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ABSTRACT

The b e h a v io u r  o f  h y d r o g e n -  a n d  o x y g e n - c o n t a in in g  com pound s  d i s s o l v e d  
i n  m o l t e n  m ix t u r e s  o f  Z n C l^ -N a C l h a s  b e e n  s t u d i e d ,  w i t h  t h e  a im  o f  
d e t e r m in in g  t h e  s p e c ie s  p r e s e n t  i n  t h e  m e l t s  w h ic h  may be r e s p o n s ib le  f o r  
t h e  c a t a l y t i c  n a t u r e  o f  Z n C l^  to w a r d s  t h e  h y d r o c r a c k in g  o f  p o ly n u c le a r  
h y d r o c a r b o n s .

The e x t e n t  t o  w h ic h  t h e  s o l u b i l i t y  o f  HC1 g a s  i n  Z n C l^ -N a C l m e l t s  i s  
d e p e n d e n t  on  te m p e r a tu r e  a n d  m e l t  c o m p o s i t i o n  w as d e te rm in e d  b y  an  e l u t i o n  
m e th o d . A c h e m ic a l  d i s s o l u t i o n  p r o c e s s  w as i n f e r r e d ,  a n d  a s e r i e s  o f  
e q u i l i b r i a  p o s t u l a t e d  f o r  t h e  b e h a v io u r  o f  HC1 w i t h i n  t h e  m e l t s .  C y c l i c  
v o l t a m m e t r ic  s t u d i e s  o f  H C l - s a t u r a t e d  m e l t s ,  u s in g  p la t in u m  e le c t r o d e s ,  
c o m b in e d  w i t h  t h e  s o l u b i l i t y  r e s u l t s ,  y i e l d e d  d i f f u s i o n  c o e f f i c i e n t s  f o r  
t h e  d i s s o l v e d  s p e c ie s .  The  S t o k e s - E in s t e i n  e q u a t io n  was o b e y e d  i n  th e  
a c i d i c  m e l t s .  A c h a n g e o v e r  f r o m  H+ Z n C l^  t o  H C ^  i n  t h e  s p e c ie s  
p r e d o m in a n t l y  fo rm e d ,  w i t h  i n c r e a s i n g  m e l t  b a s i c i t y ,  a c c o u n t s  f o r  th e  
t r e n d s  o b s e r v e d .

The  i n d i v i d u a l  d i s s o l u t i o n  o f  HC1 a n d  w a te r  i n  t h e  Z n C l^ -N a C l m e l t s  
r e s u l t e d  i n  o p p o s in g  c h a n g e s  i n  t h e  e l e c t r i c a l  c o n d u c t i v i t i e s  o f  th e  
m e l t s .  U s in g  th e  a . c .  im p e d a n c e  ( F . R . A . )  t e c h n iq u e ,  HC1 was fo u n d  t o  
c a u s e  a d e c re a s e  i n  t h e  m e l t  c o n d u c t i v i t y ,  i n  c o n t r a s t  t o  w a t e r ,  w i t h  th e  
e f f e c t  s t r o n g e s t  i n  t h e  m o s t a c i d i c  m e l t s .  I t  h a s  b e e n  s u g g e s te d  t h a t  
p r o t o n s ,  fo rm e d  b y  t h e  d i s s o c i a t i o n  o f  t h e  HC1, a c t  a s  b r i d g i n g  a g e n ts  
b e tw e e n  t h e  Z n -C l e n t i t i e s .

D e s p i t e  b e in g  u n a b le  t o  d e te rm in e  t h e  s o l u b i l i t y  o f  w a te r  i n  th e  
m e l t s ,  t h e  h y d r o l y s i s  r e a c t i o n  was show n  t o  o c c u r  t o  some e x t e n t ,  w i t h  th e  
r e s u l t a n t  h y d r o x id e  io n s  c h a r a c t e r i s e d  b y  u s e  o f  c y c l i c  v o l t a m m e t r y .  
C o m p a r is o n  w i t h  v o l t a m m e t r ic  r e s p o n s e s  o b t a in e d  f o r  NaOH d i s s o l v e d  i n  th e  
same m e l t s  c o n f i r m e d  t h a t  h y d r o x id e  i o n s  u n d e rg o  a s i n g l e  e l e c t r o n  
r e d u c t i o n  w h ic h ,  i n  some c a s e s ,  r e s u l t e d  i n  t h e  f o r m a t i o n  o f  a ZnO l a y e r  on  
t h e  e l e c t r o d e  s u r f a c e .  O th e r  v o l t a m m e t r i c  r e s p o n s e s  o b t a in e d  upon  
d i s s o l u t i o n  o f  w a te r  i n  t h e  m e l t s  c o u ld  n o t  be  d e f i n i t i v e l y  i d e n t i f i e d ,  b u t  
i t  h a s  b e e n  s u g g e s te d  t h a t  t h e y  a r i s e  f r o m  th e  r e d u c t io n  o f  w a te r  a n d  th e



A Raman s p e c t r o s c o p i c  i n v e s t i g a t i o n  o f  q u e n c h e d  s a m p le s  o f  Z n C l^  
s a t u r a t e d  w i t h  e i t h e r  w a t e r ,  HC1 o r  0 ^ ,  d e m o n s t r a te d  t h e  s t a b i l i s i n g  
e f f e c t  o f  t h e  s o lu t e s  on  th e  a m o rp h o u s  fo rm  o f  t h e  s o l v e n t ,  b u t  w as u n a b le  
t o  c o n f i r m  th e  p r e s e n c e  o f  h y d r o x y c h lo r o -  o r  o x y c h lo r o z in c a t e  s p e c ie s .  
The  d i s s o l u t i o n  o f  0 ^  i n  t h e  m e l t s  r e s u l t e d  i n  an  am be r c o l o u r a t i o n  w h ic h  
p e r s i s t e d  f a i n t l y  i n  t h e  s o l i d  a n d  r e s u l t e d  i n  a f l u o r e s c e n c e  r e s p o n s e  i n  
t h e  Raman s p e c t r u m .  An e . s . r .  s p e c t r u m  e x h i b i t e d  one  s h a rp  r e s p o n s e  
( g  = 2 . 0 0 8 )  f o r  t h e  same s a m p le ,  a n d  i t  w as c o n c lu d e d  t h a t  th e  d i s s o l u t i o n  
o f  0 ^  r e s u l t s  i n  s u p e r o x id e  io n  f o r m a t i o n .  V o l t a m m e t r ic  r e s u l t s  f o r  th e  
i n d i v i d u a l  d i s s o l u t i o n  o f  0 ^  a n d  N a^O ^ i n d i c a t e d  t h a t  a s u p e r o x id e -  
p e r o x i d e - o x i d e  io n  e q u i l i b r i u m  may o c c u r  w i t h i n  t h e  m e l t  s y s te m s .

A d d i t i o n  o f  NaOH t o  t h e  m e l t s  r e s u l t e d  i n  t h e  f o r m a t io n  o f  a w h i t e  
p r e c i p i t a t e .  Q u e n c h in g  o f  t h e  m e l t s  a n d  r e m o v a l o f  th e  Z n C l^  l e f t  a s o l i d  
i d e n t i f i e d  a s  a m ix t u r e  o f  N a C l,  ZnO and  Z n ^ O H )  C l . The  
h y d r o x y c h lo r o z in c a t e  w as a ls o  i s o l a t e d  f o l l o w i n g  s a t u r a t i o n  o f  th e  m e l t s  
w i t h  w a te r  v a p o u r ,  a l t h o u g h  no  p r e c i p i t a t i o n  o c c u r r e d .  ZnO was fo u n d  t o  
be  v i r t u a l l y  i n s o l u b l e  i n  t h e  Z n C l^ -N a C l m e l t s ,  b e c o m in g  y e l l o w  due  t o  i t s  
n o n - s t o i c h i o m e t r y  a t  h ig h  t e m p e r a t u r e s .  The a d d i t i o n  o f  Na^ C0^ t o  t r y  t o  
i n c r e a s e  th e  o x id e  io n  c o n c e n t r a t i o n  m e r e ly  r e s u l t e d  i n  t h e  p r e c i p i t a t i o n  
o f  ZnO a s  CO^ w as e v o lv e d .

oxide/oxygen couple, or are a result of peroxide formation.
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CHAPTER ONE 

INTRODUCTION

The d i s c o v e r y  t h a t  z i n c  c h l o r i d e  i s  a c a t a l y t i c  p r o m o te r  o f  t h e  
h y d r o c r a c k in g  o f  p o ly n u c le a r  h y d r o c a r b o n s  and  h a s  a g o o d  h e te r o a to m  
r e m o v a l c a p a c i t y  h a s  le d  t o  a g r e a t  d e a l  o f  w o rk  b e in g  c a r r i e d  o u t  t o  
im p r o v e  t h e  p r o c e s s .  A t t e m p t s  t o  d e te rm in e  th e  m e ch a n ism  o f  t h e  
p r o c e s s  h a v e  c e n t r e d  a ro u n d  t h e  u s e  o f  o r g a n ic  co m p ou n d s  a s  m o d e ls  f o r  
t h e  c o a l / o i l .  I t  i s  know n  t h a t  t h e  p r e s e n c e  o f  a s m a l l  a m o u n t o f  
w a te r  i s  n e c e s s a r y  f o r  t h e  c a t a l y t i c  p r o c e s s  t o  s t a r t ,  and  s in c e  t h e  
z i n c  c h l o r i d e  u s e d  f o r  t h e  c r a c k i n g  e x p e r im e n t s  i s  r a r e l y  d r i e d  and  
p u r i f i e d ,  t h e  n e c e s s a r y  w a te r  i s  u s u a l l y  fo u n d  i n  t h e  s a l t  a s  i t  com es  
f r o m  t h e  s u p p l i e r s .  The s p e c ie s  r e s p o n s ib le  f o r  t h e  c a t a l y s i s  i s  
t h o u g h t  t o  be  a c o m p le x  fo rm e d  b y  i n t e r a c t i o n  o f  t h e  z in c  c h l o r i d e  
w i t h  t h e  w a te r  e . g .  H ^ tZ n C l^  O H ]- . L i t t l e  w o rk  h a s  b e e n  c a r r i e d  o u t  
on  t h e  b e h a v io u r  o f  p r o t o n i c  o r  o x id e  s p e c ie s  i n  p u r i f i e d  z in c  
c h l o r i d e  m e l t s  t o  s e e  i f  s u c h  a s p e c ie s  m ig h t  e x i s t .

I n  t h e  s o l i d  s t a t e ,  z i n c  c h l o r i d e  h a s  a n e tw o r k  s t r u c t u r e  w h ic h  i s
m a in t a in e d  t o  a l a r g e  e x t e n t  i n  t h e  m o lt e n  s t a t e ,  le a d in g  t o  i t s  h ig h
v i s c o s i t y  a n d  lo w  c o n d u c t i v i t y .  T h is  s t r u c t u r e  may be b r o k e n  up  t o2_fo rm  c o m p le x e s ,  s u c h  a s  Z n C l^  , b y  i n c r e a s i n g  th e  t e m p e r a tu r e  o r  b y  
t h e  a d d i t i o n  o f  a l k a l i  m e ta l  c h l o r i d e s  w h ic h  w i l l  d o n a te  C l io n s  t o  
t h e  n e tw o r k .  The a l k a l i  m e ta l  c h l o r i d e s  may be t h o u g h t  o f  a s  L e w is  
b a s e s  i n t e r a c t i n g  w i t h  t h e  a c i d i c  z i n c  c h l o r i d e  t o  fo rm  a b i n a r y  
m ix t u r e  o f  lo w e r  L e w is  a c i d i t y .  C l io n  d o n a t io n  b y  t h e  a l k a l i  m e ta l  
c h l o r i d e s  in c r e a s e s  w i t h  t h e  h e a v ie r  m e ta l  c a t i o n s ,  s in c e  t h e i r  
p o l a r i z i n g  p o w e r i s  lo w e r  th a n  t h a t  o f  t h e  l i g h t e r  c a t i o n s .  
A d d i t i o n s  o f  MCI t o  Z n C l^  m akes th e  r e s u l t a n t  m e l t s  e a s i e r  t o  w o rk  
w i t h ,  m a in ly  due  t o  r e d u c t io n  o f  t h e  h ig h  v i s c o s i t y  o f  Z n C l^  i n  p u re  
m o lt e n  Z n C l^ .

W h i l s t  t h e  a m o u n t o f  w o rk  c a r r i e d  o u t  on  Z n C ^  m e l t s  i s  s m a l l  
c o m p a re d  t o  t h a t  d o n e , f o r  e x a m p le ,  on  n i t r a t e  o r  L iC l - K C l  m e l t s ,  th e
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s u b j e c t  i s  b y  no  m eans an u n kn o w n  q u a n t i t y .  S t r u c t u r a l  s t u d i e s  a r e
q u i t e  w id e s p r e a d  ( S e c t i o n  2 . 1 ) :  t h e  t r a n s p o r t  p r o p e r t i e s  h a v e  b e en
m e a s u re d  f o r  s e v e r a l  Z n C l^ -M C l m e l t s  ( S e c t i o n  2 . 2 ) ;  s o l u t e  b e h a v io u r
h a s  b e e n  f a i r l y  w id e l y  s t u d i e d :  e l e c t r o c h e m ic a l  c e l l s  h a v e  b e en
u t i l i s e d  t o  lo o k  a t  a c t i v i t i e s  o f  t h e  m e l t  c o m p o n e n ts  f o r  Z n C l -

(1)MCI : g la s s  f o r m a t i o n  b y  Z n C l^  i s  w e l l  d o c u m e n te d ; p h a s e  d ia g r a m s  
a r e  know n  f o r  a l l  Z n C l^ -M C l m i x t u r e s  ( S e c t i o n  2 . 2 )  a n d  a s  i n d u s t r i a l  
u s e s  a r e  fo u n d  so  m o re  w o rk  i s  c a r r i e d  o u t .  W here  g a p s  e x i s t ,  
a n a lo g ie s  w i t h  t h e  m o re  e x t e n s i v e l y  c o v e r e d  a lu m in iu m  c h lo r i d e - b a s e d  
m e l t s  p r o v id e  a t  l e a s t  an  id e a  o f  w h a t c o u ld  o c c u r  i n  t h e  Z n C l^  m e l t s .  
A lC l ^ ,  l i k e  Z n C l^ ,  i s  a s t r o n g  L e w is  a c i d ,  an  a s s o c ia t e d  l i q u i d  i n  t h e  
p u r e  s t a t e  and  i s  h y g r o s c o p i c ,  p r o b a b ly  m o re  so  th a n  Z n C l^ .  
S im i l a r l y ,  e x p e r im e n t a l  t e c h n iq u e s  u s e d  i n  t h e  p u r i f i c a t i o n  and  
h a n d l i n g  o f  o t h e r  c h l o r i d e  m e l t s  a r e  o f t e n  a p p l i c a b l e  t o  Z n C l^

1.1 Uses of Zinc Chloride Melts
A p a r t  f r o m  th e  a b i l i t y  o f  z i n c  c h l o r i d e  t o  c a t a l y s e  t h e  

h y d r o c r a c k in g  o f  h e a v y  o i l s  a n d  c o a l ,  s e v e r a l  o t h e r  u s e s  o f  z i n c  
c h l o r i d e  m e l t s  h a v e  b e e n  f o u n d .  The h y d r o c r a c k in g  p r o c e s s  i s  
d e s c r ib e d  i n  d e t a i l  i n  A p p e n d ix  1 , and  so  w i l l  n o t  be  f u r t h e r  
m e n t io n e d  h e r e .  R a th e r ,  a b r i e f  s u r v e y  o f  some o f  t h e  o t h e r  u s e s  o f  
z i n c  c h l o r i d e  m e l t s  w i l l  b e  g iv e n  t o  show  t h e  d i v e r s i t y  o f  a r e a s  i n  
w h ic h  t h e  m a t e r i a l  i s  u s e f u l .

The e x c h a n g e  r e a c t i o n  b e tw e e n  s a l t  a n d  m e t a l l i c  p h a s e s  i n  m o l t e n
s a l t s  h a s  b e e n  p u t  f o r w a r d  a s  a m eans o f  p u r i f y i n g  some m e t a ls .  I n
t h e  r e c y c l i n g  o f  p lu t o n iu m  r e s id u e s  i t  h a s  b e e n  s u g g e s te d  t h a t  z i n c
c h l o r i d e  w i l l  be  u se d  t o  r e c o v e r  t h e  p lu t o n iu m  u s in g  th e  P y r o r e d o x  

( 3 )r e a c t i o n s  :

2Pu + 3 Z n C l2 /K C l -*• 2 Pu C13 /K C 1  + 3Zn [ 1 . 1 ]

2Pu C13 /K C 1  -+- 3Ca +  2Pu + 3 C a C l2 /K C l [ 1 . 2 ]
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I m p u r i t i e s  m o re  n o b le  th a n  z in c  a r e  s e p a r a t e d  f r o m  th e  im p u re  
p lu t o n iu m  and  r e m a in  i n  t h e  z i n c  m e ta l  w i t h  t h e  r e a c t i o n  m o d e ra te d  b y  
d i l u t i o n  w i t h  p o ta s s iu m  c h l o r i d e .

( 4 )
R e c e n t w o rk  b y  D e l im a r s k i i  a n d  V o lk o v  h a s  show n  t h a t  i n  t h e  

i n d iu m - m o l t e n  z in c  c h l o r i d e  e q u i l i b r i u m  a t  4 4 0 °C , f o r m a t i o n  o f  a 
com pound  Z Z n C ^ .  I n C l  o c c u r s  on  c o o l i n g  t h e  m o lt e n  s a l t  p h a s e . The  
a d d i t i o n  o f  MCI t o  t h e  m o lt e n  m ix t u r e  s h i f t s  t h e  e q u i l i b r i u m  t o  t h e  
s id e  o f  s e p a r a t i o n  o f  t h e  in d iu m  m e t a l .  T h is  i s  p u t  f o r w a r d  a s  a 
m eans o f  p u r i f y i n g  in d iu m  m e t a l .  The r e a c t i v i t y  t o  e x c h a n g e  w i t h  
Z n C l^  m e l t s  i s  fo u n d  t o  d e c re a s e  i n  t h e  s e r i e s  I n  > Pb > S n . B is m u th  
c o u ld  n o t  be  p u r i f i e d  b y  e x c h a n g e  r e a c t i o n  w i t h  Z n C l^ ,  b u t  b y  r e a c t i o n  
w i t h  i t s  own c h l o r i d e s .

Pez a nd  T r o t t e r ^ ^  fo u n d  an  i n t e r e s t i n g  u s e  f o r  m o lt e n  Z n C l^  i n  
t h e  a r e a  o f  g a s  s e p a r a t i o n .  One g a s  c a n  a p p a r e n t l y  be  s e p a r a te d  f r o m  
a m ix t u r e  o f  g a s e s  b y  s e l e c t i v e  p e rm e a t io n  t h r o u g h  a l a y e r  o f  m o lt e n  
s a l t  im m o b i l i z e d  i n  a t h i n  r i g i d  p o ro u s  i n e r t  s u p p o r t .  The s e p a r a t e d  
g a s  u n d e rg o e s  a r e v e r s i b l e  r e a c t i o n  w i t h  t h e  m o lt e n  s a l t  e . g .  b y  
f o r m a t i o n  o f  a c o - o r d i n a t i o n  c o m p le x .  D i f f e r e n t  s a l t s  c a n  be  u s e d  
d e p e n d in g  on  w h ic h  g a s  i s  t o  be  re m o ve d  f r o m  a m i x t u r e .  S e p a r a t io n  o f  
t h e  HC1 and  C l^  g a s e s  f r o m  v a r i o u s  m ix t u r e s  o f  g a s e s  was a t t e m p te d
u s in g  Z n C l_  m e l t s ,  a f a i r  d e g re e  o f  s u c c e s s  b e in g  a c h ie v e d .  T h is

 ̂ (6) c o u ld  p o s s i b l y  be  t i e d  i n  w i t h  w o rk  b y  S ku d a e v  e t  a l .  '  who h a v e  show n
t h a t  u s in g  a m o lt e n  m ix t u r e  o f  C u C l^  a n d  Z n C l^ ,  i t  i s  p o s s i b le  t o
c h l o r i n a t e  m e th a n e . T h e i r  w o rk  w as d o ne  u n d e r  b u b b l in g  c o n d i t i o n s ,
b u t  i t  may be p o s s ib le  t o  u s e  t h e  same a p p a r a tu s  a s  t h a t  u s e d  b y  Pez a nd
T r o t t e r .  The m e ch a n ism  o f  t h e  c h l o r i n a t i o n  a p p a r e n t l y  i n v o l v e s  th e
t h e r m a l  d i s s o c i a t i o n  o f  t h e  C u C l^  a s  t h e  i n i t i a t i o n  s t e p  o f  t h e
p r o c e s s .

R a p id  q u e n c h in g  o f  m o lt e n  z i n c  c h l o r i d e  c a n  r e s u l t  i n  g la s s  
(7 8)f o r m a t io n ^  ’ . The s t r u c t u r e  o f  t h e  g la s s  i s  t h o u g h t  t o  be t h e  same

a s  t h a t  o f  t h e  m e l t ,  w i t h  a ra n d om  a r r a y  o f  Z n C l,  t e t r a h e d r a .  
D e v i t r i f i c a t i o n  c a n  o c c u r  i n  tw o  w a y s -  b y  h e a t in g  th e  g la s s  a b o v e  th e  
c r y s t a l l i z a t i o n  t e m p e r a tu r e  ( 1 4 0 - 2 0 0 ° C )  o r  b y  a p p l y in g  p r e s s u r e  t o
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t h e  g la s s  ( e . g .  b y  g r i n d i n g ) .  L i k e  o t h e r  c h l o r i d e  g la s s e s ,  Z n C l^  i s  
h i g h l y  t r a n s p a r e n t  f r o m  t h e  n e a r  U . V . r e g io n  i n t o  t h e  f a r  I . R . r e g io n  . 
H o w e v e r , t h e  m a in  p r o b le m  w i t h  th e s e  g la s s e s  i s  t h e i r  v e r y  
h y g r o s c o p ic  n a t u r e ,  w h ic h  h a s  le d  w o r k e r s  t o  lo o k  f o r  m a t e r i a l s  t h a t  
a r e  n o t  a s  a f f e c t e d  b y  w a t e r .  A t t e m p t s  t o  im p r o v e  th e  s t a b i l i t y  o f  
t h e  Z n C l^  g la s s  b y  a d d in g  o t h e r  c h l o r i d e s  o r  o x id e s  h a ve  p r o v e d  
r e a s o n a b ly  s u c c e s s f u l .  C om pounds t h a t  h a v e  b e e n  a d d e d  i n c l u d e  
A lC l ^ - H ^ O ^ ^  and  P b C l^ ,  KC1 , TeC^ a n d  v a r i o u s  o t h e r  MCI an d  MC12 ^ ^ . 
T h e se  g la s s e s  h a v e  becom e m o re  t e c h n o l o g i c a l l y  i n t e r e s t i n g  w i t h  t h e  
d e v e lo p m e n t  o f  o p t i c a l  f i b r e s ,  w a v e g u id e s  a n d  l a s e r s  w h e re  g o od  
o p t i c a l  p r o p e r t i e s  a r e  n e c e s s a r y .

(11  1 3 3 - 1 3 5 )S u n d e rm e y e r  e t  a l .  ’ h a v e  i n v e s t i g a t e d  s e v e r a l
r e c y c l i n g  p r o c e s s e s  u s in g  m o lt e n  s a l t s  a s  r e a c t i o n  m e d ia .  Among  
p r o c e s s e s  d is c u s s e d  a r e  th o s e  show n  b e lo w  w h ic h  u s e  z in c  c h l o r i d e  
m e l t s  a s  s o l v e n t s :

Z n C l -KC 1
(C H .. )0S iC l0 +  2CH.,0H --------- ------- ► [ ( C H J 0 S iO ]  +  Ho 0 +  2CHTC15 2 2  5 5 2 n 2 5

Z n C l2 -K C l
h 3 c o h  +  HC1 — ► h 3 c c i  + h 2 o

. . . [ 1 . 3 ]

[ 1 . 4 ]

H3C0CH3 +  2 H C 1 -*2 H 3CC1 + H2 0 [ 1 . 5 ]

The f i r s t  r e a c t i o n  r e s u l t s  i n  e n v i r o n m e n t a l l y  s a f e  s i l i c o n  com pound s  
w h i l s t  t h e  l a t t e r  tw o  a r e  t h e  r e c y c l i n g  o f  b y - p r o d u c t s  f r o m  
m e t h y l c e l l u l o s i s  m a n u fa c tu r e  i n t o  t h e  s t a r t i n g  r e a c t a n t ,  CH3C1 .

1.2 Acidity - Basicity in Molten Salts
U n l ik e  a q u e o u s  s o l u t i o n s ,  w h e re  a c i d i t y  i s  m e a s u re d  i n  te rm s  o f  

pH (=  - l o g ^ g  [H + ] ) ,  t h e  p r o t o n  i s  a l e s s  im p o r t a n t  s p e c ie s  i n  m o s t
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h y d r o x id e s  a s  w e l l  a s  i n  m e l t s  c o n t a i n i n g  HLO o r  HC1 a s  s o l u t e s  b u t  i n
(12) Zg e n e r a l  t h e  L u x - F lo o d  c o n c e p t  o f  a c i d i t y  h a s  b e en  c h o s e n  i n  p la c e  

o f  t h e  L o w r y - B r o n s t e d  p r o t o n  s c h e m e . A L u x - F lo o d  a c id  i s  d e f i n e d  a s  
an  o x id e  io n  a c c e p t o r  le a d in g  t o  t h e  f o r m a t i o n  o f  t h e  c o n ju g a t e  b a s e :

melts. It does, however, feature in molten bisulphates and

e . g .
A c id  +  0 2

c o 2 +  0 2 "

B ase [1 . 6 ]

2_c o 3 [1 . 7 ]

T h is  s y s te m  i s  e s p e c i a l l y  a p p l i c a b l e  t o  t h e  o x y - a n io n i c  m e l t s ,
i n c l u d i n g  th o s e  w i t h  p o ly m e r i c  o r  n e tw o r k  s t r u c t u r e s .  A s c a le
a n a lo g o u s  t o  t h a t  o f  pH may be s e t  up  t o  r e p r e s e n t  s o l u t i o n s  o f  o x id e
io n s  i n  n o n - p a r t i c i p a t i n g  m e l t s .  The pO s c a le  ( = - lo g ^ Q [ 0  ] )  i s
w id e l y  u s e d  i n  c o r r o s i o n  s t u d i e s  i n  m o l t e n  s a l t s  b u t  c a r e  m u s t be2_t a k e n  s in c e  i t  i s  p o s s i b le  t h a t  0 i s  n o t  t h e  s o le  o x id e  io n  
p r e s e n t ^  ^  .

To a l e s s e r  e x t e n t  t h e  L e w is  a n d  t h e  P e a rs o n  s ch em es  a r e  a p p l i e d  
t o  m o l t e n  s a l t s  s in c e  b o th  a r e  b r o a d  e n o u g h  a s  t o  r e m a in  v a l i d  i n  th e s e  
m e d ia .  A c c o r d in g  t o  t h e  L e w is  e l e c t r o n i c  d e f i n i t i o n  o f  a c id s  and  
b a s e s  an a c id  i s  a n y  s p e c ie s  t h a t  i s  c a p a b le  o f  a c c e p t in g  a p a i r  o f  
e l e c t r o n s  i n  f o r m a t i o n  o f  a c o v a le n t  b o n d ,  a n d  a b a s e  i s  a n y  s p e c ie s  
t h a t  c a n  d o n a te  a p a i r  o f  e l e c t r o n s  t o  fo rm  a c o v a le n t  b o n d . F o r  
e x a m p le :

A1C1

Z n C l2

+ C l = A 1C1.' 4 [1 . 8 ]

+  2C 1”  = Z n C l . 2_4 [1 . 9 ]
( a c i d )  ( b a s e )  ( c o m p le x / c o n ju g a t e )

( 1 4 )The P e a rs o n  schem e u s e s  th e  id e a  o f  ' s o f t '  a nd  ' h a r d '  a c id s  
and  b a s e s  w h e re ,  f o r  e x a m p le ,  h a r d  a c id s  a r e  c h a r a c t e r i s e d  b y  io n s  o f  
s m a l l  s i z e  a n d  h ig h  p o s i t i v e  o x i d a t i o n  s t a t e .
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W a te r  c a n  b e h a v e  as  a d o n o r ,  an  a c c e p t o r ,  o r  b o t h ,  a n d  th e  a c i d -  
b a s e  e q u i l i b r i a  in v o lv e d  a r e  show n  b e lo w ,  a c c o r d in g  t o  t h e  d e f i n i t i o n  
o f  a c i d i t y  c o n s id e r e d :

B r jd n s te d - L o w r y :
H2 0 = H+ +  OH-

h 2 o +  h+  = h 3o+

S o l v o a c i d i t y  c o n c e p t  ( i . e .  AX = A +  X )

H2 0 + A X " = A +  H20 X "

H2 0 + 2A X " = A2 0 + 2 X " +  2H+

O x o a c id i t y  c o n c e p t  ( L u x - F lo o d )

H2 0 +  0 2 "  = 2 0H " [ 1 . 1 4 ]

H2 0 + 2 X "  = 2HX + 0 2 -  [ 1 . 1 5 ]

[1.12]

[ 1 . 1 3 ]

[1.10]

[1.11]

1.3 Complex Ions in Molten Salts
D e f i n i n g  a c o m p le x  io n  i n  a m a t r i x  c o n s i s t i n g  s o l e l y  o f  a n io n s  and

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

( 1 5 )F le n g a s  and  K u c h a r s k i  h a v e  c o n s id e r e d  t h e  p r o b le m  i n  te rm s  o f
b o n d  l e n g t h s .  T hu s  th e  a n i o n - c a t i o n  d i s t a n c e  f o r  t h e  c o m p le x e d
s t a t e  i s  s h o r t e r  th a n  t h a t  f o r  t h e  n o n - c o m p le x e d  s t a t e .  H o w e v e r ,

(16)Inm an  and  L o v e r in g  h o ld  t h a t  in s t a n t a n e o u s  a r r a n g e m e n ts  o f
a n io n s  a ro u n d  a " s t a t i c "  c a t i o n  do  n o t  n e c e s s a r i l y  i n d i c a t e  f o r m a t i o n
o f  a d i s c r e t e  c o m p le x ,  a n d  t h a t  o n e  s h o u ld  go  on  t o  c o n s id e r  t h e
l i f e t i m e  o f  s u c h  a s p e c ie s .  O b s e r v a t io n  t im e s  o f  t h e  s p e c ie s  s h o u ld

-11e x c e e d  th e  g e n e r a l  q u a s i - l a t t i c e  r e l a x a t i o n  t im e  o f  —10 s e c .  so  
t h a t  d i s c r e t e  k i n e t i c  e n t i t i e s  may be s e p a r a t e d  f r o m  t im e - a v e r a g e d  
a s s e m b la g e s  o f  i o n s .
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CHAPTER 2 

LITERATURE SURVEY

2.1 Structure of Zinc Chloride and ZnCl̂ -MCl Melts
U n t i l  t h e  1 9 7 0 's  i t  w as t h o u g h t  t h a t  s o l i d  z i n c  c h l o r i d e  e x i s t e d  i n

( 1 7 )t h r e e  c r y s t a l l i n e  fo rm s ,  a ,  3 ,  a n d  y  . The a - f o r m ,  s a id  t o  be  o b t a in e d  
f r o m  s o l u t i o n  o r  b y  r a p i d  c o o l i n g  o f  t h e  m e l t ,  h a d  a t h r e e - d im e n s io n a l  
p o ly m e r ic  s t r u c t u r e  o f  l i n k e d  Z n C l^  t e t r a h e d r a  w i t h  a c u b ic  c lo s e - p a c k e d  
a r r a n g e m e n t  o f  c h l o r i n e  a to m s . S lo w  c o o l i n g  o f  t h e  m e l t  w as s a id  t o  
p ro d u c e  th e  3 - f o r m ,  w i t h  h e x a g o n a l c lo s e - p a c k e d  c h l o r i n e  a to m s . The y -  
f o rm  c o u ld  be  o b t a in e d  f r o m  s o l u t i o n  a t  a b o u t  7 5 °C , a n d  h a d  a l a y e r  
s t r u c t u r e  w i t h  z i n c  a to m s  i n  t e t r a h e d r a l  h o le s  b e tw e e n  a l t e r n a t e  l a y e r s  o f  
c u b ic  c lo s e - p a c k e d  c h l o r i n e  a to m s . A l l  t h r e e  fo rm s  w e re  w e l l  d o c u m e n te d ,  
w i t h  X - r a y  d i f f r a c t i o n  d a ta  p r o v id e d ^  . H o w e v e r , t h e r e  i s  l i t t l e  d o u b t  
t h a t  a l l  t h r e e  m o d i f i c a t i o n s  w e re  s i g n i f i c a n t l y  c o n ta m in a te d  b y  w a t e r .  
A l l  t h r e e  w e re  p r e p a r e d  f r o m  h o t  c o n c e n t r a t e d  a q u e o u s  s o l u t i o n s ,  a n d  t h e  
m a t e r i a l  u s e d  f o r  t h e  m e l t  p r e p a r a t i o n s  h a d  b e e n  r e c r y s t a l l i z e d  f r o m  
a q u e o u s  s o l u t i o n s ,  p r o b a b ly  r e s u l t i n g  i n  a h ig h  p r o p o r t i o n  o f  h y d r o x y l -  
i o n s  s u b s t i t u t i n g  f o r  c h l o r i d e  i o n s  i n  t h e  f i n a l  p r o d u c t .

(1 9  2D )I n  1 9 78  B r y n e s ta d  and  Y a k e l v ’ '  r e p o r t e d  th e  s t r u c t u r e  o f
a n h y d r o u s  z i n c  c h l o r i d e  h a v in g  u s e d  m a t e r i a l  f a r  m o re  r i g o r o u s l y  p u r i f i e d  
t h a n  t h a t  u s e d  p r e v i o u s l y .  As s e e n  i n  F ig u r e  2 .1  t h e  s t r u c t u r e  
a p p r o x im a t e s  t o  a h e x a g o n a l s e q u e n c e  o f  c lo s e - p a c k e d  c h l o r i d e  io n  l a y e r s  
i n  w h ic h  z i n c  io n s  o c c u p y  c e r t a i n  t e t r a h e d r a l  h o le s .  E ach  c h l o r i d e  io n  i s  
common t o  tw o  c o r n e r - s h a r i n g  Z n C l^  t e t r a h e d r a  -  t h e r e  a r e  no  s h a re d  e d g e s  
o r  f a c e s .  As i t s  n e a r e s t  n e ig h b o u r s  e a c h  c h l o r i d e  i o n  h a s  tw o  z i n c ,  s i x  
i n t r a t e t r a h e d r a l  c h l o r i d e ,  a n d  s i x  i n t e r t e t r a h e d r a l  c h l o r i d e  i o n s .

T h e re  h a v e  b e en  many i n v e s t i g a t i o n s  o f  t h e  s t r u c t u r e  o f  m o l t e n  z i n c  
c h l o r i d e  and  z i n c  c h l o r i d e - a l k a l i  m e ta l  c h l o r i d e  (M C I)  s y s te m s ,  m a in ly  
b e c a u s e  th e y  c a n  be u s e d  a s  lo w  t e m p e r a tu r e  m o d e ls  o f  t h e  g l a s s - f o r m in g  
S iO ^  a nd  B eF ^ s y s te m s .  The s t r u c t u r a l  p e c u l a r i t i e s  o f  m o lt e n  z i n c  
c h l o r i d e  h a v e  b e en  d e s c r ib e d  v a r i o u s l y  a s  " p o ly m e r s " ,  " l a t t i c e
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f r a g m e n t s " ,  " l a y e r s " ,  " i o n i c  c o m p le x e s "  a n d  " n e tw o r k s "  . I n  1 9 6 3 ,  
( 22)W ilm s h u r s t  , i n  h i s  i n v e s t i g a t i o n  o f  t h e  I . R .  s p e c t r a  o f  m o lt e n  Z n C l^  +

K C l / L iC l ,  e l im i n a t e d  th e  id e a  o f  c o m p le x  s p e c ie s  and  s t a t e d  t h a t  t h e
o b s e r v e d  b a n d s  w e re  due  t o  " l a t t i c e - l i k e  v i b r a t i o n s  o f  t h e  s y s t e m " ,  t h e
a d d e d  M+  io n s  m e r e ly  f i t t i n g  i n t o  v a c a n c ie s  i n  t h e  l a t t i c e .  Two s t u d i e s  o f
t h e  I . R .  s p e c t r a  o f  z i n c  c h l o r i d e  ( l i q u i d  a n d  g la s s )  b y  A n g e l l  e t  a l

( 2 3 )p r o v id e d  i n t e r e s t i n g  r e s u l t s .  I n  t h e  e a r l i e r  p a p e r  , d a ta  f r o m  w o rk
w i t h  n i t r a t e ,  c h l o r i d e  a n d  m ix e d  n i t r a t e - c h l o r i d e  s y s te m s  seem ed  t o

2_
i n d i c a t e  t h e  e x i s t e n c e  o f  Z n (C l,N C L )  " e n t i t i e s "  w i t h  t e t r a h e d r a l l y  c o -
o r d i n a t e d  Zn i o n s ,  b u t  no  c r y s t a l l i n e  d o u b le  s a l t  o f  know n  g e o m e tr y  was

( 2 1 )a v a i l a b l e  t o  c o n f i r m  t h i s . I n  t h e  s e c o n d  p a p e r  , w o rk  on  p u re  Z n C ^  le d  
t o  t h e  id e a  t h a t  t h e  m e l t  h a s  a w e a k e n e d , c o n t in u o u s  n e tw o r k  s t r u c t u r e ,  
r a t h e r  t h a n  n e tw o r k  f r a g m e n ts  c o - e x i s t i n g  i n  t h e  l i q u i d  s t a t e .  O th e r  th a n  
t h i s  d i s t i n c t i o n ,  A n g e l l  e t  a l .  a g re e  w i t h  e a r l i e r  c o n c lu s io n s  c o n c e r n in g  
t h e  t e t r a h e d r a l l y  c o - o r d i n a t e d  p o ly m e r i c  n a t u r e  o f  t h e  l i q u i d .

A l a r g e  a m o u n t o f  t h e  w o rk  on  t h e  s t r u c t u r e  o f  m o lt e n  Z n C l^
and  Z n C l2 ~M C l h a s  i n v o l v e d  Raman s p e c t r o s c o p y .  E a r l y  Raman 

(7  21 2 4 - 2 7 )s t u d i e s  ’ ’ a l l  i n d i c a t e d  t h a t  t h e  n e tw o r k  s t r u c t u r e  o f  t h e  s o l i d
p e r s i s t s  a b o v e  th e  m e l t i n g  p o i n t ,  b u t  w i t h  i n c r e a s i n g  t e m p e r a tu r e  t h e  
d e g re e  o f  p o l y m e r i z a t i o n  i s  lo w e r e d  t o  fo rm  s im p le r  s p e c ie s ,  i n c l u d i n g  
( Z n C ^ ^  a n d  Z n C l^  . P r o g r e s s iv e  a d d i t i o n  o f  a n  a l k a l i  h a l i d e  ( e . g .  KC1) 
c a u s e s  tw o  r e a c t i o n s  t o  o c c u r .  F o r  s m a l l  a m o u n ts  o f  a l k a l i  c h l o r i d e  
r e a c t i o n  [ 2 . 1 ]  t a k e s  p la c e ,  w h ic h  i s  t h e  d e p o ly m e r i z a t io n  r e a c t i o n :

( Z n C l „ ) +  C l "  r  ( Z n C l)  + ( Z n C l J  C l "  [ 2 . 1 ]Z n n -m  Z m

A d d i t i o n s  o f  KC1 b e y o n d  m o la r  r a t i o s  o f  K C lr Z n C l^  o f  0 . 2  w e re  s a id  t o  c a u s e  
a s e c o n d  p r o c e s s  t o  p r e d o m in a te :

( Z n C l0 ) C l "  +  C l "  r  Z n C l , 2 "  +  ( Z n C l J  „2 m  4 2 m-1

C 2 6 )
F o r  t h e  same c o m p o s i t io n s  b u t  v a r y i n g  MCI (M = L i , K ,R b ,C s )  E l l i s v '  h i n t e d  
t h a t  t h e  d e p o ly m e r i z a t io n  in c r e a s e d  w i t h  in c r e a s e  i n  c a t i o n  s i z e ,  b u t  
o f f e r e d  l i t t l e  e x p la n a t i o n .  O th e r  u n i t s  s u c h  a s  Z n C l " ,  Z n C l , ^ " ,j  6
m o n o m e r ic  Z n C l^  and  Z n C l a r e  a l l  p r e d i c t e d  t o  e x i s t ,  s u p p o s e d ly  b e in g

( 2 1 )
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fo rm e d  a s  t h e  c r y s t a l  s t r u c t u r e  b r e a k s  u p . M o re  r e c e n t  w o rk  b y  I t o h  e t  
(28)a l .  on  Z n C l^ -K C l m o lt e n  s y s te m s  a g re e s  w i t h  t h e  e a r l i e r  r e s u l t s .

X - r a y  d i f f r a c t i o n  a n a l y s i s  o f  m o l t e n  Z n C l? and  Z n C l? - K C l h a s  b e en
( 2 9 )  Z Zc a r r i e d  o u t .  T r i o l o  a n d  N a r te n  s t a t e  t h a t  m o l t e n  z i n c  c h l o r i d e  " d o e s

2+n o t  c o n s i s t  o f  Z n C l? m o le c u le s  b u t  o f  ZvT  a n d  C l i o n s  a r r a n g e d  a s
2 -  1 ( 3 0 )Z n C l^  t e t r a h e d r a " .  T a k a g i and  N a kam u ra  , who i n  1985  w e re  s t i l l

t a l k i n g  a b o u t  t h e  a ,  3 ,  Y a n d  6 ( B r y n e s t a d - Y a k e l  s t r u c t u r e )  c r y s t a l l i n e
p h a s e s  o f  s o l i d  Z n C l^ ,  u s e d  t h r e e  m o d e ls  ( F ig u r e  2 . 2 ) i n v o l v i n g  [ Z n C l ^ ]  and
[ Z n ^ C l ^ ]  s p e c ie s  t o  a c c o u n t  f o r  b e h a v io u r  i n  t h e  Z n C l^  KC1 s y s te m .  T h e i r
c o n c lu s io n  w as t h a t  e x c e p t  f o r  m o l t e n  K Z n ^ C l^ ,  no  c h a n g e  i s  fo u n d  i n  t h e
n e a r e s t  n e ig h b o u r  Z n -C l d i s t a n c e  and  i n  t h e  c o - o r d i n a t i o n  n u m b e r a ro u n d
t h e  z i n c  a to m  w i t h  i n c r e a s i n g  KC1 c o m p o s i t i o n . T h i s ,  t h e y  s a y ,  p r o v e s  th e
e x is t e n c e  o f  [ Z n C l^ ]  u n i t s  i n  t h e  s y s te m s ,  b u t  a c h a n g e  i n  t h e  lo n g  ra n g e
o r d e r  o c c u r s  w i t h  i n c r e a s i n g  KC1.

( 3 1 )S u s ie  a n d  M e n tu s  , d r a w in g  c o n c lu s io n s  f r o m  w o rk  on  th e
c o n d u c t i v i t y  a n d  v i s c o s i t y  o f  m o l t e n  z i n c  c h l o r i d e ,  s u g g e s t  a n o t h e r
s t r u c t u r a l  m o d e l.  M o l t e n  z i n c  c h l o r i d e ,  a t  a t e m p e r a tu r e  s l i g h t l y  a b o ve
t h e  m e l t i n g  p o i n t ,  i s  c om posed  o f  f r a g m e n ts  o r i g i n a t i n g  f r o m  t h e  c r y s t a l
s t r u c t u r e  o f  t h e  s o l i d ,  th e s e  f r a g m e n ts  b e in g  " b i g ,  a s s o c ia t e d  m o le c u le s ,
( Z n C ^ ) ^ ' .  The Zn and  C l i o n s ,  a r i s i n g  f r o m  th e  m e l t i n g  and
d i s s o c i a t i o n  o f  t h e  s a l t ,  a r e  m o s t ly  a t t a c h e d  t o  t h e  a s s o c ia t e s  g i v i n g
[ ( Z n C l0 ) Zn 2+ ]^ P + anc j [ ( z n C l „ )  C l , w h ic h  a r e  r e s p o n s ib le  f o r  th e  2 x  p 2 x q
e l e c t r i c  c o n d u c ta n c e  a nd  v i s c o s i t y .

( 3 2 )  2 -B ig g i n  a n d  E n d e rb y  b r o k e  w i t h  t h e  id e a  o f  Z n C l^  s p e c ie s  w h e n ,
on  t h e  b a s i s  o f  n e u t r o n  d i f f r a c t i o n  s t u d i e s  o f  m o lt e n  z i n c  c h l o r i d e ,  th e y2+
c o n c lu d e d  t h a t  t h e  c o r r e c t  d e s c r i p t i o n  o f  t h e  m e l t  i s  i n  te rm s  o f  Zn and
C l i o n s ,  t h e  a n o m a lo u s  t r a n s p o r t  p r o p e r t i e s  b e in g  due  t o  r e s t r i c t e d  2+
m o b i l i t y  o f  Zn i n  c lo s e - p a c k e d  C l i o n s ,  r a t h e r  th a n  a n y  d e g re e  o f  
a s s o c i a t i o n .  H o w e v e r , s i x  y e a r s  l a t e r  E n d e r b y ^ " ^  s t a t e d  t h a t  m o lt e n  
z i n c  c h l o r i d e  show s  s t r u c t u r a l  f e a t u r e s  " n o t  r e a d i l y  e x p la in e d  i n  a p u r e l y  
i o n i c  f r a m e w o r k " .

Early a t t e m p t s t o  simulate the liquid structure of zinc

chloride used models taking into account coulombic interactions between
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Liquid Structure of Models of Zinc Chloride 
(Takagi and Nakamura, ref. 30)
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Zn a nd  C l ”  io n s  and  s h o r t - r a n g e  r e p u l s i v e  f o r c e s ,  w i t h  s u i t a b l y  c h o s e n  
i o n i c  r a d i i  f o r  Zn and  C l~ .  The W .A .C . m o d e l (n am ed  a f t e r  t h e  a u t h o r s  o f  
r e f .  3 4 )  was fo u n d  t o  g iv e  r e a s o n a b le  r e s u l t s  f o r  t h e  Z n -C l a n d  C l - C l  
d is t a n c e s  b u t  f a i l e d  c o m p le t e ly  f o r  t h e  Z n -Z n  d i s t a n c e .  The v a lu e  f o ro
r 7 fo u n d  i n  t h e  m o d e l was a b o u t  1A q r e a t e r  th a n  t h a t  fo u n d

Zn_Zn  ( 3 2 )  ( 3 6 )e x p e r im e n t a l l y  . An e n h a n c e d  m o d e l p u t  f o r w a r d  b y  B a l lo n e  e t  a l /  '
t a k e s  i n t o  a c c o u n t  a n g u la r  d e p e n d e n c e  o f  t h e  i n t e r a t o m i c  f o r c e s ,  w h ic h
h a v e  b e e n  s im u la t e d  b y  s c r e e n in g  e f f e c t s  a n d  n o n - a d d i t i v i t y  o f  t h e  i o n i c
r a d i i .  The s t e r i c  r e s t r i c t i o n s  so  i n t r o d u c e d  a r e  s a id  t o  a c c o u n t  f o r  t h e
t r a n s p o r t  p r o p e r t i e s  o b s e r v e d  i n  m o lt e n  Z n C l^  n e a r  t h e  f r e e z i n g  p o i n t .

2+

2.2 Transport and Physico-Chemical Properties
A c r i t i c a l  e v a l u a t i o n  o f  t h e  s t u d i e s  o f  t h e s e  p r o p e r t i e s  c a r r i e d  

o u t  p r i o r  t o  1975  h a s  b e en  c o m p i le d  b y  J a n z  e t  a l . ^ Z \  t h e  m o s t r e l i a b l e  
i n f o r m a t i o n  b e in g  s e le c t e d  f o r  d i s p l a y  an d  t h e  r e m a in d e r  b e in g  r e f e r e n c e d .  
S in c e  t h a t  t im e  th e  n um be r o f  s u c h  i n v e s t i g a t i o n s  h a s  b e en  fe w , w i t h  th o s e  
b y  E j im a  e t  a l . ^ ^  b e in g  t h e  m o s t i n t e r e s t i n g ,  r e l a t i n g  c h a n g e s  i n  
t r a n s p o r t  p r o p e r t i e s  t o  c h a n g e  i n  c o m p o s i t io n  o f  Z n C l^ -M C l m ix t u r e s .

2.2.1 Density
( 4 1 )D uke  and  F le m in g  , w o r k in g  w i t h  t h e  m o lt e n  K C l- Z n C l^  s y s te m ,

fo u n d  t h a t  d e n s i t y  v s .  c o m p o s i t io n  is o t h e r m s  w e re  a p p r o x im a t e ly  l i n e a r  f o r
t h e  t e m p e r a tu r e  ra n g e  4 7 5 - 6 5 0 ° C ,  s l i g h t  d e v i a t i o n s  f r o m  a d d i t i v i t y
c a u s in g  th e m  t o  be  r a t h e r  " S - s h a p e d " .  H o w e v e r , w o rk  on  t h e  same s y s te m  by  

(21)A n g e l l  a n d  Wong fo u n d  t h a t  b e y o n d  30 mol?o KC1 th e  d e n s i t y  is o t h e r m s
v a r i e d  l i n e a r l y  w i t h  c o m p o s i t io n  a n d  h a d  s l i g h t l y  h ig h e r  v a lu e s  th a n  th o s e  

( 4 1 )o f  D uke  . To g iv e  an  id e a  o f  t h e  m a g n i t u d e ,  t h e  d e n s i t i e s  o f  p u re  Z n C l?
_3 ^

w e re  a r o u n d  2 . 4 - 2 . 5  gem ( d e p e n d in g  on  t e m p e r a t u r e ) ,  d r o p p in g  t o  1 . 7 -
1 . 8 gcm ^  a t  80  mol?o K C l- Z n C l^ .  B lo o m  and  W e e k s ^ Z  ̂ a l s o  w o rk e d  on  t h e  KC1 -
Z n C l^  s y s te m ,  a s  w e l l  a s  o t h e r  Z n C l^ -M C l (M = L i ,  N a , C s ) s y s te m s ,
c o n c e n t r a t i n g  m a in ly  on  th e  Z n C l ^ - r i c h  c o m p o s i t i o n s .  The m o lt e n
m ix t u r e s ,  e x c e p t  i n  v e r y  lo w  r e g io n s ,  w e re  fo u n d  t o  e x h i b i t  l i n e a r
t e m p e r a tu r e  d e p e n d e n c e  f o r  th e  d e n s i t y .  B lo o m  e x p la i n s  t h i s  a s  b e in g  due

2 -t o  t h e  f o r m a t i o n  o f  Z n C l e n t i t i e s  on  th e  a d d i t i o n  o f  a l k a l i  m e ta l
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c h l o r i d e .  F o r  t h e  M C l - r i c h  c o m p o s i t io n s  th e  d a ta  o f  E j im a  e t  a l .  
s u p p le m e n ts  t h a t  o f  B lo o m  v e r y  w e l l ,  t h e  c o m b in a t io n  o f  t h e  tw o  s e t s  o f  
r e s u l t s  g i v i n g  v a lu e s  f o r  t h e  w h o le  c o m p o s i t io n  r a n g e .  F rom  t h e  i n i t i a l  
m a rk e d  in c r e a s e  ( 0 - 5 0  mol?o M C I) i n  t h e r m a l  e x p a n s io n  c o e f f i c i e n t s  t o  a 
m o n o to n o u s  c h a n g e  f o r  5 0 -1 0 0  mol?o M C I, E j im a  p o s t u l a t e d  a c h a n g e  f r o m  
a s s o c ia t e d  l i q u i d s  t o  i o n i c  s p e c ie s .

W o rk in g  on  p u r e  Z n C ^ ,  M a c k e n z ie  a n d  M u r p h y f o u n d  t h a t  b e tw e e n
320  a n d  4 0 0 °C , t h e  d e n s i t y  h a d  a l i n e a r  t e m p e r a tu r e  d e p e n d e n c e , w h e re a s  

(4 3  4 4 )T a k a g i e t  a l .  ’ , u s in g  a n o v e l  X - r a y  t r a n s m is s io n  m e th o d , fo u n d  a f a i r
a m o u n t o f  n o n - l i n e a r i t y  o v e r  t h e  same t e m p e r a tu r e  r a n g e .  F ig u r e  2 . 3  show s  
v a r i o u s  p u b l i s h e d  r e s u l t s  f o r  t h e  b e h a v io u r  o f  d e n s i t y  w i t h  t e m p e r a tu r e  
f o r  p u r e  Z n C l^ .

2.2.2 Electrical Conductivity
W h i l s t  s e v e r a l  m e a s u re m e n ts  o f  t h e  c o n d u c t i v i t y  o f  p u re  z in c  

c h l o r i d e  and  i t s  t e m p e r a tu r e  d e p e n d e n c e  h a v e  b e e n  c a r r i e d  
o u t  ’ ’ ’ ’ , no  tw o  s e t s  o f  d a ta  a g re e  c l o s e l y  o v e r  a w id e
te m p e r a tu r e  ra n g e  ( e . g .  1 0 0 ° C ) .  As E a s t e a l  a n d  A n g e l l * ' ^  p o i n t  o u t ,  a t  
3 3 6 °C  f o r  e x a m p le ,  t h e  h ig h e s t  a n d  lo w e s t  o f  t h e  p u b l i s h e d  s p e c i f i c  
c o n d u c ta n c e s  d i f f e r  b y  a lm o s t  55?o o f  t h e  mean o f  t h e  tw o  v a lu e s  a nd  a t  4 0 0 °C  
t h e  d i f f e r e n c e  i s  49?o. P u b l is h e d  v a lu e s  f o r  t h e  s p e c i f i c  c o n d u c ta n c e  o f  
p u re  Z n C l^  show  m a rk e d  n o n - A r r h e n iu s  b e h a v io u r  ( I n K  v s  1/ T  i s  c u r v e d ) ,  
w h ic h  may be due  t o  m e l t  i m p u r i t i e s  -  s m a l l  a m o u n ts  o f  c o n ta m in a n t s  w o u ld  
p r o d u c e  m a rk e d  c h a n g e s  i n  i o n  m o b i l i t i e s .

E l e c t r i c a l  c o n d u c t i v i t y  m e a s u re m e n ts  i n  Z n C l^ -M C l m ix t u r e s  h a v e  
b e e n  c a r r i e d  o u t  b y  D uke  a nd  F l e m i n g ^ ^  ( Z n C l^ - K C l )  a n d  B lo o m  and  
W e e k s ^ ^  ( Z n C ^ - M C l ;  M = N a , K , C s ) . C o n d u c ta n c e  is o t h e r m s  f o r  Z n C l^ -K C l  
b in a r y  m ix t u r e s  ( F ig u r e  2 . 4 )  show  a r e a s o n a b ly  sm o o th  i n c r e a s e  w i t h  
i n c r e a s i n g  c o n s i s t e n t  w i t h  t h e  c o n t in u o u s  b re a k d o w n  o f  t h e  Z n C l^
n e tw o r k  b y  t h e  a l k a l i  m e ta l  c h l o r i d e .  D e v ia t i o n  f r o m  a d d i t i v i t y  i n  
s im i l a r  s y s te m s ,  e . g .  KC1 + C d C l^ ,  KC1 +  A lC l ^ ,  a r e  much g r e a t e r  ( F ig u r e s  
2 .5  and  2 . 6  r e s p e c t i v e l y ) , f o r  w h ic h  w o rk  b y  B lo o m  a n d  H e y m a n n ^ ^  c o u ld  be  
u s e d  when l o o k in g  f o r  an  e x p la n a t i o n .  T h e i r  f i n d i n g s  show ed  t h a t  s t r o n g
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FIGURE 2.6
Electrical Conductivity Isotherms for 

A1C13-KC1 (ref. 204)
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n e g a t i v e  d e v i a t i o n s  w o u ld  be  fo u n d  t o  be  a s s o c ia t e d  w i t h  s y s te m s  w hose  
p h a s e  d ia g r a m s  i n d i c a t e d  t h e  p r e s e n c e  o f  c o n g r u e n t l y  m e l t i n g  c o m p o u n d s ,  
and  c o u ld  be  e x p la in e d  on  t h e  b a s is  o f  p e r s i s t e n c e  i n  t h e  l i q u i d  s t a t e  o f  
t h e  c o m p le x  know n  t o  be  p r e s e n t  i n  t h e  s o l i d  s t a t e .

2.2.3 Viscosity
The  v i s c o s i t i e s  o f  p u re  m o lt e n  Z n C l^  and  o f  Z n C ^ -M C l s y s te m s  (M =

L i ,  N a , K , C s ) h a v e  b e e n  d e te rm in e d  b y  v a r i o u s  w o r k e r s .  G ru b e r  and
(49)

L i t o v i t z  fo u n d  t h a t  t h e  v i s c o s i t y  o f  p u re  Z n C ^  o b e y e d  th e  A r r h e n iu s
e q u a t io n  a b o v e  3 2 5 °C  and  d re w  t h e  c o n c lu s io n  t h a t  t h e r e  w as l i t t l e  n e tw o r k
b e h a v io u r  p r e s e n t  i n  t h e  n e ig h b o u r h o o d  o f  t h e  m e l t i n g  t e m p e r a tu r e  a n d  t h a t
" t h e  d i s s o c i a t i o n  p r o c e s s  ( i n t o  Z n C l^  u n i t s )  i s  e s s e n t i a l l y  c o m p le te
w i t h i n  2 0 °  a b o v e  m e l t i n g " .  T h e i r  r e s u l t s  a g re e  w i t h  t h o s e  o f  E a s t e a l  and
A n g e l l ^ ^  b u t  n o t  w i t h  t h o s e  o f  M a c k e n z ie  and  M u r p h y ^ ^  who fo u n d  m a rk e d

(3 9 )n o n - A r r h e n iu s  b e h a v io u r  o v e r  t h e  same t e m p e r a tu r e  r a n g e .  E j im a  e t  a l .
f o u n d  t h a t  t h e  n o n - A r r h e n iu s  b e h a v io u r  o f  t h e  v i s c o s i t y  o f  Z n C ^  c o u ld  be
d i v i d e d  i n t o  t h r e e  s t a g e s  f o r  t h e  t e m p e r a tu r e  ra n g e  3 2 0 - 5 6 0 ° C , and
p o s t u l a t e d  th e  c o n s t i t u e n t  s p e c ie s  i n  t h e  m e l t  c o r r e s p o n d in g  t o  e a c h

( 3 1 )s t a g e .  S u s ie  a n d  M e n tu s  o b t a in e d  r e s u l t s  a g r e e in g  w i t h  M a c k e n z ie  up  
t o  3 6 0 °C  b u t  d e v i a t i n g  n e g a t i v e l y  a t  h i g h e r  t e m p e r a t u r e s .

A d d i t i o n  o f  a l k a l i  m e ta l  c h l o r i d e  r e s u l t e d  i n  a d r a s t i c  d r o p  i n
v i s c o s i t y ,  a s  fo u n d  b y  a l l  w o r k e r s ,  t h e  d e c re a s e  b e in g  d e p e n d e n t on  th e  M+
c a t i o n  s i z e .  E j im a ^ ® ’ ' ^  fo u n d  t h a t  t h e  Z n C l^ -K C l and  Z n C l^ -C s C l
s y s te m s  e x h i b i t e d  m ax im a  n e a r  t h e  66 m o l % MCI r e g i o n ,  w h ic h  was a t t r i b u t e d

2-t o  g r e a t e r  C l d o n o r  e f f e c t s  i n  KC1 a n d  C s C l,  s o  f o r m in g  m o re  Z n C l.
( 3 1 )  4c o m p le x e s .  H o w e v e r , B lo o m  c la im s  t h e r e  i s  l i t t l e  o r  no  r e l a t i o n s h i p

b e tw e e n  c o m p le x  f o r m a t i o n  a n d  t r a n s p o r t  p r o p e r t i e s ,  s in c e  t h e r e  i s  no
c o r r e l a t i o n  b e tw e e n  c o n d u c t i v i t y  a n d  v i s c o s i t y  m a x im a /m in im a .

2.2.4 Vapour Pressure
S tu d ie s  o f  t h e  v a p o u r  p r e s s u r e  o f  p u re  m o lt e n  Z n C l? i n  t h e

Q /^ 2  55) ^
t e m p e r a tu r e  ra n g e  4 0 0 -6 0 0  C^ show  t h a t  i t  e x h i b i t s  A r r h e n iu s
b e h a v io u r  b u t  d i f f e r e n t  w o r k e r s  h a v e  i n t e r p r e t e d  r e s u l t s  i n  d i s s i m i l a r
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( 5 2 )w a y s . K e n e sh e a  and  C u b i c c i o t t i  d is c u s s e d  t h e  e x is t e n c e  o f  a
p r o p o r t i o n  o f  z i n c  c h l o r i d e  d im e r s  b e in g  p r e s e n t  i n  t h e  v a p o u r  o v e r  th e
l i q u i d  s a l t ,  t h e  r e s t  o f  t h e  v a p o u r  b e in g  m ono m e rs . H o w e v e r , B lo o m
seem ed  s c e p t i c a l  a b o u t  t h i s  a n d  a ssum ed  o n ly  t h e  e x i s t e n c e  o f  m onom e rs  f o r
h i s  c a l c u l a t i o n s .  A d d i t i o n  o f  a l k a l i  m e ta l  c h l o r i d e  ( N a C l ^ ^ ;  N aC l and
K C l ^ ^ )  c a u s e s  a s t e a d y  d e c re a s e  i n  t h e  v a p o u r  p r e s s u r e  w i t h  i n c r e a s e  i n
X ,4r, ,  . KC1 i s  fo u n d  t o  c a u s e  a much l a r q e r  d e c re a s e  th a n  N aC l f o r  t h e  same  Md (53)
c o m p o s i t i o n  a n d  t e m p e r a t u r e ,  e s p e c i a l l y  w h e re  > 0 . 2 .  R ic e
m e n t io n e d  th e  e x i s t e n c e  o f  N a ^ Z n C ^ ^  s p e c ie s  i n  t h e  v a p o u r  p h a s e , b u t  t h e  
p a r t i a l  p r e s s u r e  o f  N a Z n C l^   ̂ w as s a id  t o  be  o n ly  1?o o f  t h a t  o f  Z n C l^  a t  
6 0 0 ° C .

