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MEASUREMENT RND SIGNIFICANCE OF TRANSPORT NUMBERS IN FUSED 
SALTS* 

Richard  W .  L a i t y  and F r e d e r i c k  R .  Duke 

ABSTRACT 

The concep t  o f  t r a n s p o r t  numbers i n  f u s e d  s a l t s  i s  d i s -  
c u s s e d  i n  t h e  l i g h t  o f  t h e  i n a p p l i c a b i l i t y  of  t h e  u s u a l  
d e f i n i t i o n  a p p l i e d  t o  e l e c t r o l y t i c  s o l u t i o n s .  The l a c k  o f  
a  s o l v e n t  r e f e r e n c e  frame,  w i t h  r e s p e c t  t o  which t h e  m o b i l i -  
t i e s  o f  t h e  i o n s  a r e  normal ly  compared, n e c e s s i t a t e s  employ- 
ment o f  a  m i c r o s c o p i c  d e f i n i t i o n ,  i f  t h e  conduc tance  o f  a  
mol ten  e l e c t r o l y t e  i s  t o  be  d i v i d e d  i n t o  a  sum o f  mean ingfu l  
i o n i c  c o n d u c t ~ n c e s ,  Thus, t h e  r e f e r e n c e  frame s e l e c t e d  h e r e  
c o n s i s t s  o f  t h e  l a r g e  b u l k  o f  i o n s  n o t  i n v o l v e d  i n  t h e  con- 
d u c t i v i t y  p r o c e s s  a t  any g i v e n  i n s t a n t ,  i . e . ,  t h o s e  i o n s  
which l a c k  t h e  n e c e s s a r y  energy  o f  a c t i v a t i o n  f o r  m i g r a t i o n . .  
The t r a n s p o r t  numbers a r e  t h e r e f o r e  t h e  f r a c t i o n s  o f  c u r r e n t  
c a r r i e d  by t h e  m i g r a t i n g  i o n s  d u r i n g  e l e c t r o l y s i s  a s  meas- 
u red  w i t h  r e s p e c t  - t o  t h i s  f r ame .  

At tempts  t o  p r e v i o u s  workers  t o  measure t r a n s p o r t  
numbers ' in  f u s e d  s a l t s  a r e  reviewed w i t h  r e s p e c t  t o  t h e i r  
v a l i d i t y  and s i g n i f i c a n c e .  It i s  shown t h a t ,  w h i l e  a  few 
o f  t h e  p a p e r s  p r e s e n t  s i g n i f i c a n t  d a t a ,  t h e  f a i l u r e  o f  any 
p r e v i o u s  i n v e s t i g a t o r s  a d e q u a t e l y  t o  c o n s i d e r  t h e  n a t u r e  o f  
t h e  q u a n t i t i e s  t h e y  were measur ing  h a s  l e d  i n  o t h e r  c a s e s  
t o  p u b l i c a t i o n  o f  comple te ly  u s e l e s s  o r  u n i n t e r p r e t a b l e  
e x p e r i m e n t a l  r e s u l t s .  

* 
T h i s  r e p o r t  i s  based on a  Ph.D. T h e s i s  by Richard  W e  L a i t y  , 

s u b m i t t e d  June ,  1955, t o  Iowa S t a t e  C o l l e g e ,  A m e s ,  Iowa. 
T h i s  work was done under c o n t r a c t  w i t h  t h e  Atomic Enepgy 
Commission, 



A c e l l  f o r  measur ing  t h e  t r a n s p o r t  numbers of t h e  
i o n s  i n  p u r e  mol ten  s a l t s  i s  d e s c r i b e d .  It h a s  two v e r t i -  
c a l  e l e c t r o d e  compartments  s e p a r a t e d  by a  porous  g l a s s  
membrane. The d i s p l a c e m e n t  d u r i n g  e l e c t r o l y s i s  o f  a n  a i r  
b u b b l e  i n  a  c a p i l l a r y  t u b e  c o n n e c t i n g  t h e  two compartments 
y i e l d s  d a t a  which can be  combined w i t h  known d e n s i t y  d a t a  
t o  c a l c u l a t e  t h e  t r a n s p o r t  numbers, assuming t h e  s i m p l e s t  
f o r m u l a s  f o r . t h e  c u r r e n t - c a r r y i n g  i o n s ,  The v a l i d i t y  o f  
t h e  u s e  of  t h i s  c e l l  i s  v e r i f i e d  f o r  PbC12 by showing t h e  . 

l a c k  o f  dependence o f  t h e  measured t r a n s p o r t  numbers on 
t h e  c h e m i c a l  n a t u r e  o f  t h e  membrane, 8s Well a s  b y  o t h e r  
e x p e r i m e n t s  and t h e o r e t i c a l  o o n s i d e r a t i o n s .  A c r i t e r i o n  
f o r  i n d i c a t i n g  t h e  a p p l i c a b i l i t y  of t h e  method $0 Qther 
p u r e  s a l t s ,  based  on t h e  p o s s i b l e  i n f l u e n c e  o f  t h e  membrane 
on t h e  e x p e r i m e n t a l  a c t i v a t i o n  energy  o f  c o n d u c t i v i t y ,  i s  
p roposed  and i t s  use  d e m o n s t r a t e d .  

A c e l l  f o r  measur ing  t r a n s p o r t  numbers i n  m i x t u r e s  o f  
f u s e d  s a l t s  i s  d e s c r i b e d .  The e l e c t r o d e  compartments  a r e  
a g a i n  s e p a r a t e d  ,by a  porous  g l a s s  membrane. R e s u l t s  w i t h  
t h i s  c e l l  a r e  found by u s i n g  a  s u i t a b l e  a n a l y t i c a l  p r o c e d u r e  
t o  d e t e r m i n e  t h e  a c t u a l  q u a n t i t y  o f  each  i o n  t ~ a ~ n s f e r r e d  
from one compartment t o  t h e  o t h e r  on e l e c t r o l y s i s .  

A p p l i c a t i o n  o f  t h e  fo rmer  c e l l  t o  a number of p u r e  
f u s e d  s a l t s  i s  shown t o  y i e l d  t h e  f o l l o w i n g  e x p e r i m e n t a l  
t r a n s p o r t  numbers f o r  t h e  n e g a t i v e  i o n s :  PbCl - 0.76 a t  
565 and a t  635'C.; PbBrg - 0.65 a t  500 and 0.67 a t  600°c.; 
T l C l  - 0.49+ a t  475, a t  505 and a t  ,425'C. ; AgN03 - a b o u t  
0 .24  a t  225 and a t  275°C. I n  a  n e a r l y  equ imola r  AgNO - 
NaN03 m i x t u r e  use  o f  t h e  l a t t e r  c e l l  i s  shown t o  i n d i  2 a t e  
t h a t  t h e  n i t r a t e  i o n  c a r r i e s  a  n e g l i g i b l e  f r a c t i o n  of t h e  
c u r r e n t ,  w h i l e  t h e  maximum t r a n s p o r t  number o f  t h e  s i l v e r  
i o n  i s  less t h a n  0 . 6 ~ ~  

An exper iment  i s  proposed by which t h e  l a t t e r  c e l l  might  
a l s o  b e  used t o  d e t e r m i n e  t h e  e x t e n t  t o  which complex i o n s  
c a r r y  c u r r e n t  i n  mol ten  s a l t s .  The p r o c e d u r e  would i n v o l v e  
p l a c i n g  l a b e l e d  c a t i o n  o r  a n i o n  i n  t h e  a p p r o p r i a t e  compart-  
ment and measur ing  t h e  q u a n t i t y  o f  l a b e l e d  i o n  t h a t  moves i n  
t h e  o p p o s i t e  d i r e c t i o n  from t h e  c o r r e s p o n d i n g  e l e c t r o d e .  
It i s  shown how such  i n f o r m a t i o n ,  combined w i t h  t h a t  o f  t h e  
t y p e  assembled i n  t h e  p r e s e n t  work, may b e  o f  c o n s i d e r a b l e  
u s e  i n  t h e  development  o f  a t h e o r y  of t h e  l i q u i d  s t a t e .  



I. INTRODUCTION 

C o n s i d e r a b l e  p r o g r e s s  toward a n  u n d e r s t a n d i n g  of  t h e  , 
b e h a v i o r  o f  s o l u t i o n s  of  e l e c t r o l y t e s  h a s  been a c h i e v e d  by 

* c o n s i d e r i n g  t h e  e q u i v a l e n t  c o n d u c t i v i t y ,  I\ , o f  such  s o l u -  
t i o n s  t o  be t h e  sum o f  t h e  c o n d u c t i v i t i e s ,  )af , o f  t h e  i n d i -  
v i d u a l  i o n i c  s p e c i e s  p r e s e n t .  The f r a c t i o n  o f  t h e  t o t a l  I 

c u r r e n t  c a r r i e d  by a  g i v e n  s p e c i e s ,  i, i s  t h u s  g i v e n  by 
)a; / A  . T h i s  q u a n t i t y  i s  known a s  t h e  t r a n s p o r t  number, 

' t i ,  ( a l s o  c a l l e d  " t r a n s f e r e n c e  number") o f  t h e  i o n  under  con- 
s i d e r a t i o n .  It i s  c l e a r  t h a t  a  d e t e r m i n a t i o n  o f  t h e  t r a n s -  
p o r t  numbers o f  t h e  i o n s  i n  a  s o l u t i o n ,  a s  w e l l  a s  i t s  
conductance ,  i s  n e c e s s a r y  i n  o r d e r  t o  i n f e r  t h e  v a l u e s  o f  
Ai t o  be a s c r i b e d  t o  t h e  v a r i o u s  i o n s .  

An u n d e r s t a n d i n g  of  t h e  way i n  which such  f a c t o r s  a s  
t e m p e r a t u r e ,  c o n c e n t r a t i o n ,  p r e s e n c e  o f  o t h e r  i o n s  and 

, d i e l e c t r i c  c o n s t a n t  of  t h e  medium a f f e c t  t h e  v a l u e s  o f  A;, 
shou ld  make i t  p o s s i b l e  t o  p r e d i c t  t h e  a c t u a l  c o n d u c t i v i t y  
and t r a n s p o r t  numbers t h a t  w i l l  be found f o r  any s o l u t i o n  
under  a s p e c i f i c  s e t  of  c o n d i t i o n s .  Although t h e  a p p l f c a -  
t i o n  o f  c u r r e n t  views on t h e  n a t u r e s  o f  i o n s ,  s o l v e n t  8 

m o l e c u l e s  and t h e i r  i n t e r a c t i o n s  t o  t h e  problem o f  p r e d i c t -  
. i n g  t h e  b e h a v i o r  of  A; i s  i n  most c a s e s  t o o  complex f o r  

t h e o r e t i c a l  t r e a t m e n t ,  v e r y  s u c c e s s f u l  a p p r o x i m a t i o n s  have 
been made f o r  c e r t a i n  l i m i t i n g  c a s e s  i n  t h e  w e l l  known modern 
t h e o r i e s  on t h e  p h y s i c a l  c h e m i s t r y  o f  e l e c t r o l y t i c  s o l u -  
t i o n s  ( 1 ) .  

It seems n o t  u n l i k e l y ,  t h e r e f o r e ,  t h a t  t h e  s t u d y  o f  
mol ten  e l e c t r o l y t e s ,  which l a c k  t h e  c o m p l t c a t i n g  p r e s e n c e  
o f  s o l v e n t  molecu les ,  shou ld  l e n d  i t ~ e l f  t o  a  c o r r e s p o n d i n g  
t h e o r e t i c a l  approach .  An a d e q u a t e  t h e o r y  of  t h i s  t y p e  
s t iuuld c o n t r i b u t e  -m;ch . t o  t h e  b u i l d i n g  o f  a  more comprehen- 
s i v e  p i c t u r e  o f  t h e  n a t u r e  of l i q u i d s  i n  g e n e r a l .  

- 
T.he f i r s t  s t e p  i n  d e v e l o p i n g  such  a  t h e o r y  i s  t o  

c o l l e g t  d a t a ' o n  s p e c i f i c  f u s e d  s a l t s  which w i l l  g i v e  some 
+ 

ins , igh t -  i n t o  t h e  g e n e r a l  b e h a v i o r  o f  mol ten  e l e c t r o l y t e s .  - 
Although a  g r e a t  d e a l  o f  c o n d u c t i v i t y  d a t a  h a s  a l r e a d y  been 
r e p o r t e d ,  v e r y  l i t t l e  i n f o r m a t i o n  on t r a n s p o r t  numbers was 
a v a i l a b l e  a t  t h e  t ime  t h e  p r e s e h t  work was under taken .  A 
b r i e f  r e f l e c t i o n  on t h e  n a t u r e  o f  t h e  problem o f  measur ing  
t r a n s p o r t  numbers i n  f u s e d  s a l t s  q u i c k l y  b r i n g s  t o  l i g h t  
t h e  r e a s o n  f o r  t h i s  l a c k  O f  i n f o r m a t i o n .  The a b s e n c e  o f  a  
s o l v e n t ,  s e r v i n g  a s  a  f rame o f  r e f e r e n c e  w i t h  r e s p e c t  t o  



which t h e  m o b i l i t i e s  o f  t h e  i o n s  a r e  normal ly  compared, r e n -  
d e r s  m e a n i n g l e s s  f o r  mol ten  s a l t s  t h e  d e f i n i t i o n  o f  t r a n s p o r t  
numbers a s  a p p l i e d  t o  aqueous  e l e c $ r o l y t e s .  T h i s  Becomes 
c l e a r  when i t  i s  r e c o g n i z e d  t h a t  A;' can on ly  be a  r e l a t i v e  
q u a n t i t y ,  and hence  r e m a i n s  undef ined  I n  t h e  a b s e n c e  o f  a  
s u i t a b l e  r e f e r e n c e  frame. S i n c e  t h e  p r e v i o u s  workers  who 
a t t e m p t e d  t r a n s p o r t  number measurement have a p p a r e n t l y  
i g n o r e d  t h i s  f a c t ,  a t t r i b u t i n g  t h e i r  d i f f i c u l t i e s  t o  e x p e r i -  
m e n t a l  problems,  t h e i r  work f r e q u e n t l y  s u f f e r s  from a  f a l l -  
u r e  t o  comprehend t h e  n a t u r e  of  t h e  problem. Those who d i d  
see t h e  r e a l  problem, on t h e  o t h e r  hand, have  f e l t  i t  t o  b e  
a h o p e l e s s  one, and have  g e n e r a l l y  d i s m i s s e d  t h e  concep t  o f  
t r a n s p o r t  numbers i n  p u r e  fused '  s a l t s  a s  mean ing less .  

The problem have  under taken  t h u s  r e s o l v e d  i t s e l f  i n t o  
two p a r t s .  F i r s t ,  a  d e f i n i t i o n  o f  t r a n s p o r t  numbers was 
s o u g h t  which would d i v i d e  t h e  c o n d u c t i v i t y  o f  a  mol ten  s a l t  
i n t o  i n d i v i d u a l  i o n i c  conduc tances  i n  such  a  way t h a t  t h e  
v a l u e s  of A; t h u s  d e f i n e d  would be un ique  p r o p e r t i e s  of t h e  
s a l t ,  depend ing  s p e c i f i c a l l y  on t h e  n a t u r e s  o f  t h e  i o n s  and 
t h e i r  i n t e r a c t i o n s .  Second, methods o f  measur ing  t r a n s p o r t  
number b o t h  I n  p u r e  s a l t s  and i n  m i x t u r e s  were sough t  

e which would be c o n s i s t e n t  w i t h  t h i s  d e f i n i t i o n .  Although a  
g e n e r a l  t h e o r y  t o  e x p l a i n  t h e  r e s u l t s  o b t a i n e d  c o u l d  n o t  
p o s s i b l y  be e v o l v e d  from a  l i m i t e d  s t u d y  o f  t h i s  k i n d ,  i t  
was n e v e r t h e l e s s  hoped t h a t  t h e  d a t a  m i g h t  be s u b j e c t e d  t o  
some d e g r e e  of m i c r o s c o p i c  i n t e r p ~ e t a t i o r i .  

11. A DEFINITION OF TRANSPORT NUMBERS I N  FUSED SALTS 

B e f o r e  a  c r i t i c a l  r ev iew of  t h e  a v a i l a b l e  l i t e r a t u r e  
on t h e  s u b j e c t  i s  p o s s i b l e ,  i t  i s  i m p o r t a n t  t o  i n t r o d u c e  
t h e  d e f i n i t i o n  o f  t r a n s p o r t  numbers i n  f u s e d  s a l t s  t h a t  was 
f i n a l l y  d e c i d e d  upon, T h i s  w i l l  make it p b s s i b l e  t o  d e t e r -  
mine t o  what e x t e n t  t h e  work t o  be  reviewed i s  c o n s i s t e n t  
w i t h  t h e  p r e s e n t  work. 

C o n s i d e r i n g  t h e  t r a n s p o r t  p r o c e s s  from a  macroscopid  
p o i n t  o f  view, it would a p p e a r  t h a t  t h e  p o s i t i v e  i o n s  move 
i n  t h e  d i r e c t i o n  o f  t h e  c a t h o d e  w i t h  a c o n t i n u o u s  uniform 
v e l o c i t y  a t  any g i v e n  c u r r e n t  d e n s i t y ,  w h i l e  t h e  n e g a t i v e  
i o n s  approach  t h e  anode i n  t h e  same manner. It i s  t h i s  
v i e w p o i n t  t h a t  makes t h e  s e a r c h  f o r  a  r e f e r e n c e  frame 
w i t h i n  t h e  l i q u i d  i t s e l f  a p p e a r  t o  be a  h o p e l e s s  one ,  For ,  
i f  t h e  n e g a t i v e  i o n s  a r e  chosen a s  t h e  r e f e r e n c e ,  t h e  
p o s i t i v e  i o n s  must c a r r y  a l l  t h e  c u r r e n t ,  w h i l e  r e l a t i v e  



t p  t h e  p o s i t i v e  i o n s  t h e  n e g a t i v e  i o n s  have u n i t  t r a n s p o r t  
number, Thus n e i t h e r  of t h e  c o n s t i t u e n t s  o f  a  p u r e  b i n a r y  
s a l t  makes a  s a t i s f a c t o r y  r e f e r e n c e  f rame.  I n  o r d e r  t o  
f i n d  a  s u i t a b l e  d e f i n i t i o n  c o n s i s t e n t  w i t h  t h i s  macroscopic  
p i c t u r e  o f  i o n i c  m i g r a t i o n  i t  i s  t h e r e f o r e  n e c e s s a r y  t o  go 
o u t s i d e  t h e  l i q u i d  and s e e k  a n  e x t e r n a l  r e f e r e n c e .  

Pe rhaps  t h e  f i rs t  such p o i n t  one might  s e l e c t  i s  t h e  
e l e c t r o d e  s u r f a c e .  Suppose, f o r  example, mol ten  l e a d  ' 

c h l o r i d e  i s  e l e c t r o l y z e d  between l e a d  e l e c t r o d e s .  A s  t h e  
anode d i s s o l v e s  i n  t h e  s a l t ,  a n  e q u i v a l e n t  amount of l e a d  ' 

i s  d e p o s i t e d  a t  t h e  c a t h o d e ,  s o  t h a t  t h e  s u r f a c e s  remain  
t h e  same d i s t a n c e  a p a r t ,  p rov ided  t h e y  have e q u a l  a r e a s .  
If t h e  t r a n s p o r t  numbers a r e  t a k e n  a s  t h e  f r a c t i o n s  o f  c u r -  
r e n t  c a r r i e d  by t h e  i o n s  r e l a t i v e  t o  t h e s e  s u r f a c e s ,  i t  i s  
a p p a r e n t  t h a t  t h e  c h l o r i d e  i o n s  c a r r y  no c u r r e n t  a t  a l l .  
For  t h e  number o f  c h l o r i d e  i o n s  i n  a  volume of l i q u i d  a d j a -  
c e n t  t o  t h e  e l e c t r o d e  s u r f a c e  remains  c o n s t a n t  due t o  t h e  
r e q u i r e m e n t  o f  e l e c t r i c a l  n e u t r a l i t y  t h r o u g h o u t  a l l  p a r t s  
o f  t h e  l i q u i d .  The l e a d  i o n s ,  on t h e  o t h e r  hand, e n t e r  t h e  
l i q u i d  a t  t h e  s u r f a c e  of t h e  anode and a r e  removed a t  t h e .  
o t h e r  s i d e ,  s o  t h a t  t h e y  must c a r r y  a l l  t h e  c u r r e n t .  If 
c h l o r i n e  e l e c t r o d e s  a r e  used ,  however, a  s i m i l a r  r e a s o n i n g  
l e a d s  t o  t h e  c o n c l u s i o n  t h a t  t h e  t r a n s p o r t  number o f  t h e  
c h l o r i d e  i o n s  must b e  u n i t y ,  t h e  l e a d  i o n s  c a r r y i n g  no c u r -  
r e n t  wha tever .  C l e a r l y  t h e  e l e c t r o d e  s u r f a c e s  do n o t  p r o -  
v i d e  a  s u i t a b l e  r e f e r e n c e  frame,  s i n c e  t h e y  d e f i n e  t r a n s -  
p o r t  numbers-which depend o n l y  on t h e  e l e c t r o d e  p r o c e s s e s .  

An i d e a l  s i t u a t i o n  might  be v i s u a l i z e d  which would 
a l l o w  t h e  d e f i n i n g  o f  s i g n i f i c a n t  t r a n s p o r t  numbers c o n s i s -  
t e n t  w i t h  t h e  approach  p r e s e n t e d  t h u s  f a r ,  Cons ide r  a n  . 
i o n i c  l i q u i d  s u b j e c t  t o  n e i t h e r  g r a v i t a t i o n a l  n o r  atmos- 
p h e r i c  r e s t o r i n g  f o r c e s ,  s o  t h a t  f$s  s u r f a c e  i s  n o t  con- 
s t r a i n e d  t o  l i e  f l a t  and h o r i z o n t a l .  The e l e c t r o l y t e  be-  
tween t h e  e l e c t r o d e s  i s  c o n t a i n e d  i n  a  t u b e ,  b u t  h a s  no 
tendency t o  f l o w  t h r o u g h  t h e  t u b e  a s  t h e  q u a n t i t y  of s a l t  
b u i l d s  up o r  d e c r e a s e s  around t h e  e l e c t r o d e s .  The t r a n s p o r t  
numbers c o u l d  now be  d e f i n e d  a s  t h e  f r a c t i o n s  o f  c u r r e n t  
c a r r i e d  by t h e  i o n s  r e l a t i v e  t o  a  s t a t i o n a r y  c r o s s - s e c t i o n  
o f  t h e  t u b e .  Although t h e  q u a n t i t i e s  t h u s  d e f i n e d  depend 
t o  some e x t e p t  on t h e  n a t u r e  o f  t h e  i n t e r a c t i o n s  between 
t h e  i o n s  and t h e  s u r f a c e  o f  t h e  t u b e ,  t h e y  would a t  l e a s t  
be  more mean ingfu l  p r o p e r t i e s  of  t h e  l i q u i d  t h a n  any o f  
t h e  " t r a n s p o r t  numbers" t h u s  f a r  d e f i n e d .  

The e x p e r i m e n t a l  i m p o s s i b i l i t y  of  t h e  above d e f i n i t i o n  
n e c e s s i t a t e s  t h e  s e a r c h  f o r  a  more p r a c t i c a l  one.  It shou ld  



b e  o b v i o u s  a t  t h i s  p o i n t  t h a t  t h e  macroscopic  p i c t u r e  o f  
i o n i c  m i g r a t i o n  p r e s e n t e d  above d o e s  n o t  l e a d  t o  a  s u i t a b l e  
work ing  d e f i n i t i o n  o f  t r a n s p o r t  numbers i n  f u s e d  s a l t s .  One 
might  j u s t i f i a b l y  conc lude  t h a t  i f  t h e  t r a n s p o r t  p r o c e s s  
i n v o l v e d  o n l y  t h e  uni form mot ion  o f  a l l  t h e  c a t i o n s  i n  t h e  
o p p o s i t e  d i r e c t i o n  from t h e  un i fo rmly  moving a n i o n s ,  i t  

- would be  i m p o s s i b l e  unequ ivocab ly  t o  a s c r i b e  a  c e r t a i n  
f r a c t i o n  o f  t h e  t o t a l  c u r r e n t  t o  a  p a q t i c u l a r  i o n i c  s p e c i e s .  
A more r e a l i s t i c  view o f  t h e  mechanism o f  t h e  c o n d u c t i v i t y  
p r o c e s s  i s  t h e r e f o r e  r e q u i r e d .  

The u s u a l  p i c t u r e  o f  i o n i c  m i  r a t i o n  i n  a c c o r d  with 
modern t h e o r i e s  o f  r a t e  p r o c e s s e s  7 2 )  p r e s e n t s - t h e  i o n s  a s  
moving i n  s h o r t  jumps and i n  a  v e r y  e r r a t i c  way. According 
t o  t h i s  m i c r o s c o p i c  p i c t u r e ,  o n l y  a  v e r y  s m a l l  f r a c t i o n  o f  
t h e  i o n s  i n  t h e  l i q u i d  a r e  moving a t  any g i v e n  i n s t a n t ,  
these b e i n g  t h e  i o n s  which have t h e  n e c e s s a r y  f r e e  energy  
o f  a c t i v a t i o n s f o r  m i g r a t i o n .  The a c t u a l  number o f  such  c u r -  
r e n t  c a r r i e r s l i s  a  f u n c t i o n  o f  t h e  t e m p e r a t u r e  and o f  t h e  
p o t e n t i a l  g r a d i e n t ,  But i s  a lways  a  s m a l l  f r a c t i o n  o f  t h e  
t o t a l  a t  'normal working t e m p e r a t u r e s  and v o l t a g e s .  It i s  

- t h u s  p o s s i b l e  t o  d i s t i n g u i s h  two t y p e s  o f  i o n s  i n  t h e  
l i q u i d ,  bes ides  t h e  obviouS d i s t i n c t i o n  Between p o s i t i v e  
and n e g a t i v e ;  t h o s e  I o n s  which a r e  jumping, and t h o s e  i o n s  
which c a n n o t  jump because  t h e y  l a c k  t h e  n e c e s s a r y  e n e r g y ,  
I f  t h e  f o r m e r  a r e  c a l l e d  t h e  c u r r e n t - c a r r y i n g  i o n s ,  t h e n  t h e  
l a t t e r  become t h e  l o n g  s o u g h t  r e f e r e n c e  f rame.  For  i t  i s  
s u r e l y  t h e  way i n  which t h e  i o n s  m o v e e e l a t i v e  t o  t h i s  g r e a t  
i n e r t  b u l k  o f  t h e  l i q u i d  t h a t  i s  r ,eqqiPed i n  o r d e r  t o  e x p r e s s  
t h e  c o n d u c t i ' v i t y  o f  t h e  s a l t  i n  terms o f  mean ingfu l  i n d i v i d u a l  
i o n i c  c o n d u c t a n c e s ,  

  he t r a n s p o r t  number o f  a n  i o n i c  s p e c i e s ,  I, i n  a  f u s e d  
s a l t  w i l l  t h e r e f o r e  b e  d e f i n e d  a s  t h e  f r a c t i o n  o f  t h e  c u r -  
r e n t  c a r r i e d  by t h o s e  i o n s  o f  i which a r e  jumping measured 
w i t h  r e s p e c t  t o  t h a t  l a r g e  g roup  o f  i o n s  o f  a l l  s p e c i e s  
p r e s e n t  which a r e  a t  r e s t  r e l a t i v e  t o  e a c h  o t h e r ,  S t r i c t l y  
s p e a k i n g ,  o f  c o u r s e ,  t h e  t r a n s p o r t  numbers w i l l  s u b s e q u e n t l y  
be  d e f i n e d  i n  terms o f  t h e  e x p e r i m e n t  by which t h e y  a r e  
measured,  b u t  t h e  exper iment  w i l l  be set  up i n  such  a  way 
t h a t  t h e  measured q u a n t i t i e s  s h o u l d  be  c o n s i s t e n t  w i t h  
d e f i n i t i o n  p r e s e n t e d  h e r e .  

211. REVIEW OF PREVIOUS WORK 

Although , the l i t e r a t u r e  i n  t h e  f i e l d  o f  t r a n s p o r t  num- 
b e r s  i n  f u s e d  s a l t s  i s  s c a n t ,  i t  e x t e n d s  o v e r  a  g r e a t  many 



y e a r s  and i n c l u d e s  some p a p e r s  o f  u n q u e s t i o n a b l e  s i g n i f i -  
cance .  A s  mentioned e a r l i e r ,  however, some o f  t h e  work 
s u f f e r s  from a  f a i l u r e  o f  t h e  a u t h o r s  t o  comprehend t h e  

w problems i n t r o d u c e d  by t h e  removal  of  t h e  s o l v e n t  r e f e r e n c e  
frame.  -Al though  i n  none of  t h e  p r e v i o u s  p a p e r s  h a s  t h e  
q u e s t i o n  o f  a  s u i t a b l e  d e f i n i t i o n  been a d e q u a t e l y  d i s c u s s e d ,  
t h e  a u t h o r s q  i n t u i t i v e  n o t i o n s  o f  what was wanted l e d  them 
i n  some c a s e s  t o  measure q u a n t i t i e s  c o n s i s t e n t  w i t h  t h e  t r a n s  
p o r t  numbers h e r e  d e f i n e d .  These c a s e s  w i l l  be t h e  c h i e f  
concern  o f  t h e  p r e s e n t  d i s c u s s i o n .  

The e a r l i e s t  q u a n t i t a t i v e  d e t e r m i n a t i o n  o f  t r a n s p o r t  
numbers i n  f u s e d  s a l t s  was c a r r i e d  o u t  by Lorenz and h i s  
co-workers  ( 3 )  i n  1907. These workers  s t u d i e d  v a r i o u s  mix- 
t u r e s  o f  PbC12 and K C 1  by e l e c t r o l y z i n g  t h e  m e l t s  between 
ca rbon  e l e c t r o d e s  i n  a  s p e c i a l l y  d e s i g n e d  c e l l .  The i m p o r t a n t  
f e a t u r e  of  t h i s  c e l l  i s  t h a t  t h e  anode and c a t h o d e  compart-  
ments  a r e  s e p a r a t e d  by means o f  a '  po rous  c l a y  membrane. T h i s  
p e r m i t t e d  Lorenz t o  weigh and a n a l y z e  each  compartment sepa-  
r a t e l y  b o t h  b e f o r e  and a f t e r  e l e c t r o l y s i s  w i t h  a  known 
q u a n t i t y  o f  e l e c t r i c i t y .  Making c a r e f u l  a l lowance  f o r  t h e t .  
changes  i n  w e i g h t  o f  t h e  s a l t  due t o  a b s o y p t i o n  i n t o  t h e  - 
ttiembrane p o r e s ,  a b s o r p t i o n  i n t o  t h e  e l e c t r o d e s ,  and evapora -  
t i o n .  from t h e  s u r f a c e ,  Lorenz p r e s e n t e d  h i s  c o r r e c t e d  d a t a  
i n  t h e  form of  t h e  f o l l o w i n g  t a b l e  (3,  p .  47)  : 

T a b l e  1 I 

T r a n s p o r t  d a t a  o f  Lorenz 
- 

ml-Quant i ty  m2-Quant i ty  
PbCl a - Q u a n t i t y  o f  Pb i n  o f  Pb i n  v-Decrease  

( w e i  h $  o f  ~ b  c a t h o l y t e  c a t h o l y t e  i n  Pb i n  $7 d e p o s i t e d  b e f o r e  a f t e r  sa thodc  
I n  g. exper iment  e x p e r i m e n t  chamber v:a 



Lorenz  p o i n t e d  o u t  t h a t  when t h e  r a t i o  v:a g i v e n  i n  t h e  l a s t  
column e x c e e d s  u n i t y ,  t h i s  means t h a t  t h e  number o f  l e a d  
i o n s  l o s t  from t h e  c a t h o d e  chamber d u r i n g  e l e c t r o l y s i s  ex -  
c e e d s  t h e  number of l e a d  i o n s  d e p o s i t e d  a t  t h e  c a t h o d e .  
The i m p l i c a t i o n  is, o f  c o u r s e ,  t h a t  some o f  t h e  l e a d  i o n s  
have  m i g r a t e d  i n t o  t h e  anode compartment.  T h i s  c o u l d  on ly  
be  p o s s i b l e  i f  some o f  t h e l e a d  were t i r e d  up w i t h  c h l o r i d e  
i n  s u c h  a  way a s  t o  form complex d n i o n s .  S i n c e  t h e  e x a c t  
c o n c e n t r a t i o n s  and f o r m u l a s  f o r  t h e s e  i o n s  could  n o t  be known, 
t h e  a u t h o r s  were u n a b l e  t o  c a l c u l a t e  t r a n s p o r t  numbers f o r  
them, and t h e r e f o r e  p r e s e n t e d  t h e i r  d a t a  i n  t h e  manner i n d i -  
ca t e d .  

