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Aqueous  alkali  metal  hydroxide  is  electrolyzed  to 
generate  elemental  halogen  in  a  cell  having  a  sandblasted 
membrane  (105)  or  other  rough  or  abraded  surfaced  ion 
exchange  membrane  (105)  with  the  rough  surface  exposed 
to  electrolyte.  While  the  surface  may  be  on  either  the  anodic 
or  cathodic  side  lower  voltage  is  attained  when  it  is  on  the 
cathodic  side.  This  is  especially  true  when  the  cathode  has 
an  open  structure  and  is  in  direct  contact  with  the  rough 
surface  but  unbonded  thereto  whereby  liquid  electrolyte  is 
in  ready  contact  both  with  the  electrode  and  the  membrane 
(105).  The  electrode  is  gas  and  electrolyte  permeable  and 
may  be  in  the  form  of  an  electroconductive  screen  (108a, 
114)  or  several  electroconductive  screens  (108a,  114)  in  face 
to  face  contact.  These  screens  (108a,  114)  or  opposed 
surfaces  thereof  may  have  different  hydrogen  or  halogen 
overvoltages.  Often  in  such  a  case  the  film  or  screen  surface 
having  the  higher  overvoltage  is  in  contact  with  the  rough 
membrane  (105)  surface  and  the  surface  or  screen  having 
the  lower  overvoltage  is  spaced  from  the  membrane  (105) 
with  the  higher  overvoltage  surface  interposed  between  the 
membrane  (105)  and  the  lower  overvoltage  surface.  The  low 
overvoltage  surface  of  course  is  in  direct  electrical  contact 
with  the  higher  overvoltage  surface.  Generally  the  surface 
having  the  low  overvoltage  is  greater  in  area  than  the 
surface  having  the  high  overvoltage. 



S p e c i f i c a t i o n  

The  i n v e n t i o n   h e r e i n   is  d i r e c t e d  t o   e l e c t r o l y s i s   o f  

a q u e o u s   e l e c t r o l y t e s   and  is  p a r t i c u l a r l y   c o n c e r n e d   wi th   t h e  

e l e c t r o l y s i s   of  aqueous   h a l i d e s   such  as  h y d r o g e n   h a l i d e   o r  

a l k a l i   m e t a l   h a l i d e   to  g e n e r a t e   h a l o g e n   in  e l e m e n t a l   s t a t e .  

S t a t e   of  the  A r t  

I t   is  known  to  e l e c t r o l y z e   aqueous   a l k a l i   m e t a l   c h l o r i d e  

or  l i k e   h a l i d e   in  a  membrane  c e l l   h a v i n g   an  ion  e x c h a n g e  

( n o r m a l l y   c a t i o n   e x c h a n g e )   membrane  which  s e p a r a t e s   a n o d e  

from  c a t h o d e .   S ince   the   membrane  i t s e l f   is  g e n e r a l l y   i m p e r m e -  

a b l e   or  s u b s t a n t i a l l y   so  to  gas  and  l i q u i d   f l o w ,   the  e l e c t r o -  

l y s i s   g e n e r a t e s   c h l o r i n e   at  the   anode  and  a l k a l i   at  t h e  

c a t h o d e   the   a l k a l i   b e i n g   of  high  p u r i t y   and  c o n t a i n i n g   o n l y  

very   low  c h l o r i d e   c o n c e n t r a t i o n .  

One  t ype   of  c e l l   which  has  been  p r o p o s e d   f o r   such  e l e c t r o -  

l y s i s   is  the   s o l i d   po lymer   e l e c t r o l y t e   c e l l .  

A  s o l i d   p o l y m e r   e l e c t r o l y t e   c e l l   is  c h a r a c t e r i z e d   by  a n  

ion  e x c h a n g e   membrane ,   which  s e p a r a t e s   e l e c t r o d e   of  the  c e l l  

and  by  the   f a c t , t h a t   one  or  both   e l e c t r o d e s   a re   in  i n t i m a t e  

c o n t a c t   w i th   the   membrane.   F r e q u e n t l y   t h e s e   e l e c t r o d e s   a r e  

d e p o s i t e d   in  the   form  of  a  po rous   c o a t i n g   or  l a y e r   of  e l e c t r o -  

c a t a l y t i c   and  e l e c t r o c o n d u c t i v e   m a t e r i a l ,   r e s i s t a n t   to  t h e  

e l e c t r o l y s i s   c o n d i t i o n s .   The  c u r r e n t   d i s t r i b u t i o n   over   t h e  

e l e c t r o d e s   bonded  onto   the  membrane  is  p r o v i d e d   by  c u r r e n t  

c o n d u c t i n g   g r i d s   p r e s s e d   a g a i n s t   the  e l e c t r o d e s .   The  s o l i d  

p o l y m e r   e l e c t r o l y t e   c e l l s   p r e s e n t   (wi th   r e s p e c t   to  c o n v e n t i o n a l  

membrane  c e l l s   in  which  the   c a t h o d e   and  f r e q u e n t l y   both   a n o d e  

and  c a t h o d e   are  s e p a r a t e d   from  the  membrane)  s e v e r a l   a d v a n t a g e s  

u s e f u l   in  d i f f e r e n t   e l e c t r o l y s i s   p r o c e s s e s .   More  p r e c i s e l y  :  



1)  The  o v e r a l l   v o l t a g e   be tween   e l e c t r o d e s   is  l ower   b e c a u s e  

the   i n t e r e l e c t r o d i c   d i s t a n c e   is  r e d u c e d   p r a c t i c a l l y   t o  

the   membrane  t h i c k n e s s .  

2)  The  s o - c a l l e d   "bubb le   e f f e c t "   is  e l i m i n a t e d   or  at  l e a s t  

m i n i m i z e d ,   i . e .   the  d i f f i c u l t y   n o r m a l l y   e n c o u n t e r e d   i n  

e l e c t r o l y t i c   p r o c e s s e s   where  gas  is  e v o l v e d   at  t h e  

e l e c t r o d e   a c c u m u l a t e s   in  the  zone  be tween   e l e c t r o d e s   i s  

a v o i d e d   b e c a u s e   e v o l v e d   gas  can  be  r e l e a s e d   b e h i n d   t h e  

e l e c t r o d e s   to  the   i n s i d e   of  the  c e l l   c o m p a r t m e n t .  

3)  The  c e l l s   may  be  very  compact   and  thus   the   ohmic  d r o p s  

at  the   c u r r e n t   d i s t r i b u t i o n   s t r u c t u r e s   can  be  r e d u c e d .  

The  ion  p e r m e a b l e   d i a p h r a g m s   are  c a t i o n   e x c h a n g e   p o l y m e r s  

in  the   form  of  t h i n   f l e x i b l e   s h e e t s   o r . m e m b r a n e s .   G e n e r a l l y  

t hey   a re   i m p e r f o r a t e   and  do  not  p e r m i t   a  f low  of  a n o l y t e   i n t o  

the   c a t h o d e   chamber   but  i t   has  a l s o   been  s u g g e s t e d   t h a t   s u c h  

membranes   may  be  p r o v i d e d   wi th   some  smal l   p e r f o r a t i o n s   t o  

p e r m i t   a  s m a l l   f low  of  a n o l y t e   t h e r e t h r o u g h ,   a l t h o u g h   t h e  

bu lk   of  the   work  a p p e a r s   to  have  been  a c c o m p l i s h e d   w i t h  

i m p e r f o r a t e   m e m b r a n e s .  

T y p i c a l   p o l y m e r s   which  may  be  used  for   t h i s   p u r p o s e  

i n c l u d e   f l u o r o c a r b o n   p o l y m e r s   such  as  p o l y m e r s   of  t r i f l u o r o -  

e t h y l e n e   or  t e t r a f l u o r o e t h y l e n e   or  c o p o l y m e r s   t h e r e o f   w h i c h  

c o n t a i n   ion  e x c h a n g e   g roups   are  used  for   t h i s   p u r p o s e .   The  

ion  e x c h a n g e   g roups   n o r m a l l y   are  c a t i o n i c   g roups   i n c l u d i n g  

s u l f o n i c   a c i d ,   s u l f o n a m i d e ,   c a r b o x y l i c   a c i d ,   p h o s p h o n i c   a c i d  

and  the   l i k e ,   which  are   a t t a c h e d   to  the  f l u o r o c a r b o n   p o l y m e r  

c h a i n   t h r o u g h   c a r b o n   and  which  exchange   c a t i o n s .   However ,   t h e y  

may  a l s o   c o n t a i n   an ion   exchange   g r o u p s .  

T y p i c a l   such  membranes  have  the  g e n e r a l   f o r m u l a  :  

o r  



Such  membranes   i n c l u d e   t h o s e   f l u o r o c a r b o n   ion  e x c h a n g e  

p o l y m e r s   m a n u f a c t u r e d   by  the  Du  Pont  Company  u n d e r   the  t r a d e  

name  of  " N a f i o n "   and  by  Asahi   Glass   Company  of  J apan   u n d e r  

the  t r a d e   name  of  " F l e m i o n " .   P a t e n t s   which  d e c r i b e   s u c h  

membranes   i n c l u d e   B r i t i s h   P a t e n t   No.  1 , 1 8 4 , 3 2 1   and  U . S . .  

P a t e n t   No.  3 , 2 8 2 , 8 7 5   and  No.  4 , 0 7 5 , 4 0 5 .  

S ince   t h e s e   d i a p h r a g m s   are  ion  p e r m e a b l e   but   do  n o t  

p e r m i t   a n o l y t e   f low  t h e r e t h r o u g h ,   l i t t l e   or  no  h a l i d e   i o n  

m i g r a t e s   t h r o u g h   the   d i a p h r a g m   of  such  a  m a t e r i a l   in  an  a l k a l i  

c h l o r i d e   c e l l   and  t h e r e f o r e   the   a l k a l i   t h u s   p r o d u c e d   c o n t a i n s  

l i t t l e   or  no  c h l o r i d e   ion.   F u r t h e r m o r e ,   i t   is  p o s s i b l e   t o  

p r o d u c e   a  more  c o n c e n t r a t e d   a l k a l i   me t a l   h y d r o x i d e   in  w h i c h  

the   c a t h o l y t e   p r o d u c e d   may  c o n t a i n   from  15  to  45%  NaOH  b y  

w e i g h t   or  even  h i g h e r .   P a t e n t s   which  d e s c r i b e   such  a  p r o c e s s  

i n c l u d e   U.S.  P a t e n t s   No.  4 , 1 1 1 ,   779  and  No.  4 , 1 0 0 , 0 5 0   a n d  

may  o t h e r s .   The  a p p l i c a t i o n   of  an  ion  e x c h a n g e   membrane  as  a n  

ion  p e r m e a b l e   d i a p h r a g m   has  been  p r o p o s e d   fo r   o t h e r   uses   s u c h  

as  in  w a t e r   e l e c t r o l y s i s .  

In  c e l l s   of  the   type  c o n t e m p l a t e d ,   the   c a t h o d e   is  i n  

c l o s e   p r o x i m i t y   to  or  in  d i r e c t   c o n t a c t   w i t h  t h e   ion  e x c h a n g e  

membrane.   They  must  be  s u f f i c i e n t l y   p e r m e a b l e   to  p e r m i t   r a p i d  

e s c a p e   of  e v o l v e d   gas  from  the  p o i n t s   of  t h e i r   e v o l u t i o n   a n d  

to  p r o v i d e   r e a d y   a c c e s s   of  l i q u i d   e l e c t r o l y t e   to  t h e s e   p o i n t s  

as  we l l   as  r a p i d   r emova l   of  e v o l v e d   a l k a l i   or  o t h e r   e l e c t r o l y s i s  

p r o d u c e d   from  such  p o i n t s .   Thus  the  e l e c t r o d e s   a re   n o r m a l l y  

q u i t e   p o r o u s .  



In  an  e f f o r t   to  s i m p l i f y   and  r e d u c e   the   c o s t   of  c o n s t r u c t -  

ing  such  c e l l s   f o r a m i n o u s   e l e c t r o d e s   ( s c r e e n s   or  the  l i k e ) ,  

which  are   not  bonded  to  the  membrane,  have   been  t e s t e d .   H o w e v e r ,  

i t   has  been  n o t e d   t h a t   t h i s   may  be  a c c o m p l i s h e d   by  an  i n c r e a s e  

in  c e l l   v o l t a g e   a n d / o r   r e d u c t i o n   in  c a t h o d e   e f f i c i e n c y .   T h i s  

i s   p a r t i c u l a r l y   t r u e   when  more  c o n c e n t r a t e d   a l k a l i   c o n t a i n i n g  

fo r   example   20  p e r c e n t   by  we igh t   or  more  of  NaOH  of  e q u i v a l e n t  

a l k a l i   is  p r o d u c e d .  

The  I n v e n t i o n  

A c c o r d i n g   to  t h i s   i n v e n t i o n   i t   has  been  found   t h a t   l o w e r  

v o l t a g e   in  t h i s   p r o c e s s   can  be  a c h i e v e d   w i t h   unbonded   e l e c t r o d e s  

i f   the   ion  e x c h a n g e   membrane  s u r f a c e   is  r o u g h ,   i . e .   has  a  

r o u g h e n e d   or  a b r a d e d   or  po rous   s u r f a c e .   Thus  i t   is  f o u n d ,  

p a r t i c u l a r l y   in  the  case   of  c a r b o x y l i c   m e m b r a n e s ,   t h a t   t h e  

c e l l   v o l t a g e   may  be  r e d u c e d   s u b s t a n t i a l l y   by  r o u g h e n i n g   t h e  

n o r m a l l y   smooth  s u r f a c e   of  the   ion  e x c h a n g e   p o l y m e r ,   f o r  

example   by  s a n d b l a s t i n g   or  by  o t h e r   c o n v e n i e n t   method  o f  

r o u g h e n i n g   the   membrane  s u r f a c e ,   such  as  by  s p u t t e r   e t c h i n g ,  

e m b o s s i n g ,   p r e s s i n g   powdered   ion  e x c h a n g e   p o l y m e r   i n t o   t h e  

membrane  s u r f a c e ,   s a n d p a p e r i n g ,   s a n d b l a s t i n g   such  s u r f a c e  

or  by  o t h e r   c o n v e n i e n t   m e t h o d .  

The  v i s u a l   e f f e c t   of  t h i s   t r e a t m e n t   is   to  s u b s t a n t i a l l y  

r e d u c e   the   t r a n s p a r e n c y   of  the  membrane  which   t y p i c a l l y   i s  

made  opaque  or  b a r e l y   t r a n s l u c e n t   by  the  r o u g h e n i n g   p r o c e s s .  

In  u s e ,   h o w e v e r ,   t r a n s p a r e n c y   may  s l i g h t l y   i n c r e a s e .  

