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CHAPTER I

I NTRODUCTION




. henever the surface of a sclid or a liquid is
allowed to come into contact with a gas or the vapour of
a liquid, there 1s usually increased concentration of the
gas or the vapour molecules at the surface, regardless of
the gas or the surface. This phenomenon of surface con-
centration is known as 'adsorption'. True adsorption or
strictly surface concentration is a rarity in nature te-
cause of the rarity of ideally plane surfaces. Surfaces
are generally non-uniform and contain cracks and capillaries.
Porous adsorbents contain capillsries even in the interior.
In such cases, in addition to surface concentration, the
condensation of the liquid in the capillaries sets in. In-
fact, all cases of adsorption are generally accompanied by
capillary condensation. Besides, other effects like absorp-
tion anc chemisorption sometimes occur. In order to cover
all these processes accompanying adsorption, the term

'sorption' was suggested by McBain {152)

The solid that takes up the gas or the vapour of
liquid is called adsorbent while the gas or vapour adsorted

on the surface of the solid is termed adsorbate.

Types of Adsorption

Adsorpticn processes can be classified into two
distinct types as physical adsorption and chemisorption,

depending upon the nature of forces involved. In physical



adsorption the surface concentration is due to weak inter-
action between adsortent and adsorbate, similar tc conden-
sation. The gas molecules are bound to the surface by
dispersion forces (3) and short ranged repulsion forces (4).
Chemisorption is due to strong interaction tetween the
adsortent and adsorbate, similar to chemical reactions. The
gas molecules are bound to the surface by a transfer or

sharing of the molecules.

The term 'Van der Waals' adsorption is used as a
synonym for the former while the term 'Activated' adsorption

as a synonym for the latter.

411 adsorption processes, whether physical or chemical
in character, are accompanied by a decrease in free energy.
Solid surfaces are similar to liquid surfaces in that there
are unbalanced or unsymme_trical forces present. These for-
ces are satisfied to some extent by the adsorption of the
adeorbate. The free surface energy is therefore decreased.
Because the adsorption of gases or vapours also involves a

decrease in entropy. The equation

INF = AH - T:A8

shows that AH will decrease when the sum of AF and AS
decreased. Therefore,adsorption processes are always exo-
thermic. Conversely, the corresponding desorption processes
are endothermic. The decrease in the heat content of the

system is termed as heat of adscrption.



Distinction btetween Physical and Chemisorption

Cne of the test known criteria for distinguishing
tetween physical and chemisorption is the magnitude of the
heat of acdsorption. Physical adsorption involves relatively
small heats of adsorption, similar in magnitude to heats of
liquefaction. Chemisorption, however, is associated with
high heats of adsorption, often in the neighborhood of heats
of chemical reaction. Heats of physical adsorption of carbon
monoxide and hydrogen were always less than about 6 and 2
K.cal/mole (5,6) respectively, whereas neats of chemisorption
seemed always to exceed some 20 and 15 K.cal/mole (7,8).
However, tnis distinction is in general valid, there are
cases (9,10) in which the heat of chemisorption is consi-

derably low.

Another contrast between physical and chemisorption
lies in the rate of adsorption. Physical adscrption, being
non-activated, proceeds at a fast rate even at very low
temperatures. Chemisorption, being a chemical process,
frequently requires activation energy and so, proceeds at
a limited rate which increases rapidly with rise in tempe-
rature. Later work, however, with clean metal wires and
evaporated films has shown that chemisorption is sometimes

fast even at low temperatures (11,12).

Ancther important criterion concerns the thickness

of the adsorbed layer. Physical adsorption, though mono-



molecular at lower relative pressures, becomes multimole-
cular at higher relative pressures whereas,chemisorption

is always confined to a single atomic or molecular layer.

Physical adsorption is essentially non-specific with
respect to the adsorbent and adsorbate, whereas chemisorption

involves a high degree of specificity (13).

Gn the basis of these distinctions, it can be stated
tnat physical adsorption is a surface condensation while
chemisorption is a surface reaction. It is also useful to
distinguish between chemisorption and chemical reaction. In
chemisorption the adsorbate-adsorbent interaction invclves
only the surface layer, whereas in chemical reaction in the

conventional sence there are bulk phase changes (14).

Different types of Adgorption Isotherms

For a given gas and a unit weight of a given adsorbent,
the amount of gas adsorbed 'a' at equilibrium ig a function

of the final pressure 'p' and the temperature ', i.e.,
a=f{p, T)

When the pressure of the gas is varied and the temperature is
kept constant, a plot of the amount adsorbed against the
pressure is called the 'adsorption isotherm',

a = f(p) at constant 'T',

When the pressure is kept constant and the temperature is



varied, a plot of the amount adsorbed against the tempera-

ture is the 'adsorption isobar’
a =f(T) at constant 'p!

The plot of the variation of equilibrium pressure with tempe-

rature is the 'adsorption isostere!
p=f(T) at constant 'a’

Adsorption isotherm proves to te the most convenient method

for presenting adsorption data. The adsorption isotherms
obtained with numerous adsorbates and adsorbents have a large
variety of shapes. Brunauer, Deming, Deming and Teller (15)
have classified these different isotherms into five typical
categories (Figure 1). Type I represents monomolecular adsorp-

tion whereas others represent multimolecular adsorption.

Theoretical Aspects of Adsorption

A number of theoretical isotherms have been derived
by many workers in the past. In deriving theoretical iso-
therms, three approaches are possible. (1) 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. (2) In statistical
terms, the equilibrium constant is given by a ratio of parti-
tion functions of vacant sites, adsorbed molecules and gas

phaze molecules, and isotherm may be obtained by equating thisg



ratio to the corresponding ratio of concentrations. (3) In
tnermodynamic terms, the isotherm may be derived by using
the condition that the change in free energy on transferring
an infinitesimal amount of gas from the ras phase to the
surface at constant temperature is zero, or alternatively,

using the Gibb's adsorption equation.

Larlier Contributions

Current research in adsorption, both theoretical and
applied, has been guided to a great extent by the early con-
tributions of Langmuir, Freundlich and Polanyi. The work of

these investigators represents three widely different approaches.

Langmuir's theory: Cne of the first and most important

equations based on theory was that developed by Langmuir
(16-18). It was pointed out by Langmuir that because of

the rapid falling off of intermolecular forces with dis-
tance, it was probable that adsorbed layers were no more than
a single molecule in thickness. Langmuir visualized
adsorption in a unimolecular layer as a dynamic process. The
gas molecules strike the surface, most of them get adsorbed
and stay on the surface for a while, then they acquire enough
energy to leave the surface. At equilibrium the amount
adsorbed has a definite value; the rate cof adsorption must
therefore be equél to the rate of desorption. It was assumed
by Langmuir that the forces of interaction between the adsorbed

molecules themselves are negligible and only elastic collisions



occur on the covered surface . If Vp is the volume of
adsorbate required to complete tine monolayer and V is the
volume adsorbed at tne measured pressure, p, then the frac-

tion of surface covered is equal to V/V . Thus,

v _kp
Vi 1+kp

or
VookVyp Vo

This is the linear form of the Langmuir relationship that
provides a method for obtaining the amount of adsorbate

required to ccver the surface.

Volmer (19) has derived the Langmuir equation ther-
modynamically whereas Fowler (20) has derived it by employing
the statisticsl mechanical approach. Others (21,22} have also

made the statistical derivation of the Langmuir equation.

Freundlich's equation: The classical Ireundlich equation

(23) described the behaviour of many systems in the slightly

higher regicn of intermediate pressure:

V = ] 1/n

where V is the volume adsorbed, p is the pressure of adsor-
bate gas, k a constant, and n, & constant greater than unity.
The Freundlich equation was introduced simply as an empirical

relationship. It deals most successfully with adsorption at



intermediate pressures, but many adsorption systems even in

this region do not otey the Freundlich relationship. UWever-
tneless, theoretical considerations of halsey and Taylor (24)
and Sips (25) nave shown that, if the lLangmuir adsorption
equation is applied to a series of sites the relative energies
of whnicn follow an exponential relationship, the rreundlich
equation is obtained. Rideal (25) nas shown that the Freundlick
equation can be derived from the Gibbs adsorption equation by
agsuming that the surface layer obeys the change in free

energy cn adsorption of gas as proportional to the change in

adsorbed volume and to the absolute temperature.

Frumkin (27,28) derived an adsorption isotherm by in-
serting in the Langmuir equation the condition that the heat
of adsorption decreases linearly with coverage. Zeldowitsch
(29 derived Freundlich isotherm on the basis of statistical

mechanics.

Although Freundlich isotherm has teen fairly widely
used in the qualitative literature as an empirical equation,
there does not seen to be any great significant theoretical
basig for it. The chief use of the equation has been as
an interpolation formula, tnough it is still frequently

employed in connection with adsorption from colutions.

Polanyés theory: At approximately the same time that

Langmuir was developing his monomolecular theory for gas

adsorption, Polanyi (30,31) was formulating an entirely
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different concept known as the potential tneory. This con-
cept in its original form dealt only witn physical adsorption
and implied the existence of films many molecules thick.
According to Polanyi, the adsorbent exerts strong attractive
forces upon tne gas in its vicinity and tnese attractive
forces give rise to adsorption. he further assumed that

ac the forces of attraction reaching out from the surface of
the adsorbent are great, many adsorbed layers are formed on
the surface. These layers are under compression as each layer

is compressed by all the layers adsorbed on top of it.

The Polanyi theory, which has been considered in detail
by Brunauer (32), is of limited utility because it does not
yield an equation relating pressure and adsorption. It pro-
vides little information about the structure cor extent of the
surface or the thickness of the adsorbed layer. Nevertheless,
it indicates that the adsorbed gases behave much like compres-
sed gases and liguids and demonstrates the temperature depen-
dence of adsorption. The early potential theory has been

modified by Goldmann and Polanyi (33) and by others (34,32).

A polarization theory offered by de Boer and Zwikker
(35} was also concerned with multi-layers. It attributes
adsorption by ionic adsorbents to the dipoles induced in
nonpolar adsorbate molecules. The induced dipoles in the
first layer induce dipoles in succeeding layers. Polarigza-

tion theory may have produced empirical relationships of
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some use but it is unlikely that the effect of induced di-
poles even in & secon¢ layer could account for sirnificant

adsorption (32,36).

Capillary Condencation

Capillary condencation thecry was put forward in its
original form by Zsigmondy (37). It was long known that when
a capillary is immersed in a liquid that wets its walls, the
liquid rises in the capillary and forms a meniscus which is
concave towards the vapour phase. The vapour pressure over
the meniscus is lower than the normal vapour pressure of the
liquid by an amount equal to the pressure exerted by the
column of liquid in the capillary. The lowering of vapour
pressure in a2 cylindrical capillary is given by the well known

equation (38)

1n p/p,. = - 2=V cos 6
© rRT
where p is the equilibrium pressure, p, is the normal vapour
presgsure, o 1is the surface tension, V is the molecular volume
of the liquid at temperature T, 6 is the angle of wetting,
R is the gas constant and r is the radius of the capillary.
Zsigmondy assumed that in small capillaries condensation takes

place at pressures considerably lower than the normal vapour

pressure.

e
licGavack and Patrick (39) belived that the use of the

Kelvin equation down to pore diameters of molecular magnitude



was not justified and hence the volume of liquid condenced
in the capillaries at the relative pressure p/p0 should be
used inctead of the volume of the gas adsorbed at pressure
p. Capillary condensation plays an important role at higher

pressures.

Later Developments

Later work has been concentratec on efforts to des-
cribe adsorption in terms of isotherms and to analyse dif-
ferent types of such isotherms. The equations developed
give curves that closely approximate the contours of the
isotherms throughout a wide range of pressure. 1In recent
years the best known and most widely used of the multilayer
adsorption thecries is that developed by Brunauer, Emmett
and Teller and now knovm as the BET theory (36). It was the
first theory that attempted to describe more than one of the
five types of isotherms. The BET theory was subsequently
extended by Brunauer, Deming, Deming and Teller (15). 1In the
extended form of the theory, all five types may be derived

as special cases.

The BET theory: The BET multimclecular theory (36) is essen-

tially an extension of the Langmuir interpretation of mono-
molecular adsorption. The derivation is based on the same

kinetic picture and the assumption that condensation forces
are the principal forces in physical adsorption. As in the

Langmuir theory, the rate of evaporation of the molecules in



13

the first layer is considered to be equal to the rate of
condencsation on the uncovered surface. It is then similarly
argued tnat tre rate of evaporation from each succeeding
layer is equal to the rate of condencsation on the preceding
layer. A summation is then performed. It is assumed that
the heat of adsorption in each layer, other than the first,
is equal to the heat of liquefaction of the bulk adsorbate
material, i.e., the Vander Waals forces of the adsorbent are
transmitted to the first layer only. Expressions are obtained
for adsorption on a free surface and on a restricted surface.
If it is assumed that on a free surface an infirite number
of layers may be adscrbed, the BET isotherm equation can be

derived:

p 1 s (c~-1)p

V(po—p) Ve V.e-p,

where V is the total volume adsorbed at the measured pressure,
p; Vp is the volume adsorbed in the monolayer; p, is the satu-
ration pressure of the adsorbate gas; and ¢ is a constant
related exponentially to the heat of adsorption and the heat
of liquefaction of the adsorbate. Because the equation is
linear, a plot of the data within limits will give a straight
line from which the values of the two constants, V, and c, may
be obtained. The derivation of BET equation by a statistical

mechanical approach is discussed by Hill (40).

The BET multilayer theory yields another adsorption

expression if the adsorption is not on a free surface but is



limited in amount by the walls of pores having very small
diameters. When the number of layers on each pore wall is
restricted tc n, then the limited summation leads to the
equation:

L nel
Vmex  1-{n+1)x +nx"

1-x

1+(c—1Jx—cxn+1

where x is the relative pressure, p/po. Tnis general equation

reduces to the Langmuir relationship when n = 1.

Refinements and New Approaches

Several defects in the multilayer theory of Brunauer,
Emmett and Teller have been pointed out by the authors them-
selves and others (41-45). One difficulty is the assumption
that the heat of vaporization is the same for all layers
following the first and is equal to the heat of vaporization
for the bulk liquid., A common subject of criticism is based
on the erroneous belief that the authors did not consider

lateral interaction effects of adsorbed moleculese.

Detailed analysis of adscrption theory by means of
statistical and thermodynamic methods has been undertaken by
Cassie (46), Everett (47), Halsey (48}, Harkins and Jura (49)
and Hill (50). The more rigorous treatments include detailed
consideration of horizontal interaction effects. Huttig {51,
52) proposed an adsorption theory which was somewhat similar

to the BET theory (36, 53). The principal point of difference



between the BET and Hﬁttig theories is that the Huttgg
theory holds that molecules covered by succeeding layers
may evaporate with the same facility as exposed mclecules.

The huttig equation can be written in the form:

x(1+x) _ 1

Vv Vmc o

<3 I

where the various terms have the same meaning as for the
BET equation. According to nill (40), thne Huttig deriva-
tion (52) contains all the shortcomings that can be attri-
tuted to the derivation of the BET equation plus a few

additional ones.

Hill (5%5,56) has developed his statistical mechanical
treatment in part by careful consideration of the horizontal
interactions of the adsorbed molecules in the monolayer.
Cassell has also considered horizontal interactions in a
thermodynamic development of adsorption theory (59). Specific

application of thermodynamic functions has been discussed

by Hill, Emmett and Joyner (57) and Kemball et al (58).

Refinements of the BET theory as well as independent
derivations of adsorption isotherm equations have been
presented by Halsey (60,61) and by Frenkel (62). These
argument s involve the concept of cooperative adsorption which
implies that adsorbate molecules influence each other during

the adsorption process (63).
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Isotherm equations developed by Harkins and Jura
(64,65) are closely related in certain respects to those
derived by halsey (60). harkins and Jura, in developing
their thermodynamic theory, observed an analogy between the
relationship for monomolecular films on water and those for
the physical adsorption of gases on solids. Similar obser-
vations have been presented by Gregg and KMaggs (66). The

followine isotherm equation was derived:
2
log p/p, = B - A/V

where V is the volume of gas adsorted at the measured pres-
sure, p, P, is the catuwration pressure, and A and B are

constants.

Other Contributions

Anderson and Hall (67,68) have endeavoured to correct
the BET theory for the difference in free energy of adsorption
for the second and succeeding layers and of liquefaction of
the bulk material. Pickett (69) has dealt with the multi-
layer adsorption concept in the high pressure region. Carman
and Raal (70) have argued that capillary condensation cannot
be ignored and must be considered along with multilayer
phenomenon. A'dual surface adsorption theory' has been
offered by Walker and Zettlemoyer (71,72). Pierce and Smith
have alsoc criticised the BET theory to its application to

systems having sumall pores anc¢ large areas (73—75).Experiments



tending to support the application of the BET theory to

small pore systems have been presented by Johnson and Ries

(761.

A new approach to a theory for physical adsorption
has been proposed independently by Wheeler (77,78) and Ono
(79). Liscussions of the BET theory and its modifications

have been presented by Keenan (80,81) and Cook (82).

W
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CHAPTER TI

EARLIER AND PROPOSED WORK




Sorption-desorption Hysteresis

sdsorption, in the ideal case, is a reversible process;
the amount adsorbed at a given pressure ic independent of the

way the equilibrium has been approached, i.e., by adding the

gas or vapour to the adsorbent (sorption) or by subtracting
the gas or vapour from it {desorption). In practice, however,
the sorption and desorption curves frequently do not coincide
and this phenomenon of the non-coincidence of sorption and
desorption curves is known as "Hysteresis'. The loop formed
by sorption and desorption curves is known as the hysteresis
lcop. 1t follows from the study of hysteresis loop that the
adsorkent retains for the same vapour pressure, more of the
adsorbate during desorption than during sorption (Figure 1).
If the difference between sorption and desorption curves is
reproducible, the hysteresis is said to be reversible, if the
dif ference is temporary, the nysteresis is irreversible. In

physical adsorption hysteresis is usually reversible.

Sorption-desorption hysteresis, which has been estab-~
lished to be real and reproducible, is a puzzling phenomenon.
The exact cause 0f this phenomenon has still remained a vexed
and unsolved problem for which there is still no gererally
accepted explandtion though a number of fruitful suggestions
have been put forward to explain the difference which exists

between the states of adsorbate along the two sides of the

nysteresis lcop.
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‘1558 of Sorotion-desorntion hysteresis

Since the relative pressure corresponding to a given
acsorption is lower alonr the cesorption trancn, it follows,
on general thermodynamic grounds that tne chemical potential
of the adsorbate is likewise lower; the desorption tranch is
accordingly more likely to correspond to a condition of true
equilitrium. Tnere have been a number of attempts to explain
tne difference which obviously exists between the state of
tue adsorbate along the twe side of the loop. The earlier
attempt at an explanation was that by Zsigmondy (1), who
explained hysteresis in terms of a difference of contact
angle during adsorption and desorption. later developments
of capillary condensation hypotheslis ascribed hysteresis
essentially to some difference between the mechanisms of
adsorption and desorption. Cohan (2), and independently
Coelingh (3), reverted to the view that capillary condensa-
tion occurred along toth branches of the loop, and explained
hysteresis in terms of the different shape of the meniscus
during adsorption and desorption respectively. Along the
desorption branch the Kelvin mechanism is assumed - the
meniscus being hemicspherical - but along the adsorption
branch the meniscus is supposed to be cylindrical in shape,
the pore being open at both ends. In the kraemer-KcBain{l)
theory of hysteresis, a 'bottle neck' pore having a narrow
orifice and a relatively large body is assumed. The differe-

nce lies in the radius of the pores in which condensation and



evaporztion respectively occur; the relvin mechanism being

retained for both processec.

aAs pointed out earlier, no mechanism nas so far been
proposed that fite all the experimental data. Theories that
nave been advanced to explain sorption-desorntion hysteresis
are based on capillary cendensation wnich ies jcverned by the

well known helvin equation (5).

-

1n p/po _— ;EE cos &

where, Py = ncrmal vapour pressure
p = observed pressure
V == molar volume of the adsorbate

= curface tension of the adsorbate

G
1

= radius cf the capillary
= gas constant

= gbsolute temperature

a B X
!

= angle of wetting.

The incomplete wetting theory

Zsigmondy assumed that during adsorption, the vapour
does not wet the walls of the adsorbent completely and hence
angle of wetting © is not gero. The equilitrium pressure

will be given by the Kelvin equation (5]

in pa/po e 2V cos € )

vl
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wnere . is tue observed prescsure on the adsorption branch
of the curve and otner symbole waving the usual meaning. He
also emphasicsed tnat incomplete wetting was caused by the
impurities, mostly air, adsorbed on tne walls c¢f the capil-
lary. hAs the pressure is raised, these impurities get dis-
placed by the adsorbate anc finally at saturation pressure
complete wetting takes place, thereby giving zerc wetting
angle, i.e.,

1 ... « g
n pd/po — (1i)

hence, on comparing equations (i) and (ii)

This indicates that pressure along adsorption branch is
greater tnan that along desorption branch thus, accounting

for hysteresis.

Zsigmondy's interpretaticn, which would apply only to
irreversible hysteresis, was subsequently disapproved by the

work of Rao and coworkers (56-69).

Ink bottle or cavity theory

The ink bottle or cavity theory was suggested by
Kraemer (6) and developed by McBain (4J), Katz (7) and Rao (8).
A cavity is a capillary with a narrow neck like an ink bottle

(Figure 2). A cavity may have two or more necks. During



FIG2 INK BOTTLE PORES:



ecrption, neck or necks ~et filled up with the liquid and

the liquid meniscus advances into the interior of the cavity
as tae vapour pressure increases until the cavity is comple-
tely filled. Durine desorction, tne cavity remains filled
untili the vapour pressure is lowered than tne value corres-
ponding to the neck radius when the cavity is suddenly emptied.
Thus, the process of filling (sorption) is progressive and
emptying (desorption) is sudden and abrurt. The two proces-
seg are not identical, certain amount of sorbate Is entrapped
in the cavity during desorption wuicn accounts for hysteresis.

athematically, on adsorption sicde

ln p /p = -
4" "0 ry, . RT

where Iy is the radius of the body and all other symbols

have their usual meaning (5 ). Cn desorption side,

2Ve (i
rn.RT

ln pd/po = =

where r, 1is thie radius of the pore.

Since Py is smaller than Ty pa > pd. Thus,

accounting for hysteresis.

In addition to the cavities which are present mainly
in the interior of the porous adsorbent, there are also V
shaped pores, present mostly on the surface. According to

'ink bottle' hypothesis, V shaped pores oriented with their



large copenings to the surface would nct exhibit nysteresis

because the filling and emptying of these pores are rever-

sible.

The argument was developed further by Barrer et al
(9}, trey associated hysteresis with re-entrant angles within
the pores, i.e., spheroidal cavities or ink bottles, but not
with V-shaped pores. They also emphasized that hysteresis
can arise from causes other than capillary condensation, i.e.,

structural changes in the adsortent.

The 'ink bottle' or cavity theory of hysteresis has
been succeseful in explaining reversible hysteresis and the
phenomenon associated with it such as disappearance, drift,
scanning and permanence. However, it can explain all cases
of hysteresis in a qualitative way. OSo far, no quantitative

formulation of the theory has been made by anybody.

Cohan's theory

Cohan ( 2) explained hysteresis in terms of the dif-
ferent shapes of the meniscus during sorption and desorption.
Cohan formulated his theory with Foster's idea (10) that a
delay in the formation of meniscus during adsorption iS res-
ponsible for the phenomena of hysteresis. Cohan assumed that
the shape of the meniscus bteing hemispherical in desorption
and cylindrical in shape, pore being open at both side, during

sorption., In desorption Kelvin's equation of evaporation of



n

liquid from capillary is assumed but in sorption a cylindrical
film of liquid is first formed and next the capillary is filled
wvith liquid as the pressure increasés. Assuming this mecha-
nism, Cohan has shown that for a capillary of particular radius,
capillary condensation along tie sorption branch occurs at a
hich relative vapour pressure tnan capillary evaporation along
the desorption branch; thus accounting for 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 adsorbtant.

Enderby (11,12) and Everett et al (13-16) attributed
hysteresis to the existence of a very large number of inde-
pencent domains in a system and at least some of which can

exist in meta stable states.

Summing up, the ink bottle theory has been successful
in explaining the hysteresis effect and all its allied pheno-
menon but the theory accounts for all the phenomenon in a
qualitative way. A quantitative formulation of the theory
would be probably difficult, because it involves information
about the number, shape, size, the neck and body diameter of

the cavity in any system.

Classification of hysteresis loops

Barrer et al (9) discussed various shapes of capillaries
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and their influence on the form of the sorption and desorption.
But ceBoer (17) nhas adopted the reverse procedure and classi-

fied nysteresis loops into five typical categories (Figure 3}.

Type (A} Both adsorption and desorption branches are

steep 2t intermediate relative pressures.

(B) The adsorption branch is steep at saturation
pressure, the desorption branch at intermediate

relative pressures.

(C) The adsorption branci is steep at intermediate
relative pressures, the desorption branch is

sioping.

(D} The adsorption branch is steep at saturation

pressure, the desorption branch is sloping.

(E) The adsorption branch has a sloping chnaracter,
the desorption branch is steep at intermediate

relative pressures.

