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Experimental determinations were made of the eleetricaI conductivity of ion-exchange mem- 
branes as a function of degree of hydration and temperature, as well as determinations of 
membrane moisture content as a function of the partial water-vapor pressure above the mem- 
brane and of temperature. 

One promising type of electrochemical generator (ECG) involves the use of ion-exchange membranes 
(IEM), which serve as a quasisolid electrolyte. Mass-transfer processes in generators of this type have 
significant special features distinguishing them from generators with liquid and "matrix" electrolytes. 
One such feature results from the complex and little-studied character of the kinetic phenomena in IEM. 

Homogeneous organic membranes have received greatest recognition, on the basis of their overall 
physicochemical and mechanical parameters. Such a membrane consists of a mechanically strong film 
fabricated from a water-insoluble high-molecular ionite consisting of three-dimensionally cross-linked 
polymer chains (the matrix) with active ionogenic groups rigidly attached to them. Theoretical calculation 
of transfer phenomena in such IEM entails considerable difficulties, resulting principally from the approx- 
imate character of current physical models of ionites [i, 2]. As numerous investigations have shown [1-4], 
the kinetic processes in IEM depend on many parameters: the structure of the matrix, the nature of the 
ionogenic groups, the degree of ionite cross-linkage, the type of counterions, etc. 

There is at present no single generally accepted and experimentally grounded theory to account for 
the influence of these parameters on the thermodynamic functions of the processes occurring in IEM, 
particularly sorption processes. The mechanism by which water is sorbed on an ionite, which largely 
governs the transfer phenomena in IEM, has not been adequately studied. The contribution made to the 
thermodynamic functions by the processes that take place when the membrane absorbs water is not fully 
clear. 

Specifically, in the case of the sulfo acid membrane in H + form used in fuel cells (FC) at complete 
dehydration the hydrogen ions are bound to the SO 3 groups by strong ionic bonds. The SO3 H+ group as a 
whole is therefore rather stable and undergoes little polarization. As the membrane absorbs water, the 

SO3 H+ group is hydrated, being converted to SO3H3 O+, then to SO3H50 ~, etc. 

As a result of this process, the groups in question begin to dissociate, the bonding between the hy- 
drated hydrogen ions and the SO 3 group becomes more flexible, and displacement of the hydrated counter- 
ions in an applied electric field is possible. 

The electrical conductivity of IEM during the initial stage of hydration is rather well described by 
the following equation [5], which was derived on the basis of the theory of absolute reaction rates [6]: 

o = [Ce2P/h] exp [--AG/RT]. (I) 

The in f luence  of m o i s t u r e  conten t  i s  e x e r t e d  p r i m a r i l y  t h rough  the d i f f e r e n t i a l  f r e e  a c t i v a t i o n  e n e r g y  
AG, which d e c r e a s e s  a s  the h y d r a t e  she l i  of  the c o u n t e r i o n  b e c o m e s  l a r g e r  [3]. T h e r e  should  a l so  be  a 
r i s e  in X as  IEM swe l l .  

Translated from Inzhenerno-Fizicheskii Zhurnal, Vol. 21, No. 4, pp. 619-626, October, 1971. 
Original article submitted March 31, 1971. 

�9 Consultants Bureau, a division of Plenum Publishing Corporation, 227 [~'est 17th Street, New York, N. Y. }0011. 
No part of this publication may be reproduced, stored in a retrieval system, or transmitted, in any form or by any means, 
electronic, mechanical, photocopying, microfilming, recording or otherwise, without written permission of the publisher. A 
copy of this article is available from the publisher for $15.00. 

1236 



z 

Fig. 1. Diagram of experimental  apparatus.  

The specific s t ruc tura l  charac te r i s t i c s  of ionites, in which ions of one sign are  attached to a polymer  
f ramework,  and the sorption of water by ionites leads to the appearance of a convective conductivity com-  
ponent in IEM placed in a constant e lec t r ic  field, which causes  an overal l  increase  in conductivity. Since 
in a hydrogen-oxygen  FC containing a cation-exchange membrane  water is usually present  only at the 
cathode and the counterions move from the anode to the cathode, it is possible for the portion of the IEM 
adjoining the anode to undergo some dehydration and for a corresponding mois ture-content  gradient to 
develop. However, development of the la t ter  should cause a flow of water  in the opposite direct ion to the 
flow of ions. Moreover ,  the distension p r e s s u r e  at the IEM surface adjoining the anode, where H + ions 
are  formed,  is apparently less  than at the IEM surface adjoining the cathode, where H + ions are  absorbed 
as a resul t  of the basic  cur ren t -genera t ing  reaction.  Some compromise  mois ture  distribution should even- 
tually be established over  the thickness of the IEM; its cha rac te r  is governed by many pa rame te r s .  In 
addition, taking into account the elast ici ty of the IEM polymer  f ramework,  the presence  of this distribution 
should obviously lead to distribution of the ioni te -matr ix  pore volume over the thickness of the IEM. 