The  s u r f a c e ,   a f t e r   r o u g h e n i n g   t r e a t m e n t ,   has  an  i n c r e a s e d  

s u r f a c e   a r e a .   Where  s a n d b l a s t i n g   is  used  as  the   r o u g h e n i n g  

method  and  the   t r e a t m e n t   is  i n t e n s e   enough ,   the   s u r f a c e   i s  

c h a r a c t e r i z e d   by  the  p r e s e n c e   of  m i c r o c r a c k s   or  p i t s   of  s m a l l  

d i a m e t e r   of  w id th   ( u s u a l l y   l e s s   t han   10  m i c r o n s   and  o f t e n  

1  t o   m i c r o n s   or  l e s s ,   even  be ing   below  one  m i c r o n ) .  



These   s u r f a c e   i m p e r f e c t i o n s   are  s h a l l o w   r a r e l y   be ing   g r e a t e r  
in  d e p t h   of  5  or  10  mic rons   and  g e n e r a l l y   l e s s   t h a n   one  m i c r o n .  

Where  s p u t t e r - e t c h i n g   is  used  as  the  r o u g h e n i n g   m e t h o d ,  

the   s u r f a c e   is  t y p i c a l l y   of  a  p a p i l l a r   or  n e e d l e - l i k e   n a t u r e .  

: T h e  p a p i l l a s   or  n e e d l e s   have  a  h e i g h t   g e n e r a l l y   above  0 . 5  

m i c r o n s ,   p r e f e r a b l y   be tween  1  and  6  m i c r o n s ,   and  are   u n i f o r m l y  

d i s t r i b u t e d   over   the  s u r f a c e .   The  d i s t a n c e   be tween   c r e s t s  

r a r e l y   e x c e e d s   50  mic rons   and  p r e f e r a b l y   is  below  10  m i c r o n s ,  

u s u a l l y   b e i n g   0.1  to  5  m i c r o n s .  

E m b o s s i n g ,   for   e x a m p l e ,   by  r o l l i n g   the   membrane  t h r o u g h  

r o u g h e n e d   r o l l s   s u r f a c e s   is  a l s o   a  c o n v e n i e n t   way  to  p r o d u c e  

the   d e s i r e d   r o u g h e n i n g   of  the   membrane  s u r f a c e s .  

The  e x a c t   r e a s o n   fo r   the  o b s e r v e d   v o l t a g e   r e d u c t i o n   i s  

not   c l e a r l y   u n d e r s t o o d .   Qui te   p o s s i b l y   i t   may  be  due  to  an  .  
e f f e c t i v e   i n c r e a s e   in  o v e r a l l   s u r f a c e   a r e a   of  the   membrane  

which   is  exposed   to  and  in  c o n t a c t   w i th   the   e l e c t r o l y t e   ( e i t h e r  

a n o l y t e   or  c a t h o l y t e   or  b o t h ) .  

For  e x a m p l e ,   i t   is  known  t h a t   d u r i n g   o p e r a t i o n ,   c o n c e n -  

t r a t i o n   g r a d i e n t s   a r i s e   at  the  i n t e r f a c e s   b e t w e e n   the   m e m b r a n e  

s u r f a c e   and  the  a n o l y t e   and  b e t w e e n   the   o p p o s i t e   s u r f a c e   o f  

the   membrane  and  the  c a t h o l y t e .   Such  c o n c e n t r a t i o n s   g r a d i e n t s  

ac t   as  p o t e n t i a l   b a r r i e r s   o p p o s i n g   to  the   m i g r a t i o n   of  t h e  

i o n s ,   which  are  c a r r i e r s   of  the  e l e c t r o l y s i s   c u r r e n t   a c r o s s  

the   c e l l .   One  can  v i s u a l i z e   t h e s e   c o n c e n t r a t i o n   g r a d i e n t s   a s  

r e p r e s e n t i n g   the  i n t e r f a c i a l   ohmic  d rops   due  to  the  p r e s e n c e  

of  the   membrane  with  ion  t r a n s p o r t   c h a r a c t e r i s t i c s   d i f f e r e n t  

to  t h o s e   of  the  l i q u i d   e l e c t r o l y t e s   a l o n g   the  p a s s a g e   of  t h e  

e l e c t r o l y s i s   c u r r e n t   a c r o s s   the  c e l l .   These   ohmic  d rops   c a n  

not  be  c o m p l e t e l y   i n h i b i t e d   and  t h e i r   s u b s t a n t i a l   c o n t r i b u t i o n  

to  the   o v e r a l l   c e l l   v o l t a g e   is  we l l   a c c e p t e d   and  u n d e r s t o o d .  

I t   is  b e l i e v e d ,   w i t h o u t   b e i n g   bound  by  t h e s e   t h e o r i e s ,  

t h a t   the   m o d i f i c a t i o n   of  the  m o r p h o l o g y   of  the  membrane  s u r f a c e ,  

which  c o n s i s t s   of  c h a n g i n g   the  e s s e n t i a l l y   smooth  s u r f a c e   o f  



the   membrane  in  a  n e e d l e l i k e   or  p i t t e d   s u r f a c e ,   s u b s t a n t i a l l y  

i m p r o v e s   the   e l e c t r o c h e m i c a l   b e h a v i o u r   of  the   membrane  t h r o u g h  

v a r i o u s   m e c h a n i s m s :  

a)  the   m o d i f i c a t i o n   of  the   s u r f a c e   m o r p h o l o g y   r e s u l t s   in  a  

s u b s t a n t i a l   i n c r e a s e   of  the  r e a l   e x c h a n g e  a r e a   of  t h e  

i n t e r f a c e   be tween   the  membrane  and  the   l i q u i d   e l e c t r o l y t e  

c o n t a c t i n g   the   membrane  i t s e l f .   C o n s e q u e n t l y ,   the   k i n e t i c s  

o f   t he   d i f f u s i v e   ion  t r a n s f e r   t h r o u g h   the   b o u n d a r y   l a y e r  

a p p e a r s   to  be  h i g h l y   f a v o u r e d .   The  i n c r e a s e   e x c h a n g e  

s u r f a c e   c o r r e s p o n d s   to  a  p r o p o r t i o n a l   d e c r e a s e   in  t h e  

r e a l   ion  c u r r e n t   d e n s i t y .  

b)  The  p e c u l i a r   m o r p h o l o g y   of  the   membrane  s u r f a c e   m o d i f i e d  

a c c o r d i n g   to  the  p r o c e s s   of  the   p r e s e n t   i n v e n t i o n   i m p r o v e s  

t he   e f f i c i e n c y   of  the  c o n v e c t i v e   ion  t r a n s f e r   due  to  t h e  

m o t i o n   n o r m a l l y   imposed  to  the   e l e c t r o l y t e   nea r   t h e  

membrane  s u r f a c e ,   s a id   mot ion   b e i n g   e i t h e r   i n d u c e d   by  

f o r c e d   c i r c u l a t i o n   or  g e n e r a t e d   by  gas  e v o l u t i o n   on  t h e  

a d j a c e n t   e l e c t r o d e   s u r f a c e .  

c)  The  w e t t a b i l i t y   of  the  membrane  s u r f a c e   by  the  l i q u i d  

e l e c t r o l y t e   is  a l s o   improved  by  the  i n c r e a s e d  r o u g h n e s s .  

Thus  the   c a t h o d i c   s i de   or  the   a n o d i c   s i d e   of  the   m e m b r a n e  

or  bo th   s i d e s   t h e r e o f   may  be  p r o v i d e d   wi th   the   rough   s u r f a c e .  

The  r o u g h n e s s   h e r e i n   c o n t e m p l a t e d   is  in  a d d i t i o n   to  a n y  

i r r e g u l a r i t y   in  the  s u r f a c e   which  may  be  c a u s e d   by  the  r e l a t i v -  

e ly   c o a r s e   f a b r i c   r e i n f o r c e m e n t   which  is  o f t e n   p r e s e n t   as  a n  

i n t e r l a y e r   in  such  membranes .   That   is  in  t he   p r e s e n t   i n v e n t i o n  

the   p o l y m e r   be tween   the  meshes  of  the   t e t r a f l u o r o e t h y l e n e  

f a b r i c   is  r ough   or  r o u g h e n e d .  

The  e l e c t r o d e   n o r m a l l y   b e a r s   a g a i n s t   the   rough   s u r f a c e  

but  r e m a i n s   unbonded  to  such  s u r f a c e   a l t h o u g h   i t   may  a l s o   b e  

spaced   from  the  r o u g h e n e d   s u r f a c e ' o f   the  membrane.   The  e l e c t r o -  

l y t e   has  f r e e   a c c e s s   to  both   the  s u r f a c e   of  t he   e l e c t r o l y t e  

p e r m e a b l e   e l e c t r o d e   and  the  rough  s u r f a c e   of  the   membrane  

and  e v o l v e d   gas  is  f r e e   to  e s c a p e .   Of  c o u r s e   the   p e r i p h e r y  

or  a  p o r t i o n   t h e r e o f   or  one  or  more  sma l l   c e n t r a l l y   l o c a t e d  

l o c a l   a r e a s   of  the  e l e c t r o d e   may  be  bonded  or  s p o t   bonded  t o  



t he   membrane  to  m in imize   s e p a r a t i o n   of  membrane  from  e l e c t r o d e .  

However ,   the   major   p a r t   and  g e n e r a l l y   75  to  90  p e r c e n t   o r  

even  a l l   of  the   e l e c t r o d e   s u r f a c e   r e m a i n s   unbonded   to ,   b u t  

p r e f e r a b l y   p r e s s e d   a g a i n s t   the  r o u g h e n e d   s u r f a c e   of  t h e  

' m e m b r a n e .  

The  a c t i v e   e l e c t r o d e   s u r f a c e  w h e r e   the   h a l o g e n   o r  

h y d r o g e n   or  o t h e r   e l e c t r o l y t i c   r e a c t i o n   t a k e s   p l a c e   may  b e a r  

d i r e c t l y   a g a i n s t   or  be  p r e s s e d   a g a i n s t   the   rough   s u r f a c e .  

A l t e r n a t i v e l y   the  e l e c t r o d e   may  be  a  c o m p o s i t e   which  as  a n  

i n t e r m e d i a t e   e l e c t r o c o n d u c t i v e   s u r f a c e   which  has  a  r e l a t i v e l y  

h i g h   o v e r v o l t a g e   ( h y d r o g e n   or  h a l o g e n )   and  which  is  in  d i r e c t  

c o n t a c t   w i th   the   rough  or  a b r a d e d   s u r f a c e   of  the   membrane  a n d  

a  f u r t h e r   s u r f a c e   spaced   from  the  membrane  which  has  a  l o w e r  

o v e r v o l t a g e   where  the  e l e c t r o l y t i c   r e a c t i o n   ( c a t h o d i c   o r  

a n o d i c )   p r e d o m i n a t e l y   t a k e s   p l a c e .  

For  e x a m p l e ,   the  e l e c t r o d e   may  c o m p r i s e   a  p a i r   of  e l e c t r o -  

c o n d u c t i v e   s c r e e n s ,   the   f i r s t   or  f o r e m o s t   of  which   is  p r e s s e d  

a g a i n s t   the   rough  membrane  s u r f a c e   but  has  a  r e l a t i v e l y   h i g h  

o v e r v o l t a g e   ( h y d r o g e n   or  h a l o g e n   as  the  case   may  be)  and  a  

s e c o n d   s c r e e n   or  l a y e r   of  s e v e r a l   s c r e e n s   of  l ower   o v e r v o l t a g e  

which   is  p r e s s e d   a g a i n s t   the  r e a r . s u r f a c e   of  the   f i r s t   s c r e e n .  

A c c o r d i n g   to  a  f u r t h e r   e m b o d i m e n t ,   the   e l e c t r o d e   may  c o m p r i s e  

a  s i n g l e   e l e c t r o c o n d u c t i v e   s c r e e n   or  wire   mat  h a v i n g   a  s i n g l e  

s u r f a c e   or  s u r f a c e   c o a t i n g   of  r e l a t i v e l y   h igh   o v e r v o l t a g e   i n  

c o n t a c t   w i th   the  rough  membrane  s u r f a c e   and  a  more  r emote   - 

p o r t i o n   which  has  a  lower   o v e r v o l t a g e   s u r f a c e   or  which  i s  

c o a t e d   wi th   a  m a t e r i a l   such  as  p l a t i n u m   group  me ta l   o r  

c o n d u c t i v e   ox ide   t h e r e o f   of  r e l a t i v e l y   l ower   o v e r v o l t a g e  

g e n e r a l l y   the   a r e a   of  the  low  o v e r v o l t a g e   s u r f a c e   s u b s t a n t i a l l y  

e x c e e d s   o f t e n   by  25-50%  or  more  the  a r e a   of  the  h igh   o v e r v o l t a g e  

s u r f a c e .  



Where  a  c a t h o d e   of  a  s i n g l e   c o m p o s i t i o n   ( e x p o s e d   s u r f a c e )  

is  used  the   c a t h o d e   may  c o m p r i s e   a  n i c k e l   or  i r o n   or  s t a i n l e s s  

s t e e l   or  c o p p e r   po rous   f o i l   or  s c r e e n   open  to  gas  and  e l e c t r o -  

l y t e   f l ow .   Such  s c r e e n   or  f o r a m i n o u s   f o i l   may  i f   d e s i r e d   b e  

c o a t e d   wi th   a  me ta l   or  me ta l   ox ide   or  o t h e r   c o n d u c t i v e   a n d  

c o r r o s i o n   r e s i s t a n t   m a t e r i a l   hav ing   an  e x c e p t i o n a l l y   l ow  

h y d r o g e n   o v e r v o l t a g e   such  as  a  p l a t i n u m   group  m e t a l   or  o x i d e ;  

e . g .   r u t h e n i u m   o x i d e ,   p a l l a d i u m   o x i d e ,   p l a t i n u m   m e t a l ,   n i c k e l  

s u l f i d e   or  the   l i k e .  

Where  the  c a t h o d e   has  two  s u r f a c e s  -   one  h i g h ,   the   o t h e r  

low  h y d r o g e n   o v e r v o l t a g e ,   the   h igh   o v e r v o l t a g e   c a t h o d e   s u r f a c e  

may  c o m p r i s e   s t a i n l e s s   s t e e l ,   i r o n   or  n i c k e l   in  the   form  o f  

a  s c r e e n   of  such  me ta l   or  may  c o m p r i s e   a  s i l v e r   or  cadmium  o r  

l i k e   m e t a l   c o a t i n g   on  a  n i c k e l   or  s t a i n l e s s   s t e e l   or  i r o n  

s c r e e n .   A l t e r n a t i v e l y   the  n i c k e l   or  s i l v e r   or  l i k e   me ta l   may 

be  in  the   form  of  a  t h i n   po rous   f o i l .   The  low  o v e r v o l t a g e  

s e c t i o n   may  have  a  s u r f a c e   c o m p r i s i n g   a  p l a t i n u m   group  m e t a l  

or  o x i d e   t h e r e o f   or  n i c k e l   s u l f i d e   or  o t h e r   such  m a t e r i a l   o f  

l ower   h y d r o g e n   o v e r v o l t a g e .  