Earlier work

£

The classical researches Van Bemmelen (18), Zsigmondy
et al (1) and Andersoen (19} revealed the existence of hystere-
sig effect in sorption of water by gels and Jjellies. Gustaver
(20) and Coolidge (21,22} showed the presence of hysteresis

wvith charcoal. Winning and Williams (23) nave shown that
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gilyptal resins exhibitecd hysteresis in sorption of organic
vapours. ohiels (24-26) has reported the complete absence

of hysteresis effect in the sorption of sulphur dioxide on
platinised asbestos, whereas in the sorption of sulrhur
dioxide on platinum black, hysteresis was observed. i‘urther,
working with active charcoal in the sorption of sulpnur
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 was important in considering hyste~

resis effect.

b.cGavack ané Patrik (27} obtained the hysteresis effect
in the sorption of sulphur-dioxide on silica gel, whereas,
on keeping the gel over night in contact with sulphur dioxide,
subgequent sorptions and descrption showed no hysteresis.
Richardson (28) has shown that the hysteresis in coconut
cnarcoal~carbton dioxicde system disappeared at temperatures

0
above 55 C.

King and Lawson (29) observed hysteresis effect in the
sorption of heavy water on charcoal. The hysteresis effect
was attributed to rise in pressure of evacuation during studies.
McBain and Fergussion (30} also noticed hysteresis effect in
the sorption of water vapour on Gatton stone. Burrage (31)
studied the sorption of carbon tetrachloride, methyl alcohol,

ethyl alcohol, propyl alcohol and rormic acid on charcoal and
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ottained hysteresis effects in all cases. LFoster (32)
obtained the reproducible hysteresis loops on tne sorption.
of methyl alcohol and ethyl alcohol on silica gel. Whereas
Pidren (23) obttained hysteresis effect only in case of water
while studying the sorption of water, benzene and ethyl alco-

hol on silica gel.

Allmand and coworkers (34) provided strong evidences
for the fundamental nature of the phenomenon and estabtlished,
bevond doubt, the reality of the phenomena. While studying
the sorption of vapours of water, ethyl alcohol and benzene
on gels of silica and ferric oxide, Lambert and Foster (35)
shiowed that hysteresis effect was real and it persisted even

after drastic degassing of the gel surface.

Urquhart and coworkers (36-40) reported the hysteresis
effect on the sorption of water on cellulose. Sheppard and
Newsome (L1) on the other hand observed that the hysteresis
loop becoming smaller in three consecutive sorptions and
desorptions in the study of water sorption on celiulose and
its derivatives. They stated that yet there is no complete
explanaticn of the hysteresis effect. Wahba and Nashed (42)
have also noticed that the adsorption regain and hysteresis
effect becoming smaller in successive sorption-desorption
cycles. According to their interpretation of hysteresis,
the water molecules are more tightly held on the desorption

side, eo that the vapour pressure on the desorption side is
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lower than tnat on the adsorption side, for tne same amount

of water adsorbed.

Seborg (43} studied the hysteresis in water sorption
ty paper making materials and attributed hysteresis to some
physical or molecular cnaracteristic of cellulose molecule
connected witih sorption mechanism. Walker and Collaborators
{44) studied the influence of air on nysteresis of water vapour
sorption on cellulose. Recently, Rao and Das (45) have studied
tne influence of variety of the adsorbent on the sorption-
desorption hysteresis with water vapour. Carman and Raal(46),
riselev (47), Zwietering (48) and Barrer (49) have studied
the efrfect of compaction of the adsorbent on hysteresis but

the most appropriate explanation was provided by Thorp (50).

Jeffries (51) has reported hysteresis effect in the
sorption of water vapour on cellulose anc eight other textile
polymers below and above 100°C. The main object of Jeffrie's
work was to find a treatment which would stabilise the samples,
i.e., to make them independent of further sorption treatments.
Similar studies with paper have heen reported by houtz and

McClean (52).

Fugassi (53) obtained hysteresie effect in the sorption
of methyl alcohol vapours on cellulose. Barkas (54) obtained
marked hysteresis in cellulose water vapour systems and ex-
plained the hysteresis effect in terms of plastic deformation

of cellulose surface brought about by water vapour during



sorption. Tne work of archner (5%, on tiue sorption of non-
aqueous vapours on cellulose exhitited hysteresise and the
hycsteresis eflect increasecd with increasing vapour pressure

of tlie adsorbate.

altnough, sorption-desorption hysteresis hnas been
obkserved by many investigators in the past, tne status cof
the nhenomenon has teen frequently cnallahged. It was claimed,
for example, that hysteresis arose from éhe presence of impu-
rities on the surface of the adsorbent, tue failure to allow
sufficient time for the attainment of equilibrium, from the
2sn content of the adsorbent, etc. However, by ths extencgive
work of Rao and his school (8,56-69), in India, on a large
nurber of variety of systems, the hysteresis effect has been
estabtlisned to be real and the only satisfactory explanation
for hysteresie and allied phenomenon such as permanence and
reproducibility (56,61,64), drift (56,59), scanning (56,58,
63, 6L) and disappearance (56,57,60,65,67) of hysteresis loop
has been based on the cavity concept (4,6) thus, disapproving

all earlier explanations.

Recently, Bhatia (70,71! and Gupta and Bhatia (72)
reported permanent and reproducible hysteresis in cellulose
and other swelling systems and they have also supported the
cavity theory of hysteresis. A recent private communication
by Mclntosh (73) suggested that the hysteresis of dielectric

values might be related to the presence of water-soluble matter



in the gel but Petrie's examination of ethyl alcohol in

porous glass (74) shows no evicdence of this phenomenon.

Proposed Work

Although, very many major studies ol synthetic polymers,
cellulose, starch, gums and resins with water and organic
liquids as sorbates have been carried out, there are stilil
many aspects, in particular hysteresis and sorption capacity,
which need detalled and systematic investigations. This
thesis, therefore, contains the results obtained in a syste-
matic and detailed study of the following investigations on
which very little or no data are available in literature. It
is expected that szuch studies will furtner enhance the pre-
sent knowledge in the elucidation of the structures of the

porous systems, resins and organic natural colloids.

(1) Studies in sorption-desorption hysteresis with starch

This includes the resultes obtained on a series of sorp-
tions and desorptions of water and organic liguids on starche.
The influence of certain modifications of starch caused by
factors cuch as temperature, dena%uration, compactioﬁ, removal
of fat, swelling, etc., has been studied from the point of
view of hysteresis and sorption capacity. The role of pola--

rity and molecular volume of sorbtate in sorption mechanism

is discussed.
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(2 Sorption-desorption nysteresis witn cellulose and

cellulose derivatives

Letailed sorption-desorption studies of water, zliphatic
normal alcohols and carton tetrachloride on cellulose and some
carefully selected cellulose derivatives have been carried
out. For the first time in this field of research, 'Ink
bottle' or cavity theory mas been applied to explain the per-
manent and reproducible hysteresis effect exhibited by these
systems. The mode of adsorption in the monolayer region,
calculated by the application of BET theory, has also been

investigated.

(3) Sorption-desorption hysteresis in natural gums

Tne natural gums - Karaya, Sudan, Guar and Sandarac
gums have been used in sorption-desorption studies with water
and ethyl alcohol. All the gums show decrease in size and
disappearance of the hysteresis loop on successive sorptions
and desorptions of the sorbate. This behaviour is related
to the structure of gums. The effect of particle size on

sorption mechanism hgs also been investigated.

(4) Studies in sorption-desorption hysteresis in cellex

resins and some other swelling systems

Four cellex resins -~ cellex T, cellex P, cellex B and

cellex D and some other swelling systems - Agar, plantago ovata,



methyl cellulose, etc., heve teen used. All the resins and

the swelling systemns snow decrease in size and disappearance

of hysteresis loop on successive cycles of sorptions and
desorptions of water. The results are explained on the basis
of the cavity theory in conjunction with the properties of
awelling and shrinkage of the resins and other swelling systems.
The BET surface areas are calculated and the applicability of

F-H-H equation is discussed.
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CHAPTER III

EXPERIVMENTAL TECHNIQUE
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Uutrassing

i'or measurement cf adsorption isotherm the adsorbent
snould be in the highest state of purity. It should be free
as far as possible from gases already adsorbed on the surface.
In order to remove previously adsorted gases (especially
water vapour! from the adsorbent surface "outgassing" is con-
sidered to be most essential. Outgassing signifies the expo-
sure of the adsorbent to kigh vacuum. With adsorbent con-
taining fine pores, the process of outgassing is accelerated
by raising the temperature of evacuation. Adsorbentsexposec
to air often hold chemisorbed oxygen, water or carbon dioxide
on their surfaces. The removal of these gases is difficult,
requiring long continued evacuation at high temperatures. Even
sometimes it becomes impossible to get rid of them completely
without permanently injuring the surface of the adsorbent.

For physical adsorption, a vacuum of the order of

&

10"~ torr is in general sufficient while ultra-vacuum, of

the order of 10-10 torr, is necessary for measuring chemi-
sorption with ev@porated metal film adsorbents. Vacuum,

in case of physical adsorption, is generally produced by a
mercury or oil diffusion pump backed by a rotary vacuum pump,

preferably of the gas ballast type. 1f the adsorbent is a

fine powder, it may spurt badly when evacuated and invade
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other parts of the apparatus, and to avold this tne rate of
pumping must te carefully controlled. A small plug of glass
wool may usefully be placed in the neck of the adsorbent

bulb or one may employ one of the various types of special
bulbs {1-3}. To guard against impurities that may get to the
surface of adsorbent from stop cock grease vapour, only those

preases mucst be used which have very low vapour pressures.

The adsorption of gases on solids can be generally
determined ty either the volumetric method or by the gravi-
metric method. Tne former, although simple and versatile,
includes errors cue to dead space, from whicn the gravimetric

method is free.

Volumetric method

This is by far the most usual method of carrying out
adsorption measurements. The adsorbent 1s contained in a
bulb connected to the necessary manometers, pressure gauges,
etc., and after the preliminary outgassing a known quantity
of adsorbate is admitted. The pressure in the dead space is
read when equilibrium is reached, and knowing the volume of
the dead space, the quantity of unadsorbed gas can be calcu-
lated. By subtracting this from the total quantity admitted,
the amount adsorbed can be obtained. The volume of the
dead space 1s best determined in presence of the adsorbent

by a blank experiment in which helium is used instead of the
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adsortate. uwelium is assumed to nave negligible adsorption

except at very low temperatures.

Successive admissionsof zas or the vapour are made to
ret the adsorption isotherm, successive witndrawals will then
zive pointe for gesorption isotherms. after each admission
or withdrawal, successive readings of pressure are taken until
tnere ie no further detectable change. Tnls state is usually

assumed to represent the equilibrium.

The description of various types of apparatus used
for different adsorbates nave been illustrated by Gregg and

Sing (4), Young and Crowell (5) and Brunauer (6).

Gravimetric method

Ir view of the dead space difficulty attached to the
volumetric method, attempts have been made to estimate the
amount adsorbed by direct weighing. There are two methods
to record the increase in weight of the adsorbent. The first
involves the use of an adsorbent bulb (furnished with a tap)
which can be detached from the main apparatus at a ground
glass joint. Errors are liable to arise owing 4o the un-
avoidable use of grease or wax necessary for keeping the joint
vacvum tight and the consequent variation in the residual
amounts of such grease left on at successive weighings. The
other method involves the use of quartz fibre spring balance

which was first introduced by NcBain and Bakr (7) into studies
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in sorption. It consists essentially ol a quartz fibre
spring, on tne end of which is aung a bucket, preferably

of platinum, containing tne adsorbent, and the whole placed
in a glass tube. Increase in weignt are followed by mea-

surins tne increace in the length of the spring.

The Quartz fitre spring balance

Tne quartz [ibre spring technlque was employed in all
tihe investigations presented in this thesis. The helical
quartz fibre spring (Photograph figure 1) ends in two hooks.
The upper hook is attached to a glass spnere which rests on
three hinges at the top of the pyrex glass tube. The lower
hook holds tne bucket that contains tne adsorbent. The balance
is built into a glass tube having a mercury manometer 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 refore starting the experiment.

The quartz fibre springs are extremely delicate and
brittle. A number of techniques for the fabrication of quartz
spirals have been given in the literature (8-10J. These springs
are now available commercially. Some workers recommended
springs of pyrex (11-12), beryllium copper alloy (13,14} and
molybdenum (15) because of easy fabrication but have not
been used probably on account of lack of dimensional stability.
The automatic recording type of apparatus have been discussed

by Hooley {(16]) and Klevens et al (17).
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Advanta-es ana disadvanta-es of sprin. tecunique

.ne sprin; tecnnigue is an excellent instrunent for
stuwiies involvin: = series of successive sorptions and de-
sorptions of the vapour of a liquid on tne same sample of
the adsorbent in vacuum. wmeasurements witu the spring balance
is quick and extracrdinarily simple. The Quartz springs
can be used at moderately high temperatures as its elastic
coefficient is not affected. It is non-corrodible by most
of the organic liquids and its sorptive capacities for the

same is negligibly small.

The spring balance is very handy for determining the

adsorption of vapours at high pressures (18/. It is very

useful in comparative studies because a number of balance
tubes can be connected to the same manometer and the adsorp-

tive preperties of several solids measured under identical

conditions (19,20).

The main disadvantzge of the technique 1is bioyancy

correction at high pressure (21); but at low pressures the

correction is very small. Another disadvantage of the balance

is that if it ig desired to carry a large total load on the

spring, it is necessary to increase the diameter of the quartsz
fibre, in which case the sensitivity is correspondingly dimi-

nished unless the number of turns of the spring is made

inordinately great.






Air thermostat for constant temperature

I'ne maintenance of a constant temperature is necessary

in tue study of sorption-desorption hysteresis. This can be

acnieved by keeping the sorption apparatus in a thermostat.

In tue present studies an air tnermostat was constructed simi-
lar to one built ty Vernon (22) and is shown in the photograph

Figure 2. The thermostat chamber was built of wooden frame

and glaes panels. 1t was fitted in a wooden table. Tne ex-

ternal dimension of the chamter are 96" long, 39" wide and

L,3" nigh. The four door {two in the front and two in the

rear | open by sliding vertically upwards.

The working floor is provided by a rectangular wooden

platZform placed 3" above the base of the chamber. Between

the ends of the platCform and the walls c¢f the chamber there

is a gap of about 6. To facilitate free and contlnuous cir-

culation of air inside the chamber by the electric fans, two

square noles, 9" apart and 4% edge are provided in the middle

of the platform.

The four bladed fans are kept on brackets, one at each

ond of the thermostat, and the two facing each other. The

heating lamps &re of the usual tungsten filament type. They

are grranged in two groups of four, each group being disposed

3ymmetrically in a circular wooden frame, 15" in diameter and

~urpended from the roof in front of the fans. The centre of

tpe trame is in line with the centre of the fans. In each set
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of lamps only two horizontal lamps are connecteg by the relays,
the other two are auxiliary lamps operated upon by switchesg

outside. The heating capacity of the four controlleq lampsg
is arranged according to the outside temperature. 1Ip cold

weather, the lamps are replaced by nichrome wire heaters.

The two operating streams of air originate from the fans.
After passing over the heating elements, they meet in the middle
of the thermostat where the toluene thermoregulator is fixeq
and then pass down. 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. The

air in each half of the thermostat isg thus thoroughly stirreq.

The thermoregulator consists of a4 network of Pyrex glass
tube, 1.2 cm bore. It is filled with toluene. The open ang
is fitted with mercury ending in a capillary in which the elecy
trical contact is made with the platinun wire. The heating
elements are controlled by the thermoregulator through an
electronic relay. The thermoregulator is suspendeg (23} from
the roof of the chamber, so that it is in the middle of the

thermostat and directly in front of the two fang,

The temperature of the thermostat was maintained at
35°C in all the present investigations., The constancy
of temperature 1in different portions inside the ther-
mostat was measured by means of 5 sensitive thermometer
and was found to be 35 T 0,059 The papiogs of heating ang

cooling were adjusted to be approximately equal. The chambep
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i iliucinated oy bulbs kept at the ceiling &nd rear of the

cphanler. in suiners, the temperature of the room was brought

doun witi tue 2id of » room cooler. The foulin~ of mercury

inzice tne mercury capillary owinr tc electric spark was

rrevented 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. 1Interchangeable ground glass

joints were used. Tne apparatus consists of a pyrex tube

41C" in length and o1 in diameter. At the bottom of 1t is

connected a bulb for the adsorbate with a B-10 ground glass

joint and a B-1¢ high vacuum stop cock. A U-tube mercury

manometer is connected to the sorption apparatus with B-1C

sround glass joint. Just on the opposite side of it a B-19

stop cock connects the apparatus to vacuum line. To the upper
and cf the tube a B-50 ground glass jolnt is joined, thazre

are three projections on which the glass sphere support for

the spring rests.

v i

The manometer +ube had a bore diameter or 1.2 cm. The

mercury used in the mancmeter was purified by first passing
.+ through a 10% nitric acid in l.eyer's column, then distilling
ipn air and finally distiliing in vacuuu.
A 'speedy vac' hieh vacuum pump which produces a pressure

of 10'2 mm was UuseG. For sealing the ground glass joints the
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sornin~ eilicone i “u vacuum rease was usea. fressure
readin = anc¢ elongation of the quartz helix were determined
witu ccthetometer, reading correct to C.C1 mm. Quartsz

filre sprinecs used in tnese studies had sensitivities ranging
from 2v to L5 cm of stretch per gram of load. The springs
were obtained from i./c British Thermal fyndicate, lLondon. The
huckets to nold the sortent were made out of pyrex glass

according tc the methoc of Cameron (24).

Calibration of Quartz fitre spring balance

Pirst the spring balance was calibrated by adding and

removing known weights and measuring the corresponding exten-

sion of the spring. The spring balance was kept insice the

air thermostat at 35°C. The results of calibration of a spring

of the following specifications have been presented.

paximum load 1.0 gm.
Extension 28.8 cm.

Sensitivity 25.1 cm/gm.
Tphe observed and cealculated stretch for the dimenecions
are shown uncer:

Weight of the bucket = 0.18950 gm.

Tnitial length of the 5
gpring with bucket = 3.603 cni.
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. _ - Streteh
eirnt in gms. Cbserved Cbserved Calculated
length in cm for stretch in
in cms. 0.05 gm. cm for 0.0% gm.,
hile adding 0.05 L.8 £
welshts i hess i
0+10 6.1C9 1.25L 1.255
0.5 7.352 1.253 1.255
nile removing
weights 0.10 6113 1.257 14255
0.058 L.858 14255 1 4255

L4

The above results show that spring obeys Hook's Law.

Sorption-desorption procedure

The sorption tube was tnoroughly evacuated and then

kept for about a month for vacuum tightness. During this
i

period there was no measurable variaticon in the manometer

readings, thus ensuring complete vacuum tightness of the

sorption apparatus.

Double distilled water was taken in the bulb and made

air free by allowing it to evaporate in vacuum for an hour

The vapourrs of water were allowed into the tube having spring
with bucket tO see whether there is any measurable adsorpticn
cf water vapour on the spring and bucket. Negligible variation
in the length of the spring was noticed even after the vapour

n contact with spring for about 2 month, thus showing

was 1



tne absence of measurable adsorption of water vapour on the

quartz spring.

Tne cpring with bucket was placed inside the tube.

The length of the spring was measured using a reference
rod (25). The reference rod, which is a glass fibre suspended

within the spring coils from the same hook from which the

spring is suspended, simplifies the manipulation of the cathe-

tometer by reducing the distance between the fixed end and

the moving end of the epring to be measured in each reading.

Next, the spring is taken out, the bucket is filled with the

adsorbent and spring is placed again inside the tube. The

upper end of the sorption tube was covered with the ground

glass stopper and the system was thoroughly evacuated. After

evacuation the pump was dicsconnected from the sorption appa-

ratus by closing the stop cock. The spring reading and the

zero pressure reading of the manometer were taken with the

cathetometer. Next, the lower stop cock was slightly opened

and small quantity of the vapour of the air free liquid was

introduced. ifter the equilibrium was reached, the pressure

aifference on the manometer and spring extension were noted.

gimilarly at different equilibrium pressures, corresponding

~tretcnes were noted till saturation pressure reached. The

give sorption curves. After the saturation is reached
J

readings
the lower stoP cock was closed and a small amount of vapour was
removed from the tube by using vacuum pump. Spring length and
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corresponcing pressure was noted after equlibrium was attained.
Tne process is continued until suf ficient number of points on

tr.e cesorption curve is obtained and zero pressure is reached.

Lnowing the stretch of the spring for the evacuated
adsorbent at zero pressure, the percentage of adsorbate taken
or retained can be calculated. By plotting percentage sorption
and desorption, against the corresponding vapour pressure of
+tne adsortate, the sorption and desorption isotherms are ob-

tained. From these, the existence or non-existence of the hys-

teresis effect is cbtained.
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SORPTION OF WATER AND ORGANIC

VAPOURS ON STARCH AT 3590

Abstract

A serieg of sorption-desorption studies, at 35°C, of

water, methyl alcohol, ethyl alcohol, and carbon tetrachloride

vapours have been carried out on starch, employing the quartz

fibre spring technique. The polar sorbates yvielded sigmoid

isotherms with linear hysteresis effect. The hysteresis effect

increases as the molecular weight of the sorbate increases.

The sorptive capacity of starch shows the following trend in

binding these vapours: water > methyl alcohol > ethyl alcohol >

carton tetrachloride. Time-adsorption curves, constructed

for the polar sorbates, showed that the rate of adsorption

follows the order: methyl alcoh01;> ethyl alcohol'> water.

Starch-alcohol systems exhibited the phenomenon of 'bound

alcohol'. The results have been explained in the light of
tcavity theory' of hysteresis and the role of polarity

the

molecular volume of the sorbates in the sorption mecha-

A reasonably good fit for the BET

and

nism has been discussed.

btained for etarch-water and starch-

equation has been O

alcohol systemsSe specific surface area of starch for

met hyl
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the two sorbates and the number of molecules in the mono-

layers have also been calculated.

Introduction

The interaction of adsorbates, particularly water,
with polymers, celluloses, proteins and cereals is different
from that of gel and rutile systems. In the former systems
very strong interaction between the adsorbate and adsorbent

is normally observed. The interaction is so strong that ma jor

changes of structure are normally observed (1). lore informa-
tion about the interaction between sorbed vapours and these

systems may be obtained by the study of simpler systems.

The sorption of adsorbates, particularly water, with
starches has been reported by many workers (2-14), but in
many cases the isotherms are incomplete and the data are

conflicting. Bushuk and Winkler (7} have stucdied the sorp-

tion of water vapour on wheat flour, glutin and starch up

to relative humidity C.85. According to these authors, at

t
higher relative humidies the adsorbents were physically

altered and the sorption was no longer reversible.

Hellmann and Melvin (6) have reported that moisture

sorption by ten corn starches was not affected by origin,
condition, preparatory procedure, method of drying and time
of storage while other investigations (9-13) covering the

sorption of water by starches nave shown that starches of



difl'erent origin vary markedly in sorptive capacity - a
result contrasting with tnat found for raw cellulose, free

from non-cellulosic materials (17).

Sair and Fetzer (4/ have studied the water sorption

by maize ané potato starches. They agreedwith Katg (12)

that water was held by pnysical adsorption between relative

nuridities of 20 and 90%, thus contradicting freeman (&)

who stated thst scrbed water in starchi was in the bound forn.

Ulmen (15) believes that water sorbed by starch was held by

bindins and two unspecified kinds cf association. Winkler

et al (16) from heat of adsorption data found that starch

retaine water by adsorptive forces alone.

Shotton and Hart {18) found that censiderable cakineg
was observed in starch at 75p relative humidity while Bushuk

and Winkler (7) reported that no caking wag observed in

ctarch at 80 - $0% relative humidities. In both cases in-

complete sorptions and desorptions were presented.

The aim of present stucies is to help make good this
deficiency, i.e., to provide complete sorption and desorption

data for many sorbates on starch. These studies were initigted

to gather more information about the nature of interaction of
various pelar and non-polar vapours with starch from the point

of view of hysteresis and time dependence. Among the polar

cortates, water, methyl alcohol and ethyl alconol were studied

while carbon tetrachloride was included as an example of non-

volar sorbates.
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sdsorbent and acsoroates

Starch powder (Schmidt & Derg Hamburg Fu.1 Germany )

was usec as adsorbent in all the experimentes.

Double distilled waters; redistilled methyl alcohol,

R.p.H. (£.R.i; carton tetracnloride, (A.R.J, "Reanal"(Budapest)

and absolute alcohol distilled over fCa metal were used as

sorbates. These sorbates were distilled in an all-glass

apparatus.

Results

The nysteresis loops obtained with water,methyl alco-

hol and ethyl alcohol are presented 1n Figures 1-3.

Starch-water vapour system

Permanent and reproducible hysteresis effect has been
rwidibited by starch-water vapour systenl. The sorption and

decorption studies were continued up to 7th cycle. The loops

obtained in the
The amounts of water taken at saturation pressure

st, 3rd, 6th and 7th cycles are shown in

Figure 1-
of water in cach of these cycles are 32.5, 32.0, 32.0 and

3145 CeCro respectively.

Starchﬂalcohol systems
-—’-"’--..-

Hysteresis loops obtained with methyl and ethyl alcohols
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on ctarcn are presented in Figures 2 ang 3 respectively.
The nature of first cycle of sorption and desorption is
interestings. At the end of the frst cycle stareh retains
"irreversibly" certain amount of alcohol which cannot be

removed even by drastic evacuation for 10 to 12 hours. . rep
Cycle -

tne firstLof sorption and desorption,these systems exhibit

permanent and almost reproducible hysteresis effect. The

amounts of "bound" methyl alcohol and ethyl alcohol are -.o cc .

and 6.6 cc. per 100 grams of starch respectively.

