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A B S T R A C T  

A n  e x t e n s i v e  s u r v e y  of  t h e  D o c k t o r - I n g e n i e u r  D i s s e r t a t i o n e n  of  J a k o b  J 6 r i s s e n  a n d  Klaus-R.  M e n s c h i g ,  b o t h  origi-  
na l ly  f rom the  Univers i t f i t  D o r t m u n d ,  is p r e s e n t e d  in  r e g a r d  to t he  empi r i ca l  m o d e l i n g  of  m e m b r a n e  chlor -a lka l i  cells a n d  
h o w  it  c a n  b e  a p p l i e d  to  a c o m b i n e d  zero  g a p / a t t a c h e d  p o r o u s  e l e c t r o d e  l aye r  m e m b r a n e  cell. P a r t i c u l a r  e m p h a s i s  is 
p l a c e d  on  M e n s e h i g ' s  w o r k  on  zero gap  (ZG) a n d  a t t a c h e d  p o r o u s  e l ec t rode  layer  (APEL)  m e m b r a n e  chlor -a lka l i  cells, t h e  
first  s u c h  r e s e a r c h  to a p p e a r  in  the  o p e n  l i te ra ture .  M e n s c h i g  d e v e l o p e d  va r ious  c o m p u t e r  p r o g r a m s  to cha rac t e r i ze  t h e s e  
Z G  a n d  A P E L  m e m b r a n e  chlor-a lka l i  cells. He cha rac t e r i zed  t h e s e  cells by  u s i n g  t he  fo l lowing  p a r a m e t e r s :  t he  c u r r e n t  
d e n s i t y  d i s t r i b u t i o n  over  t h e  m e m b r a n e ,  t he  spec ies  c o n c e n t r a t i o n s  on  t he  m e m b r a n e  sur faces ,  e q u i v a l e n t  d i f fus ion  layer  
t h i c k n e s s e s  for t he  m e s h  e l e c t r o d e s / c u r r e n t  co l lec tors  a n d  a t t a c h e d  p o r o u s  e l ec t rode  layers,  a n d  t he  e l ec t rode  o v e r p o t e n -  
t ia ls  a n d  e q u i l i b r i u m  p o t e n t i a l s  u s i n g  the  ~urface c o n c e n t r a t i o n s  for t he  Z G  a n d  A P E L  cell  conf igura t ions .  He u s e d  empi r -  
ical  e q u a t i o n s  first p r e s e n t e d  by  J 6 r i s s e n  for gap  m e m b r a n e  cells c o m b i n e d  w i t h  his  o w n  e x p e r i m e n t a l  o b s e r v a t i o n s  for a 
cell  w h i c h  u sed  Na t ion  TM 390, a b i l aye r  pe r f luo rosu l fon ic  acid m e m b r a n e ,  to d e t e r m i n e  v a l u e s  for t h e s e  pa rame te r s .  His 
emp i r i ca l  r e la t ions  de sc r ibe  the  d e p e n d e n c e  of  t he  f lux of  OH f rom ca tho ly te  to ano ly t e  as a f u n c t i o n  of  ca tho ly t e  caus t ic  
c o n c e n t r a t i o n  (Cc:NaO.) a n d  t he  m e m b r a n e  po t en t i a l  d rop  as a f u n c t i o n  of  ca tho ly t e  caus t i c  (ec:N~,,,,) and  ano ly te  sal t  concen -  
t r a t i ons  (Ca:N~,'~)- B y  u s i n g  t he  e x p e r i m e n t a l  va lues  for  to ta l  cell po tent ia l ,  c u r r e n t  dens i ty ,  a n d  cell ou t l e t  c o n c e n t r a t i o n s  
w i t h  t h e  e m p i r i c a l  e q u a t i o n s ,  M e n s c h i g  c a l c u l a t e d  v a l u e s  for  t he  c h a r a c t e r i z i n g  p a r a m e t e r s  m e n t i o n e d  above .  He u s e d  
t h e s e  va lues  a n d  o the r  i n f o r m a t i o n  (e.g., m e m b r a n e  a n d  p o r o u s  e l ec t rode  layer  c o n d u c t i v i t y )  to p r ed i c t  t he  to ta l  cell  po ten-  
t ial  for t h e  Z G  conf igura t ion .  Wi th  pr io r  k n o w l e d g e  of  to ta l  cell  po t en t i a l  a n d  c u r r e n t  e f f ic iency for c o r r e s p o n d i n g  A P E L  
a n d  Z G  cell  conf igura t ions ,  m e m b r a n e  sur face  c o n c e n t r a t i o n s  were  de r i ved  a n d  u sed  in t he  p r e d i c t i o n  of  to ta l  cell po t en -  
t ial  for a c o m b i n e d  zero gap / a t t a ched  e l ec t rode  cell. 

Background 
E l e c t r o l y s i s  ce l l s  w h i c h  c o n t a i n  ion  s e l e c t i v e  m e m -  

b r a n e s  a re  c o n s t r u c t e d  in  t h r e e  p r i m a r y  c o n f i g u r a t i o n s :  
t h e  g a p  cell ,  ze ro  gap  cell ,  a n d  s o - c a l l e d  so l i d  p o l y m e r  
e l e c t r o l y t e  ( S P E )  cell .  F i g u r e  1 s h o w s  a gap  ce l l  v e r s i o n  
o f a  c h l o r - a l k a l i  m e m b r a n e  cel l  [as in  Ref.  (1)], w h i c h  h a s  
a s p a c e  (i.e., a gap )  f i l led w i t h  e l e c t r o l y t e  b e t w e e n  t h e  
m e m b r a n e  s u r f a c e  a n d  e a c h  e l ec t rode .  F i g u r e  2 s h o w s  a 
s c h e m a t i c  o f  j u s t  t h e  e l e c t r o d e - m e m b r a n e  c o n s t r u c t i o n  
o f  a z e r o  gap  (ZG)  cell ,  w h e r e  b o t h  e l e c t r o d e  s u r f a c e s  
h a v e  b e e n  p l a c e d  d i r e c t l y  a g a i n s t  t h e  m e m b r a n e .  T h e  
e l e c t r o d e s  of  a zero  gap  cel l  a re  m a d e  of  e x p a n d e d  m e t a l  
or  w i r e  m e s h  ( w h i c h  m a y  h a v e  a ca t a ly t i c  l aye r  a p p l i e d  to 
i t s  s u r f a c e )  b a c k e d  b y  a n  e x p a n d e d  m e t a l  c u r r e n t  col- 
l e c t o r  t h a t  e n a b l e s  t h e  gas  b u b b l e s  to  e s c a p e  f r o m  t h e  
e l e c t r o d e  su r f ace .  F i g u r e  3 i l l u s t r a t e s  w h a t  is r e f e r r e d  to 
b y  s o m e  a u t h o r s  in  t h e  l i t e r a t u r e  as a S P E  e l e c t r o d e  con-  
s t r u c t i o n  w h i c h  is a c t u a l l y  t w o  p o r o u s  c a t a l y z e d  e lec-  
t r o d e  l a y e r s  w h i c h  h a v e  b e e n  a t t a c h e d  to t h e  s u r f a c e  of  
t h e  m e m b r a n e  i t s e l f  ( t h i s  wi l l  b e  c a l l e d  a n  a t t a c h e d  po- 
r o u s  e l e c t r o d e  layer ,  or A P E L ,  cell). P r e s s e d  a g a i n s t  e a c h  
p o r o u s  e l e c t r o d e  l aye r  is a f ine gr id  m e s h  b a c k e d  b y  a re- 
s i l i en t  m a t  o f  f ine wi re  w h i c h  is p r e s s e d  in  b y  a pe r fo ra -  
t ed  p l a t e  c u r r e n t  co l lec tor .  Th i s  p r o v i d e s  a p a t h  for  e v e n  
c u r r e n t  d i s t r i b u t i o n  a c r o s s  t h e  s u r f a c e  of  t h e  e n t i r e  po-  
r o u s  e l e c t r o d e .  B o t h  t h e  Z G  a n d  A P E L  t y p e  ce l l s  h o l d  
t h e  i m m e d i a t e  a d v a n t a g e  of  r e d u c i n g  t h e  p o t e n t i a l  d r o p  
a c r o s s  t h e  cel l  o v e r  t h a t  f o u n d  in  a gap  cet l  s i nce  t h e  dis- 
t a n c e  b e t w e e n  o p p o s i n g  e l e c t r o d e s  is r e d u c e d  s ignif i -  
can t ly .  

V a r i o u s  m e t h o d s  a n d  m o d e l s  h a v e  b e e n  d e v e l o p e d  to 
e v a l u a t e  ion  e x c h a n g e  m e m b r a n e  b e h a v i o r  a n d  to r e l a t e  
t h i s  b e h a v i o r  to  t h e  d e s i g n  of  m e m b r a n e  c h l o r - a l k a l i  
cel ls .  O n e  a p p r o a c h  h a s  b e e n  to u s e  e m p i r i c a l  r e l a t i o n s  
d e r i v e d  f r o m  e x p e r i m e n t a l  d a t a  to  d e s c r i b e  v a r i o u s  cha r -  
a c t e r i s t i c s  of  a m e m b r a n e  cel l  (2, 3), s u c h  as t h e  co r re l a -  
t i on  of  c a u s t i c  c u r r e n t  e f f i c i ency  ( t ha t  p e r c e n t a g e  of  t h e  
a p p l i e d  cel l  c u r r e n t  t h a t  goes  to t h e  a c t u a l  p r o d u c t i o n  of  
s o d i u m  h y d r o x i d e  a t  t h e  c a t h o d e )  or  t h e  loss  of  O H  
( f r o m  t h e  c a t h o l y t e  t h r o u g h  t h e  m e m b r a n e  to t h e  ano-  
ly t e )  to  t h e  c o n c e n t r a t i o n  o f  s o d i u m  h y d r o x i d e  in  t h e  

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

c a t h o l y t e  at  t h e  m e m b r a n e  su r f ace  (CcM:N~O.). T h e s e  rela-  
ti.ons a re  t h e n  u s e d  in c o n j u n c t i o n  w i t h  a d d i t i o n a l  e x p e r -  
i m e n t a l  da t a  to p r e d i c t  s u c h  t h i n g s  as t h e  o u t l e t  c o n c e n -  
t r a t i o n s  o f  a c a s c a d e  a r r a n g e m e n t  of  e l e c t r o l y t i c  g a p  
cel ls  (2) or t h e  c o n c e n t r a t i o n s  on  t h e  m e m b r a n e  s u r f a c e  
(3). 

T h i s  p a p e r  p r e s e n t s  t h e  e s s e n c e  of  t h e  e m p i r i c a l  ap-  
p r o a c h  to m e m b r a n e  ce l l  m o d e l i n g  as d o n e  b y  J b r i s s e n  
(2) a n d  M e n s c h i g  (3) a n d  h o w  t h e s e  m e t h o d s  c a n  be  u s e d  
to e v a l u a t e  t h e  c h l o r - a l k a l i  ce l l s  c u r r e n t l y  b e i n g  deve l -  
oped .  J b r i s s e n ' s  p r i m a r y  o b j e c t i v e  was  to d e v e l o p  a com-  
p u t e r  m o d e l  w h i c h  c o u l d  be  u s e d  as a ba s i s  for  e c o n o m i c  
e v a l u a t i o n  a n d  p r o c e s s  o p t i m i z a t i o n  of  a c h l o r - a t k a l i  
e l e c t r o l y z e r  w i t h  c a s c a d e  c o n n e c t i o n  of  m e m b r a n e  cells.  
M e n s c h i g ' s  goals  we re  to d e t e r m i n e  e x p e r i m e n t a l l y  a n y  
d i f f e r e n c e s  b e t w e e n  A P E L  a n d  Z G  cel ls  w i t h  r e s p e c t  to  
t h e  ce l l  v o l t a g e  a n d  c u r r e n t  e f f i c i ency ,  to  c h a r a c t e r i z e  
e m p i r i c a l l y  t h e s e  cells,  a n d  to d e v e l o p  c r i t e r i a  for  t h e  se- 
l e c t i o n  of  a p r a c t i c a l  e l e c t r o l y z e r  for  ch lo r - a lka l i  p r o d u c -  
t i on .  M e n s c h i g  p r e d i c t e d  f r o m  h i s  r e s u l t s  t h a t  a c o m -  
b i n e d  p o r o u s  a n o d e  l a y e r  ( P A L )  a n d  zero  gap  c a t h o d e  
( Z G C )  cel l  ( t o g e t h e r  r e f e r r e d  to as a P A L / Z G C  cell)  h a d  
t h e  p o t e n t i a l  of  s a v i n g  t h e  m o s t  e n e r g y  (3). I t  is i m p o r -  
t a n t  to  n o t e  t h a t  t h i s  p r o p o s e d  c o n f i g u r a t i o n  w a s  b a s e d  
o n  ea r l i e r ,  l e s s  e f f i c i e n t  m e m b r a n e s  w h i c h  a l l o w e d  ex-  
c e s s i v e  loss  o f  OH f r o m  t h e  c a t h o l y t e  to  t h e  a n o l y t e .  

depleted NaCJ soln. '~, ~ N d ~  ~ [ NaOH soln. 

a n o d e  ~ : . - ~ / ~  ca t h o d e  

NaO,  n[ I 
m e m b r a n e  

Anode:  2CI-  ~ CI2 + 2e 

Cathode:  2H20  + 2e-  ~ 2 O H -  + H2 

Fig. 1. Membrane chlor-alkali gap cell 
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@ 

catalyst covered 
wire mesh anode~ .  

expanded metal ~ 

ca ta lys t  covered 
,~-wire mesh cathode 

--@ 

- expended metal 
current distributor membrane current collector 

Fig. 2. Schematic of the electrode-membrane construction of a zero 
gap membrane cell (not to scale). 

at tached porous_ 
anode layer l 

current  ___2 ~ ~ [  

resil ient J" 

a t t a c h e d  porous 
cathode layer 

~ n - ~  < current 
: ~  ~-i~] col lector 

resil ient 
m e s h  m e s h  

m e m b r a n e  
Fig, 3. Schematic of the electrode-membrane construction of an 

APEL (i.e., attached porous electrode layer) cell (not to scale). 

