfates in a 125-ml measuring flask, 
add a drop of phenolphthalcin and then so much milk of lime (free from alkalies) that 
a solution saturated with calcium hydroxide will result. Fill to the mark with water, 
and mix thoroughly. The solution must still be deep red which shows saturation. After 
half an hour filter through a dry filter into a dry vessel. Sufficiency of milk of lime 
is shown by a strong film of calcium carbonate on the liquid, in the filtrate and funnel. 
To an aliquot taken without regard to the volume occupied by the precipitate, say 
100 ml, add oxalic acid, warm, and then add ammonium hydroxide slowly until in 
slight excess. Let settle for 1 or 2 hours, and filter. If much alkali is present, the 
precipitate must be dissolved and reprecipitated and the filtrates combined. 

26tTo determine the effectiveness of this procedure when appreciable lithium is 
present, H. B. Knowles made for us three tests on solutions containing 0.0035 g Li20, 
0.01 g CaO, 0.005 g MgO, and 0.2 g AI2O3. He found 0.0036, 0.0036, and 0.0037 g of 
Li20, and that the separated precipitates were spectroscopically free from lithium. He 
also found that lithium is not carried down by aluminum when the latter is precipitated 
from a chloride or sulfate solution, or by magnesium when it is precipitated as magne¬ 
sium ammonium phosphate in cool solution. 
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from that of the mixed chlorides. Any dissolved magnesium chloride can 
be determined later and its weight also deducted. 

Modified procedures, Krishnayya, after heating the sulfates until 
fumes ceased, broke up the crusts, boiled them with a little water for a few 
minutes, and then, without filtering, followed the usual procedure. His 
reported results are in excellent agreement with those he obtained by the 
usual treatment. Low, having carried the heating of the sulfates nearly to 
cessation of fumes, drenched the residue with a little strong ammonia water 
and boiled. The products of reaction with the ammonium hydroxides are 
compact and filter well. When the crusts were well softened and disinte¬ 
grated, Low filtered, washed with not much hot water, acidified the filtrate 
with hydrochloric acid, and proceeded as in the usual way, omitting, how¬ 
ever, the treatment with barium hydroxide. This omission may be per¬ 
missible for quick or approximate work, but is hardly justifiable if much 
magnesium is present or if results of high accuracy are desired, notwith¬ 
standing the good agreement of the two comparative determinations given 
in Low’s note.^°^ 

For the determination of potassium in silicate materials, the sample can 
be decomposed by attack with hydrofluoric and perchloric acids, the solu¬ 
tion heated to fumes of perchloric acid, distilled as in the Willard-Winter 

method (p. 742) to insure complete expulsion of fluorine, and evaporated 
to expel water and most of the perchloric acid, and the potassium then pre¬ 
cipitated as the perchlorate in anhydrous ethyl acetate solution.^®® Such 

fluorine as may remain after two evaporations with perchloric acid does 

not interfere in the triple acetate method for sodium. In this case, the 

distillation can be omitted and the precipitation made directly in the water 

solution of the residue obtained after the second dehydration with per¬ 

chloric acid, which should be stopped when the residue is still moist. 

For the determination of alkalies in feldspars, Koenig recommends an 

initial attack with hydrofluoric acid alone, followed by evaporation to dry¬ 

ness, taking up the residue with water, and treating with calcium oxide to 

precipitate aluminum, iron, magnesium, fluorine, and residual silicon. After 

filtration and washing with hot water, most of the calcium is removed by 

precipitating with ammonium carbonate and filtering, and the remainder 

by precipitating with ammonium oxalate and again filtering. The filtrate 

is then acidified with hydrochloric acid and evaporated to dryness, and the 

residue gently ignited to destroy ammonium salts as usual. In this as in the 

J. L. Smith method, the weight of the mixed chlorides had better be 

obtained after treating the residue with a little water, filtering into a 

H. H. Willard, L. M. Liggett, and H. Diehl, Ind, Eng, Chem, Anal, Ed,y 14, 234 
(1942). 

209 E. W. Koenig, ibid,, 7, 314 (1935). 
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weighed platinum dish, washing the residue with hot water, evaporating, 

igniting until the salts just melt, and cooling. 

y. Special methods jor removing magnesium. Certain methods aim spe¬ 

cifically at the removal of magnesium and are described under Magnesium 

(p. 633). 

D. SEPARATION OF THE ALKALI METALS FROM ONE ANOTHER AND THEIR 

DETERMINATION 

For the separation of the alkali metals from one another and for their 

detennination, see the section on the Alkali Metals (p. 647). 

17. Carbon Dioxide, Carbon 

A. QUALITATIVE TEST FOR CARBON DIOXIDE 

In the preliminary qualitative test for carbon dioxide, it must be remem¬ 

bered that, although calcite gives off its carbon dioxide on treatment with 

cold acid, dolomite and sidcrite do not, and hence warming should not be 

omitted; otherwise a few tenths per cent of carbon dioxide can be over¬ 

looked. Moreover, the powder should first be agitated with a little hot 

water, to remove all enclosed air which might otherwise be mistaken for 

carbon dioxide. In order not to overlook traces the test should be made in 

a test tube, by first boiling the powder with a little water, and then cooling 

and adding dilute hydrochloric acid. If effervescence is immediate, the 

presence of calcite is assured; if escape of bubbles takes place only on 

warming, the carbonate is not calcite. In order to make sure of the reaction, 

it may be necessary to use a pocket lens, holding the test tube in an inclined 

position and looking down in order better to see the minute bubbles as 

they stream up along the upper glass wall. It is, of course, important not 

to mistake escaping hydrogen sulfide for carbon dioxide. 

B. QUANTITATIVE TEST FOR CARBON DIOXIDE 

For the quantitative determination of carbon dioxide, an apparatus per¬ 

manently set up is used, of which several forms have been described by 

different writers. One form is shown under Carbon (p. 769). 

In the usual case, place 1 to 5 g of the accurately weighed rock powder 

in the flask, and cover with hot water. Insert the stopper carrying the 

separatory funnel and the condenser, and connect the latter with the portion 

of the chain to the weighed absorber. Force air that is free from carbon 

dioxide through the system until it is judged that all carbon dioxide has 

been removed. Close the stopcock in the separatory funnel, and insert the 

weighed bulb in the train. Half fill the funnel with dilute hydrochloric 

acid (1 -f- 1), replace the stopper carrying the air, and see that there is 
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free passage for gases through the train. Open the stopcock in the separa¬ 
tory funnel, and allow acid to flow into the flask, slowly if there is much 
carbon dioxide, rapidly if there is but little. When effervescence diminishes 
in the former case, at once in the latter, light the burner, and start the flow 
of water through the condenser. Keep the flame low, so as to have steady 
but quiet ebullition, and reduce the current of air, but do not stop it 
entirely. When it is judged that carbon dioxide has been boiled out, 5 to 
10 minutes boiling, remove the heat, increase the air current, and sweep 
out all carbon dioxide into the weighed bulb. Disconnect and stopper the 
latter, and stop the current of air. Place the bulb in the balance case. 
When cool, open the stopper momentarily and weigh against a similar bulb 
used as a counterpoise. 

For the simultaneous determination of carbonates and the carbon of car¬ 
bonaceous matter see C, below. 

It has been shown already under Water (p. 834) how in case of need, as 
because of paucity of material, the determination of carbon dioxide can 
be combined with that of water by fusion with lead chromate, provided 
that free carbon or organic matter is absent. Absorption tubes for carbon 
dioxide then follow the calcium chloride tube in carrying out the determi¬ 
nations there referred to. 

L. H. Bergstrom called attention to the difficulty of decomposing by 
hydrochloric acid some minerals that contain carbon dioxide, especially 
certain scapolites. When these were present he added to the hydrochloric 
acid 30 ml of a mixture of 1 part strong hydrofluoric acid and 4 parts water, 

fie recommended also to pass hydrochloric acid gas through calcium chlo¬ 

ride before use, in order to neutralize any alkalinity it may have and so 

prevent retention of some of the carbon dioxide by it. 

C. CARBON 

Fusion with lead chromate is commonly resorted to in order to deter¬ 

mine the carbon of graphite or carbonaceous matter in rocks and ores, 

though boiling in the presence of sulfuric and chromic acids can be made 

to yield good results. 

If carbonates are at the same time present, they can be determined as in 

B (p. 934), and, by a second determination, as just referred to, the total 

carbon in both forms can be found as CO2, whence that of the graphite is 

derived by difference. Or, according to G. T. Morgan,^^^ the carbonates 

are first decomposed as in B by orthophosphoric instead of hydrochloric 

acid, whereupon chromic acid is added and the carbon oxidized and deter¬ 

mined as CO2. 

210 Z. anal Chem., 53, 685 (1914). 
2117. Chem, Soc., 85, 1001 (1904). 
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A. C. Fieldner, W. A. Selvig, and G. B. Taylor described a procedure 
for determining the carbon and hydrogen of combustible matter in shales, 
clays, and limestones, which seems to afford results as satisfactory as could 
be expected. It does not take account of volatile or soluble components 
of the combustible matter that might be driven off in the preliminary treat¬ 
ment of the rock. The procedure is as follows: 

Place 0.2 to 1 g of the finely ground rock in a 100-ml platinum dish, 
treat with 15 ml of hydrochloric acid, and heat below the boiling point 
on the hot plate for 10 minutes. Add 20 ml of hydrofluoric acid, and heat 
at incipient boiling until the inorganic matter is decomposed. From % to 
2 hours are usually required, and the volume of the liquid must be main¬ 
tained above 15 ml by addition of hydrochloric and hydrofluoric acids in 
the proportion of 3 to 4 from time to time. When the decomposition is 
complete, evaporate the solution to a volume of 15 ml, add 25 ml of hydro¬ 
chloric acid, and heat to boiling. Add an equal volume of hot water to the 
boiling solution, again heat to boiling, and filter while hot, through a filter 
of ignited asbestos or platinum sponge. Wash with hot water until free 
from chlorides. Transfer the filter and residue to a porcelain or platinum 

boat, dry for 2 hours at 105° C, and transfer directly to the combustion tube 
(see Carbon, p. 773) so that no moisture may be reabsorbed. Determine the 
percentage of carbon and hydrogen in the usual manner. 

18. Chlorine 

A. CONDITION IN ROCKS 

Chlorine may exist in rocks in a water-soluble condition, in minerals that 
are decomposed by nitric acid, and in those not attacked by this acid. In 
the first form, it doubtless exists as infiltrated sodium chloride or as original 
inclusions in one or more of the constituent minerals; in the second, in 
minerals of the sodalite group and sometimes apatite; in the last, chiefly in 
the scapolites. Where a qualitative test shows the water-soluble form to 
be present in determinable amount, it must be extracted separately and the 
amount found deducted from the total as determined in a second portion. 
Sometimes it may be possible to use the extracted material for the deter¬ 
mination of the rest of the chlorine. 

B. DETERMINATION OF WATER-SOLUBLE CHLORINE 

A suitable amount, which may be several grams, of the powder is ex¬ 

tracted with water. Very often the filtrate is turbid, a condition that may 

sometimes be prevented by using double filters or by adding some chlorine- 

free salt, like sodium nitrate, to the wash water. If the filtrate remains 

persistently cloudy, the precipitation of silver chloride may be proceeded 

Mines Tech, Faper 212, 1919. 
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with as usual, after acidifying with nitric acid. It is best to let the precipi¬ 
tate settle overnight in order to obtain a clear filtrate on the morrow. It 
is collected on a small filter, washed with water acidified with nitric acid, 
dried, and ignited in a very small porcelain crucible without allowing the 
paper to burst into flame. Most of the chloride will be reduced to metal. 
On disappearance of all carbon, a drop of nitric acid is added and evapo¬ 
rated, then similarly a drop of hydrochloric acid, and the crucible heated 
gently, but not to fusion of the silver chloride, and weighed. The chloride 
is then dissolved in a few drops of warm ammonia water and separated by 
filtration from the siliceous matter, which latter is ignited and weighed in 
order to get the weight of the chloride. 

This method of procedure is permissible even w hen the original aqueous 
extract was quite clear, though the operation then stops with the weighing 
of the chloride. Or, if very small in quantity, the dry paper w ith its con¬ 

tents is wound up in a tared platinum wire and carefully ignited after 
Bunsen’s manner. The increased w^eight of the wire is due to the metallic 
silver of the chloride which has alloyed with the platinum. 

C. DETERMINATION OF ACID-SOLUBLE CHLORINE 

a. By Nitric Acid, If nitric acid will decompose the chlorine-bearing 
minerals, or if it is desired to distinguish between the chlorine in soluble 
and in insoluble minerals, the rock powder may be boiled for a few minutes 
with dilute chlorine-free nitric acid. The acid should be very dilute in 
order to cause no loss of chlorine, and the boiling should be as brief as 
possible for the same reason and also to prevent gelatinization of the silica 
from soluble silicates. Acid as dilute as 1-1-40 will decompose apatite 

readily and probably the minerals of the sodalite group, but it is doubtful 

if anything like this dilution is called for. 

The filtrate does not require evaporation for the removal of dissolved 

silica but may be precipitated at once with silver nitrate. The precipitate 

is treated as in B, or, if at all appreciable in amount, may be collected on a 

Gooch crucible. 

b. By Nitric and Hydrofluoric Acids. In many cases, in order to obtain 

all the chlorine, it is sufficient to attack the powder (which must be much 

finer usually than the coarse bulk sample) by chlorine-free hydrofluoric 

and nitric acids in the cold, with occasional stirring, and, after filtering 

through paper fitted into a rubber funnel or large platinum cone, to throw 

down the chlorine by silver nitrate. The presence of nitric acid is neces¬ 

sary, since, in its absence, ferrous iron in the presence of fluorine reduces 

silver nitrate with deposition of crystallized silver. It may be advisable 

to redissolve the chloride on the filter in ammonia and to reprecipitate by 

nitric acid and a drop of silver nitrate. 
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D. DETERMINATION OF CHLORINE BY ALKALI FUSION 

Chiefly because of the difficulty just mentioned, in order to make sure 
of getting all the chlorine, it is best to fuse with chlorine-free sodium potas¬ 
sium carbonate, or even sodium carbonate alone, first over the full burner 
and then for a moment or two over the blast, and to extract the melt with 
hot water. The solution is then cooled, treated with methyl orange, and 
just acidified with nitric acid. If the solution is perfectly clear, proceed 

with the precipitation of the chloride. If the solution is not clear, let it 

stand overnight. Add ammonium hydroxide in slight excess, boil, filter, 

and wash the precipitate with hot water. Cool the filtrate, acidify with 

nitric acid, and proceed with the precipitation of the chloride.-’® 

19. Fluorine (Silica in Presence of Fluorine) 

A. GENERAL REMARKS 

There is no direct qualitative test that will reveal with certainty the 

presence of fluorine in rocks. Heating the powder before the blowpipe 

with sodium metaphosphate on a curved piece of platinum foil inserted into 

one end of a narrow glass tube or in a bulb tube and noting the presence 

or absence of etching on the glass where water from the flame condenses, 

after the tube has been dried, is not to be relied on in all cases. Although 

in some rocks as little as 0.1 per cent of fluorine can be detected thus with 

ease, in rocks of another class much larger amounts may fail to show. 

The same is true of the direct quantitative methods. The result obtained 

by the Berzelius method is almost certain to be low and may even be nega¬ 

tive if very little fluorine is present. For small amounts of fluorine (<10 

mg), those who have given most attention to the subject therefore seem to 

favor indirect determination, for which the method given under C below 

is satisfactory. The preliminary attack of the rock, and the subsequent 

treatment, up to a certain point, are alike for both methods, and, since one 

may be used as a check upon the other, both will be described in detail. 

For the reason that most fluorine minerals occurring in rocks are attacked 

but partly, if at all, by strong sulfuric or perchloric acid, none of the 

methods depending on volatilization of the fluorine can be used directly 

without preliminary fusion of the material. With decomposable fluorides 

or after fusion of the material with sodium carbonate, the fluorine may be 

distilled, but, if amorphous silica is present, it must be removed (p. 742) 

or more distillate must be collected than if silica in the form of quartz 

According to E. Wilkc-Dorfurt [Z. angev), Chem., 40, 1478 (1927)], the iodine 
in rocks can be distilled off as L or HI by treating the powdered rock with H2SO4 
in an all-glass apparatus and heating for 3 hours at 220 to 230^ C as a stream of air is 
bubbled through the liquid. 
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powder is present (see p. 741). The method generally followed is that of 
Berzelius in which the material is fused with a mixture of sodium and 
potassium carbonate, and the fluorine is extracted from the melt with water. 
This method admits of the determination of silica at the same time. It 
should be noted, however, that all the fluorine cannot be extracted by this 
procedure from materials such as phosphate rock which contain fluorine 
and also large amounts of calcium and phosphate."^^ With such materials, 
distillation seems to be the only means of separation. 

B. DIRECT QUANTITATIVE DETERMINATION OF FLUORINE 

a. Method of Berzelius, a. Procedure. Fuse 2 g of the rock powder 
with 4 or 5 parts of sodium potassium carbonate free from fluorine, avoiding 
the use of a blast if possible (see Fluxes, p. 847). For minerals rich in 
fluorine and low in silica, it may be necessary to add pure silica before 
fusing in order to effect complete decomposition of the fluoride, just as 
with the alkaline earth phosphates. But probably this will never be required 
in ordinary rock analysis. Extract the melt with 100 ml of water, filter, 
and wash the residue with hot w^ater. If the highest accuracy is desired, 
or the amount of fluorine is large, reserve the insoluble residue, and ignite 
it together with the precipitates obtained with ammonium carbonate and 
zinc oxide. To the aqueous extract, containing the fluorine and usually 
much of the silica besides other bodies, add 2 to 5 g of ammonium carbo¬ 
nate, digest the liquid at a gentle heat (40'^) for some time, and, on cooling, 
introduce more carbonate.-^'^ After 12 hours, collect the precipitate, and 
wash with w'ater containing ammonium carbonate. From the filtrate expel 
the excess of the latter by evaporating nearly to dryness, and bring the 
somewhat diluted solution toward neutrality as follows, according to the 

directions of Treadwell. Add a few' drops of phenolphthalein, and then 

nitric acid (not hydrochloric in this case, see below) until the red color 

disappears. Boil the solution, cool, and again discharge the color by acid 

as before. Repeat these operations until it requires but 1 to 1.5 ml of 2 N 

acid to discharge the color. Now add 1 to 2 ml of an ammoniacal solution 

of zinc carbonate,and boil the liquid till the ammonia is wholly expelled. 

21^ D. S. Reynolds and K. D. Jacob, Ind. Eng. Chem. Anal. Ed., 3, 366 (1931); and 
J. 1. Hoffman and G. E. F. Lundell, /. Research NBS, 20, 607 (1938). 

215 The use of ammonium nitrate or chloride, instead of carbonate, for throwing out 
the silica and aluminum is not to be recommended because of loss of fluorine on subse¬ 
quent evaporation (H. Rose). 

215 Made by dissolving zinc oxide in a solution containing ammonium hydroxide and 
ammonium carbonate. If the rocks are very basic, it may happen that the amount of 
silica in the alkaline solution of the fusion is so small that ammonium carbonate may 
be dispensed with for its precipitation and the zinc oxide solution added at once, 
after neutralizing as above. The smaller the excess of zinc that is used, the better. 
Instead of the ammoniacal zinc oxide solution F. Seemann [Z. anal. Chem., 44, 343 
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The precipitate contains the last of the silica and some phosphorus, in addi¬ 

tion to that thrown down with alumina by ammonium carbonate. Filter, 

and wash with a 2 per cent solution of potassium nitrate. 

The above prescribed use of nitric instead of hydrochloric acid for neu¬ 

tralizing is necessitated by the fact that phosphorus, which is almost invari¬ 

ably present, and chromium, must still be removed, and this can be done 

only from a nitric solution, as follows: To the still alkaline solution, add 

silver nitrate in excess, whereby phosphate, chromate, chloride if chlorine 

is present, and hydroxide or carbonate of silver are precipitated. The last 

serves to correct any acidity resulting from the reaction between the alka¬ 

line phosphate and the silver salt, thus producing the neutral solution needed 

for complete precipitation of the phosphate and chromate. 

Heat slightly, filter, wash the precipitate with a little water, and remove 

the excess of silver by adding sodium chloride, warming, filtering, and 

washing with a little water. Add 2 ml of a 2 N solution of sodium carbo¬ 

nate,evaporate to reduce the volume of the solution to 100 ml, and filter 

if necessary. Add 15 ml of a 20 per cent solution of calcium chloride, 

CaCl2'6H20 (enough for 0.1 g of fluorine), drop by drop to the hot solu¬ 

tion, heat near the boiling point for a few minutes, and cool the solution. 

At this stage there must be no ammonium salts in solution; otherwise cal¬ 

cium fluoride may be held up. Filter through an ashless paper, wash mod¬ 

erately with water, and dry the paper and contents at 110° C. 

Transfer the residue as completely as possible to a 100-ml platinum dish, 

bum the paper in a platinum spiral, and transfer the ash to the dish.*^® Add 

(1905)] advocated Schaffgotsch’s solution (U. S, Geol. Surv. Bull, 700, p. 213) in which 
has been dissolved, in the cold, 20 g of freshly precipitated mercuric oxide to the liter. 
For every 0.2 g of dissolved silica, 100 ml of this reagent are to be used. The solution 
is then to be evaporated to complete dryness, the residue taken up with water, filtered, 
and washed, the filtrate again neutralized with hydrochloric acid (nitric in rock analysis 
—W. F. H.) and again evaporated, after the addition of 20 ml of the reagent, to remove 
the last of the silica. Where silica is to be determined at this stage, this reagent has 
the advantage over the zinc solution that direct ignition of the precipitates (under a 
good draft hood) yields silica at once. Its use is manifestly allowable in rock analysis 
only after the alumina has first been separated by ammonium carbonate. 

The coprecipitation of calcium carbonate and calcium fluoride originated with 
H. Rose, Am., 72, 343 (1849). G. Starck and E. Thorin [Z. anal, Chem., 51, 14 (1912)] 
preferred to add a known amount of oxalate and then calcium chloride in excess, in 
order to get a precipitate that is less soluble and more easily filtered. Tlie weighed 
precipitate is then corrected for the amount of calcium oxalate that is equivalent to 
the amount of oxalate added. In our hands the method has proved much more diffi¬ 
cult to carry out than would be expected from the literature on the subject. 

218 If the dish used for the precipitation was of platinum, it is not necessary to cleanse 
it from adhering precipitate, but the contents of the filter are washed back into the 
dish, and the liquid in this is evaporated and the ash of the filter added. 
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10 ml of water and then a 10 per cent solution of acetic acid until effer- 

vescence ceases.^^® Evaporate on a hot plate until the odor of acetic acid 

is gone, and then continue the heating for 30 minutes to convert the calcium 

fluoride to the granular form. Treat the residue with 10 ml of water, and 

stir to dissolve the calcium acetate. Decant the solution on an ashless filter, 

wash the residue with 10 ml of water, and then collect it on an ashlcss filter 

by the aid of very small portions of water. Continue the washing wnth 

small portions of water until no turbidity is obtained with a solution of 

sodium fluoride. Transfer the paper and precipitate to a platinum crucible, 

dry, and ignite at a low heat until carbon is gone and then at 800 to 900° C 

to constant weight.^^® 

The amount of fluoride obtained from rocks being usually very small, a 

single treatment as above suffices, but, for the larger amounts obtained from 

fluorine minerals, a second and even third treatment with acetic acid may 

be needed, filtering and igniting after each. S. L. Penfield and J. C. 

Minor found in such cases that, if a great excess of acetic acid is used at 

the start, the results arc lower than by the repeated treatment. For con¬ 

siderable amounts, w^hen the loss between two treatments is reduced to not 

more^ than half a milligram, F. P. Treadwell and A. A. Koch took the 

next to the last weight as correct. 

Testing of the calcium fluoride. The well-washed and gently ignited 

calcium fluoride finally obtained in the course of this method should be 

converted to sulfate as a check on its purity, and at the same time as a 

qualitative test to ascertain if it really is calcium fluoride by the character¬ 

istic odor of the gas given off. Should fluorine be found, and the w^eight 

of sulfate not correspond to that of the fluoride, the sulfate should be dis¬ 

solved in hot nitric acid and tested for phosphorus by ammonium molybdate 

solution. If phosphate is absent, the impurity may have been silica or 

calcium silicate—which of these it w^ould be difficult to decide. In the 

former case the fluorine might be safely deduced from the weight of the 

sulfate, but not in the latter. If the rock were rich in sulfur, it might hap¬ 

pen that calcium sulfate would be thrown down with the fluoride, but 

this should be removed by thorough washing. If not, and it w^ere certainly 

2i»Ten milliliters of a 10 per cent solution of acetic acid dissolve approximately 1.5 
mg of pure freshly precipitated calcium fluoride, but the amount is considerably less 
than this in the presence of the calcium acetate that is formed when a mixture of cal¬ 
cium fluoride and carbonate is treated. Approximately 1.6 mg of calcium fluoride are 
dissolved by 100 ml of water. 

220 Whenever pure calcium fluoride has been ignited, it is desirable to treat the residue 
with hydrofluoric acid and again ignite. 

J. Set., [3] 47, 389 (1894). 
*22 Z. and. Chem., 43, 469 (1904). 
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the only impurity present, the fluorine, could be calculated, after con¬ 
version of the fluoride into sulfate, by the formula 

(CaS04 — CaF2):2F: :(/{> — a): x 

in which b is the weight of the sulfate after conversion and a that of the 
impure fluoride. 

It is an exceptional case when there is exact agreement between the 
weight of fluoride and of sulfate, and, with the small amounts usually found 
in rocks, the error may be an appreciable one in percentage of fluorine, 
though of no great significance otherwise. 

y. Accuracy of the method. It is evident from the above that, if the 
greatest care is not taken to prevent any kind of contamination of the 
weighed fluoride, the error in the small amounts in question may be very 
great. If phosphate were present, it would not do to apply the check by 
conversion to sulfate, because the evaporation with sulfuric acid, following 
ignition, would volatilize metaphosphoric acid. 

There is another source of error due to the solubility of the fluoride itself 
in water and acetic acid. F. P. Treadwell and A. A. Koch investigated 

the solvent effect of these and some other reagents. They found that it is 
possible to detect additional fluorine by repeating the precipitation with 
calcium chloride in presence of sodium carbonate, and that the total errors 
are such that, for 5 mg of CaF2 or less, the results are much too low, though 
the qualitative detection still can be made in 100 ml of solution with only 
0.0009 g of CaF2, notwithstanding the fact that the quantitative tests had 
seemed to indicate that the loss would be about 0.0015 g of CaF2 for every 
100 ml, including wash water. It thus appears that, with 1 g of sample, 
amounts of less than 0.04 to 0.05 per cent of fluorine will escape observation 

entirely. 
A source of error not generally known arises whenever calcium fluoride 

is ignited in contact with paper. Fluorine escapes to a slight extent and is 

replaced by oxygen, this reaction being doubtless due to the action of 

water vapor and not to oxygen of the air. 

