QHAPTER I
SECTION A

Introduction and Review of Previous Work

Plant roots take up ions as nutrients from the soil
by a process of ion exchange. In this process, the clay frac-
tion of the so0il plays a significant and vital role. Hence, a
study of the exchange characteristics of c¢lay fraction reveals,
generally, the exchange behaviour of the soil as a whole. The
colloidal properties of clay minerals have been used for
hundreds of years, eSpeciallf in the manufacture of pottery
and in foundry. A systematic attempt has, however, been made
only in this century to understand the origin of their behaviour.
But even then the surface and colloid chemistry of clays have
not been adeguately investigated. Considerable success has been
achieved in the past fifty years ia regard to the search for
high purity clays and for evidences of their crystallinity. The
atomic structures of the common clay minerals have been to a
great extent determined, and applied to explain the properties
of the individual members by numersus investigators.

“he structures of some of the clay minerals used in
the present iavestigation are briefly disdussed, iudicating
their differences from each other and their peculiarities,

whlch are responsible for the special colloidal behaviour of
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the minerals. Clay miuerals viz. kaolinite, montmorillonite,
illite, chlorite and vermiculite and mixed layer-lattice iype
minerals have been identiified in the vast majority of natural
Soils.

Yhe correlation betwee. the siructure o.d exchange
projerties of these minerals has been established from a
crystallo~chenical point of view oun the basis of the impor-
tant contributions of Pauling (1), Brasgz (2), Gruaer (3},
Arindley (4), Hofmann (5), warshall (6), Hendricks (7) and
others (8}, (9), (10), (11), (12), (13), (14). ¥rom these
studies clay ninerals are recognised to consist essentially
of two structural uaits. One i8 comwosed of two sheets of
closely osacked oxysens or hydroxyls in which alumiasiunm or
maglesium atons are arraaged in octahedral coordination, So
that they are ejuidistant from six oxysens or hydrozyls. with
aluminium in the octahedral position, only two-thirds of the
possible positions are filled o balance the structure. It is
the gibbsite structure having the formula Alg(O0H)g. When
nagnesium is preseunt, all the possible positions are filled to
balance the structure giving the brucite siructure which has
the formula ugz{OCH) .

The second uait is the tetrahedrélly co—-ordinated
silica. A silicon atom belag placed at the centre of a teira-

hedron is equidistant from four oxysgens or hydroxyls. The silica
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tetrahedra are joined together iu the a,b-direcilons, through
oxysen, to lform a hexajonal network which is repeated indefi-
nitely to form a sheet of composition 5i,0g(0H)g. The tips of

2ll the tetrahedra are ia the same direction.

saolinites The kaolinite is compossd of a single silica
tetrahedral sheet and a single alumina octahedral sheet com~
bined in a unit so that the tips of the silica tetrahedra and
oine of the layers of the octahedral sheet form a comnmon layer.
All the tips of the silica tetrahedra voint in the same direc-
tion and toward the centre of the unit made of the silica and
octahedral sheets. These sheeis which are continuous in the

og D=directicus are sitacked one above the other in the c-~
direqtion. During stacking the oxygens of the tetrahedral layer
are vlaced very close to the hydroxyls of the octahedral layer,
s0 that the sheets are held tightly by hydrogen boudiaz as a
result of which very little expansion iu the c-direction is

rossible.

Hontmorillonites According to the currently accepted concept,
montmorillonite is composed of units made up of two silica
tetrahedral sheets with a central alumina octahedral sheet. All

the tins of the tetrahedrons point in the same direciion and

toward the centre of the unit. 'Yhe tetrahedral and octahedral
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sheets are combined so that the tivs of the tetrahedra of
each silica sheet aud one of the hydroxyl layers of the octa-
hedral sheet form a common layer. whe atoms common to the
tetrahedral and cctahedral layers become O iastead of OH.

“he ninerals oi this group are also developed by stack-
ing of +these unit sheets oue above the other i the c—directioin.
During stacidng the O layers of one ualt are close 1o the O
layers of the olther unit, so that there is au excellent clea-
vage bebween the sheets. Polar nolecules cann enter the space
betweenr the sheets causiug expansion of the azis in the o
direction. Isomornhous substitution of other metal ions for
silicon and alumisium in both the tetrahedral and octahedral
layers is unown to occur. Complete replacement of aluminium
by iroa and magsanesiun is found in the minerals nontroaite and
saponite respectively. Substitution in the tetrahedral layer

