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Abstract  

 

 Alkali metal ion - H +exchanges on Nafion 117 membrane treated differently, Dowex 

50 W x 4 and Dowex 50 W x 8 resins have been studied at a total ionic strength of 0.1 mol 

dm-3. The water sorption isotherms of these exchangers in different ionic forms generated over 

the entire range of water activity, have been analysed by the D’Arcy and Watt equation 

(DWE). Water sorption studies have shown that the physical structure of the exchangers have 

changed due to long - storage or aging, resulting in poorer water sorption and even formation 

of pores in the case of Dowex 50 W x 8 resin. As a result, the counter ions in the exchangers 

are not hydrated and the water is present in a free form, albeit structured, in the resin phase. 

The selectivity sequence for the alkali metal ions with reference to the H + (Li+<Na+<K+) for 

the exchangers used in the present study is in accordance with that reported in the literature 

for the ionomers having sulphonic acid as the functional group. In view of the absence of 

hydration of the cations in the resin phase, the driving force for the selectivity of the cation, 

namely, the net gain in entropy, is expected to come from the loss of structured water during 

the exchange process. Pre treating the Nafion 117 membrane with boiling acid solution 

activates the clustered region of the membrane in the H + form, while pretreatment with boiling 

water expands the non-ionic domain (the region connecting the clusters). These modifications 

influence the state of water present in the Nafion 117 membrane and the ion exchange 

equilibria. As a result of long storage or aging, the ion exchangers lose their elasticity or 

swelling characteristics. The results obtained in the present study indicate that in aged 

materials, the ionogenic groups are existing as isolated ion - pairs rather than in a clustered 

morphology. 
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Alkali metal ion - proton exchange equilibria and water sorption studies on Nafion 

117 membrane and Dowex 50 W exchange resins: Effect of long storage or aging. 

 

 

1.0 INTRODUCTION  

 

 Ion containing polymers or ionomers have attracted much attention due to their unique 

physical and transport properties which will arise as a result of the state of the ionic groups in 

the polymer [1-9]. The way the ionogenic groups organise themselves in the ion-rich phase of 

the polymer forming aggregates or clusters, as they are normally known, depends on factors 

such as, the water or solvent content, the number of the ionogenic groups and the counter ion, 

the chemical nature of the polymer matrix, temperature etc [3-5]. The transport property of 

the ionomer membrane depends on the ion exchange selectivity and the mobility of the cation 

in the membrane phase [10-15]. Permselectivity of the membrane for a solvent is also 

influenced by the nature of the counter ion in the polymer. It is, however, important to 

understand the equilibrium ion exchange selectivities and the related water / solvent sorption 

properties of the ionomers. 

 The selectivity and related characteristics of the ion exchange resins based on 

polystyrene sulphonate cross - linked with divinyl benzene (PSS-DVB) have been fairly 

understood [16-19]. In recent years, special attention has been paid to perfluorosulphonate 

based Nafion membranes (E.I. du Pont de Nemours and Co) because the Nafion membranes 

have unusual mechanical and chemical stabilities and find applications in chlor-alkali industry 

and as acid catalyst [20-22]. Except for the unusual packing effect, Nafion membranes have 

transport properties comparable to the normally encountered organic ion exchangers [23]. The 

ion exchange capacities of Nafion polymers (equivalent weight, EW, 1100-1500) are smaller 

than the commercial PSS - DVB type resins [12]. The nature of the polymer matrix, 

perfluorocarbon - backbone in the case of Nafion and hydrocarbon in the case of PSS-DVB 

type resin will also have an influence in the nature of binding of the counter ion with the 

sulphonate group and as a consequence on its selectivities [24]. Very little information is 

available on the ion exchange equilibria and related water sorption properties of Nafion 

[11,12,25-31]. Our earlier transport and permeation studies with Nafion - 117 also indicated 

the role played by the counter ion present in the polymer  [32]. In order to get a better 
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understanding of the transport process across Nafion membrane, a systematic study has 

been initiated on the ion exchange properties of Nafion 117 membrane and compare them with 

that of conventional Dowex 50 W resins. 

 Nafion 117 membranes have been treatd differently prior to their use in transport 

studies [11,12,20,26,27,32-36]. The most notable being boiling the membrane in aqueous 

solutions. Such treatments alter the physical structure of the membrane and consequently the 

manner in which the ionogenic groups are ordered and can lead to variation in the ion 

exchange selectivities. In fact, Yeager [12] has shown that the Nafion membrane treated with 

boiling water, called the expanded form, has lower selectivity as compared to the normal, un-

treated Nafion. In our transport studies, the Nafion membrane is refluxed with 1:1 HNO3 for 1 

hour and then boiled with distilled water for 0.5 hour and washed well and finally soaked in 

deionized water [32-34]. With a view to understand the effect of such pre - treatments on the 

ion exchange selectivity, Nafion 117 membranes treated with boiling water, refluxed with acid 

(as in our transport studies) and the as such membrane was used for the present investigations. 

 Various attempts have been made to describe and predict quantitatively the ion 

exchange equilibria [16-19]. All these models recognise the key role played by ion hydration in 

the ion exchange process [19]. The selectivity sequence for a given set of cations as well as 

the effect of cross - linking (in PSS - DVB type Dowex resins) on the selectivity have been 

explained in terms of the ion - water, counterion - ionogenic group and water - water 

interactions in the resin phase [19]. Moreover, it has been shown [37] that Dowex 50 W - type 

resins behave as single ion solutions because the ionogenic groups are osmotically inactive and 

unhydrated. The state of water present in the ion exchanger (including Nafion membrane) has 

been investigated by a variety of techniques to provide information regarding the nature of ion 

- pair formation, ionic hydration, mobility of the free water etc [5,6,31,38-42]. In order to get 

a self-consistent picture of the ion exchange characteristics of Nafion 117 membrane, the 

water sorption isotherms of H + and the metal ionic forms (salt - forms) have been generated. 

These isotherms were analysed using the D’Arcy and Watt Equation (DWE)[43], as it has 

been shown earlier [44] that such a procedure gives hydration numbers of the cations that are 

realistic and consistent with the results obtained by other studies [38,45], apart from giving 

information on the structural differences in the water present in diffrent states / forms in the 

exchanger phase [31,38,46,47]. 
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 All materials and chemicals have their shelf - life, beyond which their 

characteristics can be different from what is expected. As the ion exchangers have been stored 

for quite some time, they can also exhibit unusual characteristics. This can be evaluated both 

from the ion exchange selectivities and water sorption characteristics.  