The  membrane  s u r f a c e   is  a b r a d e d   or  r o u g h e n e d   s u f f i c i e n t  

to  e f f e c t i v e l y   i n c r e a s e   the  s u r f a c e   a r e a . i n   d i r e c t   c o n t a c t  

wi th   the   e l e c t r o l y t e .   Thus  the   s u r f a c e   a r e a   of  the   a b r a d e d  

s u r f a c e   of  a  membrane  of  g iven   s i z e   g e n e r a l l y   is  at  l e a s t  

abou t   25  p e r c e n t   and  o f t e n   50  to  100%  or  more  g r e a t e r   t h a n  

the   s u r f a c e   a r e a   of  a  membrane  of  such  s i z e   or  d i m e n s i o n   w i t h  

a  smooth  s u r f a c e .   For  example ,   a  s q u a r e   membrane  s h e e t   o n e  

m e t e r   s q u a r e   has  an  o v e r a l l   or  e n c l o s e d   a r e a   of  one  s q u a r e  

m e t e r .   However  by  a d e q u a t e   s a n d b l a s t i n g   or  e t c h i n g   or  e m b o s s i n g ,  

the  s h e e t   may  be  r o u g h e n e d   enough  to  i n c r e a s e   i t s   s u r f a c e   a r e a  

to  1 . 2 5  -   1.5  s q u a r e   m e t e r s   or  even  h i g h e r   a l t h o u g h   the  o v e r -  

a l l   a r e a   e n c l o s e d   by  the  p e r i p h e r y   of  the  s h e e t   r e m a i n s   t h e  

s a m e .  



G e n e r a l l y   the  dep th   of  p e n e t r a t i o n   of  the  p i t t e d   o r  

r o u g h e n e d   a r e a   is  s m a l l ,   r a r e l y   e x c e e d i n g   abou t   25  m i c r o n s  

and  g e n e r a l l y   the  dep th   of  the   r o u g h e n e d   a r e a   is  below  10 

m i c r o n s ,   g e n e r a l l y   be ing   below  5  m i c r o n s .   Also  the   a v e r a g e  

d i s t a n c e   be tween   c r e s t s   of  the  r o u g h e n e d   a r ea   is  s m a l l ,   r a r e l y  

e x c e e d i n g   50  m i c r o n s   and  p r e f e r a b l y   be ing   below  10  m i c r o n s ,  

u s u a l l y   be ing   0.1  to  5  m i c r o n s .  

The  r o u g h e n i n g   of  the  membrane  s u r f a c e   may  be  a c h i e v e d  

by  s a n d b l a s t i n g   the  membrane  one  or  more  t i m e s   wi th   sand  o r  

q u a r t z   p a r t i c l e s   of  50  to  150  microns  for  a  few  s econds   up  t o  

one  or  two  m i n u t e s ,   r a r e l y   more  t han   20-30  s e c o n d s   per  t r e a t -  

ment .   Also  i t   may  be  a c c o m p l i s h e d   by  c a t h o d e   s p u t t e r   e t c h i n g  

or  by  e m b o s s i n g   the  s h e e t   or  by  c a s t i n g   the   s h e e t   in  c o n t a c t  

w i th   a  r o u g h e n e d   mold  s u r f a c e .  

The  t r e a t m e n t   is  a d v a n t a g e o u s l y   a c c o m p l i s h e d   by  l a y i n g  

the   membrane  upon  a  s o l i d   s u r f a c e   which  is  u s u a l l y   h o r i z o n t a l  

but  may  be  v e r t i c a l   or  i n c l i n e d   to  the  v e r t i c a l   a n d  t h e  

h o r i z o n t a l .   The  r o u g h e n i n g   may  be  a c c o m p l i s h e d   by  a p p l y i n g  

the   r o u g h e n i n g   t r e a t m e n t   to  the  e x p o s e d   s u r f a c e   of  t h e  

s u p p o r t e d   m e m b r a n e .  

G e n e r a l l y   the  a b r a d i n g   of  the  ion  e x c h a n g e   po lymer   i s  

a c h i e v e d   by  s a n d b l a s t i n g   or  o t h e r w i s e   a b r a d i n g   a  dry  p o l y m e r ,  

i . e .   a  po lymer   s h e e t   which  is  in  e q u i l i b r i u m   wi th   the  a t m o -  

s p h e r e   unde r   o r d i n a r y   t e m p e r a t u r e s   and  h u m i d i t y .   For  e x a m p l e ,  

the   s a n d b l a s t i n g   may  be  c o n d u c t e d   in  a i r   at  a  t e m p e r a t u r e   o f  

10  to  3 5 ° C e n t i g r a d e .   The  dry  s h e e t   is  one  in  e q u i l i b r i u m   w i t h  

the  a t m o s p h e r e   at  10  -   35°C  and  normal   r e l a t i v e   h u m i d i t y   f o r  

example   40-60%.  Of ten   i t   c o n t a i n s   some  w a t e r .   The  amount  o f  

w a t e r   p r e s e n t   depends   upon  the  c o n c e n t r a t i o n   of  ion  e x c h a n g e  

g r o u p s   t h e r e i n   and  for   membranes  h a v i n g   1  to  1.6  m i l l i -  

e q u i v a l e n t s   of  ion  exchange   c a p a c i t y   per   gram  of  dry  p o l y m e r  

the  w a t e r   c o n t e n t   may  be  0.04  to  0.15  grams  of  w a t e r   per  g r a m  

of  dry  membrane.   When  the  t e m p e r a t u r e   of  the   membrane  to  b e  



s u b j e c t e d   to  s a n d b l a s t i n g   is  h i g h e r   the  w a t e r   c o n t e n t   may  b e  

l o w e r ,   u n l e s s   the  a t m o s p h e r i c   h u m i d i t y   is  h i g h e r .  

The  dry  s h e e t   i s  c o n v e n i e n t l y   s a n d b l a s t e d   by  i m p i n g i n g  

an  a i r   s t r e a m   of  q u a r t z   p a r t i c l e s   h a v i n g   a  p a r t i c l e   s i z e   of  50 

to  150  m i c r o n s   or  even  f i n e r   a g a i n s t   the  dry  membrane  at  r o o m  

t e m p e r a t u r e .  

Large  s i z e   membranes  have  been  s u c c e s s f u l l y   s a n d b l a s t e d  

by  l a y i n g   the   membrane  v e r t i c a l l y   a g a i n s t   a  s t e e l   p l a t e  

mounted   on  a  c a r r i a g e   which  is  drawn  h o r i z o n t a l l y   at  a  c o n s t a n t  

speed   of  220  mm/min.  

A  s p r a y   gun,  o p e r a t i n g   wi th   c o m p r e s s e d   a i r   at  5  k g / c m 2  

and  e q u i p p e d   wi th   a  s p r a y   n o z z l e   of  9.0  mm  d i a m e t e r   s p a c e d  

70  mm  from  the   s u r f a c e   of  the   membrane  is  moved  up  and  down 

at  a  s u b s t a n t i a l l y   c o n s t a n t   speed  of  325  mm/min.  

A l t e r n a t i v e l y   the  membrane  may  be  c o o l e d   to  below  10°C  : 

fo r   example   0  to  minus  25°C  or  lower   and  the  r e f r i g e r a t e d  

membrane  s a n d b l a s t e d .  

A c c o r d i n g   to  a  f u r t h e r   embodiment   of  t h i s   i n v e n t i o n   t h e  

membrane  may  be  s w e l l e d   for   example   by  b o i l i n g   in  w a t e r   o r  

h e a t i n g   at  50  to  120°C  in  aqueous   a l k a l i   me t a l   h y d r o x i d e  

c o n t a i n i n g   for   example   5  to  40%  by  we igh t   of  NaOH  u n t i l   t h e  

s w e l l i n g   of  the  membrane  has  s t a b i l i z e d .   Such  a  membrane  i s  

s w e l l e d   up  to  abou t   5-10  p e r c e n t   in  each  d i r e c t i o n   of  i t s  

o r i g i n a l   d i m e n s i o n s   and  may  c o n t a i n   up  to  about   25%  by  w e i g h t  

of  w a t e r .   A  membrane  so  s w e l l e d   may  be  a b r a d e d   or  s a n d b l a s t e d  

fo r   use  as  h e r e i n   c o n t e m p l a t e d .   - 

At  a l l   e v e n t s   the  r o u g h e n e d   membrane  is  s w e l l e d   b y  

h y d r o l y s i s   b e f o r e   be ing   a s s e m b l e d   in  the  c e l l .   U s u a l l y   t h i s  

i s   done  by  immers ion   in  hot  d i l u t e d   a l k a l i   meta l   h y d r o x i d e  

or  d i l u t e d   b r i n e   and  g e n e r a l l y   t h i s   s w e l l i n g   or  c o n d i t i o n i n g  

is  e f f e c t e d   a f t e r   the  s a n d b l a s t i n g   or  e q u i v a l e n t   r o u g h e n i n g  

p r o c e s s .   This   may  expand  the  s i z e   of  the  p i t s   or  i m p e r f e c t i o n s  

in  the  membrane  s u r f a c e .   However  m i c r o c r a c k s   p r o d u c e d   in  t h e  



s u r f a c e   by  the  s a n d b l a s t i n g   t end   to  be  s e a l e d   by  the  s w e l l i n g  

so  as  to  r e d u c e   l i k e l i h o o d   of  l e a k a g e   or  f low  of  a n o l y t e   o r  

c a t h o l y t e   a c r o s s   the   membrane  t h r o u g h   such  c r a c k s .  

The  e l e c t r o d e   in  c o n t a c t   wi th   the  rough  s u r f a c e   s h o u l d  

b e   p e r m e a b l e   to  l i q u i d   e l e c t r o l y t e   and  e v o l v e d   gas .   Thus  i t  

may  be  a  p e r m e a b l e   s c r e e n   or  w i re   mat  or  even  a  po rous   f o i l .  

Because   i t   is  unbonded  to  the   rough   s u r f a c e   f r e e   a c c e s s   o f  

e l e c t r o l y t e   and  e s c a p e   of  e v o l v e d   gas  from  be tween   t h e  

membrane  and  the  s c r e e n   is  e n s u r e d .  

A  c e l l   p a r t i c u l a r l y   u s e f u l   fo r   t h i s   p u r p o s e   is  o n e  

d i a g r a m m a t i c a l l y   i l l u s t r a t e d   in  the  a c c o m p a n y i n g   d r a w i n g   i n  

w h i c h :  

Fig .   1  is  a . d i a g r a m m a t i c   h o r i z o n t a l   s e c t i o n a l   view  o f  

the   c e l l   h a v i n g   the  membrane  s a n d b l a s t e d   as  d e s c r i b e d   a b o v e  

i n s t a l l e d   t h e r e i n ,   a n d  

Fig .   2  is  a  d i a g r a m m a t i c   v e r t i c a l   s e c t i o n a l   view  o f  

the   c e l l   of  Fig.   I .  

F ig .   3  is  an  e l e c t r o n   m i c r o s c o p e   p h o t o g r a p h   s h o w i n g  

the   s u r f a c e   of  an  u n t r e a t e d   membrane  of  the   l a m i n a t e   t y p e .  

Fig .   4  is  an  e l e c t r o n   m i c r o s c o p e   p h o t o g r a p h   s h o w i n g  

the   s u r f a c e   of  the  membrane  of  F ig .   3  a f t e r   the  r o u g h e n i n g  

t r e a t m e n t .  

Fig .   5  is  an  o p t i c a l   m i c r o s c o p e   p h o t o g r a p h   s h o w i n g  

the   s u r f a c e   of  an  u n t r e a t e d   membrane  of  the  homogeneous   t y p e .  

Fig .   6  is  an  o p t i c a l   m i c r o s c o p e   p h o t o g r a p h   s h o w i n g  

the   s u r f a c e   of  the  membrane  of  Fig.   5  a f t e r   the  r o u g h e n i n g  

t r e a t m e n t .  

As  shown  in  F i g u r e s   1  and  2,  the   c e l l   c o m p r i s e s   a n  

anode  end  p l a t e   103  and  a  c a t h o d e   end  p l a t e   110,  both   m o u n t e d  

in  a  v e r t i c a l   p l a n e   wi th   each  e n d - p l a t e  i n   the  form  of  a  

c h a n n e l   h a v i n g   s i de   w a l l s   r e s p e c t i v e l y   e n c l o s i n g   an  anode  s p a c e  

106  and  a  c a t h o d e   space   111.  Each  end  p l a t e   a l s o   has  a  

p e r i p h e r a l   s ea l   s u r f a c e   on  s i d e - w a l l s   p r o j e c t i n g   on  each  s i d e  



of  the  c e l l   from  the  p l a n e   of  the   r e s p e c t i v e   end  p l a t e   104  

b e i n g   the   anode  s e a l   s u r f a c e   and  112  be ing   the  c a t h o d e   s e a l  

s u r f a c e .   These  s u r f a c e s   bea r   a g a i n s t   a  membrane   or  d i a p h r a g m  

105  which  s t r e t c h e s   a c r o s s   t h e . e n c l o s e d   space   be tween   t h e  

s ide   w a l l s   s e p a r a t i n g   anode  from  c a t h o d e .   This   membrane  i s  

p r o v i d e d   at  l e a s t   on  the   c a t h o d e   s ide   wi th   the  r o u g h e n e d  

s u r f a c e   as  d e s c r i b e d   a b o v e .  

The  anode  108  may  c o m p r i s e   a  r e l a t i v e l y   r i g i d   u n c o m p r e s s -  

, i b l e   s h e e t   of  e x p a n d e d   t i t a n i u m   me ta l   or  o t h e r   p e r f o r a t e ,  

a n o d i c a l l y   r e s i s t a n t . s u b s t r a t e ,   p r e f e r a b l y   h a v i n g   a  n o n -  

p a s s i v a b l e   c o a t i n g   t h e r e o n   sucha   as  a  me t a l   or  ox ide   or  m i x e d  

ox ide   of  a  p l a t i n u m   group  m e t a l .   This  s h e e t   is  s i z e d   to  f i t  

w i t h i n   the   s i de   w a l l s   of  the   anode  back  p l a t e   and  is  s u p p o r t e d  

r a t h e r   r i g i d l y   by  spaced   e l e c t r o c o n d u c t i v e   m e t a l   or  g r a p h i t e  

r i b s   109  which  are   f a s t e n e d   to  and  p r o j e c t   from  the   web  or  b a s e  

.of  the   anode  end  p l a t e   103.  The  s p a c e s   be tween   the   r i b s  

p r o v i d e   fo r   r e a d y   f low  of  a n o l y t e   which  is  fed  i n t o   the   b o t t o m  

and  w i t h d r a w n   from  the   top  of  such  s p a c e s .   The  e n t i r e   e n d  

p l a t e   and  r i b s   may  be  of  g r a p h i t e ,   a l t e r n a t i v e l y ,   they may  be  o f  

t i t a n i u m   c l ad   s t e e l . o r   o t h e r   s u i t a b l e   m a t e r i a l .   The  r i b   e n d s  

b e a r i n g   a g a i n s t   the   anode  s h e e t   108  may  o r   not  be  c o a t e d ,  

e . g .   w i th   p l a t i n u m   or  l i k e   m e t a l   to  improve   e l e c t r i c a l   c o n t a c t  

and  the   anode  s h e e t   108  may  be  a l s o   welded  to  the   r i b s   1 0 9 .  