F r o m  his  e x p e r i m e n t a l l y  d e r i v e d  s pec i e s  c o n c e n t r a t i o n s  
on  t h e  m e m b r a n e  s u r f a c e  of  t h e  Z G  a n d  A P E L  cel ls ,  
M e n s c h i g  p r e d i c t e d  a c u r r e n t  e f f i c i e n c y  of  o n l y  74.2% 
b a s e d  o n  c a u s t i c  p r o d u c t i o n  for  h i s  h y p o t h e t i c a l  P A L /  
Z G C  cell .  N e w e r  b i l a y e r  m e m b r a n e s  m a d e  w i t h  
p e r f l u o r o e a r b o x y l i c  ac id  f u n c t i o n a l  g r o u p s  in  t h e  l a y e r  
t o w a r d  t h e  c a t h o d e  a n d  p e r f l u o r o s u l f o n i c  ac id  func -  
t i o n a l  g r o u p s  t o w a r d  t h e  a n o d e  h a v e  g r ea t l y  r e d u c e d  t h e  
p r o b l e m  of  t h e  loss  of  OH- ,  y i e l d i n g  c a u s t i c  c u r r e n t  
e f f i c i e n c i e s  u p  to 94% in  gap  ce l l s  (4, 5). T h e s e  n e w e r  
m e m b r a n e s  c o u l d  m a k e  it  p o s s i b l e  to  u s e  a t t a c h e d  po- 
r o u s  c a t h o d e  a n d / o r  a n o d e  layers .  Th i s  led  to a n  i n t e r e s t  
in  t h e  c o m b i n a t i o n  of  zero  gap  a n d  a t t a c h e d  p o r o u s  elec-  
t r o d e  l aye r s ,  e i t h e r  as a n o d e / c a t h o d e  or  c a t h o d e / a n o d e  
c o m b i n a t i o n s ,  r e s p e c t i v e l y .  T h e s e  wi l l  b e  r e f e r r e d  to as  
t h e  zero  gap  a n o d e / a t t a c h e d  p o r o u s  c a t h o d e  l aye r  (ZGA/  
P C L )  or  a t t a c h e d  p o r o u s  a n o d e  l a y e r / z e r o  gap  c a t h o d e  
( P A L / Z G C )  c o n f i g u r a t i o n s .  S i n c e  M e n s c h i g  u s e s  m a n y  
o f  t h e  r e l a t i o n s  for  gap  m e m b r a n e  ce l l  b e h a v i o r  (as de-  
r i v e d  b y  JOr i s sen)  for  h i s  e v a l u a t i o n  of  t h e  Z G  a n d  A P E L  
c o n f i g u r a t i o n s ,  J 6 r i s s e n ' s  w o r k  is r e v i e w e d  first ,  fol-  
l o w e d  b y  a n  e x t e n s i v e  d e v e l o p m e n t  a n d  a n a l y s i s  of  
M e n s c h i g ' s  w o r k  w h i c h  i n c l u d e s  e x a m p l e s  of  h i s  ca l cu -  
l a t i o n s .  N e x t ,  t he  d i r e c t  a p p l i c a t i o n  to  p r e s e n t  m e m -  
b r a n e  cel ls  is p r e s e n t e d  a n d  c o n c l u s i o n s  d r a w n .  

J6rissen's W o r k  
As m e n t i o n e d  p r e v i o u s l y ,  J 6 r i s s e n  was  i n t e r e s t e d  pri-  

m a r i l y  in  d e v e l o p i n g  e m p i r i c a l  r e l a t i o n s  to  d e s c r i b e  a 
gap  m e m b r a n e  c h l o r - a l k a l i  e l e c t r o l y s i s  ce l l  in  o r d e r  to  
c o n s t r u c t  a m a t e r i a l  b a l a n c e  p r o g r a m  w h i c h  d e s c r i b e s  
t h e  p e r f o r m a n c e  of  a c a s c a d e  of  gap  ce l l s  in  v a r i o u s  con-  
n e c t i o n s ,  s u c h  as c o n c u r r e n t  or  c o u n t e r c u r r e n t  f lows of  
a n o l y t e  a n d  c a t h o l y t e  (2). He  d e r i v e d  spec i f i ca l ly  e m p i r -  
i ca l  r e l a t i o n s  f r o m  e x p e r i m e n t a l  d a t a  to  d e s c r i b e  t h e  
c h l o r i n e  a n d  c a u s t i c  c u r r e n t  e f f ic ienc ies ,  b y - p r o d u c t  for- 
m a t i o n  ( t he  a c c u m u l a t i o n  of  w h i c h  is a p r o b l e m  of  t h e  

(7) (8) ~ (9) ~ (7) 

ANODE NEMBRANE CATHODE 

Fig. 4. Construction of J6rissen's experimental cell [from Ref. (2)] 

(t) CI2 + 02 
(2) H2 
(3) depleted brine 
(4) caustic soda 
(5) luggin capillary 
(6) inner diameter 52 mm 
(7) heating fluid 
(8) anolyte makeup 
(9) catholyte makeup 

c a s c a d e  a r r a n g e m e n t  of  cel ls) ,  w a t e r  t r a n s p o r t  t h r o u g h  
t h e  m e m b r a n e ,  a n d  t he  cell  po t en t i a l .  

Development . - - In  J 6 r i s s e n ' s  e x p e r i m e n t a l  w o r k ,  h e  
u s e d  a N a t i o n  TM 355 ~ m e m b r a n e ,  w h i c h  is a b i l a y e r  
p e r f l u o r o s u l f o n i c  ac id  m e m b r a n e  w i t h  t h e  f o l l o w i n g  
c o n s t r u c t i o n :  1,5 ra i l  (= 0.04 ram)  1500 e q u i v a l e n t  w e i g h t  
l a y e r  ( c a t h o d e  s ide) ,  4.0 rai l  (= 0.1 r am)  1100 e q u i v a l e n t  
w e i g h t  l ayer ,  a n d  T-25: T e f l o n  TM s c r i m  w i t h  70% f ree  
m e m b r a n e  sur face .  

All  of  h i s  e x p e r i m e n t s  w e r e  c a r r i e d  o u t  a t  s t e a d y - s t a t e  
c o n d i t i o n s ,  a l l o w i n g  a m i n i m u m  of 4h  to r e a c h  t h a t  con-  
d i t i o n  a n d  t h e n  d a t a  w e r e  c o l l e c t e d  o v e r  a n o t h e r  4h  pe-  
r iod.  F i g u r e  4 s h o w s  a d i a g r a m  of  h i s  e x p e r i m e n t a l  appa -  
r a t u s .  T h e  i n n e r  d i a m e t e r  of  t h e  ce l l  was  52 r am,  t h e  
l e n g t h  of e a c h  ha l f -ce l l  was  40 m m  (i.e., an  e l e c t r o d e  to 
e l e c t r o d e  gap  of  80 ram),  t h e  m e m b r a n e  s u r f a c e  a rea  was  
21.2 c m  2, a n d  t h e  cel l  v o l u m e  i n c l u d i n g  t h e  ove r f low con-  
n e c t i o n s  w e r e  90 m l  for  e a c h  c h a m b e r  (2). T h e  a n o d e  was  
a t i t a n i u m  p l a t e  c o a t e d  w i t h  m i x e d  r u t h e n i u m  o x i d e  a n d  
t h e  c a t h o d e  was  a p la t e  of  V4A steel .  E a c h  ha l f -ce l l  was  
m i x e d  u s i n g  a m a g n e t i c  s t i r re r .  T h e  cel l  was  o p e r a t e d  a t  
3000 A / m  ~ a n d  80~ A n o d e ,  c a t h o d e ,  a n d  m e m b r a n e  po- 
t e n t i a l s  w e r e  m e a s u r e d  u s i n g  m o v a b l e  L u g g i n  cap i l l a -  
r ies .  T h e  d e l i b e r a t e l y  l a r g e  i n t e r e l e c t r o d e  d i s t a n c e  al- 
l o w e d  t h e  s e p a r a t i o n  of  t h e  ce l l  p o t e n h a l  i n t o  i t s  
i n d i v i d u a l  c o m p o n e n t s  (2). 

I n  h i s  a n a l y s i s ,  J b r i s s e n  u s e d  a f a c t o r i a l  e x p e r i m e n t  
d e s i g n  to  o b t a i n  t h e  i n f o r m a t i o n  n e e d e d  to f o r m u l a t e  
e m P i r i c a l  m o d e l s  to  d e s c r i b e  cel l  b e h a v i o r  b a s e d  on  t he  
a s s u m p t i o n  t h a t  e a c h  ha l f - ce l l  was  we l l  m i x e d .  T h i s  as- 
s u m p t i o n  m e a n s  t h a t  t h e r e  is n o  e f f e c t i v e  b o u n d a r y  l aye r  
o n  t h e  m e m b r a n e  su r f ace  a n d  t h e r e f o r e  t h e  e m p i r i c a l  re- 
l a t i o n s  d e s c r i b i n g  t h e  m e m b r a n e  c a n  b e  b a s e d  o n  t h e  
b u l k  c o n c e n t r a t i o n s  of  t he  c h e m i c a l  spec ies .  He u s e d  re- 
g r e s s i o n  a n a l y s i s  to  d e t e r m i n e  w h i c h  e f f e c t s  w e r e  sig- 
n i f i c a n t ,  w h i l e  i g n o r i n g  i n t e r a c t i o n s  a m o n g  m o r e  t h a n  
two  p a r a m e t e r s .  S t a t i s t i c a l  m e t h o d s  w e r e  u s e d  to de t e r -  
m i n e  t h e ~ 3 e s t  m o d e l s ,  r e t a i n i n g  o n l y  t h e  e f f e c t s  of  t h e  
h i g h e s t  s ign i f i cance .  Seve ra l  of  t h e  m o d e l  e q u a t i o n s  pro-  
d u c e d  d id  n o t  h a v e  a t h e o r e t i c a l  b a s i s  for  t h e  r e l a t i o n -  
s h i p  o b t a i n e d  b y  t h e  s t a t i s t i c a l  e v a l u a t i o n  (2) (i.e., a 
s t a n d a r d  form,  s u c h  as a l i n e a r  or  q u a d r a t i c  m o d e l ,  was  
u s e d  r a t h e r  t h a n  a c o m p l e x  r e l a t i o n s h i p  d e r i v e d  f r o m  
theory ) .  

T h e  d e r i v e d  e x p r e s s i o n  for  t h e  t r a n s p o r t  of  O H -  f r o m  
t h e  c a t h o l y t e  t h r o u g h  t h e  m e m b r a n e  to t h e  a n o l y t e  ( typi-  
ca l ly  ca l l ed  b a c k - m i g r a t i n g  OH-)  is [p. 55 of  Ref.  (2)] 

Nh:o~- = 5.42 + 4 . 4 4 C C : N a O H  - -  0.125c2c:Nao. 

(0 < cc:~o.  < 181 [1] 

w h e r e  Nh:oH- = O H -  f lux t h r o u g h  t h e  m e m b r a n e  
( m o l / h - m  2) a n d  cr:N,.. = b u l k  N a O H  c o n c e n t r a t i o n  in t h e  
c a t h o l y t e  ( co l / l ) .  2 N o t e  Eq.  [1] a p p l i e s  on ly  to N a t i o n  355 
at 3000 Alto z and 80~ Anolyte by-product models in- 
clude such things as the formation of active chlorine (as 
hypochlorite) given as [p. 65, 66 of Ref. (2)] 

cA:~,,.t r12 = 0.00705 + 0 . 0 0 4 0 7 C A . , , ~  . §  - -  0.000449CA:T 

(for cA:~.• ,+ >-- 0) [2] 

~Nafion and Teflon are trademarks orE. I. du Pont  de Nemours 
and Company, Incorporated. 

~J6rissen's, and later Menschig's, symbols have been changed 
to a single consistent set for clarity. 
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Ca:act C~ = --Ca:~x ~+ + (0.00705 -- 0.000449CA:T) 

e x p  (30.3ca:~ ~+) (for Ca:~ ,+ < 0) [33 

w h e r e  CA:at t C12 = a c t i v e  c h l o r i n e  c o n c e n t r a t i o n  in  a n o l y t e  
(mol/1), CA:~x H+ = H + ion  e x c e s s  in  a n o l y t e  (tool/l) (OH-  ion  
e x c e s s  is e x p r e s s e d  as  a n e g a t i v e  v a l u e  o f  c,:~.~ ,+), a n d  
CA:T = t o t a l  c o n c e n t r a t i o n  of  d i s s o l v e d  m a t e r i a l  in  a n o l y t e  
(tool/1 NaC1 + NaC103 + HC1 + HOC1 + C12(aq)) (ca lcu-  
l a t e d  f r o m  t h e  s u m  of  a n a l y z e d  v a l u e s  for  NaC1 + NaC103 
+ HC1 + N a O H  + C12(aq)). A d d i t i o n a l  e m p i r i c a l  r e l a t i o n s  
a r e  g i v e n  fo r  o x y g e n  a n d  c h l o r a t e  ( C 1 0 3 )  f o r m a t i o n  un-  
d e r  ac id ic  or  a l k a l i n e  c o n d i t i o n s  of  t h e  ano ly te .  