Alth metnyl alcohol, the sorption-desorption studies

were continued up to 6th cycle. The loops of 1st, 2nd, ang

éth cycles are presented in Figure 2. The values at saturation

pressure of methyl alcohol are 26.8, 25.4 and 24.6 ccs res-

pectively. The hysteresis loops obtained with ethyl alcohol

are shown in Figure 3. The amount of ethyl alcohol tgkep ot
saturation pressure of ethyl alcohol in the 1st, 2ng and 6th

cycles are 16.5, 16.3, and 16.4 ccs respectively.

Starcn-carbon tetrachloride system

With carbon tetrachloride, sorption-desorption studies

were continued up to 3rd cycle. It was not possible to obtain

accurate data for aisorption of carbon tetrachloride with thisg

technique owing to very low sorptive capacity of starep for

this sorbate. The sorption capacities in the 1st, 2nd ang

3rd CyCleS are 0.3, 0.3 and 0.2 ccs per 100 gms. of starch.
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The sorptive capacities of starch at saturation pres-

cure for cifferent sorbates are summarized in Table 1.

Table I

Sorptive capacities of starch for c¢ifferent sorbates.

Sorptive capacity

Sorbate cc/100 g.
ietnyl alcohol 2.6
Ethyl alcohol 16.4

D2

Carton tetrachloride

Time-adsorption Cwves

1ike other organo gels swells when it sorbs

Starcn,
water. In all the swelling systems water sorption is a slow
process. Incomplete equilibrium during sorption and desorption

can cause hysteresis. To eliminate this,sufficient time was

allowed till equilibrium is attained. Figure 4 compares the

time-adsorption curves for the adsorption of water, methyl

alcohol and ethyl alcohol vapours at 35°C. The rate curves

reveal that under similar experimental conditions, methyl

alcohol is adsorbed on starch much faster than either ethyl

alcohol or water.



Liscussion

Snaracteristics of sorption isotherms

The sorption isotherms, plotted in the standard manner
b

for water, methyl alcohol and ethyl alcohol on starch, at 350¢

are essentiaily sigmoid in shape, althougn the isotherms for

cv
ethyl alcohol show little concavity to thne pressure axis in the
low pressure region. The sigmoid shape is characterized by
(1) an iritial region con-

three relatively distinct regions:

(2) an intermediate almost linear region

cave to pressure axis,
and (3} a final region convex Lo pressure axis. Bxcept ethyl

slcohol, the other two sor
The low concavity of tne sorption isotherm of

bates exhibit these three regions

gquite clearly.
hol to the pressure axis,
t that some of the corption sites are

etnyl alco at low relative pressure,
may be due to tne fac
inaccessible because of the large molecular volume of the

sorbate .

The extent of sorption of carbon tetrachleride is too
small to Show up the characteristics of the i sotherms obtained
her sorbates. There ie also a possibility that tie

carbon

with ot
e might represent a chemicali interaction of

carbon tetrachlorid

de with some components of starch rather than sorption

tetrachlori

tion hysteresis

Sorption—QEEQEE
In addition to the sigmoid shape, the polar sorbates

he linear hysteresis effect, i.e., the hysteresis

exhibit U
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loor extending over the entire pressure range.,

Larlier, investigations of the series of sorptions
ancé desorptions ol water vapour on preteins (19), gums(20)
andé cereals (21) nave revealed tne common pnenomena of the
disappearance of the hysteresis lcop initially exhnibited.
Tne disappearance of the nysteresis loop has successfully
been explained on the basis of cavity theory (22,23) of
hysteresis by the following: the organc colloid swells on the
imbibition of water, the cavities collavse, the entrapping

effect is lost, and the hysteresis disappears.

In the present studies, starch has exhibited permanent
hysteresis loops with different sorbates. The size ¢f the

hysteresis loops shows the following trend:
Ethyl alcohc::l} Fethyl alcohol) Water.,

The different behaviour shown by starch may be attributed

to the rigidness of the molecular structure of starch.

structure of starch

Starch ic known to be composed of two types cf mole-
cules, one, amylose consisting of.linear chains of -glucose
units, counnected at 1 and 4 positions by oxygen bridges and
the other type amylepectin, is similar except that there are
frequent branches. Rudle (24) from X-ray data suggested the

structure of starchn in terms of a unit cell, through which
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Pass lour extended wolecular chains witn extension of 10,4 2
Fer twe _lucose resicues. Tihe extenczion, whicy ig ereater
taen trat present in cellulose (10.3 4), suprests that it would
te rmpossibtle for the ~lucose residues to Lave tuie pPuckered
arranTement of rin; atoms. It is bossible, nowever, that
‘he rin: atcms have the loat form of the structure with carbon
3> and oxygen atom £ in the median rlane of the boat. Another
poesibility (25/ in apparent confirmity with A~ray data isg
that there are only two molecular chains pascsing throuen each
unit, each chain being coiled nelically, with about four glu-

cose residues per turn in a hydrogen bonced structure.

nxplanation of sorption-desorption hysteresis

In the natural state, starch exists in the form of
discrete microscopic granules, held together by extendeg
helically coiled miceller network of associated moleculesg,
The network possesses submicroscopic ¢racks and cavitiesg as
cemonstrated by Whistler et al (26) under slectron micro-
scope. Ir the light o. cavity theory of hysteresis these

cavities are responsible for the effect.

During sorption, the filling of cavities is progressive
and proceeds from the neck to the body of the cavity. 4t the
end of each sorption, starch swells with the sorbate taken
up at saturation pressure anc the network of starch expands.

The extent of swelling depends on the accessibility of the
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.10 cites to tue sortate nolecu.es. Lurin desorption,
tne ollen sortent surinke. lne cavities entrap tne sortate
wolecules ~id cause Lysteresis. Tre rocess of entrapping
ie sucden anc airupt. At the end of eacy desorption, the
a2 twork ou s.arch shrinks but does not codllapse. It appears
to (e ri:.id tut elastic, thus accounting for reproducible

uysteresis elfect.

The increase in the =size of hysteresis loops with in-
ereasing molecular volume follows directly from the assumption
that the hysteresis is due to physical trappins of the mole-
cules within the adsorbent. The c=ame degree of snrinkage ‘
would produce a sreater effect with the larger sorbate mole-
cules. Also, for the polar sorbates, the molecular volune
and dipole moment seem to be main factors upon which the ex-
tent of sorption depends; the dipole moments (27) and the
molar volumes for the four sorbates are given i~ Table II to
facilitate discussion of results on the basis 51 these two
physical properties. The sorptive capacities of starch for

these sorbates are also presented in the last column.

Table IT
Dipole moments, molar volumes and sorption cavacities of water,

methyl alcohol, Ethyl alcohol and carbon tetrachloride,
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gl TR Bl S
cc§1gétg.
ter 1.67 16.79 31.5
wethyl aicohol 1.69 L2 . Th 2L.6
Lthyl a2lcohol 1.70 62.28 164

Carton tetrachloride 0.00 103 .11 00.20

volecular weight/density at boiling point.

It seems apparent that once the sorbate moliecules reach the

sorption sites, t ne number of molecules tunat can be accommo-

dated witnin the region of influence surrounding the sorption

cites (1.-. extent of adsorption) would be dependent upon
The effect of molar volume ie exhibited

the molecular volume .

particularly by the isotherme of two alcohols. The two alcohcls
jally the same polarity but giffer markedly in their

have essent
sorption capacities, SO the decrease in the extent of sorption

may be attributed to &n increase in the molar volume.

sound ¢ iecnol

g the end of the firet cycle of sorption and desorption
?

irreversibly retains small amount of the sorbate alcohol.

_:'t,.fg[‘(‘ln
£ bound methyl and ethyl alcohols are 3.2 and

The amount ©

ner 100 gm. of starch. The alcohol appears to have

n the fine pOres and interstices of starch without

6.6 cc-

been agsorbed 1
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crnan~ings tne outer surface or the cavity volume of starch

Applicability of BET equation

Lxcepting ethyl alcohol, the sorption isotherms of
polar sorbates yieldea sigmoic isotherms saowing clearly
defined "knees". According to BET, theory (28) the knee
signifies the transition from monomolecular to multimolecular
adsorption. The BiT-equation has been applied to isotherms

of water and methyl alcohol (Table III).

Table III

BET plots for tne sorption of water and methyl alcchol on starch

Adsorption P

Relative vapour pressure _
p/ P x cc/g x(p,-p)
Water
0.024 0.013 1.89
0.052 0.024 Ra27
0.072 0.030 2.59
0.120 0,042 3.28
Methyl alcohol
C.C2L 0.046 0.5,
0.C48 0.062 0.82
0.097 0,080 1.3,
0. 121 0.090 1.53
0.100 2.04

0.169
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The BET plots yielded stralght lines (Figure 5).
From the slope and intercept of the lines,the monolayer
capacity X, has been calculated. The value of monolayer

capacity was also read out directly from the isotherms with

d this is denoted by x,. The

reasonable accuracy (30,31) an ”

values of monolayer capacities xj and Xg for the two sorbates

and the relative vapour pressures at which the monolayers are

fully formed are presented in Table IV.

Table IV

Monolayer capacities Xp and xg in g. per g-. of sorbent and

the corresponding relative vapour pressures:-

Sorbate X Xg p/'po
e e ——
0.097 0.100 0.194 |

Methyl alcohol

The agreement is good between the values of x_ and

This illustrates the success of the mathematical form
xge

of BET theory of sorption.

Knowing the monolayer capacity and the molecular

weight of the sorbate, the total number of alcohol molecules

(N ) contained in the monolayer on the surface of one gram
0

of starch can be calculated by the expression:

Xpe N

Ng = —;F-



~J
)

wiere v is tne averadro's number.

The total number of water and methyl alconol molecules
b

contained in the nonolayer are presentea in Tacle v.

Table V

Total nunber of molecules of water and methyl alcohol contained

in tne monolayer.

1-101-.7 wt . lionolayer No. of molecule
Sorbate ki capacity Ng
x
m
Water 18 0.060 20.1 x 1020
32 0.057 18.9 % 16°°

Jethyl alcohol

Tatle V reveals that the number of molecules in the monolayer

ses as the molecular weight of tne sorbate increases.

decres

urface areé of starch

Specific s

From the monolayer capacity, the specific surface area

of the sorbent can be calculated according to tne following

equation (31}
S ' . w":b
:_; = T"‘I-I'n.“,n-o1[.‘

where, S = Specific surface in mzfgm. of <orbent

_ tonolayer in g of gsorbate/gm. of sorbent,

M = liolecular weight of sorbate,



Lo A0 )
J« )

= avegadro's No.

~olecular Cross-section of the sorbate molecules.,

ir ~ase of methyl alecohol sorption, the specific surfa..
of starch depends upon the mode of adsorption. Aseuming the
alcohol molecules to be spherical (Ap = 21.2 A') the specirie
surface comes out tc be 333k mz/gm. This value ig higher

than that obtained from water sorption. There can also be g

oseibillity i2ntec adsorption if the molecules are consi -

dered linear. In that case, the adsorbed molecules can be held
eitner perpendicular or parallel to the surface of ppe adsorbent .
Knowing the cross-section and the drea of the gide (32} tne
specific surface is calculated and found to be 3782 m2/gm and
390.7 m</gm respectively. Each of these values ig hicher than
the value obtained from water sorption, However, irf Am for water
is arbitrary adjusted to 14.8 82, =5 suggested by Harkings ang
Jura {33), the specific surface of starch comes out to pe
203.4 m?/gm, which is in moderately good agreement with the
value obtained for methyl alcohol sorption, considering the

methyl alcohol molecules as spherical.



PART II

INFLUENCE OF CERTAIN MODIFICATIONS OF STARGCH ON ITs

SORPTIVE PROPERTIES WITH WATER VAPOUR
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1..7LULLCE L& CURTALN (CDIFICATIONS CF STARCH ON ITS

SCRPTIVE PRUPERTITS WITH WATER VAPGUR

Abstract

series of sorption and desorption icotnerms, at

2600 ¢f water vapour nave been carried cut on modified starcn,

employing the quartz fibre spring technique. The 1nfluence

of certain modifications caused by factors sucnh as temperature,

denaturation, compaction, removal of fat, swelling, etc., has

been studied from the point of view of hysteresis and sorption

capacity. Unmodified and neat treated starch exhibited perma-

nent hysteresis extending over tne entire pressure range while

denatured and compacted starch showed hysteresis only in the

lower pressure region. In case of defatted and aqueous swollen

etarcn no hysteresis was observed. These interesting results

pnave been explained 1o the light of 'cavity theory' of hysteresis

in conjunction with the nature of changes broughit about by such

modificationse

Lﬂlggigction

The sinteraction of adsorbates, particularly water, with

starch has neen reported by many workers over the past thirty
years (2-14) but in many cases the isotherms are incomplete

e data are conflicting. Recently, Gupta and Bhatia (34)

and th

~tudied complete sorptions and desorptions of water and organic
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1../LUBWCE (r' CWRTAIL L.CUIFICATICHKS CF STARCH ON ITS

SURPTIVE PRCPERTITS WITH WATER VAPOUR

Abstract

s series of sorption and desorption icsotherms, at
359C, cf water vapour nave been carried out on modified starcn,
employing the quartz fibre spring tecinique. The influence
of certain modifications caused by factors such as temperature,
denaturation, compaction, removal of fat, swelling, etc., has

been studied from the point of view of hysteresis and sorption

capacity. Unmodified and heat treated starch exhibited perma-

nent hysteresis extending over tne entire pressure range while

denatured and compacted starch shovec hysteresis only in the

lower pressure region. In case ot cefatted ano aqueocus swollen

etarcn no hysteresis was observec. 'these 1nteresting results

have been explained in the 1light of 'cavity theory' of nysteresis

in conjunction with the nature of changes brought about by such

modificationse.

Introduction

The intveraction of adsorbates, particularly water, with

starch has beenl reported by many workers over the past thirty
years -1/ ) but in many cases the isotherms are incomplete
and the data are conflicting. Recently, Gupta and Bhatia (34)

studied complete gorptions and desorptions ot water ang organic



vapoure on starch and reported two effects! firstly, there
was an irreversitle adsorption of alcohol on starch after
preliminary contact with the vapour anc secondly, sorption-

desorrbtion isotherms exhibited permanent and almost reproduci-

ble uvsteresis effect. They also discussed the role of

polerity anc¢ molecular volume of the sorbate in tne sorption
mecnanist.

Inspite of the voluminous data which have been published
on the sorption of water by starca, there appears to have been
almost no attempt to account for tne sorptive capacity of starch
on the basis of its physical and chemical structure. The
structure of starch can be medified by factors such as tempe-
rature, compaction, denaturation anc swelling, etc., and these
medifications can have marked influence on the sorptive pro-

The aim of the present investigationg ig

perties of starch.

o study the eflrects of certain moditications of starch caused
by heat treatment, agueous swelling, compaction, removal of

fat, bound alcohol and denaturation on a geries of sorptions

. o)
and desorptions with water vapour at 357C.

Experimental

starch powder of soluble grade (reifered hereafter as

unmodified starch) supplied by Schmidt & Berg., hamburg,Fu.1,

Germany was used as adsorbent in all the experiments.
> g



heat ireatment

uifferent portions of the unmodified starch were heated
b
in air, at different temperatures, p 0% = IO 11000, 15003’ 140°¢,

: o sl , . . : ’
170Co. =2nd 1607G. The ueating time was 6 nours in each case.

Sound slcohod

portion of tne unmodified starch was evacuated for
-2
L wours -t a vacuumw of 10 mn. 10 tne adsorption apparatus,

ket inside aun air thernostat, at 35 .. Tue evacuated sample

scted to iuter~ral sorption of nethyl alcohol vapours,

.8 subj
xept in contact for one day and tien alcohol was desorbed.
Tue systein was evacuatea, at 35 , for 1. pwouw.. 1ike anount

of Lound metayl aiconol was . cece. per 1Cu . o. mogified

starch-

.n exactly similar procedure was adopted for obtaining

nmodified starcn having bound ethyl alcomol. The amount of

: i w1l alcoinol was 6., cc./10C . of modified starcn.
bound ety c

Removal of fat

Fat was removed from unmodifiec starch oy extracting

for 12 hours, in thie soxhlet apparatus with 80% dioxane zs

it
—olvent. Ine fui free starch was dried ia an oven at 105°¢,
ﬂgueou§r§y§¢13ng

Unmodified starch was swollen by submergings it in



idin tgtillec cater Jor 30 minutes and t:ieu was allowed

vo cool &nd rewain ir the water overnigut &t roon tempsrature.

1 Ait ! P,)llel‘ H'An&.‘7-LQ -'a: allo‘[‘re(m to (‘r‘}‘-, 8% oo te“l"“?r’-lture,

fer t'c werkKos 1=

13}

sollen wass was nace to fine powder

.r-rticle size lesc tidn 100 mesul .

naturation

x sample oL unniodified starcn was denatured by heating
in boilin absclute alconol for one wour and tnea drying in

an oven at 60°C Ler & hours.

Somnpaction

Starcu was compacted 1into a tablet (ciameter 3/8",

culckpegs 178 8% & PPERsHTE of 5000 kg/sc.inch.

n series of sorptions and desorptions of water vapour

on tuese modified samples was carried out at 35 C.

Resulte and Uiscussion

¥ s 1 A4 oy 1
ﬁffEEE_QE, Bound alcohol

Viith moaifiesd starch samples retalning irreversibly
agsorbed methyl alcohol (4) and etnyl aleohol (B, the
rﬁr“tion-desorption ctudies were continued up to tune Lth
cycle- The loops of &b, 2nd and Ltrn cycles are presented

{, rLpures (6; and (7). The values of water sorption at the
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OF STARCH
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FIG.7 SORPTION-DESORPTION HYSTERESIS OF WATER ON MODIFIED

AND 4TH CYCLES.

o
CURVE D : SORPTION-DESORPTION HYSTERESIS OF WATER ON"

STARCH RETAINING BOUND ETHYL ALCOHOL AT THE IST, 2ND,

DENATURED STARCH AT THE 3RD CYCLE.
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. = o s o
turation pressure of water at 35°C are 26.&:, :0.0% and

1.8 i caze o0l (ni and LZ.CJ, 20490 and 2Y.U, in case of

i 44

e nature ol tne 13t cycle of sorrtiou sag desorption

is ii.eresting. at tue ena of firet cycle modified starch

su’lfers a ioss in weigut wuiicu lust be due to tre residual

aleccnol retained vy it even &t vacuum of 1V mm. (B) continue-

+o loose weir~ut even at the end of the 2nd cycle tut tle

wei-ut remains constant in all tue subsequent cycles.

Tre bound methyl alcoancl nas not altered thne surface

of modified starch waicn 1s evicent frow tue samwe sorptive
cavacity and the area enclosea in wns hysteresis loop as tust

of uwnmodified starch {34:. 1he alcohol tiolecules azvpear to
nave Leen locked in the fine pores and iunterstices of starch

sranules, without cnanging the outer surface or the cavity

volume of starch- At the end of the 1st cycle, zll the bound

methyl slcohol is completely removed by water, by preferential
adsorption in interstices, and modified starch behaves in a

manner exactly similar to that snown by unmodified starch { B )

Bushuk and Winkler (35) have observed in their studiesg

on the sorption of organic vapours on wheat flcur that com-
~lete removal of a2lcohols could be achieved by swelling the
flour by sorbing water vapour on the same sample and then
desorbing the alcohols and water by evacuation. It jg,

however, observed by the authors, that, irreversibly adsorted
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S

metnyl alcohol carn be removed Ly such z treatment Lbut tihe

™

cituotiou 1s aifferent in case of tound etnyl alcohnol. T..
interaction letweel etnyl alcohol va»oursand unmodifieg
st~rcu appears tO be quite strong and complste removal of

etnyl alconol is not possible by such 2 treatment. _ven
Tter Ltn cycle,nodified starcn retains 1.2 c.c. of ethyl

icocnol per 1UU prams of modifiec starca.

.tivi alconol seems to neve cianged the surface of

nodified starcn. bkodified starcu is rendered lesc Lycro-

ptiilic and less cwellable. The gorption ana desorption

isctaerms are coiucident in toe wigher vapour pressure re-
ion. In order to study the nature ol cnanges brougzht about

by etnyl alcouol, a ceries of sorptions anc desorptions were

carried out with denatured starchi. The curve U of Figure(7)
c Lows tne nature of results. The loop ovbtained at the 3rg

cycie is only presented. The denatwec starcu also lostg

suout h c.c. of ethyl zlcohol at tue end of 1st cycle.

A comparison of Ltu loop ana tne - loop reveals that

Lot are almost icencice... Hence, i1t 1. reasonable to assume

tnat Lound alcohol hag the same effect on sorvtion of water
F3

vapour &8 denatured starcu. -voiably,itlids effect ie causceg asg

result of compression of starcn surface by bound ethyl alcohol.

Tie results obtainec on the compactec starch (Fisure

10} also support sucn a possibility.
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conduwerclally are lesolotec from vote .-
03 e of [l @xtraction process anc ©ACOmPass minop
nof-cariounycrate constituents. (L +reem 13T mater-
lale are rost important. Little is nown about tre detailed
cuenical cenposgition of the rroteinaceous substance ang fat
materi “ls embedcin. tre starcn rranule. altrousn, fat fotopr-
laa= are rreseat in small anounts {lese tgpan i I (36-38)

their iuliuence on the sorptive properties of starch is re-

markgble.

(6] zives tne results of watep vapour sorrntion

Fisure (o

anc cesorption on fat extracted starch. ihe loops obtaineg
at the first two cycles are presented. Tonere iz ap increase
in secrptive capacity from 21.55 to 41.6%. The coincicence

oi’ sorption anc desorptlion isotherus indicates tue N
of nysteresis elfect.

Tne realization trat the granule structure could pe
disrupted by nydrolysis led to thne belief tuat tne fatty
materials occur in an esterified forni, gttacaed to carbo-
Lydrate substances (39-41;. Tcis concept was cnal;jéged by
e fatty materigia cs €Xtraneous

Sencch (42), wuo considered tn

impurity distributed tarcughout tihe starch granule.

lenrman (43) tnougittnat the fatty raterials mi .kt be

present as an adsorption complex witu Carbohlydrate.
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I'st renoval

-~ - vl Bo

wzrches avoilatble conwercially are isolatec from botw

icad ree: cXtraction process enc enconpass miaor
noii-cartonycrate coustituents. L tnese fat nzter-

ials are nost important. Little is xnown about the detailed

cuenicsl ccirosition cf the proteinaceous substance ance fat

materi-1ls embeddin- tre starcn ~“ranule. .altnouysn, fat matsp-

i -1« are oresent in small anounts (less tuan 1) (. 4-38)

their iolluence on the sorptive properties ol starch is re-

markable.
i ~ure (&) rives tue results of water vapour sorption

anc cecsorption on fat extracted starchi. The loopes obtained

at the Tirst two cycles are presentec. Tnere is an increase

in sorptive capacity from zl.t  to 41.655. The coincicence

o’ sorption anc desorption isotnerns indicates tne absence

of nysteresls eifect.

Tre realization tradt the granule structure could e

disruvted DY nydrolysis led to the belief tunat the fatty
materials occur in an esterified forn, atvacned to carbo-
Lydrate cubstances (39-47.. Tris concept was cual%@éged by
& o bl (L2}, WuO considered the fatty materials as extraneous
impurit’’ distrituted tnrcughout tue starch granule. '

lenrman (43} tuoughttnat the ratty waterials might be

recent as an adsorption complex witn carbolydrate.
pres §



eituer Lur concort of extraneous impurity nor the

leisorotic.., complex' tneory can account for tne risridity of

(29

starcn Tranulzsg as 1ar &as aysteresis 1e concerne: . .hese

concepts are, obviously, specific and cannot account for

reproducible and permenent nysteresis exnibited by starch-

weter systew (34). The authors are of the view that fat

naterial is present in starcu in tne form of a 'coating

nembrane' around eack starcd granule. Tuais membrance is

tcu 1 cno resists the collapse of cavities durine desorption.

mnpe reuoval of fat by extraction results in the

removalr of tids coatin,; membrane. »OW wiLen tne fat free

starci 18 exposed LO water vapour, tune network swells, gra-
Ailee coaldke witu eaci otrer anu since ime rigidity is lost,
tue cavityuwalls peccme elastic.

buring desorpbtion all toe

cavities collapse anc¢ no hysteresis is exnibited even in the

1at cycie.