 The present report deals with ion exchange equilibria involving alkali metal ion  (Li+, 

Na+, K+) - H + studied at a total ionic strength of 0.1 mol dm-3 using Nafion 117 treated 

differently and Dowex 50 W x 4 and Dowex 50 W x 8. The water sorption isotherms of H+ 

and the alkali metal ionic forms of the above ion exchangers generated over the entire range of 

water activity, aw, and analysed by the DWE. The investigations have brought out the effect of 

long - term storage on the characteristics of the organic ion exchangers. 

 

 

2.0 EXPERIMENTAL  

 

2.1 Preparation of Dowex 50 W Resins  

 The Dowex 50 W x 4 and Dowex 50 W x 8 resins available in the laboratory on 

standard treatment and conversion to the H+ form did not give the requisite capacity reported 

in the literature indicating that the resins have degraded. The resins were washed well with 

1mol dm-3 HCl and methanol (MeOH) (1:1) solution and was stored in the same solution 

overnight, to remove the monomer or degraded organic portions of the resin. Later it was 

washed well free of acid. The pre-treated resins were treated later with a warm solution (∼ 60 

οC) of 1 mol dm- 3 NaCl and 0.5 mol dm- 3 NaOH mixture for 0.5 hour and later cooled for 2 

hours in the same solution. Similar procedure is usually adopted in water treatment practices 

to activate and regenerate the anion resin bed, called ″organic trap″, used to remove organic 

content (humic and fulvic acid) present in the raw fresh water [48]. Treatment with NaCl and 

NaOH mixture was repeated twice to ensure that all degraded product occluded in the Dowex 

50 W resins are removed. It was later washed free of alkali and equilibrated again with HCl - 

methanol mixture overnight. After washing the resin, it was treated with 2 mol dm-3 HCl to 

convert it to the H+ form. It was later washed free of acid and stored as air - dried material. 

 

2.2 Preparation of Nafion 117 membrane  
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 Nafion 117 membrane treated in three different ways were used for the present 

investigation 

1. Nafion 117 membrane was immersed in cold 2 mol dm-3 HCl for 3 hours, washed free of 

acid and stored as air - dried material. This sample is designated as N or Nafion 117 - N. 

2. The membrane was refluxed with 1:1 HNO3 for 1 hour, separated from the acid, and then 

boiled with distilled water (∼ 60 οC) for 0.5 hour. The treated membrane was washed well 

and stored as air - dried material. This sample is designated as AT or Nafion 117 - AT. 

3. The membrane was boiled with distilled water for 1 hour, and the treated Nafion 117 

immersed in cold 2 mol dm-3 HCl for 3 hours, washed free of acid and stored as air - dried 

material. This sample is designated as WT or Nafion 117 - WT. 

 

2.3 Capacity Determination  

2.3.1 H + forms: To a known amount of air - dried resins in the H + form, 10 dm3 of 0.1 mol 

dm-3 NaCl was added and the mixture titrated with standardized 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 fully dried resin after determining the water content of the air - dried resin. 

2.3.2 Alkali metal forms: The H + forms of the resins were treated with a mixture of 0.2 mol 

dm-3 ( MCl + MOH ) solution ( M = Li+, Na+, K+ ) to convert it to the required alkali metal 

form. It was later washed free of the salt and alkali and stored as air - dried sample. A known 

weight of the alkali metal ion form of the resin was contacted repeatedly with a known volume 

of standard HCl solution. The equilibrated solution at different contacts were collected and 

made up to a known volume, including the washings of the resin. The H + concentration of this 

made up solution was estimated by titration using NaOH. Knowing the total concentration of 

the acid added to the resin and the acid concentration collected after equilibration, 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 sample of the respective alkali metal ionic forms of the resins. The capacity 

values are given in Table 1 and are given in terms of meq / g dry resin. 

 

2.4 Water Content  
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2.4.1 Air dried sample: A known weight of the air - dried sample in the required ionic 

form was dried at 100 οC to constant weight; the weight loss on drying being the water 

content of the sample, which can be converted to the dry weight basis. 

2.4.2 Fully swollen exchanger: Air - dried resin in the required ionic form was soaked in 

distilled water for 4 hours. The sample after decontaminating of water was surface dried. A 

known weight of the fully swollen exchanger was dried at 100 οC to constant weight to 

estimate the water content. The water content of the fully swollen exchangers (at water 

activity, aw = 1 ) are given in Table 1 and are expressed as moles of water per equivalent of the 

exchanger, n w ( n
watercontent g

capacityw =
×

×
( ) 1000

18
 ). 

 

2.5 Water Sorption Isotherms:  

 Water sorption isotherms of different ionic forms of Nafion 117, Dowex 50 W x 4 and 

Dowex 50 W x 8 were generated at room temperature, in an isopiestic setup, by equilibrating 

the exchanger with H2SO4 solutions of known water activity, [49] for 7 days. Equilibrating the 

ion exchanger in vacuum over concentrated H2SO4 led to dehydration of the sample to the 

same extent as drying at 100 οC. The values of the water content matched with those obtained 

by the procedure described in the earlier section (Section 2.4). 

 

 

2.6 Ion Exchange Equilibrium Experiments:  

 Known weights of Nafion 117, Dowex 50 W x 4 and Dowex 50 W x 8 in the H + 

forms were equilibrated with 0.1 mol dm -3 (MCl + HCl) (where M = Li+, Na+, K+) solution 

overnight. In the case of Nafion 117, about 0.25 g of the exchanger was equilibrated with 25 

ml solution and about 0.5 g of Dowex 50 W resin was equilibrated with 50 ml of solution. The 

volumes of MCl and HCl in the mixture are varied to give different equivalent fraction ( N M) 

in the exchanger. The H + concentration in the equilibrated solution was determined 

titrimetrically using NaOH.  

 The equilibrium composition of the exchanger and 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. 
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3.0 RESULTS AND TREATMENT OF THE EXPERIMENTAL DATA  

 

3.1 Water Sorption Isotherm  

 The water sorption isotherms of different ionic forms of Nafion 117 (samples N, AT, 

WT), Dowex 50 W x 4 and Dowex 50 W x 8 are shown in Figs 1 to 5. The moles of water 

sorbed per equivalent of the ion exchanger (nw) are plotted against the water activity (aw). For 

the sake of comparison, water sorption isotherms of different ionic forms of Nafion 117, 

Dowex 50 W x 4 and Dowex 50 W x 8, reported in literature, are shown in Fig 6 [31,50]. 