J b r i s s e n  also g ives  r e l a t i o n s  t h a t  tit  t h e  w a t e r  t r a n s p o r t  
t h r o u g h  a n d  t h e  p o t e n t i a l  d r o p  a c r o s s  t h e  m e m b r a n e .  
H i s  s t a t i s t i c a l  a n a l y s i s  s h o w e d  t h a t  t h e  w a t e r  t r a n s p o r t  
w a s  a f f e c t e d  s i g n i f i c a n t l y  b y  o n l y  t h e  Na  + i on  t r a n s p o r t  
a c r o s s  t h e  m e m b r a n e  a n d  t he  d i s s o l v e d  s pec i e s  c o n c e n -  
t r a t i o n  in  t h e  ano ly t e ,  g i v i n g  t he  e q u a t i o n s  [p. 91 of  Ref.  
(2)] 

N n e t  n2o = N,vn2o - N~:o,- [4] 

N,~ln2o ~ h - NMN~+ [5] 

h = 9.47 - 0.826ca:e~ .+ - 0.0222N~,.~+ [6] 

w h e r e  Nne t H20 = n e t  w a t e r  t r a n s p o r t  (mol  H 2 0 / h - m  ~) (ne t  
q u a n t i t y  of  w a t e r  m o v i n g  f r o m  a n o d e  to c a t h o d e  c h a m -  
ber ) ,  N.~fH2o = w a t e r  t r a n s p o r t  t h r o u g h  t h e  m e m b r a n e  
(mo l  H 2 0 / h - m  2) ( n e t  w a t e r  t r a n s p o r t  + w a t e r  for  b a c k -  
m i g r a t i n g  O H -  ions ) ,  h = a v e r a g e  h y d r a t i o n  n u m b e r  for  
N a  + i ons  d u r i n g  m i g r a t i o n  f r o m  a n o d e  to c a t h o d e  c h a m -  
b e r  (mo l  H~O/mol  Na§ a n d  N~m~+ = Na  § i on  t r a n s p o r t  
t h r o u g h  t h e  m e m b r a n e  (tool  Na+/h-m2). J b r i s s e n  h y p o t h -  
es izes  t h a t  t h e  b e h a v i o r  w h i c h  p r o d u c e s  Eq.  [4]-[6] ind i -  
c a t e s  t h a t  m e m b r a n e  p r o p e r t i e s  do  no t  i n f l u e n c e  t h e  n e t  
w a t e r  t r a n s p o r t  w h e n  t h e  m a x i m u m  w a t e r  t r a n s p o r t  ha s  
n o t  b e e n  a t t a i n e d .  T h a t  is, w h e n  t h e  c o n c e n t r a t i o n  o f  Na* 
ion  in  t h e  a n o l y t e  is h igh ,  c o m p l e t e  h y d r a t i o n  she l l s  can-  
n o t  b e  f o r m e d ,  r e d u c i n g  t h e  a v e r a g e  h y d r a t i o n  n u m b e r ,  
a n d  t h e r e f o r e  t h e  w a t e r  t r a n s p o r t  a c r o s s  t h e  m e m b r a n e  
is b e l o w  i ts  m a x i m u m  (2). His  e q u a t i o n  for  t h e  m e m -  
b r a n e  p o t e n t i a l  d r o p  is [p. 115 of  Ref.  (2)] 

AUM~,C, = 0.0668 + 0.02555 �9 C(.:NaO H " CA: T [7] 

w h e r e  AUMocD = p o t e n t i a l  d r o p  in a n d  o n  t h e  m e m b r a n e  
u n d e r  u n i f o r m  c u r r e n t  d e n s i t y  (V). He  also d e v e l o p e d  ex-  
p r e s s i o n s  for  t h e  e l e c t r o d e  o v e r p o t e n t i a l ,  e q u i l i b r i u m  
p o t e n t i a l ,  a n d  IR  d r o p  in e a c h  e l e c t r o l y t e  layer .  

Present application.--The r e m a i n d e r  of  J 6 r i s s e n ' s  
w o r k  d e a l s  w i t h  h i s  m o d e l  of  s y s t e m s  of  c a s c a d e  ce l l s  
w i t h  v a r i o u s  f low c o n f i g u r a t i o n s  u s i n g  t h e  p r e v i o u s l y  
m e n t i o n e d  e m p i r i c a l  r e l a t i o n s .  He  h y p o t h e s i z e s  t h a t ,  in  
t h e i r  q u a l i t a t i v e  fo rm,  h is  e m p i r i c a l  r e l a t i o n s  a re  n o t  de-  
pendent on the type of membrane or cell construction 
(2). If this were true, then the forms of his equations 
could be applied to available data for zero gap (ZG), at- 
tached porous electrode layer (APEL, i.e., both elec- 
trodes are porous layers which are physically attached to 
the membrane), and combination (ZGA/PCL or PAL/ 
ZGC) cells using standard statistical methods of regres- 
sion. The greatest problem with this approach is that 
J6rissen used bulk concentrations instead of concentra- 
tions a t  t h e  m e m b r a n e  s u r f a c e s ,  w h i c h  w o u l d  b e  ex-  
p e c t e d  to  b e  s i g n i f i c a n t l y  d i f f e r e n t  f r o m  t h e i r  b u l k  
v a l u e s .  T h e  u s e  o f  t h i s  a p p r o a c h  is d i s c u s s e d  f u r t h e r  in  
c o n j u n c t i o n  w i t h  M e n s c h i g ' s  w o r k  (3). 

Menschig's Work 
M e n s c h i g  is a p p a r e n t l y  t h e  f i r s t  r e s e a r c h e r  to  r e p o r t  

w o r k  o n  Z G  a n d  A P E L  ce l l s  in  t h e  o p e n  l i t e r a t u r e  (3). 
M e n s c h i g ' s  o b j e c t i v e  was  to d e t e r m i n e  i f  t h e r e  e x i s t s  a n y  
s i g n i f i c a n t  d i f f e r e n c e s  in  ce l l  b e h a v i o r  b e t w e e n  t h e  t w o  
c o n f i g u r a t i o n s  b y  p e r f o r m i n g  e x p e r i m e n t s  o n  a l a b o r a -  
t o r y  sca le  cel l  a n d  a n a l y z i n g  t he  r e s u l t s  u s i n g  e m p i r i c a l  
m o d e l s ,  b o t h  h i s  a n d  t h o s e  of  J 6 r i s s e n .  To m e e t  h i s  ob-  
j e c t i ve ,  M e n s c h i g  c h a r a c t e r i z e d  t h e  cel ls  in  t e r m s  of  cur-  

Residual Gas m ~ ~ ~ Mydrogen 

~-~-- c>-s-- ~-- c~z-- 5z-- 
Fig. 5. Construction of Menschig's experimental apparatus [from Ref. 

(3)]. 

r e n t  d e n s i t y  d i s t r i b u t i o n s ,  cel l  p o t e n t i a l ,  c aus t i c  c u r r e n t  
e f f i c i ency ,  s p e c i e s  c o n c e n t r a t i o n s  at  t h e  s u r f a c e s  of  t h e  
m e m b r a n e ,  o v e r p o t e n t i a l s  for  t h e  Z G  cell, a n d  e l e c t r o d e  
e q u i l i b r i u m  p o t e n t i a l s  b a s e d  on  t h e  s p e c i e s  c o n c e n t r a -  
t i o n s  at  t h e  m e m b r a n e  s u r f a c e s .  U l t i m a t e l y ,  M e n s c h i g  
w a n t e d  to d e v e l o p  s e l e c t i o n  c r i t e r i a  for  a p rac t i ca l ,  opt i -  
m i z e d  ch lo r - a lka l i  e lec t ro lyzer .  

D e v e l o p m e n t  
F i g u r e  5 s h o w s  t h e  c o n s t r u c t i o n  of  M e n s c h i g ' s  expe r i -  

m e n t a l  a p p a r a t u s .  T h e  m e m b r a n e  u s e d  w a s  N a t i o n  390, 
w h i c h  is s i m i l a r  to  t h e  m e m b r a n e  u s e d  b y  J 6 r i s s e n ,  hav-  
i ng  t h e  s a m e  l aye r s ,  b u t  a d i f f e r e n t  c o n s t r u c t i o n  of  t h e  
scrim (total thickness was 0.33 ram, determined by mi- 
crometer). Two different mesh sizes were used for the 
ZG and APEL cells. For the APEL cells, the correspond- 
ing ZG cell meshes were used as intermediate current 
distributors by being pressed against the porous elec- 
trode l aye r s  a t t a c h e d  to t h e  m e m b r a n e .  All  m e s h e s  w e r e  
m a d e  of  a p l a t i n u m - 1 0 %  i r i d i u m  alloy.  M e s h  I h a d  a w i r e  
d i a m e t e r  of  0.12 m m  a n d  225 o p e n i n g s / c m  2 ( o p e n  w i d t h  
b e t w e e n  wires :  0.55 ram),  w h i l e  M e s h  II  h a d  a wi re  d i a m -  
e t e r  of  0.25 m m  a n d  100 o p e n i n g s / c m  2 ( o p e n  w i d t h  be-  
t w e e n  wi re s :  0.75 ram) .  T h e  t w o  m e s h  t y p e s  u s e d  a re  
s h o w n  in Fig. 6. B o t h  cel l  c o n f i g u r a t i o n s  u s e d  m a c h i n e d  
m e t a l  b a c k i n g  p l a t e s  (3 m m  t h i c k ,  70% o p e n )  as c u r r e n t  
c o l l e c t o r s  w h i c h  w e r e  c o n n e c t e d  to t h e  t e r m i n a l  l eads .  
T h e  p o r o u s  e l e c t r o d e  l a y e r s  for  t h e  A P E L  ce l l s  w e r e  

Netz I 
Netz II 

Vol. 134, No. 9 CHLOR-ALKALI CELLS 567C 

Ptatin ~'i-- I Plotin 

Fig. 6. Types and construction of meshes used in Menschig's work 
(from Ref. (3), where Netz = mesh and Platin = platinum). 
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f o r m e d  b y  e l e c t r o p l a t i n g  p l a t i n u m  o n t o  t h e  m e m b r a n e  
s u r f a c e  (6) a n d  w e r e  a s s u m e d  to h a v e  an  e f f ec t ive  s u r f ace  
a rea  of  100 cm2/cm 2 of  m e m b r a n e  s u r f ace  (3, 6). (Note  t h e  
a c t u a l  su r f ace  a rea  of  t he  p o r o u s  e l e c t r o d e  l aye r  was  n o t  
m e a s u r e d . )  

T h e  cel ls  w e r e  o p e r a t e d  at  s t e a d y  s t a t e  w i t h  t h e  fol low- 
ing  e x p e r i m e n t a l  c o n d i t i o n s  b e i n g  m a i n t a i n e d :  cel l  t e m -  
p e r a t u r e ,  80~ super f i c i a l  c u r r e n t  d e n s i t y .  6500 A/m~; an- 
o ly te  NaCI  c o n c e n t r a t i o n ,  17.5 w e i g h t  p e r c e n t  (w/o) (3.28 
tool/l);  OH-  e x c e s s  :~ in  a n o d e  c h a m b e r ,  0.375 (w/o); 
c a t h o l y t e  N a O H  c o n c e n t r a t i o n ,  20.0 w/o (5.92 tool/ l) ;  an-  
o d e  p r e s s u r e  a g a i n s t  t h e  m e m b r a n e ,  0.69 bar .  T h e  i n l e t  
b r i n e  f eed  w a s  a s a t u r a t e d  sa l t  s o l u t i o n  w i t h  c o n c e n t r a -  
t i o n s  of  Ca 2+ a n d  Mg 2+ r e d u c e d  b e l o w  0.5 p p m .  I n  o r d e r  
to  m a i n t a i n  t h e  O H -  c o n c e n t r a t i o n  in  t h e  a n o l y t e  a t  a 
c o n s t a n t  v a l u e ,  20 w/o HC1 w as  a d d e d  b y  a s e p a r a t e  
s t r e a m  a t  t h e  r a t e  o f  40.57 a n d  24.41 tool/h-re'- '  for  t h e  
A P E L  a n d  Z G  c o n f i g u r a t i o n s ,  r e s p e c t i v e l y .  M e a s u r e -  
m e n t s  w e r e  t a k e n  c o n t i n u o u s l y  o v e r  a 3h  p e r i o d  a f t e r  
s t e a d y  s t a t e  h a d  b e e n  r e a c h e d .  

T h r e e  c o m p u t e r  p r o g r a m s  w e r e  u s e d  to ana l yze  t h e  ex-  
p e r i m e n t a l  d a t a  in  o r d e r  to  o b t a i n  v a l u e s  for  t h e  
c h a r a c t e r i z i n g  p a r a m e t e r s  m e n t i o n e d  a b o v e .  T h e  f i rs t  
p r o g r a m  (6MODZ a n d  i ts  s u b p r o g r a m s )  is u s e d  to ca lcu-  
l a te  t h e  c u r r e n t  d e n s i t y  d i s t r i b u t i o n  ove r  t h e  m e m b r a n e  
a t t a c h e d  to a p o r o u s  c a t a l y t i c  e l e c t r o d e  layer .  T h e  sec- 
o n d  p r o g r a m  ( M E - N E T Z P )  can  b e  u s e d  to c a l c u l a t e  a cor-  
r e c t i o n  f a c t o r  ( w h a t  is c a l l e d  fMzj in  t h i s  p a p e r )  for  
d e t e r m i n i n g  t h e  p o t e n t i a l  d r o p  ac ros s  t h e  m e m b r a n e  of  a 
Z G  cel l  u s i n g  m e s h  t y p e  j as c o m p a r e d  to t h e  v a l u e  ob-  
t a i n e d  for  t h e  case  of  u n i f o r m  c u r r e n t  d e n s i t y  d i s t r i b u -  
t i o n  a c r o s s  t h e  m e m b r a n e .  T h e  t h i r d  p r o g r a m  (ME- 
M O D V )  can  be  u s e d  to c a l c u l a t e  t he  s pec i e s  c o n c e n -  
t r a t i o n s  on  t h e  m e m b r a n e  s u r f a c e s  a n d  t h e  o v e r p o t e n -  
r ia ls  a n d  e q u i l i b r i u m  e l e c t r o d e  p o t e n t i a l s  b a s e d  o n  t h e s e  
c o n c e n t r a t i o n s  u s i n g  a n  i t e r a t i ve  m e t h o d  a n d  t h e  expe r i -  
m e n t a l  m e a s u r e m e n t s  of  to t a l  cel l  po t en t i a l ,  c aus t i c  cur-  
r e n t  e f f ic iency,  a n d  o u t l e t  s t r e a m  c o n c e n t r a t i o n s .  