F. Seemann^^® subjected all the known methods of determining fluorine 

to extended examination, using calcium fluoride as his test material, and 

declared the Berzelius method to be far inferior to those based on volatili¬ 

zation of the fluorine as silicon fluoride, by reason of great and varying 

losses, the causes of which he was unable to trace satisfactorily. He was 

unable to recover by it more than about 87 to 89 per cent of the fluorine. 

Tests made by us, confirmed by other workers, do not support his very 

unfavorable results. From 95 to 98 per cent of the fluorine was repeatedly 

regained. To do so requires, however, refusion of the residue left after 

22844, 343 (1905). 



DIRECT QUANTITATIVE DETERMINATION OF FLUORINE 943 

leaching the alkali carbonate melt, including in the same refiision the silica 
precipitated by ammonium carbonate and ammoniacal zinc oxide, the treat¬ 

ment of the filtrate from the precipitate of calcium carbonate and calcium 
fluoride with additional sodium carbonate and calcium chloride, and the 
re-evaporation of the acetic acid solutions of the precipitated calcium 
carbonate. 

b. Determination of Silica in the Method of Berzelius, Treat the several 

precipitates obtained by ammonium carbonate and zinc carbonate, together 

with the residue from the original alkaline fusion, as follows: Before assem¬ 

bling the precipitates in one solution to be treated as described under 

Silicon (p. 860), remove the zinc derived from the zinc oxide solution as 

follows: Evaporate the precipitate containing it to complete dryness with 

nitric acid, take up with nitric acid, filter, wash the silica, and unite it 

with that obtained by dissolving the other precipitates in hydrochloric acid 

and treating the solution by the regular method for silicon (p. 860). 

If, as is the usual case, a complete analysis of the mineral or rock is 

being made, it becomes necessary to recover by the molybdate method 

(Phosphorus, p. 699) and determine the phosphorus that may be in the 

zinc nitrate solution and also the phosphorus and chromium that may be 

in tha filtrate from the zinc silicate. The chromium in most cases can best 

be determined colorimetrically (Chromium, p. 531), and then, from the 

same solution made acid with nitric acid, the phosphorus can be precipi¬ 

tated by ammonium molybdate and determined. The joint weight of the 

chromium calculated as Cr203 and the two recoveries of phosphorus counted 

as P^Or, is to be added to the weight of the composite precipitate produced 

by ammonium hydroxide in the regular course of analysis of the precipi¬ 

tates referred to in the foregoing paragraph. 

c. Method of Hoffman and LundelL^-^ In the following method for the 

determination of silica and fluorine in fluorine minerals, the silica is sepa¬ 

rated by a modification of the Berzelius method that is more rapid and is 

fully as accurate, and the fluorine is then precipitated as lead chlorofluoride 

and determined volumctrically by a modification of the method originally 

proposed by Starck.^^® The precipitate is titrated instead of weighed be¬ 

cause contaminants have no effect unless, as is not likely, they contain 

chlorine. 

224 A weakness of the method lies in a slight retention of fluorine by the precipitate 
which subsequently causes a slight loss of silica when the precipitate is dissolved in acid 
and the solution is evaporated to dehydrate silica. This is especially true and may be 
quite serious with materials like phosphate rock which contain large amounts of calcium 
and phosphate (see p. 939). 

225BMr. Standards J. Researchy 3, 581 (1929). 
226 G. Starck, Z. anorg, Chem., 70, 173 (1911). 
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PROCEDURE. Fuse 0.5000 of the dried sample with 5 g of sodium 
carbonate, leach the cooled melt with hot water, and filter when disintegra¬ 
tion of the melt is complete. Reserve the filtrate A, Transfer the insoluble 
residue back into the dish by the use of a jet of water, add 50 ml of a 
2 per cent solution of Na2C03, boil for a few minutes, filter, and wash the 
residue thoroughly with hot water, Reserve the residue B for the deter¬ 

mination of silica, and combine the filtrate with the reserved filtrate A, 
To the combined filtrates, which should have a volume of approximately 
300 ml, add a solution of 1 g of zinc oxide in 20 ml of dilute nitric acid 
(1 +9). Boil the solution for 1 minute, filter, and wash the residue thor¬ 
oughly with hot water. Reserve the residue C for the determination of 
silica. Add a few drops of methyl red to the filtrate, nearly neutralize with 
nitric acid, and evaporate to a volume of 200 ml, taking care that the solu¬ 
tion remains alkaline throughout the evaporation. Cool somewhat, add 

dilute nitric acid (1 -f l)i drop wise until a very faint pink color just 

appears. Treat with 1.0 g of zinc oxide that has been dissolved in ammo¬ 

nium hydroxide with the aid of a little ammonium carbonate, and boil in 

a covered dish (preferably of platinum) until the odor of ammonia can 

no longer be detected. This usually requires concentration to about 50 ml. 

After the ammonia has been expelled, add about 50 ml of warm water, stir, 

allow to settle for a few minutes, and filter. Wash the residue D with cold 

water. Reserve the filtrate E, 

a. Silica, With the aid of a jet of dilute hydrochloric acid (1 + 20), 

transfer the residues B, C, and D from the papers to the vessel in which 

the last precipitation was made. Ignite all papers, and add any residue so 

obtained to the contents of the vessel. Add 25 ml of hydrochloric acid, 

and determine silica by double evaporation and intervening filtration as 

described under Silicon (p. 860). In the second dehydration, it is advisable 

to add 10 ml of sulfuric acid and to evaporate to fumes, because it is difficult 

to dry zinc chloride in the absence of appreciable amounts of silica. A small 

amount of silica (usually less than 1 mg) remains in solution and can be 

recovered as follows: Add about 0.04 g of aluminum as aluminum chloride 

and 10 g of ammonium chloride to the filtrate obtained after the second 

dehydration. Heat to boiling, precipitate with ammonium hydroxide, and 

filter. Dissolve the precipitate in 50 ml of dilute sulfuric acid (1 + 10), 

evaporate to fumes of the acid, dilute, filter, and add the small residue to 

the silica already obtained. 

22T The size of the sample should be so governed that the amount of fluorine in solu¬ 
tion lies between 0.01 and 0.1 g. 

228 This treatment of the insoluble residue aids in the complete extraction of fluorine. 
It can be omitted if it is intended to ignite the residue together with the first zinc 
precipitate and again fuse with sodium carbonate. 
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Fluorine, Treat the reserved filtrate E as described under Fluorine 
(p. 744). 

d. Other Direct Methods jor Fluorine, For other methods for the ulti¬ 
mate determination of fluorine in minerals that are decomposed by concen¬ 
trated sulfuric acid—fluorides and fluophosphates—as well as for fluorides 
soluble in water, see the chapter on Fluorine (p. 742). 

C. INDIRECT QUANTITATIVE DETERMINATION OF SMALL AMOUNTS OF 

FLUORINE 

a. Steigefs Method. The indirect method for the determination of 
fluorine devised by George Steiger in the laboratory of the Geological 
Survey has met with much favor, although it is not suited for large amounts. 

It is based on the well-known fact that fluorine has a powerful bleaching 
effect on the color that is produced when a solution of titanium is treated 
with hydrogen peroxide. A solution of definite volume is made, containing 
the fluorine to be estimated and a known amount of titanium; this is com¬ 
pared in a colorimeter with a second solution, containing an equivalent 

amount of titanium per milliliter, and the bleaching effect is recorded. 
From the extent of this bleaching, the percentage of fluorine can be calcu¬ 
lated. 

Although the results obtained are not so accurate as those given by many 
methods for the estimation of other elements, yet considering the difficulty 
of the fluorine determination, and the time and labor required by methods 
now in use, the indirect method may well be employed, where small quan¬ 
tities of fluorine are to be determined. The operations not only require 

less skill to carry out but also are fewer in number and take much less time. 

Traces of fluorine amounting to several hundredths of 1 per cent are 

easily detected, and an approximation to the quantity can be made. In 

amounts up to a few tenths of a per cent, this method seems to be more 

reliable, and, if not more than 2 per cent is present, the results compare 

favorably in accuracy with the standard methods. It is hardly to be 

expected, however, to find a colorimetric method, in which only a few 

milligrams of the material are used, that will compare in accuracy with 

gravimetric methods in which larger amounts of sample are used and con¬ 

siderable percentages of fluorine are concerned. 

Sodium salts in large amount make the observed reading for the titanium 

somewhat low but not enough to affect the results seriously. Silica in 

amounts up to 0.1 g has but little effect, and, by the treatment employed, 

its amount is reduced to at most 2 or 3 eg. Alumina, which exerts a marked 

effect, even in small quantities, is readily removed by the preliminary treat- 

Am, Chem, Soc,, 30, 219 (1908). 
280 H. E. Merwin, Am. J. Sci,, [4] 28, 119 (1909). 
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ment. Phosphoric acid, which bleaches like fluorine, does not interfere 
unless present in larger amounts than are likely to be encountered in rock 

analysis. 
b, Memmifs Modificatiofi of Steigefs Method, a. Introductory remarks, 

A4erwin, in the paper just cited, not only defined the effect of alkali salts 
but also showed that the concentration of the acid as well as the tempera¬ 
ture aflPects the color of titanium solutions peroxidized by hydrogen perox¬ 
ide. The salts cause bleaching, whereas addition of acid counteracts this 
eflFect to a considerable degree. Merwin’s statements were confirmed by 
tests made by William Blum at the Bureau of Standards. Steiger’s obser¬ 
vations on the effect of compounds other than alkali salts were in general 
accord with those of Alerwin. Blum further observed that, with little 
acid present, the color of the standard and of the bleached test solution 
cannot be matched under certain conditions. This was so, for instance, 
with 3 mg of fluorine and 2 per cent sulfuric acid, but, with 10 per cent 

acid, a fairly satisfactory comparison was possible with as much as 5 mg 
of fluorine. 

Merwin gave formulas for computing fluorine in the presence of known 

amounts of alkali sulfates and acid and modified accordingly the previous 
methods of getting the fluorine into final solution. 

PROCEDURE. Fuse 2 g of rock powder with 8 g of mixed sodium and 
potassium carbonates, and take up the fusion with hot water. When 
leached, and without the necessity for filtering, add 3 or 4 g of powdered 
ammonium carbonate. Warm the mixture for a few minutes, and then 
heat on the water bath until the ammonium carbonate is destroyed and the 
bulk of the liquid is small. In this way the silica, which otherwise might 
render the final solution turbid, is thrown down, together with the disturb¬ 
ing alumina and ferric oxide. The destruction of the ammonium carbonate 

is necessary because ammonium sulfate bleaches the final solution. Filter, 

and add to the filtrate—which should not exceed 75 ml in volume—3 or 4 ml 

of hydrogen peroxide, and then cautiously 10 ml of standard titanium 

solution 231 (containing 0.01 g of TiOo). Including the acid in the titanium 

solution, about 3.5 ml of strong sulfuric acid are required to be added to 

neutralize the alkali carbonates. As soon as neutrality is reached, the solu¬ 

tion acquires a light orange color. Test for neutrality by adding a little 

sodium carbonate solution to discharge the color, and then a drop or two 

of acid to restore it. The further treatment depends upon the amount of 

fluorine expected and the type of colorimeter used. The amount of acid 

to be added to the neutralized solution depends upon the amount of fluorine 

present. Therefore, add first 3 ml of concentrated sulfuric acid, make the 

231 The hydrogen peroxide prevents the precipitation of the titanium by the alkali 
carbonate. 
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solution up to 100 ml at a temperature of about 22°, and compare at the 
same temperature with a 100-ml solution containing 0.01 g of Ti02, 4 ml 
of H2O2, and about 3 ml of concentrated sulfuric acid. The fluorine con¬ 
tent of the test solution can then be read off on the curves in Fig. 45. If 
the ratio is greater than about 0.40, the amount of fluorine can be read off 

Color Ratio 
.90 .80 .70 .60 .50 .40 .30 

c a ■ /-I Standard solution _ , 
riG. 45. Mcrwin s diagram for fluorine. Color ratio = —-- Each 

depth of test solution 
solution is peroxidized and made up to 100 ml and contains 0.01 g of Ti02. The test 
solution contains the number of millimeters of concentrated sulfuric acid indicated by the 
numbers near the curves, and the amounts of fluorine shown, besides sulfates equivalent 
to 4 g each of sodium and potassium carbonates. The standard solution contains an 
indefinite amount of acid between 3 and 5 ml. The chart was made at 22®, but it is 
not significantly different at any temperature between 19 and 25® if both solutions 
are at the same temperature. If the test solution is 5® warmer than the standard, the 
curves are displaced toward the left hand about 0.02 for 12 ml of acid, and 0.01 for 3 
ml of acid, llic total color of the solutions is not significantly affected by 10 per cent 

change of water content. 

accurately. For smaller ratios (more fluorine), more acid should be added 
to the test solution, a new color comparison made, and a new reading taken 
from the chart.^®^ The chart is made on the assumption that the alkali 

sulfate corresponds to 8 g of the half-and-half mixture of potassium and 

sodium carbonates, or 7 g of sodium carbonate, used in the fusion. The 

chart shows, on the zero line of fluorine, the average color ratio for 8 g 

of carbonates. The carbonates used for the fusion should be tested in the 

2;}2F()r certain forms of colorimeter, a correction corresponding to the increased 
volume of the test solution must be made. 
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same way as the filtered solution for the fluorine test. These ratios will 
probably not differ more than 0.03 from those on the chart. This differ¬ 
ence represents about 0.5 mg of fluorine, which is about the limit of 
accuracy of the method for amounts of fluorine below 0.006 g. At about 
0.025 g, this limit is about 0.002 g. 

It is very evident that the analyst must take into account the amounts 
of alkali salts and of acid and must always take his readings at about the 
same temperature. Anyone who has frequent occasion to determine fluorine 
in this indirect way should prepare diagrams indicating the corrections to 
be made under his ovm conditions of operation. 

H. J. Wichmann and Dan Dahlc have modified and improv^ed the 
Steiger-Merwin procedure. They used a photometer for making their 
measurements and determined more exact data on the optimum pH for the 
development of the color. They also give the influence of interfering ele¬ 
ments, such as aluminum, phosphates, and alkali sulfates. 

L. A. Steinkonig determined the fluorine in a number of soils by a 
slight modification of the Merwin procedure. The amounts found were as 
high as 0.05 per cent. The method as used ‘‘is not delicate enough to indi¬ 
cate with certainty the presence of 0.01 per cent of fluorine/’ but even so 
it is a great advance over the gravimetric method for such small quantities. 

20. Sulfur 

A. DETERMINATION OF THE CONDITION OF SULFUR IN ROCKS 

Before proceeding to the determination of sulfur, when it is present, its 

condition should be ascertained, both by microscopic identification of the 
sulfur-bearing minerals, when this is possible, and by qualitative tests. The 
importance of a microscopic examination cannot be too strongly empha¬ 
sized, for it may give the analyst most useful information. 

Evolution of hydrogen sulfide on boiling with dilute hydrochloric acid 
is evidence of a soluble sulfide, usually pyrrhotite, but possibly lazurite. 
Extraction of magnetic particles reacting for sulfur shows pyrrhotite to 
have been in part at least the source of the hydrogen sulfide. A reaction 

for sulfuric acid in the filtered solution indicates a soluble sulfate, usually 

a silicate sulfate, noselite, or haiiynite. If the residue, when well washed 

and treated with aqua regia or hydrochloric acid and bromine, gives more 

sulfuric acid, the probable presence of pyrite is shown. Should this solu¬ 

tion likewise show arsenic, the sulfide may be arsenopyrite, which, how¬ 

ever, is found very rarely if ever in igneous rocks. 

It is most uncommon to find any sulfur in rocks in the ordinary simple 

sulfate condition, except sometimes water-soluble traces, even when con- 

288 ;. Assoc. Offle. Agr. Chemists, 16, 612 (1933); 20, 505 (1937). 
28* /. Ind. Eng. Chem., 11, 463 (1919). 
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siderable pyrite is in evidence. The barium of fresh and even moderately 
decomposed rocks is apparently always in silicates and not in combination 
with sulfur. 

In mineral analysis it is desirable to avoid an alkali fusion whenever pos¬ 
sible, but it must not be overlooked that direct treatment of the mineral 
with hydrochloric acid or oxidizing agents will extract certain amounts of 
salts, one or another of which may be fatal to the attainment of acceptable 
results. 

B. QUANTITATIVE DETERMINATION IN ROCKS 

a. Total Sulfur. Before proceeding with the quantitative determination 

of sulfur, consult the chapter on Sulfur (p. 711). 
In rocks, sulfur is not often present in large amounts; hence special pre¬ 

cautions in making the precipitation or special purification of the barium 
sulfate are hardly ever necessary, especially as the precipitation is usually 
made in the absence of iron. 

Although sometimes the sulfur of sulfides may be extracted wholly with 
aqua regia or some other powerful oxidizer, in the wet way, this is not 
always so. Therefore it is generally better by far to fuse with sulfur-free 
sodium‘carbonate and a little niter over the Bunsen burner, and for a few 
moments over the blast, using throughout the heating the arrangement 
shown in Fig. 6 (p. 25), in order to prevent access of sulfur from the 
flame gases. '^This determination may be combined very conveniently with 
that of barium, titanium, zirconium, and rare earths (p. 888). After thor¬ 
ough disintegration of the fusion in water, to which a drop or two of 
alcohol has been added for the purpose of reducing and precipitating any 
manganese dissolved as manganate, the solution is filtered and the residue 
washed with a dilute solution of sodium carbonate. In the filtrate (100 to 
250 ml in bulk) the sulfur is precipitated at boiling heat or on the steam 

bath by barium chloride in excess, after slightly acidifying in the cold by 

hydrochloric acid. Evaporation to dryness first with acid, in order to 

eliminate silica, is needless, for, in the above bulk of solution, there will 

almost never be the least separation of silica with the barium sulfate.^®® It 

is well that this is so, for evaporation on a bath heated by gas, in order to 

remove silica, would involve in many cases an error fully equal to the 

sulfur present, by contamination from the sulfur of the gas burned. With 

a steam bath, this difficulty does not present itself. Should there be fear 

*®®The results of C. W. Stoddart [/. Am. Chem. Soc., 24, 852 (1902)] showed, in the 
determination of sulfur in coals by the Eschka method, often higher sulfur when silica 
is not removed by evaporation in the usual way, but this is contrary to all our experience 
in silicate work, where duplicates agree usually exactly, and, if they differ, are as likely 
to be high by one way as by the other. The explanation may be that Stoddart acidified 
his solutions hot or used too strong an acid and had some silica precipitated. 
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of a trace of silica being present, it can be removed by a drop of hydro¬ 
fluoric and sulfuric acids before the barium sulfate is weighed. 

In order to reduce greatly the error caused by the presence of sodium 
chloride resulting from the sodium carbonate used in the fusion, W. A. 
Turner^'*® reduced the solution to a small volume (25 cm), saturated it 
with hydrochloric acid gas, or added concentrated hydrochloric acid (five 
times the volume of the solution concentrated to 10 ml), filtered through a 
Gooch crucible, washed the precipitated sodium chloride with strong 
hydrochloric acid, evaporated the filtrate, filtered again if necessary, and 
precipitated with barium chloride. 

Errors due to the solvent action on the barium sulfate of hydrochloric 
acid or of ammonium or fixed salts in the solution can usually be corrected 
by evaporating the filtrate from the barium sulfate, destroying or expelling 
ammonium salts if present, treating the residue with water slightly acidified 
with hydrochloric acid, and collecting and purifying the barium sulfate 
that may be left undissolved. 

b. Fractional Deterntinatiom When sulfur is present in more than one 
condition, it is usually desirable to know the respective amounts; hence 
fractional determinations must be made. 

If traces of sulfates soluble in water arc present, they can be removed by 
extraction with boiling water. 

For the quantitative extraction of the sulfur of all soluble sulfates, simple 
boiling with hydrochloric acid suffices, which should be done in an atmos¬ 
phere of carbonic acid if pyrites or other oxidizable sulfides are present, 
and should be finished as quickly as possible in order to minimize the error 
resulting from oxidation to sulfuric acid of the sulfur of sulfides, if present, 
by any ferric salts that may have been dissolved. 

If soluble sulfates and sulfides as well as insoluble sulfates and sulfides 
are present together, the sulfur of the first is found in solution after ex¬ 
traction by hydrochloric acid in a carbon dioxide atmosphere, and that of 
the decomposable sulfides by collecting the hydrogen sulfide cvolved.^*^ 
Then, in the residue, the sulfur of the insoluble sulfides can be determined 
after suitable oxidation, and, in the resulting residue, that of the insoluble 
sulfates after fusion with sodium carbonate. The sulfur of the insoluble 
sulfates can, however, be calculated by subtracting the barium sulfate 
equivalent of the preceding fractional determinations from that found for 
the total sulfur. 

The error involved in the above estimation of the sulfur of soluble sul¬ 

fides, due to the possible reducing effect of hydrogen sulfide on ferric 

/. Scu [4] 38, 41 (1914); Z. andrg. Chem,, 88, 412 (1914); Chem. News, 111, 
100 (1915). 

*87 With pyrrhotitc, a small fraction of its sulfur—one eighth if the formula FerSs 
is adopted—is liberated as free sulfur and not as hydrogen sulfide. 
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salts, is probably negligible. Most of the hydrogen sulfide would be ex¬ 
pelled before any such action could take place and probably before the 
ferric salts were largely attacked, but of course the small proportion of sul¬ 
fur set free as such from pyrrhotitc would escape estimation and introduce 
further uncertainty. In general, it would be safe enough to assume the com¬ 
position FctSs for pyrrhotite. 

Obviously, such a procedure as that given above is open to many errors, 
especially with the more complex mixtures, and, however carefully all these 
separate determinations may be carried out, the final figures for ferrous 
and ferric oxides can hardly be regarded as more than approximations when 
much sulfide is present (sec p. 916). 

21. Boron 

A. GENERAL RE/AARKS 

No doubt boron occurs occasionally in rocks in amounts superior to 
those of some of the other constituents that arc habitually determined. 
But the lack of precision of the methods that arc at all applicable to min¬ 

eral substances not directly soluble in acids other than hydrofluoric acid 
is accountable for the fact that no one has ever sought to apply these 
methods to rocks, unless boron w as supposed to be present in appreciable 
amount. When this condition is fulfilled, it is customary to fuse with an 

alkali carbonate and then apply in one of its numerous modifications the 
Roscnbladt-Gooch method. 

The method depends on expelling the boron as methyl ester by distilla¬ 

tion wdth methyl alcohol from an acid solution, collecting the ester in some 

suitable manner, and then determining the boron gravimetrically or volu- 

mctrically. For simple borates, especially the soluble ones, the method 

gives satisfaction w hen all needful precautions arc carefully observed, and 

that it may do so also with refractory borosilicates has been shown by 

Chapin.^®® Before Chapin's work it was considered necessary to extract with 

water the alkaline fusion of a mineral and to treat the extract for the boron. 
The wide divergence of results obtained by different chemists, even between 

duplicate results by the same analyst, is probably referable to the employ¬ 

ment of only a single fusion and extraction, for it was shown by S. L. Pen- 

field and H. W. Foote,^®® by G. W. Sargent,and by W. E. Ford that 

these operations must be repeated. A decided advance seems to have been 

scored by Chapin, who showed that aluminum and iron need not be removed 

but that the carbonate melt may be dissolved directly in acid without prej- 

288 jr. Jim, Chem, Soc,, 30, 1691 (1908). 
280 ^7^2. /. Set., [4] 7, 97 (1899). 
240 /. Am. Chem, Soc,, 21, 858 (1899). 
24Mw. /. Scu, [4] 14, 195 (1903). 
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udice to the accuracy of the method as carried out by him. Furthermore, 
the presence of chlorine, even of fluorine, does not seem to be detrimental. 
For a description of the procedure, see under Boron (p. 754). 

B. QUALITATIVE TESTS FOR BORON 

The detection of very small amounts of boron in rocks is not a simple 
test. E. T. Wherry and W. H. Chapin found the limit of sensibility of 
the direct flame test to be 0.2 per cent. The test is made by mixing the 
mineral powder with potassium bisulfatc and calcium fluoride and intro¬ 
ducing it on a clean platinum wire into the nonluminous Bunsen burner 
flame. A green color imparted to the flame, appearing only as evanescent 
flashes toward the lower limit of sensitiveness, is indicative of boron if no 
other elements are present that might give a green color. 

Applied to distillates as obtained under A above, the color imparted to 
the flame of burning alcohol by its boric ester affords a much more delicate 
test, as was shown by C. Mannich and H. Priess,”^^ V. Lenher and J. S. C. 
Wclls,^^^ and others. 

The turmeric paper test as carried out by W. W. Low gave Wherry 
and Chapin a distinct positive test for boron in a mineral carrying 0.08 per 
cent B2O3. Low’s procedure is as follows: In the boric solution acidified 
with hydrochloric acid and contained in a shallow dish (not glass of the 
borosilicate type) is placed a piece of turmeric paper. The solution is then 
evaporated to complete dryness in a desiccator. Boron imparts a pinkish- 
red color to the paper if no interfering element, such as titanium, or too 
much hydrochloric acid, is present. The test is not applicable directly to 
the solution of a mineral, but only to distillates obtained as described under 
A above, and forms the basis of an accurate quantitative determination of 
small amounts of boron (see p. 764). 

The turmeric test is the most delicate of all when made with the pre¬ 
cautions taken by G. Bertrand and H. Agulhon,^^^ for which reference 

must be made to the original publications. These authors applied the tests 

for amounts of boric oxide ranging from 0.1 mg down to 0.0005 mg. Spe¬ 

cially prepared reagents must be used. E. T. Allen and E. G. Zies have 

used the method with success. The basis of the test is the length of colora¬ 

tion imparted to small strips of turmeric paper dipping into like volumes 

of the test solution and of several standard solutions contained in small 

graduates. The solutions drawn up by capillarity evaporate at the exposed 

242 /, Am, Chem, Soc., 30, 1684 (1908). 
^^^Chem, Ztg., 32, 314 (1908). 
244 j. Am. Chem. Soc., 21, 417 (1899). 
24528, 807 (1906). 
^^^Compt. rend., 157, 1433 (1913); Bull, soc. chim,, 7, 90-125 (1910); 13, 396 (1913). 
247 y. Am, Ceram, Soc,, 1, 739 (1918). 
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ends of the strips, and after some hours these appear colored for different 
lengths according to the amounts of boron present in the different solu¬ 
tions. With a sufficient number of standard solutions, the test yields fairly 
accurate quantitative results. Application of ammonia turns the color blue. 