-8 &

affect ©of AQUEOUS == .
wupule is composed of linear snd tranched

The ctorch
nolecules,assoclatec by hydrogen bonding either directly

n water nydrate bridges

et syl
to ferm radially oriented

or tnrou_&{
. o iy i -
micelly of Crystalllna areas 01 Various degrees ol orger.
oy overall ~trength of trhe network controls the benaviour of
ue é o

starch in water.
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L iggection of an ajgueous suspension of cteren to

-~

Luerng 0l 1eat

iha 4

Lue  rauuse s by clsrupting pydrogen ooncs. Tae individual

'ranules uncer.o0 a series ol puaysical cuanges of whicp -

liz iz the most important.

swellen sterch benaves in an interestins manner.

m
.L hd ('j

.neére ic e¢n increase in tue scrptive capacity of starch from

21.f . to Lu.1o (Figure 9s. Tnis may be due to the eXpaneion

of the starcu network owing to swelliny. The sorption and
ce=orption isotherme are coinciocent, indicating the absence

of Lysteresis. The disappearance o. gysteresis reveals the
roie of eiasticity of the network of starcu on the imuvibition

of wster wnich is & solvating iiquid for starck.

affect of compaction

In the natural state, starch exists in thne form of

discrete microscopic granules, nela togetner by extendeg
ork of associated molecules. The network

miceller netw
_microscopic cracks anc cavities as demonstrated

possecsSes sub
(26) uncer electron microscope. In tpe

by Whistier et al
14 et of cavity concept (22,23), tiese cavities are respon-
4

sible for the hysteresis effect.

In order toO examine tune cavity theory of nystereeis

cruciadily,
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cteu starcu. Tae results are snown in firure (1¢

ent was continued up to 3rd cycle.

“ted starcu exuilbited = degree of relaxation op

P r
ke b

‘tLh. cnan~e waen alternate conditione of

irreversille len;

rpuion: and (esorptions of water vapour were cycled a

huiager ct times tut 1t dio not disintegrate wien exposeg

to saturatea water vapour.

Tnere is a slight cecrease in tue total sorptive
capacity of starcu which can be attributed to the contracting
in =surface area by adhesion of neighboring particles.
varlier (L&,45}, it has been reported tnat the monolayer

re-ion virtuslly remains the s-me botu before anc arterp

compaction. 4 similer obgervation has also been madsa by the

autiicrs in the present studies.

There is no hysteresis effect in the regicn of higher
- —_ =y 3 .
humidities, 1+« above p/PO = 0.85. In this region, the
relationship of moisture content to volume change is mainly
ometry of the pore system. It ig obvious

influenced by the ge i
merely diminished the interparticulate

that compaction has
Tne cavities disappear and no hysteresis appears in

gaps.

the primary region.
sures for compaction were useéd, the hysteresis effect

The authors thus btelieve that if bigher

pres
gtely removed «

would have been compl
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T ¢t o. weat treavnent

i ure (11 ~ives the results obtained on successive

or-tions .nc ~ecsorptions of water vapour on stsrca modified
Ly neat treatment. The sorpvive capacivies of modifieq starch
a

.re presented 1u saple vI.

Table VI

Sorutive cepacities O. wodified starcu at cifferent temperatures

Teuwperature

o . i
, 35 110 150 160 170 150
Sorptive
capacity 2 :
' e 29.0 2c.2 320 L %9 55,9
s .

linesr nysterEslss i.e., hysteresis eifect extending
over tne entire pressure range nas been exnibited by modifieaq

temperaturesstudied.

etarcu at 211 the

The nature of loops 1w Very interesting. There is a
w11t ocrease ip tne sorptive capacity and in the size of
the loop up ©© 1FOOC- Starch, when heated, underpoes a pro-
~ressive series of irreversible changes. These changes are
not very oredominant up to a neating temperature of 150°C.

The slignt gecre

sse in the corptive capaclty ana the sige of

hveteresis mey D€ _vtributec to L0 siirinkage of the network
jysteresls 3
«tarcl swing to the removal of resicdual water as

ried
neat treatment.

of modi

d Consequence o1



Y
(etaiica investietion, Ketz (4H) reported trat
- s aue Bl iflerence in tae ..-ray rattern occure witn
.tin - tewperature telow 120°C. above tuls teuwDerature, the

oi-sure urtaxe of heated svarcn, wien allowed to reanydrate
3

coiLe ° . Lotz anc Veidin-er (47 reported tunat heating
g S o . .

tenparatures up to apout 14C°C nave little effect on the

solubility propertias of ~ranule starci..

neatin temperaturesabove 150 , aiiect tue sorptive

prorerties conaideraviy . aoout 1,0 , wnen the colour of
starch Lecomes yellcw, & profound cnange takes place. At

etill nigher t emperatures botn tne sorptive capacity and tie
cige of the nysteresis loop increase with temperature. This

is a unique and sienificant iinding.

1% is evident from these results trat neat has caused
difications in tne polymer network of starcL. 1t is

le to assume tnat tie network uas disintegrated into

reasonab
erodubts sapable .. taking up large amount of water. It was
e bated by Puddington (48] tnat, when potato starch was
i range of 180-210°C |
neated LY Lemperatures in the range o -210”C gaseous LT O-

¢, U0 and traces of volatile solids were librated.

ducts, WYgs Y
The unique penavicur exhibited by starch at hignher temperatures
be attributeé £o the formation of some new products as

Tne p, rodext
~le of adsorbing large quantities of

are w :L.!'al-

can
rins are typically amorphcus,soluble

pyrodextrins:
in water a8t
Caemn reported that granule starches heated
<

water - It has also ¢
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ev

(@) 2 : )
to 1.u-210°u no longer show the swellins properties in water

ti. t are characteristics of the unmodified granules. Instead,

tpney underro dissolution by sloughing of f the concentric

layers (49,%G). =& -imilar effect has Leen observed in the

oresent stuales whicn accounts for the increase in sorptive
er temperatures.

capacity of starch at high

Trhe widening of tne hysteresis loop wmay be due to an
increase in tneé formation of cavities. Tnis agreement 1is
eho findings of Wuistler et al (26) who

furtner supportea LY

reported tuat nheatlds starcn, especially at elevated tempera-
rmation of cavities ian starcu anc the

tures promots tue fo

es are all open to tne granule surface.

caviti

- . ‘
Tue time sorption curve (Figure 12} constructed for
4 -
1-0% heated camiple reveals that tone time required for the
¢ equilitrium is about 55 hours. The time required
Ll aed L ] e &S
: n s v SRR e
: : oi eguilibrium with unmodl SUEPOH GaE
for tne attalnment
nis rezult further supports the formation of

atout & howrs:
t higher temperatures.

rore cavities in starch reated a
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CHAPTER V

ADSORPTION HYSTERESIS IN CELLULOSE

AND CELLULOSE DERIVATIVES




PART I

TIVE PROPERTIES OF C

ELLOBIOSE

SORP
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v e



SORPTIVE PROPERTIES OF CELLOELOSE

Abstract

Making use of the quartsz fibre spring balance technique
|

a series of sorptions and jesorptions, at 35°C, of water,

methyl alcohol, ethyl alcohol and carbon tetrachloride va-

. !
pours have been carried out on cellobiose. The exteét of
/

was considerably small in every case and there

adsorption
effect. The low sorptivities of cellobiose

was no hysteresis
for these vapourse and the absence of hysteresis effect have

d to the structure of cellobiose.

been relate

Introduction

e is the building brick of cellulose. Two mole-

Glucos
g6 combine to give one molecule of cellobiose.

cules of /A-gluc?
way, two molecules of cellobiose combine,

£ anothber molecule of water, giving a longer chain.

epilling of
s on continuously in nature

f condensation goe

This process o
ormation of cellulose.

and results in the

d other liquids on cellulose has

died and reported earlier(1-9) but the nature

already been SU°
¢ fully understood. Iittle systematic

of interaction {s noO
to have been done 07 the vapour phase sorption

work appears
n celloblosée

desorption o

There is an indication that more

and
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information about the nature of interaction can be achieved

by the study of such simple systems.

Experimental :

Cellobiose (B.D.H.), Biochemical grade, moisture con-

tent lesas than 0.5%, sulphated ash less than 0.2% was used

as adsorbent in all the experiments while redistilled methyl

alcohol, ethyl alcohol and carbon tetrachloride and double

distilled water were used as sorbates.

Results and Discussion

The isotherms obtained with different sorbates are

n Figure (1) in which the volume of sorbate

presented i
adsorbed per 100 grams of cellobiose is plotted against

the relative vapour pressure of the sorbate. The equili-
ion and desorption of varlious sorbates on celleo-

brium sorpt
biose have been presented in Table I.

Table 1

orption and desorption of water,methyl alcohol

Equilibrium s
and carbon tetrachloride on celloblose.

] Sorption Helative Desorpti
e, ST vt i ME
Water

0.09 0.00 0.99 6e3
0.04 0.94 1.67

029



Y
Table I (contde.)

Relative Sorption Relative Desorption
vapour pressure cc/100 g vapour pressure ¢c/100 g
Water

0.58 0.16 0.92 0.40
0.89 O.54 0.81 0.16
0.95 2.40 0.48 0.08
0.98 540 0.27 0.04
1.00 7450
Methyl alcohol
0.24 0.00 0.99 3.00
0.495 0.10 0.92 0.40
0.77 0.20 0.78 0.10
0.97 0.84 0.56 0.00
0.98 1.40
0.99 3,20
1.00 o208
Carbon retrachloride
- 0.00 0.99 1451
0.6k Rl
0.90 0.25 0.95 0451
i 0.60 0.84 0.10
5 o0 1.20 0.49 0.00
;.00 1.90

==
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Cellobiose exhibited considerably low sorptive cap
a-

cities for these sorbates. It showed the following trend

in binding these vapours:

water :> methyl alcohol ;? carbon tetracbloride
The sorption of ethyl alcohol was Practically negligible
Table II shows the sorptive capacities of cellobiosge for
different sorbates.

Table II

Sorptive capacities of cellobiose

Sorptive capacity

Sorbate
cc/100 i

Water 7%

Methyl alcohol Lie2

Ethyl alcohol 0.2

1.9

Carbon tetrachloride

Except ethyl alcohol, type III isotherms of BET classifica-
tion (10) were obtained in every case. The isothermg were

practically horizontal and showed no appreciable increase

in sorption up to relative pressure of about 0.85. 1In the

light of capillary condensation theory of sorption, this

indicates the absence of micropores and even the transitiona]

pores as per Dubinin's classification (11},
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The low sorptive capacity of cellobiose for carbon-

tetrachloride is a measure of the pore space and this ig

very small as compared with its saturation capacity.

In all the systems, no hysteresis effect was observeq
i.e., the sorption and desorption curves were coincident.

In the light of cavity theory of hysteresis (12,13) the ab-
sence of hysteresis is due to the elasticity of the cavity

walls of cellobiose. Sorption and desorption of vapours on

cellobiose cause swelling and shrinkage and these are asso-
ciated with the development of internal stresses and strains.

Cellobiose has a very low sorptive capacities for water,
methyl alcohol, ethyl alcohol and carbon tetrachloride, the

d strains are least. Therefore, cavities collapse

stresses an
easily and no hysteresis is exhibited even in the first cycle.
On the contrary, cellulose showed bigh sorptive capacities
sorbates and exhibited permanent hysteresis effect

for these

(14). The presen
the structure becomes more rigid and uncollapsgable.

t results indicate that, as the chain length

increases,
y walls become tough, entrap liquid sorbate ang

The cavit
t and reproducible hysteresis effect.

cause permanen

xR



PART II

SORPTION-DESORPTION STUDIES OF WATER, ALIPHATIC

ORMAL ALCOHOLS AND CARBON TETRACHLORIDE ON RAW

N
AND MODIFIED COTTON

e
O
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SORPTION-DESORPTION_STUDIES OF WATER,

ALIPHATIC NORMAL ALCOHOLS AND CARBON TETRA-
CHLORIDE ON RAW AND MODIFIED GCTTON

Abstract

A series of sorptions and desorptions of water, ali-

phatic normal alcohols and carbon tetrachloride have been
carried out at 359C on raw cotton, employing the quartz fibre
spring technique . Permanent hysteresis effect has been

observed with all the gorbates.
ibits remarkable reproducibility of the hysteresis

Raw cotton water vapour

system exh

effect. The hY
cycles of sorptions

of raw cotton for various
yi ethyl > n-propyl ) n-butyl alcohols.

gorption becomes practically negligible with

steresis loop has been reproduced up to 24

and desorptions. The sorptive capacity

poler sorbates follows the trend:

\ meth
water‘/

The extent of ad
-cotton - alcohol systems exhibited the

n-butyl alahol. Raw

" hound alcohol'. The size of the hysteresis

phenomena ©f
ses as the molecul

sorption data pave been compared with the

ar weight of the sorbate alcohol

loop decrea

increasess LD

data obtained bY earlier workers.

tain modification of raw cotton
]

;nfluence of C€r

The
factors such 28 activation, dewaxing and

brought about by
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aqueous swelling towards water sorption has also been studied
An attempt has been made, for the first time to explain the
resultg in the light of the cavity theory of hysteresis in

conjunction with the nature of changes brought about by such

treatments.

Introduction

Cellulose and cellulose derivatives are hygroscopic

and when surrounded by an atmosphere containing the vapour
of water or certain organic liquids, are capable of taking
up vapour from the atmosphere while undergoing considergble

swelling. The property of swelling is, by far, the most
important fundamental characteristic of cellulosic fibreg,

Attempts to relate the extent of swelling to the dielectric

16), the dipole moment (17) and the surface

constant (15,
(15,18) have been only partially

tension of the sorbate
The tendency for hydrogen bonding appears to

successful.
swelling in organic liquids as well ag

be important (17).
in water, leads to 2 d

take up (sorption) of water by cellulose has been

ecrease in strength properties.

The
died and the published literature is large;

extensively stu
presence of sorbed liquid changes the

this is because€ the
mechanical properties and chemicel cha-

ehaviour,

chemical b
¢ cellulose and the results of research in thig

racteristics ©
technical as well as scientific, interests,

field are of obvious

¢ the previous work has been outlined by Howsmon(1).,

Much ©
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Of the recent publications (2-8) on the sorpti
on of

cs

of sorption or to th
e thermodynamic pro i
perties of cell
ulose.

S0 i i
rption hysteresils, which is a characteristic of the ad
adasor-

bent has not been discussed and interpreted. Earlier (9
319~

22) many attem
pts have been made to provid
e a suitable ex
pla-

nation for sorption hysteresis shown by cellulose and i
2 ts

vatives but the explanations were specific and could
not

permanence and reproducibility of hysteresi
sis

deri

account for the
jon hysteresls has still remained an

loop. Sorption-desorpt

unsolved problem.

The present comprehensive investigations describ
e
complete gorptions and desorptions, at 35°C, of water 1
, ali-

al alcohols and carb
The effect of temperature on hysteresis

phatic norm on tetrachloride on raw and

modified cottone
a wide range of temperature and is

has been studied over
An attempt has been made,

1ts in the light of "ink bottle"

also presenteds for the first
aln these resu

time, to expl
s (12,13).

theory of hysteresi

Exverimental section

taken from 2 mature cotton boll, was used
&

Raw cotton,

¢ in all the experimentse. Cotton bolls were

as adsorben
he potanical gardens of B.I1.T.S.

obtained from ©
paw cotton was ubjected to following modifications:
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(1) Aqueous swelling

Cotton fibres were swollen (23) by submerging them
into boiling distilled water for 5 minutes and then allowed
to cool and remained in the water overnight at room tempera-

ture. Then fibres were dried in alr till they attained a

constant weight. The complete drying took about ten days.

(2) Dewazing
Cotton fibres are a purer form of cellulose and have

a simpler morphological structure than wood. They consist

of a wall which surrounds a central cavity called Lumen.

The wall consists of a secondary part and a primary part.

The primary part is very thin and contalns wax and cellulose.
Several methods (24-27) have been described for the extraction
In the present studies, a two step operation for the

of waXe
removal of wax was employed as follows:

A weighed amount of raw cotton was extracted with 95%

hol in a soxhlet apparatus for six hours. Wax-free

ethyl alco
d 2-3 times with chloroform and finally

cotton was washe
h distilled water and dried im air.

washed several times wit
The total waX content of the raw cotton sample was

2 . 7‘56%'

Activation
Raw cotton was activated by heating, in vacuum, for
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four hours, at 600, 95°c, 125°, 150%¢, 175% and 200°c,

The moisture content of raw cotton, as determineg by

heating it at 110°C for 4 hours, was 5.56%.

Redistilled methyl alcohol (BDE, AR), n-propyl alcohol
(BDH, LR}, n-butyl alcohol (BDH, LR), carbon tetrachloride
(AR, Reanal, Budapest) and double distilled water were useqd

as sorbates while ethyl alcohol was kept in contact with Ca

metal for 24 hours and then distilled.

Results

Sorption-desorption of water vapour on raw _and modified

cot ton
The sorption and desorption isotherms, at 35°, of

water vapour On raw, dewaxed and aqueous swollen cotton gre

presented in Figures 2-4.
In the sorption and desorption of water vapour ray

cotton exhibits permanent and almost reproducible hysteresis

loops (Figure 2). The experiment was continued up to 6th

oops

cycle of sorption and desorption.
ond and 6th cycles are presented in the figure,

The loops obtained at

the 1st, .
Th ptive capacities of cotton in each of these cycleg
e sor

is 39.6%, 353

cycles increases the soO
ds the vapowr pressure axis. The sorption-desorption

% and 32.0% respectively. As the number of

rption isotherms show a tendency to

drift towar

; in very low pressure region
coincident S
i sotherms are
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Figure 3 presents the sorptions and desorptions of

water vapour on dewaxed cotton. The loops are permanent

after the first cycle. Ths experiment was continued up to

6th cycle and the loops of 1st, 4th and 6th cycles are

shown in the figure. There is a tendency of hysteresis

loop to decrease in size with increasing number of cycles.
The hydration capacities of dewaxed cotton are 39.2%, 37.5%

and 37.5% in 1st, 4th and 6th cycles respectively. The

tail end of the hysteresis loop extends up t0 zero pressure.

The sorption desorption studies with aqueous swollen
ton have been continued up to 13 cycles, Figure 4. Per-

cot
1ightly decreased hysteresis loops are obtained.

manent but s
ties of swollen cotton remains almost

The sorptive capaci
3 cycles studied. The sorptive

the same troughout the 1
t the tst, 7th and 13th cycles are 24.2%, 24,.0%

capacities &

and 24.5% respect
extending OVer th

jvely. Iinear hysteresis, 1.e., hysteresis

o entire vapour pressure range have
loops

been obtainede

t of activation temperature on hysteresis

The effec
Permanent hysteresis

zained with cotton activated at different

ging from 60° to 20
ps to decrease in size with increasing

loops are ©b o
0¥C. There is a tendency

temperatures ran
steresis loo

for the hy ;
cure and the tendency is more dominant at higher
tempera
cures Table g 1 presenfas the equilibrium moisture
tempera *
p . Jif ferent activation temperatures,

regains bY cotton 2
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Table I1

Sorptive capacities of raw cotton, activated at different

temperatures.
Satura
Activation Physical No. of cycles vglgg tion
Tempegature Appearance studied £/100 g of
¢ cotton
60 White 13 26.0_25.2
95 White 16 25.0-24.8
125 Ligh yellow 19 2L .8-25.3
150 Light brown 7 28.8-26.6
175 Brown 7 24.7-23.0
200 Dark brown 13 32.0-35.0
Figure 11 presents a comparative study of the hysteresis
loopse
Sorgg;ggg_gag_§222222i°“3 of organic liquids on raw cotton
The gsorptions and desorptions of methyl and ethyl alcohols

presented in Figures 12 and 13 respectively.

raw cotton 8re
e of methxﬁblcohol, at its saturation pressure,
]

on

The maximul up-tak

59c, 18 22.2, 17¢
rd 8nd 5th cYy

g and 18.1 C.c+8 Per 100 grams of cotton

at 3
cles, respectively. The sorption

at the 1st, 3

sgies of evbyl alcohol are 10ek, 9.50, 9.55 and 10.2 c.c.
capac ‘

00 grams Of Cotton at the 1St’ znd’ 5th and Bth Cycles

per 1
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re
spectively. At the end of the 1st cycle, cotton ir
rever-

sibly retains certain amounts of alcohol which could
not be

removed by drastic evacuation at a pressure of 1072 p
m even

after 8 hours of evacuation. This irreversibly retained
ne

alcohol is termed as 'bound alcohol'. The amounts of b
ound

methyl and ethyl alcohol are 2.92 and 2.20 c.c.s. per 100
grams of cotton respectively.

The extent of sorption of normal propyl alcohol and

normal butyl alcohol was so small that it was not possibl
@

to obtain accurate data with this technique. The sorpti
on

was practically negligible with normal butyl alcohol

Figure 14 shows the sorption-desorption hysteresi
s

hloride on raw cotton. Permanent ang

of carbon tetrac
s loops are obtained over the three

reproducible hysteresi

on—desorption cycles.

sorpti The amount of carbon tetra-

chloride sor

3rd cycles, respectively.

Duplicate experiments were performed in each case

which also yielded similar results.

Discussion
f celll.llo se

Structure of CE===—===
edge regarding the structure of

The present knowl
e has been contributed by a large number of workers

cellulos

-
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over a period of many years. Detailed surveys of most of

the early work have been published elsewhere (28,29),

Cellulose is in part crgstalline and yields X-ray

diffraction diagrams corresponding to a monoclinic unit

cell. The first unit cell dimensions were calculated by

Polanyi (30) who postulated a rhombic unit cell with dimen-
siong 7.90 x 8.45 x 10.2 #°. sponsler (31) postulated an

orthohombic unit cell with dimensions 6.10 x 5,40 x 10.25 4°,

Meyer and coworkers (32,33), after a series of investigations,

T: i - o
led to the postulation of a monoclinic unit cell a = 8.35 4 ,

o o
b = 10.2 A® (fibre axisl), ¢ = 7.90 A7, /3 = 84 in which the

molecular chains lie para
fibril consists of bundles of such chains in parallel crys.

1lel to each other. Each micro-

ray clothed in a cortex in which cellulose chainsg

talline ar
with chains of sugar residues other than

lie intermixed
glucose; the chains in

regularly spaced and are said ¢t

this region are parallel but not

¢ be paracrystalline.

se microfibrils are usually specifically

Cellulo
ect to cell axis but the mechanism of

oriented with resp
In thicker secondary walls they

orientation is not known.
helically arround the cell in lamellae in which
e

often 1li

varies from one lamella to the next.
the helical angle

2 ose

i ponds. The structure has been confirmed by Grogs
drogen 4

yaree generally accepted.

and Clark (34) and 18 still



Recently (35) Lamporte bas shown that the cell wall

of higher plants contain a specific protein which contains

droxy prolene and the possibility has been recognised

ds of this protein are significant for the

hy

that -S-S- bon

cell wall growth. 1t is not known whether this protein is

linked with cellulose, but the probability is that the

through hemicellulose and not through cellulose

linkage is

itgelf.

The physical interpretation of the sorption process

r the phenomena of swell
1 wall of a cellulosic fibre behaves

must account fo ing, sorption and

hysteresis. The cel

ater a4s @ swelling gel and the structure is dis-

towards W
ace. Only the non crysta-

sorption takes pl

tended as the
r into sorption and swelling processes,

lling regions ente

/
1ite8 of ce

bhie cryctalL llulose are not penetrated by water

and only their surface can participate in the sorption

phenomenaes

Phenomena 0% gwellil

1ulosic fibrese.
11 when jt imbibes 2 liquid, becomes

e of the most important cha-

According to K
said O swe

a golid is8
4ts dimen

sions are enlarged but it does

ent homogeinity- Cellulosic fibres, on

162

S



16°?

sorbing water swell longitudinally as well as transversely

The extent of longitudinal swelling is very small as com-

pared with the transverse swelling. The penetration of
water in cellulOse.depends upon the surface tension of water

It has been shown tnat a significant quantity of water is
held by surface forces (37). Steinburger has also empha-
sised the dependence of swelling on the degree of micellar
or crystal orientation. Morton (1962) believes that

akin to solutions in tha
en fibre molecules and water molecules

swelling is t there is an exchange

of positions betwe

(38). According to Har
n which there is an
er moving into and oceupying spaces pre-

tley (39} swelling is a diffusion

phenomena i exchange of positions of

molecules of wat

viously held bY fibr
pain molecules

places they are P
posed as to form a lattice, and at some

e molecules. In a fibtre swollen in

are oriented more or less para-

water the C
acked in a tight and orderly

llel. At some

manne
u 5 . water can penetrate into the
ma homogeneous

s is tightly pack

places the
golid solution. A monolayer

fibres to for
ater molecule

ed against the chains

of w
and forms 3 grue chemical hydrate.
The extent of swelling depends upon the availability
f ible groupa, temperature, relative humidity,
of accessS

in geueral, swell cellulose less
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than water, the swelling being chiefly dependent upon ty
e

polarity and molecular volume of the sorbate. Organi
¢ c

molecules which have high molecular weights do not p

ene-

trate the celluleose fibre or, at least, only superficiall
y.

Little or no swelling of cellulose takes place in rels

tively non polar liquids such as Benzene. The swellin
g

is inversely proportional to the molecular weight of th
e

solvent in a homologous series. The sorbates which pro

duce significant swelling are those which are capable of
forming hydrogen bonded complexes with cellulose molecul
es

(40,41), this is to be expected as hydrogen bond must be

ruptured before swelling can occur.

