ABSTRACT
With a view to select a suitable ion exchange resin for the removal
of radionuclides (such as cesium, strontium etc.) from low level radioactive
effluents, alkali metal ion - H+ exchanges on nine indigenous gel- and macroporoustype and nuclear grade resins have been studied at a total ionic strength of 0.1 mol
dm-3 (in the case of Cs+ - H+ exchange it was 0.05 mol dm-3). The expected
theoretical capacities were not attained by all the resins for the alkali metal ions. The
water content (moles/equiv.) of the fully swollen resins for different alkali metal
ionic forms do not follow the usual sequence of greater the tendency of the cation to
hydrate the higher the water uptake, but a reverse trend. The ion exchange isotherms
(plots of equivalent fractions of the ion in resin phase, N̅M, to that in solution, NM)
were not satisfactory and sorption of cations, for most of the resins, was possible
only when the acidity of the solution was lowered. The variations of the selectivity
coefficient, K, with N̅M show that the resins are highly cross linked and the
selectivity sequence: Cs+>K+>Na+>Li+, obtained for all the resins indicate that
hydrated ions were involved in the exchange process. However, the increase in the
selectivity was not accompanied by the release of water, but unusual uptake of water,
during the exchange process. The characteristics of macroporous resins were not
significantly different from those of the gel-type resins. The results are discussed in
terms of heterogeneity in the polymer net work, improper sulphonation process
resulting in the formation of functional groups at inaccessible sites with weak acidic
character and the overall lack of control in the preparation of different resins.

STUDIES ON INDIGENOUS ION EXCHANGE RESINS :
ALKALI METAL IONS - HYDROGEN ION EXCHANGE EQUILIBRIA
1.0 INTRODUCTION
Radioactive effluent from nuclear installations is characterised
for physical, chemical and radiochemical analysis, to determine the quality
of the effluent. Suitable treatment is to be provided to the effluent based on
its characteristics to meet the regulatory requirements for discharge of
effluent to the environment. In the management of radioactive waste, the
radionuclides are retained as process concentrate and the bulk of the liquid is
discharged into the environment. A major focus in the treatment process is to
contain the activity in minimum volume, so that the material such as sludge,
resin etc. can later be immobilised or fixed in suitable matrices for disposal.
Broadly the radioactive effluent is classified into five categories
as per internationally acceptable norms and standards [1(A)].
Category

Activity level (Bq/mL)

I

3.7x10-2

II

> 3.7x10-2 to ≤ 3.7x101

III

> 3.7x101 to ≤ 3.7x103

IV

>3.7x103 to ≤ 3.7x108

V

> 3.7x108

Many processes such as chemical precipitation, ion exchange, evaporation, reverse
osmosis, ultrafiltration, electrodialysis etc. have been used to treat Low level waste
(LLW) and Intermediate level waste (ILW) streams [1(B) -4]. The selection of
treatment process must be such that it gives a high decontamiation factor (DF) and
provides high volume reduction factor (VRF). The DF in radioactive waste is defined
as the ratio of activity in the liquid phase before and after treatment. The VRF is
defined as the ratio of the initial volume of the radioactive waste to the volume of the
concentrated phase generated after treatment.

Effluent treatment plant (ETP) at Trombay is designed to
handle/process LLW and part of ILW (gross

activity

3.7x103 Bq/mL).

The radioactive liquid waste contain a spectrum of fission products, activated
corrosion products and traces of alpha-active actinides. While nuclides of Cs,
Sr, Co, Ce, Am, etc. are present in cationic forms, those of I , Ru etc. may be
present in anionic forms. At present, the liquid waste is subjected to chemical
precipitation process, where the bulk of the activity is removed in the form of
sludge. The supernatant liquid, after monitoring for the activity level, is
discharged into the sea.
With increasing stringent (permissible) limits being stipulated by
the regulatory authorities on the activity levels that could be released to the
environment, and also considering the principle of `as low as reasonably
achievable' (ALARA) concept, better treatment methods will have to be
incorporated in the plant.
The ion exchange resins of different types are being employed in
nuclear plants in various systems for the treatment/purification of liquids [5].
These resins after their useful life are immoblised in polymer matrix [6,7]. In
order to generate low volumes of solid waste which can later be conditioned for
disposal, the resin should exhibit high concentration factors or ion exchange
selectivity. Although the organic ion exchange resins manufactured in India
are used widely, including nuclear power plants, preparation of high purity
water for steam generators etc., no systematic information on their ion
exchange and related characteristics are available either in the literature or with
the manufacturer. It is, therefore, necessary that a data-base is established for
the ion exchange resins supplied by leading manufacturers, which will help in
selecting a suitable resin and optimising parameters for their use in large scale
treatment of radioactive effluent.
These resins are available in gel or macroporous forms and also in
specialised nuclear grade form [8, 9]. These resins could be operated in proven
plants and equipment and the quality of the effluent could be of high purity
with high decontamination factors [5].The organic ion exchange resins with the

limited radiation stability can be efficiently employed for the treatment of LLW
where the accumulated radiation dose is expected to be quite low.