M e n s c h i g  a l so  d e t e r m i n e d  e q u i v a l e n t  b o u n d a r y  l a y e r  
t h i c k n e s s e s  to  r e p r e s e n t  t h e  p o r o u s  e l e c t r o d e  l aye r s  a n d  
t h e  m e s h  e l e c t r o d e s ,  p r o d u c i n g  t w o  b o u n d a r y  l aye r s  for  
t h e  Z G  cel l  ( one  o n  e a c h  s ide  of  t h e  m e m b r a n e )  a n d  four  
for  t h e  A P E L  cel l  ( see  Fig.  7). He  a s s u m e d  t h a t  t h e  
b o u n d a r y  l a y e r  r e p r e s e n t i n g  t h e  m e s h  a g a i n s t  t h e  po-  
r o u s  l aye r  of  t h e  A P E L  cel l  w o u l d  be  t h e  s a m e  t h i c k n e s s  
as t h a t  for  t h e  s a m e  m e s h  t y p e  in  t h e  Z G  cel l  con f igu ra -  
t ion .  T h e  de t a i l s  of  h o w  h e  d e r i v e d  t h e s e  b o u n d a r y  l aye r  
t h i c k n e s s e s  a re  g i v e n  u n d e r  t h e  d e s c r i p t i o n  of  p r o g r a m  
M E - M O D V  be low.  

M e n s c h i g ' s  Programs 4 
Current density~potential distribution for an APEL  

ce l l . lTo  d e t e r m i n e  t h e  d e g r e e  of  t h e  n o n u n i f o r m  p o t e n -  
t ia l  a n d  c u r r e n t  d i s t r i b u t i o n s  o v e r  t h e  m e m b r a n e  s u r f a c e  
in  Z G  a n d  A P E L  cel l  c o n f i g u r a t i o n s ,  M e n s c h i g  f irst  for- 
m u l a t e d  a m a t h e m a t i c a l  m o d e l  to c a l c u l a t e  t he  p o t e n t i a l  
a n d  c u r r e n t  d i s t r i b u t i o n s  o v e r  a m e m b r a n e  u s i n g  an  
e q u i v a l e n t  r e s i s t a n c e  n e t w o r k  to s i m u l a t e  t h e  r e s i s t -  
a n c e s  of  t h e  m e s h  wi re s ,  p o r o u s  e l e c t r o d e  l aye r ,  a n d  
m e m b r a n e  (see Fig. 8). He f o u n d  m a n y  d i f f i cu l t i e s  in  t ry-  
i n g  to s o l v e  t h e  t h r e e - d i m e n s i o n a l  p r o b l e m  for  t h e  Z G  
c o n f i g u r a t i o n  a n d  u l t i m a t e l y  u s e d  a d i f f e r e n t  two-  
d i m e n s i o n a l  a p p r o a c h  (3, 6). T h e r e f o r e ,  p r o g r a m  6 M O D Z  
a p p l i e s  on ly  to t h e  A P E L  c o n f i g u r a t i o n .  T h e  o r ig ina l  pro-  
g r a m  was  w r i t t e n  u s i n g  a f o r m  of  B A S I C  u s e d  b y  t h e  
H e w l e t t  P a c k a r d  2000 c o m p u t e r .  T h e  p r o g r a m  h a s  n o w  
b e e n  r e w r i t t e n  in  F O R T R A N  77 for  g r e a t e r  p o r t a b i l i t y .  
T h e  i n p u t  d a t a  c o n s i s t s  of  m e m b r a n e  c o n d u c t i v i t y  d a t a  
at  t h e  o u t l e t  s t r e a m  c o n d i t i o n s ,  c o n d u c t i v i t y  d a t a  for  t h e  
c a t a l y z e d  p o r o u s  e l e c t r o d e  l aye r s ,  w i r e  c o n d u c t i v i t y  
da ta ,  w i r e  d i a m e t e r ,  o p e n  w i d t h  b e t w e e n  wi r e s  in  m e s h ,  
a n d  a p p l i e d  m e a n  c u r r e n t  d e n s i t y  (i.e., c u r r e n t  d e n s i t y  
b a s e d  o n  t h e  s u p e r f i c i a l  m e m b r a n e  s u r f a c e  area) .  
M e n s c h i g  u s e d  a spec i f ic  r e s i s t a n c e  for  p l a t i n u m  at  80~ 
of  1.18 �9 10 ' f~-m a n d  a n  a s s u m e d  v a l u e  of  20 fl/cm'-' fo r  
h i s  p o r o u s  p l a t i n u m  laye r  (3). 

�9 ~Nomenclature used by Menschig (3). 
4The computer  codes do not appear in Ref. (3), but  are available 

from the authors of this paper. 

Anode  lhode 

 ocl 

Cata I yst 

Fig. 7. Model of the diffusion layers on an APEL cell membrane [from 
Ref, (3)]. 

T h e  p r o g r a m  p r o d u c e s  t h e  p o t e n t i a l  a n d  c u r r e n t  on  t h e  
m e m b r a n e  s u r f a c e  a t  e a c h  n o d e  p o i n t  in  a xy m a t h e m a t -  
ical  g r id  p l a n e  (para l le l  to  t h e  m e m b r a n e )  w h i c h  is s u p e r -  
i m p o s e d  o n  o n e  m e s h  s q u a r e  (i.e., t h a t  s q u a r e  p r o d u c e d  
b y  four  wires)  (see Fig. 9). Th i s  is a c c o m p l i s h e d  b y  u s i n g  
O h m ' s  l aw  a n d  K i r c h h o f f ' s  law,  w i t h  a n  i t e r a t i v e  p r o c e -  
d u r e ,  w h i l e  s a t i s f y i n g  t h e  d e f i n e d  m e a n  c u r r e n t  d e n s i t y  
a n d  t h e  a s s u m p t i o n  of  u n i f o r m  p o t e n t i a l  d i s t r i b u t i o n  
a c r o s s  t h e  w i r e  m e s h  a n d  b a c k  s ide  o f  t h e  p o r o u s  e lec-  
t r o d e  layer .  T h e  m a t h e m a t i c a l  g r id  in  t h e  B A S I C  v e r s i o n  
is l i m i t e d  to five s e c t i o n s  (s~x n o d e s )  a l o n g  one  s ide  of  t h e  
m e s h  s q u a r e  for  a t o t a l  of  36 n o d e s .  T h e  F O R T R A N  ver-  
s i on  c a n  u s e  u p  to n i n e  s e c t i o n s  (100 nodes ) ,  g iv ing  f a s t e r  
c o n v e r g e n c e  a n d  i n c r e a s e d  a c c u r a c y .  A n  e x a m p l e  of  t h e  
i n p u t  a n d  r e s u l t s  f r o m  t h e  F O R T R A N  v e r s i o n  of  t he  pro-  
g r a m  is g i v e n  in  T a b l e  I. 

M e n s c h i g  c o n c l u d e d  f r o m  h i s  c a l c u l a t i o n s  t h a t  for  
o p e n  w i r e  m e s h  w i d t h s  (i.e., o p e n  d i s t a n c e  b e t w e e n  two  
pa ra l l e l  w i r e s  in  t h e  m e s h )  of  3 m m  or less,  t h e  p o t e n t i a l  
a n d  c u r r e n t  d e n s i t y  d i s t r i b u t i o n  a c r o s s  t h e  A P E L  cel l  
m e m b r a n e  is e s s e n t i a l l y  u n i f o r m .  S i n c e  a l l  h i s  e x p e r i -  

i~embran J I 

• 
I 

i I 

Fig. 8. Equivalent circuit diagram of an APEL cell [from Ref. (3)] 
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i,,Lj �9 i n  (K0) 
zXUMzj - [8] 

2~rK 

w h e r e  hUMz, p o t e n t i a l  d r o p  a c r o s s  a Z G  m e m b r a n e  f o r  
a m e s h  o f  c o n f i g u r a t i o n  j (V), im = m e a n  c u r r e n t  d e n s i t y  
(A/m2) ,  L~ = m e s h  w i d t h  ( c e n t e r  t o  c e n t e r  d i s t a n c e  b e -  
t w e e n  t w o  p a r a l l e l  w i r e s )  (m) ,  i n  (K0) = g e o m e t r i c  f a c t o r  
c a l c u l a t e d  b y  p r o g r a m  M E - N E T Z P ,  a n d  K = s p e c i f i c  
m e m b r a n e  c o n d u c t i v i t y  ( 1 / t L m ) .  W h e n  M e n s c h ~ g  as -  
s u m e d  a u n i f o r m  p o t e n t i a l  d i s t r i b u t i o n  a c r o s s  t h e  m e m -  
b r a n e ,  h e  u s e d  O h m ' s  l a w  to  o b t a i n  h i s  Eq .  [ G l . 1 5 ]  [p. 50 
o f  Re f .  (3)], w h i c h  is  

Dim 
aUM,cD [9] 

K 

w h e r e  b is  t h e  m e m b r a n e  t h i c k n e s s  (m) .  T h e  t w o  m e m -  
b r a n e  p o t e n t i a l s  g i v e n  a b o v e  a r e  u s e d  to  d e f i n e  a c o r r e c -  
t i o n  f a c t o r  fo r  r e l a t i n g  t h e  t w o  (3) 

AUMucO = fMzjAUMzj [10] 

R e a r r a n g i n g  Eq .  [8]-[10] g i v e s  

Fig. 9. Division of a mesh square of an APEL cell into a network of 
node points [from Ref. (3)]. 

m e n t a l  A P E L  c e l l s  u s e d  m e s h e s  f i n e r  t h a n  t h i s ,  h e  a s -  
s u m e d  t h a t  t h e  p o t e n t i a l  a n d  c u r r e n t  d e n s i t y  d i s t r i b u -  
t i o n s  a c r o s s  t h e  m e m b r a n e  o f  h i s  A P E L  c e l l s  w e r e  
u n i f o r m ,  w i t h  c u r r e n t  p a t h s  t r a v e l i n g  s t r a i g h t  t h r o u g h  
t h e  m e m b r a n e .  

Potential  correction factor  for  ZG cell .--Since 
M e n s c h i g  c o u l d  n o t  s o l v e  t h e  t h r e e - d i m e n s i o n a l  r e p r e -  
s e n t a t i o n  o f  t h e  Z G  c e l l  c o n f i g u r a t i o n ,  h e  d e v e l o p e d  a 
t w o - d i m e n s i o n a l  m o d e l  o f  p a r a l l e l  w i r e s  o n  o p p o s i t e  
s i d e s  o f  t h e  m e m b r a n e  (i.e., h e  i g n o r e d  t h e  " c r o s s "  w i r e s  
i n  t h e  m e s h  o n  e i t h e r  s i d e  o f  t h e  m e m b r a n e ) .  H e  t h e n  for -  
m u l a t e d  a n  e q u a t i o n  t o  d e s c r i b e  t h e  p o t e n t i a l  d r o p  b e -  
t w e e n  t w o  f a c i n g  w i r e s  a n d  e x t e n d e d  t h i s  to  i n c l u d e  t h e  
i n t e r a c t i o n  o f  a d j a c e n t  w i r e s  o n  b o t h  s i d e s  o f  t h e  m e m -  
b r a n e .  T h i s  r e s u l t s  i n  a n  a n a l y t i c a l  s o l u t i o n  fo r  t h e  p o t e n -  
t i a l  d r o p  a c r o s s  t h e  m e m b r a n e  f o r  a Z G  c o n f i g u r a t i o n ,  
w h i c h  is  [p. 73 o f  Re f ,  (3)] 

Table I. Example of the current density/ 
potential distribution for on APEL cell 

Inpu t  for Mesh type I: 
0.55 Mesh I: open m e s h  width [mm] 
0.12 wire d iameter  [mm] 
5 Divisions along one side of subgr id  (max 9) 
6500.0 Nominal  current  densi ty  [A/m s] 

Selected program output:  

Driving voltage 
Node iV] 

Current  t h rough  
the m e m b r a n e  

{AI 

l 0.6f104729E + 00 0.4044862E - 04 
2 9.6804729E + 00 0.4044862E - 04 
3 0.6804729E + 00 0.4044862E - 04 
4 0.6804729E + 00 0A044862E - 04 
5 0.6804730E + 00 0.4044863E - 04 
6 0.6804730E + 00 0.4044863E - 04 

13 0.6804724E + 00 0.4044860E - 04 
14 0.6804724E + 00 0.4044859E - 04 
15 0.6804723E + 00 0.4044859E - 04 
16 0.6804722E + 00 0.4044858E - 04 
17 0.6804723E + 00 0.4044859E - 04 
18 0.6804724E + 00 0.4044860E - 04 
19 0.6804721E + 00 0.4044858E 04 
20 0.6804720E + 00 0.4044857E - 04 
21 0.6804718E + 00 0.4044856E - 04 
22 0.6804718E + 00 0.4044856E - 04 
23 0.6804719E + 00 0.4044857E - 04 
24 0.6804720E + 00 0.4044857E 04 

M e m b r a n e  area of m e s h  square  [rnm~]: 0.4356000E + 00 
Area per  node  square  [mm*]: 0.1210000E - 0] 
Membrane  resis tance per node square  [~1]: 0.1682314E + 05 
Total cur ren t  th rough  m e m b r a n e  [A]: 0.1456148E - 02 
Total current  densi ty  on m e m b r a n e  [A/M2]: 3343. 

