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Chapter T
SeC'tion Aa

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 fraction of the
soil plays a significant and important rolee Henbe, a study of the
exchange behavicur of elay fraction reﬁeals, generally, the exchange
characteristics of the soil as a whole. The Colloidsl properties of
clay minerals hpve been used for hundreds of years, especially in
the manufactugé%of pottery and in foundry. Only in this century,
however, a syété?atic attempt has been made to understand the origin
of their behavioﬁre=But even then the surface chemistry of clay
minerals has not been adequately investigated. Considerable success
has been achieved in the past fority years in regard to the search
for high purity clays and for evidences of their crystallinity. The
atomic structure of the clay minerals has been to a great extent

elucidated, and applied to explain the properties of the individual

memhers.

The structures of some of the clay minerals used in the
present investigation are briefly discussed, indicating their differ-
ences from each other and their pécularities, which are responsible
for the special colloidal behavioui of the minerals. The clay minerals
are clasgified into several groups such as kaolinite, montmorillonite,
illite, chlorite and vermiculite. Mixed layex lattiﬁe fype minerals

hgve also been identified in natural clays.
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The Eorrelation between the structure of the clay minerals
and their properties has been established as a result of the importan
contributions of Pauling (1), Bragg (2}, Gruner (3), Brindley (4},
Hofmamm (5), Marshall (6}, Hendricks (7), Mausguin (8), Jackson {(9),
McMurchy (10), Barshad (11), Walker (12), Grim (13), MacBwan (14)
and others. It is known that all the clay minerals consist essen-
tially of two units. One dis composed of tTwo Iéyers of closely packed
oxygens or hydroxyls in the centre of which aluminium or magnesium
ion is arranged in such a ﬁanner that the six oxygens or hydro§yls

are in octahedral coordination with the metal don.

With_aluminium in the octahedral position only two~thirds
of the vossible positions are filled To balénce the structure. It
is the gibbsite structure having the bulk formula Elg(OH)6e When
magnesium is present in octahedral codrdination all the possible
. positions are filled giving the brucite structure'having the bulk

formula MgS(OH)Ba

The other unit is the betrahedral silica layer. Silicon
atom 18 placed in the cavity formed by four bxygen atoms such fthat
the latter are in tetrahedral coordination with it The silica
tetrahedra areljoiﬁed together in the a, b-directions, through-oxygen,
to form a hexagonal network which is repeated indefinitely to form a

sheet. The tips of all the tetrahedra are in the same directione.



Kaolinite. ©The kaolinite is comvosed of a single silica
tetrahedral sheet and a single alumina octahedral sheet combined in
a unit so that the tips of the silica tetrahedra and one of the
layers of the octahedral sheet form a common layer. ALl the tips of
the silica tetrahedra point in the same direction and ftoward the
center of the unit made of the silica and octahedral sheets. These
sheets which are continuous in the a, b-directions are stackecd one
above the other in the c-—-direction. Dﬁring gstacking the oxygens of
the~tetrahedral layer are vlaced very close to the hydroxyls of the
octahedral layer, so that the sheeits are held tightly by hydrogen
bonding as a result of which very little expansion in ithe c—~direction

i1g vossibles

- Montmeorillonite. According to the currently accepted concept
¥

nontmorillonite is composed of units made uy of two silica tetrahedral
sheels with a central alumina octahedral sheet. 41ll the tips of the
tetrahedrons point in the same direciion and toward the center of +the
unit. The tetrahedral and octahedral sheets sre combined so that the
tips of the tetrahedra of each silica sheet and one of the hydroxyl
layvers of the ogctahedral sheel form a éommon layer. The sgtoms common

to the tetrshedral and octahedral layers become O instead of 0H.

The minerals of this grouyn are also develoved by svacking of
these uniti sheeté one above the other in the e¢-direction. During
stacking the 0 layers of one unit are close to the 0 layers of the
other unit, so that there is an excellent cleavage between the sheets.

