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Design and  ope ra t ing '  c h a r a c t e r i s  t i c s  of conduc t i v l t y  c e l l s  
were examined t o  Improve t h e  accura.cy and p r e c i s i o n  of  conduct- 
a n c e  d a t a  from h i g h l y  conduc t ive  p roces s  s o l u t i o n s .  The 
c h a r a c t e r i s t i c s  i n v e s t i g a t e d  Inc luded  c e l l  dimensions, s i z e  and 
n a t u r e  of e l e c t r o d e s ,  and  f requency  and  v o l t a g e  r anges .  C e l l  
d e s i g n s  t h a t  conf ined  t h e  s o l u t i o n  i n  a long column (where 
l e n g t h  >> d iame te r )  minimized t h e  importance of c o n s t a n t  e l e c -  
t r o d e  a r e a  and  v i r t u a l l y  e l i m i n a t e d  t h e  e f f e c t  of f o u l i n g  of 
e l e c t r o d e  su r f aces -  by e n t r a i n e d  o rgan ic  s o l v e n t s .  S a t i s f a c t o r y  
o p e r a t i o n  w i t h  s imu la t ed  d i n s o l v e r  s o l u t i o n  from t h e  Purex 
p r o c e s s  was demonst ra ted  w i t h  s e v e r a l  c e l l s  c o n s t r u c t e d  from 
new des ign  c r i t e r i a .  
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.DESIGN OF CONDUCTIVITY CELL'S FOR STRONG ELECTROLYTES 

INTRODUCTION 

Close c o n t r o l  of p roces s  v a r i a b l e s  i s  r e q u i r e d  t o  minimize 
p roces s  l o s s e s  i n  t h e  Purex p roces s .  This  c o n t r o l  i s  main ta ined  
by l a b o r a t o r y  a n a l y s e s  of samples t h a t  a r e  withdrawn from 
p rocess  s t reams.  Continuing e f f o r t  i s  d i r e c t e d  toward t h e  u s e  
of i n - l i n e  methods of a n a l y s i s  t h a t  u t i l i z e  p h y s i c a l  parameters  
as c r i t i c a l  i n d i c e s  of t h e  composi t ion of multicomponent systems.  
I n  t h i s  s ense  t h e  Purex d i s s o l v e r  s o l u t i o n  i s  a  two-component 
system ( u r a n y l  n i t r a t e  and n i t r i c  a c i d )  r e q u i r i n g  two c r i t i c a l  
i n d i c e s .  The c o n c e n t r a t i o n  of t h e s e  components may be determined 
by measurements of t h e  e l e c t r i c a l  c o n d u c t i v i t y  and s p e c i f i c  
g r a v i t y  of t h e  s o l u t i o n .  

Some a t t e m p t s  t o  app ly  conductometr ic  t echn iques  t o  
s o l u t i o n s  of h igh  c o n d u c t i v i t y  have f a i l e d ,  e i t h e r  because of 
anomalies  observed wi th  dip- type c e l l s ,  o r  because t h e  e f f e c t i v e  
e l e c t r o d e  a r e a  i s  reduced by d i s s o l v e d  and suspended s o l v e n t  i n  
L i ~ e  y~ .uceas  a a l u t i o n .  Thus the  c e l l  m i l s t  he designed t o  minimize 
t h e s e  f a c t o r s .  

No r e f e r e n c e s  were found concern ing  t h e  des ign  of conduc- 
t i v i t y  c e l l s  t o  minimize t h e  e f f e c t s  of changes i n  t h e  e f f e c t i v e  
e l e c t r o d e  a r e a ,  a l t hough  a t h r e e - e l e c t r o d e  c e l l ( ' )  ha s  been 
proposed a s  a means f o r  e l i m i n a t i n g  p o l a r i z a t i o n  e f f e c t s .  While 
t h e  t h r e e - e l e c t r o d e  des ign  i s  probably  adequate  f o r  some 
i n s t a l l a t i o n s ,  i t s  performance can be improved i f  t h e  
changes i n  t h e  e f f e c t i v e  e l e c t r o d e  a r e a  can be minimized. This  
work was undertaken i n  an  e f f o r t  t o  d e f i n e  t h e  parameters  t h a t  
determine t h e  response  of a c o n d u c t i v i t y  c e l l  and  t o  des ign  a .  
c e l l  w i th  a  response  t h a t  would be a t r u e  measure of t h e  a b s o l u t e  
c o n d u c t i v i t y  of t h e  s o l u t i o n  wi thout  c a l i b r a t i o n .  

SUMMARY 

Design c r i t e r i a  were determined f o r  t h e  c o n s t r u c t i o n  and 
i n - l i n e  o p e r a t i o n  of c o n d u c t i v i t y  c e l l s  i r ~  aqueous s t reams from 
t h e  Purex p roces s .  I n  t h e  new des ign  concept ,  g r o s s  changes i n  
e l e c t r o d e  a r e a  due t o  adsorbed  o rgan ic  s o l v e n t  have a minimum 
e f f e c t  on t h e  observed c o n d u c t i v i t y .  The c r i t i c a l  v a r i a b l e  
t h a t  minimizes t h e  e f f e c t  of e l e c t r o d e  a r e a  w a s  shown t o  be t h e  
dimensions of t h e  column of s o l u t i o n  between t h e  e l e c t r o d e s .  

The b a s i c  des ign  phi losophy was demonstrated f o r  a c e l l  
of new des ign  by d e l i b e r a t e l y  f l o o d i n g  t h e  c e l l  w i t h  o rgan ic  
s o l v e n t ,  thereby  s i m u l a t i n g  a breakthrough of  s o l v e n t  i n t o  



t h e  aqueous s t r eam.  When t h e  aqueous phase  was f l u s h e d  through 
t h e  new c e l l ,  t h e  c o n d u c t i v i t y  r ead ings  r e t u r n e d  promptly t o  
normal w i t h  l e s s  t han  1% e r r o r  r e s u l t i n g  from t h i s  d r a s t i c  
t r e a t m e n t .  The e f f e c t  of e l e c t r o d e  a r e a  can b e  e l imina ted  
comple t e ly  from t h e  c o n d u c t i v i t y  measurements by i n c o r p o r a t i n g  
t h i s  p r i n c i p l e  i n t o  t h e  des ign  of a t h r e e - e l e c t r o d e  c e l l (  l )  o r  
by u t i l i z i n g  a technique  based  on e l e c t r o d e  s e p a r a t i o n  as 
e s t a b l i s h e d  i n  t h i s  r e p o r t .  The l a t t e r  technique  p rov ides  a  
means f o r  de t e rmin ing  t h e  a b s o l u t e  c o n d u c t i v i t y  of s o l u t i o n s .  

DISCUSSION 

The o r i g i n a l  c r i t e r i a  f o r  o b t a i n i n g  r e p r o d u c i b l e  measure- 
ments of  e l e c t r i c a l  c o n d u c t i v i t y  were proposed by Kohlrausch i n  
1875. I n  o r d e r  t o  o b t a i n  t h e  c o n s i s t e n t  r e s u l t s ,  Kohlrausch 
found i t  n e c e s s a r y  t o :  (1.) des ign  t h e  c e l l  oo t h a t  t h e  e f f ec t ; i ve  
r e s i s t a n c e  was g r e a t e r  t han  100 ohms, ( 2 )  i n c o r p o r a t e  l a r g e  
e l e c t r o d e s  ( 1  cm2 o r  l a r g e r ) ,  ( 3 )  i n c r e a s e  t h e  f requency  of t h e  
a p p l i e d  v o l t a g e  t o  1000 c y c l e s  p e r  s econd , . and  ( 4 )  p l a t i n i z e  
t h e  e l e c t r o d e s .  The above c r i t e r i a  were e s t a b l i s h e d  on an  
e m p i r i c a l  b a s i s (  ) . The succes s  of t h e  Kohlrausch method l i e s  
i n  p l a t i n i z a t i o n  of t h e  e l e c t r o d e s  t o  minimize p o l a r i z a t i o n  
e f f e c t s  t h a t  a r e  i n  t u r n  a  f u n c t i o n  of t h e  e l e c t r o c h e m i c a l  
p r o c e s s e s  which occur  a t  t h e  e l e c t r o d e .  I n  a n  e f f o r t  t o  make 
f u r t h e r  improvements, t h e  above v a r i a b l e s  were re-examined i n  
t h e  l i g h t  of contemporary t h e o r i e s  of  f a r a d a i c  admi t t ance .  