in moantmorillonite does take place but to a limited extent,

Yermicnlites It consists of alternate stacking of mica and
vater layers. Isomorphous replacement of Al for Si always‘takes
place 1o the tetrahedral layer and replacement of Fe or ig for
Al in the octahedrsl layer is limited. In natural vermiculites
the net resulting charge deficiency is balanced primarily by
Mg2+ and to some extent by Ga2+ . Lhese ions are held as

exchangeable ions in between the mica layers. Lt has also been
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sugested that these exchangeable ions are responsible for the
orientation of water molecules., lhe Mg2+ are present in octa-

hedral grouping with six water molecules causing the existeunce
of two layers of water moleoules, but with K in place of Mg~
the thickness of water layer is monomoleculsr. The c-axis

expansion is limited to the thickness of two water molecules.

Laponites One of the better known natural swelling clays is
the minersl hectorite. This subgtance occurs heavily contaming-
ted with other minerals such as dolomite and quartz which are
not easily removed., In addition, the deposits of hectorite are
limited.

Laponite, being a manufactured product, provides,
for the first time, a reliagble consistent supply of high purity
swelling clay. In addition, the material has a number of other
important properties not found in its natursl equivalent.

Liaponites are magnesium silicates with a layered
structure, and are obtained as granulsr, free-~flowing white
powders. shen the powders are dispersed in ater they fomm
thixotroplc gels. ithe layered structure of these products is
identical to that of natural hectorite. Hectorite is the
trioctahedral equivalent of montmorillonite and owes its charge
to octahedral replacements of Mg by Li. Its structural formula

is
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The charge x is of the order of 0.6 to 0.7 valences per unit

¢cell. The structural formula of na-Laponite CP isg ¢

Nay 9o (U85 040 Lig,59) Big o1 Op4H3, 97

In certain of the ILaponite products, there are no Iluorine atoms
in the structure, these being renlaced by hydroxyl iouns. The
Layers (platelets) are about a Janometer (103) thick and extend
in two dimensions. If the only cations nresent were silicon and
maznesium, a single layer would be electrically aeutral. However,
gince some nmagnesiuwm ig substituted by lithium z2nd some struc-
tural positions normally occupied by these cations may be unoceu-
nied, these layers have a negative charge which is balanced by
¢xchaungeable cations —— normally sodium ions . 3ituated ouitside
the structure, between the multiple layers.

An inportant phenomeron exhibited by clay aiierals is
their property of sorbing cations and retaining these ia an
exchangeable state. ihis cau be explained by considering the

existence ol a net negative charge of clay particles at all pH
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values above two or three which is compensated by the preseice
o positive counterions. Lthey form negatively charged micelles
in econtact with water and either adsorb catioas ffom the dis-
persion mediun or dissociate ions wiich are adsorbed in 1ts
strueture, thus exhibiting ion exchaunge reactions (15,16}. Ion
exchange sorption of inorganic as well as organic ions is
own to oceur on clay minerals. Hence the origins of this
charge oa the clay lattice are believed to be due to isomorphic
substitution, lattice innerfections, brokea bonds at the edges
oL the narticles and eunosed siructural hydroxyls.

“he negative charge on the clay waluersls is compensaled
by adsorptioir of cations. Whe counterions are held on the exter-
nal surfaces of the aggregates and between the uwait layers in
¢lays wnich swell in aguous suspension, wherzas the sorption
of counverions takes place onto the external surfaces only in
non swelling clays. Ll aguous suspeinsion, some of these cations
remain in a closely held stern layer; others dilffuse away Irom
the surface and form a diffuse double layer. Provided that they
are not fixed by engaging in stronz, specific boading with the
clay or by being ftranped between unit layers fhat have collapsed
together irreversibly (lattice collapse), the counterions can
undergo ion exchauge with other cations present in the system.
The magnitude of the cation exchange capacity of a clay depends
larigely on the type of clay and to a lesser extent on the source

of a particular sample.
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?he experimentally measured specific surface area of a
clay mincral depends on the type of ¢lay and the method of'
neasuremnent emnloyed; amons clays of the same type the values
vary from sample to sanple, and in any oae mineral sample the
nature o the counterions oresent may influence the neasured
surface area. The theoretical surface areas vere calcillsted
from the weishts of the unit cells, and their aimensions as
iidicated by x-ray dilfraction.