Towards

this end, a series of indigenous ion exchange resins available from local
manufacturers are being systematically investigated for their ion exchange
selectivity and related properties.
Commonly available strong acid cation exchange resins are
sulphonated polymers of styrene cross-linked normally with divinyl benzene
(DVB) [8, 9]. The final product is obtained in the form of a gel and is usually
referred to as gel-type resin [Fig. 1(A)]. A copolymer with the most regular
structure is formed when one of the pure isomers (o-, m- and p-isomers) of
DVB is used as the cross linking agent. The structure of ion exchanger prepared
with butadiene, triazine etc. is generally not regular [9]. The gel-type resin has
alternate expanded and contracted regions in the polymer network [Fig. 1(A)]
and in a dry state has no pores [8, 9]. It swells (depending on the amount of
cross linking) when immersed in a polar solvent. M/S Dow and Co., USA
markets these resins with different degree of cross linking. However, only one
variety of gel-type resin is available with the Indian manufacturers (possibly
with a cross linking of about 8 % DVB).
When an inert compound ( a polymer, solvent etc.) is used during
the production of the resin, a porous matrix structure is formed during the
course of the polymerisation. This macroporous resin [Fig. 1(B)] has large
internal structure even in the dry state [8, 9]. This resin with heterogeneous
structure is having regions of higher and lower matrix density. The swellability
in solvents is not significant. Unlike the gel-type resin, the macroporous resin
can imbibe both polar and non-polar solvents in its pore [10] and also large
molecules (including organic molecules). Thus, macroporous resin find
extensive use as "organic traps" in water demineralisation plants, which treat
raw water containing organic impurities [11].
The isoporous ion exchanger is a group of resins in which the
cross linking and pore structure is modified in such a way to obtain polymer
with a substantially uniform pore size [Fig.1(C)].

Nuclear grade resin is a special class of gel-type resin, which has
high mechanical strength and is attrition resistant. It can withstand higher
temperature and has better radiation stability than the conventional gel-type
resin. They are manufactured for special applications, hence highly pure and
possess insignificant leachability. These characteristics are important as they
find application in the purification of cooling water of the primary heat
transport system of water-cooled nuclear reactors.
In the present investigations, resins from three Indian
manufacturers have been used. As gel-type, macroporous and nuclear grade
resins have their own advantages, especially in the treatment of radioactive
aqueous effluent, the characteristics of all the three types of resins have been
studied.
Alkali metal ion – hydrogen ion exchange equilibria, discussed in
the present report, was undertaken with a view to arrive at the selectivity
sequence, with special reference to Cs+. The study will also give an insight into
the behaviour of these resins to Na+, a commonly encountered alkali metal ion
in aqueous effluent.
2.0 EXPERIMENTAL
2.1 Preparation of Ion Exchange Resins
The resin obtained from the manufacturer was treated with
2 mol dm-3 HCl and 1:1 methanol solution to remove untreated monomer, the
colouring agent and/or other organics present in the resin. It was later washed
well with distilled-water free of acid and stored as air-dried material.
The gel-type resins are designated G 1, G 2 and G 3 ; the
macroporous type resins as MP 1, MP 2 and MP 3 and the nuclear grade resins
as N 1, N 2 and N 3.
2.2

Capacity Determination

2.2.1 H+ form : To a known amount of the air dried resin in the H+ form, 50
cm3 of

1 mol dm-3 NaCl was added and the mixture was titrated with

standardised NaOH using phenolphthalein as indicator. Knowing that the

amount of alkali consumed is equal to the amount of H+ liberated, the capacity
of the air-dried resin was calculated. This was converted to the capacity per g
of the fully dried resin after determining the water content of the air-dried resin.
2.2.2 Alkali metal forms : The H+ form of the resin was treated with 1 or 0.5
mol dm-3 of MCl solution (M=Li+, Na+, K+, Cs+) to convert it to the required
alkali metal ionic form. It was later washed free of the salt and stored as airdried sample. A known weight of the alkali metal ionic form of the resin was
taken in a column and known volume of standard HCl solution was passed
through it at a slow flow rate. The effluent from the column was collected in a
volumetric flask and made up to a known volume, including the washings. The
H+ concentration of the made up effluent solution was estimated by titrating
with standard NaOH. Knowing the total concentration of the acid passed
through the resin column and the acid concentration collected as effluent, the
H+ required to elute out the alkali metal ion present in the resin (in other words
the capacity) was calculated. This value was converted to the dry weight basis
knowing the water content of the air- dried form of the respective alkali metal
ionic forms of the resin. The capacity of the alkali metal ionic form of the resin
was also calculated theoretically from the dry weight capacity of the H+- form.
The experimental and theoretically calculated capacity values of the different
resins used in the present study are given in Tables 1 to 3 and are expressed as
meq/g dry resin.
2.3

Water Content

2.3.1 Air-dried sample: A known weight of the air dried sample in the required
ionic form was dried at 100°C to constant weight; the weight loss on drying
being the water content of the sample, which can be converted to the dry
weight basis.
2.3.2 Fully swollen resin: Air dried resin in appropriate ionic form was soaked
in distilled water for four hours. The sample, after decanting off the water, was
surface dried using blotting paper. A known weight of the fully swollen surface
dried sample was dried at 100° C to constant weight, to estimate the water

content. The water content of the fully swollen exchanger (at water activity,
aw=1) are given in Tables 1 to 3 and are expressed as moles of water per
equivalent of ion exchanger (nw), (Eq.1)

nW (moles / equiv) =

2.4

watercontent ( g )
× 1000
18 × capacity(meq / g )