? '  It i s  C l e a r  t h a t  t h e  e x p e r i m e n t s  d e s c r i b e d  measure t h e  
way i n  which t h e  i o n s  move r e l a t i v e  t o  a  porous  membrane 
s a t u r a t e d  w i t h  t h e  s a l t ,  It now becomes i m p o r t a n t  t o  
d e c i d e  whe the r  t h e  t r a n s p o r t  numbers d e f i n e d  by s u c h  a n  
e x p e r i m e n t  a r e  c o n s i s t e n t  w i t h  t h e  d e f i n i t i o n  p r e s e n t e d  i n  
t h e  p r e v i o u s  s e c t i o n .  It i s  i n s t r u c t i v e  t o  c o n s i d e r  f i r s t  
how a p u r e  s a l t ,  such  a s  PbC12, would behave i n  a n  e l e c t r o l y -  
t i c  c e l l  t h a t  had n o  porous  membrane s e p a r a t i n g  t h e  compart-  
men t s .  For  t h e  s a k e  o f  s i m p l i c i t y  assume b o t h  e l e c t r o d e s  
t o  b e  o f  l e a d  m e t a l .  Every  z f a r a d a y s  o f  e l e c t r i c i t y  passed  
d u r i n g  t h e  c o u r s e  o f  e l e c t r o i y s i s  c a u s e s  z e q u i v a l e n t s  o f  
l e a d  i o n s  t o  be d i s c h a r g e d  a t  t h e  cathode, and  a n  e q u a l  
number t o  b e  added t o  t h e  a n o l y t e ,  The c h a r g e  i s  c a r r i e d  
t h r o u g h  t h e  l i q u i d  by t h e  m i g r a t i o n  o f  t+ e q u i v a l e n t s  of ~ b + +  
i n t o  t h e  c a t h o l y t e ,  and  t e q u i v a l e n t s  o f  C1'  i n t o  t h e a n o l y t e .  - S i n c e  1 - t,. - t,, t h e  ne5 r e s u l t  i s  t h u s  a  t r a n s f e r  o f  t- 
e q u i v a l e n t s  of PbC12 from c a t h o l y t e  t o  a n o l y t e .  R e c a l l i n g  
t h a t  t h e  r e f e r e n c e  f rame s e l e c t e d  h e r e  i s  a c t u a l l y  a  p a r t  
of t h e  l i q u i d  i t s e l f ,  i t  i s  c l e a r  t h a t  t h i s  f rame w i l l  n o t  
remained f i x e d  w i t h  r e s p e c t  t o  a n  otjselfver as t h e  s a l t  fo 
d e p l e t e d  from one s i d e  and a c c u m u l a t e s  on t h e  o t h e r .  It 
must move under  g r a v i t y  by t h e  p r o c e s s  known a s  v i s c o u s  f low 
i n  s u c h  a  way t h a t  no change of  l e v e l s  i s  obse rved .  The 
Impor tance  o f  t h e  membrane used by Lorenz now becomes 
a p p a r e n t .  It i s  d e s i g n e d  t o  p r e v e n t  v i s c o u s  f low,  w h i l e  
p e r m i t t i n g  t h e  e l e c t r o l y t i c  m i g r a t i o n  o f  t h e  i o n s ;  I t s  use  
w i l l  t h e r e f o r e  p e r m i t  t h e  measurement o f  t h e  t r a n s  o r t  
numbers,  p r o v i d e d  two c o n d l t i a n s  a r e  f u l f i l l e d :  ( a 7  t h e  
r a t e  a t  which t h e  a o c u m u l a t i n g  s a l t  f l o w s  back t h r o u g h  t h e  
membrane i s  n e g l i g i b l y  s m a l l  compared w i t h  t h e  r a t e  of i t s  
a c c u m u l a t i o n ;  and ( b )  t h e  r a t e s  a t  which t h e  i o n s  jump 
r e l a t i v e  t o  t h e  l i q u i d  w i t h i n  t h e  membrane a r e  t h e  same a s  
i n  t h e  b u l k  o f  t h e  l i q u i d ,  f a r  from any p o s s i b l e  i n f l u e n c e  
o f  s u r f a c e  p r o p e r t i e s .  Other  t h a n  t h e  q u a l i t a t i v e  o b s e r v a -  
t i o n  t h a t  t h e  membrane seemed t o  s u p p o r t  a  d i f f e r e n c e  i n  



l e v e l s  w i t h o u t  a p p r e c i a b l e  f low t a k i n g  p l a c e ,  Lorenz made 
no a t t e m p t  t o  j u s t i f y  i t s  use  i n  terms o f  t h e s e  c r i t e r i a .  
It was t h e r e f o r e  i m p o s s i b l e  t o  e v a l u a t e  t h e  v a l i d i t y  of t h i s  
method on t h e  b a s i s  o f  t h e  d a t a  p r e s e n t e d .  The s i g n i f i -  
cance  o f  t h e  work, a s  w e l l  a s  t h a t  of  t h e  o t h e r  p a p e r s  t o  
be  reviewed,  w i l l  be d i s c u s s e d  l a t e r  i n  t h e  l i g h t  o f  t h e  
work t o  be  p r e s e n t e d  h e r e ,  

T v e r d o v s k i i t s  method ( 4 )  of measur ing  t r a n s p o r t  numbers 
i n  c a r n a l l i t e ,  KClMgCl , made use  o f  a  s i m i l a r  p r i n c i p l e .  
I n s t e a d  o f  b e i n g  s e p a r a t e d  by a  porous  p a r t i t i o n ,  however, 
t h e  e l e c t r o d e  compartments  c o n s i s t e d  o f - g l a s s  t u b e s  drawn 
o u t  t o  f i n e  c a p i l l a r i e s  a t  t h e  bot tom, where t h e y  d ipped  
i n t o  t h e  melt. Again t h e  purpose  of  t h e  c o n s t r i c t i o n s  was 
t o  p r e v e n t  v i s c o u s  f low,  w h i l e  p e r m i t t i n g  i o n i c  m i g r a t i o n .  
T h i s  a u t h o r  a l s o  f a i l e d  t o  j u s t i f y  t h e  u s e  of  such  a  p ro -  
c e d u r e .  He r e p o r t e d ,  n e v e r t h e l e s s ,  t h a t  magnesium a p p a r e n t l y  
c a r r i e s  c u r r e n t  i n  t h e  form o f  a  complex a n i o n .  Assuming 
t h e  f o r m u l a s  f o r  t h e  c u r r e n t - c a r r y i n g  s p e c i e s  t o  b e  K+,  C 1 - ,  
and MgC13-, T v e r d o v s k i i t s  d a t a  y i e l d e d  t r a n s p o r t  numbers 
f o r  t h e s e  i o n s  o f  0 .2 ,  0 .6 ,  and  0.3, r e s p e c t i v e l y .  

A m o d i f i c a t i o n  o f  t h e  above method was employed by 
Shcherbakov ( 5 )  i n  s t u d y i n g  t h e  same m e l t .  The t u b e s  which 
formed t h e  e l e c t r o d e  compartments  were p r e s s e d  t i g h t l y  
a g a i n s t  a  g l a s s  p l a t e  immersed i n  t h e  s a l t ,  T h i s  was a g a i n  
d e s i g n e d  t o  p r e v e n t  backflow, w h i l e  p e r m i t t i n g  t h e  p a s s a g e  
o f  c u r r e n t  between t h e  ends  o f  t h e  t u b e s  and t h e  s u r f a c e  o f  
t h e  p l a t e .  S h c h e r b a k o v s s  r e s u l t s ,  a l t h o u g h  v e r y  e r r a t i c ,  
were a p p r e n t l y  i n  d i s a g r e e m e n t  w i t h  t h o s e  o f  T v e r d o v s k i l  
( 4 ) .  Shcherbakov r e p o r t e d  t h a t  t h e  magnesium behaves  a s  a  
c a t i o n ,  c a r r y i n g  anywhere from 2 t o  5076 of t h e  c u r r e n t .  

The f irst  a t t e m p t s  t o  measure t h e  t r a n s p o r t  numbers 
o f  t h e  i o n s  i n  u r e  f u s e d  s a l t s  were c a r r i e d  o u t  by Karpachev 
and P a l  'guev ( 6 7  on mol ten  l e a d  c h l o r i d e .  These workers  
s e p a r a t e d  t h e  e l e c t r o d e  compartments by means o f  a  p l u g  o f  

T t i g h t l y  packed sh redded  a s b e s t o s .  Making a l l o w a n c e s  f o r  t h e  
w e i g h t  of s a l t  s ~ a k e d  up by t h e  membrane, t h e y  measured t h e  
changes  i n  w e i g h t  o f  t h e  compartments  b e f o r e  and a f t e r  e l e c -  - t r o l y s i s .  They a l s o  t r i e d  p u t t i n g  some r a d i o a c t i v e  ~ b "  
i n  t h e  a n o l y t e  and measur ing  t h e  r a t e  o f  appearance  o f  
a c t i v i t y  on t h e  o t h e r  s i d e  o f  t h e  membrane, T r a n s p o r t  num- 
b e r s  c a l c u l a t e d  from t h e  two t y p e s  o f  measurements showed 
f a i r  agreement ,  t h e  i n d i c a t e d  v a l u e  o f  t- b e i n g  0,8. Here 
a g a i n  t h e  a u t h o r s  f a i l e d  t o  j u s t i f y  t h e  u s e  o f  t h e  membrane 
i n  t e r m s  o f  t h e  p o s s i b l e  e r r o r s  d i s c u s s e d  e a r l i e r .  They 
d i d  c o n s i d e r  t h e  p o s s i b i l i t y  o f  such e r r o r s ,  n e v e r t h e l e s s ,  
and c a r r i e d  o u t  e x p e r i m e n t s  d e s i g n e d  t o  show t h a t  t h e  



membrane was n o t  i n f l u e n c i n g  t h e  measured t r a n s p o r t  numbers. 
T h i s  p a r t  o f  t h e  work u n f o r t u n a t e l y  showed a  l a c k  o f  under-  
s t a n d i n g  o f  t h e  n a t u r e  o f  t r a n s p o r t  numbers i n  f u s e d  s a l F s .  
It w i l l  be  d i s c u s s e d  s h o r t l y ,  a l o n g  w i t h  some s i m i l a r  p a p e r s .  

Recent  work by Wetmore and h i s  co-workers  (7) d e s c r i b e s  
a t t e m p t s  t o  measure t h e  t r a n s p o r t  numbers of  t h e  i o n s  i n '  
m i x t u r e s  o f  mol ten  s a l t s  by means ,o f  a  H i t t o r f - t y p e  e x p e r i -  
ment .  The w e l l  known H i t t o r f  method (8) f o r  d e t e r m i n i n g  
t h e  t r a n s p o r t  numbers o f  t h e  i o n s  i n  aqueous e l e c t r o l y t e s  
i n v o l v e s ,  of c o u r s e ,  a n a l y s i s  of t h e  c o n c e n t r a t i o n  changes 
o c c u r P i n g  around t h e  e l e c t r o d e s  d u r i n g  e l e c t r o l y s i s .  These 
w o r k e r s  e l e c t r o l y z e d  mol ten  m i x t u r e s  o f  AgNO and NaNO 
between Ag e l e c t r o d e s  i n  a c e l l  c o n s i s t i n g  o? two cornpart- 
,merits j o i n e d  by l a r g e  c a p i l l a r y  t u b e .  The purpose  of th,e 
t u b e  was n o t  t o  p r e v e n t  backflow, b u t  mere ly  t o  r e d u c e  
mix ing  of t h e  a n o l g t e  and c a t h o l y t e  by d i f f u s i o n  and con-. 
v e c t i o n .  The anode compartment wa,s d r a i n e d  a f t e t r  e l e o t r o l y -  
s i s  and i t s  c o n t e n t s  a n a l y z e d .  These d a t a ,  t o g e t h e r  w i t h  
the r e s u l t s  o f  t h e  a n a l y s i s  t o  d e t e r m i n e  t h e  compos i t ion  
o f  t h e  o r i g i n a l  m i x t u r e ,  were s u b j e c t e d  t o  t h e  f o l l o w i n g  
i n t e r p r e t a t i o n .  

S t a r t i n g  w i t h  t h e  e q u a t i o n s  . . 
0 

nl  = n1 + - z ( 1  - ti) 

- n; - n2 - Z t 2  

tl + tg + t 3 = l  

where n; and n; a r e  t h e  i n i t i a l  numbers of e q u i v a l e n t s  o f  
AgNO and NaNO r e s p e c t i v e l y ,  i n  t h e  a n o l y t e  b e f o r e  2 e l e c  r o l y s i s ,  4' and ng t h e  same q u a n t i t i e s  a f t e r  e l e c t r o l y -  
s is  w i t h  z f a r a & a y s  o f  e l e c t r i c i t y ,  tl, t and t t h e  t r a n s -  
p o r t  numbers o f  t h e  s i l v e r ,  sodium and n i f r a t e  i&s, r e s p e c -  
t i v e l y ,  and N O  and  N o  t h e  i n i t i a l  e q u i v a l e n t  (mole)  f r a c -  
t i o n s  o f  t h e  two s a l g s  i n  t h e  homogeneous m i x t u r e ,  Wetmore 
d e r i v e d  t h e  equa t1,on 

where  



E q u a t i o n  ( 1 )  can  a l s o  be w r i t t e n  i n  t h e  form 

- by making a p p r o p r i a t e  s u b s t i t u t i o n s  and r e a r r a n g i n g .  

The i m p o r t a n t  s t e p  made i n  t h e  development  of e q u a t i o n  
d 

( 1 )  was t h e  e l i m i n a t i o n  o f  t h e  q u a n t i t i e s  n i  and n o .  T h i s  
made i t  p o s s i b l e  t o  o b t a i n  exper imenta l ' l y  a n  equat?on i n  
t h e  t r a n s p o r t  numbers w i t h o u t  u s i n g  a  s h a r p l y  d e f i n e d  anode 
compartment,  by mere ly  d r a i n i n g  o f f  s u f f i c i e n t  a n o l y t e  t o  
i n c l u d e  t h e  t o t a l  c o n c e n t r a t i o n  change around t h e  anode.  
Although t h e  e q u a t i P n  does  n o t  g i v e  t h e  e x a c t  v a l u e s  of  t h e  
t r a n s p o r t  numbers, i ' i m i t i n g  a p p r o x i m a t i o n s  can  be made by 
assuming t h a t  t h e  t r a n s p o r t - n u m b e r  o f  e a c h  -ion l i e s  between 
z e r o  and one .  Thus, i t  i s  a p p a r e n t  from e q u a t i o n  (2 )  t h a t  
0 6 t  s # / N H ,  s i n c e  t h a s  i t s  maximum v a l u e  when t g  = 0 .  
~ u b s i i t u t i n ~  these l ? m i t i n g  v a l u e s  f o r  t i n t o  e q u a t i o n  ( I ) ,  
g i v e s  ( 1  - N )  t ( 1  - ) It t u r n e  3 o u t  e x p e r i m e n t a l l y  
t h a t  f o r  t h e  c o n c e n i r a t i o n  I'ange s t u d i e d ,  0 < N T <  0.25,  t h i s  
e x p r e s s i o n  d e f i n e d  v a l u e s  f o r  t l  w i t h i n  r a t h e r  narrow l i m i t s .  
T h i s  e n a b l e d  Wetmore t o  r e p o r t  t h a t  t h e  t r a n s p o r t  number 
of t h e  s i l v e r  i o n  i s  v e r y  n e a r l y  a  l i n e a r  f u n c t i o n  o f  i t s  
e q u i v a l e n t  f r a c t i o n  up t o  NT = 0.244, a t  which c o n c e n t r a -  
t ion-  0.815 t16 0.86.  I$ s h o u l d  be  p o i n t e d  o u t  t h a t  t h e s e  
m i x t u r e s  r e p r e s e n t  a  p a r t i c u l a r l y  f o r t u n a t e  c h o i c e ,  t h e  
narrow l i m i t s  depend ing  on t h e  r e l a t i v e l y  h i g h  v a l u e  o f  - 
tl a t  low c o n c e n t r a t i o n  o f  AgN03. 

Wetmore s u b s e q u e n t l y  a p p l i e d  t h e  same approach  t o  
m i x t u r e s  o f  A g N O  and A g C l  ( 9 )  a g a i n  e l e c t r o l y z e d  between 
A g  e l e c t r o d e s .  ?he r e s u l t s  o b t a i n e d  d i d  n o t  a p p e a r  con- 
s i s t e n t  w i t h  t h e  assumpt ion  t h a t  t h e  c u r r e n t  i s  c a r r i e d  
o n l y  by s i m p l e  i o n s ,  s i n c e  i n  o r d e r  t o  a s s i g n  a  p o s i t i v e  
t r a n s p o r t  number t o  t h e  c h l o r i d e  i o n  i t  was n e c e s s a r y  t o  
assume t h a t  t h e  n i t r a t e  i o n  c a r r i e s  a t  l e a s t  h a l f  t h e  
c u r r e n t .  I n  view o f  h i s  r e s u l t s  w i t h  t h e  AgNO -NaNO 
sys tem,  Wetmore f e l t  t h e  l a t t e r  a s sumpt ion  t o  3 e u n r  3 ason-  
a b l e .  H e  t h e r e f o r e  s u g g e s t e d  t h a t  some complex c a t i o n i c  ' 

s p e c i e s  such  a s  A g 2 C 1 +  t a k e s  p a r t  i n  c o n d u c t i n g  t h e  c u r r e n t .  

I n  r e v i e w i n g  t h i s .  e x c e l l e n t  work o f  Wetmore, i n  which 
one o f  t h e  c h i e f  e x p e r i m e n t a l  o b s t a c l e s  t o  t h e  measurement 
of  t r a n s p o r t  numbers i n  m i x t u r e s  was e l i m i n a t e d ,  t h e  ques -  
t i o n  n a t u r a l l y  a r i s e s  a s  t o  whe the r  t h e  " t r a n s p o r t  f r a c t i o n s "  
r e f e r r e d  t o  by Wetmore a r e  c o n s i s t e n t  w i t h  t h e  t r a n s p o p t  



. numbers d e f i n e d  i n  t h e  p r e v i o u s  s e c t i o n .  It w i l l  be  no ted  
t h a t  i n  Wetmore9s d e r i v a t i o n  of e q u a t i o n  ( 1 )  no mention i s  
made of a  r e f e r e n c e  f rame.  C a r e f u l  c o n s i d e r a t i o n  of  &qua- 
t i o n  ( 1 )  i t s e l f  r e v e a l s ,  however, t h a t  no r e f e r e n c e  f rame ? 1 
i s  n e c e s s a r y .  Tha t  i s  t o  s a y ,  no m a t t e r  what f r a h e  t h e  + 

t r a n s p o r t  numbers a r e  r e f e r r e d  t o ,  t h e  e q u a t i o n  i s  s t i l l  
v a l i d .  If t h e  t 8 s  a r e  r e f e r r e d  t o  some p a r t i c u l a r  r e f e r -  - 
e n c e ,  chang ing  t h i s  f rame t o  some o t h e r  one merely t r a n s f o r m s  
t h e - e q u a t i o n  back i n t o  i t s e l f ,  T h i s  f a c t  i s  p e r h a p s  most 
c l e a r l y  u n d e r s t o o d  when one c o n S i d e r s  what t h e  r e s u l t  would - 
h a v e ' b e e n  had Wetmore i n s e r t e d  8 porous  membrane between 
t h e  compartments  t o  p r e v e n t  backf low.  S i n c e  a l l  c o n c e n t r a -  
t i o n  changes  o c c u r  a t  t h e  e l e c t r o d e s ,  and n o t  a t  t h k  m e m -  
b r a n e ,  any a n a l y s i s  o f  t h e  a n o l y t e  which i n c l u d e s  a l l  t h e  
change i s  n o t  a f f e c t e d  by t h e  p r e s e n c e  o f  t h e  membrane, un- 
l e s s  t h e  c o n c e n t r a t i o n  change h a s  a c t u a l l y  ex tended  back 
p a s t  t h a t  p o i n t ,  Thus, p rov ided  t h e  n a t u r e  of  t h e  conduc- 
t i v i t y  p r o c e s s  i s  u n a f f e c t e d  by t h e  p r e s e n c e  o f  t h e  l a r g e  
l i q u i d - s o l i d  i n t e r f a c e  w i t h i n  t h e  membrane, t h e  e x p e r i -  
m e n t a l  a n a l y s i s  w i l l  be  i d e n t i c a l  t o  t h a t  o b t a i n e d  i n  c e l l s  
w i t h o u t  membranes; 

The r e f e r e n c e  f rame is ,  of c o u r s e ,  p a r t i a l l y  f i x e d  
when t h e  assumpt fon  f s  made t h a t  none o f  t h e  t r a n s p o r t  num- 
b e r s  a r e  less t h a n  z e r o .  FOP a  s i m p l e  i o n i c  melt such  a s  
t h e  A g N O  -NaN03 sys tem t h i s  a s sumpt ion  seems j u s t i f i e d ,  It 
i s  impor 2 a n t  t o  keep  i n  mind, n e v e r t h e l e s s ,  t h a t  t h e  assump- 
t i o n  o f  s i m p l e  i o n i c  s p e c i e s  i s  i n h e r e n t  i n  any c a l c u l a t i o n  
o f  t r a n s p o r t  numbers which d o e s  n o t  i n c l u d e  s p e c i f i c  a l l o w -  
a n c e  f o r  c u r r e n t  b e i n g  c a r r i e d  by complex s p e c i e s ,  and hence 
t h a t  t h e  r e s u l t s '  may be  m i s l e a d i n g  when s u p j e c t e d  t o  micro-  
s c o p i c  i n t e r p r e t a t i o n .  

The work rev iewed  t h u s  f a r  c o n s i s t s  o f  p a p e r s  i n  which 
t h e  t r a n s p o r t  numbers measured may be r e l a t e d ,  o r  even 
i d e n t i c a l ,  t o  t h e  mean ingfu l  t r a n s p o r t  numbers d e f i n e d  i n  
t h e  p r e s e n t  work. Mention s h o u l d  a l s o  b e  made o f  some o f  
t h e  less c o n s t r u c t i v e  a p p r o a c h e s  t o  t h e  problem. The purpose  
i s  n o t  on ly  t o  show how c o n f u s i n g  t h e  m6aning o f  t r a n s p o r t  
numbe$s i n  f u s e d  s a l t s  h a s  been t o  some workers ,  b u t  a l s o  ' 

t o  s a v e  f u t u r e  r e v i e w e r s  from t h e  t a s k  o f  a n a l y z i n g  t h e s e  
p a p e r s .  

A , a e r i e s  o f  measurements  on mol ten  bromides  was c a r r i e d  
o u t  by Isbekow (10)  i h  1926. H e  e l e c t r o l y z e d  m i x t u r e s  o f  
AlBr w i t h  o t h e r  bromides  i n  a  t u b u l a r  c e l l  which had no 
p a r t ? t i o n  between compartments .  The c a t h o d e  was a  p l a t i -  
num c o i l  i n  e a c h  exper iment ,  t h e  n a t u r e  o f  t'he anode depend- 
i n g  on t h e  m i x t u r e  b e i n g  s t u d i e d ,  For  t h e  m i x t u r e  o f  AlBr 

3 



and KBr t h e  anode was a n  aluminum p l a t e ;  f o r  t h e  A1Br3-AgBr 
m i x t u r e  of s i l v e r  anode was used;  f o r  AlBr -SbBr a n  ant imony 
p l a t e  s e r v e d  a s  anode.  The m e t a l  d e p o s i t e a  a t  t 4 e c a t h o d e  
i n  each  c a s e  was t h e  same a s  t h a t  o f  t h e  anode m a t e r i a l ,  
Isbekow c a l c u l a t e d  t r a n s p o r t  numbers by assuming i n  eaoh 
c a s e  t h a t  t h e  AlBr a c t s  a s  tin i n e r t  s o l v e n t  w i t h  r e s p e c t  
t o  which t h e  f o r e &  i o n s  c a r r y  c u r r e n t .  H i s  t r e a t m e n t  was 
t h u s  a n a l o g o u s  i n  e v e r y  r e s p e c t  t o  t h e  c o n v e n t i o n a l  H i t t o r f  
method ( 8 )  f o r  d e t e r m i n i n g  t r a n s p o r t  numbers i n  aqueous  
s o l u t i o n s ,  t h e  o n l y  d i f f e r e n c e  b e i n g  t h e  change of  s o l v e n t ,  
Pure  aluminum bromide i s  known t o  be a  v e r y  poor  c o n d u c t o r ,  
Although t h i s  f a c t  may seem t o  j u s t i f y  I s b e k o w t s  assumpt ion ,  
it seems most l i k e l y  t h a t  s o l v a t i o n  o f  t h e  e l e c t r o l y t e  b e i n g  
f n t r o d u o e d  w i l l  g i v e  r i s e  t o s c & h p l e x  s p e c i e s  such  a s  A1Br4-.  
T h i s  p r e d i c t i o n  i s  a p p a r e n t l y  born  o u t  by t h e  r e s u l t s  on a  
m i x t u r e  c o n t a i n i n g  12% by w e i g h t  KBr ( e q u i v a l e n t  f r a c t i o n  
KE3r = 0,0922) f o r  which t h e  t r a n s p o r t  number o f 4  t h e  K+ i o n  
i s  r e p o r t e d  t o  be  1 .14 .  A p p l i c a t i o n  of  t h e  t r e a t g e n t  
developed by Wetmare ( 7 )  t o  Isbekow9s d a t a  g i v e s  $ = l , l 2 ,  
which shows t h a t  t h e  aluminum i o n  must have a  n e g a t i v e  
t r a n s p o r t  ntxuber, It i s  i n t e r e s t i n g  t o  n o t e  t h a t  t h e  
t r a n s p o r t  numbers c a l k u l a t e d  by Isbekow come q u i t e  c l o s e  t o  
t h o s e  c a l c u l a t e d  from h i s  d a t a  by Wetmore's method, p r o v i d e d  
t h e  aSsumption i s  made i n i t h e  l a % t e r  t r e a t m e n t  t h a t  t h e  
t r a n s p o r t  number o f  t h e  bromide i o n  i s  z e r o .  Thus i n  t h e  
c a s e  a l r e a d y  mentioned,  I s b e k o w D s  v a l u e  o f  1 , 1 4  f o r  tK 
may be  compared w i t h  t~ (max.) = 1 , 1 2  o b t a i n e d  by t h e  o t h e r  
method, making t h e  i n d i c a t e d  assumpt ion ,  S i m i l a r l y ,  f o r  a  
s o l u t i o n  o f  e q u i v a l e n t  f r a c t i o n  0.0734 AgBr i n  A1Br3, tAg 
i s  r e p o r t e d  t o  be 0.84,  w h i l e  t h e  l a t t e r  method g i v e s  
tAg(max.) - 0.85, The e q u i v a l e n t  f r a c t i o n  of  SbBr i n  
t h e  m i x t u r e  s t u d i e d  was 0.250.  Here t h e  v a l u e  o f  ZSb 
r e p o r t e d  i s  0.95, which can  be compared w i t h  tsb(max.) = 0.96 
c a l c u l a t e d  by Wetmorels method, It s h o u l d  b e  p o i n t e d  o u t  
t h a t  t h e  s l i g h t  d i s c r e p e n c i e s  a r e  n e v e r t h e l e s s  r e a l  ones ,  
depend ing  n o t  on e r r o r s  i n  t h e  c a l c u l a t i o n s ,  b u t  on t h e  
n a t u r e s  of  t h e  methods o f  c a l c u l a t i o n  used.  - 

Although t h e  assumpt ion  t h a t  AlBr a c t s  a s  a n  i n e r t  
s o l v e n t  may be  a t  l e a s t  p a r t i a l l y  j u s t  9 f i e d ,  t h i s  work o f  

- Iswekow seems t o  have e s t a b l i s h e d  a n  u n f o r t u n a t e  p r e c e d e n t ,  
For  i n  subsequen t  s t u d i e s  on NaC1-PbC12 and on KC1-PbC1 

- m i x t u r e s  A n t i p i n  ( 1 1 )  and Baimakov and Samusenko ( 1 2 )  u2ed 
s i m i l a r  c e l l s  t o  c a l c u l a t e  even less s i g n i f i c a n t  t r a n s p o r t  
numbers. R e a l i z i n g  t h a t  l e a d  c h l o r i d e  i s  t o o  good 63 c o n -  
d u c t o r  t o  be  c o n s i d e r e d  i n e r t ,  t h e s e  workers  chose  such  
a r b i t r a r y  f rames  a s  t h e  w a l l s  o f  t h e  e l e c t r o d e  compartments  
themse lves  f o r  r e f e r e n c e .  Thus, A n t i p i n  t o o k  g r e a t  p a i n s  
t o  we igh t  t h e  compartments  b e f o r e  and a f t e r  e l e c t r o l y s i s ,  
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w h i l e  Baimakov and Samusenko i n f e r r e d  t h e  i n i t i a l  w e i g h t s  
o f  c a t h o l y t e  and a n o l y t e  from a  combina t ion  of t h e i r  f i n a l  
w e i g h t s  w i t h  t h e  known d e n s i t y  o f  t h e  o r i g i n a l  m i x t u r e ,  
Al though t h e  fo rmer  p a p e r  was n o t  a v a i l a b l e  f o r  s t u d y  and 
p o s s i b l e  a n a l y s i s  of  t h e  d a t a  by t h e  method d e s c r i b e d  
e a r l i e r ,  i t  a p p e a r s  u n l i k e l y  t h a t  such  a n  a n a l y s i s  would 
have  been f r u i t f u l ,  s i n c e  t h e  v a l u e s  quo ted  from t h i s  work 
show i r r e c o n c i l a b l e  d e v i a t i o n s  ( 1 2 ) .  The l a t t e r  s t u d y  n o t  
o n l y  showed s i m i l a r  d e v i a t i o n s ,  b u t  r e p o r t e d  t h e  d a t a  i n  a  
way t h a t  showed e i t h e r  a n  i n e x c u s a b l e  method o f  a n a l y s i s ,  
o r  a  l a c k  o f  comprehension of t h e  f i rs t  p r i n c i p l e s  of 
c h e m i s t r y .  For  t h e  f i g u r e s  i n d i c a t e ,  i n  most c a s e s ,  a n  
e x c e s s  of  t h e  number o f  c a t i o n s  o v e r  t h e  number o f  a n i o n s  
i n  t h e  same compartment ,  At tempts  t o  d i s c o v e r  any s o r t  o f  
s y s t e m a t i c  e r r o r  proved f r u i t l e s s ,  t h e  d a t a  a p p a r e n t l y  con- 
t r i b u t i n g  n o t h i n g  wha tever  t o  a n  u n d e r s t a n d i n g  of  t r a n s p o r t  
numbers i n  f u s e d  s a l t s ,  