Contemporary t h e o r i e s  of' t h e  f a r a d a i c  admi t t ance  of a .  
p o l a r i z e d  e l e c t r o d e (  ' 9  * ) a r e  w e l l  e s t a b l i s h e d ,  and  t h e  AC 
impedance of  a p o l a r i z e d  e l e c t r o d e  can be r e p r e s e n t e d  by a n  
e q u i v a l e n t  c i r c u i t  t h a t  c o n t a i n s  elements  of pu re  r e s i s t a n c e  
and c a p a c i t a n c e (  'J  ) . Since  a c o n d u c t i v i t y  c e l l  c o n t a i n s  two 
e l e c t r o d e s ,  i t  i s  convenient  t o  r e p r e s e n t  t h e  AC impedance of 
t h e  c e l l  i n  terms of a.n e l e c t r i c a l  ana log:  



where C ,= double l a y e r  c a p a c i t y  of t h e  e l e c t r o d e - s o l u t i o n  ' 

i n t e r f a c e  

R = p o l a r i z a t d o n  r e s i s t a n c e  s 
CS = pseudocapaci  t ance  due t o  p o l a r i z a t i o n  

Rc = r e s i s t a n c e  of e l e c t r i c a l  p a t h  between e l e c t r o d e s  

Cc = c a p a c i t a n c e  between e l e c t r o d e s  w i t h  t h e  s o l v e n t  
as t h e  d i e l e c t r i c  

However, t h e  i n d i v i d u a l  e l e c t r o d e  impedances cannot  be measured 
s e p a r a t e l y  s o  t h a t  t h e  c i r c u i t  can be  s i m p l i f i e d  as fo l lows :  

where c:, Rg, and C g  r e p r e s e n t  t h e  combined impedances f o r  bo th  
e l e c t r o d e s .  , 

I n  the  c a s e  of s t r o n g  e l e c t r o l y t e s  where t h e  f requency  of 
measurement i s  1 megacycle o r  l e s s  and  t h e  c e l l  c o n s t a n t  i s  l e s s  
than  u n i t y ,  t h e  c i r c u i t  can be s i m p l i f i e d  s t i l l  f u r t h e r ,  s i n c e  
t h e  s h u n t i n g  e f f e c t  of Cc on Rc w i l l  be n e g l i g i b l e .  The 
c a p a c i t a n c e  of a c e l l  w i th  a c o n s t a n t  of u n i t y  and wa te r  a s  t h e  
d i e l e c t r i c  i s  approximate ly  7 p i c o f a r a d s .  Thus t h e  c a p a c i t a n c e  
Cc can be e l imina ted ,  and t h e  c i r c u i t  becomes 

The f low of a l t e r n a t i n g  c u r r e n t  a c r o s s  t h e  i n t e r f a c e  
between t h e  e l e c t r o d e  and t h e  s o l u t i o n  i s  d iv ided  i n t o  two 
p a t h s (  ) ; t h e  nonfa rada ic  p a t h  through t h e  cha rg ing  and  
d i s c h a r g i n g  of t h e  e l e c t r i c a l  double l a y e r ,  and  t h e  f a r a d a i c  
p a t h  which e x i s t s  by v i r t u e  of t h e  charge  t r a n s f e r  due t o  a n  
e l ec t rochemica l  p roces s .  The l a t t e r  p roces s  i s  r e p r e s e n t e d  by 
t h e  s e r i e s  combination of R: and  c:. Since  t h e  r e s i s t a n c e  of 
t h e  e l e c t r i c a l  p a t h  between t h e  e l e c t r o d e s  i s  independent  of  
f requency ,  t h e  response  of a c o n d u c t i v i t y  c e l l  t o  changes i n  
t h e  a p p l i e d  f requency  i s  determined by t h e  c a p a c i t a n c e  of t h e  



e l e c t r i c a l  double l a y e r  and  t h e  n a t u r e  and magnitude of  t h e  
e l e c t r o c h e m i c a l  r e a c t i o n .  A t  f r e q u e n c i e s  above l o4  c y c l e s  p e r  
second, t h e  impedance of  t h e  e l e c t r o d e  i s  determined p r i m a r i l y  by 
t h e  c a p a c i t a n c e  of t h e  e l e c t r i c a l  double l a y e r ,  which f o r  most 
m e t a l s  i s  approximate ly  1 0  mic ro fa rads  p e r  squa re  c e n t i m e t e r (  ) . 
Thus a t  h i g h  f r e q u e n c i e s  t h e  e l e c t r i c a l  ana log  c o n s i s t s  of a 
s e r i e s  , combina t ion  of r e s i s t a n c e  and capac i t ance ,  and i f  t h e  
p a t h  of t h e  c u r r e n t  between t h e  e l e c t r o d e s  i s  such t h a t  Rc Is 
much g r e a t e r  t han  t h e  impedance o f  C1, then  t h e  impedance of 
t h e  c e l l  shou ld  approach  t h e  t r u e  r e s i s t a n c e  of t h e  c u r r e n t  
p a t h  between t h e  e l e c  grades . . 

There i s  a lmos t  u n i v e r s a l  agreement t h a t  t h e  b r i d g e  
u t i l i z e d  f o r  AC impedance s t u d i e s  shou ld  have a  s e r i e s  combi- 
n a t i o n  of r e s i s t a n c e  and  c a p a c i t a n c e  I n  t h e  measuring a r m ;  
however, a p a r a l l e l  combinat ion can be employed p rov ided  t h e  
results are transformed to agree with the s e r i e s  c i r c u i t .  S3.nce 
b r i d g e s  a r e  n o t  we'll adap ted  t o  i n - l i n e  measurement, i t  appeared  
d e s i r a b l e  t o  eva lLa te  a n  a l t e r n a t i v e  method f o r  measuring t h e  
c e l l  impedance. l ~ h e r e f o r e  i n  t h i s  s tudy ,  t h e  impedance of t h e  
c o n d u c t i v i t y  c e $ i  was determined by two methods: (1) b r i d g e  
measurement i n ,wh ich  t h e  c e l l  impedance i s  expres sed  i n  terms 
of a s e r i e s  combinat ion of r e s i s t a n c e  (R,) and  c a p a c i t a n c e  (c,) 
( ~ i g u r e  1) and  ( 2 )  a  c o n s t a n t  c u r r e n t  technique  where t h e  
impedance ( z ~ )  of. t h e  c e l l  i s  determined d i r e c t l y .  

FIG. 1 BRIDGE APPARATUS 
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I n  t h e  c o n s t a n t  c u r r e n t  technique ,  t h e  c u r r e n t  was s u p p l i e d  
t o  t h e  c e l l  through a l a r g e  v o l t a g e  dropping r e s i s t o r  (10'-lo6 
ohms) s o  t h a t  t h e  c u r r e n t  f lowing  through t h e  c e l l  was 
e s s e n t i a l . 1 ~  c o n s t a n t  even though t h e  impedance of t h e  c e l l  
v a r i e d  over  a c o n s i d e r a b l e  range (0-200 ohms). The impedance 
of t h e  ce l1 ,was .  c a l c u l a t e d  from t h e  v o l t a g e  drop a c r o s s  t h e  
c e l l  a b c o n s t a n t  c u r r e n t .  