Systematic studies of catiow exchange in pure clay
miuaerals were carried out by Page aind saver {17), Bar and
Jenderloo (13}, liendricks =aad alexander (12), ochachibschabel
{20}, itherjee (21} =aud othefs. o8t of these investigations
were based upon exchange equilibria, selectivity etc. with
simple inorganic ions (22,23). EZxchange reactions involving
clagy minerals with organic compounds have also been established
by different scientists (24,25,26,27), but study on the adsorp-
tion and desorntion of inorganic trivalent complex cations (23,
29Y is rather meagre. The physico chemical aspects of many of
these reactions, being still unknown in their fundamental
details, congtitute one of the objectives of the present investi-
gation. The relevant literature has been reviewed below.

Amongst earlier workers, Renold (30) (1936) was perhaps
the first to study systematically the exchange behaviour of Cu,

Pb, di, Ag, 4n, Hg and Cd- permutites and observed an increase
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in the exchangeability of these cations in the order shown.

in was found by him to be as effective as Ba in its exchanging
vower. Jeny and i@ngabaly {31) {1943) showed, on the basis of
the exchange characteristics of zinec-montmorillonite that 4n
ion is partially rendered non-exchangeable by being co-—ordinated
to the clsy mineral. Basu and iHukherjee (32,33) have studied
in detail the interaction of montmorillonite clay and trace
element cations. They observed the release of the metal ions
in the order & znZ%> Mn®S §1%' o 00%% 0o’ from the oclay
surface by HT. Moreover, guantitative measurements revealed
that the amount released was much less than that adsorbed, so
that a part of the adsorbed cations was considered to be 'fixed'.
ilartia and Olaesar (34) studied the adsorption of ColiHgz) ¢z
on monimorillonite under various pH conditions. They found that
it also permits the estimation of the internal and external
ecchainze capacitiss. Connel and ilaatman (35) from a siudy of
the interaotions of the complexes of Co(IXI} iun the pores of
silica gel could measure the pore volume of a high surface area
silica gel. A continuous extraction of recsil products from the
szilard-Chalmers reaction oa hexammine cobaltic lon and tris
ethylene diamine cobaliic ion adsorbed on an ion exchange resia
has been nroposed for obtalning a high yield and specifie

activity (36). The Szilard-Chalmers reaction is usually studied



oy oy 1

batchwize, i.e., some suitable compounds are irradiated with
neuvtrons and thea the new species @roduced by recoil are sepa-
rated from the parent by some cheamical procedure. For the best
results i Shiis process the stability of the complex ion towards
the eluant should be high and both the resin and the complex

ion should be resistant to radiolysis and the radielytic pro-
ducta from the eluant. A cation exchange resin loaded with
hexammine cobalt (III) ion or tris ethylene diamine cobalt (III)
ion is suitable for this method, because these complex ions
give rise to the bivalent cobaltous ion upon neutron irradia-
tion (37-40). The retention of hexammine cobalt ion is, however,
found to be lower than the corresponding value for the tris
ethylene diamine cobalt ion using the dynsmic method (36).
Chakravarti and Laitinen (41) studied sorption and desorption
of CoenzClz on Pyrex glass. Ths exchange capacity determined
from the exchange of’[fboen5J7 agreed well with those obtained
from the sorption and desorption studies of Crsls and 03137 .
Das Kanungo, Chakravarti and Mukherjee (42,43,44) studied
adsorption and desorption of hexammine cobalt (III) chloride
and tris ethylene diamine cobalt (III) chloride on bentonite
and vermiculite and observed that adsorption is according to
Langmuir's equation and the desorbing cations arrange themaelves
according to the lyotrope series. Recently V.J.Thielmann and
J.Le McAtee, Jr. (45) investigated the gas ohromatographic
behaviour of metal~tris (ethylene diamine) complex cation-
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exchanged montmorillonites for the seperation of oxides of
nitrogen and lizht hydrocarbons and showed that Wo0 is involved
in an adsﬁrption process on the oxygens of the basal surface

of the clay, whereas the light hydrocarbons were most probﬁbly
involved in a sieving separation. The cation exchange process
between tris (ethylene diamine) cobalt (III) and ¥a on mont-
morillonite has been studied by M.I. Knudson, Jr. and J.L,
McAtee, Jr. (46} and concluded that the exchange of Co(en)55+
for Né’ was found to be extremely favourable, with a tendency
toward segregation of the two kinds of cations in the mixed
clays studied. The studies on exchange characteristics of
Zeolites, either synthetic or natural by Barrer (47) and

