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INTRODUCTION

Sorption

When a gas or the vapour of a liquid is allowed
to come into contact with a solid or liquid surface,
there will usually be increased concentration of the gas
or vapour molecules at the surface, regardless of the
nature of the gas or surface. This process of surface
concentration is known as adsorption. In partieular
cases adsorption may be followed by absorption as the
adsorbed molecules penetrate into the interior of the
adsorbent. Surfaces are generally nonuniform and contain
cracks and capillaries. These are most predominent in
porous adsorbents. In such cases there will be capillary
condensation of the adsorbate. In addition there may
be chemisorption in particular cases. In actual practice,
all these phenomena invariably follow surface adsorption.
Prue adsorption 1s & rarity in nature. In order to
cover all these processes accompanying adsorption, the

term "sorption" was suggested by McBain1’2.

The solid that takes up the gas or the vapour of
2 liquid is called adsorbent, the gas or wvapour adsorbed

On the surface of the solid is termed adsorbate.



Physical and chemisorption

Adsorption processes are classified as physical and
chemical depending upon the nature of the forces involved.
In physical adsorption it is weak interaction between
adsorbent and adsorbate, similar to condensation, whereas
chemigorption on the other hand is due to strong inter-
action between the adsorbent and adsorbate, similar to
chemical reactions. The term "Van der Waals adsorption"
is used as a synonym for the former and the term "Activated
adsorption® as a synonym for the latter. In physical
adsorption, the gas molecules are bound to the surface
of the adsorbent by dispersion forces3 which are attraective
in nature, and short range repulsive forces4. In
addition there may also be forces due to gquadrupole, per-
manent dipole and induced dipole attractions. In chemi-~

gorption, the molecules are bound to the surface by a

transfer or sharing of electrons.

Adsorption of & gas on the solid surface is sub-
jected to unbalanced forces, the inward pull being more
than the outward forces. This results in a decrease
in gurface tension or a decrease in free energy of the
BYstem, There is also loss of degrees of freedom of the
€38 when it is adsorbed. It is either rigidly held to

the surface or can move over the surface freely in two



directions whereas prior to adsorption the gas molecules
moved freely in three dimensions. Hence there is also
a decrease in entropy. The equation A F = AH - T-AS
shows that . H will decrease when the sum of A F and
A S decreased. Therefore adsorption processes are
always exothermic regardless of the nature of the forces
involved. The decrease in the heat content of the

system is termed as heat of adsorption.

Distinction between physical and chemisorption

For the distinction between physical and chemical
adsorption, a number of experimental criteria are available
and the decision can be easily made. However, no single
criterion can differentiate between the two types satis-
factorily but by taking them together it is possible +to

decide

(1) One of the best known of these oriteria is
the magnitude of the heat of adsorption. In physical
adsorption, it is of the same order as the heat of lique-
faction of the adsorbate and in chemisorption as the heat
of chemical reaction. The heat of physical adsorption
Tarely exceeds twice the latent heat of condensation
whereag the heat of chemisorption is in general several
times more than the latent heat. Heats of chemisorption

0f carbon monoxide and hydrogen seemed always to exceed



some 20 and 15 X cal/mole respectively5’6

whereas the
heats of physical adsorption were always less than

about 6 and 2 K cal/mole7’8.

Although this distinction is in general valid,
there are cases in which the heat;chemisorption is low.
For example, with hydrogen values as low as 3 K eal/mole

have been observedg’lo.

Since heats of Van der Waals
adsorption do not exceed a certain limit, high heats

always indicate chemisorption,

(2) Another important ecriterion is the rate of
adsorption. Chemisorption, being a chemical process,
frequently requires activation energy and so proceeds at
a limited rate which increases rapidly with rise in
temperature. Physical adsorption, requires no activation

energy, the rate of adsorption being very high,

However, later work has shown that chemisorption
is not invariably an z2ctivated process. Studies with
clean metal wires and evaporated films have shown that
chemisorption is sometimes rapid even at low temperatures.
Robertsll found that hydrogen was taken up rapidly by
& tungsten filament both at room temperature and at
1iquid ajr temperature to give a saturated layer even

4

at low pressures (10”7 mm of Hg.). In some cases chemi-

sorption is glow even at room temperature, e.g., hydrogen



on manganese or carbon monoxide on aluminium, whilst in
others, e.g., carbon monoxide or ethylerne on zine, no

chemisorption at room temperature has so far been recordedlz.

(3) Physical adsorption usually takes place at
temperatures at which liqu#£faction would occur and the
temperature will be near or below the boiling point of
the adsorbate. Chemisorption on the other hand can
usually take place at temperatures far above the boiling
point of the adsorbate. But at certain temperatures,

the two types of adsorption ean oeccur simultaneously.

(4) Chemisorption is specific while physical
adsorption is not. Chemigorption takes place on clean
surfaces and only when there is chemical affinity between

the adsorbent and the adsorbate.

(5) Chemisorption is always a monomolecular process
but in physical adsorption multimolecular layers of
physically adsorbed gas can be obtained under suitable
conditions of temperature and pressure. Therefore, if
the extent of adsorption is known to exceed a monolayer,
it can be assumed with certainty that second and higher

layers are physically adsorbed.

From the above differences it can be said that
physical adgorption is & surface condensation and chemi-

sorption a gyrfage reaction.
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Classification of the isotherms

When equilibrium is attained in adsorption, the
amount of gas adsorbed will be a function of temperature
and pressure. Adsorption equilibrium can be expressed
either as l1sotherms, isobars or isosteres. When the
pressure of the gas or vapour is varied and the tempera-~
ture is kept constant, the plot of the amount adsorbed
against the pressure is called the adsorption isotherm,
when the temperaeture is varied and the pressure is kept
constant, the adsorption isobar is obtained and adsorp-
tion isostere is obtained by plotting the variation of
the equilibrium pressure with temperature for a definite
amount of gas adsorbed. But the most convenient method
is the adsorption isotherm. The adsorption isotherms
obtained with numerous adsorbates and adsorbents have
large variety of shapes. Brunauer, Emmett and Teller13
¢lassified these different isotherms into five typical
categories (Figure 1), type first representing mono-—

molecular adsorption whereas others multimolecular

adsorption.

Theories of adsorption

4 number of theoretical isotherms have been
derived py many workers in the past. Of these the

derivation of oclsssical Freundlich equationl4 and the
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isotherms derived by Langmuir™~, Brunauer and his

coworkersl3’16 are important.

In deriving theoretical isotherms, three approaches
are possible. First, in kinetic terms, the condition
for equilibrium is that the velocities of adsorption and
desorption are equal, and isotherms may be obtained by
equating these velocities. Second, in statistical terms,
the equilibrium constant is given by a ratio of partition
functions of vacant sites, adsorbed molecules and gas
phage molecules, and isotherms may be obtained by equating
this ratio to the corresponding ratio of concentrations.
Third, in thermodynamic terms, the isotherm can be derived
by using the condition that the change in free energy
on transferring an infinitesimal amount of gas from the

gas phase to the surface at constant temperature is Zerao,

or alternatively using the Gibbs adsorption equation.

Monomolecular adsorption

Until the year 1914 {there existed no satisfactory
theoretical treatment of the surface adsorption of gases
and vapours. Then Langmuir proposed his theory that

the adsorbed layer is monomolecular.

According to Langmuirlv, when the molecules of a

848 or wvapour collide with the surfaee of a solid, the



collision may be either elastic or inelastic. Ordinarily
the collision is inelastic, and the molecule stays in
contact with the surface for a certain length of time.
This timelag is responsible for the phenomenon of adsorp-
tion. It is short in physical adsorption and long in

chemisorption.

Langmuir derived the equation by assuming that
(1) the forces of interaction between the adsorbed
molecules themselves are negligible, (2) every molecule
coming from the gas phase that strikes a molecule already
adsorbed on the surface is elastically reflected and
only those molecules that strike the bare surface con-
dense and (3) because of the rapid falling off the inter—
molecular forces with distance, it is probable that

adsorption is only monomolecular and

v - Vm. b .p

l+b. p

where V is the volume adsorbed at pressure p, Vm the
volume adsorbed when the surface is covered with a com~
plete monomolecular layer and b is a consitant. The above
equation is of restricted application and is obeyed only

in ideal cases.

D v
VOImerlu has derived the Langmuir equation ther-=

19

modynamically whereas Fowler—” has derived by employing



2
the principles of statistical mechanics. Other320’21
have also made the statistical derivation of the Langmuir
equation. The statistical derivation is based on three
assumptions which are similar to that of Langmuir (1)
adsorption is localized and takes place only through
collision of gas molecules with vacant sites (2) each
gsite can accommodate one and only one adsorbed particle
(3) the energy of an adsorbed particle is the same at

any site on the surface, and is independent of the pre~

sence or absence o0f nearby adsorbed molecules.

Anzlogues of Langmulr's isotherm

The isotherm derived thermodynamically by
Williams”> and kinetieally by Henry>  is based on the
Langmuir model, modified by the stipulation that each
adsorbed molecule occupies "n" adjacent sites. The

equation after simplification reduces 1o

In V/p = 1nV_.b-n V/V_

and is also known as Williams-Henry isotherm equation.
The above equation with a second power term was also
derived by Wilkins>T. No one has attempted to test the

validity of these equations.

25

Magnus“’ also proposed a theoretical treatment of

monomoleculay adsorption but was only tested by himself
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and his coworkers, The drawback of Magnus' theory is
~
its very limited applicability. He himself-° found that

not even all of the charcoal data obeyed his equation.

¥Freundlieh equation

4
The classical Freundlieh's equation is represented

as

where V is the volume adsorbed, p the pressure of adsorw
hate and ¢ and n are constants. Ridea127 has shown that
the Freundlich isotherm can be derived from the Gibbs
adsorption equation, if it is assumed that the surface
layer obeys the change in free energy on adsorption of

gas as proportional to the change in adsorbed volume and

to the abgolute temperature.

Pheoretical comsiderations of Zeldowitschgﬂ,
Halsey and Taylorzg’Bo have shown that if the Langmuir
adsorption is applied to a series of sites, the relative
energies of which follow an exponential relationship,

the Freundlich eguation is obtained.

32
Temkin isotherm31 is in fact derived by inserting

in the Langmuir isotherm the condition that the heat of
adsorption decreases linearly with coverage. Such a

heat f£a11 can arise either on a uniform surface from repul

S8ive forces or from surface heterogeneity,
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Summarizing, we may state that when adsorption
takes place in a monomolecular layer, the data can often
be fitted satisfactorily by means of the simple Langmuir

equation.

Capillary condensation

The capillary condensation theory attributes
adsorption to condensation of the wvapowr in the capil-
laries of the adsorbent, Zzsigmond;)r?'3 was the first to
formulate the capillary condensation theory which is

governed by the well known Kelvin equation34

-~ 20V cos ©

In p/pg = —
T

where p is the equilibrium pressure, Pg is the normal
vapour pressure, ¢~ 1s the surface tension, V is the

molar volume of the liquid at temperature t, 8 is the
angle of wetting, R 1s the gas constant and r is the
radius of the capillary. He assumed that in small
capillaries condensation takes place at pressures con-
siderably lower than the normal vapour pressure. The
capillaries of the smallest radii fill at lowest pPressures
and as the pressure is increased, larger capillaries

start getting filled and at saluration pressure alj the

Pores are filled with liguid.



12

35 believed that the use of

MeGavack and Patrick
the Kelvin equation down to pore diameters of molecular
magnitude was not justified and hence the volume of
ligquid condensed in the capillaries at the relative
pressure p/p, should be used instead of the volume of

the gas adsorbed at pressure p. Capillary condensation

plays an important role at higher pressures.

Multimolecular adsorption

It is known that adsorbed molecules ean also hold
other molecules by their Van der Waalls forces giving
multimolecular adsorptvion. To explain the multimelecular
adsorption, Polanyi36 gave his potential theory. He
assumed that adsorption was due to long range attractive
forces emanating from the solid surface, giving films of
many molecules thick. Later on de Boer and Iwikker |
put forward polarization theory. According to this theory,
the surface 1s assumed to induce dipoles in the first
layer of adsorbed molecules and these dipoles in turn
to induce dipoles in the second adsorbed layer and so on,
But no theory in itself explains all the adsorption
processes and the most satisfactory theory whieh accounts
for all the cases of adsorption is the multimolecular

adsorption theory13’16 of Brunauer, Emmett and Teller,
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It is based on the same kinetic picture as the
Langmuir equation and the assumption that the conden-
satlon forces are the principal forces in physical
adsorption. Like Langmuir's theory the rate of evapo~-
ration from each succeeding layer is equal to the rate
of condensation on the preceeding layer. It is further
assumed that the heat of adsorption in eaehn layer except
first, is equal to the heat of liqu#faction of the bulk
liquid, thus suggesting that Van der Wasls' forces of the
adsorbent are transmitted to the first layer only. The

adsorption on first layer is also assumed to be localized,

The BET equation is derived on the above mentioned

assumptions and is written as

P 1 ¢ ~ 1 D

V(ps - p) Vm e B8 Vm. c p

where V is the total volume of gas adsorbed at pressure
Py, Vo is the monolayer volume, Py 18 the saturation
pressure of the adsorbate and ¢ is a constant relateqd

to the heat of adsorption and heat of liquefaction of
the adsorbate. The above equation is applicable for a
large number of cases of physical adsorption in the
Tange of 0,05 to 0.30 relative vapour pressure,
Simpler derivation has been given by Foster38 and a mope

rigorous kinetiec derivation by Hill39.
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If owing to lack of space, adsorption at satu~

ration 1s restricted to n layers, the BET treatment

leads to the equation13'16

V..ec.Xx l1-(n+1) P +n. 241
Ve P (3)
(1L - x) l+(e=1)xmgsxt*1

where x is the relative vapour pressure (p/ps). This
more general equation(B) can be reduced to Langmuir

equation when n = 1 and to equation (A) when n = oo .

Several defects in the multilayer theory of BET
have been pointed out by the authors themselves and by
others. One defect is the assumption in the theory
that the heat of vaporization is the same for all layers
and equal to that of the bulk liquid. Most of the workers
eriticized the theory stating that the authors did not
consider the lateral interaction effects but actually
they considered 1%. However, they assumed that these
effects were negligible at low pressures. Various modi-
fications and eriticisms of the BET theory has been

40 41 42

reviewed by Ries’ , Cook ', Keenan', and Young and Crowe114>

————
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SORPTION — DESORPTION HYSTERESIS

Starting from zero pressure, the extent of sorp—
tion at different vapour pressures is determined until
the saturation pressure is reached. Such measurements
give sorption isotherm. On the other hand, starting
from the saturation pressure, the sorbent is subjected
to decreasing vapour pressures and the amount of sorbate
retained measured at different vapour pressures until
zero pressure 18 reached. These measurements give desorp-
tion isotherm. These opposite processes of sorption
and desorption do not coineide in a large number of
systems and this phenomenon of the nonr-coincidence of
sorption and desorption isotherms 1is known as
“Hygteresis". The loop formed by the sorption and
desorption curves is known as the hysteresis loop. I%
follows from a study of the hysteresis loop that the
sorbent retains for the same. Vapour pressure, more of
the adsorbate during desorption than during sorption,
Figure 1. Hysteresis can be reversible and also irre-

versible but in physical adsorption it is generally

reversible.

For a long time, the phenomenon of hysteresis in

sorption was an unsolved problem. Van Bemmelen44,

Zsigmondy33 and Anderson45 revealed the existence of the
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46 47

hysteresis effect in sorption. Gustaver and Coolidge
showed the presence of hysteresis with charcoal. Winning
and Williams*® have shown that glyptal resins exhibit
hysteresis in the sorption of organic wvapours. Shiels'm_131
has reported the complete absence of the hysteresis effect
in the sorption of sulphur dioxide on platinised asbestos,
whereas in the sorption of sulphur dioxide on platinum
black, hysteresis was observed. Further working with
active charcoal in the sorption of sulphur dioxide,

carbon monoxide and nitrous oxide, he obtained hysteresis
effect in carbon - sulphur dioxide system. He stated
that preliminary evacuation of adsorbent and its history

during experimental work is important in considering

hysteresis effect.

McGavack and Patrick35 obtained the hysteresis
effect in the sorption of sulphur dioxide on silica gel,
whereas, on keeping the gel overnight in contact with
sulphur dioxide, subsequent sorptions and desorptions
showed no hysteresis. Urquhart52 reported the hys-
teresis effect on the sorption of water on cellulose.
Sheppard and Newsom653 on the other hand observed, that
the hysteresis loop becomes smaller in three successive
sorptions and desorptions in the studies of water sorp-

tion on cellulose and its derivatives. They stated

that yet there is no complete explanation of the hysteresis
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effeet. King and Lawson o+

obtained hysteresis effect
in the sorption of heavy water vapour on charcoal,
They attributed this effect to rise in pressure of
evacuation during studies. McBain and Ferguson55 also

noticed hysteresis in the sorption of water wapour on

Gatton stone (a building material).

Burrage56

studied the sorption of carbon tetra~
chloride, methyl alcohol, ethyl alcohol,propyl alcohol
and formic acid on charcoal and obtained hysteresis

X

effect in all cases. Foster” obtained the reproducible

hysteresis loops on the sorption of methyl aleohol and

ethyl alcohol on silica gel whereas Pidgeon58

obtained
hysteresis effect only in case of water while studying

the sorption of water, benzene and ethyl alcohol on
silica gel.

59

Allmand and coworkers have established that
hysteresis 1s real on the sorption of water vapour on
various samples of charcoal. By the study of the sorp-
tion of vapours of water, ethyl alecohol and benzene on
gele of silica and ferric oxide, Lambert and Fosterso
have shown that hysteresis effect is real and it persists
even after drastic degassing of the gel surface. Though
sorption -~ desorption hysteresis effect was observed

by many early workers, whether it is a permanent and



18

reproducible effect and if so what is the satisfactory
explanation of it, are problems which remained unsolved

for some tipe,

By the extensive work of Rao and his schoo1®1-74
On a large number of variety of systems, the hysteresis
effect has been established to be real and the only
satisfactory exXplanation for the hysteresis effect and all
its allied phenomens Such as permanence and reproduci-
0111ty 1 08080 oo ningB1163,68,69 4oi 0 61,64 o
disappearancesl’65’71’73’74 of the hysteresis loop, is
the cavity concept75'76. All other explanations of
earlier workers based on falge equilibrium, false measure-
ments of pressure, agh content of charcoal, presence of
alr have been digproveqd by the work of Rao and his

collaborators.

Permanence and Ieproducibility of the hysteresis loop

In majority of the systems investigated, the
permanence and reproducibility of the hysteresis loop
has been established €Xperimentally. In titania gel -
water system, the hysteresisg loop remains permanent and
reproducible even after 32 sorptions and desorptions®l.
Similarly the hysteresis loop has been reproduced at
the 19th cyele in silica gel - wate361, 8th c¢ycle in

silica gel - carbon tetrachloride61, 9th cycle in rice ~
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carbon tetrachloride61, 10th eycle in alumina gel -
water66 and 12th cycle in titania gel -« carbon tetra-
chloridesg. In spite of drastic degassing of the gel
surface and flushing with the vapour of the liguid as
a2 result of successive sorptions and desorptions, the
hysteresis loop persists. There 1s absolutely no

doubt about the permanence and reality of the hysteresis

effect.

Seanning of the hysteresis loop

A new method of study of the hysteresis loop was
developed by Rao and this was called the "scamning of
the hysteresis loop". The permanent and reproducible

61,63

hysteresis loops in titania gel - water y Ssilica gel -

watertl, silice gel — carbon tetrachloride®!, ferric

t}
oxide = carbon tetrachloride61, alumina gel = water68

69

and titania gel — carbon tetrachloride -~ have been
scanned by traversing the loops from various intermediate
points on the main sorption and desorption curves. If
desorption 1is effected starting from any intermediate
point on the main gorption curve, the loop is crossed
and the main desorption curve is reached. If sorption
is effected from any intermediate point on the main

desorption curve, the m2in sorptdmn curve, however, is

not reached, but a separate curve is traced till the
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peak of the hysteresis loop is reached. These charsc—
teristics, which are independent of the nature of the
adsorbent and the adsorbate, but are dependent solely
on the size and shape of the cavities of the porous
adsorbent, are explainable on the basis of the cavity

theory.

Drift of the hysteresis loop

Ferric oxide gel -~ water system61’64 has shown
a unique behaviour. With progressive sorptions ang
desorptions, the gel sufiers continuous decrease in
gsorptive capacity, the hysteresis loop suffers drift
away from the axis other than that of pressure. The
hysteresis loop becomes smaller and the tail end of the
hysteresis 1loop which extends up to zero pressure in the
second cycle of sorption and desorption tapers away from
zero pressure in the subsequent cycles. These results
indicate the decrease In the total pore volume of the
gel and the widening of the cavities and their necks.,
This interesting effect of continuous drift of the hys-
teresis loop in successive sorptions and desorptions, is
attributed to the irreversible change in ferrie oxide
gel of the aggregation of smaller particles into bigger

ones.
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Disappearance of the hysteresis looep

A series of sorptions and desorptions of water

65 1,74 T

vapour on cerealss1, gum arabic and proteins7
shown the tendency of the hysteresis loop, obtained in

the first cycle of sorption and desorption, to decrease

in size and disappear in subsequent cycles. Similar
behaviour has also been shown by leaves of certain plants73
when subjected to successive dehydrations and rehydra-—
tions. The disappearance of the hysteresis loop has
revealed the role, in hysteresis in sorption of the elas-
ticity of organo gels which swell on the imbibition of
water and other solvating liquids. With non-solvating
liquid, as in rice ~ carbon tetrachloride system, the gel
retains its initial rigidity even after a series of sorp-
tions and desorptions and show a permanent and reprodu—
cible hysteresis loop. The cavities entrap solvating
liquid and thus exhibit hysteresis. On progressive
sorptions and desorptions, they swell, become elastic

and the cavities lose their power of entrapping water,

the cavities collapse and thus the hysteresis loop

initially exhibited, disappears.