22. Certain Constituents in Minute Traces 

If, as sometimes may happen, the problem is presented of examining rocks 
for traces of gold, silver, and other elements which are not ordinarily looked 
for, as in F. Sandberger’s investigations bearing on the origin of the metal¬ 
liferous contents of veins, large weights of material must be taken, up to 
50 g or more. This involves the use, also, of large quantities of reagents, 
the purity of which must be looked to with the utmost care. Special di¬ 
rections to meet such cases cannot then be given here, nor even a complete 
reference list of the scanty and scattered literature on this subject. Sand¬ 
berger’s own writings dealt but little with its analytical side, as did also the 
report by H. von Foulton,^^® Uber den Gang und die Ausfiihrung der 
chemischen Untersuchung, following Sandberger’s own paper in the 

general report, Untersuchungen der Nebengesteine der Pribramer Giinge. 
A few data on gold, silver, lead, zinc, etc.,^®® were given in S. F. Emmons’ 
report bn The Geology and Mining Industry of Leadville; J. S. Curtis,"®^ 
in his report on The Silver-Lead Deposits of Eureka, Nev., gave his method 
of assaying rocks for traces of gold and silver; in Volume 7 of the Reports 
of the Missouri Geological Survey, page 740, are to be found the methods 
used by James D. Robertson for the determination of lead, zinc, and cop¬ 
per in silicate and carbonate rocks of Missouri. The earlier work of J. G. 
Forchhammer and L. Dieulafait,"®^ the latter of whom examined many 
hundreds of Archean rocks, was of a qualitative nature. Later papers on 
the dissemination and determination of traces of gold are those of J. R. 
Don and L. Wagoner.*®® O. Hackl *®® gave precise directions for the 

248 Jahrb, Bergakad, Leoben u, Tribram^ 363 (1887). 
242 From Sandberger’s report, it appears that the rocks were treated successively 

with water, acetic acid, boiling dilute hydrochloric acid for two days, and finally hydro¬ 
fluoric acid, the several extracts and final residue of fluorides (and pyrite) being sepa¬ 
rately examined for heavy metals. The products of distillation were also examined. 
A striking fact observed in all cases was the complete insolubility of the pyrite, even 
after the severe treatment mentioned. This speaks strongly in favor of the correctness 
of ferrous iron estimations in silicates by the hydrofluoric and sulfuric acid method 
when pyrite is present unaccompanied by other sulfides (see a, p. 916). 

250 U, S, Oeol, Survey Mono, 12, Appendix B, 592-96 (1886). 
2Bi/^/i., 7, 120-38 (1884). 
252Pogg Arm,, 95, 60 (1855). 
253 chim, phys,, 15, 17, 18, 21 (1878-80). 

Trans, AIME, 27, 564 (1897). 
31, 808 (1901). 

^^^Chem, Ztg,, 45, 1169 (1921); 46, 385 (1922). 
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detection and determination of traces of arsenic, nickel, and cobalt in sili¬ 

cate rocks, the former after volatilizing the arsenic in a current of carbon 

dioxide saturated with bromine. 

E. B. Sandell and R. W. Perlich describe methods for the determina¬ 

tion of nickel and cobalt in silicate rocks. The first is based on precipita¬ 

tion with dimeth) lglyoximc, in an ammoniacal citrate solution of the rock, 

extraction of the salt in chloroform, shaking the extract with hydrochloric 

acid to bring the nickel in the aqueous phase, and then determining the 

nickel colorimetrically by Rollet’s method in a concentration not exceed¬ 

ing 6 micrograms per ml (p. 416). As little as 0.0001 per cent of nickel in a 

0.5-g sample can be detected, and copper, cobalt, manganese, chromium, and 

vanadium, in amounts likely to be encountered in most igneous rocks, do 

not interfere.-®'^ The determination of cobalt is based on the extraction of 

the element with a carbon tetrachloride solution of dithizone from an am¬ 

moniacal citrate solution of the sample and evaporation of the extract, fol¬ 

lowed by ignition, solution of the residue in aqua regia, reduction with 

stannous chloride, and colorimetric determination with thiocyanate and 

acetone by Tomula’s method (p. 423). As little as 0.0001 per cent of cobalt 

can be detected in a 1-g sample. 

E. B. Sandell also describes colorimetric methods for the determina¬ 

tion of copper, zinc, lead, and cadmium in silicate rocks which are based 

on preliminary extraction by means of dithizone (diphenylthiocarbazone)- 

carbon tetrachloride solution. These methods are suitable for percentages 

as small as 0.002, 0.0025, 0,0005, and 0.00005 of copper, zinc, lead, and cad¬ 

mium, respectively. 

23. The Gases and Vapors Expelled by Heat 

That rocks and minerals evolve large quantities of gases and vapors when 

heated is a well-recognized fact. Numerous analyses have shown that the 

volatile products usually comprise hydrogen and carbon dioxide as pre¬ 

ponderating constituents, with carbon monoxide, methane, nitrogen, hydro¬ 

gen sulfide, etc., in smaller amounts. The total volume may be many 

257Eng. Chem. Anal. Ed., 11, 309 (1939). 
258 H. F. Harwood and L. T. Theobald [Analyst, 58, 673 (1933)] describe a direct 

method intended for use with larger amounts of nickel (0.01%) in which a 2-g sample 
of finely powdered rock is decomposed by attack with hydrofluoric and sulfuric acids 
(with fusion of the residue if necessary), and the nickel is precipitated twice with 
dimethylglyoxime in ammoniacal citrate solution. o-Furil dioxime is substituted for 
dimethylglyoxime if the percentage of nickel oxide is less than 0.02 per cent. 

269/wi. Eng. Chem. Anal. Ed., 9, 464 (1937); 11, 364 (1939). See E. B. SandeU, 
Colorimetric Determinations of Traces of Metals, 2d ed.. Interscience Publishers, New 
York (1950). 
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times that of the solid. To a certain extent, sometimes a large extent, 
especially with carbon dioxide, the source of these is entrapped fluid inclu¬ 
sions, whose origin was contemporaneous with that of the containing min¬ 

erals. A further portion may have been held dissolved in the rocks, par¬ 

ticularly in those not wholly crystallized. But from the experiments of 

some investigators, especially Morris W. Travers,-*^® A. Gautier,K. 

Hlittner,-'*^ and R. T. Chamberlin,^®® it is very evident that the gases are 

often produced by chemical changes resulting from the heat used for their 

expulsion. Thus, hydrogen may be due to reduction of water by minerals 

susceptible of oxidation at high temperatures, as ferrous silicates; the carbon 

monoxide to reduction of carbon dioxide in a like manner or by the hydro¬ 

gen formed by the first reaction; the methane might arise from interaction 

between u ater and traces of metallic carbides, etc.^®‘ 

Free oxygen is not reported as one of the evolved gases, and from the 

nature of the case it should hardly be expected. 

Nitrogen, though found in but small relative amount in the free state in 

the earth’s crust, is comparatively abundant and easily detectable as ammonia 

or ammonium salts in certain classes of rocks and long since was thus recog¬ 

nized. ^ H. Rose said that pitchstone gives off ammoniacal water on heating; 

A. Delessc found ammonia in rocks, and A. Gautier later made tpanti- 

tativc tests; H. Erdmann found that ammonia was obtained by acting on 

various minerals of ancient igneous rocks with a caustic alkali; C. Luedeking 

and FI. A. Wheeler found ammonium sulfate in a barite from Missouri, 

the presence of which one of us (W. F. H.) was able to confirm. 

It has been noted in the U. S. Geological Survey laboratory on three 

separate occasions, when series of ores, roofing slates, and eruptive rocks 

were analyzed, that ammonia, in the form of either chloride or sulfate, or 

even as free ammonia, was given off on heating. Its appearance was not 

limited to one or a few specimens of a series but seemed to be characteristic 

of all and to be afforded by the unbroken rock as well as by the powdered 

sample. The precise conditions under which the specimens were collected 

200 Roy. Soc., 64, 130 (1899). 
^^^CompU rend., 131, 647 (1900); 132, 58, 189 (1901); 136, 16 (1903); Ann. chim. 

phys., 17] 22, 97 (1901); Amt. mines, [10] 9, 316 (1906). 
202 2. anorg. Chem., 43, 8 (1905). 
203 The gases in rocks, Carnegie Institution of Washington (1908). This is a very 

complete discussion of the subject, supplemented by a mass of experimental data. 
204 For the methods of collecting and analyzing such gaseous mixtures, consult the 

above cited papers by Gautier, and Charles Moureu, Compt. rend., 142, 44 (1906). 
205 Quantitative Analyse, Finkener ed., p. 673. 

Ann. mines, 18, 151 (1860). 
207 Per., 29, 1710 (1896). 
208 /. Sci., [3] 42, 495 (1891). 
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not being known, it is impossible to affirm positively that the ammonia may 

not have been due to recent organic contamination of some sort, especially 

in the slates, but it is believed that a more critical collection of material will 

not alter the general result. Its amount was sometimes readily determinable 

by nesslerization, being as high as 0.04 per cent in some slates. Carbonaceous 

organic matter was absent from most of these, but doubtless existed in them 

in their early history. In their case, the ammonia was evolved as such in 

part, at least, and imparted a strong alkaline reaction to the water in the 

upper part of the tube. The presence of sulfides, fluorides, or chlorides 

in the rock might cause the ammonia to appear as a sublimate of sulfate, 

fluoride, or chloride. It has been suggested that ammonia might result from 

the action of water on metallic nitrides, O. Silvestri having observed a 

nitride of iron in a lava from Etna. 

24. Special Procedures 

The problem presents itself often of ascertaining the composition of that 

portion of a rock powder which is soluble in special reagents or in a 

reagent of a particular concentration. No precise directions can be formu¬ 

lated to meet such cases. The procedure must vary with the character of 

the constituents of the rock and with the object that it is sought to attain, 

and only in exceptional cases can a separation of this kind be sharp. Much 

depends on the degree of fineness of the powder and on the length of time 

it is exposed to the action of the reagent. 

A. DETECTION OF NEPHELINE IN PRESENCE OF OLIVINE 

For confirmation of the microscopic diagnosis, L. V. Pirsson has indi¬ 

cated a means of detecting nepheline in the presence of olivine, as in nephe- 

line basalts, based on the very ready solubility of nepheline, as compared 

with olivine, when boiled for but 1 minute with a sufficiency of very dilute 

nitric acid (1 + 40). Gelatinization of the filtrate on evaporation is taken 

as evidence of the presence of nepheline. If olivine is present in quantity, 

however, this test must not be accepted at once as final, for some if not all 

olivines are much more soluble in nitric acid of the above strength than 

Pirsson was. led to believe from his original tests. If, therefore, on evapo¬ 

ration of the filtrate, much iron is indicated, the gelatinization may be due 

to olivine alone or in part, and then the quantitative relation of silica to iron 

plus magnesium should be ascertained. It must be borne in mind also that 

any other very soluble silicates present will be more or less affected, and 

that apatite is largely or wholly dissolved. It is possible that still more 

269 0^22. chim, half 5, 301 (1875). 
270 /. Self [4] 2, 142 (1896). 
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dilute nitric or perhaps some other acid may exert a slighter solvent action 

on olivine without being appreciably less effective in dissolving nepheline, 

etc. In combination with a quantitative analysis of the extract the method 

is perhaps susceptible of a wider application than the particular case for 

which it was first used. It is well worth further study. 

B. DETERMINATION OF "SOLUBLE" SILICA 

For the determination of so-called “soluble” silica see under Silica (p. 852). 



PART IV 

CARBONATE ROCK 

ANALYSIS 

I. INTRODUCTION 

1. Qualitative Comparison of Carbonaie and Siiagate Rocks 

The analysis of an ideally pure carbonate of any one metal is of great 
simplicity. The carbonates met with in nature occasionally approach but 
probably never fully reach this condition of purity, as when we find them 
in the form of well-crystallized mineral species, like calcite, magnesite, 
siderite, and cerusite. Even in such cases it is usually true that the crystals 
either contain included foreign matter to a slight extent or are composed 
of more than one carbonate in isomorphous mixture, and then the separation 
of the different metals may demand considerable skill and time, llie great 
carbonate formations of the earth’s crust are never of this simple character, 
however; even the most dazzling white marble contains other ingredients 
than calcium carbonate, and the degree of admixture njay vary from almost 
nothing up to that indefinite point beyond which the rocks are not classi¬ 
fied as limestones or dolomites, but rather as calcareous shales, calcareous 
sandstones, etc. 

The matters other than carbonates that these rocks may contain are in 
the main original constituents, having been introduced at the time the car¬ 
bonates were themselves deposited. They may consist of the detritus of 
earlier geologic formations in the form of sand or clay that has undergone 
little or no alteration in the subsequent passage of time, besides carbonaceous 
matter derived from the marine life existing during their formation. But 
besides these there may be found secondary minerals that have resulted 
from chemical transformation in the mass of the accumulated sediments, 
either with or without the powerful aid of dynamic forces like long-con¬ 
tinued movements of the crust or the intrusion of hot igneous rocks. The 
metamorphism produced by these last agencies is often of a most profound 

character and may result in the production of a great variety of minerals 

altogether foreign to the original sediments. The metamorphism may have 

been accompanied by the introduction and incorporation of new material, 

but even in the contrary case all the chemical constituents of the original 

detrital foreign matter have necessarily become a part of the carbonate rock. 

These constituents arc furthermore necessarily those common to silicate 

rocks of the earth’s crust; hence the carbonate rocks differ qualitatively in 

no essential respect from their silicate associates, except in the more common 
958 
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occurrence of carbonaceous matter; and a complete analysis of one of them 
involves most of the determinations and separations described in Part III. 
The analytical procedure differs, however, in some respects, owing to the 
great preponderance in most cases of components easily soluble in the 
common mineral acids, which either renders it unnecessary to use an alka¬ 
line flux or enables the analyst to reduce its amount very materially, thereby 
simplifying subsequent operations. The analysis is further simplified by 
the occurrence in reduced amounts, as a rule, of those elements that most 
complicate the analysis of a silicate rock. Only in the very purest carbo¬ 
nate rocks are some of them nearly or entirely lacking, as silicon, aluminum, 
and the alkalies, but the minor constituents zirconium, barium, and stron¬ 
tium are often not present in readily determinable amount. 

In the following pages the descriptions will apply especially to those 
large deposits of carbonate materials denominated limestones, magnesian or 
dolomitic limestones, and dolomites, many of which are of great and grow¬ 
ing economic importance. For the purpose of the analyst, an exact defi¬ 
nition of these terms is of minor significance. Indeed, among geologists 
there has been no uniform rule for the delimitation of these rocks, and any 
rule made must be purely arbitrary, since there is absolutely no break in 
the series between limestones and dolomites. The last name applies 
strictly only to the equiatomic double salt of calcium and magnesium, 
CaMg(C03)2i and by some it is held that this should be its only applica¬ 
tion. On the other hand, the opposite extreme has been approached by 
those who contend that all limestones with as much as 1 or 2 per cent of 
magnesium carbonate should be classed as dolomites. According to H. 

Ries,^ the most prevalent practice among geologists seems to be to call all 

limestones with 5 to 18 per cent of magnesium carbonate magnesian lime¬ 

stones and the rest limestones or dolomites, according to whether their mag¬ 

nesium carbonate contents lie below or above these limits. Some, however, 

although subscribing to the above definition of magnesian limestones, 

would and do call those rocks, with from 20 per cent of magnesium carbo¬ 

nate up to the dolomitic ratio, dolomitic limestones, F. W. Pfaff ® called 

limestones with 11 to 46 per cent of MgCOs dolomites, since these are 

common, whereas those with 7 to 11 per cent, he says, are very rare, if 

indeed they occur at all. 

It has seldom been considered necessary to analyze the carbonate rocks 

with any great attention to detail. The majority of analyses have been 

made with reference to their technical utilization and with determination 

of only the more important constituents. In such cases it has been a 

common practice to omit direct determination of the carbon dioxide and 

N. Y. State Mus. 44, 644 (1901). 
^Neues Jahrb, Beilage Bd., 23, 529 (1907). 
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either to calculate its supposed amount on the basis of the total lime and 
magnesia found or to regard the loss on ignition as representing the carbon 
dioxide. The portion insoluble in hydrochloric acid has been frequently 
stated as silica. Any iron that may have been determined has been reported 
as FeoOa; water and carbonaceous matter have been overlooked entirely 
or neglected, as also titanium, phosphorus, and the rarer constituents; and 
sulfur has been reported almost uniformly as SOs. Such practice has 
repeatedly involved very gross errors of omission as well as of commission, 
which, though of little moment in many cases from the commercial point 
of view, detract much from the value of all these analyses in the eyes of 
the geologist intent on gaining an exact knowledge of an important for¬ 
mation and of the possible sources of metallic ore deposits of economic 
value, whether these last are residual soils resulting from the subaerial 
decomposition of limestone formations or whether they are deposits of the 
ores of lead, zinc, vanadium, etc., that have been formed beneath the surface 
by the agency of circulating waters. 

2. Mineral Composition of Carbonate Rocks 

The chief mineral compounds entering into the make-up of the carbo¬ 
nate rocks are of course calcium carbonate for the limestones proper, with 
the double carbonate, the mineral dolomite, in increasing proportions 
through the magnesian limestones and dolomites; but it is the exception to 
find them free from other carbonates as essential components, chiefly those 
of iron and manganese, which are usually in isomorphous combination with 
the constituents of one or the other of the above minerals. The proportion 
of these is far less than that of the others but sometimes aggregates several 
per cent. When they predominate, the rock is no longer a limestone but 

becomes an ore of iron or manganese. 

Neglect to take account of these minor carbonate constituents is a fre¬ 

quent source of error in the statement of analyses, where it is very common 

to find reported as carbonates only calcium and magnesium, and perhaps a 

considerable amount of iron as Fe203 and manganese as one of its higher 

oxides, although it is practically certain that these must have existed in 

large part as ferrous and manganous carbonate. A careful determination 

of the carbon dioxide will often tell whether this is so or not, for it will 

perhaps be found in excess of that required for lime and magnesia. A nega¬ 

tive result, however, is not to be taken as proof of the absence of iron or 

manganese carbonate or both, for very often a small portion of the mag¬ 

nesia may be in silicate combination, or in some formations there may be 

a little gypsum to claim a portion of the lime. This last is not likely to be 

the case in the average hard rock that is used for the manufacture of 

cement. In such the sulfur often reported as SOs is likely to come from 
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iron pyrites and perhaps to a limited extent at times from carbonaceous 
matter. Hence it is easy to see that, except in absence of iron and manga¬ 
nese, it is not possible to ascertain the exact proportions of calcium and 
magnesium carbonates, and in some of the excepted cases it is possible only 
after separate analyses of the parts soluble and insoluble in dilute acid have 
been made. 

The commonest sulfide in limestone formations is pyrite, though often 
its presence is obscured by its extremely fine state of division or by carbo¬ 
naceous matter. In the metamorphosed limestones, especially those altered 
by intruded igneous bodies, other sulfides, as sphalerite, and galena, arc not 
uncommon, and these and still other sulfides may form important ore bodies 
or again give rise by oxidation to equally or even more valuable ores of a 
different sort. The strongly metamorphosed siliceous limestones, however, 
are seldom subjected to chemical analysis, especially for commercial pur¬ 

poses. 
The siliceous components may be of the most varied character. Their 

names alone might fill a page. Suffice it to mention for the metamorphosed 
rocks garnet, vesuvianitc, wollastonite, tremolite, diopside, the scapolites, 
tourmaline, apatite, and silica, in the form of chert. Cherty limestones are 
extremely common, and their silica was doubtless introduced during meta- 
rnorphism. The chief siliceous components of unmetamorphosed limestone 
rocks are, as said before, sand and a clay. The latter particularly, since it 
is a clay, carries water, and this fact is usually overlooked in ordinary 
analyses. The analytical statements may show no water, though clayey 

matter is present to a large extent. The sand may be largely or altogether 

quartz, or it may be composed in part of such other minerals as are com¬ 

monly found in sands, like mica, garnet, and zircon. The latter may often 

be detected, even in the less siliceous and clayey limestones, by dissolving 

large amounts in hydrochloric or acetic acid and subjecting the residue to 

microscopic examination, after burning off obscuring carbonaceous matter, 

if necessary. The unignited residue will, needless to say, contain the pyrite 

of the rock and any other sulfides not attacked by dilute acid. In some 

nonsiliceous rocks, it may even consist to a considerable extent of iron 

oxide, probably in most cases one of the hydrated oxides, but perhaps often 

hematite. The presence of such a constituent in a limestone is occasionally 

indicated by a reddish cast of color in the fresh rock, provided there is not 

enough carbonaceous matter to obscure it. The existence of a ferric oxide 

is not always incompatible with the simultaneous presence of this carbo¬ 

naceous matter. 

A purple color may be due, as in some slates, to admixture of a ferric 

oxide or hydroxide with carbonaceous matter, whereas to the latter com¬ 

ponent are due the gray and black colors often encountered. The color 
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of greenish sedimentary limestones may be caused by certain minerals of 
the mica family, as the chlorites. 

The condition of phosphorus when it occurs in only minute amounts is 
not determinable with certainty. Doubtless it may be found sometimes in 
traces in the form of heavy phosphates like monazite and xenotime in the 
insoluble residues, and again it is held by iron and aluminum, but in the 
highly phosphatic rocks its usual form is overwhelmingly that of phospho¬ 
rite or apatite, which may in fact become the predominating constituent. 

It is known that vanadium is a regular though very minor constituent of 
limestones as well as of sandstones and igneous rocks generally. Tests on 
100-g lots of a great limestone formation in northwestern Mexico show 
that it at least carries molybdenum as well as vanadium, and also nickel. 
Nothing is known with certainty regarding the mode of combination of 
these elements in limestones, though it is quite possible, of the vanadium 
at least, that it was an original ingredient of the aluminous silicates of the 
clayey matter, and that nickel, zinc, and lead when present are mainly in 
the form of carbonate or sulfide. 

Carbonaceous matter has been alluded to frequently as a common con¬ 
stituent of secondary importance. It is absent from the white marbles and 
some colored decorative stones but forms an appreciable percentage of 
other limestones in extreme cases. 

Some kinds of bituminous limestone are characterized by a fetid odor 
when struck or abraded. This is perhaps due in most cases to hydrogen 

sulfide, either original or resulting from decomposition of organic matter. 

The presence of hydrogen sulfide is sometimes unmistakable, and B. J. 

Harrington determined its amount at about 0.02 per cent in the form of 

liquid inclusions in a fetid calcite from Canada. 

The above remarks do not exhaust the subject of the mineral composition 

of limestone rocks, this term being used here and elsew^here in its generic 

sense to include the magnesian varieties. They may serve as a sufficient 

guide, however, to chemists undertaking the analysis of these rocks. 

Ignorance of the minor mineral components has been a prolific source of 
error in these analyses. 

3. Behavior toward Different Reagents as a Means of Distinguishing 

Different Carbonates 

Although, for the analyst provided with laboratory facilities, it is usually 

of little importance to possess other means for identifying qualitatively the 

different varieties of carbonate rocks than the conventional methods of 

qualitative analysis, some of the rapid methods for so doing may serve a 

most useful purpose at times, especially in the field, where transport of 

bulky apparatus and quantities of liquid reagents is difficult or impossible. 
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A. DIFFERING SOLUBILITY IN TARTARIC AND CITRIC ACIDS AND IN ACID 
POTASSIUM SULFATE 

This subject, touched on now and then by earlier writers, was first 
studied by H. C. Bolton,® and many of his results were long afterward con¬ 
firmed by J. W. Richards and N. S. Powell.^ Solid organic acids like citric 
and tartaric were found to be well adapted for distinguishing between 
many carbonate minerals by the difference in the degree of action on them. 
Potassium acid sulfate had been used earlier to some extent by E. Jannettaz,® 
and Richards and Powell gave data on this reagent for carbonates. It will 
suffice here to refer to the originals, especially Bolton’s papers, where will 
be found data as to the solul)ility of a great variety of minerals in the above- 
named solvents as well as in others of inorganic nature. 

B. DISTINGUISHING CALCITE FROM ARAGONITE 

In the opinion of J. Johnston, H. E. Merwin, and E. D. Williamson,® 
chemical tests used alone for distinguishing qualitatively calcite from ara¬ 
gonite are indecisive, “particularly so where they would be most useful, 
namely, for the characterization of fine-grained material which may carry 
something that interferes with the test.” Hence their description is omitted 
Optfeal methods in experienced hands are more trustworthy. 

C. DISTINGUISHING BETWEEN CALCITE AND DOLOMITE 

It must be understood that magnesian and dolornitic limestones represent, 
as a rule, mixtures of the double carbonate dolomite with calcite, and not 
of calcite with magnesite. Calcite is easily soluble in dilute hydrochloric 
and acetic acids; dolomite and magnesite are nearly insoluble. Hence calcite 
effervesces strongly with these acids, even in lump fonn, whereas dolomite 
shows little or no effervescence. An easy means is thus afforded for dis¬ 

tinguishing the two. Dolornitic limestones are also but feebly attacked, 

according to their content in calcite, so that in powder form it is not 

difficult to make a fair separation of calcite from dolomite and magnesite, 

but not from magnesian hydrocarbonates, which last, however, are never 

essential components of the great carbonate formations. 

The behavior toward heat alone is sometimes useful as a distinguishing 

test, for dolomite loses its carbon dioxide so easily that the powder is 

^Ann, N. Y. Acad, ScL, 1, 1-153 (1877-80); 2, 1; Proc. Am, Assoc, Advancement Set., 
31, 271 (1883); Chem, NewSy 36, 37, 38, 43, 47 0877-83); Brit, Assoc, Advancement Sci, 
Kept, 506 (1880); Mineralog, Mag,y 4, 181 (1880-81); Ber, deut, chem, Ges,, 13, 726 
(1880). 

4 J, Am, Chem, Soc,, 22, 117 (1900). 
^Compt, rend,y 77, 838 (1873); 78, 852 (1874). 
^Am, J. Sci., [4] 41, 473 (1916). This article contains a summary of the literature 

upon the subject. 
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violently projected from the crucible if the heat is not very cautiously 
applied, whereas calcite can be strongly heated at the start without danger 
of loss of solid matter. 

J. Lemberg^ found that calcite responds by the formation of a violet 
color in its powder when treated with a solution of aluminum chloride and 
hematoxylin (extract of logwood) but that dolomite remains unaffected. 
The solution is prepared by dissolving 4 parts of dry aluminum chloride in 
60 parts of water, adding 6 parts of logwood, and boiling for 25 minutes 
with replacement of the escaping water. The deep-violet solution is then 
filtered. Coarsely powdered Iceland spar and Carrara marble became violet 
after 5 to 10 minutes immersion and subsequent removal of the adhering 
solution with water. In the powder of a dolornitic limestone the calcite 
grains were easily distinguishable from those of dolomite by this means. It 
is not advisable to prolong the treatment unnecessarily, for after 20 minutes 
the dolomite surfaces may show occasional pale-blue spots. The reaction 
is caused by precipitation upon the calcite of aluminum hydroxide, which 
forms, with the coloring matter, a lake. 

F. Hinden ^ found tliat limestone (calcite) at room temperature gives 
carbon dioxide with 10 per cent solution of ferric chloride, but dolomite 
docs so only on warming. A second reagent mentioned by him is copper 
sulfate solution, from which l)asic copper carbonate is separated by calcite, 
but is not by dolomite. 

It is not known if objections similar to those mentioned in the foregoing 

section B apply to the procedure of Lemberg and Hinden. Fhe possibility, 
however, should be borne in mind. 