others have received a great deal of attention in recent years.
R.ideBarrer aud R.P.Townsend (48) studied the exchange of
cuprammine and gincammine ions in ammoailum forme ol clinopti~
lolite, mordenite and phillipsite in ammoniacal solution,
pH » 10, and sinilar iavestigations are reported on the
[fbo(NH5)6H75+ ion at pH values of ~ 5 and ~10 in mordenite.
Isotherms were too rectangular to calculate values of the
standard free energy of exchange, and selectivities were very
mach hizher than for the corresponding aguo ions in mordenite
at low pH. Barrer gf al concluded that the increase in selecti-
vities observed with mordenite when the cobalt, copper and zinc
ions were complexed with ammonia mizht be rationalised in teras

of dielectric theory.
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Prom vhe study of the reactions between orgaiic compounds
and different tvpes of clays made by a large number of workers,
the specific nature of elgy nmineral-orsanic ion reactions has
now been fairly well established. Thus, sSmith (49), Gieseking
(B60) and his Colleagues (51,52) definitely showed from their
work with diiferent orga.ilc bases w.d their salis, and with
selatin and albuain solutions, that organic ions enter into
cation exchaile reactions with clay minerals, particularly
nontrorillonite. fhe adsorptiouw of primary n-slcohols (02-09)
from dilute ajuous solutious by calciws and sodium montuori-
Llouite has been studied by werman zsand Hardiung (83} =aud they
reported that the lLower menvers of the series were adsorved %o
ai appreclable extent. ihis behaviour seems to be at variance
with the eariier observations of iHoffmann and Brindley (54) who
reported that nolar compounds with chain lenghs less then six
units were not measurably adsorbed by calcium montuorillonite.
iac Zwan (55) was the first to study the formation and proper-
ties of complexes between ammonium montmorillonite and an
homologous series of primary n-alcohols, He observed that
except for methanol and etha.iol, both of which zave a double
layer complex, primary sliphatic alcohols formed single-layer
complexes with the alkyl chain lying parallel to the silieate
layer. dubseguently, sarshad (56) also reported similar obser-

vation for caleium montmorillouite. srindley and day (57) studied
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complexes of calcium-montmorillonite with even numbered sirai-
ght chain alcohols with 2 to 18 carbon atoms and obaerved four
geries of basal spacing. They concliude that mono -~ and bilgyers
are formed between the unit layers of the clay with the chain
of the alcohol parallel %o the surface of the clay and suggest
that bhydrogen bonds are formed between alcoholic hydroxyls and
siloxance oxygene. Glaesar (58) and Mac Ewan (55) were among
the first to prepare complexes of montmorillonite with ketones.
By treating the clay with a large excess of acetone and nitro~-
benzene, with or without boiling, Mac Ewan was able to form
two layer complexes with calcium and ammonium motmorillonite,
respectively. Motmorillonite with alkyl ammonium or pyridine-
type counterions has only one or twe layers of water between
the unit layers in agquous suspension, compared to four and
greater than 30, for the analogous calcium and sodium
substituted clays, respectively (59-61). It was also observed
by Slabaugh and Carter that the hydrophobicity of an organo-~
clay increases with increasing size of the organic counter-
ion (62), A pyridinium montmorillonite was found to adsorb
five times ae much benzene vapour as the sodium clay from which

it was made (63), Alkyl ammonium montmorillonites swell in most

organic solvents (64). The adsorption of amino acids and pep-

tides on H~montmorilloanite shows a Langmuir type isotherm; such
adsorption occurs primarily through ion exchange of the proto-

nated molecules, although a small amount of the organic molecule
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is adsorbed beyond the cation excihaunge capacity (65). ‘hermno-
dynanic data show that the negative free enerzy of exchange

of n-alkyl ammoaium iouns on sodium moatmorillonite increases
wWwith increasing chain length (66). This indicates ot only the
clay-cation interaction, but also interactions between the alkyl
chajins of these cations.

R.X.3chofield (67) observed that the adsorption of
quaternary amonium cations an aolinite is sufficiently strong
to reverse the charge on the particles from negative to posi-
tive,

Thorough investigations by other workers (68-70) have
also been made specially on the interaction between organic
nolecules and clays. Qur knowledge of the desorption of inorga-
nie catious from the c¢lay surface by organic ioas is still
meagre. it is in this context that an attempt has been made in
the present investigation to study the sorption and desorption
characteristics of some trivalent inorgaanic complex ions by
a number of inorganic and organic cations of varying sizes and

shapes.
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SECTION B
lon-Exchange Formulationsg.