The  anode  r i g i d   f o r a m i n o u s   s h e e t   108  is  he ld   f i r m l y   in  a n  

u p r i g h t   p o s i t i o n .   This   s h e e t   may  be  of  expanded   me ta l   h a v i n g  

u p w a r d l y   i n c l i n i n g   o p e n i n g s   10  d i r e c t e d   away  from  the   m e m b r a n e  

( see   Fig.   2)  to  d e f l e c t   r i s i n g   gas  b u b b l e s   t o w a r d s   t he   s p a c e  

109  and  away  from  the  m e m b r a n e .  

More  p r e f e r a b l y ,   a  f i n e   mesh  p l i a b l e   e l e c t r o l y t e   p e r m e -  

ab le   s c r e e n   108a  of  t i t a n i u m   or  o t h e r   v a l v e   m e t a l   c o a t e d   w i t h  

a  n o n - p a s s i v a t a b l e   l a y e r   which  is  a d v a n t a g e o u s l y   a  nob le   m e t a l  

or  c o n d u c t i v e   o x i d e s   h a v i n g   a  low  c h l o r i n e   o v e r v o l t a g e   fo r   t h e  

a n o d i c   r e a c t i o n   ( e . g .   c h l o r i n e   e v o l u t i o n ) ,   is  d i s p o s e d   b e t w e e n  

the  r i g i d   f o r a m i n o u s   s h e e t   108  and  the  membrane  105.  The 



s c r e e n   108a  u s u a l l y   a  f i n e   mesh  s c r e e n   p r o v i d e s   a  d e n s i t y  

of  c o n t a c t s   of  e x t r e m e l y   low  a r ea   wi th   the  membrane  in  e x c e s s  

of  at  l e a s t   30  c o n t a c t s   per  squa re   c e n t i m e t e r .   I t   may  be  s p o t  

welded  to  the  c o a r s e   anode  s c r e e n   108  or  not  as  d e s c r i b e d .  

-  On  the  c a t h o d e   s i d e ,   r i b s   120  e x t e n d   o u t w a r d   from  t h e  

base  of  the  c a t h o d e   end  p l a t e   110  a  d i s t a n c e   which  is  a  

f r a c t i o n   of  the   e n t i r e   d e p t h   of  the  c a t h o d e   space   111.  T h e s e  

r i b s   are   spaced   a c r o s s   the   c e l l  t o   p r o v i d e   p a r a l l e l   space   f o r  

v e r t i c a l   e l e c t r o l y t e   f low  from  bo t tom  to  top  and  engage   t h e  

c a t h o d e   which  is  in  s h e e t   or  l a y e r   from  i . e .   i t ' s   t h i c k n e s s  

d i m e n s i o n   is  much  l e s s   t han   i t s   wid th   and  h e i g h t .   The  c a t h o d e  

end  p l a t e   and  r i b s   may  be  made  of  s t e e l   or  a  n i c k e l   i r o n   a l l o y  

or  o t h e r   c a t h o d i c a l l y   r e s i s t a n t   m a t e r i a l .   On  the   c o n d u c t i v e  

r i b s   120  is  we lded   a  r e l a t i v e l y   r i g i d   p r e s s u r e   p l a t e   122  w h i c h  

is  p e r f o r a t e   and  r e a d i l y   a l l o w s   c i r c u l a t i o n   of  e l e c t r o l y t e  

from  one  s i de   t h e r e o f   to  the  o t h e r .   G e n e r a l l y ,   t h e s e   o p e n i n g s  

or  l o u v e r s   a re   i n c l i n e d   upward  and  away  from  the   membrane  o r  

c o m p r e s s i b l e   e l e c t r o d e   t oward   the   space  111  ( see   a l s o   Fig.   2 ) .  

The  p r e s s u r e   p l a t e   is  e l e c t r o c o n d u c t i v e   and  s e r v e s   to  i m p a r t  

c a t h o d i c   p o l a r i t y   to  the  e l e c t r o d e   and  to  a p p l y   p r e s s u r e  

' t h e r e t o   and  i t   may  be  made  of  expanded   me ta l   or  heavy  s c r e e n  

of  s t e e l ,   n i c k e l ,   c o p p e r   or  a l l o y s   t h e r e o f .  

A  r e l a t i v e l y   f i n e   f l e x i b l e   s c r e e n   114  b e a r s   a g a i n s t   t h e  

rough   s u r f a c e   which  is  on  the  c a t h o d e   s i de   of  the   a c t i v e  

a r e a   of  d i a p h r a g m   105.  This  s c r e e n   b e c a u s e   of  i t s   f l e x i b i l i t y  

and  r e l a t i v e   t h i n n e s s ,   assumes   the  c o n t o u r s   of  the   d i a p h r a g m  

and  t h e r e f o r e   t h a t   of  anode  108.  A  meta l   s c r e e n   mat  113  i s  

d i s p o s e d   b e h i n d   the  s c r e e n   and  t h i s   c o m p r e s s i b l e   mat  i s  

c a t h o d i c   and  s e r v e s  a s   p a r t   of  the  c a t h o d e   s u r f a c e   or  at  l e a s t  

is  c a t h o d i c a l l y   p o l a r i z e d .   The  s c r e e n   114  is  composed  o f  

n i c k e l   wire   or  o t h e r   e l e c t r o c o n d u c t i v e   c a t h o d i c a l l y   r e s i s t a n t  

wire   which  has  a  s u r f a c e   of  r e l a t i v e l y   low  h y d r o g e n   o v e r -  

v o l t a g e   and  may  be  c o a t e d   with  a  lower  h y d r o g e n   o v e r v o l t a g e  



c o a t i n g   such  a  c o a t i n g   of  a  p l a t i n u m   group  m e t a l   or  o x i d e  

t h e r e o f .  

P r e f e r a b l y   two  o r  m o r e   e l e c t r o c o n d u c t i v e   m e t a l   s c r e e n s  

are   i n t e r p o s e d   be tween   the  rough  membrane  s u r f a c e   and  t h e  

c o m p r e s s i b l e   mat  113.  In  such  a  case   i t   is  o f t e n   a d v a n t a g e o u s  

to  p r o v i d e   a  s c r e e n   of  r e l a t i v e l y   h i g h e r   h y d r o g e n   o v e r v o l t a g e  

in  d i r e c t   c o n t a c t   w i th   the   membrane  s u r f a c e   and  a  second   s c r e e n  

or  bank  of  s c r e e n s   which  have  a  s u r f a c e   of  r e l a t i v e l y   l o w e r  

h y d r o g e n   o v e r v o l t a g e   b e h i n d   but  in  c o n t a c t   w i th   the   h i g h e r  

o v e r v o l t a g e   s c r e e n .   In  t h a t   case   the  h igh   o v e r v o l t a g e   s c r e e n  

s u r f a c e   may  be  of  i r o n   or  s t e e l   or  n i c k e l ,   w h e r e a s   the   s u r f a c e  

of  the   more  r emote   s c r e e n   or  s c r e e n s   may  c o m p r i s e   a  p l a t i n u m  

group  me ta l   or  c o n d u c t i v e   ox ide   t h e r e o f   or  n i c k e l   s u l f i d e   o r  

o t h e r   low  o v e r v o l t a g e   c o a t i n g .   U s u a l l y   the  d i f f e r e n t i a l   i n  

h y d r o g e n   o v e r v o l t a g e   be tween   the   two  t y p e s   of  s u r f a c e s   r a n g e s  

from  0 . 0 5  t o   0.5  v o l t s ,   r a r e l y   be ing   above  0.6  v o l t .   Of  c o u r s e  

the   s c r e e n   s u r f a c e s   are   in  c l o s e   e l e c t r i c a l   c o n t a c t   wi th   e a c h  

o t h e r   s i n c e   the   s c r e e n s   are   p r e s s e d   t i g h t l y   t o g e t h e r   a n d  

a g a i n s t   the   membrane  by  the   c o m p r e s s i b l e   m a t .  

The  s c r e e n s   a d v a n t a g e o u s l y   a r e . f i n e   in  mesh  and  p r o v i d e  

many  c o n t a c t   p o i n t s   of  e x t r e m e l y   low  a r e a   w i th   the   m e m b r a n e  

and  wi th   the  nex  a d j a c e n t   s c r e e n   u s u a l l y   be ing   at  l e a s t   30 

c o n t a c t s   per  s q u a r e   c e n t i m e t e r .   A  c o m p r e s s i b l e   e l e c t r o c o n d u c t -  

ive  mat  113  is  d i s p o s e d   b e t w e e n   the  c a t h o d e   s c r e e n   114  a n d  

the  c a t h o d e   p r e s s u r e   p l a t e   1 2 2 .  

As  i l l u s t r a t e d   in  Fig .   1,  the  mat  113  is  a  c r imped   o r  

w r i n k l e d   c o m p r e s s i b l e   w i r e - m e s h   f a b r i c   which  f a b r i c   i s  

a d v a n t a g e o u s l y   an  open,   mesh  k n i t t e d - w i r e   mesh  of  the  t y p e  

d e s c r i b e d   in  U.S.  a p p l i c a t i o n   fo r   U n i t e d   S t a t e s   L e t t e r   P a t e n t  

S e r i a l   No.  102629  f i l e d   December  11,  1979,  w h e r e i n   the  w i r e  

s t r a n d s   are  k n i t t e d   i n t o   a  r e l a t i v e l y   f l a t   f a b r i c   wi th   i n t e r -  

l o c k i n g   l o o p s .   This  f a b r i c   is  then   c r imped   or  w r i n k l e d   i n t o  

a  wave  or  u n d u l a t i n g   form  wi th   the  waves  be ing   c l o s e   t o g e t h e r ,  



fo r   e x a m p l e ,   0.3  to  2  c e n t i m e t e r s   a p a r t ,   and  the  o v e r a l l  

t h i c k n e s s   of  the  c o m p r e s s i b l e   f a b r i c   is  2  to  1 0 . . m i l l i m e t e r s .  

The  c r imps   may  be  in  z i g - z a g   or  h e r r i n g b o n e   p a t t e r n   and  t h e  

: mesh  of  the   f a b r i c   is  c o a r s e r ,   i . e .   has  a  l a r g e r   pore   s i z e  

t han   t h a t   of  s c r e e n   1 1 4 .  

As  i l l u s t r a t e d   in  Fig.   1,  t h i s   u n d u l a t i n g   f a b r i c   113 

is  d i s p o s e d   in  the  space   be tween   the  f i n e r   mesh  s c r e e n   o r  

s c r e e n s   114  and  the  more  r i g i d   expanded   m e t a l   p r e s s u r e   p l a t e  

1 2 2 .   The  u n d u l a t i o n s   e x t e n d   a c r o s s   the   space   and  the  v o i d  

r a t i o   of  the   c o m p r e s s e d   f a b r i c   i s ,   n o t w i t h s t a n d i n g   c o m p r e s s i o n ,  

p r e f e r a b l y   h i g h e r   t h a n   75%,  p r e f e r a b l y   b e t w e e n   85  and  96%, 

of  the   a p p a r e n t   volume  o c c u p i e d   by  the   f a b r i c .   The  w a v e s  

e x t e n d   in  a  v e r t i c a l   or  i n c l i n e d   d i r e c t i o n   so  t h a t   c h a n n e l s -  

fo r   upward  f r e e   f low  of  gas  and  e l e c t r o l y t e   are   p r o v i d e d   w h i c h  

c h a n n e l s   are  not   s u b s t a n t i a l l y   o b s t r u c t e d   by  the   wi re   of  t h e  

f a b r i c .   This   is  t r u e   even  when  the  waves  e x t e n d   a c r o s s   t h e  

c e l l   from  one  s i d e   to  the   o t h e r   b e c a u s e   the   mesh  o p e n i n g s  

in  the   s i d e s   of  the   waves  p e r m i t   f r e e   f low  of  f l u i d s .  

The  e n d - p l a t e s   110  and  103  are  c lamped   t o g e t h e r   and  b e a r  

a g a i n s t   membrane  105  or  a  g a s k e t   s h i e l d i n g   the   membrane  f r o m  

the   o u t s i d e   a t m o s p h e r e   d i s p o s e d   be tween   the  end  w a l l s .   The  

c l a m p i n g   p r e s s u r e   c o m p r e s s e s   the  u n d u l a t i n g   f a b r i c   113  a g a i n s t  

the   f i n e r   s c r e e n   or  s c r e e n s   114  and  the  r o u g h e n e d   membrane  t o  

a  t h i c k n e s s   s u b s t a n t i a l l y . l e s s   than   the  f a b r i c   in  i t s   u n c o m p r e s s -  

ed  s t a t e .   This   in  t u r n   p r e s s e s   the  s c r e e n   114  a g a i n s t   t h e  

membrane  and  t hus   the  anode  s u r f a c e   of  the   membrane  p r e s s e s  

a g a i n s t   anode  1 0 8 a .  

In  the  o p e r a t i o n   of  t h i s   e m b o d i m e n t ,   s u b s t a n t i a l l y  

s a t u r a t e d   sodium  c h l o r i d e   aqueous   s o l u t i o n   is  fed  i n t o   t h e  

b o t t o m   of  the  a n o l y t e   c o m p a r t m e n t   of  the  c e l l   and  f lows   u p w a r d  

t h r o u g h   c h a n n e l s   or  s p a c e s   105  be tween   r i b s   109  and  d e p l e t e d  

b r i n e   and  e v o l v e d   c h l o r i n e   e s c a p e s   from  the   top  of  the   c e l l .  



Water   or  d i l u t e   sodium  h y d r o x i d e   is  fed  i n t o   the   b o t t o m   o f  

the   c a t h o d e   chamber   and  r i s e s   t h r o u g h . c h a n n e l s   111  as  w e l l  

as  t h r o u g h   the   v o i d s   of  the   c o m p r e s s e d   mesh  s h e e t   l13  a n d  

e v o l v e d   h y d r o g e n   and  a l k a l i   is  w i t h d r a w n   from  the   top  o f  

t h e   c e l l .   E l e c t r o l y s i s   is  c a u s e d   by  i m p a r t i n g   a  d i r e c t  

c u r r e n t   e l e c t r i c   p o t e n t i a l   be tween   the   anode   and  c a t h o d e  

end  p l a t e s .  

As  shown  in  F ig .   2  at  l e a s t   the  u p p e r   o p e n i n g s   in  p r e s s u r e  

p l a t e   122  a re   l o u v e r e d   to  p r o v i d e   an  i n c l i n e d   o u t l e t   d i r e c t e d  

u p w a r d l y   away  from  the   c o m p r e s s e d   f a b r i c   113,   w h e r e b y   some 

p o r t i o n   of  e v o l v e d   h y d r o g e n   a n d / o r   e l e c t r o l y t e   e s c a p e s   to  t h e  

r e a r   e l e c t r o l y t e   c h a m b e r  1 1 1 .   T h e r e f o r e ,   the   v e r t i c a l   s p a c e s  

at  the   back   of  the   p r e s s u r e   p l a t e   122  and  the   s p a c e   o c c u p i e d  

by  c o m p r e s s e d   mat  113  a re   p r o v i d e d   fo r   upward   c a t h o l y t e   a n d  

gas  f l o w .  

