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Measurements of thermal membrane potential aaoss cation exchange membranes in MgCls, CaCls and BaCl- solutions 
and across anion exchange membranes in K$S04. Na2S04 and E&CO3 solutions were arried out. The magnit*.de of the 
thermal membrane potential for divatent counterions is tower than that for monovalent counterions. If the trmsport num- 
ber of counterions in the membrane phase is unity, the sir pes of the temperature coefticient of thermal me,nbrane poten- 
tial against logarithmic activities of counterion in the external solution are predicted to be --R/w for 2-1 electrolytes with 
cation exchange membranes and R/2F for 1-2 electrolytes with anion exchange membranes, respecri&y. 

1. Introduction 

Work on thermal membrane potential has been car- 
ried out for 1-I valence type electrolytes [l-7] _ In 
previous papers [S--7], we proposed a theory of ther- 
mal membrane potential and found good agreement 
between the theory and experimental data for various 
1-l electrolytes with various ionic membranes. The 
purpose of this paper is to extend the theory to sys- 
tems containing higher valence type electrolytes and 
to test the reliability of the theory with new experi- 
mental data. 

2. Basic equations 

The phenomenoLogical equations for the total en- 
tropy flux J, and the absolute mass fluxes Jr across 
the membrane are written as folloti if there is no 
pressure difference across the membrane IS,91 : 

-Jj= L,AT+C LijA+ 
i 

(1) 

(2) 

Aq = f$li f Zj’-a’$ (3) 

A shows the small difference between two fluid 
phases on both sides of the membrane and T is the 
thermodynamic temperature, e the electric poten- 
tial, zj the electrochemical potential, + the chemical 
potent@ zi the valence of speciesj. F the Faraday 

constant and Lo0 are the phenomenological coeffi- 

cients. L,, are not absolute constants for membrane- 
electrolyte systems but can practically be treated as 
constant [S] _ 

The thermal membrane potential can be calculated 
from the condition of I = Xi ziFJi = 0. That is [5,9] , 

-A+ = VAT f c riA,ui, (4) 
i 

where 

(6) 

The coefficient q is the thermoelectric potential and 
T, is the reduced transport number of species i. If the 
&sager reciprocal relationship Lik = Lki is assumed, 
we have 
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Solution(l) 1: Memtmme 1; Solution(Z) 

r(r) = T - _-~~_I:-?~ T(2) = T +AT 

V(l)=* - _- _ J ::: +5(Z) = $‘+A# . _.. ~___ - _ 
~i~.‘,~~~i ‘:.L . --- - cI;(2) =~i,Acli ___-‘:. 

,.. .- _-._ .-. _~~ 
s _.y ._- _ 

..” _. - __--_--^- m;(2) 

Fig. 1_ Jllustration of a membrane bathed by different solu- 
tions of an electrolyte. 

‘i = (Jj14*~,*p,-*- i7) 

Moreover, for the system illustrated in fig- I &+ is 
written as 

(81 

qT) = 4 - R Inai(q - RnTa maJaT),- (9) 

The s,. is the partial molar entropy, $_ the standard 
partial moIar entropy and ai the actlwty of species i. 

Substituting eqr (8) into eq- (4), we have 

Eq. (10) is equivalent fo eq. (IO) of ref_ [5]_ 
At equaf moIalities -A$/AT is given by 

RInai(r)-RT 

- 7J -lx Ti{Si” i R hlQi(T)]. (11) 
i 

The transported entropies 5 (the symbol ST which 
is called “the entropy of transport” is used by De 
Groot_and Mazur IlO] and Katchalsky and Cur&n 
181) may be defmed in terms of the phenomenolog- 
ical coefficients [ 11) : 

Substituting eq. (12) into eq. (5), we have 

&Z,q. 
i 

(12) 

(13) 

Combining eqs. (11) and (13), -A$/ATis also given 

by 

(14) 