Theories of sorption — desorption hysteresis

Though sorption - desorption hysteresis effect

has been established to be real and reproducible, the
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exact cause of this phenomenon has remained a puzzling
problem, Any satisfactory theory of hysteresis should
account for the excess (Figure 1) of the sorbate retained
by the sorbent during desorption over what is taken
during sorption. There have been a number of attempts
to explain the difference which obviously exists between
the states of adsorbate along the two sides of the
hysteresis loop. ZSigmondy33 was the first to account
for hysteresis in termg of capillary condensation theory.
He assumed that during adsorption, the vapour does not
wet the wall of the adsorbent completely and hence wetting
angle © is not zero. fThe equilibrium pressure will be

given by the Kelvin equation34

B p, =D e 257V cos /T R T (1)

where p, is the observed pressure on the adsorption
branch of the curve and other symbols having the usual
meaning. He also emphagized that incomplete wetting

is caused by the impurities adsorbed on the walls of

the capillary and mostly air, As the pressure is raised,
these impurities are displaced by vapour and finally

at saturation pressure complete wetting takes place,

thereby giving zero wetting angle., In other words,

Py ® ps.e_ 2<V/rRT (2)
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Hence on comparing equations (1) and (2)

Pe > By

But Zsigmondy's explanation that hysteresis is due to

the presence of impurities was discredited by the work

of Rao.

Ink bottle or Cavity theory

The "ink bottle" or the cavity theory was suggested

76 xatz!! and Rao®l,

by Kraemer75 and developed by McBain
A cavity or ink bottle is a capillary with a narrow

neck like an ink bottle (Figure 2). A cavity may have
two or more necks. During sorption the neck or necks

get filled up with the liquid and the liquid meniscus
advances into the interior of the cavity as the vapour
pressure increases untll the cavity is completely filled.
During desorption the cavity remains filled until the
vapour pressure 1s lower than the value corresponding to
the neck radius, when the cavity is suddenly emptied.

Thus the process of filling is progressive and emptying

is abrupt. The two processes are not ldentical. Certain

amount of sorbate is entrapped in the cavity during

desorption, thus accounting for hysteresis,

In addition to the cavities which are present

mainly in the interior of the poprous sorbent ,- Rao assumed,
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that there are also the V shaped pores, present mostly
on the surface. The filling and emptying of these
pores are reversible and don't contribute to hysteresis.
Barrer and his coworkers78 associated hysteresis with
re-entrant angles within the pores and not with V shape
pores. They have also emphasized that hysteresis can
arise from causes other than capillary condensation, for

example the structural changes in the adsorbent.

Cohan's theory

Cohan7q formulated his theory with Foster's
idea.80 that a delay in the formation of the meniscus
during adsorption is responsible for the phenomenon of
hysteresis. In other words the difference in shapes of
the meniscus during sorption and desorption - hemispheri-
cal in desorption and cylindrical in the initial stages
of sorption. In desorption Kelvin equation of evapo-
ration of liguid from the capillary is assumed but in
sorption a eylindrical film of liquid is first formed
and next the capillary is filled with liquid as the
pregsure increases. Assuming this mechanism, Cohan has
shown that for a capillary of particular radius, capillary
condensation along the sorption branch occurs at a
higher relative vapour pressure than capillary evapora-

tion along the desorption branch, thus accounting for
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hysteresis. Further he has shown that hysteresis
cannot occur in capillaries narrower than four molecular
diameters of the adsorbate. This immediately explains
why certain vapours exhibit hysteresis on a given
adsorbent while other vapours show no hysteresis on the

same adsorbent,

85,86 attributed

Everett et a181"'84 and Enderby
hysteresis in general to the existence of a very large
number of independent domains in a system and at least

some of which can exigt in metastable states.

In summarizing, the ink bottle theory has been
Successful in explaining the hysteresis effect and all
its allied phenomena sycp as permanence and reproduci-
bility, scanning, drift ang disappearance of the
hysteresis loop. This theory accounts for all the
phenomena in a qualitative way, A quantitative formu-
lation of the theory woulg probgbly be difficult,
because it involves information gbout the number, shape,
size, the mneck and body diameters of the cavities in any

Particular system,

Classification of hysteresis loops

8
Barrer et al7 discussed various shapes of

Capillaries and thelr influence on the form of the



sorption and desorption isotherms. But de Boer
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87,88

has adopted just the reverse procedure and classified

hysteresisg loops into five typical categories as follows

and then giving the type of capillaries present,

Type (A)

(B)

(¢)

(D)

(E)

Both adsorption and desorption branches are

steep at intermediate relative pressures.

The adsorption branch is steep at saturation
pressure, the desorption branch at inter-

mediate relative pressures.

The adsorption branch is steep at intermediate
relative pressures, the desorption branch is

sloping.

The adsorption branch is steep at saturation

pressure, the desorption branch is sloping.

The adsorption branch has a sloping character,
the desorption branch is steep at inter-

mediate relative pressures,
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EXPERIMENTAL

In all adsorption measurements the preparation of
the adsorbent surface i1s considered as most important.
The adsorbent should be in the highest possible state of
purity. In other words it should be free as far as

possible from gases already adsorbed on the surface of the

adsorbent.

If the surface of the adsorbent holds only gas
adsorbed in the Van der Waals form, theoretically it should
be possible to desorb all the adsorbed gas merely by out-
gassing with a vacuum pump giving a high vacuum, But in
Practice sometimes, with adsorbents containing fine pores,
the process is accelerated by raising the temperature of
evacuation, Adsorbents exposed to air often hold chemi-
sorbed oxygen, water or carbon dioxide on their surfaces,

The removal of these gases is difficul®, requiring long

continued evacuation at high temperatures. Even some-
times it becomes impossible to get rid of them completely
without permanently injuring the surface of the adsorbent.
There is no hard and fast rule for choosing the tempera-

ture of outgassing and the conditions have %0 be choosen

by trial and error.

In addition to the impurities incidental while

preparing the adsorbent, one has to be careful with
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impurities that may gei to the surface from the other
parts of the apparatus. The most troublesome among
these is stopcock grease vapour. Hence only those
greases are used which have very low vapour pressure.
Mcst of the investigators often use mercury cut~-off
valves in place of stopcocks. The rate of pumping is
carefully controlled in order to avoid the spurting of

the adsorbent during outgassing.

There are two distinct methods for the determi-
nation of adsorption isotherms, viz., volumetric and

gravimetric methods.

Volumetric method

The adsorption of a gas or vapour is measured
by admitting it to an evacguated space containing the
adsorbent, the amount taken up by the adsorbent is deter-~
mined by volume. The charge of gas or vapour before
admission is measured in a gas burette, and after admission
the amount remaining unadsorbed in the dead space is
caleulated from its pressure, temperature and known
volume of the dead space- Hence the amount adsorbed is
caloulated. The volume Of the dead space is best deter-
mineq in presence of the adsorbent by a blank experiment

in which helium is used instead of the adsorbate. Helium
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18 assumed to have negligible adsorption except at very

low temperatures,

Successive admissions of €8s or the wvapour are
made to0 get the adsorption isotherm, successive with=—
drawals will then give points for desorption isotherm.
All the points are taken after ensuring that the equi-

librium has been attained.

Various types of apparatus used for different
adsorbates haye been jllustrated by Gregg and Sing89

’

Young and Crowe11%9 and Brunauergl.

Gravimetric Methods

Gravimetric method consists of determining the
increase in the weight of the adsorbent byfggé gﬁhézpour.
There are two methods to record the increase in weight
of the adsorbent. The first onme involves the use of an
adsorbent bulb fitlted with a stopcock ang attached to
the apparatus via & standard joint. At each point on the
isotherm after equilibrium has been established, the stop~
cock is closed, the bulb is removed, grease removed from
the joint and the bulb is weighed on an analytieal
balance. But this method is very laborious. The other
method involves the use of quartz fibre spring balance

which was first introduced by McBain and Bakr92 into

studies in sorption.
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The guartz fibre spring balance

In all the investigations presented in this
thesis, the quartz fibre spring technique was employed.
The sorption balance is shown in the photograph Figure 1.
The essential part of it is a helical spring made out of
quartz fibre. The spring ends in two hooks. The upper
hook is attached to a glass sphere which rests on three
hinges at the top of the pyrex glass tube. The lower
hook holds the bucket that contains the adsorbent. The
balance is built into a glass tube having a mercury mano-
meter and a glass bulb at the bottom to have the adsorbate.
The balance is connected to a vacuum system and it is

completely sealed off before starting the experiment.

A number of techniques for fabricating quartz

spirals have been given in the 1iteratur993-96. These

springs are now available commercially. Such springs
are difficult to manipulate being extremely delieate and
brittle but still have galned wide acceptance owing to
greater accuracy, simplicity of measurements and advan-
tage of continuous study without disturbing the system.

Some workers recommend Springs of pyrex glass K ®oo,

99-101 02

beryllium -~ copper alloy and molybdenuml because
of easy fabrieation and more robust but have not been

used probably on account ©f lack of dimensional stability.
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The spring technique lends itself to automatic
recording of an adsorption isotherm and the apparatus

have been devised by Lemecke and Hofmannloa, Van Nords-

104 105 106

trand sy Hooley and Klevens et al .

Merits and demerits of spring technique

The spring technique is an excellent instrument
for studies involving a series of successive sorptions
and desorptions of the wvapour of a liquid on the same
sample of the adsorbent in vacuum. Once the adsorbent
is enclosed in the sorption tube, the observations can
be extended over long intervals of time -~ months and
even yearslo7 without disturbing the system. Measure-
ment with the spring balance is quick and extraordinary
simple. The quartz fibre springs can be uged at
moderately high temperatures as its elagtic coefficient
is not affected. I% 1s noncorrodible by most of the

organic liquids and its sorptive capacity for the same

is negligibly small.

The spring balance is very handy for determining
the adsorption of vapours at high pressures, McBain
and Brittonlo8 have worked up to 60 atmospheric pressure
with this technique whereas Morrig and Maasslo9 up to

46 atmospheres. It is very useful in comparative studies
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because a number of balance tubes can be connected to
the same manometer and the adsorptive properties of several

solids measured under identical conditionsllo-lls.

The main drawback of the technique is buoyancy

correction at high pressureslosylog.

But at low
pressures the correction is very small. Some workers
have used other types of balances such as beam type
vaguum balances and torsion miecrobalances to avoid the

buoyancy correction,

Air thermostat for constant temperature

In the study of sorption - desorption hysteresis
it is necessary toc maintain a constant temperature by
keeping the sorption apparatus in a thermostat. In the
present studies an air thermostat was constructed similar
to one built by Vernonll6 and is shown in the photograph
Figure 2. The thermostat chamber was built of wooden
frame and glass panels. It was fitted on a wooden table.
The external dimensions of the chamber are 96" long, 39"

wide and 43" high. The four doors (two in the front

and two on the rear) open by sliding vertically upwards.

The working floor 1s provided by a reetangular
wooden platform placed 3" above the base of the chamber.

Between the ends of the platform and the walls of the
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chamber, there is a gap of about 6". There are alsc two
square holes, 9" apart and 4" edge, in the middle of the
platform. These gaps and square holes facilitate free
and continuous circulation of air inside the chamber by

the electric fans.

Twé four bladed fans are kept on brackete, one
at each end of the thermostat and the two facing each
other. These brackets are 27" above the level of the
working floor. The heating lamps are of the usual tung-
sten filament type. They are arranged in two groups of
four, each group being disposed symmetrically in a cir-
cular wooden frame, which is suspended from the roof in
front of the fan. The diameter of the frame is 15"
and the centre is in line with the centres of the fans.
In each set of lamps only two horizontal lamps are con-
trolled by the relays; the other two are auxiliary lamps
operated by switches outside. The four control lamps
normally work in unisom, their heating capacity is
arranged according to the outside temperature., In cold

weather the mild heat bulbs are replaced by strong nichrome

wire heaters.

The two opposing Streams of air originate from
the fans, After passing over the heating elements, they

meet in the middle of the thermostat where the toluene
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thermoregulator is fixed and then pass downwards. On
reaching the platform it divides into two streams each

of which passes through the square hole, next beneath

the platform and finally to the rear of the fan. Thus
each stream of air is kept in continuous circulatory
motion coming in contact with the heating element and

the thermoregulator in each cycle. The air in each half

of the thermostat is thus effectively stirred,

The thermoregulator consists of a network of
pyrex glass tube, l.2 cm bore. It is filled with toluene.
The open end is fitted with mercury ending in a capillary
in which the electrical contact is made with the platinum
wire. The heating elements are controlled by the thermo-
regulator through an electronic relay. The thermoregu-
lator is suspended61 from the roof of the chamber, so that

it is in the middle of the thermostat and directly in

frong of the two fans.

The temperature 0f the thermostat was maintained
at 35°C in all the present investigations. In order to
ensure the constancy ©f temperature in different positions
inside the thermostat, readings were taken by placing a
sensitive thermometer at different positions and the
temperature recorded was always - 35 * 0,05°C, The

periods of heating and co0ling were adjusted to be
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approximately equal. The chamber is illuminated by

bulbs kept at the ceiling and rear of the chamber. During
hot weather, the temperature of the room was brought down
with the aid of a room ceoler, The fouling of mercury
ingide the mercury c¢apillary owing to electric sparking
was prevented to a certain extent by the use of liquid

paraffin.

Sorption apparatus

Sorption apparatus was fabricated as per design
shown in the photograph Figure 1. Interchangeable
ground glass joints were used. The apparatus consists
of a pyrex tube, 10" in length and 2" in diameter. At
the bottom it is connected to a bulb for the adsorbate
with a B-10 ground glass joint and a B-19 high vacuum
stopcock. A U=-tube mercury manometer is connected to
the sorption apparatus with B-10 ground glass joint,
Just on the opposite side of the manometer another B-19
stopcock connects the apparatus to vacuum line, To the
upper end of the tube a2 B-50 ground glass joint is
joined. Just below the joint, there are three projee-
tions on which the glass Sbhere support for the spring

rests.

The manometer tube had a bore diameter of 1.2 cn.

The mercury used in the manometer was purified by first



36

passing it through & 10% nitric acid in Meyer's column,

then distilling in air and finally distilling in vacuum.

An Edwards high vacuum pump which produced a
pressure of 10™2 mm was used. For sealing the ground
glass joinis Dow Corning silicone high vacuum grease
was used. Pressure readings and elongation of the quartz
helix were determined with a cathetometer reading correct
to 10~2 mm. Quartz fibre springs used in these studies
had sensitivity ranging from 20 to 45 cms of stretch per
gram of load. The springs were obtained from M/s British
Thermal Syndicate, London. The buckets to hold the
sorbent were made out of pyrex glass according to the

93

method of Cameron” . McBain and his coworkers used gold

and platinum buckets.

Sorption - desorption procedure

First the spring balance was calibrated by adding
and removing known weights and measuring the correspond-
ing extension of the helix. The spring balance was
kept inside the air thermostat at 35°C. The results of
calibration of a spring of the following specifications
have been presented.

Maximum load 0.3 gm

Extension 17.4 cm

Sensitivity 45.3 cm/gm
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The observed and calculated stretch from the
dimensions are shown as under:

Weight of the bucket = 0.0786 gm

Initial length of the spring with bucket = 1,734 cm

Observed Calculated

Observed stretch stretch
ggight length in cm in cm
et in cm for for

0.05 =41} 0005 gm

While 0,05 4,002 2,268 2,265
adding 0,10 6.271 2.269 2.265
weights 0.15 8.536 2.265 24265
While

0.10 6.272 2.264 2.265
removing .

0.05 4,003 2.269 2.265
weights

The above results show that spring Obeys Hooke's

law.

The tube was throughly evacuated and then kept
for about a month for vacuum tightness, During this
period there was no measurable variation in the mano-
meter readings thus ensuring complete vacuum tightness

of the sorption apparatus. Next water was taken in the
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bulb and made air free by allowing it to evaporate in

vacuum for an hour. The wvapours of water were allowed
into the tube having spring with bucket to see whether
there is any measureable adsorption of water wvapour on
the spring and bucket. No variation in the length of
the spring was noticed even after the wvapours were in

contact with spring for about a month, thus showing the
absence of measurable adsorption of water vapour on the

107

quartz fibre spring. MeBain and Sessions have also

exposed these springs to various vapours for twenty
years and noticed no appreciable stretch, showing the

absence of adsorption by these springs.

The spring with bucket was placed inside the tube.
The length of the spring was measured using a reference
rod suggested by Lawaonllo. It is a glass fibre sus—
pended within the spring coils from the same hook from
which the spring is suspended.  The reference rod
simplifies the manipulation of the cathetometer by redu-
cing the distance between the fixed end and the moving
end of the spring to be measured in eash reading. Next,
spring was taken out, the bucket was filled with the
adsorbent and spring was Placed again inside the tube.
The upper end of the tube was covered with the ground

glass cap and the system Was throughly evacuated, After

evacuation the pump was disconnected from the sorption



39

apparatus by closing the stopcock. The spring reading
and the zero pressure reading of the manometer were

taken with the cathetometer. Next the lower stopcock

was slightly opened and small quantity of the wvapour of
the air free liquid was introduced. After the equili-
brium was reached the pressure difference on the manometer
and spring extension were noted. Similarly at different
equilibrium pressures, corresponding stretches were

noted till saturation pressure reached. These readings
give sorption curve. After the saturation pressure was
reached, the lower stopcock was closed and a small amount
of vapour was removed from the tube by using vacuum pump,
Spring length and corresponding pressure was noted after
equilibrium was attained. This process is continued until
gufficient number of points on the desorption curve is

obtained and zero pressure is reached.

From the spring reading at each equilibrium point
during sorption as well as desorption, the stretch of the
spring for the amount of adsorbate taken or retained
respectively is obtained. Knowing the stretch of the
spring for the gvacuated sorbent at zero pressure, the
percentage of sorbate taken or retained can be calculated.
By plotting percentage 80rption and desorption, against
the corresponding vapour Pressure of the sorbate, the

sorption and desorption isotherms are obtained. From
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these, the existence or nonexistence of the hysteresis

effect is known.



**********%**********************************

CHAPTER IV: STUDIES IN SORPTION -~ DESORPTION

HYSTERESIS WITH PROTEINS

*****************%***************************
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A. VARIETAL DIFFERENCES IN GELATIN, EGG ALBULIN AND
CASEIN, IN RELATION TO SORPTION - DESORPTION
HYSTERESIS WITH WATER*

Introduction

Earlier investigations on the sorption and
desorption of water vapour on different varieties of

62 1 R
organo gels such as rice grain ~, dhal®', gum arabic 5,

LLT 71 71

gum ghatti y gelatin’' ', casein’' ', egg albumin7], and

sericin74 have revealed certain common characteristics.
Bither the sorption and desorption curves are coincident
showing no hysteresis effect in the first cycle of sorp-~
tion and desorption, or the hysteresis effect initially
exhibited becomes smaller and disappears in the subse-
quent cycles. These characteristics are also shown by
the leaves of several plants73 when subjected to suc-~
cessive dehydrations and rehydrations. On the basis of
the cavity theory of hysteresis, these observations have
been explained by the following: +the organo colloid
swells on the imbibition of water ~ the solvating liquidy— ,
the cavities collapse, the entrapping effect is lost

and the hysteresis disappears, This generalisation is

further confirmed by showing in a few cases that with

* K.Subba Rao and Bhagwan Das, J, Phys. Chem. 72,
1223, 1968,
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nonsolvating liquids like carbon tetrachloride there is

permanent and reproducible hysteresis 100p61.

Benson and Richardsonmﬁ have worked with egg
albumin, gelatin and bovine plasma albumin and have
reported a reproducible hysteresis loop in three successive
cycles in the sorption of water on egg albumin, This
result of Benson prompted the author to think that
varietal differences in the proteins may be responsible
for the difference: in the behaviour in sorption and
desorption hysteresis. A systematic study with different

grades of gelatin, egg albumin and casein was undertaken.

Gelatin

Two different varieties of gelatin - Difco
gelatin made by Difco laboratories, Michigan, U.S.A.
and Oxoid gelatin made by Oxo Ltd., London, were used

In the earlier investigation71 gelatin of Merck Gold

label guality was used.

Ege albumin

Egg albumin (Merck's albumin ovi) was used. A
sample was activated by beating at 60°C in vacuum for
6 hours. Another sample was denatured by heating 2 10%
gsolution on a boiling water bath for 1 hour. The preé-

cipitated albumin was filtered, washed with water and
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dried at 40°C for two hours in wvacuum. Samples of
(1) native, (2) activated and (3) denatured egg albumins
were employed. In the earlier paper71 Merek's soluble

egg albumin was used.

Caselin
Laselll

Merck's alkali soluble casein and Oxoid c¢casein
nydrolysate were used. A sample of Merck's alkali
goluble casein was activated by heating at 60°C for 6
hours. Another sample was denzatured by heating in
boiling absolute alcohol for one hour and drying in an
oven at 75°C for one and half hours. Samples of

(1) native, (2) activated and (3) denatured casein were
1

employed in the studies. In the earlier work7 y

Kahlbaum's casein nach Hammersten was used.

The samples were used in the form of powder.

