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summary 

The ion exchange equilibrium between KC1 and SrCl, solutions and the cation selec- 
tive membrane CR61 AZL386 has been examined. Equilibrium isotherms are measured 
for membrane--electrolyte equilibria for two total concentrations of Cl- in the electro- 
lyte solution and at three different temperatures. The results show that Sr*+ is strongly 
preferred to K+ in the membrane. Selectivity increases with temperature in the range 
10°C to 40°C. It decreases with increasing total concentration from 0.01 N to 0.03 N. 
Electrolyte absorption in the membrane was not detected for the experimental conditions 
used. Contents of water in the membrane is constant for external salt concentrations 
between 3 x lo-’ N and 3 X lo-* N. The difference in water content between the pure 
K form and the pure Sr form is approximately 5%. 

A thermodynamic treatment of ion exchange is presented. The thermodynamic equi- 
librium constant for the exchange reaction 2 KR + SrCl, = SrR,+ 2 KC1 has been deter- 
mined by two different integration procedures, R being an ion exchange site in the 
membrane. The variations of the thermodynamic functions AGmix, AHmix and ASmix 
are calculated from experimental data for an assumed mixing process of membranes in 
the pure forms. 

Activity coefficients for the membrane components are calculated from experimental 
data. Results are compared to two lattice models. A model with a random distribution of 
K+, Sr2+ and a vacant site seems preferred at low concentration of Sr’+. At high concen- 
trations, Sr” and the vacant site associate. 

Introduction 

When a cation exchange membrane is placed in an electrolyte solution, 
equilibrium will be reached through cation exchange and water and 
electrolyte uptake. 

Gaines and Thomas [l] have given a general thermodynamic procedure 
for treating ion exchange, and their treatment has been applied by Meares 
and Thain [2] to a series of salts and a cation membrane showing coion 
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sorption and swelling changes. Hefeldt [3] has shown that a variety of 
systems with monovalent cation exchange can be described as regular solu- 
tions. 

In the present case we will follow Gaines and Thomas with one modifica- 
tion: Only neutral components will be used as mass variables. In this manner 
emphasis is placed on measurable and practical quantities. Electrolyte and 
solvent uptake will be generally considered, but experiments show that they 
are not significant for the present type of membranesolution systems. 

Molten salt chemistry uses lattice models for descriptions of mixtures. The 
methods from this field are applied to the present ion exchange equilibria. 

Information of exchange equilibria of ion-selective membranes is useful 
for the interpretation of results from measurements of transport in mem- 
branes. Following the “additivity assumption” of Scatchard [4] a membrane 
may be treated as a series of plane parallel slices. Between each pair of slices 
one can assume the existence of an equilibrium solution of a composition 
somewhere between the compositions of the external solutions, and at the 
same pressure as the surroundings. In the case of interdiffusion in the biionic 
cell KCl/cation mem/SrClz the positions of the equilibrium solutions can be 
calculated from interdiffusion measurements 151. Combined with equilib- 
rium data this enables the determination of the real concentration profiles 
inside the membrane during mass transport. A discussion of the present 
membrane equilibrium data for the interpretation of transport measurements 
will be presented in a later article. 

Theory 

Ion exchange equilibrium 
The purpose of this section is to derive general expressions for the Gibbs 

energy of the ion exchange membrane, AG,,, and the standard Gibbs energy 
change of the ion exchange reaction between membrane and solution, AG& . 
The equations will be derived using only neutral components. When a mem- 
brane in the pure K form is placed into a mixture of KC1 and SrClz in water 
the following reaction occurs until equilibrium is reached: 

2 KR + SrClz (aq) -+ SrR, + 2 KC1 (aq) (1) 

Simultaneously, water and electrolyte will absorb or desorb from the mem- 
brane. The two phases of the system and their respective substances are: 

Water phase : KCl, SrCl, , Hz0 
Membrane phase: KR, SrRz , KCl, SrC12 , Hz 0 

The standard states for the substances are chosen in accordance with Gaines 
and Thomas [l] : 

KR: Membrane in equilibrium with infinitely diluted KC1 solution 
SrR2 : Membrane in equilibrium with infinitely diluted SrCl? solu- 

tion 
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KC1 or SrC& : Solution with unit salt activity 
HzO: Pure water of unit activity 

The Gibbs energy of 1 equivalent of membrane is expressed by: 