2wb 
fMZj -- [11] 

Lj �9 In  (K0) 

w h i c h  s h o w s  t h a t  t h e  factorfMz~ c a n  b e  c a l c u l a t e d  p r i m a r -  
i ly  f r o m  p h y s i c a l  d i m e n s i o n s  a n d  g e o m e t r i c  f a c t o r s .  

I n  o r d e r  to  o b t a i n  t h e  v a l u e  o f  in  (K0) f r o m  t h e  p r o g r a m  
M E - N E T Z P ,  t h e  f o l l o w i n g  i n f o r m a t i o n  is  r e q u i r e d :  
m e m b r a n e  thickness, w i r e  c o n d u c t i v i t y ,  w i r e  d i a m e t e r ,  
m e s h  w i d t h  (Lj), r e l a t i v e  p o s i t i o n  o f  w i r e s  o n  o p p o s i t e  
s i d e s  o f  m e m b r a n e ,  e i t h e r  c e n t e r - t o - c e n t e r  O r o f f s e t ,  a n d  
n u m b e r  o f  p a r a l l e l  w i r e s  a c r o s s  t h e  e n t i r e  e l e c t r o d e  f ace .  
T h e  p r o g r a m  is  w r i t t e n  i n  I B M  P C  c o m p a t i b l e  B A S I C  
a n d  a n  e x a m p l e  o f  t h e  p r o m p t e d  p r o g r a m  i n p u t  a n d  re -  
s u l t  is  g i v e n  i n  T a b l e  II. T h e  n u m b e r  o f  w i r e s  a c r o s s  t h e  
e l e c t r o d e  is  n e c e s s a r y  to  d e t e r m i n e  t h e  e f f e c t  o f  i n t e r a c -  
t i o n .  M e n s c h i g  f o u n d  t h a t  t h e r e  w a s  l i t t l e  c h a n g e  m t h e  
v a l u e  o f l n  (K0) c a l c u l a t e d  w h e n  t h e  n u m b e r  o f  w i r e s  w a s  
100 o r  m o r e  (6). 

T h u s ,  t h e  p o t e n t i a l  d r o p  a c r o s s  t h e  m e m b r a n e  o f  a Z G  
ce l l  c a n  b e  p r e d i c t e d  b y  u s i n g  Eq .  [9] o r  a n  e m p i r i c a l  co r -  
r e l a t i o n  fo r  hUMuco a n d  t h e  c o r r e c t i o n  f a c t o r  f~,zj. 
M e n s c h i g  u s e d  t h e  l a t t e r  a p p r o a c h  a n d  c o m p a r e d  i t  to  
his experimentally derived value and found close agree- 
ment, thereby indicating that the ZG wire model pre- 
sented above can be used to produce reasonable results. 
Using Eq. [i0] with the correction factor for his Mesh I 
and II gives [p. 73 of Ref. (3)] 

AUM,cD = 0.67 �9 iUMzl [12] 

a n d  

AUM.cD = 0.6 " /UMz .  [13] 

w h i c h  s h o w s  t h a t  t h e  o h m i c  p o t e n t i a l  d r o p  o f  a n  A P E L  
ce l l  i s  l o w e r  t h a n  for  a Z G  ce l l  u s i n g  t h e  s a m e  m e s h ,  c u r -  
r e n t  d e n s i t y ,  a n d  s p e c i f i c  m e m b r a n e  c o n d u c t i v i t y  (e.g., 
f o r  M e s h  l,  t h e  m e m b r a n e  p o t e n t i a l  d r o p  fo r  t h e  A P E L  
ce l l  i s  67% o f  t h e  e q u i v a l e n t  Z G  ce i l  a s  s h o w n  in  E q .  [12]). 
A l s o ,  t h e  p o t e n h a l  d r o p  o f  a Z G  m e m b r a n e  i n c r e a s e s  
w i t h  i n c r e a s i n g  m e s h  s p a c i n g  ( r e c a l l  t h a t  M e s h  II  h a s  a 
l a r g e r  s p a c i n g  t h a n  M e s h  I) (3). 

Table II. Example of the determination of the correction 
factor for the membrane potential of a ZG cell 

The following is a s imula ted  run  of the  program ME-NETZP us ing  
the  data for Mesh  I (with wires center  to center  on opposi te  sides of  

the  membrane)  

I npu t  for Mesh type I :  
Wire d iameter  in [mm]: ? 0.t2 
Gap be tween  wires in [mm]: ? 0.55 
Are ne ts  offset  on ei ther side of m e m b r a n e  tY/N)? n 
How m a n y  wires across entire electrode (use rnin 100): ? 100 

Result:  
The  factor In (KO) is 5.499024. 
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Characteriz ing parameters  for  ZG and A P E L  ce l l s . -  
Program development . - -Menschig  d e v e l o p e d  t h e  ME-  
M O D V  p r o g r a m  to a n a l y z e  h i s  e x p e r i m e n t a l  d a t a  to  de-  
t e r m i n e  s p e c i e s  c o n c e n t r a t i o n s  o n  t h e  m e m b r a n e  
s u r f a c e s ,  m e m b r a n e  p o t e n t i a l ,  e f f e c t i v e  b o u n d a r y  l aye r  
t h i c k n e s s e s ,  a n d  e l e c t r o d e  o v e r p o t e n t i a l s  a n d  o p e n -  
c i r cu i t  p o t e n t i a l s  b a s e d  on  t h e s e  s u r f ace  c o n c e n t r a t i o n s .  
H e  u s e d  t h e  e m p i r i c a l  e q u a t i o n s  d e v e l o p e d  b y  J 6 r i s s e n  
to d e s c r i b e  t he  b e h a v i o r  of  h i s  m e m b r a n e ,  t h a t  is, Eq.  [1] 
for  t h e  O H -  f lux  t h r o u g h  t h e  m e m b r a n e  a n d  Eq.  [7] for  
t h e  m e m b r a n e  po t en t i a l .  M e n s c h i g  a p p l i e d  a s ca l i ng  fac- 
t o r  to  t h e s e  r e l a t i o n s ,  b e c a u s e  J 6 r i s s e n  u s e d  a c u r r e n t  
d e n s i t y  of  3000 A / m  ~ w h i l e  h e  u s e d  6500 A / m  s. A k i n  (7) 
f o u n d  t h a t  t h e  c a u s t i c  c u r r e n t  e f f i c i e n c y  of  N a t i o n  390 
was  i n d e p e n d e n t  of  t he  c u r r e n t  d e n s i t y  in  t h e  r a n g e  of  2 
k A / m  s to  6.5 k A / m  s, so t h e  f lux  of  O H -  a c r o s s  t h e  m e m -  
b r a n e  c h a n g e s  (at  l e a s t  a p p r o x i m a t e l y )  in  p r o p o r t i o n  to 
t h e  c u r r e n t  d e n s i t y  (3), g i v i n g  [p. 45, of  Ref.  (3)] 

Nh:oH- (is) = ~ i s  . Nh.oH-. (il) [141 

w h e r e  i~ = c u r r e n t  d e n s i t y  for  Eq.  [1] (3000 A / m  s) a n d  i2 = 
n e w  m e a n  c u r r e n t  d e n s i t y  (A/mS). M e n s c h i g  a l so  as- 
s u m e d  t h a t  h i s  m e m b r a n e  h a d  c o n s t a n t  e l ec t r i ca l  res i s t -  
a n c e  o v e r  t h e  r a n g e  of  c u r r e n t  d e n s i t y  u s e d  in  h i s  a n d  
J 6 r i s s e n ' s  work ,  so t h a t  t h e  m e m b r a n e  p o t e n t i a l  d r o p  is 
a lso  s ca l ed  as [p. 45 of  Ref.  (3)] 

AUMucD (is) = ~ i s  . AUMucD ( i0  [15] 
?q 

E q u i l i b r i u m  p o t e n t i a l s  w e r e  c a l c u l a t e d  u s i n g  a c t i v i t y  
coe f f i c i en t s  b a s e d  on  loca l  c o n c e n t r a t i o n s  w i t h  on ly  t h e  
C1- d i s c h a r g e  r e a c t i o n  c o n s i d e r e d  at  t h e  a n o d e .  T h e  an-  
o d e  o v e r p o t e n t i a l  w as  c a l c u l a t e d  f r o m  t h e  r e g r e s s i o n  
e q u a t i o n  (8) [p. 48 of  Ref. (3)] 

i, + 1000 
n ,  - 0.11 [16] 

45,200 

(for  80~ 25 w/o NaC1) a n d  t he  c a t h o d e  ( h y d r o g e n )  over-  
p o t e n t i a l  was  c a l c u l a t e d  f r o m  t h e  r e g r e s s i o n  e q u a t i o n  

- l n  (i~) + 5.34 
~c = + 0.11 [17] 

8.16 

w h e r e  i~ is t h e  c u r r e n t  d e n s i t y  b a s e d  o n  t h e  a c t u a l  e lec-  
t r o d e  s u r f a c e  a r ea  (A/m2), o b t a i n e d  u s i n g  t h e  d a t a  pre -  
s e n t e d  b y  V e t t e r  (9). 

M e n s c h i g  o b t a i n e d  t h e  d i f f u s i o n  l a y e r  t h i c k n e s s e s  
f r o m  V o g t ' s  m a s s  t r a n s p o r t  m o d e l  (10) for  s m o o t h  gas-  
e v o l v i n g  e l e c t r o d e s .  V o g t  g i v e s  t h e  f o l l o w i n g  e q u a t i o n  
for  t h e  d i f f u s i o n  l aye r  [p. 76 of  Ref.  (3)] 

S h  = 0.925" Re ~ Sc  ~ [18] 

w h e r e  t h e  S h e r w o o d  (Sh),  R e y n o l d s  (Re), a n d  S c h m i d t  
(Sc) n u m b e r s  a re  de f i ned  b y  

S h -  13dB I)'GdB v D,) 
Do R e -  Av S c -  Do t3 = 

w h e r e  ~ = t h e  m a s s  t r a n s f e r  c o e f f i c i e n t  (m/s),  d B =  gas  
b u b b l e  r e l e a s e  d i a m e t e r  (m), Do = d i f f u s i o n  c o e f f i c i e n t  
(m2/s), 1)'~ = gas  e v o l u t i o n  r a t e  (m3/s), A = e l e c t r o d e  sur -  
face  a rea  (mS), u = k i n e m a t i c  v i s c o s i t y  (mS/s), a n d  ~ = dif- 
f u s i o n  l a y e r  t h i c k n e s s ,  t h e  p h y s i c a l  p r o p e r t i e s  b e i n g  
t h o s e  a s s o c i a t e d  w i t h  t h e  p a r t i c u l a r  d i f f u s i o n  l a y e r  
t h i c k n e s s  b e i n g  e s t i m a t e d .  M e n s c h i g  a s s u m e d  t h e  be-  
h a v i o r  of  h i s  p o r o u s  e l e c t r o d e  l aye r s  to  b e  s i m i l a r  to  t h e  
f la t  p l a t e  of  Vog t ,  so t h e  e f f e c t i v e  d i f f u s i o n  l a y e r  t h i c k -  
n e s s e s  for  t h e  c a t a l y s t  l aye r  (53 a n d  84 of  Fig. 7) a re  t h o s e  
g i v e n  b y  Eq.  [18] u s i n g  t h e  a p p r o p r i a t e  c o n d i t i o n s .  Dif fu-  
s i o n  l a y e r  t h i c k n e s s e s  r e p r e s e n t i n g  t h e  m e s h e s  of  t h e  
A P E L  cel l  ( a n d  t h e  c o r r e s p o n d i n g  m e s h  e l e c t r o d e s  of  
t h e  Z G  cel l )  w e r e  d e t e r m i n e d  b y  u s i n g  a c o r r e c t i o n  fac-  
t o r  (fv) as p r o p o s e d  b y  V o g t  (10) to  a c c o u n t  for  t h e  e lec-  
t r o d e  g e o m e t r y ,  g i v i n g  t h e  r e l a t i o n  [p. 77 of  Ref.  (3)] 

S h  = fv"  0.925 �9 R e  I)''~ �9 S e  (~'4~7 [ 1 9 ]  

w h e r e  fv h a d  a v a l u e  of  0.3785 [ w h i c h  is 1 /FVOGT,  t h e  
f a c t o r  w h i c h  is g i v e n  b y  t h e  p r o g r a m  M E - M O D V  (3, 6)]. 
M e n s c h i g  a s s u m e d  t h a t  t h e  c o r r e c t i o n  f a c t o r  was  t h e  
s a m e  for  b o t h  t h e  a n o d e  a n d  c a t h o d e  s ides  (for t h e  s a m e  
m e s h  type) .  