 Langmiur and BET and related equations have been used to analyze the water sorption 

data [51,52]. It has been shown that the D’Arcy and Watt Equation (DWE) [43] yields more 

information about the ion - water interactions in organic and inorganic ion exchangers 

[31,38,44,46,47]. The DWE is versatile in the sense that it can be used to analyse not only 

Langmiur (monolayer) or multilayer - type isotherm but can also distinguish between different 

types of sorption sites. The general applicability of the DWE to describe the sorption isotherm 

on non homogeneous sorbents has been tested for the water sorption isotherm of a variety of 

sorbents like polyacrylic acid, nylon, albumin, keratin, gelatin, silk, cotton etc [43]. 

 The general form of the DWE used to analyse the water sorption isotherm is,  

   w
KiKia w

Kiaw
Da

kk a

kai

l

w
w

w
=

+
+ +

−=
∑

' '

1 11

    (1) 

where w = amount of water ( g / g dry exchanger ). In Eq.1, the first term refers to the 

Langmiur - type sorption sites (primary sorption sites), the second term to the sorption sites 

which can be approximated to a linear isotherm (weak sites) and the third term to the 

multilayer formation. In Eq.1,Ki’and k’ are the primary and multilayer sorption densities 

respectively, and Ki and k are the interaction parameters related to the heats of sorption in the 

primary sorption site and the multilayer respectively, l is the number of different types of 

sorption sites, D is a constant assigned for the linear form of the isotherm. 

 It is possible to get more information on the nature of the primary sorption sites (the 

first term in Eq.1) and also about the second term in Eq.1 by modifying the DWE (Eq.1), as 

discussed in detail elsewhere [44,46]. For the sake of simplicity, when the isotherms are 

analyzed by setting i = 1, the total amount of water associated with strong primary sites, n p 

(contribution from the first term), associated with the weak sites, n d (contribution from the 
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second term) and that present in the multilayer, n m (contribution from the third term), at 

aw = 1 (fully swollen resin) is given by  

   n np nd nmT = + +       (2) 

n T, n p, n d, and n m are all in moles of water per equivalence of the ion. 

 A computer program based on non-linear least square analysis was used to fit the 

equation to the sorption data. The program calculates the water sorbed at various aw using the 

optimised parameters. The error in fitting the experimental data to the computed values for a 

certain set of parameters is given by: 

   ( ) ( )[ ]ErrorSumSquare ESS w obsd w calcdi i
i

n
( ) = −∑ 2

 (3) 

where n is the number of data points. The program optimises the parameters by minimising the 

above function (Eq.3). 

 The amount of water actually associated with different adsorption sites at aw = 1 for 

Nafion 117 (Samples N, AT and WT), Dowex 50 W x 4 and Dowex 50 W x 8 (in diffrent 

ionic forms) are given in Table 1. The interaction parameters (K and k) of different types of 

sorption sites and the error in fitting the data to computed values, ESS, ( Eq.3 ), are also 

included in Table 1. For the sake of comparison, similar results obtained by analysing the 

water sorption isotherms of different ionic forms of Nafion 117, Dowex 50 W x 4 and Dowex 

50 W x 8, reported in literature, are given in Table 1 [31,38,44]. 

 

3.2 Ion Exchange Equilibria  

 For the ion exchange equilibrium involving uni-univalent cation (Eq.4), 

   R—H + + M + ↔  R— M + + H +     (4) 

Where R is the exchanger phase, the equilibrium constant in terms of activity is given by  

   K
a a

a a
M H

H M
=

×
×

       (5) 

Where a  refers to the activity in the exchanger phase. 

 In the “ rational approach ” [16], 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 thermodynamics equilibrium constant is given by, 
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[ ][ ]
[ ][ ]

K
M H

H M
H

M

M

H
= × ×

γ
γ

f

f
      (6) 

     = × ×±

±
Kc

HCl

MCl

M

H

γ

γ

2

2

f

f
      (7) 

           where K
N N

N N
c

M H

H M
=

×
×

       (8) 

The quantities in brackets are the appropriate stoichiometric concentrations of the ions in the 

two phases, γ M and γ H are the solution phase activity coefficients of the two ions and ƒM and 

ƒH are the exchanger phase activity coefficient; Kc is the stoichiometric concentration product 

(selectivity coefficient) which can be estimated using equilibrium composition in solution as 

described earlier (Section 2.6), N and N  are the equivalent fraction of ions in the solution and 

exchanger phase respectively, γ±  is the mean molal activity coefficient for both MCl and HCl 

in aqueous electrolyte mixture. Further an approximation is made that the ionic coefficients are 

a function of the total ionic strength only and are independent of ionic composition of the 

solution [which is valid for uni-univalent electrolyte where the ionic strength (µ) ≤ 0.1]. 

 The mean activity coefficient of the electrolyte in solution phase can be obtained from 

the literature. However one cannot directly determine the activity coefficient(ƒ) of the 

different ionic forms in the exchanger. In this rational approach, the ƒ‘s are included into the 

equilibrium constant, that is,  

   K K
f

fc c
M

H

' = ×        (9) 

As a result, the equilibrium constant Kc will vary with the resin phase composition, NM   

(Equivalent fraction in the resin phase). It has been shown that  

         log log'K K dNc c M= ∫
0

1

                            (10) 

K’c can be obtained by finding the area under the curve of the plot of log Kc vs N M . The 

equilibrium constant, K, is given by  

         log log logK K dNc M
HCl

MCl
= +∫ ±

±0

1

2
γ
γ

     (11) 
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 The term 2 log
γ
γ

±

±

HCl

MCl
 refers to the activity coefficients of a mixture of MCl and HCl 

keeping the ionic strength constant. Application of Harned’s rule to these systems of mixed 

electrolytes [53] reveals that this term reduces to log
γ
γ

±

±

HCl

MCl
, the γ± values now refer to the 

pure electrolyte at the same concentration. Then  

         log log logK K dNc M
HCl

MCl
= +∫ ±

±0

1

2
γ
γ

     (12) 

 The ion exchange isotherms for the alkali metal ion - H + for Nafion 117 (samples N, 

AT and WT) and Dowex 50 W (plots of equivalent fractions of the metal ions in the resin 

phase, NM  against those in solution NM) are shown in Figs. 7 to 9. The plots of log K c vs 

NM  are shown in Figs. 10 to 13. The equilibrium constant values obtained from these plots 

are given in Table 3. For the sake of comparison, the log K c vs N M  plots for alkali metal ion 

- H + for Nafion EW 1200 (normal and expanded form) [12], Nafion 117 [25] and Dowex 50 

W x 8 [54] available in literature, are shown in Fig. 14 and the equilibrium constant values are 

given in Table 4. 