G = ~ nipi = js,~KR 
-- 

+ ‘2 %&SrR,+ fiCl(xK~KC1 + ‘? %ri&rCl,) + IZH,OpH,O 

1 
(2) 

The bar indicates membrane phase. The amount of substance i in moles per 
equivalent of membrane is FQ, and %x and Zs, are the equivalent fractions of 
K’ and Sr’” in the membrane, respectively. The difference between the 
Gibbs energy of the membrane substances in their actual state and their 
standard states is: 

A Got = FxApxa -I- f ZsIAjisra + %Y(~~KAPKCI + ; ~Sr AC(sm, I+ %,oA~H,o 

(3) 

The variation in AG,, with ??x is found by differentiation of eqn. (3). 
A combination with Gibbs-Duhem’s equation yields: 

aficl 
$- (AG& = AFKR - i ASZSrR, + z (~KAELKc~ + ‘z ~s,APsr~l,) 

K 

+ bl(A~~cl 

afiH 0 
- ; &&cl,) + 2 

a%K 
A~IH*o (4) 

At equilibrium, AG for the reaction of eqn. (1) is zero, and the standard 
Gibbs energy change, AG&, is given through 

AG,q = &, - 2&R + 2&l - b&21, (5) 

The equilibrium conditions for membrane-electrolyte equilibrium and 
eqn. (5) are combined with eqn. (4) and the result is integrated in order to 
obtain 

%c 
[AG,o,I$, = s (~+&)(A~uKcI - 5 APS~CI,)~K 

0 

XK 
+ 

s 

a%, 
(.~KAuKcl + ; %r&.w~,) - 

0 ai?K 

%c 
+ s APH,O $ &K + g?tKAG’ eq 

0 K 

When %x = 1 we have the reSUb 

(6) 
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-;AG:, = 
s l (1 +&I) (APKCI - + APS~CI,)~~K 

0 

1 

+ 
I 

(IKAPKCI ++ %r Al-csra,) - 
a&, & 

K 

0 a&, 

1 

+ 
s 

APH,O z cEK + AG,,(S?x = 0) - AG,,(Zx = 1) (7) 
0 K 

An expression for AG,,, for xx = 1 can be obtained from eqn. (3), the 
equilibrium conditions for membrane-electrolyte equilibria and the Gibbs- 
Duhem equation in integrated form: 

nH,O 

AGtot(IICx = 1) = Jcl A/~xcl dticl + J ApH,OdTiH,o (8) 

Glcl(=) nH,O(-) 

where %cr(-) and ?$o(m) are the mole numbers per equivalent of membrane 
in contact with infimtely diluted electrolyte. 

A similar expression is obtained for xx = 0: 

AG,,,(x,=O) = lj” 
"H,O 

A~srcl, d%l + s APH,O dEH,o 

"Cl(-) nH20(-) 

(9) 

Thus, AG,,, for Tx = 0 or $?x = 1 can be calculated, provided the contents 
of water and absorbed electrolyte in the membrane are known, as function 
of the concentration of the equilibrium solution. AG& can then be calcul- 
lated from eqn. (7) if one knows X x, ticI and tin,0 as function of composi- 
tion of the equilibrium electrolyte. Finally, the variation of AG,,, with ZW, 
is calculated from eqn. (6). 

Mixing of ion exchange membranes 
This section contains the thermodynamic mixing functions which can be 

developed from AG,,. Again we stick to the general level and use only com- 
ponents according to the phase rule. Figure 1 illustrates an assumed mixing 
process of membranes in the pure K form and in the pure Sr form. 

The membranes are in contact with infinitely small amounts of their equi- 
librium solutions before mixing. The mixed membrane is in contact with its 
equilibrium solution and any excess or deficit of water and electrolyte is 
desorbed to or absorbed from this solution. 

The change in Gibbs energy during the mixing process may be expressed 
as: 

AG,i, = AG,,(%x) -ZxAGtot(Zx=l) - (l-%x)AG,,,t(%x=O) + AG,,l (10) 
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AS ea.rCer noted AG,,(ZK) means the difference in Gibbs energy of the 
mixed membrane substances relative to their standard states. AG,,(f,= 1) 

and AG’,,(ZK=O) are corresponding differences for the pure membranes. 
AG,,, is a term which takes care of change in the Gibbs energy of any 
water or electrolyte absorbed/desorbed during the mixing process. It also 
ensures that all standard state values of the chemical potentials cancel in 
eqn. (10). 