The grain size was between those of 30 and 50 mesh BSS

sieves.
Results
Gelatin

Hysteresis is exhibited by both Difco and Oxoid
gelatins. In the case of Difco gelatin, the sorption

and desorption studies were continued up to 12th cycle.
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The loops obtained in the 1st, 3rd, 5th, Tth, 9th, 1llth
and 12th cycles are shown in Figures 1 and 2. The
percentages of water taken at saturation pressure in
each of these cycles are 116.4, 119,0, 119.6, 125.3,
113,00, 103,9 and 104.3 respectively. It took about
12 days for completion of each cycle. In each cycle
the gelatin was kept in contact with water vapour at
saturation pressure for 2 days except in cycle T7th, in
which it was 10 days. The total period required for
completing the 12 cycles of sorption and desorption is

more than 8 months.

With Oxoid gelatin the sorption - desorption
studies were continued upto 10th eycle, The loops of
the 1st, 4th, 9th and 10th cycles are shown in Figurea.
The values at saturation pressure of water are 69.8%,
67.8%, 69.2% and 68.6% respectively. The total period
required for completing the 10 cycles is 3 months. At
the end of each cycle the gelatin was kept in contact

with water vapour at saturation pressure for 2 days.,

BEge albumin:

The hysteresis 100Dps obtained with native,
activated and denatured €gg albumins are shown in

Figures 4-6 respectively. With native egg albumin,
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the amount of water taken at saturation Pressure of water
in the 1st, 4th and 5th cycles are 120.3%, 125.4% and 1244
respectively. With activated €gg albumin, the amounts

of water taken in 2nd, 3rd and 8tp cycles are 48,1%,

46.6% and 46.6% respectively angd with dematureq egg
albumin the amounts of water are 45.8%, 46%, 47.4% ang
48.3% respectively. The total periods of study with
native, activated and denatured €€ albumins were nearly
2 months, 4 months and 4 months respectively. In al]l

these cases the albumin was kept in contact with watep

vapour at saturation pressure for 2 days.

Casein

With Merck's native casein, Figure 7y sorption =
desorption studies have been continued upto 4th cyecle.,
Phe amounts of water taken up at saturation pressure in
the 1st, 3rd and 4th cycles are 40.8%, 39,0% and 40.0%
respectively. The sorbent was kept in contact with
water vapour at saturation pressure for 2, 5 and 5 days

in the lst, 3rd and 4th cycles respectively. fThe total

period for completing the study was one and a half months.

With Merck's activated cagein Figure 8 sorption -
desorption studies were cOntinued upto 14th cycle. The

gorption capacities in the 1st, 4+n, 5th, 6th, 8th and
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14th cycles are 44.0%, 44.0%, 47.0%, 46.5%, 45.6% and
47.0% respectively. At the end of sorption the sorbent
was kept in contact with water vapour at saturation
pressure for two days in all cyeles excepting the 8th
in which it was kept for 20 days. The total period

required to complete this study was 6 months.

In the case of denatured casein Figure 9 the
gorption — desorption studies were continued upto 15th

cycle. The sorptive capacities of the casein for water

at saturation pressure in the lst, 2nd, 5th, 6th, 7th
and 15th cycles are 35.7%, 41.0%, 39.7%, 40.3%, 35,84

and 29.,5% respectively. The time allowed at satura-

tion was 2 days in all cycles excepting 6th and Tth in

which the times were 10 days and 20 days respectively.

The study lasted over 6 months,

Sorption - desorption studies were continued
upto 6th cycle in the case of easein hydrolgsate Figure 10.
The sorptive capacities in the 1st, 2nd, 4th, 5th and
6th cycles are 581.1%, 855.1%, 857.0%, 857.0% and 857.0%

respectively. The sorbent was kept in contact with

water vapour at saturation pressure for 14 days in the

4th cycle and 2 days in all others. The total period

required for completing the study was 3 months.
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Rate studies

Proteins 1like other organogels swell when they
sorb water. In all swelling systems water sorption is
a slow process, Incomplete equilibrium during sorption
and desorption can cause hysteresis, To eliminate
this effect, sufficient time was allowed ti1l equili-

brium is attained.  Figure 11 is the Time - sorption

curves of Difco gelatin and Oxoid gelatin. At satye
ration pressure of water at 35°C Difco gelatin requires

about 48 hours for completion of sorption and Oxoid

gelatin requires 24 hours. However at each intermedigte
point on the sorption and desorption curves the time
required is about 6 hours and actually about 10 hours
were allowed in order to ensure equilibrium. Time -

adsorption curves of egg albumin are shown in Figure 12

and those of casein in Figures 13 and 14.

Discussion

Characteristics of the hysteresis loop in Difco gelatin -

water system

In the sorption of water on Difco gelatin, the
nysteresis loops obtained in successive eycles of sorp—
tions and desorptions have shown several interesting

characteristics. In the first eycle, the sorption and
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desorption curves are separated in the low and high
pressure regions showing hysteresis loops whereas in
the middle the two are almost coincident. In subse-
quent cycles there is a tendency for the sorption and
desorption curves atl the centre to separate from each
other. In 7th cycle the two are completely separated.

The hysteresis loop in the low pressure region has

become wider and this further increasges slightly upto

the 12th cycleo The amount of water sorbed at satu-~

ration pressure bas also decreased from 7th cycle upto

12th cycle.

Explanation of the charscteristics in the light of the

cavity concept

Difco gelatin — water system

BensonllB does not accept the existence of fine

pore structure in proteins. He explains the hysteresis
effeat which he has obtained in the sorption of water
and other liquids on €g&g albumin as a case of deforma-
tion of the polypeptide chaing within the protein molee

cule as the polar sorbate settles into suitable positions.

L1
Arnell and McDermot 2 attributes hysteresis to

Steric effects in swelling Systems and this is due to

interaction between, sorbent and serbate molecules.
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Deformation and Steric effect cannot explain
a permanent and reproducible hysteresis loop as in
sillica gel - water system. It can explain the hys-
teresis loop which decreases in size and finally dis-
appears, because when the deformation and sterie effect
ceage, the hysteresis effeet should cease to exist.
The continuous decrease in size of the hysteresis loop
and its disappearance in successive sorptions and
desorptions have been established by K.Subba Rao in a
large number of systems such as rice, dhal, gum
arabic, egg albumin, gelatin, casein, sericin which

swell with water. With a nonsolvating liquid 1like

carbon tetrachloride, the riee grain has shown a per-
manent hysteresis loop which has been reproduced upto

9th cycle of sorption and desorption and these results
cannot be accounted for, by the deformation theory and

steric effect. The cavity concept alone has been found

to explain adequately both the disappearance of the

. : 61
hysteresis effeet 1n rice -~ water system ' and its per-

manence and reproducibility in rice - carbon tetra-

, 61
chloride system .

The cavity concept

An ideal plane surface adsorption is a rarity.

Even non-porous sorbents have eracks and fissures on
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surface. In such cases capillary condensation gets
in apd the entrapping effect of cavity follows. The
cavity concept has been elaborated in chapter 2 and is
found to be a general explanation of the hysteresis

effect and all its different aspects ~ such as drift,

gcanning and disappearance.

A Cavity is a pore with constricted neck and it
can also have two Or more necks. Filling of cavities
during sorption is progressive whereas emptying during
the desorption is sudden and abrupt. Every point on
the desorption curve denotes the neck radius of the
cavity which 18 emptied. In Difco gelatin - water
system the tendency for separation of the desorption

curve from the sorption curve is noticeable from the

1st cycle to 5th cycle and this has become prominent in

the Tth cycle in which the position of the sorption

curve remains practica
o away from the pressure axis. This indi-

11y the same but the desorption

curve shift

cates that the entrapping effect of the cavities has

inoreased. this is possible if the difference between

the cavity radius and neck radius increases.

Swelling and shrinkage in relation to sorption - desorp-

tion hysteresis

The tendency Of the hysteresis loop to decrease
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in size and finally disappear is found to be a general
phenomenon in all nonrigid materials which swell on the
imbibition of solvating liquids. Explanation of this
interesting phenomenon has been presented earlier in the
light of the cavity concept in conjunction with the
property of hydration and swelling of the sorbent material

in solvating liquid. Dehydrated protein is compara-

tively rigid in structure. The cavities which are

present entrap water and cause hysteresis. At the

saturation pressure, protein will be in swollen condition

and the cavity walls become elastic. During desorption

the cavity walls yield, the cavities collapse, the

entrapping effect is lost and thus the hysteresis loop

disappears.

Gelatin in contact with water is essentially a

changing system. In successive sorptions and desorp-

tions it is subiected to successive swelling and shrinkage.
In these changes the cavities suffer contraction. The

necks are probably more constricted than the cavities

accounting for increased entrapping effeect. Owing to

tnis increased entrapplbg effect, the gelatin retains

at lower vapour pressures more and more of the sorbate

in successive sorptions and desorptions.

The various

changes mentioned above are quite prominent in the 7th
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cycle probably because the gelatin was kept in contact
with water vapour at saturation pressure for 10 days and

gelatin had the facility to swell to a greater extent.

From 7th cycle to 12th cycle, there is a
noticesble reduction from 125.3% to 104.3% in the sorp-
tive capacity of gelatin. This indicates that the
total eavity volume has decreased owing to shrinkage of
the swollen gelatin. The total pore volume including

the cavity volume 1is probably a small fraction of the

total sorptive capacity of gelatin. Major portion of

water is held by gelatin in association with the protein

molecules.

The change which has been noticed in gelatin -
water system 18 just a particular stage in the conti-

nuous Pprocess which has taken place over a period of

about 8 months. The final stage is the complete c¢collapse

of the cavities and the disappearance of the hysteresis

effect. If the experiments were continued further,

probably this would have been observed. Several cases

of the decrease 1B size of the hysteresis loop and their

disappearance after 2 large number of eycles of sorption

and desorption have already been reported. In sericin -

water system74 the hysteresis loop has disappeared

after 11 cycles. 1n the hydration and dehydration of

grass blades73 the hysteresis loop disappeared in the

15th cycle.
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The behaviour of Difco gelatin in the sorption
of water is unique and interesting. After the com-
pletion of the experiments over a period of 8 months
another sample of the same Difco gelatin was studied,

The first cycle of sorption and desorption with water
was obtained and is shown in Figure 15. This hysteresis
loop is jdentical with the first loop of the first

experiment thepeby confirming the reproducibility of the

observations. The unique behaviour of Difco gelatin

cast a doubt on the behaviour of the the quartz fibre

gprings. At the end of the sorption—desorption studies
’
the spring was taken out, 1ts sensitiveness was deter-

mined and it was found to be the same.

Oxoid gelatin = water system

The hysteresis 1o0ps obtained with Oxoid gelatin

upto 10th cycle of sorption and desorption have been
«hown in Figure J- There has been a slight decrease
in the size of the hysteresis loop in the low vapour

But there is no marked variation in

pressure region:

the size and ghape of the loop. These results indi-

+ the tendency of Oxoid gelatin to change is

cate tha
s tend %0 decrease in size and collapse

1ow and cavitie

slowly
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Merck @old label gelatin

The results of sorption and desorption of water
vapour on Merck Gold label gelatin have been reported by
Rao71. The system shows no hysteresis effeet. The
sorption and desorption curves remain coincident in the
first two cycles. The experiments were conducted at
30°C, In the 1light of the cavity concept the cavities
that were present in the gelatin must have collapsed

at the end of the first sorption. Consequently there

ig no hysteresis.

Varietal differences in gelatin, egg albumin and casein

in relation to_ the tendency of the hysteresis loop to

disappear

If all the cavities collapse in the very first

cycle of sorption and desorption, there will be no
hysteresis 1oop in the first cycle itself and the sorp-

tion and desorption curves will be coineident. If on
the other hand the cavitles collapse in stages, the dis-
appearance of the hysteresis loop will not be sudden.

The loop decreases gradually in size and finally disappears.

Sorption - desorption hysteresis has been studied

in a large number of swelling systems and these have

peen presented in the earlier investigations. There
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have been instances in which there is no hysteresis
loop at all even in the first cycle of sorption and
desorption and the isotherms remain coinecident in the
subsequent cycles. There have also been instances in
which the hysteresis loop is exhibited in the first
cycle and 1t continuously decreases in size in the
gubsequent cycles tending to disappear ultimately. 1In
some systems the 1loop disappears after 2 or 3 cycles
and in others the disappearance is slow, as the loop
persists even after 10 or 15 cycles apnd yet it dimi-
nishes in size in each successive cycle, Similar
observations are notioeable in the present systems also -
gelatin, egg albumin and casein. Interpretation of
these results should obwiously be based on the structure

of proteins and the processes of swelling and shrinking.

Structure of proteins

The problem of structure of proteins has been
extensively studied by numerous workers. The study of

protein denaturation in particular has led to a better

There have been exhaus-
120~l23. The

understanding of the subject,

tive reviews on this interesting subject

pasic elements of protein Structure are essentially

polypeptide chains. The structure of proteins consists

of four different types = the primary, secondary, tertiary
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and quaternary124’ 125. The primary structure is the sequence
of the amino acid residues in the polypeptide chains as
determined by chemical analysis, The secondary struc-

ture refers to the way in which each polypeptide chain

is coiled into a helix or spiral as a consequence of

the links and bonds between relatively close elements

of the chain. The tertiary structure describes how the
more or lesstoiled polypeptide chains are arranged in
space, folded or packed into the protein molecule by side
chain interactions and the crosslinked disulphide bridges.
The guaternary structure has been introduced in order to

account for the level of organisation in which complex

molecules are formed by association of macromolecular

units.
The forces that are responsible for maintain-

ing the above mentioned siructural configurations of
21

native proteins are

(1) pydrogen bonds between peptide linkages.
The hydrogen bonds between the oxygen atoms of the
carbonyl groups and the hydrogen atoms of the amide groups

of peptide linkages play & basic role in determining

the pattern of folding of polypeptide chains.

(2) Hydrophobic bonds — The tendency of the

nonpolar groups of proteins to adhere to onme another in
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aqueous environments 18 hydrophobic bonding and this is

very important in stabilizing the folded configuration

in native protein.

(3) Salt linkages (Ion Pair Bonds) and other
electrostatic forces — This is the attraction between
positively charged amino and guanidino groups and the

negatively charged carboxyl groups, which are abundant

in proteins.
(4) Hydrogen bonds other than those between pep-
tide links,

(5) Electron delocalisation,

(6) Dispersion forces and

(7) Effect of sulphide groups and other cross-

linkages.

Phese seven different types of intermolecular
bonds influence the polypeptide chain configuration of

proteins. Because of the large number of peptide groups

and hydrophobic groups 1n nearly all proteins, it is
likely that these two typPes of the bonds are the most
important in determining the overall configuration of

the protein molecule. The covalent linkages of the

peptide chain represents the primary structure. The
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primary bonds do not determine the configuration of the
chains. The secondary structure is the formation of
spiral or helix from the polypeptide chain and its sta-
bilisation by hydrogen bonding between the carbonyl

and imino groups of the chain which come close to each
other on the twisting of the chain. The tertiary struc-

ture depends upon the disulphide linkages.

Chemically reactive groups as centres of hydration

Proteins contain chemically reactive groups such
as disulphide, phenolic, indolyl, carboxyl and basic
groups and these probably act as centres of hydration.

The extent to which each reactive group gets hydrated

depends upon its nature. The maximum sorptive capacity

of a protein is determined by the total number and nature

of these polar groups.

Degree of crosslinking and accessibility of the polar

groups to water molecules

The positions of these polar groups may be within
or outgide the spirals of the protein molecules. During
sorption the accessibility of these groups to water
molecules may become restricted as the degree of intra-
molecular crosslinking 0f the coils of the spiral by

hydrogen and hydrophobic bonds increases. This in turn
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restricts the extent of swelling and shrinkage of the
protein. Consequently,h the disappearance of the cavities
which are responsible for entrapping the liquid becomes
partial and takes places in stages. The hysteresis

loop therefore gradually diminishes in size in successive
sorptions and desorptions showing a tendency to dis-
appear ultimately. In other words, the restricted
accessibility of the centres of hydration for water mole=-
cules during sorption, is responsible for the slowness

of the disappearance of the cavities and consequently

the slowness of the disappearance of the hysteresis effect.

Varietal factor

Different samples of a particular protein may
vary in the total number of polar groups and the degree
of intramolecular crossshrinking. Their behaviour with -
regard to hydration capacily and sorption - desorption
hysteresis will be different. Thus in this general
phenomenon of the disappearance of the hysteresis effect.

the varietal factor of the sorbent material plays an

important role.

In the light of the above explanation of the
gradual disappearance Of the hysteresis effect based on
L, .
the degree of crosssk®inking and restricted accessibility

of the centres of hydration to water molecules, the



60

results on the different varities of gelatin, egg

albumin and casein may be examined.

Gelatin

The three different varities of gelatin have
shown marked differences in behaviour in the sorption
and desorption of water. Merck's Gold Label gelatin
nas shown no hysteresis effect at all even in the first

cycle. Difco gelatin has shown the hysteresis effect.

There is continuous decrease in total sorptive capacity
at saturation pressure and enlargement o0f the hysteresis
loop in the low vapour pressure region upto the 12th
cycle of sorption and desorption. Oxo0id gelatin has

also shown the hysteresis effect. The hysteresis loop

persists even upto the 10th cycle of sorption and desorp-

tion. Phe tendency to decrease is low.

Why the three different varieties of gelatin

behave differently in the sorption and desorption of

water is a puzzling problem, The hydration capacities

at saturation pressure of water of Difeco gelatin, Oxoid

gelatin and Merck's Gold Label gelatin are approxi-

mately 1200, 700 and 500% respectively. In the lignt of

the theory based on the polar groups in the protein and

their accessibility to waler discussed above, this

difference in hydration capacities must be attributed
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to tne diiference in the number of polar groups present
in the different varieties of gelatin, Difco gelatin
has the highest and Merck's Gold Label gelatin, the
lowest. The facts that in Merck Gold Label gelatin,
there is no hysteresis effect at all even in the first
cycle of sorption and desorption, whereas in Difco and
Oxoid gelatins tne hysteresis loop though continuously
diminishing in size, persists upto 12th and 10th cycles
respectively indicate that intramolecular crosslinking

is low in the former and high in the latter.

The time of contact of the gelatin with water
vapour at saturation pressure is probably an important
factor. Though equilibrium is attained in about 10
hours ordinarily 2 days were allowed. In the seventh
cycle in Difco gelatin - water system, the gelatin wag

kept in contact with water vapour for 10 days and this

has resulted in a marked change in the size and shape

of the loop.

Egg albumin

In the sorption and desorption of water vapour
on native egg albumin (Merck's albumin ovi) there is a
tendency for the decreasé 1n size of the hysteresis loop
from the first to the fifth loop. The activated egg

albumin also has shown similar tendency from the second
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to the eighth loop and the tendency is more marked.

The denatured egg albumin also has shown the hysteresis

loop upto the seventh cycle and there is a tendency for

the decrease in size though less prominent, particularly
in the low pressure region upto relative vapour pressure

of about 0.50, part of the hysteresis loop of the first

cycle has disappeared in the seventh cycle.

In the earlier study71, Merck's soluble egg

albumin has shown the hysteresis loop in the first
cycle of sorption and desorption and the loop has dis-
appeared 1in the second and third cycles. The same

albumin after denaturation has shown no hysteresis

eftect at all evel in the first cycle and the sorption

and desorption curves are coincident in the first three

cycles. As in the case of gelatin, this difference in

gorption - desorption hysteresis between the two varieties
of egg albumln, ijs due to the difference in the intra-

molecular bonding. The bonding is low in Mercks soluble

egg albumin and high in Merck's &1 Biiin. Bl

The effect of activation and denaturation of

the egg albumin 18 probably to reduce the intramolecular

bonding because the tendency of the hysteresis to

decrease in size and disappear is greater.
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Wit native egg albumin of Armour ang Company,
Bensonll has obtained hysteresisg loops in three suc-—
cessive cycles of sorptions ang desorptions and these
are practically identical. With bovine plasma albumin
and denatured egg albumin employing water, ethyl alcohol,
diethyl ether and ethyl chloride, hysteresig loops have
been obtained in the first cycle of sorption and desorp~
tion. If the study was continued in the second ang
subsequent cycles and with those liquids which are
solvating, probably the loops would have shown a tend-
ency to decrease in size and finally disappear. In
their study of sorption - desorption hysteresis of water
on native and denatured egg albumin at different in-
creasing temperatures upto 100°C, Altman and Bensonlg6
have noticed that the hysteresis loop decreases in size

as the temperature increases and at 100°C, +the decrease

in sige is prominent.

Casein
Merck's alkali soluble casein - native, agti—
vated and denatured and Oxoid casein hydrolysate have
all shown a common characteristic in successive sorp-
tions and desorptions Ol Water vapour. They all
exhibit the hysteresis effect and the hysteresis loop

decreases in size in succCesSsive cycles and tends to
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disappear. The tendency to disappear is predominent

in the case of activated casein, denatured casein and

casein hydrolysate.

Kahlbaum's casein nach Hammersten in the earlier
:Lmres”ciga‘cion'i1 has shown a loop in the first cycle and
it has disappeared in the second and third cycles. The
above results with the different grades of casein just

as in the case of gelatin and egg albumin bring out
clearly the effect of varietal difference on the tend-
ency of the hysteresis loop to decrease in size and dis-

appear on successive sorptions and désorptions of water

vapour. In Kahlbaum's casein the intramolecular bond-

)
ing is less whereas in Mercks alkali soluble casein it

is more. rhe effect of activation and denaturation of

casein is to decrease the bonding.