A number of anproaches (7i), both jualitative and
cuaatitative, have been made to understand the equilibris
between aii ion-exchanger and ions ia solution. sxperiments
were performed in which conceatrations of ions were varied,
the result sugjsested auw exponential relationship between the
ions adsorhed (or desorbed) and concentration o1 the exchanging
ions. Linmitations have beei tacitly accepted in moost mathemati-
cal Breatments of exchange reactions. Thus (i) the simultaneous
sreseiice of both cation and aiion exchange reactlons ia a glven
system has been condidered rarely, (ii) the exchange capacity
oI the cation or anion exchanger has been assumed o be constant,
thouzh cases are knowil where the exchaue capacity varies
mariedly with the pH and the nature ol the exchangiing ion,
(iii) sinmple stoichiometric equivalence between ioas taken up
2ud released is generally assumed to be presents; deviations are
usually explained in terms of simultaneous adsorption of mole-
cules or formation of complex ions, (iv) finally, perfect
reversibility exists lu a1l exchange process under considera-—
tioil. '

Jii this basis, the sreundlich a4 Langaulir adsorption

equations were proposed. lhe original form of the sreundlich
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equation is
-

X P
X = ke

where x is the aiount adsorbed, i the weight oi the material
tazen and ¢ the ejuilibriuva coacestration of the eleciralyte;
K and 1/p are coustants. wieguer (72) used this eyuation in
1912, This equation has iwo weaumessess: {(a) it does not flatten
out at hi.ther values of C, as a systeu with a fixed exchange
casacity should, (b) it shows that the exchange varies with
the wvariation of the total volume, whereas iiesner showed that
the nopition of equilibrium yas indenendeat of volume. Jenny
however, in 1926 overcame the second objection by sugszesting
the ecuations
¥
X
. Kac—c

#ith tné variable character ol two coustants incorporated in
this eguation, & Zood asreeamcat is oftea obbained with experi-
nental data over a limited range. However, ..arshall (73) has
shown that it was superior as.reaards i, but i/p varied errati-
cally. a similér tyone of edustion %o the Langumuir's, with only
one constant was progosed by Vageler (74), bub it could not
account for the variability of eguilibrium with volume.

The first use of the law of mass actioa in fornulating

ionic exchange as a comvnletely reversible reaction was hade by
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Ganssen (75), ierr (76) iuvestigated speciilc mass action
esuations for uii-univalent and wii-bivalent exchauiers. Lhey

were of the forma:d

() . (") . ©H° . 1*?)
f— Kl 3

€ . o) () . (x*?)

I
s
oo

the bar indicates the ion in the exchanger phase.

The constants Xy and Ko are termed as selectivity
coefficience. The ionic terms represent concentrations in
equilibriun solutions. But owing ¥to the lacik of khowledge
about the activities of the ionic spzcies in The exchanger
ohase the eguilibrium coastant could only be evaluated guali-
tatively or empirically. SBauman (77) and uregor (73) poiated
out the diifficulties in Terms of swelling and volume change
particularly of the resins. ‘the model introduced by Grejor,
although thermodyna..ically less well defined briués out cleafly
the physical action of the swelling pressure. A more rigorous
application of the law of mass action has been made by Boyd
and his co-workers (72) in which the "so0lid solution" idea of
Vanselow (80) has been the basis on the assumption that the ion
exchange is a "solid solution" process.

In the above formulations all the exchange sites were
tacitly assumed to be of equal value. Doubts regarding this

were first clearly exXpressed by wWiegner (81) and his co-workers.
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In order to explain some of their experimental results they
postulated'the existence of loosely and firmly bound ions on
the surface of the same exchange substance. Without the nece-
gesary information regarding the surface characteristics of the
silicates which Wiegner used for his work he had to invoke the
idea of the existence of micro pores, edges and cleavages.
Jenny (82) envisaged a kinetic condition on the surface
and derived a mass action equation representing the exchange
process of univalent ions. This idea was later developed by
Davis (83) to multiply charged ions. Krishnamoorthy and
Overstreet (84) applied the statistical method as has been
used by Fowler (85) and Guggenheim (86) in the case of gas
adsorption on solid surface. The attempts to understand ion
exchange reactions on the basis of the electrical double layer,
as postulated by lukherjee (87) yields no doubt qualitative
results but the concept in many respects, conforms better with
observations. He assumed two categories of exchangeable ions,
the osmotically active ions which constitute the mobile part
of the double layer and the gsmotieglly inactive ones consti-
tuting the immobile part of the double layer. The interpreta-
tion of the electrochemical properties of clays in terms of
these two categories of ions has been in many ways very fruit-
ful. The relationship of crystalline structure of olgys, their
electrochemical properties and ion-exchange characteristics have

been studied with fundamental details by lukherjee and Mitra (88),
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ilitra and Bagchi (39), Ganszuly and :uzherjee (90) and Chakra-
varti (91).