OF MEMBRANE 

FORM 
--~-- 

Fig. 1. An assumed mixing process for %K eq of membrane in the pure K form and Esr eq 
of membrane in the pure Sr form. 

The phase law is applied to the equilibrium system. The number of 
components, C, is four, and there are two phases, P, in equilibrium. This 
gives the number of degrees of freedom, F: 

F = C-p+2 = 4-2+2 = 4 (11) 

During the measurements, pressure and the total concentration of Cl- in 
the equilibrium solutions are constant. With these restrictions the system still 
has two degrees of freedom. When T and xK are chosen as independent 
variables, the change in Gibbs energy of mixing can then be expressed by: 

dA GtiX = & (AG,i,)+ dT + $ (AGmix)~ SK 
K 

(12) 

The partial derivative of the first term on the right hand side is identified as 
the negative entropy of mixing. When AG,i, is expressed by eqn. (10) the 
entropy of mixing is given by: 

AS,,, = -- A [AG,,,(~K)-~KAG,,,(3tK=l) - (1_55K)AGt,t(%K=O) + AG~~,],-~ 

(13) 

All the terms on the right hand side of eqn. (13 j are well defined quantities 
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accessible by measurement. A G,, can be determined from experimental 

results at different temperatures. Derivation of AGmi, with respect to 2’ at 
constant Zx gives A&‘,, for this composition. The enthalpy of mixing is then 
obtained, 

Lattice model for an ion exchanger 
The themodynmnic equations presented above Contain Oily thermO- 

dynamic components, and thus no information on ion behaviour. The 
purpose of this section is to discuss lattice models for ionic and vacancy 
distribution which fit the thermodynamic functions. 

The membrane is now considered as an ion lattice filled with cations 161. 
The introduction of a Sr” ion on a K’ site will locally give an excess of 
positive charge, but a vacant K’ site will neutralize it. The Sr2+ ion and the 
vacant site will attract each other. 

Such a model has been used to explain the increase in melting point of 
Na,CO, by addition of CaC03 [7]. When a Ca2’ ion enters the NazC03 solid 
state lattice, a vacant cation site (CV) is created. At high temperature, 
about 9OO”C, no association between Ca” and Ca;’ is expected. A random 
distribution of both Ca2’ and CV- ~‘ver all ca~irr: sites will explain the 
entropy of mixing. In the fused mixture, on the other hand, there are no 
well defined CV- and the entropy of mixing can be calculated from a 
random distribution of Ca2+ over the cation sites. This leads to a higher 
partial entropy of mixing of CaCO, in the solid solution than in the liquid 
mixture, which favours CaCO, in the solid, xCaCO, (sJ > xCaCO,(l), and a phase 
diagram with a maximum in melting point on the Na2C0, side of the diagram. 

If we assume that K’, Sr*’ and CV- are randomly distributed in the 
present membrane system at room temperature, the entropy of mixing is 
given by [6] : 

AS mix = -R(fiKlnXK +23stlnXsr) (14) 

where fix and Bar are the number of moles of the ions in the membrane. If 
volume changes can be ignored during the mixing process the enthalpy of 
mixing equals the energy of mixing, and is expressed by 161: 

AH,, = (3, + 2tia,)??x %s, b (15) 

where b is a constant of the system. 
The Gibbs energy of the mixture, Gmis, is the sum of Gibbs energy of the 

Pure components before mixing and AG,, . By derivation of GtiX, we 
obtain for the chemical potentials: 

PKR = I+& + RT In 3x + bi?& (16) 

brR, = ,&R, + 2RT In ys, + 2bE; (17) 

Equations (16) and (17) then, give for the activity coefficients 
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In Yxn = b%&/RT (13) 

In %R, = Bb%i/RT + In Xsr (19) 

If the cation vacancies and the Sr” ions are associated, the mixture can be 
treated as a mixture of a dimer, Sr*+- CV, occupying one pair of sites, and a 
monomer, K+ occupying one site. The entropy and enthalpy of mixing are in 
this case [6] (as it is not a true dimer, compare also Ref. [7]): 

ASmix = -R (j;lK h %K + ii&. h ifsr) (20) 

AHmix = (nK + !hS,)jc,~S, b’ (21) 

The constant b’ is different from the constant b used in eqn. (15). The activi- 
ty coefficients are now: 

In YKR = b’?i,/RT + 3CSr/2 (22) 

In Y&R, = 2b’$/RT - XK (23) 