The case of Oxoid casein hydrolysate is parti-

cularly interesting. I1ts sorptive capacity is 857.0%,

whereas that of Merck's native casein is 40.0%. The

very high value of casein hydrolysate is due to the

~ .
presence of plarge number of reactive groups. As a result

of hydrolysis ©
up into simpler ones containing large number of amino

f casein, the protein molecules are split

and carboxy acid groups: When hydrolysis is stretched

to the limit, the protein 18 converted into large number
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of amino acid molecules, consequently the hydration
capacity will be high. As the degree of intramole-
cular bonding is very low, the centres of hydration are
easily accessible to water molecules during sorption.
Consequently the swelling and shrinking are quick pro-
cesses and the disappearance of the cavities is also
quick. Therefore, either there should be no hysteresis
loop at all or hysteresis loop produced in the first
cycle must disappear in the subsequent cycles., These

conclusions are actually borne out by the results

obtained with casein hydrolysate.

Thus in the foregoing the general phenomenon of
the gradual decrease in sige and final disappearance of
the hysteresis loop in successive sorptions and desorp-
tions in proteins with water has been adeguately explained
on the basis of the cavity theory of hysteresis in con-
junction with the structure of proteins. The intramole-
cular crosslinking by hydrogen and hydrophobic bonds in
protein molecules determines the accessibility to water
which are the centres

molecules of the reactive groups

of hydration The restricted accessibility affects

the extent of swelling and in turn the collapse of the

cavities and the disappearance of the hysteresis effect.
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Success of cavity concept as an explanation of the

sorption — desorption hysteresig

lany cases of the graduai decrease in size of
the hysteresis loop and its final disappearance on
successive sorptions and desorptions are already on

record. There is need for a satisiactory explanafion

of this general phenomenon.

To completely rule out the idesa 0f the existance
of pores in proteins and other swelling sorbents is not
justifiable in view of the fact that ideally plane
surface sorption is a rarity in nature, If the exig-

tence of pore is permitted, the cavity entrapping effect

inevitably follows. The magnitude of this pore volume

may be wvery small compared with the total sorptive
capacity of the material which is mostly a case of

hydration. This argument is borne out by the fact that

in many of the systems studied, the total Sorptive capa-

city has remained practically the game though the hys-
teresis loop has disappeared.

Activated rice  has taken 25 grams of water per

100 gms of rice whereaS the volume of carbon tetrachloride
taken is only 1 ce per 100 gms.  Volume of earbon
tetrachloride taken is & N€asure of the pore space and

this is very small compared with the hydration capacity
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of rice grains. What portion of the total pore

volume, the cavities occupy 1s a problem difficult to
tackleo A quantitative formulation of the entrapping
effect of the cavity is needed. So far no mathematical
formulation of the cavity effect has been made and
probably any such attempt would be difficult because it
involves information about the number, shape, size, the
neck and body diameters of the cavities in any parti-

cular porous system. Nevertheless the cavity theory

of hysteresis has been successful so far in explaining

in a qualitative way, all cases of hysteresis and the

associated phenomena.

Another significant point emerges from the

cavity concepts Hysteresis is due to entrapping of

liguid. The entrapping effect is determined by the
difference between the body radi?s and neck radius of
the cavity. In twoO cavities of s;me body radii, one
having smaller neck entraps more liguid and conse-

quently produces & bigger hysteresis loop.  The one
having wider neck produces a smaller hysteresis loop.
This is probably the explanation of the difference

between the 1lst and 12th 1loops in DPifco gelatin - water

system. Thus the cavity theory of hysteresis coupled

with the swelling and shrinkage of the sorbent in a

solvating ligquid has been able to explain satisfactorily
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all the variations in size and shape of the hysteresis

loop observed in successive sorptions and desorptions.

Proteins, gums, rice grain have no similarity

in chemical composition, But they all behave in the

same way with regard 1o sorption - desorption hystere-

sis. The properties that are common to them are

hydration and swelling.
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B. EFFECT OF HYDROLYSIS OF GELATIN ON SORPTION -

DESORPTION HYSTERESIS WITH WATER

Sorption - desorption hysteresis has been
studied with different varieties of gelatin and reported

in the previous section. The differences in the

tendency of the hysteresis loop to decrease in size and
disappear indicate the differences in the degree of

intramolecular crosslinking in the molecules of the
different varieties of gelatin. Hydrolysis breaks up
the gelatin molecules intc smaller ones. In this

process not only the degree of crosslinking is reduced
but also the total number of reactive groups is increased.
Phese in turn should increase the hydration capacity

of gelatin and the tendency of the hysteresis loop

to decrease in size.  Thereifore, a systematic study

of sorption - desorption hysteresis with hydrolysed
gelatin was undertaken.

Phree different samples of hydrolysed gelatins

are prepared from the native gelatin made by Oxo Ltd.,
London. 5 gm of gelatin powder was mixed with 10 cc
of water in a glass stopprered bottle and was suspendead

in boiling water at 100°C for 12 hours. The result—

ing mass was dried for 2 days in air at room tempera-

ture and then for one day 1IN a vacuum dessicator.
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Similarly other itwo samples were prepared by hydroly-
Sing native gelatin at 119°C and 133°C fopr 2 hours in an

autoclave and drying in the same way.

Results

Native gelatin

With native gelatin the sorption and desorption
studies were continued upto 10th cycle., The loops of
the first, fourth, ninth and tenth cycles are shown in
Figure 1. The values at saturation pressure of water
are 69.8, 67.8, 69.2 and 68.6% respectively. At the
end of each cycle the gelatin was kept in contact with

water vapour at saturation pressure of water for 2 days.

The total period of study was 3 months.

Gelatin hydrolysed at 100°C

The hysteresis 100ps obtained with gelatin
nydrolysed at 100°C are shown in Figure 2. The amount
of water taken at saturation pressure of water in the
first and second cycles are 72.1 and 71.8% respectively.
The sample was kept in contact with water vapour at

saturation pressure for 2 and 5 days respectively.

The total period was about a month.
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Gelatin hydrolysed at 119°C

Sorption — desorption studies have been con-
tinued uptc 5th eycle. The loops of the first, fourth
and fifth cycles are shown in Figure 3 and the amount
of water taken at saturation pressure of water are 70.4,
70,3 and 70.8% respectively. At the end of each
cycle the gelatin was kept in contact with water vapour
at saturation pressure of water for two days, The

total period for completing the study was about one

and a half month.

Gelatin hydrolysed at 133°C

With gelatin hydrolysed at 133°C, Figure 4
]
the sorption - desorption studies were continued upto

7th cycle. The sorptive capacities in the first,

second and seventh cycles are 92.1, 93.0 and 95,1%
respectively. At the end of sorption the gelatin was
kept in contact with water vapour at saturation pressure

for 2 days in all the cycles., The total periogd required

to complete the study was about 2 months.

Changes in gelatin On;EXQEQlX§i§127

Proteins are macromolecular substances yielding
amino acids as major products of complete hydrolysis.

Protein is broken down Step by step into simpler bodies -
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proteoses, pepiones, polypeptides, amino acids and

finally ammonia.

The proteins in the presence of water can be
hydrolysed to amino acids by prolonged heating, e.s.
by superheated steam without the addition to the o
system of any acid,alkali or ferment, indicates that
the process of hydrolysis is occuring, although slowly,
at all temperatures and in the absence of catalysors
other than, possibly, the hydrogen or hydroxyl ions of
The influence of rising temperature is

H
to accelerate the reaction of breaking of more and mo
re

water itself.

protein molecules into simpler units. Fairly complete
hydrolysis occurs at temperatures above 100°C and it
gets in more rapidly at higher temperaturesl®®, Hydro-
lysis can also be brought about by heating in acid or
alkaline solutions or treating with enzymes. Whatever

may be the method of hydrolysis, if the hydrolysis is

complete, the end product will be a mixture of amino acids

Discussions

In the sorption and desorption of water vapour
on native gelatin the tendency of the hysteresis loop
to decrease in size is slight from first eycle to tenth
The hysteresis 100DPs obtained with gelatin

cycle.
nydrolysed at 100°C are almost the same as those with
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the native gelatin., With gelatin hydrolysed at 119°¢
fhere is a tendency of the hysteresis loop to decreas

in size in the low and high pressure regions from fir:t
to fifth cycle. Gelatin hydrolysed at 133°Q als
similar changes more markedly. The sorptive ca 3 fhows
remains practically the same in allfhe cycles bufa::ty
more than that of native gelatin. The hysteresis 1
decreases in the lower region whereas there is no Oop

hysteresis loop above relative vapour pressure f
of 0,5

even in the first cycle. These results indicate th
at

hydrolysis of gelatin plays an important role in th
e

sorption - desorption hysteresis with water

As shown earlier, the disappearance of the hys—
teresis effect is explained on the basis of the cavity
theory in conjunction with the structure of proteins,
The number of polar groups determines the hydration
capacity and the degree of intramolecular crosslinking
determines the accessibility of the polar groups to
water. Restricted accessibility restricts the swelling
This decreases the tendency of the

of the protein.
cavities to disappearl and consequently the tenden f
cy o

the hysteresis loop 0 disappear., 4s a result of

pydrolysis of gelatin BheTe 15 decrease in the degree of

intramolecular oroeplinking, more polar groups are
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produced and these are more easily accessible towater.

On account of greater ease of swelling by the hydration
of water, the cavities decrease in size more easily

and disappear. Consequently the tendency of the hys-—

teresis loop to decrease in size ang finally disappear

is alsoc greater in the case of hydrolysed gelatins.

The native and hydrolysed gelatin at 100°C do

not show any marked variation in the size and shape

of the loop. These results indicate that the tendency

of native apd hydrolysed gelatin at 100°C to change is
low and cavities tend to decrease in gize and collapse

slowly. The curves obtained by native gelatin and

gelatin hydrolysed at 100°C are almost the same thereby

showing that practically no hydrolysis of gelatin has

taken place at 100°C. Actually it has also been pointed

out127 that hydrolysis normally takes place above 100°(C,

It is known that hydrolysis sets in more rapidly
at higher temperatures. Hence at 119°C the hydrolysis
of gelatin results in mOre polar groups and lesser cross—
linking. Owing to lesser crosslinking there is greater

accessibility of the polar groups to water, the cavities
disappear more easily than in the native gelatin and

hence greater ease of theé disappearance of the hysteresis

loop.
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In the case of gelatin hydrolysed at 13300
the sorption and desorption curves coincide above
relative vapour pressure of 0.5, Below this, there is
a small hysteresis loop which decreases in size from
the first cycle to the seventh, These results indicate
that at 133°C gelatin undergoes hydrolysis to a stiij
greater extent producing more polar groups thereby
increasing sorptive value greater than native gelatin

and lesser crosslinking. Polar groups are more easily

accessible to water and consequently the swelling of

gelatin is quicker. Owing to greater eagse of swelling,

the cavities decrease in size ang disappear more quickly,

The above discussion brings out clearly the
effect of hydrolysis of gelatin on its hydration capacity

and the tendency of the hysteresis loop to disappear,
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¢. EFFECT OF HARDENING BY FORMALDEHYDE OF EGG ALBUMIN

AND CASEIN ON SORPTION - DESORPTION HYSTERESIS WITH

WATER

The effect of varietal differences in gelatin,
egg albumin and casein and hydrolysis of gelatin on
sorption ~ desorption hysteresis with water has been
resented in the previous sections. Varietal

p
4ifferences have been attributed to differences in the

de

of polar groups in the proteins.

gree of intramolecular crosslinking and the number

Hydrolysis also

produces similar differences in proteins. Hardening

of egg albumin and casein is a well known phenomenon.

T4s effect 1s to increase the intramolecular cross-

linkine in the proteins and this in turn should affect

their behaviouT in sorption - desorption hysteresis

with water. Therefore systematic study of sorption -

desorption nysteresis with hardened egg albumin angd

casein was undertaken.

Egg albumin (Merck's albumin ovi) was used. Two

hardened samples of €88 albumin were prepared according

129
to the method given by Houwink “~ by immersing 5 gm

cach of egg albumin in 5% and 10% formaldehyde respec-

tively and keeping the mixture for 20 days in both the

cases at room temperature. After 20 days the samples
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were separated, washed several times with distilled

water and finally dried over calcium chloride dessi-

cator for 2 days.

Similarly two hardened samples of casein
(Merck's alkali soluble) were prepared. Grain Size

between 30 and 50 British Standargd Sieve was chosen

in all the cases.

Results

Egg albumin

The hysteresis loops obtained with native egg
albumin are shown in Figure 1. The amounts of water
taken at saturation pressure of water in the first,
fourth and fifth cycles are 120.3, 125,4 and 124 .0%
The total period of study was nearly

respectively.

2 months. The albumin was kept in contact with water

vapour at gaturation pressure for 2 days in all the

cycles.

The sorption and desorption studies were con-
tinued upto the 10th cycle with egg albumin hardened

with 10% formaldehyde for 20 days. The loops of the

first, third, fourth and tenth cycles are shown in

Figure 2. The values at saturation pressure of water



&)
n
W
L
H
a3

GG ALBUM)\

‘J
w

H
6))

N
o

100g OF HARDENED E

WEIGHT OF WATER PER

PRESSURE IN GMS.

FIG. 2. SORPTION AND DESORPTION OF WATER ON EGG ALBUMIN HARDENED WITH
0% FORMALDEHYDE FOR 20DAYS IN 1°7,3RP 4™ anp 10™" cycLES.

vLL



40
=
i
A
w
Q
(s
g
30
TR
O
o
&
S 20
R
o=
RU
a
=
S0
(&)
B
o'
-
o
= 9]
<
FIG. 3.

o

SORPTION AND DESORPTION OF WATER ON EGG ALGUMII
RO g TH

S %

IN CMS.

RESSURE

FORMALCEHYDE FOR 20 DAYS

IN

_

ST

.

AND

tARDENED WITH

]
{ .



78

are 36.2, 38.4, 38.4 ang 38.4% respectively. fThe total
period of study was nearly 2 months, The albumin was
kept 1n contact with water vapour at saturation pressure

for 2, 1, 1 and 1 day respectively.

In case of egg albumin hardeneg with 5% HCHO
for 20 days, the sorption and desorption Studies were
continued upto the eight cycle. The loops obtained in
the first, third and eight cycles are shown in Figure 3,
The percentages of water taken at saturation Pressure
in each of these cycles are 35.4, 34.6 and 34.7)respec_
tively. The total period required for completing the
8 cycles of sorption and desorption is nearly 2 months,

In each cycle the albumin was kept in contact with

water vapour at saturation pressure for one day.

Casein

With native casein, Figure 4, the sorption -
desorption studies have been continued upto the fourth
cycle., The amounts of water taken up at saturation
pressure in the first, third and fourth cycles are 40.8,
39,0 and 40.0% respectively. The sorbent was kept in
contact with water vapour at saturation pressure for 2y

5 and 5 days}respeCtivelY- The total period for com-

pleting the study was 1.5 mOnthg,
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The hysteresis loops obtained with casein
hardened with 10% formaldehyde for 20 days are shown

in Pigure 5. The values at saturation pressure of

water in the first, fifth and tenth cycles are 40.6
g
29,0 and 42.4% regpectively. The total period of the

study was loD months. The casein was kept in contact

witn water vapour at saturation pressure for one day in

211 the cycles.

Sorption - desorption studies were continued

upto the eleventh cycle in the case of casein hardened

with 5% formaldehyde for 20 days, Figure 6. The sorp-—

tive capacities in the first, seventh and eleventh

cycles are 45.5, 45.6 and 45.6% respectively. The

sorbent was kept in contact with water vapour at satu-

ration pressure for two days in all the cycles. The

total period required for the study was nearly 1.5

In hardened samples 4 hours were sufficient

months.

for the attainment of equilibrium.

of epg albumin and casein

Theory of nardening

ing or tanning of collagen with

The harden

different tanning agents i?‘known since long, Tanning
modifies the propertiés of the material. The product
obtained by tanning ig resistant to the action of water
elling in water is either reduced or

and heat. The 8W
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completely eliminated. Certain reactive groups are
inactivated.Proteins are also hardened with different
hardening agents. Formsldehyde is commonly used for

hardening. That hardening by formaldehide is a case of

crosslinking of proteins was suggested by Meyerl30.

Formzldehyde has been widely used as a hardening agent
probably due to its high reactivity and with a vast
range of possible reactions with any one of a number

of different kinds of fundamental groups in proteins.

These groups are capable of undergoing addition and

condensation reactions with formaldehyde to form methylene

cross¢inxal§l_136 which increase the degree of intra-

molecular crosslinking. There is still considerable

doubt as to the position of the methylene crosslinks in

the protein molecule.

1!
Nitschmann and coworkers 3T¥138 nowed experi-

mentally that there was loss of water during the reac-
tion of casein with gaseous formaldehyde indicating the

condensation type of crosslinking. They concluded

\hat in the hardening of casein, the reaction is methy-

lene bridge formation between E-amino groups of lycine

and the nitrogen of adjacent peptide linkages., This

w was further confirmed by Fraenkal-Conrat and his

132,133 _nile working with other proteins.

vie

coworkers
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Results of experiments of Fraenkal-Conrat and
Olcott134 with proteins and macromolecular model com-
pounds, showed that methylene bridges are formed in the
interaction of formaldehyde with a primary amide or
guanidyl group and an amine or amino acid but not bet-
ween an amide and guanidyl groups. However, they were
unable to prove Nitschmann and Hadornts conclusionlB?

about the crosslinking between amino and peptide groups.

139 .
Consden et al and Middlebrook et all40 showed

that the crosslinking occured between sulphhydryl groups

when reduced keratins are treated with formaldehyde
at elevated temperature.

The above results reveal that different groups
are available for condensation reaction with formalde-
hyde - The primary reaction of formaldehyde with pro-
teins, probably 1s the formation of methylol group which
then gives crosslinking methylene bridege. These
crosslinks may be intramolecular and promote the formg-

tion of eyclic structures or they may be intermolecular

and promote the formatlon of molecular aggregates.

Hardening of caseln 1s of major technological
importance. Treatment with formaldehyde makes casein
tougher, more resistant tO swelling and enzymatic action.

The amount of formaldehyde bound in casein is a functions
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of time and concentration of formaldehyde. Upto 1.5%
bound formaldehyde, the mechanical properties depend
upon the amount bound. More than this limiting value

can be bound but does not contribute to hardening

Regarding the hardening of egg albumin, no infor-
mation is available in the literature,. This is proba-
bly because it has no technological application. However
the mechanism of hardening and the structure of hardened

egeg albumin may be considered to be the same as in the

case of casein.

Discussions

Native egg slbumin and casein exhibit the hys-

teresis eifect o0 the sorption and desorption of water

vapour. The loops decrease in: size on successive SOorp-
tions and desorptlons of water vapour. These results
of gradual gisappearance of the hysteresis loops have
been explained in the previous sections on the basis of
the cavity tneory in conjunction with the structure of
proteins.  Ihe intramolecular crosslinking determines
the accessibility of the reactive polar groups to water.
Regtricted accessibility restricts the swelling of the
rotein and this jecreases the tendency of the cavities

p
r and consequently the tendency of the hys-

to disappea

teresis 100P to disappeal-
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As a result of hardening of egg albumin and
casein with formaldehyde, there is increase in the
degree of intramolecular crosslinking. The number
of polar groups are also reduced. The accessibility
of polar groups 1o water is restricted due to the

formation of crosslinks and hence the swelling of hard-

ened egg albumin and casein is restricted. With egg
21bumin hardened by 10% formaldehyde, the 1st and 10th

hysteresis loops are almost identical and with egg

albumin hardened by 5% formaldehyde, the 1lst and 8th

loops are 2lso identical. Similarly in the case of
casein hardened with 10% formaldehyde, the lst and 10th

loops are jdentical and in casein hardened with 5%

formaldehyde, the lst and 11th loops are identical.

There is no tendency for the hysteresis loop to decrease
in size in successive sorptions and desorptions. These

results indicate that the crosslinking by methylene

pridges is SO high that the accessibility of polar
groups of the nardened egg albumin and casein to water
ig restricted and the swelling of the hardened samples
i8 completely 1lost. Therefore the tendency of the
cavities 1O disappear 1s also lost. The hardened egg
,1bumin and casein pehave like a rigid gel.  The
cavities which are made up of rigid walls in hardened

egg albumin and casein entrap water and have no tendency
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to collapse in contaect with water, consequently the
hysteresis effect persists even after s large number
of cycles of sorptions and desorptions. The concen-

trations of formaldehyde of 10% and 5% bring about

complete hardening.

In the case of hardened egg albumins the sorptive

capacity is reduced to about 40.0% whereas native 8k

albumin takes about 120.0%. 1In casein all the samples
’
both hardened and unhardened have practically the same

sorptive capacity about 40.0%. The number of polar

groups determines the hydration capacity and the degree
of intramolecular crosslinking determines the accessgi-

bility of the polar groups to water. Native egg albumin

probably contains more polar groups and less of intra-
molecular crosslinking by hydrogen and hydrophobic bonds

than in native caseln. On hardening by formaldehyde

the degree of intramolecular crosslinking by methylene
pridges has gone 10 such an extent in both egg albumin
and casein that they have become nonswellable and the

sorptive capacity is almost the same.

The present results are in conformity with those
of Rao and coworkers - They have shown the effeet of
nardening of sericin 0¥ formaldehyde and basic chromium

gulphate on the gorption = desorption hysteresis. The
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hysteresis effect persisted in hardened sericin even
after a number of cycles whereas native sericin showed
the' tendency of disappearance of the hysteresis effect

in successive cycles.