The problem o f  t h e  meaning o f  t r a n s p o r t  numbers i n  p u r e  
f u s e d  s a l t s  was c o n s i d e r e d  by Schwarz ( 1 3 ) .  He r e a s o n e d  
t h a t  t h e  t r a n s p o r t  numbers o f  t h e  i o n s  i n  p u r e  s a l t s  must 
depend on t h e .  n a t u r e  of t h e  e l e c t r o d e  proc ,esses  o c c u r r i n g ,  
t h e  " t r a n s p o r t  numbers" t o  which he r e f e r ~ e d  b e i n g  t a c i t l y  
d e f i n e d  w i t h  r e s p e c t  t o  t h e  e l e c t r o d e  s u r f a c e s .  4 c h w a r z  
t h e r e f o r e  conc luded  t h a t  t h e  c o n c e p t  o f , $ r a n s p o r t  numbers 
i n  p u r e  f u s e d  s a l t s  i s  mean ing less .  ~ i $ . ' a r ~ u m e n t ,  which i s  
i d e n t i c a l  t o  t h e  c o n s i d e r a t i o n  i n  t h e  p$evious  s e c t i o n  
(pages  2  and 3 )  o f  t h e  c a s e  where t r a n s p o r t  numbers a r e  
d e f i n e d  w i t h  r e s p e c t  t o  t h e  e l e c t r o d e  s k r f a c e s ,  was a p p a r -  
e n t l y  s u f f i c i e n t l y  c o n v i n c i n g  t h a t  Kortum and B o c k r i s  
(14 ,  p.  210) make r e f e r e n c e  t o  i t  i n  a g r e e i n $ l k t h a t  t r a n s p o r t  
numbers i n  p u r e  s a l t s  a r e  mean ing less .  i 

T h e  work o f  Karpachev and P a l t g u e v  (6) d i s c u s s e d  e a r l i e r  
c o n t a i n s  a  s i m i l a r  m i s c o n c e p t i o n ,  It was shown: t h a t  t h e  
t r a n s p o r t  numbers t h e y  measured i n  a  c e l l  c o h t a i ' h i n g  a  porous  
a s b e s t o s  membrane may be c o n s i s t e n t  w i t h  t h e  q u a n t i t i e s  
d e f i n e d  here,  I n  t h e i r  a t t e m p t  t o  j u s t i f y  t h e  method, how- 
e v e r ,  t h e y  measured q u a n t i t i e s  which b e a r  no r e l a t i o n  t o  
t h e s e  t r a n s p o r t  numbers,  F o r  . t h i s  exper iment  t h e y  employed 
a  c e l l  i n  which t h e  compartments  were j o i n e d  d u r i n g  e l e c -  
t r o l y s i s  by removing a  s t o p p e r  which o r i g i n a l l y  s e p a r a t e d  
them, A t  t h e  s t a r t  o f  t h e  exper iment  o n l y  t h e  a n o l y t e  con- 
t a i n e d  r a d i o a c t i v e  Pb++o By comparing t h e  l o s s  o f  a c t i v i t y  
from t h e  anode compartment w i t h  t h a t  due t o  c o n v e c t i o n  and 
d i f f u s i o n  i n  a  s i m i l a r  c e l l  t h r o u g h  which no c u r r e n t  was 
p a s s e d ,  t h e  a u t h o r s  c a l c u l a t e d  t h e  q u a n t i t y  o f  e l e c t r i c i t y  
c a r r i e d  o u t  o f  t h e  a n o l y t e  by pb9+, It i s  c l e a r  t h a t  t h e i r  
r e s u l t s ,  which show.ed l a r g e  f l u c t u a t i o n s ,  c o u l d  have been 



c a l c u l a t e d  more a c c u r a t e l y  w i t h o u t  b o t h e r i n g  t o  c a r r y  o u t  
t h e  e x p e r i m e n t s ,  For ,  s i n c e  f low between t h e  compartments  
was p e r m i t t e d ,  t h e  t r a n s p o r t  numbers were d e f i n e d  by t h e  
p a r t i c u l a r  e l e c t r o d e  p r o c e s s e s  t a k i n g  p l a c e ,  I n  t h i s  c a s e  
t h e  p r o c e s s e s  i n v o l v e d  l i b e r a t i o n  o f  c h l o r i n e  a t  t h e  anode 
and of l e a d  a t  t h e  ca thode ,  s o  t h a t  t h e  t r a n s p o r t  numbers 
were 0 , 5  f o r  each  i o n  w i t h  r e s p e c t  t o  t h e  e l e c t r o d e s ,  The 
a c c u m u l a t i n g  l e a d  a t  t h e  c a t h o d e  f o r c e s  some o f  t h e  l i q u i d  
t o  f l o w  back i n t o  t h e  anode compartment,  however, s o  t h a t  
t h e  t r a n s p o r t  number o f  t h e  l e a d  i o n  w i t h  r e s p e c t  t o  t h e  
boundary o f  t h a t  compartment i s  somewhat s m a l l e r ,  depend ing  
on t h e  r e l a t i v e  s i z e s  of  t h e  compartments ,  The v a l u e s  
of  t r e p o r t e d  by t h e  a u t h o r s  f o r  t h r e e  such  e x p e r i m e n t s  
wereP8.09, 0.22 a  nd 0 0 3 4 .  

Some c o n f u s i o n  a s  t o  t h e  r e f e r n c e  f rame i n v o l v e d  i s  
e n c o u n t e r e d  i n  e v a l u a t i n g  t h e  E,M.F. method used by Van 
A r t s d a l e n  and h i s  co-workers  ( 1 5 )  t o  measure t h e  t r a n s p o r t  
numbers of  t h e  i o n s  i n  m i x t u r e s  of  f u s e d  s a l t s .  It i s  based  
on t h e  w e l l  known c o n c e n t r a t i o n  c e l l  method used i n  aqueous  
s o l u t i o n s  (14, pp,  267-70) where in  t h e  p o t e n t i a l  i s  d e t e r -  
mined w i t h  and w i t h o u t  a  l i q u i d  j u n c t i o n  between two s o l u -  
t i o n s  of  t h e  s a l t  h a v i n g  d i f f e r e n t  c o n c e n t r a t i o n s ,  t h e  fo rmer  
p o t e n t i a l  depend ing  on t h e  t r a n s p o r t  numbers o f  t h e  i o n s  
c r o s s i n g  t h e  j u n c t i o n ,  The a u t h o r D s  r e a s o n i n g  i n  t h i s  c a s e  
a p p a r e n t l y  was a s  f o l l o w s ,  Cons ide r  a  c e l l  c o n t a i n i n g  two 
s o l u t i o n s  i n  c o n t a c t  of  s i l v e r  n i t r a t e  i n  sodium n i t r a t e ,  t h e  
s i l v e r  i o n  c o n c e n t r a t i o n  b e i n g  g r e a t e r  on s i d e  A t h a n  on s i d e  
Bo The E.M.F. o f  t h e  c e l l  i s  measured u s i n g  s i l v e r  e l e c t r o d e s  
i n  e a c h  compartment .  T h i s  p o t e n t i a l  i s  t a k e n  t o  be  a  measure 
o f  t h e  f ree energy  change accompanying ( 1 )  t h e  d i s c h a r g e  
of  one e q u i v a l e n t  o f  s i l v e r  i o n s  a t  t h e  e l e c t r o d e  on s i d e  A, 
(2)  t h e  d i s s o l u t i o n  o f  one e q u i v a l e n t  o f  s i l v e r  i o n s  a t  t h e  
e l e c t r o d e  on s i d e  B, ( 3 )  t h e  t r a n s p o r t  o f  t~ e q u i v a l e n t s  
o f  s i l v e r  i o n s  a c r o s s  t h e  j u n c t i o n  from s o l u  f I o n  B  i n t o  
s o l u t i o n  A,  ( 4 )  t h e  t r a n s p o f t  o f  t~~ e q u i v a l e n t s  o f  sodium 
i o n s  from B  i n t o  A, and (5)  t h e  t r a n s p o r t  o f  t 

N03 equiva- l e n t s  of  n i t r a t e  i o n s  from A i n t o  B. The n e t  r e s u l t  i s  
t h u s  t a k e n  t o  be  t h e  t r a n s f e r  o f  ( 1  - tA ) e q u i v a l e n t s  o f  
A g N O  from a  s o l u t i o n  i n  which i t s  mole f r a c t i o n  i s  N ~ A  t o  

-one  ?n which t h e  A g N 0 3  c o n c e n t r a t i o n  i s  NIB, where NIA i s  
g r e a t e r  t h a n  NIB, accompanied by t h e  t r a n s f e r  o f  tNa e q u i v a -  
l e n t s  o f  NaN03 from N~~ t o  N 2 ~ ,  where NgB = ( 1  - N ~ B )  and 
N 2 ~  ( 1  - NIA) o T h i s  c o r r e s p o n d s  t o  a  f ree energy  change 
o f  - ( 1  - tAg) RT i n  ( N ~ ~ / N ~ ~ )  - t~~ RT i n  ( N ~ $ N ~ A ) ,  p r o -  
voided t h e  s o l u t i o n s  a r e  s u f f i c i e n t l y  i d e a l  . t h a t  t h e  a c t i v -  
i t i e s  can  be  t a k e n  e q u a l  t o  t h e  mole f r a c t i o n s ,  If t h e  



p r o c e s s  i s  c a r r i e d  o u t  r e v e r s i b l y ,  a  s i t u a t i o n  which i s  v e r y  
n e a r l y  approximated  by measur ing  t h e  r e v e r s i b l e  p o t e n t i a l ,  
t h i s  f r e e  e n e r g y  c a n  be  e q u a t e d  t o  t h e  e l e c t r i c a l  work done 
i n  p a s s i n g  one f a r a d a y  o f  e l e c t r i c i t y  a t  t h e  p o t e n t i a l  of 
t h e  c e l l  a t  a n  i n f i n i t e s i m a l  r a t e .  T h i s  g i v e s  

E = ( 1  - tAg) RT/F i n  ( N ~ A / N ~ ~ )  + tNa RT/F i n  
I 

which  can  b e ,  w r i t t e n  

- by making t h e  s u b s t i t u t i o n  1 - tAg - tN, + tNO3' S i n c e  

e q u a t i o n  ( 3 )  c o n t a i n s  two unknowns; Van A r t s d a l e n  h e r e  made 
t h e  assumpt ion  t h a t  tNO = 0 ,  a n  a p p r o x i m a t i o n  he f e l t  t o  
have  been j u s t i f i e d  by J e t m o r e l s  r e s u l t s  ( 7 ) .  The v a l u e s  

i v e n  by t h e  f i rs t  p a r t  o f  e q u a t i o n  (3)  were 
by Van A r t s d a l e n  f o r  t h e  same c o n c e n t r a t i o n  

r a n g e  a s  t h a t  i n v e s t i g a t e d  by Wetmore, t h e  " c o n c e n t r a t i o n "  
b e i n g  t a k e n  i n  e a c h  c a s e  a s  t h e  mean o f  t h e  two c o n c e n t r a -  
t i o n s  used .  The agreement  was no ted  t o  be poor ,  S i n c e  t h e  
v a l u e s  of  t were  s u b s t a n t i a l l y  s m a l l e r '  t h a n  Wetmore1s i n  a 

Ag I '  

e v e r y  c a s e .  

P e r h a p s  t h e  most obv ious  shor tcoming  o f  t h e  approach  
' j u s t  d i s c u s s e d  i s  t h e  assumpt ion  t h a t  t h e  t r a n s p o r t  numbers 

o f  t h e  i o n s  d o  n o t  depend on c o n c e n t r a t i o n ,  I n  a n  aqueous  
s o l u t i o n  o f  a  s i n g l e  b i n a r y  e l e c t r o l y t e  t h i s  i s  n o t  t o o  bad 
a n  a p p r o x i m a t i o n  ' o v e r  a  l i m i t e d  c o n c e n t r a t i o n  . r a n g e ,  s i n c e  
t h e  c o n c e n t r a t i o n s  o f  the two c u r r e n t - c a r r y i n g  s p e c i e s  a r e  
a l w a y s  i d e n t i c a l .  A much d i f f e r e n t  s i t u a t i o n  p r e v a i l s  i n  
t h e  m i x t u r e  o f  mol ten  s a l t s  under  c o n s i d e r a t i o n  h e r e .  For  
t h e  o n l y  way t h a t  t h e  c o n c e n t r a t i o n  of t h e  s i l v e r  i o n  can  be  
i n c r e a s e d . 1 ~  by d e c r e a s i n g  the c o n c e n t r a t i o n  of  i t s  compet i -  
t o r ,  t h e  sodium i o n .  The f r a c t i o n s  o f  t h e  c u r r e n t  c a r r i e d  
by t h e  two i o n s  a r e  t h e r e f o r e  a l m o s t  c e r t a i n  tochange ,  a  
p r e d i c t i o n  t h a t  i s  conf i rmed by Wetmorels d a t a  ( 7 ) A  

Assuming t h a t  t h e  t r a n s p o r t  numbers i n  e q u a t i o n  (3 )  
r e p r e s e n t  some s o r t  o f  me,an v a l u e  f o r  t h e  two s o l u t i o n s ,  It 
a g a i n  becomes i m p o r t a n t  t o  d e c i d e  what r e f e r e n c e  f rame t h e y  
a r e  b e i n g  measured w i t h  r e s p e c t  t o .  From t h e  f a c t  t h a t  
t r a n s p o r t  from one s o l u t i o n  i n t o  t h e  o t h e r  is  t h e  o n l y  
i o n i c  m i g r a t i o n  c o n s i d e r e d  i n  t h e  d e r i v a t i o n ,  i t  i s  a p p a r e n t  
t h a t  t h e  r e f e r e n c e  i s  t h e  j u n c t i o n  between t h e  two s o l u t i o n s .  
It s h o u l d  be  c l e a r  t h a t  t h e  p o s i t i o n  o f  t h i s  j u n c t i o n  i s  



d e f i n e d  by t h e  two c a t i o n s ,  s i n c e  t h e  on ly  t h i n g  t h a t  changes  
i n  g o i n g  from one s o l u t i o n  t o  t h e  o t h e r  i s  t h e  r a t i o  o f  
s i l v e r  t o  sodium i o n s .  If t h e s e  two i o n s  have d i f f e r e n t  
m o b i l i t i e s ,  t h e  p a s s a g e  of c u r r e n t  w i l l  c a u s e  one i o n  t o  g e t  
a h e a d , o f  t h e  o t h e r ,  s o  t h a t  t h e  p o s i t i o n  o f  t h e  boundary w i l l  
no longer ,  be c l e a r l y  d e f i n e d ,  Thus i t  i s  h o t  c l e a r  i n  t h i s  
c a s e  J u s t  what t h e  r e f e r e n c e  i s .  For  t h e  c a s e  where b o t h  
c a t i o n s  have e q u a l  m o b i l i t i e s ,  s o  t h a t  t h e  boundary remains  
s h a r p l y  d e f i n e d ,  i t  i s  e a s i l y  shown t h a t  t h e  t r a n s p o r t  num- 
b e r s  measured by t h i s  method a r e  t r i v i a l .  F o r  s i n c e  t h e  
c a t i o n s  d e f i n e  t h e  j u n c t i o n  between t h e  s o l u t i o n s ,  t h e  o n l y  
i o n s  t h a t  can  c r o s g  t h i s  boundary a r e  t h e  a n i o n s .  The 
r e f e r e n c e  h a s  t h u s  been chosen i n  such  a  way t h a t  a n i o n s  a r e  
bound t o  have u n i t  t r a n s p o r t  number r e g a r d l e s s . o f  t h e i r  
a b i l i t y  t o  move, t h e  c a t i o n s  c a r r y i n g  no c u r r e n t  wha tever  

- w i t t l  r e s p k c t  t o  t h e m s e l v e s .  S u b s t i t u t i n g  t ~ ,  = 0  and 
t = 1 i n t o  e q u a t i o n  ( 3 )  g i v e s  

*O3 

. . . .  

Equi.Ciori ( 4 )  ' o b v i ~ u s l y  g i v e s  t h e  p o t e n t i a l  t h a t  would be  ' ,  

found f o r  such  a ' c e l l  under  these c i r c u m s t a n c e s ,  s i n c e  t h e .  - 
n e t  r e s u l t  of  r e v e r s i b l l y  p a s s i n g  one f a r a d a y  would b e  t h e  
t r a n s f e r  of o n e  ' e q u i v a l e n t  o f  A g N 0 3  from s o l u t i o n  A t o  
s o l . u t i o n  B, The .  above , , t r a n s p o r t  numbers a r e  c l e a r l y  n o t  
c o n s i s t e n t  w i t h  th 'ose d e f i n e d  i n  t h e  p r e s e n t  work, 

Some mention s h o u l d  be made o f  a t t e m p t s  t o  i n f e r  
t r a n s p o r t  numbers from t h e  v a l u e s  of  r e l a t e d  e x p e r i m e n t a l  
q u a n t i t i e s ,  The c o n d u c t i v i t i e s  o f  mol ten  s a l t s ,  f o r  example, 
were t a k e n  a s  a n  i n d i c a t i o n  of t h e  t r a n s p o r t  numbers o f  t h e  
component i o n s  by Bloom and Heymann ( 1 6 ) ,  These  w a r k e r s  
compared t h e  c o n d u c t i v i t i e s  o f  a  number o f  s a l t s  a t  t h e  
a r b i t r a r i l y  chosen t e m p e r a t u r e  o f  10$ above t h e  , . abso lu te  
m e l t i n g  p o i n t .  I n  comparing t h e  a l k a l i  h a l i d e s  under  such  
c o n d i t i o n s ,  t h e y  n o t e d  t h a t  t h e  e q u i v a l e n t  c o n d u c t i v i t i e s  
show a  s t r o n g  dependence on t h e  n a t u r e  o f  t h e  c a t i o n ,  b u t ,  
v e r y  l i t t l e  dependence on t h e  a n i o n .  From t h i s  t h e y  i n -  
f e r r e d  t h a t  t h e  c a t i o n s  p r o b a b l y  c a r r y  most o f  t h e  c u r r e n t  
i n  t h e s e  s a l t s .  The same c o n s i d e r a t i o n s  a p p l i e d  t o  a  
number of d l - u n i v a l e n t  s a l t s  i n d i c a t e d  t h a t  t h e  s i n g l y  
charged a n i o n s  t a k e  a  much more i m p o r t a n t  p a r t  i n  c a r r y i n g  
t h e  c u r r e n t .  While  such  i n f e r e n c e s  a r e  a t  b e s t  q u a l i t a t i v e  
i n  n a t u r e ,  and a  s a t i s f a c t o r y  j u s t i f i c a t i o n  f o r  t h e  a r b i -  
t r a r y  c h o i c e  of t e m p e r a t u r e  h a s  n e v e r  been advanced,  t h e s e  
s t u d i e s  s u g g e s t  f u r t h e r  e v i d e n c e  t h a t  t h e  c o n d u c t i v i t i e s  of  



mol ten  e l e c t r o l y t e s  can  be  s u b d i v i d e d  i n t o  i o n i c  components.  
Such work a l s o  h e l p s  p r o v i d e  a  s t i m u l u s  f o r  a d d i t i o n a l  
r e s e a r c h  on t r a n s p o r t  numbers. 

A d i f f e r e n t  method o f  i n f e r r i n  t r a n s p o r t  numbers h a s  
been s u g g e s t e d  by Van A r t s d a l e n  (15 7 . An e q u a t i o n  r e l a t i n g  
t h e  s e l f - d i f f u s i o n  c o e f f i c i e n t  of  a n  i o n  t o  i t s  c o n d u c t i v i t y  
known a s  t h e  N e r n s t - E i n s t e i n  e q u a t i o n  (2, p.  556;  17) h a s  
been a p p l i e d  s u c c e s s f u l l y  b o t h  t o  s o l i d  s a l t s  and t o  aqueous  
e l e c t r o l y t e s  a t  i n f i n i t e  d i l u t i o n ,  It was f e l t  by Van 
A r t s d a l e n  t h a t  t h e  e q u a t i o n  s h o u l d  a l s o  be  a p p l i c a b l e  t o  
f u s e d  s a l t s ,  On t h e  b a s i s  of  Berne  and Klemmls d a t a  (18)  
f o r  t h e  d i f f u s i o n  of  l a b e l e d  T I +  i n t o  normal T l C l ,  Van 
A r t s d a l e n  c a l c u l a t e d  t h e  t r a n s p o r t  number o f  t h e  t h a l l i u m  
i o n  i n  t h i s  s a l t  t o  b e  0 , 9 4 ,  The a p p l i c a b i l i t y  of N e r n s t -  
E i n s t e i n  e q u a t i o n  t o  f u s e d  s a l t s  seems u n l i k e l y ,  however, 
s i n c e  i t s  d e r i v a t i o n  i s  based  on t h e  assumpt ion  t h a t  t h e  
mot ion  of  e a c h  i o n  i s  independen t  o f  t h e  mot ion  o f  o t h e r  
i o n s ,  a n  a s s u m p t i o n  t h a t  can  on ly  be v a l i d  when t h e  c u r r e n t  
c a r r i e r s c a r e  r e l a t i v e l y  f a r  a  a r t ,  S e l f - d i f f u s i o n  d a t a  f o r  
aqueous  s o l u t i o n s  of  NaCl (19  7 , i n d i c a t e  t h a t  t h e  N e r n s t -  
E i n s t e i n  e q u a t i o n  i s  n o t  a p p l i c a b l e  t o  s o l u t i o n s  of  e l e c -  
t r o l y t e s  a t  c o n c e n t r a t i o n s  g r e a t e r  t h a n  a b o u t  0 .5  M. T h i s  
would seem t o  r u l e  o u t  i t s  u s e  a s  a method o f  d e t e r m i n i n g  
t r a n s p o r t  numbers i n  f u s e d  s a l t s ,  

I V ,  DESCRIPTION AND JUSTIFICATION OF. A NEW CELL FOR MEASUR- 
I N G  TRANSPORT NUMBERS I N  PURE FUSED SALTS 

A ,  O b j e c t i v e s  i n  D e s i g n i n g  t h e  C e l l  

I n  t h e  l i g h t  of  t h e  d i s c u s s i o n  i n  t h e  p r e c e d i n g  s e c t i o n  
i t  i s  c l e a r  t h a t  any d i r e c t  method f o r  measur ing  t h e  t r a n s -  
p o r t  numbers o f  t h e  i o n s  i n  p u r e  mol ten  s a l t s  must i n c l u d e  
some p r o v i d i o n  f o r  p r e v e n t i n g  v i s c o u s  f low of  the r e f e r e n c e  
f rame ,  i . e . ,  t h e  i o n s  which a r e  n o t  c a r r y i n g  c u r r e n t  a t  any 
g i v e n  i n s t a n t ,  under  a  g r a v i t a t i o n a l  head.  While  t h e  u s e  o f  
p o r o u s  membranes would a p p e a r  t o  be most e f f e c t i v e  f o r  t h i s  
purpose ,  such  membranes a r e  a l s o  most l i k e l y  t o  have a n  
e f f e c t  on t h e  t r a n s p o r t  numbers, due t o  t h e  l a r g e  l i q u i d -  
s o l i d  i n t e r f a c e  c o n c e n t r a t e d  a t  t h e  p o i n t  r e l a t i v e  t o  which ' 

t h e  t r a n s p o r t  numbers a r e  b e i n g  measured,  The approach  
d e c i d e d  upon f o r  t h e  p r e s e n t  r e s e a r c h  was t h e r e f o r e  ( a )  t o  
d e v e l o p  a  p r a c t i c a l  c e l l  i n c o r p o r a t f n g  t h e  u s e  o f  a  
p o r o u s  membrane, and ( b )  t o  d e t e r m i n e  t o  what e x t e n t  t h e  
u s e  o f  such  a  membrane c a n  be j u s t i f i e d ,  



One o f  t h e  p r i n c i p a l  expe~2fmenta l  d f f f i c u l t 2 . e ~  encoun- 
t e r e d  by p r e v i o u s  workers  was t h e  a c c u r a t e  measurement o f  
t h e  changes  t a k i n g  p l a c e  w i t h i n  t h e  c e l l ,  I n  we igh ing  t h e  
i n i  t i a l  and f i n a l  q u a n t i t i e s  o f  s a l t  In each  con~par tment ,  
i t  was n e c e s s a r y  t o  b r e a k  open e a c h  c e l l  a f t e r  a  s i n g l e  r u n ,  
Then, a l l o w a n c e  had t o  be made n o t  o n l y  f o r  l o s s  due t o  
e v a p o r a t i o n  from t h e  $upface  of  t h e  l i q u i d ,  b u t  a l s o  f o r  t h e  
q u a n t i t y  o f  s a l t  soaked up by t h e  membrane, These d f f f i -  
c u l t i e s  s u g g e s t e d  t h e  use  o f  a c e l l  i n  which volume changes ,  
r a t h e r  t h a n  w e i g h t  changes  c o u l d  be rneaau~ed  w i t h o u t  remov- 
i n g  t h e  c e l l  from t h e  f u ~ n a c e ,  and i n  which t h e  s u r f a c e  
a r e a s  o f  t h e  two cOmpartments would be e q u a l ,  s o  t h a t  evap- 
o r a t i o n  e r r o r s  would be n e g l i g i b l e ,  

It would be i m p o s s i b l e  t o  d e s i g n  a  c e l l  which would be 
i d e a l l y  s u i t e d  t o  t h e  measurement o f  t r a n s p o r t  numbers i n  
a l l  f u s e d  s a l t s ,  s inCe  i n d i v i d u a  1 problems a r e  a s s o c i a t e d  
w i t h  t h e  s t u d y  of each  s a l t ,  Thus, f o r  example, i t  i s  
i m p o r t a n t  t o  consPdeP such f a c t o r s  a s  t h e  t e m p e r a t u r e  r a n g e  
t o  be  e m ~ l o y e d ,  t h e  n a t u r e  of  t h e  e l e c t r o d e s  t o  be used,  t h e  
c o n d u c t i v i t y  o f l t h e . a a l t ,  and t h e  s t a b i l i t y  of  t h e  mol ten  
s a l t  toward a i r l a n d  m o f s t u ~ e ,  The c e l l  t o  be  d e s c r i b e d  was 
t h e r e f o r e  developed s p e c i f i c a 3 . l ~  f o r  t h e  s t u d y  of one s a l t , .  
l e a d  c h l o r i d e ,  PbCl , b e i n g  t h e  s a l t  t h a t  was s e l e c t e d ,  
The c h o i c e  was baseg n o t  on ly  on t h e  h i g h l y  i o n i c  c h a r a c t e r  
of t h i s  r e l a t i v e l y  low m e l t i n g  h a l i d e ,  b ~ t  a l s o  on t h e  f a c t  
t h a t  t h e  d a t a  o b t a i n e d  c o u l d  be  compared w i t h  t h a t  from t h e  
a l r e a d y  d i s c u s s e d  work o f  Karpachev and P a l  Ognev ( 6 ) ,  It 
a p p e a r e d  a l s o  t h a t  t h e  u s e  of  a  c e l l  which p e r m i t t e d  t h e  
measurement o f  t r a n s p o r t  numbers i n  l e a d  c h l o r i d e  c o u l d  b e  
ex tended  t o  a  number o f  o t h e r  s a l t s  w i t h o u t  s e r i o u s  modi- 
f i c a t i o n ,  

B,  The C e l l  and Accompanying Appara tus  

The c e l l  shown i n  F i g u r e  1 proved t o  b e  ' t h e  most 
p r a c t i c a l  o f  a .  n u m b e ~ ,  o f  m o d i f i c a t i  ons  t e s t e d ,  a l l  based  on 
t h e  same p r i n c i p l e d .  Î t i s  c o n s t r u c t e d  of  Pyrex  g l a s s  and 
s t a n d s  .about  5 i n c h e s  h i g h ,  O f  t h e  two h o p i z o a t a l  t u b e s  
j o i n i n , g  t h e  v e r t i . c a l  e l e c t r o d e  compartments  t h e  upper  i s  
a uni form c a p i f i l a r y  , o f  a'bout 2.5 mm, i n s i d e  d i a m e t e r ,  w h i l e  
t h e  lower  i s  a b o u t  10 m m ,  i n  d i a m e t e r  and c o n t a f n k  t h e  
membrane which is  t o  s e p a r a t e  t h e  compartments .  The mem- 
b r a n e  i t s e l f  i s  a  Corning f r i t t e d  g l a s s  d i s k  of  " u ~ t r a f P n e l '  
p o r o s i t y , *  

*Grading u'eed-u~acturer t o  i n d i c a t e  r e l a  t l v e  p o r e  s i z e .  



Fig .  1 - Cel l  f o r  d e t e r m i n a t i o n  o f  . t r a n s p o r t  numbers 
, i n  p u r e  f u s e d  s a l t s .  I 



While t h e  o v e r - a l l  dimensions of t h e  c e l l  a r e  no t  
c r i t i c a l  i t  i s  Important  t h a t  t h e  s e c t i o n  of each v e r t i c a l  
compartment which ex tends  above t h e  l e v e l  of t h e  c a p i l l a r y  
be uniform tub ing ,  except  f o r  t h e  f l a r e  a t  t h e  t6p ,  of 
about  6 mm. i n s i d e  d iameter ,  t h e  two s i d e s  be ing  a s  n e a r l y  
a l i k e  a s  p o s s i b l e  i n  t h i s  r e g i o n .  A p i ece  of  t u n g s t e n  
wi re  i s  s e a l e d  through t h e  bottom of each v e r t i c a l  compart- 
ment, from which i t  emerges i n t o  t h e  hollow g l a s s  f o o t  
underneath .  Here t h e  tunggten i s  fused  t o  a more f l e x i b l e  
p i e c e  of n i c k e l  w i r e  which p r o j e c t s '  from t h e  c e l l  where i t  
can be connected t o  a power source .  The f r o n t  of each g l a s s  
f o o t  i s  pinched around t h e  emerging n i c k e l  w i r e  t o  h e l p  
p reven t  t h e  b r i t t l e  n i cke l - tungs t en  j o i n t  from b reak ing ,  

\ 

The power t o  o p e r a t e  t h e  c e l a  was supp l i ed  i n  t h e s e  
exper iments  by a p a i r  of s l x - v o l t  s ' torage b a t t e r i e s  connected 
i n  p a r a l l e l 2  Curren ts  determined by n o t i n g  t h e  s c a l e  de- 
f l e c t i o n  on ;an a c c u r a t e l y  c a l i b r a t e d  Leeds and Northrup 
galvanometer conneqted w i t h  known r e s i s t o r s  i n  such a way 
a s  t o  form a r e l i a b l e  ammeter,. 