II. REFINED METHODS FOR THE ANALYSIS OF CARBONATE ROCKS 

1. Silica, Its Separation from Alumina, etc. 

A. METHODS OF DECOMPOSING THE ROCK 

Few limestones are so pure that they leave no residue on treatment with 

hydrochloric acid. The residue may consist of quartz, clay, or other sili¬ 

cates, carbonaceous matter, pyritc, etc., and the mode of attack employed 

will depend on the amount of insoluble matter and whether or not it is 

desired to know its composition separately from that of the soluble portion. 

a. When the Inorganic Residue Is to Be Separately Analyzed. A gram ^ 
of the rock powder is moistened with water and dissolved in dilute hydro- 

^Z. deut. geol Ges., 40, 357 (1888). 
8 Verhandl, naturforsch. Ges. Basel, 15, 1 (1905). 
8 For the determination of constituents that amount to over 5 per cent, individual 

samples should be dried at 105 to 110® C in weighing bottles, weighed, and poured 
out as completely as possible, and the botde reweighed. 
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chloric acid (or acetic, if the former acid is likely to act appreciably on the 
silicates) in a covered beaker till all effervescence ceases. Moderate heat 
is needed if the effervescence is so weak as to indicate a rock of dolomitic 
character. The solution is filtered through a 7-cm filter, and the residue is 
washed with water, or hot dilute hydrochloric acid if gypsum is present 
and the silicates are resistant. The paper, with its contents, is ignited moist 
in platinum (blast needed only if the amount is considerable), and, after 
weighing, it is fused with sodium carbonate and analyzed like a silicate rock 
(p. 859 et seq.). If it contains hydrous minerals, the original water content 
of the residue is best determined by a separate test on a fresh portion of 
the sample and not by drying and weighing on a counterpoised filter and 
then igniting. The weight of water found should be added to that of the 
ignited residue in order to get the true weight of the insoluble matter. 

If the ignited residue is wholly quartz, or is very insignificant in amount, 
it may be treated at once with a drop of sulfuric acid and a few drops of 
hydrofluoric acid, and the acids removed in the radiator shown in Fig. 5 
(p. 24). If then a slight residue still is visible, it is well to repeat the 
treatment with acids and evaporation, for it cannot be too insistently pointed 
out that quartz resists the action of hydrofluoric acid far more than many 
silicates, and several evaporations may be needed to volatilize the crystal¬ 
lized mineral unless it has first been reduced to a most impalpable state of 
division. When the weight after exposure for a few minutes to the full 
burner heat no longer changes, the loss represents silica. If a slight residue 
still shows, it is to be fused with a little carbonate and dissolved in hydro¬ 
chloric acid and the solution added to the original acid filtrate, which is 
best treated for iron, aluminum, etc., as in 2, A (p. 968). 

If the original residue is small, and accurate knowledge of its composition 
is desired, several grams of the rock may be dissolved. In this case the 
whole filtrate from the insoluble matter is best treated for dissolved iron, 
aluminum, and manganese as in 2, A (p. 968), but then only an aliquot 
part of the subsequent filtrate should be used for the determination of 
calcium and magnesium. 

In case the filtrate from the residue is colored perceptibly by dissolved 
organic matter, a condition that may arise occasionally, this organic matter 
must be effectually destroyed before proceeding to the precipitation of iron 
and aluminum, for otherwise incomplete precipitation of one or both will 
be the result. The complete removal of this disturbing material cannot 
always be effected by ordinary oxidizing agents, but only by evaporation 
and heating to its carbonization point. In doing this, it is necessary, in 
order to avoid possible loss of iron as chloride, to evaporate with nitric 
acid to dryness a couple of times and then to heat over a free flame gently 
until the desired result is achieved. If this seems undesirable for any 
reason, it may be better to start with a fresh portion of the limestone and 
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to treat it by one of the methods given under b, below, for the bulk 

analysis. 
b. When the Inorganic Residue Is Not to Be Separately Analyzed. The 

usual case does not involve separate analysis of the inorganic residue. As 
said above, the residue may consist of clay or other silicates, carbonaceous 
matter, pyrite, etc., with or without quartz. There are two ways open 
to render the noncombustible part of this soluble. 

a. By solution in acid after strong ignition. Solution in acid after strong 
ignition is the best method to employ if the ratio of insoluble to soluble 
compounds is not less than that in an argillaceous limestone which is directly 
suited for burning to Portland cement—that is to say, if the silica does not 
much exceed 15 per cent and the oxides of iron, aluminum, and titanium 
together are not in excess of 6 per cent. The exact allowable limits have 
not yet been determined, nor is it known what the proportions may be in 
dolomites and dolomitic limestones. This is a subject for further investi¬ 
gation. 

Limestone, however, in which the above percentages of silica, alumina, 
etc., are not exceeded may be converted in 10 to 15 minutes by a burner 
capable of giving an effective temperature of 1100 to 1200° to a product 
that is wholly soluble in hydrochloric acid, provided the rock was first 
reduced to a very fine powder. 

A gram of the powder is heated at 1100 to 1200° C in a covered plati¬ 
num crucible. If a limestone, the heat may be applied at once, as a rule, 
without fear of loss, or after short heating at 700 to 900° C. Highly mag¬ 
nesian limestones, if this method is applicable to them, must, however, be 
heated with the greatest caution, for their temperature of decomposition 
is far below that of limestones, and violent projection of material often 
begins far short of visible redness. 

The strong heating is usually stopped after 10 or 15 minutes, when the 
shrunken product may have the appearance of a sintered or even clinkered 
mass that detaches for the most part readily from the crucible.^® It is 

transferred to a beaker or evaporating dish and moistened with water. 

The crucible is then cleaned with hydrochloric acid (1 -f* 1), and the 

contents are poured into the beaker or dish. By gentle heat and cautious 

pressure with the flattened tip of a rod, the lump or lumps are caused to 

disintegrate and pass largely into solution in a few minutes. A certain 

The changes that take place during the ignition comprise loss of all carbon dioxide, 
water, and carbonaceous matter; oxidation of all pyrite, with retention of the whole 
of the sulfur as calcium sulfate. Prolonged heating will gradually expel all the sulfur 
trioxide from the calcium sulfate and later the alkalies, which can be wholly volatilized 
in an hour or less by a powerful blast. With an inclined blast, the alkalies condense 
in part on the under side of the lid as a soluble and powerfully alkaline deposit, some¬ 
times weighing several milligrams, but, in the time above set, no loss of alkali appears 
to occur. 
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amount of silica may remain undissolved in a flocculent state, but this is 
of no moment. When all grit has disappeared, the liquid, if in a beaker, is 
washed into a dish and evaporated to diymess. If solution was made directly 
in the dish, the volume of liquid need not exceed a few milliliters, and the 
evaporation takes but a short time. A much smaller dish is allowable than 
in the case of wholly siliceous minerals, because of the small bulk of solution 
and the entire absence of added fixed salts. 

p. By solution in acid after heating 'with sodium carbonate. When the 
siliceous components are in such amount as not to permit the formation of 
a wholly soluble product by strong ignition, it is necessary to mix sodium 
carbonate with the powder and decompose the silicates by its aid over the 
blast lamp. This procedure may be adopted with all siliceous limestones 
if desired. The amount of flux to be used is but a fraction of that needed 
for a silicate analysis. One-fourth to one-half gram for one gram of lime¬ 
stone suffices, for the lime formed by ignition is itself a powerful flux, and 
it is quite unnecessary to have here a liquid fusion. A sintering suffices. 

This proportion holds also for highly magnesian limestones and for cement 

rocks containing as little as 50 per cent of lime. 

B. SEPARATION OF SILICA 

In this connection the remarks on page 860 should be carefully read. 

Because of the absence of large amounts of alkali salt and of much silica, 

the evaporation of the hydrochloric acid solution obtained on pages 964 

and 966 takes little time compared with a silicate analysis. When dry, 

or nearly so, on the steam bath, the dish may be placed in an air bath or 

(covered) on a platinum triangle resting on a hot plate, and heated at not 

over 110° C for an hour. Higher temperatures or longer heating should 

be avoided because of recombination of silica and magnesia, with subse¬ 

quent resolution of the silica when acid is added. 

Bertram Blount declared that, by heating to 200°, the silica is completely 
separated by a single treatment, but we have not found it so, though the 

amounts going into solution on subsequent addition of acid are small, 

seldom over 2 or 3 mg. Therefore, for exact work with silica present to 

the amount of 2 to 4 per cent and over, that already rendered insoluble 

should be filtered off and the solution again evaporated. With this end in 

view, the dry mass is drenched with 10 ml of hydrochloric acid and then 

with 100 ml of hot water, and the dish covered and placed on the bath for 

10 minutes. The silica is then separated by filtration on a filter of suitable 

size and washed thoroughly with dilute hydrochloric acid (1 -f 99) and 

then twice with hot water. The filtrate is evaporated again to dryness and 

the residue extracted with hydrochloric acid as before, but with half the 

w /. Soc, Chem, Ind., 21, 1217 (1902). 
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quantity of acid and water and the allowance of only a few minutes’ time. 
The solution is then filtered once more through a second and smaller paper 
and the paper and residue washed first with cool dilute hydrochloric acid 
(1 + 99) and then with hot water. The two papers with their contents 
are slowly dried, charred, and ignited in platinum, finally at 1200° C for 
10 minutes. The weighed silica is to be corrected for foreign matter by 
evaporating with 5 ml of hydrofluoric acid and 1 or 2 drops of dilute 
sulfuric acid (1 + 1) as directed on page 863. The residue obtained after 
ignition is almost always considerably less than that found in analyzing 
a silicate rock, and an ignition of a minute or two over a full burner 
(1000° C), after expulsion of the sulfuric acid, is in almost all cases suffi¬ 
cient. The composition of this residue is similar qualitatively to that 
derived from silicate rocks. It should never contain calcium or magnesium 
but consists mainly of alumina, with a little ferric, titanic, and phosphoric 
oxides. It should be fused with a little carbonate, dissolved in hydrochloric 
acid, and added to the filtrate from the silica. 

2. Aluminum, Total Iron, Titanium (Silica, Manganese); Precipitation 

IN Company with Phosphorus 

The next steps differ widely, according to the relative amounts of iron, 
aluminum, etc., taken collectively, and according to whether it is intended 
to precipitate manganese with these or after sepai'ation from them. The 
individual preferences of experienced analysts will often differ in the selec¬ 
tion of the particular method, and it is not intended here to prescribe defi¬ 
nitely the course that anyone should follow. Nor in the following para¬ 
graphs are all methods of separation that may be capable of affording good 
results noticed. There are some that seem promising but that have not 
yet been studied sufficiently to justify description. A method that may 
be well adapted to a certain combination of elements may be valueless if 
to that combination a single other element is added,or it may be that 
the possible disturbing influence of that element has not yet been ascertained. 

A. PRECIPITATION OF ALUMINUM, IRON, ETC 

a. Collective Precipitation of Alurmnum^ Irony ManganesCy Titanitmiy and 
Phosphorus by Ammonium Sulfide, If aluminum, iron, manganese, tita¬ 
nium, and phosphorus collectively represent 2 or 3 per cent or less of the 
rock, the filtrate from the silica (1, B, p. 967), reduced in bulk, if need be, 
is put into a flask of 150 ml capacity with enough hydrochloric acid to 
prevent precipitation of magnesium when made ammoniacal. This last is 

Sec also p. 868. 
18 For example, precipitation by an excess of sodium hydroxide and carbonate (p. 

85) serves satisfactorily for the separation of iron from aluminum in the presence of 
calcium but not of magnesium. 
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a most important point. Ammonia free from carboilate is then added to 
strong alkalinity, and hydrogen sulfide is introduced to saturation, followed 
by a fresh addition of ammonia equal to the excess first used. Boiled water 
is then poured in until it is well up in the neck, the cork is inserted, and 
the flask is set aside for 12 to 24 hours. Its contents are then collected on 
a filter of small size (7 cm) and washed with water containing a little 
ammonium sulfide and chloride. Precipitation is not absolute as to one or 
more of the constituents of the separated mixture, but the amounts recov¬ 
erable from the filtrate are usually very minute. (For treatment of the 
filtrate, see 5, p. 973.) 

The paper and its contents, having been washed with ammonium chloride, 
may be safely charred and ignited as they are. The final weight after 
ignition in full contact with air, followed by application of the inclined 
blast for not over 5 minutes, represents AI2O3, Fe203, Mn304, Ti02, P2O5, 
and other oxides such as ZrOo if these are present in the rock. (For the 
separation of these, see C, p. 970.) 

This method is inapplicable for phosphatic limestones containing insuffi¬ 
cient aluminum to more than combine with the phosphorus, for then cal¬ 
cium and magnesium phosphates would be precipitated also. In such case 
method b or c would apply if the iron and aluminum together more than 
sufficed to carry down the phosphorus, but in general it would be neces¬ 
sary to add a known amount of pure iron oxidized to the ferric state, then 
to precipitate by ammonium hydroxide or the basic acetate process, and to 

deduct the added iron oxide from the weight obtained. 

b. Precipitation of Almmmmi, Iron, Titanimn, and Phosphorus by Ammo¬ 

nium Hydroxide, The filtrate from silica is boiled, with addition of a few 

drops of bromine water or 2 or 3 drops of strong nitric acid, until all trace 

of bromine or chlorine is gone. Then hydrochloric acid is added, if not 
already present, in amount sufficient to prevent precipitation of magnesium 

when rendered ammoniacal. A few drops of methyl red solution are 

added, and the liquid (100 to 200 ml in volume) is heated just to boiling. 

Neutralization is then brought about by means of ammonium hydroxide 

(dilute toward the end) until the color of the solution changes to a distinct 

yellow. It is then boiled for 1 or 2 minutes, allowed to settle a bit, filtered, 

then at once washed two or three times with hot ammonium chloride solu¬ 

tion (2 per cent), and sucked dry (consult p. 869). The precipitate is then 

redissolved in hot and moderately strong hydrochloric acid, the solution is 

boiled to drive out the trace of chlorine derived from solution of any pre¬ 

cipitated manganese dioxide, and the precipitation is repeated one or more 

times just as described, according to the amount of manganese in the rock. 
Macerated filter paper is added before the last precipitation if the oxides arc 

in large amount. The final precipitate is washed with the ammonium chlo- 
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ride solution. (For treatment of the combined ammoniacal filtrates, see B, 
below.) 

The precipitate is ignited moist in the crucible containing the residue 
from volatilization of the silica by hydrofluoric acid (if this was not fused 
and dissolved), and the combined weights, increased by traces subsequently 
recovered (B, below), represent all iron as Fe20s, AI0O3, Ti02, P2O5, and 
possibly other oxides such as Zr02. (For separation of the ignited oxides, 
see Q. below.) 

c. Precipitation of Aluminum^ Iron^ Titanium, and Phosphorus by the 
Basic Acetate Method. The basic acetate method of separation is less 
employed in limestone analysis than in that of silicate rocks, by reason of 
the relatively smaller amounts of those elements that precipitate in the basic- 
acetate process, and hence of their more ready separation by ammonium 
hydroxide from appreciable quantities of manganese. (For its application, 
see p. 870, giving due regard to the smaller amounts of iron, etc., involved 
in the case of limestones.) 

B. TREATMENT OF THE FILTRATES FROM ALUMINA, ETC. 

The combined filtrates obtained in A, b (or c), above, wliich, besides all 
the calcium and magnesium, will contain the manganese and usually traces 
of aluminum and even iron, are acidified with hydrochloric acid, evaporated 
to a small volume in platinum, treated with ammonium hydroxide until 
the solution is just alkaline to methyl red and any precipitate that separates 
is collected. This is washed a little, redissolved in hydrochloric acid (with 
addition of a drop or two of sulfurous acid if its color indicates precipita¬ 
tion of some manganese), and reprecipitated by ammonium hydroxide at 
boiling heat in a very small beaker. If need be, the precipitation is to be 
again repeated, but this will seldom be the case. The alumina and perhaps 
trace of iron oxide thus obtained are added to that already found (A, p. 968). 
(For treatment of the filtrate, see 3, p. 971.) 

C. SOLUTION AND SEPARATION OF THE OXIDES OBTAINED IN A AND B 

The same course is followed, whether method a, b, or c under A (pp. 968- 
970) has been employed for precipitating aluminum, iron, etc. According 
to the weight of the ignited oxides, these are fused with from one to several 
grams of potassium or preferably sodium pyrosulfate in the covered cru¬ 
cible over a low flame. If pyrosulfate is used instead of acid sulfate, the 
time of fusion is greatly shortened, especially when the oxides are in a 
finely divided state, as after precipitation in the presence of macerated 
filter paper. 

When decomposition is complete, the cooled melt is dissolved in 50 ml 
of hot dilute sulfuric acid (5 + 95), the solution is transferred to a plati- 

For its preparation, see p. 36. 
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num dish and evaporated as far as practicable on the bath. Add 10 ml of 
dilute sulfuric acid (1 + 1), and continue the evaporation over a radiator, 
or on a sand bath, or by aid of a free flame applied with care to prevent 
spattering, until fumes of acid appear freely. When cool, the melt should 
be rather pasty and not hard and dry. It is dissolved by the aid of heat in 
100 ml of water, and the solution is allowed to digest for 10 to 15 minutes 
on the bath. A few flocks of silica will then generally be apparent at the 
bottom of the dish. Whether visible or not, the solution is passed throagh 
a 7-cm filter, which is then washed with hot water until free from salts. 

a. Silica (Barimn), The paper with the silica is ignited, weighed, and 
then treated with a drop of sulfuric acid and a few drops of hydrofluoric 
acid, and the crucible, after ignition, is again weighed. The loss represents 
silica that escaped earlier separation, and its amount is to be added to that 
already found. 

If the final residue is reddish, it is to be brought into solution by a little 
pyrosiilfate, and its solution, if clear, is added to the main filtrate containing 
the mass of the iron. If it is not clear, the turbidity may be due to a trace 
of barium sulfate, which should of course be separated and deducted from 
the weight of the alumina plus other oxides. 

b. Iron, In this solution the iron is to be determined by potassium per¬ 
manganate after reduction as in a on page 877. The amount of vana¬ 
dium present is, so far as known, always so small as to make it unnecessary 
to follow procedure yS, on page 877. 

c. Titanium, After titration of the iron, the solution is treated as pre¬ 
scribed on page 879, and the titanium is determined colorimetrically (p. 

885). 
d. Ahmnnum, The aluminum is determined by difference after sub¬ 

tracting the weights of iron and titanium oxides found as above, and also 

the phosphoric oxide found in a separate portion of the sample (6, p. 974), 

and further the manganosomanganic oxide, if this had intentionally been 

precipitated along with the iron and aluminum as in A (p. 968). (For the 

discussion of the relative merits of this indirect and the direct methods for 

arriving at the aluminum, see pp, 874 and 879.) 

3. Manganese 

A. IN THE FILTRATES FROM 2 B (p. 970) 

The filtrates containing the calcium, magnesium, and manganese arc 

caught in a flask of about 150 ml capacity, 2 ml of ammonium hydroxide 

is added, hydrogen sulfide gas is introduced to saturation, and then addi¬ 

tional ammonium hydroxide is added to equal that just prescribed. The 

flask is filled with recently boiled water, stoppered, and set aside for 12 to 

24 hours; the precipitate (perhaps colored dark by a little platinum, iron, 
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or other heavy-metal sulfide is collected on a 7-cm filter and washed 

with a dilute solution of ammonium chloride carrying a little ammonium 

sulfide.^'*’ (For treatment of the filtrate see 5, p. 973.) 

If the manganese is not to be determined in a separate portion of the 

rock, the flask is then cleaned from possibly adhering sulfide with a solution 

of half-strength hydrochloric acid diluted with five times its volume of 

hydrogen sulfide water, which is then passed through the filter in order to 

dissolve the manganese sulfide. The filtrate is treated as in ji, page 881 if 

the gravimetric method of determination is chosen. In view of the rela¬ 

tively enormous errors affecting this method when small amounts arc in 

question (see p. 879), it is far safer to evaporate the hydrochloric acid solu¬ 

tion with sulfuric acid, until no trace of chlorine is left, and to apply the 

colorimetric method (p. 882). 

If the manganese is to be determined in a separate portion, the sulfide 

precipitate is discarded; indeed, if it is known that but a few hundredths 

of 1 per cent are present, its separation at this stage may be altogether 

omitted. 

B. SEPARATE DETERMINATION OF MANGANESE 

Small amounts of manganese arc always determined best by colorimetry, 

and then with greatest accuracy in a separate portion of the sample. This, 

if wholly soluble in acid, is to be dissolved by dilute nitric acid free from 

hydrochloric acid and further treated, in whole or in an aliquot part, as 

on page 882. If it is not altogether soluble in acid or if the solution is col¬ 

ored by organic matter, it is best to heat the powder with half its weight 

of sodium carbonate (itself free from manganese) over a strong blast, to 

digest the cooled mass with nitric acid until any residue that may remain 

is entirely colorless, and to filter into a suitable-sized flask before proceeding 

with the determination. 

4. Copper, Nickel, Cobalt, Lead, Zinc, Rare Earths, Chromium, 

Vanadium, Molybdenum 

It is commonly useless to look for copper, nickel, cobalt, lead, zinc, rare 

earths, chromium, vanadium, or molybdenum in a sample as small as that 

15 More than a negligible trace of iron should not appear at this point. If, however, 
the organic matter of the limestone is at all soluble in acids and the method of direct 
solution has been employed, it may very well happen that some iron (aluminum like¬ 
wise) will fail of precipitation by ammonium hydroxide. The former will then appear 
at this stage. Hence, prior ignition of the limestone is imperative in such cases. 

^®This is best prepared by ovemeutralizing a little hydrochloric acid in a small 
beaker, and then adding hydrogen sulfide water or introducing hydrogen sulfide gas 
for a few moments, and further diluting if need be. 
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taken for the general analysis. To detect these from 50 to 500 g of 
material will be required, which should be dissolved in hydrochloric acid 
and the residue separated by filtration. If it is desired to examine this 
residue, it is analyzed separately, after fusion with sodium carbonate and 
leaching with water. Chromium, vanadium, and molybdenum will then 
be found in the filtrate, the other metals in the residue. The former can 

be determined according to page 901, the latter by the usual methods. 

For the hydrochloric acid solution, which will contain the above elements 

mainly or wholly, the treatment given under 2, A (p. 968) is probably 

best adapted, and the following outline may serve as a guide: 

The precipitate produced by ammonium sulfide is to be dissolved, the 

copper and perhaps some molybdenum precipitated by hydrogen sulfide, 

the filtrate oxidized and evaporated to dryness, and the residue boiled with 

a solution of oxalic acid. The rare earths, perhaps contaminated by silica, 

will be thrown out and are to be washed with dilute oxalic acid solution, 

ignited, treated with sulfuric and hydrofluoric acids, redissolved, and repre¬ 

cipitated in neutral or nearly neutral solution by oxalic acid, ignited, and 

weighed. They can then be tested for character as described under Rare 

Earths (p. 561). The filtrates are freed from oxalic acid by evaporation 

and gentle ignition, and the residue is redissolved and tested for nickel, 

cobalt, zinc, and chromium by approved methods. It must not be forgot¬ 

ten that the filtrate from the original precipitation by ammonium sulfide 

may hold most of the vanadium and molybdenum, and perhaps nickel, 

which are to be recovered by acidifying with dilute acetic acid. 

Vanadium may usually be found and determined with sufficient accuracy 

in 5 g of the limestone by fusing with sodium carbonate and further treating 

as described on page 902. 

5. Calcium, Strontium, Barium, Magnesium (Manganese) 

A. ORDINARY PROCEDURES 

The filtrate obtained on page 968 or page 971 is treated for the most 

part as in silicate analysis (p. 883). 

With dolomitic limestones and dolomites it will be usually impossible to 

obtain a correction by the second method given under Magnesium (p. 640) 

for the small amount of calcium with the magnesium pyrophosphate. 

Method A, The Alkaline Earths (p. 612), is to be followed. 

The accurate determination of barium in a limestone is more difficult 

than in a silicate rock. It is perhaps best to recover it, if it is present, from 

the filtrates from the calcium oxalate, after evaporating them and expelling 

ammonium salts (p. 133) by taking up the residue in as little hydrochloric 

acid as possible and, without filtering, adding a few drops of sulfuric acid 
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and allowing to stand for several hours. The washed and ignited precipi¬ 

tate is evaporated with a drop of sulfuric acid and a few drops of hydro¬ 

fluoric acid to remove silica, the final residue is dissolved by a little hot 

strong sulfuric acid, and the resulting solution is poured into a few milli¬ 

liters of cold water, the crucible being well rinsed with cold water by the 

aid of a feather or “policeman.” If a precipitate now appears, it is barium 

sulfate, which is collected and weighed in the customary manner. 

To the filtrates from the barium is added enough hydrochloric acid to 

prevent precipitation of magnesium when rendered ammoniacal. Ammonia 

in slight excess is added, and the solution is boiled for some minutes in a 

platinum dish. There will probably appear a very slight precipitate con¬ 

taining aluminum hydroxide, which is to be redissolved and reprecipitated. 

In the filtrate the magnesium is precipitated, together with any manganese 

that may be present, in the manner elsewhere detailed (p. 883). 

B. SEPARATION OF LITTLE CALCIUM FROM MUCH MAGNESIUM-MAGNESITE 
ANALYSIS 

In the Chapter on The Alkaline Earths (p. 612) are given procedures 

which appear to be the best for separating little calcium from much mag¬ 

nesium, as these occur in the commercially important mineral magnesite 

and its product of calcination. 

6. Phosphorus 

In determining phosphorus, the rock is dissolved in dilute nitric acid, 

the solution filtered, the residue fused with a little sodium carbonate, and 

its nitric acid solution added to the other. 

Or, if the rock is rather argillaceous, the powder may be mixed with half 

its weight of sodium carbonate and strongly blasted. The nitric acid solu¬ 

tion of the mass is then evaporated to dryness to remove most of the silica, 

which is collected on a filter, washed, ignited, and evaporated with hydro¬ 

fluoric and nitric acids. The evaporation with nitric acid alone is repeated 

once or twice to expel the fluorine, and the residue is dissolved finally in 

nitric acid and its solution added to the former. 

To the solution obtained in either of the above ways, ammonium molyb¬ 

date solution is added, and the precipitate is treated by one of the approved 

methods (see under Phosphorus, p. 702). 

In limestones very low in phosphorus, it may be deemed desirable to 

concentrate the phosphorus from a considerable weight of sample. F. Hin- 

den^^ suggested the following way to do this: 

Z, anal. Cbem., 54, 214 (1915). 
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To the nitric acid solution, add ammonia until the liquid becomes slightly 
turbid. (Add a few drops of ferric chloride solution if iron and aluminum 
are absent.) Then add half a gram of pure precipitated calcium carbonate, 
and boil for 5 minutes. Filter, dissolve the precipitate (which now contains 
the phosphorus) in dilute nitric acid, and precipitate the phosphorus as 
phosphomolybdate. 

7. Ferrous Iron 

The presence of carbonaceous matter in limestone renders the exact or 
even approximate determination of ferrous iron often impossible. Never¬ 
theless, even in its presence, acceptable results arc sometimes obtainable if 
there is not much of such matter and if it docs not give with acid a colored 
solution. But even then it is only the soluble iron, existing chiefly if not 
wholly as carbonate, that is determinable. Occasionally limestones show 
films of manganese peroxide, which likewise interferes with the determi¬ 
nation. 