(1)

Ion Exchange Equilibria
Known weights (about 0.5 g) of the resins in H+-form were

equilibrated with 50 cm3 of 0.1 mol dm-3 (HCl + MCl) [where M = Li+, Na+,
K+,] solution for five hours. In the case of Cs+-H+ exchange 0.05 mol dm-3
(HCl + MCl) solution was used. The volumes of HCl and MCl in the mixture
were varied to give different equivalent fraction (N̅M) in the exchanger. The H+
ion concentration in the equilibrated solution was determined titrimetrically
using standard NaOH.
The equilibrium composition of the exchanger and the solution
phases were obtained from the amount of exchanger used, its capacity, the
concentration of H+ at equilibrium and the initial composition of the solution.
3.0 RESULTS AND ANALYSIS OF THE EXPERIMENTAL DATA
3.1. Ion Exchange Equilibria
For the ion exchange equilibrium involving uni-univalent cations,
(Eq.2)
R-H + M+ ⇌ R-M + H+

(2)

where R- is the exchanger phase, the equilibrium constant K, in terms of
activity is given by, (Eq. 3)

K=

aM × a H
a H × aM

(3)

where a̅ refers to the activity in the exchanger phase. In the "rational approach"
[12], the exchanger is considered as a solid solution of two forms of the
swollen resin and the standard states are chosen as monoionic H+ and M+ forms
of the exchanger. The rational thermodynamic equilibrium constant is given by,
(Eq. 4, 5 and 6)

K=

[ M ][ H ] γ H f M
×
×
[ H ][ M ] γ M f H

(4)

γ 2 ± HCl f M
×
γ 2 ± MCl f H

(5)

= KC ×

NM × NH
(6)
NH × NM
where the quantities in brackets are the appropriate stoichiometric
where K C =

concentration of the ions in the two phases, γ M and γ H are the solution phase
activity coefficients of the two ions and fM and fH are the exchanger phase
activity coefficients. KC is the stichiometric concentration product which can be
estimated using the equilibrium composition in solution; N̅' s and N' s are the
equivalent fraction of the ions in the resin and the solution phases, respectively;
±

's are the mean molal activity coefficients for the salts MCl and HCl in the

aqueous electrolyte mixture. Further, an approximation is made that the activity
coefficients are a function of the total ionic strength only and are independent
of the ionic composition of the solution (which is valid for uni-univalent
electrolyte when the ionic strength is

0.1 mol dm-3) [13].

The mean activity coefficient of the electrolyte in solution phase
can be obtained from the literature [14]. However, the activity coefficient (f) of
different ionic form in the exchanger phase cannot be directly determined. In
the rational approach, the f ' s are included into the equilibrium constant, that is,
(Eq. 7)

K' C = K C ×

fM
fH

(7)

As a result, stoichiometric equilibrium constant KC will vary with the resin
phase composition, N̅M (equivalent fraction in the resin phase) [12]. It has been
shown that (Eq. 8)
1

log K' C = ∫ log K C × dN M

(8)

0

K'C can be obtained by finding the area under the curve of the plot of log KC vs
N̅M. The equilibrium constant, K, is given by, (Eq. 9)
1

log K = ∫ log K C × dN M + 2 log
0

The term 2 log

γ ± HCl
γ ± MCl

(9)

γ ± HCl
refers to the activity coefficients of a mixture
γ ± MCl

of HCl and MCl at constant ionic strength. Application of Harned's rule to
these systems of mixed electrolytes [15] reveals that this term reduces to
log

γ ± HCl
, the
γ ± MCl

±

values now refer to the pure electrolyte at the same

concentration ( 0.1 mol dm-3 ) for MCl where M = Li+, Na+, K+ and
0.05 mol dm-3 for Cs+. Thus (Eq. 10)
γ ± HCl
(10)
γ ± MCl
0
The ion exchange isotherm for the alkali metal ion – H+ for the
1

log K = ∫ log K C × dN M + log

different resins (plots of equivalent fraction of the metal ion in the exchanger,
N̅M against those in the solution, NM) are shown in Figs. 2 to 4.

The plots of log KC vs N̅M are shown in Figs. 6 to 9.
The equilibrium constant values obtained from these plots are
given in Tables 5 to 7.
4.0 DISCUSSIONS
4.1 Ion Exchange Capacity
The ion exchange capacities of different forms of the nine resins
used in the present study are given in Tables 1 to 3. Theoretically calculated
capacities for different ionic forms, based on the capacity of H+-form of the
resins are also given in these Tables. For the sake of comparison, capacities
reported in literature, for different ionic forms of gel-type Dowex 50W resins
of different cross-linking [16], mocroporous Amberlyst –15 resin [10] are given
in Table 4 and these resins which have lost their elastic properties after long
storage [17, 18] are also given in Table 4. Unlike the reported values for the
gel and macroporous resins (Table 4), it is seen that in the present study (Tables
1 to 3), the experimentally determined capacities for different alkali metal ionic
forms, in general, are much less than the expected values. Only in some cases,
there is a conformity between the theoretical and experimentally determined
capacities (for example, Na+ form of G 1, G 2, G 3, MP 3, N 3; K+ and Cs+
forms of MP 3; Li+ froms of MP 1, MP-3 and N 3). These results indicate that
either there is heterogeneity (in cross linking and sulphonation) in the resin or
the functional groups are sterically inaccessible or both.
Heterogenity in the polymer network could arise as a result of the
nature and reactivity of the initial components of the reaction mixture and the
copolymer obtained under chosen condition [9]. In the absence of proper
control there is a possibility of orientation of the polymer chains in various
directions as a result of rotation of methyl and other groups. As mentioned in
the Introduction (Section 1.0) only p-isomer of DVB gives regular polymer
structure, while the final product obtained with the other isomers of DVB or
other

cross-linking

agents have less

regular

structure [9].