A n  a l t e r n a t e  m e t h o d  for  d e t e r m i n i n g  t h e  d i f f u s i o n  
l a y e r  t h i c k n e s s e s  r e p r e s e n t i n g  t h e  e l e c t r o d e s  c a n  be  ob- 
t a i n e d  u s i n g  t h e  b u l k  a n d  s u r f a c e  c o n c e n t r a t i o n s  in  t h e  
k i n e t i c  e x p r e s s i o n s  g i v e n  b y  V e t t e r  (9). U n d e r  100% chlo-  
r i n e  a n d  caus t i c  c u r r e n t  e f f ic ienc ies  (6), t he  a n o d e  di f fu-  
s i on  l aye r  t h i c k n e s s ,  gA, f o r m e d  d u r i n g  t h e  e l e c t r o c h e m i -  
cal  r e a c t i o n  d u e  to t r a n s p o r t  to  t h e  a n o d e  is 
a p p r o x i m a t e d  b y  [p. 48 of  Ref.  (3)] 

(CAo:C 1_ -- CAM:CI ) 
~A = 2zFDcl- [20] 

i 

w h i l e  t h e  d i f f u s i o n  l aye r  t h i c k n e s s  for  t h e  c a t h o d e ,  go, is 
a p p r o x i m a t e d  by  

CCM,OH_ -- CCo:OH- ) 
8c = zFDoH [21] 

i 

w h e r e  5A = a n o d e  d i f f u s i o n  l aye r  t h i c k n e s s  (m), ~c = ca th -  
o d e  d i f f u s i o n  l a y e r  t h i c k n e s s  (m), z = n u m b e r  of  e lec-  
t r o n s  u s e d  in  t h e  e l e c t r o d e  r e a c t i o n ,  F = F a r a d a y  con-  
s t a n t  (96,487 A-s/tool) ,  Dc~- = d i f f u s i o n  coe f f i c i en t  of  C1- 
i o n s  (m2/s), Doll- = d i f f u s i o n  c o e f f i c i e n t  of  O H -  i o n s  
(m2/s), CAu:c~ = c o n c e n t r a t i o n  of  C1- a t  a n o d e  (mol/m3),  
CAo:C~- = c o n c e n t r a t i o n  of  C1- in  b u l k  a n o l y t e  (tool/m3), 
Ccu:oH- = c o n c e n t r a t i o n  of  OH at  c a t h o d e  (mol/mS),  
coo:oH = c o n c e n t r a t i o n  of  OH in b u l k  c a t h o l y t e  (mol/m3), 
a n d  i = c u r r e n t  d e n s i t y  (A/mS). M e n s c h i g  a c t u a l l y  u s e s  
Eq .  [20] a n d  [21] to  s o l v e  for  t h e  c o n c e n t r a t i o n s  at  t h e  
e l e c t r o d e / m e m b r a n e  i n t e r f a c e  u s i n g  t h e  d i f f u s i o n  l a y e r  
t h i c k n e s s e s  o b t a i n e d  f r o m  Eq.  [18] a n d  [19]. 

Procedure used by program ME-MODV.--In o r d e r  to de-  
t e r m i n e  t h e  c h a r a c t e r i z i n g  p a r a m e t e r s ,  s u c h  as t h e  spe-  
c ies  c o n c e n t r a t i o n s  o n  t h e  m e m b r a n e  s u r f a c e s ,  e q u i v a -  
l e n t  d i f f u s i o n  l aye r  t h i c k n e s s e s  for  t h e  m e s h  e l e c t r o d e s /  
c u r r e n t  c o l l e c t o r s  a n d  p o r o u s  e l e c t r o d e  l aye r s ,  a n d  t h e  
e l e c t r o d e  o v e r p o t e n t i a l s  a n d  e q u i l i b r i u m  p o t e n t i a l s  
u s i n g  t h e  s u r f a c e  c o n c e n t r a t i o n s ,  t h e  p r o g r a m  ME-  
M O D V  r e q u i r e s  a p p l i e d  m e a n  c u r r e n t  d e n s i t y ,  c a u s t i c  
c u r r e n t  e f f i c i ency ,  OH f lux t h r o u g h  m e m b r a n e  f r o m  
c a t h o l y t e  to  a n o l y t e  ( d e r i v e d  f r o m  t h e  a b o v e  fac to r s ) ,  
c h l o r i n e  c u r r e n t  e f f i c i ency ,  b u l k  o u t l e t  c o n c e n t r a t i o n s ,  
m e m b r a n e  su r f ace  area ,  a c t u a l  su r f ace  a rea  of  e l e c t r o d e  
m e s h  p e r  u n i t  s u r f a c e  a r e a  of  m e m b r a n e ,  a t t a c h e d  po-  
r o u s  e l e c t r o d e  l aye r  s u r f a c e  a rea  pe r  u n i t  su r f ace  a rea  of  
m e m b r a n e ,  a n d  to t a l  e x p e r i m e n t a l  cel l  p o t e n t i a l ,  in  add i -  
t i o n  to t h e  two  e m p i r i c a l  r e l a t i o n s  of  J 6 r i s s e n  (Eq. [1] a n d  
[7] in  t h i s  pape r ) .  T h e  p r o g r a m  f i rs t  s o l v e s  for  t h e  d i f fu -  
s i o n  l a y e r  t h i c k n e s s e s  a c c o r d i n g  to Eq.  [18], t h e n  d e t e r -  
m i n e s  t h e  c h a r a c t e r i z i n g  p a r a m e t e r s  for  t h e  A P E L  con-  
f i g u r a t i o n ,  f o l l o w e d  b y  t h e  d e t e r m i n a t i o n  of  t h o s e  
p a r a m e t e r s  for  t h e  Z G  con f igu ra t i on .  

T h e  c a l c u l a t i o n s  for  t h e  A P E L  c o n f i g u r a t i o n  a re  b e g u n  
w i t h  t h e  d e t e r m i n a t i o n  of  t h e  m e m b r a n e  su r f ace  c o n c e n -  
t r a t i o n  of  N a O H  o n  t h e  c a t h o d e  s ide,  CCM:NaOH, b y  s o l v i n g  
for  CC:NaOH in  Eq.  [1] in  c o n j u n c t i o n  w i t h  Eq.  [14]. N o t e  
t h a t  CC:NaOH is t h e  N a O H  c o n c e n t r a t i o n  on  t h e  m e m b r a n e  
s u r f a c e  s i n c e  Eq.  [1] was  b a s e d  o n  t h e  a s s u m p t i o n  t h a t  
n o  d i f f u s i o n  l a y e r  e x i s t e d  in  t h e  e x p e r i m e n t a l  conf ig-  
u r a t i o n  u s e d  to o b t a i n  t h e  e m p i r i c a l  r e l a t i o n .  N e x t  t h e  
p o r o u s  e l e c t r o d e  e q u i l i b r i u m  a n d  o v e r p o t e n t i a l s  a re  cal- 
c u l a t e d  b a s e d  o n  u s i n g  CCM:NaOH a n d  a n  i n i t i a l  g u e s s  for  
t h e  c o n c e n t r a t i o n  o f  NaC1 o n  t h e  a n o l y t e  s i de  of  t h e  
m e m b r a n e  sur face ,  CAM:NaCl, for  d e t e r m i n i n g  p h y s i c a l  a n d  
c h e m i c a l  p r o p e r t i e s .  T h e s e  v a l u e s  a re  u s e d  w i t h  t h e  po- 
t e n t i a l  b a l a n c e  [p. 49 of  Ref.  (3)] 

UApEL = (CA -- eC) + (~qn -- ~/C) + hUMucD [22] 

w h e r e  UAPEL is t h e  t o t a l  cel l  p o t e n t i a l  for  t h e  A P E L  ce l l  
c o n f i g u r a t i o n .  B y  r e a r r a n g i n g  Eq.  [22] a n d  u s i n g  t h e  ex- 
p e r i m e n t a l  cel l  po t en t i a l ,  t h e  " e x p e r i m e n t a l "  m e m b r a n e  
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p o t e n t i a l  d r o p  for  t he  A P E L  cell  (AUMucD) is d e t e r m i n e d .  
U s i n g  t h i s  v a l u e  w i t h  Eq.  [7], m o d i f i e d  by  Eq.  [15], t h e  
c o n c e n t r a t i o n  of  NaC1 on  the  m e m b r a n e  sur face ,  CAM:N~Cl, 
is ob t a ined .  An  i t e ra t ive  p r o c e d u r e  is n o w  u s e d  to recal-  
cu la te  t he  e q u i l i b r i u m  and  o v e r p o t e n t i a l s  and  CAM:Nat1 un-  
til  a c o n v e r g e d  a n s w e r  is ob t a ined .  

Nex t ,  t h e  p r o g r a m  so lves  for t he  c h a r a c t e r i z i n g  pa r am-  
e t e r s  for  t h e  ZG c o n f i g u r a t i o n ,  s o l v i n g  for  CC~:NaOH by  
aga in  u s i n g  Eq.  [1] in c o n j u n c t i o n  wi th  Eq. [14]. T h e n  an 
a v e r a g e  of  t h e  b u l k  a n d  m e m b r a n e  s u r f a c e  c o n c e n t r a -  
t i o n  of  N a O H  is u s e d  to d e t e r m i n e  t h e  p h y s i c a l  p r o p e r -  
t ies  o f  t he  e l ec t ro ly t e  s u r r o u n d i n g  the  zero gap e l ec t rode .  
T h e s e  p r o p e r t i e s  are u s e d  to ca lcu la te  t h e  d i f fu s ion  layer  
t h i c k n e s s  r e p r e s e n t i n g  the  zero gap c a t h o d e  by Eq. [21], 
u s i n g  a va lue  for  i o b t a i n e d  by  c o r r e c t i n g  the  m e a n  cur-  
r e n t  d e n s i t y  by  the  caus t i c  c u r r e n t  ef f ic iency.  F r o m  th is  
v a l u e  (~zGc) a n d  t h e  d i f f u s i o n  l a y e r  t h i c k n e s s  for  a flat 
p la te  c a t h o d e  (Srpc) o b t a i n e d  f r o m  Eq.  [18], t h e  c o r r e c t i o n  
fac tor ,  fv, is o b t a i n e d  f rom 

~FP(" 
fv - [23] 

~ZGC 

a n d  u s e d  in Eq.  [19] to ca lcu la te  t he  d i f fu s ion  layer  th ick-  
n e s s  r e l a t e d  to  t h e  zero  gap  a n o d e  (gZGA)- (Note  t h e  pro-  
g r a m  uses  t he  fac tor  ca l led  FVOGT,  w h i c h  is t h e  i nv e r s e  
offv.)  Nex t ,  CAM:NaCl is ca l cu l a t ed  i t e ra t ive ly  u s i n g  Eq.  [20], 
s t a r t i ng  w i t h  an ini t ia l  gues s  w h i c h  is a v e r a g e d  wi th  t he  
b u l k  c o n c e n t r a t i o n  of  NaC1 (CA,,:N~C~) to  d e t e r m i n e  t h e  
p h y s i c a l  p r o p e r t i e s  at t h e  zero  gap  a n o d e .  F ina l ly ,  t h e  
ze ro  gap  e l e c t r o d e  e q u i l i b r i u m  a n d  o v e r p o t e n t i a l s  are  
c a l c u l a t e d  u s i n g  t h e  c o n c e n t r a t i o n s  o b t a i n e d  ab o v e .  
Also,  M e n s c h i g  ca lcu la tes  the  m e m b r a n e  p o t e n t i a l  d r o p  
by  t w o  m e t h o d s ,  o n e  u s i n g  t h e  c o r r e c t i o n  f ac to r  ob- 
t a i n e d  f r o m  Eq.  [11] w i t h  Eq.  [7], [10], a n d  [15] a n d  t h e  
o t h e r ,  " e x p e r i m e n t a l "  v a l u e  o b t a i n e d  by  s o l v i n g  for  
AUMzj u s i n g  t h e  e x p e r i m e n t a l  ZG cel l  p o t e n t i a l  w i t h  t h e  
p o t e n t i a l  b a l a n c e  [p. 67 of  Ref.  (3)] 

Uz~j = (CA -- ec) + (~IA -- llc) + AUMzj [24] 

T h e s e  t w o  v a l u e s  are  u s e d  to  t e s t  t h e  r e l i a b i l i t y  o f  
M e n s c h i g ' s  m e t h o d  of  m o d e l i n g  t h e  p o t e n t i a l  d i s t r i b u -  
t ion  of  a zero  gap m e s h .  

Results of  ME-MODV program.--Table  III  s h o w s  Men-  
s c h i g ' s  i n p u t  d a t a  a n d  r e s u l t s  for  h i s  a v e r a g e  con f igu ra -  
t ion.  The  c o n c e n t r a t i o n s  on the  m e m b r a n e  su r f aces  and  
d i f f u s i o n  l aye r  t h i c k n e s s e s  are  s h o w n  in  Fig.  10 a n d  11 
for  t he  ZG and  A P E L  conf igura t ions ,  r e spec t ive ly .  No te  
t h a t  t h e  c o n c e n t r a t i o n  of  N a O H  on  t h e  m e m b r a n e  sur-  
f ace  is n e a r l y  t w i c e  as h i g h  for  t h e  A P E L  cel l  as c o m -  
p a r e d  to t he  ZG cell (12.32 vs. 6.46 tool/l). M e n s c h i g  also 
f o u n d  tha t  his  m o d e l  of  t h e  zero gap m e s h  p o t e n t i a l  dis-  
t r i b u t i o n  was  r e a s o n a b l e  by  c o m p a r i n g  t h e  va lues  for  t he  
c o r r e c t i o n  fac tor  fMzj o b t a i n e d  e x p e r i m e n t a l l y  w i t h  t h o s e  
f r o m  Eq.  [11]. F o r  M e s h  I (225 openings /em2) ,  t h e  ex pe r i -  
m e n t a l l y  d e r i v e d  va lue  was  0.73 and  t h e  m o d e l  va lue  was  
0.67, a n d  for M e s h  II (100 openings /cm2) ,  t h e  va lues  w e r e  
0.63 and  0.60, r e spec t ive ly .  Final ly ,  M e n s c h i g  c o n c l u d e d  
t h a t  t h e r e  was  a s ign i f i can t  d i f f e r e n c e  in t h e  b e h a v i o r  of  
ZG a n d  A P E L  cei ls ,  as d e s c r i b e d  by  h i s  c h a r a c t e r i z i n g  
p a r a m e t e r s .  