In‘the present thesis the exchange data obtained with
bentonite, vermiculite, laponite, resin and molecular sieve aund
sone inorganic and organic cations have been atiteupted to fit

in the wodels like (i) Kielland's {(92) and (ii} Pauley's (93).

iielland's iiodels

The Iirst atteuot to describe the loa-eichzage equilibria
by a theoretical scuation which deviates from the regular patteran
was made by «ielland. iHe introduced tine use of solid phase
activity coelficients and followed Vanselow (94) in treating
the heteroionic form of ion exchanzer as a solid solution of

the conmponents A and B, the bars referring to the exchanger

phase.
Sor the exchange of loans of aay valency accordiug to the
reaction
=11+ I+ n+ I+
m——
mA 4+ nB /= mA < 0B

nielland's eguation btakes the geaeral iorm as
log X = logKg C [ n - 2n%g+(n-m) ;‘EzB 7

where K = selectivity coefficient

kg = thernodynanic equilibrium constant

equivalent ioanic fractious of B in the exchanger
phase

*B

¢ = a constant.
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Recently this equubtion has been jiven a sounder theoretical
foundation by Barrer and ralconer (QQ2). chey derived the
~iellaud eguation (92 , by usiag stavistical mechanical argu-
nents for the special case when both the cations of the exchan-

ging palr are univalent.

Paulev's model:

Pauley has interpreted selectivities in ion exchange
equilibria in the lansuage of a very simple model. Its essen-
tial feature is the electrostatic attraction betweeir the coun-
terious and the fixed ioanic groups. It is assumed that all
the couwnter ions in the ion-exchzager are found at their
distance of closest approach to the fixed ionic groups. Writing
A aind BR for the pairs of fixed ioalic zroups and counterions
at the distaice of closest approach, oce cai split the exchange

i

of 4 ror 3 into the *two processes;

AR e 4+R ces (1)

Coulonmb's law (without any correction) leads to the following

results for the zbove processes:

oc 2
o 2 e
G p—ry e dr - [P e A b (3)
A6y /o rie 25 €
2
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o
AGO = QBZ ez
an.d 2~ .-._.:e.-... clr = - > tean (4)

where & G: and A4 Gg are the free energy changes for the
processes (1) and {(2); e = electronic charge; € = dielectric
constant; ¥ = distance from céﬁter of fixed chargé; ag =
distance of closest approach between couwnter ion i and fixed

ionic roup. Hence the overall Iree energy change is

2 4 4
AG = AG.°;+ AG‘; =-€e-_ ai“;';B) N )

- . o _ B
aud the thersodynaaic eguilibriuwm coastaat KA isg

B AG° e? 4 4 ‘s
nK, = - —— = ————-(-— - = vens (6
A k¥ kTe \ aj a.‘:,) g

In the exchanzes of various univalent counter ions i for an
arbitrary univalent refereace ion A, a linear relationship
should exist betwueen ln Ki and 1/a3 s Jor multivalent ions,

the calculation is a0t ¢uite as simple because assumptions

must be nade as to how the (uaivaleat) fixed ionic Jroups and
the polyvalent counter ions are paired. ihe model leads guali-
tatively to preference of the ion exchanger for counter ioan with

sualler a® value and higher valency.
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SECTION ©

dxchange studies and velectivities of {lay
mineralg, Resinsg and kolecular sSieves.

the exchange properties of clay minerals have been
thoroughly investigated by a number of workers and their
characteristios have been well established. The following
generalisations may be made regarding the tendency of a cation
to exchange onto a negative surface. There is an increase in
exchangeability (a2) with decreasin: hydrated radius and increa-
sing polarizability; (b) with decreasing ease of cation hydra-
tion and (¢) with increasing counterion charge., The above cri-
teria however, do  1not hold good in cases where some specific
interactions take place. In accordance with the above observa-
tions, the order of increasing preference of alkali metal ions
for ion exchange onto montmorillonite (33, 95-115), vermiculite
(116) and kaolianite (117, 118) is Li L usal K <ab £ Cs . The
exchange qf asmmonium ion is complicated by physical adsorption
of ammonia (119) and fixdtion o:r ammonium ion (120). It was
observed that ammonium ion is held more stroagly than sodium
ion (121) or eveu rubidium ion (122).