A. IN THE ABSENCE OF CARBONACEOUS MATTER 

a. Ferrous Iron Soluble in Sulfuric Acid, The powder, from 1 to sev¬ 
eral grams, is introduced into a stout flask of about 200 to 250 ml capacity 
and l)oiled with a little water until all air is expelled. While it is still boiling, 
dilute sulfuric acid is added, a little at a time, until eflFervescence ceases, 
and then a further amount. Calcium sulfate precipitates, but the iron will 
remain in solution. The flame is then removed and a stopper tightly 
inserted, through which passes a small stopcock funnel. When it is cool 
or nearly so, cold water is poured into the funnel, the cock cautiously 
opened, and the water drawm into the flask, more water being poured 
into the funnel as fast as it empties, until the solution amounts to 100 or 
150 ml. Such precaution to exclude air is hardly necessary in most cases, 
however, for, in the presence of sulfuric acid, the oxidation of ferrous iron 
is exceedingly slow. It is ordinarily quite sufficient to equalize the internal 

and external pressures by opening the cock, removing the stopper, and 

pouring in cold water. Tlie flask is then !)rought under a burette contain¬ 

ing dilute permanganate solution and the iron titrated wdthout delay. With 

a carbonate which is wholly decomposable w ithout the aid of heat, solu¬ 

tion may be accomplished in a flask filled with carbon dioxide, using cold 

acid, whereby the danger of attack of silicates is lessened if these are present. 

If the preference is for the potassium-bichromate method of titration, 

hydrochloric acid may be used instead of sulfuric, in the absence of man¬ 

ganese peroxide. In this case there is, of course, no separation of an insol¬ 

uble calcium salt, a fact that renders easier the subsequent determination 

of the iron in any insoluble residue the rock may yield. The ferrous iron 

thus found is mostly, if not altogether, that existing as carbonate. 
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b. Ferrous lro7i in the Insoluble Residue, The titrated solution is filtered 

through a medium-sized hardened filter and the insoluble matter collected 

thereon and washed with water. The contents of the paper are rinsed into 

a capacious platinum crucible, the water mostly evaporated, and in the 

residue the ferrous iron is determined as on page 917. 

The total ferrous oxide found in a and b, when calculated to ferric oxide 

and subtracted from the total iron in the same state, gives the ferric oxide 

in the rock. If separate analyses have been made of the parts soluble and 

insoluble in dilute acid, similar calculations applied to the iron derived from 

the two portions will give the ferric oxide in each. 

c. Total Ferrous Iran. If separate determinations are not desired, water 

is poured upon the powder in a capacious platinum crucible, dilute sulfuric 

acid is slowly added until effervescence ceases, then the crucible is placed 

in one of the forms of apparatus described on page 917 et seq., together with 

5 ml of hydrofluoric acid, the decomposition of the silicates is effected in an 

atmosphere of carbon dioxide, and the titration is made as there directed. 

B. IN THE PRESENCE OF INSOLUBLE CARBONACEOUS MATTER 

Decomposition is effected in a flask by dilute sulfuric acid in an atmos¬ 

phere of carbon dioxide. With limestones and active agitation no heat 

need be used, but with dolomites it will be necessary. The solution is then 

filtered quickly through asbestos (in an atmosphere of carbon dioxide if 

much iron is present), the residue and filter washed a few times, and the 

filtrate titrated at once with permanganate. If it is colored by organic 

matter, the result may be in error. 

A in 7, A (p. 975) hydrochloric acid and titration by dichromate may 

be used in the absence of manganese peroxide. In either case it is important 

to allow the acid to act no longer than is necessary and to filter quickly. 

A determination of the ferrous iron in the insoluble matter is usually not 

worth attempting, because of the admixed organic matter. 

8. Alkalies 

The alkalies in carbonate rocks are, of course, constituents of the siliceous 

components. As these are usually subordinate, it is advisable to operate on 

not less than 1 g of the powder, and the J. Lawrence Smith method is to 

be followed in nearly all its details (p. 923). Because of the presence of a 

large amount of calcium carbonate in the rock, it might seem that addition 

of precipitated carbonate would be needless. That it is not, however, 

appears to have been shown by experiments made with and without its 

addition. A little more alkali was obtained in the former case, a result 

that is probably due to more effective reaction of the finely divided artificial 
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carbonate than of the crystalline natural carbonate with the aminonium 
chloride. One-half the usual amount of precipitated carbonate will suffice. 

9. Carbon Dioxidk, Carbon (Water) 

A. DETERMINATION OF CARBON DIOXIDE 

The determination of carbon dioxide is made precisely as described on 
page 934. 

B. DETERMINATION OF CARBON AND HYDROGEN OF CARBONACEOUS 

MATTER 

The character of the carbonaceous matter in limestones has not been 
studied critically, so far as is known to us, but it seems reasonable to assume 
that it resembles coaly matter rather than the indefinite humus. Although 
on solution of the rock in dilute acids, the odor of the escaping gas is some¬ 

times indicative of volatile organic substances, the amount thus escaping can 

never be more than a small fraction of the total. If the rocks are boiled 

with acid, the filtrate may be somewhat colored, but, if care is taken to use 

dilute acid and to filter as soon as its action on the carbonates is over, little 

or no organic matter is likely to pass into solution. Hence, in all such cases 

the “following method for the determination of its carbon is indicated.^® 

Treat 0.2 to 1 g of the sample with 30 ml of dilute hydrochloric acid 

(1-1-2), and heat until the carbonates are decomposed. Dilute the solution 

with water, filter through ignited asbestos, and wash with water containing 

a little hydrochloric acid until the alkaline earths have been removed. 

Transfer the residue and asbestos to a 100-ml platinum dish, treat with 15 ml 

of hydrochloric acid, and heat below the boiling point on the hot plate for 

10 minutes. Add 20 ml of hydrofluoric acid, and heat at incipient boiling 

until the inorganic matter is decomposed. One-half to two hours are 

usually required and the volume of the liquid must be maintained above 

15 ml by addition of hydrochloric and hydrofluoric acids in the proportions 

of 3 to 4 from time to time. When the decomposition is complete, evapo¬ 

rate the solution to a volume of 15 ml, add 25 ml of hydrochloric acid, and 

heat to boiling. Add an equal volume of hot water to the boiling solution, 

again heat to boiling, and filter while hot, through a filter of ignited 

asbestos or platinum sponge. Wash with hot water until free from chlo¬ 

rides. Transfer the filter and residue to a porcelain or platinum boat, dry 

for 2 hours at 105® C, and transfer directly to the combustion tube so that 

no moisture may be readsorbed. Determine the percentage of carbon and 

hydrogen as described under Carbon (p. 771), with due precautions as to 

sulfur if sulfides are present in the limestone. 

A. C. Fieldner, W. A. Selvig, and G. B. Taylor, Bur, Mines Tech, Paper 212 (1919). 
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C. SIMULTANEOUS DETERMINATION OF WATER AND OF TOTAL CARBON 

In the presence of sulfides or soluble organic matter, the following 
method will sometimes answer for the simultaneous determination of water 
and of the carbon of carbonates and organic matter. 

Ignite in a current of air 1 g of the rock in a tube of very hard glass, or 
in the tubulated crucible of Gooch (Fig. 39, p. 831), and collect the water 
and the carbon dioxide. The sulfur of sulfides will be retained as calcium 
sulfate. It is necessary for the success of this operation that the tempera¬ 
ture be sufficient to drive out all carbon dioxide from the carbonates, but 
insufficient to decompose calcium sulfate. The water found represents 
that in the minerals of the rocks as well as that derived from the hydrogen 
of the organic matter. 

A separate determination of the carbon dioxide (see B, p. 934) gives 
the data for calculating the carbon of the organic matter. 

According to G. T. Morgan,the two conditions of carbon can be deter¬ 
mined successively on the same portion of sample by first finding the carbon 

dioxide as in A, but with substitution of orthophosphoric for hydrochloric 

acid, and then, after weighing and replacing the absorption tubes, adding 

chromic acid and renewing the boiling to oxidize the organic matter and 

liberate its carbon as CO2. 

10. Chlorine 

Several grams of the rock arc dissolved in the cold, or with as low a 

heat as may be, in dilute nitric acid free from chlorine, the solution is 

filtered, silver nitrate added, and the precipitate collected and treated as 

usual (see pp. 936-938). 

If the rock is likely to contain chlorine-bearing silicates, it is decomposed 

with its own weight or less of chlorine-free sodium carbonate in a platinum 

crucible over the burner or moderate blast without undue prolongation of 

the heating. The mass is extracted with hot water and the filtrate acidified 

with cold dilute nitric acid, or it may be decomposed directly with the 

acid and the solutions filtered. The further treatment is as above given. 

11. Fluorine 

As with silicate rocks, an exact determination of fluorine in carbonate 

rocks is difficult. Probably the best procedure is to separate the fluorine 

from most of the other constituents of the rock by the Willard and Winter 

distillation (p. 742), and then to titrate the fluorine in the distillate with 

thorium nitrate (p. 744) or to determine it colorimetrically by the Steiger- 

Merwin method or one of its modifications. If the material is not com- 

!»/. Chem, Soc.y 85, 1001 (1904). 
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pletely soluble in the acid prescribed in the method, the residue should be 
examined for fluorine, or the whole sample may be fused with sodium car¬ 
bonate before distillation.^® 

12. Sulfur 

A. TESTS AS TO ITS CONDITION; DETERMINATION OF SULFATE SULFUR 

In very many, perhaps most, carbonate rocks, any sulfur present is 
chiefly if not wholly in the sulfide condition, and then usually as pyrite. 
In what condition it may be is readily ascertainable. If moistened lead 

acetate paper is blackened when held over the mouth of a test tube in 

which some of the rock powder is being boiled with dilute hvdrochloric 

acid, a soluble sulfide is indicated, but it is seldom more than a negligible 

trace. If the filtrate after approximate neutralization with ammonia gives 

a precipitate with barium chloride there is sulfate present. If the total 

sulfur obtained as in B, below, is in excess of that in the sulfate and soluble 

sulfide states, the difference may safely be calculated to iron disulfide. 

In the presence of much sulfide and also of sulfate sulfur, the extraction 

of the latter should be made in an atmosphere of carbon dioxide, but 

usually this precaution is quite unnecessary. For details of the determina¬ 

tion of sulfur, consult page 948. 

B. DETERMINATION OF TOTAL SULFUR 

a. Methods of Converting Sulfides to Sulfates, a. By ignition veithout 

flux. In a rock that is not heavily charged with sulfides, the following 

method has afforded excellent results, even in the presence of 1 per cent 

of organic matter, though its range of application has not been ascertained: 

The platinum crucible containing 1 to 2 g of the rock powder is placed 

in the perforated disk (Fig. 6, p. 25) and exposed to the heat of a burner 

for 15 minutes or to that of an inclined and moderate blast for 10 minutes. 

So far as present experience teaches, it is not at all necessary to begin with 

a gentle heat. All sulfide sulfur is oxidized and retained by the lime as 

sulfate without any loss by volatilization, all organic matter is removed, 

and the silicates are rendered soluble in acid if they are not in excess (see 

p. 966). 

p. By ignition nmth sodium carbonate. From 1 to 2 g of powder is mixed 

with half the weight of sulfur-free sodium carbonate in a platinum crucible 

and heated in the perforated disk, as in a. It is not probable that the addi¬ 

tion of niter is called for, even when a good deal of carbonaceous matter 

is present. Since not enough flux is used to produce more than a sintering, 

20 James I. Hoffman and G. E, F. Lundell, Analysis of Phosphate Rock, /. Research 
NBS, 20, 610 (1938). 
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the air entering the crucible after the bulk of the carbon dioxide has passed 
off effects very speedy oxidation in the porous mass. 

With highly impure limestones it may be necessary to increase the 
amount of flux and to use a little niter as well. 

b. Treatment after Ignition, The ignited mass obtained in a, a or yS 

will usually separate easily from the crucible. It is transferred to a small 

beaker and covered wdth water. The crucible is cleansed w^ith dilute hydro¬ 

chloric acid and the solution poured into the beaker. More acid is added 

until decomposition is complete in the cold or on gently warming. The 

solution is then filtered, diluted if need be to 150 or 200 ml containing 1 to 

2 per cent of hydrochloric acid by volume, brought to boiling or simply 

placed on the steam bath; barium chloride is added, and the precipitated 

sulfate is collected in due time and weighed as described under Sulfur 

(p. 719). 
Evaporation to dryness to separate the dissolved silica is quite unneces¬ 

sary. After decomposition with acid, the solution should never be per¬ 

mitted to gelatinize, and it needs but little practice on the part of the 

operator to insure unfailing success in preventing this. If it should happen, 

however, it is generally best to begin over, but the difficulty may be over¬ 

come if but little free acid is present by dissolving the gelatinized silica in 

sulfur-free fixed alkali and reacidifying in the cold with hydrochloric acid. 

13. Water 

A. HYGROSCOPIC WATER 

From one to several grams of the air-dry powder are heated in a current 

of air dried by calcium chloride in a glass tube at 100° to 105°, and the 

escaping water is collected in a calcium chloride tube, or the air may be 

dried by sulfuric acid or magnesium perchlorate trihydrate and the water 

collected in the same kind of desiccant. This direct determination of the 

water is certain to give a higher and more correct result than that obtained 

by drying in a crucible at the above temperature. 

B. FIRMLY HELD WATER 

Combined water may be determined ordinarily on the air-dry sample by 

heating in a tube of combustion glass and collecting the water in a calcium 

chloride tube with the above-mentioned precautions. Or the powder may 

be mixed with dry sodium carbonate and heated in the apparatus of Gooch 

(p. 830). From the result thus found, the separately determined hygro¬ 

scopic water is to be deducted. It is to be remembered that the result will 

be in error by the amount of water afforded by the hydrogen of any 

organic matter there may be in the limestone. 
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111. CONDENSED ANALYSIS 

For many purposes, especially those with a technical end in view, a 

highly refined or detailed analysis is not called for. The analyses of this 

kind that are now made vastly exceed in number those demanding the 

kind of work provided for in many of the subdivisions of Section IL To 

meet the needs of those having work of this kind to do, procedures are 

here given in brief that cover the important constituents of limestones. 

The operations are generally given without explanations. Those who seek 

reasons for one or another procedure or details of manipulations are 

referred to the corresponding parts of Section II. 

1. Decomposition and Soluhon 

If the substance is convertible by heating at 1000 to 1200° C into a con¬ 

dition wholly decomposable by hydrochloric acid, heat 0.5 to 1 g of the 

fine powder in a covered platinum crucible at 1200° C for 15 minutes, or 

longer if the temperature is lower. 

If the material is very impure, mix 0.5 to 1 g with half its weight of pure 

sodium carbonate, and ignite until well sintered together. 

Transfer the ignited material obtained in either of the above ways to an 

evaporating dish, preferably of platinum, and moisten with a few milliliters 

of water. Clean the crucible with dilute hydrochloric acid, pour the solu¬ 

tion into the dish, which is to be kept covered if sodium carbonate was 

used, and add more acid. Solution of the mass may be aided by gentle 

pressure with the flattened end of a glass rod. Evaporate the solution to 

dryness on the steam bath. 

2. Silicon 

Drench the residue with 5 to 10 ml of hydrochloric acid, and dilute with 

50 ml of hot water. Cover the dish, and digest for 10 minutes on the bath, 

after which filter the solution through a 7-cm paper. Wash the silica with 

hot dilute hydrochloric acid (5 + 95) at first, followed by a little hot 

water. Evaporate the filtrate to dryness on the steam bath, and then heat 

for 1 hour at 105 to 110° C. Treat the residue with acid and water, but in 

smaller amounts, and digest as before. Collect the second portion, of usually 

dark-colored silica, on another small paper, and wash first with cold dilute 

hydrochloric acid (1 + 99) and then with hot water. Reserve the filtrate 

A, Heat the filter papers with their contents slowly in a platinum crucible, 

and then ignite, first over the burner and finally at 1200° C for 5 to 15 min¬ 

utes, according to the amount of the silica. Repeat the heating until con¬ 

stant weight is obtained* Moisten the weighed silica with water, and add 
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1 drop of dilute sulfuric acid (1 + 1) and S to 10 ml of pure hydrofluoric 

acid. Place the crucible in a radiator (Fig. 5, p. 24), and evaporate the 
liquid. Heat the residue at 1000 to 1100° C for a minute, and in due time 

weigh. It is better not to make this correction if it is not intended to sepa¬ 

rate and determine also the silica always accompanying the iron and alumi¬ 

num oxides, for the reason that, with the small amount of silica in limestones, 

the nonvolatile residue compensates more or less for the silica remaining in 

solution after the second evaporation; but it should never be omitted if 

this latter correction is contemplated. If a correction is made and the 

residue weighs more than 1 to 2 mg, it is safer to fuse it with a little sodium 

carbonate and to add a solution of the melt to the filtrate from the silica 

than to weigh the residue w ith the ammonia precipitate. 

Results obtained by a single evaporation for silica are always low if treat¬ 

ment with sulfuric and hydrofluoric acids is carried out, even though the 

silica content of the ammonia precipitate is afterwards determined.^^ 

3. Aluminum, Iron, etc. 

Treat the filtrate A, which need not exceed 100 ml in bulk if the lime¬ 

stone is fairly pure, with a few drops of methyl red, heat to boiling, and 

then add dilute ammonium hydroxide (1 + 1), slowly until the indicator just 

turns yellow. Boil for 1 to 3 minutes, filter at once, wash the beaker and 

paper once or twice with a hot 2 per cent solution of ammonium chloride, 

and set the filtrate B aside. If the precipitate is small and w^ell washed, 

reprecipitation can be omitted. If it is large, place the original beaker under 

the funnel, dissolve the precipitate in hot dilute hydrochloric acid (1 + 1), 

thoroughly w^ash the paper with hot water, and set it aside. Dilute the 

solution to approximately 75 ml, add methyl red, precipitate with ammo¬ 

nium hydroxide as before, stir in the reserved paper, and filter through a 

new paper. Transfer the precipitate completely to the paper, and wash 

with the hot solution of ammonium chloride. Combine the filtrate with 
filtrate B. A third precipitation is rarely necessary. 

Place the paper and precipitate in a platinum crucible, char the paper 

slowly as the heat is gradually increased, and finally heat under good 

oxidizing conditions at approximately 1200° C for 5 to 10 minutes. The 

For example, after a single evaporation for silica in a sample of glass containing 
74.1 per cent of SiOo, the percentage of Si02 indicated was 73.7 when no corrections 
were made, 73.5 when treatment with HF—H2SO4 was carried out, and 73.7 when the 
latter result was corrected by the silica carried down by the ammonia precipitate. Simi¬ 
lar procedures applied to a sample of argillaceous limestone containing 18.08 per cent 
of Si02 gave 17.80, 17.71, and 17.90 respectively. It is evident that very litde, if any¬ 
thing, is gained by applying corrections after a single evaporation, and that all of the 
silica that escapes is not caught by the ammonia precipitate. 
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weight found represents the oxides of ferric iron, aluminum, titanium, phos¬ 

phorus, and the like, but not of manganese. 

If the weighed precipitate is small, as is often the case, a correction for 

its silica content can be made as follows: Treat with a drop of dilute sulfuric 

acid (1 + 1) and then with 5 to 10 ml of hydrofluoric acid, and evaporate 

to dryness. Heat, gently at first, until sulfates are decomposed, then at 

approximately lOOO'^ C for 3 to 5 minutes and weigh. 

The iron and titanium in the weighed oxides can be determined after 

fusion with pyrosulfate as directed on page 877, but in the general case are 

more expeditiously determined in fresh samples, as is also the case with 

phosphorus. Aluminum oxide is gotten by subtracting all of the oxides 

found from the weight of the mixed oxides. If a deduction for iron alone 

is made, the percentage reported for alumina may be entirely misleading. 

The percentage of mixed oxides obtained after a single precipitation with 

ammonium hydroxide is normally high, and so is the percentage of alumina.^- 

4. Manganese 

If manganese is present in the limestone, it falls in part with calcium and 

in larger part with magnesium unless prior removal is made. It can be 

precipitated and removed by treating filtrate B with ammonium sulfide, 

or caught in the ammonia precipitate as follows: Dilute filtrate A to ISO to 

200 ml, add 10 to 15 ml of hydrochloric acid if not already present, nearly 

neutralize with ammonium hydroxide, add 1 g of solid ammonium persul¬ 

fate, and continue the addition of ammonium hydroxide until the solution 

is just alkaline to litmus. Heat the solution to boiling, boil for 2 minutes, 

and add ammonium hydroxide until the solution is again alkaline to litmus.-^ 

Filter immediately, wash moderately vith a hot 2 per cent solution of 

ammonium chloride, and reserve the filtrate B. Dissolve the precipitate in 

hot dilute hydrochloric acid, cool, reprecipitate as before, filter, wash, and 

combine the filtrate with the reserved filtrate B. 

The actual determination of manganese had better be made as described 

^2 For example, after a single precipitation with ammonium hydroxide following a 
single evaporation for silica in the analysis of a soda-lime glass containing 0.42 per cent 
of “R2O3,” the percentage indicated was 0,58 when the precipitate was weighed by 
itself, 0.78 when it was weighed with the nonvolatile residue left from the silica, and 
0.63 when the last result was corrected for silica. Similar treatments applied in the 
analysis of an argillaceous limestone containing 7.86 per cent of “R2O3” indicated 8.09 
per cent when the nonvolatile residue was not included and 7.91 per cent when this 
result was corrected for silica. 

23 Litmus is not an ideal indicator for use in the precipitation of aluminum, but is 
specified because indicators such as methyl red are destroyed in the hot oxidizing solu¬ 
tion. The amount of aluminum left in solution is negligible in ordinary analyses. 
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under Manganese (p. 443 or p. 451), in a separate portion of material, and 
its effect, as Mn304, deducted from the weighed mixed oxides if persulfate 
has been used. 

5. Calcium 

Concentrate the reserved filtrate B if need be to a bulk of 200 to 250 ml 
with occasional addition of a few drops of ammonium hydroxide. If a 
slight precipitate separates, collect it on a small filter, wash with a hot 2 per 
cent solution of ammonium chloride, rcdissolve in dilute hot hydrochloric 
acid, reprecipitate, filter, and add the precipitate to the main quantity of 
iron and aluminum oxides. Combine the filtrates, boil, and slowly add 
40 ml (for 1 g of sample; 20 ml if but 0.5 g is under analysis) of a hot 4 per 
cent solution of ammonium oxalate. Continue the boiling until the precipi¬ 
tated calcium oxalate assumes a well-defined granular form, and set aside 
to cool for 1 hour. Filter and wash a few times with a 0.1 per cent solution 
of ammonium oxalate. Reserve the filtrate C. Place the beaker under the 
funnel, dissolve the precipitate in 25 to 50 ml of hot dilute hydrochloric 
acid (1 + 9), and wash the paper with hot water. Dilute to 100 ml, add 
5 ml of the 4 per cent oxalate solution, boil, and then slowly stir in ammo¬ 
nium hydroxide until in slight excess. Filter after 1 hour, wash beaker, 
paper, and precipitate moderately at first with the dilute oxalate solution 
and then with no more hot water than is necessary to wash out the excess 
oxalate (approximately 50 ml, used in small portions). Drain, combine the 
filtrate with filtrate C, and reserve for the determination of magnesium. 
Sluice as much of the precipitate as possible back into the beaker, and 
spread the opened filter on the inside of the beaker near the top. Add 
sulfuric acid, and titrate with permanganate as described under The Alkaline 
Earths (p. 627). 

If desired, the final precipitate can be ignited and weighed as the oxide as 
described under The Alkaline Earths (p. 624). Results obtained by single 
precipitations of the oxalate are high, no matter whether the precipitate is 
ignited or titrated, the former as a rule giving a higher result than the 

latter.^^ The oxalate precipitate contains practically all of any strontium 

originally present in the material, part of the manganese if it was not 

removed, and no barium. If strontium is to be sought, the oxalate precipi¬ 

tate must: be ignited, weighed, and converted to nitrates and strontium 

separated by ether alcohol as described under The Alkaline Earths (p. 615). 

24For example, in the analysis of a soda-lime glass after a single precipitation with 
ammonium oxalate, following a single evaporation for silica and a single precipitation 
with ammonium hydroxide, the percentage of CaO indicated was 5.11 when the precipi¬ 
tate was ignited to oxide, and 4.81 when it was titrated with permanganate, as against 
the true value 4.65. Ignition to the oxide after similar treatment of a limestone gave 
38.7 per cent of CaO as against the actual content 37.7. 
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6. Magnesium 

To the filtrate C reserved in the determination of calcium, add 2 g of 
diammonium phosphate, (NH4)2HP04, and then 1 g extra for each 100 ml 
of solution. Stir until dissolved, add sufficient ammonium hydroxide to 
give an excess of 5 per cent by volume, again stir thoroughly, and set aside 
for at least 4 hours, preferably overnight if the precipitate is very slight or 
the volume of the solution exceeds 400 ml. Filter, Avash the beaker, paper, 
and precipitate moderately with dilute ammonium hydroxide (5 + 95), 
and discard the filtrate. Place the beaker under the funnel, and dissolve 
the precipitate in 25 to 50 ml of hot, dilute hydrochloric acid (1 + 9). 
Add 0.1 g of diammonium phosphate, dilute to 75 ml, cool, and then add 
ammonium hydroxide, drop by drop with constant stirring until the solu¬ 
tion is alkaline. Finally add 5 ml in excess, and let stand 4 hours. Decant 
the solution through a fresh paper, wash the precipitate once by decanta¬ 
tion with the cool 5 per cent ammonium hydroxide, and then transfer the 
precipitate quantitatively to the paper and continue the washing until chlo¬ 
rides are removed. 

Dry the precipitate, wrapped in its moist paper, in a weighed platinum 
crucible, char the paper slowly without letting it ignite, burn the carbon 
over’a gradually increased flame, and finally heat for 15 to 30 minutes at 

1000 to 1050° C. Cool in a desiccator, and w^eigh as Mg2P207. 

The weighed residue contains any lime that escaped precipitation as 

oxalate, all of any barium originally present in the sample, and practically 

all of any manganese present in the filtrate from the calcium. 

Results obtained by a single precipitation of magnesium in the solution 

left after the determination of calcium are normally high in any precipita¬ 

tion procedure, hot or cold, that gives complete precipitation of the mag¬ 

nesium that is present.-® If many determinations are to be made, the final 

precipitate can be titrated as described under Magnesium (p. 644). 

7. Alkalies 

See 8 (page 976). 

8. Carbon Dioxide 

See 9 (page 977). 

9. Sulfur 

See 12 (page 979). 

25 For example, in analyses in which but single treatments were made for the separa¬ 
tion of Si02, “R2O3,” and CaO, single precipitations of the magnesium phosphate indi¬ 
cated 3.31 per cent of MgO as against the true content 3.23 in a soda-lime glass, and 
5.46 instead of 5*08 in a limestone. 
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See 13 (page 980). 