EQUIPMENT 

The a p p a r a t u s  employed f o r  t h e  b r i d g e  measurements i s  shown 
i n  F igu re  1, and t h e  a p p a r a t u s  f o r  impedance measurements i s  
shown i n  F igu re  2. A Jackson Model 655 aud io  o s c i l l a t o r  s e r v e d  
as t h e  s i g n a l  sou rce  f o r  bo th  measurements. A DuMont Model 
3 0 4 ~  o s c i l l o s c o p e  s e r v e d  as t h e  ba l ance  i n d i c a t o r  f o r  b r i d g e  
measurements, and a  Hewlett-Packard Model 400-C aud io  f requency  
v o l t m e t e r  was u t i l i z e d  t o  o b t a i n  v o l t a g e  measurements a t  c o n s t a n t  
c u r r e n t .  

FIG. 2 APPARATUS FOR IMPEDANCE STUDIES 

The o u t p u t  of t h e  a u d i o  o s c i l l a t o r  w a s  ba lanced  wi th  
r e s p e c t  t o  t h e  b r i d g e  ground by means of a conven t iona l  Wagner 
c i r c u i t .  The ba l anc ing  arm (R,-C~) c o n s i s t e d  of a s e r i e s  
combinat ion of r e s i s t a n c e  and  c a p a c i t a n c e  t o  conform t o  t h e  
e q u i v a l e n t  c i r c u i t  concept  of t h e  c o n d u c t i v i t y  c e l l .  

Constant  c u r r e n t  mea.aurements were made w i t h  t h e  f u l l  
o u t p u t  (50  v o l t s )  of t h e  s i g n a l  g e n e r a t o r  a p p l i e d  t n  t h e  s e r i e s  
combinat ion of dropping r e s i s t o r  and  conduct:vity c e l l .  The 



c u r r e n t  w a s  c a l c u l a t e d  from t h e  v o l t a g e  drop a c r o s s  a  p r e c i s i o n  
100-ohm r e s i s t o r .  

Conduc t iv i ty  c e l l s  were c o n s t r u c t e d  as shown, i n  F i g u r e  3.  
With t h e  d e s i g n  shown i n  F i g u r e s  3a and  3b, bo th  t h e  e l e c t r o d e  
s e p a r a t i o n  and  t h e  a r e a  of t h e  upper  e l e c t r o d e  were v a r i e d .  
The e f f e c t  of changes i n  c r o s s - s e c t i o n a l  a r e a  was s t u d i e d  w i t h  
t h e  d e s i g n  shown i n  F igu re  3b by s u b s t i t u t i n g  tubes  of d i f f e r e n t  
d i ame te r s .  

The a p p a r a t u s  employed i n  t h e  AC impedance s t u d f e s ,  
F i g u r e  4, w a s  e s s e n t i a l l y  t h a t  d e s c r i b e d  by Si lverman and 
~ e m i c k ' ~  I .  

FIG. 3 CONDUCTIV ITY C E L L S  



FIG. 4 ALTERNATING-CURRENT ELECTROLYSIS APPARATUS 

ELECTRODE SEPARATION 

The r e s i s t a n c e  of a column of  s o l u t i o n  of uniform c r o s s  
s e c t i o n  i n  t h e  e q u i v a l e n t  c i r c u i t )  t h a t  was s i t u a t e d  between 
two e l e c t r o d e s  i n c r e a s e d  l i n e a r l y  w i t h  e l e c t r o d e  s e p a r a t i o n ;  t h e  
e f f e c t  was independent  of e l e c t r o d e  a r e a  and' f requency  as shown 
i n  Table I. 

The d a t a  f o r  t h e  e f f e c t  of e l e c t r o d e  s e p a r a t i o n  were 
ob ta ined  wi th  t h e  20-mm-diameter c e l l  shown i n  F i g u r e  3a. The 
c e l l  con ta ined  a  s o l u t i o n  of 0 . 1 4 ~  u r a n y l  n i t r a t e  t h a t  w a s  
0.2M i n  n i t r i c  a c i d .  The upper  e l e c t r o d e  was p o s i t i o n e d  w i t h  
r e s p e c t  t o  a m i l l i m e t e r  s c a l e  on t h e  s i d e  of  t h e  c e l l ,  and t h e  
d i s t a n c e  between e l e c t r o d e s  was r e a d  from t h i s  s c a l e .  The 
p o s i t i o n  and  a r e a  of  t h e  lower e l e c t r o d e  remained f i x e d  through- 
o u t  t h e  exper iments .  I n i t i a l l y ,  b o t h  e l e c t r o d e s  were of t h e  
same a r e a .  A f t e r  t h e  e f f e c t  of e l e c t r o d e  a r e a  as a f u n c t i o n  
of f requency  w a s  recorded ,  t h e  upper  e l e c t r o d e  was reduced  i n  
a r e a  and  t h e  experiment  was r e p e a t e d .  The f i n a l  t e s t  was made 
w i t h  p l a t i n i z e d  e l e c t r o d e s .  

Br idge  measurements of Rm and Cm were made wi th  approxi -  
mate ly  5 m i l l i v o l . t s  a p p l i e d  t o  t h e  c e l l ,  and  a c o n s t a n t  c u r r e n t  
of approximate ly  2  microamperes w a s  used  f o r  t h e  impedance 
s t u d i e s  . 

The d a t a  i n  Table I were e v a l u a t e d  by t h e  method of 
M i l l e r '  ) . However, i n  t h i s  work t h e  c r o s s - s e c t i o n a l  a r e a  
of t h e  c e l l  was l a r g e r  than  t h e  a r e a s  of t h e  e l e c t r o d e s  s o  t h a t  
M i l l e r ' s  equa t ion  cou ld  be r e w r i t t e n  i n  terms of t h e  c ros s -  
s e c t i o n a l  a r e a  of t h e  c e l l .  1n t h e  modi f ied  equa t ion  t h e  



nomenclature of M i l l e r  was abandoned i n  f a v o r  of t h a t  used  i n  
r e c e n t  t e x t s (  4 ) .  The equa t ion  f o r  a c e l l  of uniform c r o s s  
s e c t i o n  i s  as fo l lows :  

where R = e q u i v a l e n t  r e s i s t a n c e  of t h e  c e l l  as determined 
m 

by b r i d g e  measurement (cor responds  t o  Rs i n  t h e  
M i l l e r  e q u a t i o n )  

R = e l e c t r o d e  p o l a r i z a t i o n  r e s i s t a n c e  (cor responds  
s 

t o  AR i n  t h e  M i l l e r  e q u a t i o n )  
- 
R = s p e c i f i c  r e s i s t a n c e  of s o l u t i o n  

1 = l e n g t h  of column of s o l u t i o n  between 
e l e c t r o d e s  

A = c r o s s - s e c t i o n a l  a r e a  of t h e  column of s o l u t i o n  

- 
- - - R i n  t h e  equlva ler l t  c i r c u i t  (cor responds  t o  H 

A c t 
i n  t h e  M i l l e r  e q u a t i o n )  

From t h e  equa t ion ,  p l o t a  of Rm ve r sus  1 should  be  l i n e a v  
wi th  a s l o p e  of R/A and  a n  i n t e r c e p t  equa l  t o  t h e  v a l u e  of R,. 
The v a l u e s  f o r  R/A and RS were c a l c u l a t e d  from t h e  d a t a  i n  
Table I and  t h e  v a l u e s  a r e  g iven  i n  Table 11. The d a t a  f o r  

TABLE I 

E f f e c t  o f  Electrode Separation 

Valuco f o r  and Z,,, i n  ohm0 (0) and Cm in 
t n l c r o f a r a d s ~ p f d )  as . f u n c l ; l O o ~  UP r l e c l ~ ~ o d r .  
area,  e lectrode  separation and frequency. 

