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The electrodialsrLic method of restoring an alkaline electrolyte in a hydrogen-oxygen fuel 
cell during operation is considered here. Fundamental design equations are derived and 
analyzed, whereupon the efficiency of this method is evaluated. 

During the operation of various fuel ceils the electrolyte  becomes  diluted in water  which has formed 
by the chemical  react ion.  For  this reason,  a long operat ion of a fuel cell  at given energy levels requi res  
a res tora t ion  of the electrolyte  and this can be done by various methods,  continuously or per iodical ly  - de-  
pending on the type  and the design of such a cell.  

In the case of fuel ceils operating at higher t empera tu res  (> 70~C), the obvious method of concent ra t -  
ing the e lect rolyte  is by removing the water through evaporation with the heat re leased  during the ope ra -  
tion. 

In the case of fuel cells operating at lower t empera tu res ,  this method would involve either a ra ther  
appreciable enlargement  of the evaporation surface or a ra ther  significant additional energy loss and, con-  
sequently, a reduction in the relat ive internal efficiency of the e lec t rochemical  genera tor .  

In the case of the hyd rogen -oxygen  fuel cell, which operates  with a liquid e lectrolyte  at t empera tu res  
close to the ambient t empera ture ,  it would be of grea t  in teres t  to consider  the apparently promis ing method 
of concentrat ing the electrolyte  by " r eve r se"  e l e c t r o d i a l y s i s -  distinct f rom conventional e lect rodia lys is  for 
water  purif icat ion - as proposed and developed by E. Justi  and associa tes  [1]. 

The underIying idea here is to use two gas-diffusion e lect rodes  connected through a gas channel as 
the anode and the cathode. Hydrogen generated at the vented cathode [2] combines with oxygen at the ffnode. 
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Fig. i. Schematic diagram of a "reverse, electrodialyzer: i) 
anolytic chamber; 2) catholytic chamber; 3) ion-exci~ange mem- 
brane; 4 and 5) electrodes; 6) voltage source. 
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Fig.  2. Technological flow diagram of periodic 
(cyclic) electrolyte  resora t ion  in a hyd rogen -oxy -  
gen fuel ceil by e lect rodia lys is :  1) fuel cell; 2) 
catholytic chamber;  3) anolytic chamber;  4) ion- 
exchange membrane;  5) r e se rve  e lect rolyte .  

This arrangement eliminates any electrolysis of 
water and appreciably reduces the energy lost on 
electrodialysis, the latter process being now 
governed solely by the transport of ionic compo- 
nents in the solution, by the resistive losses in 
the electrolyte and in the ion-exchange membrane, 
and by the polarization of the electrodes. A sche- 
matic diagram of such a dialyzer together with the 
processes occurring in it is shown in Fig. i. 

An essent ial  feature of e lectrodialysis  for 
electrolyte  res tora t ion  in a fuel cell ,  as dis t in-  
guished f rom electrodialysis  for water  d is t i l la-  
tion, is that the ion-exchange membrane in our 
case operates in highly concentrated solutions 
and thus must  sat isfy  cer ta in  definite requi re -  
ments .  

We will analyze the electrodialytic method of electrolyte restoration, derive the fundamental design 
formulas, and then evaluate its efficiency on a typical example of a fuel cell with periodic restoration of an 
alkali metal (potassium) as the electrolyte. 

Since this particular method of electrolyte restoration involves a certain loss of electrolyte (obviously, 
attaining a zero concentration of electrolyte in the anolytic chamber of the dialyzer is practically not fea- 
sible), hence an electrochemical generator must contain an appropriate reserve of electrolyte. The basic 
technological process of eleetrodialytic electrolyte restoration in a fuel cell is shown schematically in Fig. 

2. 