Proceeding f rom the above charac te r i s t i c s  of kinetic phenomena in IEM and taking into account the 
specific features  of the operation of the FC under consideration,  the t rans fe r  phenomena in an FC m e m -  
brane can be descr ibed with the aid of the IEM model [1], in which the membrane  lies between solutions 
of different concentrat ions and is exposed to a constant e lec t r ic  field. The movement  of the H + ions is then 
descr ibed by the equation 

CH+ = - - D ~  ( ~  -grad~n~ + - C ~ - ~ F  g r a d q O R T  + CH+V' (2) 

where 

; v - -  hq0-~-AP . 
, 0 In  CH+ p0 6 (5 

The f i rs t  t e rm in the ion-flow equation (2) cha rac te r i zes  the diffusive flow component descr ibed in 
accordance  with F ick ' s  f i rs t  law, while the middle t e rm charac te r i zes  the ion flux developing as a resul t  
of the action of the e lectr ic  field; the final t e rm represen ts  the convective ion-flux component. It must  be 
noted that, under the conditions obtaining in the FC in question, all three components of the H + flux have 
the same direction.  

The charac te r i s t i c s  of membrane  t rans fe r  phenomena descr ibed above must  be taken into account in 
investigating the operation of an IEM-containing FC and an ECG based on it. A knowledge of the depen- 
dence of the kinetic phenomena in the IEM on the FC working pa rame te r s  is required for selection of the 
method to be used to remove the water formed,  for evaluation of the contribution made by each of the com-  
ponent polar izat ion losses ,  for determinat ion of the detailed mechanism of oxygen-electrode function, and 
for  analysis  of many other  p roces se s  that, in aggregate,  govern optimization of heat and mass  t r ans fe r  in 
the FC and hence affect the efficiency and stability of its operation. 

We conducted an experimental  investigation of the main IEM pa rame te r s  influencing mass  t rans fe r  
in an FC as a function of tempera ture ,  mois ture  content, e lec t r ica l  conductivity, and part ial  w a t e r - v a p o r  
p r e s s u r e  above the IEM. Our study was made by the isopiest ic method in the apparatus shown in Fig. 1. 
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The apparatus consisted of a cont ro l led- tempera ture  chamber  1 enclosing the hermet ical ly  sealed 
tank 2. Within the tank, over  sulfuric acid solution, was a device holding the IEM test  specimen. This 
device consisted of tank 3, with potential and current  leads and hermet ica l ly  sealed lid 4. Within the tank 
were the tes t  specimen 5 and two lugs attached to opposite ends of the specimen. 

The experiment was conducted in the following manner .  The weight and e lect r ical  res is tance  of the 
IEM specimen in the "absolutely" damp state were determined and the specimen was then fastened into 
tank 3 and placed together with it into tank 2. A sulfuric acid solution of the requisi te  concentration was 
f i rs t  poured into tank 2. The la t ter  was then hermet ica l ly  sealed and lowered into cont ro l led- tempera ture  
chamber 1. Establishment of the p roper  t empera ture  in chamber 1 and tank 2 was monitored with thermo-  
couples connected to a PSR-23 instrument.  The scat ter ing of t empera ture  values did not exceed •176 
Per iodic  measurement  of the e lect r ical  res is tance  of the specimens was employed to make cer tain that 
s teady-s ta te  mois ture-content  conditions were established. These measurements  were made by the four-  
probe method with high-frequency ac current .  The high-frequency voltage source was a GZ-33 signal 
generator .  The measurement  frequency was 5000-7000 Hz. The voltage at the specimen and the cur ren t  
in the circui t  were measured  with a TESLA vacuum-tube mil l ivol tmeter .  The specimen res is tance  was 
measured  to within 5%. It was assumed that the IEM specimen was s teady-s ta te  with respec t  to mois ture  
content when its e lectr ical  res is tance  remained constant for 4 or  5 h, and then the lid 4 of tank 3 was 
hermet ica l ly  sealed and tank 2 was removed from chamber  1. Sealed tank 3 was then taken from tank 2 
and weighed, the IEM specimen was removed from it, and it was again weighed. A cor rec t ion  was in t ro-  
duced for the weight of the water vapor in the tank. The accuracy  of the weighing was • rag. The weight 
difference thus yielded the weight of the IEM specimen being investigated. The specimen was then dried 
in a vacuum of 1.29" 10 -3 N/m 2 for 10-12 h at room tempera ture .  It was established that fur ther  drying 
did not reduce the weight of the IEM specimen. The specimen weight af ter  vacuum drying was taken as the 
"absolutely" dry weight. The difference between the weight of the IEM specimen under given experimental  
conditions and the weight after vacuum drying yielded the amount of water sorbed by the IEM specimen 
under these experimental conditions. 