 

 

4.0 DISCUSSION  

 

4.1 Structural Aspects of Ionomers  

 It would be appropriate to describe briefly the structural features of Nafion membranes 

vis - a - vis other ionomers, in order to understand and appreciate the results obtained on the 

water sorption and ion exchange equilibria in the present investigation. 

 It was believed that the region where the ionogenic groups are organised (called the 

clusters) in the Nafion membrane was crystalline [55] and these crystalline regions were 

connected by non- - crystalline regions, consisting of non- - ionic fluorocarbon phase [Fig. 15 

(A)]. However, detailed studies have found no evidence of crystallinity [23] and Nafion is an 

amorphous material [56]. 

 The electrostatic interaction between the ion pairs (ionogenic group and the counter 

ion) determines the formation of clusters. When ion pairs in the ionomer aggregate, multiplets 

are formed [3,4]. With increase in the ion content, clusters are formed, the region surrounding 
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which has restricted mobility [Fig. 15 (D)] [4]. During the cluster formation, the elastic 

force of the polymer opposes the electrostatic interactions among the multiplets, which results 

in a phase-separated region with characteristic physical, mechanical and thermal properties 

different from the rest of the matrix [3,4]. The inter cluster region consists of non-ionic chain 

material which may contain lone ion pairs or individual multiplets. The peaks observed in small 

angle X - Ray scattering (SAXS) are due to the electron density of the counter ions present in 

the cluster and is indicative of the distribution of the ion pairs [3-5].  Similar peaks in SAXS 

studies have been observed for ionomers other than Nafion [3,4]. 

 Depending on the nature of the polymer, a critical concentration of the ions exists 

below which the cluster formation is energetically unfavourable and ions at this concentration 

exist as ion pairs or quartets (multiplets) [3,4]. The factors that affect the cluster formation (in 

an ionomer) include the size of the ions (counter - ion), the covalent character of the bond in 

the ion pair (the polarizability of the counter - ion), the proximity of the ion pair to one 

another, which is determined by the ion content and the characteristics of the host polymer [3-

5]. In the case of clusters containing multivalent ions (cations), formation of bridged species 

has also been observed [3,4,7-9] [Fig.15(C)][8]. 

 The water uptake is indicative of the ion aggregates in the ionomer [3]. Ionomers with 

low ion concentration sorb less water as only selected sites (multiplets) can retain the water. 

As ion aggregate to form clusters, water uptake by the ionomer increases, as the water 

retention capability of the cluster is higher [3,5]. However, the actual amount of water taken 

up by the ionomer also depends on the nature of the polymer matrix [3,4]. Water present in 

the ionomers also promotes the reorganization of ion pairs in the clusters as seen in the case of 

Nafion [Fig. 15 (B)] [5]; there are fewer clusters in a fully hydrated ionomer [5]. 

 Water in Nafion membrane is present both as free and bound water, referred to as 

freezing and non- - freezing water, respectively [14,39,40]. Nafion membranes contain more 

free - water (freezing water) than sulphonated hydrocarbon membrane [39]. The non - 

freezing water are those that are bound to the cations ( water of hydration ) and could be 

located in the centre of the ionic cluster [13,14]; the number of moles of non - freezing water 

per mole of fixed charges in the perfluorosulphonated membranes was smaller ( that is, cations 

are less hydrated ) than that in sulphonated hydrocarbon membrane [39]. The transport of 

solvent through Nafion membranes occurs through discrete paths indicating the heterogeneity 

in the ionomer [14], namely ionic and non-ionic perfluorinated domains. The diffusion of 
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water in Nafion is comparable to that in PSS - DVB type ion exchange resins indicating 

that the ion clustering behaviour of the two ionomers are similar [23]. Degradation of Nafion 

and other ionomers (by heat treatment) results in loss of water content, and conversion from 

plastic - like material to a more rubber - like one (that is, loss of elasticity) [23]. These studies 

also show that water interacts more strongly with the acid form than the salt form and the acid 

forms are less stable (to thermal degradation) as compared to the salt form [23]. 

 While the clustered regions of Nafion resemble that of polystyrene - based resins [4], 

the latter do not have the two - phase domain as the former. Macro - reticular ion exchange 

resin (e.g. Amberlyst - 15), has a gel - phase and a pore [Fig. 15 (E)]; the gel - phase behaving 

like a conventional PSS - DVB resin [38]. The pore being more hydrophobic can 

accommodate non- - polar solvents, unlike the gel - type Dowex 50 W type resins [57]. 

Detailed analysis of the water sorption isotherms of different ionic forms of the Amberlyst 15 

has shown that the preferential pore filling and the amount of water present in the pore being 

the same irrespective of the nature of the counter ion [38]. As a result, the amount of water 

available for hydration of the cations present in the gel - phase is limited and this results in 

lower selectivity for the cations in the case of Amberlyst 15 as compared to gel - type Dowex 

50 W x 8 [58]. This situation in macro - reticular resin (the state of water in the ionomers) is 

similar to that observed in Nafion (mentioned earlier). 

 

4.2 Water Sorption Isotherms  

 A comparison of the water sorption isotherms of Nafion 117, Dowex 50 W x 4 and 

Dowex 50 W x 8 in different ionic forms obtained in the present study (Figs. 1 to 5) with those 

reported in literature [31,50] reveal the following features:  

1. Water uptake, in general, by the ion exchangers used in the present investigations is lower 

than that reported for the corresponding exchanger in a particular ionic form. 

2. The shapes of the isotherms for all the three Nafion 117 samples (Figs. 1 to 3) is typical of 

sorption on an hydrophobic materials (referred to as Type III isotherm in literature) [59] 

rather than water sorption on monolayer of water (referred to as Type II isotherm in 

literature) [59], exhibited by ion exchangers reported in literature (Fig.6). 

3. Water sorption by Dowex 50 W resins (Figs. 4 and 5) are much lower than reported (Fig. 

6); their sorption being much lower than the highly cross - linked Dowex 50 W x 16 resin 

(Figs. 4 to 6). 
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4. The water sorption for Dowex 50 x 8 (Fig. 5) is typical of solids having pore structure 

(referred to as Type IV isotherm, associated with capillary condensation in mesopores) 

[59]. All the four ionic forms exhibit capillary condensation tendency and this decreases 

with decreasing tendency of cation to hydrate [H+ to K+; Figs 5(A to D)]. 

 The above characteristics are indicative of the fact that the ion exchangers used in the 

present investigation have degraded as a result of long storage and have lost most of its 

hydrophilic characteristics, typical of all organic ion exchangers. 