In the optimum operating mode, obviously, all the electrolyte removable from the anolytic chamber 
out = Gs" When out > Gs (dashed line in Fig. i), on the (bypassing the membrane) flows to a sink, i.e., G a G a 

other hand, the concentrated solution from the catholytic chamber of the dialyzer will be diluted with anolyte, 
i.e., there will be excess concentration here and, consequently, excess electric energy will be drawn for the 
dialytic process. In the opposite case (G ~ < Gs) , part of the concentrated solution from the catholytic 
chamber wilt be drained away and, consequently, excess alkali will be withdrawn from the reserve. 

Therefore, we consider here only the optimum mode of electrolyte restoration. The cyclic process 
is described by the following system of balance equations: 

solution balance 

GV-- + (1) 
% -- Gr + ~Q, (2) 

G?u, _- @ + G,. (3) 

GOUt +Gs= Gic n + 4 n  (4) 

alkali balance 

GsCa = ~fcf, (7) 

(4" + 3 + % c l  (8) 

G = 4"c}+v q" (o) 

In (1), (2), (5), and (9) ~ = 0.337 g/A .h is the e lectrochemical  equivalent of the hydrogen oxidation 
react ion r e f e r r ed  to the product (water) and ~ = vw + ~HAO, with ~K and ~H O = ~ O -  25 denoting respec-  

*~ Z 2 
tively the change in the quantity of alkali and of water in the catholyte or in the an~lyte, per 1 A �9 h of elec- 
tric charge passing through the dialyzer (in terms of the electrochemical reaction and in terms of trans- 
port across the ion-exchange membrane, ~H20 representing the transport of water across that membrane). 
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Fig .  3. E c o n o m i c  i nd i ca to r s  fo r  e l ec t rod ia ly t i c  e l e c t r o l y t e  r e s t o r a t i o n ,  as  funct ions  of  (a) the final (pe r  
' = 0 . 1 5 ;  o f  cycle)  c o n c e n t r a t i o n  of e l e c t r o l y t e  in the fuel  ce l l :  1) c r = 0.5 and c a = 0.05; 2) c r = 0.5 and c a 

(b) the f inal  c o n c e n t r a t i o n  of  anolyte  in the d i a l y z e r  (c r = 0.5 and c~ = 0.23): 1) 77, %; 2) X, g /A  .h; 3) Xdr 
! ! 

/X;  and (c) of the concen t r a t i on  of  r e s e r v e  e l e c t r o l y t e  (cf  = 0.23 and c a = 0.05): 1)V,%; 2) x , g / A  .h; 3) 

X d r /  X . 

The experimentally determined coefficients ~K and UH O characterize the effective transport of water 
and K + ions respectively across the membrane: ~K acc~ for the transport of K + ions due to the electric 
current and also due to reverse diffusion, while ~-Hz O accounts for the transport of water due to hydration 
of the ionic components in the solution as well as due to osmosis. The values of these coefficients depend 
on Cc, Ca, and i d [3], for a cycle with given parameters they represent average over the given interval 
changes in the concentration. 

With given electrolyte concentrations c~ (in the fuel ceil, based on its operating conditions), e~ and 
T ! 

Ca (catholyte and anolyte concentration, based on the dialyzer operating conditions: c a for instance, being 
determined by the properties of the anode and by the allowable energy loss on concentrating the electrolyte), 
and c r (in the reservoir, based on the utility criteria of storing and transporting adequate quantities of 
electrolyte), also knowing the quantity of electric charge Q generated in the fuel cell during one cycle, one 
can easily determine the internal characteristics of the ceil-dialyzer system. 

F r o m  (2) and (7) fol lows 

In t roduc ing  B = e r / ( c  r -  c~), 

_ _  C , r  
Gs_ cr__c_____~a eQ ' (10) 

Gr ~ , ~Q. ( 1 0  
Cr - -  Ca 

we have f r o m  (3), (4), (8), and (10) 

GW= B-c;-- ~} ~Q' (12) 

c; - -  c; 
G~ B ~  eQ. (13) 

F r o m  (5), (9), and (13) fol lows 

F r o m  (3), (12), and (14) fol lows 

F r o m  (1) and (12) fol lows 

c ~ - c ;  - - ' 
in B ~:K-- ~ Cc eQ, (14) 