I 

A Hoskins e l e c t r i c  fu rnace  was used t o  main ta in  t h e  c e l l  
and . s a l t  a t  t h e  d e s l r e d  tempera ture ,  The model employed 
h a d ' s m a l l  h o l e s  through t h e  f r o n t  and back which pe rmi t t ed  
t h e  c a p i l l a r y  of  t h e  c e l l  t o  be i l l u m i n a t e d  by a l i g h t  
from behind, and observed from I n  Front  w i t h  a ca the tome te r ,  
Temperatupes were determined by means of a chromel-alumel 
thermocouple, t h e  t i p  on which was l o c a t e d  n e a r  t h e  c e n t e r  
of t h e  c e l l ,  

C. Experimental  Procedure  

S u f f i c i e n t  molten l ead  was added t o  each com~aktment  
of t h e  c e l l  t 6  form poo l s  which covered t h e  t ungs t en  w i r e s  
and thereby  se rved  a s  l ead  e l e c t r o d e s ,  Care was taken  t o  
p revent  a tmospher ic  o x i d a t i o n  of t h e  l ead ,  e i t h e r  by m e l t i n g  
it under n i t rogen ,  o r  by dropping  s o l i d  p i e c e s  of  l e a d  i n t o  
molten l e a d  c h l o r i d e .  The remainder of t h e  c e l l  was f i l l e d  
t o  a p o i n t  j u s t  above t h e  l e v e l  of t h e  c a p i l l a r y  w i t h  fu sed  
l e a d  c h l o r i d e ,  T h i s  was done i n  such a way t h a t  a n  a i r  - 
bubble about  O,5 cm. long  was t rapped  i n  t h e  h o r i z o n t a l  
c a p i l l a r y ,  The appearance of t h e  bounding s u r f a c e s  of  t h i s  
bubble,  when viewed through t h e  t e l e s c o p e ,  i n d i c a t e d  t h a t  
t h e r e  would be no tendency f o r  any l i q u i d  t o  f low around 
t h e  bubble,  and hence t h a t  t h e  bubble would move a l o n g  
wi th  t h e  column o r  l i q u i d  1.n t h e  c a p t l l a r y ,  



On p a s s i n g  a  c u r r e n t  o f  a b o u t  0.5 amp th rough  t h e  c e l l ,  
t h e  bubb le  was observed '  30, move ,slowPy i n  t h e  d i r e c t i o n  of  
t h e  c a t h o d e  compartment.  The r a t e  of  t h i s  motion was 
measured i n  t h e  f o l l o w i n g  way. A s  t h e  t r a i l i n g  edge  o f  t h e  
b u b b l e  passed  t h e  v e r t i c a l  c r o s s h a i r  of t h e  c a t h e t o m e t e r ,  
a   time^ was s t a r t e d  and t h e  e x a c t  c u r r e n t  n o t e d ,  About 
0.5 g .  o f  powdered l e a d  c h l o r i d e  was t h e n  weighed o u t  o n t o  
a  d e f l a g r a t i n g  spoon. T h i s  was i n s e r t e d  i n t o  t h e  oven and 
empt ied  i n t o  t h e  f l a r e d  t o p  o f  t h e  c a t h o d e  compartment,  
c a u s i n g  t h e  bubb le  t o  move r a p i d l y  back t o  t h e  o t h e r  s i d e  
o f  t h e  c r o s s h a i r .  A s  t h e  t r a i l i n g  edge o f  t h e  bubb le  
a r r i v e d  once more a t  t h e  c r o s s h a i r ,  t h e  t i m e r  was s topped .  
The current was a g a i n  obse rved  and t h e  e x a c t  tlme nf t h e  
r u n  n o t e d .  Such a n  exper iment  t o o k  a b o u t  700 seconds .  

Dur ing  e a c h  r u n  t h e  temperature was a l s o  n o t e d .  A f t e r  
two o r  t h r e e  .such r u n s  t h e  d i r e c t i o n  o f  c u r r e n t  f l o w  was 
r e v e r s e d .  ' T h i s  p r o c e d u r e  c o u l d  be  c o n t i n u e d  a s  l o n g  'as  t h e  
l e v e l  of  t h e  l i q u i d  i n  e a c h ' v e r t i c a l  compartment remained 
w i t h i n  t h e  un i fo rm s e c t i o n  o f  t h e  column, 

D o  C a l c u l a t i o n  of T r a n s p o r t  Numbers from E x p e r i m e n t a l  Data 

The e q u a t i o n  r e l a t i n g  t r a n s p o r t  numbers t o  measured 
e x p e r i m e n t a l  q u a n t i t i e s  i s  d e r i v e d  a s  f o l l o w s .  The asaump- 
t i o n  i s  f irst  made t h a t  t h e  o n l y  c u r r e n t - c a r r y i n g  s p e c i e s  
i n  t h e  m e l t  a r e  Pb++ and ~ 1 - ,  The p a s s a g e  of z  f a r a d a y s  o f  
e l e c t r i c i t y  t h u s  b r i n g s  a b o u t  t h e  t r a n s f e r  of  zt e q u i v -  
a l e n t s  of  PbC12 from c a t h o l y t e  t o  a n o l y t e  accompEnied by 
t h e  # t r a n s f e r  o f  z e q u i v a l e n t s  of l e a d  from anode t o  ca thode ,  
a s  s h w n  i n  t h e  d ~ s c u s s i o n  on pages  6 and 7 ,  L e t t i n g  
d ~ b ~ l Z  and dpb be  t h e  r e s p e c t i v e  d e n s i t i e s  o f  t h e  two 

l i q u i d s ,  t h i s  amounts t o  a  t r a n s f e r  o f  n z t -  x  eq. w t .  - - ( z  x eq. w t .  P b / d p b y  c c .  o f  l i q u i d  from PbC12/dpb~12) - 
c a t h o d e  t o  anode compartment,  s o  t h e  bubb le  must b e  d i s -  
p l a c e d  by a n  e q u a l  volume i n  t h e  d i r e c t i o n  o f  t h e  c a t h o d e ,  
S i n c e  t h e  b u b b l e  i s  i n  t h e  same p l a c e  a t  t h e  Begit lning and 
end  o f  one e x p e r i m e n t ,  t h e  s a l t  added t o  t h e  c a t h o d e  com- 
p a r t m e n t  d u r i n g  t h e  r u n  must have e x a c t l y  n u l l i f i e d  t h i s  
d i s p l a c e m e n t ,  And s i n c e  b o t h  compartments  a r e  o f  t h e  same 
d i a m e t e r  and un i fo rm a t  t h e  s u r f a c e  o f  t h e  l i q u i d ,  one h a l f  
t h e  volume o f  t h e  added l i q u i d  must f l o w  t h r o u g h  t h e  c a p i l -  
l a r y  from t h e  c a t h o d e  toward t h e  anode compartment i n  
c a u s i n g  t h i s  c o u n t e r - d i s p l a c e m e n t  o f  t h e  bubb le ,  The former  
vslume may t h e r e f o p e  be  e q u a t e d  w i t h  one h a l f  t h e  l a t t e r :  



\ 

z t -  x  e q .  w t ,  PbC12 - z x eq.  w t .  Pb - 1/2 w t .  PbC12 added 

S o l v i n g  f o r  t h e  t r a n s p o r t  number g i v e s  

P d  
w t ,  PbC12 added e q .  w t ,  Pb x PbC12 

+ 

. e q p  w t .  PbCl 
a 

E x p e r i m e n t a l l y  it was found t h a t  t h e  c u r r e n t  remained 
v e r y  n e a r l y  c o n s t a n t  d u r i n g  t h e  c o u r s e  o f  a  run ,  u s u a l l y  
showing a  s l i g h t  d r i f t  i n  one d i r e c t i o n ,  I n  view of  t h i s ,  
a n  a c c u r a t e  measure o f  t h e  number o f  coulombs passed  was 
o b t a i n e d  by mere ly  t a k i n g  t h e  p roduk t  of  t h e  time and t h e  , 
a v e r a g e  c u r r e h t ,  The r a t i o  RpbC1. o f  (wt. PbC12 added) /  

2  
(coulombs p a s s e d )  de te rmined  i n  e a c h  exper iment  s h o u l d  be  
a  c o n s t a n t .  M u l t i p l i c a t i o n  o f  R p b c l  by 96,500/2 g i v e s  t h e  

2 
f i r s t  term o f  t h e  numerator  i n  e q u a t i o n  (5 ) .  

I n  p r i n c i p l e  i t  shou ld  be  p o s s i b l e  t o  measure t h e  
r a t i o  o f  d e n s i t i e s  r e q u i r e d  i n  t h e  second term u s i n g  t h e  
same c e l l ,  Thus, i f  l e a d  were added t o  t h e  c a t h o d e  compart-  
ment i n s t e a d  o f  l e a d  c h l o r i d e ,  a  new r a t i o  R would be  
o b t a i n e d .  ~ h e ' d e s i r e d  d e n s i t y  r a t i o  would t en,  o f  c o u r s e ,  
be g iven  .by 

K b  

It was found,  however, t h a t  a d d i t i o n  o f  l e a d  gave r e s u l t s  . 
o f  poor  r e p r o d u c i b i l i t y ,  due t o  t h e  t endency  o f  t h e  m e t a l  
t o  c l i n g  t o  t h e  g l a s s  and o x i d i z e  t h e r e ,  r a t h e r  t h a n  r u n  
f r e e l y  i n t o  t h e  melt, Comparison o f  t h e  d e n s i t y  r a t i o  
o b t a i n e d  i n  t h i s  way n e v e r t h e l e s s  showed good agreement  



w i t h  l i t e r a t u r e  v a l u e s ,  b u t  c o n s i d e r a b l y  p o o r e r  a c c u r a c y .  
D e n s i t y  f i g u r e s  i n  t h e  l i t e r a t u r e  were t h e r e f o r e  used i n  : 

c a l c u l a t i n g  t h e  t r a n s p o r t  numbers o f  l e a d  c h l o r i d e  t o  be  
r e p o r t e d  h e r e  ( 2 0 , 2 1 ) .  - - 

The t r a n s p o r t  number oP t h e  c h l o r i d e  i o n  i n  PbC12 
c a l c u l a t e d  by t h e  above method from d a t a  o b t a i n e d  w i t h  t h e  
c e l l  d e s c r i b e d  i s  0.758 + 0.014 a t  5 6 5 " ~ .  It s h o u l d  be 
p o i n t e d  o u t  t h a t  i f  i t  c o u l d  be shown t h a t  t h e  c u r r e n t  i s  

( a c t u a l l y  c a r r i e d  by complex i o n s  o f  known f o r m u l a s ,  t h e  d a t a  
c o u l d  r e a d i l y  be  r e i n t e r p r e t e d  i n  t e r m s  of  t h e  e n t i t i e s  
i n v o l v e d ,  I f ,  f o r  example, t h e  a n i o n s  were PbCl 
r e a s o n i n g  a s  used above would l e a d  t o  t h e  c o n c l u  2-, i o n  the t h a t  same 
t-  e q u i v a l e n t s  o f  Pb (PbC1 )2; a r e  t r a n s f e r r e d  from c a t h o l y t e  
t o  a n o l y t e  f o r  e a c h  f a r a d &  p a s s e d .  The o n l y  change i n  
e q u a t i o n  (5 )  would be  t h e  s u b s t i t u t i o n  o f  e q .  w t .  Pb(PbC1 ) 2  
f o r  eq. w t .  PbC12, s o  t h a t  t h e  a c t u a l  v a l u e  of  t- would ba 
o n e - t h i r d  of t h e  , v a l u e  c a l c u l a t e d  on t h e  assumpt ion  of  a  
s i m p l e  a n i o n .  

E .  ' E f f e c t s  o f  Experimenta, l  . V a r i a t i o n s  
. . . . 

'1. Q u a n t i t y  o f  added s a l t  

The q u a n t i t y  o f  s a l t  added d u r i n g  t h e  c o u r s e  o f  a  s i n g l e  
r u n  was v a r i e d  from less t h a n  0 . 1  t o  more t h a n  2 g .  S i n c e  
t h e s e  e x p e r i m e n t s  were a l l  r u n  a t  a b o u t  t h e  same c u r r e ' n t ,  
t h i s  meant t h a t  t h e  t i m e  o f ' t h e  r u n  a l s o  v a r i e d  o v e r  more 
t h a n  a t w e n t y - f o l d  r a n g e ,  The d a t a . s h o w e d  no change i n  
R ~ b ~ l : ,  w i t h  t h e s e  v a r i a t i o n s ,  a l l  t h e  v a l u e s  o b t a i n e d  

l y i n g  w i t h i n  t h e  e x p e r i m e n t a l  e r r o r .  , .  
, ' 

2 :  \ C e l l  d i m e n s i o n s  - The d imens ions  o f  on ly  two p a r t s  o f  t h e  c e l l  a p p e a r e d  
t o  be i m p o r t a n t .  These a r e  t h e  d i a m e t e r  o f  t h e  h o r i z o n t a l  
c a p i l l a r y  and t h e  d i a m e t e r s  of t h e  v e r t i c a l  compartments  
above t h e  l e v e l  o f  t h e  l e v e l  of  t h e  c a p i l l a r y .  The  l a t t e r  
must be  s m a l l  enough s o  t h a t  a s m a l l  i n c r e a s e  i n  t h e  volume 
o f  l i q u i d  i n  one compartment c a u s e s  t h e  l e v e l  t o  r i s e  a p p r e -  
c i a b l y ,  s i n c e  t h e  h y d r o s t a t i c '  p r e s s u r e  d i f f e r e n c e  between 
t h e  compartments  depends  o n l y  t h e  d i f f e r e n c e  i n  l e v e l s .  
Ef was found t h a t  t u b e s  a s  l a r g e  a s  13 m m ,  i n  d i a m e t e r  d i d  
n o t  p e r m i t  s u f f i c i e n t  head t o  form f o r  a c c u r a t e  r e s u l t s .  
If t h e  t u b e s  a r e  t o o  s m a l l ,  on t h e  o t h e r  hand, s u r f a c e  
e f f e c t s  may h i n d e r  r a p i d  e q u i l i b r a t i o n  o f  t h e  l e v e l s ,  The 
6 m m ,  t u b i n g  f i n a l l y  s e l e c t e d  was s m a l l  enough s o  t h a t  t h e  



bubble  would move on a d d i t i o n  o f  a  few m i l l i g r a m s  o f  s a l t ,  
b u t  l a r g e  enough s o  t h a t  no a p p r e c i a b l e  c a p i l l a r y  rise o f  
t h e  mol ten  s a l t  cou ld  be obse rved  i n  t h e  t u b e .  

The impor tance  of  u n i f o r m i t y  of  t h e s e  t u b e s  was 

,' 
shown i n  t h e  d i s c u s s i o n  of t h e  method o f  c a l c u l a t i n g  r e s u l t s ,  
I n  p r a c t i c e  i t  was found t h a t  r e v e r s a l  o f  t h e  d i r e c t i o n  o f  
c u r r e n t  f low sometimes gave a p p r e c i a b l e  d i f f e r e n c e s  i n  
t h e  v a l u e  o f  R Changing t h e  d i r e c t i o n  f r e q u e n t l y  " - PbC12 
and a v e r a g i n g  t h e  r e s u l t s ,  however, a lways  gave v a l u e s  i n  
good agreement  w i t h  p r e v i o u s  work, s o  t h a t  a b s o l u t e  symmetry 
o f  t h e  c e l l  o f  t h i s  p a r t  of  t h e  c e l l  is n o t  e s s e n t i a l ,  

The h o r i Z o n t a l  c a p i l l a r y  must be  l a r g e  enough s o  t h a t  
t h e  column o f  l i q u i d  c o n t a i n i n g  t h e  b u b b l e  moves e a s i l y  and 
smoothly under  a  s m a l l  p r e s s u r e  g r a d i e n t ,  .-Wh8n a  2 .0  mm. 
c a p i l l a r y  was used,  t h e  movement of  t h e  bubb le  was obse rved  
t o  be  j e r k y  and i r r e g u l a r .  The measured v a l u e s  o f  RpbCl 

2 
f o r  t h e  c e l l  c o n t a i n i n g  t h i s  c a p i l l a r y  were found t o  be - 
q u i t e  e r r a t i c .  The bubb le  movement w i t h  t h e  2,5 m m .  c a p i l -  
l a r y ,  on t h e  o t h e r  hand, appearect much smoother ,  t h e  measured 
r e s u l t s  b e i n g  c o n s i d e r a b l y  more r e p r o d u c i b l e .  Changing t o  
a  2 , 7  mm.  c a p i l l a r y  b rough t  a b o u t  no f u r t h e r  improvement 
i n  t h e  r e s u l t s .  

3; Tempera ture  

Most o f  t h e  e x p e r i m e n t s  on l e a d  c h l o r i d e  were  c a r r i e d  
o u t  a t  a  t e m p e r a t u r e  o f  a b o u t  5 6 5 " ~ .  Changing t h e  tempera-  
t u r e  changes  t h e  d e n s i t y  r a t i o  of  l e a d  c h l o r i d e  t o  l e a d ,  
s o  t h a t  a  d i f f e r e n t  v a l u e  of  RpbCl i s  t o  be  e x p e c t e d  even 
i f  t h e  t r a n s p o r t  numbers remain  un8hangedo T h i s  change o f  
d e n s i t y  r a t i o  was t h e  on ly  a p p a r e n t  e f f e c t  when t h e  tempera-  
t u r e  was r a i s e d  t o  635°C. The v a l u e  o f  t- measured a t  t h e  
h i g h e r  t e m p e r a t u r e  was 0.757 f 00009 f o r  seven exper iments ,  
which can be  compared w i t h  0.758 + - 0.014 f o r  twenty-two 
expeP,iments a t  565"Co 

The use  o f  Pyrex  f o r  a  c e l l  o f  t h i s  t y p e  i s  n o t  
p r a c t i c a l  a t  t e m p e r a t u r e s  above 60o0C, s i n c e  t h e  g l a s s  , 

becomes s o  s o f t e n e d  t h a t - t h e  c e l l  b e g i n s  t o  deform. At tempts  
t o  a d a p t  Vycor o r  q u a r t z  t o  t h i s  u s e  b r i n g  i n  a d d i t i o n a l  
e x p e r i m e n t a l  problems,  such  a s  t h e  d i f f i c u l t y  o f  s e a l i n g  . &  
t u n g s t e n  wires t h r o u g h  t h e s e  m a t e r i a l s  and t h e  d i f f i c u l t y  of 
o b t a i n i n g  f r i t t e d  d i s k s  o f  t h e  p r o p e r  p o r o s i t y ,  For  t h i s  
r e a s o n  t h e  p r e s e n t  work was n o t  extended t o  h i g h e r  tempera-  
t u r e s .  ( 



4 .  P o r o s i t y  and m a t e r i a l  o f  t h e  membrane 

S i x  d i f f e r e n t  membranes were t e s t e d  t o  d e t e r m i n e  t h e  
e f f e c t  o f  c h a n g i n g  t h e  p o r e  s i z e  and t h e  m a t e r i a l  of which 
t h e  membrane i s  c o n s t r u c t e d .  The r e s u l t s  i n d i c a t e d  a  depen- 
dence  on p o r e  s i z e  f o r  p o r e s  of g r e a t e r  t h a n  a  c e r t a i n  
minimum d i a m e t e r .  P rov ided  t h e  p o r e s  were s m a l l  enough, 
however, no  dependence on t h e  chemica l  n a t u r e  o f  t h e  mem- 
b ~ a n e  m a t e r i a l  c o u l d  be d e t e c t e d ,  The s p e c i f i c  d a t a  a r e  
shown i n  T a b l e  2 ,  

The c o a r s e ,  medium, and f i n e  p o r o s i t y  membranes were 
a l r e a d y  a v a i l a b l e  i n  t h e  form o f  Pyrex  s e a l i n g  t u b e s .  The 
c e n t e r  s e c t i o n  o f  t h e  c e l l s  c o n t a i n i n g  t h e  o t h e r  t h r e e  
membranes had t o  be made e s p e c i a l l y  f o r  t h i s  purpose .  Thus 
a  Pyrex  Buchner t y p e  f u n n e l  c o n t a i n i n g  a n  u l t r a f i n e  p o r o s i t y  . 
f r i t t e d  d i s k  was c o n v e r t e d  i n t o  such  a  t u b e ,  The a v e r a g e  
p o r e  d i a m e t e r s  q u o t e d  by t h e  m a n u f a c t u r e r  (22) f o r  t h e s e  
f o u r  d i s k s  a r e  40-60 microns ,  10-15 microns ,  4-5,5 mic rons  
and 0 , g - 1 , 4  microns ,  r e s p e c t i v e l y ,  The a s b e s t o s  p l u g  was 
made by p a c k i n g  f i n e l y  sh redded  wet a s b e s t o s  a g a i n s t  a  
c o a r s e  p o r o s i t y  d i s k  i n  a  t u b e ,  d r y i n g ,  and s e a l i n g  a n o t h e r  
d i s k  on t h e  o t h e r  s i d e .  A c i r c u l a r  p i e c e  was c u t  from a n  
u n g l a z e d  p l a t e  and s e a l e d  i n t o  a  t u b e  t o  form t h e  p r o c e l a i n  
membrane , 

It w i l l  be  s e e n  from T a b l e  2 t h a t  t h e  r e s u l t s  o b t a i n e d  
w i t h  t h e  l a t t e r  t h r e e  membranes show e x c e l l e n t  agreement  
among themse lves ,  a l l  l y i n g  w i t h i n  t h e  same r a n g e  of ex- 
p e r i m e n t a l  e r r o r ,  The v a l u e s  f o r  t h e  f irst  t h r e e  membranes 
a r e  a l l  s m a l l e r ,  p r o g r e s s i n g  downward a s  t h e  p o r e  s i z e  be-  
comes l a r g e r .  Cases  I n  which t h e  bubb le  f a i l e d  t o  move 
even  when a  " f i n e "  p o r o s i t y  d i s k  was used a r e  d i s c u s s e d  i n  
t h e  s e c t i o n  immedia te ly  f o l l o w i n g ,  

5.  S t r e n g t h  o f  c u r r e n t  

I n  t h e  i n v e s t i g a t i o n  o f  t h e  c e l l  c o n t a i n i n g  t h e  c o a r s e  
p o r o s i t y  membrane i t  was no ted  t h a t  a d d i t f o n  o f  a  s m a l l  
q u a n t i t y  o f  s a l t  t o  one s i d e  o f  t h e  c e l l  caused t h e  bubb le  
t o  move r a p i d l y  i n  t h e  o p p o s i t e  d i r e c t i o n .  Passage  of  
c u r r e n t  t h r o u g h  t h e  c e l l  n e v e r t h e l e s s  caused  no d e t e c t a b l e  
movement of  t h e  b u b b l e .  It t h u s  a p p e a r e d  t h a t  movement o f  
t h e  l i q u i d  i n  t h e  c a p i l l a r y  was more r a p i d  t h a n  f low 
Ahrough t h e  membrane under  a  l a r g e  h y d . r o s t a t i c  head, w h i l e  
t h e  l a t t e r  p r o c e s s  wa.s more pap id  under  a s m a l l  one ,  S i n c e  
t h e  r a t e  o f  f l o w  of  a  l i q u i d  t h r o u g h  a  c o n s t r i c t i o n  s h o u l d  
a l w a y s  be d i r e c t 1  p r o p o r t i o n a l  t o  t h e  head,  t h i s  a p p a r e n t l y  
p a r a d o x i c a l  r e s u k  .t c o u l d  o n l y  be e x p l a i n e d  by assuming that 
t h e  l i q u i d  c o n t a i n i n g  t h e  a i r  b u b b l e , i n  t h e  c a p i l l a r y  had a  



Table  2 

Summary of  r e s u l t s  of t r a n s p o r t  number exper iments  on fused  
PbC12 a t  565.C u s i n g  v a r i o u s  membranes 

. .  . . . 

Avg. ‘-• 

: Membrane of R p b ~ 1 2  d e v i a t i o n  
$103 of t- 

. e x p t s ,  
. . ('avg. ) R ~ b ~ 1 2  (avs .  > 

"Coarse". po ros i tya  ,1 , ob ------ - 0.336 
f r i t t e d  g l a s s  . .disk 

"Medium" p o r o s i t y a  11 0.958 +0.045 0066g+0.016 - - f r i t t e d  g l a s s  d i s k  

"Fine I' p o r o s i t y a  26 1.079 +0.048 - 0.711+0.017 
f r i t t e d  g l a s s  d i s k  

" U i t r a f i n e "  p o r o s i t y a  22 1.213 t0.039 0.758+0.014 - 
f r i t t e d  , g l a s s  d i s k  

Asbestos packed 20 1.165 +O,. 060 - 0.742+0.020 - 
between two "coarse"  
p o r o s i t y a  d i s k s  

P o r c e l a i n  d i s k  c u t  25 1.190 20,064 0.750+0.022 - 
from. unglazed p l a t e  

a  - Grad1 used by manufacturer  t o  i n d i c a t e  r e l a t i v e  pore  
s i z e .  

- b ~ u b b l e  d i d  no t  move. 



c e r t a i n  i n e r t i a l  r e s i s t a n c e  t o  f low which was g r e a t e r  t h a n  
t h a t  f o r  t h e  l i q u i d  i n  t h e  membrane, I n  view of  t h e  f a i l u r e  
o f  t h e  bubb le  t o  move i n  t r a n s p o r t  e x p e r i m e n t s  u s i n g  t h e  
c o a r s e  membrane, backf  low t h r o u g h  t h e  membrane seemed a  
l i k e l y  e x p l a n a t i o n  f o r  t h e  low r e s u l t s  o b t a i n e d  w i t h  t h e  
medium and f i n e  p o r o s i t y  d i s k s  a s  compared w i t h  t h e  o t h e r  
t h r e e  r e s u l t s .  The above r e a s o n i n g  t h e r e f o r e  s u g g e s t e d  
t h a t  a g  low enough c u r r e n t s ,  f o r  which t h e  r a t e  of a c c u -  
m u l a t i o n  o f  l i q u i d  i n  one s i d e  i s  v e r y  slow, t h e  bubb le  
might  a l s o  f a i l  t o  move i n  c e l l s  con ta in ' ing  t h e  l a t t e r  two 
membranes. a 

T h i s  p r e d i c t i o n  was v e r i f i e d  when I t  was f o u n d  t h a t  'he 
b u b b l e  f a i l e d  t o  move i n  t h e  c e l l  contai 'ni 'ng t h e  f i n e  poros -  
i t y  d i s k  a t  c u r r e n t s  below a b o u t  0.075 amp, A t  c u r r e n t s  
s l i g h t l y  .above t h i s  l e v e l ,  n e v e r t h e l e s s ,  $be v a l u e  ,o.f .. . 

R ~ b ~ l ~  was ' n o t  a p p r e c i a b l y  d i f f e r e n t  from t h e  v a l u e  ob- 

t a 1 n e . T  u s i n g  a c u r r e n t  t e n ,  t i m e s  a s  s t r o n g .  1.t was a l s o  . 
o b s e r . v e ' d ' t h a t  no  ' such ' . lower  l i m i t  c o u l d  be .  found f o r  t h e  
c e l l  c o n t a i n i n g  t h e  u l t r a f i n e  p o r o s i t y  d i s k ,  

F.  V a l i d i t y  o f  T r a n s p o r t  Numbers Pleasured by T h i s  ~ e t h o d  

The d a t a  p r e s e n t e d  i n  T a b l e  2 show t h a t  t h e  a v e r a g e  
d e v i a t i o n  o f  R p b c l  i s  g e n e r a l l y  a round  2 5%. A t  f i r s t  

2 
g l a n c e  t h i s  may n o t  a p p e a r  t o  be v e r y  good r e p r o d u c i l i t y '  
f o r  e x p e r i m e n t s  i n  which t h e  q u a n t i t i e s  a c t u a l l y  measured, 
t h e  c u r r e n t ,  t h e  time, and t h e  w e i g h t  bf s a l t  added,  can  be  
d e t e r m i n e d  w i t h  c o n s i d e r a b l y  g r e a t e r  a c c u r a c y .  When it  i s  
r e a l i z e d ,  however,  t h a t  t h e  a d d i t i o n  of  100 mg. o f  s a l t  t o  
one compartment changes  t h e  d i f f e r e n c e  i n  l e v e l s  by l e s s  
t h a n  1 m m . ,  t h e  e x p e r i m e n t a l  p r e c i s i o n  i s  s e e n  t o  be  re-  
markably  good. A p o s s i b l e  s o u r c e  o f  e r r o r  might  be t h e  
t e n d e n c y  o f  some of  t h e  added s a l t  t o  c l i n g  t o  t h e  w a l l s  o f  
t h e  c e l l  above t h e  melt. The p r e c i s i o n  o f  t h e  r e s u l t s  would 
seem t o  i n d i c a t e ,  however, t h a t  t h e  q u a n t i t y  of s a l t  t h u s  
r e t a i n e d  by t h e  w a l l s  does  n o t  v a r y  s i g n i f i c a n t l y  from one 
r u n  to t h e  n e x t ,  

P r e c i s e  c o n t r o l  o f  t h e  t e m p e r a t u r e  was n o t  a  major  
f a c t o r  i n  t h e s e  e x p e r i m e n t s ,  It i s  l i k e l y  t h a t  a p p r e c i a b l e  
t e m p e r a t u r e  g r a d i e n t s  e x i s t e d  w i t h i n  t h e  c e l l  i t s e l f ,  s i n c e  
such  g r a d i e n t s  a r e  a l m o s t  c e r t a i n  t o  be p r e s e n t  i n  a  m u f f l e  
f u r n a c e  w i t h  a  l a r g e  c a v i t y  a t  such  e l e v a t e d  t e m p e r a t u r e s ,  
The d e m o n s t r a t i o n  o f  t h e  l a c k  o f  dependence o f  t h e  t r a n s -  
p o r t  numbers on t e m p e r a t u r e  o v e r  a  70" r a n g e  i n d i c a t e s  t h a t  



such t h e r m a l  g r a d i e n t s  canno t  be c o n s i d e r e d  a  s o u r c e  o f  
e r r o r  i n  t h e s e  e x p e r i m e n t s .  

It was p o i n t e d  o u t  i n  t h e  l i t e r a t u r e  r ev iew t h a t  t h e  
u s e  o f  membranes i n  t h e  measurement o f  t r a n s p o r t  numbers 
h a s  never  been j u s t i f i e d  by p r e v i o u s  workers .  The i m p o r t a n t  
s o u r c e s  o f  e r r o r s t o  be c o n s i d e r e d  a r e  t h e  p o s s i b i l i t y  o f  
backflow and t h e  i n f l u e n c e  of  t h e  l i q u i d - s o l i d  i n t e r f a c e  
i n  r e d e f i n i n g  t h e  t r a n s p o r t  numbers, It i s  i n s t r u c t i v e  t o  
c o n s i d e r  how each o f  t h e s e  might  be  e x p e c t e d  t o  a f f e c t  t h e  
d a t a  i n  hhang ing  from one membrane t o  a n o t h e r ,  

I f  some of  t h e  a c c u m u l a t i n g  l i q u i d  f l o w s  back  t h r o u g h  
t h e  membrane, i t  i s  c l e a r  t h a t  t h e  measured v a l u e  o f  RpbCl 

2  - 

w i l l  be  low, Tha t  t h i s  is indeed  t h e  c a u s e  of  t h e  f irst  
t h r e e  low r e s u l t s  i n  Tab le  2 was demons t ra ted  by t h e  
f a i l u r e  o f  t h e  bubb le  t o  move even w i t h  t h e  f i n e  p o r o s i t y  
f r i t t e d  d i s k  a t  s u f f i c i e n t l y  low c u r r e n t ,  The e x t e n t  o f  
such  backflow, shou ld  depend n o t  on ly  on t h e  d i a m e t e r s  o f  
t h e  p p r e s ,  b u t  a l s o  on t h e i r  shape  and l e n g t h .  Although' , 
t h e  l a t t e r  f a c t o r s  must c e r t a i n l y  have been v e r y  d i f f e r e n t  
i n  t h e  u l t r a f i n e  f r i t t e d  g l a s s ,  t h e  a s b e s t o s ,  and t h e  
p o r c e l a i n  membranes, t h e  r e s u l t s  i n  a l l  t h r e e  c a s e s  were I 

i d e n t i c a l  w i t h i n  t h e  e x p e r i m e n t a l  e r r o r .  Coupl ing  t h i s  
f a c t  w i t h  t h e  l a c k  of  c u r r e n t  dependence demons t ra ted  f o r  
t h e  u l t r a f i n e  p o r o s i t y  membrane seems t o  j u s t i f y  t h e  con- 
c l u s i o n  t h a t  backflow d i d  n o t  c a u s e  a p p r e c i a b l e  e r r o r s  i n  ? 

t h e s e  e x p e r i m e n t s .  
t :  

A s i m i l a r  argument  seems t o  r u l e  o u t  t h e  p r e s e n c e  o f  
i n t e r f e r i n g  s u r f a c e  e f f e c t s .  Such e f f e c t s  would b e  ex-  
p e c t e d  t o  show a  s t r o n g  dependence n o t  o n l y  on t h e  s i z e  
ghd shape  of  t h e  p o r e s ,  b u t  a l s o  on t h e  chemica l  n a t u r e  o f  
t h e  i n s i d e  s u r f a c e s  of  t h e s e  p o r e s .  For  example, a  s u r f a c e  
t h a t  a d s o r b s  p o s i t i v e  i o n s  more r e a d i l y  t h a n  n e g a t i v e  would 
f a c i l i t a t e  t h e  p a s s a g e  of  n e g a t i v e  i o n s ,  t h u s  i n c r e a s i n g  
t h e  a p p a r e n t  t r a n s p o r t  number of  t h e  n e g a t i v e  i o n .  It i s  
w e l l  known i n  t h e  s t u d y  of  r e l a t e d  e l e c t r o k i n e t i c  phenomena 
t h a t  q u a n t i t a t i v e  measurements a r e  s o  s e n s i t i v e  t o  t h e  chemi- 
~ a l  n a t u r e  of t h e  s u r f a c e  t h a t  t h e y  a r e  d i f f i c u l t  t o  r e p r o -  
duce from one g l a s s  c a p i l l a r y  t o  a n o t h e r .  The comple te  
l a c k  of  dependence of  RpbC12 on t h e  c h e m i c a l  n a t u r e  of  t h e  

membrane demons t ra ted  by t h e  d a t a  i n  T a b l e  2 t h m s e e m s  t o  
prove  t h a t  s u r f a c e  e f f e c t s  do n o t  p l a y  a  major  p a r t  i n  d e f i n -  
i n g  t h e  t r a n s p o r t  numbers measured by t h i s  method. 