The results (18)-(19) and (22)-(23) will be compared to experimentally 
observed results. Experimental values of activity coefficients can be calcu- 
lated from the following equations: The thermodynamic equilibrium con- 
stant for the reaction of eqn. (2) is calculated from: 

RT In Kth = -AG& (24) 

Kth 1s also expressed by: 

Kth = 
*SrR, &Cl 
&R %rCl, 

Activities are then expressed by: 

(25) 

%Cl, = (27) 

aKR = %K YKR (28) 

aSrR, = 5% YSrR, (29) 

where Ctot is the constant total concentration of Cl-, and xx and xsr are 
the equivalent fractions in the equilibrium solutions, respectively. Inserting 
eqns. (26)-(29) into eqn. (25) gives: 

xii % Y:KC1 
Kth = - - 

?K XSr &Cl, 

2c,,, XS~R, = K TSrR, 

GR YiR 

(30) 

If all effects of adsorption and desorption of water and electrolytes are 
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excluded, In Kth is calculated from eqn. (30): 

lnK, = 
s 
’ (In K-1)&x 
0 

(31) 

The Gibbs--Duhem equation has again been used. Equation (30) can be 
differentiated, and inserted in the Gibbs-Duhem equation to find dln ~xa. 
Integration from the pure KR form of this expression yields: 

ZK 

WKR = 
s 

‘2 (l-%,)dln K + f (1-5x) 
xx=1 

a1n aKCl 

a& 
+ ; x,, dXK 

XK 

-s 
nH,O 

a In uH,O 

1 
a??;, aK 

(32) 

When ~xa is calculated from the experimentally determined quantities in 
eqn. (32), Ysra, is found by using eqn. (30). 

Experimental 

Prior to the experiments the membranes used were kept in different solu- 
tions of KCl, SrCl,, HCl or water for several weeks. All solutions used were 
made of analytical grade chemicals and ion exchanged and destilled water. 
Stock solutions of KCl, SrClz and HCl were analysed for content of Cl- 
and adjusted to wanted strength. Calibrated equipment was used. 

Equilibrium iso therms 
The membranes were put into solutions for equilibration in the following 

way: Two membrane discs, one of diameter 13 mm and one of 15 mm, were 
put in a bottle containing 250 ml solution. The bottles were placed in water 
baths of temperature lO”C, 25°C or 40°C. The membranes were kept in the 
solutions up to two months, and in some cases the solutions were changed 
20 times. 

The membranes were quickly dried with tissue paper and weighed when 
they were taken out of the equilibrium solution, Each membrane was placed 
in an exchange solution of 0.1 N HCl. The solutions were shaken continuous- 
ly. The exchange solution was analysed and changed after approximately 
two, four and six weeks. The analysis of K’ and Sr2’ were done by flame- 
emission on a Perkin-Elmer spectrophotometer. The membranes were 
removed from the exchange solution, dried and weighed as before. 
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Five series of measurements were carried out. Three series had total con- 
centration of Cl- of 0.03 N and equivalent fractions of KC1 equal to 1, 
31/32, 15/16, 7/8, 6/S, 5/8, 4/B, 3/8, Z/8, l/8 and 0. One additional series 
at total concentration 0.03 N was done with 3tKc1 = 99/100, 997/1000 and 
999/1000. In these four cases temperatures of lO”C, 25°C and 40°C were 
used. Finally, one series at a total concentration of 0.01 N and a temperature 
of 25°C was executed. In addition to the first-mentioned equivalent frac- 
tions, solutions of composition XxCl = 99jlOO were tested. 

Determination of electrolyte sorption 
In a preliminary series of measurements 0.1 N NaN03 was chosen as 

exchange solution (instead of 0.1 N HCl) in order to test for absorbed Cl-. 
The exchange solutions were analysed potentiometrically in the system: 

Ag 1 AgCl ( exchange solution / Kz SO4 1 HgS04 1 Hg 

Calibrating solutions of 0.1 N NaN03 with added KC1 gave response in solu- 
tions of Cc,- = 3 X 10e7 N. The exchange solutions never gave any response 
different from pure 0.1 N NaN03 solution. Therefore, as Cl- was not present 
in detectable quantities, HCl was chosen as exchange solution for the 
analyses of K’ and Sr2+. 

Determination of the ratio between dry and wet weight of membrane in pure 
H form 

Twenty membrane discs, ten of diameter 13 mm and ten of diameter 
15 mm were put into a 0.1 N HCl equilibrium solution for six weeks. The 
solution was changed several times. The membranes were then dried and 
weighed and transferred into a desiccator for drying. After three days, and 
one, two, three, seven and nine weeks the membranes were taken out for 
weighing. Between seven and nine weeks no significant differences were 
detected. 