Present appl icat ion. - -The p r i m a r y  v a l u e  o f  Men-  
s c h i g ' s  w o r k  is in t h e  d e t e r m i n a t i o n  of  v a r i o u s  cond i -  
t i ons  w h i c h  ex i s t  in a ZG or A P E L  cell. I t  has  t he  l i m i t ed  
ab i l i t y  o f  p r e d i c t i n g  t h e  to ta l  ce l l  p o t e n t i a l  for  a ZG 
c o n f i g u r a t i o n ,  t h o u g h  M e n s c h i g  n e v e r  i n t e n d e d  it t h a t  
w a y  (6). M e n s c h i g  c o m p l e t e d  h is  w o r k  w i t h  a ca l cu la t ion  
o f  t h e  t o t a l  ce l l  p o t e n t i a l  for  a P A L / Z G C  cei l  conf ig-  
u ra t ion  o b t a i n e d  by t ak i n g  t h e  c o r r e s p o n d i n g  c o n c e n t r a -  
t i ons  on the  m e m b r a n e  su r f aces  f r o m  Fig. 10 and  11 (i.e., 
CAM:NaCl f rom the  A P E L  cell of  Fig. 11 and  CCM:NaON f r o m  the  
ZG cel l  o f  Fig.  10) a n d  u s i n g  t h e s e  v a l u e s  in Eq.  [7] as 
m o d i f i e d  by  Eq.  [15] to ob ta in  AUMucD, the  m e m b r a n e  po-  
t en t i a l  d r o p  a s s u m i n g  u n i f o r m  c u r r e n t  d i s t r i b u t i o n ,  or 
for  an  A P E L  cell ,  at  t h e s e  c o n c e n t r a t i o n s .  U s i n g  t h i s  

Table III. Example of the characterizing parameters for an APEL and a ZG cell 

This example is based on the average operating conditions for the ZG and APEL cells as used by Menschig (3) which are embedded in 
the program itself. 

NaCI: 17.5 w/o (3.281 mold) 
NaOH: 20.0 w/o (5.92 mold) 
Total current: 18.38A 
Mean current density: 6500 A/m 2 
Chlorine current efficiency: 0.837 
Relative area of Mesh I: 1.131 
Relative area of Mesh II: 1.5708 
Back migrating OH- for APEL cell: 0.252 mol/h 
Experimental total APEL cell potential: 3.94V 
True surface area of porous electrode per unit membrane area: 10O cm2/cm 2 
Back migrating OH- for ZG cell: 0.1769 mol/h 
True surface area of Mesh I per unit membrane area: 1.131 em2/cm 2 
True surface area of Mesh II per unit membrane area: 1.5708 cm2/cm '-' 
Experimental total ZG cell potential, Mesh I: 4.22V 
Experimental total ZG cell potential, Mesh II: 4.41V 

The results are as follows: 
Results for APEL (SPE) cell configuration: 
A UMuC D: CAM:NaCI: CCM:NaOH : 
1.602475V 2.142384 molA 12.31547 mol/l 

EA: lE(': ~IA: 
1.354362V -0.9831628V 0V 

Results for ZG cell configuration: 
fMZl: fMZlI: 
0.7302945 0.6265448 

A UMuCD: A UMZI : A UMZII : 
1.172488V 1.6055V 1.871355V 

lEA: ~C: 
1.346338V -0.9325033V 

~]A:I: ~QC:I: qQA:II 
0.0392727V -0.2963866V 3.67298E - 03V 

Diffusion layer thicknesses 
8A from Eq. [18]: Be from Eq. [18]: 
0.00224 cm 0.00123 cm 

0.00591 cm 0.00325 cm 

FVOGT: [unitless] 
2.640506 
83: gA: 
0.01169 cm 0.03762 cm 

"qC: 
ov 

CAM:NaCI: 
2.880343 tool/1 

1](,:11: 
0.2561314V 

CCM. NaOH ~ 
6.458219 mol/1 
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C Anode 
C 

(~I CONoC| 
\ 

Membron 

CMNoOH 

CMNoCI 

�9 
Kothode 

C0NoOH 

62 
I 

~ocL 

A n o d e ~ K o t h o d e  

Cata I yst 

C O N a C 1  

C M N a C I  

C O N a O H  

C M N a O H  

61 
52 

= 3 . 2 8  m o l / 1  

= 2 . 8 8  t o o l / 1  

= 5 . 9 2  t o o l / 1  

= 6 . 4 6  m o l / 1  

= 0 . 0 5 9 1 . 1 0  - 3  m 

= 0 . 0 3 2 5 . 1 0  - 3  m 
Fig. 10. Concentration relationships and diffusion layer thicknesses 

for the ZG cell of Menschig [from Ref. (3)]. 

c0NaC~ = 3 . 2 8  m o l / 1  
C M N a C  1 = 2 . 1 4  mol/1 
C0NaOn = 5 . 9 2  m o l / 1  
CMNaO H = 1 2 . 3 2  t o o l / 1  
61 = 0 . 0 5 9 1 - 1 0  - 3  m 
62 = 0 . 0 3 2 5 . 1 0  - 3  m 
63 = 0 . 1 1 6 9 . 1 0  - 3  m 
64 - 0 . 3 7 6 2 - 1 0  - 3  m 

Fig. 11. Concentration relationships and diffusion layer thicknesses 
for the APEL cell of Menschig [from Ref. (3)]. 

w i t h  t h e  ze ro  gap  c o r r e c t i o n  f ac to r ,  fMZJ, h e  o b t a i n e d  
AUMz, t h e  p o t e n t i a l  d r o p  for  a Z G  m e m b r a n e ,  b y  u s i n g  
Eq.  [10]. M e n s c h i g  t h e n  a v e r a g e d  t h e s e  t w o  m e m b r a n e  
p o t e n t i a l  d r o p s  a n d  c a l l e d  t h e  r e s u l t  t h e  m e m b r a n e  po-  
t e n t i a l  d r o p  for  t h e  c o m b i n e d  cell. U s i n g  t h i s  v a l u e  w i t h  
t h e  e q u i l i b r i u m  p o t e n t i a l s  a n d  o v e r p o t e n t i a l s ,  a g a i n  
f r o m  t h e  c o r r e s p o n d i n g  A P E L  a n d  Z G  cel l  c o n f i g u r a -  
t ion ,  a p o t e n t i a l  b a l a n c e  p r e d i c t e d  a t o t a l  cel l  p o t e n t i a l  of  
3 .66V for  M e s h  I (225 o p e n i n g s / c m  2) at  6500 A / c m  2. 

Application to Combined Cell  Configurations 
M e n s c h i g ' s  w o r k  h a s  l i m i t e d  a p p l i c a t i o n  to c o m b i n e d  

zero  g a p / a t t a c h e d  p o r o u s  e l e c t r o d e  l aye r  c o n f i g u r a t i o n s .  
His  m e t h o d  c a n  be  u s e d  to p r e d i c t  t h e  t o t a l  cel l  p o t e n t i a l  
of  a Z G  cell  c o n f i g u r a t i o n ,  g i v e n  t h e  n e c e s s a r y  e m p i r i c a l  
c o r r e l a t i o n s .  Also ,  t h e  ce l l  p o t e n t i a l  of  c o m b i n e d  ce l l s  
c a n  b e  p r e d i c t e d  b y  f i rs t  h a v i n g  e x p e r i m e n t a l  d a t a  on  t h e  
c o r r e s p o n d i n g  Z G  a n d  A P E L  cells,  b a s e d  on  M e n s c h i g ' s  
a s s u m p t i o n  t h a t  e a c h  h a l f  of  a c o m b i n e d  ce l l  wi l l  per -  
f o r m  l i ke  i ts  c o r r e s p o n d i n g  h a l f  of  a Z G  or  A P E L  c e l l  
H i s  m e t h o d s  c a n  b e  u s e d  as d e s c r i b e d  p r e v i o u s l y  to 
c h a r a c t e r i z e  t h e  ZG,  A P E L ,  a n d  c o m b i n e d  ce l l s  ( Z G A /  
P C L  a n d  P A L / Z G C )  in  t e r m s  of  c u r r e n t  d e n s i t y  d i s t r i b u -  
t i o n s  ( u n d e r  h i s  l i m i t i n g  a s s u m p t i o n s ) ,  s p e c i e s  c o n c e n -  
t r a t i o n s  at  t h e  s u r f a c e s  of  t h e  m e m b r a n e ,  a n d  over-  
p o t e n t i a l s  a n d  e l e c t r o d e  e q u i l i b r i u m  p o t e n t i a l s  b a s e d  on  
loca l  s p e c i e s  c o n c e n t r a t i o n s  n e a r  t h e  m e m b r a n e  
su r faces .  

M e n s c h i g ' s  m e t h o d  r e q u i r e s  e x p e r i m e n t a l  da t a  for  t h e  
p a r t i c u l a r  m e m b r a n e  in a gap  cel l  a t  a se t  c u r r e n t  d e n s i t y  
a n d  t e m p e r a t u r e  for  v a r i o u s  c o m b i n a t i o n s  of  ce l l  o u t l e t  
c o n c e n t r a t i o n s  o f  N a O H  a n d  NaC1. E m p i r i c a l  r e l a t i o n s  
d e s c r i b i n g  t h e  f lux  of  OH a c r o s s  t h e  m e m b r a n e  f r o m  
c a t h o l y t e  to  a n o l y t e  (i.e., t h e  c a u s t i c  c u r r e n t  e f f i c i ency )  
a n d  t h e  m e m b r a n e  p o t e n t i a l  d r o p  m u s t  be  d e r i v e d  f r o m  

t h i s  da ta ,  p r o d u c i n g  e q u a t i o n s  c o r r e s p o n d i n g  to Eq.  [1] 
a n d  [7]. S i n c e  t h e s e  r e l a t i o n s  a re  u s e d  to o b t a i n  t h e  con-  
c e n t r a t i o n s  o n  t h e  m e m b r a n e  s u r f a c e s ,  t h e y  m u s t  b e  
f u n c t i o n s  of  t h e s e  su r f ace  c o n c e n t r a t i o n s .  As  n o t e d  pre-  
v ious ly ,  M e n s c h i g  u s e d  J S r i s s e n ' s  e q u a t i o n s  w h i c h  w e r e  
d e r i v e d  u n d e r  t h e  a s s u m p t i o n  t h a t  e a c h  h a l f - c e l l  o f  
J 6 r i s s e n ' s  gap  cel l  was  we l l  m i x e d  a n d  t h a t  t h e r e  was  n o  
s i g n i f i c a n t  d i f f u s i o n  l a y e r  o n  t h e  m e m b r a n e  s u r f a c e .  
T h e r e f o r e ,  J 6 r i s s e n  c o u l d  c o n s t r u c t  h i s  c o r r e l a t i o n s  
u s i n g  h i s  b u l k  c o n c e n t r a t i o n s ,  a s s u m i n g  t h a t  t h e s e  w e r e  
a p p r o x i m a t e l y  t h e  s a m e  as t h o s e  o n  t h e  s u r f a c e  of  t h e  
m e m b r a n e .  S i n c e  c o n c e n t r a t i o n s  o n  t h e  m e m b r a n e  sur-  
faces  c a n n o t  b e  m e a s u r e d  d i rec t ly ,  t h e  e x p e r i m e n t a l  gap  
cel l  w h i c h  is u s e d  to o b t a i n  t h e  n e c e s s a r y  da t a  to d e v e l o p  
t h e  c o r r e l a t i o n s  m u s t  b e  d e s i g n e d  a n d  o p e r a t e d  so as to  
m i n i m i z e  a n y  d i f f u s i o n  l a y e r s  o n  t h e  m e m b r a n e  
su r faces .  

T h e s e  e m p i r i c a l  e q u a t i o n s  c o m b i n e d  w i t h  t h e  add i -  
t i o n a l  i n f o r m a t i o n  l i s t ed  in T a b l e  IV  a l low t h e  p r e d i c t i o n  
o f  t h e  t o t a l  ce l l  c u r r e n t  for  a Z G  cel l  a t  a s p e c i f i e d  
c a t h o l y t e  c a u s t i c  a n d  a n o l y t e  s a l t  o u t l e t  c o n c e n t r a t i o n  
(for t h e  s a m e  c u r r e n t  dens i ty ) .  Nex t ,  b y  k n o w i n g  t h e  to- 
t a l  ce l l  p o t e n t i a l  for  t h e  c o r r e s p o n d i n g  A P E L  conf ig-  
u r a t i o n ,  t h e  s u r f a c e  c o n c e n t r a t i o n s  n e e d e d  to e s t i m a t e  
t h e  m e m b r a n e  p o t e n t i a l  of  a c o m b i n e d  ce l l  c a n  b e  ob-  
t a i n e d .  T h e  s u r f a c e  c o n c e n t r a t i o n s  f r o m  t h e  Z G  a n d  
A P E L  ce l l s  c a n  t h e n  b e  u s e d  w i t h  t h e  e m p i r i c a l l y  de-  
r i v e d  e q u i v a l e n t  to  Eq.  [7] to  o b t a i n  t h e  e q u i v a l e n t  m e m -  
b r a n e  p o t e n t i a l  for  an  A P E L  cell  a t  t h e s e  su r f ace  c o n c e n -  
t r a t i o n s .  T h i s  v a l u e ,  AUMucD, is t h e n  c o r r e c t e d  u s i n g  fMzj 
d e r i v e d  f r o m  t h e  p r o g r a m  M E - N E T Z P  a n d  Eq. [11] to ob-  
t a i n  AUMz. T h e s e  two  m e m b r a n e  p o t e n t i a l s  a re  a v e r a g e d  
a n d  c o m b i n e d  w i t h  t h e  e l e c t r o d e  o v e r p o t e n t i a l s  a n d  
e q u i l i b r i u m  p o t e n t i a l s  to  p r e d i c t  t h e  t o t a l  ce l l  p o t e n t i a l  
of  t h e  c o m b i n e d  cell ,  j u s t  as d e s c r i b e d  p r e v i o u s l y .  
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Table IV. Summary of information required for cell characterization 

C H L O R - A L K A L I C E L L S  

Membrane thickness 
Membrane conductivity data at the outlet stream conditions CAM:C1- 
Membrane surface area CAM:NaCI 
Actual surface area of electrode mesh per unit surface area of mem- 

brane Ca,,:C,- 
Porous electrode surface area per unit surface area of membrane 
Catalyst conductivity data for porous electrode Cao:NaC~ 
Mesh wire conductivity data 
Mesh wire diameter CC:NaO H 
Open width between wires in mesh 
Relative position of wires on opposite sides of membrane,  either 

center-to-center (opposite) or offset CCM:N~Oa 
Number of parallel wires across the entire electrode face 
Applied current density CCM:OH- 
Caustic current efficiency Cco;NaO H 
OH- flux through membrane from catholyte to anolyte (derived 

from the above factors) CC,,:OH- 
Chlorine current efficiency 
Bulk outlet concentrations d~ 
Total experimental cell potential 

Do 
Empirical relations Dc~ 

Flux of OH- across the membrane from catholyte to anolyte as a Doll- 
function of CN~OH (the equivalent to Eq. [1]) 

Membrane potential drop as a function of CN~,H and c,~,, (the fMZi 
equivalent to Eq. [7]) 

F i n a l l y ,  t h e  c o n c e n t r a t i o n s  on  t h e  m e m b r a n e  s u r f a c e s ,  fv 
e l e c t r o d e  o v e r p o t e n t i a l s ,  a n d  e q u i l i b r i u m  p o t e n t i a l s  c a n  
b e  s u m m a r i z e d  for  t h e  c o m b i n e d  cells .  