2.2.5 Phase Diagrams
F o r  t h e  Z n C ^ -M C l (M = L i ,  N a , K , R b , C s ) ^ ^  s y s te m s  th e s e  a r e  

r e p r o d u c e d  i n  F ig u r e s  2 . 7 - 2 . 1 1 .  The g e n e r a l  t r e n d  s e e n  i s  t h a t  a s  M+  
i n c r e a s e s  i n  s i z e ,  s o  th e  c o m p le x i t y  o f  t h e  p h a s e  d ia g r a m  i n c r e a s e s ,  a 
f e a t u r e  t h a t  i s  p r o b a b ly  due  t o  t h e  i n c r e a s i n g  C l i o n  d o n o r  p r o p e r t i e s  o f  
t h e  h e a v ie r  a l k a l i  m e ta l  c a t i o n s ,  w h ic h  w o u ld  c a u s e  b r e a k - u p  o f  t h e  m e l t  
s t r u c t u r e  a t  lo w e r  X ^ ^  v a lu e s  th a n  f o r  t h e  l i g h t e r  M+  c a t i o n s .

T h e re  i s  p r e s e n t l y  some c o n t r o v e r s y  o v e r  t h e  Z n C l „ - r i c h  r e g io n  o f
(56) ^t h e  L iC l - Z n C l ^  p h a s e  d ia g r a m .  E v s e e v a  a n d  B e rg m a n '' r e p o r t e d  f o r  t h e

L iC l - Z n C l9 d ia g r a m ,  one  e u t e c t i c ,  one  p e r i t e c t i c  a n d  a L iC l  p h a s e  c h a n g e .  
^  ( 57 5 8 )P e r r y  e t  a l .  ’ '  h o w e v e r ,  fo u n d  tw o  e u t e c t i c s ,  o n e  p e r i t e c t i c ,  t h e  L iC l

p h a s e  c h a n g e  and  L i Z n ^ C l ^ ,  a c o n g r u e n t l y  m e l t i n g  com pound  ( m . p t .  6 5 9 K ) .  
T h is  c o m p o u n d , i t  i s  c la im e d ,  i s  o n ly  fo u n d  when d r i e d  s a l t s  a r e  u s e d  -  t h e  
p r e s e n c e  o f  m o is t u r e  i s  a p p a r e n t l y  d e t r im e n t a l  t o  i t s  e x i s t e n c e .  No 
e x p la n a t i o n  o f  t h e  e f f e c t  o f  m o is t u r e  i s  g iv e n ,  o t h e r  th a n  a s u g g e s t io n  
t h a t  i t  may som ehow  c a t a l y s e  t h e  d e c o m p o s i t io n  o f  t h e  s p e c ie s .

2.3 Solubility of Gases in Molten Salts
I n v e s t i g a t i o n  i n t o  s o l u b i l i t i e s  o f  g a s e s  i n  m o lt e n  s a l t s ,  a n d  t h e i r  

e f f e c t  on  t h e  p h y s i c a l  a nd  c h e m ic a l  p r o p e r t i e s  o f  t h e  m e l t s ,  o r i g i n a t e d  a s  
a c o n s e q u e n c e  o f  t h e  g a s e o u s  f i s s i o n  p r o d u c t s  fo u n d  i n  r a d i a t e d  m o lt e n
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FIGURE 2.7
Phase Diagram of ZnCl̂ -LiCl
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FIGURE 2.8
Phase Diagram of ZnCl2-NaCl
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FIGURE 2.9
Phase Diagram of ZnC^-KCl
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Phase Diagram of ZnCl^-RbCl Phase Diagram of ZnCl^-CsCl

-22
-



- 2 3 -

s a l t s  a n d  f r o m  th e  u se  o f  m e l t s  a s  h e a t  t r e a tm e n t  b a t h s ,  e l e c t r o l y t e s  and  
m e t a l l u r g i c a l  s l a g s .  R e s e a rc h  i n t o  th e s e  g a s e o u s  s o l u t i o n s  o f  m o l t e n  
s a l t s  la g s  f a r  b e h in d  a n a lo g o u s  s t u d i e s  i n  w a te r  a n d  o r g a n ic  s o l v e n t s ,  
a l t h o u g h  t h e o r e t i c a l  s t u d i e s  c a n  p r e d i c t  b e h a v io u r  f o r  t h e  s im p le r  m o l t e n  
s a l t s .

E x p e r im e n t a l  m e th o d s  e m p lo y e d  f o r  th e  d e t e r m in a t i o n  o f  t h e  g a s  
s o l u b i l i t i e s  i n  m o lt e n  s a l t s  c a n  be  p la c e d  i n  t h r e e  c la s s e s .  A so m e w ha t  
l i m i t e d  m e th o d  i s  c r y o m e t r y ,  u t i l i z i n g  t h e  d e p r e s s io n  i n  t h e  f r e e z i n g  
p o i n t  o f  t h e  s o l v e n t  c a u s e d  b y  t h e  g a s e o u s  s o l u t e .  M o re  w id e l y  u s e d  a r e  
t h e  a b s o r p t i o n  and  e l u t i o n  m e th o d s .  I n  t h e  f o rm e r  t h e  s o l u b i l i t y  i s  
d e te rm in e d  b y  o b s e r v in g  some p r o p e r t y  c h a n g e  i n  e i t h e r  t h e  g a s  p h a s e  o f  t h e  
s o l u t e ,  a v o l u m e t r i c  o r  m a n o m e t r ic  c h a n g e , o r  t h e  l i q u i d  p h a s e  o f  t h e  
s o l v e n t ,  a g r a v im e t r i c  o r  v o l t a m m e t r i c  c h a n g e . I n  t h e  l a t t e r ,  t h e  s o l u t e  
i s  s t r i p p e d  f r o m  a s a t u r a t e d  s o l u t i o n  b y  m eans o f  d is p la c e m e n t  w i t h  a 
c a r r i e r  g a s ,  t h e  r e s u l t a n t  g a s  m ix t u r e  th e n  b e in g  a n a ly s e d  b y  p h y s i c a l  o r  
c h e m ic a l  m e th o d s .

2.3.1 Solubility of HC1 Gas in Chloride Melts

An i n v e s t i g a t i o n  o f  t h e  s o l u b i l i t y  o f  HC1 i n  t h e  m o lt e n  a l k a l i  m e ta l
(59)

c h l o r i d e s  w as c a r r i e d  o u t  b y  U ksh e  and  D e v y a t k in  , who s t u d i e d  t h e  
s o l u b i l i t y  i n  m o l t e n  L i C l ,  N a C l,  KC1 a n d  R bC l b y  an  e l u t i o n  m e th o d . I n  
L iC l ,  N a C l a n d  KC1 t h e  HC1 s o l u b i l i t y  was fo u n d  t o  i n c r e a s e  w i t h  
t e m p e r a tu r e  w h i l s t  i n  R bC l i t  d e c re a s e d  a s  th e  t e m p e r a tu r e  r o s e .  I t  was  
s u g g e s te d  t h a t  t h e  HC1 i s  p r e s e n t  i n  a d i s s o c i a t e d  fo rm ,  w i t h  t h e  f r e e  
p r o t o n  h e ld  i n  c a t i o n i c  h o le s  fo rm e d  b y  3 o r  4 c h l o r i d e  i o n s .  T h is  w as s a id  
t o  r e p r e s e n t  t h e  f o r m a t i o n  o f  c h lo r o - c o m p le x e s  H+ . x C l~  w h e re  x = 3 o r  4 ,  a 
c o n c lu s io n  r e a c h e d  i n  t h e i r  e l e c t r o c h e m ic a l  s t u d y  o f  t h e  same s y s t e m s ^ ^  . 
O th e r  s t u d i e s  b y  R u s s ia n  w o r k e r s  a p p a r e n t l y  g a ve  c o n t r a d i c t o r y  r e s u l t s  so  
N o v o z h i lo v  e t  a l .  ; d e v is e d  a v o l u m e t r i c  m e th o d  w h ic h  th e y  u s e d  f o r  a l l  
t h e i r  s o l u b i l i t y  i n v e s t i g a t i o n s .  F o r  p u re  m o lt e n  N a C l ^ ^  t h e  s o l u b i l i t y  
was fo u n d  t o  i n c r e a s e  s l i g h t l y  w i t h  t e m p e r a t u r e ,  b u t  f o r  KC 1, R bC l a n d  C sC l 
t h e  HC1 s o l u b i l i t y  d e c re a s e d  a s  th e  te m p e r a tu r e  was r a is e d  t o  o v e r  1 2 0 0 K .  
The I n  k v s .1 /T  p l o t s  w e re  a l l  5 - s h a p e d ,  w h ic h  was e x p la in e d  a s  e i t h e r  b e in g  
due  t o  an  i n t e r a c t i o n  a t  th e  g a s - m e l t  i n t e r f a c e  o r  t o  s t r u c t u r a l  c h a n g e s  i n
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t h e  b u lk  o f  t h e  m e l t .  I n  t h i s  w o r k ,  N o v o z h i lo v  i n f e r s  t h a t  i n t e r a c t i o n s  
b e tw e e n  th e  d i s s o l v e d  HC1 m o le c u le s  a n d  C l io n s  i n  t h e  m e l t s  a r e  
o c c u r r i n g ,  b e c o m in g  m o re  in t e n s e  w i t h  t h e  p r e s e n c e  o f  l a r g e r  m e ta l  
c a t i o n s .  The e r r o r  g iv e n  i n  t h e  r e s u l t s  i s  +1?o w h ic h  i s  s i g n i f i c a n t l y  
s m a l le r  t h a n  t h a t  o f  o t h e r  w o r k e r s ^ " ^ .

A s t u d y  o f  t h e  HC1 s o l u b i l i t y  i n  m o l t e n  a l k a l i n e  e a r t h  m e ta l
c h l o r i d e s  (M C l^ )  u s in g  a v o l u m e t r i c  m e th o d  w as a ls o  c a r r i e d  o u t  by
N o v o z h i lo v  e t  a l . ^ ^ .  F o r  C a C l^ ,  S rC l^  a n d  B a C ^  p u re  m e l t s  t h e
s o l u b i l i t y  in c r e a s e d  l i n e a r l y  w i t h  r i s e  i n  t e m p e r a t u r e ,  f o r  th e
te m p e r a tu r e  ra n g e  s t u d i e d ,  a n d  i t  in c r e a s e d  i n  t h e  o r d e r  C a C l^  > S r C ^  >
B a C l^ .  F rom  t h e  d a ta  i t  c a n  be  s e e n  t h a t  t h e  HC1 s o l u b i l i t y  i n  e a c h  M C l^  i s
an  o r d e r  o f  m a g n i tu d e  s m a l le r  th a n  t h a t  i n  t h e  n e ig h b o u r in g  MCI m e l t  a t  t h e
same t e m p e r a t u r e .  S o lu t i o n s  o f  HC1 i n  t h e  MC1_ m e l t s  w e re  a l l  fo u n d  t o

 ̂ (62)o b e y  H e n r y ’ s  L aw , a s  w as th e  c a s e  i n  t h e  MCI m e l t s v . I t  i s  s u g g e s te d  
t h a t  t h e  d i s s o l u t i o n  o f  t h e  HC1 p r o c e e d s  m a in ly  t h r o u g h  th e  f o r m a t i o n  o f  
v a c a n c ie s  i n  t h e  m e l t ,  a n d  s o  i s  n o t  a c c o m p a n ie d  b y  s i g n i f i c a n t  i n t e r a c t i o n  
w i t h  t h e  m e l t ,  i . e .  p h y s i c a l ,  r a t h e r  th a n  c h e m ic a l ,  d i s s o l u t i o n .  
E n t h a lp ie s  o f  s o l u t i o n  w e re  a l l  fo u n d  t o  be  e n d o th e r m ic .

The s o l u b i l i t y  o f  HC1 i n  t h e  L iC l - K C l  e u t e c t i c  ( 5 9 :4 1  m o l.  %)  h a s  
b e e n  s t u d i e d  b y  t h e  Van N o rm an  a nd  T i v e r s ^ " ^  a n d  M in h  and  W e l c h ^ ^ , t h e i r  
r e s p e c t i v e  r e s u l t s  s u m m a r is e d  b e lo w  i n  T a b le  2 . 1 .

Temperature (°C) Minh and Welch Van Norman and Tivers

4 0 4
462
490
520
570
675

1 .0 4  x 10  
1 .2 7  x 1 0 - 6

1 .2 0  + 0 . 1 4  x 10
1 .5 6  x 1 0 “ 6

1 .4 4  + 0 . 1 0  x 10  
1 .7 4  +  0 .1 1  x  10

TABLE 2.1

Solubilities of HC1 in LiCl-KCl eutectic (mol. cm



-25-

As c a n  be s e e n ,  t h e  v a lu e s  r i s e  w i t h  i n c r e a s i n g  t e m p e r a tu r e  an d  a r e  o f  
r e a s o n a b le  a g re e m e n t ,  w i t h i n  e x p e r im e n t a l  e r r o r .  M in h  a nd  W e lc h  g a ve  
t h e i r  v a lu e s  an  e r r o r  o f  +10?o. The d a ta  d e m o n s t r a te  t h e  p h y s i c a l  n a t u r e  o f  
t h e  HC1 d i s s o l u t i o n  i n  t h i s  m o lt e n  m i x t u r e .

U ksh e  a n d  D e v y a t k i n ^ ^  d e te rm in e d  t h e  HC1 s o l u b i l i t y  i n  N a C l-K C l  
m o lt e n  m i x t u r e s ;  f o r  a l l  b u t  t h e  1 :1  m ix t u r e  t h e  s o l u b i l i t y  w as s e e n  t o  
i n c r e a s e  w i t h  t e m p e r a t u r e .  T h is  w as e x p la in e d  b y  c o n s id e r i n g  th e  
s y m m e try  o f  t h e  c h l o r i d e  l a t t i c e ,  w h ic h  i s  a t  i t s  m o s t d i s t o r t e d  i n  t h e  
e q u im o la r  m o lt e n  m i x t u r e .  The d i s t o r t i o n  r e s u l t s  i n  a c h a n g e  i n  t h e  
e f f e c t i v e  r a d i i  o f  t h e  p r o t o n s  d i s s o l v e d  i n  t h e  m e l t ,  w h ic h  i s  l i n k e d  t o  t h e  
h e a t  o f  s o l u t i o n .  The s o l u b i l i t y ,  r e p o r t e d  a s  X ^ ^ ,  o f  HC1 w as fo u n d  t o  
i n c r e a s e  f r o m  p u re  N a C l, t h r o u g h  th e  m ix t u r e s  t o  p u re  KC1, f o r  t h e  same  
t e m p e r a t u r e .

F o r  m o lt e n  a n t im o n y  t r i c h l o r i d e  t h e  s o l u b i l i t y  o f  HC1 h a s  b e en
(68)i n v e s t i g a t e d  b y  R yabo v  e t  a l .  . I t  w as show n  t h a t  i n  t h e  te m p e r a tu r e  

r a n g e  8 0 - 1 20 °C  t h e  s o l u t e  b e h a v e s  i n  a m a n n e r c h a r a c t e r i s t i c  o f  a c h e m ic a l  
d i s s o l u t i o n  p r o c e s s ,  w i t h  t h e  s o l u b i l i t y  d e c r e a s in g  f r o m  0 .8 0 9  m o l.  % a t  
8 0 °C  t o  0 .6 1 9  m o l.  % a t  1 2 0 °C . No a t t e m p t ,  h o w e v e r ,  was made t o  p o s t u l a t e  
t h e  s t r u c t u r e  o f  a n y  c o m p le x  e n t i t y  t h a t  may e x i s t  w i t h i n  t h e  m e l t .

The s o l u b i l i t y  o f  HC1 g a s  i n  z i n c  c h l o r i d e  -  c o n t a i n i n g  m o lt e n
m ix t u r e s  h a s  b e e n  s t u d i e d  b y  P r a s o lo v  e t  a l .  '  i n  K C l- Z n C l^  (4 5  and  70
m o l.  % Z n 0 1 o ) a n d  M in h  a n d  W e l c h / ^ ^  i n  L iC l - K C l - Z n C l0 ( 0  < X7 r  < 

Z Z ZnLi2
0 . 1 7 4 ) .  B o th  s t u d i e s  fo u n d  s o l u t e  b e h a v io u r  c h a r a c t e r i s t i c  o f  c h e m ic a l
s o l u b i l i t y  -  t h e  s o l u b i l i t y  o f  HC1 d e c re a s e d  w i t h  in c r e a s e  i n  t e m p e r a tu r e
a n d  w i t h  d e c re a s e  i n  X-, i n  t h e  m o lt e n  m ix t u r e s .  H o w e v e r , t h eZnCl2 ’
m a g n itu d e s  o f  t h e  s o l u b i l i t i e s  d e te rm in e d  b y  P r a s o lo v  a r e  ~  100  t im e s  
l a r g e r  t h a n  th o s e  o f  M in h  and  W e lc h . The l a t t e r  w o r k e r s  e m p lo y e d  an  
e l u t i o n  m e th o d  o f  s o l u b i l i t y  d e t e r m in a t i o n ,  p u r g in g  t h e  d i s s o l v e d  HC1 f r o m  
t h e  m e l t  w i t h  a r g o n ,  b u t  t h e  m e th o d  o f  P r a s o lo v  i s  n o t  d e s c r ib e d  i n  th e  
t r a n s l a t i o n  o f  t h e  o r i g i n a l  p a p e r ,  s o  i t  i s  n o t  p o s s i b le  t o  s e e  how  s u c h  a 
l a r g e  d is c r e p a n c y  c o u ld  o c c u r .  B o th  s t u d i e s  h a v e , on  th e  b a s i s  o f  th e s e  
r e s u l t s ,  p o s t u l a t e d  t h e  e x i s t e n c e  o f  a c o m p le x  s p e c ie s  fo rm e d  b e tw e e n  th e  
HC1 m o le c u le s  a n d  th e  Z n C l^  i n  t h e  m e l t ,  a l t h o u g h  n e i t h e r  s t a t e d  w h a t th e
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c o m p le x  s t r u c t u r e  m ig h t  b e .

A r e c e n t  i n v e s t i g a t i o n  o f  t h e  s o l u b i l i t y  o f  HC1 i n  N -
e t h y l p y r i d i n i u m  b r o m id e - z in c  c h l o r i d e  and  i n  N - m e t h y lp y r i d in iu m  
c h l o r i d e - z i n c  c h l o r i d e  m o lt e n  m ix t u r e s  a t  393  and  443K  r e s p e c t i v e l y  sh ow ed  
t h a t  i n c r e a s i n g  r e s u l t e d  i n  a d e c re a s e  i n  s o l u b i l i t y  t o  X ^n Q  =
0 . 3 3 ,  a f t e r  w h ic h  th e ^  s o l u b i l i t y  v a lu e s  w e re  a p p r o x im a t e ly  c o n s t a n t ^ t o  
^ Z n C l2 = 0 * ^ *  T h is  b e h a v io u r  h a s  b e e n  i n t e r p r e t e d  a s  b e in g  due  t o  t h e
f o r m a t i o n  o f  b i h a l i d e  io n s  (H X ^ ) i n  t h e  m e l t s ,  r a t h e r  th a n  a n y  
c o m p le x a t io n  w i t h  t h e  a r o m a t ic  r i n g  o r  t h e  Z n C l^ .

(71)

2.3.2 Solubility of H^O in Chloride Melts

S tu d ie s  o f  t h e  s o l u b i l i t y  o f  w a te r  i n  m o l t e n  c h l o r i d e s  a r e  r a r e v '
a n d  t h o s e  c a r r i e d  o u t  h a v e  n e a r l y  a l l  b e e n  on  L iC l - K C l  m ix t u r e s .  A t  h ig h e r
t e m p e r a t u r e s  a nd  w a te r  v a p o u r  p r e s s u r e s  h y d r o l y s i s  o f  t h e  L iC l  was t h o u g h t

(73)
t o  o c c u r  , b u t  l i n e a r  r e l a t i o n s h i p s  b e tw e e n  s o l u b i l i t y  a n d  v a p o u r  
p r e s s u r e  w e re  fo u n d  i n  s y s te m s  w h e re  t h e  t e m p e r a tu r e s  a nd  v a p o u r  p r e s s u r e s  
w e re  l o w e r .  " C o n s id e r a b le "  a m o u n ts  o f  HC1 w e re  fo rm e d  a s  h y d r o l y s i s  
o c c u r r e d .  The t e n a c i t y  w i t h  w h ic h  l i t h i u m  c h l o r i d e  m o lt e n  m ix t u r e s  
r e t a i n  w a te r  was n o t e d ,  w i t h  s o l u b i l i t i e s  o f  t h e  o r d e r  o f  1 0 -3 0  p m o l.  
t o r r  (m o l .  L i  ) a t  3 9 0 -4 8 0 K  a nd  w a te r  v a p o u r  p r e s s u r e s  o f  l e s s  th a n  
18mm H g . The d a ta  a t t r i b u t e d  b y  C o m b e s ^ ^  t o  L a i t i n e n  e t  a l . ^ ^  a s  t h e  
w a te r  s o l u b i l i t y  i n  L iC l - K C l  e u t e c t i c  i s ,  on  c l o s e r  s t u d y ,  t h e  a m o u n t o f  
w a te r  re m o ve d  f r o m  t h e  s o l i d  c o m p o n e n ts  b y  e v a c u a t io n .  I n  t h e  same  
s u r v e y ( 7 2 )  t h e  d a ta  o f  M a r i c l e  a n d  H u m e ^ ^  i s  i n  f a c t  t h e  a m o u n t o f  
h y d r o x id e  fo u n d  i n  an  u n p u r i f i e d  m e l t  ( N a C l- K C l)  r a t h e r  th a n  t h e  
s o l u b i l i t y  o f  w a t e r .

T h re e  o t h e r  s t u d i e s  o f  w a te r  s o l u b i l i t y  a r e  m e n t io n e d  i n  C om bes ' 
( 7 2 )s u r v e y  , b u t  t h e y  a r e  n o t  e a s i l y  a c c e s s i b l e .  Two w o rk e d  w i t h  a t  M g C l^ -  

50 m o l.  ?6 KC1 a t  1008K  a n d  8 5 3 -8 7 3 K , r e s p e c t i v e l y ,  w h i l s t  t h e  t h i r d  s t u d ie d  
N aC l a t  1 1 2 3 K . The s o l u b i l i t i e s  a r e  g iv e n  a s  0 .0 3  m o l.  %,  0 . 2  m o l.  % and  
1 . 6  x  10 ^  m o l.  cm ^ r e s p e c t i v e l y .
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2.4 I.R. Spectroscopy of HC1 and H^O in Chloride Melts

The i n f r a - r e d  a b s o r p t i o n  s p e c t r a  o f  s o l u t i o n s  o f  HC1 i n  p u re  m o lt e n
N a C l,  KC1, R b C l,  C s C l,  C a C l? and  S r C l? w e re  r e c o r d e d  b y  N o v o z h i lo v ,  G r ib o v a  

( 76) ^ ^and  D e v y a t k in ^  . The s p e c t r a  s u g g e s te d  t h a t  t h e  s o l u t e  m o le c u le s  a r e  
p r e s e n t  a s  m onom e rs  i n  th e  a l k a l i n e - e a r t h  m e ta l  c h l o r i d e s ,  w h e re a s  i n  t h e  
a l k a l i - m e t a l  c h l o r i d e s  th e y  a r e  a s s o c ia t e d  i n t o  c o m p le x e s  o f  t h e  t y p e  C l -
H . . . • C l _me2 -̂ • The s t a b i l i t y  o f  t h i s  h y d ro g e n  b o n d  d e p e n d s  on th e  s a l t  
c a t i o n ;  f o r  t h e  l a r g e r ,  l e s s  p o l a r i s i n g  c a t i o n s  t h e  h y d ro g e n  b o n d  i s  
s t r o n g e r  s in c e  th e  C l i s  n o t  a s  s t r o n g l y  h e ld  b y  t h e  l a r g e  c a t i o n s ,
e . g .  Cs+ , a s  b y  t h e  s m a l le r  c a t i o n s .  F rom  t h e  s p e c t r a  t h e  e n e r g ie s  o f  t h e  
h y d ro g e n  b o n d s  i n  t h e  p u re  MCI m e l t s  w e re  fo u n d  t o  in c r e a s e  i n  t h e  o r d e r  
N a C l ( 2 2 k J  m o l . - 1 ) < KC1< R b C l< C sC l (31  k J  m o l . " 1 ) .

N o v o z h i lo v  e t  a l .  s t a t e d  t h a t  i n  t h e  MCI s o l u t i o n s  o f  HC1 a r e  
r e l a t i v e l y  f r e e  s o l u t e  m o le c u le s  a s  w e l l  a s  t h o s e  a s s o c ia t e d  i n  t h e  C l -
H . . . . C l me^  c o m p le x e s ,  t h e  p r o p o r t i o n  o f  t h e  f r e e  m o le c u le s  d e c r e a s in g  
f r o m  N aC l t o  C s C l.  T h is  im p l i e s  t h a t  b o th  p h y s i c a l  a n d  c h e m ic a l  
d i s s o l u t i o n  p r o c e s s e s  a r e  o c c u r r i n g .

W o rk  b y  M ig n o n s in  and  D u y c k a e r t s ^ ^  on  I . R .  a b s o r p t i o n  b y  t a b l e t s  
p r e p a r e d  f r o m  m o lt e n  N a C l-K C l e u t e c t i c  t r e a t e d  w i t h  w a te r  v a p o u r  and  
s o d iu m  h y d r o x id e  a t  8 0 0 °C , i n d i c a t e d  t h a t  OH" io n s  w e re  n o t  p r e s e n t .  The  
w a te r  s o l u b i l i t y  was v e r y  s m a l l ,  b u t  r e a c t i o n s  [ 2 . 3 ]  a n d  [ 2 . 4 ]  w e re  fo u n d  
t o  go  t o

Ho 0 + C l = H C1/ , +  OH [ 2 . 3 ]2 ( g )  L

OH" + C l "  = HC1/ , +  0 2 "  [ 2 . 4 ]( g )

2 -c o m p le t io n  i . e .  o n ly  0 an d  HC1 w e re  d e t e c t e d .  I n t r o d u c t i o n  o f  NaOH was
2 +s a id  t o  g i v e  r i s e  t o  Na? 0 and  H O, >. o r  0 ? " ,  N a „+  a n d  H? 0 ( g ) ,  d e p e n d in g  on

 ̂  ̂  ̂ r ~j q  79) z-
t h e  a m ou n t a d d e d . N o v o z h i lo v  a n d  P c h e l i n a v ’ , h o w e v e r ,  s t u d i e d
s o l u t i o n s  o f  w a te r  i n  m o lt e n  a l k a l i  m e ta l  c h l o r i d e s  u s in g  I . R .  
s p e c t r o s c o p y ,  r a t h e r  th a n  m a k in g  t a b l e t s  o f  t r e a t e d  m e l t .  F o r  m o lt e n  N aC l 
+ H2O, tw o  a b s o r p t i o n  b a n d s  w e re  s e e n  w h ic h  b ro a d e n e d  i n t o  one  b a n d  f o r  K C 1 , 
R bC l a n d  C s C l.  M o v in g  a lo n g  t h e  s e r i e s  N aC l C s C l,  t h e  b a nd  i n t e n s i t y
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i n c r e a s e d  f o r  t h e  same m e l t  t e m p e r a t u r e ,  b u t  d e c re a s e d  w i t h  r i s e  i n
t e m p e r a tu r e  f o r  a l l  f o u r  m e ta l  h a l i d e s .  N o v o z h i lo v  a t t r i b u t e d  t h i s
b e h a v io u r  t o  t h e  f o r m a t i o n  o f  h y d ro g e n  b o n d s  b e tw e e n  th e  d i s s o l v e d  H^O
m o le c u le s  an d  t h e  C l -  io n s  o f  t h e  m e l t .  The s t r e n g t h  o f  th e  h y d ro g e n  b o n d
was fo u n d  t o  i n c r e a s e  w i t h  i n c r e a s i n g  c a t i o n  s i z e ;  s a id  t o  be  d ue  t o  t h e
a v a i l a b i l i t y  o f  " f r e e r  c h l o r i d e  i o n s "  i n  t h e  m e l t s  o f  t h e  l a r g e r  c a t i o n s .
I n  a d d i t i o n ,  a s  w e l l  a s  d i s s o l v e d  h^O  m o le c u le s ,  i t  w as s u g g e s te d  t h a t  OH
g r o u p s  a r e  fo rm e d  i n  t h e  m e l t s  a s  a r e s u l t  o f  h y d r o l y s i s  o f  t h e  m e l t

2 -  2 -( r e a c t i o n  [ 2 . 3 ] ) .  O th e r  s p e c ie s  p o s t u l a t e d  ( 0 ^  , 0  , 0 ^  ) c o u ld  n o t  be
i n v e s t i g a t e d  s in c e  t h e  ra n g e  o f  v i b r a t i o n s  o f  t h e  M- 0  a n d  0 - 0  b o n d s  l i e  
o u t s i d e  t h e  w o r k in g  ra n g e  o f  t h e  s a p p h i r e  w in d o w s .

2.5 Electrochemical Studies of HC1 in Chloride Melts

R e l a t i v e l y  fe w  i n v e s t i g a t i o n s  i n t o  t h e  e l e c t r o c h e m ic a l  b e h a v io u r  o f  
HC1 g a s  d i s s o l v e d  i n  c h l o r i d e  m e l t s  c o u ld  be fo u n d .  T h o se  c a r r i e d  o u t  
te n d e d  t o  be  on  w id e l y  u s e d  m ix t u r e s ,  l i k e  L iC l - K C l  and  Z n C l^ - K C l .  
R e s u l t s  o b t a in e d  b y  th e  d i f f e r e n t  w o r k e r s  e x h i b i t  a f a i r  d e g re e  o f  
d is c r e p a n c y .

The e a r l i e s t  s t u d y  fo u n d  was t h a t  o f  D e v y a t k in  a n d  U ksh e
T h e i r  c h r o n o p o t e n t i o m e t r i c  i n v e s t i g a t i o n  o f  HC1 d i s s o l v e d  i n  p u re  m o lt e n
L i C l ,  N a C l, KC1, R bC l and  N a C l-K C l m ix t u r e s  fo u n d  d i f f u s i o n  c o e f f i c i e n t s  

- 3  4 2 -1o f  t h e  o r d e r  o f  10 - 1 0  cm s e c .  , d e c r e a s in g  i n  t h e  o r d e r  L iC l  > N aC l >
KC1 > R b C l.  W ith  r i s i n g  t e m p e r a tu r e  t h e  d i f f u s i o n  c o e f f i c i e n t s  (D )  i n  t h e  
l i g h t e r  a l k a l i  m e ta l  c h l o r i d e s  w e re  fo u n d  t o  d e c r e a s e ,  b u t  i n  R bC l t h e i r  
v a lu e s  i n c r e a s e d .  W i t h o u t  a f u l l  t r a n s l a t i o n  t h e i r  e x p la n a t i o n  i s  n o t  
c l e a r  b u t  t h e y  p o s t u l a t e  t h e  e x i s t e n c e  o f  H C l^ 1'1 c o m p le x e s ,  w h ic h  
d i s s o c i a t e  i n t o  H+  and  n C l i n  R b C l, p r e s u m a b ly  l e a d in g  t o  t h e  in c r e a s e  i n  
Dr c i  v a lu e s  w i t h  t e m p e r a t u r e .  I n  t h e  N a C l-K C l m o l t e n  m ix t u r e s  t h e  
d i f f u s i o n  c o e f f i c i e n t s  w e re  o f  t h e  same m a g n itu d e  a s  th o s e  f o r  t h e  p u re  
s a l t s ,  b u t  f o r  e a c h  m ix t u r e  an  in c r e a s e  i n  t e m p e r a tu r e  r e s u l t e d  i n  an  
i n c r e a s e  i n  t h e  d i f f u s i o n  c o e f f i c i e n t .  No e x p la n a t i o n  o f  th e  d i f f e r e n c e  
i n  b e h a v io u r  b e tw e e n  th e  p u re  m e l t s  a n d  th e  m o lt e n  m ix t u r e s  was g iv e n  i n  t h e  
a b r id g e d  t r a n s l a t i o n .

Van Norman and Tivers^^ chronopotentiometrically studied the

behaviour of HC1 in the molten LiCl-KCl eutectic, utilizing a vitreous



- 2 9 -

c a r b o n  w o r k in g  e l e c t r o d e .  H a v in g  d e te rm in e d  t h e  HC1 s o l u b i l i t y  i n  t h i s  
m e l t ,  v a lu e s  o f  t h e  d i f f u s i o n  c o e f f i c i e n t s  w e re  fo u n d  t o  be  2 . 4  + 0 . 5  x 1 0 - ^  
cm^ s e c .   ̂ ( 4 9 0 ° C )  a n d  2 . 3  + 0 . 5  x 1 0 ” ^  cm^ s e c .   ̂ ( 5 7 0 ° C ) .  F o r  C l^  
d i s s o l v e d  i n  m o l t e n  c h l o r i d e s  s i m i l a r l y  l a r g e  d i f f u s i o n  c o e f f i c i e n t s  w e re  
f o u n d ,  b u t  i n  t h a t  c a s e  r a t i o n a l i z e d  i n  te rm s  o f  t h e  f o r m a t i o n  o f  t h e  
t r i c h l o r i d e  i o n ,  C l ^ - , a n d  a c h a in  c o n d u c t io n  m e c h a n is r r /® ^ . A s i m i l a r  
e x p la n a t i o n  f o r  t h e  r e s u l t s  seem ed  u n l i k e l y  a n d  Van N o rm an p r e f e r r e d
t o  in v o k e  t h e  s m a l l  s i z e  o f  t h e  H+ i o n ,  fo rm e d  b y  d i s s o c i a t i o n  o f  HC1, a s  t h e  
c a u s e  o f  t h e  h ig h  v a lu e s .

M in h  a nd  W e lc h , a t t e m p t in g  t o  d e te rm in e  th e  m e ch a n ism  o f  t h e
c a t h o d ic  r e d u c t i o n  o f  HC1 d i s s o l v e d  i n  L iC l - K C l  e u t e c t i c ,  u s e d  c y c l i c

(66)v o l t a m m e t r y  a n d  c h r o n o p o t e n t io m e t r y  a t  p l a t i n u n r  a n d  v i t r e o u s  
( 81)c a r b o n v w o r k in g  e l e c t r o d e s .  On th e  p la t i n u m  e le c t r o d e  t h e  r e d u c t i o n  

was fo u n d  t o  be  a r e v e r s i b l e ,  s i n g l e - e l e c t r o n  c h a rg e  t r a n s f e r  s t e p ,  g i v i n g  
a s o l u b l e  p r o d u c t .  U s in g  t h e i r  own s o l u b i l i t y  d a t a ,  v a lu e s  w e re  o f
t h e  same m a g n itu d e  a s  th o s e  i n  Van N o rm a n 's  l e s s  r i g o r o u s  s t u d y .  M in h  and  
W e lc h  a l s o  c i t e  t h e  e x i s t e n c e  o f  n o n - s o lv a t e d  p r o t o n s  a s  t h e  c a u s e  o f  t h e  
l a r g e  d i f f u s i o n  c o e f f i c i e n t s  ( ~  2 x 10 cm s e c  a t  500  C) a n d  g iv e  w e ig h t  
t o  t h e i r  a s s e r t i o n  w i t h  lo w  e x p e r im e n t a l  v a lu e s  o f  t h e  e n e r g y  o f  a c t i v a t i o n  
o f  t h e  d i f f u s i o n  p r o c e s s .  U s in g  th e  v i t r e o u s  c a r b o n  e le c t r o d e  i t  was  
d e te rm in e d  t h a t  t h e  d i s s o l v e d  HC1 i s  " c o m p le t e l y  d i s s o c i a t e d  i n t o  p r o t o n s  
a n d  c h l o r i d e  i o n s " .  The e v o l u t i o n  o f  h y d ro g e n  w as fo u n d  t o  p r o c e e d  v i a  a 
t w o - s t e p  m e c h a n is m ; r e d u c t io n  o f  H+  t o  fo rm  H a to m s  f o l l o w e d  b y  a to m  
c o m b in a t io n  t o  fo rm  H ^ , t h e  l a t t e r  b e in g  th e  s lo w e r  s t e p .  A d d i t i o n  o f  z i n c  
c h l o r i d e  t o  t h e  L iC l - K C l  m e l t ^ ^  ^ < ^ Z n C l2< f o l l o w e d  b y  HC1
s a t u r a t i o n  o f  t h e  m e l t  r e s u l t e d  i n  a d e c re a s e  i n  t h e  v a lu e s  o f  Dur, .  c o m p a re d  
t o  t h o s e  m e a s u re d  i n  L iC l - K C l .  On v i t r e o u s  c a r b o n  th e  r e d u c t i o n  was fo u n d  
t o  b e  a r e v e r s i b l e ,  s i n g l e - e l e c t r o n  t r a n s f e r  s t e p  f o r m in g  a s o l u b l e  
p r o d u c t ,  b u t  on  p la t in u m  a d s o r p t i o n  o f  t h e  s o l u t e  s p e c ie s  was i n f e r r e d  f r o m  
t h e  e x p e r im e n t a l  d a t a .

As p a r t  o f  a s t u d y  o f  t h e  h y d ro g e n  e v o l u t i o n  r e a c t i o n  i n  L iC l - K C l ,  
K a n z a k i  a n d  T a k a h a s h i^  '  v o l t a m m e t r i c a l l y  i n v e s t i g a t e d  th e  b e h a v io u r  o f  
H C l - s a t u r a t e d  L iC l - K C l  a t  4 5 0 °C  u s in g  a p la t in u m  w o r k in g  e l e c t r o d e .  
T h e i r  v a lu e  f o r  th e  d i f f u s i o n  c o e f f i c i e n t  o f  th e  h y d ro g e n  io n s  i s  s im i l a r
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t o  t h a t  o f  Van N o rm an and  T i v e r s ^ ^  b u t  " a b n o rm a l"  a d s o r p t i o n  o f  H+ io n s  
was o b s e r v e d  w hen t h e  e l e c t r o d e  was a l lo w e d  t o  s t a n d .  The e f f e c t  was m o s t 
m a rk e d  a t  a g o ld  e l e c t r o d e ,  b u t  t h i s  p henom enon  d is a p p e a r e d  when t h e  m e l t  
w as s t i r r e d .

The b e h a v io u r  o f  HC1 i n  tw o  Z n C l9 -K C l e u t e c t i c  m e l t s  h a s  b e en
 ̂ (83)v o l t a m m e t r i c a l l y  s t u d ie d  b y  P e r r y  a nd  M a cD o n a ld ^  . On p la t in u m

e le c t r o d e s  a r e v e r s i b l e ,  one  e l e c t r o n  c h a rg e  t r a n s f e r  p r o c e s s  w as i n f e r r e d
—8 2b y  t h e  r e s u l t s  b u t  t h e  m a g n itu d e  o f  t h e  d i f f u s i o n  c o e f f i c i e n t s  ( ~  10 cm

s e c   ̂ a t  3 0 0 ° C ) ,  c a l c u l a t e d  u s in g  th e  s o l u b i l i t y  d a ta  o f  P r a s o lo v  e t  
(69)a l . , was much lo w e r  th a n  e x p e c te d ,  a n d  le d  P e r r y  t o  p o s t u l a t e  t h e

e x i s t e n c e  o f  a c o m p le x  s p e c ie s  i n  t h e  m e l t .  No i n d i c a t i o n  o f  t h e  n a t u r e  
o f  t h i s  s p e c ie s  was g i v e n ,  th o u g h .

2.6 Water in Chloride Melts

F o r  a com pound  t h a t  i s  so  d e l e t e r i o u s  t o  m o lt e n  s a l t s ,  i t  i s  
i n t e r e s t i n g  t o  s e e  how much w o rk  h a s  b e e n  d o ne  on th e  b e h a v io u r  a n d  e f f e c t  
o f  w a te r  i n  th e s e  l i q u i d s .  F o r  e x a m p le ,  a t  l e a s t  s i x  c h a p t e r s  a r e  d e v o te d  
t o  t h e  s u b je c t  i n  t h e  b o o k  " I o n i c  L i q u i d s "  ( 1 9 8 1 ) ^ ® ^ ,  l i s t i n g  s e v e r a l  
h u n d re d  r e f e r e n c e s  f o r  w o rk  d o ne  w i t h  v a r i o u s  m e d ia .  W h i l s t  n i t r a t e  m e l t s  
h a v e  r e c e iv e d  m o s t a t t e n t i o n ,  t h e  h y d r o l y s i s  o f  m o lt e n  and  s o l i d  h a l i d e s  
h a s  b e e n  s t u d ie d  f o r  a lo n g  t im e ,  t h e  e a r l i e s t  r e f e r e n c e  fo u n d  b y  t h i s  
a u t h o r  h a v in g  b e e n  p u b l i s h e d  i n  1 9 2 2 v .

S o lu t e  w a te r  i s  a v e r y  r e a c t i v e  c o m p o u n d . I t s  p r o p e r t i e s  i n t e r f e r e
i n  s e v e r a l  p r a c t i c a l  s i t u a t i o n s ,  s u c h  a s  c o r r o s i o n  o f  m a t e r i a l s  i n  t h e
p r e s e n c e  o f  m e l t s  a n d  c h e m ic a l  t r a n s f o r m a t i o n s  o f  e i t h e r  t h e  s o l v e n t  m e l t
( h y d r o l y s i s ) ,  o r  o f  o t h e r  s o l u t e s  p r e s e n t .  I n c lu d e d  i n  t h e  f i e l d  o f
m o lt e n  s a l t s  a r e  l i q u i d s  know n  a s  " m o l t e n  s a l t  h y d r a t e s " .  T h e se
s o l u t i o n s ,  m e l t i n g  a t  t e m p e r a tu r e s  c lo s e  t o  room  t e m p e r a t u r e ,  a r e  fo rm e d
u s in g  h y d r a t e d  s a l t s  s u c h  a s  M gC l .6 H ? 0 o r  C a C l? .6 H 90 .  Much o f  t h e  w o rk  on

 ̂  ̂  ̂  ̂ (86)t h e s e  s y s te m s  h a s  b e e n  c a r r i e d  o u t  b y  D u f f y  and  c o - w o r k e r s v , who h a ve  
lo o k e d  a t  t h e  a c id - b a s e  b e h a v io u r  o f  t h e  s o l v e n t s  a n d  th e  c o - o r d i n a t i o n  
b e h a v io u r  o f  s o lu t e s  w i t h i n  th e s e  v e r y  c o n c e n t r a t e d  a q u e o u s  s o l u t i o n s .
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W ith  s o  many g o o d  r e v ie w s  i n  e x i s t e n c e ^ ^  , i t  i s  n o t  n e c e s s a r y  t o  
a t t e m p t  t o  c o v e r  e v e r y  a s p e c t  o f  t h e  f i e l d  o f  w a t e r - c o n t a i n i n g  m o lt e n  s a l t s  
h e r e .  One may a p p ro a c h  f r o m  v a r i o u s  a n g le s ;  f o r  e x a m p le ,  b y  l o o k in g  a t  t h e  
c o r r o s i v e  e f f e c t s  o f  a q u e o u s  c o n t a m in a t io n  i n  m o lt e n  s a l t s ,  t h e  i n d u s t r i a l  
c o n s e q u e n c e s  o f  t h e  same c o n t a m in a t io n  o r  p e rh a p s  t h e  s o l u t i o n  c h e m is t r y  
o f  w a te r  a n d  s p e c ie s  t h a t  may be  e v o lv e d  w i t h i n  t h e s e  m o lt e n  s o l v e n t s .  
M o re  d e t a i l  c a n  be  fo u n d  i n  t h e  r e v ie w s  m e n t io n e d  e a r l i e r .  E ls e w h e re  i n  
t h i s  s t u d y ,  t h e  s o l u b i l i t y  a n d  I . R .  s p e c t r o s c o p i c  s t u d i e s  o f  w a te r  i n  
m o lt e n  c h l o r i d e s  h a v e  b e e n  c o v e r e d ,  ( S e c t i o n s  2 .3  a n d  2 . 4  r e s p e c t i v e l y ) ,  
a n d  a s m a l l  r e v ie w  o f  m e l t  p u r i f i c a t i o n  t e c h n iq u e s  a p p e a r s  i n  t h e  S e c t io n  
4 . 1 .  I n  t h e  n e x t  fe w  p a g e s , t h e  e l e c t r o c h e m ic a l  b e h a v io u r  o f  w a te r  i n  a 
fe w  c h l o r i d e  m e l t s  w i l l  be  s u m m a r iz e d .

2.6.1 Electrochemical Studies of H^O in Chloride Melts

Some o f  t h e  f i r s t  w o rk  c a r r i e d  o u t  on  t h e  e l e c t r o c h e m ic a l  r e d u c t io n  
o f  w a te r  i n  L iC l - K C l  m e l t s  was b y  L a i t i n e n  e t  a l . ^ ^  a nd  D e l a r u e ^ ^  who  
w e re  i n  d is a g r e e m e n t  o v e r  t h e  e x i s t e n c e  o f  a v o l t a m m e t r ic  w ave  f o r  t h e  
r e a c t i o n :

OH +  e = 0 2 +  £H2 [ 2 . 3 ]

M o re  r e c e n t l y ,  an  i n v e s t i g a t i o n  o f  t h e  h y d ro g e n  e v o l u t i o n  r e a c t i o n s  
o f  H+ , H2 0 a n d  OH a t  a p la t i n u m  e l e c t r o d e  i n  m o lt e n  L i C l - K C l ^ ^  ( 4 5 0 ° C )  
sh o w e d  a l l  r e a c t i o n s  t o  be  r e v e r s i b l e  w i t h  a o n e - e l e c t r o n  t r a n s f e r  p r o c e s s  
f o r  e a c h  r e a c t i o n .  The e l e c t r o n  t r a n s f e r  s t e p  f o r  t h e  e v o l u t i o n  o f  
h y d ro g e n  f r o m  w a te r  was a ssum ed  t o  b e :

H2 0 +  e "  -* H +  OH" [ 2 . 6 ]

W i t h o u t  k n o w le d g e  o f  t h e  d i s s o c i a t i o n  r a t e  o f  w a te r  m o le c u le s  i n t o  H+  and  
OH , t h e  w o r k e r s  h e s i t a t e d  t o  i n c l u d e  th e  p o s s i b i l i t y  o f  e l e c t r o n  t r a n s f e r  
t o  H+  io n s  a s  a way o f  p r o d u c in g  h y d r o g e n .

(88)M e le n d r e s  e t  a l .  '  a l s o  v o l t a m m e t r i c a l l y  s t u d ie d  th e  b e h a v io u r  o f  
w a te r  i n  m o lt e n  L iC l - K C l  e u t e c t i c  a t  3 9 0 °C , and  o b s e r v e d  tw o  r e v e r s i b l e
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r e d u c t io n  p e a k s  u s in g  p la t in u m  e le c t r o d e s  a t  E j o f  a b o u t  1 .6 1 V  and  0 .4 7 V
2

v e r s u s  a L i A l  r e f e r e n c e  e l e c t r o d e .  T h e se  p e a k s  w e re  a t t r i b u t e d  t o  one  
e l e c t r o n  t r a n s f e r  t o  H^O and  0H~ r e s p e c t i v e l y .  V a lu e s  f o r  D ^ g  o b t a in e d  
b y  t h i s  m e th o d  a v e ra g e d  t o  3 .1  +  0 . 5  x 10 ~3 cm2 s e c .  ̂ a t  3 9 0 °C . A f t e r  t h i s  
w o rk  was c a r r i e d  o u t ,  L y s y  and  Combes^ d e te rm in e d  th e  e q u i l i b r i u m  
c o n s t a n t s  f o r  t h e  f o l l o w i n g  r e a c t i o n s  i n  m o lt e n  L iC l - K C l  e u t e c t i c :

2 0 H ' = 0 2 -  +  H2 0 ( K ^  [ 2 . 7 ]

H20  + 2C1~ = 0 2 ~ + 2HC1 (K  ) .  [ 2 . 8 ]

O v e r t h e  te m p e r a tu r e  ra n g e  6 4 2 -7 4 2 ° C  t h e  c o n s t a n t s  w e re  g iv e n  b y :

lo g  K1 = 7 .8 6  -  7 .6 8  x 1 0 3 /T

lo g  K2 = 2 .2 9  -  1 0 .0 3  x 1 0 3 / T .

The e f f e c t  o f  m o is t u r e  on  th e  r e d u c t i o n  o f  K ^C rO ^  and  on  th e
C r (  I I I ) / C r (  I I )  e l e c t r o d e  r e a c t i o n  i n  m o lt e n  L iC l - K C l  e u t e c t i c  a t  4 5 0 °  h a s

(9 0  9 1 )b e e n  i n v e s t i g a t e d  b y  U c h id a  e t  a l .  ’ . I n  d r y  m e l t s  t h e  r e d u c t i o n  o f
c h ro m a te  w as fo u n d  t o  i n v o l v e  c o n s e c u t i v e  e l e c t r o n  t r a n s f e r  s t e p s  f o l l o w e d  
b y  a c h e m ic a l  r e a c t i o n :

C rO . 2 "  - 2 e -y C r O 4 -  — —— ► C rO , 5 "  +  C rO  3 -  +  0 2 -  [ 2 . 9 ]4 4 4 3

H o w e v e r , i n  t h e  w e t m e l t ,  t h e  o v e r a l l  r e d u c t io n  p r o c e s s  was fo u n d  t o  b e :

? | • +
C rO , +  3 e "  +  2Ho 0 _h i_>  L iC r 0 o , , +  4 0 H " [ 2 . 1 0 ]4  Z  Z  (, S  )

S o lu t i o n s  o f  C r 3+ i n  L iC l - K C l  e u t e c t i c  a t  4 5 0 °C  w e re  fo u n d  t o  u n d e rg o
h y d r o l y s i s  t o  fo rm  [C rC l^ (O H ) ] 3 , b u t  r a i s i n g  th e  m e l t  t e m p e r a tu r e  c a u s e d
a d e c re a s e  i n  t h e  e x t e n t  o f  t h e  h y d r o l y t i c  r e a c t i o n .  A p o l y m e r i z a t i o n
r e a c t i o n  t o  fo rm  [ C r C l ^ - 0 - C r C l ^ ] ^  w as in v o k e d  t o  e x p l a i n  t h e  d e c re a s e  i n
th e  c u r r e n t  r a t i o ,  i  / i  , w i t h  d e c re a s e  i n  v o l t a m m e t r ic  s c a n  r a t e .a c

The r e d u c t i o n  o f  w a te r  on  p la t i n u m  and  g o ld  e l e c t r o d e s  i n  m o lt e n  L i C l -  
K C l-C s C l a t  3 0 0 °C  h a s  b e en  i n v e s t i g a t e d  v o l t a m m e t r i c a l l y ^ 2 \  and
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h y d ro g e n  a to m  a d s o r p t i o n  p r o c e s s e s  w e re  in v o k e d  t o  e x p l a i n  t h e  p r e s e n c e  o f
p r e - p e a k s  on  th e  v o lta m m o g ra m s . The phenom enon  o f  a d s o r p t i o n  o f  h y d ro g e n
a to m s  on  m e ta l  e l e c t r o d e s  a p p e a r s  t o  be q u i t e  s p o r a d i c :  M in h  and  W e lc h
o b s e r v e d  i t  i n  L iC l - K C l - Z n C l9 w i t h  HC1 a s  t h e  s o l u t e ,  b u t  n o t  i n  L i C l -

(66) ^KC1V . I t  i s  o f t e n  o b s e r v e d  i n  a q u e o u s  s o l u t i o n s ,  h o w e v e r ,  a n d  W h ite  e t  
( 9 2 )a l .  d re w  a n a lo g ie s  w i t h  a q u e o u s  s y s te m s  f o r  t h e i r  w o rk  i n  L iC l - K C l -  

C s C l .

Much o f  t h e  w o rk  on  N a C l-K C l s y s te m s  h a s  b e en  c a r r i e d  o u t  b y  C om bes , 
( 9 3 - 9 6 )T r e m i l l o n  e t  a l .  , who h a v e  b e e n  c o n c e rn e d  w i t h  t h e  b e h a v io u r  o f

s t a b i l i z e d  z i r c o n i a  e l e c t r o d e s  i n  th e s e  s o l v e n t s ,  u s in g  th e m  t o  m o n i t o r  
t h e  e f f e c t  o f  a d d i t i o n  o f  o x y - s p e c ie s  t o  t h e  m e l t s .  F o r  r e a c t i o n s  [ 2 . 7 ]  
and  [ 2 . 8 ] g i v e n  p r e v i o u s l y ,  t h e  e q u i l i b r i u m  c o n s t a n t s  i n  N a C l-K C l ( 1 : 1 )  
o v e r  t h e  te m p e r a tu r e  ra n g e  7 0 0 -1 0 0 0 °C  w e re  g iv e n  b y :

lo g  K1 = 6 .7 3  -  8 .1 3  x 1 0 3 /T

lo g  K2 -  4 0 .2  -  5 5 .3  x 1 0 3 /T

C o m p a r in g  th e s e  r e s u l t s  w i t h  th o s e  f o r  L iC l - K C l  a t  t h e  same
( 8 9 )  —te m p e r a t u r e ,  L y s y  a nd  C om bes ' p o i n t  o u t  t h a t  OH io n s  a r e  a b o u t  f o r t y2_

t im e s  m o re  d i s s o c i a t e d  ( i . e .  i n t o  0 an d  H20 )  i n  L iC l - K C l  th a n  i n  N a C l-K C l  
( 6 7 0 - 7 7 0 ° C ) .  W a te r  b e h a v e s  a s  a w e a k e r  o x o a c id  a n d  a s t r o n g e r  o x o b a s e  i n  
L iC l - K C l  t h a n  i n  N a C l-K C l,  a f a c t  e x p la in e d  b y  B u r k h a r d  a n d  C o r b e t t ^ 3  ̂ and  
Combes e t  a l .  a s  b e in g  due  t o  t h e  s t r o n g e r  a c i d i t y  o f  L i + c o m p a re d  t o  Na+ , 
t h e  KC1 m e r e ly  a c t i n g  a s  a p h y s i c a l  d i l u e n t .

By c h a n g in g  th e  p a r t i a l  p r e s s u r e s  o f  HC1, a n d  0 ^  a b o ve  m o lt e n  N a C l-
K C l ( 1 : 1 )  a t  7 0 0 °C , o r  a d d in g  N a^O , L i t t l e w o o d  a nd  A r g e n t  c o u ld  lo o k  a t
t h e  b e h a v io u r  o f  t h e  i n d i v i d u a l  d i s s o c i a t i o n  a nd  h y d r o l y s i s  p r o d u c t s  fo u n d
i n  m e l t s  c o n ta m in a te d  by  w a t e r .  C h a ng e s  i n  CL p a r t i a l  p r e s s u r e  d i d  n o t

2 + ^a f f e c t  t h e  a c t i v i t y  o f  0 i o n s ,  b u t  t h e  H a c t i v i t y  d id  a l t e r  w hen  th e  
h y d ro g e n  p a r t i a l  p r e s s u r e  was c h a n g e d .

The e f f e c t s  o f  m o is t u r e  i n  C a C l2 -K C l ( 7 3 : 2 7  m o l.  %) a t  7 0 0 °C  w e re  
s t u d ie d  v o l t a m m e t r i c a l l y  a nd  p o t e n t i o m e t r i c a l l y  b y  B ro o k e s  and  I n m a n ^ ^  .
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A s e r i e s  o f  r e d o x  and  c h e m ic a l  e q u i l i b r i a  w e re  u s e d  t o  e x p l a i n  t h e  r e s u l t s ,
w i t h  t h e  a s s u m p t io n  t h a t  t h e  p e r o x id e  io n  i s  s t a b l e  i n  t h e  m e l t .  

2-  2-A d d i t i o n s  o f  0 , 0 2  , f ^ O  a nd  OH w e re  m ade , t h e  h y d r o x id e  and
m o is t u r e  a p p a r e n t l y  b e in g  r a p i d l y  c o n v e r t e d  t o  o x id e  i n  t h e  m e l t .

(99)
The  a d d i t i o n  o f  m o is t u r e  t o  m o lt e n  A lC l^ - B u P y C l r e s u l t e d  i n  t h e  

f o r m a t i o n  o f  HC1, w h ic h  c o u ld  be  re d u c e d  e l e c t r o c h e m i c a l l y  t o  H2 , and
e i t h e r  A 10C 1? o r  A10HC17 . The a u t h o r s  w e re  u n a b le  t o  d i s t i n g u i s h  w h e th e r

1 Z (100) t h e  o x y -  o r  h y d r o x y -  c h l o r i d e  w e re  p r e s e n t ,  b u t  T r e m i l l o n  e t  a l .  u s in g
2_A lC l^ - N a C l  m e l t s  d e te rm in e d  t h a t  0 io n s  w e re  s o l v a t e d  i n  t h e  fo rm s  

A IO C I2 a n d  A10C1 i n  c h l o r o b a s i c  a n d  c h l o r o a c i d i c  m e l t s ,  r e s p e c t i v e l y .

E q u i l i b r i u m  c o n s t a n t s  f o r  t h e  r e a c t i o n s  [ 2 . 7 ]  and  [ 2 . 8 ]  w e re
d e te rm in e d  e x p e r im e n t a l l y  i n  m o l t e n  N a C l- Z n C l7 a t  3 6 0 °C , u s in g  y t t r i a -

1 (101)s t a b i l i s e d  z i r c o n i a  a s  t h e  o x i d e - s e n s i t i v e  e l e c t r o d e ,  b y  I t o  e t  a l .
-1  - 7The v a lu e s  o f  t h e  c o n s t a n t s  w e re  = 6 . 4  x 10 ( a tm )  a n d  ^  = 1 .9 1  x 10  

( a tm ) .  I t  c a n  be  s e e n  t h a t  t h e  v a lu e  f o r  t h e  h y d r o l y s i s  r e a c t i o n ,  [ 2 . 8 ] ,  
i s  s u r p r i s i n g l y  lo w ,  i n d i c a t i n g  t h a t  t h e  m e l t  i s  r e l a t i v e l y  s t a b l e  i n  t h e  
p r e s e n c e  o f  w a t e r .  T h is  f i t s  i n  w e l l  w i t h  w o rk  c a r r i e d  o u t  b y  G o r r e  a n d  
P a s t o r ^ ^ ^  , who fo u n d  t h a t  a b o v e  9 0 °C  a n h y d ro u s  Z n C ^  i s  n o t  d e l i q u e s c e n t  
i f  t h e  w a te r  v a p o u r  p r e s s u r e  i s  l e s s  th a n  10mm H g . N e u t r o n  d i f f r a c t i o n  
s t u d i e s ^ ^ " ^  o f  p u re  Z n C ^  m e l t s  show  t h a t  H2O m o le c u le s  o n ly  e n t e r  t h e  
f i r s t  c o - o r d i n a t i o n  s p h e r e  o f  z i n c  a t  r e l a t i v e l y  h ig h  H2 0 :C 1_ r a t i o s  
( 2 : 1 ) .  T h is  i n f o r m a t i o n  i n d i c a t e s  t h a t  t h e  e x t e n t  o f  h y d r o l y s i s  o f  z i n c  
c h l o r i d e  m e l t s  i n  t h e  p r e s e n c e  o f  w a te r  i s  a c t u a l l y  f a i r l y  s m a l l .

2.7 Electrochemical Studies in Zinc Chloride Melts
Two c h r o n o p o t e n t i o m e t r i c  i n v e s t i g a t i o n s ^ ^ ’ 0 f  t h e  s o l u b i l i t y  

o f  z i n c  m e ta l  i n  m o lt e n  z i n c  c h l o r i d e  b o th  i n d i c a t e d  t h a t  t h e  s o l u b i l i t y  
was v e r y  lo w ,  a s  show n  i n  T a b le  2 . 2 .
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Temp/°C Solubility/mol. % Reference

500 0 .0 1 9 104
525 0 .1 8 7 105
600 0 .3 2 6 105
702 1 .3 0 106
777 2 .4 0 106

TABLE 2.2

Solubilities of Zinc Metal in Molten Zinc Chloride

As s e e n ,  t h e  c h r o n o p o t e n t i o m e t r i c  r e s u l t s  seem  t o  f i t  i n  w i t h  th o s e  
o f  B om b i e t  a l .  who d i s s o l v e d  t h e i r  s a m p le s  i n  s t a n d a r d  a q u e o u s  i o d i n e
s o l u t i o n  a nd  d e te rm in e d  th e  d e c re a s e  o f  t h e  i o d i n e  c o n c e n t r a t i o n .  B o th  
c h r o n o p o t e n t i o m e t r i c  s t u d i e s  i n f e r r e d  i n t e r a c t i o n s  o f  t h e  fo rm :

Zn + Z n C l2 = Z n2C l2 [ 2 . 1 1 ]

2+ +w i t h  t h e  f o r m a t i o n  o f  t h e  Z n 2 i o n .  F o rm a t io n  o f  t h e  Zn io n  was r u le d  o u t  
b y  b o th  g r o u p s ,  who w e n t on  t o  g iv e  v a lu e s  o f  d i f f u s i o n  c o e f f i c i e n t s  f o r  t h e  
Z n ^ +  s p e c ie s  o f  t h e  o r d e r  o f  10 ^ - 1 0  ^  cm^ s e c .  \  I n t e r e s t i n g l y ,  t h e  
t h i r d  g r o u p ,  u s in g  c h e m ic a l  m ean s , c o u ld  o n ly  e x p la i n  t h e i r  r e s u l t s  b y  
a s s u m in g  t h e  e x is t e n c e  o f  Zn+ .