Results 

Equilibrium isotherms 
Equilibrium isotherms, i.e., plots of membrane composition as function of 

composition of the equilibrium solutions at constant temperature, are shown 
in Fig. 2. The figure illustrates three isotherms for equilibrium solutions of 
total concentration 0.03 N (lO”C, 25°C and 40”(Z), and one isotherm (25°C) 
at 0.01 N. 

Water content 
Water content of the membrane is measured for all equilibrium solutions. 

The result is shown as function of composition in Fig. 3 for the same condi- 
tions as the equilibrium isotherms of Fig. 2. 

Figure 4 shows water content of membranes in equilibrium with KC1 or 
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& 
Ix” 

-_ t = 25‘Y 
: 

Cc,- = 0.01 mol/l 

B 

t = 4OY Co- = 0.03 mol/l 
t = 25’C Cc,- = O.O3md/l 

I t = 1OY Cc,- =O.O3mol/l 
E 

.s 

* 0.5 
Ti 

I , I 
0 0.5 1.0 

Equivalent fraction of Sr in equilibrium sol., X,, 

Fig. 2. Equilibrium isotherms. Equivalent fractions of Sr in the membrane, fsr, as func- 
tions of equivalent fraction of Sr, xsr, in the equilibrium solutions. The total concentra- 
tion of the equilibrium solutions are 0.03 N for three isotherms (lO”C, 25°C and 40°C) 
and 0.01 Nfor one isotherm (25°C). 

0 0.5 1.0 
Equivalent fmction in equilibrium solution, X,,, 

Fig. 3. Mass of water per eq of membrane as functions of composition of the equilibrium 
solution. Temperature and concentration of the equilibrium solutions are indicated. 
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SrCll solutions as function of the concentration of Cl-. Water content is cal- 
culated from the equation: 

m K-Sr 1 H 
H,O =%,et - - ?vet 

k 
- c@Sr(; &r-MK) + MK - MHI (32) 

where mn20 is the mass of water in the membrane, n$T is weighed mass of 
wet membrane in K-Sr form, ~1:~~ is mass of wet membrane in pure H 
form. Mi is atomic mass of species i, k is the ratio of wet and dry mass of 
membrane in H form, experimentally determined to be 1.63; c is membrane 
exchange capacity in equivalents. 

g 0.64 

= 0.63 
.c 

i Oh2 / 
8 0.61 
6 
% 0.60 
I 
P 
,o 0.59 

I 
5 0.50 
f 

a 
e 
0.57 

% 
YL 
:: 

0.56 

XI 
0.55 

-8 -7 -6 -5 -4 -3 -2 -1 0 
Log concentration of Cl-in equilibrium solution 

Fig. 4. Mass of water relative to mass of dry membrane in H form as function of the 
logarithm of the concentration of Cl- in the equilibrium solution [c =eq/l]. The equilib- 
rium solutions were either pure KC1 or pure SrCl,. The fully drawn lines indicate the 
average values of the relative masses. 

Thermodynamic functions and actiuity coefficients 
Thermodynamic functions and activity coefficients are calculated for 

membranes in equilibrium with solutions of total concentration 0.03 N. 
It was not, as mentioned in the experimental section, possible to detect 

any absorption of Cl- in the membrane. Furthermore, it is evident from Figs. 
3 and 4 that the changes in water content of the membrane can be neglected 
in the calculations. This means that AG,, (zx = 0 or 3x = 1) of eqns. (8) and 
(9) are both set to zero. Equations (6), (7) and (10) are then reduced to: 

(~WKCI - 5 A,%rcl,)d~K 

0 

(33) 
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AGmix (XK) = AGt,t(x,) (35) 

Activity coefficients, yi*, for KC1 and SrClz are given in the literature 
[7,8] for ionic strengths corresponding to mixtures in the range 0 G Xxcl f 1 
at constant Ccl- = 0.03 N and 25°C. These values are used for activity coeffi- 
cients for mixtures at 25°C. Values for 10°C and 40°C are calculated from 
the 25°C values using activity coefficient ratios, (~~*)~~0c/(~~+)~~0c and 

+ loot calculated as a function of Xxcl by a method given in Ref. ;7;)2i”c/(ri-) 

The integral of eqn. (33) is divided into several parts. In the range of vary- 
ing activity coefficients, the integral is solved graphically. Near the bounda- 
ries where the activity coefficients are nearly constant, analytical solutions 
are used together with the following linearization of the equilibrium iso- 
therms: 

d& = AdXK (36) 

Table 1 contains the values of A used in the evaluation of the integral equa- 
tion (33). 