Electrode 
Frequency, Separation, 

UpJ 0111 

Area o f  Upper ElrcLl.udr, am' 
0.'15 OmC1 0.06 0.06 P l a L l ~ l l ~ e r l  

Rm Cm 7;n Rm Cm Z R C m m  m~ R m c  m 'm ------------ 



- TABLE I1 

Effect of Electrode Area 

a .  Values f o r  F/A and Z/A 

Area of Upper Electrode, cm2 

Frequency, 1.0 0.45 0.21 0.06 0.06 Platinized 

cps E / A ( ~ )  z / A ( ~ )  ?i/n Z/A z/n -/A -a -/A a 
lo2 4.75 (b)  4.82 1.1 4.61 (b) 4.67 (b)  3 4.8 

b. Values fo r  Rs and Zs 

lo2 8.9 91.6 16.8 115.3 19.6 (d)  22.6 (d) 5.9 3.0 

10" 3.8 6.3 7.0 11.0 10.0 12.7 13.0 14.6 5.9 3.0 

lo4 2.6 1.6 4.0 3.4 6.5 4.9 8.7 8.6 5.9 3.0 

los 2 .1  1.6 4.0 1.7 4.9 3.8 5.8 5.5 5.9 3.0 

(a )  Values fo r  fi/A and ?$A i n  ohms-centimeters (a-cm) were calculated from data 
i n  Table I. 

(b)  Plots of 2 vs 1 were nonlinear. 
( c )  Values f o r  RR and za i n  ohms (R) were obtained from data i n  Table 1 by 

extrapolation of Rm and.Zm t o  Zero Interelectrode Distance. 
(d) Data exhibit too much dispersion t o  permit accurate estimate. 

c e l l  impedance (h) v e r s u s  e l e c t r o d e  s e p a r a t i o n  were e v a l u a t e d  
i n  a  l i k e  manner. I n  t h i s  c a s e ,  t h e  i n t e r c e p t  cor responds  t o  
t h e  combined impedance of t h e  e l e c t r o d e s .  These r e s u l t s  a r e  
a l s o  given i n  Table IIa, 

The d a t a  on t h e  u r a n y l  n i t r a t e  - n i t r i c  a c i d  system show 
t h a t  t h e  c a l c u l a t e d  va lues  of R/A f o r  a c e l l  o f . c o n s t a n t  c r o s s  
s e c t i o n  were independent  of e l e c t r o d e  a r e a  and f requency .  The 
c a l c u l a t e d  v a l u e s  of Z/A were a l s o  a  f u n c t i o n  of e l e c t r o d e  
s e p a r a t i o n  and were independent  of e l e c t r o d e  a r e a  and a p p l i e d  
f requency  above 1000 c y c l e s  p e r  second. However, t h e  v a l u e s  
f o r  Z/A were lower than  t h e  cor responding  v a l u e s  of X/A excep t  
i n  t h e  c a s e  of p l a t i n i z e d  e l e c t r o d e s .  This  r e s u l t  i s  i n  acco rd  
w i t h  t h e  e q u i v a l e n t  c i r c u i t  concept  of a c o n d u c t i v i t y  c e l l .  
Therefore  b r idge  measurements a r e  r e q u i r e d  where a c c u r a t e  
v a l u e s  of Z/A must be ob ta ined .  

CROSS-SECTIONAL AREA OF SOLUTION 

I n  view of t h e  l i n e a r  dependence of Rm on e l e c t r o d e  
s e p a r a t i o n ,  i t  a p p e a r e d . d e s i r a b l e  t o  e s t a b l i s h  t h e  r e l a t i o n s h i p  
between Rm and A.  s i n c e  i t  w a s  l o g i c a l  t o  conclude t h a t  t h e  
r e l a t i o n s h i p  of R,,, t o  A would f a i l  f o r  l a r g e  v a l u e s  of A and  
s m a l l  e l e c t r o d e  a r e a s ,  t ub ing  of t h e  l a r g e s t  d i ame te r  immediately 
a v a i l a b l e  wao u t i l i z e d  i n  t h e  f a b r i c a t i o n  of one of t h e  c e l l s .  

The type  of  c e l l  u t i l i z e d  f o r  t h e  a r e a  s t u d i e s  i s  shown 
i n  F i g u r e  3b. A l l  c e l l s  were 400 mm i n  l e n g t h  excep t  f o r  t h e  



gC-mm c e l l ,  which was 500 mm long .  The c r o s s - s e c t i o n a l  a r e a s  
a r c  g i v e n  i n  Table 111. The e l e c t r o d e s  were b r i g h t  p l a t inum 
p l a t e s  1 cm i n  d i ame te r .  The a p p l i e d  f requency  was 10  k c .  

TABLE I11 

E f f e c t  of Cross-Sect ional  Area of Ce l l  

f  = l o 4  cps,  0.1N K C 1  - Elec t rodes  ( see  Figure  3b) 
Values of Rm i n  ohms (n) 

Inc rease  i n  Cross-Sect ional  Area, cm2 

Elec t rode  
1.224 2.416 5.409 16.32 56.46 ----- 

Separa t ion ,  cm ( a )  Rm Rm Rm Rm Rm ----- 

( a )  Readings a t  an i n i t i a l  e l ec t rode  sepa ra t ion  of 
2-5 cm depending on t h e  diameter  of t he  tube. 

The c r o s s - s e c t i o n a l  a r e a s  of t h e  c e l l s  were determined 
by adding  measured volumes of water  t o  each  c e l l  and r e c o r d i n g  
t h e  i n c r e a s e  i n  h e i g h t  from t h e  ml,.l.l.l.meter s c a l e .  The 
c o e f f i c i e n t  of v a r i a t i o n  of t h i s  method was 1%. Data f o r  t h e  
e f f e c t  of e l e c t r o d e  s e p a r a t i o n  on Rm f o r  c e l l s  of d i f f e r e n t  
c r o s s  sec.t . ions a r e  g iven  i n  Table 111. 

C a l c u l a t e d  v a l u e s  f o r  $A ob ta ined  from t h e  d a t a  i n  
Table 111, c r o s s - s e c t i o n a l  a r e a s  of  t he .  c e l l s ,  and t h e  
c a l c u l a t e d  v a l u e s  f o r  X a r e  g iven  i n  Table I V .  

The r e s u l t s  show t h a t  t h e  v a l u e  f o r  Rc i n  t h e  e q u i v a l e n t  
c i r c u i t  can  be c a l c u l a t e d  from t h e  geometry of t h e  s o l u t i o n  
between t h e  e l e c t r o d e s  and  t h e  s p e c i f i c  r e s i s t a n c e  'ii, and t h a t  
t h e  t echn ique  of e l e c t r o d e  s e p a r a t i o n  pe rmi t s  t h e  s p e c i f i c  
r e s i s t a n c e  of  a s o l u t i o n  t o  be determined w i t h i n  1%, independent  
of e l e c t r o d e  a r e a .  



TABLE I V  

E f f e c t  of C e l l  Cross Section 

f = 10 kc, 0.1N K C 1  - Elec t rodes  ( s e e  F igu re  3b)  

C e l l  NO. 1 2 3 4 5 ----- 
Cross-sec t iona l  a r e a  

of c e l l ,  cm2 1 . 2  2.42 5.41 16.3 56.5 
- 
R/A, R-cm 64 .3  32.2 14 .5  4.85 1.39 

ELECTRODE AREA 

Tie  impedance of t h e  c o n d u c t i v i t y  c e l l  i n c r e a s e d  wi th  
dec reas ing  a r e a  of t h e  upper e l e c t r o d e ;  however, t h e  50% change 
i n  impedance wa.3 c o n a j  dera.hl.y less than a n t i c i p a t e d  i n  view 
of t h e  1600% change i n  t h e  a r e a  of t h e  upper  e l e c t r o d e .  