The b e h a v io u r  o f  Z n C l2 i n  L iC l - K C l  e u t e c t i c  w as s t u d i e d
v o l t a m m e t r i c a l l y a t  3 9 0 °C  and  4 5 0 °C  t o  t a k e  a c c o u n t  o f  t h e  f a c t  t h a t
z i n c  c o u ld  d e p o s i t  a s  a s o l i d  o r  a l i q u i d  ( m . p t .  4 1 9 ° C ) .  A l i m i t i n g
c u r r e n t  p la t e a u  was s e e n  on  th e  p o la r o g r a m  f o r  Zn d e p o s i t i o n  a b o v e  4 1 9 °C ,
b u t  b e lo w  t h i s  t e m p e r a tu r e  no  s u c h  p la t e a u  was o b s e r v e d .  P ro b le m s
o c c u r r e d  w i t h  t h e  p la t i n u m  e l e c t r o d e ,  h o w e v e r ,  when th e  s o l v e n t
d e c o m p o s i t io n  l i m i t s  w e re  r e a c h e d ,  s in c e  a l l o y  f o r m a t i o n  b e tw e e n  Zn and  P t
seem ed  t o  be  o c c u r r i n g ,  a n d  th e  P t e l e c t r o d e  d i s s o l v e d  b e f o r e  c h l o r i n e  was

(108)e v o lv e d .  Much l a t e r ,  w o rk  b y  T a o um i e t  a l .  g a v e  e v id e n c e  o f  t h e
p r e s e n c e  o f  c h l o r o z i n c a t e  c o m p le x e s  i n  m o lt e n  N a C l-K C l ( 1 : 1 )  a t  7 0 0 °C .
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The d i f f u s i o n  c o e f f i c i e n t  d e te rm in e d  f o r  Zn io n s  i n  t h i s  s o l v e n t  was 3 .2
x 10 cm s e c ”  , t h e  Z n /Z n  c o u p le  b e in g  r e v e r s i b l e  on  b o th  l i q u i d  z in c
and  t u n g s t e n  m ic r o - e l e c t r o d e s ,  w i t h  a d i f f u s i o n - c o n t r o l l e d  t w o - e le c t r o n
c h a r g e  t r a n s f e r  p r o c e s s .  Some e v id e n c e  was p u t  f o r w a r d  f o r  t h e  r e d u c t io n2+
p r o c e s s  i n v o l v i n g  a d s o r p t i o n  o f  Zn io n s  o n to  t h e  e l e c t r o d e  s u r f a c e  a nd  a 
t h r e e - s t a g e  m e ch a n ism  f o r  t h e  r e d u c t i o n  was p r o p o s e d .

The d e p o s i t i o n  o f  z i n c  f r o m  m e l t s  o f  Z n C l? - L iC l - K C l  h a s  b e e n  s t u d i e d  
( 1 0 9 )  Zb y  K o z io l  a n d  S adow ay , who r e c o r d e d  th e  e l e c t r o l y t e  f l o w  p a t t e r n s  

d u r i n g  th e  e l e c t r o d e p o s i t i o n  u s in g  a l a s e r  S c h l i e r e n  t e c h n iq u e .  T h is  
m e th o d  d e t e c t s  v a r i a t i o n s  i n  t h e  r e f r a c t i v e  in d e x  o f  t h e  e l e c t r o l y t e ,  
w h ic h  a r e  i n t e r p r e t e d  a s  c h a n g e s  i n  t h e  f l u i d  d e n s i t y  o r  c o m p o s i t i o n .  By  
c h a n g in g  t h e  o r i e n t a t i o n  o f  t h e  a n o d e  a nd  c a th o d e ,  d e n d r i t e  f o r m a t i o n  
c o u ld  be  c o n t r o l l e d  t o  p r e v e n t  " s h o r t i n g  o u t "  o f  t h e  s y s te m .  T h is  was  
e x p la in e d  b y  d i s c u s s in g  th e  c h a n g e s  i n  t h e  c o n c e n t r a t i o n  o f  z i n c  i n  t h e  
m e l t ,  a nd  h e n c e  c h a n g e s  i n  t h e  m e l t  d e n s i t y  a n d  t h e  e f f e c t  on  t h e  c o n v e c t i v e  
f l o w  o f  t h e  e l e c t r o l y t e .

U s in g  p la t in u m  a n d  g la s s y  c a r b o n  e l e c t r o d e s ,  t h e  e l e c t r o c h e m ic a l
d e c o m p o s i t io n  o f  Z n C l? f r o m  Z n C l? - L iC l - K C l  a n d  p u re  m o lt e n  Z n C l9 was

Z Z (110) Z i n v e s t i g a t e d  v o l t a m m e t r i c a l l y  b y  S u s ie  a n d  M e n tu s  . The g la s s y
c a r b o n  e l e c t r o d e  p r o v e d  t o  be  i n e r t  a n d  was u s e d  t o  d e te rm in e  th e
" e l e c t r o c h e m ic a l  w in d o w s "  o f  t h e  m e l t s .  The p la t i n u m  e l e c t r o d e ,  h o w e v e r ,
u n d e rw e n t  a n o d ic  d i s s o l u t i o n  and  p a s s i v a t i o n ,  f o r m in g  a l a y e r  o f  P tC l ^ ,
b e f o r e  t h e  c h l o r i n e  e v o l u t i o n  r e a c t i o n  c o u ld  o c c u r .  A t  c a t h o d ic
p o t e n t i a l s  i t  w as fo u n d  t h a t  z i n c - p l a t i n u m  a l l o y s ,  o f  w h ic h  s e v e r a l  a r e
k n o w n , w o u ld  fo rm ,  w i t h  a n y  n o n - a l lo y e d  z i n c  s e p a r a t i n g  a s  a p o w d e r .  T h is
b e h a v io u r  t i e s  i n  w i t h  t h e  e a r l i e r  w o rk  m e n t io n e d  on  Z n C l? - L i C l - K C l ^ ,
a n d  t h e  a n o d ic  f o r m a t i o n  o f  P tC l^  i n  o t h e r  c h l o r i d e  m e l t s  ’ . The
e le c t r o c h e m ic a l  o x i d a t i o n  o f  P t ,  N i ,  Mo and  W i n  Z n C l^ -K C l ( 4 9 -5 1  m o l.? o ) a t
260  a n d  350  C i n v e s t i g a t e d  b y  R u b e l a n d  G ro s s ^  , who c o m p a re d  t h e
b e h a v io u r  fo u n d  i n  t h a t  s o l v e n t  w i t h  t h a t  o f  t h e  same m e ta ls  i n  A g C l-K C l
m e l t s .  P la t in u m  c o u ld  be  o x i d i s e d  t o  fo rm  a l a y e r  o f  P tC l^  i n  b o th  m e l t s ,
w h i l s t  a Z n - P t  a l l o y  fo rm e d  a t  r e l a t i v e l y  c a t h o d ic  p o t e n t i a l s .  The a n o d ic
d i s s o l u t i o n  o f  n i c k e l  and  m o ly b d e n u m  fo rm e d  N i and  Mo^ i n  b o th  m e l t s ,
a n d  th e s e  m e ta ls  c o u ld  be d e p o s i t e d  f r o m  t h e i r  s o l u t i o n s .  I n  A g C l-K C l

2 +
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t u n g s t e n  d i s s o l v e d  t o  fo rm  t h e  W^+  o x i d a t i o n  s t a t e  b u t  fo rm e d  t h e  W^+  s t a t e  
i n  Z n C l^ - K C l ,  w h ic h  w as t h o u g h t  t o  h a v e  b e e n  s t a b i l i z e d  a s  an  o x y c h lo r o -  
c o m p le x  a r i s i n g  f r o m  c o n t a m in a t io n  o f  t h e  m e l t .  T u n g s te n  m e ta l  c o u ld  be  
e l e c t r o - d e p o s i t e d ,  h o w e v e r .  F o r  t h e  t u n g s t e n  a nd  m o ly b d e n u m  e l e c t r o d e s ,  
t h e  e l e c t r o c h e m ic a l  c o r r o s i o n  was t e n  t im e s  g r e a t e r  i n  th e  Z n C l^  m e l t  th a n  
i n  t h e  A g C l m e l t ,  i n d i c a t i n g  t h a t  u s e r s  o f  t u n g s t e n  a s  an  i n e r t  e l e c t r o d e  
m a t e r i a l  s h o u ld  be  c a u t i o u s  w hen d e a l i n g  w i t h  some c h l o r i d e  m e l t s .

The b e h a v io u r  o f  t h e  s o d iu m  P y r e x  g la s s  e l e c t r o d e  i n  m o lt e n  Z n C l_ -
( 1 1 2 ) 0N a C l^  ( 3 4 0 - 3 0 0  C ) h a s  a ls o  b e en  d e t e rm in e d .  I t s  r e v e r s i b i l i t y  and  

r e s p o n s i v i t y  t o  Na+  io n s  w e re  d e m o n s t r a te d ,  t h e  a c t i v a t i o n  e n e r g y  f o r  t h e  
c o n d u c t io n  p r o c e s s  b e in g  o f  t h e  same m a g n i tu d e  a s  t h a t  u s u a l l y  fo u n d  f o r  
s m a l l - i o n  c o n d u c t io n  i n  g la s s  ( ~  88 k J  m o l.  ) .  Q u a n t i t i v e  
e l e c t r o d e p o s i t i o n  o f  s o d iu m  f r o m  t h e  g la s s  i n t o  in d iu m  c o n f i r m e d  t h a t  
c o n d u c t io n  t h r o u g h  t h e  g la s s  i s  v i a  s o d iu m  i o n s .

2.8 Solute Studies in Zinc Chloride Melts
The a d o p te d  c o - o r d i n a t i o n  s t a t e s  o f  3d  io n s  i n  m o lt e n  c h l o r i d e s  a r e

t h e  r e s u l t  o f  f a c t o r s  s u c h  a s  th e  f o r m a l  c h a rg e  o f  t h e  3d i o n ,  th e
o c t a h e d r a l  s i t e  p r e f e r e n c e  e n e r g y  a n d  t h e  p o l a r i z i n g  p o w e r o f  t h e  c a t i o n s

(113)i n  t h e  b u lk  s o l v e n t  . O c ta h e d r a l  c o - o r d i n a t i o n  i s  fa v o u r e d  b y  h i g h l y
c h a rg e d  3d io n s  i n  m o l t e n  c h l o r i d e s  w ho se  c a t i o n s  a r e  a ls o  h i g h l y  c h a rg e d
w i t h  s m a l l  r a d i i .  H o w e v e r , b y  v a r y i n g  t h e  te m p e r a tu r e  a n d  s o l v e n t

2+ 34-c o m p o s i t i o n ,  a l l  o f  t h e  M a n d  some o f  t h e  M 3d io n s  c a n  be made t o2 j
u n d e rg o  o c t a h e d r a l - t e t r a h e d r a l  t r a n s f o r m a t i o n s .  M 3d io n s  a re

( 1 1 4 )t e t r a h e d r a l l y  c o - o r d i n a t e d  i n  a l k a l i  c h l o r i d e  m e l t s  b u t  a r e
(115)o c t a h e d r a l l y  c o - o r d i n a t e d  i n  m o l t e n  a lu m in iu m  c h l o r i d e  . The

e x p la n a t i o n  p u t  f o r w a r d  f o r  t h i s  i s  a s  f o l l o w s .  The a l k a l i  m e ta l  c a t i o n s  
h a v e  lo w  p o l a r i z i n g  p o w e rs  c o m p a re d  t o  t h e  a lu m in iu m  c a t i o n s ,  w h ic h  a r e  f a r  
m o re  s t r o n g l y  p o l a r i z i n g .  As a r e s u l t  o f  t h i s ,  t h e  C l "  io n s  i n  t h e  m o lt e n  
a l k a l i  c h l o r i d e s  h a v e  m uch h ig h e r  n e g a t i v e  c h a rg e  d e n s i t i e s  th a n  th o s e  i n  
t h e  m o lt e n  A lC l ^ .  The g r e a t e r  e l e c t r o s t a t i c  r e p u l s i o n  f o r c e s ,  i n  t h e  
a l k a l i  c h l o r i d e s ,  b e tw e e n  n e a r e s t  n e ig h b o u r  c h l o r i d e  io n s  s u r r o u n d in g  a 3d  
i o n  f a v o u r  lo w  ( f o u r )  r a t h e r  th a n  h ig h  ( s i x )  c o - o r d i n a t i o n  n u m b e rs .  
O c ta h e d r a l  c o - o r d i n a t i o n  i s  p o s s i b le  i n  m o lt e n  A lC l^  p r e s u m a b ly  b e c a u s e
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t h e  r e d u c t i o n  o f  t h e  n e g a t i v e  c h a rg e  d e n s i t y  on th e  C l io n s  b y  t h e  A1 
c a t i o n  c a u s e s  a d e c re a s e  i n  t h e  e l e c t r o s t a t i c  r e p u l s i o n  f o r c e s  b e tw e e n  th e  
C l i o n s ,  a l l o w i n g  th em  t o  a d o p t  t h e  h ig h e r  c o - o r d i n a t i o n  n um be r a r o u n d  th e  
3d c a t i o n .  T h e se  e f f e c t s  c a n  be m o d i f ie d  b y  m ix in g  t h e  tw o  t y p e s  o f  
c h l o r i d e  s o l v e n t s ,  s o  t h a t  t e t r a h e d r a l - o c t a h e d r a l  e g u i l i b r i a  c a n  be s e t  
u p . The p o s i t i o n  o f  t h e s e  e q u i l i b r i a  may be  a l t e r e d  b y  v a r y i n g  t h e  s o l v e n t  
c o m p o s i t i o n ,  a s  i s  d is c u s s e d  b e lo w .

F o r  a g o o d  r e v ie w  o f  t h e  w o rk  c a r r i e d  o u t  on  t h e  b e h a v io u r  o f  t r a n s i t i o n(114)m e ta l  io n s  i n  c h l o r i d e  m e l t s  up  t o  1 9 6 3 , t h e  p a p e r  o f  G ru e n  and  M cB e th  
i s  re c o m m e n d e d , b u t  L iC l - K C l  m e l t s  w e re  t h e  s o l v e n t s  u s e d  b y  m o s t o f  t h e  
w o r k e r s ,  a n d  l i t t l e  h a d  b e en  c a r r i e d  o u t  s p e c i f i c a l l y  i n  Z n C l? m e l t s .  The  
V C l^  io n  was show n  t o  e x i s t  i n  a d i s t o r t e d  t e t r a h e d r a l  c o n f i g u r a t i o n  i n  
Z n C l^ -C s C l ( 3 3 - 6 7  m o l.  ?o) a t  9 0 0 °C , w h i l s t  much o f  t h e  o t h e r  w o rk  u s e d  
c r y s t a l  s p e c t r a  o f  t r a n s i t i o n  m e ta l  io n s  h e ld  w i t h i n  t h e  C s ^ Z n C l^  h o s t  
l a t t i c e .

2h“The s p e c t r o s c o p i c  and  c o - o r d i n a t i o n  b e h a v io u r  o f  N i io n s  "h a v er\
s t u d i e d " i n  Z n C l9 -K C l and  Z n C l9 -C s C l m o lt e n  m ix t u r e s .  N i +  i n  Z n C l9 -(116) z o z zK C 1 ' ( 2 5 0 - 9 0 0  C) was fo u n d  t o  e x i s t  i n  a tw o - s p e c ie s  e q u i l i b r i u m2 j
i n v o l v i n g  t h e  N i i n  o c t a h e d r a l  a n d  d i s t o r t e d  t e t r a h e d r a l  s i t e s ,  w i t h  a
" c o n t in u o u s  d i s t o r t i o n  m e c h a n is m "  r e s p o n s ib le  f o r  t r a n s f o r m a t i o n  b e tw e e n

( 1 1 7 - 1 2 0 )t h e  tw o  e x t r e m e s .  Two o f  a s e r i e s  o f  p a p e r s  b y  S m ith  e t  a l .  on  t h e2 j 2 |
b e h a v io u r  o f  N i i n  c h l o r i d e  m e l t s  lo o k e d  a t  t h e  c o - o r d i n a t i o n  o f  N i i n
m o lt e n  Z n C l9 -C s C l m e l t s ,  a t  t e m p e r a t u r e s  b e tw e e n  2 6 0 -1 0 0 0 °C  a nd  f o r  t h e  

L ( 1 1 7 )f u l l  c o m p o s i t i o n  ra n g e  . An e q u i l i b r i u m  b e tw e e n  o c t a h e d r a l  a n d
t e t r a h e d r a l  c e n t r e s  o c c u r r e d  b e tw e e n  0 - 8  m o l.  % C s C l,  t h e  o c t a h e d r a l  fo rm  
b e in g  fa v o u r e d  w i t h  i n c r e a s i n g  C sC l c o n t e n t .  B e tw e e n  2 0 -5 0  m o l.  % C sC l a 
d i f f e r e n t  o c t a h e d r a l - t e t r a h e d r a l  p a i r  o c c u r r e d ,  t h i s  t im e  w i t h  t h e  
t e t r a h e d r a l  fo rm  fa v o u r e d  b y  i n c r e a s i n g  C sC l c o n t e n t  a n d  t e m p e r a t u r e .  
The t e t r a h e d r a l  fo rm  was p r e d o m in a n t  i n  C s C l - r i c h  m e l t s ,  w i t h  s p e c ie s  s u c h  
a s  C l ^ N iC lZ n C l ^  and  N i C l ^  . A p o la r o g r a p h i c  s t u d y ^ ^ ^  o f  N i^"*" i n  
m o lt e n  Z n C l^ -N a C l- K C l ( 4 1 - 3 3 - 2 6  m o l.  %)  h a s  b e en  c a r r i e d  o u t ,  b u t  w h i l s t  
t h e  a u t h o r s  c a r e f u l l y  d e s c r ib e d  t h e  m e th o d s  u s e d ,  t h e y  n e g le c t e d  t o  g iv e  
many r e s u l t s ,  o t h e r  th a n  t o  s a y  t h a t  t h e  r e d u c t io n  p r o c e s s  in v o lv e d  a tw o -  
e l e c t r o n  t r a n s f e r  w h ic h  e x h i b i t e d  " c e r t a i n  d e v i a t i o n s "  f r o mc e r t a i n  d e v i a t i o n s
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r e v e r s i b i l i t y  .

2~h C "113)A b s o r p t io n  s p e c t r a  o f  Coz i n  Z n C ^ - A lC l ^  ; m o lt e n  m ix t u r e s  sh ow ed
t h a t  i n c r e a s i n g  te m p e r a tu r e  f a v o u r s  t h e  f o r m a t i o n  o f  t e t r a h e d r a l l y  c o -  

2+ 2+o r d i n a t e d  Co f r o m  o c t a h e d r a l  Co v i a  an  o c t a h e d r a l - t e t r a h e d r a l
H o w e v e r , i n  Z n C l^ -e q u i l i b r i u m  s i m i l a r  t o  t h a t  o f  N i ^ +  i n  Z n C l? - K C l ^ ^

2"hKC1 m e l t s ,  Co e x h i b i t e d  t e t r a h e d r a l  c o - o r d i n a t i o n  o v e r  t h e  w h o le  
( 1 1 3 )c o m p o s i t io n  ra n g e  . The d i f f e r e n c e  b e tw e e n  t h e  tw o  s y s te m s  was

3+ 24-t h o u g h t  t o  a r i s e  f r o m  t h e  s t r o n g  c o m p e t i t i o n  b e tw e e n  t h e  A1 a n d  Zn
c a t i o n s  f o r  t h e  a v a i l a b l e  c h l o r i d e  i o n s .  C o C l^ ,  w h ic h  c a n  be p r e c i p i t a t e d
o u t  o f  A lC l - , - K C l  m e l t s ,  w as n o t  s e e n  i n  t h e  Z n C l? - A lC l - .  m e l t s .  I t  w as
s u g g e s te d  t h a t  Zn and  A1 a r e  s i m i l a r  i n  t h e i r  c o m p le x in g  p o w e r w i t h
r e s p e c t  t o  C l . W i th  t h e  a b s e n c e  o f  a n y  w e l l  c h a r a c t e r i z e d  co m p ou n d s  i n
t h e  Z n C l^ - A lC l^  s y s te m  ( c . f .  N a A lC l^  i n  N a C l - A lC l ^ ) ,  d i s c r e t e  c o m p le x
c h lo r o a lu m in a t e  s p e c ie s  a r e  u n l i k e l y  t o  e x i s t  i n  t h e s e  m o lt e n  m ix t u r e s .

(122)The same c o n c lu s io n  was r e a c h e d  b y  B egun  e t  a l .  i n  t h e i r  Raman s t u d y  o f
t h e  A lC l ^ - Z n C ^  s y s te m .

(1 2 3  1 2 4 )D u f f y  e t  a l .  ’ h a v e  c a r r i e d  o u t  a l o t  o f  w o rk  on  t h e  b e h a v io u r  o f  
m e ta l  c a t i o n s  i n  z i n c  c h l o r i d e  h y d r a t e  m e l t s .  T h e se  " m e l t s " ,  e ls e w h e r e  
te rm e d  " i o n i c  l i q u i d s " ,  a r e  c o m posed  o f  Z n C l^  a n d  w a t e r ,  w i t h  s a l t :  w a te r  
r a t i o s  r a n g in g  f r o m  1 :3  t o  1 : 1 0 8 .  The  " s i l i c a - t y p e "  s t r u c t u r e  o f  Z n C ^  i s  
o n ly  p a r t i a l l y  d i s r u p t e d  b y  w a t e r ,  a n d  e v e n  i n  d i l u t e  s o l u t i o n  f r a g m e n t s  o f  
t h e  Z n ^ - C l ) ^  Zn s t r u c t u r e  r e m a i n ^ ^ ^ .  The c o n s e q u e n c e  o f  t h i s  c a n  
be  s e e n  on  a d d i t i o n  o f  m e ta l  c a t i o n s  t o  t h e  Z n C l9 - H ? 0 i o n i c  l i q u i d s .  I n2+ ^  ^  2 1
a q u e o u s  s o l u t i o n ,  Co e x i s t s  a s  t h e  p in k  [C o (H o 0 ) , ] A c o m p le x ,  a n d

z ° 2-a d d i t i o n  o f  c h l o r i d e  io n s  c o n v e r t s  t h i s  t o  t h e  b lu e  [C o C l^ ]  c o m p le x ,  t h e  
H^O l i g a n d s  b e in g  g r a d u a l l y  r e p la c e d  b y  C l . T h is  i s  t h e  c a s e  f o r  s y s te m s
s u c h  a s  C a C l7 .1 2 H ? 0 ,  b u t  f o r  t h e  Z n C l9 - H ? 0 s y s te m  th e  Co^ r e m a in s

z z z z ( 2 3 )o c t a h e d r a l l y  c o - o r d i n a t e d  e v e n  f o r  t h e  m ix t u r e  Z n C l9 .3 H 9 0
2- z z V i r t u a l l y  no  [ C o C l , ]  c o m p le x e s  a r e  p r o d u c e d ,  s u g g e s t in g  t h a t  t h e r e  a r e

i n s u f f i c i e n t  C l io n s  f o r  c o m p le x a t io n  w i t h  t h e  C o^ . A ny  c h l o r i d e  c o ­
o r d i n a t i n g  t o  s o l u t e  m e ta l  io n s  was fo u n d  t o  be  p a r t  o f  a c h l o r o z i n c a t e
g r o u p .  The same g ro u p  h a v e  a ls o  lo o k e d  a t  t h e  b e h a v io u r  o f  T1 , P b^  , 

2+ 2+  3^N i , VO a n d  Fe i n  th e s e  i o n i c  l i q u i d s  and  fo u n d  t h e  same e f f e c t  a s  s e e n  
f o r  C o ^+ .
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The r e d u c t i o n  o f  K ^C rO ^  i n  e q u im o la r  Z n C ^ - K C l  a t  3 00 °C  was fo u n d  t o
o c c u r  a s  a s i n g l e ,  i r r e v e r s i b l e ,  d i f f u s i o n - c o n t r o l l e d  s t e p  y i e l d i n g  an

( 1 2 3 )i n s o l u b l e  e l e c t r o d e  d e p o s i t  t h a t  h a d  t h e  g e n e r a l  fo rm  K ^Z n ^C rO ^
The v a lu e s  o f  x ,  y and  z d e p e n d e d  u p o n  t h e  c o n d i t i o n s  o f  t h e  e l e c t r o l y s i s .
I n  L iC l - K C l  c o n t a i n i n g  Z n C l^ ,  a s im i l a r  p r o d u c t  L iZ n ^ C rO ^  was fo u n d ,
e x c e p t  t h i s  r e m a in e d  s t o i c h i o m e t r i c  o v e r  a w id e  r a n g e  o f  c o n d i t i o n s .  I n
b o th  c a s e s  a C r ^ + s p e c ie s ,  C rO .^  , was p o s t u l a t e d  t o  be  th e  t r a n s i t o r y

4 4+i n t e r m e d i a t e . I n  Z n C l? - K C l i t  w as fo u n d  t h a t  t h e  C r was s u f f i c i e n t l y31s t a b l e  s o  a s  t o  p r e v e n t  c o m p le t e  r e d u c t io n  t o  C r u n le s s  h ig h  c u r r e n t  
d e n s i t i e s  w e re  u s e d .

(123 (1 )-(3))The same a u t h o r s  i n v e s t i g a t e d  t h e  b e h a v io u r  o f  H g C l„  and2+ ^C d C l^  i n  t h e  Z n C l^ -K C l s o l v e n t .  The r e d u c t i o n  o f  Hg i n v o l v e d  a
r e v e r s i b l e ,  t w o - e le c t r o n  p r o c e s s ;  no  e v id e n c e  was o b s e r v e d  f o r  t h e

6 2 1f o r m a t i o n  o f  Hg . A d i f f u s i o n  c o e f f i c i e n t  o f  2 .1 7  x 10 cm s e c .  was  
fo u n d  f o r  H g C l ^ -  a t  3 0 0 °C . S t r o n g  a d s o r p t i o n  o f  Hg on  th e  P t c a th o d e  was  
o b s e r v e d ,  a n d  f u r t h e r  c o m p l i c a t io n s  a r o s e  f r o m  t h e  r e a c t i o n  o f  m e t a l l i c  
m e rc u r y  w i t h  t h e  e l e c t r o d e  t o  fo rm  P tH g ^ .  The  r e d u c t io n  o f  C d C l^ ,  
h o w e v e r ,  i n v o l v e d  a tw o - s t e p  p r o c e s s ;  t h e  f i r s t  b e in g  a t w o - e l e c t r o n  
t r a n s f e r  t o  fo rm  C d „ ^ + , t h e  s e c o n d  an  i l l - d e f i n e d  p r o c e s s  w i t h  a c h e m ic a l

2"h 2+r e a c t i o n  b e tw e e n  Cd and  Cd t o  fo rm  c o u p le d  t o  t h e  r e d u c t i o n
m e c h a n is m .

V o l t a m m e t r ic  s t u d i e s  o f  a w id e  ra n g e  o f  s o l u t e  s p e c ie s  i n  m o lt e n  Z n C l2 -  
N a C l-K C l ( 6 0 - 2 0 - 2 0  m o l.  ?o) h a v e  b e e n  c a r r i e d  o u t  b y  T o p o l e t  a l . ^ ^ ^ .  
V a r io u s  o x i d a t i o n  s t a t e s  o f  s i l v e r ,  c o p p e r ,  n i c k e l ,  b is m u th ,  a n t im o n y ,  
c h ro m iu m  a n d  i r o n  w e re  s t a b l e  w i t h i n  t h e  v o l t a m m e t r ic  r a n g e  o f  t h e  s o l v e n t .  
The s t u d y  i s  q u i t e  e x h a u s t i v e ,  o v e r  200  p a g e s  i n  l e n g t h ,  and  g o e s  on  t o  
c o m p a re  t h e  b e h a v io u r  i n  t h e  Z n C l? s o l v e n t  w i t h  t h a t  s e e n  i n  A lC l , - N a C l  a n d

1- 3 +  2+  2+
Na0H -K0H  m e l t s .  The e l e c t r o c h e m ic a l  r e a c t i o n s  o f  Fe /F e  , Fe /F e  a nd

3 +  2m’\“ ( 12  "7 }C r / C r  i n  m o l t e n  Z n C l_ -N a C l e u t e c t i c  h a ve  a ls o  b e e n  i n v e s t i g a t e d ^
. The d i f f u s i o n  c o e f f i c i e n t s  o f  C r +  an d  Fe +  io n s  a t  3 0 0 °C  w e re  1 . 7  x 1 0 _ 

—6 2 —1and  1 .2  x 10 cm s e c .  r e s p e c t i v e l y .  B o th  w e re  fo u n d  t o  in c r e a s e  w i t h  
t e m p e r a t u r e ,  t h e  v o l t a m m e t r y  h a v in g  b e en  c a r r i e d  o u t  w i t h  P t a nd  W 
e l e c t r o d e s .



( 1 ? o  'I o n  )
S tu d ie s  ’ o f  o x i d a t i o n  s t a t e s  o f  b is m u th  i n  Z n C l^ -K C l and

A lC l , - N a C l  m o l t e n  m i x t u r e s ,  c a r r i e d  o u t  b y  a d d in g  B iC l ,  t o  t h e  m e l t s ,
sh o w e d  t h a t  B i  and  [ B i c ]  +  e n t i t i e s  e x i s t e d  i n  b o th  m e l t s  b u t  [ B i 0 ]  + was

j o
p r e s e n t  o n ly  i n  t h e  c h l o r o a lu m in a t e  m e l t .  No i n f o r m a t i o n  on  t h e  l i g a n d s  
a t t a c h e d  t o  t h e s e  t h r e e  s p e c ie s  was o b t a i n a b l e ,  a n d  h e n c e  th e  m o le c u la r  
u n i t s  a n d  o v e r a l l  c h a r g e s  o f  t h e  [ B i nm+ +  l i g a n d s ]  s y s te m s  w e re  u n k n o w n .

V o l t a m m e t r ic  s t u d i e s  o f  C r ^ + , G a^+  a nd  T i ^ +  i n  m o lt e n  Z n C l_ -M C l (M =
(1) ^N a , K ) w e re  c a r r i e d  o u t  b y  C a r th e y  . I n  a c i d i c  m o lt e n  m ix t u r e s  an  

e l e c t r o d e  d e p o s i t  o f  p u r e  C rC l^  was o b t a in e d ,  a n d  i n  t h e  same m e l t
-f-

c o m p o s i t i o n s  t h e  Ga s t a t e  c o u ld  be  s t a b i l i s e d .  H o w e v e r , a s  t h e  m e l t s
"f* 3+w e re  made m o re  b a s ic  t h e  Ga d i s p r o p o r t i o n a t e d  t o  Ga and  g a l l i u m  m e t a l ,

3-u 4 +
w h ic h  c o u ld  be  c o - d e p o s i t e d  w i t h  z i n c .  O x id a t i o n  o f  T i  ' t o  T i  c a u s e d  
t h e  f o r m a t i o n  o f  T iC l ^  w h ic h  was l o s t  f r o m  t h e  e l e c t r o d e  s u r f a c e  a s  
b u b b le s .
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CHAPTER 3 

EXPERIMENTAL

3.1 Melt Purification
A r i g o r o u s  p u r i f i c a t i o n  p r o c e d u r e  i s  r e q u i r e d  t o  re m o ve  h y d r o l y s i s  

p r o d u c t s  a n d  w a t e r ,  a s  w e l l  a s  a n y  t r a c e  h e a v y  m e ta l  im p u r i t i e s .  The z in c  
c h l o r i d e  u s e d  was p u r i f i e d  b y  va cuum  d r y i n g ,  b u b b l in g  w i t h  d r y  h y d ro g e n  
c h l o r i d e  g a s  a n d  p r e - e l e c t r o l y s i s  f o l l o w e d  b y  va cuum  f i l t r a t i o n .

The a p p a r a tu s  u s e d ,  m a in ly  c o n s t r u c t e d  f r o m  P y re x  g l a s s ,  i s  show n  i n  
F ig u r e  3 . 1 .  A l l  g la s s w a r e  t h a t  w as t o  come i n t o  c o n t a c t  w i t h  t h e  m e l t  was  
k e p t  i n  a 1 :1  m ix t u r e  o f  c o n c e n t r a t e d  s u l p h u r i c  a n d  n i t r i c  a c id s  f o r  24  
h o u r s ,  w a sh e d  w i t h  d i s t i l l e d  w a te r  a n d  d r i e d  o v e r n i g h t  a t  1 5 0 °C . A n a la R  
z i n c  c h l o r i d e  ( 5 0 0 g )  w as p la c e d  i n  t h e  i n n e r  tu b e  o f  t h e  s y s te m  a n d  v a c u u m -  
d r i e d  a t  ro om  t e m p e r a tu r e  f o r  4 - 3  d a y s  u n t i l  t h e  p r e s s u r e  f e l l  t o  a b o u t  5 x 
10 ^  t o r r .  A g r a d u a l  in c r e a s e  i n  t e m p e r a tu r e  t o  2 3 0 °C  was c a r r i e d  o u t  o v e r  
s e v e r a l  d a y s  u n t i l  t h e  p r e s s u r e  r e t u r n e d  t o  i t s  l e v e l  a t  ro om  te m p e r a t u r e .  
H y d ro g e n  c h l o r i d e  g a s ,  d r i e d  o v e r  a c t i v a t e d  c h a r c o a l  a n d  AW500 m o le c u la r  
s i e v e ,  w as p a s s e d  o v e r  t h e  s o l i d  s a l t  a n d  t h e  t e m p e r a tu r e  r a i s e d  t o  3 5 0 °C ,  
b y  w h ic h  t im e  th e  z in c  c h l o r i d e  w as m o l t e n .  HC1 g a s  was v i g o r o u s l y  b u b b le d  
t h r o u g h  t h e  m e l t  f o r  f i v e  h o u r s ,  f o l l o w e d  b y  d r y  a r g o n  f o r  f i v e  h o u r s  t o  
p u rg e  t h e  m e l t  o f  t h e  HC1 d i s s o l v e d  i n  i t .  The  e f f e c t  o f  b u b b l i n g  HC1 g a s  
was t o  p r o d u c e  w a te r  o n  th e  c e l l  c a p ,  a n d  t h e  b u b b l in g  was c o n t in u e d  u n t i l  
t h i s  c o n d e n s a t io n  w as s w e p t f r o m  th e  s y s te m .

F o l lo w in g  th e  a r g o n  p u r g e ,  a s t a i n l e s s  s t e e l  c a th o d e  a n d  a g r a p h i t e  
a n o d e  w e re  i n s e r t e d  i n t o  t h e  m e l t  v i a  tw o  o f  t h e  SQ13 va cuum  s e a ls  on  th e  
c e l l  c a p .  The  p r e - e l e c t r o l y s i s  was c a r r i e d  o u t  o v e r n i g h t ,  w i t h  an  a p p l i e d  
p o t e n t i a l  o f  1 .6 V ,  d u r i n g  w h ic h  t im e  t h e  c u r r e n t  d ro p p e d  t o  a b o u t  0 .3 m A .  
P ro b le m s  c o u ld  o c c u r  w i t h  c o n d e n s a t io n  o f  th e  v o l a t i l e  z i n c  c h l o r i d e  
b l o c k i n g  th e  g a s  o u t l e t  t u b e ,  and  c a r e  h a d  t o  be t a k e n  t o  e n s u r e  t h a t  t h i s  
d id  n o t  o c c u r .  H o ld in g  t h e  s y s te m  u n d e r  a p o s i t i v e  a r g o n  p r e s s u r e  w e n t  
some way t o  e l im i n a t i n g  t h i s  t r o u b l e .
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FIGURE 3.1: Melt Purification Apparatus
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The m e l t  was a g a in  p u rg e d  w i t h  a r g o n  g a s  f o r  a f u r t h e r  t h i r t y  m in u t e s  
and  t h e n ,  b y  b r e a k in g  t h e  t h i n  g la s s  b u b b le  a t  t h e  b o t to m  o f  t h e  m e l t  
c o n t a i n e r ,  f i l t e r e d  th r o u g h  a P y r e x  N o . 2 g la s s  f r i t .  A p p ly in g  a va cuum  t o  
t h e  b o t to m  p a r t  o f  t h e  s y s te m  s e r v e d  t o  d ra w  t h e  m e l t  t h r o u g h  th e  f r i t  m o re  
q u i c k l y ,  a p p l i c a t i o n  o f  a p o s i t i v e  a r g o n  p r e s s u r e  t o  t h e  t o p  o f  t h e  c e l l  
h a v in g  t h e  same e f f e c t .  The m e l t  was c o l l e c t e d  i n  a P y re x  b e a k e r  a n d  
c o o le d .  The s o l i d  was t r a n s f e r r e d  t o  an  a r g o n - f i l l e d  d r y  b o x , b r o k e n  i n t o  
lu m p s  a n d  s t o r e d  i n  a g la s s  b o t t l e .

The  s o d iu m  c h l o r i d e  u s e d  was p r e p a r e d  s im p ly  b y  vacuum  d r y i n g  3 0 0g  
s a m p le s  u p  t o  a t e m p e r a tu r e  o f  4 0 0 °C , a n d  th e n  s t o r i n g  i t  i n  t h e  d r y - b o x .  
The r e q u i r e d  m e l t  c o m p o s i t io n s  c o u ld  th e n  be  p r o d u c e d  b y  m ix in g  th e  s o l i d s ,  
r a t h e r  th a n  b y  th e  a l t e r n a t i v e  m e th o d  o f  m a k in g  t h e  s o l i d  m ix t u r e  f r o m  
im p u re  c o m p o n e n ts  a n d  th e n  p u r i f y i n g  t h a t .  M e l t s  p r o d u c e d  i n  t h i s  way  
w e re  i n v a r i a b l y  c l e a r  l i q u i d s ,  b u t  s u f f e r e d  f r o m  c o n t a m in a t io n  b y  b la c k  
f l e c k s  o f  c a r b o n .

3.2 Furnace and Temperature Control
Two f u r n a c e s  w e re  u s e d  f o r  t h e  v a r i o u s  e x p e r im e n t s  d e s c r ib e d  h e r e .  

F o r  much o f  t h e  w o rk  a G r a n t  4 0 0 °C  a lu m in iu m  b lo c k  h e a t e r ,  i n t o  w h ic h  t h e  
e le c t r o c h e m ic a l  c e l l  ( S e c t i o n  3 . 5 )  c o u ld  be  s n u g ly  f i t t e d ,  was u s e d .  The  
t e m p e r a tu r e  h e r e  was m o n i t o r e d  w i t h  a c h r o m e l - a lu m e l  t h e rm o c o u p le  i n  t h e  
m e l t ,  s in c e  t h e  t e m p e r a tu r e  d i a l  on  th e  f r o n t  o f  t h e  h e a t e r  o n ly  g a v e  a 
r o u g h  g u id e  t o  t h e  b lo c k  t e m p e r a t u r e .

A l a r g e r  d ia m e te r  f u r n a c e  w as r e q u i r e d  f o r  t h e  HC1 s o l u b i l i t y  w o rk  
( S e c t i o n  3 . 7 )  a n d  t h i s  was c o n s t r u c t e d  u s in g  a 6 .7 c m  d ia m e te r  a lu m in a  t u b e ,  
w ound  w i t h  18 s . w . g .  K a n t h a l  w i r e ,  w h ic h  w as h e ld  v e r t i c a l l y  i n  a t h e r m a l l y  
i n s u l a t e d  " S in d a n y o "  b o x . The f u r n a c e  te m p e r a tu r e  w as c o n t r o l l e d  w i t h  a 
P ID /S C R .2 5 A . E u r o th e rm  u n i t  a n d  m o n i t o r e d  w i t h  a P t /P t-1 3 ? o R h  
t h e rm o c o u p le  l o c a t e d  n e x t  t o  t h e  f u r n a c e  t u b e ,  w i t h i n  t h e  h o t  z o n e .  The  
h o t  zo n e  was r o u g h ly  d e te rm in e d  b y  h o ld i n g  t h e  f u r n a c e  a t  one  s e t t i n g  on  th e  
E u r o th e rm ,  a n d  m e a s u r in g  th e  t e m p e r a tu r e  i n s i d e  th e  f u r n a c e  f r o m  th e  t o p  t o
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t h e  b o t to m  u s in g  a c h r o m e l - a lu m e l  th e rm o c o u p le .  C e l l  t e m p e r a tu r e  was  
m e a s u re d  w i t h  a c h r o m e l - a lu m e l  t h e rm o c o u p le ,  and  c o u ld  be  c o n t r o l l e d  t o  
a b o u t  + 2 °C .

3.3 Vacuum and Gas Supply System
A c o m b in e d  g a s  and  va cuum  g la s s  l i n e  was u s e d  f o r  t h e  m e l t  

p u r i f i c a t i o n  a n d  th e  e l e c t r o c h e m ic a l  c e l l .  E v a c u a t io n  was c a r r i e d  o u t  
w i t h  an  E d w a rd s  ED200 r o t a r y  pum p , t h e  p r e s s u r e s  i n s i d e  t h e  s y s te m  b e in g  
m o n i t o r e d  w i t h  a m e rc u r y  m a n o m e te r a n d  an  E d w a rd s  GSC-2 P i r a n i  g a u g e .  
H ig h  p u r i t y  a r g o n  c o u ld  be  in t r o d u c e d  i n t o  t h e  c e l l ,  a n d  c o n t r o l l e d  b y  
m eans o f  a n e e d le  v a l v e .  I t  w as f u r t h e r  d r i e d  b y  p a s s in g  i t  o v e r  m o le c u la r  
s i e v e s .

Two t y p e s  o f  g r e a s e  w e re  u s e d .  F o r  t a p s  a n d  b a l l - j o i n t s  t h a t  w o u ld  
come i n  c o n t a c t  w i t h  c o r r o s i v e  g a s e s  s u c h  a s  HC1, " V o l t a l e f  9 0 "  g r e a s e  was  
u s e d . F o r  m o s t o f  t h e  ta p s  i n  t h e  vacuum  l i n e ,  t h r o u g h  w h ic h  o n ly  a r g o n  
w o u ld  be  p a s s e d ,  a h ig h - v a c u u m  g r e a s e  s u c h  a s  A p ie z o n  ' T ' g r e a s e  w as m o re  
s u i t a b l e .

3.4 Electrodes
V a r io u s  e l e c t r o d e s  w e re  made t o  be  u s e d  i n  t h e  e l e c t r o c h e m ic a l  

o p e r a t i o n s .  The m e l t  p u r i f i c a t i o n  e le c t r o d e s  w e re  s im p ly  c o n s t r u c t e d  b y  
a t t a c h i n g  le n g t h s  o f  g r a p h i t e  a n d  s t a i n l e s s  s t e e l  r o d s  (10  cm , 0 .5  cm d i a . )  
t o  t h i n  s t a i n l e s s  s t e e l  r o d s  ( 1m, 0 .1  cm d i a . )  a n d  f i x i n g  g la s s  s h e a th s  
( 0 . 6  cm o . d . , P y r e x )  t o  t h e  o t h e r  e n d s  o f  t h e  e l e c t r o d e s  so  t h a t  t h e y  c o u ld  
be h e ld  i n  SQ13 vacuum  s e a l s .  The o t h e r  e le c t r o d e s  u s e d  w i l l  be  d e s c r ib e d  
i n  t u r n ,  w i t h  c o r r e s p o n d in g  d ia g r a m s .

3.4.1 Platinum electrodes
F o u r  t y p e s  o f  p la t i n u m  e le c t r o d e  w e re  u s e d  d u r i n g  th e  v a r i o u s  

e x p e r im e n t s ;  p la t in u m  w i r e , d i s c ,  f l a g  a n d  r e f e r e n c e  e l e c t r o d e s .  F o r  th e  
w i r e  e l e c t r o d e , F ig u r e  3 . 2 . 1 ,  a l e n g t h  o f  p la t i n u m  w i r e  (2  cm , 0 . 5mm d i a . ) 
was s p o t - w e ld e d  t o  a l e n g t h  o f  c o p p e r  w i r e ,  a n d  a t h i n  s le e v e  o f  g la s s  was
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s e a le d  o n to  t h e  s e c t i o n  o f  p la t i n u m  n e a r  t h e  c o p p e r .  T h is  s le e v e  was th e n  
s e a le d  i n s i d e  a P y re x  tu b e  ( 0 . 6  cm o . d . ) s o  t h a t  a b o u t  1 cm o f  w i r e  was l e f t  
e x p o s e d  b e lo w  th e  s e a l .  The e l e c t r o d e  w as f i l l e d  w i t h  a r g o n  a n d  s e a le d  
w i t h  e p o x y  r e s i n .  The f l a g  e l e c t r o d e  was made b y  s p o t - w e ld in g  a p ie c e  o f  
p la t i n u m  f o i l  ( a p p r o x im a t e ly  1 cm x 1 cm ) t o  a w i r e  e l e c t r o d e .  T h e se  
e le c t r o d e s  w e re  c le a n e d  e i t h e r  b y  f l a m e - p o l i s h i n g  o r  b y  t r e a tm e n t  i n  
c o n c e n t r a t e d  h y d r o c h l o r i c  a c i d .

The p la t in u m  d i s c  e le c t r o d e  w as made i n  t h e  same way a s  t h e  
t u n g s t e n  e l e c t r o d e  ( S e c t i o n  3 . 4 . 2 )  w i t h  a l e n g t h  o f  p la t in u m  r o d  ( 1 . 3  cm , 
0 .1 5  cm d i a . ) b e in g  u s e d .  The  p la t i n u m  r o d  w as j o i n e d  t o  a s h o r t  l e n g t h  o f  
p la t i n u m  w i r e ,  w h ic h  w as s p o t - w e ld e d  t o  t h e  c o p p e r  w i r e .  B e f o r e  u s e  th e  
e n d  o f  t h e  e l e c t r o d e  was p o l i s h e d  w i t h  a 1 y  d ia m o n d  p o l i s h i n g  s o l u t i o n  
u n t i l  t h e  m e ta l  h a d  a m i r r o r - l i k e  s u r f a c e .

The r e f e r e n c e  e l e c t r o d e  u s e d  t h e  same g la s s w a r e  a s  t h a t  u s e d  i n  t h e  
s i l v e r / s i l v e r  c h l o r i d e  r e f e r e n c e  e l e c t r o d e  ( S e c t i o n  3 . 4 . 5 ) ,  b u t  a 
p la t i n u m  w i r e  e l e c t r o d e  was c o n s t r u c t e d  a t  t h e  e n d  o f  th e  g la s s  t u b e ,  
i n s t e a d  o f  t h e  g la s s  b u lb .  A g a in  c o p p e r  w i r e  w as u s e d  t o  make e l e c t r i c a l  
c o n t a c t ,  a n d  t h e  e l e c t r o d e  was s e a le d  u n d e r  a r g o n .

3.4.2 Tungsten electrode (Figure 3.2.2)
A l e n g t h  o f  t u n g s t e n  r o d  ( 2  cm , 0 .1 5  cm d i a . )  w as s p o t - w e ld e d  t o  

c o p p e r  w i r e ,  a s  f o r  t h e  p la t i n u m  w i r e  e l e c t r o d e ,  b u t  t h e  w h o le  o f  t h e  
t u n g s t e n  w as th e n  s e a le d  i n t o  a t h i n  s le e v e  o f  g l a s s .  T h is  was s e a le d  i n t o  
t h e  e n d  o f  a P y re x  g la s s  tu b e  ( 0 . 6  cm o . d . )  a n d  t h e  e l e c t r o d e  f i l l e d  w i t h  
a r g o n  a n d  s e a le d  w i t h  e p o x y  r e s i n .  B e f o r e  u s e  t h e  e n d  o f  t h e  e l e c t r o d e  was  
p o l i s h e d ,  f i r s t  w i t h  d i f f e r i n g  g r a d e s  o f  s i l i c o n  c a r b id e  p a p e r  a n d  f i n a l l y  
w i t h  1y  d ia m o n d  p o l i s h i n g  s o l u t i o n ,  t o  a m i r r o r - l i k e  f i n i s h .

3.4.3 Vitreous carbon electrode (Figure 3.2.3)
The c o n s t r u c t i o n  o f  t h i s  was s i m i l a r  t o  t h e  t u n g s t e n  e l e c t r o d e .  A 

l e n g t h  o f  v i t r e o u s  c a r b o n  r o d  (2  cm , 0 . 3  cm d i a . )  was v a c u u m -s e a le d  i n t o
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P y re x  tu b e  ( 0 . 6  cm o . d . ) .  S t i f f  c o p p e r  w i r e  was p r e s s e d  a g a in s t  t h e  end  o f  
t h e  v i t r e o u s  c a r b o n  i n s i d e  th e  g la s s  t u b e ,  a n d  a l a y e r  o f  g r a p h i t e  p o w d e r  
a d d e d  t o  p r o v id e  g o o d  e l e c t r i c a l  c o n t a c t  b e tw e e n  th e  c o p p e r  a n d  v i t r e o u s  
c a r b o n .  The e l e c t r o d e  was s e a le d  a s  b e f o r e  and  th e  e nd  p o l i s h e d  w i t h  t h e  
d ia m o n d  p o l i s h i n g  s o l u t i o n .

3.4.4 Graphite electrode (Figure 3.2.4)
T h is  c o n s i s t e d  o f  a P y re x  tu b e  ( 0 . 6  cm o . d . )  w i t h  a f r i t t e d  

c o m p a r tm e n t  a t  o n e  e n d , i n t o  w h ic h  a g r a p h i t e  r o d  ( 0 . 3  cm d i a . )  c o u ld  be  
i n s e r t e d .  The p u rp o s e  o f  t h e  f r i t t e d  c o m p a r tm e n t w as t o  e n s u r e  t h a t  a n y  
r e a c t i o n  p r o d u c t s  fo rm e d  a t  t h e  g r a p h i t e  e l e c t r o d e  c o u ld  n o t  m ix  w i t h  th e  
b u lk  m e l t ,  a n d  s o  c h a n g e  i t s  p r o p e r t i e s .  A t  t h e  o t h e r  e n d  t h e  e l e c t r o d e  
was s e a le d  b y  m eans o f  a g la s s  tu b e  ( 0 . 8  cm o . d . ) w i t h  a SQ13 va cuum  s e a l  a t  
e a ch  e n d . One va cuum  s e a l  was f i t t e d  o v e r  t h e  P y re x  t u b e ,  t h e  o t h e r ,  w i t h  a 
s i l i c o n e  r u b b e r  w a s h e r  i n s i d e ,  w as f i t t e d  o v e r  t h e  e n d  o f  t h e  g r a p h i t e  r o d .  
T h is  m e a n t t h a t  t h e  g r a p h i t e  r o d s  c o u ld  be  c h a n g e d  i n  t h e  e v e n t  o f  b r e a k a g e .  
E l e c t r i c a l  c o n t a c t  w as made d i r e c t l y  t o  t h e  g r a p h i t e  r o d .

3.4.5 Silver/Silver Chloride electrode (Figure 3.2.5)
A l e n g t h  o f  P y re x  tu b e  ( 3 0  cm , 0 . 8  cm o . d . )  was f i t t e d  w i t h  a SQ 

1 0 /1 9  g r o u n d  g la s s  j o i n t  i n  t h e  m id d le ,  a n d  h a d  a t h i n  b u lb  b lo w n  a t  one  e n d ,  
i n t o  w h ic h  th e  s i l v e r  c h l o r i d e  -  c o n t a i n i n g  m ix t u r e  c o u ld  be  p la c e d .  The  
m ix t u r e  u s e d  was 0 .4 m  A g C l i n  L iC l - N a C l - K C l  e u t e c t i c .  A s i l v e r  w i r e  was  
d ip p e d  i n t o  t h e  p o w d e r a n d  th e  e l e c t r o d e  f i l l e d  w i t h  a r g o n  a n d  s e a le d .  The  
p u rp o s e  o f  t h e  g ro u n d  g la s s  j o i n t  was t o  a l l o w  a f r i t t e d  c o m p a r tm e n t  t o  be  
e a s i l y  f i t t e d ,  u s in g  a P . T . F . E .  s le e v e  t o  p r e v e n t  ja m m in g .  T h is  m e an t  
t h a t  t h e  e n v i r o n m e n t  a ro u n d  t h e  e l e c t r o d e  re m a in e d  c o n s t a n t ,  a n d  t h a t  
s h o u ld  t h e  e le c t r o d e  h a p p e n  t o  f a l l  t o  t h e  b o t to m  o f  t h e  c e l l ,  t h e r e  w as a 
g o o d  c h a n c e  t h a t  t h e  b u lb  w o u ld  n o t  b r e a k .  The same d e s ig n  was u s e d  on  
o c c a s io n  w i t h  t h e  p la t in u m  q u a s i - r e f e r e n c e  e l e c t r o d e .

The s i l v e r  c h l o r i d e  e l e c t r o d e  was n o t  u s e d  e x t e n s i v e l y  h o w e v e r ,  
b e c a u s e  th e  p la t in u m  q . r . e .  was fo u n d  t o  h o ld  a r e a s o n a b ly  s t a b l e  p o t e n t i a l  
i n  t h e  m e l t s  and  was much e a s ie r  t o  u s e  s in c e  i t  was m o re  d u r a b le .  The b u lb
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on  t h e  s i l v e r  e l e c t r o d e ,  e v e n  th o u g h  p r o t e c t e d  i n  th e  f r i t t e d  
c o m p a r tm e n t ,  o f t e n  b r o k e  a f t e r  2 o r  3 e x p e r im e n t s .  T h is  may w e l l  
h a v e  b e e n  d ue  t o  t h e r m a l  s h o c k  e f f e c t s  o n  th e  g la s s  m em b ra n e , o r  t h e  
m e l t  i n  t h e  c o m p a r tm e n t c r a c k i n g  t h e  g la s s  a s  i t  s o l i d i f i e d .  O nce a 
b u lb  h a d  b r o k e n ,  t h e  e l e c t r o d e  was u s e le s s  and  t h e  m e l t  was  
c o n ta m in a te d  w i t h  s m a l l  a m o u n ts  o f  s i l v e r  and  a l k a l i  m e ta l  c a t i o n s .

3.4.6 Gold electrode (Figure 3.2.6)
A l e n g t h  o f  g o ld  w i r e  ( 4  cm , 0 .2 5  mm d i a .  ) was j o in e d  t o  c o p p e r  

w i r e  b y  w in d in g  t h e  tw o  t o g e t h e r  t o  make a c o n t in u o u s  l e n g t h .  T h is  
was p la c e d  i n s i d e  a l e n g t h  o f  P y r e x  tu b e  ( 4 0  cm , 0 . 6  cm o . d . ) s o  t h a t  
t h e  g o ld  w i r e  p r o t r u d e d  f r o m  one  e n d , t h e  c o p p e r  w i r e  f r o m  th e  o t h e r .  
The e l e c t r o d e  was s e a le d  a t  o n e  e n d  w i t h  e p o x y  r e s i n ,  h o ld i n g  th e  
c o p p e r  w i r e  i n  p la c e  a nd  a l l o w i n g  e l e c t r i c a l  c o n t a c t  t o  be made t o  t h e  
c o p p e r .  The e n d  a t  w h ic h  t h e  g o ld  w i r e  p r o t r u d e d  was n o t  s e a le d ,  so  
c a r e  h a d  t o  be  ta k e n  n o t  t o  p u s h  t h e  e l e c t r o d e  a l l  t h e  way i n t o  th e  
m e l t .

3.5 Electrochemical Cell
P r e v io u s  w o r k e r s  i n  t h e  r e s e a r c h  g ro u p  h a d  o f t e n  u s e d  l a r g e ,  

cum be rsom e  e le c t r o c h e m ic a l  c e l l s ,  s in c e  m o s t o f  t h e  s t u d i e s  w e re  o f  
e l e c t r o p l a t i n g  o f  m e ta ls  f r o m  m o lt e n  s a l t  s o l u t i o n s  w h ic h  r e q u i r e d  
m o re  m e l t  v o lu m e . F o r  t h i s  w o r k ,  h o w e v e r ,  i t  w as d e c id e d  t h a t  a 
s m a l le r  c e l l  c o u ld  be  u s e d ,  w h ic h  w o u ld  f i t  i n  t h e  G r a n t  a lu m in iu m  
b lo c k  h e a t e r  ( S e c t i o n  3 . 2 ) .  The c e l l ,  show n  i n  F ig u r e  3 . 3 ,  w as made  
up  o f  a f l a t - b o t t o m e d  P y re x  g la s s  b e a k e r ,  (1 2  cm lo n g ,  5 cm o . d . ) ,  
w h ic h  w as f i t t e d  w i t h  a 5 cm g la s s  f l a n g e  on  th e  t o p .  The P y re x  m e l t  
c o n t a i n e r  w o u ld  f i t  s n u g ly  i n s i d e  t h e  o u t e r  j a c k e t .

The c e l l - h e a d ,  a g a in  made o f  P y r e x ,  h a d  a m a tc h in g  5 cm f l a n g e  
f i t t e d ,  t h e  tw o  f la n g e s  b e in g  s e p a r a t e d  b y  a P . T . F . E .  w a s h e r  w hen  th e  
c e l l  w as i n  u s e .  On o p p o s i t e  s id e s  o f  t h e  c e l l  h e a d  w e re  tw o  
s p h e r i c a l  b a l l - j o i n t s  t o  a c t  a s  i n l e t  and  o u t l e t  f o r  g a s e s .  
I n c o r p o r a t e d  i n t o  th e  to p  o f  t h e  c e l l  h e a d  w e re  t h r e e  SQ13 and  one
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FIGURE 3.3: Electrochemical Cell
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S o v i r e l  15 s c re w  t h r e a d  va cuum  s e a l s ,  t h r o u g h  w h ic h  th e  e l e c t r o d e s ,  
t h e rm o c o u p le  o r  b u b b le r  c o u ld  be  p a s s e d .  Vacuum  t i g h t  s e a ls  c o u ld  be  
o b t a in e d  b y  u s in g  th e  m a tc h in g  s c re w  c a p s ,  w i t h  f i t t e d  s i l i c o n e  
r u b b e r  a n d  P . T . F . E .  w a s h e r s .  When i n  u s e , t h e  s i l v e r / s i l v e r  
c h l o r i d e  a n d  g r a p h i t e  e le c t r o d e s  w e re  s e m i- p e rm a n e n t  f i x t u r e s  s in c e  
t h e y  w o u ld  n o t  f i t  t h r o u g h  t h e  s e a l s ,  b u t  t h e  o t h e r  tw o  s e a ls  c o u ld  be  
u s e d  a s  r e q u i r e d  b y  e x c h a n g in g  t h e  th e rm o c o u p le  f o r  an  e l e c t r o d e ,  
s a y ,  a l l  t h e  t im e  k e e p in g  a f a s t  f l o w  o f  a r g o n  t h r o u g h  t h e  c e l l .

B e f o r e  u s e ,  a l l  g la s s  c o m p o n e n ts  t h a t  w o u ld  come i n t o  c o n t a c t  
w i t h  t h e  m e l t  w e re  k e p t  i n  a 1 :1  m ix t u r e  o f  c o n c e n t r a t e d  s u l p h u r i c  and  
n i t r i c  a c id s  f o r  24  h o u r s ,  a f t e r  w h ic h  th e y  w e re  r i n s e d  w i t h  d i s t i l l e d  
w a te r  a n d  d r i e d  a t  1 5 0 °C . The g la s s  c o m p o n e n ts  w e re  th e n  t r a n s f e r r e d  
t o  t h e  d r y  b o x  w h e re  t h e  c e l l  w as a s s e m b le d ,  t h e  s o l i d  m e l t  c o m p o n e n ts  
b e in g  w e ig h e d  i n t o  t h e  m e l t  c o n t a i n e r  a n d  p u t  i n s i d e  th e  c e l l .  A 
l i t t l e  o f  t h e  s o l i d  m ix t u r e  w as s o m e t im e s  p u t  i n  t h e  f r i t t e d  
c o m p a r tm e n t o f  t h e  r e f e r e n c e  e l e c t r o d e  t o  h e lp  t h e  f l o w  o f  m e l t  
t h r o u g h  t h e  f r i t .  When c o m p le t e ,  t h e  c e l l  w as t r a n s f e r r e d  t o  t h e  
G ra n t  a lu m in iu m  b lo c k  h e a t e r  a n d  h e a te d  u n d e r  a c o n t in u o u s  f l o w  o f  d r y  
a r g o n .

3.6 Cyclic Voltammetry
C y c l i c  v o lta m m o g ra m s  w e re  o b t a in e d  b y  a p p l y i n g  a l i n e a r l y  

v a r y i n g  p o t e n t i a l  ram p  t o  t h e  w o r k in g  e l e c t r o d e  and  m e a s u r in g  th e  
r e s u l t a n t  c u r r e n t  f l o w in g  b e tw e e n  t h e  w o r k in g  a n d  c o u n t e r  e l e c t r o d e s  
a s  a f u n c t i o n  o f  t h e  p o t e n t i a l  ra m p . A d ia g r a m m a t ic  r e p r e s e n t a t i o n  
o f  t h e  a p p l i e d  p o t e n t i a l  a n d  m e a s u re d  r e s p o n s e  i s  show n  i n  F ig u r e  3 . 4  
a n d  th e  b lo c k  c i r c u i t  d ia g r a m  i n  F ig u r e  3 . 5 .

A P r in c e t o n  A p p l ie d  R e s e a rc h  M o d e l 175 sw eep  g e n e r a t o r  a n d  a 
Thom pson  M i n i s t a t  M o d e l 251 p r o v id e d  t h e  l i n e a r l y  v a r y i n g  p o t e n t i a l ,  
a t  sw eep  r a t e s  b e tw e e n  5 and  1 0 00  mVs . The r e s u l t a n t  c u r r e n t  
p o t e n t i a l  c u r v e s  w e re  r e c o r d e d  on  a B ry a n s  2 9 0 0 0  A4 X -Y  r e c o r d e r .  
The e l e c t r o d e s  u s e d  f o r  t h e  d i f f e r e n t  e x p e r im e n t s  w i l l  be  g iv e n  i n  th e  
t h e  s e c t i o n s  d e a l i n g  w i t h  t h o s e  e x p e r im e n t s .  A t h r e e  e l e c t r o d e  
s y s te m  was u s e d  f o r  a l l  v o l t a m m e t r ic  e x p e r im e n t s .
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FIGURE 3.4
Cyclic Voltammetry - Excitation and Response for the Reversible 

Deposition of a Soluble Product

FIGURE 3.5
Diagrammatic Representation of the Cyclic Sweep Circuit
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3.7 Solubility of HC1 gas in ZnCl^-NaCl melts

The a p p a r a t u s  e m p lo y e d  f o r  t h e  d e t e r m in a t i o n  o f  s o l u b i l i t y  o f  
h y d ro g e n  c h l o r i d e  g a s  i n  Z n C l^ -N a C l m e l t s  o f  v a r y i n g  c o m p o s i t i o n s  i s  
show n  i n  F ig u r e  3 . 6 .  The P y re x  o u t e r  c o n t a i n e r  w as 38 cm lo n g  a n d  6 . 5  
cm o . d . ,  w i t h  a 7 . 5  cm f l a n g e  f i t t e d  on  t h e  o p e n  e n d . The  m e l t  
c o n t a i n e r ,  a l s o  P y r e x ,  f i t t e d  i n s i d e  t h i s .  The c e l l - h e a d ,  w i t h  
m a tc h in g  7 . 5  cm f l a n g e ,  was f i t t e d  w i t h  s e v e r a l  SQ13 va cuum  s e a ls  
t h r o u g h  w h ic h  t h e  g la s s  t h e rm o c o u p le  t u b e ,  g a s  b u b b le r  a n d  g a s  o u t l e t  
c o u ld  be  lo w e r e d  i n t o  t h e  c e l l .  B e f o r e  u s e  a l l  g la s s w a r e  i n  c o n t a c t  
w i t h  t h e  m e l t  was k e p t  i n  a b a th  o f  c o n c e n t r a t e d  n i t r i c  and  s u l p h u r i c  
a c id s  ( 1 : 1  b y  v o lu m e ) , w a shed  w i t h  d i s t i l l e d  w a te r  a n d  d r i e d  a t  1 4 0 °C .