Chemical

heterogeneity arises from the degree and nature of sulphonation of the
copolymer. Only those polymers that contain sulphonic acid groups in the main
benzene ring of the polystyrene exhibit monofunctional behaviour [19, 20]. If
the DVB 'bridges' in the copolymer, the ethylene chain or ethyl styrene groups
in the net work are also sulphonated, heterogenity is introduced, as the
properties of these ionogenic groups are very much different from those of pbenzene sulphonic acid groups which (the latter) is expected to make up for the
most of the ion exchange capacity of the exchanger [19, 20]. In view of the
drastic sulphonation procedures usually employed in the preparation of highly
cross-linked exchangers, it is likely that undesirable sulphonation of various
position or groups in the polymer also takes place. It has been found that resins
of low DVB content usually have the theoretically expected capacity while
those of higher DVB content show capacities less than the expected value [21].
This has been attributed to the non-uniform sulphonation of the higher crosslinked resins due to the difficulty in the diffusion of sulphonating agent to
these benzene rings near the centre of benzene bead, as a result of which outer
portions are more completely sulphonated than the portion near the centre.
Depending on the treatment of the sulphonated resins,
desulphonation could take place (for example, thermal hydrolysis on treatment
with water at higher temperature > 150° C) [22] and result in the formation of
sulphone linkages, whose behaviour is different from that of sulphonic acid
groups.
The observed variation in the ion exchange capacities of the resins
used in the present study (Tables 1 to 3) could be attributed to a combination of
the above reasons during the preparation of the resins. All the same, it also
indicates lack of quality control in the preparation of the exchangers, as a
result, even simple ions like Li+, K+ cannot achieve the theoretical capacity.
The fact that some resins possess capacities for Na+, nearly equal to the
theoretical value (Tables 1 to 3) could be due to the procedure adopted in the
preparation of the resins, where Na+ or NaOH is used to control the
sulphonation

or

the

amount of

ionogenic

groups.

Assuming the

monosulphonation of each benzene ring in the polystyrene-DVB type resins,
the theoretical maximum capacity has been estimated to be in the region of 5.3
meq/g (for 8 and 12% DVB cross linked Dowex type resins) [21]. The resins
under study do not possess similar capacity values reflecting once again on the
nature and quality of the resins supplied.
4.2 Water Content
The water content of different ionic forms of the fully swollen
resins (water activity, aw = 1) used in the present study are given in Tables 1 to
3 and those reported in literature in Table 4 [10, 16-18]. The actual amount of
water taken up by the resin (mmol/g) is converted to the amount of water
associated with the different ions present in the resin (moles/equiv), for both
the theoretical and experimentally determined capacities of the resins (Tables 1
to 3).
Water content is an important parameter which gives information
about the swellability of the given ionic form of the resin [16] and hence,
indirectly the extent of cross-linking or structure of the resin. The amount of
water present in the resin also gives a clue to the selectivity of the resin for
different ions [10]. This is because, ion exchange is an entropy driven process
which is governed mainly by the changes in the amount and structure of the
water between a given pair of ions under consideration [10, 16].
The amount of water imbibed by a given ionic form of the resin
decreases with increase in the degree of cross-linking (Table 4), as the resin of
lower cross-linking can swell more [as pore size increases, Fig. 1(A)] it sorbs
more water. For a resin of given cross-linking, the amount of water present
depends on the hydration tendency of the ion present; in the case of alkali metal
ions, the amount of water taken up by the resin decreases with increase in the
atomic number (Table 4). The water in the resin is present both as water of
hydration (around the ion) and as bulk or free water [10, 16]. The extent of
hydration of the given ion is nearly the same irrespective of the degree of crosslinking [16]. Thus, the amount of free water present in the cation, decreases

with increase in the degree of cross linking. In the case of macroporous resin,
pore filling is a dominant process [Fig. 1(B)] [10], the amount of water present
in the pore (having bulk water structure) is nearly constant irrespective of the
nature of the cation present in the macroporous resin (Table 4) [10]. Hence,
only a small amount total water imbibed is present as water of hydration in the
gel part of the macroporous resin (and in many cases the hydration of the cation
is incomplete).
There is no regularity in the amount of water sorbed (mmol/g) by
both gel- and macroporous-type resins in the present study (Tables 1 to 3);
nearly same amount of water is sorbed (mmoles/g) by a given resin irrespective
of the nature of the cation present in it. As a result, the water associated with
the cation or ionogenic group (nW), increases with increase in the atomic
number of the alkali metal ion, whereas it should actually show a decrease as
per the sequence: Li+>Na+>K+>Cs+, as reported in the literature (Table 4). This
is because of the lack of attainment of the required capacity for different cation
(Tables 1 to 3) by the resin (as discussed in detail under Section 4.1).
With regard to the water uptake, the resins used in the present
study do not even behave like the ion exchangers which have lost their
elasticity (and have became more rigid) on account of long storage (Table-4)
[17, 18]. These observations reflect on the poor structural quality of all the
resins (irrespective of their nature) used in the present study.
4.3