 From Tables 1 and 2, it can be seen that the ion exchange capacities (or the number of 

ionogenic groups present in the ionomer) of the exchangers used in the present study are 

comparable to those reported in literature. The total water uptake by the fully swollen 

ionomers (at aw = 1) is less in the present study as compared to those reported in literature. 

This indicates that though physical characteristics of the ionomer undergo change on long 

storage, the effective ion exchange capacity is retained by the ionomers [though one may have 

to do a pretreatment as mentioned earlier (Section 2.1.1) for Dowex 50 W resins to regain 

their capacity]. 

 Vapour pressure isotope effect (VPIE) studies during the dehydration of ion 

exchangers have shown the presence of three water subsystems (primary and secondary 

hydration shells and free or bulk water) in alkali metal ionic forms of Dowex 50 W type resins 

[37]. On the basis of these findings and the earlier conclusions on the analysis of water 

sorption isotherms of Dowex 50 W resins using the DWE (namely the DWE is unable to 

distinguish between the secondary hydration shell and bulk water in the case of monovalent 

cations) [44], the total amount of water associated with the strong and weak sorption sites (n p 

and n d, respectively) would be thought of as constituting the hydration shell around the cation 

and n m the water present in the free state. Analysis of the water sorption isotherms by the 

DWE indicates that water is essentially found in the multilayer [in free form; that is 

contribution from n m only (Table 1)] in Nafion 117 membrane. The only exceptions being the 

Nafion 117 - N K+ form and Nafion 117 - AT in the H+ form, which show water present in the 

primary sorption site or water of hydration around the counter - ion. A value of 1 for the 

hydration of K+ in Nafion 117 - N (Table 1) compares well with the value reported for K+ in 

the resin phase (Table 2) as well as in the aqueous phase. The high value for the interaction 

parameter for the K+ form of the exchanger (Table1) also indicates that the water is present as 

water of hydration. In the case of Nafion 117 - AT resin, the H+ is hydrated to some extent as 
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shown by the value of K (Table1) but not to the extent reported in the resin and aqueous 

phases (Table 2). 

 The counter ions in the Dowex 50 resins are hydrated to some extent (Table 1), as 

revealed by the values for the interaction parameters, the hydration numbers for these cations 

are much lower than that reported in literature both in the resin phase (Table 2) and in aqueous 

solution. 

 A value of ∼ 1 for the interaction parameter, k, indicates that the water in the 

multilayer is like bulk water and is not structured [38,43,47]. The values of k (Table 1), 

indicate that the water present in the multilayer of three Nafion 117 membranes and Dowex 50 

W x 4 are more structured. The water in the multilayer of Dowex 50 W x 8 is highly 

structured, supporting the earlier conclusions, based on the shape of the water sorption 

isotherm (Fig. 5), on the presence of pore in the resin leading to capillary condensation. 

 The above observation lead to the fact that the ion exchangers have lost their natural 

tendency to swell in water and its elastic characteristics and have become rigid on long 

storage. This is comparable to the conclusions drawn earlier by other investigators that the 

monomers get converted from plastic - like to rubber - like materials on degradation [23,]. 

The existence of pores in Dowex 50 W x 8 resins indicate that the matrix has hardened on 

degradation. It behaves like the inorganic zeolites having pores, which exhibit such water 

sorption properties. 

 Water sorption studies also throw light on the nature and organization of the ionogenic 

groups in the ionomers. It was mentioned earlier the water uptake by the ionomers depends on 

the ion content and the extent of cluster formation [3]; water uptake increasing with increase 

in the ion content or cluster formation. Though the amount of ionogenic groups in the 

exchangers used in the present investigation, have not been altered due to degradation on long 

- storage (as is evident from the ion exchange capacities, (Tables 1 and 2), the total water 

uptake has decreased. This shows that though ionogenic groups are present, they are not in an 

aggregated or clustered configuration and are existing as isolated ion pairs. This is to be 

expected because the cluster formation in the ionomers is a result of two opposing tendencies, 

namely, the electrostatic interaction of the ion pairs and the elastic characteristics of the 

polymer matrix [3,4]. As mentioned earlier, the proximity (which is usually decided by the ion 

content in the ionomers having sufficient elasticity) of the ion pairs in the ionomers also 

contribute to the cluster formation. As the ion exchangers used in the present investigation, 
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have lost their elasticity due to long term storage, cluster formation is not promoted 

(though ionic content is sufficiently high) and ionogenic groups are existing as isolated ion 

pairs. Only in the case of K + form of Nafion 117 - N, there is a possibility of cluster 

formation, as evident from the analysis of water sorption isotherm by the DWE (Table 1); 

(hydration of K +, as discussed earlier). 

 Boiling the Nafion 117 membranes with either acid (sample AT) or water (sample WT) 

only expands the matrix, leaving the ionogenic groups isolated and well separated. Boiling the 

Nafion 117 membranes with acid (sample AT) possibly activates the ionogenic groups in the H 
+ form and brings them closer (due to H bonding) and as a result only the H + form of the 

sample AT gives indication of a clustered configuration as evident from the analysis of water 

sorption isotherm by the DWE (Table 1); (partial hydration of H +, as discussed earlier). 

 As mentioned earlier, the Nafion 117 membrane differs from the other ionomers like 

PSS - DVB resin in its structure, namely the clustered region and the non ionic region 

connecting the clusters [3,4] [Fig. 15]. This possibly could be the reason why there is some 

evidence of partial hydration of actions in Dowex 50 W resins (Table 1). The above 

observation [difference in the state of water in degraded (due to long storage) Nafion 117 

membranes and Dowex 50 W x resins] can be compared to the preferential pore filling in 

macro - reticular ion exchange resin (example Amberlyst - 15) leaving little water for 

hydration of cations in the gel phase [38]. In other words, the water sorption characteristics of 

degraded Nafion 117 membrane suggest that its structure is comparable to (the two phase) 

macro - reticular resin; the only difference being that the water present in the pore of 

Amberlyst 15 have bulk structure, while the water in the degraded Nafion 117 membrane are 

structured to some extent (Table 1) possibly due to the presence of isolated ion pairs in the 

non ionic channels. 