The p r e p a r a t i o n  o f  t h e  m e l t  c o m p o n e n ts  h a s  b e e n  o u t l i n e d  
e ls e w h e r e  ( S e c t i o n  3 . 1 ) .  M e l t s  o f  v a r y i n g  c o m p o s i t i o n s ,  b u t  e a c h  
t o t a l l i n g  a b o u t  2 5 0 g , w e re  p r e p a r e d  i n  t h e  a rg o n  f i l l e d  d r y - b o x  and  
t h e  f i l l e d  c e l l  t r a n s f e r r e d  t o  t h e  l a r g e  f u r n a c e  ( S e c t i o n  3 . 2 ) .  The  
t e m p e r a tu r e  i n s i d e  th e  c e l l  w as m o n i t o r e d  w i t h  a c h r o m e l - a lu m e l  
t h e rm o c o u p le  l i n k e d  t o  a D .V .M .

The  Z n C l^ -N a C l m ix t u r e s  w e re  h e a te d  t o  t h e  r e q u i r e d  
t e m p e r a t u r e s  u n d e r  an  HC1 a tm o s p h e r e ,  a n d  th e n  t h e  HC1 g a s  was b u b b le d  
t h r o u g h  t h e  m e l t  f o r  f o u r  h o u r s  t o  a l l o w  e q u i l i b r i u m  t o  be  r e a c h e d .  A 
g l a s s - f r i t t e d  b u b b le r  was u s e d  f o r  b e t t e r  d i s p e r s i o n  o f  t h e  g a s .  A t  
t h e  en d  o f  t h i s  p e r i o d  t h e  b u b b le r  was re m o ve d  f r o m  th e  m e l t  a n d  a f a s t  
s t r e a m  o f  d r y  a r g o n  was b lo w n  t h r o u g h  t h e  c e l l  f o r  t h i r t y  m in u te s  t o  
c h a n g e  t h e  a tm o s p h e re  a b o v e  t h e  m e l t .  H a v in g  a c h ie v e d  t h i s  c h a n g e  i n  
a tm o s p h e re  t h e  c e l l  g a s  o u t l e t  w as a t t a c h e d  t o  t h e  D r e s c h e l  b o t t l e s  
t h a t  c o n t a in e d  know n  v o lu m e s  o f  d i s t i l l e d  w a t e r ,  and  when a 
r e a s o n a b le  g a s  f l o w  r a t e  was r e a c h e d ,  t h e  b u b b le r  w as p u s h e d  b a c k  i n t o  
t h e  m e l t .  A rg o n  was b u b b le d  t h r o u g h  th e  m e l t  f o r  f o u r  h o u r s ,  
d i s p l a c i n g  t h e  d i s s o l v e d  HC1. T he  H C l - c a r r y i n g  a r g o n  p a s s e d  t h r o u g h  
t h e  D r e s c h e l  b o t t l e s  w h e re  th e  HC1 d i s s o l v e d  i n  t h e  d i s t i l l e d  w a t e r .  
The r e s u l t i n g  a c i d i c  s o l u t i o n  w as t i t r a t e d  a g a in s t  s t a n d a r d  s o d iu m  
h y d r o x id e  s o l u t i o n  ( 0 . 0 2  M ) , u s in g  p h e n o lp h t h a le in  a s  an  i n d i c a t o r .
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F rom  t h i s  t h e  a m o u n t o f  h y d ro g e n  c h l o r i d e  d i s s o l v e d  i n  t h e  know n  m ass  
o f  m e l t  c o u ld  be  d e te rm in e d .

T h is  p r o c e d u r e  was c a r r i e d  o u t  t h r e e  t im e s  a t  e a c h  t e m p e r a tu r e  
b e f o r e  t h e  te m p e r a tu r e  w as r a i s e d ,  t h e  a v e ra g e  v a lu e  o f  t h e  
s o l u b i l i t y  b e in g  ta k e n  a s  t h e  f i n a l  r e s u l t .  E r r o r s  a r e  d is c u s s e d  i n  
t h e  r e l e v a n t  s e c t i o n  i n  t h e  R e s u l t s  c h a p t e r  ( S e c t i o n  5 . 1 ) .

The m o lt e n  m ix t u r e s  w e re  fo u n d  t o  be  c l e a r  a n d  c o l o u r l e s s  b u t  
s l i g h t l y  c o n ta m in a te d  b y  b la c k  f l e c k s  o f  c a r b o n .  S u b l im a t i o n  o f  t h e  
z i n c  c h l o r i d e  o n to  t h e  c e l l  c a p  was m in im a l  u n t i l  t e m p e r a tu r e s  r o s e  
a b o v e  4 5 0 °C , w hen a b u i l d - u p  o f  w h i t e ,  s o l i d  z i n c  c h l o r i d e  s l o w l y  
o c c u r r e d .  A c o r r e c t i o n  f o r  t h i s  h a s  n o t  b e en  m ade .

3.8 Solubility of Oxy-Species in ZnCl^-NaCl Melts

A t t e m p t s  w e re  made t o  m e a s u re  th e  s o l u b i l i t i e s  o f  z i n c  o x id e  
and  w a te r  i n  t h e  m o lt e n  m ix t u r e s  o f  Z n C l^ -N a C l .  The a p p a r a t u s  u s e d  
f o r  t h e s e  e x p e r im e n t s  w as t h e  e l e c t r o c h e m ic a l  c e l l  g la s s w a r e  
( S e c t i o n  3 . 5 ) ,  m in u s  th e  e l e c t r o d e s ,  a n d  a g la s s  c o lu m n  p a c k e d  w i t h  
AW500 m o le c u la r  s i e v e .  I n  o r d e r  t o  d e te rm in e  th e  s o l u b i l i t y  o f  z i n c  
o x id e ,  a s m a l l  P y re x  f i l t r a t i o n  s e t  w as d e s ig n e d  and  c o n s t r u c t e d ,  
show n  i n  F ig u r e  3 . 7 ,  w h ic h  f i t t e d  i n s i d e  th e  o u t e r  s le e v e  o f  t h e  
e le c t r o c h e m ic a l  c e l l .  O nce t h e  Z n C l^ -N a C l m ix t u r e  h e ld  i n  t h e  t o p  
c o n t a i n e r  w as m o l t e n ,  e x c e s s  z i n c  o x id e  w as a d d e d  a n d  s t i r r e d  i n t o  t h e  
s o l v e n t  b y  b u b b l in g  a rg o n  t h r o u g h  t h e  l i q u i d .  The t h i n  b u b b le  a t  t h e  
b o t to m  o f  t h e  c o n t a i n e r  w as b r o k e n  w i t h  a g la s s  r o d ,  a l l o w i n g  t h e  m e l t  
t o  f a l l  t h r o u g h  o n to  t h e  f r i t .  T h is  w as t o  f i l t e r  o u t  u n d is s o lv e d  
z i n c  o x id e  f r o m  t h e  s o l u t i o n ,  w h ic h  was c o l l e c t e d  i n  t h e  b o t to m  
c o n t a i n e r .

A f t e r  t h e  f i l t r a t i o n ,  t h e  t o p  tw o  p ie c e s  o f  g la s s w a r e  w e re  
q u i c k l y  re m o ve d  f r o m  t h e  c e l l ,  a n d  th e  g a s  o u t l e t  on  th e  c e l l  h e a d  
c o n n e c te d  t o  a g la s s  c o lu m n  p a c k e d  w i t h  AW500 m o le c u la r  s i e v e .  
H y d ro g e n  c h l o r i d e  g a s  was b u b b le d  th r o u g h  th e  m e l t ,  f o r m in g  w a te r  b y  
r e a c t i o n  w i t h  t h e  d i s s o l v e d  o x id e ,  w h ic h  was c a r r i e d  o u t  o f  t h e  c e l l
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and  o n to  t h e  d r y i n g  c o lu m n . The a m o u n t o f  w a te r  so  fo rm e d  c o u ld  be  
d e te rm in e d  b y  w e ig h in g  th e  c o lu m n  b e f o r e  and  a f t e r  t h e  e x p e r im e n t ,  
and  h e n c e  th e  a m o u n t o f  z i n c  o x id e  d i s s o l v e d  i n  t h e  know n  a m o u n t o f  
m e l t  c o u ld  be  fo u n d .

F o r  t h e  a t t e m p t s  t o  d e te rm in e  th e  s o l u b i l i t y  o f  w a te r  i n  th e s e  
m e l t s ,  t h e  m e l t s  w e re  f i r s t  s a t u r a t e d  w i t h  w a te r  v a p o u r  u s in g  th e  
e g u i l i b r a t i o n  a p p a r a tu s  d e s c r ib e d  i n  S e c t io n  3 . 9 .  HC1 g a s  was th e n  
u s e d  t o  p u rg e  t h e  w a te r  f r o m  t h e  m e l t  a n d  t o  c a r r y  i t  o n to  t h e  AW500 
m o le c u la r  s ie v e  d r y i n g  c o lu m n . K n o w in g  th e  i n i t i a l  a m ou n t o f  m e l t ,  
i t  s h o u ld  h a v e  b e e n  p o s s i b le  t o  d e te rm in e  th e  s o l u b i l i t y  o f  w a te r  i n  
t h e  m e l t ,  h a v in g  w e ig h e d  th e  c o lu m n  t o  f i n d  how much w a te r  h a d  b e e n  
c a r r i e d  o v e r .

T h e se  e x p e r im e n t s  w e re  c a r r i e d  o u t  on  p u re  Z n C l^  a n d  80  m o l.  % 
Z n C l^ -N a C l ,  a t  t e m p e r a tu r e s  b e tw e e n  3 4 0 -3 8 0 °C  w i t h  a b o u t  7 0 g  o f  m e l t  
b e in g  u s e d  e a ch  t im e .  Once a g a in  c o n t a m in a t io n  o f  t h e  m e l t s  b y  
c a r b o n  was e v i d e n t .

3.9 Water Vapour Equilibration

F o r  t h e  e x p e r im e n t s  i n v o l v i n g  a d d i t i o n  o f  w a te r  t o  t h e  m e l t s ,
t h e  m eans b y  w h ic h  th e  w a te r  c o u ld  be a d d e d  r e q u i r e d  some
i n v e s t i g a t i o n .  I n j e c t i n g  l i q u i d  w a te r  i n t o  t h e  m e l t  u s in g  a
s y r i n g e ,  a m e th o d  u s e d  b y  some w o r k e r s  d e a l i n g  w i t h  t h e  lo w
t e m p e r a tu r e  a lu m in iu m  c h l o r i d e  m e l t s ,  w as f e l t  t o  be  u n s u i t a b l e  f o r
th e s e  h ig h e r  t e m p e r a tu r e  l i q u i d s ,  s in c e  i n  a l l  l i k e l i h o o d  m o s t o f  th e
w a te r  w o u ld  b o i l  o f f  b e f o r e  i t  h a d  h a d  a c h a n c e  t o  i n t e r a c t  w i t h  th e
m e l t .  A d d in g  w a te r  i n  t h e  fo rm  o f  p e l l e t s  o f  z i n c  c h l o r i d e  h y d r a t e
a ls o  seem ed som ew ha t c o m p l i c a t e d ,  e s p e c i a l l y  t r y i n g  t o  m a n u fa c t u r e
t h e s e  p e l l e t s  w h ic h  h a d  t o  h a v e  a know n  a m ou n t o f  w a te r  i n  th e m .
P r o b a b ly  t h e  s im p le s t  m e th o d  o f  a d d in g  w a te r  t o  t h e  m e l t s ,  a n d  t h e  one
c h o s e n  t o  be  u s e d  h e r e ,  w as b y  e q u i l i b r a t i n g  t h e  m e l t s  w i t h  v a r i o u s

(88)v a p o u r  p r e s s u r e s  o f  w a t e r .  M e le n d r e s  e t  a l .  '  h a v e  g iv e n  d e t a i l s  
o f  s a t u r a t e d  a q u e o u s  s o l u t i o n s  o f  v a r i o u s  s a l t s  w h ic h  w i l l  p r o d u c e  
d i f f e r e n t  w a te r  v a p o u r  p r e s s u r e s .  T h e se  s a l t s ,  a n d  t h e i r  w a te r
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v a p o u r  p r e s s u r e s ,  a r e  g iv e n  i n  T a b le  3 . 1 .

Salt Solubility in Water Vapour Pressure of 
(q per 100q at 25°C) Saturated Solution

at 25°C torr

L iC l 6 3 .7 2 .6 1

M g C l2 5 4 .2 5 7 .8 4

M g (N 03 ) 2 125
( f o r  M g (N 03 ) 2 .6 H 20 )

1 2 .3 5

TABLE 3.1

Water vapour pressures of saturated

solutions of various salts

The a p p a r a tu s  u s e d  f o r  i n t r o d u c i n g  th e  w a te r  v a p o u r  i n t o  t h e  m e l t  
s im p ly  c o n s i s t e d  o f  tw o  D r e s c h e l  b o t t l e s  c o n t a i n i n g  th e  s a t u r a t e d  s o l u t i o n  
b e in g  u s e d ,  h e ld  i n  a c o n s t a n t  t e m p e r a tu r e  w a te r  b a t h .  A rg o n  was p a s s e d  
t h r o u g h  t h e  s a t u r a t e d  s o l u t i o n s ,  u s in g  g la s s  f r i t s  f o r  b e t t e r  g a s  
d i s p e r s i o n  i n  t h e  l i q u i d ,  a n d  on  i n t o  t h e  m e l t .  The w a te r  b a th  t e m p e r a tu r e  
was r e g u l a r l y  m o n i t o r e d ,  b e in g  h e ld  a t  2 5 °C  b y  u s in g  a h e a t e r  t h r o u g h  w h ic h  
t h e  w a te r  w as c o n s t a n t l y  c i r c u l a t e d .  The m o is t  a r g o n  was b u b b le d  th r o u g h  
t h e  Z n C l^ -N a C l m e l t s  f o r  3 - 4  h o u r s ,  t o  a l l o w  th e  s y s te m  t o  e q u i l i b r a t e  
b e f o r e  t h e  e le c t r o c h e m ic a l  e x p e r im e n t s  w e re  c a r r i e d  o u t .  D u r in g  th e s e  
e x p e r im e n t s  t h e  g a s  b u b b le r  was l i f t e d  o u t  o f  t h e  m e l t ,  b u t  t h e  m o is t  a r g o n  
c o n t in u e d  t o  be  p a s s e d  t h r o u g h  t h e  c e l l .
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3.10 X-ray Diffraction

S o l i d  s a m p le s  t o  be  e x a m in e d  b y  X - r a y  p o w d e r d i f f r a c t i o n  w e re  
f i n e l y  g r o u n d ,  a n d  d is p e r s e d  on  a s i l i c o n  c r y s t a l  s l i d e  u s in g  a c e to n e  
a s  t h e  d i s p e r s a n t .  A P h i l l i p s  P W -1050  X - r a y  d i f f r a c t o m e t e r  f i t t e d  
w i t h  a g r a p h i t e  m o n o c h ro m a to r  was u s e d ,  w i t h  CuK r a d i a t i o n  (X  = 1 .5 4 2o ^
A ) a s  t h e  i n c i d e n t  r a d i a t i o n .  The r e s u l t i n g  d i f f r a c t i o n  p a t t e r n s  
w e re  r e c o r d e d  on  c h a r t  p a p e r  a n d  a n a ly s e d  u s in g  d a ta  f r o m  t h e  P ow de r  
D i f f r a c t i o n  F i l e  ( p u b .  J . C .P .D .S .  I n t e r n a t i o n a l  C e n t r e  f o r  
D i f f r a c t i o n  D a t a ) .

3.11 Raman Spectroscopy

Raman s p e c t r a  o f  s o l i d  s a m p le s  w e re  r e c o r d e d  u s in g  an a rg o n  
l a s e r ,  a SPEX RAMALOG 5 Raman s p e c t r o m e t e r  a n d  a "D a ta m a te "  d a ta  
a c q u i s i t i o n  u n i t .  S a m p le s  w e re  p r e p a r e d  b y  m e l t i n g  b a t c h e s  o f  p u re  
z i n c  c h l o r i d e  i n  t h e  e l e c t r o c h e m ic a l  c e l l  g la s s w a r e  ( S e c t i o n  3 . 5 ) ,  
t h e n  s a t u r a t i n g  t h e  l i q u i d s  w i t h  v a r i o u s  g a s e s  e . g .  HC1, 0 ^ ,  H^O 
v a p o u r  o r  m a k in g  a d d i t i o n s  o f  s o l i d  m a t e r i a l s .  The m e l t s  w e re  th e n  
a i r - q u e n c h e d  and  t r a n s f e r r e d  t o  t h e  d r y - b o x ,  w h e re  t h e y  w e re  g ro u n d  
t o  f i n e  p o w d e r s .  S a m p le s  w e re  h e ld  i n  g la s s  tu b e s  (1 5  cm , 0 . 6  cm 
o . d . ) ,  w h ic h  w e re  s e a le d  u n d e r  va cuum  a f t e r  h a v in g  b e en  h a l f - f i l l e d  
i n  t h e  d r y - b o x .  The w a v e le n g th  o f  t h e  r a d i a t i o n  u s e d  was 514  nm, w i t h  
t h e  s p e c t r a  b e in g  r e c o r d e d  i n  t h e  r a n g e  5 0 -4 0 0 0  w a v e n u m b e rs . The  
a d v a n ta g e  o f  t h i s  m e th o d  o v e r  I . R .  s p e c t r o s c o p y  was t h a t  d e l i q u e s c e n t  
s a m p le s  c o u ld  be  m o re  e a s i l y  h a n d le d ,  a n d  w o u ld  r e m a in  d r y  s in c e  th e y  
w e re  s e a le d  u n d e r  va cu u m .

3.12 Infra-Red Spectroscopy

I n f r a - r e d  a b s o r p t i o n  s p e c t r a  w e re  r e c o r d e d  on  a P e r k in  E lm e r  
237  g r a t i n g  i n f r a - r e d  s p e c t r o p h o t o m e t e r .  The s a m p le s  w e re  p r e p a r e d  
a s  N u jo l  m u l l s ,  h e ld  b e tw e e n  p o ta s s iu m  b ro m id e  d i s c s .  D e l iq u e s c e n t  
m a t e r i a l s  w e re  h a n d le d  i n  t h e  d r y  b o x ,  a n d  th e  m u l l s  p r e p a r e d  u n d e r  
a rg o n  b e f o r e  b e in g  t r a n s f e r r e d  t o  t h e  s p e c t r o p h o t o m e t e r .  W i t h o u t  a 
h ig h  t e m p e r a tu r e  I . R .  c e l l ,  i t  w as n o t  p o s s i b le  t o  r e c o r d  s p e c t r a  o f  
m o lt e n  s a m p le s ,  w h ic h  m ig h t  h a v e  p r o v id e d  m o re  i n f o r m a t i o n .
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3.13 Electron Spin Resonance Spectroscopy

S a m p le s  f o r  th e s e  e x p e r im e n t s  w e re  p r e p a r e d  i n  t h e  same way a s  
th o s e  f o r  t h e  Raman s p e c t r o s c o p i c  e x p e r im e n t s  ( S e c t i o n  3 . 1 1 ) ,  b u t  
t h i s  t im e  w e re  h e ld  i n  g la s s  t u b e s  d e s ig n e d  s p e c i f i c a l l y  f o r  t h e  
m e a s u r in g  i n s t r u m e n t ,  r a t h e r  t h a n  i n  t h e  hom e -m ade  tu b e s  u s e d  f o r  t h e  
Raman w o r k .  The E .S .R .  s p e c t r a  w e re  r e c o r d e d  on  a V a r ia n  E9 E .P .R .  
S p e c t r o m e te r ,  a n d  w e re  r u n  a t  ro om  te m p e r a t u r e .  A s p e c t r u m  o f  t h e  
g la s s  t u b e  w as r e c o r d e d  f i r s t ,  s o  t h a t  p e a k s  due  t o  t h e  g la s s  c o u ld  be  
s e p a r a t e d  f r o m  th o s e  due  t o  t h e  s a m p le .

3.14 Atomic Absorption Spectrophotometry

M e a s u re m e n ts  o f  t h e  a t o m ic  a b s o r p t i o n  o f  a q u e o u s  s o l u t i o n s  o f  
z i n c  c h l o r i d e  w e re  c a r r i e d  o u t  on  a P e r k in  E lm e r  2 280  A to m ic  
A b s o r p t io n  S p e c t r o p h o to m e te r .  I n c i d e n t  r a d i a t i o n  was p ro d u c e d  
u s in g  a la m p  w h ic h  e m i t t e d  r a d i a t i o n  c h a r a c t e r i s t i c  o f  z i n c ,  
m a gn e s iu m  a n d  c a lc iu m  i o n i z a t i o n .  S a m p le s  w e re  v a p o r iz e d  i n  an  
a c e t y le n e  f la m e ,  t h e  f la m e  b e in g  i n  t h e  p a th  o f  t h e  i n c i d e n t  
r a d i a t i o n .  A b s o r p t io n  o f  t h e  i n c i d e n t  r a d i a t i o n  b y  t h e  s a m p le  was  
r e c o r d e d  a t  a w a v e le n g th  o f  2 1 3 .9  nm, w h ic h  i s  t h e  m o s t s e n s i t i v e  f o r  
z i n c  a b s o r p t i o n  m e a s u re m e n ts .  C o m p a r is o n  o f  t h e  a b s o rb a n c e s  o f  
s t a n d a r d  z i n c  s o l u t i o n s  w i t h  t h o s e  o f  t h e  u n know n  s a m p le s  a l lo w e d  t h e  
s p e c t r o p h o t o m e te r  t o  g iv e  a v a lu e  f o r  t h e  z in c  c o n t e n t  o f  t h e  s a m p le  
i n  ppm , a n d  h e n c e  t h e  c o n c e n t r a t i o n  o f  z i n c  c o u ld  be  d e te rm in e d .  
C a re  h a d  t o  be  t a k e n  t o  rem em be r t o  t a k e  i n t o  a c c o u n t  d i l u t i o n s  o f  t h e  
s a m p le s  t h a t  w e re  made t o  b r i n g  t h e  z i n c  c o n c e n t r a t i o n s  down t o  l e v e l s  
c o m p a ra b le  w i t h  t h o s e  o f  t h e  s t a n d a r d  s o l u t i o n s .

3.15 D.T.A./T.G.A. Analysis

The  s im u l t a n e o u s  d i f f e r e n t i a l  t h e r m a l  a n a l y s i s / t h e r m o g r a v i -  
m e t r i c  a n a l y s i s  s t u d y  was c a r r i e d  o u t  u s in g  a S t a n t o n - R e d c r o f t  STA 
780  A n a l y s i s  m a c h in e .  P la t in u m  c r u c i b l e s  ( o . d .  0 . 5  cm ) w e re  u s e d  t o  
h o ld  t h e  f i n e l y  g r o u n d  s a m p le s  a n d  t h e  r e f e r e n c e  m a t e r i a l ,  a lu m in iu m  
o x id e .  The a m ou n t o f  s a m p le  u s e d  was a p p r o x im a t e ly  10 mg, th e  e x a c t  
w e ig h t  b e in g  ta k e n  e a ch  t im e  t o  c a l c u l a t e  t h e  p e r c e n ta g e  w e ig h t  l o s s .
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T e m p e ra tu r e s  w e re  m e a s u re d  w i t h  P t - P t  1 3?o Rh th e rm o c o u p le s  a t t a c h e d
t o  t h e  b a s e s  o f  t h e  s a m p le  a n d  r e f e r e n c e  m a t e r i a l  h o ld e r s .  The r a t e
o f  h e a t in g  was 10 °C  m in . -  ̂ , w i t h  a d r i e d  a i r  a tm o s p h e r e ,  f l o w  r a t e  50  

3 -1cm m in .  , b e in g  m a in t a in e d  t h r o u g h o u t  t h e  s y s te m .  D a ta  was  
r e c o r d e d  on  a Com m odore PET c o m p u te r  a n d  a n a ly s e d  u s in g  s o f t w a r e  
p r o v id e d .

3.16 A.C. Impedance Spectroscopy

A H e w le t t  P a c k a rd  4 1 9 2  A LF Im p e d a n c e  A n a ly z e r  ( 5  H z -  13 MHz) 
was u s e d  t o  im p o s e  f i x e d  a m p l i t u d e ,  v a r i a b l e  f r e q u e n c y  a . c .  b e tw e e n  
tw o  p la t i n u m  e l e c t r o d e s  h e ld  i n  m o l t e n  z i n c  c h lo r i d e - s o d iu m  c h l o r i d e  
m ix t u r e s .  The e l e c t r o c h e m ic a l  c e l l  d e s c r ib e d  b e f o r e  ( S e c t i o n  3 . 5 )  
was u s e d ,  w i t h  a p la t i n u m  w i r e  w o r k in g  e l e c t r o d e ,  a p la t in u m  f l a g  
c o u n t e r  e l e c t r o d e ,  a g a s  b u b b le r  a n d  a t h e rm o c o u p le  f i t t e d  i n  t h e  SQ13 
j o i n t s  on  th e  c e l l  c a p .  The e l e c t r o d e s  w e re  s t o r e d  i n  c o n c e n t r a t e d  
h y d r o c h l o r i c  a c i d ,  a n d  w a sh e d  a n d  d r i e d  p r i o r  t o  b e in g  p la c e d  i n  t h e  
c e l l .  A l l  g la s s w a r e  i n  c o n t a c t  w i t h  t h e  m e l t  was t r e a t e d  a s  
d e s c r ib e d  e a r l i e r  ( S e c t i o n  3 . 1 ) .

Im p e d a n c e  m e a s u re m e n ts  w e re  c a r r i e d  o u t  on  v a r i o u s  m e l t  
c o m p o s i t i o n s ,  t h e  m e l t s  b e in g  s a t u r a t e d  w i t h  HC1 g a s ,  p u rg e d  w i t h  
a rg o n  a n d  th e n  s a t u r a t e d  w i t h  w a te r  v a p o u r  b y  b u b b l i n g  a rg o n  t h r o u g h  
d i s t i l l e d  w a te r  a n d  i n t o  t h e  m e l t .  The e f f e c t  o f  t h e  s o l u t e s  on  t h e  
m e lt  c o n d u c t i v i t y  c o u ld  th e n  be  s e e n . The w h o le  c y c le  was r e p e a te d  
f o u r  o r  f i v e  t im e s  f o r  e a c h  m e l t  c o m p o s i t i o n ,  t h e  te m p e r a tu r e  b e in g  
h e ld  c o n s t a n t  a t  a b o u t  3 5 5 °C . The o r d e r  o f  s o l u t e  a d d i t i o n  was  
o c c a s i o n a l l y  v a r i e d  t o  s e e  i f  a n y  d i f f e r e n c e  i n  re s p o n s e  o c c u r r e d .  
The a m p l i t u d e  o f  t h e  a l t e r n a t i n g  c u r r e n t  u s e d  w as 10 mV, t h e  Im p e d a n c e  
A n a ly z e r  b e in g  c a p a b le  o f  p r o d u c in g  a l t e r n a t i n g  c u r r e n t s  w i t h  
a m p l i t u d e s  up  t o  1 .5  V .

3.17 Materials and Chemicals Used

The s o u r c e s  and  q u o te d  p u r i t i e s  o f  t h e  m a t e r i a l s  u s e d  
d u r in g  t h i s  w o rk  a r e  l i s t e d  i n  T a b le  3 . 2 .
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M a t e r i a l S o u r c e P u r i t y /G r a d e

Z n C l^ B .D .H . A n a la R
N aC l B .D .H . A n a la R

P la t in u m B .D .H . 9 9 . 9%
T u n g s te n J e n c o n s —
G o ld J o h n s o n -M a t th e y " P u r a t r o n i c "  (2 0  ppm T .M . I
C o p p e r B .D .H . —
V i t r e o u s  C a rb o n S ig r i - H o e c h s t S ig r a d u r - G
G r a p h i t e J o h n s o n  M a t th e y " S p e c t r o - t e c h "
E p o x y  R e s in — A r a l d i t e  ' R a p id e '

M g C l2 B .D .H . G .P .R .
M g (N 03 ) 2 . 6H20 B .D .H . G .P .R .
L iC l B .D .H . G .P .R .

NaOH B .D .H A n a la R
Na2C0 3 B .D .H . A n a la R
ZnO B .D .H . A n a la R
Na20 2 A l d r i c h ~95?o

HC1 g a s B .O .C . H ig h  p u r i t y  -  99.9?o

° 2 B .O .C . H ig h  p u r i t y  -  99.9?o
A r B .O .C . H ig h  p u r i t y  -  99.9?o

V o l t a l e f  90  g re a s e B .D .H . - -

A p ie z o n  T g r e a s e B .D .H —
AW500 m o le c u la r

s ie v e U n io n  C a r b id e ___

TABLE 3.2

M a t e r i a l s  a n d  C h e m ic a ls  U sed
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CHAPTER 4

PURIFICATION OF ZnCl2 MELTS

4.1 Introduction

Up u n t i l  t h e  m id - 1 9 7 0 's  many o f  t h e  t e c h n iq u e s  u s e d  f o r  m e l t  
p u r i f i c a t i o n  w e re  p a r t i c u l a r  t o  t h o s e  g r o u p s  t h a t  h a d  f o r m u la t e d  th e m  o r  
who h a d  l e a r n t  a b o u t  th e m  b y  w o rd  o f  m o u th .  A s e r i e s  o f  b o o k s  b y  L o v e r in g  
and  G a le ^ 2  ̂ a n d  a l a r g e  c h a p t e r  b y  W h i t e ^ ^ ^  i n  t h e  b o o k  " I o n i c  
L i q u i d s " ^ ^  h a v e  gone  a lo n g  way t o  c a t a l o g i n g  t h e  d i f f e r e n t  m e th o d s  u s e d  
f o r  m e l t  p u r i f i c a t i o n ,  g i v i n g  d e t a i l s  o f  t h e  p r o c e s s e s  and  e q u ip m e n t  u s e d  
b y  v a r i o u s  w o r k e r s .

M o is t u r e  i s  t h e  m o s t t r o u b le s o m e  im p u r i t y  i n  c h l o r i d e  m e l t s  a n d  th e  
h a r d e s t  t o  re m o v e , e s p e c i a l l y  f r o m  th o s e  m e l t s  w h e re  t h e  c o m p o n e n ts  
i n c l u d e  d e l i q u e s c e n t  s a l t s  l i k e  L iC l  o r  Z n C l^ .  L a i t i n e n  e t  a l . ^ ^  w e re  
a m o n g s t t h e  f i r s t  t o  e x p e r im e n t  w i t h  m e th o d s  f o r  d r y i n g  L iC l - K C l  m i x t u r e s .  
T h e y  fo u n d  t h a t  v a c u u m -d r y in g  o f  t h e  s a l t s  t o  rem o ve  s u r f a c e  w a t e r ,  
f o l l o w e d  b y  f u s i o n  u n d e r  a n h y d r o u s  HC1 w h ic h  was th e n  b u b b le d  t h r o u g h  th e  
m e l t s ,  r e s u l t e d  i n  l i q u i d s  w h ic h  t o  a l a r g e  e x t e n t  w e re  fo u n d  t o  be  o x id e  
f r e e .  I n t r o d u c t i o n  o f  t h e  HC1 i n t o  t h e  m e l t s  w as fo u n d  t o  d r i v e  e q u i l i b r i a  
[ 4 . 1  ]  a n d  [ 4 . 2 ]  t o  t h e  r i g h t  c o n v e r t i n g  im p u r i t y  o x y - s p e c ie s  t o  w a te r  w h ic h

HC1 + OH r  C l + Ho 0 ,  , 2 ( g ) [ 4 . . 1 ]

2HC1 +  o 2_ = 2 C 1 " + H „ 0 / , 2 ( g ) [ 4 . , 2 ]

w as d r i v e n  o f f .  S u b s e q u e n t a r g o n - p u r g in g  o f  t h e  HC1 f ro m  th e  m e l t s  g a ve  
l i q u i d s  w i t h  much lo w e r  p o la r o g r a p h i c  r e s i d u a l  c u r r e n t s  th a n  th o s e  fo u n d  
f o r  u n p u r i f i e d  m e l t s .  M a r i c l e  a n d  H u m e ^ " ^  , w o r k in g  w i t h  N a C l-K C l m e l t s ,  
fo u n d  t h a t  b y  b u b b l in g  c h l o r i n e  g a s  t h r o u g h  t h e  m e l t s ,  i t  w as p o s s i b le  t o
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d is p e n s e  w i t h  t h e  v a c u u m -d r y in g  s t e p  a nd  t o  p u r i f y  u n d r ie d  m e l t s  i n  one  
s t e p ,  show n  i n  e q u i l i b r i u m  [ 4 . 3 ] .  T h is  t o o k  a b o u t  one  h o u r ,  i n s t e a d  o f  th e  
s e v e r a l  d a y s  n e e d e d  p r e v i o u s l y .

20H~ +  2C1_ r  C L , v +  2HC1 + 2 C 1 " [ 4 . 3 ]2 2 ( g ;

D i f f e r e n t  g r o u p s  o f  w o r k e r s  a l l  h a v e  t h e i r  own f a v o u r i t e  p u r i f i c a t i o n  
r e c i p e s ,  w h ic h  a r e  u s u a l l y  made up  o f  a fe w  s t a n d a r d  s t e p s .  P o p u la r  
s t e p s  f o r  t h e  p u r i f i c a t i o n  o r  p r e p a r a t i o n  o f  a n h y d r o u s  z i n c  c h l o r i d e  
m e l t s ^ ^  a r e  l i s t e d  b e lo w :

va cuum  d r y i n g  o f  t h e  s a l t  t o  t e m p e r a t u r e s  j u s t  b e lo w  t h e  m e l t i n g  p o i n t ,

f u s i o n  o f  t h e  s a l t  u n d e r  HC1 o r  C ^ ,  f o l l o w e d  b y  p e r i o d s  o f  s a t u r a t i o n  
o f  t h e  m e l t  w i t h  one  o r  o t h e r  o f  t h e  tw o  g a s e s ,

a r g o n  o r  n i t r o g e n  p u r g in g  o f  t h e  m e l t  t o  re m o ve  d i s s o l v e d  HC1 o r  C l^ ,  

f i l t r a t i o n  o f  t h e  m e l t ,

d i s t i l l a t i o n ;  o f t e n  u s e d  b y  s p e c t r o s c o p i s t s  who o n ly  r e q u i r e  s m a l l  
a m o u n ts  o f  m e l t ,

a d d i t i o n  o f  m e t a l l i c  z i n c  t o  t h e  m e l t ,  f o l l o w e d  b y  d e c a n t in g  
o f  t h e  l i q u i d ,

r e a c t i o n  o f  p u re  z i n c  m e ta l  a n d  g a s e o u s  HC1 o r  C l ^ ,  a g a in  p o p u la r  w i t h  
s p e c t r o s c o p i s t s ,

r e c r y s t a l l i s a t i o n  o f  Z n C l^  f r o m  a q u e o u s  s o l u t i o n  f o l l o w e d  b y  HC1 
s a t u r a t i o n  o f  m e l t  ( t h i s  may o n ly  i n t r o d u c e  m o re  h y d r o x id e  
i m p u r i t y ( 1 9 , 2 0 ) )

e l e c t r o l y s i s  b e tw e e n  i n e r t  e l e c t r o d e s  t o  re m o ve  h e a v y  m e ta l  c a t i o n  
i m p u r i t i e s .
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A s e r i e s  o f  p a p e r s  b y  Monk and  F r a y ^ ^  ^  i s  c o n c e rn e d  w i t h  t h e  
p u r i f i c a t i o n  o f  z i n c  c h l o r i d e  p ro d u c e d  b y  c h l o r i n a t i o n  o f  z i n c  s u lp h id e  
o r e s ,  a n d  d e a ls  w i t h  t h e  r e m o v a l o f  i r o n ,  t h e  p r e c i p i t a t i o n  o f  i m p u r i t i e s  
b y  z i n c  a d d i t i o n  an d  t h e  t r e a tm e n t  o f  c o n c e n t r a t e d  a q u e o u s  s o l u t i o n s  o f
Z n C l? . The r e c o v e r y  o f  Z n C l_  f r o m  z i n c  m a t e r i a l s  c o n ta m in a te d  w i t h

 ̂  ̂ ( 1 4 8 )c h l o r i n e  h a s  b e e n  i n v e s t i g a t e d  b y  H a g e r  a n d  L e m o n s v , who lo o k e d  a t  t h e
b e h a v io u r  o f  Z n C l^ /F e C l^  c o m p le x e s  a n d  how  t h e  v a p o u r  p r e s s u r e  o f  Z n C l^
m ig h t  be  e n h a n c e d  b y  f o r m a t i o n  o f  t h e s e  s p e c ie s .

A r a t h e r  m o re  h a z a r d o u s  m e th o d  o f  r e m o v in g  o x id e  im p u r i t i e s  f r o m
(1 4 9 )c h l o r i d e  m e l t s  h a s  b e e n  p r o p o s e d  b y  A b d u l-S a d a  e t  a l .  , who h a ve

e x p e r im e n te d  w i t h  t h e  u s e  o f  p h o s g e n e  on  ro om  t e m p e r a tu r e  c h lo r o a lu m in a t e  
m e l t s .  O x id e  io n s  w e re  re m o v e d  f r o m  t h e  m e l t s  b y  r e a c t i o n  w i t h  t h e  g a s e o u s  
p h o s g e n e  t o  p r o d u c e  c a r b o n  d i o x id e  ( r e a c t i o n  [ 4 . 4 ] ) ,  w i t h  b o th  r e a g e n t  and  
p r o d u c t  f i n a l l y  re m o v e d  f r o m  t h e  m e l t  b y  c o n t in u o u s  e v a c u a t io n .  A l k a l i

0 2 "  +  C0C12 C 02 +  2C 1 " [ 4 . 4 ]

h a l i d e s  h a v e  b e e n  p u r i f i e d  b y  r e a c t i o n  w i t h  c a r b o n  t e t r a c h l o r i d e  and
c h lo r o f o r m  t r a n s p o r t e d  i n  an  i n e r t  c a r r i e r  g a s  o r  b y  r e f l u x i n g  w i t h  

(144)S0C12 . The a d v a n ta g e  w i t h  t h e s e  r e a g e n t s  i s  t h a t  HC1 and  C02 a r e  th e
p r o d u c t s  r a t h e r  t h a n  w a t e r ,  t h u s  e l im i n a t i n g  h y d r o l y s i s ,  b u t  c a r b o n  
i m p u r i t i e s  may be  i n t r o d u c e d  i f  t h e  o r g a n i c  h a l i d e s  u n d e rg o  p y r o l y s i s .

4.2 Appearance of ZnCl2 Melts

S o l i d  Z n C l2 , a s  b o u g h t  f r o m  th e  s u p p l i e r s  ( S e c t i o n  3 . 1 7 )  w as i n  t h e  
f o rm  o f  w h i t e  g r a n u le s .  A t  t h e  e nd  o f  t h e  p u r i f i c a t i o n  p r o c e s s  t h e  Z n C ^  
h a d  c o l l e c t e d  a s  a g r e y  lu m p  i n  t h e  m e l t  r e c e i v e r ,  t h e  g r e y  c o l o u r  
p r e s u m a b ly  a r e s u l t  o f  p a r t i a l  g la s s  f o r m a t i o n .  G r in d in g  o f  t h i s  m a t e r i a l  
i n  t h e  d r y - b o x  r e s u l t e d  i n  a w h i t e  p o w d e r ,  b u t  t h e  Z n C l2 was s t o r e d  i n  
c o a r s e  lu m p s  t o  r e d u c e  th e  e x t e n t  o f  a n y  d e l iq u e s c e n c e  t h a t  may o c c u r  i n  th e  
d r y - b o x .
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H e a t in g  u n p u r i f i e d  z i n c  c h l o r i d e ,  r e g a r d le s s  o f  t h e  a tm o s p h e r e ,
c a u s e d  a l a r g e  a m ou n t o f  w a te r  t o  be  e v o lv e d  w h ic h  c o n d e n s e d  on  th e  c e l l  c a p
a n d  was e v e n t u a l l y  t r a n s p o r t e d  o u t  o f  t h e  c e l l  i f  a c a r r i e r  g a s  was u s e d .
U pon  m e l t i n g ,  t h e  im p u re  z in c  c h l o r i d e  w as a v i s c o u s  l i q u i d ,  b u t  a lm o s t
i n v a r i a b l y  c l e a r :  no  s ig n  o f  c l o u d in e s s  was o b s e r v e d .  H o w e v e r , many o f
t h e  m e l t s  u s e d  d u r i n g  t h i s  w o r k ,  b o th  p u r e  and  im p u r e ,  w e re  c o n ta m in a te d  b y
b la c k  f l e c k s  o f  c a r b o n .  The o r i g i n  o f  t h i s  im p u r i t y  i s  s t i l l  u n k n o w n ,
d e s p i t e  s e v e r a l  a t t e m p t s  t o  c l e a r  up  t h e  p r o b le m .  O th e r
w o r k e r s ^ ’ ^ 0 , 1 5 1 )  ^ a v e  s u f f e r e d t h e  same c o n t a m in a t i o n ,  a n d  th e  g e n e r a l

c o n c lu s io n  w as t h a t  i t  i s  p r e s e n t  i n  t h e  s u p p l i e d  m a t e r i a l .  E ven  th e
f i l t r a t i o n  s t e p  u s e d  d u r i n g  t h e  p u r i f i c a t i o n  f a i l e d  t o  c o m p le t e ly  re m o ve
t h e  c a r b o n .  I t  w as s u r p r i s i n g  how  l i t t l e  c a r b o n  w as n e e d e d  t o  p r o d u c e  a
c o m p le t e ly  b la c k  m e l t .  S im i l a r l y ,  i n  c h lo r o a lu m in a t e  m e l t s ,

( 1 5 2 )m i l l ig r a m m e s  o f  c a r b o n  w i l l  c a u s e  t h e  m e l t  t o  a p p e a r  b la c k  . A l l o w in g
t h e  m e l t s  t o  s t a n d  r e s u l t e d  i n  t h e  c a r b o n  c o a g u la t i n g  t o  fo rm  la r g e  
a g g lo m e r a t e s .

E t c h in g  o f  t h e  P y re x  m e l t  c o n t a i n e r s  o c c u r r e d  w i t h  m e l t s  c o n ta m in a te d
w i t h  m o is t u r e ,  b u t  i t  t o o k  many h o u r s  b e f o r e  t h i s  e t c h i n g  becam e v i s i b l e .

(1)C a r th e y  h a s  s t a t e d  t h a t  u p o n  c o o l i n g  a Z n C l^  m e l t  c o n ta m in a te d  w i t h  
w a t e r ,  t h e  P y r e x  m e l t  c o n t a i n e r  c r a c k e d .  The e x p la n a t i o n  g iv e n  f o r  t h i s  
was t h a t  a s  w a t e r - c o n t a m in a t e d  m e l t s  a r e  c o o le d  t h e y  a d h e re  t o  t h e  g la s s  
s u r f a c e ,  c a u s in g  th e  g la s s  t o  c r a c k  u n d e r  t h e  s t r a i n  a s  t h e  c o o l i n g  m e l t  
c o n t r a c t s .  M o i s t u r e - f r e e  m e l t s  do  n o t  a d h e re  t o  t h e  g l a s s ,  a n d  h e n c e  
c r a c k in g  i s  n o t  o b s e r v e d .  H o w e v e r , no  c r a c k in g  o f  t h e  m e l t  c o n t a i n e r ,  
c a u s e d  b y  a d h e re n c e  o f  t h e  m e l t  t o  t h e  g l a s s ,  was e v e r  o b s e r v e d  d u r i n g  t h i s  
p r o j e c t ,  f r o m  w h ic h  i t  i s  c o n c lu d e d  t h a t  t h e  c o n t a i n e r  u s e d  b y  C a r th e y  may 
h a v e  b e e n  f la w e d .  I t  was n o t i c e d  t h a t  p u r i f i e d  m e l t s ,  u p on  c o o l i n g ,  
s h r a n k  away f r o m  t h e  c o n t a i n e r  t o  a m uch g r e a t e r  d e g re e  th a n  m o is t u r e -  
c o n ta m in a te d  m e l t s ,  a n d  t h a t  t h e  f o r m e r  w o u ld  e a s i l y  s l i d e  o u t  o f  t h e  
c o n t a i n e r  i f  i t  w as i n v e r t e d  i n  t h e  d r y - b o x ,  w h e re a s  t h e  l a t t e r  w o u ld  o f t e n  
s t i c k .
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4.3 Water Absorption Studies

Z in c  c h l o r i d e  i s  a v e r y  h y g r o s c o p ic  m a t e r i a l ,  a n d  i f  l e f t  f o r  lo n g  
e n o u g h  i n  t h e  o p e n  a tm o s p h e re  w i l l  d i s s o l v e  i n  t h e  m o is t u r e  i t  a t t r a c t s  t o  
fo rm  a c l e a r  l i q u i d .  As an  i n t e r e s t i n g ,  b u t  s im p le ,  e x p e r im e n t  i t  w as  
d e c id e d  t o  c o m p a re  th e  w a te r  a b s o r p t i o n  b e h a v io u r  o f  p u r i f i e d  Z n C l^  w i t h  
t h a t  o f  t h e  im p u r e  m a t e r i a l  t o  g e t  an  id e a  o f  t h e  a m o u n t o f  m o is t u r e  p r e s e n t  
i n  t h e  s u p p l i e d  Z n C l^  b e f o r e  i t  i s  p u r i f i e d .  The  a d d i t i o n  o f  s o d iu m  
c h l o r i d e  t o  m o lt e n  z i n c  c h l o r i d e  h a s  an e f f e c t  on  th e  v i s c o s i t y  a n d  
c o n d u c t i v i t y  o f  t h e  m e l t ,  b u t  i t  w as n o t  know n  t o  w h a t e x t e n t  i t  w o u ld  
a f f e c t  t h e  d e l i q u e s c e n t  n a t u r e  o f  s o l i d  Z n C l^ .  I f  i t  w as fo u n d  t h a t  t h e  
e x t e n t  a n d  r a t e  o f  d e l iq u e s c e n c e  o f  Z n C l^  f e l l  w hen N a C l was p r e s e n t  i n  t h e  
s o l i d  m a t e r i a l  t h e n  t h i s  w o u ld  mean t h a t  i t  w o u ld  be  b e t t e r  t o  s t o r e  t h e  
Z n C l^  a n d  N a C l a s  m ix t u r e s  r a t h e r  th a n  i n d i v i d u a l l y .

S a m p le s  o f  p u re  and  im p u r e  Z n C l^  a n d  o f  30 m o l.  % Z n C l^ -N a C l w e re  p la c e d  
i n  t u r n  on  a w a tc h  g la s s  on  a m ic r o - b a la n c e  o p en  t o  t h e  a tm o s p h e r e ,  and  
t h e i r  w e ig h t s  r e c o r d e d  a t  v a r i o u s  i n t e r v a l s .  The e x p e r im e n t  was c a r r i e d  
o u t  w i t h i n  o n e  d a y  s o  t h a t  a tm o s p h e r ic  h u m id i t y  w o u ld  re m a in  r e a s o n a b ly  
c o n s t a n t .  The  50 m o l.  % Z n C ^ -N a C l m ix t u r e  h a d  b e e n  m e lt e d  b e fo r e h a n d  t o  
e n s u r e  c o m p le te  m ix in g  o f  t h e  c o m p o n e n ts ,  th e n  c o o le d  a nd  c r u s h e d .  A l l  
t h r e e  s a m p le s  w e re  i n  ro u g h  g r a n u la r  fo rm  and  h a d  a b o u t  t h e  same s t a r t i n g  
w e ig h t .  O b v io u s ly  t h e  r a t e  o f  d e l iq u e s c e n c e  w o u ld  d e p e n d  on th e  s i z e  o f  
t h e  g r a n u le s ,  so  t h e  s a m p le s  w e re  made r e a s o n a b ly  s i m i l a r .

The v a r i a t i o n  i n  t h e  w e ig h t  o f  t h e  s a m p le s  w i t h  t im e  i s  show n  i n  F ig u r e  
4 . 1 .  The m e a s u re m e n ts  w e re  c o n t in u e d  u n t i l  t h e  w e ig h t s  h a d  s t a b i l i z e d .  
I t  c a n  be  s e e n  t h a t  t h e  i n i t i a l  r a t e s  o f  w a te r  a b s o r p t i o n  w e re  th e  same f o r  
t h e  s a m p le s ,  b u t  t h e  p e r c e n ta g e  in c r e a s e s  i n  t h e i r  w e ig h t s  w e re  q u i t e  
d i f f e r e n t .  U n s u r p r i s i n g l y ,  t h e  p u re  Z n C l^  a b s o rb e d  m o s t w a t e r ,  
u n d e r g o in g  a 65?o w e ig h t  i n c r e a s e  t o  fo rm  a c l e a r  l i q u i d  w h ic h  becam e l e s s  
v is c o u s  a s  t im e  p r o g r e s s e d .  C a l c u l a t i n g  t h e  m o la r  a m o u n ts  o f  Z n C l^  and  
w a te r  a b s o r b e d  sh ow ed  t h a t  a m o le  o f  p u re  Z n C l^  w o u ld  a b s o r b  a lm o s t  5 m o le s  
o f  w a t e r .  The u n d r ie d  Z n C l^  w as fo u n d  t o  in c r e a s e  w e ig h t  b y  a r o u n d  61% , 
s h o w in g  t h a t  t h e r e  i s  a n o n - n e g l i g i b l e  am ou n t o f  m o is t u r e  p r e s e n t  i n  t h e  
m a t e r i a l  p u r c h a s e d  f r o m  s u p p l i e r s ,  b u t  t h e  r a t e s  o f  d e l iq u e s c e n c e  o f  t h e  
tw o  s a m p le s  w e re  v e r y  s i m i l a r .  F o r  t h e  50 m o l.  % Z n C l^ -N a C l m ix t u r e  a 38%



FIGURE 4.1: Water Absorption by ZnCl2, Pure and Impure, and by 50 mol. %
ZnCl^-NaCl at Room Temperature
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i n c r e a s e  i n  t h e  w e ig h t  o f  t h e  s a m p le  was r e c o r d e d ,  s h o w in g  t h a t  t h e  
p r e s e n c e  o f  t h e  a l k a l i  m e ta l  c h l o r i d e  d o e s  d im in i s h  t h e  e x t e n t  o f  t h e  w a te r  
a b s o r p t i o n  p r o c e s s ,  b u t  n o t  t h e  i n i t i a l  r a t e  o f  t h a t  p r o c e s s .

S im i l a r  s t u d i e s  h a v e  b e e n  c a r r i e d  o u t  b y  P e r r y  e t  a l . ^ " ^  u s in g  s o l i d
Z n C l^ -K C l e u t e c t i c  m ix t u r e s  ( 3 1 . 5  a n d  72 m o l.  % Z n C l^ ) .  The Z n C l ^ - r i c h
m ix t u r e  was fo u n d  t o  in c r e a s e  i t s  w e ig h t  b y  10?o i n  200  h o u r s  t o  fo rm  a
s a t u r a t e d  s o l u t i o n ,  w h i l s t  t h e  K C l - r i c h  m ix t u r e  u n d e rw e n t  a w e ig h t
in c r e a s e  o f  o n ly  0.3?o o v e r  100  h o u r s  a n d  no  c h a n g e  o v e r  t h e  n e x t  700  h o u r s .
So t h e r e  i s  a m a rk e d  d i f f e r e n c e  b e tw e e n  t h e  b e h a v io u r  o f  Z n C l^ -N a C l a n d
Z n C l^ -K C l m ix t u r e s .  The e x t e n t  o f  d e l iq u e s c e n c e  h a s  b e e n  l i n k e d  t o  t h e
e a s e  w i t h  w h ic h  t h e  w a te r  m o le c u le s  may c o - o r d i n a t e  t o  t h e  z in c
i o n s ^ ^ , ^ ' ^ \  w h ic h  d e c re a s e s  u p o n  c h a n g in g  f r o m  Z n C l^ -N a C l t o  Z n C l^ -
KC1. KC1 i s  know n  t o  a c t  a s  a b e t t e r  C l -  i o n  d o n o r  i n  t h e  m e l t ,  e n h a n c in g2_t h e  f o r m a t i o n  o f  Z n C l^  s p e c ie s  w h ic h  p r e s u m a b ly  th e n  p e r s i s t  i n  t h e  
s o l i d .  E ven  s o ,  t h e  d i f f e r e n c e  i n  b e h a v io u r  b e tw e e n  t h e  tw o  m ix t u r e s  i s  
q u i t e  r e m a r k a b le .

S in c e  t h e  i n i t i a l  r a t e s  o f  w a te r  a b s o r p t i o n  b y  p u r e  Z n C l^  a n d  Z n C l^ -  
N aC l w e re  v e r y  s i m i l a r  i t  w as d e c id e d  t o  s t o r e  t h e  m e l t  c o m p o n e n ts  
i n d i v i d u a l l y .  T h is  h a d  t h e  a d d e d  a d v a n ta g e  t h a t  a n y  c o m p o s i t io n  c o u ld  be  
made q u i t e  q u i c k l y ,  r a t h e r  th a n  h a v in g  t o  w o rk  w i t h  t h e  c o m p o s i t io n s  i n  
s t o r a g e  o r  h a v in g  t o  p u r i f y  m o re  m a t e r i a l .

4.4 Voltammetric Examination of Unpurified and Pure Melts

D i f f e r e n t  e l e c t r o d e s  w e re  t r i e d  i n  v a r i o u s  m e l t s  t o  i n v e s t i g a t e  t h e i r  
r e s p o n s e  u n d e r  d i f f e r e n t  c o n d i t i o n s  a n d  a s c e r t a i n  w h ic h  t y p e  w o u ld  be  b e s t  
e m p lo y e d  f o r  t h e  v o l t a m m e t r ic  e x p e r im e n t s .  A l l  e le c t r o d e s  h a v e  b e e n  
d e s c r ib e d  i n  S e c t io n  3 . 4 .

4.4.1 Reference electrodes

Two d i f f e r e n t  e l e c t r o d e s  w e re  t e s t e d  -  t h e  s i l v e r / s i l v e r  c h l o r i d e  
r e f e r e n c e  e l e c t r o d e  and  th e  p la t i n u m  q u a s i - r e f e r e n c e  e l e c t r o d e .  W h i l s t  
t h e  A g /A g C l e l e c t r o d e  h e ld  a c o n s t a n t  p o t e n t i a l  i n  a l l  m e l t s ,  t h e  b u lb  was
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s u s c e p t i b l e  t o  c r a c k i n g  a f t e r  tw o  o r  t h r e e  e x p e r im e n t s ,  c o n t a m in a t in g  t h e
b u lk  m e l t  w i t h  s i l v e r  i o n s .  S in c e  t h e  p la t i n u m  q u a s i - r e f e r e n c e  e l e c t r o d e
w as much m o re  d u r a b le  a n d  was fo u n d  t o  m a in t a in  a r e a s o n a b ly  s t e a d y
p o t e n t i a l  ( S e c t i o n  5 . 2 . 1 )  i n  Z n C l_ -N a C l m e l t s ,  i t  w as c h o s e n  a s  t h e

1 . (1)
e l e c t r o d e  t o  be  u s e d  f o r  t h e  v o l t a m m e t r i c  s t u d i e s .  C a r th e y  fo u n d  t h a t  
b y  d e p o s i t i n g  z i n c  o n to  a v i t r e o u s  c a r b o n  e l e c t r o d e  a s t a b l e  r e f e r e n c e  
e l e c t r o d e  c o u ld  be  p r o d u c e d .  H o w e v e r , i t  w as f e l t  t h a t  t h i s  c o u ld  n o t  be  
u s e d  h e r e  s in c e  t h e  p re s e n c e  o f  HC1 i n  t h e  m e l t  w o u ld  c a u s e  th e  z in c  m e ta l  t o  
r e a c t  t o  fo rm  Z n C l^ .  The p r e s e n c e  o f  o x y - s p e c ie s  ( e . g .  b y  a d d i t i o n  o f  
NaOH, H^O , ZnO ) w o u ld  p r o b a b ly  r e s u l t  i n  f o r m a t i o n  o f  a ZnO l a y e r  on  t h e  
e l e c t r o d e  w h ic h  m ig h t  a d v e r s e ly  a f f e c t  t h e  e l e c t r o d e  p o t e n t i a l .

4.4.2 Counter electrode

F o r  t h e  v o l t a m m e t r ic  e x p e r im e n t s  t h e  g r a p h i t e  e l e c t r o d e  w as
e m p lo y e d .  T h is  h a d  t o  be  lo w e r e d  i n t o  t h e  m e l t  i n  a d v a n c e  o f  t h e  o t h e r
e l e c t r o d e s  t o  a l l o w  m e l t  t o  s e e p  i n t o  t h e  e l e c t r o d e  c o m p a r tm e n t .  The
e l e c t r o d e  w as e x t r e m e ly  d u r a b le ,  b e in g  u s e d  f o r  n u m e ro u s  e x p e r im e n t s  w i t h
no  n o t i c e a b l e  d i s i n t e g r a t i o n  o f  t h e  g r a p h i t e  r o d .  I t  h a d  b e e n

(1)s u g g e s te d  t h a t  e v o l u t i o n  o f  c h l o r i n e  a t  t h e  g r a p h i t e  r o d  c a u s e d  
s w e l l i n g  a n d  c r u m b l in g  o f  t h e  r o d ,  b u t  t h i s  was n o t  n o t i c e d  h e r e .

4.4.3 Working electrodes

F o u r  d i f f e r e n t  m a t e r i a l s  w e re  t r i e d  a s  w o r k in g  e l e c t r o d e s  -  p la t i n u m  
t u n g s t e n ,  v i t r e o u s  c a r b o n  a nd  g o ld .  The b e h a v io u r  o f  e a c h  i n  u n p u r i f i e d  
a n d  p u re  m e l t s  w i l l  be  d e s c r ib e d  i n  t u r n .

4.4.3.1 Platinum electrode

B o th  w i r e  a n d  d i s c  e l e c t r o d e s  w e re  u s e d  d u r i n g  th e  v o l t a m m e t r i c  
e x p e r im e n t s ,  b u t  t h e  b e h a v io u r  o f  p la t i n u m  i n  u n p u r i f i e d  a n d  p u re  m e l t s  w as  
i n v e s t i g a t e d  u s in g  w i r e  e l e c t r o d e s .  A t y p i c a l  v o lta m m o g ra m  o b t a in e d  w i t h  
t h e  P t  e l e c t r o d e  i n  an  im p u re  m e l t  i s  show n  i n  F ig u r e  4 . 2 ,  a n d  t h i s  may be  
c o m p a re d  w i t h  v o lta m m o g ra m  o b t a in e d  i n  a p u re  m e l t ,  show n  i n  F ig u r e  4 . 3 .  
W i t h i n  t h e  w o r k in g  ra n g e  o f  t h e  e l e c t r o d e ,  a ro u n d  1 . 1 - 1 . 2  V , a t  l e a s t  s i x



Typical Voltammogram Obtained with a Platinum Electrode 
in Impure 80 mol. % ZnCl^-NaCl
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FIGURE 4.3: Typical Voltammogram Obtained with a Platinum Electrode in
Pure 80 mol. % ZnCl^-NaCl

-73-



- 7 4 -

w a ve s  c a n  be  s e e n  on  th e  v o lta m m o g ra m  f r o m  th e  im p u re  m e l t .  S in c e  m o is t u r e  
i s  t h e  m a jo r  im p u r i t y  i t  i s  a lm o s t  c e r t a i n  t h a t  t h e s e  w a ve s  a re  r e l a t e d  t o  
w h a te v e r  s p e c ie s  a r e  fo rm e d  i n  t h e  m e l t s  w hen  w a te r  i s  p r e s e n t .  
P o s s i b i l i t i e s  i n c l u d e  h y d r o x y - ,  o x y - ,  a n d  o x y c h lo r o -  s p e c ie s ,  a l l  o f  w h ic h  
a r e  p r o b a b ly  e l e c t r o a c t i v e  w i t h i n  t h e  ra n g e  o f  p la t i n u m .

I n  c o m p a r is o n ,  t h e  v o lta m m o g ra m  o b t a in e d  i n  a p u re  m e l t  u s in g  t h e  P t
e l e c t r o d e  sh o w s  no  w a ve s  w i t h i n  t h e  w o r k in g  r a n g e ,  o t h e r w is e  c a l l e d  t h e
" e l e c t r o c h e m ic a l  w in d o w " .  A t  s u f f i c i e n t l y  n e g a t i v e  ( c a t h o d i c )
p o t e n t i a l s  a s h a r p  p e a k  i s  s e e n ,  w h ic h  i s  c a u s e d  b y  z i n c  d e p o s i t i n g  on  t h e
p la t i n u m .  The  l a c k  o f  s h a r p  s t r i p p i n g  p e a k  on  th e  r e v e r s e  s c a n  i n f e r s  t h a t

(111)t h e  z i n c  i s  a l l o y i n g  w i t h  t h e  p la t i n u m  . I n  t h e  p o s i t i v e  ( a n o d i c )
d i r e c t i o n  a r e a c t i o n  i s  o c c u r r i n g ,  w h ic h  i s  p r o b a b ly  t h e  d i s s o l u t i o n  o f  

(111)p la t i n u m  , r a t h e r  th a n  c h l o r i n e  e v o l u t i o n  w h ic h  n o r m a l l y  g iv e s  r i s e  t o
t h e  a n o d ic  l i m i t .