Results from the integration are shown in Table 2, which also contains 
values of the thermodynamic equilibrium constant calculated from eqn. 
(36). 

TABLE 1 

Values of A in eqn. (33) for different composition intervals and temperatures 

Temp. Composition interval for equilibrium solution 
(“C) 

O<xK<0.125 0.9996XK<O.9995 0.9995<xK<O.9998 0.9998<xK<l.O 

10 0.228 148 267 475 
25 0.197 144 267 575 
40 0.162 128 267 675 

TABLE 2 

Values of AG” eq and the thermodynamic equilibrium constant for the exchange reaction 
2 KR + &Cl, = SrR 2 + 2 KC1 at three different temperatures 

Temp. 
r-C) 

K th 

10 -3554 4.52 
25 -4280 5.62 
40 -5060 6.98 
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A G,ix is then calculated by use of eqns. (34) and (35). The results are 
given in Table 3 together with values of A5’,, calculated from: 

A&xix (jzK) = 

A&$:&) - AGg&Z&) 

AT 

as it is assumed that AS’,, is constant between 10°C and 40°C. 

(37) 

TABLE 3 

The Gibbs energy of mixing, AGmix, as a function of membrane composition at tempera- 
tures 10, 25, and 40°C. The concentration of Cl- in solution is 0.03 N. The table also 
contains ASmix calculated from eqn. (37) 

?KR -AGGmix (J/es) ASmix (J/es K) 

t = 10°C t = 25°C t = 40°C 

0 0 0 0 0 

0.1 849 898 922 2.4 
0.2 1305 1364 1397 3.1 
0.3 1575 1640 1680 3.5 
0.4 1695 1774 1812 3.9 
0.5 1715 1794 1839 4.1 
0.6 1631 1727 1754 4.1 
0.7 1423 1495 1539 3.9 
0.8 1095 1150 1200 3.5 
0.9 630 670 690 2.0 
1.0 0 0 0 0 

The aCtiVity coefficients YKR are calculated from eqn. (31), here reduced 
to: 

lnrKR(fK) = 7 f (1-TK)dln K + f (l-9cK) (38) 

as sorption of electrolyte and water in the membrane are neglected. When 
YKR is known ?era, is calculated from eqn. (30). 

Problems occur at the boundaries xK = 0 and xK = 1 in the calculation of 
eqn. (38). As xK --f 0 eqn. (39) gives: 

lim = lim 
(l-x& 

1 =- 
XKMI %;(I-;YK) 

A2 3 
Y f SrCl, 

(3% 

when eqn. (36) is used. 
A linear relationship between zK and xK cannot be used for calculation of 

K as xK + 1, neither can it be used for analytical evaluation of the integral of 
eqn. (38) near the boundary xK = 1. The problem was solved by splitting the 
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integral in eqn. (38) in two parts. The value between K (xx = 1) and X(Xx = 
0.999) is called AI. The remaining part of the integral is solved graphically. 
The numerical value of AI is quantified by using the condition: T&n,= 1 for 
zx = 0. 

Calculated values of ~xn and YsrR at 25°C as function Of membrane Com- 
position, XK, are shown in Fig. 5, which also shows the activity coefficients 
for the models represented by eqns. (18)-(19) and (22)-(23). The constants 
of eqns. (18) and (22) were estimated by adapting the experimentally calcu- 
lated activity coefficients to the equations by the method of last squares. 

I I 

0 0.5 1.0 
Equivalent fraction of K in the membrane, R, 

Fig. 5. Activity coefficients of membrane-constituent YKR and Y.&R, as functions of com- 
position of the membrane. Total concentration of equilibrium solution is 0.03 N and t = 
25°C. 
-- -- : Activity coefficients calculated from lattice model assuming random distribution 
of K+, Sr’+ and CV‘. -: Activity coefficients calculated from lattice model assuming 
association between Sr*+ and CV- and random distribution of K+ and (Sr2+-CV-). X : 

Values of YKR calculated from experimental results. 0: Values of ‘r&R, calculated from 
experimental results. 