 

4.3 Ion Exchange Equilibrium  

 Ion exchange isotherms (plots of NM  vs N M) of Nafion 117 membranes for the alkali 

metal ion - H + exchanges, in general, are similar to those observed for Dowex 50 W resins 

(Figs. 7 to 9), except for the Li + - H + system which exhibit selectivity reversal in Nafion 117 

where the Li + loading ( NM ) is in the region of 0.15 to 0.35 (Figs. 7 and 10). Plots of log K C 

vs NM  for the exchange systems are shown in Figs. 10 to 13 and the values of the equilibrium 

constant derived from these plots are given in Table 3 for Nafion 117 membrane and Dowex 
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 50 W resin samples used in the present study. In order to extrapolate the plots to NM  = 

0 and NM  = 1, more data points are required at the end points. To get this, NM  and N M 

values were obtained by the interpolation of the isotherms ( NM  vs N M plots). The 

experimental and interpolated values are represented as open and closed symbols respectively, 

in the plots of log K C vs NM  (Figs. 10 to 13). Similar plots and equilibrium constants for 

alkali metal ion - H + exchange systems in Nafion membrane and Dowex 50 W resins, reported 

in literature are presented in Fig.14 and Table 4, for the sake of comparison. 

 The ion exchange equilibrium constant values obtained in the present study (Table3) 

compare well with those reported in literature (Table 4), especially in the case of Dowex 50 W 

resins, indicating that storage for a long time has not influenced significantly the ion exchange 

selectivity of Dowex 50 W resin samples. The equilibrium constant values for the K + - H + 

exchange in the case of Nafion 117 membrane (Table 3) are lower than those reported in 

literature (Table 4); moreover, Nafion 117 - N and Nafion 117 - WT samples have higher 

selectivity for Li + as compared to the values reported in literature (Tables 3 and 4). 

 Notable among the different attempts made to explain the ion exchange selectivities is 

the one proposed by Eisenman and extended by Reichenberg to the organic ion exchanger’s 

[17]. This model regards the ion exchange phenomenon as a competition between the 

hydration tendency of the counter ion in solution and the electrostatic interaction with the 

ionogenic group in the resin phase [17]. Ion exchangers which have weak field strength ( 

example,  SO3
 - group) prefer ions that are less hydrated (K +> Na+ > Li + ) and the 

exchangers which have strong field strength ( example,  COO - group ) prefer the hydrated 

ions (Li + > Na + > K +). 

 Among the two components, the enthalpy and entropy changes, that contribute to the 

overall value of free energy change, ∆ Gex
o, accompanying an ion exchange reaction, a net gain 

in entropy is the driving force for the exchange process [58,60]. This has been established for 

many ion exchange systems by carrying out the equilibrium studies at different temperatures 

and by calorimetric measurement [58]. The gain in entropy is associated with the release of 

water per equivalence of exchanging ion during the process. Yeager [12] has demonstrated 

this aspect for Nafion 117 membrane by plotting log K (equilibrium constant) against the 

change in the water content accompanying the exchange process for the alkali metal ion - H + 

exchange. He has also argued that the larger spread in the selectivity values amongst the alkali 

metal ions (Li + to Cs +) in Nafion 117 membrane as compared to the Dowex 50 x 8 resin is 
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due to the differences in the entropy changes in the exchange process, resulting from the 

desorption of the water accompanying the ion exchange. 

 The selectivity sequence (K + > Na + > Li +) for the alkali metal ions in Nafion 117 

membrane and Dowex 50 W resins is in accordance with the Eisenman ‘ s model [17], except 

for Nafion 117 - WT samples for which the sequence is K + > Li + ~ Na + (Table3). From the 

plots of log K vs ∆ n w (∆ n w = n w (M +) - n w (H +), at aw = 1, Table 1) shown in Fig.16 for 

the ion exchange systems in the present study, a general correlation between the K and ∆ n w 

can be deduced, that is, larger the ∆ n w, the higher the selectivity (or K). As discussed in 

Section 4.2 and given in Table 3, in the present investigation, the changes in the water content 

during the exchange process are not from the water of hydration of the respective cation but 

the loss of structured free water (Table 3). It can, therefore, be construed that the loss of 

structured water during the exchange results in a net increase in entropy (if one remembers 

that entropy is related to the state of disorder) necessary for the occurrence of the exchange 

process. A reasonable linearity between log K vs ∆ n w (as attempted by Yeager [12]) is 

observed in the case of Nafion 117 - N and Dowex 50 W x 8 [Fig.16]. Similar conclusions 

have been drawn in the case of alkaline earth metal ion - Na+ exchange systems in Nafion 117, 

Dowex 50 W x 8 and Amberlyst - 15 resins [26,38]. The ∆ n w for the exchange systems in 

Dowex 50 W resins (Table 1 and Fig.16) are much smaller as compared to the Nafion 117 

samples, that it will be difficult to ascribe the observed selectivity for the alkali metal ions on 

Dowex 50 W as arising only on the account of hydration tendency of the cations concerned. 

Similar conclusion (that is, the role of hydration of cations in the ion exchange equilibrium) 

can be drawn from: 

1. the unusual selectivity sequence obtained for Nafion 117 - WT, 

2. lower selectivity for K + and 

3. the selectivity reversal exhibited in Li + - H + exchange on all Nafion 117 membrane 

samples 

This is to be expected because the state of water in all the ion exchanger samples, used in the 

present study (Table 1 and Section 4.2), are unusual and quite different due to the structural 

changes that have taken place on account of degradation of the material as a result of long 

storage. This implies that the electrostatic interaction between the ionogenic group and the 

counter ion is the main factor in the ion exchange process. The absence of the competition 

between the hydration tendencies and the electrostatic interactions in the exchanger phase of 
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the ions involved could be one of the reasons for the observed lower selectivity for K + in 

Nafion 117 membrane samples (Tables 3 and 4). The poorer selectivity of Dowex 50 W x 4 

resins as compared to the more cross - linked counter parts (Dowex 50 W x 8 or Dowex 50 W 

x 16) is generally attributed to presence of larger amounts of water present in free state in the 

low cross - linked resins than in the high cross - linked resins. A similar situation exists in the 

Na + - H + exchange systems with the Nafion 117 membrane samples. The Na + form of the 

sample Nafion 117 - WT sorbs larger amount of water as compared to other Nafion 117 

samples (Figs. 1 to 3 and Table 1) and as discussed earlier, the water is present presumably in 

the expanded non ionic region of the membrane, a situation similar to the Dowex 50 W x 4. 

This is also supported by the fact that the equilibrium constant values of Nafion 117 - WT 

sample are similar to those obtained using Dowex 50 x 4 (Table 3). 

 Selectivity reversal in ion exchange systems occurs when the environment in the 

exchanger phase for the preferred ion is altered, so that, that particular ion no longer prefers 

the resin phase. A high selectivity for Li + in the case of Nafion 117 membrane samples (Table 

3, Fig.10) means presence of large amount of water, either as water of hydration or in some 

structured form. This is evident from the water sorption data (Table 1 and Section 4.2). 