4.4.3.2 Tungsten electrode

The t u n g s t e n  e l e c t r o d e  was t r i e d  i n  b o th  u n p u r i f i e d  a n d  p u re
m e l t s ,  w i t h  some d e g re e  o f  i r r e p r o d u c i b i l i t y  i n  t h e  v o lta m m o g ra m s
o b t a in e d .  F ig u r e  4 . 4  sh ow s  a t y p i c a l  v o lta m m o g ra m  o b t a in e d  i n  an
u n p u r i f i e d  m e l t .  S e v e r a l  w a ve s  c a n  be  s e e n  w i t h i n  t h e  w o r k in g  ra n g e  o f  t h e
e l e c t r o d e ,  t h e  ra n g e  b e in g  a b o u t  t h e  same s i z e  a s  t h a t  o f  p la t i n u m ,  b u t
t h e s e  w a ve s  l a c k  t h e  d e f i n i t i o n  o f  t h o s e  s e e n  w i t h  t h e  P t  e l e c t r o d e .  The
w a ve s  a r e  p r o b a b ly  d u e  t o  f o r m a t i o n  o f  o x id e s  on  th e  t u n g s t e n  s u r f a c e ,
w h ic h  h a s  b e e n  r e p o r t e d  b y  o t h e r  w o r k e r s ^  ’ ’ . The i n c r e a s i n g
a n o d ic  c u r r e n t  c o u ld  be  c a u s e d  b y  t h e  d i s s o l u t i o n  o f  t u n g s t e n ,  w h ic h  i s
know n  t o  fo rm  s e v e r a l  c h l o r o - s p e c i e s ^ , so  e x h i b i t i n g  b e h a v io u r
s i m i l a r  t o  t h a t  o f  p la t i n u m .  A f t e r  t h e  p u r i f i c a t i o n  p r o c e s s ,
v o lta m m o g ra m s  o b t a in e d  w i t h  t h e  W e le c t r o d e  no lo n g e r  e x h i b i t e d  th e s e

(88)" e x t r a n e o u s "  p e a k s ' , l e a v in g  a c l e a r  e l e c t r o c h e m ic a l  w in d o w  b e tw e e n  
t h e  m e l t  l i m i t s  ( F ig u r e  4 . 5 ) .

As m e n t io n e d ,  t h e  a n o d ic  m e l t  l i m i t  i s  g o v e r n e d  b y  t h e  o n s e t  o f  
d i s s o l u t i o n  o f  t h e  t u n g s t e n .  I n  t h e  c a t h o d ic  d i r e c t i o n ,  i f  t h e  l i m i t  w as  
r e a c h e d  th e n  o c c a s i o n a l l y  some s m a l l ,  s h a r p  p r e - p e a k s  o c c u r r e d  b e f o r e  t h e



FIGURE 4 .4 : Typ ica l Voltammogram Obtained w ith  a Tungsten E lectrode in
Impure 80 mol. % ZnCl^-NaCl
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FIGURE 4 .5 : T yp ica l Voltammogram Obtained w ith  Tungsten E lectrode
in  Pure 80 mol. % ZnCl^-NaCl
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FIGURE 4.6: Alloying Peaks on a Voltammogram Obtained With
a Tungsten Electrode in Pure 80 mol. % ZnCl^-NaCl
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Zn d e p o s i t i o n  p e a k  ( F ig u r e  4 . 6 ) .  T h e se  p e a k s  a r e  t h o u g h t  t o  be  d ue  t o  an  
a l l o y i n g  p r o c e s s  o c c u r r i n g  b e tw e e n  d e p o s i t e d  Zn a nd  t h e  W s u b s t r a t e .  The  
c a u s e  o f  s u c h  p r e - p e a k s  i s  d is c u s s e d  i n  S e c t io n  5 . 2 . 5  a n d  w i l l  n o t  be  
r e i t e r a t e d  h e r e .  T h e se  p e a k s  w e re  n o t  a lw a y s  o b s e r v e d ,  b u t  no  p a t t e r n  i n  
t h e i r  a p p e a ra n c e  c o u ld  be  fo u n d .

4.4.3.3 Vitreous carbon electrode

I n  c o n t r a s t  t o  t h e  o t h e r  e l e c t r o d e  m a t e r i a l s ,  v i t r e o u s  c a r b o n  was  
f o u n d  t o  g iv e  t h e  same v o lta m m o g ra m s  i n  u n p u r i f i e d  a n d  p u r e  m e l t s .  E ven  i n  
w a t e r - s a t u r a t e d  m e l t s  no  p e a k s  o t h e r  t h a n  t h e  m e l t  l i m i t s  w e re  o b s e r v e d .  
A t y p i c a l  v o lta m m o g ra m  i s  show n  i n  F ig u r e  4 . 7 .  The e l e c t r o c h e m ic a l  
w in d o w , a r o u n d  1 .7  V , w i t h  t h i s  e l e c t r o d e  was l a r g e r  th a n  t h o s e  s e e n  w i t h  W 
and  P t ,  s in c e  h e r e  t h e  a n o d ic  l i m i t  w as th e  e v o l u t i o n  o f  c h l o r i n e  r a t h e r  
t h a n  t h e  d i s s o l u t i o n  o f  t h e  e l e c t r o d e  s u b s t r a t e .

As d is c u s s e d  i n  S e c t io n  5 . 2 ,  m any o t h e r  w o r k e r s  h a v e  b e e n  u n a b le  t o  
o b t a in  v o l t a m m e t r ic  w a ve s  c o r r e s p o n d in g  t o  e l e c t r o d e  p r o c e s s e s  i n v o l v i n g  
a g u e o u s  o r  p r o t o n i c  c o n ta m in a n t s  i n  c h l o r i d e  m e l t s  u s in g  v i t r e o u s  c a r b o n  
e l e c t r o d e s ,  s o  l i m i t i n g  t h e  u s e  o f  t h i s  e l e c t r o d e  i n  t h a t  a r e a .

4.4.3.4 Gold electrode

T h is  w as o n ly  t e s t e d  i n  p u r i f i e d  m e l t s ,  a t y p i c a l  v o lta m m o g ra m
b e in g  show n  i n  F ig u r e  4 . 8 .  The e l e c t r o c h e m ic a l  w in d o w  f o r  t h i s  m a t e r i a l ,
a b o u t  0 .8 V ,  w as l e s s  th a n  th o s e  f o r  P t  a n d  W. A t  t h e  c a t h o d ic  l i m i t  z i n c  i s
d e p o s i t e d ,  w h i l s t  a t  t h e  a n o d ic  l i m i t  g o ld  i s  a n o d i c a l l y  d i s s o l v e d  b e f o r e

(1)c h l o r i n e  i s  e v o lv e d .  I t  h a s  b e e n  fo u n d  t h a t  p r o lo n g e d  u s e  le a d s  t o  a 
b ro w n  c o l o u r a t i o n  a ro u n d  t h e  g o ld  e l e c t r o d e ,  p r e s u m a b ly  a r e s u l t  o f  t h e  
d i s s o l u t i o n  p r o c e s s .  The l a c k  o f  a s h a r p  s t r i p p i n g  p e a k  i n f e r s  t h e  
f o r m a t i o n  o f  an  a l l o y  b e tw e e n  d e p o s i t e d  Zn a n d  t h e  Au s u b s t r a t e ,  b e tw e e n  
w h ic h  a t  l e a s t  s i x  a l l o y s  a r e  kn ow n



FIGURE 4 .7 : T yp ica l Voltammogram Obtained With a V itreous Carbon E lectrode fo r
Pure and Impure 80 mol. % ZnC^-NaCl
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FIGURE 4.8: Typical Voltammogram Obtained With a Gold Electrode
in Pure 80 mol. % ZnCl^-NaCl
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T h e se  r e s u l t s  w e re  u s e d  t o  d e te rm in e  w h ic h  e l e c t r o d e  m a t e r i a l  s h o u ld  
be u s e d  f o r  v o l t a m m e t r ic  e x p e r im e n t s  i n v o l v i n g  p r o t o n i c  a n d  o x y - s p e c ie s  
d i s s o l v e d  i n  t h e  Z n C l^ -N a C l m e l t s .  The l a c k  o f  r e s p o n s i v i t y  o f  v i t r e o u s  
c a r b o n  t o  t h e  p r e s e n c e  o f  a q u e o u s  c o n ta m in a n t s  made t h a t  m a t e r i a l  
u n s u i t a b l e  f o r  t h i s  p r o j e c t .  The s m a l l  e l e c t r o c h e m ic a l  w in d o w  o f  g o ld ,  
and  t h e  e a s e  w i t h  w h ic h  i t  d i s s o l v e d ,  a l s o  r e n d e r e d  t h i s  m e ta l  u n s u i t a b l e  
a s  a w o r k in g  e l e c t r o d e .  O f t h e  o t h e r  tw o  m e l t s ,  b o th  o f  w h ic h  u n d e rg o  
a n o d ic  d i s s o l u t i o n  a nd  p o s s i b le  a l l o y  f o r m a t i o n ,  p la t i n u m  was c h o s e n  a s  
t h e  w o r k in g  e l e c t r o d e  m a t e r i a l  t o  be  u s e d  f o r  s u b s e q u e n t  w o r k .  Many o t h e r  
w o r k e r s ^  ’ ^  ^  ^  ^  h a v e  a d v is e d  a g a in s t  th e  u s e  o f  t u n g s t e n  f o r  
m o n i t o r i n g  a q u e o u s  and  p r o t o n i c  s o l u t e s ,  a n d  t h i s ,  c o u p le d  w i t h  t h e  
i r r e p r o d u c i b l e  r e s u l t s  fo u n d  d u r i n g  t h i s  w o r k ,  i n d i c a t e d  t h e  
u n s u i t a b i l i t y  o f  t u n g s t e n  a s  a w o r k in g  e l e c t r o d e  f o r  t h i s  p r o j e c t .  So 
many g r o u p s  h a v e  u s e d  P t f o r  t h e i r  w o r k ,  e . g .  r e f e r e n c e s  60, 66, 7 4 , 8 2 , 9 2 ,  
9 7 , 9 9 , 110, 131, t h a t  i t  was d e c id e d  t o  u s e  P t  so  t h a t  c o m p a r is o n s  c o u ld  be  
made b e tw e e n  t h e s e  r e s u l t s  a n d  t h o s e  o f  o t h e r  g r o u p s .
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CHAPTER 5

BEHAVIOUR OF HC1 IN ZnCl^NaCl MELTS

5.1 Solubility of HC1 in molten ZnCl̂ -NaCl
S tu d ie s  o f  t h e  s o l u b i l i t y  o f  HC1 g a s  i n  v a r i o u s  m o lt e n  c h l o r i d e s  h a v e  

b e e n  b r i e f l y  o u t l i n e d  i n  S e c t io n  2.3.1 . Much o f  t h e  w o rk  h a s  b e e n  c a r r i e d  
o u t  b y  N o v o z h i lo v  e t  a l .  ^  >62,64,76,78,79) ̂ Ŵ Q h a v e  t r i e d  t o  c o u p le  t h e  
r e s u l t s  o f  I . R .  s p e c t r o s c o p i c  i n v e s t i g a t i o n s  w i t h  t h e  s o l u b i l i t y  
b e h a v io u r  o f  HC1 i n  m o lt e n  c h l o r i d e s .  By c o n s id e r i n g  t h e  e x i s t e n c e  o f  
C1H. . • C lmej ^  h y d ro g e n  b o n d s  i n  t h e s e  s o l u t i o n s ,  i t  w as p o s s ib le  t o  a c c o u n t  
f o r  t h e  d i f f e r e n t  e f f e c t s  o b s e r v e d  i n  t h e  a l k a l i  m e ta l  c h l o r i d e  and  
a l k a l i n e  e a r t h  c h l o r i d e  m e l t s .  The  e x i s t e n c e  o f  s u c h  " c o m p le x e s "  i n  z i n c  
c h l o r i d e  m e l t s  h a s  b e e n  m e n t io n e d  b y  s e v e r a l  p e o p l e b u t  l i t t l e  
w o rk  h a s  b e e n  c a r r i e d  o u t  t o  d e te rm in e  th e  s t r u c t u r e  o f  th e s e  s p e c ie s ,  o r  
e v e n  i f  t h e y  a c t u a l l y  e x i s t .  I t  w as h o p e d  t h a t  t h i s  s o l u b i l i t y  s t u d y  m ig h t  
p r o v id e  an i n d i c a t i o n  o f  t h e  n a t u r e  o f  t h e  d i s s o l u t i o n  p r o c e s s ,  be  i t  
c h e m ic a l  o r  p h y s i c a l ,  w h ic h  c o u ld  i n f e r  t h e  e x i s t e n c e  o r  n o n - e x is t e n c e  o f  
a n y  c o m p le x  s p e c ie s .

The m e th o d  u s e d  i n  t h i s  d e t e r m in a t i o n  o f  t h e  s o l u b i l i t y  o f  HC1 g a s  i n  
Z n C l^ -N a C l m e l t s  was a r a t h e r  s i m p l i f i e d  v e r s io n  o f  t h e  e l u t i o n  m e th o d , t h e  
a p p a r a tu s  h e r e ,  show n  i n  F ig u r e  3 . 6 ,  b e in g  som ew ha t m o re  b a s ic  th a n  t h a t  
u s e d  f o r  p r e v io u s  s t u d i e s ^ * ^  . Some w o r k e r s  h a v e  e v a c u a te d  t h e  c h a m b e r  
c o n t a i n i n g  th e  m e l t  a f t e r  t h e  m e l t  h a s  b e e n  s a t u r a t e d  w i t h  t h e  s o l u t e  
g a s v , w h i l s t  o t h e r s  h a v e  i s o l a t e d  know n  v o lu m e s  o f  t h e  g a s - s a t u r a t e d  
m e l t  a nd  e l u t e d  t h e  d i s s o l v e d  g a s  f r o m  th e s e  s a m p le s ,  r u l i n g  o u t  t h e  
n e c e s s i t y  o f  d e n s i t y  d a t a v ’ . The fo rm e r  s t e p  was deem ed im p r a c t i c a l  
f o r  t h e  m o lt e n  Z n C l^ -N a C l m ix t u r e s  u s e d  h e r e ,  s in c e  th e  h ig h  v a p o u r  
p r e s s u r e  o f  z i n c  c h l o r i d e  a t  t h e s e  t e m p e r a tu r e s  w o u ld  p r o b a b ly  h a v e  m e a n t a 
n o n - n e g l i g i b l e  l o s s  o f  t h a t  c o m p o n e n t f r o m  th e  m e l t s .  T h is  e v a c u a t io n  
s t e p  a ls o  r e l i e s  u p on  t h e  h o p e  t h a t  t h e  s o l u t e  g a s  w i l l  r e m a in  i n  t h e  m e l t  
w h i l s t  t h e  e v a c u a t io n  o f  t h e  c h a m b e r i s  o c c u r r i n g ,  w h ic h  may w e l l  n o t  be  t h e  
c a s e  h e r e .  The r a p i d  s t r e a m  o f  a r g o n  p a s s e d  f o r  30 m in u te s  b e tw e e n  th e
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d i s s o l u t i o n  and  e l u t i o n  s t a g e s  was e x p e c te d  t o  h a v e  r e p la c e d  t h e  HC1 
a tm o s p h e re  w i t h  o ne  o f  a r g o n  i n  t h e  m e l t  c h a m b e r . S in c e  t h e  d e n s i t i e s  o f  
Z n C l^ -N a C l m e l t s  h a v e  b e en  d e te rm in e d  ( S e c t i o n  2 . 2 . 1 ) ,  t h e  m asse s  o f  t h e  
m ix t u r e s  w e re  r e c o r d e d  and  t h e i r  c o r r e s p o n d in g  v o lu m e s  c a l c u l a t e d  u s in g  
t h e  d e n s i t y  d a t a .  T h i s ,  u n f o r t u n a t e l y ,  w i l l  i n t r o d u c e  an e x t r a  e r r o r  i n t o  
t h e  s o l u b i l i t y  v a lu e s ,  w h ic h  w i l l  be  r e p o r t e d  i n  m o l.c m  ^ u n i t s ,  a s  i s  
u s u a l l y  t h e  c a s e .

An a t t e m p t  was made t o  m e a s u re  t h e  s o l u b i l i t y  o f  HC1 g a s  i n  p u re  m o lt e n  
z in c  c h l o r i d e  u s in g  t h e  same a p p a r a t u s ,  b u t  i t  w as fo u n d  t h a t  u p o n  b u b b l i n g  
t h e  g a s  t h r o u g h  th e  m e l t  a m u l t i t u d e  o f  m in u te  b u b b le s  fo rm e d  i n  t h e  m e l t .  
Due t o  t h e  h ig h  v i s c o s i t y  o f  m o lt e n  z i n c  c h l o r i d e  t h e s e  b u b b le s  c o u ld  n o t  be  
re m o ve d  b y  a n y  m e c h a n ic a l m e an s , a n d  p r o lo n g e d  a t t e m p t s  o n ly  r e s u l t e d  i n  
c h a n g e s  i n  t h e  m e l t  t e m p e r a t u r e .  The id e a ,  o u t l i n e d  e a r l i e r ,  o f  
e v a c u a t in g  th e  m e l t  c h a m b e r w as t h o u g h t  t o  re m o ve  t h i s  p r o b le m  f o r  l e s s  
v o l a t i l e  m e l t s  s in c e  some m e l t s  c a n  be vacuum  d e g a s s e d ,  b u t  t h i s  w as n o t  
p r a c t i c a b l e  h e r e .  R e p la c in g  t h e  f r i t t e d  g a s  b u b b le r  w i t h  a s t r a i g h t  
g la s s - t u b e  b u b b le r  d i d  n o t h in g  t o  im p r o v e  t h e  s i t u a t i o n ,  m e r e ly  
l e n g t h e n in g  t h e  t im e  f o r  t h i s  s u s p e n s io n  o f  b u b b le s  t o  f o rm .  
C o n s e g u e n t ly , no  d a ta  a r e  a v a i l a b l e  f o r  t h e  s o l u b i l i t y  o f  HC1 i n  p u re  
m o lt e n  z i n c  c h l o r i d e ,  and  n o n e  c o u ld  be  fo u n d  i n  t h e  l i t e r a t u r e .

The s o l u b i l i t y  o f  HC1 g a s  i n  m o lt e n  m ix t u r e s  o f  Z n C l^ -N a C l was  
d e te rm in e d  i n  m e l t s  w i t h  m o le  f r a c t i o n s  o f  z i n c  c h l o r i d e  o f  0 . 8 0 ,  0 .6 5  a nd  
0 . 5 0 ,  o v e r  a ra n g e  o f  t e m p e r a t u r e s  b e tw e e n  a b o u t  3 2 0 - 4 6 0 ° C . The r e s u l t s  
a r e  d is p la y e d  g r a p h i c a l l y  i n  F ig u r e  5 . 1 ,  w i t h  a p l o t  o f  s o l u b i l i t y  
(m o l . c m - ^ )  v e r s u s  t h e  m e l t  t e m p e r a t u r e  ( ° C ) .  The a c t u a l  t e m p e r a tu r e s  a t  
w h ic h  t h e  s o l u b i l i t i e s  w e re  d e te rm in e d  v a r i e d  f o r  e a c h  m e l t ,  b u t  i n  g e n e r a l  
t h e  m e a s u re m e n ts  w e re  c a r r i e d  o u t  w i t h  in c r e m e n t s  o f  a p p r o x im a t e ly  5 0 °C  
b e tw e e n  e a c h  r e a d in g ,  so  t h a t  v a lu e s  o f  t h e  s o l u b i l i t y  w e re  o b t a in e d  a t  
f o u r  t e m p e r a t u r e s  f o r  e a c h  m e l t  c o m p o s i t i o n .  E ach  m e a s u re m e n t was  
r e p e a te d  t h r e e  t im e s ,  w h ic h  g a v e  an  o p p o r t u n i t y  t o  o b s e r v e  th e  d e v i a t i o n  i n  
t h e  m e a s u re m e n t o f  e a c h  p o i n t  a n d  t o  a s s e s s  th e  e r r o r  i n h e r e n t  i n  t h i s  
s i m p l i f i e d  m e th o d . I d e a l l y ,  e a c h  d e t e r m in a t i o n  s h o u ld  h a v e  b e e n  c a r r i e d  
o u t  6 - 8  t im e s ,  b u t  f o r  s u c h  a r i g o r o u s  d e t e r m in a t i o n  much m o re  p r e c i s e  
e x p e r im e n t a l  e q u ip m e n t w o u ld  h a v e  t o  be c o n s t r u c t e d .
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F rom  F ig u r e  5 .1  t h e  p a t t e r n  o f  t h e  s o l u b i l i t y  b e h a v io u r  o f  HC1 i n  th e s e  
m e lt s  c a n  be  s e e n . As t h e  m o le  f r a c t i o n  o f  z i n c  c h l o r i d e  i n  t h e  m e l t s  i s  
d e c r e a s e d ,  so  t h e  HC1 s o l u b i l i t y  i s  fo u n d  t o  d e c re a s e  f o r  a s p e c i f i c  
t e m p e r a t u r e .  M a in t a in in g  t h e  same m e l t  c o m p o s i t i o n  a n d  i n c r e a s i n g  i t s  
t e m p e r a tu r e  a ls o  r e s u l t e d  i n  a d e c re a s e  i n  t h e  HC1 s o l u b i l i t y .  The r a t e  o f  
d e c re a s e  i n  t h e  g a s  s o l u b i l i t y  w i t h  r i s e  i n  m e l t  t e m p e r a tu r e  was fo u n d  t o  be  
s m a l le r  a s  t h e  m o le  f r a c t i o n  o f  z i n c  c h l o r i d e  i n  t h e  m e l t s  was lo w e r e d .  
T h is  w o u ld  seem  t o  im p ly  t h a t  i n  t h e  a l k a l i  m e ta l  c h l o r i d e - r i c h  m e l t s  t h e  
s o l u b i l i t y  b e h a v io u r  o f  HC1 w o u ld  te n d  to w a r d s  i t s  b e h a v io u r  i n  t h e  p u re  
m o lt e n  a l k a l i  m e ta l  c h l o r i d e ,  a l t h o u g h  t h e r e  i s  some c o n t r o v e r s y  o v e r  t h a t  
m a t t e r  f o r  t h e  c a s e  o f  N a C l.  One s t u d y ^  '  h a s  fo u n d  t h a t  t h e  HC1
s o l u b i l i t y  i n  m o l t e n  N aC l d e c r e a s e s  v e r y  s l i g h t l y  w i t h  in c r e a s e  i n  m e l t  
t e m p e r a t u r e ,  w h e re a s  t h r e e  o t h e r s ^ " ^  ’ ^  h a v e  i n d i c a t e d  a s l i g h t
i n c r e a s e  i n  s o l u b i l i t y  w i t h  t e m p e r a t u r e .

Two m e c h a n is m s  o f  g a s  d i s s o l u t i o n  i n  m o lt e n  s a l t s  h a v e  b e en  s u g g e s te d ;  
th o s e  o f  c h e m ic a l  a n d  p h y s i c a l  d i s s o l u t i o n .  The fo rm e r  c a n  be t h o u g h t  o f  
b y  c o n s i d e r i n g  i n t e r a c t i o n s  b e tw e e n  th e  s o l u t e  a n d  s o l v e n t  m o le c u le s ,  
r e s u l t i n g  i n  t h e  f o r m a t i o n  o f  o n e  o r  m o re  c o m p le x  i o n i c  s p e c ie s ,  w h ic h  
c o u ld  be  a ssum ed  t o  e x i s t  i n  t h e  s o l v e n t  p h a s e .  S o l u b i l i t i e s  i n  t h i s  c a s e  
a re  fo u n d  t o  be  r e l a t i v e l y  h i g h ,  a n d  t o  d e c re a s e  i n  v a lu e  w i t h  i n c r e a s i n g  
s o l v e n t  t e m p e r a t u r e .  C h a r a c t e r i s t i c s  o f  p h y s i c a l  d i s s o l u t i o n  a r e  show n  
by  s o l u t e s  t h a t  do  n o t  i n t e r a c t  w i t h  t h e  s o l v e n t ,  l e a d in g  t o  lo w e r  
m a g n itu d e s  o f  t h e  s o l u b i l i t y  v a lu e s  w h ic h  in c r e a s e  w i t h  i n c r e a s i n g  s o l v e n t  
t e m p e r a t u r e .  H e a ts  o f  s o l u t i o n  d e te rm in e d  f o r  s y s te m s  e x h i b i t i n g  
p h y s i c a l  s o l u b i l i t y  a r e  fo u n d  t o  be  e n d o th e r m ic .

F rom  t h i s  o u t l i n e  o f  t h e  tw o  t y p e s  o f  s o l u b i l i t y ,  i t  w o u ld  a p p e a r  t h a t  
HC1 d i s s o l v e d  i n  m o lt e n  Z n C l^ -N a C l m ix t u r e s  f o l l o w s  th e  t r e n d s  
c h a r a c t e r i s t i c  o f  a c h e m ic a l  d i s s o l u t i o n  p r o c e s s .  O n ly  tw o  o t h e r  s t u d i e s  
o f  HC1 s o l u b i l i t y  i n  z in c  c h l o r i d e - a l k a l i  c h l o r i d e  m e l t s  c o u ld  be  fo u n d ,
b u t  t h e y  p r o v id e  an i n t e r e s t i n g  c o m p a r is o n .  F o r  m o lt e n  Z n C l -KC1

( 6 9 )  ^m ix t u r e s  -  0 .4 5  and  0 . 7 0 )  i t  w as f o u n d v '  t h a t  i n c r e a s i n g  t h e  m e l t
t e m p e r a tu r e  f r o m  th e  m e l t i n g  p o i n t  g a v e  r i s e  t o  an  i n i t i a l  i n c r e a s e  i n  HC.1 
s o l u b i l i t y ,  w h ic h ,  a t  a b o u t  4 0 0 °C , s u d d e n ly  c h a n g e d  t o  th e  o p p o s i t e
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b e h a v i o u r ,  a n d  t h e  HC1 s o l u b i l i t y  b e g a n  t o  d e c r e a s e  a s  t h e  t e m p e r a t u r e  was
i n c r e a s e d  t o  5 5 0 °C .  A d e c r e a s e  i n  t h e  m o le  f r a c t i o n  o f  z i n c  c h l o r i d e  i n
t h e  m e l t  c a u s e d  a d e c r e a s e  i n  t h e  HC1 s o l u b i l i t y ,  a s  f o u n d  i n  Z n C l ? -N a C l

(69) ^m e l t s .  T h o se  w o r k e r s ,  P r a s o l o v  e t  a l .  , u s e d  " a n  i s o b a r i c  v a r i a n t  o f
S i e v e r t ' s  w e l l - k n o w n  m e th o d "  b u t  t h e  m e th o d  i s  n o t  d e s c r i b e d  i n  t h e  E n g l i s h
t r a n s l a t i o n  o f  t h e  o r i g i n a l  R u s s i a n  p a p e r .  H o w e v e r ,  t h e i r  v a l u e s  o f  t h e
HC1 s o l u b i l i t y ,  when c a l c u l a t e d  b y  P e r r y  i n  u n i t s  o f  m o l .  cm ^ , c a n  be
s e e n  t o  be  up t o  100 t im e s  l a r g e r  t h a n  t h e  v a l u e s  f o u n d  i n  t h i s  w o r k  i n
Z n C l ^ - N a C l ,  w h i c h  a r e  o f  t h e  o r d e r  o f  10 ^  m o l .  cm The o n l y  o t h e r
v a l u e s  o f  HC1 s o l u b i l i t y  i n  z i n c  c h l o r i d e  m e l t s  a r e  t h o s e  o f  M in h  and
W e l c h ^ ^ ,  i n  L i C l - K C l - Z n C l ^  m o l t e n  m i x t u r e s  ( 0  < < 1 7 . 4 ) ,  who
o b t a i n e d  v a l u e s  o f  a s i m i l a r  m a g n i t u d e  t o  t h o s e  o b t a i n e d  i n  t h i s  s t u d y .
T a b le  5 .1  s h ow s  t h e  r e s u l t s  f o r  t h i s  s t u d y ,  a n d  t h o s e  f o r  t h e  w o r k  i n  Z n C l ^ -
KC1 a n d  Z n C l9 - L i C l - K C l  s o  t h a t  a v i s u a l  c o m p a r i s o n  may be m ade . W i t h o u t  

 ̂ (69)k n o w le d g e  o f  t h e  m e th o d  u s e d  b y  P r a s o l o v v '  i t  i s  d i f f i c u l t  t o  s e e  how s u c h  
a l a r g e  d i s c r e p a n c y  b e tw e e n  t h e  s e t s  o f  r e s u l t s  c o u l d  o c c u r .

F o r  l a t e r  w o r k  i t  was n e c e s s a r y  t o  e s t i m a t e  t h e  s o l u b i l i t y  o f  HC1 i n
Z n C l ^ - N a C l  m e l t s  a t  m e l t  c o m p o s i t i o n s  o t h e r  t h a n  t h o s e  u s e d  h e r e .  To do
t h i s ,  t h e  d e c r e a s e  i n  s o l u b i l i t y  w i t h  t e m p e r a t u r e ,  show n  i n  F i g u r e  5 .1  , was
t a k e n  t o  be  l i n e a r .  T h i s  may be  an  o v e r - s i m p l i f i c a t i o n  o f  t h e  t r u e  c a s e ,
b u t  t h e  p l o t s  o f  t h e  d a t a  a p p r o x im a t e d  t o  l i n e a r  b e h a v i o u r  m o re  t h a n  a n y

(62)o t h e r  f u n c t i o n .  I n  one  p a p e r  b y  N o v o z h i l o v  e t  a l .  on  t h e  HC1
s o l u b i l i t y  i n  m o l t e n  a l k a l i  m e t a l  c h l o r i d e s ,  g r e a t  s i g n i f i c a n c e  was r e a d  
i n t o  t h e  S - s h a p e  o f  t h e i r  p l o t s ,  w h i c h  was s a i d  t o  be  i n d i c a t i v e  o f  t h e  
t e m p e r a t u r e  d e p e n d e n c e  o f  t h e  h e a t s  o f  s o l u t i o n .  M o s t  w o r k e r s ,  h o w e v e r ,  
h a v e  a ssum ed  a l i n e a r  r e l a t i o n s h i p  b e tw e e n  s o l u b i l i t y  and  t e m p e r a t u r e .  
F rom  F i g u r e  5 .1  i t  was p o s s i b l e  t o  c o n s t r u c t  a p l o t  o f  a g a i n s t  HC1
s o l u b i l i t y ,  t h i s  t im e  k e e p i n g  t h e  t e m p e r a t u r e  c o n s t a n t ,  shc^wn i n  F i g u r e  
5 . 2 .  I n  i n c r e m e n t s  o f  2 5 °C  f r o m  3 5 0 - 4 5 0 ° C  a s e r i e s  o f  s o l u b i l i t y  
i s o t h e r m s  h a v e  b e en  c r e a t e d .  K n o w in g  t h e  m o le  f r a c t i o n  o f  z i n c  c h l o r i d e  
i n  a m e l t  a n d  t h e  m e l t  t e m p e r a t u r e ,  an  e s t i m a t e  o f  t h e  HC1 s o l u b i l i t y  i n  
t h a t  m e l t  may be  o b t a i n e d .

As p r e v i o u s l y  m e n t i o n e d ,  e a c h  s o l u b i l i t y  m e a s u re m e n t  was c a r r i e d  
o u t  t h r e e  t im e s  i n  o r d e r  t o  e s t i m a t e  t h e  e r r o r s .  I t  was f o u n d  t h a t  f o r  a l l
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Mol.SS ZnCl2-MCl Temp. (°C) HC1 solubility Reference 

(mol. cm

80 ( + N a C l ) 319 1 2 . 8 3  x 1 0 " 6 T h i s  w o r k

( + N a C l ) 365 1 1 . 5 3  x 1 0 " 6
( + N a C l ) 4 1 4 8 . 6 2  x 1 0 " 6
( + N a C l ) 4 70 7 . 7 3  x 1 0 " 6

65 ( + N a C l ) 309 9 . 9 8  x 1 0 " 6 T h i s  w o r k
( + N a C l ) 357 7 . 6 7  x 1 0 " 6
( + N a C l ) 4 0 6 6 . 3 2  x 1 0 " 6
( + N a C l ) 4 5 9 4 . 2 9  x 1 0 " 6

50 ( + N a C l ) 334 4 . 6 0  x 1 0 “ 6 T h i s  w o r k
( + N a C l ) 378 3 . 5 6  x 1 0 " 6
( + N a C l ) 421 2 . 6 6  x  10~6
( + N a C l ) 4 57 2 . 3 0  x 1 0 " 6

70 (+ K C 1 ) 310 2 . 7  x 1 0 - 4 83 ( T a k e n f r o m 6 9 )
(+ K C 1 ) 350 2 . 8  x 10~4

(+ K C 1 ) 400 2 . 9  x 1 0 " 4
(+K C 1 ) 450 2 . 4  x 1 0 " 4
(+ K C 1 ) 500 2 . 2  x 10- 4

45 (+ K C 1 ) 350 1 . 9  x 1 0 " 4 83 (T a k e n f r o m 6 9 )
(+K C 1 ) 400 2 . 4  x 1 0 " 4
(+ K C 1 ) 4 50 1 . 8  x 1 0 " 4
( + K C 1 ) 500 1 . 4  x 1 0 ' 4
(+K C 1 ) 550 1 . 2  x 10- 4

1 1 . 9 ( + L i C l - K C l 395 2 . 1 4  x 1 0 " 6 70
e u t e c t i c ) 450 2 . 0 3  x 10 " 6

500 1 . 8 3  x 10 " 6

TABLE 5.1

S o l u b i l i t y  o f  HC1 g a s  i n  z i n c  c h l o r i d e  m e l t s
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o f  t h e  p o i n t s  m e a s u r e d ,  t h e  e r r o r  i n  t h e  v a l u e  o b t a i n e d  was l o w e r  t h a n  
+15?o, t h e  l o w e s t  e r r o r  b e i n g  +10?o, b u t  N o v o z h i l o v  a nd  h i s  c o - w o r k e r s ( 6 2 )  
c l a i m  an a c c u r a c y  o f  + 1?o f o r  t h e i r  w o r k ,  p e r h a p s  a r a t h e r  o p t i m i s t i c  v a l u e .  
M o s t  w o r k e r s  i n  t h e  g a s  s o l u b i l i t y  f i e l d  g i v e  an e r r o r  +5% o r  g r e a t e r ^ ^ .

F rom  t h e  e x p e r i m e n t a l  r e s u l t s  i t  i s  p o s s i b l e  t o  o b t a i n  e s t im a t e d  
v a l u e s  o f  t h e  h e a t  o f  s o l u t i o n  f o r  HC1 i n  t h e s e  m e l t s ^ ^ ’ ^ ^  . The p r o c e s s  
b e i n g  s t u d i e d  i s :

HC1 ( g a s )  = HC1 ( d i s s o l v e d )  

w i t h  an  e q u i l i b r i u m  c o n s t a n t  g i v e n  b y :

[ 5 . 1 ]

a H C l ( d )  

a H C l ( g )

[ 5 . 2 ]

T a k i n g  t h e  t r a d i t i o n a l  s t a n d a r d  s t a t e s  f o r  t h e  g a s  a nd  l i q u i d  
c o m p o n e n t s ;  HC1 g a s  a t  1 a tm .  and  d i s s o l v e d  HC1 a t  1 m o l .  cm a n d  a s s u m in g  
H e n r y ' s  Law and  i d e a l  g a s  b e h a v i o u r ,  t h e  e q u i l i b r i u m  c o n s t a n t  i s  e q u a l  t o  
t h e  H e n r y ' s  Law c o n s t a n t :

KH "  CH C l ^ d ^ H C l ^  [ 5 . 3 ]

A t  1 a tm .  o f  HC1 p r e s s u r e  t h e  H e n r y ' s  Law c o n s t a n t  i s  e q u a l  t o  t h e  
s o l u b i l i t y  o f  HC1. The s t a n d a r d  e n t h a l p y  c h a n g e  f o r  t h e  d i s s o l u t i o n  
p r o c e s s  i s :

AH -  R d l n  KH [ 5 . 4 ]
d (  1/ T )

A p l o t  o f  l o g  v e r s u s  1 /T  s h o u l d  be  l i n e a r ,  w i t h  a s l o p e  e q u a l  t o  
- A H . / 2 . 3 0 3  R. T h i s  p l o t  was c o n s t r u c t e d ,  t a k i n g

XHC1 "  n H C l / ( n HC l +  n m e l t )

and  i s  shown  i n  F i g u r e  5 . 3  f o r  t h e  t h r e e  m e l t  c o m p o s i t i o n s  s t u d i e d .
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FIGURE 5.3

Arrhenius Plot for HC1 Solubility 
in ZnCl^-NaCl Molten Mixtures
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A l t h o u g h  t h e y  a r e  b y  no m eans p e r f e c t l y  l i n e a r ,  i t  i s  r e a s o n a b l e  t o  a ssum e a 
l i n e a r  r e l a t i o n s h i p  f o r  t h e  s a k e  o f  t h e  c a l c u l a t i o n s .  The h e a t s  o f  
s o l u t i o n  w e re  c a l c u l a t e d  and  a r e  shown  i n  T a b le  5 . 2 ,  a l o n g  w i t h  t h o s e  
c a l c u l a t e d  f o r  o t h e r  m o l t e n  c h l o r i d e s .  I t  c a n  be s e e n  t h a t  a s  t h e  Z n C l ^ -  
N aC l m e l t s  a r e  made m o re  b a s i c ,  so  t h e  h e a t  o f  s o l u t i o n  i n c r e a s e s ,  b u t  one  
s h o u l d  p e r h a p s  n o t  a t t a c h  t o o  much im p o r t a n c e  t o  t h i s  s i n c e  t h e  e r r o r s  a r e  
l a r g e r  t h a n  t h e  g a p s  b e tw e e n  t h e  v a l u e s .  M o re  i m p o r t a n t l y ,  t h e  h e a t s  a r e  
s e e n  t o  be  e x o t h e r m i c ,  i n d i c a t i n g  t h e  c h e m i c a l  n a t u r e  o f  t h e  d i s s o l u t i o n  
p r o c e s s .  S i m i l a r l y ,  t h e  a l k a l i  m e t a l  c h l o r i d e s  and  S b C l^  h a v e  e x o t h e r m i c  
AH^ v a l u e s ,  w h e r e a s  t h e  a l k a l i n e  e a r t h  c h l o r i d e s  do n o t ,  i n d i c a t i n g  a 
p h y s i c a l  d i s s o l u t i o n  p r o c e s s  i s  o c c u r r i n g .  T h i s  c a n  be t i e d  i n  w i t h  I . R .  
s p e c t r o s c o p i c  s t u d i e s ^ ^  , w h i c h  sh ow ed  t h a t  HC1 i s  p r e s e n t  a s  m onom e rs  i n  
M C l^  m e l t s ,  w h e r e a s  i t  i s  a s s o c i a t e d  i n t o  c o m p le x e s  o f  t h e  t y p e  
C 1 - H . . . . C 1  me2 j. i n  t h e  MCI m e l t s .  I t  w o u ld  be  i n t e r e s t i n g  t o  s t u d y  HC1 
d i s s o l v e d  i n  t h e  Z n C l^  m e l t s  u s i n g  I . R .  s p e c t r o s c o p y ,  b u t  t h i s  w o r k  h a s  n o t  
y e t  b e e n  c a r r i e d  o u t .  The AH^ v a l u e s  f o r  t h e  Z n C l ^ - K C l  m e l t s  h a v e  b e en  
a s t e r i s k e d  b e c a u s e  t h e  d a t a  w e re  t r e a t e d  a s  a w h o le ,  r a t h e r  t h a n  t r e a t i n g  
t h e  tw o  p a r t s  o f  s o l u b i l i t y / t e m p e r a t u r e  p l o t s  i n d i v i d u a l l y .

H a v i n g  i n d i c a t e d  t h a t  a c h e m i c a l  d i s s o l u t i o n  p r o c e s s  i s  o c c u r r i n g  i n  
t h e  Z n C l ^ - N a C l  m e l t s ,  i t  w o u ld  be  u s e f u l  t o  c o n s i d e r  p o s s i b l e  c o m p le x  
s p e c i e s  t h a t  m i g h t  be  f o r m e d .  A v a r i e t y  o f  s p e c i e s  c a n  be  t h o u g h t  o f ,  b u t  
t h e  tw o  t h a t  m o s t  p e o p l e  c o n c e n t r a t e  on  a r e  H+ Z n C l^ ~  and  t h e  b i h a l i d e ,  
H C l^ - . The  f o r m e r  s p e c i e s  i s  p o p u l a r l y  i n v o k e d  b y  t h o s e  i n t e r e s t e d  i n  
h y d r o c r a c k i n g  a s  b e i n g  t h e  e n t i t y  r e s p o n s i b l e  f o r  t h e  c a t a l y t i c  a c t i v i t y  
o f  Z n C l ^  ( s e e  A p p e n d i x  1 ) ,  w h i l s t  t h e  l a t t e r  i s  t h a t  u s u a l l y  i n v o k e d  by  
t h o s e  m e a s u r i n g  HC1 s o l u b i l i t i e s  ( S e c t i o n  2 . 3 . 1 ) .  F o r  t h e  tw o  c o m p le x e s  
one  may c o n s i d e r  t h e i r  e f f e c t  on  t h e  s o l u b i l i t y  b e h a v i o u r  o f  HC1 i n  Z n C ^  
m e l t s .

I f  H+  Z n C l^  i s  t h e  s p e c i e s  f o r m e d ,  t h e n  o n e  c o u l d  im a g i n e  t h e  HC1
m o le c u l e  a c t i n g  i n  t h e  same way a s  M C I :  e n h a n c i n g  t h e  f o r m a t i o n  o f  f o u r - c o -2_
o r d i n a t e  z i n c  s p e c i e s ,  c . f .  Z n C l ^  , a n d  b r e a k i n g  down t h e  Z n C l^  p o l y m e r i c  
s t r u c t u r e .  I n  Z n C l ^ - K C l  m e l t s ,  t h e  weak p o l a r i z i n g  n a t u r e  o f  K+ i o n s  
means t h a t  t h e r e  i s  a g r e a t e r  a v a i l a b i l i t y  o f  C l -  i o n s  t h a n  i n  t h e  Z n C l? -  
NaC l m e l t s ,  a n d  m o re  Z n C l^  c a n  be f o r m e d .  So t h e  p o t e n t i a l  f o r  f o r m a t i o n
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S o l v e n t Temp, Range  
( ° C )

AH , ( k J  m o l .  1 ) d R e f e r e n c e

80  mol?o Z n C l2 -N a C l 3 1 9 -  4 7 0 - 1 3 . 1 5 +  8 .4 1 T h i s  w o r k

65  mol?o Z n C l ^ - N a C l 3 0 9 -  4 5 9 - 1 9 . 2 0 + 1 0 . 2 8 T h i s  w o r k

50  mol?o Z n C l2 -N a C l 3 3 4 -  457 - 2 1 . 2 5 +  4 . 5 4 T h i s  w o r k

N aC l 8 2 0 - 1 0 2 0 - 0 . 4 6 +  1 . 6 0 6 1 , 6 2

KC1 7 8 9 -  987 - 4 . 0 3 +  0 . 5 5 62

R bC l 7 2 2 -  972 - 9 . 3 7 +  1 . 5 5 62

C sC l 6 6 9 -  945 - 2 1 . 0 0 +  1 . 3 0 62

C a C l2 8 2 0 - 1 0 0 0 2 8 . 0 1 +  2 . 8 6 64

S r C l2 8 9 0 - 1 0 2 2 3 8 . 0 5 +  1 . 1 8 64

B a C l2 9 8 0 - 1 0 7 8 4 2 . 2 5 +  3 . 7 4 64

S b C l3 8 0 -  120 - 7 . 6 4 68

* 7 0  mol?o Z n C l2 - K C l 3 1 0 -  500 - 4 . 2 0 +  6 . 8 0 83 ( f r o m  6 9 )

* 4 5  mol?o Z n C l2 - K C l 3 5 0 -  550 - 1 1 . 6 3 + 1 5 . 1 6 83 ( f r o m  6 9 )

L i C l - K C l  ( e u t . ) 4 9 9 -  675 1 4 . 7 0 +  1 . 5 0  

TABLE 5 . 2

65

H e a t s  o f  S o l u t i o n  f o r  t h e  D i s s o l u t i o n  o f
HC1 g a s  i n  V a r i o u s  M o l t e n  C h l o r i d e s
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t h e  Z n C l ^  b y  some e q u i l i b r i u m ,  s a y :

Z n C l4 2 "  +  HC1 = H+ Z n C l3 _ + 2C 1 " [ 5 . 3 ]

I n  t h e  p u r e  m o l t e n  Z n C l2 u s e d  b y  t h e  h y d r o c r a c k i n g  r e s e a r c h e r s  much o f  t h e  
Z n C l ^  w o u ld  s t i l l  be  i n  t h e  p o l y m e r i c  s t a t e ,  and  t h e  HC1 may w e l l  f o rm  
H+ Z n C l3 ~ ,  b u t  t h i s  seem s i n c r e a s i n g l y  u n l i k e l y  a s  m o re  MCI i s  a d d e d .  F rom  
t h e  a r g u m e n t s  a b o v e ,  i f  H+ Z n C l3 ~ i s  t h e  o n l y  s p e c i e s  f o r m e d ,  t h e n  o ne  w o u ld  
e x p e c t  t h e  HC1 s o l u b i l i t y  t o  be  l o w e r  i n  Z n C l ^ - K C l  t h a n  i n  Z n C l ^ - N a C l  
m e l t s .

I f  H C l ^ -  i s  t h e  o n l y  s p e c i e s  f o r m e d ,  t h a n  i t s  f o r m a t i o n  w o u ld  be  
e n h a n c e d  i n  Z n C ^ - K C l ,  due  t o  t h e  g r e a t e r  a v a i l a b i l i t y  o f  C l  i o n s  w h i c h  
c o u l d  " c o m p l e x ”  t o  t h e  HC1, a s  h a s  b e e n  m e n t i o n e d  e a r l i e r .  Now t h e  HC1 
w o u ld  be  a c t i n g  a s  a L e w is  a c i d ,  a n d  w o u ld  be  i n  c o m p e t i t i o n  w i t h  t h e  Z n C l2 
f o r  t h e  a v a i l a b l e  C l  . I n  t h i s  c a s e  i t  c o u l d  be  a r g u e d  t h a t  t h e  HC1 
s o l u b i l i t y  w o u ld  be  g r e a t e r  i n  Z n C l ^ - K C l  m e l t s  t h a n  i n  Z n C l ^ - N a C l ,  a s  i s  
f o u n d  e x p e r i m e n t a l l y  ( T a b l e  5 . 1 ) .  H o w e v e r ,  t h e  f a c t  t h a t  t h e  HC1 
s o l u b i l i t y  i n c r e a s e s  a s  i n c r e a s e s  p o i n t s  t o  t h e  f o r m a t i o n  o f
H+ Z n C l3 _ . 2

As c a n  be  s e e n ,  t h e  s i t u a t i o n  i s  r a t h e r  c o m p l i c a t e d :  one  may p o s t u l a t e
many e q u i l i b r i a  t h a t  c o u l d  t h e o r e t i c a l l y  be  p r e s e n t  i n  t h e s e  s o l u t i o n s  o f
HC1 i n  Z n C l^  m e l t s ,  a n d  some o f  t h e s e  a r e  sh ow n  i n  F i g u r e  5 . 4 .  The  p o s i t i o n
o f  t h e s e  e q u i l i b r i a  w o u ld  u n d o u b t e d l y  be  d e p e n d e n t  on  f a c t o r s  s u c h  a s  m e l t
c o m p o s i t i o n  and  t e m p e r a t u r e  a n d  p o s s i b l y  on  t h e  p r e s s u r e  o f  HC1 o v e r  t h e
m e l t .  O t h e r  w o r k e r s ^ , w h i l s t  p o s t u l a t i n g  t h e  e x i s t e n c e  o f  c o m p le x
s p e c i e s  i n  Z n C l_  m e l t s ,  h a v e  h e s i t a t e d  t o  i n d i c a t e  w h a t  t h e s e  s p e c i e s  m i g h t  

^ 68b e .  S i m i l a r l y ,  i n  S b C l3 , w h i c h  i s  a l s o  know n  f o r  i t s  c a t a l y t i c  n a t u r e  i n  
t h e  h y d r o c r a c k i n g  p r o c e s s ,  one  c o u l d  im a g i n e  t h e  e x i s t e n c e  o f  s p e c i e s  l i k e  
H+ S b C l ^ -  ( c . f .  H hZ n C l3 ) w h i c h  a r e  r e s p o n s i b l e  f o r  e n h a n c i n g  t h e
h y d r o c r a c k i n g .  To e x p l a i n  t h e i r  r e s u l t s  f o r  t h e  HC1 s o l u b i l i t y  i n  Z n C l9 -

(69) ^KC1 m e l t s ,  P r a s o l o v  e t  a l .  c o n s i d e r e d  " t h e  e x i s t e n c e  o f  tw o  z o n e s  o f
s t r u c t u r e  i n  t h e  m e l t "  w i t h  "  c o m p le x  s t r u c t u r e s  i n v o l v i n g  KC1 a s  w e l l  a s
Z n C l2 " .

of H+ZnCl^ in the ZnCl^-KCl melts would seem to be lower than in ZnCl^-

NaCl, and it would depend on the ability of HC1 to displace a Cl ion from
2_



H Cl (gas ) — HCl ( d issolved )

HCl ( physically dissolved ) = HCl (chemically dissolved)

HCl ( c.d. ) - H + + c r

HCl + n Cl" =
n -

HCl .n + 1
HCl + ZnCl2 = H+ ZnCl"

HCl + H+ ZnCl~ = H^ZnCl2'

HCl + ZnCl2" - H + ZnCl~ + 2CI"

H + + m C f — HCC

H+ + 2 ZnCl2" =
5- S-

Cl3 ZnCl— H— Cl Zn Cl3

FIGURE 5.4

Equilibria Postulated to Exist in Solutions of HC1 in Zinc Chloride Melts

-17
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An e x p l a n a t i o n  t h a t  c o u l d  a c c o u n t  f o r  t h e  s o l u b i l i t y  b e h a v i o u r  i s  
a s  f o l l o w s .  I n  Z n C ^ - M C l  m e l t s  w i t h  l o w  a m o u n ts  o f  a l k a l i  m e t a l  
c h l o r i d e ,  t h e  HC1 d i s s o l v e s  t o  f o rm  t h e  s p e c i e s  H+ Z n C l^  . As m o re  
a l k a l i  m e t a l  c h l o r i d e  i s  a d d e d ,  s o  t h i s  s p e c i e s  b e com es  u n f a v o u r a b l e ,  
and  H C I2 i s  f o rm e d  i n  p r e f e r e n c e .  As t h e  m e l t s  a r e  made m o re  b a s i c  
s o  H C I2 b e com es  t h e  p r e d o m i n a n t  s p e c i e s ,  a n d  t h e  s o l u b i l i t y  
b e h a v i o u r  t e n d s  t o w a r d s  t h a t  s e e n  i n  t h e  p u r e  a l k a l i  m e t a l  c h l o r i d e s ,  
a s  i s  f o u n d  e x p e r i m e n t a l l y .  The p r o s p e c t  o f  a b a r e  p r o t o n  e x i s t i n g  
i n  t h e s e  c h l o r i d e  m e l t s  i s  m o s t  u n l i k e l y :  a h i g h l y  p o l a r i z i n g  s p e c i e s  
l i k e  H+  i s  a lm o s t  s u r e  t o  a t t r a c t  n e g a t i v e l y  c h a r g e d  s p e c i e s  t o  i t .  
The e x p l a n a t i o n  o u t l i n e d  a b o v e  w o u ld  a c c o u n t  f o r  m o s t  o f  t h e  
phenom ena  o b s e r v e d  e x p e r i m e n t a l l y ;  t h e  i n c r e a s e  o f  s o l u b i l i t y  w i t h  
^ Z n C l  ’ -*-o w e r  s o l u b i l i t y  o f  HC1 i n  Z n C l ^ - N a C l  t h a n  i n  Z n C l ^ - K C l ,  
t h e  e x o t h e r m i c  h e a t s  o f  s o l u t i o n  a n d  t h e  d e c r e a s e  i n  s o l u b i l i t y  w i t h  
i n c r e a s i n g  t e m p e r a t u r e  f o r  t h e  same m e l t  c o m p o s i t i o n .  The f a c t  t h a t  
t h e  HC1 s o l u b i l i t y  i s  l o w e r  i n  t h e  M C l - r i c h  m e l t s  i n d i c a t e s  t h a t  
H+ Z n C l^  m i g h t  be  f o rm e d  t o  a g r e a t e r  e x t e n t  i n  t h e  Z n C l ^ - r i c h  m e l t s  
t h a n  H C l^  i s  f o rm e d  i n  t h e  M C l - r i c h  m e l t s .  I f  t h i s  i s  s o  t h e n  Z n C l^  
w o u ld  a p p e a r  t o  be  a s t r o n g e r  L e w is  a c i d  t h a n  HC1.

5.2 Voltammetric Study of HC1 in ZnCl^-NaCl Melts

As i n d i c a t e d  i n  S e c t i o n  2 . 5  t h e r e  h a v e  a l r e a d y  b e e n  v a r i o u s  
i n v e s t i g a t i o n s  i n t o  t h e  v o l t a m m e t r i c  b e h a v i o u r  o f  HC1 i n  c h l o r i d e  
m e l t s ,  b u t  o n l y  tw o  h a v e  i n v o l v e d  t h e  u s e  o f  z i n c  c h l o r i d e - c o n t a i n i n g  
m e l t s ;  t h o s e  o f  M in h  a n d  W e l c h ^ ^  and  P e r r y  a n d  M a c D o n a ld  
w o r k i n g  w i t h  Z n C ^ - L i C l - K C l  a n d  Z n C l ^ - K C l  r e s p e c t i v e l y .  H o w e v e r ,  
t h e  v a l i d i t y  o f  some o f  t h e  r e s u l t s  o b t a i n e d  h a s  b e en  b r o u g h t  i n t o  
q u e s t i o n  f o l l o w i n g  c o n t r o v e r s y  o v e r  t h e  u s e  o f  v i t r e o u s  c a r b o n  a s  a 
w o r k i n g  e l e c t r o d e  m a t e r i a l .  Two g r o u p s  o f  w o r k e r s ,  u s i n g  v i t r e o u s  
c a r b o n  e l e c t r o d e s ,  c l a i m  t o  h a v e  o b s e r v e d  e l e c t r o d e  r e a c t i o n s  
a t t r i b u t a b l e  t o  t h e  r e d u c t i o n  o f  HC1, a n d  f r o m  t h e s e  h a v e  c a l c u l a t e d  
d i f f u s i o n  c o e f f i c i e n t s  f o r  t h e  d i f f u s i n g  s p e c i e s ^ ^  ’ ^  . I n
t h i s  c a s e  t h e  v a l u e s  w e re  l a r g e r  t h a n  e x p e c t e d ,  a nd  c a u s e d  t h o s e
a u t h o r s  t o  i n v o k e  t h e  e x i s t e n c e  o f  b a r e  H+ i o n s  i n  o r d e r  t o  e x p l a i n  
t h e i r  r e s u l t s .
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H o w e v e r ,  i n  t h i s  w o r k  a n d  i n  t h a t  o f  many o t h e r  w o r k e r s  s u c h  
r e a c t i o n s  h a v e  n o t  b e e n  o b s e r v e d ,  e i t h e r  v o l t a m m e t r i c a l l y  o r  
c h r o n o p o t e n t i o m e t r i c a l l y  ’ ’ ’ ’ . The c a t h o d i c  l i m i t  o f
t h e  m e l t  i s  r e a c h e d  b e f o r e  h y d r o g e n  i s  e v o l v e d  on  t h e  v i t r e o u s  c a r b o n ,  
i n d i c a t i n g  t h a t  t h e  o v e r p o t e n t i a l  f o r  r e d u c t i o n  o f  t o  H a to m s  i s  
t o o  h i g h  f o r  t h a t  p r o c e s s  t o  be  o b s e r v e d .  E ve n  r e s u l t s  o f  t h o s e  
s t u d i e s  n o t  u s i n g  v i t r e o u s  c a r b o n  e l e c t r o d e s  a r e  g u i t e  w i d e l y  
d i f f e r i n g .  I n  t h e  tw o  i n v e s t i g a t i o n s  o f  HC1 d i s s o l v e d  i n  Z n C l~  
r n e l t s ^  ’ t h e  c a l c u l a t e d  d i f f u s i o n  c o e f f i c i e n t s  d i f f e r  b y  a4
f a c t o r  o f  up  t o  10 , w h i c h  c a n  n o t  be  s o l e l y  a c c o u n t e d  f o r  b y  t h e  f a c t

( 8 3 )t h a t  one  s e t  o f  r e s u l t s  i s  f o r  Z n C l ^ - r i c h  m e l t s ^  '  w h i l s t  t h e  o t h e r  
i s  f o r  M C l - r i c h  m e l t s ^ ^  . I t  was t h e  p u r p o s e  o f  t h i s  i n v e s t i g a t i o n  
t o  t r y  t o  d e t e r m i n e  t h e  b e h a v i o u r  o f  HC1 i n  Z n C l^  m e l t s  o v e r  a r a n g e  o f  
c o m p o s i t i o n s  and  t e m p e r a t u r e s ,  b y  c o u p l i n g  t h e  v o l t a m m e t r i c  r e s u l t s  
w i t h  t h o s e  o f  t h e  s o l u b i l i t y  d e t e r m i n a t i o n  ( S e c t i o n  3 . 1 ) .

I n  p a s s i n g ,  t h e  u s e  o f  i r o n  a s  a w o r k i n g  e l e c t r o d e  i n  M gC l_  m e l t s
( 1 3 2 )  1b y  a N o rw e g ia n  g r o u p  s h o u l d  a l s o  be m e n t i o n e d .  D u r i n g  t h e i r

i n v e s t i g a t i o n  o f  t h e  b e h a v i o u r  o f  h y d r o g e n -  a n d  o x y g e n  - c o n t a i n i n g
s p e c i e s  i n  M g C l2 m e l t s ,  i t  was f o u n d  t h a t  i r o n  g a v e  a b e t t e r
v o l t a m m e t r i c  r e s p o n s e  t h a n  v i t r e o u s  c a r b o n  o r  p l a t i n u m .  H o w e v e r ,
i r o n  i s  n o t  n o t e d  f o r  i t s  i n e r t  n a t u r e ,  and  i t  i s  q u i t e  l i k e l y  t h a t
o x i d e s  o r  c h l o r i d e s  may h a v e  f o rm e d  on  t h e  e l e c t r o d e  s u r f a c e ,  so
i n t e r f e r i n g  w i t h  t h e  v o l t a m m e t r i c  r e s p o n s e .

I n  t h i s  w o r k  t h e  b e h a v i o u r  o f  s o l u t i o n s  o f  HC1 g a s  i n  m o l t e n  
Z n C ^ - N a C l  m i x t u r e s  h a s  b e e n  i n v e s t i g a t e d  u s i n g  c y c l i c  v o l t a m m e t r y .  
The m e l t  c o m p o n e n ts  h a d  b e e n  p r e p a r e d  a s  o u t l i n e d  p r e v i o u s l y  ( S e c t i o n  
3 . 1 )  a n d  w e re  m ix e d  i n  t h e  r e q u i r e d  c o m p o s i t i o n s  i n  t h e  d r y - b o x .  The  
c o m p o s i t i o n s  u s e d  a r e  l i s t e d  b e lo w :

P u r e  Z n C l^
90 m o l . % Z n C l2 -  10 m o l . 0'/0 N aC l
80 m o l . % Z n C l2 -  20 m o l . o//O N aC l
70 m o l . % Z n C l^ -  30 m o l . 0'/0 NaC l
60 m o l . % Z n C l2 -  40 m o l . 0' /0 NaC l
50 m o l . % Z n C l^ -  50 m o l . 0'/0 NaC l
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A t h r e e  e l e c t r o d e  s y s t e m  was u s e d :  p l a t i n u m  w i r e  w o r k i n g  and  
q u a s i - r e f e r e n c e  e l e c t r o d e s  and  a g r a p h i t e  c o u n t e r  e l e c t r o d e ,  t h e  
d e s c r i p t i o n  o f  e a c h  h a v i n g  b e e n  g i v e n  e a r l i e r  ( S e c t i o n  3 . 4 ) .  
V i t r e o u s  c a r b o n  w o r k i n g  e l e c t r o d e s  w e re  t e s t e d  i n  t h e  H C l - s a t u r a t e d  
m e l t s ,  b u t  no  r e s p o n s e  o t h e r  t h a n  t h e  m e l t  d e c o m p o s i t i o n  p e a k s  was  
o b s e r v e d  on  t h e  v o l t a m m o g r a m s .  The  p l a t i n u m  e l e c t r o d e s  w e re  c l e a n e d  
e i t h e r  b y  f l a m e - p o l i s h i n g  o r  b y  im m e r s i o n  i n  c o n c e n t r a t e d  
h y d r o c h l o r i c  a c i d ,  t o  s e e  i f  t h e  m e th o d  o f  c l e a n i n g  had  a n y  e f f e c t  on  
t h e  s h a p e  o f  t h e  v o l t a m m o g r a m s .  No d i f f e r e n c e  c o u l d  be  s e e n ,  s o  i t  
w o u ld  a p p e a r  t h a t  b o t h  a r e  a p p l i c a b l e  t o  t h e s e  e l e c t r o d e s .  
M e c h a n i c a l  p o l i s h i n g ,  w h i c h  may be  b e t t e r  t h a n  t h e  o t h e r  c l e a n i n g  
m e th o d s ,  i s  d i f f i c u l t  t o  c a r r y  o u t  on  t h e  w i r e  e l e c t r o d e s  b u t  c a n  be  
u s e d  f o r  d i s c  e l e c t r o d e s .