A d d i t i o n a l  s u p p o r t  f o r  t h e s e  c o n c l u s i o n s  comes from 
two of  t h e  p a p e r s  c o n s i d e r e d  e a r l i e r .  The membrane used by 



Karpachev and P a l v g u e v  (6 )  was a n  a s b e s t o s  p l u g  c o n s i d e r a b l y  
l a r g e r  t h a n  t h e  one used i n  t h e a e  e x p e r i m e n t s .  Thus t h e  
c h a n n e l s  w i t h i n  t h e  fo rmer  membrane were undoubtedly  o f  
d i f f e r e n t  s i z e ,  shape  and l e n g t h  t h a n  t h o s e  i n  t h e  l a c t e r o  
These  workers  n e v e r t h e l e s s  r e p o r t e d  a  v a l u e  o f  a b o u t  
0.78 f 0003 f o r  t-, which i s  well w i t h i n  t h e  e x p e r i m e n t a l  
error  of t h e  v a l u e  o b t a i n e d  %n t h e  p r e s e n t  work, The work 
o f  Lorenz and Rucka tuh l  (3)  i n d i c a t e s  a n  i n d i r e c t  c o n f i r -  

' m a t i o n  of th%a  v a l u e  in t h e  folBowing way. The d a t a  o f  
L o ~ e n z  g i v e n  i n  Tabke 1 (p.  10) can be used t o  c a l c u l a t e  I 

" t k a n s p o ~ t  numbersq' f o r  Pb++ by assuming t h a t  on ly  s i m p l e  
i o n s  caFry  c u r r e n t  i n  t h e  m i x t u r e s ,  F e g a r d l e s s  of t h e  
v a l i d i t y  o f  t h e  a s s u m p t i o n ,  W h i l e  auch t ~ a n a p o r t  numbers 
may n o t  e x p r e s s  t h e  a c t u a l  f r a c t i o n  o f  c u r r e n t  c a r r i e d  by 
~ b + " ,  t h e y  a r e  a n  i n d i c a t i o n  o f  what happens t o  t h e  l e a d  
i o n s  d u r i n g  e l e e t r o P y s i s .  A p l o t  of  t h e s e  t r a n ~ p o r t  numbers 
v s ,  e q u i v a l e n t  f r a c t i o n  PbCl2, i s  shown i n  F i g u r e  2 ,  ' a l l  t h e  
s t %  f o r  t h e  m i x t u r e s  b e i n  t a k e n  d i r e c t l y  from t h e  work 
of  Lopenz and  Ruckstwhl (37. It i s  immedia te ly  no ted  that 
a l l  b u t  one sf t h e  p o i n t s  f a l l  v e r y  n e a r l y  on a s t r a i g h t  
P i n e .  Adequate J u a t f P % c a t i o n  f o r  t h e  e x t r a p o l a t i o n  of such 
a l i n e  c a n n o t  b e  p r e s e n t e d  a t  t h i s  time. It, does  lckm s i g -  
n i f i c a n t ,  n e v e r t h e l e s s ,  t h a t  t h e  ex! t rapo la teq  -- . v a l u e  o f  tpb 

I ,  
i P ' ) ,  > 

fs i d e n t i c a l  w i t h  t h e  v a l u e  miaaured i n  t h e  p r e s e n t  work, 
a 8  18 ahokn i n  t h e  f i g u r e .   his would seem t o  add L o r e n z t  
c l a y  p a r t i t i o n  t o  t h e  l i s t  o f  membranes f o r  which t h e  
measured v a l u e  o f  tpb i n  PbC12 i s  i n v a r i a n t .  

The l a c k  o f  i n t e r f e r i n g  s u p f a c e  e f f e c t 9  is i n d i c a t e d  by 
t h e  r e s u l t 8  of  s t i l l  a n o t h e r  e x p e r i m e n t ,  T h i s  was t h e  mead- 
urement  of  t h e  t e m p e r a t u r e  dependence of t h e  r e s i s t a n c e  o f  
a  t ~ a n s p o r t  c e l l  c o n t a i n i n g  p u r e  PbC12b C p n s i d e s i n g  e l e c -  
t r o l y t i c  conduc tance  a s  a  r a t e  p r o c e s s ,  , t h e  t e m p e r a t u r e  
dependence o f  t h e  c o n d u c t i v i t y  o f  d a q L p e l e c t r o l y t e  is  a  
measure  of: t h e  " a c t i v a t i o n  energy  of : , lonic  m i g r a t i o n "  ( 1 6 ) ,  
The v a l u e  of" t h i s  q u a n t i t y ,  d e n o t e d  h e r e  by E% i s  r e a d i l y  
o b t a i n e d  from t h e  f o l l o w i n g  c o n s i d e r a t i p n ,  L e t  t h e  s p e c i f i c  
c o n d u c t i v i t y  be e x p r e s s e d  i n  t h e  e x p o n e n b i a l  form t h a t  i s  
c u s t o m a r i l y  used t o  r e p r e s e n t  t h e  t e m p e r a t u r e  dependence of 
a n y r  rate process ( 2 )  a 

-E */RT 
I K = A, 0 

A p l o t  o f  bnK v s ,  l/T s h o u l d  t h u s  g i v e  a  s t r a i g h t  l i n e  o f  
s l o p e  E*/R, ~ e s l y  s t r a i g h t  l f n e a  have been found e x p e r i -  
m e n t a l l y  f o r '  many f u s e d  s a l t s  (16). T h i s  h a s  been  taken t o  



F i g .  2 - Dependence of t on c o n c e n t r a t i o n  i n  mixtures 
Pb . 

of PbC12, and KC1. 
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mean t h a t  t h e  p r o c e s s  of  i o n i c  m i g r a t i o n  i n  a  mol ten  s a l t  
c a n  be  c h a r a c t e r i z e d  by a n  e x p e r i m e n t a l  a c t i v a t i o n  energy  
which i s  c l o s e l y  r e l a t e d  t o  t h e  h e a t  o f  a c t i v a t i o n  d e f i n e d  
i n  t h e  t h e o r y  o f  r a t e  p r o c e s s e s  ( 2 ) .  S i n c e  the h e a t  o f  

, a c t i v a t i o n  i s  p o s t u l a t e d  t o  b e  dependent  on t h e  m i c r o s c o p i c  
mechanism o f  t h e  p r o c e s s ,  t h e  e x p e r i m e n t a l  a c t i v a t i o n  energy  
s h o u l d  r e f l e c t  changes  i n  t h a t  mechanism, Thus, i f  t h e  
i n s e r t i o n  o f . t h e  membrane a f f e c t e d  t h e  r a t e s  of motion of  
t h e  i o n s  r e l a t i v e  t o  t h e  b u l k  o f  t h e  l i q u i d ,  a  change i n  t h e  
a c t i v a t i o n  e n e r g y  o f  c o n d u c t i v i t y  might  w e l l  be  e x p e c t e d  t o  
accompany t h i s  change nf  m ~ c h a n i s m .  T h i s  would be e s p e o i a l l y  
l i k e l y  i f  t h e  i n d i v i d u a l  i o n i c  s p e c i e s  a c t u a l l y  have i n d e -  
p e n d e n t  a c t i v a t i o n  e n e r g i e s ,  s o  t h a t  c o n d u c t i v i t y  c a n  be 
e x p r e s s e d  a s  a  sum of e x p o n e n t i a l  t e rms :  

Mathemat ica l  a n a l y s i s  of e q u a t i o n  ( 6 )  f o r  t h e  c a s e  where 
i = 2 r e v e a l s  a n  i n t e r e s t i n g  consequence which e v i d e n t l y  
was n o t  s u s p e c t e d  by p r e v i o u s  w o r k e r s ,  The assumpt ion  i n  
t h e  p a s t  ( 1 6 )  h a s  been t h a t  o b t a i n i n g  a  s t r a i g h t  l i n e  from a 
p l o t  of logKvs .  1/T i n d i c a t e s  one o f  two t h i n g s  a b o u t  t h e  
r e l a t i v e  v a l G s  of F1 and E$ : e i t h e r  t h e y  b o t h  have t h e  
same v a l u e ,  o r  one i s  s o  much g r e a t e r  t h a n  t h e  o t h e r  t h a t  
t h e  c o r r e s p o n d i n g  i o n  c o n t r i b u t e s  n e g l i g i b l y  t o  t h e  conduc- 
t i v i t y ,  It can  be  shown, however t h a t  t h e r e  a r e  a c t u a l l y  
a  wide  v a r i e t y  o f  v a l u e s  o f  t h e  E' and AL f o r  which a  p l o t  
of  l o g  K v s .  1/T g i v e s  a  c u r v e  w6ich i s  n o t  d i s t i n g u i b h a b l e  
f r o m  a n  e x p e r i m e n t a l  s t r a i g h t  l i n e  o v e r  a  t e m p e r a t u r e  r a n g e  
o f  s e v e r a l  hundred d e g r e e 8  , The " a c t i v a t l  on e n e r g y "  c a l -  
c u l a t e d  from t h e  s l o p e  o f  s u c h  a  qurve  a lways  l i e s  some- 
where between t h e  two v a l u e s  o f  E i  s e l e c t e d ,  depend ing  on 
t h e  magni tude  of  each term a s  de te rmined  by b o t h  A i  a n a  E?. 
S i n c e  t h e  t r a n s p o r t  numbers i n  a  p u r e  b i n a r y  s a l t  s h o u l d  be 
a  measure o f  t h e  r e l a t i v e  w e i g h t s  of t h e  two t e rms ,  any  
a l t e r a t i o n  of t h e  t r a n s p o ~ t  numbers s h o u l d  c a u s e  a  c o r r e s p o n d  
i n g  change i a  t h e  e x p e r i m e n t a l  a c t i v a t i o n  energy  OF c o n d u n -  
t i v i t y  . 

The r e s u l t s  o f  a c t i v a t i o n  energy  d e t e r m i n a t i o n s  on p u r e  
PbC12 i n  c e l l s  w i t h  and wi thou t '  membranes a r e  compared i n  
F i g u r e  2, . t h e  d a t a  f o r  t h e  l a t t e r  b e i n g  t a k e n  d i r e c t l y  from 
t h e  work of Bloom and Heymann (16, p.  4 1 0 ) .  Only t h e  s l o p e s  
o f  t h e s e  l i n e s  a r e  t o  be compared, t h e  a b s o l u t e  magni tude  of  
t h e  fo rmer  c o n d u c t i v i t y  depend ing  on t h e  unknown c e l l  con- 
s t a n t .  It s h o u l d  be  no ted  t h a t  t h e  e x p e r i m e n t a l  p r o c e d u r e  



used i n  t h e  p r e s e n t . w o r k  was e x t r e m e l y  c r u d e  compared w i t h  
t h e  c a r e f u l  work o f  Bloom and Heymann, who employed a n  
e l a b o r a t e  sys tem of  t e m p e r a t u r e  c o n t r o l  ( 1 6 ) .  The d a t a  f o r  
t h e  c e l l  w i t h  t h e  u l t r a f i n e  d i s k  were t a k e n  by mere ly  meas- 
u r i n g  w i t h  a  1000 c y c l e  c o n d u c t i v i t y  b r i d g e  t h e  r e s i s t a n c e  
of  a  t y p i c a l  t r a n s p o r t  c e l l  ( ~ i g u r e  1, p ,  1 0 )  f i l l e d  t o  a  
l e v e l  below t h e  c a p i l l a r y  w i t h  p u r e  PbC12 and s t a n d i n g  i n  
t h e  muf-fle f u r n a c e ,  The t e m p e r a t u r e  measured by t h e  t h e r -  
mocouple was t h u s  t h a t  o f  t h e  a i r  i n  a  r e g i o n  immedia te ly  
o u t s i d e  t h e  c e l l ,  t h e  assumpt ion  b e i n g  made t h a t  t h i s  was 
a l s o  t h e  t e m p e r a t u r e  o f  t h e  s a l t  w i c h i n  t h e  d i s k , *  Readings  
were t a k e n  a s  t h e  oven was a l l o w e d  t o  c o o l  s lowly ,  s o  t h a t  
t h e r m a l  e q u i l i b r i u m  was n o t  r e a l l y  e s t a b l i s h e d ,  The s l o p e s  
o f  t h e  two l i n e s  shown i n  F i g u r e  3 n e v e r t h e l e s s  show good 
agreement ,  t h e  c a l c u l a t e d  a c t i v a t i o n  e n e r g i e s  l y i n g  w i t h i n  
0 . 5  k c a l .  S i n c e  t h i s  s o r t  of  p r e c i s i o n  i s  seldom exceeded 
f o r  such  measurements,  e x c e p t  i n  t h e  most c a r e f u l l y  con- 
t r o l l e d  exper iments ,  i t  can be s t a t e d  t h a t  t h e  p r e s e n c e  o f  
t h e  membrane l e a v e s  t h e  a c t i v a t i o n  energy  of  i o n i c  m i g r a t i o n  
unchanged w i t h i n  t h e  e x p e r i m e n t a l  e r r o r .  

S t i l l  a n o t h e r  f a c t o r  r emains  t o  be  t a k e n  i n t o  c o n s i d e r a -  
t i o n  i n  j u s t i f y i n g  t h e  use  o f  t h e  c e l l  d e s c r i b e d  f o r  measure- 
ment o f  t r a n s p o r t  numbers i n  f u s e d  s a l t s .  T h i s  i s  t h e  
p o s s i b l e  i n f l u e n c e  on t h e  measured t r a n s p o r t  numbers of 
m e t a l  from t h e  e l e c t r o d e s  d i s s o l v e d  i n  t h e  s a l t .  While  t h e  
e x a c t  n a t u r e  o f  t h e  s o l u t i o n s  formed i s  n o t  y e t  w e l l  under-  
s t o o d ,  t h e  q u a l i t a t i v e  o b s e r v a t i o n  i s  t h a t  t h e  c o l o r  of  
normal ly  ye l low mol ten  PbC12, f o r  example, is  changed a l m o s t  
t o  b l a c k  a t  t e m p e r a t u r e s  above 600°C by t h e  a d d i t i o n  o f  t h e  
m e t a l .  R e p o r t s  of  q u a n t i t a t i v e  d e t e r m i n a t i o n s  o f  t h e  e x t e n t  . 
of  t h i s  s o l u b i l i t y  v a r y ,  b u t  t h e  most r e c e n t  work of  C o r b e t t  
and von Winbush ( 2 3 )  i n d i c a t e s  t h a t  t h e  d i s s o l v e d  m e t a l  
c o n s t i t u t e s  l e s s  t h a n  0 , l  mole p e r  c e n t  o f  t h e  m e l t  i n  t h i s  
c a s e .  

To d e t e r m i n e  t h e  p o s s i b l e  e f f e c t  o f  d i s s o l v e d  l e a d  
m e t a l  on t h e  n a t u r e  of  i o n i c  m i g r a t i o n  i n  f u s e d  PbC12 t h e  
f o l l o w i n g  exper iment  was c a r r i e d  o u t .  A t r a n s p o r t  c e l l  con- 
t a i n i n g  a  f i n e  p o r o s i t y  f r i t t e d  d i s k  was f i l l e d  w i t h  p u r e  

"Almost t h e  e n t i r e  I R  d r o p  a c r o s s  t h e  c e l l  o c c u r s  w i t h -  
i n  t h e  membrane, t h e  a c t u a l  r e s i s t a n c e  o f  a  c e l l  c o n t a i n i n g  
PbC12 b e i n g  a b o u t  1 0  ohms. 



F i g .  3 - Dependence '  of  e x p e r i m e n t a l  a c t i ~ a t l ~ n  e n e r g y  
of  c o n d u c t i v i t y  of p u r e  PbC12 on n z t u r e  of  c e l l .  



molten  PbC12, s o  t h a t  t h e  t u n g s t e n  w i r e s  s e r v e d  a s  e l e c -  
t r o d e s ,  The t e m p e r a t u r e  dependence of  t h e  c o n d u c t i v i t y  o f  
t h i s  c e l l  was now measured, r e a d i n g s  b e i n g  t a k e n  w i t h  a n  
a c c u r a c y  of  a b o u t  one p a r t  i n  t h r e e  hundred.  Fo l lowing  
t h i s ,  t h e  s a l t  was d e c a n t e d  i n t o  a  b e a k e r  c o n t a i n i n g  l e a d  
m e t a l ,  The l i q u i d s  were a l lowed  t o  s t a n d  i n  c o n t a c t  a t  

P 
600"C, u n t i l  t h e  v e r y  d a r k  c o l o r  o f  t h e  s a l t  phase  i n d i c a t e d  
p robab ly  s a t u r a t i o n  w i t h  t h e  m e t a l ,  The s a l t  was t h e n  
d e c a n t e d  back i n t o  t h e  c e l l  and i t s  c o n d u c t i v i t y  a g a i n  meak- 
u red  a s  a  f u n c t i o n  o f  t e m p e r a t u r e ,  The r e s i s t a n c e  r e a d i n g s  
t a k e n  a t  e v e r y  t e m p e r a t u r e  o v e r  more t h a n  a  s e v e n t y  d e g r e e  
r a n g e  were obse rved  t o  be  i d e n t i c a l  w i t h  t h e  v a l u e s  p r e -  
v i o u s l y  o b t a i n e d  f o r  t h e  p u r e  s a l t  w i t h i n  t h e  a c c u r a c y  o f  
t h e  i n s t r u m e n t ,  The f a c t  t h a t  t h e  p r e s e n c e  o f  d i s s o l v e d  
m e t a l  a f f e c t s  n e i t h e r  t h e  magni tude  n o r  t h e  a c t i v a t i o n  
energy  o f  t h e  c o n d u c t i v i t y  o f  t h e  s a l t  would a p p e a r  t o  
j u s t i f y  t h e  c o n c l u s i o n  t h a t  t h e  t r a n s p o r t  numbers a l s o  

- remain  u n a f f e c t e d ,  

S t r i c t l y  speak ing ,  t h e  a b s e n c e  o f  s u r f a c e  e f f e c t s  due 
t o  t h e  membrane and t h e  a b s e n c e  of  any i n f l u e n c e  o f  d i s -  
s o l v e d  m e t a l  on t h e  t r a n s p o r t  numbers s h o u l d  b e  j u s t i f i e d  f o r  
each  p a r t 1  c u l a r  s i l t  i n v e s t i g a t e d .  The above d i s c u s s i o n  
s u g g e s t s  a  . s imple  xper iment  which may be used a s  a  g e n e r a l  
c r i t e r i o n  t o  i n d i c a t e  t h e  v a l i d i t y  o f  t h e  method f o r  any 
p a r t i c u l a r  s a l t  under  c o n s i d e r a t i o n .  By comparing t h e  
t e m p e r a t u r e  dependence o f  t h e  c o n d u c t i v i t y  measured i n  a  

' t r a n s p o r t  c e l l  c o n t a i n i n g  t h e  e l e c t r o d e s  t o  b e  used w i t h  
c o r r e s p o n d i n g  d a t a  f o r  t h e  p u r e  s a l t  o b t a i n e d  u s i n g  i n e r t .  
e l e c t r o d e s ,  i t  shou ld  be p o s s i b l e  t o  d e c i d e  whe the r  t h e s e  
f a c t o r s  have any i n f l u e n c e  on t h e  mechanism of  t h e  conduc- 
t i v i t y  p r o c e s s .  A s i g n i f i c a n t  change i n  t h e  s l o p e  o f  t h e  
l o g  ( 1 / ~ )  v s ,  1/T c u r v e  would p r o b a b l y  i n d i c a t e  t h e  i n -  
a p p l i c a b i l i t y  o f  t h e  method f o r  t h e  s a l t  b e i n g  s t u d i e d ,  

V .  ' A  CELL FOR MEASURING THE TRANSPORT NUMBERS OF TME IONS 
' IN MIXTURES OF FUSED SALTS 

The c e l l  d e s c r i b e d  i n  t h e  p r e c e d i n g  s e c t i o n  canno t  be 
used f o r  t h e  e x a c t  d e t e r m i n a t i o n  o f  t h e  t r a n s p o r t  numbers 
of  t h e  i o n s  i n  a  m e l t  c o n t a i n i n g  more t h a n  two c u r r e n t -  
c a r r y i n g  s p e c i e s .  Under c e r t a i n  c o n d i t i o n s ,  however, i t s  
use  s h o u l d  y i e l d  a n  e q u a t i o n  i n  two unknowns which c o u l d  be 
s o l v e d  s i m u l t a n e o u s l y  w i t h  t h e  e q u a t i o n  o b t a i n e d  from e x p e r i -  

, ments of  t h e  t y p e  c a r r i e d  o u t  by Wetmore (7)  t o  g i v e  t h e  
e x a c t  t r a n s p o r t  numbers o f  a l l  t h r e e  i o n s  i n  a  m i x t u r e .  The 
c o n d i t i o n s  r e f e r r e d ' t o  r e q u i r e  t h a t  t h e  d e n s i t i e s  o f  e a t h o l y t e  

/ 



and  a n o l y t e  remain  e q u a l  above t h e  l e v e l  o f  t h e  c a p i l l a r y  
d u r i n g  t h e  c o u r s e  o f  e l e c t r o l y s i s ,  At tempts  t o  c i r cumvent  
t h i s  r e q u i r e m e n t  by t h e  u s e  o f  a  modi f i ed  v e r s i o n  of  t h e  c e l l  
w i l l  be  d e s c r i b e d  a l o n g  w i t h  t h e  e x p e r i m e n t a l  r e s u l t s  o f  ' t r a n s p o r t  number measurements  on a  m i x t u r e  o f  A g N 0 3  and 
NaNO , p r e s e n t e d  i n  t h e  f o l l o w i n g  s e c t i o n .  The p r e s e n t  s e c -  

3 t i o n  w i l l  d e s c r i b e  a  c e l l  which was deve loped  f o r  t h e  purpose  o . 
o f  o b t a i n i n g  i n  a  s i n g l e  exper iment  t h e  t r a n s p o r t  numbers o f  
a l l  i o n s  i n  any e x p e r i m e n t a l l y  f e a s i b l e  homogeneous m i x t u r e  
of aa l t . 8 ,  

The t r a n s p o r t  c e l l  i s  i l l u s t r a t e d  i n  F i g u r e  4 .  It I s  
c o n s i d e r a b l y  s m a l l e r  t h a n  t h e  o t h e r  c e l l  s t a n d i n g  o n l y  a b o u t  
2 i n c h e s  h i g h .  Again t h e  c e l l  i s  made of  Pyrex  g l a s s  and 
c o n s i s t s  of  two c o m p a r t m e n t s ' p e p a r a t e d  by a n  u l t r a f i n e  
p o r o s i t y  f r i t t e d  g l a s s  d i s k .  "Tungs ten  wires s e a l e d  t h r o u g h  
t h e  bot tom of  e a c h  compartment and Jo ined  t o  n i c k e l  wires 
p r o v i d e  c o n t a c t  w i t h  t h e  m e t a l  e l e c t r o d e s  t o  be used.  No 
f ee t  a r e  n e c e s s a r y ,  s i n c e  t h e  c e l l  s t a n d s  i n  a  sand b a t h  
which  c a n  be p l a c e d  d i r e c t l y  i n t o  t h e  f u r n a c e .  

The p r o c e d u r e  f o r  o p e r a t i n g  t h e  c e l l  i s  a s  f o l l o w s .  
Samples of t h e  homogeneous m i x t u r e  of  s a l t s  t o  be  s t u d i e d  
a l r e a d y  ground i n t o  a  powder a r e  weighed a c c u r a t e l y  i n t o  
e a c h  o f  t h e  two s i d e s  of t h e  c e l l ,  u s i n g  enough s a l t  t o  fill 
i t  n e a r l y  t o  t h e  t o p , "  The c e l l  i s  now b u r i e d  i n  t h e  sand 
b a t h  s o  t h a t  sand comes a l m o s t  t o  t h e  t o p  of  t h e  o u t s i d e .  
After p l a c i n g  t h e  b a t h  i n  t h e  f u r n a c e  w i t h  t h e  t i p  o f  a  
t h e ~ m o c o u p l e  b u r l e d  n e x t  t o ' t h e  c e l l ,  t h e  t e m p e r a t u r e  is  
r a i s e d  t o  t h e  d e s i r e d  l e v e l  and t h e  whole sys tem a l l o w e d  
t o  s t a n d  u n t i l  t h e  t e m p e r a t u r e  i n s i d e  t h e  b a t h  a g r e e s  w i t h  
t h e  f u r n a c e  t e m p e r a t u r e ,  It s h o u l d  be n o t e d  t h a t  b e t t e r  
t e m p e r a t u r e  c o n t r o l  i s  d e s i r a b l e  i n  t h e s e  e x p e r i m e n t s  i n  
o r d e r  t o  c u t  down mixing o f  t h e  e l e c t r o l y t e  by c o n v e c t i o n  
and  d i f f u s i o n  under  a  t e m p e r a t u r e  g r a d i e n t .  If t h e  a c t i v a -  
t i o n  energy  of  c o n d u c t i v i t y  c r i t e r i o n  f o r  t h e  v a l i d i t y  o f  
t h e  method d i s c u s s e d  i n  t h e  p r e c e d i n g  s e c t i o n  i s  t o  be  used,  
t h e  measurements  s h o u l d  be c a r r i e d  o u t  a t  t h i s  p o i n t .  To 
c a r r y  o u t  t h e  a c t u a l  r u n  a  known q u a n t i t y  o f  e l e c t r i c i t y  
fs p a s s e d  t h r o u g h  t h e  c e l l ,  An upper  l i m i t  on t h e  s t r e n g t h  
o f  c u r r e n t  t h a t  can  be  used i s  e s t a b l i s h e d  by t h e  f a c t  t h a t  
t h e  f r i t t e d  d i s k  t e n d s  t o  o v e r h e a t  and f u s e  t o g e t h e r  when 
t h e  e l e c t r i c a l  ene rgy  b e t n g  expended e x c e e d s  a b o u t  two 
w a t t s ,  

*On m e l t i n g ,  t h e  l i q u i d  l e v e l s  s h o u l d  n o t  q u i t e - r e a c h  t h e  
t o p  o f  t h e  c e n t e r  s e c t i o n .  



Fig .  4 - C e l l  f o r  measuring t r a n s p o r t  numbers i n  mix- 
t u r e s  of fused  s a l t s .  