10. Water 

11. Ignition Loss 

The determination of ignition loss has little significance, though it affords 
a more or less correct indication of the proportion of carbonates in the rock. 
As it is a determination commonly made in commercial laboratories, some 
space will be devoted to it. 

Loss on ignition with carbonate rocks represents, as with those of a silicate 
nature, the algebraic sum of a number of chemical changes involving both 
losses and gains, and its amount will depend largely on the temperature 

employed. At the temperature of a moderate blast (1100°C), with 
crucible covered, carbon dioxide, water, and carbonaceous matter escape 
wholly. Sulfides are oxidized to sulfates, and all the sulfur is retained as 

sulfate by the calcium. With a powerful blast (1200 to 1300^ C) the sul¬ 
fate is decomposed gradually, with eventual loss of the entire sulfur. At 
this point the alkalies begin to escape as oxides, the potassium relatively 
faster than the sodium, and they may be found in part condensed on the 
lid of the crucible. If the heating is long continued, they can be wholly 
volatilized. As a small offset to these losses, the iron of pyrite and the iron 

and manganese of ferrous and manganous carbonates take up oxygen and 
unite with the lime. By proper control of the temperature it is not difficult 
to prevent loss of sulfur and alkalies, and this is the object to be sought in 
making the determination. 

From 0.5 to 1 g of the powder is placed in a platinum crucible of 20 to 
25 g weight, the crucible is inserted to three fifths of its depth in a per¬ 
forated platinum disk or asbestos board (Fig. 6, p. 25), and an inclined 
blast flame of considerable intensity is caused to play against the bottom 
of the covered crucible for 15 or 20 minutes. A repetition of the heating 

for 5 minutes will usually cause little or no further loss. Duplicate deter¬ 
minations should agree within 0.2 per cent, and, after the operator becomes 
skilled, probably within 0.1 per cent. A muffle can be substituted for the 
blast. It is important that each operator should ascertain just what the 
proper conditions may be for his particular blast or muffle. They are 
right if after the ignition he finds exactly the whole of the sulfur in the 
ignited powder in the sulfate state. 
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TABLE 35 

Intkrnational Atomic Weights,* 1951 

Ryni- Atomin Atomic Sym¬ Atomic Atomic 
bol Number Weight t bol Numls.'r Weight t 

Actinium Ac 89 227 Molybdemiiii Mo 42 95.05 
.\luminum Al 13 20.98 Neodymium Nd 00 144.27 
Americium Ain 9r» 1243] Neptunium Np 93 [237] 
Antimony Sb .'ll 121.76 Neon Ne 10 20.183 
Argon A 18 39.944 Nickel Ni 28 .58.69 
Arsenic As 33 71.91 Niobium Nl> 41 92.91 
.Astatine At 85 [210] Nitrogen N 7 14.008 
Barium Bit 56 137.36 Osmium Os 76 190.2 
Berkelium Bk 97 1245] Oxygen 0 S 16 
Beryllium lie 4 9.013 Palladium I’d 46 106.7 
Bismuth Hi 83 209.00 Plio.sphorus P 1.5 .30.075 
Boron B 5 10.82 Platinum rt 78 195.23 
Bromine Br 35 79.916 Plutonium f’u 94 [242] 
Cadmium ca 48 112.41 Polonium Po 84 210 
Calcium Ca 20 40.08 Potassium K 19 39.100 
Californium ('f 08 [246] Praseodymium Pr 59 140.92 
Carbon C i) 12.010 Prometlnjun Pm 01 [145] 
Cerium Ce 58 140.13 Protactinium Pa 91 231 
Cesium Cs 5.5 1.32.91 Hudiutu Ba 88 220.05 
Chlorine c:i 17 35.457 Bad on Rn 80 222 
Chromium (V 24 .52.01 Rlicnium Re 7.5 186.31 
Cobalt Co 27 .58.94 Uliodium Rh 4.5 102.91 
Ooluinbium (see Niobium) Rubidium HI) 37 

00 

Copper Cu 20 63.54 Rutheniuni Ru 14 101.7 
Curium Cm 00 [213] Samarium Sin 1)2 1.50.43 
Dysprosium Dy 00 162.40 Scandium Sc 21 44.90 
Erbium Er 68 167.2 Seloniuin Sc 34 78.96 
Europium Eu 63 152.0 Silicon Si 14 28.09 
Fluorine F 0 19.00 Silver Ag 47 107.880 
Francium ]<'r 87 [223] Sodium Na 11 22.907 
Gadolinium Gd 64 1.56.9 Strontium Sr 38 87.03 
Gallium Ga 31 09.72 Sulfur S 10 32.060 
Germanium Ge 32 72.00 1 antalum Ta 73 180.88 
Gold Au 79 197.2 I'echnetium ’I'c 43 [99] 
Hafnium ilf 72 178.6 Tellurium Te 52 127.61 
Helium He 2 4.003 Terbium Tb 6.5 159.2 
Holmium Ho 67 104.94 Thallium Tl 81 204.39 
Hydrogen li 1 1.0080 Thorium Th 90 232.12 
Indium In 40 114.76 Thulium Tin 09 169.4 
Iodine 1 53 126.92 Tin Sn 50 118.70 
Iridium Ir 77 103.1 Titanium Ti 22 47.90 
Iron Fe 20 55.85 Tungsten W 74 183.92 
Krypton Kr 30 83.80 Uranium U 92 238.07 
Lanthanum La 57 138.91 Vanadium V 23 50.95 
Lead Pb 82 207.21 Xenon Xe 54 131.3 
Lithium Li 3 G.940 Ytterbium Yb 70 173.04 
Lutetium Lu 71 174.99 Yttrium Y 39 88.92 
Magnesium Mg 12 24.32 Zinc Zn 30 65.38 
Manganese Mil 25 .54.93 Zirconium Zr 40 91.22 
Mercury Hg 80 200.01 

* Adopted by International Union of Chemistry at New York, September 1951. 
t A value given in brackets denotes the mass number of the isotope of longest known halMife. 

Owing to the isotopic nature of the oxygen standard, physicists are using atomic weights slightly dilTerent 
from those given in the table. To convert from the chemical atomic weights to the physical, multiply by 
1.000278. Because of natural variations in the abundance ratio of the isotopes of sulfur, the atomic weight 
of this element has a range of ±0.003. The table is given for the reader’s convenience, but the new atomic 
weights, published periodically by the American Chemical Society, should always be consulted. 
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Cadmium minerals, attack of, 254 

Calcitc, tests for, 963 

Calcium, 611 
behavior of in an ordinary analysis, 611 

determination of, gravimetric, as carbonate, 

628 
as fluoride, 629 

as oxide, 619 

as sulfate, 629 
volumetric by titration of oxalate, 627 

occurrence of in minerals and rocks, 611 

precipitability of, by ammonium persulfate, 

870 
precipitation of, as oxalate, in acid solution, 

626 
in alkaline solution, 622 

as sulfate, 629 
removal of from magnesium pyrophosphate, 

'613, 640 
in alkali determination, 647 

separation of, by alcohol-ether, 615 

by ammonium oxalate, 612 

by nitric acid, 617 

from barium, 615, 616 

from magnesium, 612 

from strontium, 614, 615 
Calcium chloride reagent, use of as desiccant, 

47 
Calcium fluoride, testing of precipitate of, 941 

Calcium oxalate, ignition of, 624 

solubility of, 621 

washing of, 621 

Calcium oxide as desiccant, 49 

Calibrated burettes, testing of, 163 

tolerances of, 164 
Calibrated flasks, tolerances of, 162 

Calibrated pipettes, tolerances of, 163 
Calibrated weights, class M, specifications, 8 

testing of, 11 

tolerances of, 9 
class S, specifications, 10 

testing, 11 

tolerances, 11 

Capacity, units of, 160 

Carbon, 766 
behavior of in an ordinary analysis, 766 

Carbon, determination of, by direct combus¬ 
tion of minerals, 770 

by wet combustion, 775 

in organic compounds, 771 

in presence of halogens, 774 
in presence of nitrogen, 775 

in presence of sulfur, 774 
in rocks, 770 

in volatile compounds, 774 

effect of on ferrous iron determination, 767 

occurrence of in mineral kingdom, 766 

separation of organic matter in shale, 976 

Carbonaceous material, attack of, 767 

Carbonate rock analysis, condensed forms of, 
981 

defects of as usually made, 959, 960 

detailed methods of, 964 

Carbonate rocks, causes of color of, 961, 962 
ignition loss of, 986 

impurities in, 960, 961 

methods of decomposing, 964-967 

mineral composition of, 960 

qualitative composition of silicate rocks and, 
958 

qualitative tests of, 962-964 

relative solubility of in certain reagents, 963 

Carbon dioxide, absorbents for, 44 

apparatus for excluding, 180 

determination of, 768 

figure showing apparatus for, 769 

inclusion of in rocks, 954 

Carbonic acid, determination of, 769 

see also Carbon dioxide 

Carbon monoxide, determination of, 777 

evolution of on heating rocks, 954 

formation of in organic combustions, 770 

Carius* method, 212, 767 

Cathodes, composition of, 32 

form of, 31 

Cell for reduction with amalgams, 115 

Centrifuge, 28 

Cerate oxidimetry, 190 

Cerium, 547 

see also Rare earths 
determination of, volumetric, 558, 559 

separation of from rare earths, 556 

solubility of oxalate in certain salts, 551 

Cesium, 646 

determination of as chloroplatinate, 659 

occurrence of in minerals, 647 

separation of, by chloroplatinate, 648 

by insolubility of perchlorate, 651 

by 9-phosphomolybdic acid, 657 
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Cesium, separation of, from potassium, 660 

from rubidium, 658 

Chalcopyrite, occurrence of in rocks, 711 

Chemical factors, 6 

Chemical microscopy, 158 

Chlorine, 724 
condition of in rocks, 936 

determination of, gravimetric as silver chlo¬ 

ride, 730 

in rocks, 936, 937 

nephelometric, 730 

volumetric, by Mohr’s method, 732 

by Volhard’s method, 731 

occurrence of in minerals, ores, rocks, 724 

separation of, by precipitation, as silver 

chloride, 726 

with hydrogen sulfide, 726 

from aluminum, antimony, chromium, 

mercury, platinum, tin, 726 

from bromine, 727-729 

from cyanides, 729 

from iodine, 726, 727 

Chloroplatinates, conversion of chlorides into, 

648 

cesium, 648 

potassium, 648 

rubidium, 648 

thallous, 479 
Chloroplatinic acid, preparation of, 42 

Choice of the method of analysis, 55 

Choice of wash solution for precipitates, 103 

Chromates, determination of, colorimetric, 530 

gravimetric, 532 

volumetric, 527 
Chromatographic analysis, 155, 557, 607 

Chromic acid, use of with sulfuric acid, 770, 

775 

Chromium, 524 
behavior of in an ordinary analysis, 524 

comparison of colorimetric and gravimetric 

methods for, 898 

determination of, colorimetric, 530 

gravimetric as oxide, 532 

iodomeifric, 532 

potenriometric, 530 
volumetric by reduction of chromate, 527 

occurrence of in minerals and rocks, 524 

precipitation of, by ammonium hydroxide, 

531 
by sodium hydroxide, 84 

reduction of by amalgamated zinc, 110 

separation of, by extraction of carbonate 

melts, 526 

Chromium, separation of, by precipitation, as 

mercurous chromate, 526 

with ammonium hydroxide, 526 

by preliminary oxidation to chromate, 
525, 526 

by volatilization as chromyl chloride, 526 

from aluminum, cobalt, copper, nickel, 
zinc, 526 

from columbium, tantalum, vanadium, 
527 

from iron, titanium, zirconium, 526, 527 

from members of sulfide group, 526 
silica in presence of, 527 

Chromium minerals, attack of, 524 

Chromotropic acid, use of in titanium deter¬ 
mination, 584 

Cinchonine hydrochloride reagent for tung¬ 
sten, 691 

Citric acid, relative solubility of carbonates in, 
963 

Cobalt, 417 

behavior of in an ordinary analysis, 417, 421 

determination of, colorimetric, 423 
electrolytic, 419 

gravimetric, as metal, 423 
as oxide, C03O4, 423 

as sulfate, 420 

potentiometric, 424 

volumetric, by cyanide method, 424 

by ferricyanide titration, 424 

occurrence of in minerals and rocks, 417 

retention of, in ammonia precipitate, 418 

in sulfide precipitate, 418 

separation of, by precipitation, with am¬ 

monium sulfide, 418 

with a-nitroso-i3-naphthol, 418, 421 

with phenyl thiohydantoic acid, 419 

with potassium hydroxide, 418 

with potassium nitrite, 418, 419 
from aluminum, 419 

from iron, manganese, titanium, zinc, 
zirconium, 418 

from nickel, 418, 419 

Cobaltinitrite method, for determining potas¬ 
sium, 665 

for separating cobalt, 419 

Cobalt minerals, attack of, 417 

Colorimeters, 27 

Colorimetric method, comparison of with 

gravimetric method for chromium, 900 
for determination, of aluminum, 511 

of arsenic, 269, 272 

of bismuth, 239 
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Colorimetric method, for determination, of 

chromium, uranium, 473, 530 
of cobalt, 423 

of columbium, 609 

of copper, 253 
of iron, 400 

of lead, 231 

of manganese, 451 

of molybdenum, rhenium, 314, 323 
of nickel, 415 

of phosphorus, 710 

of tantalum, 610 

of titanium, 581 

of vanadium, 461 

Columbium, 588 

behavior of in an ordinary analysis, 588 

color of, with peroxide, 609 

with tannin, 603, 604 

determination of, colorimetric, 609 

gravimetric as oxide, 603-605 

volumetric after reduction, 607 

occurrence of in rocks and minerals, 588 

separation of, by digesting oxides with sele¬ 

nium oxychloride, 604 

by precipitation by cupferron, 120 

from tantalum, 603-605 

from tin, 590, 593, 595, 597 

from tungsten, 600 

from zirconium, 598 

Columbium minerals, attack of, 591, 602 

Combustion, elementary analysis, 770 

of organic substances, containing halogen, 

774 

containing metal, 770, 775 

containing nitrogen, 775 

containing sulfur, 774 

of volatile compounds, 774 

Combustion furnace, 771 

Combustion tube, 773 

Composition influenced by fine grinding, 811, 

816, 819 

Constant-boiling hydrochloric acid, prepara¬ 

tion of, 174 

Contamination, in muffle furnace, 28, 346, 846 

of sample, by agate mortars, 813, 814 

by sieve metal, 810 

by steel mortars, 809, 810, 814 

Conversion, of alkali salts, 131 

of meta- and pyro- to orthophosphates, 696 

Copper, 242 
behavior of in an ordinary analysis, 242 
determination of, colorimetric, 253 

electrolytic, 247 

Copper, determination of, gravimetric, as ox¬ 
ide, 246, 252 

as sulfide, 252 

volumetric, by cyanide method, 246 

by iodide method, 248 

by thiocyanate method, 250 

occurrence of in minerals, ores, rocks, 242 

separation of, by precipitation, with cup¬ 
ferron, 245 

with nitroso-jS-naphthol, 245 

with sodium hydroxide, 244 

with thiocyanate, 244 

by reduction, 245 

by sulfide ion, 243 

from ammonium sulfide group, 243 

from arsenic group, 243 

from bismuth, cadmium, germanium, 243 

from copper group, 69 

from lead, molybdenum, silver, 244 

from mercury, 245 

Copper group, separation of from arsenic 

group, 67 

Copper minerals, decomposition of, 243 

Coprecipitation of molybdenum and tungsten, 
304 

Cresolphthalein, 170 

Cresol red, 170 

Crucible, disk for, description and figure of, 
25, 26 

gold, 23, 31 

Gooch, 101 

iron, 23, 32 

Munroe, 101 

nickel, 23, 32 
platinum, 21 

damage to on ignition, 104 
loss of weight of, 21, 106 

porcelain, 23 

porous, 101 
quartz, 22, 31 

hygroscopic! ty of, 23 

Rose, 32 

silver, 23, 31 

Smith, J. L., 23, 926 

tongs for, description and figure of, 23 
Crushing, methods of, 809-811 

Crystals, effect of size on washing, 102 

Cupferrates, extraction of, 121, 226, 512 

Cupferron, destruction of, 118 

for precipitation, of columbium, tantalum, 
tin, 120 

of gallium, 119, 120 

of iron, 88,119 
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Cupferron, for precipitation, of titanium, va¬ 

nadium, zirconium, 88, 119 

of uranium, 119 
for separating iridium from titanium, 382 

precipitation by, 88, 116 

in neutral or alkaline solution, 121 

preparation of solution of, 119 

testing of, 36 

Curcumin, use of in detecting beryllium, 

518 

Cyanide method for titration, of copper, 246 

of nickel, 414 

Decomposition of refractory materials in 

sealed tubes, 347 

Dehydrating agents, 46 
Dehydration, effect of on physical properties, 

818 

Desiccants, alumina, 49 

barium perchlorate, 49 

boric oxide, 49 

calcium chloride, 47 

calcium oxide, 49 

choice of, 33, 46 

comparative drying power of, 50 

magnesium perchlorate, anhydrous, 48 

trihydratc, 48 

phosphorus pentoxide, 47 

potassium hydroxide, 47, 50 

sulfuric acid, 47 

Desiccators, atmosphere in, 503 

use of, 32 

Determinations, importance of order of, 807 

Devarda's alloy, 786 

Diamond mortar, 810 

Dichromate solution, potassium, 189 

Dimethylglyoxime reagent, 43 

Diphenylamine, 184, 397 
Diphenylbenzidine, use of in titration of zinc, 

436 
Diphenylcarbazide, reagent for chromium, 531 

Disk, perforated for crucibles, description and 

figure of, 25, 26 

Distilled water, apparatus for, 29 

purity of, 34 

storing of, 34 

Distilling apparatus, all glass, 71 

for arsenic, 261 

Dithizone, determinations based on, 131 

of indium, 484 

of lead, 231 
of rilver, 209 

Dolomite, definirion of, 959 

Dolomite, determination of calcium and mag¬ 

nesium in, 612 
tests for, 963 

Dropping-mercury cathode, 144 

Drying, before analysis, uselessness of in cer¬ 
tain cases, 821 

by grinding, 816, 819 

for hygroscopic tests, process of, 822-827 

in a current of gas, 104 
of precipitates, 104 

Earth acid minerals, attack of, by fusion with 

alkali carbonate, hydroxide, or perox¬ 
ide, 593 

by hydrofluoric acid, 591,602 

by pyrosulfate, 594 
by sulfur chloride, 597 

qualitative test of, necessity for, 589 

Earth acids, 588 

behavior of in an ordinary analysis, 588 

determination of, gravimetric as oxides, 

603-605 

elements usually associated with, 588 

occurrence of in rocks and minerals, 588 

separation of, by boiling tartaric acid com¬ 

plex with nitric acid, 600 

by fusion with potassium carbonate, 599 

by precipitation, with salicylic acid, 599,600 
with tannin, 552 

from aluminum, titanium, tungsten, 600 

from hydrogen sulfide group, 595 

from silica, 602 

from zirconium, 598 

Electric apparatus, 28 

Electric combustion furnace, 28 

Electrification of glass tubes, influence of on 
weight, 829 

Electrodes, cleaning of, 32 

composition and shape of, 31 

Electrographic methods, 158 

Electrolysis, at constant potential, 138 

in nitric acid, 69 

in nitrohydrofluoric acid, 68 
internal, 141 

with mercury cathode, 138 

Electrolytic determination, of cadmium, 257 

of cobalt, 419 

of copper, 247 

of lead, 228 

of nickel, 412 

of rhenium, 325 

of silver, 143 

of tin, 296 
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Electrolytic determination, of zinc, 437 

Electrolytic methods, 137 
Electrostatic charge, removal of, 13, 829 

Firiochromecyanine-R dye, use of, 514 

Error in analysis, allowable limits of, 3, 802 
Errors, due to abrasion of crushing and grind¬ 

ing implements, 813 

failure to determine sulfur, 798 

grinding of sample, 811 
improper blank on reagents, 33, 503, 682 

in use of Jones redactor, 112 

variation of blast temperature, 107 

Ether, extraction, of certain chlorides by, 134 

of uranium nitrate by, 468 

test for peroxide in, 137 
Europium, determination of, 559 

Explosion method for fusions, 839 
Extraction, of cupferrates by organic solvents, 

121,226, 512 
of matter from filter paper, 66, 98, 99, 530 

of quinolates, 487, 514, 520, 531 

Factors, chemical, 6 
Feldspars, error in calculation of, 796 

Ferric alum solution for Jones redactor. 111 

Volhard’s method, 208 
Ferric chloride, extraction of by ether, 134 

volatility of, 504 
Ferric fluoride, volatilization of, 390 

Ferric iron, calculation of, 878 

direct titration of, 398 

Ferric oxide, ignition of, 390 

reduction of by platinum, 390 
Ferric salts, reduction of, by amalgams, 114 

by hydrogen sulfide, 394 

by metals, 110, 392 

by silver, 113 
by stannous chloride, 391 

by sulfurous acid, 393 

Ferricyanide indicator, 397 
Fcrrocyanide, standard solution of, 437 

, Ferroin indicator, 184 
’*‘Fcrron”'for determination of iron, 403 

Pferrous and ferric iron, determination of by 

the titanium method, 398 

Ferrous iron, determination of, 907 
cflFect, of carbonaceous matter on, 911,917 

of sulfides on, 916 
of vanadium on, 917 

hydrofluoric acid method of, 909, 912 
preparation of sample for, 908 

scaled-tube method of, 909, 911 

uncertainties of, 922 

Ferrous iron, in silicates, 907-922 
oxidation of by grinding, 907 

oxidizability of by oxygen in presence of 

hydrofluoric acid, 389, 914 

Ferrous sulfate, stability of solution of, 391 

Filter paper, 97 
extraction of soluble matter from, 66, 94, 98 

macerated, use of for precipitations, 98 
Filter pumps, 29 

Filters, Alundum, 101 

asbestos, 99 
glass frit, 102 
methods of folding, 98 

paper, 97 
platinum, 101 

quality of, 97 

sizes of, 97 
unglazcd porcelain, 101 

Filtration, 97 
Fine grinding, influence of on composition, 816 

Flame photometry, 152 

Flasks, calibrated, 162 

testing of, 162 

tolerances for, 162 
Fluid inclusions, volatilization of, 954 

Fluoboric acid, preparation of, 853 

Fluorine, 737 
behavior of in an ordinary analysis, 737 

detection of, by etch test, 738 

by flame test, 739 
by hanging drop test, 739 

determination of, by bleaching test, 945 

by evolution as hydrofluosilicic acid, 742 

gravimetric, as calcium fluoride, 939 

as lead chlorofluoridc, 744 

as thorium fluoride, 747 

interference of boron in, 745 
volumetric, by evolution and titration, 742 

by titration with ferric chloride, 747 

elimination of, 741 
influence of, in aluminum determination, 

495, 738 
in silica determination, 737 
in titanium determination, 581 

occurrence of in minerals and rocks, 737 

qualitative tests for, 738, 739 
separation of, by distillation in Willard and 

Winter method, 742 
by precipitation as calcium fluoride, 741 
by volatilization as silicon tetrafluoride, 

741, 742 
from columbium and tantalum, 741 

from silicon, 939, 945 
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Fluorine materials, methods of decomposition 

of, 739 

organic compounds, 740, 748 

Fluorometric methods, 148 

Fluosilicic acid, determination of in hydro¬ 

fluoric acid, 39 
Flux, choice of, 843 

Fluxes, 836, 843 

Formic acid, use of in precipitating platinum, 

368 

Funnels, 97 

Furnace, electric, 28 

Furoic acid, as an acidimetric standard, 180 

Galena, occurrence of in carbonate rocks, 961 

Gallic chloride, volatility of, 487 

Gallium, 486 

attack of materials containing, 487 

behavior of, in an ordinary analysis, 486 

in mercury cathode, 139 

concentration of, 486, 487 

determination of, gravimetric as oxide, 491, 

492 

occurrence of, 486 

qualitative detection of, 486, 487 

separation of, by coprecipitation with sul¬ 

fides, 488 

by extraction of chloride by ether, 490 

by precipitation, with ammonium hy¬ 

droxide, 488 

with barium carbonate, 489 

with cupferron, 119, 490, 492 

with cupric hydrate, 489 

with ferrocyanide, 489 

with potassium mercuric thiocyanate, 
491 

with tannin, 488 

from aluminum, 489, 490 

from beryllium, cadmium, cobalt, iron, 

manganese, nickel, thallium, 488, 489 

from bismuth, chromium, lead, mercury, 

rare earths, uranium, 489 

from indium, titanium, 488, 490 
from magnesium, 488 

from molybdenum, thorium, tungsten, 

vanadium, zirconium, 490 

from zinc, 489, 491 

solubility in sodium hydroxide in, 488 

volatilization of chloride in, 491 

Gallium oxide, use of in spectroscopy, 151 

Gases, evolution of on heating rocks, 954 
reagent, 43 

Gas-fired apparatus, 29 

Gauze electrodes, platinum, 31 

General procedure for silicate analysis, 855 
Germanium, 297 

behavior of in an ordinary analysis, 297 

determination of, as oxide, 300 

gravimetric as magnesium orthogerma- 
nate, 301 

occurrence of, in minerals, 297 

in zinc blendes, 297 

separation of, by distillation, 70, 298, 299 

by sulfide ion, 299 

from antimony, arsenic, tin, 299 

from members of arsenic group, 299 

from selenium, tellurium, 299 

Germanium chloride, volatility of, 70, 297 

Germanium minerals, attack of, 297 

Glass distilling apparatus, Scherrer, 71 

Glass sands, decomposition of, 386 

determination of iron in, 402 

Glassware, action of reagents on, 17 

composition of, 17 

difficulty in washing of, 104 

Glucinum, 516 

see also Beryllium 

Glycerine for use in titration of boric acid, 758 

Gold, 339 

as substitute for platinum, 23, 31 

behavior of in general analytical work, 343 

determination of, 366 

loss of by volatilization, 343 

precipitation of, by oxalic acid, 367 

by sodium nitrite, 367 

by sulfur dioxide, 366 
separation of from platinum metals, 352, 367 

solubility of in acids, 23, 343 

Goldware needed, 31 
Gooch apparatus for water determination, de¬ 

scription and figures of, 830, 831 

Gooch crucible, 101, 831 
Gooch method for determination of titanium, 

586 

Graded potential, electrolysis at, 138 

Graphite flakes to prevent bumping, 70 
Grinding, effect of on composition, 53, 816, 