C y c l i c  v o l t a m m e t r y  was u s e d  t o  e s t i m a t e  t h e  t im e  f o r  s a t u r a t i o n  
o f  t h e  m e l t  w i t h  t h e  s o l u t e  HC1 g a s ,  b y  r e c o r d i n g  t h e  t im e  a t  w h i c h  t h e  
r e d u c t i o n  p e a k  r e a c h e d  i t s  max imum  v a l u e .  F o r  t h e  l e s s  v i s c o u s  
m e l t s ,  s a t u r a t i o n  was a c h i e v e d  w i t h i n  t h i r t y  m i n u t e s ,  t a k i n g  
s l i g h t l y  l o n g e r  a s  t h e  m e l t s  becam e  m o re  Z n C l ^ - r i c h .  H o w e v e r ,  f o r  
t h e  v o l t a m m e t r i c  e x p e r im e n t s  t h e  HC1 was  b u b b l e d  t h r o u g h  t h e  m e l t s  
f o r  2 - 3  h o u r s  t o  be  s u r e  t h a t  e q u i l i b r i u m  h a d  b e en  r e a c h e d .  The  m e l t s  
w e re  w a t e r - c l e a r  b u t  c o n t a i n e d  b l a c k  f l e c k s  o f  c a r b o n  ( S e c t i o n  4 . 2 ) .

5.2.1 Behaviour of the platinum quasi-reference electrode

To c h e c k  t h e  s t a b i l i t y  o f  t h e  p l a t i n u m  q u a s i - r e f e r e n c e  
e l e c t r o d e  ( q . r . e . )  u s e d  i n  t h e  HC1 - s a t u r a t e d  m e l t s  t h e  p o t e n t i a l  
b e tw e e n  a p l a t i n u m  w i r e  e l e c t r o d e  a n d  a s i l v e r / s i l v e r  c h l o r i d e  
r e f e r e n c e  e l e c t r o d e  was r e c o r d e d  a s  a f u n c t i o n  o f  t im e .  A 50  m o l .  % 
Z n C l ^ - N a C l  m i x t u r e ,  c h o s e n  a r b i t r a r i l y ,  was h e a t e d  t o  a b o u t  3 7 0 °C ,  
s a t u r a t e d  w i t h  HC1 g a s ,  a n d  t h e  p l a t i n u m  e l e c t r o d e  i n t r o d u c e d .  The  
A g /A g C l  e l e c t r o d e  was p u t  i n  t h e  m e l t  e a r l i e r  t o  a l l o w  t h e  r e f e r e n c e  
m i x t u r e  t o  be  come m o l t e n .  The p o t e n t i a l  b e tw e e n  t h e  e l e c t r o d e s  was  
m e a s u r e d  on a F l u k e  8860A  D . V . M . ,  a n d  n o t e d  a t  60 s e c .  i n t e r v a l s .

The p l o t  o f  p o t e n t i a l  a g a i n s t  t im e  i s  shown  i n  F i g u r e  5 . 5 .  F rom  
t h e  i n t r o d u c t i o n  o f  t h e  e l e c t r o d e  t o  t h e  m e l t  ( t i m e  -  0 s e c )  an i n i t i a l
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Potential (E = F(t)) Between Pt and Ag/AgCl Electrodes in 
HCl-saturated 50 mol. % ZnCl2~NaCl at 372°C

FIGURE 5.5:
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r i s e  and  f a l l  i n  t h e  p o t e n t i a l  b e tw e e n  t h e  tw o  e l e c t r o d e s  i s  s e e n  t o  
l e v e l  o u t  a f t e r  1 0 - 1 5  m i n u t e s  and  r e m a in  f a i r l y  c o n s t a n t  f r o m  t h e n  
o n w a r d s .  M e a s u r e m e n t  was s t o p p e d  a f t e r  70 m i n u t e s  s i n c e  t h e  
v o l t a m m e t r i c  e x p e r im e n t s ,  i n  w h i c h  t h e  p l a t i n u m  q . r . e .  was t o  be  
u s e d ,  c o u l d  be  c a r r i e d  o u t  i n  3 0 - 4 0  m i n u t e s .  The i n i t i a l  c h a n g e  i n  
p o t e n t i a l  i s  p r o b a b l y  due  t o  t h e  r a p i d  h e a t i n g  o f  t h e  e l e c t r o d e  a s  i t  
e n t e r s  t h e  m e l t  a n d  s e t t l e s  a t  t h e  m e l t  t e m p e r a t u r e .  T h i s  e x p e r im e n t  
was c a r r i e d  o u t  t h r e e  t i m e s ,  a n d  e a c h  t im e  t h e  p o t e n t i a l  d i f f e r e n c e  
s e t t l e d  a t  0 . 7 8 - 0 . 7 9  V , t h e  p l a t i n u m  e l e c t r o d e  a s s u m in g  a p o t e n t i a l  
a n o d i c  t o  t h a t  o f  t h e  A g /A g C l  e l e c t r o d e .

5.2.2 Reduction of HC1 in ZnC^-NaCl melts

C y c l i c  v o l t a m m o g r a m s  w e re  o b t a i n e d  f o r  t h e  r e d u c t i o n  o f  HC1 
d i s s o l v e d  i n  t h e s e  m e l t s  o v e r  a r a n g e  o f  t e m p e r a t u r e s  f o r  t h e  
c o m p o s i t i o n s  l i s t e d  e a r l i e r .  The  v o l t a g e  s c a n s  w e re  s t a r t e d  a t  t h e  
e q u i l i b r i u m  p o s i t i o n ,  a n d  s w e p t  c a t h o d i c a l l y  w i t h  r e s p e c t  t o  t h e  
q u a s i - r e f e r e n c e  e l e c t r o d e .  R e v e r s a l  o f  t h e  s c a n s  was c a r r i e d  o u t  a t  
d i f f e r e n t  p o t e n t i a l s ,  d e p e n d in g  on  w h e re  t h e  r e s p o n s e s  a p p e a r e d ,  b u t  
i n  g e n e r a l  t o o k  p l a c e  a t  a r o u n d  - 0 . 7 V  w i t h  r e s p e c t  t o  t h e  q . r . e .  
S ca n s  c a r r i e d  o u t  i n  t h e  a n o d i c  d i r e c t i o n  show ed  no  p e a k s  b e f o r e  t h e  
a n o d i c  l i m i t  o f  t h e  s y s t e m  was r e a c h e d .

A s e t  o f  t y p i c a l  v o l t a m m o g r a m s  f o r  t h e  r e d u c t i o n  o f  Z n C l? - N a C l  
m e l t s  i s  show n  i n  F i g u r e  5 . 6 .  S can  r a t e s  b e tw e e n  10 and  1000  mVs 
w e re  u s e d  f o r  v i r t u a l l y  a l l  t h e  m e l t  c o m p o s i t i o n s ,  w i t h  t h e  
v o l t a m m o g r a m s  a l l  r e s e m b l i n g  e a c h  o t h e r  e x c e p t  f o r  t h o s e  r e c o r d e d  a t  
h i g h e r  m e l t  t e m p e r a t u r e s  w h e re  r e d u c t i o n  p e a k  ( I I )  becam e r a t h e r  l e s s  
w e l l  d e f i n e d .
M o v in g  c a t h o d i c a l l y  f r o m  t h e  r e s t  p o s i t i o n  tw o  p e a k s  ( I ,  I I )  a r e  
o b s e r v e d  b e f o r e  t h e  r e v e r s a l  o c c u r s ,  when  tw o  m o re  p e a k s  ( I I I ,  I V )  
a p p e a r  b e f o r e  r e t u r n i n g  t o  t h e  r e s t  p o s i t i o n .  The d i f f e r e n c e  
b e tw e e n  t h e  tw o  p a i r s  o f  p e a k s  c a n  be  im m e d i a t e l y  s e e n .  P e a k s  I  and  
IV  a r e  v i r t u a l l y  s y m m e t r i c a l  a b o u t  t h e  p o t e n t i a l  a x i s ,  a nd  o n l y  
r e a l l y  b e g i n  t o  a p p e a r  a t  t h e  h i g h e r  s c a n  r a t e s .  On t h e  o t h e r  h a n d ,  
p e a k s  I I  and  I I I  a r e  i n  no  way s y m m e t r i c a l ,  b e i n g  m o re  l i k e  t h o s e
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FIGURE 5.6

Voltarranograms for the Reduction of HC1 in 60 mol. % ZnCl^-NaCl
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r e s u l t i n g  f r o m  a d i f f u s i o n - c o n t r o l l e d  p r o c e s s .  A t  l o w  s c a n  r a t e s  
p e a k  I I I ,  t h e  a n o d i c  r e s p o n s e  o f  p e a k  I I ,  a lm o s t  d i s a p p e a r s ,  o n l y  
b e c o m in g  s h a r p  a t  t h e  h i g h e r  s c a n  r a t e s .  The tw o  p a i r s  o f  p e a k s  w i l l  
be t r e a t e d  s e p a r a t e l y  t o  a v o i d  c o n f u s i o n ,  and  r a t h e r  t h a n  p l o t  a l l  t h e  
p o s s i b l e  g r a p h s ,  d a t a  w i l l  be  t a b u l a t e d  and  e x a m p le  g r a p h s  g i v e n .

The s y m m e t r y  o f  p e a k s  I  a n d  IV  i n d i c a t e s  t h a t ,  r a t h e r  t h a n  b e i n g
c a u s e d  b y  a d i f f u s i o n - c o n t r o l l e d  p r o c e s s ,  t h e y  a r e  t h e  r e s u l t  o f  a
p r o c e s s  t h a t  i s  a f f e c t i n g  t h e  e l e c t r o d e  m a t e r i a l .  I f  i t  i s  r e c a l l e d
t h a t  t h e  r e d u c t i o n  o f  H+  i o n s  y i e l d s  h y d r o g e n  a t o m s ,  t h e n  a p r o c e s s
t h a t  s u g g e s t s  i t s e l f  i s  t h a t  o f  a d s o r p t i o n  o f  h y d r o g e n  a to m s  o n t o  t h e
p l a t i n u m  e l e c t r o d e .  P l a t i n u m  i s  w e l l  k now n  f o r  i t s  a d s o r p t i o n  o f
h y d r o g e n  i n  a q u e o u s  e l e c t r o c h e m i s t r y ^ a n d  t h i s  p h enom enon  h a s

( 7 0  9 2 )a l s o  b e e n  r e p o r t e d  b y  o t h e r  m o l t e n  s a l t  w o r k e r s  ’ . U n d e r
c o n d i t i o n s  i n  w h i c h  b o t h  a d s o r p t i o n  a n d  d i f f u s i o n  c o n t r o l  a r e  
s i g n i f i c a n t ,  a p e a k  p r i o r  t o  t h e  d i f f u s i o n - c o n t r o l l e d  v o l t a m m e t r i c  
p e a k  i s  o b t a i n e d  f o r  t h e  r e d u c t i o n  t o  t h e  a d s o r b e d  s t a t e .  The  
r e v e r s e  p o t e n t i a l  s c a n  c o n t a i n s  a p e a k  r e l a t e d  t o  t h e  d e s o r p t i o n  
p r o c e s s ,  f o l l o w i n g  t h e  d i f f u s i o n -  c o n t r o l l e d  p e a k ^ " ^ .  
O b s e r v a t i o n  o f  b o t h  r e s p o n s e s  i s  n e c e s s a r y  f o r  c h a r a c t e r i z a t i o n  o f  
t h e  p r o c e s s  a s  t h e  s e q u e n c e :

0 +  ne  = R

B o t h  p e a k s  c a n  be  s e e n  i n  F i g u r e  5 . 6 .  The  v o l t a m m e t r i c  p a r a m e t e r s  
f o r  p e a k  I  a r e  g i v e n  i n  T a b le s  5 . 3 - 5 . 7  f o r  a r a n g e  o f  m e l t  c o m p o s i t i o n s  
and  t e m p e r a t u r e s .

The  p e a k  c u r r e n t  o f  t h e  a d s o r p t i o n  p e a k ,  i  ^  , c a n  be  s e e n  t o  v a r y  
l i n e a r l y  w i t h  v ,  t h e  s c a n  r a t e ,  ( F i g u r e  5 . 7 )  r a t h e r  t h a n  w i t h  v 5 a s  i n  
t h e  c a s e  o f  a d i f f u s i o n - c o n t r o l l e d  p r o c e s s .  A t  l o w  s c a n  r a t e s  t h e  
a d s o r p t i o n  p e a k s  a r e  n o t  s e e n  on  t h e  v o l t a m m o g r a m s  ( F i g u r e  5 . 6 ) ,  
w h i l s t  t h e  w i d t h  o f  t h e  r e s p o n s e s  i n d i c a t e  t h a t  t h e  s o l u t e  
c o n c e n t r a t i o n  was l o w .  The s h a r p n e s s  o f  t h e  r e s p o n s e  i s
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wofiking Q.to.dtAodZ: plcutinum

v(Vs 1 ) T (K) -EpI I (V) - Ea d s I(V ) l EPI I - Ea d s I ! (V) W  ( m A )

0 .20 620 0.540 0 .180 0.360 0.025
0 .50 620 0.535 0 .190 0.345 0 .056
1.00 620 0.540 0 .210 0.330 0 .100

TABLE 5 .3
V oltanw netric P aram ete rs  fo r  A d so rp tio n  Peak ( I )  in  pure  ZnCl^



v(V s T (K)
w o rk in g  eEecX'tode.- 

-E pn (V) - E ^  (V)
p la tin u m

!Epn  -  i w ^ds (mA)

0 .20 590 0.530 0.150 0.380 0.023
0.30 590 0.534 0.155 0.379 0.054
1.00 590 0.540 0.155 0.385 0.103
0 .20 617 0.520 0.115 0.405 0.024
0 .50 617 0.528 0.130 0.392 0.055
1.00 617 0.530 0.125 0.405 0.105
0.20 649 0.455 0.035 0.420 0.027
0 .50 649 0.460 0.045 0.415 0.063
1.00 649 0.460 0.055 0.405 0.120
0.20 682 0.540 0.150 0.390 0.030
0.50 682 0.548 0.143 0.405 0.062
1.00 682 0.547 0.147 0.400 0.122

TABLE 5 .4
V oltam m etric  P aram ete rs  fo r  A d so rp tio n  Peak ( I ) in  80 m ol. % ZnCl -NaCl
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working zlzctAode.: platinum

v(Vs 1 ) T (K) -Epn (V) - Eads (V) IEp "  -  Ea d s l (V) 4 s (l

0 .20 586 0.650 0.230 0.420 0.030
0 .50 586 0.645 0.225 0.420 0.067
1 .00 586 0.655 0.230 0.425 0.130
0 .20 619 0.490 0.060 0.430 0.033
0 .50 619 0.505 0.070 0.435 0.070
1.00 619 0.510 0.075 0.435 0.143
0 .20 654 0.700 0.260 0.440 0.038
0 .50 654 0.690 0.250 0.440 0.075
1.00 654 0.685 0.250 0.435 0.145
0 .20 680 0.617 0.182 0.435 0.040
0 .50 680 0.610 0.170 0.440 0.076
1 .00 680 0.620 0.185 0.435 0.150

TABLE 5 .5
Voltammetric Parametes fo r  Adsorption Peak ( I )

in  70 mol. % ZnCl^-NaCl

-
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working (LlUdtAodd: platinum

i(Vs-1) T (K) -Epn (V) -Eeds <« i£p n  -  eL i (v) iads (raA)

0.20 592 0.650 0.240 0.410 0.036
0.50 592 0.660 0.235 0.425 0.078
1.00 592 0.665 0.240 0.425 0.145
0.20 623 0.620 0.190 0.430 0.040
0.50 623 0.630 0.195 0.435 0.085
1.00 623 0.635 0.195 0.440 0.157
0.20 651 0.520 0.090 0.430 0.045
0.50 651 0.525 0.090 0.435 0.090
1.00 651 0.520 0 .100 0 .420 0.165
0.20 685 0 .610 0.185 0.425 0.047
0.50 685 0.605 0.180 0.425 0.098
1.00 685 0.615 0.185 0.430 0.182

TABLE 5.6
Voltammetric Parameters fo r  Adsorption Peak ( I )

in  60 mol. % ZnCl^-NaCl
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uoosik'Lng alnat/Lodo.: platinum

v(Vs T (K) -EpII(V) - Eads (V) lEe n  -  Ea d s l (v ) ia d s  (mA)

0 . 2 0 604 0 . 6 4 0 0 . 2 2 5 0 . 4 1 5 0 . 0 4 0
0 . 5 0 604 0 . 6 5 2 0 . 2 3 0 0 . 4 2 2 0 . 0 9 0
1 . 0 0 604 0 . 6 5 5 0 . 2 3 5 0 . 4 2 0 0 . 1 6 0

0 . 2 0 628 0 . 6 5 0 0 . 2 2 0 0 . 4 3 0 0 . 0 4 4
0 . 5 0 628 0 . 6 5 0 0 . 2 1 5 0 . 4 3 5 0 . 0 9 5
1 . 00 628 0 . 6 5 0 0 . 2 2 0 0 . 4 3 0 0 . 1 7 0

0 . 2 0 657 0 . 6 5 0 0 . 2 2 0 0 . 4 3 0 0 . 0 4 5
0 . 5 0 657 0 . 6 4 0 0 . 2 2 0 0 . 4 2 0 0 . 0 9 8
1 . 0 0 657 0 . 6 4 5 0 .2 2 0 0 . 4 2 5 0 . 1 8 3

0 . 2 0 687 0 . 6 3 5 0 . 2 0 0 0 . 4 3 5 0 . 0 4 8
0 . 5 0 687 0 . 6 4 0 0 . 2 1 0 0 . 4 3 0 0 . 0 9 5
1 . 0 0 687 0 . 6 4 0 0 .2 1 0 0 . 4 3 0 0 . 1 7 3

TABLE 5 .7
Voltammetric Parameters fo r  Adsorption Peak ( I )

in  50 mol. % ZnCl^-NaCl
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Melt = 70 mol.% ZnC -̂NaCl 
Temperature = 3̂ 6 C

FIGURE 5.7
Variation of i* With Scan Rate ads
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c o n c e n t r a t i o n  d e p e n d e n t ,  w i t h  t h e  w i d t h  o f  t h e  p e a k  i n c r e a s i n g  a t  lo w  
c o n c e n t r a t i o n s  o f  t h e  a d s o r b e d  s p e c i e s ,  w h i c h  was t h e  c a s e  h e r e .  The  
r a t e  o f  d i f f u s i o n  i s  n o t  s u f f i c i e n t  t o  m a i n t a i n  t h e  s u r f a c e  
c o n c e n t r a t i o n s  i n  c o m p le t e  e q u i l i b r i u m  w i t h  t h e  s o l u t i o n  
c o n c e n t r a t i o n .  As t h e  s c a n  r a t e  i s  i n c r e a s e d  t h e  a d s o r p t i o n  
r e s p o n s e  i n c r e a s e s  r e l a t i v e  t o  t h e  d i f f u s i o n - c o n t r o l l e d  r e s p o n s e  
u n t i l  a t  v e r y  r a p i d  s c a n  r a t e s  o n l y  t h e  a d s o r p t i o n  r e s p o n s e  i s  s e e n .  
S uch  r a p i d  s c a n  r a t e s  w e re  n o t  m e a s u r a b le  on  t h e  XY r e c o r d e r  u s e d  
( S e c t i o n  3 . 6 ) .

The p o s i t i o n  o f  t h e  a d s o r p t i o n  p r e - p e a k  w i t h  r e s p e c t  t o  t h e
d i f f u s i o n - c o n t r o l l e d  p e a k  i s  g o v e r n e d  m a i n l y  b y  t h e  f r e e  e n e r g y  o f
a d s o r p t i o n  i n  t h e  a b s e n c e  o f  an  a p p l i e d  f i e l d ,  A G ^  , b u t  t h i s  d o e s
n o t  h a v e  much i n f l u e n c e  on  e i t h e r  t h e  s h a p e  o r  h e i g h t  o f  t h e
p e a k s ^ " ^ .  As t h e  f r e e  e n e r g y  o f  a d s o r p t i o n  i s  i n c r e a s e d ,  t h e
e n e r g y  r e q u i r e d  f o r  r e d u c t i o n  t o  t h e  a d s o r b e d  s t a t e  i s  d e c r e a s e d  and
t h e  r e d u c t i o n  p o t e n t i a l  n e e d  n o t  be  a s  c a t h o d i c .  W h i l e  t h e  p e a k
s e p a r a t i o n  i s  d e t e r m i n e d  p r i m a r i l y  b y  t h e  v a l u e  o f  t h e  b u l k
c o n c e n t r a t i o n  a l s o  h a s  an  e f f e c t ,  s o  i t  i s  n o t  p o s s i b l e  t o  u se
m e a s u r e d  v a l u e s  o f  AE t o  d e t e r m i n e  AG , d i r e c t l y .  H o w e v e r ,  ap a d s  7 ’
q u a l i t a t i v e  p i c t u r e  may be  g i v e n .  A d s o r p t i o n  p r o c e s s e s  a r e  o f t e n
d e s c r i b e d  as  b e i n g  " s t r o n g "  o r  " w e a k " ,  e a c h  h a v i n g  d i f f e r e n t
v o l t a m m e t r i c  c h a r a c t e r i s t i c s .  The t y p e  o f  p r o c e s s  o b s e r v e d  d e p e n d s
on a r a n g e  o f  v a r i a b l e s  i n c l u d i n g  e l e c t r o d e  m a t e r i a l ,  s o l u t e
c o n c e n t r a t i o n  a nd  t h e  o x i d i s e d  a nd  r e d u c e d  s p e c i e s .  F rom  t h e
r e s u l t s  o b t a i n e d  i n  e x p e r i m e n t a l  w o r k  ( T a b l e s  3 . 3 - 3 . 7 ) ,  t h e
a d s o r p t i o n  p r o c e s s  i n  t h i s  w o r k  may be c l a s s i f i e d  a s  b e i n g  o f  t h e
" s t r o n g "  c l a s s .  The p e a k  s e p a r a t i o n  AE^ = | E ^  -  E ^ ^  | i s
g r e a t e r  t h a n  120  mV, t h e  v a l u e  g i v e n  i n  t h e  l i t e r a t u r e  a s  b e i n g  t h e
m in im u m  p e a k  s e p a r a t i o n  d i s t a n c e  f o r  a " s t r o n g "  a d s o r p t i o n  

( 1 3 8 )p r o c e s s

O t h e r  t r e n d s  n o t i c e a b l e  i n  t h e  r e s u l t s  a r e  t h e  s l i g h t  i n c r e a s e  i n  
p e a k  s e p a r a t i o n ,  A E ^ ,  w i t h  d e c r e a s e  i n  m o le  f r a c t i o n  o f  z i n c  c h l o r i d e  
i n  t h e  m e l t s ,  a nd  an e v e n  s l i g h t e r  i n c r e a s e  w i t h  i n c r e a s e  i n  m e l t  
t e m p e r a t u r e .  The m a in  c a u s e s  a r e  t h e  c h a n g i n g  d i f f u s i o n



-109-

c o e f f i c i e n t s  o f  t h e  o x i d i s e d  a n d  r e d u c e d  s p e c i e s  (H +  a n d  H 
r e s p e c t i v e l y )  a s  t h e  m e l t  s y s t e m  i s  c h a n g e d ,  a n d  t h e  t e m p e r a t u r e  
c h a n g e s  w h i c h  a l t e r  t h e  f r e e  e n e r g y  o f  a d s o r p t i o n .  S i n c e  t h i s  
p r o j e c t  i s  m o re  c o n c e r n e d  w i t h  t h e  s p e c i e s  p r e s e n t  i n  t h e  m e l t s  t h e  
c o m p le x  m a t h e m a t i c a l  t r e a t m e n t  n e c e s s a r y  t o  f u l l y  d e s c r i b e  t h e  
a d s o r p t i o n  s y s t e m  i s  o u t s i d e  t h e  s c o p e  o f  t h i s  w o r k ,  b u t  c a n  be  f o u n d  
i n  r e f e r e n c e  1 3 8 .

H a v in g  c o n s i d e r e d  t h e  a d s o r p t i o n  p e a k s  I  a n d  IV  ( F i g u r e  3 . 6 ) ,  t h e  
p e a k s  d ue  t o  t h e  d i f f u s i o n - c o n t r o l l e d  r e d u c t i o n  p r o c e s s ,  I I  a n d  I I I ,  
may now be  e x a m in e d .  A p r e l i m i n a r y  v i s u a l  i n s p e c t i o n  o f  t h e s e  p e a k s  
p o i n t s  t o  t h e  r e v e r s i b i l i t y  o f  t h e  e l e c t r o d e  p r o c e s s .  The  p e a k s  a l l  
l i e  a t  a p p r o x i m a t e l y  t h e  same p o t e n t i a l s  a n d  i n c r e a s e  f a i r l y  
r e g u l a r l y  w i t h  i n c r e a s i n g  s c a n  r a t e .  D e v i a t i o n  s t a r t s  t o  o c c u r  a t  
l o w  s c a n  r a t e s  ( <  10 mVs ) w h e re  t h e  a n o d i c  c u r r e n t  ( p e a k  I I I )  h a s  
d r o p p e d  t o  a lm o s t  z e r o .

A b r i e f  s u r v e y  o f  t h e  p a r a m e t e r s  m e a s u re d  i n  t h e  c y c l i c  
v o l t a m m e t r i c  e x p e r im e n t ,  a n d  how t h e y  a r e  r e l a t e d ,  w o u ld  be  h e l p f u l  
h e r e .  F o r  c y c l i c  ( l i n e a r  sw e e p )  v o l t a m m e t r y  t h e  e q u a t i o n  f o r  a 
s im p l e  r e v e r s i b l e  c h a r g e  t r a n s f e r  i n v o l v i n g  a s o l u b l e  p r o d u c t  i s :

i  = 0 . 4 4 6 3  nFAC [ 5 . 8 ]p o KT o

w h e re  i  i s  t h e  p e a k  c u r r e n t  ( A ) , n i s  t h e  n u m b e r  o f  e l e c t r o n s  i n v o l v e d
i n  t h e  c h a r g e  t r a n s f e r  s t e p ,  F i s  t h e  F a r a d a y  c o n s t a n t  ( J V  m o l .  ) ,

-1 -1R i s  t h e  u n i v e r s a l  g a s  c o n s t a n t  ( J  m o l .  K ) ,  T i s  t h e  a b s o l u t e2
t e m p e r a t u r e ,  A i s  t h e  a r e a  o f  t h e  e l e c t r o d e  (cm  ) ,  C i s  t h e

- 3  °c o n c e n t r a t i o n  o f  t h e  d i f f u s i n g  s p e c i e s  ( m o l .  cm ) ,  v  i s  t h e  v o l t a g e
s c a n  r a t e  (V s  ) a nd  D i s  t h e  d i f f u s i o n  c o e f f i c i e n t  o f  t h e  d i f f u s i n q  

2-1 0s p e c i e s  (cm  s ) .  A k n o w le d g e  o f  t h e  v o l t a m m e t r i c  p a r a m e t e r  i  a n d  
t h e  c o n c e n t r a t i o n  a l l o w s  c a l c u l a t i o n  o f  t h e  d i f f u s i o n  c o e f f i c i e n t .

The p r e c i s e  m e a s u re m e n t  o f  E ^ ,  t h e  p e a k  p o t e n t i a l ,  c a n  o f t e n  be  
h a m p e re d  i f  t h e  p e a k  i s  b r o a d  w h i c h  l e a d s  t o  i n a c c u r a c i e s  i n  t h e  AE

P
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m e a s u r e m e n t .  H e re  AE i s  t h e  d i f f e r e n c e  b e tw e e n  t h e  a n o d i c  and
P

c a t h o d i c  p e a k  p o t e n t i a l s  f o r  a r e v e r s i b l e  p r o c e s s ,  and  i s  r e l a t e d  t o  
t h e  n um be r  o f  e l e c t r o n s  i n v o l v e d  i n  t h e  c h a r g e  t r a n s f e r  p r o c e s s  b y  t h e  
e q u a t i o n :

AE = 2 . 3  R T /n F
P [ 3 . 9 ]

H o w e v e r ,  E t h e  p o t e n t i a l  w h e re  i  = \  i ^ ,  a n d  Ex , t h e  p o t e n t i a l  
w h e re  i  = 0 . 8 5 1  i  , c a n  be m e a s u r e d  f a i r l y  a c c u r a t e l y ,  s o  t h e  n u m b e r  o f  
e l e c t r o n s  c a n  be c a l c u l a t e d  f r o m  t h e  r e l a t i o n s h i p :

E -  E j  = 1 . 0 9  R T /nFp / 2  2 [ 5 . 1 0 ]

F o r  a d i f f u s i o n - c o n t r o l l e d  r e v e r s i b l e  c h a r g e  t r a n s f e r  p r o c e s s  E^  
i s  i n d e p e n d e n t  o f  v ,  t h e  s c a n  r a t e ,  w h e r e a s  i  , a s  w e l l  a s  t h e  c u r r e n t  
a t  a n y  o t h e r  p o i n t  on  t h e  w a v e ,  i s  p r o p o r t i o n a l  t o  v * .  A l s o  u s e d  a s  a
c r i t e r i o n  o f  r e v e r s i b i l i t y  a n d  d i f f u s i o n  c o n t r o l  i s  t h e  r a t i o  o f  t h e
a n o d i c  ( i  ) t o  t h e  c pa
u s i n g  t h e  e q u a t i o n :
a n o d i c  ( i  ) t o  t h e  c a t h o d i c  ( i  ) p e a k  c u r r e n t s ,  w h i c h  i s  c a l c u l a t e d  pa p c  K ’

Pa
'p c

( i  ) ( i  )
—--P- —°  + 0 . 4 8 5  +  0 . 0 8 6l lp c  p c

[ 5 . 1 1 ]

w h e r e  ( i  ) i s  t h e  v a l u e  o f  t h e  c u r r e n t  m e a s u re d  f r o m  t h e  p o t e n t i a l  pa  o r
a x i s  t o  t h e  a n o d i c  p e a k  and  ( i  ) i s  t h e  c u r r e n t  r e c o r d e d  a t  t h esp  o
s w i t c h i n g  p o t e n t i a l ,  w h e re  t h e  p o t e n t i a l  s c a n  i s  r e v e r s e d .  F o r  a
r e v e r s i b l e  p r o c e s s  t h e  c u r r e n t  r a t i o  i s  u n i t y  a n d  i s  i n d e p e n d e n t  o f
t h e  s c a n  r a t e .  E q u a t i o n  5 .1 1  i s  g i v e n  i n  t h e  f o rm  a p p l i c a b l e  t o
v o l t a m m o g r a m s  w h e re  t h e  i n i t i a l  sw eep  i s  i n  t h e  c a t h o d i c  d i r e c t i o n
i . e .  r e d u c t i o n  o f  an  e l e c t r o a c t i v e  s p e c i e s  i s  o c c u r r i n g .  F o r  a
v o l t a m m o g r a m  w h e re  t h e  a n o d i c  sw eep  i s  t h e  f i r s t ,  t h e  r a t i o  i  / i  i sp c  pa
u s e d .
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As s y s t e m s  d e v i a t e  f r o m  r e v e r s i b i l i t y  s o  new e q u a t i o n s  becom e
a p p l i c a b l e .  F o r  q u a s i - r e v e r s i b l e  p r o c e s s e s  t h e  c u r r e n t  i s  c o n t r o l l e d  b y
a m i x t u r e  o f  d i f f u s i o n  and  c h a r g e  t r a n s f e r  k i n e t i c s  and  t h i s  h a s  t o  be  t a k e n
i n t o  a c c o u n t ,  w h i l s t  f o r  i r r e v e r s i b l e  p r o c e s s e s  y e t  a n o t h e r  s e t  o f
e q u a t i o n s  r e l a t i n g  t h e  v o l t a m m e t r i c  p a r a m e t e r s  h a v e  t o  be  u s e d .  F o r  t h e
i r r e v e r s i b l e  p r o c e s s e s  t h e  c h a r g e  t r a n s f e r  r a t e  c o n s t a n t s  a r e  s m a l l ,  

-6  -1a r o u n d  10~ cm s e c  , s o  t h e  p o t e n t i a l  a t  w h i c h  a s i g n i f i c a n t  e x t e n t  o f  
r e a c t i o n  o c c u r s  may be q u i t e  c a t h o d i c  o f  t h e  s t a n d a r d  p o t e n t i a l .  A t  s u c h  
p o t e n t i a l s  t h e  r e v e r s e  c h a r g e  t r a n s f e r  p r o c e s s  d o e s  n o t  o c c u r ,  a nd  no  
a n o d i c  p e a k  i s  s e e n  on  t h e  r e v e r s e  s c a n ,  a s s u m in g  t h e  i n i t i a l  sw eep  was i n  
t h e  c a t h o d i c  d i r e c t i o n .  F o r  m o re  d e t a i l e d  d i s c u s s i o n s  a n d  f u l l  
m a t h e m a t i c a l  t r e a t m e n t  o f  t h e  c y c l i c  v o l t a m m e t r i c  m e th o d  r e f e r e n c e s  136  
and  137  a r e  r e c om m e n d ed .

The  v o l t a m m e t r i c  p a r a m e t e r s  f o r  t h e  d i f f u s i o n - c o n t r o l l e d  r e d u c t i o n  o f  
HC1 d i s s o l v e d  i n  Z n C l ^ - N a C l  m e l t s  a r e  l i s t e d  i n  T a b le  3 . 8 - 5 . 1 3 .  T he se  
r e l a t e  t o  t h e  p e a k s  l a b e l l e d  I I  a n d  I I I  i n  F i g u r e  5 . 6 .  The p e a k

I I I I I
a n d  t h e  p o t e n t i a l s  E ^  anc  ̂ ^ 1 / 2  w e rep o t e n t i a l s ,  E a n d  E r  ’ p c  pa

m e a s u r e d  a g a i n s t  t h e  p l a t i n u m  q . r . e .  P eak  c u r r e n t s  w e re  m e a s u re d  f r o m  t h e
p o t e n t i a l  a x i s ,  b u t  c o r r e c t i o n s  f o r  t h e  a d s o r p t i o n  p e a k s  w i l l  be  m e n t i o n e d
l a t e r .  I n i t i a l l y  a A g /A g C l  r e f e r e n c e  e l e c t r o d e  was t o  be  u s e d  b u t
p r o b l e m s  o c c u r r e d  w i t h  p r o l o n g e d  u s e  a n d  t h e  p l a t i n u m  q . r . e .  was m o re

(83)d u r a b l e .  I n t e r e s t i n g l y ,  P e r r y  e t  a l .  u s e d  a P t / P t C l ^  r e f e r e n c e
e l e c t r o d e  and  a P t  q . r . e .  f o r  t h e i r  w o r k  on  HC1 i n  Z n C l ^ - K C l  a n d  o b t a i n e d  
b e t t e r  r e s u l t s  w i t h  t h e  l a t t e r  e l e c t r o d e  t h a n  w i t h  t h e  f o r m e r .

w e re  much c l o s e r  t o  t h e  
c a l c u l a t e d  v a l u e s  when t h e  P t  q . r . e .  was u s e d .  F o r  t h e s e  r e a s o n s  a 
p l a t i n u m  q . r . e .  was u s e d  f o r  t h e  r e s t  o f  t h i s  w o r k .

E x p e r im e n t a l  v a l u e s  o f  AE and  E /0 -  E . /0p p / 2  1 /2

The v a l u e s  o f  AE^ and  |E p / 2  -  V  d e t e r m i n e d  e x p e r i m e n t a l l y  f o r  t h e  
r e d u c t i o n  o f  HC1 i n  Z n C l ^ - N a C l  m e l t s ,  l i s t e d  i n  T a b le  5 . 8 - 5 . 1 3 ,  c a n  be s e e n  
t o  be  f a i r l y  c l o s e  t o  t h e  c a l c u l a t e d  v a l u e s  o f  t h e s e  f u n c t i o n s ,  t a k i n g  n ,  
t h e  n u m b e r  o f  e l e c t r o n s ,  a s  b e i n g  e q u a l  t o  1 . The c a l c u l a t e d  v a l u e s ,  f o u n d  
u s i n g  e q u a t i o n s  5 . 9  and  5 . 1 0 ,  a r e  g i v e n  a t  t h e  b o t t o m  o f  e a c h  s e t  o f  
r e s u l t s .  F i g u r e  5 . 8  show s  t h a t  v e r y  l i t t l e  v a r i a t i o n  i n  t h e  c a t h o d i c  p e a k  
p o t e n t i a l ,  E o c c u r r e d  a s  t h e  s c a n  r a t e  was a l t e r e d .  T h i s  i s  a
c h a r a c t e r i s t i c  o f  a r e v e r s i b l e  c h a r g e  t r a n s f e r  p r o c e s s .



v(Vs ^) T (K) -EpC (V) -Epa (V) A Ep (V) -E, (V)
2 -Ep/2 (V) I E p /2 - (v) i (mA) 

P
i /i pa pc

0.02 620 0.540 0.415 0.125 0.478 0.420 0.058 0.017 1.09
0.05 620 0.540 0.410 0.130 0.485 0.420 0.065 0.027 1.17
0.10 620 0.536 0.405 0.130 0.475 0.410 0.065 0.040 1.18
0.20 620 0.540 0.400 0.140 0.478 0.397 0.081 0.059 1.230.50 620 0.535 0.375 0.160 0.485 0.380 0.105 0.101 1.271.00 620 0.540 0.370 0.170 0.151 1.30
calc. 0.123

TABLE 5.8

0.058

Voltammetric Parameters for the Diffusion Controlled Reduction of HC1 in Pure ZnCl_
(Pt electrode, 0.151 cm2)
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v (Vs ^ ) T (K) -EpC (V) -Epa (V) AEp (V) -E, (V)
2 -Ep/2 (V) I e p /2 - Ej| i (mA) 

2 P i /i pa |

0.02 596 0.640 0.520 0.120 0.573 0.517 0.056 0.026 1.39
0.05 596 0.690 0.550 0.140 0.592 0.530 0.062 0.045 1.12
0.10 596 0.723 0.580 0.143 0.625 0.567 0.058 0.066 1.04
0.20 596 0.710 0.570 0.140 0.625 0.558 0.067 0.090 1.15
0.50 596 0.705 0.555 0.150 0.610 0.525 0.085 0.150 1.19
1.00 596 0.705 0.550 0.155 0.600 0.230 1.21
c a l c . 0.118 0.056

0.02 647 0.310 0.160 0.150 0.240 0.186 0.054 0.041 0.93
0.05 647 0.305 0.165 0.140 0.240 0.183 0.057 0.064 1.02
0.10 647 0.305 0.170 0.135 0.240 0.180 0.060 0.094 1.07
0.20 647 0.300 0.170 0.130 0.238 0.175 0.063 0.131 1.12
0.50 647 0.300 0.160 0.140 0.238 0.170 0.068 0.225 1.19
1.00 647 0.300 0.165 0.135 0.250 0.175 0.075 0.345 1.23
c a l c . 0.128 0.061

TABLE 5.9

Voltammetric Parameters fo r  the D iffu s io n -C o n tro lle d
Reduction o f HC1 in  90 mol. % ZnCl_-NaCl

(P t e le c trode , 0.143 cm2)

-
a

i
-



j(Vs 1) T (K) -EpC (V) -Epa (V) AEp(V) -E,(V)
2 -EP/2(V) lEp / 2 - Eil(V)

ip (mA) i / pa

0.02 590 0 . 5 2 5 0 . 4 1 4 0.111 0 . 4 6 5 0 . 4 1 5 0 . 0 5 0 0 . 0 3 9 0 . 8 7
0 . 0 5 590 0 . 5 2 5 0 . 4 1 3 0.112 0 . 4 6 5 0 . 4 1 5 0 . 0 5 0 0 .0 6 1 0 . 9 70.10 590 0 . 5 3 0 0 . 4 1 0 0.120 0 . 4 6 5 0 . 4 1 7 0 . 0 4 8 0 . 0 8 6 1 . 0 50.20 590 0 . 5 3 0 0 . 4 1 0 0.120 0 . 4 6 0 0 . 4 0 0 0 . 0 6 0 0.122 1 . 0 6
0 . 5 0 590 0 . 5 3 4 0 . 4 1 5 0.121 0 . 4 6 2 0 . 4 0 5 0 . 0 5 7 0.200 1 . 1 71.00 590 0 . 5 4 0 0 . 4 1 5 0 . 1 2 5 0 . 4 6 5 0 . 4 0 2 0 . 0 6 3 0 . 2 9 5 1 . 1 8
c a l c . 0 . 1 1 6 0 . 0 5 5

0.01 617 0 . 5 1 5 0 . 3 9 2 0 . 1 2 3 0 . 4 6 0 0 . 4 0 8 0 . 0 5 2 0 . 0 3 7 0 . 7 90.02 617 0 . 5 1 0 0 . 3 9 0 0.120 0 . 4 5 5 0 . 4 0 5 0 . 0 5 0 0 . 0 4 8 0.86
0 . 0 5 617 0 . 5 1 3 0 . 3 9 0 0 . 1 2 3 0 . 4 5 8 0 . 4 0 5 0 . 0 5 3 0 . 0 7 6 0 . 9 20.10 617 0 . 5 1 0 0 . 3 9 0 0.120 0 . 4 6 0 0 . 4 0 5 0 . 0 5 5 0 . 1 0 8 0 . 9 70.20 617 0 . 5 2 0 0 . 3 9 0 0.120 0 . 4 6 0 0 . 4 0 5 0 . 0 5 5 0 .1 5 1 1.00
0 . 5 0 617 0 . 5 2 8 0 . 3 9 2 0 . 1 2 6 0 . 4 7 2 0 . 4 1 0 0 . 0 6 2 0 . 2 4 2 1.001.00 617 0 . 5 3 0 0 . 3 9 0 0 . 1 2 8 0 . 4 7 0 0 . 4 0 3 0 . 0 6 7 0 . 3 6 5 1 . 0 4
c a l c . 0.122 0 . 0 5 8

0.01 649 0 . 4 5 5 0 . 3 1 5 0 . 1 4 0 0 . 4 1 0 0 . 3 6 5 0 . 0 4 5 0 . 0 4 3 0 .8 10.02 649 0 . 4 5 7 0 . 3 3 5 0.122 0 . 4 0 5 0 . 3 5 5 0 . 0 5 0 0 . 0 5 8 0 . 8 5
0 . 0 5 649 0 . 4 6 0 0 . 3 3 5 0 . 1 2 5 0 . 4 0 5 0 . 3 5 0 0 . 0 5 5 0 . 0 8 5 0 . 9 90.10 649 0 . 4 5 3 0 . 3 3 5 0 . 1 2 5 0 . 4 0 0 0 . 3 4 6 0 . 0 5 4 0 . 1 1 8 1 . 0 50.20 649 0 . 4 5 5 0 . 3 3 5 0.120 0 . 4 0 0 0 . 3 4 0 0 . 0 6 0 0 . 1 6 7 1 . 0 9
0 . 5 0 6 4 9 0 . 4 6 0 0 . 3 3 0 0 . 1 1 8 0 . 4 0 5 0 . 3 4 0 0 . 0 6 5 0 . 2 8 0 1 . 1 51.00 649 0 . 4 6 0 0 . 3 3 0 0 . 1 3 0 0 . 4 0 0 0 . 3 3 5 0 . 0 6 5 0 . 4 2 0 1 . 1 6
c a l c . 0 . 1 2 9

TABLE 5.10

0 .0 6 1

( c o n t i n u e d

Voltammetric Parameters for the Diffusion-Controlled Reduction of HC1 in 80 mol. % ZnCl -NaCl
(Pt electrode, 0.151 cm2) 2
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continuation....

v(Vs

0.01
0.02
0.05
0.10
0.20
0.50
1.00
c a l c

T (K) -EpC(V) -Epa(V) AEp(V) -E,(V)2 -ep/2(v) lEP/ 2 - Ei!(v) ip (mA) i /i pa pc

682 0.548 0.410 0.138 0.460 0.404 0.056 0.053 0.85
682 0.535 0.405 0.130 0.468 0.409 0.059 0.067 0.93
682 0.542 0.410 0.132 0.465 0.407 0.058 0.103 0.99
682 0.547 0.410 0.137 0.468 0.405 0.063 0.147 1.01
682 0.540 0.405 0.135 0.470 0.409 0.061 0.206 1.04
682 0.548 0.407 0.141 0.470 0.403 0.067 0.340 1.15
682 0.547 0.400 0.147 0.473 0.404 0.069 0.502 1.21

0.135 0.064

TABLE 3.10
Voltammetric Parameters for the Diffusion-Controlled Reduction of HC1 in 80 mol. % ZnCl_-NaCl

(Pt electrode, 0.151 cm2)
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t-



(Vs~1) T (K) -EpC (V)

0.01 586 0.6200.02 586 0.6400.05 586 0.6450.10 586 0.6450.20 586 0.6500.50 586 0.6451 .00 586 0.655calc. 586
0.01 619 0.4800.02 619 0.4800.05 619 0.4900.10 619 0.4900.20 619 0.4900.50 619 0.5051 .00 619 0.510calc. 619
0.01 654 0.6950.02 654 0.6800.05 654 0.6900.10 654 0.6900.20 654 0.7000.50 654 0.6901.00 
calc. 654 0.685

-Epa (V) AEp(V) -Ei(V)
2

0.500 0.120 0.570
0.530 0.110 0.5900.532 0.113 0.590
0.525 0.120 0.5850.525 0.125 0.5800.520 0.125 0.5750.515 0.140

0.116
0.575

0.360 0.120 0.4350.365 0.115 0.430
0.372 0.118 0.4310.370 0.120 0.4350.370 0.120 0.4400.380 0.125 0.4530.375 0.145

0.123
0.455

0.535 0.160 0.657
0.560 0.120 0.640
0.572 0.118 0.644
0.572 0.118 0.6430.570 0.130 0.6430.570 0.120 0.6400.570 0.130 0.645

TABLE 5.11

Reduction o f HC1 in  70 mol

V 2  (V) 1 Ep/2-Eil W ip (mA) i /i pa

0.528 0.042 0.037 0.880.545 0.045 0.051 0.910.542 0.048 0.081 0.99
0.532 0.053 0.112 1.040.525 0.055 0.157 1.070.515 0.060 0.246 1.13
0.505 0.075

0.055
0.365 1.14

0.384 0.051 0.047 0.690.380 0.050 0.063 0.81
0.380 0.051 0.095 1 .09
0.380 0.055 0.132 1 .00
0.380 0.060 0.191 1 .03
0.388 0.065 0.315 1.08
0.380 0.075

0.058
0.472 1 .07

0.595 0.062 0.049 0.79
0.587 0.053 0.071 0.72
0.585 0.059 0.103 0.88
0.585 0.058 0.145 0.95
0.585 0.058 0.21 0 0.98
0.575 0.065 0.354 1 .04
0.575 0.070

0.061
0.523 0.98

(continued ...)

% ZnCl2_NaCl
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Continuation

(Vs-1) T (K) -EpC (V) -Epa (V) AEp(V)

0.01 680 0.602 0.460 • 0.1420.02 680 0.605 0.485 0.120
0.05 680 0.605 0.490 0.115
0.10 680 0.610 0.480 0.1300.20 680 0.617 0.480 0.1370.50 680 0.610 0.490 0.1201 .00 
calc. 680 0.620 0.480 0.140

0.135

Ei (V)2 - EP /2 (V) l Ep /2 - Ei ' (V) ip (mA) i /i pa
0.548 0.490 0.058 0.055 0.74
0.546 0.495 0.051 0.080 0.87
0.555 0.500 0.055 0.118 0.99
0.570 0.498 0.072 0.170 1.03
0.565 0.500 0.065 0.238 1.01
0.560 0.490 0.070 0.398 1.12
0.572 0.490 0.082

0.064
0.570 1.16

TABLE 5.11
Reduction of HC1 in 70 mol O '/O ZnCl2-NaCl
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v(Vs T (K) -EpC(V) -Epa(V) AEp(V)
0.01 592 0.640 0.500 0.140
0.02 592 0.640 0.525 0.115
0.05 592 0.645 0.525 0.120
0.10 592 0.645 0.522 0.123
0.20 592 0.650 0.520 0.130
0.50 592 0.660 0.525 0.135
1.00 
c a l c .

592 0.665 0.523 0.142
0.117

0.01 623 0.625 0.470 0.155
0.02 623 0.615 0.485 0.1300.05 623 0.615 0.490 0.125
0.10 623 0.620 0.490 0.130
0.20 623 0.620 0.490 0.130
0.50 623 0.630 0.500 0.130
1.00 
c a l c .

623 0.635 0.495 0.140
0.123

0.02 651 0.570 0.410 0.160
0.05 651 0.570 0.450 0.120
0.10 651 0.520 0.405 0.115
0.20 651 0.520 0.402 0.118
0.50 651 0.525 0.400 0.125
1.00 651 0.520 0.395 0.125
c a l c .  0.129

Ex (V)2 - EP /2 (V) lEp / 2 - Ei ! (v ) i p  (mA) i  / i  pa
0.583 0.535 0.048 0.040 0 .64
0.577 0.535 0.042 0.050 0.76
0.580 0.532 0.048 0.077 0 .94
0.577 0.527 0.050 0.108 1 .02
0.577 0.523 0.054 0.154 1.05
0.587 0.525 0.062 0.252 1 .06
0.587 0.515 0.072

0.056
0.375 1.09

0.580 0.520 0.060 0.043
0.560 0.505 0.055 0.054 m0.560 0.505 0.055 0.085
0.560 0.503 0.057 0.121 0.92
0.560 0.505 0.055 0.171 0 .99
0.570 0.505 0.065 0.278 1.03
0.570 0 .503 0.067

0.059
0.418 1.03

0.503 0.440 0.063 0.071 0 .65
0.510 0.455 0.055 0.101 0.86
0.480 0.422 0.058 0.141 0 .94
0.480 0.417 0.063 0.202 0.95
0.475 0.415 0.060 0.325 1.02
0.473 0.405 0.068

0.061
0.480 1.02

(continued ...)

TABLE 5.12

Reduction o f HC1 in  60 mol. % ZnC^-NaCl
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Continuation....

v(Vs T 00 -EpC(V) -Epa(V) AEp(V)
0.01 685 0.615 0.445 0.170
0.02 685 0.610 0.485 0.125
0.05 685 0.610 0.482 0.128
0.10 685 0.605 0.487 0.118
0.20 685 0.610 0.478 0.132
0.50 685 0.605 0.465 0.140
1.00 
c a l c .

685 0.615 0.465 0.150
0.136

E,(V )2 - EP /2 (V) ! e p / 2-e *I (v) ip (mA) i  / i  pa |
0.565 0.497 0.068 0.055
0.555 0.503 0.052 0.074 0.64
0.550 0.492 0.058 0.115 0.83
0.560 0.495 0.065 0.163 0.99
0.560 0.500 0.060 0.230 1.01
0.560 0.490 0.070 0.368 1.04
0.565 0.490 0.075

0.064
0.555 1.12

TABLE 5.12

Reduction of HC1 in 60 mol. % ZnCl^-NaCl
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v(Vs 1) T (K) -Epc (V) -Epa (V) AEp(V) -Et
2

0.02 604 0.630 0.505 0.125 0.
0.05 604 0.630 0.510 0.120 0.
0.10 604 0.635 0.512 0.123 0.
0.20 604 0.640 0.510 0.130 0.
0.50 604 0.652 0.510 0.142 0.
1.00 
c a l c .

604 0.655 0.510 0.145
0.120

0.

0.01 628 0.640 0.510 0.130 0.
0.02 628 0.635 0.515 0.120 0.
0.05 628 0.640 0.515 0.125 0.
0.10 628 0.650 0.515 0.135 0.
0.20 628 0.650 0.512 0.138 0.
0.50 628 0.650 0.510 0.140 0.
1.00 
c a l c .

628 0.650 0.505 0.145
0.124

0.

0.02 657 0.635 0.500 0.135 0
0.05 657 0.635 0.520 0.115 0
0.10 657 0.640 0.520 0.120 0
0.20 657 0.650 0.520 0.130 0
0.50 657 0.640 0.515 0.125 0
1.00 
c a l c .

657 0.645 0.515 0.130
0.130

0

TABLE

P /2 (V) lEp /2 - Ei l (V) ip (mA) i /i pa pc

0.520 0.050 0.050 0.72
0.518 0.052 0.075 0.90
0.518 0.052 0.106 1.00
0.515 0.055 0.153 1 .04
0.520 0.057 0.245 1 .05
0.510 0.075

0.057
0.365 1 .08

0.530 0.062 0.043
0.530 0.060 0.056 0.67
0.530 0.060 0.087 0.81
0.535 0.065 0.122 0.86
0.528 0.067 0.178 0.93
0.532 0.068 0.305 0.96
0.530 0.075

0.059
0.458 0.98

0.535 0.050 0.063 0.68
0.530 0.060 0.093 0.86
0.530 0.060 0.130 0.97
0.528 0.067 0.187 1.01
0.520 0.070 0.311 1.10
0.510 0.082

0.062
0.465 1.11

(continued...)

(V)

570
570
570
570
587
585

592
590
590
600
595
600
605

585
590
590
595
590
592

5 .1 3
Reduction o f HC1 in  50 mol. O 'sO ZnCl2_NaCl
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Continuation...

v(Vs T (K) -EpC(V)

0.02 687 0.625
0.05 687 0.630
0.10 687 0.630
0.20 687 0.635
0.50 687 0.640
1.00 
c a l c .

687 0.640

-Epa (V) AEp (V) -ExCV)2
0.495 0.130 0.590
0.505 0.125 0.585
0.500 0.130 0.590
0.495 0.140 0.595
0.498 0.142 0.602
0.490 0.150

0.136
0.598

TABLE 5.13

Reduction of HC1 in 50 mol

P /2 (V) l Ep /2 - Ei |(V ) i p  (mA) i  / i  pa pc

0.538 0.052 0.067 0.63
0.530 0.055 0.104 0.85
0.528 0.062 0.146 0.99
0.535 0.060 0.206 1.01
0.530 0.072 0.338 1.09
0.518 0.080

0.065
0.510 1.12

% ZnCl2_NaCl
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A l i n e a r  d e p e n d e n c e  o f  t h e  p e a k  c u r r e n t  i  on  t h e  s q u a r e  r o o t  o f  th e  
s c a n  r a t e  i s  t h e  c r i t e r i o n  f o r  a d i f f u s i o n - c o n t r o l l e d  p r o c e s s .  As i s  
e v id e n t  f r o m  t h e  g r a p h  show n  i n  F ig u r e  3 . 9  p o s i t i v e  d e v i a t i o n s  o c c u r  i n_ 'i
t h i s  s y s te m  a t  lo w  s c a n  r a t e s  ( <  20  mVs ) and  a t  h ig h  s c a n  r a t e s  ( >  500
mVs ) ,  b u t  l i n e a r  b e h a v io u r  i s  fo u n d  f o r  th e  i n t e r m e d ia t e  s c a n  r a t e s .
The d e v i a t i o n s  fo u n d  a t  h ig h  s c a n  r a t e s  a r e  th e  r e s u l t  o f  t h e  p r o x im i t y  o f
t h e  a d s o r p t i o n  p e a k s  t o  t h e  d i f f u s i o n - c o n t r o l l e d  r e d u c t i o n  p e a k s ,  w h ic h
c a u s e s  th e  v o l t a m m e t r i c  b a s e l i n e  t o  be  r a i s e d  a b o ve  th e  i  = 0  a x i s .  I f  a

P
c o r r e c t i o n  i s  made f o r  t h i s ,  b y  s u b s t r a c t i n g  t h e  c u r r e n t  o f  t h e  
v o l t a m m e t r ic  w ave  p r i o r  t o  t h e  r e d u c t i o n  p e a k  f r o m  th e  i  v a lu e  m e a s u re d  
f r o m  th e  p o t e n t i a l  a x i s ,  th e n  a d e v i a t i o n  i s  s t i l l  s e e n ,  b u t  t h i s  t im e  i n  
t h e  n e g a t i v e  d i r e c t i o n  ( F ig u r e  5 . 1 0 ) .  As m e n t io n e d  p r e v i o u s l y ,  a s  t h e  
s c a n  r a t e  i n c r e a s e s  s o  t h e  a d s o r p t i o n  p e a k  ta k e s  o v e r  f r o m  t h e  d i f f u s i o n -  
c o n t r o l l e d  p e a k ,  u n t i l  t h e  l a t t e r  d i s a p p e a r s  a t  v e r y  h ig h  s c a n  r a t e s .  Thei
c o n s e q u e n c e  o f  t h i s  i s  t h a t  t h e  c o r r e c t e d  i  a g a in s t  v 2 p l o t s  f o r  t h e  
r e d u c t i o n  w i l l  becom e a lm o s t  s e m i c i r c u l a r  a s  t h e  s c a n  r a t e  in c r e a s e s .

I t  i s  p o s s i b le  t h a t  d i f f u s i o n  i s  n o t  t h e  o n ly  p r o c e s s  t r a n s p o r t i n g  
m a t e r i a l  t o  t h e  w o r k in g  e l e c t r o d e ,  b u t  t h a t  c o n v e c t io n  may a ls o  be  p l a y in g  
a p a r t  i n  t h e  t r a n s p o r t a t i o n ,  e s p e c i a l l y  i n  t h e  l e s s  v i s c o u s  m e l t s .  H ence  
t h e  e x t r a  r e d u c i b l e  m a t e r i a l  o v e r  a n d  a b o v e  t h a t  t r a n s p o r t e d  b y  d i f f u s i o n  
w o u ld  c a u s e  a g r e a t e r  i  v a lu e  th a n  t h a t  e x p e c te d  i f  d i f f u s i o n  w e re  t h e  s o le  
t r a n s p o r t a t i o n  p r o c e s s .  T h is  e x t r a  c o m p o n e n t i n  t h e  i  v a lu e  w o u ld  o n ly  
becom e n o t i c e a b l e  f o r  lo w  s c a n  r a t e s  w hen  t h e  l e n g t h  o f  t im e  r e q u i r e d  f o r  
t h e  s c a n  t o  be  c a r r i e d  o u t  a l l o w s  n o n - n e g l i g i b l e  c o n v e c t io n  p r o c e s s e s  t o  
o c c u r ,  a n d  c a u s e  t h e  p o s i t i v e  d e v i a t i o n  i n  i  v a lu e s  s e e n  i n  F ig u r e  5 . 9 .

I t  i s  a l s o  n o t i c e a b le  t h a t  a s  t h e  t e m p e r a tu r e  o f  a p a r t i c u l a r  s y s te m  
i n c r e a s e s ,  so  t h e  p e a k  c u r r e n t  v a lu e s  i n c r e a s e  p r o g r e s s i v e l y  f o r  e a c h  s c a n  
r a t e .  T h is  i s  c o n t r a r y  t o  w h a t m ig h t  be  e x p e c te d  -  a t  h ig h e r  t e m p e r a tu r e s  
t h e  s o l u b i l i t y  o f  HC1 i n  th e s e  m e l t s  h a s  b e e n  fo u n d  t o  d e c r e a s e ,  so  i n  te rm s  
o f  c o n c e n t r a t i o n  a lo n e  i t  m ig h t  be  e x p e c te d  t h a t  i  v a lu e s  w o u ld  d e c re a s e  
a t  h ig h e r  t e m p e r a t u r e s ,  a s  r e f l e c t e d  i n  e q u a t io n  5 . 8 .  T h is  was in d e e d  
fo u n d  t o  be  t h e  c a s e  i n  L i C l - K C l - Z n C l ^ ^ ^  b u t  n o t  i n  Z n C ^ - K C l ^ " ^  . I t  
m u s t be  r e c a l l e d ,  h o w e v e r ,  t h a t  t h e  p e a k  c u r r e n t  a l s o  d e p e n d s  on  th e  
d i f f u s i o n  c o e f f i c i e n t  o f  t h e  d i f f u s i n g  s p e c ie s ,  a n d  t h i s  f a c t o r  may w e l l  
o v e r r i d e  t h e  c o n c e n t r a t i o n  f a c t o r ,  a s  i t  h a s  i n  t h i s  c a s e .
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i
FIGURE 5.9: Variation of i with v 2 for the Reduction of

HC1 in 80 mol. % ZnCl^NaCl



-125-

FIGURE 5.10
i

"Corrected" Plot of ip against v2 for the Reduction 
of HC1 in 70 mol. % Zntt^-NaCl
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The v a lu e s  o f  t h e  p e a k  c u r r e n t  r a t i o ,  i  / i  , c a l c u l a t e d  u s in gr  ’ pa  p c ’ ^
e q u a t io n  5 . 1 1 ,  a r e  fo u n d  t o  f a l l  b e lo w  u n i t y  a t  lo w  s c a n  r a t e s  f o r  t h e  l e s s
v is c o u s  m e l t  s y s te m s  ( F ig u r e  5 . 1 1 ) .  F o r  an  u n c o m p l ic a t e d ,  r e v e r s i b l e  
s y s te m  i n v o l v i n g  a s o l u b l e  p r o d u c t  t h e  c u r r e n t  r a t i o  s h o u ld  be  u n i t y ,  
r e g a r d le s s  o f  t h e  s c a n  r a t e .  The d r o p  i n  t h e  i  / i  v a lu e s ,  t o  a s  lo w  a s  
0 .6 3  i n  o n e  c a s e ,  i n d i c a t e s  t h a t  some o f  t h e  r e d u c e d  m a t e r i a l  d o e s  n o t  
r e m a in  a t  t h e  e l e c t r o d e  t o  be  o x i d i s e d  b a c k  t o  H+ . Two e x p la n a t i o n s  c o u ld  
a c c o u n t  f o r  t h i s .  The h y d ro g e n  a to m s  fo rm e d  may w e l l  h a v e  t im e  t o  t r a v e l  
away f r o m  th e  e le c t r o d e  a t  lo w  s c a n  r a t e s ,  p r o b a b ly  a id e d  b y  c o n v e c t i o n  
c u r r e n t s  t h a t  may be  p r e s e n t .  T h is  a ssum e s  t h a t  h y d ro g e n  i s  s o l u b l e  i n  
Z n C l^ -N a C l m e l t s .  The s e c o n d  e x p la n a t i o n  i s  t h a t  an  i r r e v e r s i b l e
c h e m ic a l  r e a c t i o n  f o l l o w s  t h e  r e d u c t i o n  s t e p  t o  p r o d u c e  an  e l e c t r o i n a c t i v e  
s p e c ie s .  S in c e  h y d ro g e n  a to m s  a r e  b e in g  fo rm e d  d u r i n g  th e  r e d u c t i o n  i t  i s  
p o s s i b le  t h a t  an  a to m -a to m  c o m b in a t io n  r e a c t i o n  may be o c c u r r i n g  t o  
p r o d u c e  W ^. T h is  p r o c e s s  w o u ld  p r o b a b ly  be  q u i t e  s lo w ,  a n d  s o  o n ly  
becom e n o t i c e a b l e  a t  lo w  s c a n  r a t e s .  V a r io u s  r e a c t i o n  m e c h a n ism s  c a n  be  
p o s t u l a t e d  f o r  an  o v e r a l l  r e d u c t i o n  w h ic h  i s  c o m p l i c a t e d  b y  a d s o r p t i o n  
e f f e c t s  a n d  a f o l l o w i n g  i r r e v e r s i b l e  c h e m ic a l  r e a c t i o n ,  a n d  some a r e  g iv e n  
b e lo w :

H +  e = H

H = Ha d s

H . +  H , +  H „a d s  a d s  2

H , + H H0a d s  2

H . +  H + e +  H „a d s  2
H +  H + e '

U s in g  a w o r k in g  c u r v e  o f  i ^ / i ^  a g a in s t  lo g ( k ^ - T ) ,  g iv e n  i n  r e f e r e n c e s  
136 a n d  1 3 7 , w h e re  k ^  i s  t h e  r a t e  c o n s t a n t  f o r  t h e  f o l l o w i n g  c h e m ic a l



FIGURE 5.11: Variation of the Current Ratio With Scan Rate for Reduction of HC1 in 60 mol O '/O ZnCl2-NaCl
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r e a c t i o n  and  t  i s  t h e  t im e  i n  s e c o n d s  r e q u i r e d  t o  s c a n  f r o m  F * t o  t h e
2

s w i t c h i n g  p o t e n t i a l ,  i t  i s  p o s s i b le  t o  u s e  t h e  e x p e r im e n t a l l y  d e te rm in e d
v a lu e s  o f  i  / i  t o  c a l c u l a t e  k , - .  The v a lu e s  so  c a l c u l a t e d  a r e  l i s t e d  i n  pa p c  f
T a b le  5 . 1 4 .  Two r a t h e r  v a g u e  t r e n d s  c a n  be  s e e n  i n  t h e  v a lu e s  o f  k ^ .  As
th e  te m p e r a tu r e  o f  t h e  m e l t  s y s te m  in c r e a s e s  s o  t h e  r a t e  c o n s t a n t
in c r e a s e s .  S im i l a r l y ,  a s  i n c r e a s e s  so  k ^  i s  s e e n  t o  in c r e a s e .  Two
o t h e r  p a p e r s  w e re  fo u n d  w h e re  t h e  same c a l c u l a t i o n s  h a d  b e en  made b u t  f o r
d i f f e r e n t  s y s te m s .  I n  L i C l - K C l ^ ' ^  t h e  r e d u c t io n  o f  C r ^ + t o  C r ^ + was
s a id  t o  be  f o l l o w e d  b y  s lo w  p r e c i p i t a t i o n  o f  C rC l_ ,  a p r o c e s s  w h ic h  was

1 of o u n d  t o  h a v e  a r a t e  c o n s t a n t  o f  0 .0 2 8  s e c . -  a t  500  C . F o r  t h e  same s y s te m
( 9 1 )

a d d i t i o n  o f  m o is t u r e  a l s o  r e s u l t e d  i n  a c h e m ic a l  r e a c t i o n  f o l l o w i n g  
t h e  r e d u c t i o n  o f  C r ^ + t o  C r ^ +  w i t h  a r a t e  c o n s t a n t  c a l c u l a t e d  t o  be  a ro u n d  
0 .0 1 3  s e c .   ̂ a t  4 5 0 °C  a n d  0 .0 1 8  s e c .   ̂ a t  5 0 0 °C , b u t  t h e  a u t h o r s  h a v e  n o t  
e la b o r a t e d  on  th e  n a t u r e  o f  t h i s  r e a c t i o n .