When t h e  r u n  i s  comple te ,  t h e  b a t h  i s  removed from t h e  
f u r n a c e  and t h e  c e l l  q u i c k l y  withdrawn from t h e  sand ,  A f t e r  
c o o l i n g  t h e  c e l l  i s  c a r e f u l l y  broken a t  t h e  d i s k ,  T h i s  i s  
n o t  d i f f i c u l t ,  s i n c e  t h e  g l a s s  i s  s t r a i n e d  and may a l r e a d y  
b e  c r a c k e d  a t  t h i s  p o i n t ,  The d i s k  i s  now broken away from 
t h e  s a l t  on t h e  o t h e r  s i d e ,  any a d h e r i n g  s a l t  b e i n g  c a r e -  
f u l l y  s c r a p e d  i n t o  t h e  a p p r o p r i a t e  compartment ,  The c o n t e n t s  
o f  e a c h  compartment a r e  now a n a l y z e d  f o r  t h e  e x a c t  number 
o f  e q u i v a l e n t s  of e a c h  i o n i c  s p e c i e s  p r e s e n t  by a  s u i t a b l e  
p r o c e d u r e ,  

The t r a n s p o r t  numbers a r e  r e a d i l y  c a l c u l a t e d  from t h e  
d a t a  a s  f o l l o w s ,  Except  f o r  t h e  s p e c i e s  changed a t  t h e  
e l e c t r o d e s ,  t h e  number of  e q u i v a l e n t s  of each  i o n  t r a n s f e r r e d  
from one s i d e  t o  t h e  o t h e r  d u r i n g  t h e  p a s s a g e  of  z  f a r a d a y s  
i s  g i v e n  by z t i ,  t h e  d i r e c t i o n  of  t h e  t r a n s f e r  beTng d e t e r -  
mined, of c o k s e ,  by t h e  c h a r g e  on t h e  i o n .  The cor respond-  
i n g  t r a n s f e r  f o r  t h e  i o n  formed a t  one e l e c t r o d e  and removed 
a t  t h e  o t h e r  i s  z ( l  - t i)  i n  t h e  d i r e c t i o n  o p p o s i t e  t o  t h a t  
o f  i t s  migra t ion ,  To f i n d  t h e  a c t u a l  amounts t r a n s f e r r e d  
from t h e  e x p e r i m e n t a l  d a t a  t h e  t o t a l  number o f  e q u i v a l e n t s  
o f  e a c h  i o n  i n  t h e  c e l l ,  n  , i s  f i r s t  o b t a i n e d  by a d d i n g  
t h e  numbers o f  e q u i v a l e n t s i 8 f  i i n  t h e  c a t h o d e  and anode 
compartments ,  and n i ~ ,  Divf  s i o n  o f  n  by t h e  sum of  
a l l  such  t e r m s n & f v e s  t h e  i n i t i a l  equivaleh! f r a c t i o n  of i, 
N;, i n  t h e  o r i g i n a l  homogeneous m i x t u r e .  The o r i g i n a l  number 
o  e q u i v a l e n t s  of  i i n  e a c h  compartment,  n i C  o r  n iA,  i s  t h u s  
g i v e n  by m u l t i p l i c a t i o n  o f  N' by t h e  t o t a l  number o f  equ iva -  
l e n t s  o f  a l l  i o n s  p r e s e n t  i n i t i a l l y  i n  t h a t  compartment,  
nGC o r  no  a The l a t t e r  q u a n t i t i e s  a r e  found by assuming 
t h a t  e q u r f  amounts o f  s a l t  were l o s t  from each  compartment 
by a b s o r p t i o n  i n t o  t h e  membrane and by e v a p o r a t i o n  b e f o r e  
t h e  r u n  was s t a r t e d ,  The t o t a l  i n i t i a l  q u a n t i t y  o f  s a l t  i s  
t a k e n  t o  be  t h e  same a s  t h e  f i n a l  number o f  e q u i v a l e n t s  
found  i n  b o t h  eompartrnents,  The f r a c t i o n  i n  e a c h  compartment 
i n i t i a l l y  i s  g i v e n  by t h e  r a t i o  of  t h e  we igh t  o f  s o l i d  s a l t .  
p u t  i n t o  t h a t  compartment o r i g i n a l l y  t o  t h e  t o t a l  we igh t  o f  
s a l t  p u t  i n t o  t h e  ce l l . ,  M u l t l p l z c a r l o n  of t h i s  f"rpaul;lurl b y  
t h e  f i n a l  t o t a l  of e q u i v a l e n t s  o f  a l l  s p e c i e s  a n a l y z e d  t h u s  
g i v e s  t h e  i n i t i a l  number o f  e q u i v a l e n t s  t o  be t a k e n  f o r  
e a c h  compartment ,  The t r a n s p o r t  number o f  a  c a t i o n ,  k, n o t  
r e d u c e d  a t  t h e  c a t h o d e ,  f o r  example, 161 g i v e n  by t ~ . ! =  
(nkC - n o  ) / z ,  where t h e  q u a n t i t i e s  on t h e  r i g h t  a r e  d e t e r -  
mined bykfhe  method j u s t  d e s c r i b e d .  , , 

The p o s s i b i l i t y  t h a t  e r r o r s  due t o  backflow of t h e  
l i q u i d  th rpugh  t h e  membrane may be i n t r o d u c e d  i s  o b v i o u s l y  
i n c r e a s e d  w i t h  t h i s  c e l l ,  s i n c e  a  s m a l l  d i f f e r e n c e  i n  l e v e l s  



w i l l  p r o b a b l y  e x i s t  from t h e  t i m e  t h e .  s a l t  m e l t s ,  The 
q u a l i t a t i v e  o b s e r v a t i o n  t h a t  a l l  t h e  s a l t s  s t u d i e d  a p p e a r  
t o  show v e r y  l i t t l e  tendency t o  f low th rough  u l t r a f i n e  
p o r o s i t y  d i s k s  seems a t  l e a s t  p a r t i a l l y  t o  j u s t i f y  t h e  
method. For example, a  d i f f e r e n c e  i n  l e v e l s  of  a b o u t  1 
cm. of A g N 0 3 ,  t h e  l e a s t  v i s c o u s  s a l t  s t u d i e d ,  showed no 
a p p a r e n t  d e c r e a s e  on b e i n g  l e f t  i n  a  t r a n s p o r t  c e l l  a t  
2509C. (40" above t h e  m e l t i n g  p o i n t )  f o r  a l m o s t  a  week. 
If t h e  assumpt ion  can  be made t h a t  t h e  r a t e  o f  f low w i t h  
a  D.C.  c u r r e n t  f l o w i n g  is t h e  same a s  t h a t  w i t h  no c u r r e n t ,  
rough c a l c u l a t i o n s  based 'on t h i s  o b s e r v a t i o n  i n d i c a t e  t h a t  
t h e  c o n t r i b u t i o n  of  backflow w i l l  be n e g l i g i b l e  when t h i s  
c e l l  i s  used i n  t r a n s p o r t  number e x p e r i m e n t s ,  

T h e  e x p e r i m e n t a l  a p p l i c a t i o n s  o f  t h e  methods deve loped  
t h a t  were a c t u a l l y  c a r r i e d  o u t  w i l l  now be d e s c r i b e d .  The 
r e s u l t s  o b t a i n e d  f o r  f o u r  p u r e  f u s e d  s a l t s  a r e  summarized 
i n  T a b l e  3, t h e  d e t a i l s  of  t h e s e  e x p e r i m e n t s  b e i n g  p r e s e n t e d  
on t h e  pages  immedia te ly  f o l l o w i n g ,  R e s u l t s  o f  a  d e t e r m i n a -  
t i o n  on a  m i x t u r e  o f  s a l t s  w i l l  a l s o  be c o n s i d e r e d  i n  t h i s  
s e c t  i o n ,  

- T a b l e  3 . 

R e s u l t s  o f  t r a n s p o r t  number d e t e r m i n a t i o n s  on f o u r  pure'  f u s e d  
s a l t s  

\ 

S a l t  Tern . , No. o f  t-  ( a v g . )  
cOcP e x p t s .  



A ,  Lead C h l o r i d e  

1, M a t e r i a l s  

F i s h e r  c e r t i f i e d  r e a g e n t  l e a d  c h l o r i d e  was used.  Fur-  
t h e r  p u r i f i c a t i o n  d i d  n o t  seem n e c e s s a r y ,  s i n c e  s m a l l  amounts 
o f  i m p u r i t i e s  had no a p p a r e n t  e f f e c t  on t h e  r e s u l t s ,  The 
l e a d  m e t a l  used f o r  t h e  e l e c t r o d e s  was "Baker Analyzed" 
r e a g e n t  g r a d e ,  

2. , Procedure  and o b s e r v a t i o n s  
I 

A l l  p e r t i n e n t  i n f o r m a t i o n  r e l a t i n g  t o  t h e  s t u d y  o f  t h i s  
s a l t  was p r e s e n t e d  i n  t h e  d e s c r i p t i o n  o f  t h e  c e l l ,  i t s  use  
and i t s  j u s t i f i c a t i o n .  P a p e r s  d e s c r i b i n g  t h e  work have a l s o  
b e e n  p u b l i s h e d  i n  t h e  l i t e r a t u r e  ( 2 4 , 2 5 ) .  

, B. ,Lead Bromide 

1, M a t e r i a l s  

. F i s h e r  p u r i f i e d  l e a d  bromide was r e c r y s t a l l i z e d  from 
0.1 N HBr. The c r y s t a l s  showed a  m e l t i n g  p o i n t  o f  370°C., 
which i d e n t i f i e s  them w i t h  p u r e  PbBr r a t h e r  t h a n '  t h e  sub-  
s t a n c e  m e l t i n g  a t  4 8 0 " ~ .  which  h a s  o h e n  been mis taken  f o r  
t h i s  compound i n  t h e  p a s t  ( 2 6 ) .  The l e a d  m e t a l  a g a i n  was 
"Baker ~ n a l y z e d "  r e a g e n t  g r a d e .  

2 .  P r o c e d u r e  and o b s e r v a t i o n s  

Pure  PbBr2 m e l t s  t o  a  r e d  l i q u i d .  Based on t h e  d e g r e e  
o f  da ' rkening produced ,by a d d i t i o n  of t h e  m e t a l ,  t h e  q u a l i t a -  
t i v e  e s t i m a t e  i s  t h a t  t h e  s o l u b i l i t y  of  l e a d  i n  t h i s  s a l t  i s  
somewhat s m a l l e r  a t  t h e  t e m p e r a t u r e s  employed t h a n  i n  PbC12. 
I n  o r d e r  t o  t e s t  t h e  v a l i d i t y  o f  u s i n g  l e a d  e l e c t r o d e s  and 
a n  u l t r a f i n e  f r i t t e d  d i s k  t h e  r e s i s t a n c e  o f  t h e  t r a n s p o r t  
c e l l  was measured a s  a  f u n c t i o n  o f  t e m p e r a t u r e .  The a c t i -  
v a t i o n  energy  found i n  t h i s  way i s  compared i n  F i g u r e  5 
w i t h  t h a t  c a l c u l a t e d  from s p e c i f i c  c o n d u c t i v i t y  d a t a  f o r  
t h e  p u r e  s a l t  g i v e n  i n  I n t e r n a t i o n a l  C r i t i c a l  T a b l e s  (27, 
V o l ,  VL, p ,  1 4 8 ) ~  The agreement  i s  even b e t t e r  t h a n  might  
b e  e x p e c t e d ,  c o n s i d e r i n g  t h e  p o s s i b l e  magnitude o f  e x p e r i -  
m e n t a l  e r r o r .  

I n  s p i t e  o f  t h e  low m e l t i n g  p o l n t  o f  t h i s  s a l t ,  i t  
was n o t  found p o s s i b l e  t o  c a r r y  o p t  a c c u r a t e  t r a n s p o r t  number 



measurements a t  a  t empera tube  o f  a b o u t  430°C., s i n c e  t h e  
v i s c o u s  and s u r f a c e  p r o p e r t i e s  i n  t h i s  r e g i o n  a r e  such 
t h a t  t h e  bubb le  d o e s  n o t  r e spond  r e a d i l y  t o  a  s m a l l  
d i f f e r e n c e  i n  l e v e l s ,  Warming t h e  s a l t  t o  500°C. elimi- 
n a t e s  t h i s  problem, however, s o  t h a t  r e p r o d u c i b l e  r e s u l t s  
cou ld  be o b t a i n e d  a t  t h e  l a t t e r  t e m p e r a t u r e .  The a v e r a g e  
v a l u e  of RpbBr a t  ~ O O " C ,  was found t o  be  (1.39520.050) x  
10-3 - f o r  a  s e r ? e s  of  e l e v e n  e x p e r i m e n t s .  Combination #of 
t h i s  f i  u r e  w i t h  d e n s i t y  d a t a  in t h e  l i t e r a t u r e  f o r  t h e  
s a l t  (2  , p.  7 4 )  and t h e  m e t a l  (21)  g i v e s  tBr = 0.653 2 
0.013. 

8 
A t  60ooC, t h e  r e p r o d u c i b i l i t y  was found t o  be  even 

b e t t e r ,  t h e  a v e r a g e  v a l u e  of  RpbBr2 b e i n g  (1,498t0.010) 
x l ~ - ~ ~  T h i s  g i v e s  a  v a l u e  of 0 ,674 + 0.003 f o r  t h e  t r a n s -  
p o r t  number o f  t h e  bromide i o n  a t  t h e  h i g h e r  t e m p e r a t u r e , '  

C , + T h a l l o u s  Chlok ide  

1. M a t e r i a l s  

F i s h e r .  p u r i f i e d  t h a l l i u m  ( o u s )  c h l o r i d e  was r e c r y s t a l -  
l i z e d  from O 0 G 1  M H C 1 ,  S p e c t r o g r a p h i c  a n a l y s i s  o f  t h e  s a l t  
r e v e a l e d  no a p p r e c i a b l e  m e t a l  i m p u r i t i e s ,  The m e t a l  f o r  
t h e  e l e c t r o d e s  was S a r g e n t  CP t h a l l i u m  m e t a l ,  

2 .  P rocedure  and o b s e r v a t i o n s  

The s o l u b i l i t y  o f  t h e  m e t a l  i n  t h e  s a l t  i s  r e p o r t e d  (23)  
t o  be OoOg mole p e r  c e n t  a t  550°Co F i g u r e  6  shows a  com- 
p a r i s o n  o f  t h e  t e m p e r a t u r e  dependence of  t h e  c o n d u c t i v i t y  
of  TIC1 s a t u r a t e d  w i t h  t h e  t h a l l i u m ,  measured i n  a t r a n s p o r t  
c e l l ,  w i t h  t h a t  r e p o r t e d  I n  D r o s s b a c h D s  E lek t rochemie  
schmolzener  S a l z e  (28 ,  p.  73).  . It w i l l  be  no ted  t h a t  % 
fo rmer  c u r v e s h o w e d  a  v e r y  s i g n i f i c a n t  t i m e  dependence,  
t h e  a c t i v a t i o n  energy  showing a n  i n c r e a s e  o f  a b o u t  7 k c a l .  
a f t e r  t h e  s a l t  had s t o o d  i n  t h e  f u r n a c e  f o r  48  h o u r s .  The 
magnitude of  t h e  c o n d u c t i v i t y  showed a  c o r r e s p o n d i n g  de-  - c r e a s e  f o r  t h i s  p e r i o d .  A n a l y s i s  of  s a l t  t a k e n  from t h e  
c e l l  a t  t h e  end t h i s  t i m e  showed t h a t  a n  a p p r e c i a b l e  f r a c -  
t i o n  had been t r ans fo rmed  i n t o  t h e  ox ide  T120. S i n c e  
e i t h e r  h y d r o l y s i s  w i t h  w a t e r  vapor  o r  exchange of c h l o r i d e  
w i t h  a t m o s p h e r i c  oxygen c o u l d  a c c o u n t  f o r  t h i s  change,  a n  
a t t e m p t  was made t o  r e d u c e  b o t h  of  t h e s e  f a c t o r s  by p a s s i n g  
d r y  n i t r o g e n  t h r o u g h  t h e  f u r n a c e ,  
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of c o n d u c t i v i t y  o f  p u r e  PrBr2  on n a t u r e  of' c q l l .  
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F i g .  6 - D e p e n d e n c e  of  e x p e r i m e n t a l  a c t i v a t i o n  e n e r g y  
o f  c o n d u c t i v i t y  o f  p u r e  T l C l  o n  n a t u r e  o f  c e l l  
a n d  on  e f f e c t s  d u e  t o  s t a n d i n g  i n  a i r  a t  500°C 
f o r  48  h o u r s .  



I n  s p i t e  o f  t h e  e f f o r t  t o  slow down o x i d e  f o r m a t i o n ,  
t h e  measured v a l u e s  o f  t h e  t r a n s p o r t  numbers showed a  s i m i l a r  
t ime  dependence,  which was o b v i o u s l y  connec ted  w i t h  t h e  con- 
t a m i n a t i o n  o f  t h e  m e l t ,  The r u n s  on f irst  f i l l i n g  t h e  c e l l  
w i t h  f r e s h l y  p u r i f i e d  s a l t  t h r e e  s e p a r a t e  times, however, 
showed e x c e l l e n t  agreement  among themse lves .  Movement o f  
t h e  bubb le  i s  v e r y  s low f o r  t h i s  s a l t ,  s o  t h a t  o n l y  a b o u t  
two r u n s  c o u l d  be  made e a c h  time b e f o r e  t h e  e f f e c t  of o x i d e  
f o r m a t i o n  on t h e  r e s u l t s  began t o  become n o t i c e a b l e ,  The 
l a t t e r  e f f e c t  a l w a y s  produced a  downward t r e n d  i n  t h e  v a l u e  
of R 1 ~ 1  e v e n t u a l l y  r e v e r s i n g  t h e  d i r e c t i o n  o f  motion o f  i! t h e  u b b l e ,  Over t h e  48 hour  p e r i o d  f o r  which t h e  change 
in a c t i v a t i o n  e n e r g y  13 afiowx fn l?iguiie 6 t h e  v a l u e  uf 

a t  525"C, f e l l  from (0 .283 + 0.001) x  10'3 t o  
R ~ 1 ~ 4 3  + 0.07) 3 10-3o ~f any s i g n i f i c a n c e  c o u l d  be  a t -  
t a c h e d  Eo t r a n s p o r t  numbers c a l c u l a t e d  from t h e  l a t t e r  
v a l u e ,  t h i s  change would , c o r r e s p o n d  t o  a  d e c r e a s e  of 0.33 
i n  t h e  t r a n s p o r t  number o f  t h e  a n i o n .  It seems r e a s o n a b l y  
c e r t a i n ,  however, t h a t  t h e  c o r r e c t  t r a n s p o r t  numbers f o r  
T l C l  c o r r e s p o n d  t o  t h e  v a l u e s  o f  R obta ined, ,wi th  t h e  
f r e s h  s a l t ,  f o r  which t h e  meaauredTd%ivat ion  energy showed 
good agreement  w i t h  t h a t  c a l c u l a t e d  from t h e  l i t e r a t u r e  
d a t a  a s  i s  shown i n  F i g u r e  6 .  

The c a l c u l a t i o n  of  a c t u a l  v a l u e s  o f  t h e  t r a n s p o r t  
numbers depends ,  of c o u r s e ,  on a n  a c c u r a t e  knowledge o f  
t h e  d e n s i t i e s  of b o t h  s a l t  and m e t a l .  While  t h e  fprmer  
d e n s i t y  f i g u r e s  were a v a i l a b l e  i n  Conway8s t a b l e s  o f  e l k c t r o -  
c h e m i c a l  d a t a  (29 ,  Q .  2 8 1 ) .  t h e  l a t t e r  had t o  be  i n f e r r e d  
by l i n e a r  e x t r a p o i a t i o n  o f - t h e  d a t a  i v e n  i n  I n t e r n a t l o n a l  
C r i t i c a l  T a b l e s  (27,  Vol .  11, p.  4637 f o r  t h e  d e n s i t y  of 
l i q u i d  t h a l l i u m  i n  t h e  t e m p e r a t u r e  r a n g e  302 t o  353OC. T h i s  
i s  p e r h a p s  n o t  a  bad a p p r o x i m a t i o n  i n  view o f  t h e  r e l a t i v e l y  
s m a l l  t h e r m a l  e x p a n s i o n  o f  l i q u i d  m e t a l s ,  b u t  i t  s h o u l d  be  
p o i n t e d  o u t  t h a t  i t  i s  p r o b a b l y  t h i s  f i g u r e  which d e t e r m i n e s  
t h e  a c c u r a c y  of t h e  c a l c u l a t e d  t r a n s p o r t  numbers. The r e a -  
s o n  f o r  t h i s  i s  t h a t  i n  t h e  e q u a t i o n  r e l a t j n g  t h e  t r ~ n v p n r ~  
numbers t o  e x p e r i m e n t a l  q u a n t i t i e s  ( s e e  e q u a t i o n  5, p.  37, 
f o r  example)  t h e  d e n s i t y  t e rm t u r n s  o u t  t o  be we igh ted  much 
more h e a v i l y  t h a n  t h e  t e rm c a l c u l a t e d  from 9 ~ ~ 1  , due t o  
t h e  r e l a t i v e l y  s m a l l  v a l u e  o f  t h i s  experimen number. For  
measurements  on f r e s h l y  p u r i f i e d  T l C l  t h e  a v e r a g e  v a l u e s  o f  
R found were  a s  f o l l o w s :  f o r  three  e x p e r i m e n t s  a t  
4$$'&.., R = 0.284 + 0.025 x  10-3; f o r  two e x p e r i m e n t s  a t  
50tj°C., R = 0.275 0.002 x  10-3; f o r  two e x p e r i m e n t s  a t  
525'C., R = 0.283 i 0.001 x 10-3. The c o r r e s p o n d i n g  a v e r -  
a g e  v a l u e s  o f  tC1 f o p  t h i s  s a l t  a r e  0 , 4 9 6 . +  0 ,004 ,  0.492 _+ 
0.001 and 0.493 i 0.000, r e s p e c t i v e l y ,  where t h e  i n d i c a t e d  
e r r o r  i n  each  c a s e  r e f e r s  o n l y  t o  t h a t  p a r t  of  t h e  measure-  
ment c a r r i e d  o u t  i n  t h i s  work,  



. . 
1, M a t e r i a l s  

"Baker ~ n a l y z e d "  s i l v e r  n i t r a t e  was r e c r y s t a l l i z e d  from 
w a t e r ,  d r i e d  one hour  a t  l l O O ~ . ,  f u s e d  a t  2 3 0 " ~ .  f o r  1 5  min- 
u t e s ,  cooled  r a p i d l y ,  ground t o  a  powder and s t o r e d  i n  a  
d e s i c c a t o r .  S i l v e r  m e t a l  e l e c t r o d e s  were p l a t e d  o n t o  t h e  
t u n g s t e n  w i r e s  i n  t h e  c e l l  from a n  aqueous  b a t h  o f  t h e  _ 
f o l l o w i n g  compos i t ion :  A g N 0 3  - 34 g/ l . ,  KCN - 58 g/ l . ,  
Na2C03 - 5 g / l . ,  KCNS - 20 g/ l .  The anodes  used i n  t h i s  , 

e l e c t r o l y s i s  were made from F i s h e r  c e r t i f i e d  r e a g e n t  s i l v e r  
m e t a l ,  t h e  p r o c e s s  b e i n g  c a r r i e d  o u t  a t  room t e m p e r a t u r e  
u s i n g  a  c u r r e n t  dens ' i ty  o f  a b o u t  6 ma/sq, cm. . ,  

' - 
2 ,  P rocedure  and o b s e r v a t i o n s  

The g r e a t e s t  e x p e r i m e n t a l  d i f f i c u l t i e s  i n  t h e  p r e s e n t  , 
work were e n c o u n t e r e d  i n  t h e  s t u d y  of p u r e  AgMO , A number 
. o f  i n n o v e t i o n s  were n e c e s s a r y  which may be founa  u s e f u l  i n  , 
t h e  a p p l i c a t i o n  o f  t h e  method t o  o t h e r  s a l t s .  

*'. 
Although p u r e  A g N 0 3  m e l t s  a t  a b o u t  210?C., t h e  t empere - '  

t u r e  r a n g e  t h a t  can  be s t u d i e d  i s  l i m i t e d  by t h e  r a t e  o f c :  
t h e r m a l  decomposi$ion of  t h e  s a l t ,  which p roceeds  w i t h  f 
f a i r l y  r a p i d  f o r m a t i o n  o f  b u b b l e s  a t  t e m p e r a t u r e s  much I 
above 300°C, Slow decompos i t ion  o c c u r s  even below t h e  , 

m e l t i n g  p o i n t ,  b u t  t h e  a c t i v a t i o n  energy  o f  c o n d u c t i v i t y  
measured a f t e r  a l l o w i n g  t h e  mol ten  s a l t  t o  s t a n d  'below 
300°C. s e v e r a l ' h o u r s  n e v e r t h e l e s s  showed e x c e l l e n t  a g r e e m e n t s  
w i t h  c a r e f u l  work r e p o r t e d  i n  r e c e n t  l i t e r a t u r e ,  S p e c i f i c  
d a t a  a r e  ' p l o t t e d  i n  F i g u r e  7, t h e  l i t e r a t u r e  v a l u e s  ' b e i n g  
t a k e n  from t h e  work o f  Byrne, Fleming and Wetmore ( 3 0 ) ~  
The  r e s u l t s  i n  F i g u r e  7 a l s o  seem t o  j u s t i f y  t h e  u s e  o f  t h e  
membrane and of  s i l v e r  e l e c t r o d e s .  Here t h e  m e t a l  shows no 2 

a p p a r e n t l y  t endency  t o  d i s s o l v e  i n  t h e  s a l t .  

The  p l a t i n g  p r o c e d u r e  f o r  forming t h e  e l e c t r o d e s  w a s .  
found n e c e s s a r y  i n  o r d e r  t o  i n s u r e  t h a t  t u n g s t e n  a t  t h e  
anode i s ,  c o m p l e t e l y  c o a t e d .  I f  any o f  t h e  wire i s  exposed,  
e v o l u t i o n  of  g a s  from t h e  anode i s  obse rved  d u r i n g  e l e c -  
t r o l y s i s .  S e a l i n g  o f  s i l v e r  w i r e s  t h r o u g h  t h e  g l a s s  t o  
c i r cumvent  t h i s  d i f f i c u l t y  was shown t o  be p o s s i b l e ,  b u t  
v e r y  d i f f i c u l t .  

. . . . 
. . 

~ t i l r . - m o k e  t r o u b l e  wak found '  a t  t h e  c a t h o d e ,  . E l e c -  . 
t r o l y s i s  o f  mol ten  s i l v e r  s a l t s  produc'es d e p o s i t s  o f  t h e  . 
m e t a l '  which grow o u t  r a p i d l y  from t h e  s u r f a c e  of t h e  c a t h o d e  ~. . . 



Fig .  7 - Dependence of exper imenta l  a c t i v a t i o n  energy of 
~ . conduc ' , i v i~y  of .pure AgNO on n a t u r e  of c e l l .  3 



I I i n  t h e  form o f  d e n d r i t e s ,  o r  trees," a s  t h e y  a r e  commonly 
c a l l e d ,  T h i s  p r e s e n t e d  a  s e r i o u s  problem, f o r  by t h e  t i m e  
a  few coulombs of  e l e c t r i c i t y  were p a s s e d  th rough  t h e  c e l l  
t h e  t r e e s  would have  grown r i g h t  th rough  t h e  membrane and  
i n t o  t h e  anode compastment,  It was found p o s s i b l e ,  however, 
t o  g r e a t l y  a l t e r  t h e  n a t u r e  of  t h e  d e p o s i t  by super impos ing  
a  r e l a t i v e l y  l a r g e  a l t e r n a t i n g  c u r r e n t  on a  , s m a l l  p u l s a t i n g  
d i r e c t  c u r r e n t ,  The c i r c u i t  w i t h  which t h i s  was accompl ished 
i s  shown i n  F i g u r e  8. The a c t u a l  c u r r e n t s  observed on t h e  
ammeter and galvanometer  a r e  360 ma AC and 24 ma DC, respec- .  
t i v e l y ,  t h e  l a t t e r  b e i n g  a b o u t  one-ha l f  t h a t  c a l c u l a t e d  by 
Ohm I s  Law (14, p ,  9 )  due t o  i t s  p u l s a t i n g  n a t u r e .  The 
c u r r e n t  may be r e p r e s e n t e d  by a  d i s t o r t e d  s i n e  wave, t h e  
a r e a  under  t h e  p e a k s  b e i n g  s l i g h t l y  g r e a t e r  t h a n  t h a t  above 
t h e  t r o u g h s ,  S i l v e r  i s  t h u s  a l t e r n a t e l y  d e p o s i t e d  and d i s -  
s o l v e d  a t  t h e  "ca thode"  d u r i n g  each  o f  t h e  60 c y c l e s  p e r  
second,  a  l i t t l e  more of  t h e  fo rmer  t a k i n g  p l a c e  e a c h  t ime 
t h a n  t h e  l a t t e r ,  The e x p e r i m e n t a l  r e s u l t  o f  t h i s  a r rangement  
i s  t h a t  d e n d r i t e s  a r e  much d e n s e r  and s h o r t e r  f o r  a  g i v e n  
q u a n t i t y  of e l e c t r i c i t y .  It was found t h a t  a  c u r r e n t  of  , 

t h i s  magnitude c o u l d  be p a s s e d  f o r  s e v e r a l  h o u r s  b e f o r e  t h e  
growth reached  t h e  membrane. 

Even when t h e  a r rangement  d e s c r i b e d  i s  employed, t h e  
method i s  s u b j e c t  t o  f u r t h e r  l i m i t a t i o n s .  It i s  u n s a t i s f a c -  
t o r y ,  f o r  example, below a b o u t  8 2 0 ° ~ , ,  t h e  d e p o s i t  a g a i n  
growing t o o  r a p i d l y  t o  p e r m i t  s i g n i f i c a n t  e x p e r i m e n t s  t o  
be  r u n ,  S i n c e  t h e  n a t u r e  of  t h e  d e p o s i t  a c t u a l l y  depends  
on t h e  c u r r e n t  d e n s i t y ,  t h e  s i z e  o f  t h e  e l e c t r o d e s  used  i s  
a l s o  a n  i m p o r t a n t  c o n s i d e r a t i o n ,  The i n d i c a t e d  a r r a n g e -  
ment i s  s a t i s f a c t o r y  f o r  e l e c t r o d e s  a t  l e a s t  1 s q .  cm. i n  
s u r f a c e  a r e a ,  p rov ided  a  s u f f i c i e n t l y  h i g h  t e m p e r a t u r e  i s  
m a i n t a i n e d ,  

A d d i t i o n  o r  a b o u t  10 mg, of  t h e  powdered s a l t  t o  one 
compartment of  a  t r a n s p o r t  c e l l  c o n t a i n i n g  p u r e  A g N 0 3  d o e s  
n o t  c r e a t e  s u f f i c i e n t  head t o  move t h e  b u b b l e ,  T h i s  i s  
a p p a r e n t l y  due t o  s t r o n g e r  s u r f a c e  f o r c e s  m a i n t a i n i n g  t h e  
l e v e l  o f  l i q u i d  i n  t h e s e  t u b e s ,  s i n c e  t h e  v i s c o s i t y  o f  
A g N O  i s  a c t u a l l y  l e s s  t h a n  t h a t  o f  PbC12 (31, pp. 1624-5) .  
A mo a i y i c a t i o n  o f  t h e  c e l l  was t h e r e f o r e  c o n s t r u c t e d ,  de-  
s i g n e d  t o  magnify t h e  e f f e c t i v e  head produced by a  s m a l l  i n -  
c r e a s e  i n  volume. The. new c e l l  was i d e n t i c a l  t o  t h e  one 
shown i n  F i g u r e  1 ( p .  33) i n  e v e r y  r e s p e c t ,  e x c e p t  t h a t  t h e  
t o p  o f  one e l e c t r o d e  compartment was f i t t e d  w i t h  a  ground 
g l a s s  s t o p p e r .  T h i s  s t o p p e r  s e r v e s  t o  s e a l  o f f  t h e  compart-  ; 
ment, s o  t h a t  no l i q u i d  can  accumula te  o r  be d e p l e t e d '  from 
t h a t  s i d e  w i t h o u t  movement of  t h e  bubb le .  Assuming t h e  a i r  
t r a p p e d  i n  t h e  s p a c e  between t h e  s t o p p e r  and t h e  l i q u i d  t o  



behave i d e a l l y ,  a  s i m p l e  c a l c u l a t i o n  shows t h a t  t h e  e f f e c t i v e  
head produced by a d d i n g  a  g i v e n  volume of  s a l t  t o  t h e  s t o p  
p e r e d  compartment i s  a b o u t  500/dh t i m e s  a s  g r e a t  a s  t h e  c o r -  
r e s p o n d i n g  head i n  a n  uns toppered  c e l l ,  where d  i s  t h e  den- 
s i t y  o f  t h e  s a l t  and h  t h e  h e i g h t  of  t h e  t r a p p e d  column o f  
a i r .  It i s  c l e a r  t h a t  by f i l l i n g  t h e  c e l l  n e a r l y  t o  t h e  
bot tom of t h e  t a p e r  and  i n s e r t i n g  t h e  s t o p p e r  i t  can  t h u s  b e  
made more t h a n  1000 t i m e s  a s  s e n s i t i v e  i n  t h i s  r e s p e c t .  