The b/RT of eqn. (18) and the b’/RT of eqn. (22) are estimated to -0.32 
and -0.88, respectively. A Gmiy and AHmix for the two lattice models as func- 
tion of membrane composition, Zx, are shown in Figs. 6 and 7, together 
with experimentally determined values. 



Equivalent fraction in membmne , 2, 

-2000 
0 0.5 LO 

Equivalent fraction in membrane, XK 

Fig. 6. Values of the thermodynamic functions at varying equivalent fraction of K+ in the 
membrane for mixing of KR and SrR,. Fully drawn curves represent values calculated a 
lattice model assuming random distribution of K +, Sr”+ and CV. The small circles repre- 
sent values calculated from experimental results. 

Fig. 7. Values of the thermodynamic functions at varying equivalent fraction of K’ in the 
membrane for mixing of KR and SrR,. Fully drawn curves represent values calculated 
from a lattice model assuming association between SP and CV- and random distribution 
K+ and (Sr*+--CV-). The small circles represent values calculated from the experimental 
results. 

Discussion 

Experimental uncertain ties 
The equilibrium isotherms are based on two measurements for each com- 

position. The deviation between parallels are always less than 1% of the given 
equivalent fraction of Sr. This is a reasonable error of measurement, as the 
functional relationship between measurements given by an isotherm elimi- 
nates casual errors caused by, e.g., instabilities in the spectrophotometer. 

Determination of water contents in the membrane involves two measure- 
ments of wet weights. Estimated error in one measurement is +0.0003 g, 
giving an error in water contents of +2% of given values. In addition, an 
unknown error is introduced when drying off the membrane surface. 

Results 
The studied membrane has equilibrium properties common to other ion 

exchange membranes (see, e.g., Ref. [IO] ). Figure 2 shows that the bivalent 
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ion Sr2’ is strongly preferred to the monovalent K’. Furthermore, the selec- 
tivity is increased as the total concentration of the equilibrium solution is 
decreased. The selectivity of Sr2+ increases with increasing temperature at 
constant total concentration of the equilibrium solution. This last effect is in 
conflict with what is usually observed [lo], but exceptions are found in 
systems with counter-ions of different valence. 

Figures 3 and 4 show that water absorption of the membrane is 
unchanged within the experimental error as the concentration of the 
external solution is varied between 3 X 10e2 N and 3 X lo-* N. Furthermore, 
the figures show increased water contents in membranes as the equilibrium 
solutions are changed from pure KC1 to pure SrCl, at constant total concen- 
tration. 

Ion exchange membranes swell stronger the more dilute the equilibrium 
solution becomes, up to a certain point where a further increase in water 
activity can cause no further increase in volume. This point varies with type 
of membrane and degree of crosslinking of. the polymer chains, and is 
typically in the range of 0.01 N to 1.0 N [lo]. In weakly crosslinked mem- 
branes, swelling is dependent on the number of counterions in the mem- 
brane. Amount and degree of hydration are of less importance. In moderate- 
ly and highly crosslinked polymers the opposite is often the case. Here 
hydrated volume per equivalent of ion is of more importance, and this is 
often higher for bivalent ions than for monovalent ions. The last effect is 
seen for the membrane used here, and is in agreement with results obtained 
from transport measurements with the same membrane [ 51. 

The ion exchange capacity of the largest membrane discs used is approxi- 
mately 1.5 X 10e4 eq. The method of analysis used for the exchange solu- 
tions can detect Cl- at a concentration of 3 X lo-‘N. Therefore, the con- 
centration of absorbed electrolyte is less than 0.2% of the membrane sub- 
stances KR and SrR2. Coion exclusion is generally greater when the counter- 
ion has a low valence. Electrolyte absorption increases with increasing 
external concentration, but is insignificant for many resins at total external 
concentration 0.03 N. 

Calculation of thermodynamic functions 
The thermodynamic equilibrium constant was calculated from AG& ,eqn. 

(33). The results are given in Table 2. A direct calculation from eqn. (31) 
give essentially the same result. 

The thermodynamic functions were calculated according to eqns. (33)- 
(37). It is seen directly that tici- is negligible in terms containing (1+&i-) 
as tici- is less than 0.002 eq/eq membrane. 

The term 



149 

in eqn. (16) is less than 4 J, and that is approximately 0.1% of the value of 
AG”,,. 

In the equations for AG,, (3ck = 1, 3tK = 0) it can be shown that the terms 

of eqns. (8) and (9) have a maximum value of -45 J in the case of KC1 and 
-57 J in the case of SrC12. A linear relationship between membrane concen- 
tration and external concentration is thus assumed. 