So i t  c a n  be s e e n  t h a t  t h e  r a t e  c o n s t a n t s  d e te rm in e d  f o r  t h e  p o s s i b le
r e a c t i o n  f o l l o w i n g  t h e  r e d u c t i o n  o f  HC1 i n  Z n C ^ -N a C l a r e  l a r g e r  th a n  th o s e
fo u n d  i n  o t h e r  m o l t e n  s a l t  s y s te m s ,  w h ic h  m ig h t  be  e x p e c te d  s in c e  th e
c o m b in a t io n  o f  h y d ro g e n  a to m s  i s  a t h e r m o d y n a m ic a l l y  and  k i n e t i c a l l y
f a v o u r a b le  r e a c t i o n .  H o w e v e r , th e s e  r e s u l t s  do  n o t  a l l o w  a d i a g n o s t i c
c h o ic e  t o  be  made b e tw e e n  a f o l l o w i n g  c h e m ic a l  r e a c t i o n  and  a c o n v e c t i v e
t r a n s p o r t  p r o c e s s .  I f  t h e  h y d ro g e n  a to m s  fo rm e d  a r e  g iv e n  t im e  t o  move
away f r o m  t h e  e l e c t r o d e ,  b y  d i f f u s i o n  o r  c o n v e c t i o n , ,  t h e n  t h e  i  / ip a  p c
r a t i o  w i l l  d e c re a s e  f r o m  u n i t y  a s  t h e  s c a n  r a t e  d e c r e a s e s .  Any c o n v e c t io n  
p r o c e s s  w i l l  be  e n h a n c e d  i n  t h e  l e s s  v is c o u s  m e l t s  o r  a t  h ig h e r  
t e m p e r a t u r e s ,  so  f u r t h e r  r e d u c in g  t h e  i p g / i p C r a t i o  a n d  i n c r e a s i n g  th e  
a p p a r e n t  r a t e  c o n s t a n t ,  a s  h a s  b e en  fo u n d .  M any o t h e r
a u t h o r s ^ ^  > 8 3 ,9 9 ,1 0 0 )  |_)ave  a 2m os^ a ssum ed  t h a t  t h e  d im e r i z a t i o n  r e a c t i o n  
t o  fo rm  o c c u r s ,  a l b e i t  s l o w l y ,  a n d  th e  r e s u l t s  o f  t h i s  w o rk  c a n  be u s e d  t o  
s u p p o r t  t h e i r  a s s u m p t io n s .  H o w e v e r , t h e  same r e s u l t s  c a n  be e x p la in e d  b y  
a c o n v e c t io n  p r o c e s s  i n  t h e  m e l t .

5.2.3 Diffusion Coefficients of HC1 in ZnCl^-NaCl Melts

U s in g  t h e  R a n d le s - S e v c ik  e q u a t io n  ( [ 5 . 8 ] )  i t  was p o s s i b le  t o
c a l c u l a t e  t h e  d i f f u s i o n  c o e f f i c i e n t s  f o r  th e  d i f f u s i n g  s p e c ie s .  The

1
c u r r e n t  f u n c t i o n ,  i  / v 2 , was fo u n d  f r o m  t h e  g r a d ie n t s  o f  t h e  p l o t s  o f  i

P p
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Melt Composition

80 m o l.  % Z n C l^ -N a C l

70  m o l.  % Z n C l^ -N a C l

60  m o l.  ?o Z n C l^ -N a C l

50 m o l.  % Z n C l^ -N a C l

Temp. (K)

590

617

649

682

586

619

6 5 4

680

592

623

651

685

6 0 4

628

657

687

v (V s  1 )

0.02
0.05
0.01
0.02
0.05
0.01
0.02
0.01
0.02

0.01
0.02
0.01
0.02
0.01
0.02
0.05
0.10
0.01
0.02

0.01
0.02
0.05
0.02
0.05
0.02
0.05
0.10
0.02
0.05

0.02
0.05
0.02
0.05
0.10
0.02
0.05
0.05

K f  ( s  1 )

0.022
0 .0 1 6
0 .0 2 8
0 .0 3 3
0 .0 4 1
0 .0 1 6
0 .0 2 4
0 .0 2 9
0 .0 3 8

0 .0 0 9
0 .0 1 5
0 .0 4 4
0 .0 4 4
0 .0 3 0
0 .0 7 2
0 .0 6 8
0 .0 5 7
0 .0 9 1
0 .0 9 9

0 .0 4 5
0 .0 5 3
0 .0 2 9
0 .0 9 3
0.100
0 .0 7 9
0 .0 6 5
0 .0 4 3
0 .0 8 3
0 .0 7 5

0 .0 6 9
0 .0 5 0
0 .1 0 7
0 .1 2 9
0 .2 5 8
0.102
0 .0 9 7
0.112

TABLE 5.14

Calculated Rate Constants for the Reaction Following 
the Reduction of HC1 in ZnCl^-NaCl Melts
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AE , a n d  i n  t h i s  c a s e  th e  s o l u b i l i t i e s  o f  HC1 i n  Z n 0 1 o -N a C l h a v e  b e e n  P _ 2
d e te rm in e d  ( S e c t i o n  5 . 1 ) .  The d i f f u s i o n  c o e f f i c i e n t s  °HC1 a re
l i s t e d  i n  T a b le  5 .1 5  f o r  m e l t  c o m p o s i t io n s  f r o m  p u re  Z n C l^  t o  50 m o l.  %
Z n C l^ -N a C l .  The tw o  c o m p o s i t i o n s  a s t e r i s k e d  a r e  t h o s e  o u t s i d e  t h e
ra n g e  o f  c o m p o s i t io n s  f o r  w h ic h  th e  HC1 s o l u b i l i t y  w as m e a s u re d , t h e
s o l u b i l i t i e s  h a v in g  b e e n  e s t im a t e d  b y  e x t r a p o l a t i o n  o f  F ig u r e  5 . 2 .
L in e a r  b e h a v io u r  o f  t h e  s o l u b i l i t y  i s o t h e r m s  w as a ssum ed  s o  t h a t  a
ro u g h  v a lu e  o f  t h e  s o l u b i l i t y  c o u ld  be  o b t a in e d ,  b u t  t h i s  a s s u m p t io n
h a s  no  r e a l  f o u n d a t io n .  I t  may be  t h a t  t h e  i s o t h e rm s  e x h i b i t

c u r v a t u r e  a t  h ig h  X ^ q ^ v a ^ u e s ’ -*-n w h ic h  c a s e  t h e  Dj-i q  v a lu e s  w o u ld
be s m a l le r  t h a n  t h o s e  l i s t e d .

against v2 (Figure 5.9). The number of electrons n was found from

Two t r e n d s  a r e  a p p a r e n t  i n  t h e  v a lu e s  o f  As
in c r e a s e s  so  th e  d i f f u s i o n  c o e f f i c i e n t s  in c r e a s e ,  a s  t h e y  do f o r
i n c r e a s i n g  te m p e r a tu r e  w i t h i n  t h e  same m e l t  c o m p o s i t i o n .  B o th
t r e n d s  a r e  e x p la in e d  b y  t h e  d e c r e a s in g  v i s c o s i t y  o f  t h e  m e l t s ,  a nd
h e n c e  t h e  i n c r e a s i n g  m o b i l i t y  o f  s o l u t e  s p e c ie s ,  a s  a l k a l i  c h l o r i d e
i s  a d d e d  o r  a s  t h e  t e m p e r a tu r e  i s  r a i s e d  ( S e c t i o n  2 . 2 . 3 ) .  The  v a lu e s

-6  2 -1o f D n n i a r e  o f  t h e  o r d e r  o f  10 cm s e c .  i n  m e l t s  w h e re  XM > 0 . 2 0 ,
HC1 _s 2 -1 NaC1f a l l i n g  t o  a r o u n d  10 cm s e c .  i n p u r e Z n C l ? . T h is  c o n t r a s t s  w i t h

(83)  ̂ —8t h e  r e s u l t s  f o r  Z n C l „ - K C lv , w h e re  DUP, was fo u n d  t o  be  a ro u n d  10 -— 9 2 —1  ̂ nLl
10 cm s e c .  f o r  m e l t s  i n  w h ic h  X ^ ^  v a lu e s  w e re  0 .2 8  a n d  0 . 6 8 5 .
H o w e v e r , t h e  l a r g e  d i f f e r e n c e  com es f r o m  th e  HC1 c o n c e n t r a t i o n s  u s e d
i n  t h i s  w o rk  a n d  b y  th o s e  w o r k e r s ,  who u s e d  r e s u l t s  t h a t  d i f f e r e d  b y  a 2f a c t o r  o f  10 f r o m  t h o s e  l i s t e d  i n  S e c t io n  5 . 1 .  As a f i r s t  
a p p r o x im a t io n  t h e  HC1 s o l u b i l i t y  d a ta  f o r  Z n C l^ -N a C l w e re  u s e d  t o
r e c a l c u l a t e  t h e  Du r , v a lu e s  f o r  Z n 0 1 o - K C l ,  and  v a lu e s  o f  t h e  o r d e r  o f

- 5  - 6  2 *^-*1 210 -1 0  cm s e c .  w e re  o b t a in e d ,  w h ic h  a r e  much c l o s e r  t o  t h e
( 7 0 ) f o r  HC1 i nv a lu e s  fo u n d  i n  t h i s  w o r k .  The d i f f u s i o n  c o e f f i c i e n t s  

Z n C l„  ^ Z n C l ? < 0 . 1 7 4 )  a r e  l a r g e r  t h a n  th o s e  fo u n d  i n  t h i s
w o r k ,  b e in g  o f  t h e  o r d e r  o f  10 cm s e c .  , w h ic h  c a n  be a c c o u n te d  f o r  
b y  th e  lo w e r  v i s c o s i t y  o f  t h a t  s o l v e n t  c o m p a re d  t o  t h e  Z n C l ^ - r i c h  
m e l t s  u s e d  h e r e .  The d i f f u s i o n  c o e f f i c i e n t s  o f  HC1 i n  Z n C l^ -N a C l a r e  
o f  t h e  same o r d e r  a s  th o s e  o f  m e ta l  c a t i o n s  i n  t h e  same s o l v e n t ,  w h ic h  
h a v e  b e e n  f o u n d v t o  be  a r o u n d  10 -1 0  cm s e c .  , a l t h o u g h  no  
v a lu e s  c o u ld  be  fo u n d  f o r  s y s te m s  w h e re  p u re  Z n C ^  had  b e e n  th e  
s o l v e n t .
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Melt Composition T (K)
(x10 4 
AV is?)

Concentration 
of HC1 (x10"6 
mol. cm 3)

Diffusion 
Coefficient 
(x10 - 6 cm2s

80 mol. % ZnCl_-NaCl 590 2.79 12.85 0.567z 617 3.40 11.85 1 .04
649 3.74 10.73 1.61
682 4.64 9.56 3.27

70 mol. % ZnCl_-NaCl 586 3.57 10.60 1.35Z 619 4.29 9.60 2.52
654 4.73 8.35 4.28
680 5.36 7.40 7.27

60 mol. % ZnCl0-NaCl 592 3.43 7.90 2.27z 623 3.82 6.90 3.89
651 4.47 6.05 7.24
685 5.13 5.00 14.70

50 mol. % ZnCl_-NaCl 604 3.39 4.56 6.80z 628 3.99 4.11 12.06
657 4.19 3.55 18.65
687 4.60 3.00 32.92

*Pure ZnCl̂ 620 1.29 -16.5 -0.077'
*90 mol. % ZnCl_-NaCl 596 2.03 -15.1 -0.220z 647 2.94 -13.3 -0.644

TABLE 5.15
Diffusion Coefficients of HC1 in ZnC^-NaCl Melts



-132-

HC1The a c t i v a t i o n  e n e r g y ,  , f o r  t h e  d i f f u s i o n  p r o c e s s  c a n  be
c a l c u l a t e d  i f  t h e  d i f f u s i o n  c o e f f i c i e n t s  a r e  fo u n d  t o  o b e y  th e
A r r h e n iu s  r e l a t i o n s h i p ,  t h a t  i s ,  i f  p l o t s  o f  In D  a g a in s t  1 /T  a r e

HC1l i n e a r ,  i n  w h ic h  c a s e  t h e  s lo p e  w i l l  be  - E .  /R ,’A T h is  h a s  b e en
c a r r i e d  o u t  f o r  t h e  m e l t  c o m p o s i t i o n s  w h e re  = 0 . 8 0 ,  0 . 7 0 ,  0 .6 0
a n d  0 . 3 0 .  The  A r r h e n iu s  p l o t s  a r e  show n  i n  F ig u r e  5 .1 2  a n d  th e
a c t i v a t i o n  e n e r g ie s  l i s t e d  i n  T a b le  5 . 1 6 .  The d i f f u s i o n
c o e f f i c i e n t s  a r e  se e n  t o  o b e y  th e  A r r h e n iu s  e q u a t io n  r e a s o n a b ly  w e l l ,

HC1so  t h e  v a lu e s  o f  E ^ may be  t a k e n  a s  v a l i d .  No d i s c e r n i b l e  t r e n d
c a n  be  s e e n  a s  th e  m e l t  c o m p o s i t i o n  v a r i e s ,  b u t  i t  i s  n o t i c e a b le  t h a t
t h e s e  v a lu e s  a r e  som ew ha t l a r g e r  th a n  t h o s e  fo u n d  f o r  m e ta l  c a t i o n s  i n
c h l o r i d e  m e l t s .  I n  t h e  L i C l - K C l ^ ^ ^  e u t e c t i c  o v e r  t h e  te m p e r a tu r e
ra n g e  6 6 0 -9 0 0  K , t h e  a c t i v a t i o n  e n e r g ie s  f o r  d i f f u s i o n  o f  Cu+ , Ag+ ,
Au , Fe a n d  N i w e re  i n  t h e  ra n g e  2 4 -3 0  k J  m o l-  , th o s e  f o r  th e
d i v a l e n t  io n s  b e in g  l a r g e r  th a n  f o r  t h e  m o n o v a le n t  i o n s .  I n  50  m o l.  %
Z n C l_ -K C l^  J t h e  a c t i v a t i o n  e n e r g y  f o r  d i f f u s i o n  o f  C r was fo u n d  t o
be r a t h e r  l a r g e r ,  a r o u n d  45  k J  m o l.  , o v e r  th e  r a n g e  5 3 0 -7 0 0  K . The  

HC1m a g n itu d e  o f  E ^ i n  Z n C l^ -N a C l m e l t s  c a n  p e rh a p s  be a c c o u n te d  f o r  b y  
c o n s i d e r i n g  t h e  h ig h  c h a rg e  d e n s i t y  s u r r o u n d in g  H+ i o n s ,  m a k in g  th e m  
m o re  p o l a r i z i n g  th a n  m o n o v a le n t  m e ta l  c a t i o n s ,  a n d  b y  th e  ra n g e  o f  
e q u i l i b r i a  t h a t  may be  p r e s e n t  i n  t h e  HC1 s o l u t i o n s  ( F ig u r e  5 . 4 ) .  
The d i f f u s i o n  p r o c e s s  a lm o s t  c e r t a i n l y  d o e s  n o t  i n v o l v e  one  s im p le  
s p e c ie s .  I n t e r e s t i n g l y ,  t h e  v a lu e s  o f  E ^ * ^ ,  c a l c u l a t e d  f r o m  th e  
^ H C l v a ^-u e s  i-n r e f e r e n c e  8 3 ,  f o r  Z n C l^ -K C l m e l t s  and  show n  i n  T a b le  
5 . 1 6 ,  a r e  l a r g e r  th a n  th o s e  fo u n d  i n  Z n C l^ -N a C l m e l t s .  T h is  i s  n o t  a s  
m ig h t  be  e x p e c te d ,  s in c e  t h e  lo w e r  v i s c o s i t y  o f  t h e  Z n C l^ -K C l s y s te m s  
s h o u ld  e n h a n c e , r a t h e r  t h a n  d im i n i s h ,  t h e  d i f f u s i o n  p r o c e s s .

5.2.4 Stokes-Einstein Behaviour of HC1 in ZnCl̂ -NaCl Melts
The S t o k e s - E in s t e i n  r e l a t i o n s h i p  ( [ 5 . 1 8 ] )  c o n n e c t s  t h e  

d i f f u s i o n  c o e f f i c i e n t ,  , a n d  t h e  r a d i u s ,  r . , , o f  a d i f f u s i n g  s p e c ie s  
i  t o  t h e  v i s c o s i t y  o f  t h e  s o l v e n t  l i q u i d ,  r\ . An im p o r t a n t  f e a t u r e  
o f  t h i s  e q u a t io n  i s  t h a t  i t  i s  in d e p e n d e n t  o f  th e  c h a rg e  o f  th e  
d i f f u s i n g  s p e c ie s ,

kTD .l bTT llr. 1
[ 5 . 1 8 ]
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1/T ( x 10~3 k' 1 )

FIGURE 5.12
Arrhenius Plot for DHC1 in ZnCl̂ -NaCl Melts
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Melt Composition T (K) EHaC1 (kJ mol. 1) Reference

80 mol. % ZnCl2-NaCl 590-682 61.6 This work
70 mol. ?□ ZnCl2-NaCl 586-680 58.2 This work
60 mol. % ZnCl2-NaCl 592-685 68.3 This work
50 mol. % ZnCl2-NaCl 604-687 64.1 This work
72 mol. % ZnCl2-KCl 637-777 91.2 83
31.5 mol. % ZnCl2-KCl 753-873 79.4 83

TABLE 5.16
Activation Energies of Diffusion Processes Present in Solutions 

of HC1 in ZnCl̂ -MCl Melts
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b u t  i t  m u s t be  re m e m b e re d  t h a t  i t  i s  an  a p p r o x im a t io n ,  o r i g i n a l l y  
d e r i v e d  t o  d e s c r ib e  th e  m o t io n  o f  s p h e r e s  t h o r o u g h  an i n f i n i t e ,  
i n c o m p r e s s ib le  l i q u i d .

( 5 1 )U s in g  t h e  v i s c o s i t y  d a ta  o f  B lo o m  a n d  W eeks ,a n d  th e  d i f f u s i o n
c o e f f i c i e n t s  l i s t e d  i n  T a b le  5 . 1 5 ,  t h e  S t o k e s - E in s t e i n  r a d i i  f o r  t h e
d i f f u s i n g  s p e c ie s  i n  H C 1- c o n t a i n i n g  Z n C l9 -N a C l m e l t s  h a v e  b e en

1 ( 1 4 1 )c a l c u l a t e d  a n d  a r e  l i s t e d  i n  T a b le  5 . 1 7 .  L i  a n d  C hang  h a ve
s u g g e s te d  t h a t ,  f o r  p a r t i c l e s  o f  t h e  same s i z e  o r  l a r g e r  t h a n  th o s e  o f  
t h e  m e d iu m , t h e  6 tt f a c t o r  i s  a p p l i c a b l e ,  b u t  t h i s  f a c t o r  s h o u ld  becom e  
4tt i f  t h e  d i f f u s i n g  p a r t i c l e s  a r e  s m a l l  c o m p a re d  t o  t h o s e  o f  t h e  
m e d iu m . The d i f f u s i n g  s p e c ie s  i s  n o t  know n  f o r  t h i s  w o rk  so  T a b le
5 .1 7  l i s t s  r a d i i  c a l c u l a t e d  w i t h  b o th  f a c t o r s .

( 4 2 )  -  0 2+G iv e n  t h a t  t h e  c r y s t a l  r a d iu s ^  '  o f  C l i s  1 .8 1  A a nd  o f  Zn i s  0
0 .7 4  A , t h e  r a d i i  c a l c u l a t e d  c a n  n o t  be  e x p re s s e d  i n  t e rm s  o f  n u m b e rs  
o f  d i f f e r e n t  i o n s .  T h is  i s  n o t  s u r p r i s i n g  s in c e  i t  i s  u n l i k e l y  t h a t  
t h e  r a d i i  o f  i o n s  i n  s o l u t i o n  a r e  a n y t h in g  l i k e  t h e i r  c r y s t a l  r a d i i .  
I n  t h i s  c a s e  th e  c a l c u l a t e d  r a d i i  m ig h t  be  t h o u g h t  o f  a s  r e p r e s e n t i n g  
t h e  e f f e c t i v e  r a d i i  o f  t h e  d i f f u s i n g  s p e c ie s .  I n  F ig u r e  5 . 4  v a r i o u s  
s p e c ie s  w e re  p o s t u l a t e d  t o  e x i s t  i n  a r a n g e  o f  e q u i l i b r i a ,  a n d  i f  
th e s e  a r e  a l l  i n t e r c o n v e r t i n g  th e n  th e  r a d i i  c a l c u l a t e d  c o u ld  be  
t h o u g h t  o f  a s  " t im e - a v e r a g e d "  r a d i i .  W h i l s t  t h e  " t im e - a v e r a g e d "  
r a d i i  do n o t  i n d i v i d u a l l y  p o i n t  t o  t h e  a c t u a l  d i f f u s i n g  s p e c ie s ,  
c o l l e c t i v e l y  t h e y  f o l l o w  an  i n t e r e s t i n g  p a t t e r n .  I t  c a n  be s e e n  t h a t  
as  th e  m e l t  t e m p e r a tu r e  i s  r a i s e d ,  so  t h e  v a lu e s  o f  r  s t a r t  t o  
d e c r e a s e ,  a f e a t u r e  m o re  n o t i c e a b l e  i n  t h o s e  s o l u t i o n s  w i t h  l a r g e r  
X ^ a C i v a lu e s .  I t  w as s u g g e s te d  i n  S e c t io n  5 .1  t h a t  d i s s o l u t i o n  o f  
HC1 i n  Z n C l^ -N a C l m e l t s  g a v e  r i s e  t o  d i f f e r e n t  s p e c ie s ,  H+ Z n C l^  a n d  
H C l^  , d e p e n d in g  on  t h e  c o m p o s i t i o n  a n d  te m p e r a tu r e  o f  t h e  m e l t  
s y s te m .  The t r e n d  s e e n  i n  t h e  r  v a lu e s  c o u ld  be  e x p la in e d  by  
r e g a r d in g  t h e  p o in t s  w h e re  th e y  s t a r t  t o  d e c re a s e  a s  b e in g  th o s e  
p o in t s  w h e re  t h e  c h a n g e o v e r  i n  m e l t  s p e c ie s  s t a r t s  t o  o c c u r .  The  
l a r g e r  H+ Z n C l^  c o u ld  be  t h o u g h t  o f  a s  g i v i n g  way t o  t h e  f o r m a t i o n  o f  
t h e  s m a l le r  H C ^  s p e c ie s ,  s u g g e s te d  t o  be m o re  f a v o u r a b le  i n  m e l t s



Melt Composition

80 m o l.  % Z n C ^ -N a C l

70 m o l.  % Z n C l2 -N a C l

60  m o l.  % Z n C l2 -N a C l

T (K) Viscosity (Pa.S) r(n=6) (A) r(n=4) (A)

590 0.0622 1.23 1.84
617 0.0374 1.16 1.74
649 0.0228 1.30 1.94
682 0.0150 1.02 1.53
586 0.0267 1.19 1.79
619 0.0168 1.07 1.61
654 0.0111 1.01 1.51
680 0.0086 0.80 1.20
592 0.0162 1.18 1.77
623 0.0112 1.05 1.57
651 0.0084 0.78 1.18
685 0.0062 0.55 0.83

TABLE 5.17
Stokes-Einstein Radii for the Diffusing Species Present in Solutions of HC1 in ZnC^-NaCl Melts
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wit h larger or in those at higher temperatures. Little help
( 8 3 ) t o  d e te rm in ec o u ld  be  g a in e d  b y  u s in g  t h e  v a lu e s  i n  Z n C l^ -K C l  

t h e  r a d i i  o f  t h e  d i f f u s i n g  s p e c ie s  i n  t h a t  s y s te m .  S in c e  th o s e  
v a lu e s  w e re  10^  t im e s  s m a l l e r  th a n  th o s e  fo u n d  i n  t h i s  w o r k ,  f o r  m e l t s  
o f  s i m i l a r  v i s c o s i t y ,  t h e  r  v a lu e s  w e re  fo u n d  t o  be  up  t o  s e v e r a l  
h u n d re d  a n g s t r o m s  i n  s i z e ,  w h ic h  w o u ld  mean th e  d i f f u s i n g  s p e c ie s  a r e  
m a s s iv e  p o ly m e r s  m o v in g  t h r o u g h  t h e  s o l u t i o n s .

O th e r  a u t h o r s  h a v e  t e n t a t i v e l y  u s e d  t h e  S t o k e s - E in s t e i n  
e q u a t i o n ,  a n d  i n  c h lo r o a lu m in a t e  m e l t s  O s te r y o u n g  h a s  i n t im a t e d  t h a t  
i t  i s  o b e y e d  r e a s o n a b ly  w e l l  b y  d i f f u s i n g  m e ta l  c a t i o n s ^ ^ " ^ .  I n  
L iC l - K C l  e u t e c t i c ^ ^ ^  , v a lu e s  o f  r  f o r  F e ^ +  a n d  N i ^ +  w e re  fo u n d  t o  be  
2 - 3  t im e s  t h e i r  c r y s t a l  r a d i i ,  a n d  t h i s  was ta k e n  t o  i n f e r  t h a t  th o s e  
b i v a l e n t  io n s  a r e  c o m p le x e d  b y  C l io n s  i n  t h a t  m ed ium .

5.2.5 Possible Alloy Formation Between Zinc and Platinum
F ig u r e  5 . 6  show s  t y p i c a l  v o lta m m o g ra m s  f o r  t h e  r e d u c t i o n  o f  HC1 

i n  Z n C l^ -N a C l m e l t s  w h e re  t h e  p o t e n t i a l  sw eep  h a s  b e e n  r e v e r s e d  
a lm o s t  im m e d ia t e ly  a f t e r  t h e  r e d u c t i o n  p e a k  f o r  H+  h a d  o c c u r r e d .  I f ,  
h o w e v e r ,  t h e  p o t e n t i a l  sw eep  was c o n t in u e d  a lm o s t  t o  t h e  c a t h o d ic  
l i m i t  o f  t h e  m e l t  f u r t h e r  v o l t a m m e t r i c  p e a k s  c o u ld  b e e n  s e e n , a s  show n  
i n  F ig u r e  5 . 1 3 .  F o l lo w in g  t h e  HC1 r e d u c t io n  p e a k  tw o  w a ve s  c a n  be  
s e e n  a s  t h e  s c a n  c o n t in u e s  i n  t h e  c a t h o d ic  d i r e c t i o n ,  w h i l s t  on  t h e  
r e v e r s e  s c a n  one  w ave  a p p e a r s  b e f o r e  t h e  h y d ro g e n  o x i d a t i o n  p e a k  and  
a n o t h e r  i n  b e tw e e n  th e  h y d ro g e n  o x i d a t i o n  p e a k  and  w h a t h a s  b e e n  
a s c r i b e d  t o  t h e  a d s o r p t i o n  p r o c e s s .  The v a r i a t i o n  o f  t h e s e  p e a k s  
w i t h  s c a n  r a t e  i s  q u i t e  i n t e r e s t i n g .  A t  lo w  s c a n  r a t e s  a v e r y  s m a l l  
w a v e , A , f o l l o w s  t h e  HC1 r e d u c t i o n  p e a k ,  I I ,  w h i l s t  B a n d  C b e a r  some  
r e s e m b la n c e  t o  th o s e  o f  a d i f f u s i o n - c o n t r o l l e d  p r o c e s s .  As th e  s c a n  
r a t e  i s  in c r e a s e d  so  p e a k  A d r a m a t i c a l l y  g ro w s  w h i l s t  p e a k  B 
d is a p p e a r s ,  u n t i l  a t  1 0 00  mVs p e a k  A i s  th e  o n ly  r e s p o n s e  e v i d e n t .  
As th e  s c a n  r a t e  in c r e a s e s  so  t h e  p o t e n t i a l  a t  w h ic h  p e a k  A o c c u r s  
be com es  p r o g r e s s i v e l y  m o re  c a t h o d i c .  P eak  C r e m a in s  a t  t h e  same  
p o t e n t i a l ,  w h i l s t  p e a k  D c a u s e s  d e f o r m a t io n  o f  p e a k  IV .



A B

FIGURE 5.13
Voltammograms Showing Possible Zn-Pt Alloy Formation for 80 mol. % ZnCl̂ -NaCl (317°C)
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The o r i g i n  o f  th e s e  p e a k s  ( A ,B , C , D ) i s  u n c l e a r . P e r r y  e t a l .  ( 8 3 )  
o b s e r v e d  v e r y  s i m i l a r  v o l t a m m e t r ic  r e s p o n s e  u s in g  p la t in u m  
e le c t r o d e s  i n  HC1- c o n t a i n i n g  Z n C l^ -K C l a nd  t e n t a t i v e l y  a s c r ib e d  
th e m  t o  e i t h e r  w eak a d s o r p t i o n  o f  t h e  h y d ro g e n  fo rm e d  i n  t h e  HC1 
r e d u c t i o n ,  o r  t o  a l l o y  f o r m a t i o n  b e tw e e n  Zn and  P t ,  b u t  w e n t no  
f u r t h e r .  T h is  a u t h o r ,  t o  s e e  i f  t h e  same w a ve s  o c c u r r e d  on  a n o t h e r  
e l e c t r o d e  m a t e r i a l ,  t e s t e d  a v i t r e o u s  c a r b o n  e l e c t r o d e  i n  t h e  same  
m e l t  s o l u t i o n  b u t  n o  v o l t a m m e t r ic  w a ve s  w e re  s e e n .  T h is  i n f e r s  t h a t  
t h e s e  w a ve s  ( A , B ,C ,D , )  a r e  a l l  a r e s u l t  o f  t h e  e l e c t r o d e  m a t e r i a l ,  
p la t i n u m ,  r a t h e r  th a n  o f  im p u r i t y  s p e c ie s  i n  t h e  m e l t .  T h e se  p e a k s ,  
h o w e v e r ,  w e re  o n ly  o b s e r v e d  i n  Z n C l^ -N a C l m e l t s  t h a t  h a d  HC1 g a s  
d i s s o l v e d  i n  th e m  a n d  w hen  p la t i n u m  e le c t r o d e s  w e re  u s e d .  No s u c h  
p e a k s  w e re  s e e n  when p la t i n u m  e le c t r o d e s  w e re  u s e d  i n  t h e  p u re  m e l t s  
( S e c t i o n  4 ) .  So th e  p r e s e n c e  o f  HC1 i n  t h e  m e l t s  w o u ld  seem  t o  a f f e c t  
t h e  P t  e l e c t r o d e  i n  some w a y . I t  h a d  o r i g i n a l l y  b e e n  t h o u g h t  t h a t  i f  
t h e  HC1 i s  p r e s e n t  i n  tw o  d i f f e r e n t  c h e m ic a l  e n v i r o n m e n t s ,  s a y  as  
H+ Z n C l^  a n d  H C l^  , th e n  i t  m ig h t  be  r e d u c e d  a t  d i f f e r e n t  p o t e n t i a l s .  
S in c e  th e  p r o d u c t s  a r e  t h e  sam e , o n ly  one  o x i d a t i o n  p e a k  w o u ld  be  
e x p e c te d  on  t h e  r e v e r s e  sw e e p . S in c e  t h e  v o lta m m o g ra m s  a r e  f a r  m o re  
c o m p le x  th a n  t h i s  t h e  id e a  i s  t o o  s i m p l i s t i c  t o  a c c o u n t  f o r  w h a t was  
f o u n d .

I f  a m e ta l  i s  e l e c t r o d e p o s i t e d  o u t  o f  s o l u t i o n  t o  fo rm  an  a l l o y
w i t h  t h e  e l e c t r o d e  m a t e r i a l  t h e n  t h e  p o t e n t i a l  a t  w h ic h  i t  d e p o s i t s  i s
fo u n d  t o  be  som ew ha t a n o d ic  o f  i t s  u s u a l  v a lu e .  I n s t e a d  o f  f o r m in g
p u re  m e ta l  i t  i s  f o r m in g  an a l l o y  w h e re  i t s  a c t i v i t y  i s  l e s s  th a n
u n i t y .  The N e r n s t  e q u a t io n  th e n  d e s c r ib e s  th e  b e h a v io u r  o f  t h e
s y s te m ;  a s  t h e  a c t i v i t y  o f  t h e  d e p o s i t  d r o p s  b e lo w  u n i t y  s o  th e
p o t e n t i a l  m oves i n  a p o s i t i v e  d i r e c t i o n .  Now , z i n c  a n d  p la t i n u m  a r e

(110)know n  t o  fo rm  a ra n g e  o f  a l l o y s  , i n c l u d i n g  Z n g P t ,  Z n ^  ^ P t ,
Z n ^ P t ,  Z n P t ,  a nd  Z n P t ^ ,  s o  i t  w o u ld  be  e n t i r e l y  p l a u s i b l e  t o  s u s p e c t
a l l o y  f o r m a t i o n  b e tw e e n  e l e c t r o d e p o s i t e d  z i n c  an d  th e  p la t in u m

(110)e l e c t r o d e ,  a n d  t h i s  h a s  b e e n  fo u n d  t o  o c c u r  . The q u e s t io n  
r e m a in s  why th e s e  a l l o y  p e a k s  o n ly  a p p e a r  w hen HC1 i s  p r e s e n t  i n  th e  
m e l t .
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One e x p la n a t i o n  o f  t h i s  i n v o l v e s  th e  p re s e n c e  o f  a t h i n  o x id e  f i l m  
on  t h e  p la t i n u m  e l e c t r o d e s .  I n  t h e  p u re  m e l t s  z i n c  w o u ld  be  
d e p o s i t i n g  on  t o  an  o x id e  l a y e r  s o  no  a l l o y  c o u ld  f o rm ,  and  o n ly  one  
v o l t a m m e t r ic  r e s p o n s e  w o u ld  be  o b s e r v e d ,  t h e  c a t h o d ic  m e l t  
d e c o m p o s i t io n  l i m i t .  I f  t h e  d i s s o l v e d  HC1 i n t e r a c t e d  w i t h  t h e  o x id e  
l a y e r  t o  s t r i p  i t  o f f ,  t h e  z i n c  w o u ld  now be d e p o s i t i n g  on  b a re  
p la t in u m  and  a n y  o f  t h e  a f o r e m e n t io n e d  a l l o y s  m ig h t  be  fo rm e d ,  
l e a d in g  t o  t h e  e x t r a n e o u s  v o l t a m m e t r i c  p e a k s  o b s e r v e d .  T h is  i s  o n ly  
a p o s t u l a t e ,  h o w e v e r ,  a n d  no f u r t h e r  w o rk  was c a r r i e d  o u t  t o  d e te rm in e  
i f  a l l o y s  w e re  in d e e d  p r o d u c e d .
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CHAPTER 6

ELECTRICAL CONDUCTIVITY OF ZnCl2-NaCl MELTS CONTAINING HC1 and H20

6.1 Introduction

The d i s s o l u t i o n  o f  HC1 a n d  H2 0 i n  Z n C l2 -N a C l m e l t s  i s  t h o u g h t  t o  
r e s u l t  i n  c h e m ic a l  i n t e r a c t i o n s  b e tw e e n  s o lu t e  a n d  s o l v e n t  m o le c u le s .  
T h e se  i n t e r a c t i o n s  s h o u ld  c a u s e  c h a n g e s  i n  t h e  p h y s ic o - c h e m ic a l  
p r o p e r t i e s  o f  t h e  m e l t s ^ ^ \  f o r  w h ic h  i n v e s t i g a t i o n s  i n t o  t h e  n a t u r e  o f  
t h e s e  c h a n g e s  s h o u ld  i n f e r  t h e  c h e m ic a l  p r o c e s s e s  o c c u r r i n g .  I t  w as  
d e c id e d  t o  m e a s u re  t h e  e f f e c t  on  t h e  m e l t  c o n d u c t i v i t y  o f  a d d in g  H2 0 and  HC1 
a s  s o l u t e s  u s in g  t h e  a . c .  im p e d a n c e  m e th o d , w h ic h  p r o v id e s  a r e l a t i v e l y  
s im p le  m e th o d  o f  e l e c t r i c a l  c o n d u c t i v i t y  d e t e r m in a t i o n ,  w i t h  no  
i n t e r f e r e n c e  f r o m  a n y  e l e c t r o l y t i c  p r o c e s s e s .  M e a s u re m e n t o f  t h e  c e l l  
c o n s t a n t ,  c o u p le d  w i t h  t h e  m e l t  r e s i s t a n c e  fo u n d  b y  th e  im p e d a n c e  
t e c h n iq u e ,  a l l o w s  th e  m e l t  c o n d u c t i v i t y  t o  be  c a l c u l a t e d .

6.2 The A.C. Impedance Technique

E le c t r o d e  p r o c e s s e s  i n  h ig h  t e m p e r a tu r e  m o l t e n  s a l t s  te n d  t o  be  much
f a s t e r  th a n  t h o s e  i n  ro om  t e m p e r a t u r e  s o l v e n t s ,  m a in ly  d u e  t o  t h e  h ig h e r
t e m p e r a tu r e s  a t  w h ic h  th e y  a r e  o c c u r r i n g .  I t  h a s  b e e n  s u g g e s te d  b y
G a b r i e l l i ^ t h a t  t h e  im p e d a n c e  m e th o d  s h o u ld  be  a u s e f u l  t o o l  f o r
s y s t e m a t i c  s t u d i e s  o f  th e s e  p r o c e s s e s .  H o w e v e r , fe w  p a p e r s  o u t l i n i n g
im p e d a n c e  m e a s u re m e n ts  i n  m o l t e n  s a l t s  c o u ld  be  fo u n d  i n  t h e  

(176—180)l i t e r a t u r e ^  . O f t h o s e ,  o n e  w as c o n c e rn e d  w i t h  t h e  b e h a v io u r  o f
(178)z i n c  d i s s o l v e d  i n  m o lt e n  Z n C l2 - L i C l - K C l v , w h e re  i t  was fo u n d  t h a t  

v a lu e s  o f  t h e  d i f f u s i o n  c o e f f i c i e n t s  o f  t h e  z in c  io n s  d e te rm in e d  u s in g  an  
im p e d a n c e  m e th o d  w e re  c lo s e  t o  c h r o n o p o t e n t i o m e t r i c  v a lu e s .  S in c e  t h e  
im p e d a n c e  m e th o d  i s  r e l a t i v e l y  u n u s e d  b y  m o lt e n  s a l t  w o r k e r s  i t  w o u ld  be  
u s e f u l  t o  g iv e  a b r i e f  i n t r o d u c t i o n  t o  t h e  t e c h n iq u e .  The c o m p l ic a t e d  
m a th e m a t ic a l  t r e a tm e n t s  i n v o lv e d  a r e  c o v e r e d  e l s e w h e r e ^  , a n d
t h i s  a c c o u n t  w i l l  o n ly  g iv e  a s i m p l i f i e d  g u id e  t o  t h e  m e th o d  and  th e  t h e o r y  
b e h in d  i t .
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The im p e d a n c e , Z , o f  an  e l e c t r o c h e m ic a l  s y s te m  i s  a c o m p le x  n u m b e r  
w h ic h  may be r e p r e s e n t e d  i n  p o la r  o r  C a r t e s ia n  c o - o r d i n a t e s :

Z { co) l 7 l= |Z |  e J [ 6 . 1 ]

Z ( oj) = Z ’ +  j Z " [ 6 . 2 ]

w h e re  Z ' a n d  Z "  a r e  t h e  r e a l  a n d  im a g in a r y  p a r t s  o f  t h e  im p e d a n c e  
r e s p e c t i v e l y ,  w i s  t h e  a n g u la r  f r e q u e n c y  ( -  2n f )  a n d  $  i s  t h e  p h a s e  a n g le  o f  
t h e  s i n u s o i d a l  w a v e . Two t y p e s  o f  p l o t  c a n  be  u s e d  t o  show  t h e  im p e d a n c e  
b e h a v io u r :

( i )  an  A rg a n d  d ia g r a m  w i t h  Z ’ p l o t t e d  a g a in s t  -  Z "  ( a  N y q u is t  p l o t ) ,

( i i )  a B ode  p l o t  w h ic h  a l lo w s  t h e  v a r i a t i o n  o f  |Z |  a n d  $  w i t h  f r e q u e n c y  t o
be  o b s e r v e d .

B e f o r e  c o n s i d e r i n g  th e  r e s p o n s e  o f  an  e l e c t r o c h e m ic a l  c e l l  t o  an  
a . c .  p e r t u r b a t i o n ,  a n d  th e  m o d e ls  u s e d  t o  d e s c r ib e  t h e  c e l l ,  i t  w o u ld  be  
u s e f u l  t o  m e n t io n  th e  b e h a v io u r  o f  p a s s iv e  e l e c t r i c a l  c i r c u i t  c o m p o n e n ts ,  
s u c h  a s  r e s i s t o r s  a n d  c a p a c i t o r s  w h ic h  a r e  u s e d  i n  t h e  m o d e ls ,  w hen an  a . c .  
p e r t u r b a t i o n  i s  a p p l i e d  t o  th e m . F ig u r e s  6 .1  ( a ) - ( d )  show  th e  c o m p le x  
p la n e  im p e d a n c e  p l o t s  ( N y q u is t  p l o t s )  f o r  s im p le  c i r c u i t s .  A s i n g l e  
r e s i s t a n c e  R w i l l  g i v e  one  p o i n t ,  f o r  a l l  f r e q u e n c ie s  o f  a . c . , l y i n g  on  t h e  
Z ' a x i s  ( F i g u r e  6 . 1 ( a ) ) ,  w h i l s t  a s i n g l e  c a p a c i t o r  C w i l l  g i v e  a s e t  o f  
p o in t s  a lo n g  t h e  Z "  a x i s ,  w i t h  t h e  p o in t s  l y i n g  c l o s e r  t o  t h e  o r i g i n  a t  
h ig h e r  f r e q u e n c ie s .  F ig u r e s  6 . 1 ( c )  a n d  6 . 1 ( d )  show  th e  e f f e c t  o f  R a n d  C 
i n  s e r i e s  a n d  p a r a l l e l  r e s p e c t i v e l y .

E x p re s s e d  s im p ly ,  an  e l e c t r o c h e m ic a l  c e l l  i s  an  im p e d a n c e  t o  a s m a l l  
s i n u s o id a l  e x c i t a t i o n .  C o n s e q u e n t ly ,  i t  s h o u ld  be  p o s s i b le  t o  r e p r e s e n t  
t h e  c e l l s  b e h a v io u r  b y  an  e q u i v a l e n t  c i r c u i t  o f  r e s i s t o r s  and  c a p a c i t o r s .  
T h is  c i r c u i t  m u s t t a k e  i n t o  a c c o u n t  t h e  b e h a v io u r  o f  t h e  e l e c t r o d e -  
e l e c t r o l y t e  i n t e r f a c e  and  th e  e l e c t r o l y t e  r e s i s t a n c e .  The f i r s t  u s e f u l  
e q u i v a l e n t  c i r c u i t , s u g g e s te d  b y  R a n d l e s ^ i s  show n  i n  F ig u r e  6 . 2 ( a ) .  
The r e s i s t a n c e  R^ r e p r e s e n t s  t h e  u n c o m p e n s a te d  s o l u t i o n  r e s i s t a n c e .  The
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p a r a l l e l  c o m b in a t io n  o f  a n d  r e p r e s e n t s  t h e  i n t e r f a c e ,  R^, b e in g  t h e  
F a r a d a ic  r e s i s t a n c e  a n d  t h e  e l e c t r o c h e m ic a l  d o u b le  l a y e r  c a p a c i t a n c e .  
The r e s p o n s e  o f  t h i s  c i r c u i t  t o  an  a . c .  p e r t u r b a t i o n  i s  show n  i n  F ig u r e  
6 . 2 ( b ) .  The  im a g in a r y  c o m p o n e n t t o  t h e  im p e d a n c e  i n  t h e  c i r c u i t  com es  
s o l e l y  f r o m  C ^ , t h e  c a p a c i t a n c e .  A t  h ig h  f r e q u e n c ie s  i t s  c o n t r i b u t i o n  
f a l l s  t o  z e r o  b e c a u s e  i t  o f f e r s  no  im p e d a n c e ; t h e  o n ly  im p e d a n c e  th e  
c u r r e n t  s e e s  i s  t h e  o h m ic  r e s i s t a n c e  R ^ . As t h e  f r e q u e n c y  i s  d e c re a s e d  th e  
f i n i t e  im p e d a n c e  o f  r e s u l t s  i n  a s i g n i f i c a n t  Z "  v a lu e ,  w i t h  t h e  c u r r e n t  
p a s s in g  t h r o u g h  b o th  a n d  R^.. As t h e  f r e q u e n c y  te n d s  t o  z e r o  ( i . e .  t h e  
a . c .  t e n d s  t o  d . c . )  t h e  c a p a c i t a n c e  o f f e r s  a h ig h  im p e d a n c e  a n d  t h e  
c u r r e n t  f l o w  p a s s e s  t h r o u g h  R^, a n d  R ^ . T h u s  t h e  im a g in a r y  im p e d a n c e  
c o m p o n e n t f a l l s  o f f  a g a in .  The  r e s u l t i n g  N y q v is t  p l o t  f o r  t h e  r a n g e  o f  
f r e q u e n c ie s  i s  s e m i c i r c u l a r  i n  s h a p e .

T h is  s im p le  r e p r e s e n t a t i o n  h a s  t o  be  m o d i f ie d  t o  t a k e  i n t o  a c c o u n t  
e f f e c t s  c a u s e d  b y  m ass t r a n s f e r .  The F a r a d a ic  p r o c e s s ,  t r e a t e d  a s  a 
s im p le  r e s i s t a n c e  b e f o r e ,  may be  c o n s id e r e d  a s  a g e n e r a l  im p e d a n c e  Z^. w h ic h  
c a n  be  s e p a r a t e d  i n t o  tw o  p a r t s ;  R ^ ,  t h e  c h a rg e  t r a n s f e r  r e s i s t a n c e ,  a n d  
Z ^ ,  t h e  W a rb u rg  im p e d a n c e  w h ic h  t a k e s  i n t o  a c c o u n t  m ass t r a n s f e r  e f f e c t s .  
I n  c o n t r a s t  t o  R ^ and  w h ic h  a r e  n e a r l y  i d e a l  c i r c u i t  e le m e n ts ,  t h e  
c o m p o n e n ts  o f  Z^, a r e  n o t  i d e a l  b e c a u s e  th e y  c h a n g e  w i t h  f r e q u e n c y .  
F ig u r e s  6 . 3 ( a )  a nd  6 . 3 ( b )  show  t h e  m o d i f ie d  c i r c u i t  a n d  th e  c o m p le te  
r e s p o n s e  o f  t h e  m o d i f ie d  c i r c u i t  t o  t h e  a . c .  p e r t u r b a t i o n  a t  v a r i o u s  
f r e q u e n c ie s ,  r e s p e c t i v e l y .  The  W a rb u rg  im p e d a n c e  d r o p s  o u t  a t  h ig h  
f r e q u e n c ie s  b e c a u s e  th e  t im e  s c a le  i s  so  s h o r t  t h a t  d i f f u s i o n  c a n n o t  
m a n i f e s t  i t s e l f  a s  a f a c t o r  i n f l u e n c i n g  t h e  c u r r e n t ,  a n d  t h e  s e m i - c i r c u l a r  
s e g m e n t o f  t h e  r e s p o n s e  i n  F ig u r e  6 . 3 ( b )  i s  s e e n ,  t h e  m o d i f ie d  c i r c u i t  
h a v in g  b e e n  r e d u c e d  t o  t h e  s im p le  R a n d le s  c i r c u i t  ( F ig u r e  6 . 2 ( a ) ) .  A t  lo w  
f r e q u e n c ie s ,  i f  t h e  e l e c t r o d e  p r o c e s s  i s  d i f f u s i o n  c o n t r o l l e d ,  a l i n e a r  
c o r r e l a t i o n  b e tw e e n  Z ' a n d  Z "  i s  s e e n ,  h a v in g  a s lo p e  o f  u n i t y .  H o w e v e r ,  
b o th  r e g io n s  may n o t  be  w e l l  d e f i n e d  f o r  a n y  g iv e n  s y s te m .  The d e t e r m in in g  
f e a t u r e  i s  t h e  c h a rg e  t r a n s f e r  r e s i s t a n c e  R ^  a n d  i t s  r e l a t i o n s h i p  t o  t h e  
W a rb u rg  im p e d a n c e , w h ic h  i s  c o n t r o l l e d  b y  t h e  m ass t r a n s f e r  o f  t h e  s y s te m .  
I f  t h e  c h e m ic a l  s y s te m  i s  k i n e t i c a l l y  s lo w  i t  w i l l  h a v e  a l a r g e  v a lu e  o f  R ^ 
and  may d i s p l a y  o n ly  a v e r y  l i m i t e d  f r e q u e n c y  r e g io n  w h e re  m ass t r a n s f e r  i s  
im p o r t a n t .  A t  t h e  o t h e r  e x t r e m e  R ^ m ig h t  be  v e r y  s m a l l  c o m p a re d  t o  R ^ and
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t h e  W a rb u rg  im p e d a n c e , i n  w h ic h  c a s e  th e  s y s te m  i s  so  k i n e t i c a l l y  r a p i d  
t h a t  m ass t r a n s f e r  a lw a y s  p la y s  a r o l e  a n d  t h e  s e m i c i r c u l a r  r e g io n  i s  n o t  
w e l l  d e f i n e d .

6.3 Measurement of the Cell Constant
-1 -1The s p e c i f i c  c o n d u c t i v i t y ,  K ( f t  cm ) ,  o f  a m a t e r i a l  i s  c a l c u l a t e d  

u s in g  e q u a t io n  [ 6 . 3 ] :

K = 1 /R A

w h e re  1 i s  t h e  d i s t a n c e  b e tw e e n  t h e  e l e c t r o d e s  ( c m ) ,  A i s  t h e  a r e a  o f  t h e
e le c t r o d e s  (cm  ) and  R i s  t h e  m e a s u re d  r e s i s t a n c e  ( f t ) . The q u o t i e n t  1 /A  i s
know n  a s  th e  c e l l  c o n s t a n t ,  a n d  c a n  be  fo u n d  b y  d e t e r m in in g  t h e  r e s i s t a n c e
o f  a s o l u t i o n  o f  know n  c o n d u c t i v i t y  h e ld  i n  t h e  c e l l  t o  be  u s e d . I n  t h i s
c a s e  an  a q u e o u s  s o l u t i o n  o f  KC1 w as u s e d  ( 0 . 1 0  m o l.  dm 2 3 °C ;

- 1  - 1  ( M i ? )K = 0 .0 1 2 9  ft cm ) '  . The c e l l  c o n s t a n t  was c a l c u l a t e d  t o  be  1 .2 9 3  +_1 — 0 .0 0 8  cm , t h i s  v a lu e  b e in g  a ssum ed  t o  be  m o re  a c c u r a t e  th a n  a n y  v a lu e
fo u n d  b y  t r y i n g  t o  m e a s u re  th e  a c t u a l  a r e a s  o f  t h e  p la t i n u m  e le c t r o d e s
u s e d .

6.4 Conductivity of ZnCl̂ -NaCl Melts Containing HC1 and Ĥ O
By v a r y i n g  t h e  f r e q u e n c y  o f  t h e  a p p l i e d  a . c .  s i g n a l  t o  t h e  m e l t  s y s te m  

v a lu e s  f o r  t h e  r e a l  a n d  im a g in a r y  c o m p o n e n ts  o f  t h e  im p e d a n c e , th e  
r e s i s t a n c e  Z ' and  th e  r e a c t a n c e  Z "  r e s p e c t i v e l y ,  w e re  d e te rm in e d .  T h e se  
h a ve  b e e n  d is p la y e d  on  N y q v i s t  p l o t s ,  w h e re  Z ' i s  p l o t t e d  a g a in s t  - Z " ,  as  
d e s c r ib e d  i n  S e c t io n  6 .1  . A t y p i c a l  p l o t  i s  show n  i n  F ig u r e  6 . 4 .  A t  lo w  
f r e q u e n c ie s  t h e  te rm  Z " i s  q u i t e  l a r g e ,  d e c r e a s in g  a s  t h e  f r e q u e n c y  
i n c r e a s e s  u n t i l  a t  a ro u n d  10 kH z th e  im a g in a r y  c o m p o n e n t f a l l s  t o  z e r o .  A t  
t h e  p o i n t  w h e re  t h e  p l o t  c r o s s e s  t h e  Z ' a x i s  t h e  v a lu e  o f  t h e  r e a l  c o m p o n e n t  
o f  t h e  im p e d a n c e  was ta k e n  a s  b e in g  t h e  m e l t  r e s i s t a n c e .  U s in g  t h i s  v a lu e  
and  th e  c e l l  c o n s t a n t  t h e  s p e c i f i c  c o n d u c t i v i t y  o f  t h e  m e l t  was c a l c u l a t e d .

I t  c a n  be s e e n  t h a t  n o ne  o f  t h e  t h r e e  l i n e s  i n  F ig u r e  6 . 4  c o n fo rm  t o  t h e  
t h e o r e t i c a l  p r e d i c t i o n s  g iv e n  i n  S e c t io n  6 .1  f o r  i d e a l  c e l l s ,  w h e re  e i t h e r
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FIGURE 6.4
Complex Plane Impedance Spectra for 80 mol. % 

ZnCl2-NaCl (357°C)



- U S -

v e r t i c a l  l i n e s  o r  s e m i c i r c l e s  w e re  t h e  s h a p e s  o b t a in e d  f o r  t h e  u n m o d i f ie d
c i r c u i t s ,  o r  4 5 °  l i n e s  o b t a in e d  w hen  m ass t r a n s f e r  m o d i f i c a t i o n s  w e re
i n t r o d u c e d .  R a th e r ,  t h e  p l o t s  o b t a in e d  i n  t h i s  w o rk  w e re  a fe w  d e g re e s  o f f
t h e  v e r t i c a l ,  b u t  n o t  f a r  e n o u g h  t o  be  t r e a t e d  as  W a rb u rg  p r o c e s s e s .  T h a t
t h e  p l o t s  w e re  ta k e n  a s  s t r a i g h t  l i n e s  r a t h e r  th a n  s e m i c i r c l e s  o r  c u r v e s
was b e c a u s e  th e  a n a ly z e r  u s e d  c o u ld  n o t  r e a c h  f r e q u e n c ie s  b e lo w  5 H z .
O f t e n  t h e  s e m i c i r c u l a r  r e g io n s  b e g in  t o  o c c u r  a t  f r e q u e n c ie s  o f  l e s s  th a n
1 H z ^ . I n  a fe w  o f  t h e  p l o t s  some c u r v a t u r e  was s e e n  a t  lo w  f r e q u e n c ie s
b u t  n o t  e n o u g h  t o  a t t e m p t  an  e x t r a p o l a t i o n  t o  t r y  t o  d e f i n e  t h e  w h o le

(179)s e m i c i r c l e .  L e l i e v r e  e t  a l .  o b t a in e d  s im i l a r  s t r a i g h t  l i n e  p l o t s
w hen  t h e y  c a r r i e d  o u t  a . c .  im p e d a n c e  m e a s u re m e n ts  on  p u re  P b C l^ -K C l m e l t s  
u s in g  v i t r e o u s  c a r b o n  e l e c t r o d e s .  One c a u s e  o f  t h e s e  d e v i a t i o n s  m ig h t  be  
t h e  p r e s e n c e  o f  im p u r i t i e s  w i t h i n  t h e  m e l t  s y s te m s .

I t  w as fo u n d  d u r i n g  t h i s  w o rk  t h a t  N y q v is t  p l o t s  o b t a in e d  f o r  m e l t s
w i t h  w a te r  d i s s o l v e d  i n  th e m  h a d  s m a l le r  s lo p e s  i . e .  s u f f e r e d  g r e a t e r
d e v i a t i o n  f r o m  th e  v e r t i c a l ,  th a n  t h o s e  w i t h  HC1 o r  t h e  p u re  m e l t s .  The
m e l t s  w i t h  HC1 d i s s o l v e d  i n  th e m  a l s o  had  g r e a t e r  s lo p e s  th a n  t h e
s u p p o s e d ly  p u re  m e l t s ,  w h ic h  was t h o u g h t  t o  be c a u s e d  b y  t h e  p r e s e n c e  o f
o x y g e n  i n  t h e  a rg o n  u s e d  t o  p u rg e  t h e  m e l t s .  T h is  o x y g e n  w o u ld  be  a b s e n t
a f t e r  t h e  m e l t s  h a d  b e e n  s a t u r a t e d  w i t h  HC1. T h e se  r e s u l t s  w o u ld  seem  t o
c o n f i r m  t h e  id e a  t h a t  t h e  p r e s e n c e  o f  im p u r i t i e s  i n  t h e  m e l t s  c a u s e s  th e
N y q v i s t  p l o t s  t o  d e v ia t e  f r o m  i d e a l i t y ,  s in c e  s m a l l  F a r a d a ic  p r o c e s s e s

( 1 7 9 )
i n t e r f e r e  w i t h  t h e  p u re  d o u b le  l a y e r  . As th e  a m ou n t o f  im p u r i t y  
i n c r e a s e s  so  t h e  s y s te m  te n d s  to w a r d s  t h e  b e h a v io u r  n o te d  f o r  d i f f u s i o n -  
c o n t r o l l e d  e l e c t r o c h e m ic a l  r e a c t i o n s ,  w h e re  t h e  p l o t  i s  a l i n e  a t  4 5 °  a n d  
t h e  W a rb u rg  m o d i f i c a t i o n s  a r e  i n t r o d u c e d .  I t  was a l s o  n o t i c e d  t h a t  a s  t h e  
a m p l i t u d e  o f  t h e  a p p l i e d  a . c .  s i g n a l  was in c r e a s e d  so  th e  e x t e n t  o f  
d e v i a t i o n  i n c r e a s e d ,  e s p e c i a l l y  i n  t h e  m e l t  + H^O s y s te m s ,  a s  show n  i n  
F ig u r e  6 . 5 .

H e n c e , one  p o s s ib le  u s e  o f  t h e  a . c .  im p e d a n c e  m e th o d  w o u ld  be  t o  a s s e s s  
t h e  p u r i t y  l e v e l s  o f  m e l t  s y s te m s ,  i n  much th e  same m a nn e r a s  c y c l i c  
v o l t a m m e t r y  h a s  b e en  u s e d  (C h a p te r  4 ) .