819, 820, 907 

methods of, 809-813 

Hafnium, 564 

see also Zirconium 

Halides, behavior of in an ordinary analysis, 

724 

separation of from one another, 726-729 

Halogen compounds, decomposition of, 724 
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Hauynite, evidence of presence of, 948 

occurence of in rocks, 711 
Heavy liquids, 158 

Helium, occurrence of, in rocks, 801 

in thorianite, 533 

Hexamine for separation of thorium, 536 

Homogeneous solution precipitation, 77, 389, 

497 

Hot-tube method for sulfur, 714 

Hydrochloric acid, specific gravity of, 41 

standardization of, 174-176 

Hydrofluoric acid method for determination 
of ferrous iron, 909, 912 

Hydrofluoric acid reagent, 38 

Hydrogen, 766 

behavior of, in analysis, 767 

on drying minerals, 817 
on grinding minerals, 816 

determination of, by direct combustion of 

minerals, 770 

in nitrogen, 774 

in organic compounds, 771 

in presence of halogens, 774 

in rocks, 770 
in sulfur, 774 

in volatile compounds, 774 

discrimination between conditions of in min¬ 

erals, 814-819 

evolution of, in minerals, 817 

on heating rocks, 954 

free in rocks, 766 

inclusion of in “loss on ignition,” 826 

occurrence of, in atmosphere, 766 

in minerals, 766 

in rocks, 766 

role of in minerals, 814 

system of classification of in minerals, 815 

Hydrogen electrode, 201 

Hydrogen ion concentration for precipitation 

of hydroxides, 76 

Hydrogen peroxide reagent, 38 

Hydrogen sulfide, as impurity in carbon di¬ 

oxide, 459 
evolution of on heating rocks, 954 

occurrence of in carbonate rocks, 962 

Hydrogen sulfide group, 58 
Hydrolytic precipitation, use of in separating 

and determining platinum metals, 353, 

371 
p-Hydroxyphenylarsonic acid, precipitation 

by, 130 
8-Hydroxyquinoline, precipitation by, 122,124 

Hygroscopic water, determination of, 822 

“Hyperol,” 38 

Hyposulfite of sodium, 91, 280 

Igniting precipitates, by use of Rose crucible, 
32, 373 

method of, 104 

Ignition, loss on, by carbonate rocks, 986 

inaccuracy of water determined by, 825- 
826 

variations in temperature of, 107 

Indicators, 166 

effect, of alcohol on, 172 

of concentration of on color, 171 
of salt on, 172 

of temperature on, 171 

mixed, 171 
oxidation and reduction, 184 

preparation of solutions of, 170, 173 

suitable for titration of acids and bases, 167, 

168 

testing of, 36 

“universal,” 171 

useful in quantitative analysis, 167 

Indium, 481 

behavior of in an ordinary analysis, 481 

decomposition of minerals containing, 482 

detection of, 481 

determination of, gravimetric as oxide, 484 

with dithizonc, 484 

occurrence of in ores and zinc, 481 

separation of, by precipitation, with ammo¬ 

nium hydroxide, 482 

with barium carbonate, 482 

with potassium cyanate, 483 

with sodium hydroxide, 483 

by reduction to metal, 483 

from aluminum, gallium, iron, lead, zir¬ 

conium, 483 

from cobalt, copper, manganese, 482 

from nickel, zinc, 482, 483 

Infrared heaters, 25 

Internal electrolysis, 141 

International atomic weights, 987 

lodates, use of as precipitants, 84 

lodate separation of rare earths, 533, 535, 538 
lodimetry, 191 

Iodine, 724 

detection of, in natural waters, 727 

in organic matter, 727 

determination of, as palladous iodide, 734 

as silver iodide, 734 

gravimetric after oxidation to silver io- 

date, 735 
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Iodine, determination of, volumetric, by iodo- 
metric method, 736 

by potentiometric titratjon, 736 
by Volhard’s method, 736 

occurrence of in minerals, sea water, and 
springs, 724 

preparation of pure, 194 
separation of, by oxidation of silver iodide, 

735 
by precipitation as palladous iodide, 727 
from bromine, 727 
from chlorine, 726, 727 
with ferric sulfate, 726 
with nitrous acid, 726 

Iodine solution, precautions in use of, 193 
preparation and stability of, 193, 194 
standardization of, by arsenious oxide, 195 

through sodium oxalate, 194 
lodostarch color, 193 
Ion-exchange separations, 155, 557 
Iridium, 339 

determination of, 365, 368, 370, 381 
in platinum alloys, 368 

occurrence of, 339 
precipitation of, as hydrated dioxide, 360, 

376, 382 
by hydrogen sulfide, 359 

separation of, from base metals, 360 
from gold, 352 
from palladium, 356, 379 
from platinum, 355, 376 
from rhodium, 356, 380 

solubility of in acids, 343, 347 
Iridium-platinum alloy, 21, 340 
Iridosmine (osmiridium), 339 
Iron, 384 

see also Ferric Iron, Ferrous Iron 
behavior of in an ordinary analysis, 384 
correction of titanium determination for, 

393 
determination of, colorimetric, 400 

with o-phenanthroline, 402 
with thiocyanate, 401 

gravimetric as ferric oxide, 390 
in silicate and carbonate rocks, glass, and 

glass sand, 386, 402 
potentiometric, 202, 398 
volumetric by titration, with ceric sulfate, 

398 
with dichromate and external indicator, 

397 
with dichromatc and internal indicator, 

397 

I Iron, determination of, with permanganate in 
I hydrochloric acid, 391, 395 

with permanganate in sulfuric acid, 391, 
395 

with titanous salts, 398 
occurrence of, in carbonate rocks, 960 

in minerals and silicate rocks, 384 
oxidizability of bivalent, by free oxygen in 

presence of hydrofluoric acid, 389 
recovery of unprecipitated, 872 
reduction of, by amalgamated zinc, 108, 392 

by hydrogen sulfide, 394 
by silver, 113, 393 
by stannous chloride, 391 
by sulfur dioxide, 393 
by titanous chloride, 398 

separation of, by extraction with ether, 134, 
387 

by fusion and extraction, 387 
by heating oxide in hydrochloric acid gas, 

91, 389 
by precipitation, as ammonium sulfide in 

tartrate solution, 64, 65, 387, 388 
by basic acetate method, 389 
by succinate method, 389 
in homogeneous solutions, 389 
with ammonium hydroxide, 387 
with barium carbonate, 389 
with cupferron, 119, 389 
with sodium hydroxide, 387 

from aluminum, 388 
from cobalt, manganese, nickel, platinum, 

zinc, 387, 389 
from columbium, copper, phosphorus, 

tantalum, titanium, uranium, vana¬ 
dium, zirconium, 388 

solution of oxide of by alkali fusion, 877 
Iron minerals, attack of, 385 
Iron nitride, occurrence of in lava, 956 
Iron oxide, ignition of, 390 

non volatility of with hydrofluoric acid, 390 
Iron oxides, error in determination of by vana¬ 

dium, 798 
Iron wire, undesirability as standard material, 

189 

Jones reductor, 108 

Lazurite in rocks, evidence of presence of, 
948 

occurrence of, 711 
Lead, 223 

behavior of in an ordinary analysis, 223 
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Lead, determination of, colorimetric with dithi- 
zone, 231 

electrolytic as dioxide, 228 
gravimetric, as molybdate, 229 

as sulfate, 227 
small amounts of, 231 
volumetric, by chromate method, 229 

by ferrocyanide method, 231 
by molybdate method, 231 
by oxalate method, 231 

occurrence of in minerals and rocks, 223 
separation of, by chromic acid, 226 

by electrolysis, 226 
by sulfuric acid, 224 
from alkaline earths and earth acids, 225 
from antimony, tin, 226 
from barium, 225, 230 
from bismuth, silver, tungsten, 225 
from members of copper group, 68 
from silicon, 224 

use of in determining iridium, 368 
Lead carbonate, use of as precipitant, 83 
Lead minerals, attack of, 223 
Lead oxide methbd for decomposing silicates, 

.836-837 
Lead sulfate, separation of from barium sulfate 

and silica, 224, 225 
Limestones, causes of color in, 961, 962 

dolomitic, definition of, 959 
magnesian, definition of, 959 
minor constituents of, 960-962 

Liter, definition of, 160 
Lithium, 646 

detection of, 655 
determination of, gravimetric as sulfate, 

655-657, 659 
occurrence of in minerals and rocks, 646 
separation of, by acetone, 656 

by butyl alcohol-ethyl acetate, 651 
by ether-alcohol, 655 
from aluminum, calcium, 932 
from cesium, 651, 656 
from magnesium, 656 
from potassium, 651, 655, 656 
from rubidium, 651, 656 
from sodium, 655, 656, 659 

Macerated filter paper, use of for precipita¬ 
tion, 98 

Magnet a mixture, preparation of, 42 
Magnesian minerals, decomposition of, 632, 

959 
Magnesite, analysis of, 612 

Magnesium, 632 
behavior of in an ordinary analysis, 632 
determination of, error in, 640 

gravimetric, as pyrophosphate, 636 
as quinolate, 642 

in dolomite, 612 
in limestone, 973, 985 
in silicates, 883 
volumetric by titration, of phosphate, 644 

of quinolate, 642 
occurrence of in carbonate rocks and min¬ 

erals, 632 
separation of, by ammonium carbonate, 633, 

634 
by calcium oxide, 633 
by 8-hydroxyqiiinoline, 124, 633, 634 
by mercuric oxide, 633 
from alkalies, 633, 634 
from aluminum metal, 635 
from barium, calcium, 632, 634 
from strontium, 634 

Magnesium ammonium phosphate, ignition of, 
639 

precipitation of, 636 
in presence of citrate, 635 

solubility of, 637 
washing of, 639 

Magnesium oxalate, precipitation of, 645 
Magnesium oxide, use of as precipitant, 83 
Magnesium perchlorate, use of as desiccant, 48 
Magnesium pyrophosphate, determination of 

contaminants in, 640 
ignition of, 636, 639 

Magnifiers, 28 
Manganese, 439 

behavior of in an ordinary analysis, 439 
decomposition of minerals of, 439 
determination of, colorimetric, 451 

gravimetric, as oxide, 450 
as pyrophosphate, 450 
as sulfate, 450 
as sulfide, 450 

in pyrolusite, 443 
volumetric, by bismuthate method, 443 

by persulfate method, 446 
by potentiometric titration, 448 
by reduction of dioxide, 448 
by Volhard’s method, 448 

occurrence of in minerals and rocks, 439 
oxidizability of divalent in presence of hy¬ 

drofluoric acid, 913 
removal of from magnesium pyrophosphate, 

641 
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Manganese, retention of by ammonia precipi¬ 
tate, 442 

separation of, by ammonium sulfide, 442 
by basic acetate method, 442 
by bromine, 442 
by precipitation as dioxide, 440 
by sodium hydroxide or peroxide, 442 
from aluminum, 442, 443 
from antimony, cobalt, tin, tungsten, 441 
from calcium, magnesium, 442 
from chromium, 441, 443 
from iron, nickel, titanium, zirconium, 

442, 443 
from molybdenum, vanadium, 442, 443 
from zinc, 442 

Manganese dioxide, purification of, 441 
Manganese sulfate solution for Zimmermann- 

Reinhardt titration, 396 
Mannite, use of in titration of boric acid, 753, 

758 
Mass spectrometry, 156 
Measuring flasks, tolerances of, 162 
Meker burner, 29,107 
Melts, removal from crucible, 846 
Mercuric chloride solution as reagent, 396 
Mercuric oxide, use of as precipitant, 83 
Mercury, 210 

behavior of in an ordinary analysis, 210 
determination of, as mercurous chloride, 

218 
as metal, 219 
as sulfide, 217 
in organic substances, 212, 221 
photometric, 222 
small amounts of, 220 
volumetric, as periodate, 219 

by titration with thiocyanate, 216 
with Reinecke’s salt, 221 

occurrence of, 210 
purification of, 140 
separation of, by reduction to mercurous 

chloride, 215 
by sulfide ion, 213 
from ammonium sulfide group, 68, 213 
from antimony, silver, 213-215 
from arsenic, lead, 213, 214 
from gallium, thallium, zinc, 215 
from members of copper group, 68 

Mercury cathode, dropping, 144 
electrolysis with, 138 

Mercury chloride, volatility of, 210 
Mercury compounds, decomposition of, 210 
Metals, sampling of, 52 

Methane, evolution of on heating rocks, 954 
Method of analysis, choice of, 55 
Methods, gravimetric, 2 

volumetric, 2, 160 
Methyl Cellosolve, 401 
Methylene blue, use of in titanium determina¬ 

tion, 586 
Methyl orange, 168,171, 173 
Methyl red, 168, 170, 173 
Methyl yellow, 168, 173 
Microchemistry, 158 
Microscopical analysis, 158 
Milliliter, 160 
Mitscherlich method of determining ferrous 

iron, 909, 911 
Mittasch basic acetate method, 81 
Mixed sulfides, 59, 213 
Molybdate reagent, preparation of, 41 

special ammoniacal, 42 
Molybdenum, 302 

behavior of in an ordinary analysis, 302 
determination of, colorimetric, 314 

gravimetric, as lead molybdate, 311 
as oxide after precipitation, with a-ben- 

zoinoxime, 310 
with sulfide, 313 

as silver molybdate, 313 
as sulfide, 316 

potentiometric, 316 
volumetric, by iodometric method, 316 

b) molybdate method, 311 
by permanganate method, 307 
by silver reductor, 114 

distribution and occurrence in rocks, 302 
reduction of by zinc, 307 
separation of, by chloroform, 305 

by ether, 306 
by extraction of a carbonate melt, 306 
by ferric hydroxide, 305 
by sulfide ion, 303 
by volatilization as chloride, 307, 686 
from antimony, arsenic, copper, 306 
from cadmium, iron, lead, phosphorus, 

silver, 305 
from calcium, 307 
from members of arsenic group, 75 
from tungsten, 304 
from vanadium, 304, 306 

Molybdenum minerals, attack of, 302 
Monazite, decomposition of, 534 

determination of thorium in, 534 
Mortar for crushing, 27 
Most probable value for a constituent, 5 
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Muffle furnace, 28, 346, 846 

Munroe crucible, 101 

a-Naphtholphthalein indicator for titration of 

boric acid, 759 
Neocupferron, 117 
Nephelene, detection of in presence of olivine, 

956 

Nep>helometer, construction and use of, 27 

Nephelometry, 148 

Nessler reagent, 790 

Neutral red indicator, 167, 168, 173 

Nichrome wire triangles, 31 

Nickel, 404 
behavior of in an ordinary analysis, 404 

determination of, colorimetric, 415 

electrolytic, 412 
gravimetric as nickel dimethylglyoxime, 

408 

volumetric by cyanide method, 414 

occurrence of, 404 
separation of, by electrolysis, 407 

by precipitation, with ammonium hy¬ 

droxide, 406 
with ammonium phosphate, 406 

witfi ammonium sulfide, 406 

with «-benzildioxime, 406, 411 

with dimethylglyoxime, 405 

with a-furildioxime, 406 

with sodium hydroxide, 407 

from alkaline earths, magnesium, 406 

from aluminum and cobalt, 406, 407 

from iron, 406-408 

from manganese and zinc, 407 

from members of hydrogen sulfide group, 

406 

from titanium and vanadium, 406 

Nickel minerals, attack of, 404 

Niobium, 588 

see also Columbium 

Nitric acid, specific gravity of, 41 

standard solution of, 174 

Nitrogen, 779 

determination of, by Devarda’s method, 786 

by Dumas* method, 779 
by Kjeldahl method, in absence of ni¬ 

trates, 784 
in presence of azo compounds, 787 

in presence of hydrazine compounds, 

787 
in presence of nitrates, 785 

by precipitation as Nitron nitrate, 788 

methods of, 779, 789 

Nitrogen, determination of, minute amounts 

of, occurring as ammonia, 790 
occurring as nitrate, 791 

occurrence of, in organic matter, 779 
in rocks, 779 

Nitron, 320, 788 

Qr-Nitroso-(:l-naphthol, testing of, 36 

use of in cobalt determination, 418, 421 

Noble metals (gold, iridium, osmium, palla¬ 
dium, platinum, rhodium, ruthenium), 
339 

occurrence of, in alloys, 340 

in nature, 339 

solubility of in acids, 343 

Nonvolatile residue in silica determination, 

significance of, 86, 93 

Noselite in rocks, evidence of presence of, 948 
occurrence of, 711 

Organic acids, titration of, 179 

Organic matter, removal of, 66, 96, 118, 269, 
308 

Organic mercurials, 212, 221 

Organic reagents for platinum metals, 370 

Organic substances, determination, of carbon 
in, 770 

of hydrogen in, 770 

of iodine in, 727 

of mercury in, 212 

of nitrogen in, 779, 783 

Orthophenanthroline indicator, 184, 393, 402 

Orthophosphoric acid, behavior of with indi¬ 
cators, 169 

Osmiridium (iridosmine), 339 

Osmium, 339 

determination of, 366, 373 

occurrence of, 339 

precipitation of as hydrated dioxide, 360, 
366, 372 

separation of from other platinum metals, 

354, 372 

solubility of in acids, 343, 347 

Osmium tetroxide, distillation of, 372 

Oxalic acid as a standard substance, 174, 189 

Oxidation, as a result of fine grinding, 907 

incompleteness of on ignition of ferrous 

compounds, 827 

Oxidation and reduction, indicators, 184 

methods, 184 

Palladium, 339 

behavior of in general analytical work, 343 

determination of, 365, 369, 379 
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Palladium, precipitation of, as hydrated diox¬ 

ide, 360, 376 

as sulfide, 359, 364 

by ammonium chloride, 362 

by cyanide, 357 

by dimethylglyoxime, 356, 365, 379 
by iodide, 357 
by organic reagents, 365, 370, 371 

separation of, from base metals, 358, 360 

from gold, 352, 366, 367 

from platinum, 360, 376 

from rhodium and iridium, 356, 379 

solubility of in acids, 343, 347 

volumetric methods, 370 

Paper filters, 97 
Paper pulp, use of in precipitations, 98 

Paranitrophenol indicator, 754 

Particle size of sample, influence of composi¬ 

tion on, 53, 811 

Penfield, apparatus for, showing figure, 828 

method of for water determination, 827 

Perchloric acid reagent, 39 
precautions in use of, 40, 348 

standard solution of, 174, 183 

Periodate colorimetric method for manganese, 

451 

Permanence of solution, of ferrous sulfate, 189 

of oxalic acid, 174 

of permanganate, 185 
of potassium dichromate, 190 

of sodium thisosulfate, 196 

Permanganate, titration w'lth in presence of 

various acids, 185 

Permanganate solution, 185 
preparation and standardization of, 185 

Peroxide fusion, 839 

Peroxide reagent, 38 
Persulfate method for determining manganese, 

446 

Persulfate reagent, 37, 871 

/)H, definition of, 166 

<?-phenanthroline, indicator, 184, 393, 402 

Phenolphthalein indicator, 167,173 

Phenol red indicator, 167, 170 

Phenylarsonic «cid, use of for separating co- 

lumbium and tantalum, 607 

Phenylhydrazine reagent, contamination of, 

129 
precipitation by use of* 88, 128 

Phosphates, conversion of to ortho form, 695, 

696 
Phosphoric acid, behavior of, toward methyl 

orange, 168 

Phosphoric acid, behavior of, toward phenol¬ 
phthalein, 168 

decolorant for ferric solutions, 308 

effect of on color of titanium peroxide, 581 

Phosphorus, 694 

behavior of in an ordinary analysis, 694 
determination of, as phosphomolybdate, 698 

colorimetric, 710 

gravimetric as mangesium pyrophosphate, 

702 

in limestone, 836 

in organic substances, 701 

in rocks, 895 

volumetric, by alkalimetric method, 706 

by reduction and titration, 698 

loss of, by neglect of residues, 695 
by volatilization, 694 

occurrence of in minerals and rocks, 694 

separation of by gathering, with ferric hy¬ 

droxide, 696 

with zirconium, 696 

by precipitation, with magnesia mixture, 
697, 704 

with molybdate reagent, 696 

from arsenic, germanium, 697 

from chromium, cobalt, iron, nickel, tita¬ 

nium, zirconium, 697 

from molybdenum, tungsten, vanadium, 

697 

from silicon, 694 

solution of compounds containing, 695 

Phosphorus pentoxide, use of as desiccant, 47 
Photometers, 27 

Photometric methods, 146 

Photometry, flame, 152 

Phthalatc, acid potassium, in acidimetry, 180 

Piedmontite, rare earths in, 870 
Pipettes, 163 

overflow, 30 

rules for use of, 164 

tolerances for, 164 

Pitchblende, decomposition of, 464 
Platinum, 339 

action of ferric chloride on, 385 

behavior of in general analytical work, 341 

determination of, 363, 368, 378 

volumetric methods for, 369 

interference of in iron determinations, 392 
occurrence of in minerals, 339 

precipitation of, as ammonium chloroplat- 
inate, 362 

as metal, 358,364 

as sulfide, 358, 378 
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Platinum, recovery of from scrap metal, 43 

separation of, from base metals, 358, 360 

from gold, 352, 366, 367 

from other platinum metals, 353,355, 356, 

371,375, 376 
solubility of, in acids, 343, 347 

in ferric chloride solution, 385 

in sulfuric acid, 22 

sponge felt for filtering, 101 

substitutes for, 22 
Platinum apparatus, 21 

Platinum crucibles, 21 

attack of, by caustic lime, 21 

by pyrosulfate, 22 

by sodium carbonate, 22, 845 

care of, 22 
loss in weight of, 21, 30, 106 

Platinum metals, 339 

attack of by minerals and alloys, 343, 347 

collection of in lead, 353, 363 
determination of, 363, 368 -370, 373, 375, 

378, 379, 381, 382 

volumetric methods for, 369 

occurrence of in minerals, 339 

precipitation of, as hydrated oxides, 360 

as organic compounds, 370 

as sulfides, 358 

by reduction, 358 
separation of from other elements, 358, 360 

Platinum-tipped crucible tongs, 23 

Platinum ware, calcium in, 21 

iron in, 21 
needed in laboratory, 30 

Polarographic analysis, 144 

Policeman, 102 

Pollucite, analysis of, 660 

Poly basic acids, titration of, 169 

Porcelain ware, action of reagents on, 18 

quality of, 17 

Potassium, 646 
determination of, as cobaltinitrite, 665 

as perchlorate, 663, 664 
as potassium chloroplatinate, 648 

by Lindo-Gladding method, 664 

by reduction of the chloroplatinate, 662 

in limestone, 976 

in silicate rocks, 923 

occurrence of in rocks, 646 

separation of, by chloroplatinic acid, 648 

by ethyl alcohol, 664 
by extraction with butyl alcohol-ethyl 

acetate, 651 
by perchloric acid and butyl alcohol, 663 

Potassium, separation of, by sodium cobalti¬ 
ni trite, 665 

from cesium, 657, 660 

from lithium, 648, 651, 655, 656 
from rubidium, 657, 660 

from sodium, 648, 651, 659, 663-666 
in large amount, 665 

Potassium biiodate, volumetric standard, 183, 
198 

Potassium bisulfate reagent, 36 

relative solubility of carbonates in, 963 

Potassium bromate method for determining 
antimony, 284 

Potassium carbonate, use of as a flux, 838 

Potassium chloroplatinate, drying of, 649 

factor for, 650 
solubility of, 649 

washing of, 649 

Potassium dichromate solution, preparation 

of, 189 

standardization and stability of, 189 

Potassium permanganate solution, prepara¬ 

tion and stability of, 185 

standardization of, by arsenious oxide, 187 

by like material, 188 

by sodium oxalate, 186 

Potassium persulfate reagent, 37 

Potassium pyrosulfate reagent, advantages in 

use of, 36 

Potentiometric apparatus, 27 

Potentiometric titration, 200 

application of, 202 

Precipitates, drying and igniting of, 104 

filtration of, 97 

method of igniting when wet, 105 

washing of, 102 
Precipitation, by ammonium hydroxide, 77 

by ammonium sulfide, 64, 89 

by basic acetate method, 79 

by cupferron, 88, 116 

by hydrochloric acid and ether, 499 

by 8-hydroxy quinoline, 122 

by iodates or bromates, 84 
by neocupferron, 117 

by phenylhydrazine, 88, 128 

by potassium hydroxide and peroxide, 92 

by regulation of />H, 75 

by salicylic acid and salicylate, 92 

by sodium hydroxide, 84, 90 

by sodium succinate, 82 

by sulfide ion, 58 

in concentrated acid, 60 

in presence of complex ions, 62, 63 
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Precipitation, by sulfide ion, under pressure, 
60 

by suspensions of carbonates or oxides, 82 
by tannin, 126 

in homogeneous solution, 77, 389, 497 

Precision versus accuracy, 3 

Preparation, of laboratory sample, 52 
for analysis, 54 

for weighing, 54 

of silver for reductor, 113 

of solution for analysis, 57 

Preservatives for starch solutions, 192 
Protactinium, 610 

Pumice impregnated with copper sulfate, 46 
Pumps, filter, 29 

Pyrite, determination of sulfur in, 712, 713, 
715, 721 

effect of on ferrous iron determination, 916 

insolubility of in nonoxidizing acids, 916 

occurrence of in rocks, 711 

Pyrolusite, drying of, 443 

Pyrosulfates, use of as fluxes, 36, 841 

Pyrrhotite in rocks, evidence of presence of, 

948, 951 

occurrence of, 711 

Qualitative analysis, necessity for, 1, 589, 801 

Quartz, determination of in presence of sili¬ 

cates, 853 

Quartz crucibles, 22 

Quartz ware needed, 31 

Quinalizarin, use of in detection of beryllium, 

517 

Quinolates, titration of, 125 

extraction of, with organic solvents, 514, 

520, 531 

Radiators for evaporating solutions, 23 

Radium, 611, 619 

Rare earth metals, 547 
see also Scandium, Thorium 

average atomic weights of, 562 

behavior of in an ordinary analysis, 548 
caution against overlooking of, 549 

composition of oxides on ignition, 549, 552 

detection of, 549 

determination of, gravimetric as oxide, 554 
spectrophotometric, 560 

determination of cerium in, 558 

elements usually associated with, 548 

incomplete precipitation by ammonium hy¬ 

droxide, 548 
members of group of, 560 

Rare earth metals, occurrence of in minerals 
and rocks, 547 

/>H for precipitation of, 361, 548 

reduction to bivalent form, 559 

separation of, by amalgams, 557 

by ion exchange, 557 

by oxalates, 548, 551 

by precipitation as fluorides, 548, 551 

by sodium sulfate, 560 

by sulfamic acid, 561 

by tannin, 552, 553 

by valence changes, 558, 559 

cerite subgroup from yttrium subgroup, 
560 

from cerium, scandium, and thorium, 556 

from columbium and tantalum, 552 

from common elements, 551 
from silica, 551 

Rare earth minerals, decomposition of by 

attack, with hydrochloric acid, 550 

with hydrofluoric acid, 550 
with nitric acid, 550 

with sulfuric acid, 550 

fusion of, with alkali carbonate, 550 

with hydroxide, 550 
with peroxide, 550 

with pyrosulfate, 550 

qualitative test of, necessity for, 549 

Rare earth oxalates, conversion of to oxides, 551 
solubility of, 551 

Rare earth oxides, color of, 562 

ignition of, 551, 552 

Reagents, 17, 33 

absorbents for carbon dioxide, 44 

desiccants, 46 
gases, 43 

quality of, 34 

solutions of, 41 
special, 36 

Reduction, by amalgams, 114 
by hyposulfite, 280 

by Jones reductor, 108 
by mercury, 116 

by silver reductor, 112 

by Wood’s metal, 116 

of ferric salts, 387, 391 

of rare earths, 559 

of weighings to vacuum, 15 

Refractory materials, decomposition of in 

sealed tubes, 347 
Reinecke’s salt, 221 

Reinhardt’s solution, 396 

Reliability of a result, 3 
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Removal of ammonium salts, 133 