—— e —
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A. SORPTION -~ DESORPTION HYSTERESIS IN GLASSY SILICA

GEL AND FIBROUS SILICA GEL (SANTOCEL C) WITH WATER
= b4

CARBON TETRACHLORIDE AND ALIPHATIC ALCOHOLS

Introduction

In spite of the voluminous work that has already
accumulated, sorption - desorption hysteresis is still a
vexed and unsolved problem. Amongst the sorbents which
have been extensively worked out are the charcoals and

gels of oxides. Silicz gel is one such sorbent. Silies

has been used in various forms - nonporous silica, silica
powder loose and compacted, glassy silica gel, chalky

silica gel, silica gel prepared by mixing the reactant

70,141 .o
! g s silica gEl acti-

vated by igniting to different temperaturesit?,

solutions at high temperatures

Monsanto Company, U.S.A. have produced a new form
of silica of trade name Santocel C. This new form of
sil%ca and also the transparent glassy silica gel have
Béeh employed in the present investigations for studying

sorption - desorption hysteresis with water, carbon

tetrachloride, methyl, ethyl, n-propyl, n-butyl and
r 4

n-amyl alcohols.

v silica gel

Preparation of glass

Glassy silica gel was prepared according to the
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procedure of R,0 and Doss143 and used by Rao‘Sl in the
earlier work. To a solution of pure sodium silicate
of density 1.118, equal volume of 3N hydrochloric acid
was added and the gel was allowed to set at room
temperature. The gel was washed free from sodium
chloride and dried at 100°C.  The dried gel of size
between 30 and 50 mesh, British Standard Sieve was

activated by heating to 450°¢ for 4 hours.

Preparation and properties of fibrous silica gel

(Santocel 01144

Santocel is technically known as "gilica aerogel™h,
It is often confused with silica gel because of the simi-

larity of their names. Their appearance and properties

are different. Silica gel commonly used as drying agent,

is a heavy, glass like material with very small pore
It is transparent and hygroscopic. sSantocel is

sizee.
It is not hygroscopic nor, in itself

light and porouse.
transparenta

The method of manufacture of Santocel C is a

trade secret of Monsanto Co. The principle of the
144

method is briefly given 1n a publication™ .  Santocel
is a gel from which the liquid phase has been removed

without altering its structure.  The liquid removed is
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replaced by air. Drying a gel by ordinary drying
process would result in great shrinkage and formation of
a hard, glossy silica gel. This shrinkage is prevented
in the manufacture of Santocel. The result is a dry,

light material having the same volume and solid struc-

ture as the original gel.

A particle of Santocel is composed of an inter-

tangled "brush heap" of sulm ultra microscopic sized
fibers. Theoretical measurements show these fibers

to have a diameter of from 25 to 35 A, while the space
between them is of the order of 330 A. A highly magni-
fied particle of Syntocel under an electron micrograph
shows these fibers to be interwoven in the same manner

as cotton fibers in a ball of cotton battings. The
surface presented by this structure is tremendous, giving
a specific surface of the order of 600 sq m/g. Santocel

is 90% silica in the dry state. 94% of the volume of

the mass of gantocel is air.

At the finish of the manufacturing process,

santocel has density 7.5 1b/cu ft. The Santocel is then

air - ground to an average particle size of 3-5 microns
in diameter to produce & grade of Santocel designated

as Santocel C R. The alr grinding bulks this material,

because of occluded airy, to a density of 38 1lb/cu ft.
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gantocel C R being bulky and dusty is inconvenient to
handle. Therefore it is vacuum compressed to a density
of 6 1lb/cu ft. This product is called Santocel C.

On account of its fibrous structure, it is called

fibrous silica gel in this chapter.

The Santocel C obtained as a gift sample from
the Monsanto Company, U.S.A., was heated to 450°C. For
4 nhours in order to remove any organic vapours and the

activated gel was used in sorption - desorption studies.

Sorbates
The following sorbates were employed.

Water Double distilled

carbon tetrachloride German (L.P.) redistilled B.P.76°

B.D.H. (British Drug House)
(A.R.) redistilled B.P. 64°

Distilled over calcium B.p.78°

Methyl alcolol

Bthyl alcohol

n-propyl alcohol B.D.H.(L.R.) redistilled B.p.97°

n-Butyl alcohol B.D.H.(L.R.) redistilled B.P.116°

n-pmyl alcohol E.Merck(G.R.) redistilled B.p.137"

Rasults and discussions

4 serles of sorptions and desorptions were

carried out with water carbon tetrachloride, methyl,

ethyl, n-propyl, n-butyl and n-amyl alcohols on glassy
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and fibrous silica gels. Duplicate experiments were
conducted in all the systems. The results of one experiment
have been presented. Equilibrium was established within

an hour but actually 2 hours were allowed to ensure

complete egquilibrium. In every case there is permanent

and reproducible hysteresis loop and the loop has been
peproduced upto 3rd or 4th cycle of sorption and desorp-
tion. The results have been given in Figures 1 to 14.
The permanent and reproducible hysteresis loops obtained
witn the difrerent sorbates with glassy silica and

gels have been shown together in Figures

fibrous silica

15 and 16, respectively to facilitate a comparative study.

Tn Figures 15 and 16 the sorption and desorption curves

are presented py plotting the volume of sorbate taken or

retained per 100 g of gel against the relative vapour

pressure.

sorbates and micropores

Bound

At the end of the first cycle of sorption and

desorption, certain amount of sorbate is retained by

the gel jpreversibly in particular cases inspite of

several hours of evacuation. The amounts of these bound

sorbates are shownl in Table 1 and Figures 15 and 16.
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Table I: Volumes of bound sorbates in cm3/100 g of gel

Glassy silica Fibrous silieca

gel gel

Water 2.3 1.4
Carbon tetrachloride 0.0 0.0
Methyl alcohol 1.8 0.0
Ethyl alcohol 8a8 0.0
n-Propyl alcohol 6.8 0.0
n-Butyl alcohol 8.9 0.0
15.3 0.0

n-Amyl alcohol

Glassy silica gel retains lrreversibly different
amounts of all the sorbates excepting carbon tetrachloride
and the volume of bound alcohol increases from Methyl

alcohol to n-Amyl alcohol. Ordinarily removal of the

slcohols and water in this region is slow and requires

about 8 to 12 hour of evacuation and later it becomes

constant.
In the case of fibrous gilica gel, the desorp-

f the last portion of the sorbate is complete

tion ©
minutes and there is no bound sorbate

within about 15
ing in the case of water, 1.4 en® of which is

except

bound irrevercibly insplite of 8 hours of evacuation.
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Based on the capillary condensation theory of
sorption, the reason for the existence of bound alcohols
and water in glassy silica gel is that it has micro-
pores as indicated by the steepness of the sorption
isotherms commencing from zero relative Vapour pressure.
When once the molecules are sorbed in these micropores
it is difficult to dislodge them. Carbon tetrachloride
is completely removed within 3 hours of evacuation and

this exceptional behaviour is attributed to its non-
polar character.

Fibrous silica gel however is a contrast to glassy

silica gel. Excepting for a small initial sorption

due to monolayer formation, the isotherm ig practically

horizontal and shows no appreciable increase in sorption

upto relative vapour pressure of 0.7. This indicates

the absence of micropores and even the transitional pores
as per Dubinin's Classificationl45. The small volume
of water irreversibly held may be chemisorbed. Chemi-~
sorption as a general explanation of all cases of bound
sorbates is inadmissible in view of the fact that chemi-

sorption is a surface phenomenon and fibrous silica gel

retains no bound alcohols at all.

application of BET equatiol and monolayer capacities

The sorption isotherms of the five aliphatic
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alcohols on both glassy silica gel and fibrous silica

gel have clearly defined "Knees" followed by linea
T

portion. According to BET theoryl3 the "Knee!" signi

fies the transition frem monomolecular to multimolecular
a

sorption.

The BET equation has been applied to the iso-

therms of the five alcohols by plotting ~——EL—-—-agai t
ns
x(pg~ p)
p/ps and the BET plots shown in Figures 17 and 18 are

straight lines. From the slope and intercept of the

he monolayer capacity, X in each case
L

S + 1

straight lines t

has been calculated by employing the relation x =
where s = slope, i = intercept.

Alternatively the value of monolayer capacity

read out directly from the isotherms with

can also be
reasonable accuraCYl46’l47- The isotherms of all
alecohols with the two gels display :.long straight portion
mhis feature 1s not strictly compatible

af’ter the Ilmeeﬂ-

BT equation which yields an inflection point

with the B

in an S type 1s
rmed point B and indicates the com-

pegins is T€
e mono layeT-
1ty *g* The value of xy for each

portion
The sorption at point B is

pletion of 2
olayer Ccapac

the mon
en takeln di

ctem has be

rectly from the isotherm.

sy
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The values of monolayer capacities X and X5
for the five alcohols and the relative vapour pressu
res
at which the monolayers are fully formed have been gi
ven

in Table 2 for both glassy and fibrous silica gels

The sorption isotherm of water and carbon tet
ok

chloride with the two gels do not show well defined

ngnees" . Therefore the BET equation is not applied i
in

these cases:

onolayer ca aclti
M Y D ies X, and Xg in g per g

Table &:
\ of sorption and the corresponding relative
yapour pressure-
Glassy silica gel Fibrous silica gel
———
T S R

0.049 0.017 0.016 0.056

0.106 0.093

Methyl alcohol
0.155 0.062 0.022 0.023 0.06

Ethyl alcohol 0.154
n-propyl alcohol 0.168 0-162 0.065  0.028 0.028 0.10
n-Butyl alcohol 0.104 0-19 0.068  0.03¢ 0.036 0.10
n-pmyl alcohol 0.196 0-19° 0.064 0.037 0.037 0.16
'-—.——____.._,___.-.....-;-'~”"
Table 2 reveals that the coincidence between the
snil g for each alcohol is remarkably good.

values of Xp
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This coincidence is true for both the gels The i
. re is
however slight variation in the relative vapour pressu
sures

of the different alcohols at which the monolayer i
is

complete.

The two gels used in these experiments are entirely

different from one another in their porous structure
s

and the 5 alco
But still the values of Xn and X5 in each case

hols differ in their molecular shapes and

sizes.

are almost coincident. This illustrates clearly the

success of the BET theory of sorption.

i
capacity and specific surface

Mono layer.

—

From the monolayer capacity, the specific area

of the surface of the sorbent can be calculated by the

equation148
S = 'Hl‘.l N 20
p—— Y . " l =
M A 0

vhere S = gpecifle surface in mg/g of sorbent

Xy = Monolayer capacity in g of sorbate per

g of sorbent
M = Mo lecularl welght of sorbate

Ay = Molecular cross-section of sorbate
ameter D spherical is given by the

moleculal di

. &k
equatlonl4

The
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1/3

D = l.33x 1078y
m

where Vﬁ = molecular volume.

sorbates for the determination Of specific surface.
Majority of sorbents studied yielg with nitrogen type 11

isotherm with sharp "Kneen, With such sharp knee,

the values of Xy @ Xy and xy (point of inflection) tend
to coincide, consequently nitrogen is particularly sulted

for the determination of specific surface.

In the present experiments with the 5 aliphatie

alcohols the isctherms show sharp "Kneegt, Calculation
of the surface area from the nmonolagyer Capacity should

yleld values of remsoufble @Echracp. gpupk from the
absolute value of the specific surface of silicg gel,
a comparative study of the values of the specirfic surface

obtained with the 6 alcohols ig woptp Considepring.

In calculating the specirie surface, the value
of molecular cross-section shoulq pe known. ¢pe mole-~
cular cross-section for spherica] Packing is obtaineq
from the molecular diameter D giyep in the apoye equation.
From these values and the values of *m shown in Tabie o
the specific surface of the gels jg4 calculated. The

1ts of these calcula®lons are snoun jn mapy, o
resulls
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Table 3: Specific surface of silica gelg considering

alcohol molecules ag Spheres,

———— _\\

Specirie Surface in g /g
Molecularp of gel
Cross- -—-—--——-\_\__‘______~_
Begkton Glassy Fibrous
in a2 silieca Silica
gel gel
.__*_.\_,__ﬁ__‘_‘_“____
Methyl alcohol 2L.2 421.8 68.4
Ethyl alcohol 27.0 542.5 76.3
n-Propyl alcohol 31.4 929.1 85,7
n-Butyl alcohol 36.0 566.5 99.6
40.2 537.1 101.7

n-Amyl alcohol

Excepling the case of methy aleohol, the values
of specific surface of glassy silica gel caleculateg from
the monolayer capacities for the 4 alcoholg bear gaog

incidence.  The values of specirfie surface of fibrous
c?lica gel however do not Coincide, This lack of coin-
:z;ence cast a doubt on the Correctness or The procedure
in taking the value Of the diapetep 4SSuming the aleoho]
Therefope the POssibility of

1.
molecule to be spherica

ted sorption of The aleopo) molecules on the
'the oriente

f the silica gel has begp eXamined,
surface 0
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Monolayer and oriented adsorption

The aliphatic aleohols are linear in sh
increasing in length from methyl alcohol to n- api
alcohol. It is not strictly correct to as .
cubical or spherical shape for the molecule:ume :ze
linear adsorbed molecule: can be held on the e
of the adsorbent either at its end, iie., perzzjjﬁce
to surface or it may be lying flat on, l.e., paraizuiar
to the surface. In these two possible modes of e
adsorption ¥ the areas occupled by the adsorbed mol
cules on the sorbent surface are different. Assum:;
that the alcohol molecule 1is a rectangular rod, it isg

necessary to calculate the cross-section area of t
o he

rod and also the area of one of the four sides gl
along

the length of the rod.

The thickness of the hydrocarbon chain i
S

4.55 4149, Therefore the thickness of all the 5
e

alecohols 1s the same e
i.e., D3 (Table 4) and its thickness 4.55 4, the 1
? ength

From the volume of the molecule
?

of the linear molecule can be calculated. Tpe
area of

the end and the sl
o are also calculated and are shown in Table 4
e .

de along the length of the 1in
ear

molecul
o modes of oriented adsorption namely

Assuming the tw
ndicular to surface and parallel to surfaces. th
3 e

perpe

specific areas are calculated and are shown in Table 4
I able 4.
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Assuming sorption of molecules of aleohol to
be either completely perpendicular to surface or
parallel to surface, the values obtained for surface
area in glassy silica gel are not coincident. For all

molecules held perpendicular to surface the values of

specific surface for the 5 alcohols decrease from methyl

to n-amyl alcohol. For all molecules held parallel to

surface the values increase. Tt follows that in the

monolayer on glassy silica the molecules of sorbed

alecohols are neither entirely perpendicular nor entirely

parallel +o the surface. It is a combination of both

the modes of sorption.

on fiprous silica gel poweverathe results are
significant. Assuming oriented sorption of the alcohol
molecules perpendicular to the surface, the values of
face ared for the different alcohols are almost the

aut for sorption of alcohol molecules parallel

same -
alues are not coincident. These result
s

the V

to surface,
& 1 il urf
at on fibrous silica gel surface, the sorbed

o monolayer are all oriented and are held

molecules in th

perpendic
gillica lnere i i
fibrous a ihiere 1s oriented adsorption

the surfac® of

e surface °F glassy silica gel there is not.

and on ¥
Based on the capiliary condensation theory of sorption,
the steepnes® of the sorption isotherms of alcohols on



1ol

1 ' flatn in
glassy silica gel and the flatness in fibrous sili
| ca gel
indicate that glassy silica gel consists of micro
¥y pores

and in fibrous silica gel the surface is mostly o
pen

and is comparatively less in magnitude Oriented
. e

sorption 1is easlly possible on open surface where t
as i
- obstructed in micropores who i
se diameters
are comparable

to those of alcohol molecules. It is interesting th
' g that
the existence of oriented sorption on the surface of th
e
sorbent 1s revealed by the present investigations
sorption of the 5 alcohols on the surface of

AS
.] ek S ~ o il
cons L.nt’.» Of bOth types, l.eo’ mOlecules

>

glassy gilica &a¢
perpendicular and parallel to the surface, an
?

oriented
+o0 find out the percentage of the total

attempt was mads
£ molecules held perpendicular and percentage

number ©
The total number of mole-

held parallel to the surface.

£ alcohol conta
g of gel 1s given by

N ined in the monolayer on the

surface of 1

N
Xp N shere Xy = Monolayer capacity

Molecular weight of alcohol

M N =
N = Avogadrots constant
und these ares 7 othyl, ethyl, n-prodyl, n-butyl and
n-amyl glconols 19.90 4 20.04, 16.88, 15.73 and 13.37 x 1020
resnoctiv01V- Frod these, the number of molecules held
} pface 18 calculated from the following
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equation by assuming that the specific surface of the
gel is equal to what is calculated for methyl alcohol
and this is equal to 412 n® g_l. This assumption is
Justifiable in view of the fact that methyl alcohol
molecule is almost cubical in shape and itsg thiclness

and height are 4.55 A and 4.7 4 respectively.
xCa+(n—x) 5, = 4l2

number of molecules held perpendicular

where X =
to surface
Ca = cross-section area of linear molecule in m2
Sa = side area of linear molecule in m<2
n = total number of molecules held in the

monolayer on surface of 1 g of gel.

From the values of x and n, the percentages of
molecules held perpendicular to the surface are cgleu-
lated for ethyl, n-propyl, n-butyl and n-amyl alecohols
and these are 100, 79.2, 79.5 and 70.5 respectively,
The values are significant. In the case of methyl
‘and ethyl alcohols, adsorption is completely oriented
and all the molecules are held perpendicular to surface.
As the length of the linear alcohol molecules increases,

some of the molecules are held parallel to surface and

this is about 20% of the total number of molecules in

the case of n-propyl and n=butyl alcohols and about 30%
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with n-amyl alcohol. The decrease in the percentage
of alcohol molecules held perpendicular to surface as
the molecular length increases is due to the microporous
structure of glassy silica gel. The micropores whose
diameter is comparable to the diameter of alcohol mole-
pably inhibit the perfect geometrical alignment

cules pro
of the linear molecules perpendicular to the surface

The above percentages of the two types of

oriented adsorption are obtained by assuming that some

molecules are held completely perpendicular to surface

and some completely parallel. This is an ideal assump-
tion and may not be strictly true. There is still an

ssibility. All the molecules in the

alternative PO
monolayer may be held vertical with the polar OH group

ed on gel Surfaceo
he narrow pores of the gel, the hydro-

J— Owing téd crowding of the

molecules 1R t
n chains of the molecule may be subjected to com-

carbo
j gtortion and thus each molecule occupies

pression and d

— t han on.7 A which is the normal cross~section

more S
nolecule.  The probability of this

of the alcohol
sm 4.5 porn

rface are as high as about 80%. Con-

e out by the figures that percentages

mechani
yl alcohol molecules adsorbed per-

of n—pI'OP'.)" 1

dicular to st

pen ;
tnat on fibrous silica gel, whose

and pores macro, sorption is
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completely oriented perpendicular to surface, and that
in glassy silica gel, pores are all micro, adsorption
in the monolayer in glassy gel also seems to be essen-
tially of the oriented type, i.e., perpendicular to
surface with polar OH group anchored on the surface and
the compressed or distorted hydrocarbon chain occupying
greater area. These are indeed very striking and
interesting conclusions. Evidence of oriented adsorp-
tion of molecules on solid surfaces are not many though

oriented adsorption of molecules in films on liquid

surfaces is well known and well established.

Sorption -~ desorption hysteresis and application of

Cohan's and Cavity theories

All the seven sorbates - water, carbon tetra-
chloride, methyl, ethyl, n-propyl, n-butyl and n-amyl
alcohols have produced permanent and reproducible hys-
teresis loops with both glassy and fibrous silica gels,
The loops of all the sorbates with

Figures l-14.
glassy silica gel have been shown in Figure 15 and those

with fibrous silica gel in Figure 16. Cohan's theory

of sorption - desorption hysteresis has been described
in chapter II.
The theories that have been advanced so far to

explain sorption - desorption hysteresis are given in
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chapter II. Cohagqhas shown that pressure p, at which
hysteresis loop begins corresponds to the equilibrium
pressure for r, = 2 D where r, is the radius of the
capillary and D is the diameter of sorbate molecule.

On the basis of Cohan's theory the value of D is given

by the equation

-o M
D =
dRT 1n ph/po
where M = Molecular weight of sorbate
d = Density of sorbate
o = Surface tension of sorbate

pccording to Cohan's theory if the pressure at
which hysteresis loop begins is known, it is possible
to calculate the molecular diameter of the sorbate. By

employing the above equation Cohan has calculated in

his paperl5o, the values of D for a large number of

sorbates from the experimental results of different

workers The values agree in some cases, are higher

in others and 1ower still in others than the molecular

diameter D,upic or DSpherical obtained from molecular

weight and density.

Cohan's theory has been applied to the results,

the values of D calculated from the equation for both
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glassy and fibrous silica gels are shown in Table 5.

The values of Dasiie and DSpherical are also shown to

facilitate comparison.

Table 5: Molecular diameter Dcubicv DSpherical -l
Dfrom Cohan's theory % &
Glassy Fibrous
Doupre Dspherical s;%lca Slllca
% Cohan's
Cohan's theory
theory
3.1 345 54l 14.6
Carbon tetrachloride 5.4 6.1 648 33.6
o1 4.6 7.6 52.2
Methyl alcohol 4
.6 5'2 7.0 4702
Ethyl alcohol 4
. 5.6 7.0 41.2
n-Propyl alcohol 540
* 5.3 Getl 5.9 29.5
n-Butyl alconol
5.6 Bl 5.0 35.7
n-Amyl alcohol
B —

e ———

with glassy gel as the sorbent, the molecular

d from cohan's theory agrees with D spheri-

p calculate
o case of n-butyl alcohol, is less in the

cal only in th
~ohol and higher in all other alcohols.

- 1 as sorbent the value is very
gilica 8¢
with fibrous

3 from 3 to 6 times the value of
. g varies
h hlgher an

muc
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D spherical. These indicate the limitations of

Cohan's theory of hysteresis.

Ink bottle or Cavity Theory

The "Ink bottle" or the Cavity theory of hys-
teresis has also been described in the previous chapter.