Sorption isotherms

orption {sotherms obtained with water ang

The s
can be looked upon as composite of three

organic sorbates
surface sorption (or Langmuir adsorption

regions: first,
second, sntermediate sorption (or multilayer or

region/,
regionJ and third, condensation (or capil-

solid solution
jon). The shape of the isotherm is

lary condensation Te€é

ed by the range of pressure in which these regions

determin
y become dominant.

successivel
sorption from the dry state, up to a

ut 0.2 represents the firgt rising

pressure of abo

relative
e isother:n (Figure 15} Tt is considereqd that

portion of th



in this region the sorbed water contributes towards forma-

tion of a monomolecular layer of water molecules on the

assessable surface. As the assessable surface of dry

cellulose is only a small fraction of that produced upon
adsorption of water, the adsorption in this region occurs

only by the breaking of the hydrogen bonds between the -Og

groups of the cellulose with simultaneous surface develop-

ment.
The following long, nearly linear portion of the

{ sotherm extends from relative pressure of about 0,2 o

0.75. In this region it is supposed that multimolaeculgr

layer of water mo
moneclayer first formed.

elative pressures above 0.6 the water content

lecules are built up successively on the

At T

increases further with an increase in relative pressure

y as the saturation pressure ig

and isgotherm rises rapidl
In this region it is considered that water is

approached.
taken up primarid

mechanism has of ten be

t has also been sug
2 mobile surface that differs from the under-

y by & process of condensation. The
en attributed to capillary condenga-

gested that the water ig

tion but 1

disposed as
4 layers (81«

lying immobilise
ations suggest that initia] strong

The energy consider

w relative pressures results from the linking

sorption at lo
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of one water molecule to two adjacent hydroxy1l groups,

whereas further sorption leads to combination o single
~OH groups and to oxygen atoms (42).

One noteworthy feature of the sorption isotherms

obtained with polar sorbates is that the sorption isotherm
of water rises asymptotically to the saturation pPressure
ordinate while the isotherms of methyl ang ethyl alcoholg
Cut the saturation pressure ordinate at an angle (Figure 16].
This gradual variation in the shapes may be attributed to
the increasing contact angles, from water to ethyl alecohol.
The observations of Fox and Zisman (43) @lso support this
Pogsibility. However, the effect of contact angle on the

shape of isotherms has been considered in detai} in celluloge

acetate - aliphatic normal alcohols system.

Extent of sorption
Very few data on the sorption of nonaqueoug liquigdg
e

y

data given by various investigators are i?dgonsistent.
. from the fact t hat i
i robably arise sorption
incongistencies P
ous liquids is strongly dependent on the Hoisture
of nonaque
f the sample and is, therefore, extremely sensitive
content O -
1 variations in sample history and drying methods.,
to small va

rehensive studies are those of Kanamary and
omp

The most ¢
results are giy
Chao (44) and lauer (45) whose &lven in Taple II1,
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and are compared with the results obtained by present
investigations.

Table III

Sorption of vapour by cotton

Maximum vapour sorbed per 100 g of

Sorbate cotton
AT TAET TR
20% 90% 20% 904
Water 2e2 10.1 2.6 11.6
Methyl alcohol 0.6 75 1.6 8.9
Ethyl alcohol 0.5 beo 0.3 3.0
n-Propyl alcohol Qo2 055 Ol 0.50
n-Butyl alcohol 0.0 0.0 0.0 0.0 1}
Carbon tetrachloride 10 s 0.1 1.2 ?
e —

o which 2 given liguid penetrates cotton

The extent ©
on the molecular volume of the liquid

4 dependent up

fibres 1
hydrogea bonds with cellulose hydroxyl

afid L ability to foru
g which form hydrogen bonds will

Thus, small molecule

£ molQOU1ar v

Eroupse
fibres and this sorption will

be strongly gorbe
olume or other steric

decrease with 1ncreasin

effects.
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§9Pption-desorption hysterasis

Permanence of the hysteresis loops

One striking feature, in all the Systems investigateq

is the remarkable bermanence and reproducibility of the hyg.

» the loop

teresis loop. In raw cotton - wadter vapour gysten

Temains permanent and almost reproducible after

6 sorptions
4nd desorptions. In a separate experiment (Figure 17), ¢

he

loop hag been reproduced up to 24 cycles of sorption ang

desorption (14). Similarly, permanent hysteresig 100ps have
been obtained at the 5th cycle in cotton methyl alcohol system,
Sth in cotton - ethyl alcohol and 3rd c¢ycle in cotton - carbon
tetrachloride system. In spite of drastic degassing of the gel
surface and flushing with the vapour of the liquig s a resulg
of successive sorptions and desorptions, the hysteresi g loop
still persists. There is a absolutely no doubt about the

reality of the hysteresis.

Di fferent explanations of hysteresis

SFerent explanations have been offereq by Various
Diffe

tion-desorption hysterec;
henomena of sorp esis.,
workers for the P

) have attributed hysteregi
1laborators (9 &
Urquhart and co

:on of water vapour on cellulose to tpe Teversible
in the sorptio

f the molecules on the surface of celluloge,
orientation 0

46) attributed hysteresi g effect to

the
McBain and Fergusion (

Y ertain linked particles through tpe addition of
uncopling of ¢



On tha

SOorpti .
Ption of water. Arnell and McDermot (49) expiain hyste-

Yesig in terms of steric effects in swelling systems

The explanation based on the reversible orientation

0f the molecules on the surface of cellulose, ig obviously
SPecific. The uncoupling of certain linkeq Particles by ¢y,
addition of water molecules is in nature of an irreversible
Change. The explanation of the hysteresis effect bageq on
this, is specific and fails to account for the reprOdUCibility
°f the effect a large number of times. The ideas of gepy,.
mation and steric effect camnot explain a permanent and
reproducible hysteresis @s in raw cotton-water Vapour ggstem.
It can explain the hysteresis loop which decreases ip size
and finally disappears, because when the deformation and
steric effect cease, the hysteresis effect shoulg Cease to
exist. The cavity concept (12,13) alone has been foung 4
explain the permanence and reproducibility of bysteresig in
or cotton-organic liquid systems. Cavity

cotton-water

steresis due to entrapping

concept postulates by of S0rbate

in cavities with constricted necks.



Explanation of hysteresis in the light of cavity

or ink bottle theory of hysteresis

Cellulose and other fibrous materials possess chain

structures. The number of cellulose units in a chain may
The structure of these chains are

be as high as 2000.
The chain moleculeg

partly crystalline and partly amorphous.
are arranged in an orderly manner and tightly packed in the

former while in the later the molecules are arranged in g

less orderly manner and not tightly packed. It is, there-

fore, obvious that t he amorphous region should contain more
than the crystalline region. The empty spaces

empty spaces
are also called pores or capillaries. X-ray diffraction

studies have revealed that these pores range from 10 to 25 2©

With the existence of pores established in

in cellulose.
the cavity-entrapping effect inevitably follows.

cellulose,
In cellulose there may be two distinct classes of

capillaries, namely, the open pOres (50)land cavities having
Sorption and desorption are mainly the

narrow necks (501 -

filling and emptying of the
emptying of an open pore are reversible but in

se open pores and cavities. The

filling and
For the same vapour pres-

ties it is not sO.

the case of cavl
n retain larger amount of adsorbate

sure the cavities ca
ption than during sorption, thus CANETTE Hysta
or

during des

oo FL11L0E (sorption) and emptying (desorption) of
)

resis.,

Jaries Gan Be tried LY nunber of time and & permanent
capillar
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and reproducible hysteresis loop even at the 24th sorption

and desorption (14) can be thus satisfactorily explained.

Seborg (51) has shown that the ratio of the adsorption

to the desorption regain was essentially constant at all

humidities except at the ends of the hysteresis loops.

relative
estigations also show similar behaviour. The

The present inv
ratio for raw cotton-water vapour systenm

Sorption-desorpbion
is presented 1D Table IV.

Table IV

Sorption desorption ratio of raw cotton-water vapour system:

Relative vapour g?ggg;ig? gﬁiggp;ig? i
pressiis cotton cotton

0.20 2.8 3ok 0.82

0.25 3.0 Bef .

0.40 349 o8 0.81

.50 b7 « Bl 0.79

0.€0 548 7:3 0479

8.0 10,0 0.80

0.75 12.0 15+5 0.77

0.90

s



Drift of the hysteresis loop

Raw cotton has shown a unique and interesting behaviour
in the sorption of water (Fig. 2). With progressive sorptions
l

and desorptions, cotton suffers continuous decrease in sorp-

tive capacity and the hysteresis loop suffers drift away from

the axis other than the pressure. These indicate slight

decrease in the total capillary volume and the widening of the

cavities and their necks. Infra red studies (52) have also

dence of a slight decrease in the amount of amor-

provided evi
peated sorption-desorption treatments.

phous region during re

the permanent and reproducible hysteresis

Summarizing,
satisfactorily explained on the basis of the

effect has been
tion with the structure of cellulose.

cavity theory in conjunc

36
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STUDIES IN SORPTION-DESCRPTION HYSTERESIS

WITH CELLULOSE ACETATE

Abstract

Complete sorption-desorption isotherms for methyl
Y,

-butyl alcohols on cellulose-acetate

ethyl, n-propyl and n
O »
at 35°C, employlng quartz fibre spring

have been obtalined,

in conjunction with
sigmoid i sotherms showing marked hysteresi
s

technique a high vacuum technique.

Characteristic
The hysteresis effect extended over

effect were obtained.
e vapour pressur
e hysteresis leoop
ate alcohol increases.

eases in the order:

e range of the different alcohols

the entir
increases as the molecular

The size of th
However, the

weight of the sorb

sorptive capacity decr
methyl ) etbyl » n-proPyl > n-butyl alcohol.
n curves, obtained for each alcohol in-

The time-adsofPtio
‘ adsorption increases as the mole

¢ the rate ©
ncreasess A reasonably good fit

for all the alcohols. BET

dicate tha
¢ the sorbate 4

was observed
en calculated by congsidering the alcohol
o

cular size ©

for BET equatio”
cas have b@

spherical 5

» region and

nd linears The mode of adsorption

the role of contact angle in

surface ar

molecules as

in the monolay®e
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Sorption mechanisgnm have been discusgsed.

Detailed results have also been Presented op the
equilibriun sorptions and desorptions of water vapour by

cellulose acetate in the range of 0 - 1004

r.h. angd 35 o
200°%,

Permanent hysteresis effect has been exhibiteg at

all temperatures. However, the size of the hysteresig loop

and the total sorptive capacity decreased as the tempera-
ture of activation was increased. The rate curves, Obtaineg
for activated samples indicated that the rate of adsorption
increased as the temperature of activation Was raised. Thege
interesting results have been explained on the basis of
'cavity theory' of hysteresis. The influence of relative
humidity and temperature on relative hysteresig have 3144

been discussed.

Introduction

frect of acetyl content on the sorptiop of water
The eile

1lulose acetate has been studied by Beever and
vapour by cellu

( 54) These authors reported that the extent
Valentine (53, .

jecreased as the acetyl content increageq,
of adsorption de

ured the absorption by acetate frop both
Majury (55) meas

ions and from vapour phase. Margden and
o
aqueous solut

) have studied the swelling of acetate ip aqueous
Urqhart (56) ha

1. In a detailed study on the diffusion
. hehnole
solutions of P

ollulose acetate, Bagley and Lopg (57)
c
of acetone into
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rese i o
p nted the equilibrium gsorption values at 30°C. Jeffries

(58) studied the complete sorption and desorption values of
water vapour at temperature ranging from 30 to 90°C on
cellulose triacetate and other textile

cellulose acetate,

polymers.

Ray and partell (59) studied the wetting characteri-
her cellulose derivatives.

stics of cellulose acetate and ot
rted the thermodynamic properties of

Jeffries (60) repo
ate and its solvents and observed

secondary cellulose acet
esls effect at &

out radio active s
the acetone-cellulose acetate system

marked hyster 11 temperatures studied.
Park (61) carried
and self diffusion in
d marked hystere

investigators (62-64) have lead

tudies of sorption

eig. The researches of several

and obtaine
to the conclusion that the

¢ wvapours into cellulose acetate is

di ffusion of organi
hat Fick's Law does not apply.

anomalous 1in the sense t

x (65)s Urquhar
ies (60) have

water vapour by cé€
n some respects, a more degrading

¢+ et al (66), Wahba and

Wiegerin
studied the effect of

Nashed (67) @n¢ Jeffr
orption of llulose, and

heat on the )
i

4 acids or mild oxidising

rincipally due to dehyd-

of heat W&s p
far enough, would result in an

agentse
ied
picity and the swelling ability

observation which was common



\.)

Tt

to all of them was that, equilibrium water content de-

creased steadily with increasing temperature for both
sorption and desorption. Kataocka (68} also reported

1ling rate and swelling values in organic sol-

that swe
h increasing temperature of treatment.

vents decreased wit

Cellulose acetate is a thermoplastic, it melts at

about 23000 with decomposition (69). Little detailed
able in literature on the effect of

information 15 avail

heat on this compound e
nd ethyl cellulose {70

e range of temperaturese The published

Earlier, secondary cellulose

acetate (65) @ ) bave only been

studied over 2 wid

ellulose griacetate (53,54) is restricted to

data on ¢C
from 20 to 409C. Detailed

f nemperature,i.e.,

small range ©
s acetate over a

results on cellulos wide range of tempe-

are very few indeeds

ratures
C 11111099 3cebar’e’ being an impol tant textile
e

g e’

material, 1tS gwe
Sorption of water

therefore,

2) and B
(71,72) 4 reported earlier. However,

te have peen studied an

a

ceta - bygtere5is pnas not been discussed and
-desorP

n-d the present work are:

sorptio
pe aims of

{nterpreted:
ion hysteresis of

rpcion-desorpt

y the 8°
cobols on cellulose acetate

(1) To stud
aliphati

at 35°C:

c norlllal ﬂl



{(2) To study the role of contact angle in
sorption mechanism

(3) To study the mode of adsorption in the mono-

layer region and to calculate the specific
surface of the adsorbent.

To study the effect of activation temperature

(%)
ulose acetate on sorption-desorption

of cell
hysteresis with water vapour.

y the jnfluence of relative humidity

(5) To stud
ature on relative hysteresis.

and temper

ExPerimental

by Riedel De Haen'

atate; supplied

sorbent im
gen 30 and 50 mesh British

cellulose ac
Germany, was used as ad all the experiments. The
e used was betw

particle siz

Standard Sieves:®
g were obtained by heating, in vacuum
’

ated gample 5
OC, and 200°C. The heating time

Activ

o
at temperatures 00"C, 150
was 4 hours 1B each caser
lowing adsorbato; pave been used .
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Double distilled
BDH (AR) Redistilled at 64.5°C

Water

Methyl alcohol

Ethyl alcohol Distilled over Ca metal at 78°C

n-Propyl alcohol BDH (LR) Redistilled at 97°C
n-Butyl alcohol BDH (LR) Redistilled at 116°C.
59¢.

A11 the studies were performed at 3

Results_and discussion

s of aliphatic normal

Sorption-desorgtion hzsteresi
on cellulose acetate

sorption isotherms, at 3500, of

alcohols

Complet® sorption—de
e acetate have been presented

different alcohcls on cellulos

in Figures 18 t°

e sorpbions and desorptions of

ure 18 shows th

on cellulose &

Fig
1 alcoh01

cetate. The experiment was

methy
jon and desorption.

nh cycle of sorpt

dupwlfb
ond and Lth cycles are only

continu®

prained at
f cellulose

The loops © -
sorptive capacities ©

escure of methyl alcohol,
and bh.0 c.c.respectively.
en obtained throughout

offect bas be

The area enclosed in the hysteresis
uccessive sorption-desorption

loop decreas® gligntly with S

cycleSe
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VOLUME ©OF n-PROPANOL PER 100 GRAMS

7
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w
o

5
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The hysteresis loops obtained with ethyl alcohol
(V)

are :
presented in Figure 19. The amounts of ethyl alcohol
cono

t i o y r
aken at the saturation pressure of ethyl alcohol a
e
2.
L2.2 ceCey 41.8 coc. and 40.0 c.c. at the 1st, 2nd ang 4th
t

cycles respectively. The loops are almost reproducibl
e
after the first cycle. It indicates that all the ir
re-

versible changes have occurred in the 1st cycle and aft
er

the end of the 1st cycle, the adsorbent behaves in a

reversible manner.
Figure 20 presents the successive sorptions and d
Q=

sorptions of n-propyl alcohol on cellulose acetate. The

-propyl alcohol at its satwuration

maximum uptake of n
30.5 c.c. and 30.2 c.c. at the 1sat
b |

pressure is 30.6 c.c.;
The hysteresis loops are

ond and 4th cycles respectively.
permanent and almost reproducible.

Figure 21 shows hysteresis loops of n-butyl alcohol
The size of the hysteresis loop

on cellulose acetate.
The tail end of the hystere-

reased considerable.

has inc
The amounts of

etches up to zero pressure.

sis loop str
the saturation pressure are 23.0 c.c
- ®y

n-butyl alcohol at

21.0 c.cCe
respectivelye
ptive capacities of cellulose acetate, at

The soOr

for the four aliphatic normal alcohols have been

35°¢C,

presented in Table V.
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Table V
S
orptive capacities of cellulose acetate for methyl h
y ethyl,

n-propyl and n-butyl alcohols, at 35°C.

Sorptive capacity

Sorbate
CC/TOO of
cellcacetate

Methyl alchol L4 .0
Ethyl alcohol 40.C
n-Propyl alcohol 30.5

21,45

n-Butyl alcohol

To facilitate a comparative study of the hysteresis

loops obtained with different alcobols, the sorptive capa-
ulose acetate have been plotted against the

cities of cell
instead of the actual vapour

relative vapour pressure, P/Po:
pressure of each alcohol, Figure RZ.

s (74) has considered the structural
esorption to be responsible
rtell {59) attributed

Earlier, Newn

changes during sorption and d

for the hysteresis effect. Ray and Ba
jation of contact angles during sorption

hysteresis to the var

and desorption, and Urqubart et al (75) explained hysteresis,
on the basis of reversible

shown by cellulose-water systems,
ace of cellulose.

ater molecules on the surf
s can satisfactorily account for

orientation of w
y of the hysteresis effect

None of these explanation

the permanence and reproducibilit



J(.Z&OZ A\V Ia—.._( dO4d ww>d9nv ZO’Pn—,aO.wad <ANWL €Z'O\4

SHNOH NI 3L
9 S -4 € 2 i (o)




N N
AP B

exhibited by cellulose acetate - n-aliphatic alcohol
Sy s-

t 4 -
ems. The only explanation which can account for the

permanence and reproducibility of bysteresis effect exhi

bited by these systems is based on the cavity theory of

hysteresis (12,13). The cavity theory postulated that
sorption-desorption hysteresis is due to the physical

trapping of the liquid sorbate by cavities with constricted

necks.

The widening of the hysteresis loops with increasing

molecul ar volume of the sorbate indicates that the entrap-
ping effect of the cavities goes on increasing progressively.

Probably, with increasin

s of the cavities becom
As to why the necks become more angd more

than the bodles-
padies with increasing molecular size of

g molecular size of the sorbate,

e more and more constricted

the neck

constricted than

the sorbate 1s gstill an open question and needs explanation.

Time-sorption studles

he time-sorption curves for
ethyl, n-propyl and n-tutyl
at 35°C, on cellu-

Figure 23 compares t
gorption of methyl,
saturation pressures,
required for the atta

equilibrium
at thelr

The times

th methyl, atbyl,
3 and 2 hours respe

¢hat under gimilar ex

alcohols,
inment of

n-propyl and n-butyl alco-

ctively.
perimental

lose acetate-

equilibrium wi
hols are about b% 5 'y The
time-sorption curves reveal



i29

conditions, n-butyl alcohol is adsorbed on cellulo
much faster than either methyl, ethyl or n-propyl %: .
In other words, time required for equilibrium SOPPEL:OhOIS.
varies inversely with the vapour pressure of the SOant
ate

alcohol.

The rate of sorption is the rate at which the liqui
condensed in the neck creeps into the interior of the cav‘d
This 1s dependent on the difference between the outside -
pressure,i.e., the saturation pressure of different alcohnol
at 3500, and the pressure of the vapour in the interior of K
Hence, with decreasing vapour pressure of the

the cavity.
sorbate,the time for equilibrium sorption follows the trend:

methyl ) ethyl) n—propyl> n-butyl alcohols.

Role of contact angle in sorption mechanism

The isotherms of all four alcohols have quite clearly

defined "knees"- The shapes of adsorption isotherms are

after the initia
ent of adsorption increases steadily

significant. 1 adsorption due to the formation
of monolayer, the ext:
pressure up to about P/bo = 0.80.

with increasing vapour
ip @ steep rise.

(above p/Py = 0.80),
s of isotherms from methyl to

Above this there In the region of high
pour pressure

n in the shape
sotherm of methy

there is a
relative va

gradual variatio
1 alcohol rises

n-butyl alcohol- The 1



asymptotically to the saturation pressure ordinate whil
(T}

the icotherm of n-butyl alcohol cuts the saturation pre
S—

sure ordinate at an angle. This variation in the shapes

of isotherms can be attributed to the variation in contact

angles of the four alechols on the surface of cellulose

acetate.

The angle of contact (¢) may be regarded as a
measure of the difference in molecular arrangement between

the adsorbed film and th
s {ndistinguishable in structure from the bulk sor-

the state of the film

e bulk sorbate. If @ =0, the

film i

Ag @ increases from zero;
m that of the bulk.Gregg (98] has

gle of the sorbate on

bate.

differs increasingly fro

pe effect of contact an

discussed t
In the application of

ption i sotherm.

the shape of the sOT
n isotherm, the contact angle Is

Kelvin equation tO sorptio
ordinarily assumed to be 36T0, provided the surface is free
from impurities- This is true with liquids like water

tact angle ig zero an

pressure ordinate.
the isotherm intersects the

d whose isotherm 1s asymptotic

whose con
But, with liquids

to the saturation

definite contact angle.,

having
n anglee.

ordinate at a
ol isotherm

¢ nature of methyl alcoh
y large uptake of the sorbate

e contact angle of

The asymptoti
indicates almost jndefinitel
turation press From this, th

chol on cellulos

uree-.
y be assumed

at sa
e acetate surface ma

methyl alc
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to be zero. The interception of the n-butyl alcohol iso-

therm at an angle with the gaturation pressure ordinate

indicates the existence of a definite contact angle.

From the gradual changes in the shapes of sorption

and desorption i sotherms, the hysteresis loops, and the

total sorption values at gaturation pressure of the four

alcohols - methyl, ethyl, n-propyl and n-butyl - on cellu-

lose acetate, it follows that there is steady increase in

rom methyl to n-butyl alcohol. A survey

contact angle f
ct angle was made and values of

of the literature on conta

angles of the four alcohols
4 Zisman (43) have shown that for many of

contact could not be obtained.
However, Fox an
contact angle decreases with de-

liquids on solids, the

surface tension of th
78) of the methyl, ethyl, n-propyl

creasing e liquid. The values of

surface tenslon (77,
and n-butyl alcohols are presented in Table VI.

Table VI

£ aliphatic normal alcohols at 35%C

surface Tension ©

surface Tension
dynes per Ci.

Alcohol
21410
Methyl 1
21,
Ethyl ko
22.55
n-Propyl 5
23435

n-Butyl




oy O}
o

1(3
In the light of Fox and Zisman's conclusion, thege

values indicate that the contact angle increases from that

of methyl alcohol to n-butyl alcohol.

The mode of adsorption in the monolayer

As stated earlier, the isotherms of the four alco-
hols show clearly defined 'knees' (10) which signify the
transition from monomolecular to multimolecular adsorption.

The BET equation (10) has been applied to the isotherm

{(Table VII).
Table VII

BET plots for the sorption of n-aliphatic alcohols on cellu-
lose acetate.

Sorption {x) p

Relative vapour
pressure (p/po! cc/g

Methyl alcohol
0.024 0.013 1.90
0.048 0.021 2445
0.073 0.027 2.90
0.098 0.032 3.40
Ethyl alcohol
0.024 0.015 1.66
0.073 0.036 2420
0.045 2440

0,098



Table VII (contdse.)

Rel
eositt 175! Bt ot
x(po-p)
Ethyl alcohol
0.120 0.052 2.67
0.146 0.060 2:85
0.195 0.072 3.36
n-Propyl alcohol
0.025 0.016 1.62
0.051 0,028 1.90
0.075 0.039 2410
0,100 0,048 2.34
0.125 0.055 2.63
0.150 0,062 2 .87
n-Butyl alcohol
0.034 0.020 : 1.81
0.068 0.034 2.22
0.103 0,043 2.66
0.120 0.047 2.88

BET plots yielded gtraight lines which are pr
e-

From the slo

The
pe and the intercept of

gsented in Figure Zhe

of the 1ines the mO

nolayer capacity Xg has been calculated

for each alcohol. Also, the values of monolayer capacity
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can be rea
d directly from the isotherms with rea
sonable

a
ccuracy (79) and is denoted by x
g* The values of mono-

layer ca
pacities xp and xp for the four alcohols and
relativ .
e vapour pressure at which the monolayers ar
e fully

f
ormed have been presented in Table VIII

Table ¥III

Monolayer it
yer capacities x; and xg in g/g of sorption and the

corresponding relative pressures.

¢

Sorbate Xn Xg p/po
Methyl alcohol 0.075 0.071 0.268
Ethyl alcohol 0.086 0.086 0.268
n-Propyl alcohol 0.094 0.092 Q.277
n-Butyl alcohol 0.097 0.077 0.278

Excepting n-butyl alcohol, the coincidence between
for each alcohol is quite good.

the values of Xy and Xp
g of the mathematical form of

BET equation.

Specific surface of the gdsorbent
) and knowing the

capacity (X

the monolayer
the specific

From
-gection are
ce (8) of cel
following ea¥

e can be calculated by means

cross
lulose acetat

surfa

of the

agtion =



S = %% x N x Am x 10720

where N is the Avogadro's number.