Our investigation of" the IEM specimens was conducted at temperatures of 40, 50, 60, and 70~ In 
order to avoid the influence of destruction on the properties of the IEM, each specimen was utilized in 
only one experiment. 

Since many researchers (e. g., [7, 8]) have demonstrated that the trend of the hydration and dehydra- 
tion curves of IEM is not unambiguous, all other conditions being equal, we employed completely water- 
saturated specimens as the initial state of the IEM. Thus all the experimental points characterized the 
dehydration of the IEM investigated. 

We studied the most common type of cation-exchange membranes. MPFS-26, FK-3, SKM-IXa, and 
MK-102. Our investigation yielded the experimental dependence of the electrical conductivity of the IEM 
on their degree of hydration at the above temperatures. This relationship is shown graphically in Fig. 2 
for an MPFS-26 membrane. The conductivity ~ of the IEM in ~-I. cm-I is plotted along the ordinate and 
the amount of water in moles nil20 calculated in equivalents of polystyryl sulfo acid (PSSA) is plotted along 

the abscissa. The functions for different temperatures are given. The vertical line in Fig. 2 corresponds 
to the maximum possible distension of this type of IEM. The character of the relationship shown in Fig. 2 
was qualitatively the same for all types of IEM. In all cases ,  there was an abrupt r ise  in the conductivity 
of the membrane during absorption of the f i rs t  few moles of water.  This sharp increase  in cr usually t e r -  
minated after  sorption of about 10-15 molecules of water per  molecule of PSSA. This quantity var ied with 
the tempera ture  and the type of IE1Vi. The relationship obtained between cr and nil20 corresponded to the 

hydration ~lechanism descr ibed above for sulfo acid membranes .  The f i rs t  few moles of water absorbed 
by the membrane  probably had specific proper t ies  (this was the hydrate or  "bound" water).  In par t icular ,  
the packing of these moles in the hydrate  layers  was denser  than in the (H20) n aggregates  of pure water [9]. 
The unusual proper t ies  of the hydrate water can obviously explain the abrupt change in the kinetic pa r am-  
eters  of the IEM on absorption of the initial, ra ther  small  amount of water.  The absorbed water over  the 
amount neces sa ry  for formation of the f i rs t  hydrate layers  ("free" water) probably has proper t ies  and 
s t ructure  analogous to those of pure water.  

Figure 3 gives the specific res is tance  as a function of the number of moles  of sorbed water for these 
membranes  at 50~ if nil2 O <- 5, the ~ curves  all run ve ry  close together,  because the ionic groups in 

these su l fonatemembranes  are  then s imi lar  in number and identical in form, and they are  closely descr ibed 
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Fig.  2. E l e c t r i c a l  conduct iv i ty  of type MPFS-26  IEM (~r, ~2 -1 . cm  -1) as  a funct ion of deg ree  
of hydra t ion  nH20/equiv .  PSSA (number  of m o l e s  of w a t e r  p e r  equivalent  of  p o l y s t y r y l  sulfo 
acid) and t e m p e r a t u r e  (~ 

Fig.  3. E l e c t r i e a l c o n d u c t i v i t y o - ( ~ - l - c m - 1 ) o f  IEM of types  F K - 3  (1), MK-102 (2), M P F S - 2 6  
(3), 8KM-IXa (4), and C-60  (5, f r o m  data of [5] fo r  t = 28~ as  a func t ionof  d e g r e e o f  h y d r a -  
t ion nH20/equ iv .  PSSA (number  of m o l e s  of wa te r  p e r  equivalent  of  p o l y s t y r y l  sulfo acid) at  

t - 50~ 

by (2), in accordance with the sorption theory for hydration water, which shows that the electrical con- 

ductivity increases with X, which is due to the reduced influence of the fixed ions on the counterions. Also, 

X should increase as the membranes swell. The water content affects the electrical conductivity mainly 

via the differential free energy of activation AG. The broken line in Fig. 3 gives results [5] for t = 28~ 

which agree qualitatively with ours. 