A cavity 1is a capillary with a narrow neck like an ink

bottle. A cavity may have two or more necks. During
sorption the neclc or necks get filled up with the

liguid and the liquid meniscus advances into the
interior of the cavity as the vapour pressure increases

until the cavity 1is completely filled. During desorp-~

tion the cavity remalns filled until the vapour pressure
is lower than the value corresponding to the neck radius
when the cavity 1is suddenly emptied. Thus the process
of filling is progressive and emptying is abrupt. The
- processes are not coincident. Certain amount of
sbe I8 entrapped in the cavity during desorption,

ting for hysteresis.

ormanent and reproducible hysteresis

sorb
In the light of the

thus accoull

ity theorys P

cav

ge number of systems have been

permanent and reproducible hysteresis loops

1s paper 2T¢ further confirmation of

presented in th
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Y+  One noteworthy feature of the
Cuv! Ly Chaory 1o

s & r e | , {
£y 18 X3 ;:"”‘31"-*'-11'.'[ ana i

1L can explain
Cases of nygteroesls

§ In a Qualitative way.

Pore size distributiqgaig~g13§§g

and f’iOruub:‘sf 14
Following the procedure of Foster151’152, the

the
In these determinationg N0 allowance ig made

for changing thickness of the adsorbeq layer on the

pore size distribution has been determineg from

isotherms.

lls of pores. The isotherms of water have beep chosen
walls

these calculations and these are shown Separately
for th

been applied
Foster's procedure has
in Figure 19.

only to the isotherm with glassy siljcga gel and the po re
size distribution curve obtained has been shown in
; 0. The procedure could not be applied to f1Brous
Fff;:: gel as the isotherm is asymptotic tg the saty-
N ion pressure ordinate. The predominent Pore size
- er was obtained approximately by direct estimatiop
howev

itself.
from the isotherm itse

According to the cavity theory orf hysteresig
. curve of hysteresis loop indicateg the
the desorption ption curve the body radigs Of the
neck radius and Sm;inent neck and body radii or
cavity. The pr:d;r both the gels are shown in 7ap10 .
cavities obtaine
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The smallest neck radius corresponding to the point of

inception of the hysteresis loop is also shown.

Table 6: Pore size distribution expressed in A in

glassy and filbrous silica gels

Smallest Predominent Predominent Minimum

neck neck body cavity

radius radius radius neck radii
and maximumnm
cavity radii

Glassy silica gel

Fibrous silica gel

09,2 137.4 393.4 29 -

T e

is interesting to note that the predominent

Lo

e sizes in the two gels are far apart. It is mostly
r

po
in glassy silica gel and macropores in

micropores
The predominent pore radii in the

fibrous silica gel.
conaraed so wldely that at relative

two gels are
£f 0.75 corresponding to pore radius of

vapour pressure ©

re yvolume in
{58 4B fibrous silica gel begins. The

. glassy silica gel is just complete
35 A the P
and the pore VO
orbs its ma¥
nich is aP

{mum capacity of 40% and the laterp

s
forme?® out 1/15th the maximum capacity.

only about dp W
and fibrous silica gels

Pore.§Q§E§§*;E~E;§§§I#""—

j1ica gel the surface is mostly

In glaS SY S



110

i ;
nternal.  Aftep all L22 capillaprieg are f£illeq )
i . SRR e
sorption isotherm of water touches the saturati

an

vapour pressure ordinate almost at right ans1

Whereas the isotherm with fibrous silica gz 4
52l 1g

4Sym=-

totic indicating that the surface ig largely eyt 1
e<terna

and is favourable for almost indefinite Sorption

It
is interesting to note that in glassy Silica gel

tive capacities at saturation press
ure
for watep, carbon

tetrachloride, methyl, ethyl, 2=propyl, n-buty] —

n-amyl alcohols are practically the same and gpe 40.0
e 3
58:2) 48:85 82.7y 2Ly 308 and 35:8 on? pey 1y ,

respectively, whereas with fibrous silicn »

gel The SOrp-
tive capacities for the sorbates gre different ang

they are 62.2, 56.8, 52.0, 6l.2, 54.6, 21.4 ang 21,8 cm3
per 100 g respectively.

) 87.8
According to de Boerts 7,88 classification of

hysteresis loops, the hysteresis loop or fibrous silicq
gel is of type A and the capillaries in this ge1 -

cylindrical in shape open at both ends. Tpe hYStGresis

loop of glassy silica gel 1s of type E which jq -

common type and the pores are of ink bottle shape.

Glassy silica gel and fzbrons: siides gel ans indeed tyo

typical cases. Though made up of the same Material,

they are entirely different in their pore size distri-
he

re shapes owing to difference in the modes
21.

bution and PO

of preparation of The g:
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Relation between contact angle of sorbate and sorption -

d¥sorption hysteresis

in the case of glassy silica gel, the overall
shape of the hysteresis loops and form of the sorption
and desorption isotherms of the 5 alcohols are approxi-
But in the case of fibrous silica

mately the same.
gel they differ markedly. The isotherm of methyl alcohol

rises asymtotically to the saturation pressure ordinate.

But from ethyl alcohol upto n-amyl alcohol there is
gradual deviation. The isotherm of amyl alcohol cuts
turation pressure ordinate at an angle. In

the sa
add ition, the sorptive capacities at saturation pressure
for n-butyl and n-amyl alcohols are much less - 21.4%

and 21.6% respectively,
, ethyl and n-propyl alcohols.

nearly one-third of the sorptive

capacities for methyl

gnificant deviations in contrast with glassy

These si
gilica gel require an explanation. Gregg153 has dis-
e effect of contact angle of the sorbate on

cussed th
sotherm. Ordinarily, in the appli-

the shape of the 1
1vin equation to the study of the isotherm,

cation of Ke
;g assumed to be zero when the surface

the contact angl®
From impurities. This is true of

is pure and free¢ *
ids like watel

sotherm 1

which wets the surface of the sorbent
ligu .
s asymptotic to the saturation

and whose 1
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pressure ordinate. But with liouids which have definite

contact angles, the isotherms intersect the ordinate at
an angle.

In the present experiments, the asymptotic nature
of methyl alcohol isotherm indicates almost indefinite
large uptake of sorbate at saturation vapour pressure.

One may infer from this that the contact angle is zerolss.
The interception of the amyl alcohol isotherm at an

angle with the saturation pressure ordinate indicates

the existence of definite contact angle. Considering the

gradual changes in the shapes of sorption and desorption
isotherms, the hysteresis loops, the total sorptive
capacities at saturation pressure of the five aliphatic
alcohols =~ methyl, ethyl, n-propyl, n-butyl, n-amyl on
fibrous silica gel, it follows that there is steady
increase in contact angle from methyl to amyl alecohol.

A search of the literature on contact angle was made and

the values of contact angles of the five alcohols could

Fox and Zisman154 have shown that for

not be obtained.
many of liquids on solids, the contact angle decreases

with decreasing surface tension of the liquid. The

1
values of surface tension 994156 e methyl, ethyl,

n-propyl, n-butyl and n-amyl alcohols are 21.1, 21.45,

£2.564 23.35 and 24.3 dynes per cm at 35° respectively.

R

rn the light of Fox and Zisman's conclusion, these values
indicate that the contact angle increases from that of

methyl alcohol to n-amyl alcohol.
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introduction

Fibrous silica gel (Santoce} C) has been useq
se

in earlier studies'?’ on th
€ Sorption =
nd desorpti
on

hysteresis of normal alji i
phatic aleohols
. In all the

systems studied permanent ang reproducible hyst
eresis

loops are obtained. The surface ares calculated f
rom

monolayer capacity for each alcohol reéveals orient
ented

type of sorption in the monolayer.,

1ne pl’esent :‘:fi)f’ i'.-: have Doan !':3‘.1_?_‘ w4+

.'.::(-.L'j»j_iric

monohydric aliphatic alcohols with fibrous siij
ca gel.

The specific surface of fibrous silica gel activated
ed at

250° for 2 hours has been determined apg reporteq+>7

by measuring monolayer capacity for the normal aliphati
atice
alcohols and assuming oriented Sorption of alcohol

molecules perpendicular to surface. Assuming thisg 1
valinye

of specific surface and oriented sorption of isomeri
c

alcohols on the surface of fibrous silica ge7 the cro
c€l, SS~

sections of the alcohol molecules are calculgteq apg

are presented in this section,

——

an Das; Accepted f :
# ¥.Subba Rao and Bhagw . oo or publicg-
%ign in the Proceedlngs 0f the Indian Academy of &

Sciences.
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Experimental:

The Santocel ¢ obtaineg Irow the !

nenNg8anto
Company, U.S.4., was heated to 250° fop o noura ip

order to remove any organic vapours and the activated

gel was used in sorption and desorption Studies,

The following sorbates were employed;

Iso~propyl alcohol, B.D.H.(Britisy Druz House),
A.Ro’ rEdiStilled, B.P. 82.00.

Iso-butyl alcohol, B.D.H., A.g,, redistilleq,

B.P. 107'00'
Sec-butyl alcohol, Basic and Synthetie Chemicalg
(India), A.R. grade, redistilled, B,p, 97.0°,

Tert-butyl alcohol, B.DHs, L.R., rediStilled,

BaPo 82050'

Active amyl alcohol, E.Merck, EsPy, redistilled,

.EI:EC 129‘00.

ISO-amyl &ICOhOI, BtD.H-, L.Rl’ redistilled'

B.,P. 131.0°.

nt and reproducible hysteresis loops
Permane

A series of sorptions and desorptions were

P Iso-propyl, Iso-butyl, Sec-butyl, Tert-
carried O
d Iso-amyl alcohols on fibrous
. e amyl an
butyl, Activ

Duplicate experiments were done but the
silica gel-



8 have
been obtained and the loops have been reproduceg upto
3rd or 4+th cycle of So0rption ang desorptlon The

* The permanept
and reproducible hysteresig loops of the different

“leonnls obtained in the 3rd or 4th tycle have

together in Figure 7 for purpose of comparison
plotting the sorption values against the re)

pressure.

Monolayer capacities

In all the systems, €Xcept for a small initia]

sorption due t0 monolayer formation, the isotherms zrp

practically horizontal and show no appreciable inerease
in sorption upto relative vapour bressure of about 0.75.
In the light ol capillary condensation theory of Sorption,
this indicates the absence of micropores ang even the

t i tional pores as per Dubinin's classificationl45
ransi

The sorption isotherms have clearly defineg

nknees" followed by linear portion, According tq BET2
R signifies the transition from mong-.
theo%:;ar to multimolecular sorption.  Theresope the
i;;ECquation hao been applied to obtain the monolayer
BET e

" h case. The BET pthS were St!‘aight
capacity Xp 1n €ac¢

lines.
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Alternatively the value of monolayer capacity
can also be read out directly from the isotherms as

described in the previous section and is denoted by x
B*

The values of monolayer capacities x_ and x
n B
for the isomeric alcchols and the relative vapour

pressures at which the monolayers are fully formed have

been given in Table 1.

Table 1l: Monolayer capacities > and Xp in g per g of

sorption and the corresponding relative

vapour pressure

Iso—-propyl alcohol 0.040 0.039 0,10

0.029 0.031 0.13
0.041  0.040 0,09

Iso-butyl alcohol

Sec—butyl alcohol
0.013 0.015 0,05

0.039 0.037 0.20
0,029 0.032 0,15

Tert-butyl alcohol
Active—amyl alcohol

Iso~-amyl alcohol

e e p——

The values of X, and Xp for each alcohol are

However, there is variation in relative

almost same.
our pressures of the different aleohols at which

vap
the monolayer 1s complete.
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;;L.iﬁl_giiﬂLﬁé_Eﬁsﬁgflc surface
“\
From the monolayer capacity, the ’Fecific apeg
°¢ the surface of the Sorbent has peap czlovlateq .
QeGerip, ¢ In lue prece ding deoe tioh-

In the SOrption
desorption of normal monohydric aliphatje alcohols

a8rc

°" fibrous silica gel the specific surface area of the

S5 BE8 b calculated157 by assuming Orienteq SOrp-

tion of the linear alcohol molecules perpendicular ¢,
Surface in the monolayer and is found to be 5g m2/g.
Assuming this value of the specific Surface and gz3gq
Oriented sorption of the isomeric aliphatie alechol
molecules with OH group on the surface of fibrons silica
€el, the molecular cross-~sections of the isomerip ali-
Phatic alcohols have been calculated and are showp in
Table 2. The cross—section of the normal aliphatj,

alcohol molecules is also given in the table to fapi..

litate comparison.

e moleculdr Cross-gep.

Excepting T

ls th
propyl and Sec-butyl alcoho

e hi r than 20,7 A2,
he isomeric alcohols are highe
tions of the is

ed 111 v i ew 8] [ ' |_.Jenl,€ Of &3
Bct i ! f Che p. 11 l

o a n
t a -
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Table 2: Molecular Cross—sections in A2

of izomerd ¢

aleohol molecules taking the specific surface

area of fibrous silica gel as 58 mz/g.

Molecular
Alcohol cross—-section in

42

Iso~propyl aleohol 14,5
Iso=butyl alcohol 25.0
See~butyl alcohol g B
Tert—~butyl alcohol 55.5
Active—amyl alcohol 22,0
Iso—~amyl alcohol 28.8
Normal aliphatic alcohols 20.7

. 157
(Taken from earlier work )

structure unlike normal aliphatic alcohols. That
tertiary butyl alcohol has the biggest eross-section,
i.e., 55.5 A° is a significant finding. This is to be
expected as its molecule has 3 side CHz groups and is
non-linear in structure. The cause of the low values
of molecular cross-sections of Iso-propyl and Sec-butyl

alcohols is not clear.

A search of the literature was made for data on
ge

lecular cross—sections of the isomeriec alcohols and
mole

these could not be obtained.
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Sorpti . i
DLLOI desorptlon h steresis and applicabil't
VA 1ty of

Cohan's theory

All the isomeric alcoholghave given permanent
and reproducible hysteresis loops, Equilibrium was
established within an hour but actually 2 hours were
allowed to ensure complete equilibrium. The amounts
taken at saturation pressure of Iso-propyl, Iso-butyl

y

Sec~butyl, Tert-butyl, Active amyl and Iso~amyl alcohol
cohols

=

are 5605 4208 415 68,1
’ , 41,5, » 18,8 and 18.5 cm’ per 100 g

of fibrous silica gel respectively. The amounts tak
en

of n-propyl, n-butyl and n-amyl alcohols are 38,7, 19,0
and 21.0 cm3 per 100 g of gel reported earlier157.
Excepting the isomers of amy alcchol, the sorption
values of which at saturation pressure are slightly less
than that of n-amyl alcohol, the saturation values of

propyl and butyl isomers are l.5 to 3 times higher than

the normal alcohols.

By applying Cohan's theory as described in

the values of D obtained are shown

preqibding section,
The values of D 5 B
cubic * DSPherical RS

in Table 3.
itate comparison.

also shown to facil
The Table reveals that the molecular diameter D

calculated from Cohan's theory are very much higher and

ries from 3 to 10 times the value of Dspherical’

va



Table 3: HMolecular diameters D D
cubic?’ “spherical Bnd

D from Cohan's theory in A

D D
cubie spherical DCohan's theory

Iso~propyl alcohol 4.3 | 6
° 0.4
Iso-butyl alcohol 4.5 6,0 3
] o 8'6
Sec~butyl alcohol 4.5 6.0 40,6
Tert-butyl alcohol 4.6 6.1 50.5
4.8 6.4 15,1

Iso—amyl alcohol

These indicate the limikztions of Cohan's theory of

nysteresis. Cavity theory however can explain the

permanent and reproducible hysteresis loops obtained

with all the igomeric alcohols by postulating the
entrapping of the sorbate liquid in the cavity

je of the sorbate in relation %0 sorption -

Contact ang

desorption hysteresis

4s in the case of normal aliphatic alecochols,
ation in the size and shape of the

there 1is marked vari

ms and the hysteresis
gotherms of Tert-butyl, Iso-propyl

isother loops of the isomeric

alcohols. The i

and Iso-~butyl alcohols T
pressure ordinate

ise practically asymptotic to
whereas Sec-butyl,

the saturation



121

Iso-amyl ang Active amyl alcohols cut the scaiyratq.

bressure ordinate at an angle.

hJ 153 1
Gregg has discussed the effect of contact

angle of the sorbate on the Shape of the isothern

Ordinarily, in the application of Kelvin equation to

the study of the isotherm, the contact angle ig assumed

to be zero when the surface is pure and free from

impurities. This is true of liquids like water which

wets the surface but with liquids which have definite

contact angles, the isotherms intersect the ordinate

at an angle.,
A search of the literature op contact angle was

made but the values could not be obtained for isomeric

monohydric alcohols. Fox and Zismani”?¢ have shown that

for many of liquids on solids, the contact angle

decreases with decreasing surface tension of the liguid.

s |
The values of surface tension 25,138 of the Ter-butyl,

Iso~propyl, Iso-butyl, Sec-butyl and Iso-amyl dloohoTe
are 18.8, 20.5, 21.8, 22.2 and 22,7 dynes per em at 35°

respectively. In the light of Fox and Zisman's con-
clusion, the contact angles of these alcohols should
be in the order Tert-butyl { Iso-propyl <1130—butyl<:

It is interesting to

Sec-~butyl and Q\Iso-amyl alcohol.
note that the sorption values at saturation pressure



122

of these alcohols vary in the reverse order Tert-
butyl 68.1% > Iso-propyl 56.5% D Iso-butyl 42,84
Sec-butyl 41,5%‘>>Iso-amyl 18,5%. In other worés
sorbates of low contact angles have the isotherms,
riging asymptotically to the saturation pressure

ordinate, and high sorption values at saturation pressure.

Whereas sorbates of high contact angles hagve isotherm
8

cutting the saturation pressure at an angle, ang 1o
’ w

sorption values.

The wvalue of the surface tension of Active amyl

alcohol could not be obtained.  But from the shape of

the isotherm it follows that the contact angle of

Active amyl alcohol is nearly equal to that of Iso-

amyl alcohol.
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 “= PROPERTIES OF FIBROUS SILICA GEL (SANTOCEL ¢)

ACTIVATED AT DIFFERENT TENPERATURESH

The mode of preparation and treatment of sorbents

have been reported by earlier workers to influence the

nature and extent of sorption. Precipitated silieca

gel obtained by mixing, sodium silicate and ammonium
chloride solutions has been found to differ markedly in
shape of the isotherms and the size and position of the

hysteresis loops from glassy silica gel obtained from
set silicic acid jelly of a mixture of sodium silicate

: . 50
and hydrochloric acid solutions' e Weiser and colla~

boratorsl4l’l6o have reported that if hydrous oxide

gels are prepared by mixing boiling solutions of the

reactants, the hysteresis effect obtained in the sorption

and desorption of water, is eliminated. Such elimination

has been reported with silica gel in particular,

1. :
Krishnappa and others have studied that when silica
gel is activated at different temperatures varying from

350 to 1000°, its sorptive capacity for water first
decreases upto 140°, remains practically constant from

140° to 500° and guffers a marked decrease at 1000°.

S
as, Current Science,

% K.Subba Rac and Bhagwah D
37, 599, 1968.
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Inspite of several hours of evacuation.  Ths amoynts

of bound water held by the two samples of silica ge1

activated at 250° and a50° are 2.5 cm® and l.4 Cms/ 100 ¢

of gel respectively. The small volume of water {rrovep-
sible held may be chemisorbed. The sorptive Capacities

of the two samples at saturation Pressure for the

different sorbates are given in Table 1.

Table 1l: Sorptive capacities orf fibrous silica gel

in cmayloo g.

—_——

Activated Activated

at 250° at 450°
Water 64.0 62,2
Carbon tetrachloride 50.0 56.8
Methyl alcohol 33.0 52.0
Bthyl alcohol 33.3 61.2
n-Propyl alcohol 38.7 54 .6
n-Butyl alcohol 19.0 21 .4
n-amyl alcohol 21.0 21.6

When the temperature of gctivation of the
1 1 is raised from 250° to 4500, the sorption
silica ge
1 t satupation pressure of methyl, ethyl and
vaLues a

iably lncreased, that of
1ls have apprec
n-propyl alcoho



Application of BET equation and monolayer capacities

Excepting water and carbon tetrachloride, the
?

sorptlon isotherms of the five aliphatic alcohols have

clearly defined "knees". The BET equation has been

applied to the isotherms according to procedure des-

cribed in previous sections. The monolayer Capacities

The value of monolayer capa-

xr

x, have been calculated.
city was also read out directly from the 1sotherms and

denoted by xg- The values of monolayer capacities
%y and x, for the five alcohols and the relative Ao
pressures at which the monolayers are fully formed arpe

—

calculated as given in the prec”eding sections ang have

been given in Table &2.

The agreement is good between the values of Xn

and xg for each alcohol with the two samples of gel

o} o
activated at 250 and 450 .

Monolayer capacity and specific surface

From the monolayer capacity, the specific area

of the sorbent 1s calculated as deseribed in section A
of the present chapter. Ihe molecular diameter
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spherical is assumed forp caleulating the moleculap

cross-section. Knowing the molecular Cross~ssections

Of the five aliphatic alcohols and their mono lLayer

capacities Xn» the specific surface areas of the two gels

are obtained. The results are shown in Table 3.
Table 3: g8pecific surface of fibrous silicy gel con-

sidering alcohol molecules as spheres.