Polar molecules can enter the space between the sheets causing
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expansion of the axis in the c~direction. Isomorphous substitution

of other metal ions for silicon and aluminium in both the tetrahedral
and octahedral layers is lmown to occur . Complete replacement of
aluminium by iron and magnesiuvm is found in the minerals nontronite
‘and saponite respectively. Substitution in the tetrahedrél laYer in

montmorillonite does take place but to a limited extents

Vermiculite. It consists of glternate stacking of mica and

water layers. Isomorphous replaceﬁent of Al for Si always takes place
in the tetrahedrsl layer and replacement of Fe or Mg for Al in the
octahedral layer is limited. In natural vermiculites the net resulting

2+

charge deficlency is balanced primarily by Mg and to some extent by

2+

Ca™ » These ions are held as exchangeable lons in between the mica

layers. 1t has also been suggested that these exchangeable ions are
responsible for the orientation of water molecules. The Mg2+ are
present in octahedral grouping with six water molecules causing the
existence of two layers of wgter molecules, but with K" in place of
Mg2+ the thickness of water layer is monomolecular. The c-axis expan-

aion is limited to the thickness of two water molecules.

An important phenomenon exhibited py clay minerals is their
power of sorbing cations and retaining thege in an exchangeable state.
This can be explained by considering the existence of an unbalanced
lattice charge of‘clay minerals, which makes them behave as colloidal

elactrolytess They'form negatively charged micelles in contact with
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water and either adsorb cations from the dispersion medium or
dissociate ions which are adsorbed in its structure, thus exhibiting
ion exchange reactions (15,16). Ion exchange sorption of inerganic

as well as organic ilong is known to oceur on clay minerals.

Systematic_studies of cation exchaﬂge in pure clay minerals
weré carried out by Page and Baver (17), Bar and Tenderloo (18),
Hendricks and Alexander (19), Schachtschabel (20), Mukherjee (21)
and others. They observed certain specifiiies in the exchange behavi-
our of the various clay minerals which were traced to their character-
istic lattice configurations. Most of the earlier investigations on
exchange equilibria, selectivity etc. were primarily based on the
results of interaction of clays with simple inorganic (22-24) and
organic cations (25,26) bubt very little study on the adsorption and
desorption of inorganic ftrivalent complex cations has been reported
go far. The physicochemical aspects of many of these reachions,being
still unknown in their fundamental details, comstitute one of the

objectives of the present investigation. The relevant literature is

reviewed below.

Amongst earlier workers, Renocld (27) (1936} was perhaps the
first to study systematically the exchange behaviour of Cu, Pb, Wi,
Ag, Zn, Hg and Cd-permutites and observed an incPfease in the exchange-
ability of these cations in the order shown. Zn was found by him to
be ag effective as Ba in its exchanging power. Jenny and Engabaly’(28)

(1943) showed, on the basis of the exchange characteristics of zinc-—
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montmorillonite that Zn ion is partially rendered non-exchangeable

by being co-ordinated to the clay mineral. Basu and Mukherjee(29,30)
hgve studied in detell the interaction of monitmorillonite clay and
trace element cations. They observed the release of the metalalions
in the order. :Zn®> Mn2> yi® = Oog) cu® from the clay surface by H .
HMoreover, gquantitative 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'. Martin and Glaeser (31) studied
the adsorption of Oo(Nﬁg)éCls on montmorillonite under various oH
conditions. They found that it also permiis the estimtion of the
internal and external exchange capacities. Connel and Maatman (32)
Trom a study of the interactions of the complexes of Co{III) in the
vores of silica gel could measure the pore volume of g nigh surface
area silica gel. A continuous extraction of recoll products from the
9zilard-Chalmers reaction on hexammine cobaltic lon and trisethylene-
diamine cobalgic ion adsorbed on an ilon exchange resin has been proposed
for obtaining a high yield and specific activity (33). The Szilard-
Chalmers reé%ion is usually studied batchwise, i.e., some suitable
compounds are irrgdiated with neutrons and then the new species
produced by recoil are separated from the parent by some chemical
progedure. Tor the best results in this 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 radiolytic
products from the eluanﬁ. A cation exchange resin loaded with hexa@miné
cobalt (III) ion or trisethylenediamine cobalt (III) ion is suitable