By  r e c o u r s e   to  two  such  c h a m b e r s ,   i t   is  p o s s i b l e   t o  

r e d u c e   the   gap  b e t w e e n   p r e s s u r e   p l a t e   122  and  the   m e m b r a n e  

and  to  i n c r e a s e   the   c o m p r e s s i o n   of  s h e e t   113  w h i l e   s t i l l  

l e a v i n g   t he   s h e e t   open  to  f l u i d   f low  and  t h i s   s e r v e s   t o  

i n c r e a s e   t he   o v e r a l l   e f f e c t i v e   s u r f a c e   a r e a   of  t he   a c t i v e  

p o s i t i o n s   of  the   c a t h o d e .  

A c c o r d i n g   to  the   improved   method  of  t h i s   i n v e n t i o n   f o r  

the   e l e c t r o l y s i s   of  sodium  c h l o r i d e ,   a q u e o u s   b r i n e   c o n t a i n i n g  

from  140  to  300  grams  per   l i t e r   of  sodium  c h l o r i d e   is  c i r c u l a t -  

ed  w i t h i n   the   anode  c o m p a r t m e n t   of  the  c e l l .   C h l o r i n e   i s  

e v o l v e d   at  the   anode  wh i l e   the  s o l v a t e d   ions   t end   to  m i g r a t e  

t h r o u g h   the  c a t i o n   membrane  and  r e a c h   the  c a t h o d e   w h e r e  

c a u s t i c   soda  of  s u b s t a n t i a l   c o n c e n t r a t i o n   above   15-20%  by  

w e i g h t   and  h y d r o g e n   is  e v o l v e d .   S o l u t i o n s   c o n t a i n i n g   25  t o  

40  p e r c e n t   by  w e i g h t   of  a l k a l i   me ta l   h u d r o x i d e   may  be  p r o d u c e d  

wi th   anode  and  c a t h o d e   e f f i c i e n c i e s   above  90%  f r e q u e n t l y   a b o v e  

9 5 % .  



I t   w i l l   be  seen  t h a t   the  c a t h o d i c a l l y   p o l a r i z e d   s e c t i o n  

i n c l u d e s   the   end  p l a t e   110  and  p r e s s u r e   p l a t e   122  mat  113  a n d  

the  s c r e e n   or  a s s e m b l y   of  s c r e e n s   114  which  bea r   a g a i n s t   t h e  

: m e m b r a n e .  

The  r e a r   s c r e e n   a n d / o r   the  mat  113  is  c o a t e d   wi th   a  

c o a t i n g   or  s u r f a c e   which  has  a  low  or  s u b s t a n t i a l l y   n e g l i g i b l e  

h y d r o g e n   o v e r v o l t a g e .   T y p i c a l   c o a t i n g s   i n c l u d e   a  m i x t u r e   o f  

n i c k e l   and  c o n d u c t i v e   r u t h e n i u m   o x i d e ,   p l a t i n u m   b l a c k   o r  

p l a t i n u m   m e t a l   or  o t h e r   such  c o a t i n g   of  a  low  h y d r o g e n   o v e r -  

v o l t a g e   m a t e r i a l .   T h e  d e p t h   of  t h i s   a c t i v e   a r e a   may be  e x p a n d -  

ed  by  c o a t i n g   the  c o m p r e s s i b l e   wire   f a b r i c   113  w i th   the  same 

m a t e r i a l .  

S ince   e l e c t r o l y t e   f low  is  r a p i d   t h r o u g h   the  c o m p r e s s e d  

f a b r i c   113  and  the  mesh  of  the  s c r e e n   114  a  l a r g e   p o r t i o n   o f  

the   sodium  h y d r o x i d e   p r o d u c e d   may  be  e v o l v e d   a  d i s t a n c e   away  

from  the  membrane  s u r f a c e   and  in  any  e v e n t   e v o l v e d   s o d i u m  

h y d r o x i d e   or  o t h e r   a l k a l i   is  removed  by  the   f l o w i n g   e l e c t r o -  

l y t e   f l o w i n g   t h r o u g h   the  mat  and  s w e e p i n g   the   s c r e e n s .  

The  a d v a n t a g e   of  the  r o u g h e n e d   membrane  s u r f a c e   i s  

p a r t i c u l a r l y   n o t i c e a b l e   when  the  c a t h o d e   s i d e   of  the   m e m b r a n e  

c o m p r i s e s   a  c a r b o x y l i c   c a t i o n   exchange   p o l y m e r   ( u s u a l l y  

f l u o r o c a r b o n   p o l y m e r ) .   Such  membranes  are   e s p e c i a l l y   a d v a n t a g e o u  

s i n c e   t h e y   can  be  used  to  p r o d u c e   c a t h o d e   e f f i c i e n c i e s   a b o v e  

90  to  95  p e r c e n t   or  even  h i g h e r .   B y  r o u g h e n i n g   the   c a t h o d e  

s u r f a c e   in  c o n t a c t   wi th   the  c a t h o d i c a l l y   p o l a r i z e d   e l e c t r o d e  

s u r f a c e   i t   is  found  t h a t   s u b s t a n t i a l l y   lower   v o l t a g e s   may 

be  a c h i e v e d   at  c u r r e n t   d e n s i t i e s   of  1000  amperes   per  s q u a r e  

me te r   or  a b o v e .   V o l t a g e   r e d u c t i o n s   r a n g i n g   from  10  to  s e v e r a l  

h u n d r e d   m i l l i v o l t s   have  been  o b s e r v e d   by  s a n d b l a s t i n g   t h e  

c a t h o d e   s u r f a c e   of  the  membrane  the  amount  of  the   r e d u c t i o n  

i n c r e a s e   wi th   i n c r e a s i n g   c u r r e n t   d e n s i t y .  



Somewhat  s m a l l e r   d i f f e r e n c e s   may  o c c u r   wi th   o t h e r  

membranes .   Of ten   t h e s e   membranes  are  m u l t i l a y e r  i n   s t r u c t u r e .  

One  t y p i c a l   example   is  a  membrane  c o m p r i s i n g   a  l a y e r   of  p o l y -  

. f l u o r o e t h y l e n e   po lymer   c o n t a i n i n g   s u l f o n i c   ion  e x c h a n g e   g r o u p s  

an  i n t e r l a y e r   of  a  r e l a t i v e l y   c o a r s e   s c r e e n   or  f a b r i c   o f  

p o l y f l u o r o e t h y l e n e   po lymer   u s u a l l y   h a v i n g   o p e n i n g s   abou t   0 . 2  -  

0.5  c e n t i m e t e r s   s q u a r e   and  a  second  ion  e x c h a n g e   f l u o r o c a r b o n  

p o l y m e r   h a v i n g   c a r b o x y l i c   ion  exchange   g r o u p s .   The  s e v e r a l  

l a y e r s   a re   bonded  t o g e t h e r   fo r   example   by  h e a t   and  p r e s s u r e .  

S u c h  a   l a m i n a t e   has  a  more  s t r o n g l y   dc id   i . e .   the  s u l f o n i c  

s i d e   and  a  more  weak  a c i d ,   i . e .   the   c a r b o x y l i c   s i d e .   The 

c a r b o x y l i c   l a y e r   is  g e n e r a l l y   t h i n n e r   t h a n   the   s u l f o n i c   l a y e r .  

Other   l a m i n a t e d   membranes  may  c o m p r i s e   two  s u l f o n i c   o r  

p h o s p h o r i c   l a y e r s   of  d i f f e r e n t   a c i d i t y   or  c o n c e n t r a t i o n   o f  

a c i d   g r o u p s .   For  e x a m p l e ,   two  l a y e r s   of  s u l f o n i c   ion  e x c h a n g e  

p o l y m e r   of  d i f f e r e n t   e q u i v a l e n t   w e i g h t s ,   i . e .   d i f f e r e n t  

c o n c e n t r a t i o n   of  g roups   may  be  bonded  t o g e t h e r .   Also  a  

s u l f o n i c   p o l y m e r   may  be  t r e a t e d   on  one  s i d e   to  r e d u c e   t h e  

a c i d i t y ,   fo r   example   by  t r e a t i n g   wi th   an  a m i n e .  

The  weaker   a c i d   s i d e   is  g e n e r a l l y   the   c a t h o d e   s i d e   o f  

the   m e m b r a n e .  

The  f i g u r e s   3,  4,  5  and  6  are  m i c r o p h o t o g r a p h   of  t h e  

c a t h o d i c   s i de   of  membranes   showing  the   m o r p h o l o g i c a l   m o d i f i c a t -  

ion  of  the   membrane  s u r f a c e   a f t e r   the  r o u g h e n i n g   t r e a t m e n t .  

The  r o u g h e n i n g   was  o b t a i n e d   in  b o t h  i n s t a n c e s   by  s a n d -  

b l a s t i n g   wi th   q u a r t z   p a r t i c l e s   r a n g i n g   in  s i z e   from  a  d i a m e t e r  

of  50  to  150  m i c r o n s   s p r a y e d   by  a  c o m p r e s s e d   a i r   gun  o p e r a t i n g  

w i th   a i r   at  5  a t m o s p h e r e s   p r e s s u r e   t h r o u g h   a  n o z z l e   of  70  mm 

d i a m e t e r   m a i n t a i n e d   at   a  d i s t a n c e   of  25  mm  from  the   m e m b r a n e  

s u r f a c e   fo r   a  p e r i o d   of  about   20  s e c o n d s .  

F i g u r e s   3  and  4  are   e l e c t r o n   m i c r o s c o p e   p h o t o g r a p h s   a t  

320  m a g n i f i c a t i o n   of  the   u n t r e a t e d   sample  (F ig .   3)  and  o f  



the   sample   a f t e r   s a n d b l a s t i n g   (F ig .   4 ) .  

The  membrane  is  a  f l u o r o c a r b o n   p o l y m e r   c a t i o n   e x c h a n g e  

membrane  which  is  a  l a m i n a t e   o f  t w o   l a y e r s   bonded  t o g e t h e r  

w i th   an  i n t e r l a y e r   of  p o l y t e t r a f l u o r o e t h y l e n e   mesh  f o r  

m e c h a n i c a l   s u p p o r t .   One  of  t h e s e   l a y e r s   is  a  c o p o l y m e r   o f  

t e t r a f l u o r o e t h y l e n e   and  p e r f l u o r o v i n y l e t h e r   s u l p h o n y l   a c i d  

h a v i n g   an  e q u i v a l e n t   we igh t   of  abou t   1100.  The  o t h e r   l a y e r  

i s   a  f i l m   of  a  c o p o l y m e r   of  t e t r a f l u o r o e t h y l e n e   and  a  p e r -  

f l u o r o e t h y l e n e   e t h e r   which  c o n t a i n s   c a r b o x y l i c   g r o u p s .   T h i s  

c a r b o x y l i c   s h e e t   a l s o   has  an  e q u i v a l e n t   w e i g h t   of  abou t   1 1 0 0 .  

The  s u r f a c e   shown  in  F i g u r e s   3  and  4  is  t h a t   of  the   c a r b o x y l i c  

s ide   of  the   l a m i n a t e d   m e m b r a n e .  

F i g u r e s   5  and  6  are   o p t i c a l   m i c r o s c o p e   p h o t o g r a p h s   a t  

200  m a g n i f i c a t i o n   of  the   u n t r e a t e d   sample   ( F i g .   5)  and  of  t h e  

same  sample   a f t e r   s a n d b l a s t i n g   (F ig .   6 ) .  

The  membrane  is  an  u n s u p p o r t e d   homogeneous   s h e e t   of  a  

c o p o l y m e r   of  t e t r a f l u o r o e t h y l e n e   and  of  a  s u l p h o n y l   f l u o r i n a t e d  

p e r f l u o r o v i n y l e t h e r   as  p r o d u c e d   by  Du  Pont  de  Nemours  u n d e r  

the  d e s i g n a t i o n   of  N a f i o n ( R )   1 2 0 .  

The  f o l l o w i n g   examples   a re   i l l u s t r a t i v e :  

EXAMPLE  I  

The  membrane  t r e a t e d   is  a  f l u o r o c a r b o n   po lymer   c a t i o n  

e x c h a n g e   membrane  which  is  a  l a m i n a t e   o f  t w o   l a y e r s   bonded  - 

t o g e t h e r .   O n e  o f   t h e s e   l a y e r s   is  a  c o p o l y m e r   of  a  p o l y f l u o r o -  

e t h y l e n e   ( t e t r a f l u o r o e t h y l e n e )   and  a  p e r f l u o r o v i n y l   e t h e r  

s u l f o n y l   f l u o r i d e   (or  a c i d )   h a v i n g   an  e q u i v a l e n t   w e i g h t   o f  

about   1100.  The  o t h e r   l a y e r   is  a  s h e e t   of  a  c o p o l y m e r   of  t h e  

p o l y f l u o r o e t h y l e n e   ( t e t r a f l u o r o e t h y l e n e )   and  a  p e r f l u o r o e t h y l e n e  

e t h e r   which  c o n t a i n s   c a r b o x y l i c   g r o u p s .   This   c a r b o x y l i c   s h e e t  

has  a l s o   an  e q u i v a l e n t   we igh t   of  abou t   1 1 0 0 .  



The  two  l a y e r s   are   l a m i n a t e d   and  bonded  t o g e t h e r   w i t h   a n  

i n t e r l a y e r   of  p o l y t e t r a f l u o r o e t h y l e n e   s c r e e n   to  p r o v i d e  

m e c h a n i c a l   s u p p o r t .   The  membrane  is  d r y ,   i . e .   i t   is  in  e q u i l i -  

b r i u m   w i t h   the  no rmal   h u m i d i t y   of  the   s u r r o u n d i n g   a t m o s p h e r e  

a n d   the   s a n d b l a s t i n g   is  c o n d u c t e d   a t  2 0   to  25  d e g r e e s   c e n t i -  

g r a d e .   The  t h i c k n e s s   of  the   membrane  is  0.3  m i l l i m e t e r s   w i t h  

the   c a r b o x y l i c   l a y e r   b e i n g   abou t   0.1  m i l l i m e t e r s .  

S q u a r e   s h e e t s   of  t h i s   type   of  membrane  10  c e n t i m e t e r s   b y  

10  c e n t i m e t e r s   a re   l a i d   v e r t i c a l l y   on  a  smooth   s o l i d   base   a n d  

s a n d b l a s t e d   on  the   c a r b o x y l i c   s u r f a c e   w i t h   q u a r t z   p a r t i c l e s  

r a n g i n g   i n  d i a m e t e r   from  50  to  150  m i c r o n s ,   s p r a y e d   by  c o m p r e s s -  

ed  a i r   a t   5  a t m o s p h e r e s   p r e s s u r e   t h r o u g h   a  n o z z l e   m a i n t a i n e d ' .  

at   a  d i s t a n c e   of  25  m i l l i m e t e r s   from  the   membrane  s u r f a c e   o v e r  

a  p e r i o d   of  a b o u t   30  s e c o n d s .   The  c a r b o x y l i c   s u r f a c e   of  s u c h  

s h e e t s   is  t h u s   r o u g h e n e d .  