—

Specific surface in m2/g

Molecular e

cross~section °f fibrous silica gel
in A%

Activated Activated

at 250° at 450°
Methyl alcohol 2l.z 65.5 68.4
Ethyl aleohol 27.0 63.4 76.3
n-Propyl alecohol 31l.4 86.7 86.7
n~Butyl alecohol 36.0 103.4 99.6
40.2 175.4 101.7

n~Amyl alcohol

In both the gels the value of the specific

surface goes on increasing from methyl to n-amyl

This shows the 1ncorrectness of assuming

aleohol.
aliphatic alcohol molecules as spheres. gy

the five
alcohol molecule as a rectangular rod and its

assuming
of sorptions, as described in the earlier sec-

two mode
tions, the specific areas are calculated and presented

in Table 4.
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The following interesting conclusions emer
from the results of Table 4. In both the gels tie
values of specific surface obtained for the fiv; e
alcohols are practically the same if oriented sorption

perpendicular to the surface of the linear alcohol
0

molecules is assumed. If oriented sorption parallel
2

to surface is assumed, the value of the specifie sur
face goes On inereasing from methyl to n-~amyl alcohol
ol,
Therefore it follows that sorption of the five aliphati
ic

normal alcohols in the monolayers on the surface of

fibrous silica gels activated at 250° and 450° are of

the oriented type perpendicular to surface.

Secondly, for this oriented type of sorption

perpendicular to surface, the specific surface values

obtained of the gel activated
e of gel aetivated at 450°.

at 250° are almost the

Variation in

game as thos
the temperature of activation has not made any difference
in specific surface area of the gel.

Sorption — desorption hysteresis

reveal that the hysteresis 100pS

Figures 8 grid 9
ctivated at 250° and 450° for any

of the two gels &
almost identical in shape and

particular alcohol are
ement of the loop-. The applicability

point of cowmenc
e hysteresis loops of the five

of Cohan's theory to th
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alcohols with silica gel activated at 250° and 450°
has been studied. The values of molecular diameters

Deonan's theory have been calculated and are shown

al i i
ong with Dspherical in Table 5,
Table 5: Molecular diameters D in A of fibrous siliea gel
D
Cohan's theory
D :
spherical "

P With gel With gel
activated activated
at 250¢° at 450°

Water 305 15,5 14.6
Carbon tetrachloride 6.1 4303 33.6
Methyl alcohol 4.6 52.2 52.2
Ethyl alcohol 502 47.2 472
n-Propyl alcohol 5.6 41.2 41,2
n-Butyl alcohol 6.0 33,2 29,5

6.3 28.8 35,7

n-Amyl alcohol

In all the cases the values of D obtained by

the application of cohan's theory are higher than
indiecating the inapplicability of Cohan's

Dspherical
theory to the resulis.

Pore size distribution

According to the cavity theory of hysteresis,
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the desorption curve of hysteresis loop indicates the
neck radius and sorption curve the body radius of the

cavity. The predominent neck and body radii of

cavities are obtained from the midpoints of the steep
parts of desorption and sorption curves respectively.
The isotherms of water have been employed. Body and

neck radil have been calculated by the application of

Kelvin equation. The values of both the samples are

shown in Table 6. The smallest neck radius corres—

ponding to the point of inception of the hysteresis

loop is also shown.

Table 6: Pore size distribution in A of fibrous silica gel

Smallest Predominent Predominent

neck neck body

radius radius radius

Gel activated at 250° 31.0 150.0 380.0
29,2 137.4 393.4

Gel activated at 450°

rhe results show that the values of smallest
neck radius, the predoninent cavity body and neck radii

remain almost the same On heating fibrous silica gel

Higher temperature has not changed

from 2500 to 45000
g gtructure of fibrous silica gel.

markedly the porou

Similar results have been reported by Milligan and
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62

i .
Rachford In their silica gel, hysteresis loop

is not destroyed by moderate or even excessive heat

treatment. However heat of 400° to 600° actually

inereased the area of the loop.
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SORPTION - DESORPTION HYSTERESIS IN SYNTHETIC ION-

EXCHANGE RESINS WITH WATER

Organic ion-exchange resins are typical gels
Their framework, the so called ratrix, consists of an

irregular, macromolecular, three dimensional network

of hydrocarbon chains along with ionic groups. These

resins are cross-linked polyelectrolytes. The matrix

of the resins is hydrophobic. Hydrophilic components

such as sulphonic, carboxylic and amino groups etec.,

are introduced into the matrix and linear hydrocarbon

macromolecules containing such groups are soluble in

water., But the resins are made 1nsoluble by intro-

duction of cross~links which interconnect the hydro-

carbon chains.

An ion exchange resin particle is practically

one single macromolecule. Its dissolution would
require rupture of carbon - carbon bonds. Thus the

resins are insoluble in all solvents by which they are

not destroyed. However matrix is elastic and can be
expanded. Therefore the resins swell by taking up
the solvent. The extent of swelling of resins depends
gree of crosslinking of the molecules. The

upon the de
s varied by varying the amounts

degree of crosslinking 1
Divinyl benzene 1is commonly

of crosslinking agent.

used as crosslinking agent.
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Most of the commercial resins available in th
market are stable in all common solvents, except in e
the presence of strong oxidizing or reducing aéents
and withstand temperatures upto about 100°C. Stron;

base anion-exchange resins begin to deteriorate
above 60°C.

As shown in the previous chapters, the dis
appearance of the hysteresis loop depends upon th
e

extent of swelling which in turn depends upon the

degree of crosslinking. Hence this aspect has been

studied by sorption - desorption hysteresis with syn

thetic ion exchange resins of different degree of

crogslinking.

Ton exchange resins used

The following commercially available synthetie

ion exchange resins with polystyrene matrix are used

f Rohm and Haas Compeny, U.S.A.,

These are products ©
411 the

ted by British Drug House (India).

and marke
oratory reagent grade and the cross-

resins are of lab
benzene.

1inking agent 15 divinyl

pmberlite IRC-50

¢ cation exchanger with

1t is weakly carboxyll

10% divinyl benzene
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L)
AlMbpr)

e h<=120 (Na+ form)

It 1s strongly aeidic eatiop exchanrey having
"7 divinyl benzene and Sulphonic as 1o0ncpend

c group164,
Amberlite IRA-400

It is strongly basic anion eXchange meg

164

in with
8% divinyl benzene~°“.

Its ionogenic group is
- N(alkyl);.

Amberlite IRA-410

It is also strongly basic anion €Xchanger with

6% divinyl benzenels4. Its ionogenie group is

- N(alkylol)(alkyl);.

The samples were used in the original spherical
bead form and size was between those of 18 and 30 mesh
British Standard Sieve. A series of sorptions ang
desorptions of water vapour on the samples was carrieq

out.

Results

In the case of Amberlite IRC~50, the first
fourth and seventh hysteresis 100ps obtained in the
sorption and desorption of water are shown in Figure 1,

Phe amount of water taken at saturation presSsure 1is



WEIGHT
OF WATER PER 1009 OF RESIN

F1G
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™
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36.2%. The sorption and desorption studies werpe -
N~

tinued upto the fourth cycle in case of Amberlit
e

The curves obtained in the first, Second andg

IR-120.
fourth cycles are shown in Figure 2.  The resin tgx
es

64.5% of water at saturation pressure. With

Amberlite IRA-400, Figure 3, the amount - of water taken

at saturation pressure in the first, secong and thirg

cycle is 64.5%. In the case of Amberlite IRA-410

Figure 4, the sorptive capacity in the firet, second

and third cycle at saturation pressure is 51.3%

In all the systems, the resins were kept in

contact with water vapour at saturation pressure for

In order to ensure complete equilibrium

2 days.
10 hours were allowed between two comsecutive read—

ings, whereas actually 6 hours were sufficient for the

attainment of equilibrium. The total period requireg
for completing sorption - desorption studies in each

case is about 25 days.

Discussion

In case of Amberlite IRC-50, hysteresis loop

obtained in the first cycle of sorption and desorption
There is tendency for the decrease

of water persists.
in size of the hysteresis loop from the first to seventh
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cyele.  With Amberlite IR-120, hysteresis loop is

obtained in the first cycle and this disappears in tn
e

second and fourth cycles, In the case of Amberlite

IRA-400, there is hysteresis loop in the first cyele
and the loop disappears in the second and third cycles,
Similarly with Amberlite IRA-410, a small hysteresis loop
is obtained in the high pressure region in the first

cycle and it disappears in the second and third cycles

All these results show either decrease in size

or disappearance of the hysteresis loop on suecessive
cycles of sorptions and desorptions of water and the
results can be explained on the basis of the cavity

theory in conjunction with the propepty of swelling of

the sorbent as described in the earlier chapter. A1l

resins swell with water. The dehydrated resing are
comparatively rigid in structure, The cavities which

are present entrap water and cause hysteresis. At

the saturation pressure of water zall the resins are in

swollen condition and the cavity walls become elastic.

jon, the cavity walls yield, the cavities

During desorpt
ffeet is lost and thus the

collapse, the entrapping &
p decreases in size and disappears. In

hysteresis 100
n gize and disappearance of

other words the decrease 1
p depend upon the extent of swelling

the hysteresis 1loo
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ch in turn depends upon the gegree of
n thelr i1xed

whel
ized165 und gtrongly

of the resin whi
Resins gwel |

letely ion

erogelinkinge- [T

i .
onogenic groups gre ¢~ P

) g )
1pb
.

acidi
cidic and pasic

pressure of
amounts of crosslinﬁing ggen”
g - ! - 74 8!‘ in Table 1-
in the Preparation of the resit® are &7
'

Amberiite IRC—-

Ambe ] = O
rlite IR L 64-5 6
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reveals that degree of crosslinking is in the ord
Er -—
Amberlite IRC~50 > Amberlite IR-120 = Amberlite IRA-400

D Amberlite IRA-410. It is also known that higniy

crosslinked resins have a lesser degree of swelling167-i70
because of greater number of Crosslinks in the network

Hence the sorptive values should be in the reverse

order, i.e., higher the degree of crosslinking, lesser
’

the sorptive value and this has been found to be true

excepting in the case of Amberlite TRA-410, These

results are in conformity with the results of Gregor

s a1163v168 who showed that the volume of swollen

resin decreases with increasing crosslinking.

The tendency of the hysteresis loop to decrease

in size and finally disappear depends upon the ease of

collapse of the cavities present, which in turn depends

upon the degree of swelling of the resin or in other
In a resin of

words on the degree of crosslinking.
The

lesser crosslinking there is greater swelling.

cavities collapse more easily and consequently the

hysteresis loop disappears in a fewer number of cycles
Whereas in a resin of

of sorption and desorption.
higher degree of crogslinking, the swelling is less,

ies collapse less readily and hence the

the cavit
.2 ~yver a larger number of cycles.

sim 100D erslse
anysteresis loop pe
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the resin igs the highest 10%. Therefore (he orviti
collapse slowly and the hysteresis loop deare;;ﬁq’;:g
size continuously tending to completely disappe;r |
after a large number of cycles of Sorptions ang desorp-
tions. Complete disappearance would have been Observed
if the studies were continued beyond the 7th cycle.
However the above studies reveal that higher the degree

of crosslinking, greater is the number of sorption

and desorption cycles required for the complete dis-

appearance of the loop.
The above results bring out clearly the relation

between the tendency of the hysteresis loop to disg~

appear in the sorption of water on resins and the degree

of crosslinking of molecules in the resin.

The total sorptive capacity in each case has

remained the same in all the cycles though the hys-
teresis loop has decreased and disappeared. This indi-

cates that the total cavity volume is a very small
fraction of the total sorptive capacity of the resin,
which is mostly a case of hydration as in the case of

Tager and his

egg albumin, casein and gelatin.
coworkersl7l’l72 have also obtained similar results
They have

while working with ion exchange resins.
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bointed out that high sorptive value cannot be explained

by 1ts porosity but is associated with the ability of

Lon exchange resin to swell. However, Kanamary

LTS :
et al have inferred from their Study on Amberlite

IR-120 (- SOzH type) that the pores in the resin have

a mean radius of 50 -~ 100 4.
"’L'

Gregor et a1163’l70’174 and Dickel ang Hartmannl'f

have also noticed a small hysteresis effect in their

studies with water vapour sorption with ion exchange

17% have attributed the smaii

resins. Gregor et al

hysteresis effeet obtained below 0,1 relative humidity
in the case of polystyrene sulphonic acid at 25° in the

water vapour sorption, as due to short range order

among the polymer chains. If the studies were con-

tinued by these authors in the second and subsequent

cycles, probably the loops would have disappeared.

In the foregoing studies, the progressive

decrease in size of the hysteresis loop and its

pearance on successive sorptions and

ultimate disap
desorptions have been established to be general pheno-
e
mena.

wn this behaviour. Hydrolysed

and casein have sho
umin and casein have behaved

gelatin and nardened egg alb
Even synthetic ion exchange resins

in the same way.
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have shown the same behaviocur. These are all systems

which swell in water. They all have a common molecular

structural characteristic, i.e., intramolecular cross—

linking. The crosslinks are mainly hydrogen and

hydrophobic bonds in native proteins, methylene bridges
in addition to the above in hardened proteins, and the
crosslinking agent in synthetic ion exchange resins,

The properties common to all these sorbents are hydra-—

tion and swelling. The common structural feature is

intremolecular crosslinking. The degree of cross-—

linking determines the extent of swelling and accessi-

bility of polar groups to water molecules. These in

turn determine the disappearance of the cavities and

the disappearance of the hysteresis effect.
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SORPTION ~ DESORPTION HYSTERESIS In NATURAL GUNS

WATEER
Different classes of Substances such as starch
protein, synthetic ion exchange resin angd natural gum
?

all of wnich have the common properties of hydration

and swelling in water have shown a common behaviour in

sorption ~ desorption hysteresis, i.e., the disappearance

of the hysteresis loop initially exhibited or the
gradual decrease in size of the hysteresis loop in sue-

cessive sorption - desorption cycles and the fina] dis--

appearance. Calcium arabate has been studied by Rao®’

Elworthy and George117 have studied sorption

earlier.

and desorption of water on sodium ghattate., In the

present chapter the behaviour of some more natural gums
(1) Gum Arabic or Acacia, (2) Prosopis Spicigera, (3)

Ghatti and (4) Tragacanth gum has been presented.

Natural gums and their properties:

The true gums are generally divided into two

176,177 (1) soluble gums — typified by gum

main groups
arabic and similar gums, which dissolve in water
forming more or less transparent, viscous and adhesive
solutions and (2) Insoluble gums - which when placed
in water sbsorb it and swell into a thick jelly or
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with sufficient water present finally break down into

a very thick translucent solution. The best known
gums belonglng to this group are gum tragacanth and

substitute ~umE such as karaya, carob

the tragacanth

seed and xutira gums-

Ppere are glso gums with properties inter—
the above two groups and these have

meaiate betwee’
\ngoluble Furs" . Example of this

1 "501ﬂl"’—-

been trurEY!

abic OF rcaciay (2) Prosopis

(1) Gum AT
nd (4) Tragacanth gulle

(3) Ghattl 2

N nixture of caleivl magnesium and
anid
viscey . qrabio acid. The gull arabic mole-

pm e84+ "
CompLBX&tyy

and the sim

19 considered to stand

ple sugarse. The mole-—
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Prosopis Spicigera gum

It is dark in colour, brittle and soft. It is
not always entirely soluble in water but the gum swell
1s

and form jelly from the portion which is not easily soluble

Gum Ghatti

It is an amorphous, translucent exudate of the

Anogeissus latifolia tree of the Combretaceae family
The gum exudate occurs in rounded tears and has a glassy

fracture. The colour of the exudate varies from very
light brown to dark brown. The exact chemical structure

of ghatti is not known but it is basically the calcium

salt of ghattic acid. About 90% of it 1s soluble in water.

Gum Tragacanth

It is an exudate of the shrubs belonging to the
It is a light coloured material

genus Astragalus trees.
The

which swells and partially dissolves in water.

soluble part is called tragacanthin and the insoluble

the latter constituting 60

portion is termed bassorin,
cum tragacanth absorbs a large

to 70% of the total.
tly to form a soft adhesive

amount of water and swells grea

paste but does not dissolve.
In the present work acacia gum (Pulvis acaciae)
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Of Stafford Allen uni Sons Limited, London wag used

PPOSOpls spicigera was Collected by local bersons of

s Rajasthan.
Of India) was of Johnson Limited, I,
gl-]m’ " "II\)"{;""

Thirpali near Pilani Gum ghatti (product

ondon, Tragacanth

Limited, calcutta.

A1l the samples used were in the form of powder
and the grain size between those of 30 and sp mesh BSS

was chosen.

Composition and structure of the gumsl78‘180

The plant gums are amorphousl78 substancesg con-

taining carbon, hydrogen and oxygen and they are nembersg
of the carbohydrate group. However, in some cages
evidence of crystallinity has been obtainedlgl. The
plant polysaccharide gums are hydrophilic substances and
are neutral salts of complex polysaccharide acids, cop-

d of hexose residues, uronic acid residues, bentose
pose

id and methylpentose resldues, which are joineq
residues

together in the most diverse mamner within the gape poo
ogethe

With the exception of gum tragacanth, which contains
i

cule. iant gums .
‘ 3 he p are distinsuished
cid units, t g
D-galacturonic a

ie acid 1s the acig Component
nat D-glucuron
by Bore daaik k

present 1in them all.
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lhe uronij i
nic acld component (D-glucuronic acid)

is present
in the pyranose form. The hexoses
encountered

in plant gums are
D~galactose and
D-mannose and t
hey too

have the
pyranose form. The pentose arabinose is alwa
ys

f i
'1e 1|"‘

series o i 7
S f SugaI‘S Whlle X,-_Y' C)Se,I wnic}: ocen 5 i ‘tl
I n le

byranose modification, belongs to the D-series Th
. e

methylpentoses found in plant gums are L-rhamnose d
an

L-fucose and these agsume the pyranose structure

The molecular structures of the plant gums rank
amongst the most complicated known to organic chemists.-

All the gums possess highly complicated branched struc-

tures involving several different sugar residues. The

gums have been placed into different groups according to
the main structural features of the carbohydrates. Gum
acacia belongs to galactan group in which 1 —3 linkages

are located largely in the main chains and 1—> 6 linkages

The principal sugar residues present

in the side chains.
in the molecule are D~galactose, L-arabinose, D-glu~
Gum ghatti

curonic acid and L-rhamnose in some cases.
roup, which is built up of

is also from the galactan g
galactose, D-mannose,

residues of D-glucuronic acid, D-
L-arabinose and D-xylose with traces of L-phamnose. In
actopyranose residues are

182 have

this gum inner chains of D-gal
Elworthy and George .

joined by 1 — 6 linkages-
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S'own by light Scattering methogs that shated
eee= LWL BUm mole-

cules appear to be rod Shaped, Gum tragacanth 5
S a

mixt '
ure 0f a neutral polysaccharide, an acidic poly

Saccharide and a glycosidic portion which appears to

o a sterlod.  The acidic component, tragacanthic acig

13 an example of galacturonan group and is composed of

D-galacturonic acid, L-fucose and D-xylose. Neutral

polysaccharide contains mainly L-arabinose together

with some D-galactose. The main chain is probably

composed of 1 —> 4 linkages of D-galacturonic acig

residues with other sugar residues attached to side

chains.

The chemical behaviour and water solubility of
179,183 h
the gums depend on the presence of hydroxyl groups

which can form intramolecular hydrogen bonding and
Struetures

hydrogen bonding with water molecules.
containing immense arrays of hydroxyl group, hold by

hydrogen bonding large proportions of water molecules,
reater and greater difficulty

These are rémovable with g
g the process of drying goes o1 and hydrogen bonding
macromolecules itself gra-

At thia stage

a
between hydroxyl groups of

dually replaces bonding with the solvent.
oduced which becomes hard

a highly viscous syrup is pr |
The many possibilities

and glasslike on further drying.
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The amounts of water taken up at saty-

Figure 1.
third, fourth

ration pressure of water in the first,

and fifth cycles are 69.2, 74.2, 81.0 and 96.4% res-

pectively. The total period required for the study was

about two and a half months.
Figure 2, the sorption - desorption studies have been
The sorptive capacities

With Prosopis spicigera,

continued upto sixth cycle.

in the first, second, fourth and sixth cycles are

101.8, 105.6, 115.5 and 120.5% respectively. The

study took nearly two months. 1In the case of gum Ghatul,

Figure 3, the sorption - desorption studies were con-

tinued upto seventh cycle. The sorption values at

saturation pressure of water in first, second and
seventh cycle are 61.0, 61.2 and 60.0% respectively.
The total period required to complete this study is two

In the case of Tragacanth gum, the sorption

months.
and desorption studies were continued upto the fourth

cycle and the loops obtained are shown in Figure 4,
The sorptive capacities in the first, third and fourth

c Cles are 12; 5’ 1‘3;.4. a[ld 135090/£ IGSPeCtiUely. P[‘]_e
y 4
tUdS’ was two months.

total period for completing this s

kept
In each case and in all the cycles the gum was kep

ion pressure for
in contact with water vapour at saturatlon b
an two days.

two days and in few cases for more th



2 3 4 4 3 4 5
100 T _ . | | _ ! *m;
,ﬂ ,
3 - 4"
© B0 zRC
<
o
<
O
a
s 60
o
o
e
o
o 40
v 4
"
e
a
3
. =
o
=
T
o
l
w ——
PRESSURE IN CMS.
18, 1.

SORPTION AND DESORPTION OF WATER ON ACACIA GUM IN 1°,
zR0 TR anp 8™ eyeLES,

© TS



v - - s I 7 = B
20f

T™ |l¢w-
4TH 6
3 i
E o |
a
© |00} N
O
a
"N o
0
O, g
w 80} _ _“ vﬁ
o :
& o ‘
n ‘ |
) _
g 60} J '
= \ o
__w T
Q. 4 A
x 40}
: /
= n a
u @,
o 0
W 20+ c o\\. .
w = 0 \
0 \m\._\\ | | | _
0 0 0 0 I 2 3 4 o
PRESSURE IN CMS. ,
FIG.2 - SORPTION AND

_wa . Nzo

DESORPTION OF WATER ON PROSOP|S SPICIGERA GUM
™
G148

_v
AND 6 CYCLES

N

7 s/



LM

WATER PER 100G OF
H;:‘YT' (s

{»

WEIGHT OF

FiG. 3.