Ion Exchange Isotherms
The isotherms (plots of equivalent fraction of the ion in the resin

phase, N̅M to that in the solution phase, NM) for the ion exchange process
involving alkali metal ion –H+ for the different resins studied are shown in Figs.
2 to 4.
The shape of the ion exchange isotherm depends on the selectivity
of the pair of ions involved [Fig. 5(A)] [23]. When the resin prefers both the
ions equally (equilibrium constant, KC=1), the isotherm is a straight line [curve
2, Fig. 5(A)]. When the ion being exchanged prefers the resin (KC>1) one

obtains curve 1 of Fig. 5(A) and when the resin does not prefer the ion,
(KC<1), curve 3 in Fig. 5(A) is obtained. The column characteristics of the
resin for a given pair of ions depend on the shape of the isotherm [Fig. 5(B)].
When an ion whose selectivity is high [KC>1, curve 1, Fig. 5(A)] is involved in
the exchange process, the most desired sharp breakthrough curve is obtained.
The ion having poor selectivity [KC<1, curve 3, Fig. 5(A)] gives a diffused
breakthrough curve, [Fig. 5(B)] during column operation. Thus, ion exchange
isotherm reflects the column characteristics of the resin as well as the
selectivity for a given pair of ions.
The resins, G 1, MP 1 and N 1 show selectivity for Cs+ ; G 2,
MP2, and N 1 show higher selectivity for both Cs+ and K+ and not for other
alkali metal ions (Figs. 2 and 3). The behaviour of G 3, MP 3 and N 3 are
peculiar; the isotherm starts from a particular value of NM (Fig. 4), which may
either be due to the effect of the concentration of the exchanging ion or
reduction in the acidity of the initial solution. A similar peculiar behaviour is
exhibited by G 1, N 1, G 2, MP 2, N 2 for Li+ and Na+ ions (Figs. 2 and 3). The
overall behaviour of the nine resins studied are not up to the expectations with
respect to their ion exchange characteristics and selectivity towards alkali metal
ions when compared to Dowex 50W and other resins.
The unusual behaviour exhibited by certain resins (Fig. 4) indicate
that certain minimum concentration of the alkali metal ion is required, before
the resin could pick up the cation. It may also due the fact that the ionogenic
groups are not strongly acidic but weak. As a result, the resin cannot pickup
cations from acidic solution and a lowering of acidity is required for the
ionogenic groups to be dissociated. Such a characteristics is not suitable for ion
exchange process, more so in waste management programme where acidic
solution are also encountered.
The presence of weakly acidic groups (albeit being –SO3-H+
groups) indicates the poor quality of sulphonation process, whereby undesired
sites are sulphonated and not the benzene backbone of the polymer (as
discussed in Section 4.1) and that the functional groups are not the most desired

p-benzene sulphonic acid groups. This also indicates that, apart from sulphonic
groups, sulphone linkages could have been formed due to the sulphonation and
subsequent treatment processes. These possibilities give a clue to the unusual
water sorption properties exhibited by the resins used (Tables 1 to 3, Section
4.2).
4.4 Ion Exchange Equilibrium Constants
Plots of log KC vs N̅M , required to calculate the ion exchange
equilibrium constants (discussed in Section 3.1) for the alkali metal ion –H+
exchanges on different resins used in the present study are shown in Figs. 6 to
9. In order to extrapolate the plots to N̅M = 0 and N̅M = 1, more data points are
required at the end points. For this purpose N̅M
̅ and NM values were obtained
by interpolation of the isotherms (N̅M
̅

vs NM

plots, Figs 2 to 4). The

experimental and interpolated values are represented as open and closed
symbols in log KC vs N̅M plots (Figs. 6 to 9). The values of the equilibrium
constants derived (by measuring the area under the curves) from these plots and
after accounting for activity coefficients in solution are given in Tables 5 to 7.
Similar plots for the alkali metal ion –H+ exchange equilibria on Dowex 50W
of different cross linkings reported in literature are presented in Fig.10 [19, 24,
25] and equilibrium constants in Table 8 [12, 26].
The variation of KC (or log KC) with composition in the resin phase
(or loading, N̅M) is due to the contribution of the activity coefficients of the
resinates to the selectivity coefficients [27]. It also reflects on the heterogeneity
in the resin [27]. This has been theoretically demonstrated in the case of an
anion exchange system [28]. As seen in Fig. 10, the variation of KC with N̅M
increases with increase in the cross linking. In general, the ion exchange resin
is assumed to behave as homogeneous phase during the exchange process (as in
aqueous solution), that is, both the form of the resins are expected to be present
as solid solution. The variation of KC with N̅M shows the deviation from this