It can be seen from Fig. 3 that the curves began to diverge on further distension (nil20 > 5). How- 

ever, the increase in ~ slowed down at nil20 ~ 7 for type MPFS-26 IEM and at nil20 ~ 9-10 for FK-3, 
MK-102, and SKM-IXa IEM. The increase in ~ on further distension of the membranes was due primarily 

to an increase in the convective conductivity component, which, all other conditions being equal, resulted 

for the most part from the influence and structural characteristics of the IEM gel matrix. 

The rate of water evaporation from the IEM was governed principally by the difference in the water 

-vapor partial pressures over the surface of the IEM and in the FC gas chambers. An ideal IEM (in the 

sense of retention of its moisture content and hence of its electrophysical properties) would be a membrane 

having a minimumwater-vapor partial pressure over it, for which a small change in the moisture content 

would cause a substantial decrease in thewater-vapor partial pressure above its surface. Our experiments 
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Fig.  4. Dependence  of pa r t i a l  w a t e r - v a p o r  p r e s s u r e  P 
(N/m 2) ove r  ] : E l  of types  F K - 3  (1), MK-102 (2), 
M P F S - 2 6  (3), and SKM-IXa (4) on d e g r e e  of hydra t ion  
nH20/equiv .  PSSA (number  of  m o l e s  of w a t e r p e r  equiva-  

lent  of  p o l y s t y r y l  sulfo acid) at t = 50~ 
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showed that the qualitative charac te r  of the dependence of t h e w a t e r - v a p o r  part ia l  p r e s s u r e  over the IEM 
(P) on the degree of hydration at different t empera tures  was the same for all the types of IEM investigated. 
During the initial period of drying, which corresponded ra ther  well to the region of "free" water removal ,  
P decreased very  slightly and it was close to the w a t e r - v a p o r  p r e s su re  over pure water at the same t em-  
pera ture .  Fur ther  drying of the membrane  led to an abrupt drop in P. The region where P depended only 
slightly on the mois ture  content was related to the tempera ture  variat ion and its extent decreased  as the 
tempera ture  was raised.  Comparison of the dependence of P on mois ture  content showed that the lowest 
values of P were displayed by IEM of the MK-102 type, as can be seen f rom Fig. 4, which i l lustrates  the 
function in question for all the types of IEM studied at a tempera ture  of 50~ The horizontal  dashed line 
in Fig. 4 corresponds  to the vapor p r e s su re  of pure water at 50~ while the ver t ical  dashed lines c o r r e -  
spond to the maximum water contents of the corresponding types of IEM. 

Thus, without taking into account the mechanical  proper t ies ,  thermostabil i ty,  or  chemical stability 
of IEM, we can conclude that the best  membranes  f rom the standpoint of H + ion conductivity are  those of 
the FK-3 type, while the best  membranes  from the standpoint of res is tance  to dehydration during operation 
in an FC are those of the MK-102 type, which have the l o w e s t w a t e r - v a p o r  part ia l  p r e s su re  over  the en- 
t i re  mois ture-content  range investigated. We established that a considerable proport ion of the water  ab- 
sorbed by a membrane  (from 40 to 60%, depending on the type of IEN[ and the temperature)  is inthe "free" 
capi l lary state. 

Dehydration of the membranes  within this mois ture-content  region did not lead to a mater ia l  change 
in the IEM pa rame te r s  investigated. 

CH+, CSO3, CH20 
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NOTATION 

are the concentrations of H + ions, SO~ sulfo ions, and water, respectively; 

is the effective free activation energy; 
is the effective distance between functional groups; 
is the electrical conductivity; 
is the water-vapor partial pressure; 
are the temperature values; 
is the total H + ion flux through IEM; 

is the activity constant; 

is the chemical  potential; 

is the kinematic diffusion constant ;  

is the diffusion constant; 

is the difference in distention p re s su re  at boundaries of IEM; 
is the potential; 
is the potential difference at the boundaries of IEM; 
is th~ res is tance  to motion of an element of water volume produced by the IEM 
matr ix;  
is the proport ion of the pore volume in IEM; 
is the average rate of movement  of a wa te r -vo lume  element through IEM; 
is the thickness of the IEM; 
is the number of moles of water;  

is the charge of the electron;  
is the Faraday number;  
is P lanck ' s  constant; 
is the gas constant. 

S u b s c r i p t s  

H +, SO~, H20 
denote the sign of the ion charge; 
indicate that the quantities in question per ta in  to hydrogen and sulfo ions and to water,  
respectively.  
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