for this method, hecause these complex lons give rise to the bivalent
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cobaltous ion upon neutron irradiation (34-37). The reteﬁtion of
hexa@nm@ cobalt ion is, however, found to be lower than the corres-
ponding value for the trigsethylenediamine cobalt ion using the
dynamic method (33). Chakravarti and Iaitinen (38) studied sorption
and desorption of CoenzClz on Eyrex glass. The exchange capacity
determined from the exchange of[ﬁzenzragreed well with those obtained
from the sorption and desorption studies of gf513+and g§i57_. The
recent studies on exchange characteristics of different aluminosili-
cates, viz., zeolites by Barrér (39) and’others have 'also arouéed
éonsiaerable interest in this fielda'An interesting study, for
instance, hgs been made of the'exchange of different ions With_Ng-

in a netural chabazite by Barrer et.al. (39). For the iong that
exchange almost completely the thermodynamic affinity sequence, based
on the standard free energies of exchange, is $ T1) K> Ag) Rb) NHy)
Pb2> Na = Ba2> Sr?) 0a2> Li. All the ions except Gs+exchange comple;
tely with Na© . Divalent iqns, having greater charge/radius ratios:
than univalent ions of qomparable radii, should be able to interact
more strongly with the anionic sites, suggesting that one Would
observe. a greater preference by the exchanger for the divalent ions.

2+and Baz+are_not greater than

" Obviocusly, since the affinities of Ca
those of Na and X¥ respectively, Barrer et al. (loc.cit) concluded that
other factors including the solvation affinities in the external

solution must operate.




From the study of the reactlons between organic compounds
and different types of clayslmade_by a large number of workers, the
specific nature of clay mineral—drganic ilon reactioﬁs has now been
fairly well established. Thus, Smith (40), Gieseking (41) and his
colleagues (42,43) definitely showed from their work with different
organic bases and their salis, and with gelatin and albumin solu-
tions, that organic ions enter into catlion exchange reactions with
clay minerals, particularly montmorillionite. The early works of
Hofmann et al.(44) and that-bf Myers (45) and Sharov (46) suggested
that organic compounds with polar active groups could be adsorbed

by clay minerals. later, it was shown by Bradley (47,48) and MacEwan

(49,50) that the non-ionic organic molecules of polar character could
be adsorbed by the clay minerals. The work of Hendricks (51) and

Grim ef al.{52) also revealed that the organic lons are bound to the
clay minerals by Van der Waals force in addition to coulombic force.
Bradley and Grim (53) believe that the coulombic force is supplemen-
ted by C - H-— 0 bonds befween the organic molecule and the clay
mineral surface. It has also been shown by Grim et ale. (52)that the
\SOrption of organié cations will depend on the base exchange capacity
of the clay minerals. Thorough iInvestigatlons by other workers (54-586)

have also been done specially on the interaction between organic

molecules and ¢laysS.

Our knowledge of the desorption of inorganic cations from

the clay surface by organic ichs is meagre. It is in this context



that an attempt has begen made in the present invesiigatlion to study
the sorption and desorntion characteristics of some inorganic ions

by a number ol inorganic and organic cations.
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Section B

Ton—exchange Formulations

Several approaches (57), both qualitative and quantitative,
have been made to understand fthe equilibria between an lon-exchanger
and ibns in solution. Bxperimenis were conducted in which concentra-

tions of ions were wvaried, the result suggested an exponential rels-—

tionship between ions adsorbed (or desorbéd) and concentration of the

exchanging ion. On this basis various formulations, e.g., similar

to FPreundlich and ILsngmuir's adsorption isotherm were proposed.