If the transport number of the counterions is unity 
and there is no mofality difference across the mem- 
brane, from eq. (11) or (14) we have for 2-1 electro- 
lytes with a cation exchange membrane 

(15) 

and for l-2 electrolytes with an anion exchange mem- 
brane 

w R ~T=+lQ_(TJ-a_. (16) 

Here, the following abbrevation is used. 
0 

‘i 
OLi - 17 -q- vo =-&~i-s~)+ro~o-SO). (17) i 

From eqs_ (IS) and (16) the slope of F A$/AT plotted 
against logarithmic counterion activities is expected 
to be R/2F. 

3. Experimental 

The same homogeneous cation exchange membrane 
C-2 used in previous work [71 was empIoyed. Mem- 
brane C-2 has sulfonic groups. Three samples made of 
a sheet of membrane C-2 were used in MgC12, CaCl, 
and BaC12 solutions, because it is very difficult to 
change perfectly the type of divaient counterion spe- 

cies in the membrane. In order to confirm that the 
properties of three samples of C-2 were the same 
measurements of thermal membrane potential in KC1 
solutions with these samples were carried out. 

The same heterogeneous anion exchange mem- 
brane A-l used in previous work 173 was also em- 
ployed_ This membrane was prepared from anion ex- 
change resin powder 60 wt% and polyvinyl chloride 
(a copolymer containing vinyl acetate 5 wt%) 40 wt% 
as binder. 

In all cases the transporz numbers ofcounterions 
in these membranes are higher than 0.95 in 0. I-O.2 
mol/kg electrolyte solutions. The transport numbers 
of counterions in membranes were calculated from 
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membrane potentials at AT = 0 using ihe approximate 
equation: 

Therefore, these membranes will be treated here in a 
first approz&rration as perfectfy selective in the whoIe 
range of molality. 

3.2_ Electrolytes 

Aqueous solutions of MgClz, CaClz and Bat& 
were used with cation exchange membranes and aq~- 
ous solutions of K$O, , Na2S04 and K,CO, were 
used with anion exchange membranes_ 

3.3. Membrane poterztial cell and mmsurements 

The thermal membrane potential cell was condruct- 
ed as shown schematically in eq. (19). 

[satd.KClfsoLr.( l)/membraneJ 

Temperature: T 

/so~.(2)Jsatd.KC~~Hg2C12JHg 

r T ’ .(I91 

The mohditier of electrolyte on both sides of the 
membrane were equal. The temperature on one side 
of the membrane, T, was kept at 293 fi 0-l K. The 
difference of temperature across the membrane, AT, 
was systematically varied from -10 to +I0 K. T[he ex- 
perimental method was similar to the one reported 
previously 15,6]. 

The membrane was mounted between two 500m3 
compartments of a cell made of polycmethyl me&a- 
crylate) and equipped with magnetic stirrers, silver- 
s&er chloride electrodes and capillaries for measuring 
volume flow. Ah experiments were run in 0.0 1 moI/ 
kg solutions of the electrolyte at 1.7 mPJ cm2 _ 

Since no reversible electrode is availahie for SOL- 
and CO’- s , we employed the four-compartment cell 
16,141 with cation exchange membranes as shown by 

-10 0 10 
Terrperature dffermce, AT, K. 