F 
Conclusions F V O G T  

1. T h e  e m p i r i c a l  m e t h o d  p r e s e n t e d  b y  J 6 r i s s e n  a n d  h 
M e n s c h i g  h a s  a l i m i t e d  a p p l i c a t i o n  to d e s c r i b i n g  t h e  be-  
h a v i o r  of  c o m b i n e d  ze ro  g a p / a t t a c h e d  e l e c t r o d e  m e m -  
b r a n e  cells,  i 

(i) E x t e n s i v e  e x p e r i m e n t a l  da t a  for  e a c h  t y p e  of  mere -  i, 
b r a n e  in  a gap  cell, a t  a se t  c u r r e n t  d e n s i t y  a n d  t e m p e r a -  i2 
tu re ,  is r e q u i r e d  in  o r d e r  to  d e r i v e  t h e  e m p i r i c a l  r e l a t i o n s  i~ 
d e s c r i b i n g  t h e  O H -  f lux f r o m  c a t h o l y t e  to  a n o l y t e  (Eq.  
[1]) a n d  t h e  m e m b r a n e  p o t e n t i a l  d r o p  (Eq.  [7]) for  a m e m -  ~m 
b r a n e  ch lo r - a lka l i  cel l  b y  r e g r e s s i o n ,  in  (K0) 

(ii) G i v e n  t h e  a b o v e  r e l a t i o n s  a n d  v a r i o u s  caus t i c  cur-  
r e n t  efficiencies (CCE), the total cell potential of a ZG L~ 
cell can be predicted as a function of current density 
(CD) a n d  CCE. N~,:.H- 

(iii) T h e  c o n c e n t r a t i o n s  on  t h e  m e m b r a n e  s u r f a c e s  for  NM,,2o 
A P E L  a n d  Z G  cell  c o n f i g u r a t i o n s  can  b e  e s t i m a t e d  g i v e n  
t h e  a b o v e  r e l a t i o n s  a n d  cel l  p e r f o r m a n c e  d a t a  ( to ta l  cel l  
p o t e n t i a l ,  CCE,  C12CE, a n d  CD). NM~+ 

(iv) M e n s c h i g ' s  m e t h o d  c a n  b e  u s e d  to p r e d i c t  t h e  t o t a l  Nnet u2o 
cel l  p o t e n t i a l  of  c o m b i n e d  m e m b r a n e  cel ls  ( Z G A / P C L  or  
P A L / Z G C  c o n f i g u r a t i o n s )  g i v e n  e x p e r i m e n t a l  d a t a  on  
b o t h  t h e  c o r r e s p o n d i n g  A P E L  a n d  Z G  ce l l  e o n f i g u r a -  Re  
t ions .  Sc  

2. A m o r e  t h e o r e t i c a l l y  b a s e d  m e t h o d  is r e q u i r e d  i f  S h  
c o m b i n e d  zero  g a p / a t t a c h e d  e l e c t r o d e  m e m b r a n e  ce l l  Ua,,~:,~ 
b e h a v i o r  is to  b e  e s t i m a t e d  w i t h o u t  e x t e n s i v e  e x p e r i -  AUM~c~ 
m e n t a l  w o r k .  
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L I S T  OF S Y M B O L S  
A e l e c t r o d e  s u r f a c e  a r ea  (m ~) 
b m e m b r a n e  t h i c k n e s s  (m) 
cA:~, c~2 a c t i v e  c h l o r i n e  c o n c e n t r a t i o n  in  a n o l y t e  

(mol/1) 
cA:~ H+ H § ion  e x c e s s  in  a n o l y t e  (mol/1) (OH-  ion  ex-  

cess  is e x p r e s s e d  as a n e g a t i v e  v a l u e  of  x2) 
CA:.~Cl loca l  c o n c e n t r a t i o n  of  NaC1 in ano ly t e ,  b u l k  

v a l u e  for  J 6 r i s s e n  ( m o l / m  :3) 
CA:T to t a l  c o n c e n t r a t i o n  of  d i s s o l v e d  m a t e r i a l  in  

a n o l y t e  (tool/1 NaC1 + NaC1Oa + HC1 + 
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HOCI + Cl2) (calculated from the sum of an- 
alyzed values for NaCl + NaCiOa + HCI + 
NaOH + C12) 
concentration of CI- at anode (mo]/m ~) 
concentration of NaCl at membrane sur- 
face, anolyte side (mol/m 3) 
concentration of Cl in bulk anolyte 
(mol/m 3) 
concentration of NaCl in bulk anolyte 
(mol/m 3) 
local concentration of NaOH in catholyte, 
bulk value for Jbrissen (mol/m ~) 
concentration of NaOH at membrane sur- 
face, catholyte side (mol/m 3) 
concentration of OH- at cathode (mol/m '~) 
concentration of NaOH in bulk catholyte 
(mol/m 3) 
concentration of OH in bulk catholyte 
(mo l /m 3) 
gas  b u b b l e  r e l ea se  d i a m e t e r  (m) 
d i f f u s i o n  coe f f i c i en t  (m2/s) 
d i f f u s i o n  coe f f i c i en t  of  C1- ions  (m2/s) 
d i f f u s i o n  coe f f i c i en t  of  O H -  ions  (m2/s) 
f ac to r  r e l a t i n g  t he  m e m b r a n e  p o t e n t i a l  of  a 
Z G  cel l  to  t h a t  of  a ce l l  w i t h  u n i f o r m  cur -  
r e n t  d e n s i t y  a c r o s s  t h e  m e m b r a n e ,  see  Eq.  
[10] 
c o r r e c t i o n  f a c t o r  a p p e a r i n g  in  Eq.  [19] 
w h i c h  is u s e d  to d e t e r m i n e  t h e  d i f f u s i o n  
l aye r  t h i c k n e s s  of  a m e s h  e l e c t r o d e  
F a r a d a y  c o n s t a n t  (96,487 A-s/ tool)  
c o r r e c t i o n  f ac to r  a p p e a r i n g  in  t h e  p r o g r a m  
ME-MODV,  e q u a l  to  1/fv = 2.64, fv = 0.3785 
a v e r a g e  h y d r a t i o n  n u m b e r  for  Na  + ions  dur -  
ing  m i g r a t i o n  f r o m  a n o d e  to c a t h o d e  c h a m -  
b e r  ( tool  H 2 0 / m o l  Na  +) 
c u r r e n t  d e n s i t y  (A/m 2) 
c u r r e n t  d e n s i t y  for  Eq.  [1] (3000 A / m  2) 
n e w  m e a n  c u r r e n t  d e n s i t y  (A/m 2) 
c u r r e n t  d e n s i t y  b a s e d  o n  t h e  a c t u a l  e lec-  
t r o d e  s u r f a c e  a rea  (A/m ~) 
m e a n  c u r r e n t  d e n s i t y ,  b a s e d  o n  s u r f a c e  
a rea  of  m e m b r a n e  (A/m 2) 
g e o m e t r i c  f a c t o r  c a l c u l a t e d  b y  p r o g r a m  
M E - N E T Z P  
m e s h  w i d t h  ( c e n t e r  to  c e n t e r  d i s t a n c e  be-  
t w e e n  t w o  pa ra l l e l  wi res)  (m) 
OH-  f lux t h r o u g h  t h e  m e m b r a n e  (mo l /h -m 2) 
w a t e r  t r a n s p o r t  t h r o u g h  t h e  m e m b r a n e  
(mol H20/h-m 2) (net water transport + water 
for back-migrating OH- ions) 
Na + ion transport through the membrane 
(mol Na+/h-m 2) 
net water transport (tool H20/h-m 2) (net 
quantity of water moving from anode to 
cathode chamber) 
R e y n o l d s  n u m b e r  = V~dB/Av 
S c h m i d t  n u m b e r  = v/D, 
S h e r w o o d  n u m b e r  = Bd#Do 
t o t a l  ce l l  p o t e n t i a l  for  t h e n  A P E L  cel l  con-  
f i g u r a t i o n  (V) 
p o t e n t i a l  d r o p  ac ros s  m e m b r a n e  w i t h  a un i -  
f o r m  c u r r e n t  d e n s i t y  d i s t r i b u t i o n ,  a s s u m e d  
to b e  v a l u e  for  A P E L  c o n f i g u r a t i o n ,  (V) 
p o t e n t i a l  d r o p  ac ros s  a Z G  m e m b r a n e  for  a 
m e s h  of  c o n f i g u r a t i o n  j (V) 
to ta l  cel l  p o t e n t i a l  of  a Z G  cel l  for  a m e s h  of  
c o n f i g u r a t i o n  j (V) 
gas  e v o l u t i o n  ra t e  (m:Vs) 
n u m b e r  of  e l e c t r o n s  u s e d  in  t h e  e l e c t r o d e  
r e a c t i o n  

G r e e k  l e t t e r s  
m a s s  t r a n s f e r  coe f f i c i en t  = Do~5 (m/s) 

5 d i f f u s i o n  l aye r  t h i c k n e s s  (m) 
5, diffusion layer thickness representing the 

wire mesh layer on anode side for both ZG 
and APEL cells (m) 

~2 diffusion layer thickness representing the 
wire mesh layer on cathode side for both 
ZG and APEL cells (m) 

5.~ diffusion layer thickness representing the 
porous anode layer of the APEL cell (m) 

54 diffusion layer thickness representing the 
porous cathode layer of the APEL cell (m) 

~ anode diffusion layer thickness (m) 
5~ cathode diffusion l aye r  thickness (m) 
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~FPC 

~ZGC 

~A 
~C 
"qa 

K 
1) 

dif fus ion  layer  t h i ckness  for a flat p la te  
cathode (m) 
diffusion layer th ickness  for the wire mesh 
cathode of the ZG cell (m) 
anode equi l ib r ium potent ia l  (V) 
ca thode equi l ib r ium potent ia l  (V) 
anode  overpotent ia l  (V) 
ca thode overpotent ia l  (V) 
specific membrane  conduct iv i ty  (1/a-m) 
k inemat ic  viscosi ty  (m2/s) 

REFERENCES 
1. D. L. Caldwell, in "Comprehensive Treatise of Electro- 

chemistry," Vol. 2, J. O'M. Bockris, B. E. Conway, E. 
Yeager, and R. E. White, Editors,  pp. 105-166, Ple- 
num Press, New York (1981). 

2. J. J6rissen, Doktor-Ingenieur Thesis, Universitfit Dort- 
mund,  Dor tmund,  Germany  (1982), t rans la ted  from 
German  by Technical  Translators ,  Lake  Jackson,  
TX (1983). 

3. K.-R. Menschig, Doktor-Ingenieur  Thesis, Universitfit 

Dor tmund,  Dor tmund ,  Germany  (1984), t rans la ted  
from German by Technical  Translators ,  Lake  Jack-  
son, TX (1985). 

4. R. R. Chandran,  Ph.D. Thesis, Clarkson Universi ty,  
Potsdam, NY (1984). 

5. R. R. Chandran  and D-T. Chin, Electrochim. Acta, 31, 
39 (1986). 

6. Private communicat ions and conversations with K.-R. 
Menschig while he was visiting Dow Chemical USA, 
Freeport ,  TX (May 1986). 

7. R. Akin,  Doktor - Ingenieur  Thesis,  Universitfit  Dort- 
mund,  Dortmund,  Germany (1984). 

8. A. Schmidt ,  "Angewandte  Elekt rochemie ,"  Verlag 
Chemie, Weinheim, Germany (1976). 

9. K. J. Vetter, "E lek t rochemische  Kinet ik ,"  Springer-  
Verlag, Berlin, Germany (1961), appearing in English 
t ransla t ion as "Elec t rochemical  Kinetics.  Theoreti-  
cal and Experimental  Aspects," S. Bruckenstein and 
B. Howard,  Transla tors  and Editors,  Academic  
Press, New York (1967). 

10. H. Vogt, Doktor - Ingenieur  Thesis, Universit~it Dort- 
mund, Dortmund,  Germany (1977). 

Downloaded 13 Jun 2011 to 129.252.106.227. Redistribution subject to ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp


	Utility of an Empirical Method of Modeling Combined Zero Gap/Attached Electrode Membrane Chlor-Alkali Cells
	Publication Info

	574C.tif