“imilarly, the exchange of hydrogen ion is also compli-

cated due to its attack onto the c¢lay lattice, freeing aluminium
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and magnesium ions which may be taken up by the exchange sites
(123--130). It was reported that hydrogen ion 1ls apparently pre-
ferred over some divalent cations in ion exchange on montmori-
llonite and clay soils (102, 131, 132), and over caesium on
verniculite (116). Several other investigations deal with the
exchangegbility of hydrogen ion on clay; the reported relative
+ + +  +
orders of exchange on montmorillonite are H<Cs (108), K< HKL
2+ = L > ¥ ” s ‘s
Ca” (133}, znd K< WHy L HKMg®" (33). Under coaditions which
rninimise dissolution of clay by acid attaci,the corresponding
oo, ¥ +
orders were H<{NadK (99), and #a {H<WH; (121). rhe order
0f exchange of alkaline earth ions on clays has generally been
. 2% 2+ R+ R+ 2+ ‘ _ ,
renorted as ilg®L in® < Ca < urTs Ba (99, 102, 121, 154~144).
rhe reverse order is sometimes found in vermiculite (141, 145,
146). ibhe orders oi exchauge of divalent transitioi metal
. R4 2+ 2+ g+ 2+
catlons on clays revorted are Win”™ o= {i =< Pe & CJo £ 4n <&
+ o+ 2+ 8+ B¢
o (147), 0% co(IT)*T (148) and 4i< Ba  (143). A
generalisation may be made from studies comparing the exchange
of nono, di and trivalent cations on ¢lays that there is a
vreference for cations of hi her chorge (83, 98, 100, 102, 106,
107, 131, 133, 136, 140-142, 148-153), althouzh there is excep—
tion to this trend.
The exchange of various alkyl amwonium cations from

acuous solution by sodium laponite has heen studied by Vansant

2nd Feeters (154). ihev observed thet ﬁhe affinity ol the clay
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for these organic cations was linearly related to the molesular
welght, molecular size or chain length of the alkyl ammonium
ions. The affinity for the clay increases regulariy with increa-
sing chain length of the primary amines. Vansant and Yariv (155)
have studied adsorption and oxidation of dimethyl aniline by
laponite and the colour reaction mechanism was investigated.

In the usual general-purpose cation exchangers the
seleetivity sequence of the most common cations is (156-159)3

2+ 2+ 2+ 2+ 2+ 2+ 2+ 2+ 2+

Ba>1>b >Sr > Ca > Ni >ca>0u>00>3n>hig>002

715 Ag > Cs >Rb > K)NH4> Na>Ii .

The seguences of the univalent and bivalent cations overlap
in resins of high capacity and moderate and high degree of
cross linking. For strong acid resins, H+ usually falls between
Nék and Li+ « for weak=-acid resins, the position of H+ depends
on the acid strength of the fixed anionic groups.

The selective uptake of Li+ » Haf y and K+ by a series
of methacrylic acid cation-exchange resins of various divinyl
benzene contents was measured by Uregor e} al (160). The
general order of preference was I-i+> NJ} K*. This preference
became more marked as the degree of neutralisation of any given
resin increased. This resin behaviour was compared by the authors
with the association evidenced by the alkali metal acetates.

The ion-exchange properties of the synthetic zeolites
X and Y have been investigated by & number of wolers. Sherry
(161) has determined exchange isotherms for a range of monovalent
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inorganic cations in sa—~£ aund wa-Y, His results have led to

the conclusion that there is more exteusive ion bianding in
seolite X as compared with the type ¥ which has a higher silica
content and a lower exchange capacity. The effect of different
silica~- to - alunina ratios on cation selectivity has also been
observed by Ames (162, 163) for a number of naturally occurring
and synthetic zeolites. rThe crystal structure of zeolites X

and Y eanclogses tThree diiferent kxinds of inter-connecting cavi-
ties in which the exchaangeable catiouns are located on different
crystallographic sites (164-166)., sherry (161) has interpreted
his exchange isotherms i terms of the distribution of ﬂér ions
over different crystallogravhic sites as revealed by the early
X-ray Studies of Broussard and ohoemaiker (164) and suanarised
by Breck (166). since the cavities are eantered by windows of
definite dimensions, steric aund iown sieve effects have been
observed in exchanges involving large cations (161,167). Zhe
insra crystalline space may be filled by these large catioas
before complete replacement of the ions initially present, is
achieved. Hence, the extent of exchange may also be limited by
the space requirement of the cations (167). Barrer et al (167),
Theng (168) and Vansant e} gl (169) studied the exchange adsorp-
tion of ammonium and some of its alkyl derivatives in different
natural and synthetic zeolites., They observed that for steric
reasons, none of the alkyl ammonium ions could effect a com-