Data f o r  t h e  e f f e c t  of e l e c t r o d e  a r e a  a r e  giver] i n  
Tables  I and 11, and curves  f o r  t h e  e f f e c t  of e l e c t r o d e  a r e a  
a t  ze ro  s e p a r a t i o n  a r e  shown i n  F i g u r e  5. These d a t a  were 
ob ta ined  a s  p r e v i o u s l y  desc r ibed ,  and t h e  a r e a s  g iven  i n  t h e  
t a b l e s  a r e  f o r  t h e  upper  e l e c t r o d e  on ly .  The a r e a  of t h e  lower 
e l e c t r o d e  was 1 cm2. 

I I I vs. I Polaiization Resistance 

h I I Area of Upper Electrode I 

20 
Electrode Impedance I 

Area of Upper Electrode, crn2 

FIG.  5 E F F E C T  OF E L E C T R O D E  AREA A T  
Z'ERO INTERELECTRODE DISTANCE 

Results f rom d a t a  g i v e n  in  T a b l e  I 



The r e s u l t s  show t h a t  t h e  e l e c t r o d e  impedance and  
polarization r 4 e s i s t a n c e  dec rease  n o n l i n e a r l y  w i t h  i n c r e a s i n g  
a r e a ,  and  t h a t  t h e  e f f e c t ,  which was a f u n c t i o n  of t h e  a p p l i e d  
f requency ,  dec reased  a s  t h e  f requency  was i n c r e a s e d .  Normally 
t h e  p o l a r i z a t i o n  r e s i s t a n c e  Rs and  r e a c t a n c e s  of Cs and,C1 a r e  
expec ted  t o  be  i n v e r s e  f u n c t i o n s  of t h e  e l e c t r o d e  ' a r e a (  * ) . 
Although t h e  r easons  f o r  t h e  anomalous behavior  a r e  n o t  
immediately a p p a r e n t ,  t h e  r e s u l t s  i n d i c a t e  t h e  importance of  
e l e c t r o d e  a r e a  i n  t h e  des ign  of c o n d u c t i v i t y  c e l l s .  

FREQUENCY 

The r e sponse  of a c o n d u c t i v i t y  c e l l  t o  changes i n  t h e  
a p p l i e d  f r equency  C a l i  Be Ir11;erpre t e d  i n  terms of the con berr!pox'an8y 
t h e o r y  of f a r a d a i c  admi t t ance (  ) . I n  t h e  des ign  of c o n d u c t i v i t y  
c e l l s ,  t h e  impedances of t h e  e lements  Rs, C,, and C1 i n  t h e  
e q u i v a l e n t  c i r c u i t  t h a t  a r e  dependent on f requency  must be  
minimized i n  o r d e r  f o r  t h e  measured response  t o  be t r u l y  
i n d i c a t i v e  of t h e  r e s i s t a n c e  of-  t h e  c u r r e n t  p a t h .  The re fo re  
t h e  r e s u l t s  i n  Table I were e v a l u a t e d  i n  terms of t h e  contem- 
p o r a r y  t h e o r y .  

Values  f o r  t h e  frequency-dependent term RS were o b t a i n e d  
from t h e  d a t a  i n  Table I by e x t r a p o l a t i n g  t h e  cu rves  of  & 
v e r s u s  e l e c t r o d e  s e p a r a t i o n  t o  z e r o  d i s t a n c e .  These r e s u l t s  
a r e  given I n  Table  IEb. Due t o  t h e  d i s p e r s i o n  of t h e  v a l u e s  
of Cm, no r e s u l t s  f o r  Cm a t  z e r o  e l e c t r o d e  s e p a r a t i o n  a r e  
g iven  i n  Table  11. The d i s p e r s i o n  i n  t h e  v a l u e s  f 'o r  Cm i s  n o t  
s u r p r i s i n g  s i n c e  a l eng thy  p r e t r e a t m e n t  and  extreme c a r e  a r e  
neces sa ry  t o  o b t a i n  r e p r o d u c i b l e  r e s u l t s  f o r  C, w i t h  g o l i d  
e l e c t r o d e s ' "  ) . No s p e c i a l  t r ea tmen t  w a s  g iven  t o  t h e  e l e c t r o d e s  
d u r i n g  t h i s  s t u d y  s i n c e  one of t h e  o b j e c t i v e s  was t o  demonst ra te  
t h a t  t h e  e l e c t r o d e s  i n  a c o n d u c t i v i t y  c e l l  do n o t  have t o  be  
s c r u p u l o u s l y  c l e a n  f o r  i n - l i n e  c o n d u c t i v i t y  measurements. 

The r e s u l t s  show t h a t  t h e  p o l a r i z a t i o n  r e s i s t a n c e  Rs and  
t h e  e l e c t r o d e  impedance ( z ~  a t  ze ro  s e p a r a t i o n )  dec rease  w i t h  
i n c r e a s i n g  f requency  and  approach c o n s t a n t  v a l u e s  a t  100 kc .  
Curves of Rs v e r s u s  t h e  r e c i p r o c a l  of t h e  squa re  r o o t  of 
f r equency  were l i n e a r  i n  agreement w i t h  t h e  theo ry  of f a r a d a i c  
admi t t ance .  

I n  view of t h e  d i s p e r s i o n  i n  t h e  observed  v a l u e s  of Cm 
which d i d  n o t  pe rmi t  e x t r a p o l a t i o n  t o  ze ro  e l ' ec t rode  s e p a r a t i o n ,  
t h i s  v a r i a b l e  w a s  s t u d i e d  a t  a s e p a r a t i o n  of  5 mm. Curves of 
Cm v e r s u s  l o g  f requency  were e s s e n t i a l l y  l i n e a r  w i t h  t h e  
c a p a c i t y  d e c r e a s i n g  wi th  i n c r e a s i n g  f requency .  



The above r e s u l t s  a r e  c o n s i s t e n t  w i t h  t h e  contemporary 
theo ry  of f a r a d a i c  admi t tance ,  and  i n d i c a t e  t h a t  t h e  e f f e c t s  of 
e l e c t r o d e  impedance on t h e  response  of a c o n d u c t i v i t y  c e l l  can  
be minimized by u t i l i z i n g  f r e q u e n c i e s  i n  t h e  range  of l o4  t o  lo5 
c y c l e s  p e r  second. 

PLATlNlZED ELECTRODES 

A p l a t i n i z e d  e l e c t r o d e  behaves a s  a  r e v e r s i b l e  hydrogen 
e l e c t r o d e  ( ) , and t h e  contemporary theo ry  of f a r a d a i c  admi t t ance  
p r e d i c t s  t h a t  t h e  impedance of an  e l e c t r o d e  w i l l  be minimum a t  
t h e  half-wave p o t e n t i a l  of t h e  e l e c t r o c h e m i c a l  r e a c t i o n .  

Data f o r  t h e  c f f c c t  of e l e c t r o d e  p l a t i n i z a t i o n  a r e  g iven  
i n  Table I. The a r e a  of t h e  upper  e l e c t r o d e  was y.06 cm2. 
Curves f o r  Rs and Cs a t  zero  s e p a r a t i o n  v e r s u s  f-2 a r e  shown 
i n  F i g u r e  6, and e x t r a p o l a t e d  v a l u e s  f o r  Rs and Zs a t  ze ro  
s e p a r a t i o n  a r e  g iven  i n  Table 11. 