Employment o f  t h e  modi f i ed  c e l l  s a c r i f i c e s  two i m p o r t a n t  
a d v a n t a g e s  of t h e  o r i g i n a l  v e r s i o n .  F i r s t ,  t h e  c e l l  can  no 
l o n g e r  be used a s  a  n u l l  i n s t r u m e n t ,  s o  t h a t  a c c u r a t e  c a l i -  
b r a t i o n  of  t h e  volume of  c a p h l l a r y  p e r  u n i t  l e n g t h  and 
a c c u r a t e  measurement o f  t h e  d i s t a n c e  moved by t h e  bubb le  
become n e c e s s a r y ,  Second, and more i m p o r t a n t ,  t h e  r e s t r i c -  
t i o n  o f  one compartment t o  a  c o n s t a n t  volume means t h a t  
c h a n g e s  i n  d e n s i t y  due t o  t h e r m a l  f l u c t u a t i o n s  no l o n g e r  
a f f e c t  b o t h  compartments  e q u a l l y ,  For  example, a s l i g h t  
r i s e  i n  t h e  t e m p e r a t u r e  o f  t h e  f u r n a c e ,  which would have 
c a u s e d  b o t h  s i d e s  t o  expand upward a b o u t  e q u a l l y  i n  t h e  
f i r s t  c e l l ,  now c a u s e s  t h e  bubb le  t o  move i n  t h e  d i r e c t i o n  
o f  t h e  uns toppered  s i d e .  Unless  t h e  t e m p e r a t u r e  can  be 
r i g o r o u s l y  c o n t r o l l e d ,  t h e  bubb le  t h u s  a c q u i r e s  a  t h e r m a l  
background mot ion  which,  o f  c o u r s e ,  i s  i n d i s t i n g u i s h a b l e  
from i t s  mot ion  due t o  t h e  p a s s a g e  o f  c u r r e n t .  I n  t h e  c a s e  
o f  AgNO s t i l l  a n o t h e r  background mot ion  i s  super imposed,  ,. 
due t o  2 h e  s low t h e r m a l  decompos i t ion  of  t h e  s a l t  r e l e a s i n g '  
b u b b l e s  of g a s  i n  t h e  s e a l e d  compartment,  The l a t t e r  mot ion  
is ,  o f  c o u r s e ,  u n i d i r e c t i o n a l ,  and i s  u s u a l l y  s u f f i c i e n t l y  
s m a l l * a n d  un i fo rm t h a t  i t  can  be c o r r e c t e d  f o r  i n  t h e  c a l -  
c u l a t i o n s ,  

The a c t u a l  e x p e r i m e n t s  were c a r r i e d  o u t  a s  f o l l o w s .  
After s t o p p e r i n g  t h e  c e l l  c o n t a i n i n g  t h e  bubb le ,  t h e  sys tem 
was a l l o w e d  t o  come t o  t h e r m a l  e q u i l i b r i u m  i n  t h e  f u r n a c e  
w i t h  o n l y  t h e  s y m m e t r i c a l  AC c u r r e n t  f l o w i n g ,  The p u l s a t i n g  
DC c u r r e n t  was t h e n  added,  s o  t h a t  on ly  a  s m a l l  h e a t i n g  e 
e f f e c t  was t h e r e b y  produced.  The p o s i t i o n  o f  t h e  bubb le  
a t  v a r i o u s  i n t e r v a l s  was n o t e d  t o  t h e  n e a r e s t  0 .01  cm. 
w i t h  a  measur ing  c a t h e t o m e t e r .  It was obse rved  t h a t  t h e  - 
b u b b l e  a lways  moved away from t h e  s t o p p e r e d  s i d e  when t h e  
c u r r e n t  was f i rs t  s t a r t e d ,  r e g a r d l e s s  o f  t h e  d i r e c t i o n  o f  
t h e  D C o  T h i s  was a p p a r e n t l y  due  t o  t h e  a d d i t i o n a l  h e a t i n g  
amount ing  t o  a b o u t  0,2 w a t t s  a t  t h e  membrane, It t o o k  a b o u t  
1000 s e c o n d s  f o r  a new e q u i l i b r i u m  p o s i t i o n  t o  b e  r e a c h e d ,  
a f t e r  which any mot ion  of  t h e  bubb le  t h a t  o c c u r r e d  c o u l d  
n o t  b e  d i s t i n g u i s h e d  from t h e  normal  background d e s c r i b e d  
above ,  T h i s  b e h a v i o r  was t h e  same b o t h  a t  225 and a t  275°Cn0, 
r e g a r d l e s s  of  t h e  d i r e c t i o n  o f  DC c u r r e n t  f l o w ,  The t r a n s -  
p o r t  numbers o f  t h e  i o n s  i n  p u r e  AgN03 t h u s  a p p e a r  t o  have 
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v a l u e s  s u c h  t h a t  t h e  volume of  s a l t  t r a n s f e r r e d  from c a t h o -  
l y t e  t o  a n o l y t e  on e l e c t r o l y s i s  i s  e q u a l  t o  t h e  volume of 
s i l v e r  m e t a l  t r a n s f e r r e d  from anode t o  c a t h o d e ,  On t h e  
b a s i s  of d e n s i t y  f i g u r e s  i n  t h e  l i t e r a t u r e  f o r  t h e  s a l t  ( 3 6 )  
and . t h e  m e t a l  (27,  Vol .  I, p. 1 0 3 ) ,  t h e  t r a n s p o r t  number o f .  
t h e  n i t r a t e  i o n  t h a t  would c a u s e  such a  r e s u l t  i s  0.24.  I n  
v iew of  t h e  e r r o r s  d i s c u s s e d ,  however, t h e  a c c u r a c y  o f  t h i s  
f i g u r e  i s  p r o b a b l y  n o t  b e t t e r  t h a n  20.02. 

\ 

E. Equimolar  Mix tu re  o f  S i l v e r   itr rate and Sodium N i t r a t e  

1. M a t e r i a l s  % -.- , , .A- 

"Baker Analyzed" sodium n i t r a t e  was d r i e d  f o r  s e v e r a l  
d a y s  a t  1 1 0 ° ~ ,  Other  r e a g e n t s  were, t h e  same a s  t h o s e  used 
f o r  t h e  s t u d y  o f  A g N O  , s i l v e r  e l e c t r o d e s  b e i n g  p l a t e d  i n t o  
t h e  s m a l l e r  c e l l  show2 i n  F i g u r e  4 (p. 60) i n  t h e  same 
manner.  ,.\.,, :. 

A s t a n d a r d  s o l u t i o n  o f  0 , 3  N AgNO was made by we igh ing  . 
a  sample o f  t h e  s a l t ,  p u r i f i e d  a s  d e s c 3 i b e d  i n  t h e  p r e v i o u s  

, s e c t i o n ,  i n t o  a  1000 m l .  v o l u m e t r i c  f l a s k  and d i l u t i n g  t o  
t h e  mark. 

C 

"Baker Analyzed" po tass ium t h i o c y a n a t e  was used t o  
make up a  s o l u t i o n  a b o u t  0 .4  N. T h i s  s o l u t i o n  was s t a n d a r d -  
i z e d  a g a i n s t  t h e  AgN03 s o l u t i o n  u s i n g  f e r r i c  ammonium s u l f a t e  
a s  i n d i c a t o r .  

A 1.1 N s o l u t i o n  of NaOH was s t a n d a r d i z e d  a g a i n s t  l p r i -  
mary s t a n d a r d  po tass ium a c i d  p h t h a l a t e .  

" N a l o i t e "  q a t i o n  exchange r e a i n  was charged  w i t h  3 N 
HNO3 made by d i l u t i n g  Baker and Adamson C.P. n i t r i c  ' a c i d ,  

I 

2.  Procedure  and r e s u l t s  

The modi f i ed  c e l l  deve loped  f o r  use  w i t h  AgNO was f irst  
t e s t e d  t o  determine i t s  p r a c t i c a b i l i t y  f o r  uae on i g ~ ~ g - I k N ~ g  
m i x t u r e s .  E l e c t r o l y s i s  o f  such  m i x t u r e s  i n  t h i s  c e l l  s h o u l d  

- 
c a u s e  a  t r a n s f e r  o f  fl1 - tAg)VAgNO3 - tNaTNaNo3 J C C .  o f  

s a l t  from c a t h o l y t e  t o  a n o l y t e  accompanied by a  t r a n s f e r  o f  
c c ,  of s i l v e r  from anode t o  c a t h d d e  f o r  e a c h  f a r a d a y  

pbgsed,  where t h e  Ti r e f e r  t o  t h e  p a r t i a l  e q u i v a l e n t  volumes 
o f  t h e s e  s u t s t a n c e s .  From d e n s i t y  d a t a  f o r  t h i s  sys tem (30)  
it i s  known t h a t  t h e  e q u i v a l e n t  volumes a r e  a d d i t i v e  o v e r  t h e  



whole c o n c e n t r a t i o n  range ,  s o  t h a t  t h e s e  q u a n t i t i e s  c o u l d  
be  used i n  c o n j u n c t i o n  w i t h  e x p e r i m e n t a l  d a t a  o b t a i n e d  from 
t h e  c e l l  t o  g i v e  a n  e q u a t i o n  i n  two unknows. T h f s  e q u a t i o n  
c o u l d  t h e n  b e  s o l v e d  s i m u l t a n e o u s l y  w i t h  t h e  one o b t a i n e d  
by Wetmore (7)  t o  g i v e  t h e  e x a c t  v a l u e s  of  a l l  t h r e e  t r a n s -  
p o s t  numbers,  It was found e x p e ~ i m e n t a l l y ,  however, t h a t  
t h e r m a l  f l u c t u a t i o n s  o f  t h e  bubb le  i n  t h e s e  d i l u t e  s o l u -  
t i o n s  of  A g N 0 3  were much g r e a t e r  t h a n  f o r  t h e  p u r e  s a l t ,  
t h e  r e s u l t i n g  background b e i n g  t o o  l a r g e  t o  a l l o w  c o l l e c t i n g  
of  any s i g n i f i c a n t  d a t a ,  The method was t h u s  i n a p p l i c a b l e  
t o  t h e  p r e s e n t  c a s e , - b u t  may y e t  be found u s e f u l  f o r  a  
s i m i l a r  ohe, e , g . ,  PbC12 and K C 1 ,  It shou ld  be  emphasized 
t h a t  i t  i s  n e c e s s a r y  t o  u s e  t h e  s t o p p e r e d  c e l l  f o r  such  
m i x t u ~ e s ,  s i n c e  t h e  d e n s i t y  changes  i n  t h e  compartments  
d u r i n g  e l e c t r o l y s i s  ~ o u l d  o t h e r w i s e  g i v e  r ise  t o  a  d i f f e r e n c e  
i n  t h e  l e v e l s  o f  t h e  two s i d e s ,  

Only one at t ,empt was made t o  a p p l y  t h e  method f o r  
d e t e r m i n i n g  t r a n s p o r t  numbers $13 m i x t u r e s  d e s c r i b e d  i n  P a r t  V .  
Whi le  t h i s  exper iment  was 8 p a r t i a l  f a i l u r e  due t o  i n a d e q u a t e  
c o n t r o l  o f  t r e e  growth,  t h e  r e s u l t s  o b t a i n e d  n e v e r t h e l e s s  
seem t o  d e m o n s t r a t e  t h e  u s e f u l n e s s  o f  t h e  method, The 
f o l l o w i n g  d e t a i l s  of  t h e  exper iment  a r e  notewor thy ., 

The m i x t u r e  was made up by m e l t i n g  t o g e t h e r  t h e  two 
gaits i n  a  b e a k e r  i n  t h e  f u r n a c e ,  s t i r r i n g  t h e  l i q u i d  
t h o r o u g h l y ,  and c o o l i n g  r a p i d l y ,  The s a l t  was t h e n  ground 
up and t h r e e  samples  t a k e n  f o r  a n a l y s i s ,  Each sample was 
d i s s o l v e d  i n  w a t e r  which was t h e n  p a s s e d  t h r o u g h  t h e  i o n  
exchange columq, T i t r a t i o n  of  t h e  a c i d  l i b e r a t e d  w i t h  
s t a n d a r d  b a s e  t h u e  gave  t h e  t o t a l  e q u i v a l e n t s  o f  c a t i o n s ,  
The column was t h e n  r e g e n e r a t e d  w i t h  a c i d ,  and t h e  l i b e r a t e d  
s a l t  s o l u t i o n  t i t r a t e d  w i t h  t h i o c y a n a t e ,  The number of 
e q u i v a l e n t s  o f  A g N 0 3  t h h s  fbrmed p e r m i t t e d  e x a c t  c a l c u l a t i o n  
o f  i t s  e q u i v a l e n t  f r a c t i o n  i n  t h e  m e l t .  The t h r e e  samples  
t e s t e d  showed t h e  m i x t u r e  t o  be homogeneous, t h e  e q u i v a l e n t  
f r a c t i o n  o f  A g N 0 3  b e i n g  0.45. 

After f i l l i n g  t h e  c e l l  w i t h  t h e  m i x t u r e  and  warming 
i n  t h e  f u r n a c e ,  t h e  t e m p e r a t u r e  dependence o f  t h e  conduc- 
t i v i t y  was measured,  The d a t a  a r e  p l o t t e d  i n  F i g u r e  9, - 
where t h e y  may be  compared w i t h  t h o s e  o f  Byrne, Fleming 

Y 
and Wetmore (30)  f o r  a  m i x t u r e  o f  a l m o s t  t h e  same c o m p o s i t i o n ,  
The expex?fmental a c t i v a t i o n  e n e r g i e s  s o  o b t a i n e d  a r e  s e e n  
t o  show good agreement ,  

1 * 
E x p e r i m e n t a l  a c t i v a t i o n  e n e r g i e s  show l i t t l e  dependence 
on c o n c e n t r a t i o t i  i n  t h i s  r e g i o n .  



. . F i g .  9 - Dependence o f  e x b e p i m e n t a l  a c t i v a t i o n  energy 
of  c o n d u c t i v i t y  o f  equ imola r  AgN03-NaN03 
mixzure on n a t u r e  of  c e l l .  



I n  c a r r y i n g  o u t  t h e  e l e c t r o l y s i s  t h e  DC c u r r e n t  used 
'was, u n f o r t u n a t e l y ,  ' t o o  high,-  s o  t h a t  t r e e s  were found t o  
have grown th rough  t h e  membrane. The DC used i n  t h i s  c a s e  
was a b o u t  50  ma. L a t e r  t e s t s  showed t h a t  25 ma would have 
been s a t i s f a c t o r y ,  

The growth of t r e e s  t h r o u g h  t h e  membrane b r i n g s  t h e  
two e l e c t r o d e s  t o g e t h e r  i n t o  t h e  same compartment.  It i s  
c l e a r  t h a t  no f u r t h e r  c o n c e n t r a t i o n  changes  t a k e  p l a c e  a f t e r  
t h i s  happens,  s i n c e  t h e  n e t  r e s u l t  of e l e c t r o l y s i s ,  u n t i l  
t h e  e l e c t r o d e s  become s h o r t - c i r c u i t e d  t o g e t h e r ,  i s  merely 
t h e  t r a n s f e r  o f  s i l v e r  from one p o i n t  t o  a n o t h e r  w i t h i n  t h e  
same compartment.  It can t h e r e f o r e  be s t a t e d  t h e  a c t u a l  
number of  coulombs which caused t h e  measured changes  t o  
o c c u r  was some f r a c t i p n  o f  t h e  measured number. The 
q u a n t i t y  of  t r e e s  r emain ing  i n  t h e  c a t h o d e  compartment 
a f t e r  b r e a k i n g  t h e  c e l l ,  i n d i c a t e d  t h a t  t h i s  f r a c t i o n  was 
p r o b a b l y  a t  l e a s t  1/2. Some - l i m i t s  on z ,  t h e  number o f  
f r a d a y s  passed ,  have t h u s  been e s t a b l i s i i e d .  

A n a l y s i s  of  t h e  d a t a  o b t a i n e d  shows some i n t e r e s t i n g  
r e s u l t s .  The upper  l i m i t  on z  e s t a b l i s h e s  a n  upper  l i m i t  
on t h e  t r a n s p o r t  number of  t h e  s i l v e r  i o n  o f  0.67, w h i l e  
a  lower l i m i t  f o r  t i s  s i m i l a r l y  e s t a b l i s h e d  t o  be 0 .34 .  
The v a l u e s  of  tNa c8krespond ing  t o  t h e  same limits on z a r e  - 
0 .37  and 0.75,  r e s p e c t i v e l y .  I n  each  o f  t h e s e  c a s e s , $  
a s  f o r  a l l  i n t e r m e d i a t e  v a l u e s  o f  z  s e l e c t e d ,  t h e  sume of  
t h e  c a t i o n  t r a n s p o r t  numbers i s  a  T i t t l e  g r e a t e r  t h a n  u n i t y .  
Tak ing  t h e  p o s s i b l e  e x p e r i m e n t a l  e r r o r  i n t o  c o n s i d e r a t i o n ,  
t h e  f o l l o w i n g  c o n c l u s i o n s  a b o u t  t h i s  sys tem t h u s  a p p e a r  t o  
be j u s t i f i e d :  ( a )  t h e  t r a n s p o r t  number o f  t h e  n i t r a t e  i o n  
i s  z e r o ,  o r  s l i g h t l y  n e g a t i v e ;  ( b )  t h e  t r a n s p o r t  number o f  
t h e  s i l v e r  i o n  i s  less t h a n  t h e  v a l u e  o f  a t  l e a s t  0.82 
found by Wetmore ( 7 )  f o r  a  m i x t u r e  i n  which t h e  e q u i v a l e n t  
f r a c t i o n  of A g N 0 3  i s  0.24, i . e , ,  t deoreases  w i t h  
i n c r e a s i n g  c o n c e n t r a t i o n  of  s i l v e r A f o n  i h  t h i s  r e g i o n .  The 
r u n  shou ld ,  o f  c o u r s e ,  be  r e p e a t e d ,  n o t  o n l y  i n  o r d e r  t o  
d e t e r m i n e  t h e  e x a c t  v a l u e s  o f  t h e  t r a n s p o r t  numbers, b u t  

w a l s o  t o  a s c e r t a i n  t h e  d e g r e e  o f  p r e c i s i o n  t h a t  can  be  
e x p e c t e d  , 

1 

t 

V I I .  DISCUSSION 

The a t t e m p t s  of  some p r e v i o u s  workers  t o  measure 
t r a n s p o r t  numbers t h a t  were rev iewed  e a r l i e r  can be e v a l u a t e d  
more f u l l y  i n  t h e  l i g h t  o f  d a t a  g i v e n  i n  t h e  p r e s e n t  work. 
Thus, i t  h a s  a l r e a d y  been shown t h a t  t h e  work of Lorgnz (3) 



a n d  o f '  Karpachev and  P a l  lguev ( 6 )  can p robab ly  'be c o n s i d e r e d  
v a l i d  w i t h i n  t h e  a c c u r a c y  o f  t h e  measurements.  I n  b o t h  
t h e s e  c a s e s  t h e  compartments  were s e p a r a t e d  by membranes o f  
r e l a t i v e l y  low p o r o s i t y ,  such  a s  t h o s e  t h a t  have been shown 
h e r e  t o  g i v e  t h e  most c o n s i s t e n t  r e s u l t s .  It was a l s o  
shown h e r e ,  however, t h a t  membranes of  s l i g h t l y  g r e a t e r  
p o r o s i t y  mag p e r m i t  a p p r e c i a b l e  backf low.  T h i s  obse rva -  
t i o n  makes t h e  methods o f  T v e r d o v s k i i  ( 4 )  and Shcherbakov 
( 5 )  a p p e a r  r a t h e r  q u e s t i o n a b l e .  The c o n s t r i c t i o n s  by which 
t h e i r  compartments  were s e p a r a t e d  must have been l a r g e  
compared w i t h  a  f i n e  p o r o s i t y  f r i t t e d  g l a s s  d i s k ,  s o  t h a t  
backf low would be  a c o n s i d e r a b l e  f a c t o r  f o r  l i q u i d s  w i t h  
v i s c o s i t i e s  comparable  t o  t h a t  o f  PbCla s u c h - a s  t h e y  s t u d i e d .  
The p P O b 8 b l l i t y  of  such  e r r o r  a p p e a r s  e s p e c i a l l y  l i k e l y  
when i t  i s  r e c a l l e d '  t h a t  t h e s e  workers  o f f e r e d  t h e  accumula t -  
i n g  l i q u i d  no a l t e r n a t i v e  p a t h  by which t o  e q u a l i z e  hydro-  ' 

s t a t i c  p r e s s u r e  d i f f e r e n c e s ,  a s  was done i n  t h e  p r e s e n t  
work. 

It h a s  a l r e a d y  been shown t h a t  a  knowledge o f  t h e  e x a c t  
c h e m i c a l  f o r m u l a s  o f  t h e  i o n i c  s p e c i e s  t h a t  c a r r y  t h e  c u r r e n t  
i n  t h e  m e l t  i s  r e q u i r e d  b e f o r e  t h e  t r a n s p o r t  d a t a  can  be 
s u b j e c t e d  t o  m i c r o s c o p i c  i n t e r p r e t a t i o n .  No s u i t a b l e  methods 
have  y e t  been e s t a b l i s h e d  f o r  d e t e r m i n i n g  t h e  d e g r e e  o f  
complexing of  t h e  i o n s  i n  a  mol ten  s a l t .  For  a  medium i n  
which  a l l  the i o n s  a r e  s o  c l o s e  t o g e t h e r  i t  i s  even d f f f i -  
' c u l t  t o  s a y  j u s t  what i s  meant by t h e  te rm "complex i o n . "  
The c o n c e p t  a s  used h e r e ,  o f  c o u r s e ,  r e f e r s '  t o  t h o s e  a g g r e -  
g a t e s  of i o n s  t h a t  move a s  a  u n i t  i n  t r a n s p o r t i n g  c u r r e n t  
t h r o u g h  t h e  s a l t .  

An exper iment  which might  be used  t o  t e s t  f o r  t h e  
p r e s e n c e  o f  such  complexes i s  t h e  f o l l o w i n g ,  A c e l l  o f  t h e  
t y p e '  shown i n  F i g u r e  4  (p. 60) i s  f i l l e d  w i t h  a  p u r e  s a l t ,  
some l a b e l e d  c a t i o n  b e i n g  p u t  i n t o  t h e  c a t h o d e  compartment 
o n l y .  After  e l e c t r o l y s i s  t h e  anode compartment i s  a n a l y z e d  
f o r  t h e  l a b e l e d  i o n .  C o r r e c t i o n  f o r  p o s s i b l e  d i f f u s i o n  and 
c o n v e c t i o n  i s  found by comparing t h e  r e s u l t  w i t h  t h a t  f o r  a  
s i m i l a r  r u n  i n  which on ly  AC c u r r e n t  was p a s s e d .  The ex-  
p e r i m e n t  would t h u s  show t h e  e x t e n t  t o  which complex a n i o n s  
may be i n v o l v e d  i n  t h e  m i g r a t i o n  p r o c e s s .  A s i m i l a r  e x p e r i -  
ment s t a r t i n g  w i t h  l a b e l e d  a n i o n s  i n  t h e  anode compartment 
c o u l d  i n d i c a t e  t h e  p r e s e n c e  o f  complex c a t i o n s .  

Very c r u d e  e x p e r i m e n t s  p u r p o r t i n  t o  be, o f  . t h e  t y p e  j u s t  
d e s c r i b e d  were  r e p o r t e d . .  by W i r t h s  (32.  7 i n '  1 9 3 7 , .  . Using a  
three-chambered c e l l  i n  which t h e  compartments  were separa te ,d  
by f r i t t e d  g l a s s  p a r t i t i o n s ,  he. a t t e m p t e d  t o ,  measur.e t h e  
r e l a t i v e  r a t e s  a t  which r a d i o a c t i v e  l e a d  i o n s  from t h e  c e n t e r  



compartment appeared  i n  t h e  c a t h o d e  and anode compartments 
d u r i n g  e l e c t r o l y s i s  of  PbC12 and of  PbC12-KC1 m i x t u r e s .  The 
r e s u l t s  on t h e  p u r e  s a l t  showed i n e x c u s a b l y  l a r g e  d e v i a t i o n s  
i n  t h e  q u a n t i t y  o f  a c t i v i t y  found i n  t h e  c a t h o l y t e ,  b u t  
demons t ra ted .  t h a t  t h e  a c t i v i t y  t h u s  t r a n S p o r t e d  t o  t h e  
a n o l y t e  was. i n  Bvery Gase s m a l l e r  t h a n  t h a t  found f o r  t h e  
a v e r a g e  b.lank r u n ,  a  number o f  which,  wer'e c a r r i e d  o u t  t o  
d e t e r . m i n e . t h e  e x t e n t  o f  d i f f u s i a n  and c o n v e c t i o n .  The 
magnitude of t h e  fo rmer  dev i ' a t ions  i s  t o o  g r e a t  t o  be ex-  
p la , ined  by . d i f f u s . i o n  .and c o n v e c t i o n  e r r o r s .  Apparen t ly  i t  
must be  a t t r i b u t e d  t o  t h e  a u t h o r ' s  method o f  a n a l y s i s  f o r  
r a d i o a c t i v i t y , .  which i s  n o t  s u f f i c i e n t l y  d e s c r i b e d  t o  p e r m i t  
e v a l u a t t o n ,  The a b s e n c e  o f  any complex lead-containing 
a n i o n s  i n  p u r e  ~ 6 ~ 1 ~ '  n e v e r t h e l e s s  a p p e a r s  t o  be  e s t a b l i s h e d  , 
by Wi$ths'  r e s u l t s ,  . ' 

The d a t a  p r e s e n t e d  by t h i s  worker  f o r  PbC12-KC1 m i x t u r e s  
show s t i l l  p o o r e r  r e p r o d u c i b i i i t y ,  Other  t h a n  t h e  obse rva -  
t i o n  t h a t  t h e  r e s u l t s  a r e  n o t  i n c o n s i s t e n t  w i t h  t h e  assump- 
t i o n  , t h a t  l e a d - c o n k a i n i n g  a n i o n s  c a r r y  some o f  t h e  c u r r e n t ,  
no f u r t h ' e r  c o n e ~ u s i o n s  can  be  drawn from t h i s  work. It was 
p o i n t e d  o u t  e a r l i e r  t h a t  L o r e n z q  e x p e r i m e n t s  on t h e  same 
sys tem ( 3 )  g i v e  e v i d e n c e  t h a t  some o f  t h e  l e a d  i o n s  a r e  s o  
complexed. T h i s  i s  6 e s t  shown by t h e  p l o t  o f  t v s ,  con- 
c e n t r a t i o n  based on h i s  d a t a  shown i n  F i g u r e  2  7;.  5 0 ) .  
It w i l l  be  noted  t h a t  f o r  e q u i v a l e n t  f r a c t i o n s  of PbC12 
l e s s  t h a n  0.67 t h e  c a l c u l a t e d  t r a n s p o r t  numbers f o r  t h e  l e a d  
i o n  a r e  n e g a t i v e ,  t h e  compos i t ion  o f  the lmel t  a t  t h a t  p o i n t  
c o r r e s p o n d i n g  t o  t h e  compound KCl.PbC12. F u r t h e r  e v i d e n c e  
o f  complex i o n  f o r m a t i o n  i n  t h i s  sys tem i s  shown by t h e  work 
o f  Bloom and Heymann (16, p. 410) who n o t e d  t h a t  t h e  e q u i v a -  
l e n t  c o n d u c t i v i t y  o f  p u r e  PbC12 i s  reduced  by t h e  a d d i t i o n  
o f  K C 1 ,  t h e  e q u i v a l e n t  conduc tance  v s .  compos i t ion  c u r v e  
p a s s i n g  th rough  a  minimum a t  e q u i v a l e n t  f r a c t i o n  PbC12 = 0 . 6 .  
It i s  c l e a r  t h a t  s t u d i e s  such  a s  t h o s e  j u s t  d e s c r i b e d  h e l p  
g i v e  a n  i n s i g h t  i n t o  t h e  n a t u r e  o f  i o n i c  a g g r e g a t i o n  i n  
m i x t u r e s  o f  f u s e d  s a l t s .  

Assuming t h e  l a c k  of  complex i o n s  i n  p u r e  PbC12 i n d i c a t e d  
by t h e  e x p e r i m e n t s  o f  W i r t h s  (32)  t o  be  a  f a c t ,  t h e  l i k e l y -  
hood t h a t  such  i o n s  p l a y  a n  i m p o r t a n t  p a r t  i n  c a r r y i n g  t h e  
c u r r e n t  i n  p u r e  PbBr and i n  T l C l  a p p e a r s  s m a l l  i n  view of 
t h e  chemica l  s i m i l a r  f t i e s ,  p a r t i c u l a r l y  t h e  c o n d u c t i v i t i e s ,  
o f  t h e s e  s a l t s ,  Some i d e a  o f  t h e  f a c t o r s  a f f e c t i n g  i o n i c  
' m o b i l i t y  i n  mol ten  s a l t s  can  t h u s  be  g a i n e d  from a  c o n s i d e r a -  
t i o n  of  t h e  measured t r a n s p o r t  numbers,  

* T h e r t h e o r e t i c a l  s i . g n i f i c a n c e  of t h e  l i n e a r :  r e l a t i o n  shown, 
if any,  i s  n o t  r e a d i l y  a p p a r e n t .  



It i s  immedia te ly  n o t e d  i n  comparing t h e  f i g u r e s  
 a able 3, p. 6 4 )  f o r  PbC12 and PbBr2, s a l t s  which d i f f e r  
p r i n c i p a l l y  i n  t h e  s i z e  and mass o f  t h e  a n i o n ,  t h a t  a n  
i n c r e a s e  i n  s i z e  and  mass o f  a n  i o n  a p p a r e n t l y  r e d u c e s  i t s  
a b i l i t y  t o  c a r r y  c u r r e n t .  Tha t  t h e  mass o f  a n  i o n  i s  a n  
i m p o r t a n t  f a c t o r  i n  i t s  a b i l i t y  t o  m i g r a t e  h a s  a l r e a d y  
been shown by Klemm ( 3 3 ) ,  who h a s  used e l e c t r o l y s i s  o f  

' m o l t e n  s a l t s  a s  a  method f o r  s e p a r a t i n g  i s o t o p e s . *  Con- 
s i n d e r i n g  t h e  t r a n s p o r t  numbers found f o r  TlC1, i n  which 
b o t h  i o n s  a r e  s i n g l y  charged ,  i t  t h u s  a p p e a r s  t h a t  t h e  
l a r g e r  mass o r  t h e  t h a l l i u m  i o n  i s  compensated by i t s  
s m a l l e r  s i z e ,  s o  t h a t  b o t h  t h e m  f a c t o r s  a r e  i m p o r t a n t .  
T h i s  view i s  c o n s i s t e n t  w i t h  t h a t  p r e s e n t e d  e a r l i e r  o f  

' Bloom and Heymarin, ( l 6 ) ,  who s u g g e s t e d  t h a t  t h e  s m a l l e r  
c a t i o n s  i n  t h e  a s k a l l  h a l i d e s  c a r r y  n e a r l y  a l l  t h e  c u r r e n t ,  
It s h o u l d  be  n o t e d  t h a t  t h e  s a l t s  t h e y  chose  f o r  comparison 
a l l  had c a t i o n s  much l i g h t e r  t h a n  TI+.  

The p r i n c i p a l  d i f f e r e n c e  between PbC12 and T l C l  i s  i n  
.the s i z e  and  c h a r g e  o f  t h e  c a t i o n ,  t h e  mass o f  e a c h  b e i n g  
a b o u t  t h e  same, Here t h e  f i g u r e s  i n d i c a t e  t h a t  t h e  s m a l l e r  
s i z e  o f  theSAead i o n  a p p a r e n t l y  f a l l s  t o  compensate f o r  a  
r e t a r d i n g  e f f e c t  due  t o  i t s  d o u b l e  c h a r g e ,  Thus, what might  
have  been t h o u g h t  t o  be a n  a d v a n t a g e  f o r  t h e  l e a d  i o n  i s  
r e a l l y  a  hand icap ,  t h e  s t r o n g e r  f o r c e s  of  e l e c t r o s t a t i c  
a t t r a c t i o n  a p p a r e n t l y  making i t  more d i f f i c u l t  f o r  t h e  
i o n  t o  l e a v e  i t s  immediate env i ronment ,  A s i m i l a r  b e h a v i o r  
h a s  l o n g  been known t o  e x i s t  f o r  i o n i c  m i g r a t i o n  i n  s o l i d  
e l e c t r o l y t e s .  T r a n s p o r t  numbers around u n i t y  a r e  u s u a l l y  
found f o r  t h e  c a t i o n s  of  u n i - u n i v a l e n t  s a l t s ,  w h i l e  t h e  
a n i o n  e n e r a l l y  c a r r i e s  most of t h e  c u r r e n t  i n  d i - u n i v a l e n t  
s a l t s  7 3 4 ) .  