assumption of treating the ion exchanger as a homogeneous phase. The
variations are treated as formation of ion pairs in the resin phase which exist as
"clusters", resulting in a heterogeneous phase as shown in Fig. 11 [12, 29].
Based on this, one can say that the heterogeneity of the exchanger phase
decreases as the cross linking is increased, which is reflected as a large
variation of KC with N̅M (Fig. 10). The variation of KC with N̅M with cross
linking in the case of Na+ - H+ exchange (Fig. 10 (B)] has also been explained
as arising out of absence of truly unifunctional ion exchanger [19]. (As
discussed earlier in section 4.1, the sulphonation process is such that lesser
unifunctional ionogenic groups are formed with higher cross- linked
exchangers [22]).
Appearance of maxima and minima in the plots of KC vs N̅M
results from meta stability in the exchanger phase [27] or certain processes like
relative change in hydration with loading [30], hydrolysis of the ions involved
etc.
Based on the above discussion one can conclude from the shape
and variation of the log KC vs N̅M plots (Figs. 6 to 9) that the resins used in the
present study are highly cross-linked. This could lead to non-uniform
sulphonation of the polymer matrix, the steric hindrance to diffusion of ions
during exchange resulting in poor attainment of theoretical capacities (Tables 1
to 3, Section 4.1) and also formation of clusters during the exchange process
(as envisaged and reported in literature [12, 29], see Fig.11).
Selectivity of ions depends on the ion-binding process with the
ionogenic group which can be of four types [31].
1. Field binding, which is a simple electrostatic (non-localised) interaction
between the counter ion and the ionogenic group and which will be
prevalent in the selective uptake of singly charged alkali metal cation in the
resin of low cross linking. This may result in the ordering of solvent
molecules in the system.

2. Site binding or ion pair formation is the main cause of selective binding
which may result in solvent separated ion pairs (or outer sphere complex), or
contact ion pairs (or inner sphere complex) and occurs in moderately and
highly cross- linked resins. This interaction will result in the changes in
water coordination and its structure during the ion exchange process. Alkali
metal ions are expected to form solvent-separated ion pairs.
3. Structure enforced binding, is encountered in the uptake of bulky cation in
low cross linked resins during which the water structure in the resin phase is
destroyed.
4. Charge transfer binding, is associated with large polarisable ions such as I-,
Ag+ etc.
In the present study, the ion pair formation is the mechanism by
which the selectivity sequence for the alkali metal ion is obtained, namely,
Cs+>K+>Na+>Li+ (Tables 5 to 7). Among the resins, G 3, MP 3 and N 3 have lower
selectivities compared to others (Tables 5 to 7).
An unusual feature exhibited by the resins G 1, MP 1, MP 2
(Tables 5 and 6) as compared to those reported in literature (Table 8) [12,26] is the
higher selectivity towards Li+ (K>1). The poor selectivity coefficients for G 3,
MP 3 and N 3 for Li+, Na+ and K+ (Table-7) is related to the poor sulphonation
process (discussed in Section 4.3 in connection with Fig. 4).
It has been reported, that the macroporous resin show lower
selectivities than the gel-type resins [30, 32]. Even the macroporous resin that has
lost its elastic property due to long storage also show similar trend [18]. However,
in the present study the selectivities of the macroporous (MP) resins are comparable
to those of the gel (G) and nuclear grade (N) resins [Tables 5 to 7]. This once again
reflects on the lack of quality control in the preparation of the indigenous resins.
Among the different approaches proposed to explain the ion
exchange selectivities, the one put forward by Eisenman and extended by
Reichenberg to the organic exchangers is noteworthy [33]. This model regards the
exchange process as a competition between the hydration tendency of the counter
ion in solution and the electrostatic interaction with the ionogenic group in the

exchanger phase. Ion exchangers whose ionogenic group has weak field strength
(for example –SO3- group) prefer ions that are less hydrated, exhibiting a selectivity
sequence: Cs+>Rb+>K+>Na+>Li+ and those that have strong field strength
(example, –COO- group) prefer ions that are hydrated with selectivity sequence, Li+
>Na+ >K+ >Rb+>Cs+.
The selectivity sequence exhibited by the resins under present
study (Tables 5 to 7) indicate that the ionogenic group present in them have weak
field strength typical of strongly acidic cation exchanger having –SO3– as functional
group.
The parameter, å , the distance of closest approach, used in DebyeHueckel theory of electrolyte solution could be taken as an index of ionic hydration
[34]. A plot of log K vs 1/å would indicate whether hydrated ions are involved in
the exchange process. The values for å (in Å units) were taken from literature [34];
Li+ = 6.9 ; Na+ = 5.2 ; K+ = 4.1 and Cs+ = 2.6. The linear relation between log K
(from Tables 5 to 7) and 1/å, shown in Fig. 12, indicates that hydrated alkali metal
ion are involved in the exchange process; resins G 1, MP 1, N 1, G 2, MP 2, and
N 2, behaving similarly, while G 3, MP 3 and N 3 show linear behaviour but with
lower selectivity coefficient.
As mentioned earlier in Section 4.2, a net gain in entropy, as
compared to the enthalpy change, is the driving force for the overall exchange
process [10, 32]. This has been established for many ion exchange systems by
carrying out the equilibrium studies at different temperatures and by calorimetric
measurements [32, 35, 36]. The gain in entropy is associated with the net release of
water per equivalent of exchanging ion during the process [10,30]. Yeager [37] has
demonstrated this aspect for Nafion 117 ion exchange membrane by plotting log K
(K is equilibrium constant) against the change in the water content accompanying
the exchange process for the alkali metal ion –H+ exchange. The validity of the
approach has been reported by others [17, 30].
Plots of log K vs ∆nW, [where ∆nw = nw(H+) – nw(M+)] at aw = 1
(in Tables 1 to 3) for the various ion exchange systems in the present study are
shown in Fig.13. A general linear correlation between log K and ∆nw could be