-
-

PRESSURE IN LMS

SORPTION AND DESORPTION OF WATER ON GHATT! GUM IN
15T oND Anp 7™ cyCLES.

ER5Y




yST 37
d
120 | %
=
= :
O . : |
T Q0+ _u
T r -
> &
A 4
W : 9
2 80+
- G
5 S
m. moul Av T *U
©
o
i
(B =
o 40F
-
a
=
.
o
.m 20+ —
-
w
2
0O} | |
0 0 0 | 2 3
FIG

PRESSURE IN CMS.
SORPTION Dzo ?mﬁcnn4:pz OF WATER ON
=1 Anc p, g TH ;

IN TRAGACANTH GUM
CYLLES

o

IN

TSI



1) 4

WEIGHT OFf WATER PER IOOg OF GUM

- vy r o
th. [N .L..\ws,_:

7 N ACA
SAT ION PRESSURE Of
WATER AT SATURAT :
& - HMEEORRGSN CURVE OF ® AND TRAGACANTH GUM

PROSOPIS SPICIGERA A ,GHATTI




153

Rate studies

Gums like other organo gels swell when they

sorb water. 1In all swelling systems water sorption is

a slow process. Incomplete equilibrium during sorption

and desorption can cause hysteresis. To eliminate this

effect, sufficient time was allowed till equilibrium

is attained. Time - sorption curves of different gums

are shown in Figure 5. At saturation pressure of

water Acacia, Prosopis Spicigera, Ghatti and Tragacanth

gums require 40, 40, 10 and 50 hours for completion of

sorption of water respectively. At each intermediate

point on the sorption and desorption curves the time

required for equilibrium 1s about 8 hours except Ghatti

gum (4 to 5 hours) »
nours were allowed in order to ensure complete

But in all the cases about 10

equilibriunm.

Discussions

the hysteresis loop decreases in

Tn Acacia gulls
rom first to fifth cycle but

the low pressure region
In the case of

the tendency to decrease 1S small.
Prosopis Spicigera the hysteresis loop obtained in the
ption also decreases

first cycle of sorption and desor

pressure region from ripst to sixth cycle.

in the lower
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The hysteresis loop obtained in the first cycle of
sorption and desorption of water on Ghatti gum decreages
1n second and seventh cycles angd the sorption and
desorption curves are coincident above relative vapour.
pressure of 0.5. With Tragacanth gum, the hysteresis
loop obtained in the first cycle in the high pressure

region, disappears in the third and fourth cycles

All these results show either the disappearance
of the hysteresis loop initially exhibited or the

gradual and continuous decrease in size in successive
sorptions and desorpticns and the final disappearance.

These results are in conformity with those already

reported with many other organo gels. The results are

explained on the basis of the cavity theory, in con-

junction with the properties of hydration and swelling

of the gum. All the gums swell with water but vary

in degree of hydration and swelling.

swelling are determined by the number of polar groups

Hydration and

(nydroxyl and carboxyl groups) which are the centres

e degree of intra and intermole~

of hydration and th
The polar

cular crosslinking by nydrogen bonds.
cules of the gums are accessible

groups of the macromole
to water and this results in hydration and swelling
The accessibility of polar groups to
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water molecules v :
4ry in each gum and h
ence hydration

capaciiy an W 1 vary
7 d swelling vary. Greater the accessibilit
ity

of
the polar groups to water, quicker is the swelli
ing

| and
O

cycles or sorption and desorption.

In Acacia and Prosopis Spicigera gums the
sorptive values increase continuously from first eycle

onwards and there is small decrease in the size of the
hysteresis loop in the lower pressure region. These
results show that the polar groups are partially

accegsible to water and more and more groups are being

accessible to water as the sorptions and desorptions

are tried., Due to partial accessibility of the polar
groups to water, swelling is restricted, thereby the

cavities decrease in size slowly and hence the slow

decrease in size and the disappearance of the hysteresis

loop.
f Ghatti gum the sorptive value

In the caseé ©
ctically the same from first to seventh

remains pra
1 the polar groups are accessible

ecycleo In other words al
swelling, the

to water, consequently greater €ase of
igappear more quickly.

cavities decrease in size and d
f the

Therefore greater ease of disappearance ©

hysteresis 100D
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In gum Tragacanth, the small hysteresis loop
in the high pressure region in the first cycle dig-
appears in subsequent cycles. In thira cycle the
sorption value increases due to dccessibility of the

some of the more polar groups to water, which were not

accessible to water in first cyele The ease of
o e o

swelling also increases, consequently cavities disappear

more easily and hence the disappearance of the hys-

teresis loop,

The results presented in this chapter on the
behaviour of the different natural gums in sorption -~
desorption hysteresis confirms the earlier genera-

lisation that all organo gels on the imbibition of

water either show no hysteresis loop Or the hysteresis
loop initially exhibited decreases in size on successive

gorptions and desorptions and finally disappears.

The explanation of this general phenomenon is

the eavity concept in conjunction with the properties
Hydration and swelling are

of hydration and swelling.

determined by the number of polar groups which are the
nter-

centres of hydration and the degree of intra and 1
The accessibility of the polar

molecular crosslinking.
es the ease of dis-

groups to water molecules determin
ties and thereby the ease€ of dig-

appearance of the cavi

appearance of the hysteresis 1lo0po
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CONCLUSTONS

The main aspects of the studies in sorption -~

desorption hysteresisg presented in this thesis are

sumnarized below.

Varietal differences in gelatin, egg albumin and casein

in relation to sorption -~ desorption hysteresis

A survey of the literature on the sorption and
desorption of water on proteins show that either there is
no hysteresis at all even in the first cyecle of sorption
and desorption or the hysteresis loop initially exhi-

bited decreases in size in the subsequent cycles and
finally disappears. In some cases the hysteresis loop
persists even after a large number of cycles of sorption

and desorption still showing decrease in size in suc-
cessive cyBles. These results indicate the possibility
of varietal differences in proteins playing an important
role in sorption - desorption hysteresis., To confirm

this point of View, different varieties of proteins such

as Difco and Oxoid gelatins,
n and Oxoid casein hydrolysate were

Merck's albumin ovi, Merck's

alkali soluble caseil

Activated and denatured sam
Water vapour was the

ples of egg albumin

studied.
and casein were also studied.
The hysteresis

common sorbate with a1l these samplesS.



158

loop initially exhibited in all the samples showed a

tendency to decrease in size and finally disappear in

tie subsequenc cycles. However, the tendency to decrease

in size varied from sample to sample., The disappearance
of the hysteresis effect has been explained in the light
of the cavity theory of hysteresis in conjunction with

the properties of hydration and swelling of gelatins
?

egg albumins and caseins with water. The decrease in

size of the hysteresis loop and its disappearance are

attributed to the gradual collapse of the cavities in

successive cycles of sorptions and desorptions.

In the case of Difco and Oxoid gelatins, the

hysteresis 1loop persists even beyond 12th and 10th

cycles of sorption and desorption respectively, whereas

ck's gold label gelatin shows no hysteresis effect

Mer
Merck's albumin ovi

at all even in the first cycle.
shows hysteresis effect which persists beyond 5th cycle

with the loop size dimi
erck's soluble egg albumin shows hysteresis

nishing in each successive cycle,

whereas M
ycle and the affeect disappears in

effect in the first C
Similarly Merck's native

the 2nd and subsequent cycles.
resis loop in the 4th ecycle,

casein has shown hyste
h Hammersten has a loop in

whereas-kahlbaum's caseln nac
in the 2nd and sub=-

the first cycle and it disappear®
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sequent cycles. These significant differences in the

tendency of the hysteresis loop to decrease in sigze
and disappear of the different varieties of gelatin
s

egg albumin and casein are closely related to their

The protein molecules are essentially
The

structures.
polypeptide chains coiled into helix or spirsl.

helical structure is stabilised by intramolecular

hydrogen and hydrophobic bonding. Besides there are
also intermolecular hydrogen and hydrophobic bondings

between two or more neighbouring helical chains. The

polar groups are the centres of hydration. The hydra-
tion capacity of the protein is determined by the number
and nature of such hydration centres. The extent of

swelling is restricted by the degree of intra and inter-
molecular crosslinking, which in turn restricts the
The accessibility of the

hydration capacity also.
ries. from sample to sample and

polar groups to water va
rty accounts for the fact that certain

this prope

varieties of proteins 1
Thus the varietal differences in

easily than others.
related to their molecular structure.

ose the hysteresis loOops more

proteins are actually
gelatin has shown unique and interest-

The Difco
gt cycle of sorption and

ing behaviour. From the fir e
2th cycle 1asting over a period ©

desorption to the 1
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e

shrunk mo
re than the body resulting in increased

entrapping effect,

hysteresis

Proteins can be hydrolysed to amino acids by

superheated steam. Three samples of gelatin hydro-

lysed at 100°C, 119°C and 133°C have been prepared from

native Oxoid gelatin and sorption - desorption hyste-
resis with water has been studied. Hydrolysed gelatins

have greater sorptive capacity for water and show
greater tendency of the hysteresis loop to decrease in
size and disappear than the native gelatin and the tend-

ency increases as the temperature of hydrolysis increases.

The disappearance of the hysteresis effect has been
explained on the basis of the cavity theory in conjunc-

tion with the properties of swelling and shrinking.

Proteins are macromolecular substances yielding

as major products of complete hydrolysis.

amino acids
out increased hydrolysis.

Higher temperature bring ab
the number of polar groups

As a result of hydrolysis,
is increased and the

which are the hydration centres,
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degree of intra and intermolecular crosslinking is

fal
reduced. vonsequently the hydration capacity of the

protein 4dncreases and the polar groups are more easily

accessible to water molecules. Therefore the tendency

of the cavities to collapse and the hysteresis loop to

decrease in size and disappear is increased.

Native gelatin and gelatin hydrolysed at 100°C

are nearly the same with regard to their behaviour in

sorption and desorption hysteresis because there is no

appreciable hydrolysis at 100°C. But at 119°C and
133°C there is inecreased hydrolysis. The hydrolysed

gelatins have higher hydration capacities and greater
tendency of the hysteresis loop to decrease in size and

disappear. The highest decrease in size of the
hysteresis loop has been observed with gelatin hydrolysed

at 133°C and this is because at this temperature the
The

breakdown of gelatin by hydrolysis is the highest.

number of polar groups produced is high, the degree
Therefore the polar groups are

of crosslinking low.
the

Swelling is easy,

easily accessible 10 water.
kly and the tendency of the hys-

cavities collapse guic
ghest.

teresis loop to disappear is the hi
ns on aorontion ~ desorption

Rffect of hardening of protei

hysteresis
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Proteins are hardened with formaldehyde and give

an insoluble product with an increase in molecular

weight. 1 ‘
£ Hardening is a case of crosslinking of proteins

by methylene crosslinks. These crosslinks may be

intramolecular and promote the formation of cyclie

Structures or they may be intermolecular ang promecte the

formation of molecular aggregates. As the degree of

crosslinking increases, the extent of swelling decreases

and the accessibility of the polar groups to water

decreases. Consequently the tendency of the cavities

to collapse and the hysteresis loop to decrease in size

decreases.

Egg albumin and casein have been hardened with

The sorption - desorption studies were

formaldehyde.
The hardened samples show the

made with water wvapour.
hysteresis effect which persists in the subsequent

cycles. Whereas, the native egg albumin and casein
show hysteresis loop which decreases in size in the sub-
The results

sequent cycles of sorption and desorption.
the hardened samples behave like a rigid

indicate that
the cavities

ity theory,

gel and according 10 the cav
o collapse in contact with water and

have no tendency t
ntrapping effect. So

thus the cavities retain the €
unber of

y n
the hysteresis loop pepsists even after &
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0I sorptions descrptions. Thus the tendency

0f {he hysteresis loop to decrease in size and

Uiz

appear is dependent upon the degree of crosslinking

Sorption - desorption hysteresis in glassy

2nd fibrous

Silica gels witi. normal aliphatiec alcohols

Sorption - desorption hysteresis has been studied
on glassy and fibrous silica gels (Santocel C of Mon~
santo Co., U.S5.A.) with water, carbon tetrachloride.
methyl, ethyl, n-propyl, n-butyl and n-amyl alecohols.

In all the cases permanent and reproducible hysteresis

loops are obtained.

Bound sorbates and micropores:- At the end of first cycle
of sorption and desorption, glassy silica gel retains
irreversibly certain amounts of all the sorbates except—

. . - carbon tetrachloride. The bound alcohols and water

L SLF

ttributed to the polar character of the molecules
are a

1 i e ge - e excep
sence of m]CI'OpOI'E'S in th 1 Thn -
and the [)Ie

tetrachloride is due to its
i i our of carbon
tional behaviou

¥ cter The small amount of water held
nonpolar chara . o
p —— fipbrous silica gel may be
irreversibly in

chemisorbed.

. face:~ The isotherms
cities and specific sur
capéa
Monolayer

w olearly defined
v CA4 v

n ‘b i b
e alcohols on b

gelg Bud
of the fiv
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ing BET the
Ory, monolayer capacities have been det
eter-

mined in each K ve
cas L4
e Jrom these, the specific areas ha
4

been i i
determined by assuming alcohol molecules to be

spheri
p ical. The values of specific surface of glassy

sili
ica gel calculatved bear good coincidence excepti
ing

the case of methyl alcohol. The value of specifi
ific

su i 1173
rface of fibrous silica gel however does not coincide

and goes on increasing from methyl to n-amyl alcohol

Monolayer and oriented adsorption:- Therefore by

assuming alecohol molecules as linear with its two possible
modes of sorption, i.e., perpendicular and parallel to

surface, the specific areas are calculated. The results

indicate that in the monolayer on glassy silica gel,
the molecules of sorbed alcohols are neither entirely

pendicular nor parallel to the surface.
eld perpendicular to the surface are

The percen-

per
tages of molecules h

ed for ethyl, n-propyl,
e 100, 79927 79.5 and 70.5 respec-—

ific surface of the gel

n-butyl and n-amyl

calculat

alcohols and these ar

tively, by assuming that the spec
thyl alcohol.

een calculated for me

is equal to what has b
n view of the fact that

This assumption is justifiable al
le is almost onbical 1D shape.

me thyl alcohol molecu
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In - case of fibrous Plien gal, the farosd molecules
in the monolayer are all oriented and are helg 22 0End ] -

cular to surface because the values of surface ares for

the different alcohols are almost the sanme,

Cohan's and cavity or ink bottle theories of sorption -
desorption hysteresis:~ Cohan's theory of hysteresis
has been applied to the permanent and reproduciple hys~
teresis loops by calculating the molecular diameter D
from the point of inception of the hysteresis loop. The
values obtained are higher and in some cases 3 to 6
times higher than D spherical calculated from molecular

weight and density. These indicate the limitations of

Cohan's theory.

However, the cavity or ink bottle theory explains

in a qualitative way the hysteresis effect observed in

11 the cases and also the different aspects of hysteresis,
a

Pore size distribution and pore shapes in the gels:-

The predominent neck and body radii of the cavities in

two gels have been determined. The results show the
the two

rous silica gel. The pdres in the

macropores in fib

5 tter
) shaped and in the la
11 ink bottle
er gel are &

form

' ":I
cylindriczl.
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Contact an
gles of alcohols in relation to sorpt
rption -

esorption hy ls:~ the
a t hysteresis: With fibrous silies gel h
s

isotherm of meth,
Y1 alcohol rise
S asymptoticall
¥y to the
But from ethyl alcohol
The

saturation pressure ordinate
to no
rral amyl alcohol there is gradual devi t
eviation.

isothe
rm of normal amyl aleohol cuts the saty 1
ration

pressure ordinate at an
angle. In additi
ion the sorp-

tive capacities for normal butyl and normal 1
amy
alcohols are much less, nearly one-~third of the so
rp-

tive capacities for methyl, ethyl and normal propyl

alcochols. These results indicate that the contact

angle of methyl alcohol 1is zero, that of normal amyl

alecohol has a definite value and that there is a

steady increase in contact angle from methyl 10 normal

amyl alcohol.

n — desorption hysteresis in fibrous silica gel

Sorptio

with isomeric aliphatic glcohols

n - desorption studies with mono-

The sorptio
~propyl, Iso-butyl,

hydric isomeric alcohols - Iso
amyl alcohols

Active amyl and Iso-

Tert-butyl,
permanent and

Sec~butyl,

have been made on fibrous silica gel.
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th ]

clearly defined "knees". By the application of
n of BET

theory, the monolayer capacities have been determined
ined.

eS- SS 1

surface area of fibrous silica gel as 58 mQ/g as

calculated by assuming oriented sorption of the linear

normal alcohol molecules perpendicular to surface in
the cross-sections of the isomeric

the monolayer;
Excepting

alcohol molecules have been calculated.

Iso-propyl and Sec-butyl alcohols, all others have cross-

sections greater than that of normal aliphatic alcohols,

These higher values are to be expected in view of the

side CH groups. The exceptional behaviour of Iso-
propyl and gec-butyl alcohols is not clear.

Cohan's theory of hysteresis can not explain the

atisfactorily, whereas cavity theory can

observations s
explain all the cases of hy Similar to the

isotherms of normal monchydric alcohols,
igomeric alcohols show

yl alcohol to

steresis.
the shapes of

the isotherms of the different

an increase in contact angle from Iso-prop
TIsomeric alcohols of low contact

Iso-amyl alcohol.
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angle hav i i
g € high sorption values at saturation Pressure

Effect of activation temperature on sorption properties

of fibrous silica gel

The effect of activation temperature of fibrous

silica gel on its sorptive properties has been studied

Gels activated at 250° and 450° have been used. Water
b

carbon tetrachloride, methyl, ethyl, n-propyl, n-butyl

and n-—-amyl alcohols have been used as sorbates, At the

end of first cycle of sorption and desorption, certain

amount of water is irreversivly held and this is pro-
bably due to chemisorption. By the application of BET

theory to the sorption isotherms of the five normal

aliphatic alcohols, the monolayer capacities have been

The two gels have the same monolayer

determined.
From the monolayer capacities, the specific

capacities.
as been calculated assuming separately the

surface h

molecules to be spherical,
g of oriented sorption perpendicular, and parallel

ts indicate oriented sorption

and linear with its two

mode

to surface. The resul
cul€es pcryonaiculgr to

of the aliphatic alcohol mole
-ilica gels aotivated

s he
gurface in the monolayer N hotn the
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at 250°
5 and 450°. The specific surfaces of the two

gels are practically the same. Increase of tempera
r-—-

ture from 250° to 450° has not produced any change in
the specific surface.

The permanent and reproducible hysteresis loops

are obtained with both the gels. Cohan's theory of

hysteresis 1is not able to explain the results satisfac-

torily. The shapes of sorption and desorption iso-
therms and the position of the hysteresis loop of the

normal alcohols are the same for the two gels.

different
Hence the pore size distribution in the two gels is the
ase in the temperature of activation has

same. Incre

not prought about any appreciable change in the fibrous

gilica gel.

_ desorption hysteresis in synthetic ion

Sorptiot -

axchange resins

four resins - Amberlite IRC-50, IR-120,

The
aving crosslinking with 10, 8, 8 and

IRA-400, TRA-#10 P
All

zene respectively have been used.

6% divinylben
crease in sige and disappearance 0f

the resins show de
B o hysterGSis loop On successive c¢ycles of sorptions
, aater. The results are explained
_csens oF wate plaine
and desoLyr—-
vity theoXry in conjunction with

on the pasis of the ca
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as descgribed i
in the case of proteins. The sorpti
ive value

Fobprs ,
inxing increases. However, Amberliie TRA-410 j
- is an

exc i 1

d .
etermines the extent of swelling and the accessibil
207 it,‘[’

of the polar groups of the resin to water molecyl
ecules.

Higher the degree of crosslinking, lower is the extent
xten

of swelling. Hence the loop persists- in Amberlite

IRC~50 even beyond 7th cycle whereas it disappears in

all other resins. In other words the tendency of the
hysteresis loop to disappear in the sorption of water

on resins depends upon the degree of crosslinking of

molecules in the resin.

Sorption — desorption hysteresis in natural gums

The natural gums - Arabic, Prosopis Spicigera,

Ghatti and Tragacanth gums have been used in sorption -
All the gums show

desorption studies with water.
decrease in size and disappearance of the hysteresis
g cycles of sorptions and desorptions

loop on successiv
nth show greater tend-

Gum CGhatti and Tragaca
loop to decrease in
g Spicigcra.
gtructure

gl1ze =#2nd

of water.
ency of the hysteresls

disappear than gum Acacia and Prosopi
jes is related tO the ¢

This

difference in the tendenc

of gums.



L1

Gums have highly complicated branched structures

involving several different sugar residues. Water

solubility of the gums depends on the presence of

hydroxyl groups, structures containing immense arrays

of hydroxyl groups hold by hydrogen bonding large pro-

portions of water molecules. In dry gum the bondings

with water are replaced by intramolecular hydrogen bond-

ing between the hydroxyl groups. The degree of this

intramolecular bonding in the dry gum determines its

tendency of the hysteresis loop to decrease in size and
Greater the degree of intramolecular cross—

s the tendency and the gum shows hyste-

a large number of

disappear.

linking, lesser 1

resis loop persisting even after

cycles of sorption and desorption.

.
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