The theo ry  f o r  a l t e r n a t i n g  c u r r e n t  e l e c t r o l y s i s ( 4 )  p r e d i c t s  
t h a t  t h e  p o l a r i z a t i o n  r e s i s t a n c e  of an e l e c t r o d e  l a  mjnl.mum a.t 
t h e  half-wave p o t e n t i a l  of t h e  c o n t r o l l i n g  e l e c t r o c h e m i c a l  
r e a c t i o n  and t h a t  t h e  pseudocapac i tance  ( c ~ )  w i l l  be maximum 
a t  t h a t  p o t e n t i a l .  The theory  a l s o  p r e d i c t s  t h a t  f o r  f a s t ,  
r e a c t i o n s  both  Rs and  Cs w i l l  d ec rease  as a  f u n c t i o n  of f - 2 .  
The cy rves  i n  F igu re  6 show t h a t  Cs dec reased  as a  f u n c t i o n  
of f-2, whereas Rs was e s s e n t i a l l y  c o n s t a n t .  This  behavior  
of R, w a s  i n d i c a t i v e  of a  s l o w - r e a c t i o n .  

F I G .  6 E F F E C T  O F  P L A T l N l Z E D  E L E C T R O D E S  
Values of R S  and C S  versus f - ' I 2  
Resul ts  calculated from data given in T a b l e  I  
by  extrapolat ing R, and C, to zero inter- 
electrode distance.  



'The r e s u l t s  i n d i c a t e  t h a t  p l a t i n i z e d  p l a t inum e l e c t r o d e s  
a r e  d e s i r a b l e  f o r  conductiv~l.t;y. c e l l s ;  however, t h e  resul'ts '  
observed  wi th  bri.ght p l a t inum e lec ' t rodes  a t  lo5 c p s  agee'e with 
t h o s e  o b t a i n e d  wi th  p l a t in i , . z ed  e l e c t r o d e s  . Therefore  t h e '  . 
n e c e s s i t y  f o r  p l a t i n i z e d  e l e c t r o d e s  can b e ' e l i m i n a t e ' d  by 
u t i l i z i n g  h i g h  f r e q u e n c i e s .  

AMPLITUDE OF CELL VOLTAGE . . 

Since  t h e  ampl i tude  of t h e  c e l l  v o l t a g e  i s  one of t h e  
f a c t o r s  t h a t  de te rmines  t h e  e x t e n t  of t h e  e l e c t r o c h e m i c a l  
r e a c t i o n  t h a t  occurs  a t  t h e  e l e c t r o d e s ,  t h e  e f f e c t  of t h e  
ampl i tude  v a r i a b l e  w a s  s t u d i e d  a t  f o u r  f r e q u e n c i e s  w i th  t h e  
c e l l  shown i n  F i g u r e  3a. The areas of t h e  upper  and 10wer~  
e l e c t r o d e s  were 0.06 and  1.0 am2, r e s p e c t i v e l y ,  and  t h e  
e l e c t r o d e s  were p o s i t i o n e d  1 cm a p a r t .  C e l l  v o l t a g e s  were 
moni tored  by means of a n  AC voltmeter;  and R,,, C,, a n d  ZJl1 
were de termined  a s  a  f u n c t i o n  of c e l l  v o l t a g e .  The r e s u l t s  
a r e  g iven  i n  Table V .  

TABLE V . . . .  

Effect  of Amplitude of Ce l l  Voltage 
% 

Area upper e l ec t rode  0.06 cm2, Area lower e lec t rode  1 cm2 
In t e re l ec t rode  d is tance  1 cm, Cel l  shown i n  Figure 3a 

'0.14M UNH - 0.2M HNO, 

Frequency, 
CPS 

- Pla t in i zed  Electrodes 
Bridge Constant Current 

E c e l l ~  C m ~  E c e l l ~  
V, RMS Rm' ' pfd V, RMS 'm' ' 

Bright Platinum Electrodes 
Bridge Constant Current 

Ece l l l  'm* . Ecel l '  
V, RMS V, RMS m' 

0.00012 
o .ooo32 
0. oogg 
0.034 
0.22 
1.1 



The r e s u l t s  i n d i c a t e  t h a t  t he  r e s i s t ance  (R,) and 
impedance (2,) of a c e l l  with b r i g h t  platinum e lec t rodes  were 
e s s e n t i a l l y  independent of c e l l  vol tage i n  t h e  frequency range 
of lo9 t o  los cps.  Below lo3 cps, t he  values f o r  R, and Z, 
decreased with increas ing  vol tage and approached t h e  values  
obtained a t  higher frequencles.  An explanation of this 
behavior, which i s  i n  accord with t h e  theory of f a r ada i c  
admittance, was given by Silverman and ~ e m I c k ( ~  ) . 

For p l a t i n i z e d  e lect rodes ,  t he  values of F, and Z, were 
independent of frequency and appl ied voltage,  while t h e  values  
of Cm increased with app l ied  vol tage except a t  10' cps where 
the  values f o r  Cm abrup t ly  decreased In value. This behavior 
of t he  p l a t i n i z e d  e lec t rode  system is  i n  accord with t he  
concept of po la r ized  e lec t rodes  operated a t  t he  half-wave 
p o t e n t i a l  of t he  electrochemical  reac t ion  t h a t  occurs a t  t he  
e lect rode surface ,  The decrease i n  Cm a t  10' cps  w a s  
c h a r a c t e r i s t i c  of t h e  behavior of p l a t i n i z e d  e lec t rodes  ( see  
Figure 6) .  

The above r e s u l t s  indica't& tYra L ,  wl Lll appi-oxPmtoly 2 
v o l t s  appl ied t o  t he  c e l l ,  t h e  conduct ivi ty  r e s u l t s  would be 
independent of frequency . However, Silverman and ~ e m i c k ( ~  
have shown t h a t  a t  high cur ren t  d e n s i t i e s  t he  e lec t rode  i s  
polarized;  therefore ,  f o r  processes o the r  than Lhose involving 
r eve r s ib l e  react iona,  l a rge  e r r o r s  can r e s u l t  due t o  polar i -  
za t ion.  Thus t he  high frequency - low vol tage technique appears 
advantageous f o r  use with those systems t h a t  do no t  involve 
r eve r s ib l e  reac t ions  a t  the  e lec t rodes .  

ELECTRODE MATERIALS 

The po l a r i za t i on  impedance of var ious  e lec t rode  mate r ia l s  
i n  O.14M uranyl n i t r a t e  - 0.2N n i t r i c  a c i d  was s tud ied  qua l i t a -  
t i v e l y  by t he  method of Silverman and ~ e m i c k ( ~  ) . The impedance 
of t h e  e lec t rgdes  increased i n  t h i s  order:  p l a t i n i z e d  platinum, 
platinum, s t a i n l e s s  s t e e l ,  and tantalum. 

The apparatus u t i l i z e d  f o r  these  s t u d i e s  i s  shown i n  
Figure  4, and t y p i c a l  cyclograms a r e  shown i n  Figure  7. 