There are three pogsible values for the cross-

section, depending upon the shape of the nolseite and

mode of adsorption. If the molecule is assumed spherical,

the molecular diameter (D) can be given by (80)
_ -8
D= 1.33 x 10 x Vg

where Vg, is the molecular volume. Knowing D, the mole-

cular cross-section (Am) can be obtained from its mole-

cular weight and density. Considering the alcohol mole-

cule as linear, there can be two modes of oriented adsorp-
tion - perpendicular and parallel to the surface. The

cross~section of the linear molecule is (h.55)2 ﬂz. Knowing
the total volume of the molecule D3 spherical, the length

of the molecule and also the area along the length of the

molecule can be calculated. The values of the three diffe-

rent cross-sections are shown in Table IX,

the specific surface calculated for these three cross-

The values of

sections are also shown.
Considering the molecules as linear and assuming

oriented adsorption perpendicular to the surface, the

pecific surface areas are not the same. The

calculated s
value of specific surface goes on decreasing from methyl



$°5LE £° €91 G* €82 goLn L*02 0°9¢ c*9 TouodTe thang-u
¢*€9¢ 691 G°962 £¥-11 L°02 4° 1€ 9°G Toqodie TAdoag-u
£ 8%¢ €€z L*0¢€ 6°0¢ L0z 0°Lle rAdY 109021e 14q3d
¢*20¢€ §°262 G* 462 YLz L*O2 AR Y G4 ToU0dTe TAulay
30B JINE 3de Jans
o b 03 Jey1nd
ICARR P LD -fPuadaad yedyaeuds %% ¥ uy g m« uy
Tarnoafow sarnosaom se uy epys i {s g Rl uy aompuaw Tedtaauds
B3N TT J83uYYT SSTN0aYT0y JOo e8day -585049) -880J49) ( J®}3ue}]
qQuUa1a98 JO oo

*mit x9d @ UT IDeJamE DT JToadqg

Je8uyy s® se(noaroy (wotlauds Se SITNIITOY

JIB8UTT pue
TedTI8uyds se sornoeTom TOYOOTEe SUTISPTSUOD 87e39IE 9SOTNTTID JO 3opJans

91J108dg

XI 21498l



4 ™
Lus

to n-butyl alcohol. Assuming the oriented adsorption para

llel to the surface, the specific surface areas obtained
are again different. The value increases from methvl to

n-butyl alcohol. However, assuming the alcohol molecules

to be spherical, the specific surface area are almost the

same.
It follows from these results that the mode of
adsorption of four linear aliphatic normal alecohol mole-

cules is not of oriented type, the molecules are held
spherical to the surface of cellulose acetate. Evidences
of oriented adsorption of molecules on solid surfaces

are not many, though oriented adsorption of molecules in

films on liquid surface is well known and well established.

The foregoing studies reveal the existence of
adsorption of alcohol molecules as spherical in the mono-
layer on the surface of cellulose acetate and the effect

of contact angle of the alcohols on the shapes of the

jsotherms and the hysteresis loops.

ecules in the mono layer

Number of mol
The total number of alcohol molecules contained in
the monolayer on the surface of one gram of the adsorbent

have been calculated fro
xn.N
M

presented in Table X.

m the mathematical expression

Np =

and are
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Table X
No. of alcohol molecules in the monolayer

No. of molecules

Sorbate
Methyl alcohol 4.1 x 1020
Ethyl alcohol 163 % G070
n-Propyl alcohol 9,50 x 102°
7.90 x 10°°

n-Butyl alcohol

The decrease in the number of alcohol molecules is

due to the increasing molecular sizes of alcohols from methyl

to n-butyil.

Effect of activation temperature

Hysteresls effect has been exhibited in both activated
and unactivated cellulose acetate.With unactivated sample,

sorption-desorption studies have been carried up to 4th
cycle. The loops obtained at the 1st, 2nd and 4th cycles
are shown in Figure 25. The percentage of water taken at

the saturation pressure 20.2, 21.8, 21.8 respectively.

The hysteresis loops obtalned with 90°C activated
The studles were

samples are presented in Figure (26).
sorption. Loops

continued up to 8th cycle of sorption and de
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F1G.29 TIME- SORPTION cyrvEes AT 35C F
D)

CELLULOSE ACETATE (UnACTIVATE
AND (ACTIVATED AT 200 C)-2 -




Fi
gure 29 reveals the results of time-sorpti
ion

curve

s constructed for unactivated and 200°C activat
ated

samples of cellulose acetate.

Hysteresis loops obtained during sorption and
desorption of water vapour on cellulose acetate have

shown gome interesting characteristics. With unactivat
ated

tate there is a tendency for the decrease

cellulose ace
sis loop from 1st to 4th cycles;
)

in the size of the hystere
ted samples also have shown similar tendency but

In every case hysteresis

ation (81) is obtained

the activa
the tendency is more marked.

loop type C of de Boer classific
er the entire pressure range. The sorp-

which extends OV
tive capacity of cellulos

e of activation 1is raised.
capacity 1is probably due to the shrin-

e acetate alsc decreases as the

This decrease in

temperatur

the total sorptive

the network of the sorbent owing to heat and

kage of

vacuume
ed out earlier, the only pro-

q?ékactorily account for
based on the

Ag it has been point

tion which can s
steresis is the one
postulates that hysteresis

bable explanra

almost all cases of BY
'cavity concept' (12,13) which
is due to entrapping of the liquid sorbate by cavities
1 necks and wid The difference between

4 the body ra

e bodiese
dius is a measure of the

with smal
the neck radius an

amount of hysteresis.
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In the light of the cavity concept it is reason

able to suppose that during activation, drastic evacua-
tion at 90°C, 15000 and 200°C, not only removes the
adsorbed permanent gases but alsc a part of the water
content of the adsorbent; which changes the adsorbent

structure by reducing the diameter of cavities present

in the network. As the diameters of the cavities de-

the difference between the neck radius and the

crease
vities also decrease which results

body radius of the ca

in decreased entrapping effect and hence i smaller

hysteresis loops.

This explanation is further confirmed by the rate

The rate of sorption is the rate of filling of

studles.
The sorptive capacities of un-

the cavities with water.
c - activated samples are not much

activated and 200°
for complete filling

di fferent but the time intervals
different. The 200°C - activated sample

are markedly
tbhan unactivated sample. It
sample contains a large
s than the unacti-

s much quicker

jeg filled more quickly

follows that 200°C activated
aratively small cavitie
ing of smaller cavities 1
indicating that rate of

number of comp

vated sample. Fill

than those of bigger ones (82);

3 directly with jncreasing temperature of

sorption varie

activation.
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Hysteresis and the effect of relative humidity ang

temperature

Figures 30 and 31 present the effect of relative

humidity and temperature on relative hysteresis. Relative

hysteresis, which has been employed as a qualitative

measure of the amount of hysteresis at a particular tempe-

rature or relative humidity, can be defined as:

Desorption regain-sortion regain
x 100

Relative hysteresis =
sorption regain

In dealing with the effect of relative humidity on the amount

of hysteresis, the relative hysteresis values concerned are,

at each particular relative hysteresis, the average values
at the various temperature. Similarly, in considering the
effect of temperature, the relative hysteresis values employed

are. at each particular temperature, the averages of the values
b

at 10% relative humidity intervals in the range 20-90% rela-

idity inclusive; values outside this range were not

tive hum
rages partly because the error was

considered in the ave
and partly because the relative

greater outside this range,
sis must for all samples decrease towards zero at

hystere

approaching 100% relative humidity.

Effect of relative humidity on relative hysteresis

(20-90% r.h.) Figure 30.
Figure 30 shows that as the relative humidity increases
g
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from 20 to 90%, the relative hysteresis of cellulose acetate
decreases; the decrease being marked in the range 20 to 50%
Earlier results on cellulose and other textile poly-

rtho
mers (58) have also revealed a similar behaviour. The present

regsults are in excellent agreement with the results of

Jeffries (58) who studied secondary cellulose acetate and

triacetate. The 100% r.h. regain values,at 359, are dlss
in good agreement with most of the previous values (58)

Effect of temperature on relative hysteresis (Fig. 31)

With cellulose acetate activated at different tempe-
ratures (gooc 150°C and 200°C) the relative hysteresis
decreases with increasing temperature (Figure 31); the de-

y marked between 90 °c to 150 %8, above 150°¢

crease being ver
pears to be independent of tempe-

the relative hysteresis ap
Previous results show that
lative hysteresis decreased with increase in

Jeffries (58) studied

with all the celluloses

rature.

studied, the e

temperature in the 30°C-60
ive properties of cellulos
o 150°C and reported gimilar observations.

e acetate in the range of 150°C to

°C range.
e secondary acetate and

the sorpt

triacetate up t

The bebaviour of cellulos
elative hysteresis decreases

200°¢c is very interesting, the r
8 range 90-150°C and then remains almost

by about 6% in th
The reason for this unusual be-~

constant from 150 C- 200 Cs
however, is not clear.

haviour at high temperatures,
g
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STUDIES IN SCRPTION-DL

SURPTION WYSTERESIS WITH ChLLopuApg
e ———

Abstract

Making use of the quartz fibre spring balance, a
series of sorptions and desorptions of water and organjc
vapours, at 35°C, have been carried out on (1} commercig]
cellophane (2) commercial cellophane, washed with water
(3) commercial cellophane, washed with water, ang next with
different organic liquids and (4) cellophane activated at
temperatures varying from 359 to 200°%. Commercial cello-
Phane showed no hysteresis loop at all in the first tyo
cycles. Commercial cellophane, washed with water, showed
hysteresis effect in the first cycle and it disappeared in
the 2nd and 3rd cycles. Commerclal cellophane, washed with
water, and next with different organic liquids showed per-

manent and almost reproducible hysteresis loops.

Commercial cellophane has no pores and cavities ang
therefore showed no hysteresis effect. On washing with
water, glycerine which is normally present in cellophane
as a plasticiser is removed. Pores are created, the hyste-

resis effect is produced in the firgst cycle and it dig-
appears in subsequent cycles owing to swelling of cellophane.

Washing with organic liquids makes cellophane less swellable
as



(NS
1Se

and l y I v e d I
ess h drophi lic ’ he ca iti 3 re not collaps b
2 a

and
the hysteresis effect persists over a large numb
er

of cycles.

With activated cellophane, it appears that the mole-
Cules of regenerated cellulose undergo thermal vibration
at elevated temperatures and cellophane tends to acquire a
more stable conformation which results in readjustment of
pPosition, shape and size of capillaries within the solid.
The readjustment appears to be ultimately responsible for

the appearance or disappearance of hysteresis effect.

The water-vapour sorption data have been plotted
according to BET and FHH equationsg and BET surface area

for cellophane has also been calculated.

Introduction
The remarkable extent to which the properties of

textile fibres, protective films and many plastics are

modified by the sorption of
an interest in the subject (83-86). The extensive

tion of water vapour by high polymers led
teresis in sorption was a
of bound water

water vapour has long main-

tained

work on the sorp

Smith (87) to believe that hys
of variation in the fraction
on and desorption processes, the

ger on desorption than on
d the permeation

congequence
present in the sorpti

bound fraction being always lar
Hauser and Mclaren (88) studie

sorption.

-9
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an

su
ggested a mechanism which was in accordance with Pauline!
ng's

consideration (89) for Nylon and proteins. Simril and

S
mith (90) obtained sorption-desorption hysteresis in cello

pPhane_water vapour system at temperatures ranging from 16,5
They interpreted hysteresis on the basis of the

to 49.59.
Stamm (91,92) studied the

entropy of the sorbed water.
diffusion of water into uncoated cellophane. Usmanov and Park

(93) obtained sigmoid isotherms during sorption and desorp-

tion of water on cellophane at 259C, Their results indicated

a change in the structure of cellulose during the process of

water sorption.
non molsture proqed cellophane is a

Glycer01 free,
the field of physics and

desirable subject for research 1in
f cellulose because this material is pure rege-

the form of a thin film which lends
A fairly com-

chemi stry o
nerated cellulose in

itself readily te experimenta

tudy of the cellophan
hope that some of the film properties

1 conditions.
e - vapour equilibrium was

prehensive s
undertaken with the
e on the vapour content might be

which show marked dependenc
Alsc, the effect of activation temperature of
cellophane on water sorption has been studie

No data of this kind are available

correlated-.
d over a wide

range of temperatures-

in literaturee.
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Commercial cellophane,

supplied by E.I. 4y Pont de
Nemours & Co.

Inc. has been used in all experimentsg.

in
the form of strips 6 em x 4 cm.

These strips are clear
and transparent because the holes are too small to scatter
Much light{9s4}.

Commercial cellophane usually containg about 18%

glycerine (95) which functions &s a pPlasticiser in cellg-

Phane,

Extraction of glycerine: Cellophane was kept in contact
with distilled water for 24 hours and washed several timeg
to remove glycerine (92). The washed cellophane was dried
in air. Glycerine ffee cellophane is referred hereafter
@s cellophane while unwashed cellophane is referred to as

Commercial cellophane.

Treatment with organic liquids: Cellophane was treated with

different organic liquids: methyl alcohol, ethyl alcohol
and acetone,kept overnight. The organic liquid was changed
7

six times during intervals of four hours and the treated

cellophane was dried in air.

The following sorbates have been employed:

Water Doubled distilled

a 6 ’ oc
Methyl alcohol EDH (AR} Redistilled at 64.5

micals Redistilled over Ca atr
Ethyl alcohol Bengal Che o
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2-Pro
Pyl alcohol BDH (LR) Redistilleq 0
n-Butyl e
Yl alcohol BDH (LR) Redistilleq at 116%%¢

Carbon te
trachloride German (LP) :
Redistilleq at 76%c.

Commercial cellophane - water vapour system

In the sorptions and desorptions of water vapour,
the commercial cellophane has shown no hysteresisg effect,
Figure 32. The sorption and desorption curves are coinej-
dent in the first two cycles. Commercial cellophane has

taken 73.2% and 73.0% water in the 1st and 2nd cycles,
respectively. Attainment of equilibrium was complete ip
about one hour but actually two to four hours were allowed
before taking each point. The isotherms show no clearly

defined knees.

Cellophane - water vapour system

Glycerol-free cellophane has shown very interesting

behaviour towards water sorption and desorption. There wag

hysteresis loop in the first cycle and it disappeared in

the 2nd and 3rd cycles, Figure 33.
ond and 3rd cycles are 52.0%,

The sorptive capacities

of cellophane in the 1st,
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51.3% and 50.1%, respectively. The study of these cycles

lasted over 20 days. Duplicate experiment also ry T

similar resultse.

Organic liquid treated cellophane - water vapour system

Cellophane, treated with different organic liquids,

was used as adsorbent in an another series of experiments.

The organic liquid used were methyl alcohol, ethyl alcohol

The study in each case was extended up to

and acetone.
There have been permanent hysteresis loops in

6th cycle.
At the end of 1st cycle

each case, Figures, 34, 35, 36.
on and desorption, the ethyl alcohol treated cello-

of sorpti
phane lost about 6%

treated cellophane lost abou

There was no loss in weight in case of met
The sorptive capacities of organic

of its initial weight while acetone
t 2% of its initial weight.
hyl alcohol

treated cellophane.
hane have been presented in Table XII.

liquid treated cellop
Table XII
d treated cellophane for

Sorptive capacities of organic liqui
water vapoure.

apacities g/100g of cellophane
A Sorptive gogption-desorption cycles
dsorbent P 3rd Lub 5th éth
- - 35.2 35.8
Methyl alcohol 30.0 349
treated cellophane 51.5 - 50,0 50.0
Ethyl alecohol 39.7 - A
- - 49.5

treated cellophane ]
36.0 49.5 LGe2

Acetone treated
cellophane
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Sorption of organic vapours on cellophane

In another series of experiments, cellophane was
subjected to complete sorptions and desorptions of polar

sorbates like methyl alcohol, ethyl alcohol, n-propyl

alcohol and n-butyl alcohol, and non-polar sorbates like

carbon tetrachloride.

The sorptions and desorptions of methyl and ethyl

alcohols have been presented in Figures 37 and 38, respec-

tively. The amounts of methyl alcohol taken at its satu-

ration pressure, at 35°C, in the 1st, 2nd, 3rd and 4th

cycles are 30.6, 29.4, 28.3 and 28.0 c.c. per 100 grams of

cellophane respectively. The sorption capacities of ethyl

alcohol are 36.8, 35.3, 34.3, 34.5 and 34.6 c.c. per 100
grams of cellophane in the 1st, 2nd, 3rd, 4th and 5th cycles

respectively.

At the end of the 1st cycle of sorption and desorption,

cellophane retained, jrreversibly, about 4.0 and 5.5 c.c.

of methyl and ethyl alcohols respectively. This 'bound!

s retained by cellophane inspite of several hours

alcohol i
500, at a vacuum of 102 m.m. of Hg.

of evacuation, at 3

-propyl and n-butyl alcohols,

In the sorption of n
11. It was of the

the extent of adsorption was very sma
It is thus, reagonable to assume that the

order of 0.2%.
alcohols is negligible on cellophane.

adsorption of these
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The extent of adsorption, in case of carbon ——
]

“as also considerably small. Cellophane Was subjected to

three integral sorption of carbon tetracnloride vapours
The extent of adsorption was about 0.25%, After three

sorptionsand desorptions of carbon tetrachloride, the same

cellophane film was exposed to water vapour sorption. The
sorption-desorption curves obtained at the 4th cycle have
been presented in Figure 39. The nature of the 4th cycle
of Figure 39 is almost similar with the 3rd cycle of cello-
Phane - water vapour system, Figure 33. This treatment
was given to cellophane with a view that water sorption
treatment might increase the pore diameters in cellophane,
as water is a solvating liquid for cellophane, and conseq-
uently cellophane might take up more of carbon tetra-
chloride vapours. After completing four cycles of Sorp-
tions and desorptions with water vapour, cellophane was

once again subjected to carbon tetrachloride vapours, but

the amount of carbon tetrachloride taken was-still small

i.EO, 0.2 to 0025%0

Sorption of water vapour_on activated cellophane

Figpures 4O to 46 present the effect of activation
g

- i hys-
temperature of cellophane on the sorption-desorption hys

ies of
teresis with water vapour. The sorptive capacities

been presen-
activated and also unactivated cellophane have been p -

ted in Table XIII.
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Table XIII

S » s

temperatures
T o1aE
on cycles Sorptive capacities
Unactivated(35°C) 3 52.0 - 50.1%
0 [ ]
£0°0 3 58.2 - 54.0%
o}
95°C 6 4L2.0 - 39.1%
0
1107C 5 60.5 - 59.8%
o
125°C L 62.0 - 59.5%
200°C 5 33.5 - 29.5%
E cepting 95°¢C activated sample, the sorptive capa-
vation temperature

city of cellophane increases as the acti
ag from 359C to 150°C. After 150°C, the sorptive
gradually decreases as the activation temperature
om 150°C to 200°C.

At low

increas

capacity
The behaviour of hysteresis

increases fTr
teresting- er activation temperatures
oop shows the tende

at higheT activat

ermanent hysteresis
ures (175°C = 200°C), the

loops is very in
ncy to disappear

0 o 60°C) the 1
ycle whereas,

jon temperatures

(35

after 1st C
(95°C - 150°C ),

there are P loops. At

still higher activation temperat



hysteresisg loop again shows the tendency to disapbear

after the firsgt cycle of sorption and desorption.

Discussion

Sorption of water and organic liquids on cellophane

In the light of the cavity theory (12,13) of hys-
teresis in conjunction with the swelling property of
cellophane, the results obtained on successive sorptiong
and desorptions of water vapour, lead to interesting con-
clusions. The commercial cellophane has obviously no

pores and cavities as indicated by the absence of the
hysteresis effect. Probably, the pore space is all filleq
with the glycerine. On washing with water, the glycerine
is removed and the pore space containing the cavities
produce the hysteresis effect in the sorption and desorption
of water vapour. As the cellophane can swell in water
which is a solvating liquid for cellophane, the cavitieg
disappear and the hysteresis loop disappears in the 2nd
There is decrease in the sorption capacity

and 3rd cycles.

from 73.0% to 50.1%. This is probably due to shrinkage of

the network of cellophane owing to the removal of glycerine.

The commercial cellophane, washed with water, was

ent organic liquids. As a result of

kept soaked in differ

this treatment, the swelling property of cellophane was

15



probably affect
ed. Consequen
tly, a perman
ent and re
Pro-

ducible h i
ysteresis loop even in the 6th cycles of
Ol sorption

and desor
ption with water vapour was obtained.E
-SXcepting the

1
st loop, others are practically identical

Methyl alcohol, ethyl alcohol and acetone
seemed

to
have altered the nature of the surface of celloph
) Oopnane.
ellophane was rendered less hydrophilic and less 1
¥ swellzable.

Consequently, the cavity walls have become fairly stabl
and the entrapping effect persisted. There was a repr ]
ducible hysteresis effect in each case. The decrease :;

al sorptive capacity is also indicative of the above

the tot

change.
gated cellophane, the

Excepting methyl alcohol tr
e 1st cycle of gorption and desorption was

nature of th
quite interesting. At the end of the 1st cycle,cello-
n welght which was 5.6% in case

had guffered a loss 1
f acetone treated

phane

of ethyl alcohol and 1.5% in case ©

cellophane-. This must be the residual liquid retained by
cuum of 102 m.m. This liquid

preferential gorption.
at the end of the 1st

emained the same

1lophane even at va
placed by water, by
¢ of the zero point

the ce
has been dis

There was a shif
of sorption &7
quent cycles.

d desorption and it r

cyclie
in all subse
erms of water, methyl

The aorption-desorption isoth



1oV

and ethyl
yl alcohols showed
that the tail end of
the hY3_

teresi
s loops stretched up to the zero pressure i
in each

e of the fact that there are neck
35

ca :
se. It is indicativ

o)
f molecular dimension in the po
rbates of high molecular weights, the

In fact, there

re structure of cello

phane. With so
came very small,

extent of adsorption be
arbon tetrachloride, n-propyl
y

was negligible adsorption of ¢
The difference in the amount
S

utyl alcohol.

alcohol and n-b
up by cellophane can be attributed

of the adsorbate taken

ng accessibilities of the pores present in

to the varyi

cellophane.
cellophane retains, at the end

As stated earlier,
jon aad desorption, small amount of *bound’

4 not be removed
sorbates retained by cello-

of first sorpt
even after long evacua-

alcohol which coul

tion. The amounts of

t pound’
a XIV.

phane are pres
Table XIV
ates retained by cellophane.

tbound' sorb

Amounts of
Bound sorbate

____—Molecul&r size )
Sorbate",’____’/———jﬁ" ce/100 g
3.5 0.0
b0

Lheb

Water
Methyl alcohol
5.2

5¢5
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w 0

The above
tabl
e reveals that the amount of 'bound®
n sorbat
e

varies dire
ctly with the molecular size of th
e sorbate.

One notewortkh
y feature of the
cellophane
- alcohol

systems 1
s the remarkable reproducibility of the h
loops after th i e
e first sorption an o
d desorption i
, Figure 47

It indicates that all the irrev
ret cycle and in subsequent cy

ersible changes have occurred

cles s Cellophane

during the fi
ards further sorptions and desorpti
ons.

behaves reversibly tow

Effect of activation temperature

cilitate discussion, the hysteresis loops ob
obD=-

To fa
activation temper

tained at different
atures of cello
phane

are presented in Figure L8.
The changing pattern of the hysteresis loop indicat
es

e under the influence

ture of cellophan

ge in the struc
d earlier, the size and the

the chan
s been discussé

As ha
pendent on the size of

of heat.
i the bystere

r distribution

gis 1loOP are de

shape O
and shapée

t het

pores,
tend tO coil up under

sn general,

This behaviour

Macromolecules:
jone.

y thermal mot
5 ‘of elastomers,
1y appears the
1 vibration at ele-

e of heat - b
where there

the influenc

pronounced
t molecules

in the cas
Gl ponds-

ergo therma

i= more
otation of

ig a free r
gllulose und

generated c

of re
eratures an

vated temp

d the sO lid
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e
1co
stabl
ble conformation. This results in readjustment in tp
i e
si
ze and shape of micro pores and capillaries within th
e

solid which is ultimately responsible for the hysteresi
s

phenomenon.

From Figure 48, it is apparent that this kind of
change occurs in cellophane above activation temperature

o) o)
of 60°C, From 60°C to 150°C activation temperatures
?

cellophane appears to have acquired a rigid pore structure
)

the walls of the capillaries and pores have become tough

and uncollapsable; they entrap water and thus, are respon-

sible for the permanent hysteresis effect which persists

over repeating sorption-desorption cycles.