S e v e r a l   t r e a t e d   s h e e t s   are  a s s e m b l e d   in  d i f f e r e n t   c e l l s  

of  t he   t ype   d e s c r i b e d   above  a f t e r  c o n d i t i o n i n g   by  h e a t i n g   a t  

a b o u t   80°C  in  an  a q u e o u s   s o l u t i o n   c o n t a i n i n g   2-3  p e r c e n t   by  

w e i g h t   of  sod ium  c h l o r i d e   u n t i l   the   d i m e n s i o n s   of  the   s h e e t  

( s w e l l i n g )   has  s t a b i l i z e d .  

The  c e l l s   have  anodes   as  d e s c r i b e d   above   c o m p r i s i n g  

e x p a n d e d   t i t a n i u m   m e t a l   w i th   an  e l e c t r o c o n d u c t i v e   r u t h e n i u m  

o x i d e   c o a t i n g   t h e r e o n .   A  f i n e   f l e x i b l e   r u t h e n i u m   o x i d e   c o a t e d  

t i t a n i u m   s c r e e n   is  i n t e r p o s e d   be tween   the  e x p a n d e d   m e t a l   a n d  

the  anode  ( s u l f o n i c )   s i d e ' o f   the   m e m b r a n e .  

The  s h e e t s   a re   i n s t a l l e d   wi th   the  s a n d b l a s t e d   c a r b o x y l i c  

s u r f a c e   o n  t h e   c a t h o d e  . s i d e .   As  i l l u s t r a t e d   in   the  d r a w i n g   a n d '  

d e s c r i b e d   above  the   c a t h o d e   c o m p r i s e s   a  c a t h o d e   b a c k p l a t e   a n d  

p r e s s u r e   p l a t e   e n g a g i n g   a  k n i t t e d   me ta l   c r i m p e d   c o m p r e s s i b l e  

mat  113  which   c o m p r e s s e s   a g a i n s t   the  s c r e e n   or  s c r e e n s   w h i c h  

in  tu rn   a re   p r e s s e d   a g a i n s t   the  membrane  s u r f a c e .  



In  one  t e s t   the  membrane  is  u n s a n d b l a s t e d   and  has  o n l y  

such  s u r f a c e   i r r e g u l a r i t y   as  is  i m p a r t e d   by  t h e - r e i n f o r c i n g  

p o l y f l u o r o e t h y l e n e   s c r e e n .   In  o t h e r   t e s t s   the   s a n d b l a s t e d  

membrane  is  in  c o n t a c t   w i th   a  s i n g l e   s c r e e n   ( r u n s   no.  2  and  3 ) .  

I n   o t h e r s   s e v e r a l   s c r e e n s   are  a s s e m b l e d   and  p r e s s e d   by  t h e  

mat  a g a i n s t   the   s c r e e n s .   In  t h e s e   c a s e s   (Runs  3  to  6)  the   s c r e e n  

s u r f a c e   b e a r i n g   a g a i n s t   the  membrane  has  a  h i g h e r   h y d r o g e n  

o v e r v o l t a g e   t h a n   does  the  more  r e m o t e   s c r e e n .   The  o r d e r   o f  

a r r a n g e m e n t   of  c a t h o d e   p a r t s   i s  :   p r e s s u r e - p l a t e  -   m a t  -   f i r s t  

s c r e e n  -   s econd   s c r e e n  -   m e m b r a n e .  

T h e   c e l l   is  o p e r a t e d   c i r c u l a t i n g   a q u e o u s   b r i n e   c o n t a i n i n g  

215  to  225  grams  per  l i t e r   of  sodium  c h l o r i d e   t h r o u g h   t h e  

a n o l y t e   c o m p a r t m e n t   and  aqueous   sod ium  h y d r o x i d e   t h r o u g h   t h e  

c a t h o l y t e   c o m p a r t m e n t   w i th   enough  a l k a l i   h y d r o x i d e   w i t h d r a w n  

and  w a t e r   added  to  the  c a t h o l y t e   to  m a i n t a i n   t he   h y d r o x i d e  

c o n c e n t r a t i o n   at  30%  by  w e i g h t   NaOH.  V o l t a g e   imposed   is  e n o u g h  

to  a c h i e v e   the   s p e c i f i e d   c u r r e n t   d e n s i t y .  

R e s u l t s   are   o b t a i n e d   as  s t a t e d   in  the   f o l l o w i n g   t a b l e   w i t h  

c a t h o d e   and  anode  c u r r e n t   e f f i c i e n c i e s   of  96%  or  a b o v e .  



In  t h e s e   t e s t s   wa t e r   c i r c u l a t i o n   is  c o n t r o l l e d   to  p r o d u c e  

30%  by  w e i g h t   of  NaOH.  T e m p e r a t u r e   of  the   c e l l   was  m a i n t a i n e d  

at  6 5 - 7 0 ° C .  

EXAMPLE  2 

In  a  f u r t h e r   s e r i e s   of  t e s t s   membrane  s h e e t s   14  by  14 

c e n t i m e t e r s   are  s a n d b l a s t e d   and  a s s e m b l e d   in  s i m i l a r   c e l l s  

w i th   r e s u l t s   as  o b t a i n e d   in  the  f o l l o w i n g   t a b l e .  

In  the  above  t e s t s   30%  by  w e i g h t   sodium  h y d r o x i d e   i s  

o b t a i n e d .  



EXAMPLE  3 

The  f o l l o w i n g   t a b l e   r e p o r t s   r e s u l t s   of  f u r t h e r   t e s t s  

w i t h   membranes   of  the   type  used  in  examples   1  and  2,  10  x  10  

c e n t i m e t e r s   in  s i z e .   The  anode  used  c o m p r i s e d   a  c o a r s e  

t i t a n i u m   s c r e e n   p r e s s e d   a g a i n s t   a  f i n e r   t i t a n i u m   s c r e e n  

p r e s s e d   a g a i n s t   the   anode  s ide   of  the   membrane.   Both  s c r e e n s  

were  c o a t e d   wi th   c o n d u c t i v e   r u t h e n i u m   o x i d e .   Sodium  c h l o r i d e  

s o l u t i o n   c o m b i n i n g   230  grams  per   l i t e r   of  NaCl  and  h a v i n g   a  

pH  of  3  is  c i r c u l a t e d   t h r o u g h   the   a n o l y t e   chamber .   30%  NaOH 

b y   w e i g h t   is  p r o d u c e d .  



EXAMPLE  4 

The  membrane  t e s t e d   he re   is  a  m u l t i l a y e r   membrane  d e s i g n -  

a t e d   N a f i o n   315,  m a n u f a c t u r e d   by  E . I .  D u  P o n t   Company,  c o m p o s -  

ed  of  a  l a m i n a t e   of  one  l a y e r   of  f l u o r o c a r b o n   po lymer   w i t h  

s u l f o n i c   ac id   g roups   and  an  e q u i v a l e n t   w e i g h t   of  1500  a n d  

a  second  s i m i l a r   s u l f o n i c   po lymer   wi th   an  e q u i v a l e n t   w e i g h t  

of  1100  wi th   an  i n t e r l a y e r   of  t e t r a f l u o r o e t h y l e n e   p o l y m e r  

c l o t h   w i t h  a  p e r c e n t   of  open  a r e a   of  25%. 

The  weaker   ac id   s ide   of  t h e s e   s h e e t s   are   s a n d b l a s t e d   a s  

d e s c r i b e d   in  Example  1 .  

Sodium  h y d r o x i d e   s o l u t i o n   c o n t a i n i n g   15  p e r c e n t   by  w e i g h t  

of  NaOH  was  o b t a i n e d   in  t h e s e   r u n s .  

While  the  above  examples   are  p r i m a r i l y   d i r e c t e d   to  r o u g h e n -  

ing  the  c a t h o d e   s i de   of  the   membrane ,   the   anode  s i d e   or  b o t h  

s i d e s   may  be  r o u g h e n e d .   G r e a t e r   i m p r o v e m e n t   in  v o l t a g e   h a s  

a c c r u e d   wi th   a  membrane  r o u g h e n e d   on  the   c a t h o d e   s i d e .  



A c c o r d i n g   to  a  f u r t h e r   embodiment   the  membrane  may  b e  

r o u g h e n e d   or  e t c h e d   by  methods   o t h e r   t han   s a n d b l a s t i n g .   F o r  

e x a m p l e ,   a  membrane  h a v i n g   a  r o u g h e n e d ,  s u r f a c e   may  be  o b t a i n e d  

by  p r e s s i n g   the  membrane  a g a i n s t   a  rough   r o l l   o r  p l a t e   to  i m p a r t  

t h e . r o u g h   s u r f a c e   to  the  m e m b r a n e .  

A  membrane  s u r f a c e   hav ing   an  e s p e c i a l l y   h igh   s u r f a c e   a r e a  

may  be  o b t a i n e d   by  e t c h i n g   the  s u r f a c e   to  p r o d u c e   a  m e m b r a n e  

s u r f a c e   or  s u r f a c e s   which  e x h i b i t   a  p a p i l l o n   or  n e e d l e - l i k e  

s t r a t a .   Such  n e e d l e s   have  a  h e i g h t   g e n e r a l l y   above  0.5  m i c r o n s  

p r e f e r a b l y   be tween   1  to  6  m i c r o n s .  

The  p r e f e r r e d   t r e a t m e n t   c o n s i s t s   in  s u b j e c t i n g   the   f i l m  

of  i o n - e x c h a n g e   r e s i n   to  s p u t t e r   e t c h i n g   by  ion  b o m b a r d m e n t  

in  a  p r e s s u r e   r e d u c t i o n   vacuum  chamber   at  an  a b s o l u t e   p r e s s u r e  

r a n g i n g   from  10-4  Tor r   and  5 . 1 0 - 1   T o r r ,   at  a  t e m p e r a t u r e  

b e t w e e n   -10°C  and  40°C,  by  h o l d i n g   the  membrane  in  the  c a t h o d e  

da rk   space   w i t h i n   the  d i s c h a r g e   zone,   b e t w e e n   two  e l e c t r o d e s  

and  a p p l y i n g   an  h igh   f r e q u e n c y   v o l t a g e   be tween   t h e s e   e l e c t r o d e s ,  

w h i l e   k e e p i n g   the  d i s c h a r g e   power  in  the  r ange   from  0.1  t o  

2.0  W/cm2.  A  p a r t i c u l a r l y   e f f i c a c i o u s   method  is  d e s c r i b e d   i n  

the   U.S.  p a t e n t   no.  4 . 1 5 5 . 8 2 6 ,   which  d e s c r i p t i o n   is  i n c o r p o r a t -  

ed  h e r e i n   by  e x p r e s s   r e f e r e n c e .  

Other   d i f f e r e n t   method  may  be  a l s o   u s e d ,   such  as ,   f o r  

e x a m p l e ,   t r e a t i n g   the  membrane  wi th   a  s o l u t i o n   of  an  a l k a l i  

m e t a l ,   e . g .   sodium,   in  a  m i x t u r e   of  n a p h t h a l e n e   and  t e t r a -  

h y d r o f u r a n   in  l i q u i d   a m m o n i a .  

The  f o l l o w i n g   is  a  t y p i c a l   example   of  t h i s   e m b o d i m e n t .  

EXAMPLE  5 

A  s e r i e s   of  s h e e t s   of  p e r m e s e l e c t i v e   c a t i o n   m e m b r a n e ,  

c o n s i s t i n g   of  a  c o p o l y m e r   of  t e t r a f l u o r o e t h y l e n e   a n d - s u l p h o n y l -  

f l u o r i n a t e d   p e r f l u o r o v i n y l e t h e r ,   c o n s t i t u t e d   by  a  l a m i n a t e  

h a v i n g   a  t h i c k n e s s   of  0.4  mm,  c o m p r i s i n g   two  l a y e r s   o f  

NAFION(R)  e q u i v a l e n t   w e i g h t   1500  and  NAFION(R)  e q u i v a l e n t  



w e i g h t   1100  on  a  T e f l o n   s u p p o r t   c l o t h   wi th   a  p e r c e n t   of  o p e n  

a r e a   of  25%,  p r o d u c e d   by  E . I .   Du  Pont  under   the  t r a d e   m a r k  

N a f i o n ( R )   and  d e s i g n a t e d   Naf ion   315,  were  s u b j e c t e d   to  s p u t t e r  

e t c h i n g .  

Each  membrane  sample  ( 5  x   5 cm)  is  i n d i v i d u a l l y   p l a c e d  

in  an  a p p a r a t u s ,   c o n s i s t i n g   in  a  vacuum  chamber   c o n t a i n i n g  

two  p l a n e  a n d   p a r a l l e l   a l u m i n i u m   e l e c t r o d e s   spaced   110  mm 

a p a r t .   The  membrane  is  a d e q u a t e l y   put  in  c o n t a c t   wi th   t h e  

c a t h o d e ,   w i th   the  s u r f a c e   to  be  t r e a t e d   f a c i n g   the  a n o d e .  

The  i n s i d e   of  the   chamber  is  p r e v i o u s l y   b r o u g h t   to  an  a b s o l u t e  

p r e s s u r e   be tween   10-4  and  10-5  Torr   and  t hen   f i l l e d   w i t h  

Argon  at  a  f i x e d   p r e s s u r e   r a n g i n g   from  5 . 1 0   to  5  x  1 0 - 1  

T o r r .   An  a l t e r n a t e   v o l t a g e   of  13.56  MHz  is  a p p l i e d   to  t h e  

e l e c t r o d e s   a n d  t h e   d i s c h a r g e   power  is  m a i n t a i n e d   by  v a r y i n g  

the  d i s c h a r g e   v o l t a g e   a p p l i e d   to  the   e l e c t r o d e s .  

Dur ing   the  t r e a t i n g   t i m e ,   the  p r e s s u r e   i n s i d e   the  c h a m b e r  

is  kep t   c o n s t a n t   at  the  p r e f i x e d   v a l u e   by  p r o v i d i n g   a  s t e a d y  

f l u x   of  Argon  t h r o u g h   the  chamber   and  r e l e a s i n g   g a s .  

In  t h i s   c a s e ,   the   ga seous   p r o d u c t s   r e s u l t i n g   from  t h e  

d e c o m p o s i t i o n   of  a  membrane  are  c o n t i n u o u s l y   d i l u t e d   by  t h e  

Argon  f l u x .   D i s c h a r g i n g   was  e f f e c t e d   e v e r y   h a l f   p e r i o d   of  t h e  

a l t e r n a t i n g   v o l t a g e .   As  a  m a t t e r   of  f a c t ,   wheneve r   the  v o l t a g e  

of  the  e l e c t r o d e   c o n t a c t i n g   the  membrane  is  n e g a t i v e ,   t h e  

p o s i t i v e   ion  r e s u l t i n g   from  the  d i s c h a r g e   are  a c c e l e r a t e d  

and  impinge   a g a i n s t   the  membrane  s u r f a c e ,   t h u s   e t c h i n g   t h e  

s u r f a c e .   The  p o s i t i v e   c h a r g e s   t end   to  b u i l d   up  at  the  m e m b r a n e  

s u r f a c e ,   r e s u l t i n g   in  an  i n c r e a s e d   p o t e n t i a l .   The  p o t e n t i a l  

d i f f e r e n c e   be tween   the  membrane  s u r f a c e   and  the  e l e c t r o d e  

opposed   t h e r e t o   d e c r e a s e   u n t i l   d i s c h a r g i n g   b r e a k   down.  