deduced. While in the case of ion exchange resins reported in literature [17, 30, 37]
log K increases with ∆nw (that is, larger the amount of water released during the
exchange, the higher is the value of K), in the present study (Fig.13), the reverse is
true, that is, selectivity increases with increase in water content or sorption water.
It is true that the ion exchange selectivity in the present study depends on the ionic
radii (or the hydrated radii) (Fig.12), but it is unusual that the increase in selectivity
is accompanied by an increased sorption of water. This once again points to the
polymer structure of the resins used in the present investigation and is also related
to the nature and distribution of water present in different ionic forms. Information
on the state of water present in the resins can be had by analysing the water sorption
isotherm of different ionic form of the resin over the entire range of water activity,
which is in progress.
4.5

Conclusions
Investigations on the alkali metal ion - H+ exchange equilibria on

nine indigenous resins leads to the following general conclusions:
1. The experimental ion exchange capacities for different alkali metal ionic
forms are less than the expected theoretical values, suggesting that the
structure of the resin is heterogeneous resulting in sterically hindering the
diffusion of cation into the matrix.
2. Water content of the fully swollen resin for different ionic forms of the
resins do not follow the usual sequence; that is, the greater the tendency of
the counter ion to hydrate the higher the water uptake. The reverse is true
in the present study. The experimentally determined water content
(moles/equiv) is higher (and follow the reverse sequence) even for the
theoretical capacity of the resin for different ionic form. This could be due
to the poor sulphonation of the resin, which possibly gives rise to weak
ionogenic and polar sites capable of sorbing water and not cations.
3. The ion exchange isotherm are not satisfactory and not acceptable for
column operation, except to some extent for Cs+. The isotherm for most of
the resins indicate that the sorption of cation is possible only when the

acidity (even 0.1 mol dm-3 of H+) is lowered. In other words, the –SO3- and
other groups behave as weak acids due to the position in the polymer
network to which they are attached.
4. The variation of log KC with N̅M for different exchange systems show that
the resins are highly cross-linked. The selectivity sequence obtained for the
alkali metal ions for the resins used in the present study indicate that
hydrated ions are involved in the ion exchange process. However, the
selectivity coefficients bear no relation to the changes in the water content
during the exchange process. Unusually, the water uptake ( not the release,
as expected ) increases with increase in the selectivity. This could be due to
the state of water present in the resin phase. This aspect is currently being
investigated.
5. The behaviour of the macroporous resins is not significantly different from
that of the gel-type resins. This may be due to the poor control in the
preparation of different resins.
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Table 1
Capacities and water content (nw at aw =1) for H+ and alkali metal ionic forms
of indigenous ion exchange resins

Exchanger

ion

Capacity dry (meq/g)

water uptake
(mmoles/g)

theroretical experimental
G1

MP 1

N1

water content, nw
(moles/equiv)
theoretical

experimental

H+

-

4.86

26.9

-

5.53

Li+

4.72

3.43

23.4

4.96

6.82

Na+

4.40

4.49

25.8

5.86

5.75

K+

4.10

2.94

27.3

6.66

9.29

Cs+

2.96

1.69

24.0

8.10

14.22

H+

-

4.26

30.5

-

7.16

Li+

4.15

4.04

28.3

6.81

7.01

Na+

3.90

3.33

31.0

7.96

9.31

K+

3.66

3.11

24.3

6.63

7.82

Cs+

2.73

1.36

28.1

10.30

20.61

H+

-

4.73

26.2

-

5.54

Li+

4.60

3.36

26.2

5.70

7.80

Na+

4.28

2.84

27.0

6.31

9.52

K+

4.01

1.89

28.6

7.14

15.10

Cs+

2.91

2.19

27.1

9.31

12.35

Table 2
Capacities and water content (nw at aw =1) for H+ and alkali metal ionic forms
of indigenous ion exchange resins

Exchanger
G2

MP 2

N2

ion

Capacity dry (meq/g)
theoretical

experimental

H+

-

5.21

Li+

5.05

Na+

water uptake
(mmoles/g)

water content, nw.
(moles/equiv)
theroretical

experimental

31.0

-

5.95

3.33

25.8

5.11

7.74

4.67

4.87

22.2

4.75

4.56

K+

4.34

3.15

22.9

5.27

7.27

Cs+

3.09

1.68

23.7

7.68

14.11

H+

-

4.78

32.0

-

6.68

Li+

4.65

3.32

29.4

6.32

8.86

Na+

4.33

3.63

31.3

7.23

8.62

K+

4.05

2.13

27.6

6.82

12.96

Cs+

2.93

1.66

28.3

9.65

17.04

H+

-

5.17

27.3

-

5.28

Li+

5.01

3.32

26.0

5.18

7.82

Na+

4.64

2.60

25.4

5.47

9.78

K+

4.32

1.72

22.6

5.23

13.15

Cs+

3.07

1.32

22.5

7.32

17.00

Table 3
Capacities and water content (nw at aw =1) for H+ and alkali metal ionic forms
of indigenous ion exchange resins