Gc = c ~  " ~K--~cf 

q=e -~i" c_:= ~Q. (is) 
~K -- ~tcf 

i~ B ; K - ;  c; G a = -- _ , 8@ 
VK--~t cf 

�9 ~(~- ~) + @~- ~) o~ 

(i~) 

(17) 
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F r o m  (6), (7), and (12) follows 

c r (c}-- c;) +C'a(r " (1S) 

The in te rna l  c h a r a c t e r i s t i c s  of the fuel cel l  and the d ia lyzer  include the init ial  and the final solution 
of e lec t ro Iy te  (G o and G~) and, for  g iven init ial  and final concentra t ion  of e lec t ro ly te  (c o and cl) based  on the 
opera t ing  condit ions,  the obviously appl icable  equation of solution ba lance  

G~ - -  G O = Gout-- Gin (19) 
t i i '  

and of a lkal i  ba lance  
0~ G ~ ,  G, , =  (Gi - G ~ c; + 

yield the following express ions :  

for  the c h a r a c t e r i s t i c s  of the fuel cell  

(20) 

c} a}= ~_~i ~Q, (21) 

eQ, (22) 

for  the c h a r a c t e r i s t i c s  of the catholyt ic  c h a m b e r  in the d ia lyzer  

c}-c: ~K--~ 4 _ , ,  (23) 
G ~ = B ~ '~K--~' c , , "  

c}- ~: ,-K--~ 4 ,Q~ (24) 

and for  the c h a r a c t e r i s t i c s  of the anolytic chambe r  In the d ia lyzer  

~ .  cl ~-K--~ c; ~Q, (2s) 
G ~  ~ _ c i  ~K--~cf 

~ } - d  - - o 
~K--F c. e (26) 

G,~ = B  ~__c~ ~K--Fcf 

The m o s t  s ignif icant  economic  eff ic iency ind ica tors  for  the e lec t rodia ly t ic  method of e lec t ro ly te  r e -  
s to ra t ion  a re  the re la t ive  quantity of e l ec t r i c  charge  used  for  r e s to r a t i on  

~1 = q/Q (27) 

and the specif ic  weight consumption of e lec t ro ly te  

X = Gdq. (28) 

F o r  a valid compar i son  with other  methods  of e lec t ro ly te  r e s to ra t i on  in a fuel cei l ,  the second of 
these ind ica tors  mus t  be  reca lcu la ted  pe r  unit e l ec t r i c  charge  supplied to the u s e r  network,  namely:  

X = Gr/Q (1 - -  ~1). (28') 

In the op t imum mode of e lec t rodia ly t ic  e lec t ro ly te  r e s to ra t i on  cons idered  he re  these indica tors  can 
be desc r ibed  by  the following express ions :  

~ =  B 5 ---_q ~, (29) 
~K--~ cf 

Z =  e._ ( B - - l ) .  (30) 
1--~l 

In the case  of nondialytic e lec t ro ly te  r e s t o r a t i o n  in a fuel cel l  ( f rom the r e s e r v e ) ,  the second of these  
ind ica tors  can be de te rmIned  f rom the expres s ion  

c} 
xar c v -  c} ~' (m) 
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which follows d i rec t ly  f rom the r e spec t ive  equation of solution balance 

G~ut = Gr + ~Q, (32) 

and of alkal i  ba lance  

= (33) 

The eff iciency of the electrodialyt ic method, as compared to the eff iciency of the d i rect  method (by 
replacement), can be defined in terms of the alkal i  economy as the rat io of two respective indicators: 

Xdr __ C~ (V r - -  C~) - -  ( 1  - -  ~ ) .  ( 3 4 )  
4 - c o 

An ana lys i s  of these re la t ions  shows that the geome t ry  (volume) of all  s y s t em components  he re  is 
uniquely de te rmined  by the allowable l imi ts  within which the e lec t ro ly te  concentra t ion in the fuel cel l  and 
in the d ia lyze r  m a y  change during an operat ing cycle and by the concentra t ion of r e s e r v e  e l ec t ro ly te  as 
well as by the quantity of e l ec t r i c  charge  genera ted .  