AgIAgCl - KC1 if soln. fl soln. JJ KC1 - AgClJAg. 
cation s3mple cation 

cxchangc membrane oxchange 
membrane membrane 

WV 

4. Results and discussion 

The membrane potential A$ for ion exchange 
membnmes vaties linearly with the temperature diF- 
ference in the range of A.T examined (-10 to +lO K). 
The slope is however different from those reported 
with L-L electrolytes [5,61. Examples of A$ versus 
AT plots with an anion exchange membrane in Na$iQ, 
solutions are shown in fig. 2_ In fig. 2 all lines must go 
through the (0,O) point. In practice, the deviation 
due to an asymmetric membrane potential was ob- 
served as shown in fig_ 2. The asymmetric membrane 
potential observed for divalent count&on was gener- 
atiy larger than that for monovalent counterions. How- 
ever, the asymmetric membrane potential did not 
change before and after the measurement of thermal 
membrane potentials at a given electrolyte concentra- 
tion. Similar A@ versus AT plots were obtained with 
other 2-1 and I-2 electrolyte salutions. The slopes, 
A$jAT(mV{K.), are plotted in figs. 3 and 4 as a func- 
tion of the activities of the counterions. The activity 
coefficients of single ions were calculated using the 
Debye-Wckel theory shown by eq. (9.7) of ref. 1151. 
The _hnes are drawn with the slope of 2.303 RJW, 
0.0992 mVJK, as expected frcm eqs. (15) and (16) 
(see figs. 3 and 4). 
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lo-3 lO-2 10-j 

Activity, a,. mollkg . 

Fig. 3. The effect of counterions on the temperature coeffi- 
cient of the thermal membrane potential. -AG/AT. for ca- 
tion exchange membrane C-2. Electrolytes: (b) &fgCIz ; <a) 
CM&; (9) Bat& ; (4 KCJ wi% the membmne used for hfgCf:, ; 
(t) KC1 with the membrane used for CaCJz; (P) KC1 with the 
membrane used for Bat&. 

The thermal membrane potential is atmost inde- 
pendent of the type of divalent counterions both with 
cation exchange membranes and with anion exchange 
membranes, althrugh in l-1 electrolyte solutions the 
thermal membrane potential significantly depends on 
the species of ion [6 ] . 

As shown by eq. (17), a, is made up of three terms, 
r;l, sF/z,.F and ro’oso. The values of s! are the molar en- 

Table 1 
The values of Pi, ro and q for membranes C-2 and A-J 

IT 

,. 

,- 

I- 

I- 

10-3 10-z CO” 

Activity, a_, mall kg _ 
Fig. 4. The. effect of counterions on the temperature coeffi- 
cient of the thermal membrane potential, A@/AT. t'oi anion 
exchange membrane A-l _ Electrolytes: (6) K2 SO4 ; (0-J 

Na2SO4: (9) KzCO,; (0) KCI. 

tropies of ions referred to that of H’ ion and the vaI- 
ue of so may be approximated by the molar entropy 
of pure water, Le., so = 69.9 J/K mot, negIecting the 
effect of the hydration of ions on the moIar entropy 
of water [16]. The values of To estimated by the 
measurements of electro-osmosis are shown in table 1. 
‘Ike direction of water flow through anion exchange 
membranes is opposite to that of tlie ekctric current. 

Counterion ? 
(mV/K) :ov9w*4 C) -p-- --_--___-___- 

membrane C-2 

rl 
(mV/K) 

hfg2+ 

Ca2’ 
BP 

Q+=(1/2R@*- L) + rotzo - s,) V = qj2F t r& 

15.9 11.0 
0.135 + 0.020 12.8 9.1 

11.2 8.3 

membrane A-J 

a_= --CI/ZF) (z_ - s”,, + To~o - So) 
soi- 

n = --3_/tF t roFo 

cos- } -0.05 r 0.015 4.8 -3.6 
45 -3.0 ^_ -__ ____ 



Hence, the value of r. with anion exchange mem- 
branes is negative. Thus, using eq. (17) we can calcu- 
late values of the pure thermoelectric potential coef- 
ficient ‘1. From eq. (13) the values of p can be ex- 
pressed by ‘+[2F + r&,-for a cation exchange mem- 
brane and -z_ f2F + T&-, for an anion exchange mem- 
brane if the transport number of counterions is unity. 
As shown in table 1 the values of r~ are positive for 
cation exchange membrvles 2nd negative for anion 
‘exchange membranes, respectively, as found for I- 1 
electrolytes. 
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