Exchanger

ion

Capacity dry (meq/g)

water uptake
(mmoles/g)

theoretical experimental
G3

MP 3

N3

water content, nw
(moles/equiv)
theroretical

experimental

H+

-

3.67

27.5

-

7.49

Li+

3.59

2.52

27.0

7.52

10.72

Na+

3.40

3.09

26.9

7.92

8.72

K+

3.22

2.49

25.1

7.80

10.10

Cs+

2.47

1.39

20.6

8.33

14.84

H+

-

2.12

24.7

-

11.68

Li+

2.09

2.32

24.1

11.54

10.36

Na+

2.02

2.24

23.6

11.67

10.54

K+

1.96

1.95

22.6

11.53

11.61

Cs+

1.65

1.57

19.0

11.49

12.07

H+

-

3.47

26.2

-

7.56

Li+

3.40

3.15

26.5

7.80

8.40

Na+

3.22

3.35

25.4

7.88

7.59

K+

3.06

2.45

24.5

8.00

10.01

Cs+

2.38

1.36

20.3

8.53

14.92

Table 4
Capacities and water contents (nw at aw=1) for H+ and alkali metal ionic forms of gel-type Dowex 50W and
macroreticular Amberlyst-15 ion exchange resins
Resin

H+

Li+

Na+

K+

Cs+

Ref

cap.

w. cont.
nw

cap.

w.cont.
nw

cap.

w.cont.
nw

cap.

w.cont.
nw

cap.

w.cont.
nw

Dowex 50W x 4

5.15*

21.8*

4.95

21.70

4.61

19.30

4.33

17.0

3.26

16.10

16

Dowex 50W x 8

5.11*

11.2*

-

11.39

4.55

9.90

4.32

8.50

3.23

7.80

16

Dowex 50W x 12

5.21*

9.92*

5.03

9.20

4.72

8.40

4.39

7.50

3.13

6.80

16

Amberlyst–15

4.84

11.64

4.26

11.11

-

-

-

-

-

-

10

Dowex 50W x 8
(after long
storage)

4.95

3.47

4.79

3.13

4.46

2.39

4.14

2.20

-

-

17

Amberlyst –15
(after long
storage)

3.31

16.67

3.24

16.01

3.08

15.59

2.94

14.38

-

-

18

cap. – capacity (meq/g) ; w.cont. – water content (moles/equiv)
* Deokinandan, Ph.D. Thesis, University of Bombay, Bombay,1971

Table 5
Selectivity coefficients, activity coefficient ratios and equilibrium constants (K) for
alkali metal ion – H+ exchanges on indigenous ion exchange resins
Resin exchange system
G1

MP 1

N1

Area @

Activity coefficient
ratio#

log K

K

Li+ - H+

0.044

0.0033

0.0473

1.12

Na+ - H+

0.154

0.0099

0.164

1.46

K+ - H+

0.233

0.0144

0.247

1.77

Cs+ - H+

0.542

0.0272

0.569

3.71

Li+ - H+

0.270

0.0033

0.273

1.87

Na+ - H+

0.184

0.0099

0.194

1.56

K+ - H+

0.252

0.0144

0.266

1.85

Cs+ - H+

0.500

0.0272

0.527

3.36

Li+ - H+

-0.090

0.0033

-0.087

0.91

Na+ - H+

0.037

0.0099

0.047

1.11

K+ - H+

0.042

0.0144

0.056

1.14

Cs+ - H+

0.423

0.0272

0.450

2.82

1

@ Area =

∫ log K dN
c

M

0

# Activity Coefficient ratio = log

γ ± HCl
γ ± MCl

Table 7
Selectivity coefficients, activity coefficient ratios and equilibrium constants (K) for
alkali metal ion – H+ exchanges on indigenous ion exchange resins
Resin

exchange system

Area @

Activity coefficient
ratio #

log K

K

G3

H-Li

-0.215

0.0033

-0.212

0.61

H-Na

-0.148

0.0099

-0.138

0.73

H-K

0.071

0.0144

0.085

1.22

H-Cs

0.506

0.0272

0.533

3.41

H-Li

-0.520

0.0033

-0.517

0.30

H-Na

-0.543

0.0099

-0.533

0.29

H-K

-0.012

0.0144

0.002

1.00

H-Cs

0.190

0.0272

0.217

1.65

H-Li

-0.289

0.0033

-0.286

0.52

H-Na

-0.182

0.0099

-0.172

0.67

H-K

0.02

0.0144

0.034

1.08

H-Cs

0.168

0.0272

0.195

1.57

MP 3

N3

Area @, Activity coefficient ratio #, as per Tables 5 and 6
Table 8
Equilibrium constants (K) for alkali metal ion – H+ exchanges on
Dowex 50W resin of different cross linking [Ref. 12,26]
exchange system
+

+

Li -H
Na+-H+
K+-H+
Cs+-H+

4
0.76
1.20
1.72
2.02

% cross linking
8
0.79
1.56
2.28
2.55

16
0.68
1.61
3.06
3.17