Among them, Nafion 117 - WT sample sorbs more water (Table 1) and this is reflected in 

large variation in log K vs NM  plot for this sample (Fig. 10; K varies from ~ 15 to 0.3) while 

the variation for the other two Nafion 117 membrane samples are between K = ~ 2 - 3 to 0.4 - 

0.5. (Fig.10). Moreover, the selectivity reversal for the Nafion 117 - WT sample occurs 

around NM  ~ 0.3 while for the other two samples, it is around 0.15 to 0.2. These can be 

traced to the structural features of Nafion 117 - WT as a result of storage and treatment 

(Section 4.2) and that in the other two Nafion 117-membrane samples. Similar effect of water 

and hydration of cation (or the lack of it) on the selectivity reversal observed in the Mg +2 - H + 

and Ca +2 - H + exchanges on Nafion 117 membrane and the other ion exchangers have been 

discussed in an earlier publication [26]. 

 The following broad conclusions can be drawn from the present study:  

1. On long storage, the ion exchange resins undergo degradation and much of their elastic 

properties are lost. 

2. Though the ionic content (or capacity) remains the same, they are not present in 

aggregated forms or as clusters, typical of ionomers with larger ionic content and are 

presumably present as isolated ion pairs. 
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3. The overall water sorption characteristics are altered and the ions are not hydrated; 

though the water present in free state appears to be more structured than bulk water. 

4. The ion exchange selectivity obtained with such exchangers is comparable with those 

reported in literature.  But the selectivity cannot be attributed to the competition between 

the hydration tendency of the counter ion and the electrostatic interaction between the 

counter ion and the ionogenic group. 

5. Treatment of Nafion 117 membrane prior to its use alters both its structural water sorption 

and ion exchange properties. The one treated with boiling water expanded the non-ionic 

channels present in them whereas the acid treatment activates the ionogenic groups present 

in Nafion 117 membrane. 
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Table 1  

Capacities, water content (n w at a w = 1) and the parameters of D’Arcy and Watt Equation for different 

forms of Nafion 117 and Dowex 50 W resin samples 

 

Exchanger ion Capacity 

(meq/g) 

nw at  

aw = 1 

n p  n c n m K k ESS 

          

Nafion - N H + 0.899 12.35 0 0 13.01 0 0.71 0.0017 

 Li + 0.885 7.96 0 0 8.35 0 0.72 0.0007 

 Na + 0.877 6.41 0 0 6.75 0 0.75 0.0006 

 K + 0.860 4.87 1.16 0 3.88 750 0.79 0.0003 

Nafion - AT H + 0.892 15.05 0.44 0 13.19 152 0.78 0.0005 

 Li + 0.880 9.52 0 0 9.64 0 0.76 0.0002 

 Na + 0.871 6.42 0 0 6.98 0 0.66 0.0008 

 K + 0.857 4.66 0 0 4.75 0 0.76 0.0001 

Nafion - WT H + 0.901 14.92 0 0 15.68 0 0.67 0.0019 

 Li + 0.892 12.47 0 0 12.95 0 0.70 0.0012 

 Na + 0.888 9.18 0 0 9.85 0 0.74 0.0020 

 K + 0.860 6.31 0 0 6.64 0 0.75 0.0006 

Dowex  H + 4.656 6.01 0.47 0 5.63 750 0.78 0.0030 

50 W x 4 Li + 4.507 5.57 0.50 0 5.16 346 0.78 0.0023 

 Na + 4.213 4.04 0.65 0 3.42 750 0.77 0.0007 

 K + 3.876 3.39 0.67 0 2.78 438 0.74 0.0005 

Dowex  H + 4.949 3.47 0.30 0 3.35 240 0.58 0.0040 

50 W x 8 Li + 4.788 3.13 0.29 0 3.07 227 0.49 0.0044 

 Na + 4.462 2.39 0.75 0 1.69 3 0.55 0.0009 

 K + 4.143 2.20 0.32 0 1.91 24 0.66 0.0003 

Note :  

nw, n p , n c, n m  are in moles per equivalence 

ESS = error sum square  ( Eqn 3 )  
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Table 2  

Capacities, water content ( n w at a w = 1 ) and the parameters of D’Arcy and Watt Equation for 

different forms of Nafion 117, Dowex 50 W and Amberlyst - 15 resins reported in literature. 

 

Exchanger ion Capacity 

(meq/g) 

nw at  

aw = 1 

n p  n c n m K k ESS Re

f 

           

Nafion 117 H + 0.940 14.20 3.34 0.57 10.38 >750 0.79 0.00004 31 

 Li + 0.937 13.60 2.48 0.58 10.63 >750 0.78 0.00003 31 

 Na + 0.915 7.40 0.59 1.66 5.14 >750 0.97 0.00005 31 

 K + 0.900 7.10 0.81 1.37 4.89 >750 0.96 0.00005 31 

           

Dowex H + 5.07 20.98 1.90 2.70 16.40 25.0 0.93 0.0029 38 

50 W X 4 Li + 4.95 21.70 0.66 2.33 18.68 25.6 0.94 0.0080 44 

 Na + 4.61 19.30 1.56 0.65 17.09 3.86 0.95 0.0020 44 

 K + 4.33 17.00 0.92 0.82 15.22 12.9 0.96 0.0050 44 

           

Dowex  H + 5.25 11.00 1.91 0.00 9.05 750 0.72 0.0003 44 

50 W X 8 Li + 5.08 10.60 1.71 0.79 8.08 750 0.82 0.0047 44 

 Na + 4.55 9.90 1.63 0.07 8.17 3.9 0.86 0.0020 44 

 K + 4.32 8.50 0.92 0.74 6.86 13.6 0.91 0.0040 44 

           

Amberlyst - H + 4.84 11.64 2.70 0.20 8.70 6.00 0.93 0.0056 38 

15 Na + 4.26 11.11 1.70 0.60 8.80 3.00 0.93 0.0047 38 

 

Note :  

nw, n p , n c, n m  are in moles per equivalence 

ESS = error sum square  ( Eqn 3 )  
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Table 3 

Ion exchange equilibrium constant ( K ) for the alkali metal ion - H +exchanges on Nafion 117 and 

Dowex 50 W resin samples. 