Another change seems to occwr beyond activation

temperature of 150°C, due to which the hysteresis loop
disappears in second and subsequent cycles. It can be
simultaneously noted that total amount of water sorbed

Reduction in total sorption value at

also reduces.
elevated temperature may be eit her due to crystallization
or due to breaking of chains to smaller fragments which

result in the close packing o Celleophane

was observed to have acquired a slight bro
tures which supports the pogsibility

at elevated tempera
of breaking of the chains. Tt is expected that at atill
1 rise as has

f the material.
wnieh colour

higher temperatures the sorption value wil
tivated starch-water vapour sy stem(pagess).

been observed in ac



a Chan i

the dim
ension of cellulose derivatives occwrs with j
in-

Crease in temperat
ure the chains beco
Me more freel :
Y orienting,

in-

In ca
. ge
ned

with cellophane should be more pronounced with rubb
ery

materials like polybutadiene or natural rubber

Diffusion and reorientation of molecules in solid

Polymeric bodies is a time dependent process. At higher

temperatures the rate of diffusion is higher and a stabl
e

conformation is achieved in lesser time. At lower tempe
ra-~

tures also the stable confirmation can be achieved but will
It is likely, if the activation time is

need more time.
increased at 60°C, the solid will acquire a stable conform
Q-

tion and permanent hysteresis loops like 110°C activated
sample (Figure 48) will be obtained. Also, the loops
between 60°C and 15000 should all be almost identical if
sufficient time is allowed for activation treatment.

of BET and FHH equations
therms of cellophane (Figure 33)
This suggests that

Applications

The water vapour iso
rknee” .

show not very clearly defined
BET equation has

-operative in naturee.

the adsorption is co
e the monolayer capacity (x,)

been applied to calculat
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icQ

in a mann
er analogous to that applied to type I1 isoth
SO erns.

The BET 1
plot (Table XV) yielded straight line, Figure 49

Table XV

BET
plot for the sorption of water vapour on cellophane

vapgiiagizzsure SOfytion p
P/ P gxg x(p,-p)
0.024 0.0065 3,79
0.048 0.0120 4«20
0.072 0.0170 L. 58
0.096 0.0210 5,00
0.120 0.0260 5
O.145 0.0300 5.60
0.169 0.0330 6.14
0.193 0.0370 645

From the slope and jntercept of the line, the specific

surface area (S) of cellophan
and specif
2/g raspectivelye

e was calculated as usual {10).
The monolayer capacity jc surface area were found

0.052 and 18Bh.4 o

to be
ained in the mono-

The number of water molecules cont
alculated and

layer over 1 gram of cellophane were also ¢

found to be 174 X 10°Y,
ssion in the 1iterature (9171}

There has been wide discu
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regarding the applicability of the BET equation to tp
e

RORRDAGN of water vapHE L) swelling polymer network It

has also been pointed out (96) that the significance of
a

BLT monolayer in such systems is questionable. The preg t
en

waler sorption data, when plotted according to the isother
erm

equation of Ffrenkel (97), Halsey (98) and Hill (g9) vielded

wide deviations from linearity (Figure 50). The linear

portion of F-H-H isotherm can correspond to multilayer ag

sorption at bhigh relative pressures. Table summarizes F-H-g

plots. (Table XVI}.

Table XVI

F-H-H- plots for the water vapour sorption of cellophane.

Po

P Po log log 5— x 168 x
L.10 Lel5 0.8 0.40 B398
4.05 Lel5 -1.98 0.35 ~0.4,56
400 4.15 -1.80 0.31 _0.509
3.9 Lel5 -1.57 0.26 -0, 585
3.8 hel5 -1 k2 0.24 ~0.620
3.2 Lel5 -1.30 0.22 -0.658
306 4-15 —1.21 Q.20 _0.699
3.5 Lals -1.13 0.18 -0.745
3ok Lo15 -1.06 0.16 -0.796
3.3 Lel5 -1.00 0.15 ~0.824
3.2 Lel5 -0.95 O.14 -0.85)
31 LelS -0.898 O0.14 -0.85
3.0 Lel5 -0.85 0.13 -0.886

: -0.66 0,095 1,155
23 e 12 0,50 0,070 ~1.260
e ﬁ‘§§ ~0.30 0.055 -1.400
;:g L:TS ~0.21 0.044 -1.602




RN
e
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The curved nature of the major portion of the F-H-H
isotherms indicates that elther capillary condensation is
occurring in very fine pores or that the adsorbent is under-
going swelling or physical changes as a result of the sorption

Brandt and Budrys (100) have published similar

processe
rious vapours by polypeptides.

curves for the sorption of va

ok et R
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CHAPTER VI

SORPTION-DESORPTION HYSTERESIS

IN NATURAL GUMS
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SORPTION-DESORPTION HYSTERESIS IN NATURAL GUMS

Abstract

The natural gums - Karaya, Sudan, Guar angd Sandarae
have been used in sorption-desorption studies with water
and ethyl alcohol. All the gums show decrease in size ang
disappearance of the hysteresis loop on successive cycles
of sorptions and desorptions of the sorbate. Cum Karaya
and Sandarac show greater tendency of the hysteresis loop

to decrease in size and disappearance than gum Guar ang

Sudan. This difference in the tendencies is related to the

structure of gums.

Introduction

Natural gums are highly swelling, high polymers with
enough dissociable groups to make them colloldal electrolyte.
The gums exhibit such a wide spectrum of physical and chemi-
cal properties that it is difficult to devise a means of
without consldering a large number of excep-

classification

tions. Until quite recently gums were classified, as recom-

mended by the early investigators, according to their
They are generally

behaviour when treated with water (1)
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divided into t .
WO main groups (2,3):
’ ® 1) SOll.Ible
gumsg

similar gums, which dissolve

typified by gum arabic and
in water
forming more or less transparent, viscous a
nd

ad
hesive solutions and 2} insoluble guns - which wh
| wihien
Placed in water absorb it and swell into a thick jell
elly

or wi ici
with sufficient water present finally breakdown int
o

4 very thick translucent solution. The best known g
ums

b &
elong to this group are gum tragacanth and the tragacanth
n

substitute gums such as Karaya and Kutira gums.

There are also gums with properties intermediate

between the above two groups and these have been termed
"semi-insoluble gums". Example of this class of gum is

Persian insoluble gum.

Natural gums, proteins and synthetic ion exchange

resing, all of which possess the common properties of
hydration and swelling in water have shown a common beha-

viour in sorption-desorption hysteresis, i.e., the dis-

appearance of the hysteresis loop initially exhibited or

the gradual decrease in size of the hysteresis loop in
final dis-

successive sorptions and desorptions and the

appearance. Elworthy and George (4) have studied sorption
on sodium ghattate. Calcium arabate

and desorption of water
In the present chapter

has been studied by Rao (5) earlier.
some more natural gums 1) Gum Karaya 2) Gum

the behaviour of
um Sandarac has been presented.

Guar 3) Gum Sudan and L) G
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Gum Guar
was obtained from the Department of Ph
ar-

Oobtai
ained from M/s Prachi Gobeson Limited, Calcutta

All
the samples used were in the form of powg
er ang

g

was chosen.

Structure and composition of Gums

The molecular structures of the plant gums ranks
amongst the most complicated ones known to organic chemist
sts.

All the gums possess highly complicated branched structures

involving several different sugar residues. The gums have

been placed into different groups according to the main
Gum guar has a

structural features of the carbohydrates.

D-galactopyranose branch on every other D- mannopyranose

It is derived from the seed of the guar plant,

unit (6,7).
Guaran, a

cyamopsis tetragonolobus, family Leguminosa.

D-galacto-D-mannoglycan (1,2), is a straight chain mannan
The D-manno-

with single membered galactose branches.
its are Jjoined by/B-f19hJ linkages, and single

pyranose un
joined to this chain by e-(126)

D-galactopyranose units are
Gum Karaya is the name given to the dried
It is an acetylated

linkages (7},

exudation of the sterculia urens tree.

polysaccharide which is characterized by an acidic nature
The acid number has been found

and relative insolubility.



- 0D

B

to var
y from 13.4 to 22.7 (8,9) and moleculap weight

ultra ce i
ntrifuge method. Quantitative determination
s

revealed the following hydrolytic components:
L-rhamnoSe

D-galactu-

ronic acid (43)parts, D-galactose (14)parts
b
1
(15 parts) (11). Gum Sudan belongsto galactan group i
n

which (133) linkages are located largely in the main c¢h
chaing

and (1+6) linkages in the side chains. The principal
sugar

residues present in the molecule are D-galactose, L arabi
’ o~ 1-
nose, D-glucuronic acid and L-rhamnose in some cases. Gum

Sandarac is obtained from Tetraclinus articulata which

belongs to a monotypic genus family. Sandarac containg

about 1% of volatile oil but consists mainly of crystalline
inactive pimaric acid (Sandara copimaric acid, 85%) angd

small amounts of sandaracinic and callitrolic acid (12).

The plant gums are amorphous (13) substances con-

taining C, H and O and they are members of carbohydrate
group. However, in some cases evidence of crystallinity
The plant gums are hydrophilic

has been obtained (14).

substances and are neutral salts of complex polysaccharide
d residues,

acids, composed of hexose residues, uronic aci
which are

pentose residues and methyl pentose residues,
e most diverse manner within the

joined together in th

same molecule.
ption of gum tragacanth, which containg

With the exce
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P
P-galacturonic acid units, the plant gums are dlstinguisheq
Ul she

by the fact that D-glucuronic acid is the acig component

present in them all., The D-glucuronic acid component ig

Present in the pyranose form. The hexose encountered in

plant gums are D-galactose and D-mannose and
The pentose arabinose is always found

they too have

the pyranose form.

in the furanose form and is a member of the L-series of

sugars while xylose which occurs in the pyranose modifi-

cation, belongs to the D-series. The methyl pentose found

in plant gums are L-rhamnose and L-fucose and these assume

the pyranose structure.
The chemical behaviour and water solubility of the

gums (15,16) depend on the presence of hydroxyl groups which

can form intramolecular hydrogen bonding and hydrogen bondinge
O
with water molecule. Structures containing immensge ar?&s
!
of -CH group can hold, by hydrogen bonding, large proportions

These water molecules are removable with

of water molecules.
greater and greater difficulty as the process of drying goes

on and hydrogen bonding between -0H groups of macromolecule

itgelf gradually replaces bonding with the solvent. At
produced which becomes

this stage a highly viscous syrup is

hard and glass like on further drying.
olution in water owing to intramole-

only after a prolong

The hard glass like

dehydrated gum resistss
cular hydrogen bonding and dissolves

gestion during which the gum swells markedly

period of di
before dispersinge.
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The details of these processes are still in ]
arge
mea i
sure obscure but physico chemical studies of viscosit
sity

relationships, gel formation, etc., have shown that th
3 ey

are highly complicated and markedly dependent on the p
re-

sence of ionizable groups (15) such as -COOH, in the mol
Q=

The difference in H bond formation is

cular structure.
gible for the variation in properties of

probably respon

the gums.

In the present studies, the differences in the
ent gums towards sorption is attributed

behaviour of differ

to the difference in degree
ing and also hydrogen bonding with sorbate.

of intra and intermolecular
hydrogen bond

Results
d desorption studies with Karaya Gum with

Sorption an
pour have peen continued up to 2nd cycles, Figure 1.

f water taken up at s
d 2nd cycles are 94 .6% and 95,0% res-

water va
aturation pressure of

The amounts ©

water in the 1st an

pectively.
gum, Figure 2 » the sorption-desorption

tinUEd up to gth ¢y
5th and gth cycles are 66.1%,

The study took about

with Guar
cles. The sorptive

pave Dbeen con
n the 1st, 3rd,
62.3%, respectivelye

studies
capacities 1
61,.8%, 62.1% and

3 monthse
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In the case of Gum Sudan, the SOPPtion-desorption

studies were continued up to 9th cycles. The sorptiop
values at saturation pressure of water in 1st, 5th ang 9th

cycles are 72.5%, 78.0% and 82.0%, reSPECtively.F%uﬁl3.

Figure 4 presents the sorptions and desorptions of

ethyl alcohol on Gum Sandarac. The study was continueg

up to 3rd cycle. The volumes of ethyl alcohol taken at the
saturation pressure in 1st, 2nd and 3rd cycles are 290, 220,
and 225 c.c. per 100 grams of gum, respectively. At the end
of the 1st cycle, the gum retained 11.8 c.c. of alcohol per
100 grams of gum which could not be removed even by drastic
evacuation for 12 hours. This 'bound' alcohol was not
replaced even by water gorption on the same sample,
The equilibrium water sorption values for Gum Karaya,

Gum Sudan and Gum Guar are presented in Table I.

Table I

Sorption capacities of different natural gums for water vapour

Sorption capacity
g/100 g of gum

Gum
95.0
Karaya
82,0
Sudan
62.3

Guar
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Effect of particle size

A study of the effaect of particle size on the
extent

of i ;
adsorption is desirable since this provides a me
ans of

varying the external surface area. If the adsorption j
is of

Van der Waals type, then it would be expected that the
extent of adsorption would vary directly with the specifie
surface area. Sorption isotherm data were accordingly
obtained for four different particle size fractiong - par-
ticle size between 30 and 50 mesh, 50 and 100 mesh, 100 and

200 mesh and 200 and 300 mesh were obtained from Gunm Karaya;
The data are plotted.in Figure 5. Figure 5 reveals that

the extent of adsorption is almost the same for all the

different particle size fractions.

Discusgsion

Sorption-desorption hysteresis

In Gum Sudan, the hysteresis loop decreases in low

pressure region and disappears in higher pressure region
from 1st to 9th cycle although the decrease being small.

In Gum Guar, the hysteresis loop changes in shape and size
In the low and

on successive sorptions and desorptions.
first cycle there are

high vapour pressure reglons of the
loops and in the middle the sorption~-desorption curves are
Tt is a case of 'split hysteresis loop'. With

coincident.



9th cycle. In Gum Sandarac, the hysteresis 1oop exhibiteq

in the 1sgt

cycle completely disappears in the 2nd ang Ird
Cycles.

Gum Karaya does not show a hysteresis loop at ajg
in the first two cycles.

All these results show either the disappearance of
the hysteresis loop initially exhibited or the gradual ang
continuous decrease, in successive sorptions and desorptiong

and the final disappearance. These results are in conformity

with those already reported with many other organe gels,

These results are explained on the basis of tpe cavity
theory, in conjunction with the properties of hydratjon gpg
swelling of the gum. All the gums swell with solvating
liquid but vary in degree of solvation and swelling, go3._

i and swelling are determined by the number of polar
vation

ps (-OH and -COOH groups) which are the centreg of
grou -

intra and intermolecular Crogg-
the degree of 1n
hydration and

lar groups of the macro
, en bonds. The PO
linking by hydrog

dration (opr
sults in hy

uid) and this re

solvating 1liq

SSibi 11 t]?
s0 a ce



bPolar groups to water molecules vary in each gum and p
ence

fiydration capacity and swelling vary. Greater the accegsj
8si~

bility of the polar groups, quicker is the swelling ang
consequently, the cavitieg disappear more easily and the

hysteresis loop disappears in a fewer number of cycles

In Gum Sudan, the sorptive values continuously in-
crease from 1st to 9th cycles and there is g small decrease

in the size of the hysteresis loop in the lower ang dig-

appearance in the higher vapour pressure region. These

results show that the polar groups are partially accessible
to water and more and more groups are being accessible to
water as the sorption and desorption are tried. Due to
partial accessibility of the polar groups to water, swelling
is restricted, there by the cavities decrease and disappear

in gize slowly and hence the slow decrease in size and the
disappearance of the hysteresis loop.

In case of Gum Karaya, the sorptive value remaing
practically the same in first two cycles. In other words,
all the polar groups are accessible to water, consequently

greater ease of swelling, the cavities decrease in size and

disappear more quickly and no hysteresis is exhibited even

in the first cycle.
In Gum Guar, the slight decrease in the total sorptive
capacity and slight increase in the entrapping effect in the



low vapour pressure region suggests that probably swellin
and shrinkage are not uniforn. Swelling and shrinkage )
which are accompanied by sorption and desorption respe;-
tively, if non uniform, result in localised stresses and
strains and may affect the extent of collapse of cavities.
It is expected that if further sorptions and desorptions
were continued on the same sample of gum, the constricted

necks of the cavities would further shrink and finally

collapse and the hysteresis loop would disappear.

The results presented in this chapter on the beha-~

viour of the different natural gums in sorption-desorption
hysteresis confirm the earlier generalization that all organoc
gels, on the imbibition of water, either show no hysteresis
loop or the hysteresis loop initially exhibited decreases

in size on successive sorptions and desorptions and finally

disappears.

The explanation of this general phenomena is the

cavity concept in conjunction with the properties of hydra

tion and swelling. Hydration and swelling are determined

by the number of polar groups which are the centres of
hydration and the degree of inter and intra molecular crost
The accessibility of the polar group to sorbate

linking.
e ease of disappearance of the ca-

molecules determines th
sappearance of the hys-

vities and thereby the ease of di

teresis loope.



Effect of particle size

An estimate of the particle size of the various
fractions, determined from sieve sizes, showed that the

total variation in particle size was about temn fold;

however, Figure 5, shows that the extent cf adsorption

is about the same for all the fractions. It appears

then, that sorption of water vapour by Gum Karaya is a

bulk property of the adsorbent ané apparently independent

of particle size- This suggests that adsorption of water
vapour on Gum Karaya is more specific than Vander Waals

adsorption.

R
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SORPTION-DESORPTION HYSTERESIS IN CELIEX
RESINS WITH WATER VAPOUR

Abstract

The four cellulose resins - Cellex P, cellex E,

Cellex T and Cellex D have been used in sorption-desorption

studies with water vapour. All the resins show decrease

in size and disappearance of the hysteresis loop on succes-
sive cycles of sorption and desorption of water. These

regults have been explained on the basis of the cavity
theory in conjunction with the swelling and shrinkage of

the resins. The tendency of the hysteresis loop to dis-
appear in the sorption of water on resins has been attri-

buted to the degree of cross-linking of molecules in the

resin.

Introduction
Ion exchange resins are egsentially cross-linked

r networks to which are attached ionlzed or unionized

polyme
ange resins there are, of course,

groups. In cation exch
-CO,H, -PO4Hp and in anion-

acidic groups, l.e., SOpH,

.
-



(RSN
™9

exchan
ge resins the groups are basic, i.e., quarter
nary
am 1
monium, aliphatie¢ angd aromatic amine groups, Of
. many

different natural and synthetic products which show 1
on

exchange propertiec
1) monofunctional synthetic polymers with

» two different types of ion exchangeyg

are widely used:
polymethacrylate or polystyrene matrices and 2) chemicall
y

substituted exchangers derived from natural polymers such

as cellulose and dextran. In both, the ion exchange pro

perties are determined principally by the kind of functiona]

ionic group introduced into the molecules. The matrix of

the synthetic polymer is wholly hydrophobic while that of

the natural polymer is essentially hydrophilic.

The development of cellulose ion exchangers (1,2)

introduced an indispensable tool for the fractionation
of complex biochemical mixtures. These excellent adsor-
bents owe their ionic and adsorbent properties to the basic

or acidic groups introduced into the bio-polymer by syn-
thetic procedures involving the formation of ester or ether
linkages with constituent hydroxyl groups of the molecules
and to the hydrophilic nature of the gel like matrix. In

uivalent of low cross-

the polysaccharide molecule the eq
produced by hydrogen bonding between poly-glucose

¢ are spaced approximately 50 A°
g of 10 A° for synthetic

linkage is

chains. The charged group

apart compared to the closer spacin

A limited substitution js essential in order

polymers (3).

T
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to preserv i
e an inscluble ma
cromolecular
structure. H
« Howevepr
)

th .. .
e matrix is elastic and can be expanded Therefo
. re,

the
n *

Th
e extent of swelling depends upon the degree of cross

linking of the molecules. The degree of cross-linking i
s

varied by varying the amounts of cross-linking agent

Ion exchange resins usged

The following commercially available synthetic ion
exchange resins with cellulose matrix have been used. These

resins were supplied by Bio-Rad Laboratories, New York

Cellex E
It is a highly purified cellulose powder containing

tertiary amine exchange group (ECTEQLA) .

Cellex T
d cellulose powder containing

It is a highly purifie
quaternary amine exchange groups (TEAE) .

Cellex P
It is a highly purified ce

4 exchange groups (

l1lulose powder containing

P) in the sodium form.

phosphonic aci



N |

H.
™

Cellex D
It is a highly purified cellulose powder containing

diethyl-aminoethyl exchange groups (DEAE).

Table I summarizes the typesfunctional groups, exchange

capacity and chemical designation of these ion exchange

rGSinS.

Resgults
In the case of cellex P, the 1st, 2nd and 4th hystere-

sig loops obtained in the sorption and desorption of water
The amount of water taken at the

The sorption-desorption studies
The

are shown in Figure 1,
saturation pressure is 23.7%.
were continued up to 3rd eycle in case of cellex E.
curves obtained at the 1st, 2nd and 3rd cycles are shown in

The resin takes 26.3% water at the saturation

Figure 2.
There is hysteresis loop in the first cycle and

pressure .
it disappears in the subsequent cycles. With cellex T,

Figure 3, the amount of water taken at saturation pressure

inthe 1st, 2nd and 3rd cycles 1is 30.0%. There is hysteresis

loop in the low pressure region of 1st cycle which disappears
In case of cellex D, Figure 4,

in the 2nd and 3rd cycles.
tion studies were continued up to 2nd cycle,

The amounts of water taken in the 1st and 2nd cycles are
There is no hysteresis loop

4,8.0% and 47.5% respectively.

sorption-desorp

at allo
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The total period r
or completing this
StUdy was ab
out

2 months.
In edch case and in all the cycles the
. ' » reain
was kept in contact with water vapour at saturation
Pressure

- :
ior 2 days and in few cases for more than 2 days

Di scussion

The results obtained with different cellex resi

ns

show either decrease in size or disappearance of the hyst
Se-

resis loop on successive sorptions and desorptions of wat
er,

These results can be explained on the basis of cavity

theory (4,5) in conjunction with the property of swelling
of the resins as described in the earlier chapter. A1l

resins swell with water. The dehydrated resing are compg -
ratively rigid in structure. The cavities which are present
At the saturation prese

entrap water and cause hysteresis.

sure of water all the resinsg are in swellen condition and
During desorption, the

the cavity walls become elastic.
cavity walls yield, the cavities collapse, the entrapping

effect is lost and thus the hysteresis loop decreases in
In other words, the decrease in size

size and disappearse.
pend upon the extent of

and disappearance of hysteresls de
swelling of the resin which in turn depends upon the degree
of cross-linking. Helfferich (6) has reported that the

d inorganic groups are

resins swell more when their fixe
, strongly

completely ionized and according to Osborn (7)



acidie
or basic resing are taken as more or less ful]
y

ionized under all conditions.,

It has also been reported (8-11) tpat highly ¢
IOSSw

1i i
nked, resins have a lesser degree of swelling, beecayu
b ause

of greater number of cross-links in the network. In otp
. er

words, the degree of cross-linking of the resin depend
s

upon the amount of the cross-linking agent used. Hence
’

the sorptive values should be in the reverse order, i.e
b aley

higher the degree of cross-linking, lesser the sorptive

A survey of the literature on the amount of the

value.
crogs~linking agent used in these cellex resins was made

but the degree of cross-linking could not be obtained.

However, present investigations reveal that the degree of

cross-linking follows the trend:
Cellex P> Cellex E} Cellex T) Cellex D
/

It is expected that in a resin of lesser cross-
linking, there is greater gwelling. The cavities collapse

more easily and consequently, the hysteresis loop dis-
of sorption and desorp-

appears in a fewer number of cycles
the tendency of hysteresis loop to decrease in

tion, i.e.,

size and finally disappearance depends upon the ease of

collapse of the cavities present, which in turn depends
the degree

e degree of swelling of the resin or on
in a resin of higher degree

upon th

of cross-linking. Conversely,



l\—'

of cross-linking, the swelling is less, the cavities

collapse less readily and so the hysteresis loop persists

Over a larger number of cycles, although the loop decreaseg

in size in successive cycles. These results are borne out

by the present studies.

Tager and coworkers (12,13) have reported while
working with ion exchange resins that although total sorp-

tive capacities of different resins remained the same in

all the cycles, the hysteresis loop decreased in size and

finally disappeared. This indicated that the total cavity
volume was a very small fraction of the sorptive capacity

of the resin,Tager et al pointed out that high sorptive

value was associated with the ability of ion exchanger to

These conclusions have been borne out by the present

swell.
results, i.e., the total sorptive capacity in each case has

remained the same in all the cycles though the hysteresis

loop has decreased and disappeared.
A small hysteresis effect in the water vapour sorption

studies with ion exchange resins has been obtained by Gregor
et al (9,14,15) and Dickel and Hartmann (16). Gregor et al
(15) have attributed the small hysteresis(below 0.1 p/p,)

to short range order among the polymer chains. It is expected

that, if the studies were further continued by these authors
bly the hysteresis

in the second and subsequent cycles, proba

would have disappeared.



In these studies, the progressive decrease in size
of the hysteresis loop and its ultimate disappearance on

successive sorptions and desorptions have been established

to be general phenomena. All these systems have a common

molecular structural characteristic. The properties common

to all these sorbents are hydration and swelling. The common

ctructural feature is intra-molecular c¢ross linking. The

degree of cross-linking determines the extent of swelling ang

accessibility of polar groups to water molecules. These in

turn determine disappearance of the cavities and the dis-

appearance of the sorption~-desorption hysteresis effect.

o5 A AR
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SORPTIVE PROPERTIES OF AGAR AND ISPAGHULA

Abstract

By employing quartz fibre spring technique, a series

of sorptions and desorptions of water vapour at 35°C have
These adsorbents have

been obtained on Agar and Ispaghula.
shown a common characteristic in the sorption and desorption

of water vapour, i.e., the hysteresis loop initially exhibited

showed a tendency to decrease in size and disappearance in
the subsequent cycles. This gradual decrease and final dis-
appearance of hysteresis loop has been attributed to the

gradual collapse of the cavities in seccessive cycles of
A reasonably good fit for BET

sorptions and desorptions.

and F-H-H equations, in the low and high relative pressure
The BET surface

regions, respectively, has been obtained.
areas for the two adsorbents have also been calculated.