Even if the monovalent electrolyte is less strongly absorbed, the two terms 
are of the same magnitude. The terms appear as differences in the calcula- 
tion of AGO,, and AG,, and will thus have minor influence on the calcula- 
tions. Other sources of error will dominate. 

The entropy of mixing is calculated from eqn. (49). With the above error 

in AGmix, ASmix has an error within +2 J/K-eq, and consequently the error in 
AHmix is within +600 J/eq. Clearly, it would have been advantageous to 
measure A Hmix directly. 

The calculated activity coefficients /.~xa and /.~s~a, are supposed to be cor- 
rect within ?5% and &lo%, respectively. This estimate is based on the error 
in 3x being within +l%, an assumed error in the activity coefficients in the 
electrolyte of +0.3%, and estimated errors due to the graphic integration and 
the simplification of the equations. 

The thermodynamic equilibrium constant is not calculated for experimen- 
tal results at 0.01 N. The equilibrium measurements are in this case lacking 
at high values of xx. An integration of eqn. (33) would therefore be too 
inaccurate to be of any value as a consistency check for the results obtained 
at 0.03 N. 

The observed thermodynamic functions AGmir and AHmix for the system 
KR-SrR2 are shown in Figs. 6 and 7 together with values calculated from 
the models with Sr2+-CV- dissociated and Sr2’-C!V- associated. 

The uncertainty in the experimental AS,, is too high to discriminate 
between the two models with certainty. Although the model with Sr2’-CV- 
association seems to give the best agreement between observed and calcu- 
lated values, the uncertainty in the experimental values of AS,, is too high 
to be conclusive. At low content of Sr 2+ however, the entropy calculation 
based on association gives too low values Compared to the association model. 
This indicates dissociation of Sr2+ and CV- at low concentration. 

The data on the parameter A in Table 1 support the assumption of dis- 
sociation at low concentration of Sr”. This can be seen from the following 
arguments: From eqn. (36) we have 
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Furthermore, at low concentrations of Sr2+ in membrane and electrolyte, 
eqn. (30) can be wirtten in the form 

Tsr 
- = constant = K’ 
Xsr 

(39) 

Equation (39) will correspond to an association of Sr’+ and CV. The dis- 
sociation model implies an ekchange equilibrium like 

2 KR + SrC12 (aq) + SrR’ + CV- + 2 KCl(aq) 

The equilibrium constant at low concentrations of Sr2+ would follow 

(40) 

(41) 
%r Gv &r = ‘- = K’ 

xsr ’ xsr 
assuming Zsr = Xcv . 

Differentiating eqn. (41) we obtain 

d% = K’ 2Xs,d& 

Combining eqn. (38) with eqn. (42) we obtain 

A=l1 
2K’ ;s,, 

(42) 

(43) 

Thus, A should increase with decreasing Xsr in a region of low concentra- 
tions of Sr2+. This is in qualitative agreement with the observed values of A. 

From this model one would also expect an increase in affinity of the 
membrane for Sr” at higher temperature. 

Conclusion 

A thermodynamic treatment of ion exchange using neutral mass variables 
is presented. It is demonstrated how the equations developed are applied to 
experimental results, giving the thermodynamic equilibrium constant of an 
exchange reaction, the activity coefficients of the components, and the 
thermodynamic functions of mixing of ion exchange membranes in pure 
monoionic forms. 

Two ionic lattice models are discussed in order to explain the results. 
A model where Sr” and a vacant cation site are dissociated at low concen- 
trations of Sr” in membrane and associated at high concentrations seems 
likely. 

List of symbols 

a activity 
b membrane constant 
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c 
c 
c 
G 
H 
K 
Kt h 

k 
m 

i 
R 
R 
s 
T 
t 
X 

x 

Y 

Y 

membrane ion exchange capacity (eq) 
number of components in phase rule 
concentration (eq l-’ ) 
Gibbs energy (J) 
enthalpy (J) 
selectivity coefficient 
thermodynamic equilibrium constant 
ratio dry/wet weight of membrane 
mass (kg) 
amount of mass (mol) 
number of phases in phase rule 
exchange site in the ion exchange membrane 
universal gas constant (J mol-’ K-l) 
entropy (J K-l) 
absolute temperature (K) 
temperature (“C) 
equivalent fraction in solution 
equivalent fraction in membrane 
activity coefficient 
chemical potential 
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