An ana lys i s  of the economic indicators  for e lec t rodia ly t ic  e lec t ro ly te  r e s to ra t i on  (V and X) shows 
that  they a r e  de te rmined  p r i m a r i l y  by the final concentra t ion of e lec t ro ly te  in the fuel cell  and in the ano-  
lyric chambe r  as well as by the concentra t ion of r e s e r v e  e lec t ro ly te .  The effect  of the other  e lec t ro ly te  
concent ra t ions  in the d ia lyzer  (Ca ~ , Cc~ and Cc)', in t e r m s  of the effect ive p a r a m e t e r s  of t r a n s p o r t  a c r o s s  
the ion-exchange m e m b r a n e  u K and ~H20, m a y  be neglected on the bas i s  of an ana lys i s  of published data 
[3]. 

The r e su l t s  of calculat ions i l lus t ra t ing  the re la t ions  der ived here  a r e  shown in Fig.  3. The i r  r e l i -  
abi l i ty is de te rmined  quanti tat ively by the deviation f rom constant  t r a n s p o r t  c h a r a c t e r i s t i c s  ~-K = 1.25 g 
/A  .h and ;HzO = 1.75 g /A .h a s sumed  in the calculat ion,  the values in Fig.  3 being based  on an ana lys i s  of 

the data in [3]. 

According  to these  cu rves ,  our  eff ic iency ind ica tors  for the e lee t rodia ly t ic  method depend in d i f fe r -  
ent ways on the governing e lec t ro ly te  concent ra t ions .  Thus,  the f rac t ion  of e lec t r i c  charge  used for  d ia lys is  
depends s t rongly  on the final concentra t ion of e lec t ro ly te  in the fuel cell  (Fig.  3a, cu rves  1 and 2), much  
l e s s  on the final concent ra t ion  of anolyte (Fig.  3b), and a l m o s t  not at  all  on the concent ra t ion  of r e s e r v e  
e lec t ro ly te  (Fig.  3c). I t  is to be noted, by the way, that the f rac t ion  of e lec t r i c  energy  used for  e l e c t r o -  
d ia lys is  is s m a l l e r  than the f rac t ion  of e l ec t r i c  charge ,  because  the voltage a c r o s s  the d ia lyzer  is usual ly  
lower  than the voltage a c r o s s  the fuel cel l .  

As to the specif ic  weight consumption of e lec t ro ly te ,  it depends ve ry  s t rongly  on the final concen t r a -  
tion of anolyte (Fig .  3b) and r a t he r  weakly on the other two concentra t ions  (c~ and Cr). 

The re la t ive  eff ic iency of the e lec t rodia ly t ic  method depends ve ry  s t rongly  on the final concentra t ion  
! of anolyte in the d ia lyzer ,  varying f rom ~ at ze ro  concentra t ion to 1 at c a = c~ (Fig.  3b). 

NOTATION 

G is the weight of the solution, g; 
c is the weight concentra t ion,  ga lkal i /gsolut ion;  
Q, q a re  the quantity of e lec t r ic  charge  pe r  cycle  in the fuel cell  and in the d ia lyzer  r e spec t ive ly ,  A .h; 
i d is the e lec t r i c  cu r r en t  through the d ia lyzer ,  A; 
F is the F a r a d a y ' s  constant .  

S u b s c r i p t s  a n d  S u p e r s c r i p t s  

f r e f e r s  to the fuel cell;  
d r e f e r s  to the d ia l izer ;  
a r e f e r s  to anolyte; 
c r e f e r s  to catholyte;  
s r e f e r s  to sink; 
r r e f e r s  to r e s e r v e ;  
K r e f e r s  to alkali  me ta l  (potass ium);  
H20 r e f e r s  to water ;  
in r e f e r s  to inlet; 
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out re fe rs  to outlet; 
0 re fe rs  to initial state; 
' r e fe r s  to final state. 
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