Introduction
In common with most, if not all, swelling systems,
exhibit a general

on the imbibition of solvating liquids
either there is no hysteresis effect in

phenomenon, 1.e.,

Mo



the very first cycle of sorption and desorption, or the
nysteresis loop initially exhibited decreases in size in

successive cycles of sorptions and desorptions and finally

disappears. Explanation of this interesting phenomenon has

been presented in the earlier chapters on the basis of cavity

theory (4,5) in conjunction with the properties of hydration

and swelling of the adsorbent in solvating liquid. The

generality of this phenomenon has been established by work

on a number of swelling systems (17-19).

Agar is a seaweed colloid (physico-colloid) extracted
from Gelidium, belonging to the red algae (Rhodophytal. It
is amorphous, porous, translucent, membranous, faintly yello-
wish, brittle when dry and tough when damp and available in

the market as powder, flakes, rectangular blocks and in

bundles of slender strips. Agar is the sulfuric ester of a
linear galactan. It consists of a long chain of D-galacto-

pyranose residues, attached by 1,3,-glycosidic linkages.

This chain is terminated at the reducing end by one residue

of L-galactopyranose. Attached to the rest of the chain

through carbon atom 4, this L-galactose residue is esterified

at carbon atom 6 with sulphuric acid. There are probably

as many as 53 galactose units to each SO, H group, and at
-reducing end group (20}.

least 140 such units to each non
Ispaghula (Plantago ovata seed) is the cleaned, dried,
11lium Linn'e or of FPlantago indica

ripe seed of plantago-Psy

(57 ]



Linn'e (21). De jussieu {21) recognised two distinct

groups of true plantains, the stemless plantago and those
with stems-Psyllium. The plantain group or the genus
The leaves are

The

Plantago comprises about 200 species.
simple, either radical or cauline, usually ribbed.
fruit is a 2 celled pyxis containing two or many seeds (22).
The seed of Plantago-ovata is broadly elliptical to ovate

boat shaped, from 2 to 3.5 mm. in length and from 1 to

1+5 mm. in width. The colour is white with a pinkish tinge.

No data are available on the sorption-desorption

hysteresis of water vapour on these two adsorbents. This

paper presents a series of sorptions and desorptions at

35°C on these two swelling adsorbents.

Experimental

The adsorbents had following specifications: Agar

(Harleco, U.S.A.), particle size between 100 and 200 mesh,

B.S.S., moisture content 13.2%, ash content 342%, acid

insoluble ash 0.48%.
Ispaghula (B.G. Telephone brand, marketed by the

Sidhpur Sat Isabgol factory, Sidhpur, Gujarat), seed length
1.0 = 3,0 mm, seed width 1.0 - 1.75 mm, boat shaped, white

with a pinkish tinge, particle size between 100 and 200 mesh,

moisture content 10.5%, ash content 2096%.



Result s

B

Complete sorptions and desorptions of water vapour

on Agar and Ispaghula are presented in Figures 5 angd 6
b

respectively. The weight of water adsorbed per 100 grams

of the adsorbent has been plotted against the vapour

Pressure of water.

In case of Ispaghula, hysteresis loop

initially exhibited disappears in the 2nd cycle while in

case of Agar, the disappearance is gradual and sorption-

desorption isotherms

become coincident in the 3rd cycle.

The percentages of water, at its saturation pressure for

the two adsorbents are presented in Table II.

Table I1:

Sorption capacities of Agar and Ispaghula for water vapour at

35°% .

Sorption capacities, %

Sorption-desgorption cycles

Adsorbent 1st 2nd 3rd Lth
Agar 60,0 69.8 69.5 6945
Ispaghula 72e5 8045 8240 -
Discussion

There are two

theories of sorption-desorption hystere-

sis - Cohan's theory (23) and cavity theory (4,5). The
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cavity theory postulates that hysteresis effect is due to
the entrapping of the liquid sorbate by cavities during
desorption. The shape and position of the loop depends

upon the shape and size of the cavities.

Dehydrated Agar and Ispaghula have comparatively

rigid structure. During sorption, the filling of the cavi-

ties by liquid sorbate is progressive and proceeds from
Whereas, during desorp-

The

the neck to the body of the cavity.

tion emptying of the cavities is sudden and abrupt.

cavity gets emptied when the neck gets emptied. Thus,

cavities entrap water and cause hysteresis.

Adsorbents capable of swelling in contact with water

are egsentially changing systems. During sorption, the

adsorbent swells and cavity walls become elastic whereas,
during desorption, it shrinks and cavities collapse in stages.

If all the cavities collapse in the very first cycle, there

will be no hysteresis in the first cycle itself. If, on the

other hand, the cavities collapse in stages, the disappearance

will be gradual, Present results indicate that the tendency

of Agar to change is low and cavities tend to decrease in

size and shape and collapse slowly as compared to Ispaghula.

Applicability of BET equation

Swelling systems yield isotherms which are charac-

terized by their being convex to pressure axis. The isotherms
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Pield no Clearly defined "kneeB”o The experimental te t
8

of the validity of the BET procedure for calculation of

the monolayer capacity from type III isotherms of BET

Classification (23) are too few and too unrepresentative
to permit a clear decision on its merits to be reached
BET equation has been applied to calculate the monolayer

capacity (me from the isotherms, in a manner analogous
to that applied to type II - isotherms (24). The BET

plots (Table III) yield straight lines, Figure 7.

Table III

BET plots for the sorption of water on Agar and Ispaghula

Relative Sorption, x g/g P
vapour x(p,-p)
pressure
p Agar Ispaghula Agar Ispaghula

0.024 0.009 0.008 2490 3.08
0.048 0.017 0.015 3.C0 3e37
0.072 0.024 0.C20 3.24 3.89
0.096 0.030 0.026 3.56 410
0.120 0.036 0.030 3.80 k56
0.145 0.040 0.034 bel2 5.00
0.169 0.045 0.038 boot 5233
0.193 0.052 0,043 4+ 60 5+56
0.217 0.058 0.048 4 .80 5.78
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From the slope and intercept of the lines the spe-
cific surface (S) in m?/g of the sorbent has been calculated

as usual (24). From the monolayer capacity, the number of

molecules (No) in the monolayer have also been calculated

using the expression:

XyneN
M

where N amd M are Avogadro's number and molecular weight

of the sorbate, respectively.

The monolayer capacity (x,), specific surface (S)

and number of molecules (N,) have been presented in the

Table IV,
Table IV

Monolayer capacity (me, specific surface (S) and number of

molecules in the monolayer (Ny) of water on Agar and lspaghula.

Adsorbent X S No

20
Agar 0.069 246.6 23.2 x 10
Ispaghula 0.058 205.6 19.4 x 10%°

Applicability of F-H-H- equation

Several workers (25,26) have criticised the application

of BET equation to the sorption of water vapour by swelling

polymer network. When the present water sorption data were

plotted (Table V) according to the isotherm equation of



Frenkel (27), Halsey (28), and Hill (29), wide deviationsg

from linearity were observed, Figure 7.

Iable V
F-H-H- plots for the water sorption by Agar and Ispaghula
log log p,/p Ispaghula

x log x X log x

~2028 0.61 -0.,215 0.56 -0.252
-1.68 0.57 -0.244 0.51 ~0,292
-1,80 0.49 -0.310 O0.45 -0.347
=90 5 O0.43 -0.366 0.39 -0.409
Vil @ 0.39 -0.,409 0.35 -0.459
-1.30 0.35 ~0.456 0.31 -0. 509
-1.21 0.3 -0. 509 0.27 -0.569
<1413 0.29 -0.538 Q.25 -0.602
-1.06 0.26 ~0+585 0.23 -0.638
-1.00 0.2 -0,620 0.21 -0,678
-0.95 0,22 -0,658 0.19 -0.721
-0.89 0.21 -0.678 0.18 -0.745
-0.85 0.20 -0.699  0.17 -0.770
-0.66 0.15 ~-0,824 0.13 -0.886
-0.50 R.12 -0.921 0.10 -1.C00
-0.36 0.09 -1.050 0.08 -1.100
0.06 -1.222  0.06 -1.220
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The linear portion of F-H-H- isotherm shown in

the present paper can correspond to multilayer adsorption

at high relative pressures. However, the curved nature

of these F-H-H isotherms indicates that either capillary
condensation is occurring in very fine pores or that the

adsorbent is undergoing swelling and physical changes as

a result of the sorption process. Similar results have

been published by Brandt and Budry (30) while studying

the sorption of various vapours by polypeptices.

e e s 6 30 XN
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Sorption-Desorption Hysteresis of Water, Methyl
Alcohol and Ethyl Alcohol on Raw Cotton

R. K. S. Bhatia
Chemistry Department
Birla Institutp of Technology & Sclence
Pilani (Rajasthan)

By employing the Quartz Fibre spring techni-
que, 3 series of sorption and desorption Iso-
therms of water, methyl alcohol and ethyl al-
cohol, at 35°C, on raw cotton, have been obtain-
ed. A permanent hysteresis loop is exhibited in
each sysiem. The size of the hysteresis loop de-
creases as the molecular weight of the sorbafe

increases.
The sorptive capacities of raw cotton for vari-
ous sorbates decreases in the order water > methyl
aleohol >» ethyl alcohol > n-propyl alcehol > n-
butyl aleohol. The sorption becomes practically
negligible with n-butyl alcohol. Raw cotton-alco-
hel systems exhibit the phenomena of ‘“‘Bound
Aicohol”, These interesting resulis have been ex-
plained in the licht of “Cavity theory of hystere-

sis.”

Im""Nluct!on

Gl Very many major studies of synthetic polymers,

cuy Ulose, starch and protelns with adsorbates, parti-

av:}rly water, have been reported,! but a few data are

eel) lable on the sorption of non-agueous liquids by

co Close fibres and, in many cases, the data are in-
Dsistent. These inconsistencies are due to the varia-
o0 in sample history and drying methods.

of The most comprehenstve studies on the sorption
ha Yarlous non-aqueous sorbates on cotton cellulose
Ve been reported by Chao? and Lauer? Recently,’
o1 Onov et al have reported that swelling capacity
Cotton decreases as the molecular welght of the

Cohol sgrhate increases.

In the present paper a serles of sorption and
alcohol gnd

:E;Ol'ption isotherms of water, methyl
¥l alecohol on raw cotton, at 35°C, are reported. A

f;l‘manent hysteresis loop is exnlbited. Sorption—De-
™Dtlon hysterests has been explained In the light of

¢ cavity theory of hysteresis.’

Experimental
Quartz fibre spring technigues, 7 has been employ-

ed in the present investigations. Raw cotton was taken
directly from cotton boll and evacuated for two hours
in adsorption apparatus. The evacuated cotton was
used in studying a series of sorptions and desorptions
of varlous sorbates. Re-distilleq water and alcohols,
made alr-free by slow evaporation for one hour, were
used as sorbates. The temperature of the thermo-

stat was malntained at 35 = 1°C.

Results
Complete sorption and desorption lsotherms (at

35°C) of water, methyl alcohol and ethyl alcohol
are presented in flgures 1, 2 and 3 respectively.

Fig. 1 represents the sorption and desorption of
water vapour on raw cotton, The study was continu-
ed up to 24 cycles of sorptions and desorptions. The
sorption capacltles of raw coton at the saturation
pressure of water vapour are 39.1, 32.5, 32.3% at the
1st, 18th and 24th cycles respectively.
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al':ol?;;_z ;‘;(-‘rptlon and desorption of methyl and ethyl
Pesnppu:] Ira'.1.rT cotton are presented in figures 2 and
& S'H‘{- ely The experfments were continued up to
thakr;_ nimd 8th cycles respectively. The maximum
is 222— ;7 methyl alcohol, at the saturation pressure,
While . d, 181 ccs at the Ist, 3rd and 5th cycles.
95 -q....re sorption capacities of ethyl aleoho] are 10.4,
Ina' 9B, 8.0 ccs per 100 gms of cotton, at the 1Ist
'S, 5th, and 8th cycles respectively. '
:n ,raw cotton-alcohol systems, at the end of the
al-g'?l:le, cotto_n Irreversibly retains certain amounts
o chols, which is termed as “Bound Aleohol”. The
Unts of bound methyl and ethyl alcohols are 2.92

]
d 22 ces per 100 gms of cotton.

8lg :0 facilitate a comparative study of the hystere-
g ODs, the sorption capacities of cotton are plotted
s"renSt the relative pressure Instead of actual pres-

Of water, methyl alcohol, and ethyl alcohol

Ay 4

mﬂcThe Shapes of the adsorption isotherms are sig-
Dputnf’l~ The isotherms are of type III of BET classi-
0 u'-'n-' The isotherm of water rises asymptotically
they 1® saturation pressure ordinate, whereas the iso-
tlohms of methyl and ethyl alcochols cut the satura-
thErem‘essure ordinate at an angle. It follows that
""ler Is a gradual increase in contact angle from
to ethyl alecohol.

DiESORPTIION HYNIERESIS
ALCOHOL ON RAW

OF WATER METHY o
COTTON L ALCONOL & EThyL

ETHIL ALLOMSL. |

HETNTL ALCOpoL

WATER .

Sorptien — Desorption Hystere-

als of Water. Methyl Alrohol and

Ethyl Alcohol at the 24th, 5th
and 8th cycies,

A satisfactory explanation for hysteresis effects
for rigld non-swelling gels may be made on the basis
of the capillary condensation theory. This explana-
tion, however, is not applicable to substances capable
of swelling, such as cellulose fibres.
anent hysteresls obtained with water
1 cotton can best be explained in the
y of hysteresis. According to

ion-desorption hysteresis is
bale by cavities with

The perm

and alcohols ot
light of the cavity theor

the cavity concept, Sorpt
due to entrapping of liguild sor

constricted necks.
There has been a gradual variation in the shapes
and shift in the positions of the hysteresis loops.
According to the de Boer classification.! type c¢ hys-
d in every case. The loops ex-

teresis loops are obtaine
tend over the whole pressure range.
r system Is a fairly rigid

R n-water vapou
aw cotto po s Nysaete

system. A permanent but slightly decre ”
sis loop is exbited even after 24 cycles of sorpilons

and desorptions. Raw cotton in contact with water :5
a changing system. At the end of each sorption, cot-
turation

ton swells with the water taken up at tpe sa
During desorption cotton shrinks and the

pressure. ¢
cavities collapse In stages. The decrease in sorptive
capacity from 39.1% to 32.3% and slight decrease in
the area of the loop may be attributed to thls gradual
disappearance of the cavities. Raw cotton-alcohol
systems show the phenomenon of “Bound Alcohol”.

After the end of the first sorption-desorption cycle,

12
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retains small amounts of alco-

‘. "
R

cotton irreversibly
hols., The bound methyl and ethyl alcohols are
and 2.2 ces per 100 gms of cotton. Probably, this nleo
hol is held up in fine pores of the cotton structure
and causes the cavitles to decrease in size. As the sie
of the cavities decreases, the difference between the
neck radius and body radius also decreases, nnd 50
the entrapping effect also decreases. Thus, kradual
decrease in the size of the hysteresis ioops with
methyl alcohol and ethyl alcohol may be attributed
}0 this “Bound Alcohol” In conjunction with increas-
ng molecular slze of the alcohol molecules.
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» ethyl alcohol,

A series of sorption-desorption studies, at 35°C, of wuter, methyl alcohol
starch, cmploying the

vapours lhave

The

tetrachloride

spring  technique.
hysteresis effect

and  curbaon
quurly 11 bre

been
polar sorbates
increases as

carried out on
yield sigmoid isotherms with
the molecular weight of the sorbate

linecar

hysteresis effect. The
1 he sorptive cupucity of starch shows the following trend in binding these vapours:

increases,
W.iter
constructe
ilcohol
alcohol -,
reasonabl
ulcohol systems.
Molecules in the

l I Mteraction of  adsorbates, particalarly
water, with polymers, cellulose, starell and
Protems is different lrom that of gel and
tery o _ In the {,on.nr_tr systems very strong
Nos 4 on between the .u'l:-,m!?ate ;u]{[ adsorbent is
¢ 'lmlly observed, t'csultmg In major changes in
}..l'ucturcl. More information about the interaction
”i;:Wecn sorbed vipours and these systems may be
ained by the study of simpler systems.

: [he interaction of water with starch has already
e reported®™.  Bushuk and \Vinkler® studied the
Orption of witer and organic vapours on wheat
oy, and reported that water sorption was a bulk
bl‘operty and did net depend on the particle size.
was also reported that hysteresis effect increases

" the molecular volume of the sorbate increases.
. Lhe present communication summatizes the results
' comparative study of a series of sorptions n"f[
d‘-‘-\iorptions, at 35°C, of polar sorbates like watel:
'nﬁthyl aleohol and ethyl alcohol, and .'10:1:{)01&1
sorlmte5 like carbon tetrachloride on starci. lh_esc
Sﬁ"dic-s were initiated to gather more information

.nout the interaction of water anc} some organic
from the point of wview of

r 1 hl ~
Tutifn Systeins,

;:‘pﬂurs with starch,
‘YSterasis and time dependence.

Aterjals and Methods

Star : ' & Berg., Hamburg lu. 1,
arch  (Schmidt & erg., H _ by
o Mitny) w.{.ras used as adsorbent in all the exper:
Gy Z

m
tetRedESti“Cd I]‘}.Cthyl alcoliol (BDII, .‘\R), ERI'E;CEI}
die-hloride (AR, Reanal, Budapest) and double
Silieg water were used as sorbates while el !1)
240l \yas kept in contact with calcium metal.for
2; and then distilled. ibre spring techmique?
Wy, o¢edure — The quartz fibre sp gations. 1Dhe

3, employed in the present investil
'l(lqr"l"-'“l was evacuated for 2-3 hr 1n acdsor ption

f : ( .
"'nl,f"l"atus before starting a sorptlon-des‘or[?tlmu tr:]ycziler
ddsorption apparatus was kept inside a

methyl alcohol = ecthyl alcohol! > carbon tetrachioride.
d for the polar sorbates, show that the rate of adsorption follows the order: methyl
Starch-alcohol systems exhibit the phenomenon of * bound

- ethyl alcohol! = wuater,

The results huve been expluined in the Tight of the ‘cavity theory’ of hysteresis. A
¥ good fit for the BET equation has been obtained for starch-water and starchi-methyl
Specific surfuce area of starch for the two sorbates and the number of

Time-adsorption curves,

monoluyers have also been calculated.

thermostat of the type constructed by Vernon®,
The temperature of the thermostat was kept at
35°+0-1°C by incans of a toluenc regulator in con-
junction witlh an electronic relay.  Ihc springs of
sensitivitics ranging from 40 to 45 cm/g load were
used. A cathetometer reading correct to (-001 cm
was nsed to read the stretch of the springs. By
exposing the evacuated adsorbent to water, methyl
alcohol and cthyl alcohol, at their saturation pres-
sures, at 35°C, the extent of sorption with time

was measured.

Results

‘The hysteresis loops obtained with water, methyl

alcohol and ethyl alcohol are shown in Figs. 1-3.
* Starch-water vapour system — Permanent and
reproducible hysteresis is exhibited by starch-water
vapour systeny.  The sorption and desorplion Sfll.dles
were continued up to 7th cycle.  The loops obtained
in the Ist, 3rd, 6th and 7th cycles are shown in
Itig. 1. The amounts of water taken at saturaiion
pressure in cach of these cycles are 32-5, 32.0 and
31-5 cc respectively. _

Starch-alcohol systems — Hysteresis loops of lst,
20d and 6th cycles with methyl alcohol and ethyl
alcohol on starch are presented in Jigs. 2 and 3
respectively. Permanent hysteresis is exhibited in
both the systems. The loops are reproducible alter
the first cycle. At the end of 1st sorption-desorption
cvcle, starch retains irreversibly certain amount gf
alcohol which cannot be removed even by drastic
evacuation for 10 to 12 hr. The amounts of bound
methyl alcohol and ethyl alcohol are 3-2 anc% 646 g(f:
per 100 g of starch respectively. The \.ia 1I1(:sl
sorption at saturation pressure of methyl alcohol m
cach of the cycles are 26-8, 25-4 and 246 cc res-

sthyl alcohol taken up at satura-
A alcohol 1n the Ist, 2nd and
.3 and 16-4 cc respectively.
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Starch-carbon letrachloride system — \With carbon
tetrachloride, sorption-desorption studies were conti-
nued up to 3rd ecycle. It was not possible 1o
obtain accurate data for adsorption of carhon
tetrachloride with this technique due to very low
sorptive capacity of starch for this sorbate. The
sorption capacities in the 1st, 2nd and 3rd cycles
arc 0-3, 0-3 and 0-2 cc per 100 g of the adsorbent.

Time-adsorplion  curves — The  time-adsorption
curves for the adsorption of water, methyl alcohol
and ethyl alcohiol vapours at 35° are given in Fig. 4.
The rate curves show that, under similar experi-
mental counditions, methyl alcohol is adsorbed on
starch much faster than either ethyl alcohol or water.
Discussion

I'he isotherms of water, methyl aleohol and cthyl
alcohol are essentially sigmoid in shape, although the
isotherms for ethyl alcohol show only a slight

concavity to the pressure axis in the low pressure
range.

In addition to the sigmoid i
sorhates : e

exhibit the hinear hysteresis . .t
i : s effect, i.c. th
hysteresin loop extendimg aver e elfec e

X - entire pressare
;Eﬁgl--. s q{‘c of the hysteresis loapa Nhtm‘s the
clowinyg trend © ethy - ; ;i

e 5 ethyl alcohnl ~ methyl aleohol .
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RIURS ire

e Jiv=tene-is ob-

The permanent and 1'01"'0‘1”(:”.]15'_-]:ﬁli:‘l.e‘d in the
tained with polar sorbates can "_'. sl 1‘ vory "8 of
light of ‘ink bottle’ or 'Cavily t}wlbt's that
Liysteresis. fhe ©cavily theoty prtF‘n:'nc en-
sorption-desorption hiysteress 15 ‘du(l 1~nnstrictcd
trapping of liquid sorbate by cavities \\nll‘.- 2 greatey
necks.,  \vith the larger sorbate molccules, ¢

: o volune
entrapping  cfiect results. fthe 1110_15.-‘011!:} N rethyl
increases in the order: water 187 .'r'“ - kewise
alcohol 42-74 cc and ethyl alcohol 6Z:2%

4 v \,\'idcl'
the entrapping cffcct also increases, givitk
hysteresis loops. e molecular

Further, for the polar sorbates, ‘.‘non which
volume secems fo be the main la"i‘mll;l«-!' effect 18
the extent of sorption depends. perms of WO
exhibited, particularly by the isol ssentially the
alcohols.  These two alcohols 1‘*}"6 ‘3 ethyl alcohol
same polarity (methyl alcohol 1-6Y -m-ui ot sorption
1-70 D), so the decrease in tllc,e}\t'mleculm‘ s1z€-
may be due to the increase 11 e “‘?\wpti“g ethyl

Applicability of BET cquntwi{-’_l};l‘_ and ethy!
alcohol, the sorption isotherms 0L Wit s ccordimg
alcohol exhibit clearly defined Kh'** i c‘*'
to BET theory™, the ‘ knee’ SIgmi}eS gl . gorption:
from  monomolecular to mult'.rp(necu't;"‘ jsother™
The BET equation has been applwd to 1

ransition
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“f water and methyl alcohol which yielded straight
Ings, From the slope and intercept of the lines
,t e monolayer capacitics x,, have been calculated,

e value of monolayer capacity was also read out
dil‘ectly from the isotherms with reasonable accu~

Tacyl2i3a g this is denoted by xp.  The values of
for the two sorbents

s at which the

Monolayer capacities a, and #5
ted in Tabhle 1.

ind the relative vapour pressure
MongJayers are fully formed are presen _

e agreement is good between the values ol
1y anq] Xm-

The total number of water and methyl alcohol
Mol les, contained in the monolayer on the surface
g of starch have also been caIcuIateq and found

to be 20-1 %102 and 18:3 x 10%° respectively. )
rom the monolayer capacity and cross-section
ey of the sorbate, the specific surface of the
adsol'bent has been calculated?®. Assuming .t]-].c
Water molecules to be spherical {dm = 10-6 A%,
i”" Specific surface area of starch comes Qut tf} be
nlO'O m?jg  [for methyl alcohol, the specific s‘mt :;:]c
A Starcl) depends upon the mode of zllde)lP lthé
S.xsulming the alcohol molecules as 5?1(31»35;!,1 L
Ceific surface comes out to be 3334 111-[g.d e
oy ecules are considered linear, the aclsvmbe 'nq]]el
0% can be held ejther perpendicular or paiate
the surface of the adsorbent. Knowing 1w

Tanir 1 — MONOLAYER CAPACITIES X AND 4p (gle of
sorbent) AND THE CORRESPONDING RELATIVE VAPOUR
PRESSURES

Vapour Xy Xis p,’p.
Water 0 062 0060 0-197
Methyl alcaho! 0100 0097 0194

cross-section and the area of the side? the specific
surface is calculated and found to be 3782 m3fg
and 390-7 m?/g respectively. Each of these values
is higher than that obtained from water sorption.
However, il Am for water is arbitrarily adjusted to
14-8 A%, as suggested by Harkins!, the specific sur-
face comes out to be 303-4 m?*/g which is in mode-
rately good agrcement with the value obtained for
methyl alcohol, considering the molecules as spheres.
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