Dur ing   the  nex t   h a l f   p e r i o d ,   the  p o t e n t i a l   of  t h e   e l e c t r o d e  

c o n t a c t i n g   the  membrane  becomes  p o s i t i v e   wi th   r e s p e c t   to  t h e  

o t h e r   e l e c t r o d e   and  c o n s e q u e n t l y   e l e c t r o n s   e n t e r   i n t o   t h e  



the   membrane  s u r f a c e   from  the  i o n i z e d   space   and  n e u t r a l i z e  

the  p o s i t i v e   i o n s .   As  a  r e s u l t ,   in  the  next   h a l f   p e r i o d   t h e  

p o t e n t i a l   d i f f e r e n c e   be tween   the  e l e c t r o d e s   becomes  l a r g e  

enough  to  c ause   d i s c h a r g i n g   a n d  t h e   p o s i t i v e   ions   are  a c c e l e r a t -  

.ed   a g a i n   and  i n p i n g e   a g a i n s t   the  membrane  s u r f a c e ,   t h u s  

e t c h i n g   the  s u r f a c e .  

T h e r e f o r e ,   the  s p u t t e r   e t c h i n g   of  t he   membrane  o c c u r s  

. m a i n l y   in  the  c a t h o d e   dark   space   of  the   d i s c h a r g i n g ,   w h e r e i n  

t h e   k i n e t c   ene rgy   of  the   ion  is  10  to  100  t i m e s   as  g r e a t  

as  t h a t   o b t a i n e d   by  glow  d i s c h a r g e   o c c u r r i n g   in  p l a s m a .  

The  membrane  s h e e t s ,   s u b j e c t e d   to  v a r i a b l e   t r e a t i n g   t i m e ,  

a re   t r e a t e d   in  the  same  way  on  both   s u r f a c e s   by  t u r n i n g  

the   membrane  on  the  c a t h o d e   p l a t e .  

By  t h i s   method ,   N a f i o n ( R )   315  s h e e t s   t r e a t e d   on  b o t h  

s u r f a c e s   are   o b t a i n e d ,   which  e x h i b i t   on  both   s u r f a c e s   m i c r o -  

s c o p i c   n e e d l e l i k e   s t r u c t u r e s ,   whose  d i m e n s i o n s   were  more  o r  

l e s s   marked  a c c o r d i n g   to  the  d i f f e r e n t   t r e a t i n g   c o n d i t i o n s .  

The  membrane  e x h i b i t s ,   at  a  f i r s t   i n v e s t i g a t i o n ,   a  s t r o n g  

o p a c i t y ,   w i th   r e s p e c t   to  the  t r a n s l u c e n c y   of  the   m a t e r i a l  

b e f o r e   t r e a t m e n t .  

The  o p a c i t y   was  more  e v i d e n t   in  t h o s e   s amples   w h e r e i n  

the   s u r f a c e   t r e a t i n g   c o n d i t i o n s   r e s u l t s   in  a  more  m a r k e d  

e t c h i n g .  

A  f u r t h e r   m o r p h o l o g i c a l   a n a l y s i s   a l l o w e d   to  e s t i m a t e  

q u a l i t a t i v e l y   and  q u a n t i t a t i v e l y ,   the  n e e d l e l i k e   s t r u c t u r e  

o r i g i n a t e d   on  the  t r e a t e d   s u r f a c e s .  

In  the  f o l l o w i n g   Table   I  the   r e s u l t s   o b t a i n e d   by  t h e  

m i c r o s c o p i c   i n v e s t i g a t i o n   are  shown,  as  we l l   as  the  t r e a t i n g  

c o n d i t i o n s   at  which  the  d i f f e r e n t   s amples   have  been  s u b j e c t e d .  

P a r t i c u l a r   e m p h a s i s   has  posed  to  the  q u a l i t a t i v e   d e s c r i p t i o n  

of  the  e t c h i n g   d e g r e e   of  the  d i f f e r e n t   s a m p l e s ,   the  peak  t o  

peak  h e i g h t   of  the   n e e d l e s   and  the  p a p i l l a r   d e n s i t y   e x p r e s s e d  

as  mean  v a l u e   of  the  p a p i l l a r   number  over   a  l e n g t h   of  a b o u t  

5  m i c r o n s .  



As  i t   can  be  e a s i l y   s een ,   the  e t c h i n g   d e g r e e ,   i . e .   t h e  

peak  to  peak  d i m e n s i o n s   of  the   n e e d l e l i k e   h o l l o w s ,   v a r i e s   a s  

a  f u n c t i o n   of  d i f f e r e n t   p a r a m e t e r s ,   more  p r e c i s e l y ,   b e i n g  

f i x e d   the   d i s t a n c e   b e t w e e n   the   e l e c t r o d e s ,   gas  p r e s s u r e ,  

: d i s c h a r g e   power  and  t r e a t i n g   t i m e .   Under  the  same  c o n d i t i o n s ,  

the   p a r a m e t e r s   which  p l a y   the   major   r o l e   in  e f f e c t i n g   t h e  

e t c h i n g   d e g r e e   are   the   t r e a t i n g   t ime  and  the  power  d i s c h a r g e ,  

the   p r e s s u r e   b e i n g   not   so  a f f e c t i v e .   Moreove r ,   t he   p r o p e r  

a p p e a r a n c e   of  the   s u r f a c e   changes   p a s s i n g   from  a  p a p i l l a r  

s t r u c t u r e ,   showing   l e s s   marked  h o l l o w s   and  p y r a m i d a l   n e e d l e s ,  

c o r r e s p o n d i n g   to  s h o r t   t r e a t i n g   t i m e s   and  h igh  d i s c h a r g e  

p o w e r s ,   to  n e e d l e l i k e   s t r u c t u r e s   c h a r a c t e r i z e d   by  sha rp   h o l l o w s  

and  t h i n   n e e d l e s ,   which  t end   to  assume  a  f i l a m e n t a r y   c h a r a c t e r ,  

c o r r e s p o n d i n g   to  long  t r e a t i n g   t i m e s   and  low  d i s c h a r g e  

p o w e r s .  



EXAMPLE  6 

NAFION(R)  315  membrane  s h e e t s ,   m o r p h o l o g i c a l l y   m o d i f i e d  

on  both   the   s u r f a c e s   a c c o r d i n g   to  the  example   5,  are   s u c c e s s -  

i v e l y   c o n d i t i o n e d .   The  s h e e t s   have  been  h y d r o l y z e d   and  s a l i f i e d  

in  NaCl  b r i n e ,   2-3%  d i l u t e d ,   at  a  t e m p e r a t u r e   of  abou t   80°C 

to  change   the   S03H  g roups   i n to   S03Na.  Then  the   s h e e t s   a r e  

t e s t e d   in  c e l l s   c o m p r i s i n g   an  anode  made  of  t i t a n i u m   c o a t e d  

wi th   an  e l e c t r o c a t a l y t i c   l a y e r   of  mixed  o x i d e s   of  Ti  and  Ru 

and  a  mild   s t e e l   c a t h o d e ,   under   the  f o l l o w i n g   o p e r a t i n g  

c o n d i t i o n s :  

Under  the  same  c o n d i t i o n s   two  c o m p a r a t i v e   N a f i o n ( R )   315 

s h e e t s   have  been  a l s o   t e s t e d .   Sample  i n d i c a t e d   by  A  was  n o t  

s u b j e c t e d   to  any  s u r f a c e   t r e a t m e n t ,   whi le   sample   i n d i c a t e d   by  

B  was  p r e v i o u s l y   t r e a t e d  b y   s a n d b l a s t i n g   on  bo th   the  s u r f a c e s  

wi th   s u b s t a n t i a l l y   s p h e r i c a l   q u a r t z   p a r t i c l e s ,   h a v i n g   a  d i a m e t e r  

c o m p r i s e d   b e t w e e n   50  and  150  m i c r o n s ,   s p r a y e d   by  means  o f  

c o m p r e s s e d   a i r   at  5  atm  t h r o u g h   a  nozz l e   m a i n t a i n e d   at  a  . 

d i s t a n c e   of  25  mm  from  the  membrane  s u r f a c e   fo r   abou t   10 

s e c o n d s .  

In  t a b l e   VI  a re   l i s t e d   the  o p e r a t i n g   c o n d i t i o n s   of  t h e  

d i f f e r e n t   membrane  s h e e t s .  



The  r e s u l t i n g   da t a   c l e a r l y   show  t h a t   an  a p p r e c i a b l e  

r e d u c t i o n   in  the  c e l l   v o l t a g e   is  a c h i e v e d   w h e n e v e r   the   m e m b r a n e  

s h e e t s   m o r p h o l o g i c a l l y   m o d i f i e d   a c c o r d i n g   to  the   i n v e n t i o n   a r e  

used ,   wi th   r e s p e c t   to  c e l l   v o l t a g e s   o b a i n e d   when  u s i n g . b o t h  

the  u n - t r e a t e d   sample   A  and  the  s a n d b l a s t e d   sample   B. 

The  p a r t i c u l a r l y   smal l   s i z e   of  the   t e s t   c e l l s   used  in  t h e  

e x p e r i m e n t s   of  t h i s   example  and  the  spaced   p o s i t i o n   of  t h e  

e l e c t r o d e s   wi th   r e s p e c t   to  the  membrane  s u r f a c e   does  not  make 



p o s s i b l e   a  d i r e c t   c o m p a r i s o n   of  the  c e l l   v o l t a g e s   of  t h i s  

example   w i th   t h o s e   of  examples   1  to  4,  h o w e v e r ,   the  r e l a t i v e  

d i f f e r e n c e s   of  c e l l   v o l t a g e s   be tween   the   v a r i o u s  s a m p l e s  

s h o u l d   hold   t r u e   when  t e s t e d   in  l a r g e r   s i z e s   and  wi th   t h e  

s a m e   c e l l   c o n f i g u r a t i o n   of  the  o t h e r   e x a m p l e .  

P a r t i c u l a r l y   m e a n i n g f u l   is  the  f a c t   t h a t   a l l   the   s a m p l e s  

t r e a t e d   a c c o r d i n g   to  the  method  of  t h i s   example   p r o v i d e   a  

d e c r e a s e   in  the  c e l l   v o l t a g e   and  t h i s   d e c r e a s e   s u b s t a n t i a l l y  

is  in  the   o r d e r   of  about   100  m i l l i v o l t s   f o r   a l m o s t   a l l   s a m p l e s ,  

e x c e p t   f o r   the  s amples   no.  10  and  11,  whose  m o r p h o l o g i c a l  

m o d i f i c a t i o n   seems  q u i t e   u n s u f f i c i e n t ,   t h a t   is  unde r   t h e  

opt imum  d e g r e e .  

EXAMPLE  7 

A  s e r i e s   of  s q u a r e   s h e e t s   10  x  10  cm,  c o n s i s t i n g   o f  

s i n g l e ,   u n s u p p o r t e d   s h e e t   of  a  c o p o l y m e r   of  t e t r a f l u o r o e t h y l e n e  

and  a  s u l p h o n y l f l u o r i n a t e d   p e r f l u o r o v i n y l e t h e r ,   h a v i n g   a  

t h i c k n e s s   of  abou t   0.4  mm,  p r o d u c e d   by  E.  I.  Du . .Pon t  

and  d e s i g n a t e d   N a f i o n ( R )   120,  have  been  s u b j e c t e d   to  v a r i o u s  

s u r f a c e   r o u g h e n i n g   p r o c e s s e s   a c c o r d i n g   to  the  i n s t a n t   i n v e n t i o n .  

Some  samples   were  s a n d b l a s t e d   a c c o r d i n g   to  the  method  o f  

example   1,  fo r   v a r y i n g   p e r i o d s   of  t i m e ,   as  i n d i c a t e d   in  T a b l e  

VII ,   over   both   s u r f a c e s .  

Some  s amples   were  s c r a p e d   over   bo th   s u r f a c e s   wi th   a  

n e e d l e   comb  p r o d u c i n g   an  a r r a y   of  p a r a l l e l   " c u t s "   spaced   1  mm - 

a p a r t .   The  " c u t s "   had  a  dep th   of  abou t   10  m i c r o n s   and  a  w i d t h  

of  a b o u t   3  m i c r o n s .   A  s i n g l e   or  m u l t i p l e   pass   was  used  t o  

p r o d u c e   an  i n c r e a s e d   d e n s i t y   of  c u t s .   V e r t i c a l ,   h o r i z o n t a l ,  

and  c r i s s - c r o s s i n g   p a s s e s   of  the  membrane  unde r   the  n e e d l e  

comb  were  used  to  modi fy   the  p a t t e r n   of  the  i n c i s i o n   on  t h e  

s u r f a c e   of  the  membrane,   as  i n d i c a t e d   in  t a b l e   V I I .  



Other   s amp le s   were  p r e s s e d   in  a  v i ce   b e t w e e n   two  s h e e t s  

of  a b r a s i v e   p a p e r   no.  60  to  impres s   the  r o u g h n e s s   p a t t e r n   o f  

the  a b r a s i v e   p a p e r   onto   the  membrane  s u r f a c e s .  

The  membrane  s a m p l e s ,   a f t e r   h y d r o l y s i s   in  hot   d i l u t e d  

b r i n e   were  a s s e m b l e d   in  s i m i l a r   t e s t   c e l l s   as  d e s c r i b e d   i n  

Example  1,  wi th   the  f o l l o w i n g   r e s u l t s  :  

Sodium  h y d r o x i d e   s o l u t i o n   c o n t a i n i n g   15  p e r c e n t   by  w e i g h t  

of  NaOH  was  o b t a i n e d   in  t h e s e   r u n s .  

Again  the  t e s t   c o n f i r m e d   t h a t   a  l a r g e   r e d u c t i o n   of  t h e  

c e l l  v o l t a g e   is  o b t a i n e d   by  r o u g h e n i n g   of  the   membrane  s u r f a c e .  



P a r t i c u l a r l y   m e a n i n g f u l   is  the  f a c t   t h a t   the  v o l t a g e  

r e d u c t i o n   is  c o n s i s t e n t l y   found  to  be  in  the  same  o r d e r   o f  

m a g n i t u d e   w h i c h e v e r   method  of  r o u g h e n i n g   is  used  as  f a r   a s  

a  s u f f i c i e n t   d e g r e e   of  r o u g h e n i n g ,   or  of  s u r f a c e   a r ea   i n c r e a s e  

i s   p r o v i d e d .   M o r e o v e r ,   a  r e d u c t i o n   in  c e l l   v o l t a g e   is  o b s e r v e d  

wi th   a l l   k i n d s   of  membrane  t e s t e d ,   both   of  the   l a m i n a t e d   t y p e ,  

as  w e l l   as  of  the   homogeneous   t y p e .  