Thé mass action principle was also applied. But owing to the
lack of knowledge about the activities of +the ionie speéies in the
exchanger phase the eguilibrium constant could only be evaluated
gualitatively or empirically. Basuman (58) and Gregor (59) pointed out
the difficulties in terms of swelling and volume change particularly
of the resins. The model introduced by Gregor, although thermodyna-
mically less Weil defined brings out clearly-the pvhysical aetion of
the swelling pressure. A more rigorous applioation of the law .of mass
a?tion has been made by Boyd and his co-workers {60) in which the .
"golid solﬁtion" idea of Vanselow (61) has been the basis on the

assunption that the ion exchange is a "solid solution" process.

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

first clearly expressed by Wiegner (62) and his co—wbrkers. In order




to explain some of their experimental results they postulated the
exisience of loosely and firmly bound ions on the surface of the
same exchange substance. Without the necessary information regarding
the surface charactéristics ol the silicates which Wiegner used for

his work he had to invoke the idea of the existence of micro pores,

edges and cleavages.

Jenny (63) envisaged a kinetic condition on the surlface and
derive@ a mass actlon equation representing theexchange process of
univalent ions. This idea was later developed by Davis (64) to multi-
ply charged ions. Xrishnamoorthy and Overstreet (65) applied the
statistical method as has been used by Fowler (66) and Guggenheim (67)
in the case of gas adscrption on solid surface. The attempis %o
understand ilon exchange reactions oﬂ the basis of the electrical
double layer, as postulated by Mukherjee (68) yields no doubt quali-
tative.results but the concept in meny respects, conforms better with
observations. He assumed two categories of exchangeahlé ions, the
osmotically actlive ions which constitute the mmbile-part of the double
layer and the osmotically inactive ones constituting the immobile
part of the double layer. The interpretation of the electrochemical
properties of clays in terms of these two categories of ions has been
in meny ways very fruitful. The relationship of crystalliine structure
of clays, their electrochemical properiies and lon—exchange character-

igties have been stﬁdied with fundamental details by Mukherjee and
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Mitra (69), Mitra and Bagehi (70}, Ganguly and Mukherjee (71} and
Chakravarti (72,73).

In the present thesls the exchange data obtained with bento-
nite, vermiculite and resin:and some inorganic and organic cations
have been similarly applied to several well known models, namely

those of Barrer (74) & Pauley (75).

Barrér's model;— By the use of statistical thermodynamics,
Bar?er has ieri%ed an equationmhich is remarkably successfﬁl in
@escribing the behaﬁiour of most regular and irregular system with
and without phase transition. The assumptions of Barrer are as
follows:-
(1) When two‘entering ions, B, occupy adjacent crystal sites in the
A-rich lattice, an additional change in the free energy of the crystal
0CCUTS «
(2) This change is negligible when ions A, B occupy adjacent sites
relative to the sfate 4, A ions occupy adjacent sites.
(3) The change in energy is additive Wifh respect to the number of
pair B, B independently of whether these pairs are in clusters . or
isolated. |
(4) Apart from this energy change all other infteractions between
the energy change and the partition functions of ions A and B in

the framework and of the frame work may be neglected

(5) The distribution of ions on sites is assumed random.
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(6) The amount of intracrystaliine water ls taken as unaltered by

exchange.

In irregular systems in which accommodation of the larger
ions becomes more and more difficult as conversion progresses, occu-
pandy of two neighpouring si?es“by.twollarge idns_is evidently less
favourable than occupancy by one large and one small or by two small
iong. At comstant overall loniec compédsition of the exchanger (Gf.
zeolite), there is a characﬁeristici difference in energy between the
océupanoy of two neighbouring sites by two ions B and by two ions A
and B or two ions A. This energy may be written as 2 EW/Z, where
Ey is an{positive or négative) interaction energy and Z is the co-
ordination number of the lattice. A statistlecal distribution of the
exXchange sites occeuplied by twa lons B is assumed. The number of these
pairs is 4ng/2 fiz (fMy = number of counter ions B in the zeolite;

iy = number of exchange sites).

In this way a simple expression giving the total partition
function of the zenlite can be obhained. By differentiation of this

expression and use of the equilibrium condition, the following rela-

~tion is obtained?