Reporting of results, 6 
Rhenium, 317 

attack of minerals of, 318 

conversion of metal to perrhenic acid, 326 

determination of, colorimetric, 323 

by thiocyanate, 325 
electrolytic, 325 

gravimetric, 320 

as metal, 320 

as ‘‘nitron perrhenate,” 320 

as tetraphenylarsonium perrhenate, 321 

small amounts of, 324 

volumetric, 322 

after reduction with zinc, 322 

by titration with alkali, 322 

identification, 317 

occurrence, 317 

separation of, as sulfide, 318 

by electrolysis, 320 

by ether extraction, 320 

by volatilization, 319 

valence states of, 318 

Rhodium, 339 
determination of, 365, 369, 381 

occurrence of, 339 

precipitation of, as hydrated dioxide, 360,376 

by hydrogen sulfide, 359, 381 

by titanous chloride, 356, 380 

separation of, from base metals, 360 

from gold, 352 
from iridium, 356, 380 
from palladium, 356, 379 

solubility of in acids, 343, 347 
Rings, rubber, for hastening evaporation, 26 

Rocks, methods of decomposing, 835 

Rose crucible, 32 

Rubidium, 646 
determination of as chloroplatinate, 658, 662 

occurrence of in minerals, 647, 648 

separation of, by chloroplatinate, 648 

by perchlorate, 651 
by 9-phosphomolybdic acid, 657 

by silicotungstic acid, 658 

from cesium, 658 

from potassium, 657, 660 

Ruthenium, 339 
determination of, 366, 375 

occurrence of, 339 
precipitation of as hydrated oxide, 360, 366, 

374 
separation of from other platinum metals, 

354,374 

Ruthenium, solubility of in acids, 343, 347 

Ruthenium tetroxide, distillation of, 374 

Salicylic acid, precipitation by, 92, 599, 600 

Sample, contamination of, by agate, 813 

by steel, 809, 813 
crushing the, 53 

cutting or dividing the, 52 

drying of, 13, 54 

fineness of, 53 

preparation of for weighing, 52, 54 

weighing of, 13, 54 

weight of, 814 

Sampling, 52 

for moisture determination, 52 

importance of, 52 

of iron, 53 

of metals, 53 

of ores and rocks, 52 

of steel, 53 
Scandium, 543 

behavior of in an ordinary analysis, 543 

detection of, 543 

determination of, gravimetric as oxide, 546 

occurrence of in minerals and rocks, 543 

separation of, by precipitation, as fluoride, 

545 

with oxalate, 545 

with sodium silicofluoride, 544 

from common elements, rare earths, thor¬ 
ium, 544, 545 

solubility of oxalate, 544 

Scandium fluoride, solubility of, 544 

Scandium minerals, decomposition of, 543 

Scoop for weighing, 26 

Sealed tube, use of in dissolving platinum 

metals, 347 

Segregation, by particle size, 53 

by vibration in storage, 52 

in journal bearings, S3 

Sclenic and selenious acids, 327 

Selenium, 327 
behavior of in an ordinary analysis, 327 

decomposition of organic compounds of, 329 

detection of in sulfuric acid, 333 

determination of, gravimetric by weighing 

as selenium, 334, 336 

potentiometric, 337 

small amounts of, 330, 334 

volumetric, by iodometric procedure, 336 
by oxidation with permanganate, 337 

occurrence of, in mineral acids, 327 

in minerals, 327 
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Selenium, separation of, by distillation, 330, 

333 
by ferric hydroxide, 333 
by reduction, 73, 334 

by sulfide ion, 331 
from antimony, 335 
from bismuth, 332 

from copper, 333 

from gold, 331 
from members of arsenic group, 73 
from tellurium, 332, 333 

Selenium compounds, volatilization of, 73,328 

Selenium minerals, attack of, 328 

Sensitiveness or sensibility of the balance, 7 

Separation, by hydrogen sulfide in acid solu¬ 
tion, 68 

of copper and arsenic groups, 67 

of elements in precipitate produced by am¬ 
monium hydroxide, 86 

Significant figures in reporting results, 6 

Silica, accuracy of determination of, 865 

adherence of to dish, 679 

contaminants of precipitated, 672, 681 

correction for derived from reagents, 682 

dehydration of, by hydrochloric acid, 860 

by perchloric acid, 862 

determination of, 675, 860 

sources of error in, 678-682 

ignition of, 679, 863 

impurities in, correction for, 681, 863 

recovery of from ammonia precipitate, 676, 

677, 874 

removal of, in fluorine determination, 938, 

943, 944 

in sulfur determination, 949 

residue from, composition of, 865 

separation of, fluxes used in, 858 

from tungsten, 685 

solubility of, 678 

soluble, determination of, 852 

testing the purity of, 681 

washing of, 861 

Silica cotton, 101 

Silica crucibles, 31 

triangles for platinum crucibles, 31 

Silicate analysis, general procedure for, 855 

Silicate rocks, analysis of, 793, 855 

constituents occurring in, 799 

decomposition of, by adds, 857 

by boric oxide, 848 

by fluxes, 858 
by hydrofluoric and sulfuric adds, 850, 

858 

Silicate rocks, decomposition of, by lead oxide, 

836 
by sodium carbonate, 844 

determination, of alkalies in, 923 

of ferrous iron in, 907 

of water in, 822 
methods, for decomposition of, 835 

of analysis applicable to, 807 

Siliceous limestones, character of, 961 

Silicomolybdic acid, for determining fluosilicic 

acid, 39 
for small amounts of silica, 676 

Silicon, 671 
behavior of in an ordinary analysis, 671 

detection of as silicomolybdic acid, 676 

determination of as oxide, 675 

occurrence of in minerals and rocks, 671 
recovery of in ammonia precipitate, 676,677, 

874 

rocks and minerals containing, decomposi¬ 

tion of, 671, 857 

separation of, by dehydration, with hydro¬ 

chloric acid, 677, 860 

with nitric acid, 677 

with perchloric acid, 678, 862 
with sulfuric acid, 678 

from antimony, 280 

from boron and fluorine, 672 

from columbium, tantalum, 675 

from lead and tin, 674 

from tungsten, 673 

Silicon tetrafluoride, loss of in silica determina¬ 
tion, 672 

Silver, 204 

behavior of in an ordinary analysis, 204 

determination of, by internal electrolysis, 
143 

electrolytic, 209 

gravimetric as chloride, 206 

nephelometric, 209 

volumetric by titration, with sodium chlo¬ 
ride, 209 

with thiocyanate, 207 

occurrence of in minerals and rocks, 204 

separation of, by chloride ion, 205 

by hydrogen sulfide, 205 

from bismuth, copper, cyanide, lead, mer¬ 

cury, palladium, silica, and thallium, 
205 

from members of copper group, 68 
Silver bromide, solubility of, 734 

washing of, 734 

Silver chloride, drying of, 207 
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Silver chloride, ignition of, 207 

melting point of, 207 

occlusion of substances by, 207 

precipitation of, 207 
solubility of, 206 

washing of, 207 

Silver iodide, adsorption of substances by, 
734 

precipitation of, 734 
solubility of, 734 

washing of, 734 

Silver minerals, attack of, 205 

Silver rcductor, 112 

Silverware needed, 31 

Soda asbestos (Ascarite), 44, 45 

Soda lime, 44 

Sodalite grovip, determination of chlorine in, 

937 

Sodium, 646 

determination of, gravimetric, as chloride, 

650 

as sulfate, 651 

as iiranyl salt, 666 

volumetric by titration of chloride, 654 

occurrence of in minerals and rocks, 646 

separation of, by extraction of perchlorate, 

651 

by precipitation of chloride, 651, 665 

from lithium, 651, 654-656, 659 

from magnesium, 647, 651 

from platinum, 650 

from potassium, 648, 666 

Sodium arsenite solution, preparation and 

stability of, 198 

standardization of, 199 
Sodium bicarbonate, for standardizing acids, 

176 

fusion with, 837 
Sodium bismuthate, quality of, 37 

test of, 37 
Sodium bisulfate reagent, 36 

Sodium carbonate, as a primary standard, 176 

as reagent, quality of, 35 
effect of on platinum during fusion, 845 

fusion with, 89, 837, 844, 848 

leaching of melt with water, 846 

Sodium hydroxide solution, absorbent for car¬ 

bon dioxide, 45 
precipitation with, 90 

preparation of, 178 

standardization of, 178 

Sodium hyposulfite (Na2S204), use of for pre¬ 

cipitation, 91 

Sodium nitrate, use of, in precipitating gold, 
367 

in separating platinum metals from base 
metals, 352, 360 

Sodium oxalate, for standardizing acids, 177 
for standardizing permanganate, 186 

Sodium peroxide, use of, as a flux, 838 

by explosion method, 839 

Sodium-potassium carbonate as a flux, 837,838 

Sodium pyrosulfate reagent, preparation of, 36 
uses and advantages of, 36 

Sodium succinate method of separation, 82 

Sodium sulfate, use of in separation of rare 
earths, 560 

Sodium thiosulfate solution, preparation of, 
196 

stability of, 196 

standardization of, by iodine, 197, 198 

by potassium permanganate, 197 
Sodium tungstate, for scaling, 831 

use of for dissolving tungstic acid, 685 

Solubility, of silver chloride, 206 

of sulfides, 59 

Solution, preparation of for analysis, 57 

Solutions, heavy, for separation of minerals, 

158 

Special operations and techniques, 108 
reagents, 36 

Spectrographic analysis, 2, 149 

Spectrometry, mass, 156 

Spectroscope, 28 

Sphalerite, occurrence of in carbonate rocks, 
961 

Spot tests, 157 

Standardization, of acids, gravimetric, 175 
volumetric, by borax, 178 

by sodium carbonate, 176 

through standard alkaline solution, 176 

of bases, by acid potassium phthalate, 180 
by benzoic acid, 181 

by constant-boiling hydrochloric acid, 181 

by potassium biiodate, 183 

by standard acid solutions, 181-184 

Standard solution, of arsenite, 198 

of barium hydroxide, 178 
of dichromate, 189 

of ferrous sulfate, 189 

of hydrochloric acid, 174 

of iodine, 193 

of nitric acid, 174 

of oxalic acid, 174 

of perchloric acid, 174,183 

of permanganate, 185 
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Standard solution, of sodium hydroxide, 178 

of sulfuric acid, 174 

temperature effect on, 165 

of thiosulfate, 196 

Standard temperature for glass volumetric 
apparatus, 161 

Starch solution, preparation of, 191 

stability of, 191 

Statement of analyses, 806 

Steam baths, 29 

Steiger drying apparatus, 830 

Steiger method for fluorine, 945 
Stibnite, determination, of antimony in, 274 

of sulfur in, 276, 713 

Strontium, 611 

behavior of in an analysis, 611 
determination of, gravimetric, as oxide, 629 

as sulfate, 629 
occurrence of in minerals and rocks, 611 

precipitation of, as oxalate, 614 

as sulfate, 615 
separation of, by alcohol-ether, 615 

by nitric acid, 617 

from barium, 618 
from calcium, 615 
from magnesium, 614, 615 

Strontium oxalate, solubility of, 614 

Strontium sulfate, spectroscopic testing of, 890 

Substitution, weighing by, 16 

Succinate method, precipitation by, 82 

Sulfamic acid, as a primary standard, 183 

Sulfates, decomposition temperatures of, 680 

Sulfides, conversion of to sulfates in limestones 

on heating, 979 
influence of on determinations of ferrous 

iron, 916 

Sulfur, 711 
behavior of in an ordinary analysis, 711 

condition of, determination of, 948 

contamination by, 28, 712 

determination of, colorimetric, 723 

errors in, 715 

fractional, 950 
gravimetric as barium sulfate, 715 

in alkali salts, 716 

in antimony sulfide, 276 

in organic substances, 712 

in presence of iron, 721 

in pyrite, 712, 713 

in sulfuric acid, 715, 719 

turbidimetric, 723 

volumetric, 722 

error arising from failure to determine, 798 

Sulfur, loss of on grinding minerals, 712 

occurrence of, as sulfide, 711 

in minerals and rocks, 711 
oxidation of on grinding minerals, 712 

removal of in alkali determination, 930 
separation of, by ammonium hydroxide, 714 

by electrolysis with a mercury cathode, 

715 
by evolution as hydrogen sulfide, 722 

by ignition in hydrochloric acid gas, 714 

from alkaline earths, magnesium, 715 

from ammonium salts, 714 
from chromium, coi^per, molybdenum, 

nickel, 715 

from hydrogen sulfide group, 715 

from iron, 714, 715 

Sulfur dioxide reagent, quality of, 459 

Sulfuric acid, density of, 41 

standardization of solution, 174, 175, 177 

use of as desiccant, 47 

Sulfur minerals, decomposition of, 712 

Sulfurous acid, behavior of toward indicators, 

168 

Summation of analytical results, 802 

Suspensions of oxides or carbonates, precipita¬ 
tion by, 82 

Swings, weighing by the method of, 13 

Tannin, precipitation by, 126, 520, 552, 603 

Tantalum, 588 

behavior of in an ordinary analysis, 588 

determination of, colorimetric with pyrogal- 
lol, 610 

gravimetric as oxide, 604 

occurrence of in rocks and minerals, 588 

separation of, by precipitation, as potassium 
tantalum fluoride, 605 

with cupferron, 117, 120 

with tannin, 603 

from columbium, 603-605 

from tungsten, 600 

from zirconium, 598 

Tantalum minerals, attack of, 591, 602 
Tare, 16, 26 

Tartaric acid, destruction of, 66 

relative solubility of carbonates in, 963 

use of in precipitations with hydrogen sul¬ 
fide, 63, 65 

Tartrates, use of in precipitations with am¬ 

monium sulfide, 61, 65, 89 

Telluric and tellurous acids, 327 
Tellurium, 327 

behavior of in an ordinary analysis, 327 
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Tellurium, determination of, gravimetric, by 

weighing as tellurium, 337 

small amounts of, 334 

volumetric, by iodometric procedures, 338 

by oxidation by dichromate, 338 

by oxidation by permanganate, 338 

by reduction by stannous chloride, 338 

occurrence of in minerals, 327 

separation of, by ferric hydroxide, 333 

by precipitation with sulfite and alkali 
sulfide, 332 

by reduction, 73 

by sulfide ion, 331 

by volatilization, 333 

from bismuth, copper, gold, lead, mer¬ 

cury, 332 
from members of the arsenic group, 73 

from selenium, 332, 333 

Tellurium compounds, volatilization of, 328 

Tellurium minerals, attack of, 328 

Temperature, effects of in volumetric work, 166 

given by burners, 107 

normal in volumetric work, 161 

Testing of weights, 11 
Tetraphenylarsonium chloride, precipitation 

by, 130 

Thallic salts, reduction of, 475 

Thallium, 474 

behavior of in an ordinary analysis, 474 

detection of in minerals, 475 

determination of, colorimetric, 480 

gravimetric, as chromate, 478 

as iodide, 479 

as oxide, 478 

volumetric, 479 

occurrence of, 474 
separation of, by chromate, 477 

by cyanide-sulfide, 475 

by extraction of chloride by ether, 477 

by precipitation as thallous iodide, 476 

by reduction to metal, 477 
from aluminum, cadmium, cobalt, chro¬ 

mium, iron, nickel, zinc, 476, 477 
from antimony, arsenic, bismuth, copper, 

gallium, mercury, selenium, silver, 477 

from lead, magnesium, manganese, 476 

Thallium minerals, attack of, 475 

Thallous salts, oxidation of, 476 

Thiocyanate method, for copper, 69 

for iron, 401 

for silver, 207 
Thionalide for determination of thallium, 475 

Thiosulfate solution, preparation of, 196 

Thiosulfate solution, stability of, 196 
standardization of, 197 

Thorianite, occurrence of helium in, 533 
Thorium, 533 

behavior of in an ordinary analysis, 534 
detection of, 533 

determination of, gravimetric as oxide, 542 

in monazite, 534 

occurrence of in minerals and rocks, 533 
in monazite sand, 533 

separation of, by precipitation, as fluoride, 

535 

as oxalate, 535, 536 

in salicylic acid-salicylate solution, 579 

with ammonium fluoride, 535 

with hexamine, 535, 536 

w’ith iodate, 533, 535, 538 

with lead carbonate, 540 

with peroxide, 535 

with pyrophosphate, 539 

with sebacic acid, 540 
with thiosulfate, 535, 539 

from cerium, 537-539 

from common metals, 538 

from “didymium,’* 538 

from gadolinium, samarium, 540 

from lanthanum, 537, 539 

from neodymium, 539 

from phosphoric acid, 538 
from praseodymium, 539 

from rare earths, titanium, 535 

from scandium, 535, 538, 539 

from yttrium, 541 

from zirconium, 535, 541 

Thorium fluoride, solubility of, 536 

Thorium minerals, attack of, 534 

Thorium oxalate, solubility of, 536 

Thymol blue indicator, 167, 168, 170 

Thymolphthalein indicator, 167, 168, 173 

Tin, 285 
behavior of in an ordinary analysis, 285 

determination of, electrolytic, 296 

gravimetric as oxide, 294 

volumetric by iodometric method, 291 

loss of by volatilization, 285 

occurrence of in ores and rocks, 285 

separation of, by digestion with nitric acid, 

288 

by distillation, 70, 289 

by hydrolysis, 288 

by precipitation, with ammonia, 287 

with cupferron, 120, 289 

with sulfide ion, 58,287 
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Tin, separation of, by volatilization, 75, 289 

from antimony, 74, 289, 290 

from arsenic, copper, silicon, tungsten, 

288-290 

from cobalt, nickel, 287 

from lead, 287, 289 

from members of the arsenic group, 70, 74 

Tin chloride, volatility of, 75, 285, 286 

Tin minerals, attack of, 285 

Tin oxide, volatilization of with ammonium 

iodide, 294 

Tirrill burner, temperature obtained with, 107 

Titanic oxide, solubility of in alkalies, 85, 

579 

Titanium, 576 

behavior of in an ordinary analysis, 576 

contamination of silica by, 576 

determination of, colorimetric, 581 

gravimetric as oxide, 585 

volumetric by titration, with ferric salt, 

586 

with permanganate, 584 

occurrence of in minerals and rocks, 576 

qualitative test for, 93 

recovery of after separation of iron as sul¬ 

fide, 66 

reduction of by zinc, 110 

separation of, by extraction of carbonate 

melt, 89 

by hydrolysis, 579, 586 

by precipitation, with cupferron, 119, 578, 

585 
with sodium hydroxide, 579 

from aluminum, beryllium, chromium, 

manganese, molybdenum, phosphorus, 

vanadium, 579 
from cobalt, H2S group, iron, nickel, zinc, 

578 

from rare earths, 551 

from zirconium, 567, 579 

valence of in minerals, 885 

Titanium minerals, decomposition of, 577 

Titanium oxide, fusion of with acid fluoride, 

578' 
volatilization of by hydrofluoric acid, 864 

Titanium solution, colorimetric, standardiza¬ 

tion of, 582 

Titanous chloride solution, as reagent in volu¬ 

metric analysis, 398 

preparation of, 399 

stability of, 399 
use of in separating rhodium from iridium, 

380 

Titanous sulfate solution, as reagent in volu¬ 

metric analysis, 398 

preparation of, 399 

stability of, 399 

Toluene bath, use of, 830 
Tongs, crucible, description and figure of, 23 

Trace, definition of, 807 

Transfer of precipitates to filter, 102 

IVansposition weighing, 16 

Triangles, 31 
Tropaeolin O indicator, 173 

Tungsten, 683 

behavior of in an ordinary analysis, 683 

determination of, by reduction and titration, 

689 

by weighing as oxide, 688 

effect of certain substances on, 690 

occurrence of in minerals and rocks, 683 

separation of, by digestion with acid, 684 

by extraction of carbonate melt, 688, 692 

by precipitation, with cinchonine, 685, 689 

with sodium hydroxide, 688 

by volatilization as chloride, 686 

from antimony, arsenic, molybdenum, 

phosphorus, tin, 686 
from columbium, tantalum, titanium, zir¬ 

conium, 687 

from iron, 688 

from silicon, 685 

from silver, 692 

Tungsten minerals, attack of, 683 

Tungstic oxide, correction for impurities in, 

689, 692 

ignition of, 685, 690 

Turbidimetry, 148 

Tyrolite, experiment on drying of, 823 

Umpire analyses, 6 
Units of capacity, 160 

Uraninite, 464 

Uranium, 464 

behavior of in an ordinary analysis, 465 

determination of, colorimetric, 473 
fluorometric, 473 

gravimetric as oxide, UsOg, 468 

uranous oxide content in UsOg, 470 

volumetric after reduction by zinc, 471 

occurrence of in minerals and rocks, 464 

quadrivalent, precipitation, as fluoride, 467 

by cupferron, 119, 467 

reduction of by zinc, 110 

separation of, by alkaline carbonates, 466 

by cupferron, 466,472 
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Uranium, separation of, by extraction of ni¬ 

trate in ether, 468 

by ferrocyanide, 466 
by tannin, 467 

from aluminum, arsenates, cobalt, hydro¬ 

gen sulfide group, manganese, phos¬ 
phates, vanadium, zirconium, 466 

from beryllium, columbium, tantalum, 467 

from chromium, iron, titanium, 466, 467 

from earth acids, 591 

from rare earths, 551 

Uranium minerals, attack of, 465 

Uranous fluoride for separating uranium from 

columbium and tantalum, 551 

Uranyl zinc acetate solution, preparation of, 

667 
Urea, use of for homogeneous precipitations, 

77 
Useful appliances and apparatus, 23 

Vacuum, reduction of weighings to, 14, 15 

Vanadium, 452 

behavior of in an ordinary analysis, 452 

condition of in sandstones and rocks, 452 
determination of, colorimetric, 461 

gravimetric by precipitation with cupfer- 

ron, 119, 460 

potentiometric, 461 

volumetric after reduction, by ferrous 

sulfate, 460 

by hydrochloric acidi 462 

by hydrogen peroxide, 462 

by hydrogen sulfide, 462 

by mercury, 463 

by sulfur dioxide, 458 

by zinc, 462 

distribution of in rocks, 452 

effect of on iron determination, 453 

error from failure to determine, 453 

losses of on evaporation of solutions, 454 

occurrence of in clays and coal, ores and 

rocks, 452 

qualitative tests for, 93, 904 

reduction of, by silver, 113 

by zinc, 110 

retention of, by ammonia precipitate, 454 

by ether extract, 457 

by tungsten, 454 

separation of, by evaporation with nitric 

acid, 455 
by precipitation, with cupferron, 457 

with lead acetate, 456 

with mercurous nitrate, 455 

Vanadium, separation of, by retention in am¬ 

monium phosphomolybdate, 455 

by volatilization in hydrochloric acid gas, 
458 

from aluminum, arsenic, hydrogen sulfide 

group, phosphorus, titanium, zirco¬ 
nium, 457 

from chromium, iron, 457 

from cobalt, copper, molybdenum, nickel, 
457 

from uranium, 455, 457 

stability of vanadous solution of, 459 
Vanadium minerals, attack of, 453 

Volatilization losses, 57, 58, 78, 210, 259, 273, 

285, 297 

of platinum, 21, 30, 106 

Volatilization with dry hydrochloric acid, 91, 

289 
Volume, units of, 160 

Volumetric analysis, 160 

Volumetric apparatus, 160 

general specifications for, 161 

rules for manipulation of, 164 

special requirements for, 162 

Volumetric methods for platinum metals, 369 

Vycor, 31 

Washing of precipitates, 102 

tests for completion of, 104 

Water, behavior of, on drying minerals, 817 

on grinding minerals, 816 

on heating minerals, 817 

determination of, 822 

direct, 827 

apparatus for, 827-835 

discriminating between conditions of in 

minerals, 815 

distilled, apparatus for, 29 

inclusion of hygroscopic, in summation, 
821 

indirect, 823 

lost by grinding, 819 

role of in minerals, 814 

system of classification of in minerals, 815 

taken up by grinding, 819 

vapor pressure of at different temperatures, 
782 

Weighing, 12 

of hygroscopic substances, 13, 26, 54, 107, 
443 

of sample, 54 

reduction of to vacuum, 14,15 

scoop for, description and figure of, 26 
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Weight burettes, 165 

Weight of sample, 814 

Weights, specifications, for class M, 8 

for class S, 10 

testing and care of, 11 

tolerances of, 9, 11 

Wet precipitate, method of igniting, 104 

X-ray methods of analysis, 2,153 

Zeolitic minerals, dehydration of, 825 

Zimmermann-Reinhardt method for iron, 395 
Zinc, 425 

amalgamation of, 109, 607 

behavior of in an ordinary analysis, 425 

determination of, electrolytic, 437 

fluorometric, 438 

gravimetric, as oxide, 430 

as pyrophosphate, 432 

as sulfate, 431 

as sulfide, 432 

as zinc mercuric thiocyanate, 4v33 

nephelometric, 438 

potentiometric, 436 

small amounts of, 438 

volumetric, by ferrocyanidc method, 435 

by sodium sulfide method, 437 

by zinc mercuric thiocyanate, 434 

occurrence of in minerals and rocks, 425 

presence of in glassware, 17, 425 

retention of in ammonia precipitate, 427 

separation of, by precipitation with hydro¬ 

gen sulfide, 426, 428 

from alkaline earths, antimony, arsenic, 

columbium, magnesium, tin, 427 

from aluminum, nickel, 426, 427 

from cobalt, copper, chromium, manga¬ 

nese, 426 

from indium, thallium, vanadium, 428 

Zinc, separation of, from titanium, zirconium, 

427, 428 

Zinc minerals, attack of, 425 

Zinc oxide solution, preparation and use of, 

944 

Zinc oxide suspension, use of as precipitant, 

83, 418 

Zirconium, 564 

behavior of in an ordinary analysis, 564 

determination of, gravimetric, as oxide, 572, 

573 

as phosphate, 569 

difficulty with in gravimetric determination 

of titanium, 579, 586 

occurrence of in minerals and rocks, 564 

recovery of after separation of iron as sulfide, 

66 

separation of, by chromatography, 564 

by fusion with potassium carbonate, 568 

by precipitation, as basic selenite, 573 

as phosphate, 567 

with cupferron, 119, 572 

with phcnylarsonic acid, 567 

with ^/-propylarsonic acid, 567 

with salicylic acid-salicylate solution, 
579 

with tannin, 568 

from aluminum, chromium, columbium, 

iron, phosphorus, rare earths, tantalum, 

thorium, titanium, uranium, 567-569 

test for with paradimethylaminoazophenyl- 

arsenic acid, 565 

volatility of on fusion with acid fluoride, 566 

Zirconium minerals, decomposition of, 565 

hafnium content of, 564 

Zirconium oxide, behavior of on treatment with 

hydrofluoric acid, 675 

Zirconium phosphate, ignition of, 571 

solubility of, 570 
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