A t  low cu r r en t  dens i t i e s ,  t he  cyclograms were e l l i p t i c a l  
which i nd i ca t e s  t h a t  t he  po l a r i za t i on  r e s i s t ance  and capacitance 
d id  not  change s i g n i f i c a n t l y  with changes i n  c e l l  cur ren t .  If 
the  reac t ion  r a t e  had changed s i g n i f i c a n t l y  with voltage,  t he  
cyclograms would have been d i s to r t ed .  The impedance of the  
various e lec t rodes  w a s  determined from the  s lope  of the  cyclo- 
grams. The cyclograms f o r  p l a t i n i z e d  e lec t rodes  were e s s e n t i a l l y  
s t r a i g h t  l i n e s ,  while those f o r  s t a i n l e s s  s t e e l  were e l l i p t i c a l  



Tantalum Electrode - 1.0 cm2 

Horizontal - 0.02 v per division 
Vertical - loe4 amperes per division 

Frequency lo2, lo3, lo4, 105 cps 

Slope of maior axis increases 
with frequency 

Stainless Steel Electrode - 0.7 cm2 

Horizontal - 0.2 v per division 
Vertical - amperes per division 

Frequency lo2, lo3, lo4 lo5 cps 

Slope of maior axis increases 
with frequency 

Platinum Electrode - 0.2 cm2 

Horizontal - 0.02 v per division 
Vertical - amperes per division 

Frequency lo2, 1 03, lo4 lo5 cps 

Slope of maior axis increases 
with frequency 

Platinized Platinum - 0.06 cm2 

Horizontal - 0.02 v per division 
Vertical - amperes per division 

Frequency lo2, lo3, lo4, lo5 cps 

Slope of maior axis increases 
with frequency 

FIG. 7 CYCLOGRAMS OF 0.14M UNH-0.2M HNO, 



t r a c e s .  Plat inum was i n t e r m e d i a t e  between t h e s e  two. The phase 
a n g l e  decreased  wi th  f requency  f o r  a l l  e l e c t r o d e s .  Tantalum 
e l e c t r o d e s  e x h i b i t e d  h igh  p o l a r i z a t i o n  r e s i s t a n c e  and small 
c a p a c i t y  a t  a l l  f r e q u e n c i e s .  

-The above r e s u l t s  i n d i c a t e  t h a t  s t a i n l e s s  s t e e l  e l e c t r o d e s  
can be u t i l i z e d  i n  c o n d u c t i v i t y  c e l l s ,  whi le  t an t a lum shou ld  
n o t  be used due t o  the.  h igh  p o l a r i z a t i o n  r e s i s t a n c e .  

WATER- INSOLUBLE ORGANIC SOLVENTS 

Since  Purex p l a n t  s t reams c o n t a i n  d i s s o l v e d  and suspended 
o rgan ic  s o l v e n t  t h a t  i s  n e a r l y  i n s o l u b l e  i n  water ,  t h e  e f f e c t  
on t h e  response  o f  c o n d u c t i v i t y  c e l l s  of c o a t i n g  t h e  e l e c t r o d e s  
wi th  s o l v e n t  was s t u d i e d  f o r  t h r e e  d i f f e r e n t  c e l l  d e s i g n s :  a 
commercial d ip- type  c e l l  wi th  1-cm2 d i s c  e l e c t r o d e s  spaced 3 cm 
a p a r t  and c e n t e r e d  i n s i d e  a  2.8-cm c y l i n d r i c a l  g l a s s  s l e e v e ,  
and t h e  two des igns  shown i n  F igu res  3b and 3c. The commercial 
d ip- tyye  c e l l  WAS irrcluded for cljliipa~*ative purpostu. C e l l  
response  was determined wi th  t h e  equipment shown i n  F i g u r e  2 .  

.The c e l l s  were c l eaned  wi th  ac id-d ichromate  c l e a n i n g  
s o l u t i o n  and r i n s e d  wi th  d i s t i l l e d  water  p r i o r  t o  u se .  The 
e l e c t r o d e s  were n o t  p l a t i n i z e d .  The s p e c i f i c  r e s i s t a n c e  (E) 
of t h e  t e s t  s o l u t i o n  ( 0 . 1 4 ~  u r a n y l  n i t r a t e  - 0.2M n i t r i c  a c i d )  
was determined by t h e  e l e s t r o d e  s e p a r a t i o n  technique  i n  a c e l l  
of t h e  des ign  shown i n  F igu re  3b. This  va lue  of X was used t o  
determine t h e  c e l l  c o n s t a n t s  f o r  t h e  d ip - type  and f low c e l l s .  
Af t e r  t h e  i n i t i a l  impedance measurements were made, t h e  c e l l s  
were f looded  wi th  s o l v e n t ,  r i n s e d  t h r e e  t imes  wi th  d i s t i l l e d  
water ,  once wi th  t h e  t e s t  s o l u t i o n ,  and f i n a l l y  f i l l e d  wi th  
f r e s h  t e s t  s o l u t i o n .  The impedance of t h e  t e s t  s o l u t i o n  was 
then  remeasured. I n  t h e  c a s e  of t h e  f low c e l l ,  t h e  o rgan ic  
s o l v e n t  was s imply f l u s h e d  from t h e  c e l l  w i th  f r e s h  t e s t  
s o l u t i o n .  The r e s u l t s  a r e  g iven  i n  Table V I .  Although the  

Effec t  of Organic Solvents on C e l l  Response 

Test  so lu t ion :  0.14M U02(~0,). - 0.2M HNO,, f = 10' cps 
- 
R, ohm-ocntimeter 

A =  1.224cm2 A = 0 . 1 6 c m 2  
Cel l  '~'reatment m p  'Type (Figure 3b) ( ~ i g u r e  3c)  

Clean c e l l  1 1 . 7 6 ' ~ )  11.76 . 1 1 . 7 6 ' ~ )  

F ~ O O ~  with 1 6 . 3 5 ' ~ )  1 1 . 7 6 ' ~ )  11.76 
30/70 TBP 

~ l o o d  with 21 .48 '~ )  11 .87 '~ )  11.76 
SAE 30 o i l  

Clean c e l l  12.28 
with de te rgen t  

( a )  Corrected f o r  geometry based on value of fi obtained 
by e lec t rode  separa t ion  method. 

( b )  Flooded with solvent ,  r insed  th ree  times with water, 
once with t e s t  so lu t ion ;  r e f i l l e d  t e s t  so lu t ion  and 
redetermined K. 



SAE 30 motor o i l  w i l l  n o t  normally be found i n  o rgan ic  s t r eams ,  
such a c o n d i t i o n  might a r i s e  from a  braken pump s e a l  and was 
i n c l u d e d  t o  i n d i c a t e  t h e  worst  c o n d i t i o n s .  

The r e s u l t s  i n d i c a t e  t h a t  t h e  commercial d ip - type  c e l l  
would be u n s a t i s f a c t o r y  i n  t h i s  s e r v i c e ,  even i f  t h e  c e l l  cou ld  
be f l u s h e d  p e r i o d i c a l l y  wi th  a  de t e rg ' en t  s o l u t i o n .  The response  
of t h e  long  p a t h  c e l l s  r e t u r n e d  t o  w i t h i n  1% of t h e  i n i t i a l  
r e a d i n g s ;  however, t h e  f l ow c e l l  was s u p e r i o r  i n  t h i s  r e g a r d  
due t o  a more f a v o r a b l e  geometry. The c o a t i n g  of t h e  e l e c t r o d e s  
w i t h  o r g a n i c  s o l v e n t  w i l l  have a minimum e f f e c t  on t h e  response  
of a p r o p e r l y  des igned  c e l l .  

The f low c e l l  w a s  t e s t e d  f o r  s e n s i t i v i t y  t o  f l ow i n  t h e  
r ange  of  0  t o  600 m i l l i l i t e r s  p e r  minute.  No s e n s i t i v i t y  t o  
f l o w  r a t e  w a s  d e t e c t e d  . 