plete replacement of the Hé+ ions initially present in the
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zeolite 80 that the exchange reaction was confined to the large
cavities in thé crystal. Thé maximum extent of exchange decreﬁaed
with an increase in molecular weight and polarizability of the
cations but was always below the limit imposed by the space
requirement of the respeetive ions. This decrease was also
gregter for the di- and tri alkyl derivatives than for the mono
alkyl ammonium ions of comparable molecular welght and was more
pronounced in X then in Y. The importance of affinity of the
cations in determining the upper limit to exchange was further
showi by the observation that for a given alkyl ammonium ion
this limit decreased with an increase in the affinity of the
inorganic ion which it replaced from the zeolite, the order
being Lid> Na> K >Ag > T1 (1). Vensant and Vanhoof (170) recently
studied the exchange of aslkane diammonium ions in the zeolites
X and Y. They concluded that for steric reasons, none of the
organic cations could effect a complete replacement of Ha

ions initially present in the zeolite. For any given alkane
diammonium ion the maximum exehﬁnge capacity decreases with an
increase in the affinity of the cations initially present in
the zeolite, the order being Ia:'f) NJ) K+ . Barrer (171), Sherry
(161) and Cremers (172) desoribed the exchange equilibria and
selactivities of alkali, alkaline earth and rare sarth ions
for different zeolite ion exchsngers. Thess results have led
to the concluaion that there is more extensive ion binding in
the X zeolite as compared with the Y type, which has a higher



silica conteat and a lower total exchange capacity. Sarrerd
Rees et al (173) have studied The thermo chenistry aud thermo-
dyaamnice of ion exchange with the wva ioans ia Linde vieve 4.
Yhey observed thnt from the determination ol the standard free
energy of eicha.ise, A&O, the following affiuity seguence was

t . 2 ¥
, Us < Ba°% &b .

I

-+
y K 45r‘a+

¢

established & Li< da < Ca”

Lhe ion exchanse behaviour of sowe trausition metal ious
in synthetic zeolite £ aad Y was studied by a.uaes gf al (174)
and they observed that the overall selectivity of bvoth X and
T zeolite for bivalent transition metal ions increases in the
order HidCoddndCu. In addition to the ioa hydration charsc-
teristics angd ionie radius the exchange is governed by the co-
ordination ability of the transition metal ion.

Hence the uore imporitaut characterisitics of exchange
studies are:

(1) the observation o the lyobropic series though
ezceotions are often observed.

{(ii)} obedience to the Languuir eguation of the data ou
pxchange sorption of large orsanic molecules especially the
dye molecules.

A sinple ecuivaleat fraction exchaunge eguation has been
nroposed to fit in with the exchanse data of Naf ’ K* and 0a2+

3+ ,

Tor AL" on bentonite (175) at 0.50 aud 1.0(il) external salt

concentration.



-28~

(1ii) rormulation of selectivity coefiicient. axchange

measurenents cain be writtean in & general way as followsid

) ! — LA+ LB
zA Tz, P/ 7Ty,
{where the bar denotes the specics in the clay phase and 24,

Zg, the valencies of A aad B respectively), from which selecti-

vity coefficient is expressed by the eguation,

The selectivity coefficient measurenents aud obedience to the
Langmuir ecuvation are not, however, exclusive of one anotbher.
41l these studies are coufined to the repslaceucnt of
one inorgaunlc cation Lor adother. Where is very little work
on exchange reactions involving two orgaunic cations.
Barrer (176) in a series of papers studied the exchange
*of one inorgaaic ion for orga.ic ions. The sorption properties
of montmorillonite was seen %o change with the adsorption of
gsuaternary ammonium ions (0H3)4N and (02H5)4N. Phe tetramethyl
armonium or tetraethyl ammonium derivative of montmorillonite
adsorbs an increased amount of oxyzen at 78° and 90%K. Due to

the adsorption of the quaternary ammoniui ions the lamella of
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the c¢lay minerals are opened up and oxygzen in increased amounts
15 adsorbed in the interlamellar space. Mcitee (177) treated
‘sodiw: bentonite with dimethyl benzyl lauryl ammonium (DiBL)
ion. It was seen that almost 131 replacement of sodium took
nlace upto 90 m.s/100 gm. of dry clay. The claylwas thus'con—
verted into the DUBL form. This organic - clay derivative was
tarten in a suspension of a unixture of isopropyl alcohol and
isooctane (20% isopropyl alcohol; and different amounts of
dimethyl diocta decyl aammonium ion (IDO) were added. ihe
amounts of DUBL released was then megsured using ultraviolet
spectroscoyy. Lt was seen that 16e of tThe WBL cation was

exchanged.