— - Py Er—En 27Mp £

: TilT Mp— B Ea—En L IR {
A “"jf B b 4 i I kT T Ty RT

M &p Ja(™ RT




where dJj

i

partition function of the species 1 in the zeplite;

=l
1

energy of the species i in the zeolite;

M = standard chemical potential of species i.

After substituting equivalent ionic fractions X; = ﬁi/KﬁA+-iB),
one obtains

s O o) - - —~2,.
b e h = A A B I K, +e (1= 2% )
The quantity:g% is the rational thermodynamic eguilibrium

_constant and K%; is the corrected selectivity coefficlent. So that

a plot of In KB against (1 - 2 Ip) should give a straight line, the
intercept being equal to lnfﬁ% and slope is eQual to C.
Comparison with eguation (1) shows that

— ) -] i __'_. _--'i-";\- :
R g RO AT LB Ee  WTTR) By
Keg = T (D RT RT Mg RT

and that the constant C 1s

’v_\_-f’?_\rg, E
C=— A= —u

g RT
The second term on the right hand side of ean. (2) arises from the
gain or loss In Ifree energy resulting from interaction between the
neighbouring sites occuvied by ions B. In "regular! systems this
term 1s zereo since no interaction occurs. In irregular systems in-

which occupancy of two neighbouring sites by two ions B is unfavour-

able, the constant C 1ls negative.
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Pauley's model 35— Pauley has interpreted selectivities in ion-

exchange equilibria in the language of a very simple model. Its |
essential feature is the eleectrostatic attraction between the counter
ions and the fixed ionic groups. It is assumed that all tﬁe counter

ions in the ion-exchanger are found at their distance of closesd
approach to the fixed ionic groups. Writing AR and BR for the pairs

of fixed idonic groups and counter ions at the disfance of clogest
approach, one can split the ezchaﬁge of 4 for B into the two proce-

ssesi
AR ——— A+R eees  (3)
R‘T‘B”‘“—"*“**’? BR e aw (4)

Coulomb's law (withoubt any correction) leads to the following results

for the above processes:

o . qiﬁgfr;_ckf B D
AGp = e oty €
&A .
B A o T - ~-~&)
and AG, :'f TYre 0% &
o=

WhereAGg andAG% are the free energy changes for the processes (3)

and (4); e = electronic charge; ¢ = dielectric constant;
r = distance from center of fixed charge; ag = distance of

closeat approach between counter ion i and fixed ionic group. Hence

the overall free enérgy change is

o A [ . e =~ T T (_7)
AG == AGy + BGy :_% (#;L._,A - “Jé) f HOAn
- 4T a TS
47457 S
I L‘_ffr,' s RRYT = H
2 DEC 1978 IR M
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and the thermocdynamic equilibrium.constanthE is

6 aa e _l_.__.l__>__._._—.-(g~)
I{M?\A n RT RT&E A’y 22p

Therefore, a linear relatlionship shoula exist between 1n K, and

&O « The model leads qualitatively to preference of the ion exchanger
8

1 . . . . o Ls
for counter ion with the smaller a value =2nd counter ion of higher

valencys
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dection C

Bxchange studies and Selectivities
of-Clay minerals and Resins.

The excﬁange properties of clay'minerals have been thoroughly
studied by a number Qf worlkers and their characteristics have been
well established. Qhe more important characteristios ares .

(1) the observation of the lyotropic series (?61 though exceptions

are often observed. ‘ |

Hofmann (77')'s£uaied. the activities of Na , X , NH; , Ca , Mg ,

Ba as exchangeable ilons on clay minerals. The efféct of exchangeable
ions on the sorptive vroperties of palygorskite and hallﬁysite (78)

was studied td give the sorptive prbﬁerﬁies ranking more or less in
the order : Iﬁgﬁ.}/, Caﬁ) Fe“) 1N Al3+) Ne' ) x* for both the clay minerals.
Displacement of an+ ' Oﬁ?f, Hm?+, co>" ana wi*' by sto4 and

H-Resin (79) gave the order &n »M™SNi*%00™> o™ for both acid and

the H-resin but the amount desorbed was -greater with the acid.