 

Exchanger System 
log K dNc M

0

1

∫
 

log
γ
γ

±

±

HCl

MCl
 log K K 

      

Nafion - N Li + - H + -0.0181 0.0033 -0.0148 0.9666 

 Na + - H + 0.0969 0.0099 0.1068 1.2789 

 K + - H + 0.2606 0.0144 0.2750 1.8836 

      

Nafion - AT Li + - H + -0.3239 0.0033 -0.3206 0.4780 

 Na + - H + 0.2198 0.0099 0.2297 1.6971 

 K + - H + 0.2885 0.0144 0.3029 2.0086 

      

Nafion -  Li + - H + 0.0248 0.0033 0.0281 1.0668 

WT Na + - H + -0.0457 0.0099 -0.0328 0.9273 

 K + - H + 0.2853 0.0144 0.2997 1.9939 

      

Dowex  Li + - H + 0.0521 0.0033 0.0554 1.1361 

50 W X 4 Na + - H + 0.1022 0.0099 0.1121 1.2945 

 K + - H + 0.2488 0.0144 0.2632 1.8332 

      

Dowex  Li + - H + -0.2257 0.0033 -0.2224 0.5992 

50 W X 8 Na + - H + 0.1062 0.0099 0.1161 1.3065 

 K + - H + 0.3390 0.0144 0.3534 2.2563 

 

 



24

 
Table 4 

Ion exchange equilibrium constant ( K ) for the alkali metal ion - H +exchanges on Nafion 117 and 

Dowex 50 W resin samples, reported in literature. 

 

Exchanger K Ref 

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

     

Nafion 117 0.78 2.02 4.47 25 

     

Nafion - EW 1200 0.58 1.22 3.97 11,12 

     

Nafion - EW 1200 expanded form 0.59 1.18 3.48 11,12 

     

Dowex 50 W X 4 0.77 1.18 1.74 53 

     

Dowex50 W X 8 0.75 1.56 2.62 53 
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Figure 1: Water sorption isotherms (a w vs n w) of Nafion 117 - N sample in different ionic 
forms:  (A) ! H+ ,  7 Li+ ,  Β Na+ ; (B) l K+  
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Figure 2: Water sorption isotherms (aw vs n w) of Nafion 117 - AT sample in different ionic 
forms: (A) ! H+ ,  7 Li+ ; (B) Β Na+,    l K+  
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Figure 3: Water sorption isotherms (aw vs n w) of Nafion 117 - WT sample in different ionic 
forms: (A) ! H+ ; (B)  7 Li+  ,Β Na+,    l K+  
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Figure 4: Water sorption isotherms (aw vs n w) of Dowex 50 X 4 sample in different ionic forms: 
(A) ! H+ ; (B)  7 Li+  ,Β Na+,    l K+  
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Figure 5: Water sorption isotherms (aw vs n w) of Dowex 50 X 8 sample in different ionic forms: 
(A) ! H+ ; (B)  7 Li+  ,Β Na+,    l K+  



 
 

 

 
Figure 6: Water sorption isotherms of ion exchangers in different ionic forms, reported in 
literature (A): Dowex 50 X 4 (Ref 50) (B) Dowex 50 X 12 (Ref 50) (C) Nafion 117 (Ref 31) 
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Fig. 7: Lithium ion-H+ exchange isotherms (NM vs MN ) for on different Nafion and Dowex 50 W 
samples (A): !Nafion 117-N, 7Nafion 117-AT, ΒNafion 117-WT; (B) ! Dowex 50 X 4, 7 Dowex 
50 X 8 
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Fig. 8: Sodium ion-H+ exchange isotherms (NM vs MN ) for on different Nafion and Dowex 50 W 
samples (A): !Nafion 117-N, 7Nafion 117-AT, ΒNafion 117-WT; (B) ! Dowex 50 X 4, 7 Dowex 
50 X 8 



0.0 0.5 1.0
0.0

0.2

0.4

0.6

0.8

1.0

N
M

 KN
 KWT

N
M

(r
)

N
M

0.0 0.5 1.0

 KAT

 
A 

 

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0

N
M

(r
)

N
M

 K50x4

 K50x8

 
B 

 
 
Fig. 9: Potassium ion-H+ exchange isotherms (NM vs MN ) for on different Nafion and Dowex 50 
W samples (A): !Nafion 117-N, 7Nafion 117-AT, ΒNafion 117-WT; (B) ! Dowex 50 X 4, 7 
Dowex 50 X 8 
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Fig. 10: Variation of selectivity coefficient Kc with the loading of the ion exchanger MN (designated as 

NM(r) in the plots) for Li+-H+ exchange on different Nafion 117 membrane samples (A) !Nafion 117-N, 

(B) 7Nafion 117-AT, ΒNafion 117-WT (closed symbols are experimental data and open symbols 

represent interpolated values obtained from the ion exchange isotherms).   
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Fig. 11: Variation of selectivity coefficient Kc with the loading of the ion exchanger MN (designated as 

NM(r) in the plots) on different Nafion 117 membrane samples (A) for Na+-H+ exchange; (B) for K+-H+ 

exchange; !Nafion 117-N, 7Nafion 117-AT, ΒNafion 117-WT (closed symbols are experimental data 

and open symbols represent interpolated values obtained from the ion exchange isotherms).   
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Fig. 12: Variation of selectivity coefficient Kc with the loading of the ion exchanger 

MN (designated as NM(r) in the plots) on Dowex 50 W resin samples (A) for Li+-H+ exchange; (B) 

for Na+-H+ exchange; !50 W X 4, 750 W X 8 (closed symbols are experimental data and open 

symbols represent interpolated values obtained from the ion exchange isotherms).   
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Fig. 13: Variation of selectivity coefficient Kc with the loading of the ion exchanger 

MN (designated as NM(r) in the plots) for K+-H+ exchange on Dowex 50 W resin samples !50 W X 

4, 750 W X 8 (closed symbols are experimental data and open symbols represent interpolated 

values obtained from the ion exchange isotherms).   



                

 
 
Fig.14: Variation of selectivity coefficient with the loading of ion exchanger for alkali- H+ 

exchanges on Nafion membrane and Dowex 50 W X 8 resin, reported in literature (A): Dowex 

50 W X 8 (Ref 54) (B) Nafion EW 1200 (Ref 12) (C) Nafion 117 (Ref 25) 



 
Fig.15; Schematic representation of the structural features of different ionomers 
(A): Nafion membrane with clustered region connected by non ionic channels (Ref 55) 
(B): Variation in cluster morphology of Nafion with change in water content (Ref 5) 
(C): Formation of dimers in the Cu+2 form of Nafion with increase in loading (Ref 8) 
(D): region of restricted mobility around the ionic cluster in polystyrene ionomer (Ref 4) 
(E): gel phase and pore region (shaded) in macro reticular ion exchange resin (Ref 47) 
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Fig.16: Variation of equilibrium constants (log K) with change in water content (∆nw) for 

different ion exchangers 

 

 

 

 

 
 
 

 
 
 

 
 