BRIDGE AND CONSTANT CURRENT METHODS 

Examination of t h e  r e s u l t s  f o r  Rm and Z, ob ta ined  du r ing  
t h i s  s t u d y   a able I )  shows t h a t  a t  f r e q u e n c i e s  of lo3, lo4 ,  and  
lo5 c p s  t h e  r e s u l t s  were r e l a t e d  by a p r o p o r t i o n a l i t y  c o n s t a n t .  
The s l o p e s  of t h e  l i n e s  r e p r e s e n t i n g  t h e  r a t i o s  were a s  fo l lows :  

Frequency, c p s  l o 3  10" lo5  

The r e s u l t s  show t h a t  t h e  r a t i o  decreased  a s  t h e  frequency 
was i n c r e a s e d .  The d i f f e r e n c e s  i n  Rm and Z a r e  due t o  t h e  
e f f e c t s  of Cd and Cs as exp la ined  p r e v i o u s l y .  

ABSOLUTE NATURE OF THE ELECTRODE SEPARATION METHOD 

The a b s o l u t e  n a t u r e  of t h e  e l e c t r o d e  s e p a r a t i o n  method 
f o r  t h e  measurement of t h e  s p e c i f i c  r e s i s t a n c e  of s o l u t i o n s  i s  
evidenced  i n  t h e  work of ~ i l l e r ( ' ) ,   ones" ) , and ~ e m i c k ( '  ) . 
J'ones and Hemick were p r i m a r i l y  i n t e r e s t e d  i n  t h e  ef'f 'ects of 
e l e c t r o d e  p o l a r i z a t i o n  phenomena, and  u t i l i z e d  t h e  method oi' 
M i l l e r  t o  de te rmine  b o t h  t h e  s p e c i f i c  r e s i s t a n c e  of t h e  s o l u t i o n  
(n) and  t h e  e f f e c t i v e  p o l a r i z a t i o n  r e s i s t a n c e  ( R ~  ) . Both 
workers r e p o r t  t h a t  t h e  measured v a l u e s  f o r  were i n  agreement 

. wi th  t h o s e  ob ta ined  by t h e  c l a s s i c a l  Kohlrausch method and a l s o  
no ted  t h e  f requency  independence of t h i s  te rm i n  t h e  M i l l e r  
e q u a t i o n .  However, n e i t h e r  Jones nor  Remick c la imed t h e  
prodedure a s  a  method f o r  t h e  de t e rmina t ion  of t h e  a b s o l u t e  
va lue  of 8, perhaps  because Jones proposed t o  c o r r e c t  conduc- 
t i v i t y  r e s u l t s  by e x t r a p o l a t i n g  p l o t s  of Rm vs  f - 2  t o  ze ro  
f requency .  However, ~ e m i c k ' ~  ) h a s  shown t h a t  p l o t s  of Rm vs  1 



e x t r a p o l a t e d  t o  ze ro  d i s t a n c e  g i v e  answers i n  b e t t e r  agreement 
w i th  t h e  Kohlrausch method. 

S ince  t h e  va lue  f o r  R as determined by t h e  e l e c t r o d e  
s e p a r a t i o n  technique  i s  independent  of Rs,  whereas Rs i s  
i n c l u d e d  i n  t h e  r e s u l t s  ob ta ined  by t h e  Kohlrausch method, t h e  
e l e c t r o d e  s e p a r a t i o n  technique  shou ld  p rov ide  a  b a s i s  f o r  t h e  
measurement of a b s o l u t e  v a l u e s  f o r  z. 

The v a l i d i t y  of t h e  modif ied M i l l e r  equa t ion  f o r  t h e  
measurement of R i s  i l l u s t r a t e d  by t h e  r e s u l t s  ob ta ined  f o r  t h e  
e f f e c t  of t h e  c r o s s - s e c t i o n a l  a r e a  of t h e  s o l u t i o n  ( s e e  page 13). 

The s t a n d a r d  0.1000N potassium c h l o r i d e  s o l u t i o n  used i n  
t h e s e  experiments  was p repa red  from t h e  s a l t  t h a t  had been 
p r e v i o u s l y  d r i e d  t o  c o n s t a n t  weight a t  1 0 5 ' ~ .  The l i t e r a t u r e  
v a l u e (  l o  ) f o r  t h e  s p e c i f i c  r e s i s t a n c e  of t h i s  s o l u t i o n  was 
77.83 ohm-centimeters a t  2 5 ' ~ ~  which e x t r a p o l a t e s  t o  78.15 ohm- 
c e n t i m e t e r s  a t  2 4 . 8 ' ~ ,  t h e  tempera ture  of t h e  t e s t  s o l u t i o n .  

The average  r e s u l t  of 78.6 k0.5 ohm-centimeters a g r e e s  
wi th  t h e  e x t r a p o l a t e d  l i t e r a t u r e  va lue  of 78.15 ohm-centimeters , 
w i t h i n  t h e  limits of e r r o r  of t h e  exper imenta l  p rocedure .  Thus 
t h e  modif ied M i l l e r  equa t ion  i s  v a l i d  f o r  t h e  de t e rmina t ion  of - 
R by t h e  e l e c t r o d e  s e p a r a t i o n  method. 

I n  view of t h e  r e l a t i v e  p r e c i s i o n  of t h e  expe r imen ta l  
t echniques  u t i l i z e d  i n  t h i s  s tudy ,  f u r t h e r  experiments  of a 
more p r e c i s e  n a t u r e  w i l l  be conducted i n  t h e  n e a r  f u t u r e  t o  
s u b s t a n t i a t e  f u r t h e r  t h e  above r e s u l t s .  However, t h e  v a l i d i t y  
of t h e  o r i g i n a l  M i l l e r  equa t ion  i s  demonstrated i n  t h e  work of 
 ones'^), and i t  was t h e  s o l e  purpose of t h i s  s e c t i o n  t o  
demonstrate  t h e  v a l i d i t y  of t h e  modi f ied  equa t ion  of M i l l e r  a s  
a p p l i e d  t o  i n - l i n e  measurements a t  t h e  1% l e v e l .  

APPLICATION TO THE URANYL NITRATE - NITRIC ACID SYSTEM 

Conduct iv i ty  and  s p e c i f i c  g r a v i t y  a r e  c r i t i c a l  i n d i c e s  
of t h e  composi t ion of t h e  u r a n y l  n i t r a t e  - n i t r i c  a c i d  system, 
and  p rov ide  a means f o r  t h e  cont inuous  a n a l y s i s  of raw me ta l  
f e e d  s o l u t i o n s .  A t y p i c a l  graph of  c o n d u c t i v i t y  v e r s u s  s p e c i f i c  
g r a v i t y  f o r  s o l u t i o n s  of v a r i o u s  u r a n y l  n i t r a t e  - n i t r i c  a c i d  
composi t ions I s  g iven  i n  F igu re  8. 

The a n a l y s i s  of  r a w  meta l  f e e d  s o l u t i o n s  w i t h  a n  accu racy  
of 1% r e q u i r e s  a  cor responding  accuracy  i n  c o n d u c t i v i t y  and 
s p e c i f i c  g r a v i t y  de t e rmina t ions .  This  requi rement  i s  w i t h i n  
t h e  scope of c o n d u c t i v i t y  measurements; however, t h e  c u r r e n t  
d i f f e r e n t i a l  p r e s s u r e  technique  f o r  measuring s p e c i f i c  g r a v i t y  



'EM 

i n  t h e  P l a n t  i s  s e n s i t i v e  ' t o  0 .01  specif. id: g r a v i t y  u n i t s  when 
t h e  d i s t a n c e  between a i r  bubble 'p ipes  i s  10 i n c h e s .  This  . 
corresponds  t o  a.O.03M change I n  ukanyl  n i t r a t e  concen tba t ion .  
I n  o r d e r  t o  o b t a i n '  a s e n s i t i v i t y '  of 18, t h e  p re s su re  d i f f e r e n t i a l  
w i l l  have t o  be  i n c r e a s e d  t o  30 Inches  H,O, o r  a n o t h e r  more 
s e n s i t i v e  method i s  needed. . . . . . . 
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