All   the   t e s t s ,  w h i c h   have  been  c a r r i e d   out  on  m e m b r a n e s  

m o r p h o l o g i c a l l y   m o d i f i e d   on  the  c a t h o d e   s i d e   s u r f a c e   o n t l y  

or  on  the  anode  s i de   s u r f a c e ,   a c c o r d i n g   to  t he   method  of  t h e  

p r e s e n t   i n v e n t i o n ,   have  shown  t h a t   in  the  e l e c t r o l y s i s   o f  

NaCl  b r i n e ,   u n d e r   the  anove  c i t e d   c o n d i t i o n s ,   t h i s   r e d u c t i o n  

is  l ower   t han   the   r e d u c t i o n   o b t a i n e d   in  the   c e l l   v o l t a g e   w i t h  

membrane  t r e a t e d   on  both   s u r f a c e s   and  such  p a r t i a l   r e d u c t i o n  

seems  to  be  s u b s t a n t i a l l y   a d d i t i o n a l .  

P a r t i c u l a r l y ,   i t   has  been  o b s e r v e d   t h a t   the   main  c o n t r i -  

bu te   to  the   d e c r e a s e   in  the  c e l l   v o l t a g e   is  due  to  the   m o d i f i c -  

a t i o n   of  the   c a t h o d e   s u r f a c e   ( r e d u c t i o n   of  the   c e l l   v o l t a g e   o f  

abou t   50-500  m i l l i v o l t s )   wh i l e   the  m o d i f i c a t i o n   of  the   a n o d e  

s ide   of  the   membrane  r e s u l t s   in  a  d e c r e a s e   in  the   c e l l   v o l t a g e  

of  abou t   40-30  m i l l i v o l t s .  

The  above  p r o c e s s   may  be  c o n d u c t e d   in  the   e l e c t r o l y s i s  

of  aqueous   a l k a l i   me t a l   c h l o r i d e   c o n t a i n i n g   150  to  325  g r a m s  

per  l i t e r   of  a l k a l i   me ta l   c h l o r i d e   and  the  amount  of  w a t e r  

fed  to  the  c a t h o l y t e   chamber  be ing   c o n t r o l l e d   to  p r o d u c e   a  

c o n v e n i e n t   c o n c e n t r a t i o n   of  NaOH  r a n g i n g   from  5  to  40  or  m o r e ,  

p r e f e r a b l y   25  to  4 0 . p e r c e n t   NaOH  by  w e i g h t .   O the r   a l k a l i   m e t a l  

h a l i d e s   or  o t h e r   aqueous   h a l i d e s   i n c l u d i n g   h y d r o c h l o r i c   a c i d  

and  o t h e r   m e t a l   h a l i d e s   may  be  e l e c t r o l y z e d   to  p r o d u c e   t h e  

c o r r e s p o n d i n g   h a l o g e n s   ( c h l o r i n e ,   b r o m i d e ,   i o d i d e   e t c . )  

F u r t h e r m o r e ,   w a t e r   may  be  e l e c t r o l y z e d   wi th   the  c e l l  

h e r e i n   d e s c r i b e d   to  p roduce   oxygen  and  h y d r o g e n .  



1.  A  method  of  g e n e r a t i n g   h a l o g e n   which   c o m p r i s e s  

e l e c t r o l y z i n g   an  aqueous   h a l i d e   b e t w e e n   a  p a i r   of  e l e c t r o d e s  

s e p a r a t e d   by  an  ion  exchange   membrane,   c h a r a c t e r i z e d   in  t h a t  

s a i d   membrane  has  a  rough  s u r f a c e   e x p o s e d   to  the   e l e c t r o l y t e .  

2.  The  method  a c c o r d i n g   to  Claim  1,  c h a r a c t e r i z e d   i n  

t h a t   the   membrane  has  a  s u r f a c e   r o u g h n e s s   c h a r a c t e r i s t i c   o f  

a  s a n d b l a s t e d   s u r f a c e .  

3.  A  method  a c c o r d i n g   to  Cla ims  1  or  2,  c h a r a c t e r i z e d  

in  t h a t   the   c a t h o d e   s i d e   of  the  membrane  has  a  r o u g h e n e d  

s u r f a c e .   ; 

4.  A  method  a c c o r d i n g   to  Claims  I  or  2,  c h a r a c t e r i z e d  

in  t h a t   the   c a t h o d e   s ide   of  the   membrane  has  t he   r o u g h e n e d  

s u r f a c e   and  a  gas  and  l i q u i d   p e r m e a b l e   c a t h o d e   b e a r s   a g a i n s t  

the  rough   s u r f a c e   and  is  in  unbonded  c o n t a c t   t h e r e w i t h .  

5.  The  method  a c c o r d i n g   to  Claims  1  or  2,  c h a r a c t e r i z e d  

in  t h a t   the  c a t h o d e   s ide   of  the  membrane  has  a  s a n d b l a s t e d  

s u r f a c e .  

6.  The  method  a c c o r d i n g   to  Cla ims  1  or  2,  c h a r a c t e r i z e d  

in  t h a t   the  c a t h o d e   s i d e   of  the   membrane  has  a  s p u t t e r   e t c h e d  

s u r f a c e .  

7.  A  method  a c c o r d i n g   to  any  of  the   p r e c e d i n g   c l a i m s ,  

c h a r a c t e r i z e d   in  t h a t   both   e l e c t r o d e s   a re   in  c o n t a c t   wi th   t h e  

m e m b r a n e .  



8.  A  method  a c c o r d i n g   to  any  of  the   p r e c e d i n g   c l a i m s  

c h a r a c t e r i z e d   in  t h a t   the  membrane  is  rough   enough  to  p r o v i d e  

a  s u r f a c e   at   l e a s t   25  p e r c e n t   g r e a t e r   t han   the  o v e r a l l   a r e a  

of  the   m e m b r a n e .  

9.  A  method  of  g e n e r a t i n g   h a l o g e n   which  c o m p r i s e s  

e l e c t r o l y z i n g   an  aqueous   h a l i d e   in  a  c e l l   h a v i n g   a  p a i r   o f  

o p p o s e d   e l e c t r o d e s   s e p a r a t e d   by  an  ion  e x c h a n g e   m e m b r a n e ,  

c h a r a c t e r i z e d   in  t h a t   s a id   membrane  has  a  r o u g h e n e d   s u r f a c e  

e x p o s e d   to  e l e c t r o l y t e   and  an  e l e c t r o l y t e   p e r m e a b l e   e l e c t r o d e  

in  unbonded   c o n t a c t   with  s a id   r o u g h e n e d   s u r f a c e .  

10.  The  method  of  Claim  9,  c h a r a c t e r i z e d   in  t h a t   the  r o u g h  

s u r f a c e   is  on  the  c a t h o d e   s ide   and  in  c o n t a c t   wi th   a  c a t h o d i c -  

a l l y   charged  e l e c t r o d e .  

11.  The  method  of  Claim  9  or  10  c h a r a c t e r i z e d   in  t h a t  

the   e l e c t r o d e   c o m p r i s e s   a  f o r a m i n o u s   e l e c t r o c o n d u c t i v e   s h e e t  

in  c o n t a c t   wi th   the  rough  s u r f a c e   and  a  second  f o r a m i n o u s  

e l e c t r o c o n d u c t i v e   shee t   in  c o n t a c t   w i t h   s a i d   f i r s t   s h e e t ,  

s a i d   second   shee t   hav ing   a  lower   h y d r o g e n   o v e r v o l t a g e   t h a n  

s a i d   f i r s t   s h e e t .  

12.  The  method  of  any  of  Cla ims  9  or  10,  c h a r a c t e r i z e d  

in  t h a t   the  e l e c t r o d e   has  an  e l e c t r o c o n d u c t i v e   s u r f a c e   o f  

r e l a t i v e l y   h igh   hydrogen   o v e r v o l t a g e   in  c o n t a c t   wi th   the  r o u g h  

s u r f a c e   and  a  second  s u r f a c e   h a v i n g   a  r e l a t i v e l y   lower  h y d r o g e n  

o v e r v o l t a g e   spaced  from  s a id   rough   s u r f a c e .  

13.  A  method  a c c o r d i n g   to  any  of  the   p r e c e d i n g   c l a i m s  

c h a r a c t e r i z e d   in  t h a t   the  c a t h o d e   s i de   of  the  membrane  

c o m p r i s e s   a  c a r b o x y l i c   ion  e x c h a n g e   r e s i n .  

14.  A  method  a c c o r d i n g   to  any  of  the   p r e c e d i n g   c l a i m s  

c h a r a c t e r i z e d   in  t h a t   the  a v e r a g e   d i s t a n c e   be tween   the  c r e s t s  
of  the   r o u g h e n e d   s u r f a c e   is  not  in  e x c e s s   of  50  m i c r o n s .  

15.  A  method  a c c o r d i n g   to  any  of  the  p r e c e d i n g   c l a i m s  

c h a r a c t e r i z e d   in  t h a t   the  a v e r a g e   d e p t h   of  the   v a l l e y s   of  t h e ;  

r o u g h e n e d   s u r f a c e   is  not  in  e x c e s s   of  25  m i c r o n s .  



16.  An  e l e c t r o d e - m e m b r a n e   a s s e m b l y   c h a r a c t e r i z e d   in  t h a t  

i t   c o m p r i s e s   an  ion  exchange   membrane  s h e e t   h a v i n g   a  r o u g h e n e d  

s u r f a c e   and  a  gas  and  l i q u i d   p e r m e a b l e   e l e c t r o c o n d u c t i v e  

e l e c t r o d e   in  s h e e t   form  and  in  unbonded   c o n t a c t   w i t h   t he   r o u g h  

s u r f a c e .  

17.  The  e l e c t r o d e - m e m b r a n e   a s s e m b l y   of  c l a i m   16,  c h a r a c t e r -  

i zed   in  t h a t   the   a v e r a g e   dep th   of  the   v a l l e y s   of  the   r o u g h  

s u r f a c e   of  t he   membrane  a b u t t i n g   a g a i n s t   the   gas  and  l i q u i d  

p e r m e a b l e   e l e c t r o d e   is  l e s s   than   5  m i c r o n s .  

18.  An  e l e c t r o l y t i c   c e l l   c h a r a c t e r i z e d   in  t h a t   i t   c o m p r i s e s  
assembly 

an  e l e c t r o d e - m e m b r a n e / o f   Claim  16,  e x t e n d i n g   a c r o s s   and  d i v i d -  

ing  the   c e l l   i n t o   an  anode  c o m p a r t m e n t   and  a  c a t h o d e   c o m p a r t -  

ment  and  a  f u r t h e r   e l e c t r o d e   in  c o n t a c t   w i t h   and  e x t e n d i n g  

a l o n g   t he   s i d e   of  the   membrane  o p p o s i t e   to  s a i d   r o u g h   s u r f a c e .  

19.  An  e l e c t r o l y t i c   c e l l   c o m p r i s i n g   an  ion  e x c h a n g e  

membrane  which  is  s u b s t a n t i a l l y   i m p e r m e a b l e   to  e l e c t r o l y t e  

f l ow ,   c h a r a c t e r i z e d   in  t h a t   s a id   membrane  has  a  s u r f a c e   r o u g h -  

n e s s   c h a r a c t e r i s t i c   of  a  s a n d b l a s t e d   s u r f a c e   d i r e c t l y   e x p o s e d  

to  e l e c t r o l y t e   and  a  p a i r   of  opposed   e l e c t r o d e s   on  o p p o s i t e  

s i d e s   of  t he   membrane ,   and  d i s p o s e d   so  as  to  p e r m i t   a c c e s s   o f  

e l e c t r o l y t e   to  s a i d   rough   s u r f a c e .  

20.  The  c e l l   of  c l a i m   16,  c h a r a c t e r i z e d   in  t h a t   t h e  

membrane  c o m p r i s e s   a  f l u o r o c a r b o n   p o l y c a r b o x y l i c   p o l y m e r  

h a v i n g   s a i d   r o u g h   s u r f a c e s .  

21.  The  c e l l   of  Claim  19,  c h a r a c t e r i z e d   in  t h a t   the   r o u g h  

s u r f a c e   is  on  the   c a t h o d e   s i de   of  the   membrane  and  t he   c a t h o d e  

is  gas  and  e l e c t r o l y t e   p e r m e a b l e   and  in  u n b o n d e d   c o n t a c t   w i t h  

s a i d   r o u g h   s u r f a c e .  

22.  The  c e l l   of  any  of  Claims  19  to  21,  c h a r a c t e r i z e d   i n  

t h a t   the   s u r f a c e   is  r ough   enough  to  p r o v i d e   a  s u r f a c e   a r e a  

at  l e a s t   25  p e r c e n t   g r e a t e r   t han   the  o v e r a l l   s u r f a c e   a r e a  

of  the  m e m b r a n e .  



23.  The  c e l l   of  any  of  Claims  19  to  21,  c h a r a c t e r i z e d   i n  

t h a t   the  a v e r a g e   d i s t a n c e   be tween   c r e s t s   of  the  r o u g h e n e d  

s u r f a c e   is  not  above  50  m i c r o n s .  

24.  The  c e l l   of  any  of  Claims  19  to  21,  c h a r a c t e r i z e d   i n  

t h a t   the  a v e r a g e   dep th   of  the  v a l l e y s   of  the  r o u g h e n e d   s u r f a c e  

is  l e s s   than   25  m i c r o n s .  

25.  A  s e m i p e r m e a b l e   i o n - e x c h a n g e   membrane,   s u i t a b l e   f o r  

e l e c t r o l y s i s   p r o c e s s e s ,   e s s e n t i a l l y   c o m p r i s i n g   a  t h i n   f i l m  

of  f l u o r i n a t e d   po lymer   c o n t a i n i n g   f i x e d   p o l a r   g r o u p s ,   w i t h  

an  ion  exchange   c a p a c i t y   be tween   0.5  and  4.0  m.e.  per  g r a m  

of  a n h y d r o u s   r e s i n ,   c h a r a c t e r i z e d   in  t h a t   at  l e a s t   one  of  t h e  

s u r f a c e s   has  a  rough  or  po rous   m o r p h o l o g y ,   w h e r e i n   the  d i s t a n c e  

be tween   c r e s t s   is  c o m p r i s e d   be tween   0.5  and  50  m i c r o n s   a n d  

the  dep th   of  the   s u r f a c e   i r r e g u l a r i t i e s   is  c o m p r i s e d   b e t w e e n  

0.5  and  25  m i c r o n s .  

26.  The  membrane  of  c l a i m   25,  c h a r a c t e r i z e d   in  t h a t   t h e  

rough   or  porous   m o r p h o l o g y   of  the  s u r f a c e   is  o b t a i n e d   by  

s u b j e c t i n g   the   m e m b r a n e  t o   s p u t t e r - e t c h i n g   by  i o n - b o m b a r d m e n t  

of  the  membrane  s u r f a c e   in  the  c a t h o d e   dark   space   of  a  h i g h  

f r e q u e n c y   d i s c h a r g e   at  an  a b s o l u t e   p r e s s u r e   c o m p r i s e d   b e t w e e n  

10-4  and  5.10  1 T o r r .  
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