The o b s e r v a t i o n s  j u s t  c o n s i d e r e d  f o r  t h e  t h r e e  mol ten  
h a l i d e s  a l s o  a p p e a r  c o n s i s t e n t  w i t h  t h e  r e s u l t s  found f o r  
p u r e  A g N O  . I n  t h i s  s a l t  t h e  c a t i o n  i s  h e a v i e r  t h a n  t h e  
a n i o n ,  bu 2 much s m a l l e r ,  t h e  c h a r g e a  b e i n g  t h e  same. It 
i s  t h e r e f o r e  n o t  s u r p r i s i n g  t o  f i n d  t h e  s i l v e r  i o n  c a r r y i n g  
t h r e e - f o u g t h s  o f  t h e  c u r r e n t .  I n  t h e  c a s e  o f  t h e  AgN03-NaN03 
m i x t u r e s ,  however,  i t  i s  a p p a r e n t  t h a t  o t h e r  f a c t o r s  must 
b e  t a k e n  i n t o  c o n s i d e r a t i o n .  Here t h e  r e s u l t s  show t h e  
s i l v e r  i o n  c a r r y i n g  most o f  t h e  c u r r e n t  when p r e s e n t  t o  a  
s m a l l e r  e x t e n t ,  b u t  a p p a r e n t l y  g i v i n g  way t o  sodium i o n  
conduc tance  a s  t h e  c o n c e n t r a t i o n  o f  s i l v e r  i o n  i s  i n c r e a s e d .  
It s h o u l d  be p o i n t e d  o u t  t h a t  t h i s  c o n c l u s i o n  i s  n o t  based 

*The e x p e r i m e n t s  a r e  s e t  up i n  s u c h  a  way t h a t  t h e  s e p a r a -  
t i o n  depends  on t h e  r a t e  o f  i o n i c  m i g r a t i o n ,  n o t  on t h e  
r a t e  of t h e  e l e c t r o d e  process . ,  



s o l e l y  on t h e  r e s u l t  of  t h e  s i n g l e  exper iment  d e s c r i b e d ,  
b u t  on a d d i t i o n a l  d a t a  o f  Duke and I d a  (35 u s i n g  e x p e r i m e n t s  
s i m i l a r  t o  t h e  t y p e  employed by Wetmore (7  1 , The work 
i n d i c a t e d  t h a t  a t  s t i l l  h i g h e r  c o n c e n t r a t i o n s  o f  s i l v e r  
i o n ' t h e  sodium c a r r i e s  a n  even l a r g e r  f r a c t i o n  o f  t h e  
c u r r e n t ,  s o  t h a t  i t  l a  a p p a r e n t l y  t h e  c a t i o n  p r e s e n t  t o  t h e  
s m a l l e r  e x t e n t  t h a t  i s  t h e  more mobi le  i n  such  m i x t u r e s ,  

Much more d a t a  must be  g a t h e r e d  b e f o r e  i t  w i 1 1  be  , 

p o s s i b l e  t o  form a comprehensive p i c t u r e  o f  t h e  micro-  
s c o p i c  n a t u r e  of  t h e  c o n d u c t i v i t y  p r o c e s s  i n  f u s e d  s a l t s ,  
An i m p o r t a n t  s t e p  i n  t h e  development of  such  a n  u n d e r s t a n d -  
i n g  would be  t o  f i n d  a  r e l a t i o n  between i o n i c  t r a n s p o r t  
by d i f f u s i o n  t h r o u g h  t h e  s a l t  and i o n i c  m i g r a t i o n  under  
a n  a p p l i e d  p o t e n t i a l .  It was shown e a r l i e r  t h a t  t h e  uae  
of  t h e  N e r n s t - E i n s t e i n  e q u a t i o n  i s  p r o b a b l y  n o t  v a l i d  
f o r  mol ten  e l e C t r o l y t e s ,  T h i s  e q u a t i o n  r e l a t e s  t h e  con- 
d u c t i v i t y  o f  a n  i o n  t o  i t a  s e l f - d i f f u s i o n  c o e f f i c i e n t ,  
Dl> by t h e  e x p r e s s i o n .  % 

where F i s  t h e  f a r a d a y  and z t h e  c h a r g e  on t h e  i o n ,  It 
was p o i n t e d  o u t  t h a t  t h e  d e r t v a t i o n  of  t h e  e q u a t i o n  i n -  
v o l v e s  t h e  assumpt ion  t h a t  t h e  two p r o c e s s e s  have t h e  same 
mechanism. R e f l e c t i o n  on t h e  end r e s u l t  of  t h e s e  two p ro -  
c e s s e s  b r i n g s  t o  l i g h t  t h e i r  fundamenta l  d i f f e r e n c e ,  Con- 
s i d e r i n g  t h e  "self - d i f f u s i o n "  o f  l a b e l e d  t h a l l i u m  i o n s  
i n t o  TlC1, f o r  example, i t  i s ' c l e a r  t h a t  t h e  n e t  r e s u l t  
obse rved  i s  t h e  i n t e r c h a n g e  of  c a t i o n s ,  l e e , ,  t h e  l a b e l e d  
t h a l l i u m  i o n s  t a k e  t h e  p l a c e  of normal t h a l l i u m  i o n s  i n  t h e  
l i q u i d  and v i c e  v e r s a ,  I n  e l e c t r i c a l  conductance ,  on t h e  
o t h e r  hand, t h e  exchange o f  p o s f t i o n  i s  between t h a l l i u m  
i o n s  and c h l o r i d e  i o n s ,  It i s  c l e a r  t h a t  i n  o r d e r  f o s  t h e  
mechanisms of t h e  two p r o c e s s e s  t o  be c o n s i d e r e d  t h e  same, 
i t  i s  n e c e s s a r y  t h a t  t h e  exchanges  mentioned h e r e  e a c h  
c o n s i s t  o f  two independen t  s t e p s  t a k i n g  p l a c e  i n  o p p o s i t e  
d i r e c t i o n s ,  The N e r n s t - E i n s t e i n  e q u a t i o n  i s  t h u s  v a l i d  
o n l y  f o r  t h o s e  l i m i t i n g  c a s e s  where t h e  mot ions  o f  i o n s  
a r e  few and f a r  between.  I n  t h e  f u s e d  s a l t ,  however, i t  i s  
n o t  u n l i k e l y  t h a t  t h e  d i f f u s i o n  of  some o f  t h e  c h l o r i d e  
i o n s  may be  coup led  w i t h  t h e  d i f f u s i o n  of  some o f  t h e  
t h a l l i u m  i o n s ,  T h i s  would e f f e c t i v e l y  amount t o  a  t r a n s p o r t  
of  T l C l  "molecules ,"  which would show up a s  movement o f  
t h e  t h a l l i u m  i o n  i n  s e l f - d i f f u s i o n  e x p e r i m e n t s ,  b u t  would 
c o n t r i b u t e  n o t h i n g  t o  t h e  d o n d u c t i v i t y  o f  t h e  t h a l l i u m  i o n ,  



Thus it i s  n o t  s u r p r i s i n g  t h a t  t h e  t r a n s p o r t  number o f  0.95 
, c a l c u l a t e d  f o r  t h e  t h a l l i u m  i o n  by Van A r t s d a l e n  (15)  from 

s e l f - d i f f u s i o n  d a t a  of  Klemm (18)  i s  a l m o s t  t w i c e  t h e  
a c t u a l  v a l u e  o f  O e 5 1  found i n  t h e  p r e s e n t  work, 

I n  c o n s i d e r i n g  t h e  r e l a t i o n  between d i f f u s i o n  and 
conduc tance ,  i t  i s  i n s t r u c t i v e  t o  compare t h e  a c t i v a t i o n  
e n e r g i e s  o f  t h e  two p r o c e s s e s .  The e x p e r i m e n t a l  a c t i v a t i o n  
e n e r g i e s  s h o u l d  n o t  be compared, however, s i n c e  t h e o r e t i c a l  
t r e a t m e n t  shows t h a t  t h e  e x p e r i m e n t a l  a c t i v a t i o n  energy  o f  
d i f f u s i o n  d i f f e r s  from t h e  h e a t  o f  a c t i v a t i o n  by t h e  q u a n t i -  
t y  RT (2,  p .  1 9 7 ) ,  w h i l e  t h e  e x p e r i m e n t a l  a c t i v a t i o n  cnargy  
i n  t h e  l a t t e r  c a s e  i s  t h e  same a s  t h e  h e a t  of  a c t i v a t i o n .  
Thus, even i n  t h e  l i m i t i n g  c a s e  t h e  N e r n s t - E i n s t e i n  equa-  
t i o n  shows t h a t  t h e  t e m p e r a t u r e  dependence of  t h e  oonduc- 
t i v i t y  of a n  i o n  s h o u l d  c o r r e s  ond t o  t h e  t e m p e r a t u r e  de-  
pendence o f  t h e  q u a n t i t y  ( D ~ / T  7 . S i n c e  t h e  t r a n s p o r t  num- 
ber o f  t h e  t h a l l i u m  i o n  h a s  been shown i n  t h e  p r e s e n t  work 
t o  be independen t  o f  t e m p e r a t u r e  w i t h i n  t h e  e x p e r i m e n t a l  
e r r o r ,  t h e  c o n d u c t i v i t y  o f  t h e  whole s a l t  s h o u l d  show v e r y  
n e a r l y  t h e  same t e m p e r a t u r e  dependence a s  t h e  c o n d u c t i v i t y  
o f  t h e  c a t i o n ,  i . e . ,  t h e  c h l o r i d e  i o n  must have t h e  same 
a c t i v a t i o n  e n e r g y  o f  conductance  a s  t h e  t h a l l i u m  i o n  i f  t h e  
f r a c t i o n  o f  t h e  c u r r e n t  c a r r i . e d  by e a c h  i s  t o  remain  un- 
changed w i t h  c h a n g i n g  t e m p e r a t u r e .  A comparison of t h e  h e a t  
o f  a c t i v a t i o n  of s e l f - d i f f u s i o n  of  t h e  t h a l l i u m  i o n  i n  T l C l  
w i t h  t h e  h e a t  o f  a c t i v a t i o n  of  c o n d u c t i v i t y  o f  t h e  s a l t  i s  
shown i n  F i g u r e  10 ,  t h e  d a t a  f o r  t h e  fo rmer  curve  b e i n g  
t a k e n  from t h e  work o f  A ,  Klemm (18)  and t h a t  f o r  t h e  
l a t t e r  from c o n d u c t i v i t y  measurements  o f  Tubandt  and Lorenz 
( 3 6 )  combined w i t h  d e n s i t y  d a t a  o f  W. Klemm ( 3 7 ) 0  It 
s h o u l d  be  n o t e d  t h a t  s i n c e  t h e  d e n s i t y  o f  a  s a l t  i s  a 
f u n c t i o n  o f  t e m p e r a t u r e ,  i t  i s  i m p o r t a n t  t o  u s e  e q u i v a l e n t  
r a t h e r  t h a n  s p e c i f i c  conduc tance  i n  such  compar i sons ,  The 
agreement  between t h e  s l o p e s  o f  t h e  two c u r v e s  shown .in 
F i g u r e  1 0  s u g g e s t s  t h a t  there may w e l l  be  some c o r ~ e l a t i o n  
between t h e  two p r o c e s s e s  which would make a  more i n c l u s i v e  
t h e o r e t i c a l  a p p r o a c h  t o  t h e  problem worthy o f  f u r t h e r  i n -  
v e s t i g a t i o n ,  

A s  j u s t  n o t e d  f o r  t h e  c a s e  o f  TlC1, t h e  l a c k  o f  de -  
pendence .on t e m p e r a t u r e  o f  t h e  measured t r a n s p o r t  numbers 
i n d i c a t e s  t h a t  i f  t h e  c o n d u c t i v i t y  o f  a  mol ten  e l e c t r o l y t e  
c a n  be  e x p r e s s e d  a s  a  sum of  e x p o n e n t i a l  t e r m s  ( e q u a t i o n  (6), 
p .  52), t h e  a c t i v a t i o n  e n e r g i e s  of  e a c h  of  t h e  i o n s  must be 
v e r y  n e a r l y  e q u a l .  O f  t h e  s a l t s  l i s t e d  i n  T a b l e  3 ( p ,  64) 
o n l y  i n  PbBr2 do t h e  t r a n s p o r t  numbers show'any s i g n i f i c a n t  
dependence on t e m p e r a t u r e .  Even f o r  t h i s . c a s e  t h e  dependence 
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o f  c o n d u c t i v i t y  o f  TlC1. . . 



i s  s m a l l  enough t h a t  i t  might  p o s s i b l y  be  e x p l a i n e d  by ex- 
p e r i m e n t a l  e r r o r .  If i t  shou ld  be  found f o r  f u s e d  s a l t s  
g e n e r a l l y  t h a t  t h e  t r a n s p o r t  numbers show no dependence on 
t e m p e r a t u r e ,  t h e n  t h e  c o n c l u s i o n  might  be J u s t i f i e d  t h a t  t h e  
r a t e  d e t e r m i n i n g  s t e p  of t h e  m i g r a t i o n  p r o c e s s  i n v o l v e s  t h e  
s i m u l t a n e o u s  mot ion  o f  b o t h  c a t i o n s  and a n i o n s ,  s o  t h a t  t h e  
exchange r e f e r r e d  t o  above c o u l d  n o t  be  f u r t h e r  s u b d i v i d e d  
i n t o  i n d i v i d u a l  jumps. The t r a n s p o r t  number d a t a  p r e s e n t e d  
h e r e ,  however, a r e  n o t  s u f f i c i e n t l y  a c c u r a t e  t o  j u s t i f y  t h e  
c o n c l u s i o n  t h a t  t h e  i n d i v i d u a l  i o n i c  a c t i v a t i o n  e n e r g i e s  
a r e  t h e  same f o r  a  g i v e n  s a l t ,  Over t h e  l i m i t e d  v a r i a t i o n s  
o f  t e m p e r a t u r e  f o r  which t h e y  were measured, a  change i n  
t h e  t r a n s p o r t  numbers which l a y  w i t h i n  t h e  e x p e r i m e n t a l  
e r r o r  of t h e s e  f i g u r e s  c o u l d  cor respond  t o  a dl .4ference i n  
a c t i v a t i o n  e n e r g i e s  f o r  t h e  two i o n s  o f  a s  much a s  0 .5  k c a l .  
I n  t h e  one c a s e  where a  s i g n i f i c a n t  change was a c t u a l l y  
n o t e d ,  t h a t  of PbBr2, t h e  i n d i c a t e d  d i f f e r e n c e  between t h e  
a c t i v a t i o n  e n e r g i e s  c a l c u l a t e d  f o r  t h e  two i o n s  i s  a b o u t  
1 . 2  k c a l ,  t h e  e x p e r i m e n t a l  e r r o r  o f  t h i s  f i g u r e  c l e a r l y  
b e i n g  q u i t e  l a r g e .  

The t y p e  of s i g n i f i c a n c e ' w h i c h  might b e i ' a t t a c h e d  t o  
s u c h  measurements  of  t h e  t empera ' tu re  dependence of  th.e 
t r a n s p o r t  numbers w i l l  now be i l l u ' s t r a t e d  b r i e f l y  .by ,  con- 
s i d e r i n g  t h e  d a t a  i n  t h e  p r e s e n t  work t o  be s u f f i c i e n t l y  
a c c u r a t e  t o  w a r r a n t  s'uch . ' i n t e r p r e t a t i o n .  C o n s i d e r i n g  f i rs t  
t h e  f i g u r e s  f o r  .PbC12,- ;,X't. < w i l l  be no ted  t h a t  no t e m p e r a t u r e .  
dependence  of t h e  t s a n s p o r 6  numbers was o b s e r v e d .  T h i s  
s u g g e s t s  t h a t  t h e  E i  o f  '*e$uation ( 6 )  a r e  t h e  same f o r  b o t h  
i o n s .  Looking a t  t h e  v a l u e s  o f  t h e  t r a n s p o r t  numbers them-,  
s e l v e s ,  however, i t  i s  c l e a r  t h a  t h e  c h l o r i d e  i o n  c a ' r r 1 . e ~  
t h e  l a r g e r  f r a c t i o n  o f  t h e  c u r r e n t ,  Thus i t  must b e  t h a t  
AC1 of e q u a t i o n  (6 )  i s  c o n s i d e r a b l y  l a r g e r  t h a n  Apb. . 

Accord ing  t o  t h e  t h e o r y  of  r e a c t i o n  r a t e s  ( 2 )  t h i s  I n d i c a t e s  
t h a t  t h e  e n t r o p y  o f  a c t i v a t i o n  i s  more f a v o r a b l e  f o r  t h e  
s i n g l y  charged  i o n ,  The r e s u l t s  on PbBr2 would seem t o  be 
c o n s i s t e n t  w i t h  t h i s  i n t e r p r e t a t i o n ,  For  i n . t h i s  c a s e  t h e  
d a t a  i n d i c a t e  t h a t  t h e  bromide i o n  c a r r i e s  t h e  l a r g e r .  
f r a c t i o n  o f  t h e  c u r r e n t  i n  s p i t e  o f  h a v i n g  t h e  l a r g e r  
a c t i v a t i o n  e n e r g y  o f  m i g r a t i o n .  Thus, i t  a g a i n  a p p e a r s  t h a t  
t h e  doubly  c h a r g e d  i o n  undergoes  t h e  l a r g e r  e n t r o p y  d e c r e a s e  
i n  a t t a i n i n g  t h e  a c t i v a t e d  s t a t e ,  I n  TlC1, where b o t h  i o n s  
have  t h e  same c h a r g e ,  t h e  a c t i v a t i o n  e n e r g i e s  a g a i n  a p p e a r  
t o  be  t h e  same f o y  e a c h  i o n .  T h i s  time, however, b o t h  i o n s  
c a r r y  e q u a l  f r a c t i o n s  o f  t h e  c u r r e n t ,  i n d i c a t i n g  once more 
t h a t  i t  i s  t h e  r e l a t i v e  c h a r g e s  of t h e  i o n s  t h a t  most s t r o n g -  
l y  i n f l u e n c e  t h e  r e l a t i v e  v a l u e s  of A i .  The ex ,pe r imenta l  
e r r o r  i n  t h e  AgN03 measurements  was t o o  g r e a t  t o  b r i n g  t h i s  
s a l t  i n t o  t h e  p r e s e n t  d i s c u s s i o n .  On t h e  b a s f s  o f  t h e  p i c t u r e  



p r e s e n t e d  h e r e ,  however, one m i g h t  e x p e c t  t o  f i n d  a  l a r g e r  
a c t i v a t i o n  energy  f o r  n i t r a t e  t h a n  f o r  t h e  s i l v e r  i o n ,  

One vfew o f  t h e  m i c r o s c o p i c  n a t u r e  of t h e  l i q u i d  s t a t e  
s u g g e s t s  t h a t  some r e g i o n s  a r e  t o  be found i n  which t h e r e  
e x i s t s  a  h i g h  d e g r e e  of o r d e r , , , a s  i n  a  s o l i d  c r y s t a l ,  w h i l e  
o t h e r  r e g i o n s  have a  c o n s i d e r a @ l y  more random s t r u c t u r e  ( 3 8 ) .  
If such  a  p i c t u r e  h a s  some d e g r e e  of  v a l i d i t y ,  t h e  q u e s t i o n  
a r i s e s  a s  t o . w h i c h  t y p e  of  r e g i o n s  a r e  more f a v o r a b l e  f o r  
i o n i c  m i g r a t i o n .  The ve ry  low c o n d u c t i v i t y  and h i g h  a c t i v a -  
t i o n  energy  of conductance  observed i n  s o l i d  s a l t s  s u g g e s t  
t h a t  h i g h l y  o r d e r e d  r e g i o n s  a r e  n o t  t o o  conducive  t o  t h e  
movement of  i o n s .  The r e l a t i v e l y  h i g h  conductance  and low 
a c t i v a t i o n  energy  i n  l i q u i d  s a l t s  may t h u s  be due t o  t h e  
r e l a t i v e  e a s e  w i t h  which t h e  i o n s  can  move i n  d i s o r d e r e d  
r e g i o n s  o f  t h e  l i q u i d ,  m i g r a t i o n  i n  t h e  more o r d e r e d  r e g i o n s  
c o n t r i b u t i n g  l i t t l e  t o  t h e  c o n d u c t i v i t y  o f  t h e  m e l t .  

Such a  p i c t u r e  might  be  used t o  h e l p  e x p l a i n  t h e  i n t e r -  
e s t i n g  r e s u l t s  o b t a i n e d  i n  t h e  measurement o f  t r a n s p o r t  num- 
b e r s  i n  t h e  A g N O  -NaN03 m i x t u r e s .  It was p o i n t e d  o u t t h a t  
a s  A g N O  i s  adde  3 t o  NaNO t h e  t r a n s p o r t  number o f  t h e  s i l v e r  
i o n  i n c J e a s e s  r a p i d l y  u n t  ? 1 a t  a d  e q u i v a l e n t  f r a c t i o n  o f  
0,24 t h e  s i l v e r  i o n  i s  c a r r y i n g  more t h a n  80% of  t h e  c u r r e n t .  
A s  more o f  t h e  s i l v e r  s a l t  i s  added,  t t h e n  b e g i n s  t o  d r o p  
o f f ,  t h e  sodium i o n  c a r r y i n g  a  l a r g e r  %d l a r g e r  f r a c t i o n  
o f  t h e  c u r r e n t .  A c o r r e s p o n d i n g  b e h a v i o r  f o r  t h e  o t h e r  
c a t i o n  seems t o  h o l d  when NaN03 i s  added t o  A g N 0 3 ,  t h e  t r a n s -  
p o r t  numbers o f  t h e  two c a t i o n s  p r o b a b l y  b e i n g  n e a r l y  e q u a l  
f o r  a n  equ imola r  m i x t u r e  a s  was i n d i c a t e d  by t h e  exper iment  
c a r r i e d  o u t  i n  t h i s  work. It s h o u l d  b e  p o i n t e d  o u t  t h a t  t h e  
e q u i v a l e n t  c o n d u c t i v i t i e s  o f  t h e  two s a l t s  a r e  n o t  f a r  a p a r t ,  
t h a t  o f  AgNO b e i n g  s l i g h t l y  l a r g e r ,  and t h a t  t h e  v a r i a t i o n  
of e q u i v a l e n ?  conduc tance  w i t h  c o n c e n t r a t i o n  i s  v e r  n e a r l y  
l i n e a r  i n  g o i n g  from one p u r e  s a l t  t o  t h e  o t h e r  (30  3 . The 
e x p e r i m e n t a l  e n e r g i e s  of  a c t i v a t i o n ,  on t h e  o t h e r  hand, 
seem t o  show i r r e g u l a r  v a r i a t i o n s  o v e r  t h e  c o n c e n t r a t i o n  
r a n g e ( 3 0 ) ,  which might  be  e x p e c t e d  i n  view of  t h e  b e h a v i o r  
of t h e  t r a n s p o r t  numbers. The s t r u c t u r e  of  t h e  l i q u i d  
s u g g e s t e d  above might  h e l p  a c c o u n t  f o r  t h e s e  o b s e r v a t i o n s  
f n  t h e  f o l l o w i n g  way. 

I n  a  p u r e  s a l t ,  
NaNo? 

f o r  example, t h e  f r a c t i o n  of  t h e  
l i q u i d  t h a t  might  be cons  de red  d i s o r d e r e d  i s  p r i n c i p a l l y  
a f u n c t i o n  of  t e m p e r a t u r e ,  and c o n t a i n s  t h e  same i o n i c  
s p e c i e s  a s  a r e  p r e s e n t  i n  t h e  o r d e r e d  r e g i o n s .  When a  s m a l l  
amount of  A g N 0 3  i s  added,  t h e  l a t t e r  s a l t  may b e  c o n s i d e r e d  
a s  a n  i m p u r i t y  i n  t h 6  fo rmer .  The s i l v e r  i o n s  a r e  t o o  f a r  
a p a r t  t o  c o l l e c t  i n t o  any 8 o r t  of' o r d e r e d  l a t t i c e  w i t h  



r e s p e c t  t o  each  o t h e r ,  #and do n o t  f i t  n e a t l y  i n t o  NaNO 
l a t t i c e s .  The s i l v e r  i o n s  t h u s  become c e n t e r s  o f  d i s o J d e r  
i n  t h e  m e l t ,  @he n e t  r e s u l t  b e i n g  thh1t  t h e  d i s o r d e r e d  f r a c -  
t i o n  o f  t h e  l i q u i d  i s  c o n c e n t r a t e d  i n  t h e  ne ighborhood ,o f  
t h e  s i l v e r  i o n s ,  S i n c e ,  a s  was i n d i c a t e d  above, t h e s e  a r e  
p r o b a b l y  t h e  r e g i o n s  i n  which e l e c t r i c a l  c o n d u c t i v i t y  t a k e s  
p l a c e ,  t h e  s i l v e r  i o n  h a s  a  much h i g h e r  m o b i l i t y  when 
p r e s e n t  t o  a  minor e x t e n t .  The same argument may be  used,  
of c o u r s e ,  t o  e x p l a i n  t h e  b e h a v i o r  o f  A g N 0 3  c o n t a i n i n g  a  
s m a l l  f r a c t i o n  o f  NaNO?. The i n t e r m e d i a t e  c o n c e n t r a t i o n s  
p r o b a b l y  have  a p p r e c i a b l e  f r a c t i o n s  of each  ca t fu r l  I t 1  d i s -  
o r d c r c d  r c g i o n a ,  

It s h o u l d  b e  emphasized t h a t  t h e  above d i s c u s s i o n  i s  
e n t i r e l y  w i t h i n  t h e  r e a l m  of  s p e c u l a t i o n ,  and i s  n o t  t o  
b e  c o n s i d e r e d  a  comprehensive  e x p l a n a t i o n  of t h e  obse rved  
t r a n s p o r t  numbers. It s e r v e s  t o  i n d i c a t e ,  however, t h e  way 
i n  which  t h e  s t u d y  o f  t r a n s p o r t  numbers i n  f u s e d  s a l t s  may 
c o n t r i b u t e  t o  t h e  development  of  a  g e n e r a l  t h e o r y  on t h e  
n a t u r e  of  t h e  l i q u i d  s t a t e .  A g r e a t  d e a l  o f  i n f o r m a t i o n -  
from many d i f f e r e n t  s o u r c e s  must b e  t a k e n  i n t o  c o n s i d e r a t i o n  
i n  t h e  c o n s t r u c t i n g  o f  such  a  t h e o r y ,  and it i s  hoped t h a t  
t h e  p r e s e n t  work may s t i m u l a t e  f u r t h e r  i n v e s t i g a t i o n  i n  a  
r e l a t i v e l y  unexp lo red  and c h a l l e n g i n g  f i e l d .  

VIII, SUMMARY 

1. The medning o f  t r a n s p o r t  numbem i n  f u s e d  s a l t s  
I 

h a s  beqn d i s c u s s e d  i n  t h e  l i g h t  o f  t h e  i n a p p l i c a b i l i t y  o f  
t h e  u s d a l  d e f i n i t i o n  a p p l i e d  t o  e l e o t r o l y t i c  s o l u t i o n s .  A 
m i c r o s c o p i c  d e f i n i t i o n  h a s  been proposed which p e r m i t 8  
d i v i s i o n  o f  t h e  conduc tance  o f  mol ten  e l e c t r o l y t e s  i n t o  a  
sum o f  mean ingfu l  i o n i c  c o n d u c t a n c e s  which depend on t h e  
a b i l i t y  of  e a c h  i o n  t o  move t h r o u g h  t h e  b u l k  o f  t h e  l i q u i d ,  

2 ,  At tempts  o f  p r e v i o u s  workers  t o  measure t r a n s p o r t  
numbers i n  f u s e d  s a l t s  have  been reviewed w i t h  r e s p e c t  t o  
t h e i r  v a l i d i t y  and s i g n i f i c a n c e ,  It h a s  been shown t h a t ,  
w h i l e  a  few o f  t h e  p a p e r s  p r e s e n t  s i g n i f i c a n t  d a t a ,  t h e  
f a i l u r e  o f  any p r e v i o u s  i n v e s t i g a t o r s  a d e q u a t e l y  t o  con- 
s i d e r  t h e  n a t u r e  of t h e  q u a n t i t i e s  t h e y  were measur ing  h a s  
l e d  i n  o t h e r  c a s e s  t,o t h e  p u b l i c a t i o n  o f  c o m p l e t e l y  u s e l e s s  
o r  u n i n t e r p r e t a b l e  e x p e r i m e n t a l  r e s u l t s ,  

3 .  A c e l l  h a s  been deve loped  f o r  meashr ing  t h e  t r a n s -  
p o r t  numbers o f  t h e  i o n s  i n  p u r e  mol ten  s a l t s ,  It h a s  two 
v e r t i c a l  e l e c t r o d e  compartments  s e p a r a t e d  by a porous  g l a s s  

I 



membrane. The d i s p l a c e m e n t  d u r i n g  e l e c t r o l y s i s  of  a n  a i r  
bubb le  i n  a  c a p i l l a r y  t u b e  connect id,g t h e  two compartments 
y i e l d s  d a t a  which can  be combined w i t h  known d e n s i t y  d a t a  
t o  c a l c u l a t e  t h e  t r a n s p o r t  numbers, assuming t h e  s i m p l e s t  
f o r m u l a s  f o r  t h e  c u r r e n t - c a r r y i n g  i o n s .  The v a l i d i t y  o f  
t h e  .use of  t h i s  c e l l  f o r  t r a n s p o r t  number measurements i n  
f u s e d  PbC12 h a s  been v e r i f i e d  by a  number o f  d i f f e r e n t  ex -  
p e r i m e n t s  and t h e o r e t i c a l  c o n s i d e r a t i o n s .  A c r i t e r i o n  f o r  
i n d i c a t i n g  i t s  a p p l i c a b i l i t y  i n  o t h e r  c a s e s  h a s  a l s o  been 
proposed.  

4 .  A c e l l ' f o r  measur ing  t r a n s p o r t  numbers i n  m i x t u r e s  
o f  f u s e d  s a l t s  h a s  been d e s c r i b e d .  The e l e c t r o d e  compart-  
ments  a r e  a g a i n  s e p a r a t e d  by a  porous  g l a s s  membrane. R e -  
s u l t s  w i t h  t h i s  c e l l  a r e  .found by d e t e r m i n i n g  t h e  a c t u a l  
q u a n t i t y  o f  each  i o n  t r a n s f e r r e d  from one compartment t o  
t h e  o t h e r  on e l e c t r o l y s i s .  

5. A p p l i c a t i o n  of  t h e  fo rmer  c e l l  t o  a  number o f  p u r e  
f u s e d  s a l t s  h a s  y i e l d e d  t h e  f o l l o w i n g  e x p e r i m e n t a l  t r a n s p o r t  
numbers f o r  t h e  n e g a t i v e  i o n s :  PbC12 - 0.76 a t  565 and a t  
635°C.; PbBr2 - 0.65 a t  500 and 0.67 a t  6 0 0 " ~ ~ ;  T l C l  - 0 ,49+  
a t  475, a t  505 and a t  525'c.; A g N O 3  - a b o u t  0.24 a t  225 and 
a t  275°C. I n  a n  e q u i m o l a r  A g N O  -NaNO m i x t u r e  use  o f  t h e  
l a t t e r  c e l l  h a s  i n d i c a t e d  t h a t  2 he n i ? r a t e  i o n  c a r r i e s  a  
n e g l i g i b l e  f r a c t i o n  o f  t h e  c u r r e n t ,  w h i l e  t h e  maximum t r a n s -  
p o r t  number o f  t h e  s i l v e r  i o n  i s  less t h a n  0.67.  

6 .  An exper iment  h a s  been proposed which would p e r m i t  
e v a l u a t i o n  o f  t h e  e x t e n t  t o  which complex i o n s  c a r r y  c u r r e n t  
i n  mol ten  s a l t s .  It has  been shown how such  i n f o r m a t i o n ,  
combined w i t h  t h a t  o f  t h e  t y p e  assembled i n  t h e  p r e s e n t  work, 
may be o f  c o n s i d e r a b l e  u s e  i n  t h e  development  o f  a  t h e o r y  
of t h e  l i q u i d  s t a t e ,  
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