In another study (80) a relation between Wi and Co®' released
fromfNi—H-clay, Oo;H-clay and the pH of the solution was observed.
The lyotropie series was also noticed for scorption of each of the

quaternary ammonium ions Nie,, NE%, , NPr, and ¥Bu, againsy Lit

et , B, NHI and K1(81). The éxchange of methylene blue with
respect to HT, ca* ang 7 on bentonite, illite and kaolinite (82)

. + .
was found to be in the order ¢ HfSCéﬁ>K+ and for the clays the order

ig ¢ illite)bentonit e) kaolinite.
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' +
The exchange reaction between ca” and Mgafwas observed to
be unusual (83) and it was provosed by Beckett (8&) that except for
+
certain specific spots Gaz and Mgif have got equal sorpfion affini-

ties.

In the usual general purpose cation exchangers the selective
sequence of the most common cations is (85-838) 3

Bay Pb) 8r)> Ca) Ni)> Cd) Cu) Co) Zn) Mg) Uog) T1) Ag) Cs)

Rb> K—> NH4:> N8.> Ii ®

The sequences of the univalent and bivalent cations overlap
in resins of high capacity and moderate and high degree of cposs—
linking. For strong acld resins, Hﬁ'usually falls between Na® and

+

) + .
i ¢ For weak-acid resins, the position of H depends on the acid

strength of the fixed ionic groups.

The selective uptake of Lif , Na© and K+'by é series of
methacrylic acid cation-exchange resins of various divinyl benzene
contents was measured by Gregor et al. (89). The general order of
preference was Li§>Na+> KT . This preference became more marked as
the degree of neutrallzation of any given resin iﬂcreased; This
resin behaviour was compared by the authors with the association
evidenced by the alkali metal acebtatese
(1i) Obedience to the Iangmuir equation of the data on exchange

sorption of large organic molecules especially the dye molecules.
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A simple egquivalent fraction exchange equation has been
oroposed to fit in with the exchange data of Na' s k" and Cal+
. + - ) :
for A1°" on bentonite (90) at 0.50 and 1.0 (M) external salt
concentration.
(iii) Formulation of selectivity coefficient.

Exchange measurements can be written in a general way as
follows:
B
2

.
1

e

L
g s

taf

(wherg-the bar denotegs the species in the c¢lay’ phase and 4y, 22,
the valencies of &4 and B respectively), from which selectivity

coefficient is expressed by the eguation,

yz - \/Z
oo AT R

PR

[Ap™ (877

The selectivity coefficient measurements and obedience to the

Tangmiir equation are not, however, exclusive of one another.

A1l these studles are confined to the replacement of one

inorganic cation for another. There is very little work on exchange

reactions involving two organic cations.

Barrer (91) in a series of papers studied the exchange of

one inorganic ion for organic ions. The sorption properties of



—20~

montmorillionite was seen to change with the adsorption of gquaternary
ammonium ions (CH3)4N and (02H5)4N « The tetramethyl ammonium or
fetraethyl ammoniunm derivative of montmorillonite adsorbs an increa-
sed amount of oxygen at 78° and 90°K. Due to the adsoryticon of the
quaternary ammonium ions the lamella of the clay minerals are opened
and oxygen in increased amounts is adsorbed in the interlamellar
space McAtee (92) treated, sodium bentonite with dimethyllauryl-
benzylammoniuﬁ ion (DMBL). It was seen that almost 1:1 replacement
of sodium took place upto 90 me/100 gm dry clay. The clay was thus
converted inte the DMBL form . This organce - clay derivative was
taken in a suspension of a mixture of isopropyl alcohol and iscoctane
(20% isopropyl alcohol) and different amounts of dimethyldiocta-

" decylammonium ion (DMDO) were added. The amounts of DMBL released
was then measured using ultraviolet spectroscopy It was seen that

16% of *the DMBL ion was removed by DMDO .