Having determined the melt resistances from the Nyqvist plots the melt

conductivities (K) were calculated, and are listed in Table 6.1. The
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FIGURE 6.5
Complex Plane Impedance Spectra for Molten 

ZnC^+f^O (355°C) Showing the Effect of Varying
the A.C. Amplitude



Melt Composition Temp

(°C)
KAr(ft 1cm 1) KH20/Ar Cm ^

50 mol?o Z n C ^ -N a C l 358 0 .5 3 9  +  0 .0 2 3 0 .6 1 6  +  0 .0 2 8 0 .6 4 7  +  0 .0 3 1

70  mol?o Z n C l^ -N a C l 355 0 .3 0 8  +  0 .0 1 6 0 .3 7 0  + 0 .0 1 0 0 .3 9 2  +  0 .0 1 2

80 mol%  Z n C l2 -N a C l 357 0 .1 8 4  +  0 .0 0 4 0 .1 9 0  +  0 .0 0 5 0 .1 9 3  + 0 .0 0 3

90 mol?o Z n C l2 -N a C l 353 ( 6 . 3 8 + 0 . 1 0 ) x 1 0 ~ 2 ( 6 . 7 8 + 0 . 0 7 ) x 1 0 - 2 ( 6 . 8 5 + 0 . 0 4 ) x 1 0 “ 2

100 mol%  Z n C l2 355 ( 3 . 7 8 + 0 . 1 4 ) x 1 0 " 3 ( 3 . 9 2 + 0 . 1 2 ) x 1 0 " 3 ( 4 . 4 6 + 0 . 2 4 ) x 1 0 ~ 3

TABLE 6.1

Specific Conductivities of ZnCl^-NaCl Melts Containing HC1 

and H20 and of the Pure Melts
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t r e n d s  i n  t h e s e  r e s u l t s  a r e  r a t h e r  s u r p r i s i n g  i n  t h a t  t h e  c o n d u c t i v i t i e s  o f  
m e l t s  c o n t a i n i n g  HC1 a r e  lo w e r  th a n  th o s e  o f  t h e  p u re  m e l t  a n d  o f  t h o s e  
c o n t a i n i n g  H ^O . I t  was t h o u g h t  t h a t  HC1 m ig h t  a f f e c t  Z n C ^  m e l t s  i n  th e  
same way a s  a l k a l i  c h l o r i d e s ,  b y  e n h a n c in g  t h e  b r e a k - u p  o f  t h e  m e l t  
s t r u c t u r e  a n d  lo w e r in g  th e  m e l t  r e s i s t a n c e .  I n s t e a d  i t  seem s t o  h a v e  had  
t h e  o p p o s i t e  e f f e c t  a n d  in c r e a s e d  t h e  m e l t  r e s i s t a n c e ,  so  l o w e r i n g  th e  
c o n d u c t i v i t y .  W a te r ,  h o w e v e r ,  was fo u n d  t o  in c r e a s e  t h e  m e l t  
c o n d u c t i v i t y ,  w h ic h  w o u ld  im p ly  t h a t  t h e  HC1 and  H^O a r e  i n t e r a c t i n g  i n  
d i f f e r e n t  w a ys  w i t h  t h e  Z n C ^  m e l t s .

The s p e c ie s  t h o u g h t  t o  be  fo rm e d  b y  th e  i n t e r a c t i o n  o f  w a te r  w i t h  Z n C l^
m e l t s  a r e  [ H ^ n d ^ H ]  and  s i m i l a r  h y d r o x y -  o r  o x y - c h l o r o  e n t i t i e s  ( C h a p te r
7 ,  A p p e n d ix  1 ) .  F o rm a t io n  o f  t h e s e  s p e c ie s  s h o u ld  b r e a k  down th e
p o ly m e r ic  Z n C l^  m e l t  s t r u c t u r e  a n d  in c r e a s e  m e l t  c o n d u c t i v i t y ,  a s  h a s  b e en
fo u n d .  H o w e v e r , HC1 w o u ld  a p p e a r  t o  b e , i f  a n y t h in g ,  r e f o r m in g  t h a t
s t r u c t u r e .  T h is  c o u ld  be  o c c u r r i n g  i f  HC1 i s  a s t r o n g e r  L e w is  a c id  th a n
Z n C l^ ,  a n d  i s  c o m p le x in g  a v a i l a b l e  C l io n s  t o  fo rm  H C ln ^n ^  . T h is
e x p la n a t i o n  w as p u t  f o r w a r d  t o  a c c o u n t  f o r  t h e  s o l u b i l i t y  b e h a v io u r  o f  HC1
i n  Z n C l^ -N a C l m e l t s  ( S e c t i o n  5 . 1 )  i n  N a C l - r i c h  m e l t s ,  b u t  i n  t h e  v e r y
Z n C l^ -  r i c h  m e l t s  i t  h a d  b e en  a ssum ed  t h a t  H ^ Z n C l^  o r  s im i l a r  s p e c ie s  w e re
fo rm e d ,  t h e r e  b e in g  a c h a n g e o v e r  i n  w h ic h  s p e c ie s  was fo rm e d  a s  t h e  m e l t
c o m p o s i t io n s  w e re  a l t e r e d .  I t  m ig h t  be  p o s s i b le  t h a t  t h e  HC1 i s  a c t i n g  as2_a b r i d g i n g  a g e n t ,  w i t h  tw o  Z n C l^  t e t r a h e d r a  l i n k e d  v i a  a h y d ro g e n  i o n ,  a s  
show n  b e lo w .

( 2 " 6 ) “ C l3Z n C l6 " ------- H6 + .............<S" C lZ n C l3 ( 2 _ 6 ) "

I n  t h i s  c a s e  t h e  re d u c e d  m o b i l i t i e s  o f  t h e  s p e c ie s  m ig h t  c a u s e  a r e d u c t i o n  
i n  c o n d u c t i v i t y ,  a n d  t h e  b r i d g i n g  w o u ld  a ls o  h e lp  a c c o u n t  f o r  t h e  
s o l u b i l i t y  b e h a v io u r .

A n o th e r  p o s s i b le  e f f e c t  c o u ld  be  some i n t e r a c t i o n  b e tw e e n  th e  p la t i n u m  
e le c t r o d e s  and  t h e  HC1. I t  w as n o t i c e d  d u r i n g  t h e  v o l t a m m e t r ic  s t u d y  o f  
HC1 i n  Z n C l^ -N a C l m e l t s  ( S e c t i o n  5 . 2 )  t h a t  e x t r a n e o u s  p e a k s  a p p e a re d  on  th e  
v o lta m m o g ra m s , t h a t  w e re  n o t  s e e n  when p u re  m e l t s  w e re  u s e d .  I t  was  
s u g g e s te d  t h e r e  t h a t  p e rh a p s  t h e  HC1 was s t r i p p i n g  an o x id e  l a y e r  f r o m  th e
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p la t i n u m  so  a l l o w i n g  a l l o y i n g  b e tw e e n  d e p o s i t e d  z in c  a n d  th e  p la t i n u m  t o  
o c c u r .  I f  t h i s  i s  in d e e d  o c c u r r i n g  th e n  t h i s  m ig h t  a l t e r  t h e  e l e c t r o d e  
a r e a  i n  some w a y , w h ic h  w o u ld  c a u s e  a c h a n g e  i n  t h e  c e l l  c o n s t a n t ,  a n d  c o u ld  
be  r e s p o n s i b l e  f o r  t h e  c o n d u c t i v i t y  e f f e c t s  o b s e r v e d .  I n  o r d e r  t o  v e r i f y  
t h i s  e x p la n a t i o n  t h e  e x p e r im e n t  w o u ld  n e e d  t o  be  r e p e a te d  u s in g  v i t r e o u s  
c a r b o n  e l e c t r o d e s  w h ic h  w o u ld  n o t  s u f f e r  i n t e r f e r e n c e  f r o m  o x id e  l a y e r s .

By p l o t t i n g  t h e  c o n d u c t i v i t i e s  o f  t h e  p u re  Z n C l? -N a C l m e l t s  o b t a in e d
1 ( 4 7 )i n  t h i s  w o rk  w i t h  t h o s e  o b t a in e d  b y  B lo o m  and  W eeks o v e r  t h e  same  

c o m p o s i t i o n  ra n g e  i t  w as p o s s i b le  t o  c o m p a re  th e  tw o  s e t s  o f  r e s u l t s  
( F i g u r e  6 . 6 ) .  T a k in g  th e  a v e ra g e  te m p e r a tu r e  o f  t h e  r e s u l t s  f r o m  t h i s  
w o rk  a s  6 2 8 K , i t  c a n  be s e e n  t h a t  a l l  t h e  v a lu e s  a r e  s l i g h t l y  h ig h e r  th a n  
t h o s e  o f  B lo o m , t h e  is o t h e r m  a t  628K  l y i n g  a lm o s t  on  t o p  o f  t h e i r  640K  
i s o t h e r m .  H o w e v e r , t h e  g e n e r a l  s h a p e s  o f  t h e  i s o t h e r m s  m a tc h  f a i r l y  w e l l ,  
i n d i c a t i n g  t h a t  t h e  s im p le  im p e d a n c e  m e th o d  u s e d  h e re  p r o v id e d  r e a s o n a b ly  
g o od  r e s u l t s ,  a n d  t h a t  u s e  o f  a p u r p o s e - b u i l t  c e l l  w o u ld  le a d  t o  a c c u r a t e  
v a lu e s  s h o u ld  t h e  t e c h n iq u e  be  u s e d  i n  t h e  f u t u r e  f o r  o t h e r  m e l t  s y s te m s .

6.5 Double Layer Capacitances Measured by A.C. Impedance

The a p p l i c a t i o n  o f  t h e  e q u a t io n  v a l i d  i n  t h e  a b s e n c e  o f  an  
e l e c t r o c h e m ic a l  r e a c t i o n  ( e q u a t i o n  [ 6 . 2 ] ) ,  w h ic h  c a n  be  r e w r i t t e n  i n  t h e  
f o rm :

Z R +  m
1

j to Cd [ 6 . 4 ]

W here  Rm i s  t h e  m e l t  r e s i s t a n c e  a n d  t h e  d o u b le  l a y e r  c a p a c i t a n c e ,
a l lo w e d  v a lu e s  o f  C , t o  be  e s t im a t e d .d

H o w e v e r , t h e  v a lu e s  o b t a in e d  f r o m  t h i s  w o rk  w e re  i n  t h e  ra n g e  2 0 0 -3 0 0  
_2yF  cm , w h ic h  i s  a f a c t o r  o f  10 l a r g e r  th a n  th o s e  o b t a in e d  b y  w o r k e r s  u s in g  

( 182)o t h e r  m e th o d s ^  . T h is  e f f e c t  seem s t o  be  common t o  t h e  a . c .  im p e d a n c e
( 1 7 9 )

t e c h n iq u e  u s e d  i n  m o lt e n  s a l t s ,  s in c e  L e l i e v r e  e t  a l .  a l s o  n o t i c e d  i t .
H a v in g  c a l c u l a t e d  a c a p a c i t a n c e  f r o m  a v a lu e  o f  Z " b y  e q u a t io n  [ 6 . 4 ] ,  t h e
e f f e c t  o f  d i v i d i n g  t h a t  v a lu e  ( ~  5 0 -8 0  y F ) b y  th e  e s t im a t e d  a r e a  o f  th e  P t2
w i r e  e l e c t r o d e  ( ~  0 .1 4  cm ) was t o  o b t a in  t h e  la r g e  v a lu e s  m e n t io n e d .  I f .
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h o w e v e r ,  t h e  t o t a l  a r e a  o f  t h e  tw o  e l e c t r o d e s  was u s e d  ( ~  2 . 2  cm ) th e n  
v a lu e s  o f  t h e  same s i z e  a s  t h o s e  o f  o t h e r  w o r k e r s  w e re  o b t a in e d .

The id e a  o f  u s in g  a s m a l l  a r e a  w o r k in g  e l e c t r o d e  and  a l a r g e r  a r e a  f l a g
c o u n t e r  e l e c t r o d e  w as t h a t  a n y  e f f e c t  on  t h e  f l a g  e l e c t r o d e  w o u ld  becom e
n e g l i g i b l e  s in c e  th e  a r e a  w as m uch g r e a t e r .  T h is  may n o t  be  t h e  c a s e .
A n o th e r  r e a s o n  m ig h t  be  t h a t  t h e  a c t i v e  s u r f a c e  a r e a  o f  t h e  P t  w i r e
e l e c t r o d e  may n o t  be  th e  s im p le  g e o m e t r ic  a r e a  c a l c u l a t e d  f r o m  t h e
d im e n s io n s  o f  t h e  w i r e ,  b u t  t h a t  s u r f a c e  ro u g h n e s s  c o u ld  le a d  t o  a much
l a r g e r  a r e a .  T h i s ,  i t  m ig h t  be  e x p e c te d ,  s h o u ld  h a v e  show n  up  i n  t h e  c e l l
c o n s t a n t .  A s m e n t io n e d  b e f o r e ,  a n y  e f f e c t  th e  HC1 h a s  on  t h e  P t  m ig h t
c a u s e  some a l t e r a t i o n  i n  t h e  C , v a lu e s .  U n t i l  t h i s  e f f e c t  i s  r e s o lv e d  th ed
im p e d a n c e  t e c h n iq u e  w i l l  be  t r e a t e d  w i t h  s c e p t i c i s m  b y  some w o r k e r s  i n  t h e
a r e a  o f  C , d e t e r m in a t i o n ,  d

2
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CHAPTER 7

BEHAVIOUR OF H20 IN ZnCl^NaCl MELTS

7.1 Introduction

S tu d ie s  o f  t h e  b e h a v io u r  o f  w a te r  i n  z i n c  c h l o r i d e  m e l t s  a r e  v e r y  fe w  
( 1 0 1 - 1 0 3 )i n  n u m b e r , a s  show n  i n  S e c t io n  2 . 6 ,  b u t  t h e  a v a i l a b l e  r e s u l t s  a l l

i n d i c a t e  t h a t  t h e  d e g re e  o f  h y d r o l y s i s  o f  t h e  m e l t s  on  i n t r o d u c t i o n  o f  
m o is t u r e  i s  lo w .  The tw o  r e a c t i o n s  t h o u g h t  t o  o c c u r  u p o n  th e  a d d i t i o n  o f  
w a te r  t o  c h l o r i d e  m e l t s  a r e :

2 0 H ' = 0 2 "  +  H2 0 [ 7 . 1 ]

H20 +  2 C 1 ' = 0 2 "  +  2HC1 [ 7 - 2 ]

(101)I t o  e t  a l .  f o u n d  t h a t  t h e  e q u i l i b r i u m  c o n s t a n t  f o r  t h e
h y d r o l y s i s  r e a c t i o n ,  [ 7 . 2 ] ,  h a d  a v a lu e  o f  1 . 9 1 x 1 0 " ^  a tm  i n  Z n C l2 -N a C l a t  
3 6 0 °C , s h o w in g  th e  r e l a t i v e  l a c k  o f  r e a c t i v i t y  o f  th e s e  m e l t s  i n  t h e  
p r e s e n c e  o f  w a t e r .  No p u b l i s h e d  v o l t a m m e t r ic  r e s u l t s  f o r  w a te r  i n  Z n C l2 
m e l t s  w e re  a v a i l a b l e ,  b u t  t h e  p r e s e n c e  o f  t h e  u b iq u i t o u s  " w a t e r  w a v e "  i n  
v o lta m m o g ra m s  o b t a in e d  f r o m  im p u r e  Z n C l2 a t  3 6 9 °C  h a s  b e e n  c l a i m e d ^ ® ^ .  
T h is  " w a t e r  w a v e "  i s  t h o u g h t  t o  a r i s e  f r o m  t h e  r e d u c t io n  p r o c e s s  [ 7 . 3 ] ,  a n d  
t a k e s  t h e  fo rm  o f  a b r o a d ,  i l l - d e f i n e d  w ave  r a t h e r  th a n  a s h a r p  p e a k .

H2 0 + e~ OH" +  |H 2 [ 7 . 3 ]

I t s  p r e s e n c e  i n  v o lta m m o g ra m s  o f  o t h e r  c h l o r i d e  m e l t s  c o n t a i n i n g  w a te r  h a s  
( 1 4 4 )b e e n  n o t i c e d  , a lo n g  w i t h  " h y d r o x id e  w a v e s " ,  b e l i e v e d  t o  a r i s e  f r o m

2 -t h e  r e d u c t i o n  o f  OH t o  0 ( e q u a t i o n  [ 7 . 4 ] ) .

OH" +  e "  -* 0 2 "  + |H 2 [ 7 . 4 ]

O x id e  fo rm e d  b y  c h e m ic a l  ( e q u a t i o n  [ 7 . 1 ] )  o r  e le c t r o c h e m ic a l  ( e q u a t i o n
(88)[ 7 . 4 ] )  m eans i n  L iC l - K C l  m e l t s  h a s  b e en  show n^ t o  u n d e rg o  tw o  e l e c t r o n
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o x i d a t i o n  t o  40
m e l t s ( 1 8 3 ) V b u t  s u c h  a p r o c e s s  was n o t  n o te d  i n  t h e  r e s u l t s  f o r  Z n C l^

O th e r  p r o c e s s e s  c la im e d  t o  o c c u r  u p o n  th e  a d d i t i o n  o f  w a te r  t o
c h l o r i d e  m e l t s  i n c l u d e  t h e  q u a n t i t a t i v e  f o r m a t i o n  o f  HC1 i n  A 1 C 1 , -

(99) (100) ^B u P y C lv J a n d  A lC l^ - N a C l^  , t h e  f o r m a t i o n  o f  s t a b l e  p e r o x y - s p e c ie s  i n
C a C l^ - K C l^ ^ ^  a n d  h y d r o x y c h lo r o - s p e c ie s  o f  C r ^ +  i n  L i C l - K C l ^ ^ ’ .
G iv e n  t h e  l a c k  o f  p u b l i s h e d  w o rk  on  th e  b e h a v io u r  o f  w a te r  i n  Z n C l^  m e l t s ,
a n d  t h e  u n c e r t a i n t y  a s  t o  t h e  s p e c ie s  p r e s e n t ,  i t  w as f e l t  t h a t  a c lo s e  lo o k
a t  t h e  a r e a  w o u ld  be  u s e f u l .  W o rk e r s  i n  t h e  h y d r o c r a c k in g  f i e l d  h a v e
s u g g e s te d  t h a t  h y d r o x y c h lo r o z in c  s p e c ie s  may e x i s t  i n  m e l t s  ( A p p e n d ix  1 )
b u t  o f f e r e d  l i t t l e  p r o o f  o t h e r  th a n  t h a t  t h i s  s u p p o s i t i o n  w o u ld  a c c o u n t  f o r
t h e  o b s e r v e d  p r o d u c t s  o f  t h e i r  h y d r o c r a c k in g  p r o c e s s e s .  The r e s u l t s  o f
t h e  a . c .  im p e d a n c e  s t u d y  ( C h a p te r  6 ) i n d i c a t e  t h a t  w a te r  d o e s  h a v e  an
e f f e c t  u p on  th e  p h y s i c a l  p r o p e r t i e s  o f  t h e  Z n C l^ -N a C l s y s te m  b u t  o f f e r e d
l i t t l e  i n f o r m a t i o n  a s  t h e  s p e c ie s  p r e s e n t .  V o lta m m o g ra m s  s e e n  i n  C h a p te r
4  f o r  t h e  im p u r e  m e l t s  a ls o  sh ow ed  t h a t  some d e g re e  o f  r e a c t i o n  o c c u r s  i n
w a t e r - c o n t a m in a t e d  Z n C l^  m e l t s .

7.2 Solubility of H^O in ZnCl^-NaCl melts

I n  much th e  same way a s  t h e  s o l u b i l i t y  o f  HC1 i n  Z n C l^ -N a C l m e l t s  was  
d e te rm in e d  ( S e c t i o n  5 . 1 )  f o r  u s e  w i t h  t h e  v o l t a m m e t r ic  r e s u l t s  ( S e c t i o n  
5 . 2 )  so  a t t e m p t s  w e re  made t o  m e a s u re  t h e  s o l u b i l i t y  o f  w a te r  i n  Z n C l^  
m e l t s .  The e x p e r im e n t a l  d e t a i l s  a r e  g iv e n  i n  S e c t io n  3 . 8 ;  d i s s o l v e d  w a te r  
was p u rg e d  f r o m  th e  m e l t s  w i t h  HC1 a n d  a b s o rb e d  on a d r y i n g  c o lu m n  p a c k e d  
w i t h  AW500 m o le c u la r  s i e v e .  I t  w as h o p e d  t o  d i s c o v e r  t h e  e f f e c t ,  i f  a n y ,  
o f  t h e  w a te r  v a p o u r  p r e s s u r e  on  t h e  s o l u b i l i t y  i n  m e l t s  h e ld  a t  d i f f e r e n t  
t e m p e r a tu r e s  and  t o  c o r r e l a t e  i t  w i t h  t h e  v o l t a m m e t r ic  r e s u l t s .

H o w e v e r , i t  w as fo u n d  t h a t  a s  t h e  HC1 c a r r i e d  o v e r  t h e  p u rg e d  w a te r  
o n to  t h e  d r y i n g  c o lu m n  i t  a l s o  c a r r i e d  o v e r  n o n - n e g l i g i b l e  a m o u n ts  o f  Z n C l2 
w h ic h  c o n d e n s e d  on  th e  c o lu m n  and  i n t e r f e r e d  w i t h  t h e  w e ig h in g s .  The  
w e ig h t  o f  t h e  c o lu m n  n e v e r  becam e s t e a d y ;  t h e  l o n g e r  t h e  p u r g in g  w e n t on  th e  
h e a v ie r  t h e  c o lu m n  b e cam e . P u t t i n g  a t r a p  b e tw e e n  th e  m e l t  a n d  th e  c o lu m n  
r e s u l t e d  i n  m o is t u r e  c o n d e n s in g  i n  th e  t r a p  a lo n g  w i t h  t h e  Z n C l^ .  T h is  h ad
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w o rk e d  f o r  t h e  H C l s o l u b i l i t y  d e t e r m in a t i o n  s in c e  th e  HC1 w o u ld  n o t  
c o n d e n s e  and  w o u ld  be  c a r r i e d  t h r o u g h  th e  t r a p  i n t o  t h e  d i s t i l l e d  w a t e r .

I n i t i a l l y ,  t h e  w e ig h t  i n c r e a s e  o f  t h e  c o lu m n  was due  t o  t h e  
a b s o r p t i o n / c o n d e n s a t i o n  o f  b o th  w a te r  a n d  Z n C l^  on  t h e  c o lu m n , w h i l s t  
a f t e r  a t im e  th e  in c r e a s e  was due  o n ly  t o  Z n C ^ .  I t  was t h o u g h t  t h a t  b y  
m o n i t o r i n g  t h e  r a t e  o f  w e ig h t  in c r e a s e  i t  w o u ld  be  p o s s i b le  t o  s e p a r a t e  t h e  
tw o  s t a g e s ,  s o  lo n g  a s  t h e  m e l t  t e m p e r a t u r e ,  a n d  h e n c e  t h e  Z n C l^  v a p o u r  
p r e s s u r e ,  r e m a in e d  c o n s t a n t .  The r a t e  s h o u ld  h a v e  d e c re a s e d  w hen a l l  t h e  
w a te r  h a d  come o u t  o f  t h e  m e l t ,  a n d  a p o i n t  s e e n  w h e re  t h e  w e ig h t  in c r e a s e  
becam e  s o l e l y  d u e  t o  t h e  Z n C l^ .  H o w e v e r , n o  s u c h  d i s t i n c t i o n  c o u ld  b e  made  
s in c e  t h e  w e ig h t  i n c r e a s e s  w e re  a c t u a l l y  g u i t e  e r r a t i c  a n d  c o u ld  n o t  be  
s p l i t  i n t o  tw o  r e g i o n s .  C o n s e g u e n t ly , i t  was n o t  p o s s ib le  t o  e v e n  
e s t im a t e  t h e  s o l u b i l i t y  o f  w a te r  i n  t h e  Z n C ^  m e l t s ,  b u t  t h e  m e th o d  may w o rk  
b e t t e r  f o r  m e l t s  w h ic h  do  n o t  c o n t a i n  s u c h  a v o l a t i l e  c o m p o n e n t.

7.3 Extent of the hydrolysis reaction in ZnCl^-NaCl melts

I t  h a d  b e e n  t h o u g h t  t h a t  a d d i t i o n  o f  w a te r  t o  t h e s e  m e l t s  m ig h t  c a u s e
z i n c  o x id e  t o  p r e c i p i t a t e  o u t  o f  s o l u t i o n .  The  s o l u b i l i t y  o f  ZnO i n  Z n C l^
m e l t s  i s  t h o u g h t  t o  be  v e r y  lo w  ( C h a p te r  9 ) ,  a n d  g iv e n  t h e  e q u i l i b r i a  s e t  up
i n  c h l o r i d e  m e l t s  b y  t h e  p r e s e n c e  o f  w a te r  ( e q u a t io n s  [ 7 . 1 ]  and  [ 7 . 2 ] )  s u c h2_a p r e c i p i t a t i o n  seem ed  l i k e l y . The  0  fo rm e d  b y  t h e  d e c o m p o s i t io n  o f  H? 0

2+m o le c u le s  c o u ld  c o m b in e  w i t h  Zn t o  fo rm  ZnO a s  a w h i t e  p r e c i p i t a t e ,  b u t  
e v e n  p r o lo n g e d  s a t u r a t i o n  o f  t h e  Z n C l^  m e l t s  w i t h  w a te r  v a p o u r  l e f t  t h e  
m e l t s  c l e a r  w i t h  no  s ig n  o f  a n y  p r e c i p i t a t e .

The  p r e s e n c e  o f  w a te r  i n  c h l o r i d e  m e l t s  h a s  b e e n  fo u n d  t o  c a u s e  t h e  
e v o l u t i o n  o f  H C l ( e q u a t io n  [ 7 . 2 ] ) .  An a t t e m p t  was made t o  d e te rm in e  th e  
a m o u n t o f  H C l e v o lv e d  f r o m  Z n C l^  m e l t s  b y  p a s s in g  w a te r  v a p o u r  t h r o u g h  
m e l t s  a n d  on  t h r o u g h  d i s t i l l e d  w a t e r .  A ny  H C l fo rm e d  s h o u ld  h a v e  b e e n  
d i s s o l v e d  i n  t h e  w a t e r ,  w h ic h  w as th e n  t i t r a t e d  a g a in s t  s t a n d a r d  NaOH 
s o l u t i o n  (0 .0 2 M )  u s in g  p h e n o lp h t h a le in  a s  t h e  i n d i c a t o r .  T h a t  t h e  
d i s t i l l e d  w a te r  was made a c i d i c  b y  t h e  e x p e r im e n t  c o u ld  be  s e e n  b y  u s in g  pH 
i n d i c a t o r  p a p e r ,  b u t  t h e  p r e s e n c e  o f  Z n C l^  i n  th e  d i s t i l l e d  w a t e r ,  c a r r i e d  
o v e r  b y  t h e  g a s  s t r e a m ,  may h a v e  a f f e c t e d  t h e  p h e n o lp h t h a le in  i n d i c a t o r .
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The a m o u n t o f  Z n C l^  i n  t h e  s o l u t i o n  was d e te rm in e d  b y  a n a l y s in g  f o r  Zn u s in g
a to m ic  a b s o r p t i o n  a n a l y s i s  
Z n C l^  a r e  g iv e n  i n  T a b le  7

( S e c t i o n  3 . 1 4 ) .  The  
.1 .

r e s u l t s  f o r  p u re  m o lt e n

Temp (°C) HC1 evolved 

(mol. g-^)

Total Zn content 

of solutions (g)

Calculated [ZnCl^] (M )

341 2 .3  x 1 C f6 0 .0 0 8 7 . 6  x 1 0 ~4

372 4 .1  x 1 0 " 6 0 .0 3 6 X o
1 U
vl

TABLE 7.1

Evolution of HC1 by addition of water to pure molten ZnCl^

The a m o u n t o f  HC1 e v o lv e d ,  d e te rm in e d  d i r e c t l y  f r o m  t h e  t i t r a t i o n s ,  i s  
g iv e n  i n  t h e  u n i t s  m o le s  o f  HC1 p e r  g ram  o f  m e l t ,  a n d  i n  t h e  n e x t  c o lu m n  i s  
t h e  a m o u n t o f  z i n c  fo u n d  i n  t o t a l  i n  t h e  d i s t i l l e d  w a te r  s o l u t i o n s  ( v o lu m e  = 
160  c m ^ ) .  The l a s t  c o lu m n  g iv e s  t h e  c a l c u l a t e d  c o n c e n t r a t i o n  o f  Z n C l^  i n  
t h e  s o l u t i o n s .  To w h a t e x t e n t  t h e  Z n C ^  a f f e c t e d  th e  p h e n o lp t h a l e i n  
i n d i c a t o r  i s  n o t  k n o w n , so  t h e  f i g u r e s  f o r  HC1 e v o l u t i o n  s h o u ld  be  t r e a t e d  
w i t h  c a u t i o n ,  b u t  t h a t  HC1 was fo rm e d  i s  c e r t a i n .  T h o se  s m a l l  a m o u n ts  o f  
Z n C l^  w o u ld  n o t  a f f e c t  t h e  pH p a p e r .

I n t e r e s t i n g l y ,  t h e  a m o u n ts  o f  HC1 fo rm e d  w e re  o f  t h e  same m a g n itu d e  
a s  t h e  HC1 s o l u b i l i t i e s  i n  t h e  Z n C ^  m e l t s  ( S e c t i o n  5 . 1 ) .  S in c e  t h e  HC1 
was fo rm e d  b y  r e a c t i o n  [ 7 . 2 ] ,  w h e re  one  m o le c u le  o f  w a te r  c a u s e s  t h e  
e v o l u t i o n  o f  tw o  m o le c u le s  o f  HC1, some id e a  o f  t h e  w a te r  s o l u b i l i t y  may be  
o b t a in e d  f r o m  th e  d a ta  i n  T a b le  7 . 1 .  I t  a p p e a r s  t h a t  t h e  h y d r o l y s i s  
r e a c t i o n  i s  e n h a n c e d  b y  r i s e  i n  m e l t  t e m p e r a t u r e ,  b u t  so  i s  th e  v o l a t i l i t y  
o f  Z n C l^ .  The 3 0 °C  r i s e  i n  m e l t  t e m p e r a tu r e  c a u s e d  a f o u r - f o l d  in c r e a s e  i n  
t h e  a m o u n t o f  Z n C l^  d is s o l v e d  i n  t h e  d i s t i l l e d  w a t e r ,  w h ic h  w i l l  in c r e a s e
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t h e  e r r o r  i n  t h e  t i t r a t i o n  r e s u l t s .  The s i t u a t i o n  i n  a lu m in iu m  c h l o r i d e
(9 9  1 5 2 )m e l t s  i s  r a t h e r  d i f f e r e n t  ’ . P r o lo n g e d  p a s s a g e  o f  w a te r  v a p o u r

t h r o u g h  th o s e  m e l t s  r e s u l t s  i n  t h e  f o r m a t i o n  o f  a p r e c i p i t a t e  w h ic h  
e v e n t u a l l y  e n g u l f s  t h e  m e l t s .  I n  Z n C l^  m e l t s ,  t h o u g h ,  th e  h y d r o l y s i s  
r e a c t i o n  a p p e a r s  t o  r e a c h  a l i m i t  a n d  c o n t in u e d  a d d i t i o n  o f  m o is t u r e  d o e s  
n o t  a p p e a r  t o  p u s h  e q u i l i b r i u m  [ 7 . 2 ]  b e y o n d  t h a t  l i m i t .  A c c e p t in g  t h a t  
t h e  h y d r o l y s i s  r e a c t i o n  o c c u r s  t o  some e x t e n t  im p l i e s  t h a t  some m e l t -  
s o l u b l e  s p e c ie s ,  p e rh a p s  a h y d r o x y c h lo r o z i n c  e n t i t y ,  i s  fo rm e d .  Some ZnO 
may a l s o  be  fo rm e d  b u t  t h e  s o l u b i l i t y  p r o d u c t  i s  n o t  e x c e e d e d ,  o t h e r w is e  i t  
w o u ld  p r e c i p i t a t e  o u t  o f  s o l u t i o n .

As d is c u s s e d  i n  C h a p te r  8 , a s o l i d  was fo rm e d  on  th e  i n s i d e  o f  t h e  
P y re x  g a s  b u b b le r  u s e d  t o  i n t r o d u c e  w a te r  v a p o u r  i n t o  t h e  m e l t s .  T h is  was  
i d e n t i f i e d  a s  b e in g  z i n c  o x id e ;  y e l l o w  a t  h ig h  t e m p e r a tu r e s  and  r e m a in in g  
y e l l o w  a s  t h e  c e l l  t e m p e r a tu r e  d e c r e a s e d ,  s in c e  t h e  a tm o s p h e re  was o x y g e n  
d e f i c i e n t .  The f o r m a t i o n  o f  t h e  o x id e  a p p e a r s  t o  h a v e  b e en  c a t a l y s e d  b y  
t h e  g la s s  s u r f a c e ,  b u t  w hy o n ly  on  th e  i n s i d e  o f  t h e  b u b b le r  i s  u n k n o w n .

7.4 Voltammetric study of H^O in ZnCl^-NaCl melts

The b e h a v io u r  o f  w a te r  i n  Z n C l^  m e l t s  was s t u d i e d  v o l t a m m e t r i c a l l y  
u s in g  th e  P t  w o r k in g  and  q u a s i - r e f e r e n c e  e l e c t r o d e s .  As d is c u s s e d  i n  
C h a p te r  4 ,  no  v o l t a m m e t r ic  w a ve s  w e re  o b s e r v e d  w i t h  v i t r e o u s  c a r b o n  
e le c t r o d e s  f o r  w a t e r - c o n t a m in a t e d  m e l t s ,  b u t  s e v e r a l  p e a k s  w e re  s e e n  w i t h  
p la t i n u m  e l e c t r o d e s .  The e x p e r im e n t a l  d e t a i l s  f o r  t h e  e q u i l i b r a t i o n  o f  
t h e  m e l t s  w i t h  w a te r  v a p o u r  w e re  g iv e n  i n  S e c t io n  3 . 9 ;  f o u r  d i f f e r e n t  
v a p o u r  p r e s s u r e s  w e re  u s e d ,  s u p p l i e d  b y  d i s t i l l e d  w a te r  a n d  s a t u r a t e d  
s o l u t i o n s  o f  v a r i o u s  s a l t s .  T h e se  w e re  in t r o d u c e d  i n t o  p u re  m o lt e n  Z n C l^  
a n d  tw o  Z n C l^ -N a C l m ix t u r e s  ( 8 0  a n d  50 m o l.  % Z n C l^ -N a C l)  a n d  v o lta m m o g ra m s  
r e c o r d e d  a t  d i f f e r e n t  m e l t  t e m p e r a t u r e s .  R e s u l t s  f o r  e a c h  m e l t  
c o m p o s i t io n  a r e  g iv e n  i n  t u r n ,  a n d  th e n  w i l l  be  d is c u s s e d  a s  a w h o le ,  w i t h  
r e f e r e n c e  t o  t h e  r e s u l t s  o f  o t h e r  w o r k e r s .

F o r  w a te r  i n  p u re  m o l t e n  Z n C l^  t h e  v o lta m m o g ra m s  show  s i x  ( I —V I ) 
r e a s o n a b ly  w e l l - d e f i n e d  p e a k s  b e tw e e n  th e  m e l t  l i m i t s  ( F ig u r e  7 . 1 ) ,  w h ic h  
h a ve  b e en  s p l i t  i n t o  t h r e e  p a i r s ,  e a c h  p a i r  c o m p r is in g  a c a t h o d ic  a n d
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FIGURE 7.1

Voltammogram for Water in Pure Molten Zinc Chloride
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anodic response. Between the anodic peaks IV and VI would sometimes be 
seen a small peak, labelled VII here. The voltammetric parameters of the 
peaks are listed in Tables 7.2 (peaks I and II), 7.3 (peaks III and IV) and
7.4 (peaks V and VI). All the measurements were taken from voltammograms 
recorded with water at a vapour pressure of 19.8 torr (distilled water at 
room temperature 22°C) having been equilibrated with the melt. It was 
noticed that although the initial voltage sweeps gave voltammograms like 
the one shown in Figure 7.1, subsequent scans resulted in a change of 
position for peak IV, which moved slightly cathodic of its initial 
position. This shift is shown in Figure 7.2 where three successive sweeps 
have been carried out. The parameters for both positions of peak IV have 
been included in Table 7.3. At low scan rates the high resistance of the 
melt caused the voltammograms to be twisted away from the horizontal and 
assume a shape like that shown in Figure 7.3, where at a scan rate of 
30 mVs the parts of the waves at cathodic potentials did not drop below 
the potential axis. It was also noticed that as the melt temperature was 
raised, so the voltammetric responses became less well-defined, a 
phenomenon that had also been noticed during the voltammetric study of HC1 
in these melts (Section 5.2).

Analysis of the six peaks in turn revealed that I and II were the
result of a one-electron transfer process, the peak separation being
reasonably close to the calculated value for a reversible one-electron
process (equation [5.9]). Figure 7.4 shows plots of the height of the

l I
reduction peak I, i , against the square root of the scan rate, v 2 . All
can be seen to be linear and passing through the origin, indicating the
diffusion control of the process. The plot at 642K lies below those for
lower temperatures, which will be discussed later.

On the initial scan the peak separation of III and IV was 
characteristic of a one electron process, but the change in position by 
peak IV for subsequent scans altered the peak separation to that for a two 
electron process (Table 7.3 (a) and (b)). On the initial scan peak IV can 
be seen to be quite well-defined but on subsequent scans became very broad, 
making exact measurement of the peak position difficult. Nevertheless, 
the change from a one- to a two- electron process following the first scan



v(Vs 1 ) T (K) -EpI(V) -Epn (V) AEp(V) ip1 (mA) ipTI (mA)

0.02 615 0.240 0.080 0.160 0.012
0.05 615 0.260 0.110 0.150 0.020 0.003
0.10 615 0.460 0.300 0.160 0.029 0.008
0.20 615 0.510 0.340 0.170 0.041 0.012
0.50 615 0.400 0.210 0.190 0.062 0.021
1 .00 
c a l c .

615
(n=1)

0.270 0.110 0.160
0.123

0.080 0.043

0.05 623 0.190 0.050 0.140 0.020 _ _
0.10 623 0.250 0.130 0.120 0.028 0.019
0.20 623 0.190 0.060 0.130 0.040 0.031
0.50
calc.

623
(n=1)

0.210 0.090 0.120
0.123

0.065 0.053

0.05 642 0.190 0.070 0.120 0.013
0.10 642 0.195 0.080 0.115 0.018 —

0.20 642 0.170 0.040 0.130 0.023 0.007
0.50 642 0.170 0.035 0.135 0.038 0.012
1.00 642 0.165 0.045 0.120 0.055 0.025
2.00 
c a l c .

642
(n = 1 )

0.135 -0.010 0.140
0.127

0.085 0.041

TABLE 7.2

Voltammetric Parameters of Peaks I and II 

for H^o (v.p. = 19.8 torr) in ZnCl^
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(V)v(Vs 1) T (K) -Ep111 Ep(IV)(V) AEp(V) III (mA) (mA)

la) I yiaX ajoJL Ac.an
0.03 623 0.060 0.190 0.130 0.005 0.005
0.10 623 0.065 0.190 0.125 0.009 0.011
0.20 623 0.070 0.185 0.115 0.016 0.020
0.50 623 0.050 0.170 0.120 0.036 0.040
calc. (n=1) 0.123

0.05 642 0.010 0.130 0.120 0.006 ~  0.001
0.10 642 0.020 0.140 0.120 0.010 0.001
0.20 642 0.060 0.190 0.130 0.012 0.005
0.50 642 0.085 0.190 0.105 0.018 0.013
1.00 642 0.090 0.215 0.125 0.025 0.026
2.00 642 0.130 0.250 0.120 0.038 0.039
c a l c . (n=1) 0.127

(6) SubAQ.qu.znt AcanA
0.05 623 0.060 0.130 0.070 0.005 0.010
0.10 623 0.065 0.125 0.060 0.009 0.017
0.20 623 0.070 0.140 0.070 0.016 0.029
0.50 623 0.050 0.125 0.075 0.036 0.052
calc. (n=2) 0.062

0.05 642 0.010 0.080 0.070 0.006 ~  0.002
0.10 642 0.020 0.090 0.070 0.010 0.002
0.20 642 0.060 0.125 0.065 0.012 0.007
0.50 642 0.085 - - — 0.018 —

1.00 642 0.090 0.160 G.07G 0.025 0.029
2.00 642 0.130 0.210 0.080 0.038 0.040
c a l c . (n=2) 0.064

TABLE 7.3

Voltammetric Parameters of Peaks III and IV for H2O (v.p. = 19.8 torr) 
in ZnC^; (a) Initial scan (b) Subsequent Scans
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Vv(Vs T (K) V VT
EpV(V) EpV1(V) AEp(V) (mA) ip VI (mA)

0.05 623 0.330 0.410
0.10 623 0.335 0.405
0.20 623 0.340 0.405
0.50 623 0.320 0.408
c a l c . (n=1)

(n=2)

0.05 642 0.330 0.400
0.10 642 0.330 0.390
0.20 642 0.340 0.420
0.50 642 0.375 0.400
1.00 642 0.380 0.450
2.00 642 0.445 0.510
calc. (n=1)

(n=2)

0.080 0.003 0.011
0.070 0.007 0.022
0.065 0.016 0.028
0.088 0.041 0.057
0.123
0.064

0.070 0.004 0.003
0.060 0.005 0.005
0.080 0.007 0.011
0.065 0.012 0.020
0.070 0.018 0.035
0.065 0.030 0.060
0.123
0.064

TABLE 7.A

Voltammetric Parameters of Peaks V and VI 
for (v.p. = 19.8 torr) in ZnCl^

-
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200 mV s 
350 'C 
Platinum

FIGURE 7.2: Voltammogram Showing the Effect of Three Successive
Scans for Water in Molten Zinc Chloride
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50 mV s  ̂
369 *C 
Platinum

FIGURE 7.3

Voltammogram Recorded at a Low Scan Rate for Water in Molten Zinc Chloride
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was noticed on every occasion and did not appear to be a freak result.
i

Plots of ip vs. v 2 for peaks III and IV are shown in Figures 7.5(a) and (b),
the graphs displaying data for initial and subseguent scans, respectively.

Ill -The i values can be seen to be linear with respect to v 2 with the plot
p IVpassing through the origin. However, although the values of i provide

i  P
linear plots with respect to v 2 , in no instance did they pass through the 
origin. Even though the values of i ^  alter on subsequent scans, the 
plots do not come any closer to passing through the origin (Figure 7.5 (b)), 
indicating the lack of diffusion control of the electrochemical process.

Similar behaviour was seen for peaks V and VI. The AE values
pindicated that the peaks arose from a two-electron transfer process, and

V VIthe independence of E and E with scan rate demonstrated the
P P

reversibility of the process (Table 7.A). However, the variation of i 
i P

with v 2 (Figure 7.6), although linear for both peaks, was only found to go
through the origin for peak V. The peak currents of peak VI, like those of
peak IV, deviated a long way from a path through the origin.

The fact that peak VII did not consistently appear on voltammograms 
made monitoring its behaviour very difficult. Visually, it appeared 
between peaks IV and VI as a slight hump. However, the effect of holding 
the voltage sweep at the most cathodic end of the voltammogram can be seen 
in Figure 7.7 and this might provide an idea of the origin of peak VII. 
Holding the sweep for 30 seconds at the cathodic limit resulted in a large 
peak appearing on the return anodic sweep, at roughly the same potential as 
peak VII on the earlier voltammograms (Figure 7.1). The origin of this 
peak will be discussed during the discussion of the other peaks later in 
this section.

The effect of adding NaCl to the ZnCl^ melts containing H^O can be 
seen in Figure 7.8, which shows a voltammogram recorded from 80 mol. % 
ZnCl^-NaCl with water vapour (12.35 torr) having been bubbled through the 
melt for several hours. On comparing this with Figure 7.1 the differences 
can be seen immediately. The reasonably well-defined peaks seen for water 
in pure ZnCl^ have given way to a broad "envelope" for water in 80 mol. % 
ZnCl^-NaCl, where only peaks I and II are clearly visible. Although
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FIGURE 7 . 5  ( a )  V a r i a t i o n  o f  i  w i t h  v 2 f o r  P e a k s  I I I
a n d  IV  f o r  W a te r  i n  Z in c  C h lo r i d e  
( I n i t i a l  S c a n )
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62  3 K

. IV
[ p  (m A )

TV i
FIGURE 7 . 5  ( b )  V a r i a t i o n  o f  i  w i t h  v 2 f o r  W a te r  i n

Z in c  C h lo r i d e  (S u b s e q u e n t  S c a n s )
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V a r i a t i o n  o f  i  W i th  v 2 f o r  P e a k s  V a n d  V I f o r  
W a?e r i n  Z in c  C h lo r i d e
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200 mV s 
324 *C 
Platinum 
12-35 torr

FIGURE 7 . 8

V o lta m m o g ra m s  O b ta in e d  f o r  W a te r  i n  8 0  m o l.  % Z n C l^ -N a C l
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s l i g h t  hum ps c a n  be  s e e n  w h e re  p e a k s  111—V I w e re  e x p e c te d  t o  a p p e a r ,  i t  was  
a lm o s t  im p o s s ib le  t o  a t t e m p t  t o  m e a s u re  th e  p a r a m e te r s  o f  th e s e  p e a k s  s in c e  
on  m any o f  t h e  v o lta m m o g ra m s  t h e r e  w as no  s ig n  o f  a n y  re s p o n s e  o t h e r  th a n  
p e a k s  I  a n d  I I .

T a b le s  7 . 5 - 7 .8  g i v e  t h e  v o l t a m m e t r ic  p a r a m e te r s  f o r  p e a k s  I  a n d  I I  
m e a s u re d  f o r  w a te r  a t  f o u r  d i f f e r e n t  v a p o u r  p r e s s u r e s  i n  80  m o l.  % Z n C l^ -  
N aC l a t  v a r i o u s  t e m p e r a t u r e s .  The v a lu e s  o f  AE^ f o r  a l l  m e l t  t e m p e r a tu r e s  
and  w a te r  v a p o u r  p r e s s u r e s  i n d i c a t e d  t h a t  t h e  p e a k s  w e re  due  t o  a one  
e l e c t r o n  t r a n s f e r  p r o c e s s  , a s  fo u n d  f o r  t h e  same p e a k s  i n  p u r e  m o lt e n  
Z n C l^ .  As t h e  m e l t  t e m p e r a tu r e s  w e re  r a is e d  f o r  e a c h  w a te r  v a p o u r  
p r e s s u r e  s o  p e a k s  I  a n d  I I  becam e l e s s  d i s t i n g u i s h a b l e ,  a n d  a t  h ig h e r  
t e m p e r a tu r e s  becam e u n n o t i c e a b l e , e s p e c i a l l y  w hen  lo w e r  w a te r  v a p o u r  
p r e s s u r e s  w e re  b e in g  u s e d .  F o r  t h e  s y s te m  u s in g  2 .6 1  t o r r  w a te r  v a p o u r  
o n ly  a fe w  m e a s u re m e n ts  o f  p e a k  I  w e re  p o s s i b le  a t  3 2 4 °C . A l l  i  ^ v a lu e s  
w e re  fo u n d  t o  be  l i n e a r l y  d e p e n d e n t  o n  v 2 , a n d  a s  c a n  be s - e n  i n  F ig u r e  7 . 9 .  
t h e  p l o t s  p a s s e d  t h r o u g h  t h e  o r i g i n ,  a g a in  a s  s e e n  f o r  t h e  p u re  m o lt e n  Z n C ^  
( F ig u r e  7 . 4 ) .  The e f f e c t  o f  m e l t  t e m p e r a tu r e  on t h e  p e a k  c u r r e n t s  w as v e r y  
i n c o n s i s t e n t *  i n  some c a s e s  i  * d e c re a s e d  w i t h  in c r e a s e  i n  t e m p e r a tu r e  
w h e re a s  i n  o t h e r s  i t  r o s e .  I n  a l l  a s p e c t s  th o u g h  t h e  b e h a v io u r  o f  p e a k s  I  
and  I I  i n  80  m o l.  % Z n C l^ -N a C l m i r r o r e d  t h a t  o f  t h e  same p e a k s  f o r  w a te r  i n  
m o lt e n  Z n C l^ .

The d e p e n d e n c e  o f  t h e  p e a k  c u r r e n t ,  i  , on t h e  w a te r  v a p o u r  p r e s s u r e  
i s  show n  i n  F ig u r e  7 .1 0  f o r  t h e  80  m o l.  % Z n C l^ -N a C l s y s te m  a t  3 2 4 °C , w h e re  
i t  c a n  be s e e n  t h a t  a l i n e a r  r e l a t i o n s h i p  e x i s t s  b e tw e e n  t h e  tw o .  The  
v a lu e s  w e re  t a k e n  f r o m  v o lta m m o g ra m s  r e c o r d e d  a t  t h e  lo w  m e l t  t e m p e r a tu r e  
o f  3 2 4 °C  s in c e  a t  h ig h e r  t e m p e r a t u r e s  p e a k  I  w as s o m e t im e s  n o t  v i s i b l e .

V o lta m m o g ra m s  r e c o r d e d  i n  50  m o l.  % Z n C l^ -N a C l t h a t  h a d  b e en  
s a t u r a t e d  w i t h  w a te r  v a p o u r  s h o w e d  no  v o l t a m m e t r ic  p e a k s  o t h e r  th a n  th e  
a n o d ic  a n d  c a t h o d ic  m e l t  l i m i t s .  The  o n ly  d i f f e r e n c e  b e tw e e n  th e m  a n d  th e  
v o lta m m o g ra m s  r e c o r d e d  f o r  t h e  p u r e  m e l t s  ( C h a p te r  4 )  was t h a t  t h e  r e s i d u a l  
c u r r e n t s  w e re  s l i g h t l y  l a r g e r  f o r  t h e  w a te r - c o n ta m in a te c f  m e l t s .  
C o n s e q u e n t ly ,  no  v o l t a m m e t r ic  d a ta  i s  a v a i l a b l e  f o r  w a te r  i n  th e  e q u im o la r  
m e l t s .



v(Vs 1) T (K) -EpT(V) -EpH (V) AEp(V) ip1 (mA)
0.02 599 0.335 0.190 0.145 0.0540.05 599 0.320 0.210 0.110 0.0730.10 599 0.345 0.215 0.130 0.0920.20 599 0.350 0.200 0.150 0.1250.50 599 0.335 0,185 0.150 0.1911.00 
calc.

599 0.650 0.490 0.160
0.119

0.296

0.05 618 0.360 0.220 0.140 0.0900.10 618 0.370 0.240 0.130 0.1150.20 618 0.360 0.225 0.135 0.1500.50 
calc.

618 0.355 0.220 0.135
0.122

0.200

TABLE 7.5

Voltammetric Parameters of Peaks I and II for 
H^O (v.p. = 19.1 torr) in 80 mol. % ZnCl^-NaCl
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v(Vs T (K) -EpI(V) -EpH (V) AEp(V) i * (mA) 
P

. I 7. II 
i /l 
P P

0.01 597 0.620 0.430 0.190 0.029 0.810.02 597 0.620 0.410 0.210 0.039 0.830.05 597 0.610 0.435 0.175 0.058 0.840.10 597 0.300 0.130 0.170 0.082 0.770.20 597 0.620 0.440 0.180 0.110 0.860.50 597 0.630 0.420 0.210 0.171 0.911 .00 
calc. 597 0.320 0.110 0.210

0.118
0.240 0.90

0.02 616 0.550 _ _ _ _ 0.0350.05 616 0.530 — — 0.0550.10 616 0.530 — — 0.0780.20 616 0.540 0.5 60 0.180 0.1050.50 616 0.510 0.380 0.130
0.122

0.160

0.02 640 0.260 ~0.070 -0.190 0.0280.05 640 0.230 -0.050 -0.180 0.0420.10 640 0.250 — — 0.0650.20 640 0.260 ~0.060 -0.200 0.0910.50 640 0.260 —

0.127
0.153

TABLE 7.6

Voltammetric Parameters of Peaks I and II 
for H^O (v.p. = 12.35 torr) in 80 mol. % ZnCl^-NaCl
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(Vs~1) T (K) -EpI(V) -EpII(V) AEp(V) ip1 (m
0.01 597 0.580 0.420 0.160 0.027
0.02 597 0.590 0.440 0.150 0.035
0.05 597 0.600 0.480 0.120 0.055
0.10 597 0.600 0.460 0.140 0.0790.20 597 0.595 0.470 0.125 0.115
0.50 597 0.600 0.440 0.160 0.185
1.00 
calc.

597 0.607 0.520 0.150
0.118

0.274

0.02 618 0.550 0.420 0.130 0.046
0.05 618 0.565 0.425 0.140 0.068
0.10 618 0.570 0.420 0.150 0.096
0.20 618 0.560 0.410 0.150 0.140
0.50 
calc.

618 0.545 0.400 0.145
0.122

0.231

TABLE 7.7

Voltammetric Parameters of Peaks I and II for 
Ĥ O (v.p. = 7.84 torr) in 80 mol. % ZnCl^-NaCl
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(Vs 1 ) T (K) -Ep1 (V) ip1 (mA)

0.05 598 0.530 0.052
0.10 598 0.540 0.071
0.20 598 0.535 0.103
0.50 598 0.540 0.161
1 .00 598 0.550 0.240

TABLE 7.8

Voltammetric Parameters of Peak I 
for H2O (v.p. 2.61 torr) in 

80 mol. % ZnCl2-NaCl
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FIGURE 7 . 9
I  i

Variation of i with v2 for Water in 80 mol. % ZnCl2-NaCl
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FIGURE 7.10
Variation of Peak I With Water Vapour Pressure 

for 80 mol. % ZnCl̂ -NaCl
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H a v in g  s u m m a r iz e d  t h e  v o l t a m m e t r ic  r e s u l t s  o b t a in e d  d u r i n g  t h i s
w o r k ,  t h e  n e x t  s ta g e  i s  t o  t r y  t o  a s s ig n  th o s e  r e s u l t s  t o  s p e c ie s  o r
p r o c e s s e s  t h a t  may e x i s t  i n  t h e  w a t e r - c o n t a m in a t e d  m e l t s .  T h re e

(8 2  88 9 2 )e l e c t r o d e  r e a c t i o n s  h a ve  b e e n  i n t im a t e d v ’ ’ t o  o c c u r  i n  c h l o r i d e
m e l t s  c o n t a i n i n g  w a t e r ,  w i t h  [ 7 . 4 ]  o c c u r r i n g  a t  t h e  m o s t c a t h o d ic

OH + e 02 “  + iH 2 [ 7 . 4 ]

H2 0 + e "  = OH-  +  JH 2 [ 7 . 3 ]

2-0 -  2e = | 0 2 [ 7 . 5 ]

p o t e n t i a l s  a n d  [ 7 . 5 ]  j u s t  p r i o r  t o  t h e  c h l o r i n e  e v o l u t i o n  p o t e n t i a l .  T h is  
w o u ld  m a tc h  w e l l  w i t h  t h e  r e s u l t s  o b t a in e d  h e re  i f  t h e  s h i f t  o b s e r v e d  i n  
p e a k  IV  h a d  n o t  o c c u r r e d .  I n  t h a t  c a s e  t h e  s i x  v o l t a m m e t r ic  p e a k s  c o u ld  
h a v e  b e e n  e a s i l y  a s s ig n e d  a s  t h e  " h y d r o x id e  w a v e "  ( I ,  I I ) ;  t h e  " w a t e r  w a v e "  
( I I I ,  IV )  a n d  th e  o x id e / o x y g e n  c o u p le  ( V / V I ) .  H o w e v e r , t h e  c h a n g e  o f  
p e a k s  I I I / I V  f r o m  a o n e - t o  a t w o - e l e c t r o n  p r o c e s s  a f t e r  t h e  i n i t i a l  s c a n  
c o u ld  n o t  be  a c c o u n te d  f o r  b y  s u c h  a s i m p l i s t i c  e x p la n a t i o n .

The e x i s t e n c e  o f  p e r o x id e  io n s  h a s  b e e n  p u t  f o r w a r d  t o  e x p l a i n  t h e  
b e h a v io u r  o f  H^O i n  C a C l^ -K C l m e l t s v . T h re e  p a i r s  o f  v o l t a m m e t r ic  
p e a k s  w e re  o b s e r v e d  on  g o ld  e l e c t r o d e s ,  t h e  m o s t c a t h o d ic  b e in g  d e s ig n a te d  
t h e  " h y d r o x id e  w a v e "  [ 7 . 4 ]  a s  p r e v i o u s l y ,  b u t  t h e  o t h e r  tw o  b e in g  a s c r i b e d  
t o  p e r o x y - s p e c ie s . I n  p la c e  o f  t h e  " w a t e r  w a v e "  t h e  p r o c e s s  [ 7 . 6 ]  was

02 2 '  + 2 e "  -  2 0 2 -  [ 7 . 6 ]

0 2 +  2 e "  r  0 2 2 -  [ 7 . 7 ]

c la im e d  t o  o c c u r ,  w h i l s t  t h e  m o s t a n o d ic  p a i r  was s a id  t o  be  due  t o  
o x i d a t i o n  o f  t h e  p e r o x y - s p e c ie s  [ 7 . 7 ]  r a t h e r  th a n  o x i d a t i o n  o f  o x id e  io n s
[ 7 . 5 ] .

T h re e  c h e m ic a l  e q u i l i b r i a  w e re  s a id  t o  be d o m in a n t  i n  th e  m e l t  a t
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700°C, with all three ([7.1], [7.8], and [7.9]) being rapidly displaced to

the right on introduction of water or oxy-species to the melt. The concept

2 0H "  = 0 2 "  + H2 0 [ 7 . 1 ]

C l "  +  H2 0 = HC1 +  OH" [ 7 . 8 ]

0 2 +  202 "  = 202 2 " [ 7 . 9 ]

o f  a p e r o x i d e / o x i d e  c o n v e r s i o n  [ 7 . 6 ]  w o u l d  e x p l a i n  t h e  t w o - e l e c t r o n  
p r o c e s s  o c c u r r i n g  on s u b s e q u e n t  s c a n s  ( F i g u r e  7 . 2 ) .  D u r i n g  t h e  i n i t i a l  
s c a n  i t  s eemed  s o m e t h i n g  h a p p e n e d  e i t h e r  on t h e  e l e c t r o d e  s u r f a c e  o r  i n  t h e  
m e l t  t h a t  a l t e r e d  t h e  p r o c e s s  c a u s i n g  p e a k  IV  t o  a r i s e .  One p o s s i b l e  
m e c h a n i s m  i s  a s  f o l l o w s .  O x yg en  c o u l d  be p r o d u c e d  a t  o x i d a t i o n  p e a k  V I  and  
t h e n  r e m a i n  i n  t h e  v i c i n i t y  o f  t h e  e l e c t r o d e  t o  c o m b i n e  w i t h  o x i d e  i o n s  
f o r m e d  on  t h e  r e d u c t i o n  s t e p  ( V )  o r  w i t h  o x i d e  i o n s  f o r m e d  on  t h e  r e d u c t i o n  
o f 0 H ~ ( I / I I ;  [ 7 . 4 ] ) .  I n  t h i s  way  some p e r o x i d e  i o n s  c o u l d  c o n c e i v a b l y  be  
f o r m e d  ( [ 7 . 9 ] )  and  p e r h a p s  a f f e c t  p e a k  I V .  H o w e v e r ,  t h e  d i r e c t  o x i d a t i o n  
o f  o x i d e  i o n s  c o u l d  a l s o  f o r m  p e r o x i d e  i o n s ^  , a s  i n d i c a t e d  i n  [ 7 . 6 ] ,  t h e  
o x i d e  i o n s  h a v i n g  b e e n  p r o d u c e d  b y  t h e  r e d u c t i o n  o f  OH . The w i d t h  o f  p e a k  
I V  on  s u b s e q u e n t  s c a n s  c o u l d  t h e n  be  e x p l a i n e d  a s  b e i n g  c a u s e d  b y  t h e  
p r o x i m i t y  o f  t h e  " w a t e r  w a v e "  o x i d a t i o n  p r o c e s s  t o  t h e  p e r o x i d e  f o r m a t i o n  
p r o c e s s  [ 7 . 6 ]  on  t h e  p o t e n t i a l  s c a l e .  H o w e v e r ,  p e a k  I I I  was f o u n d  t o  be  
r e p r o d u c i b l e  o v e r  a n y  n um be r  o f  s c a n s ,  w h i c h  m i g h t  n o t  be  e x p e c t e d  t o  o c c u r  
s i n c e  i t s  r e v e r s e  r e s p o n s e  was  v a r y i n g .

The e f f e c t  o f  h o l d i n g  t h e  p o t e n t i a l  sweep  a t  t h e  c a t h o d i c  l i m i t  
( F i g u r e  7 . 7 )  c a u s e d  a l a r g e  p e a k  t o  a p p e a r  on t h e  r e v e r s e  s c a n  i n  t h e  a n o d i c
d i r e c t i o n .  The m o s t  c a t h o d i c  p r o c e s s  ( I , I I )  i s  b e l i e v e d  t o  be  r e d u c t i o n
c  nu-  n^-  . u i (82 ,88 ,92 ,98)  T . . .o f  OH t o  0 a n d  H, a s  a g r e e d  b y  o t h e r  w o r k e r s  ’ ’ . I n  t h i s  c a s e2 -t h e  p r e s e n c e  o f  0 i n  t h e  v i c i n i t y  o f  t h e  e l e c t r o d e  c o u l d  c a u s e  an o x i d e  

f i l m  t o  f o r m  on  t h e  s u r f a c e ,  e i t h e r  o f  ZnO o r  p e r h a p s  a p l a t i n u m  o x i d e .  I f  
z i n c  w e r e  b e i n g  d e p o s i t e d  t o  some e x t e n t  a t  t h e  same t i m e  a s  t h e  OH i o n s  
w e r e  b e i n g  r e d u c e d  t h e n  s u c h  a f i l m  c o u l d  i n d e e d  f o r m .  Z i n c  o x i d e  i s  v e r y  
i n s o l u b l e  i n  t h e s e  m e l t s  ( C h a p t e r  9 )  and  m i g h t  n o t  be e x p e c t e d  t o  d i s s o l v e  
i n t o  t h e  m e l t .  A t  t i m e s ,  a f t e r  e x t e n d e d  u s e ,  t h e  s u r f a c e  o f  t h e  p l a t i n u m
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d i s c  e l e c t r o d e  was t a r n i s h e d  by  a f i l m  t h a t  c o u l d  be s c r a p e d  o f f  b u t  n o t  
w ash e d  o f f  w i t h  d i s t i l l e d  w a t e r .  The d e c o m p o s i t i o n  o f  t h i s  f i l m  on t h e  
r e v e r s e  sweep  c o u l d  c a u s e  t h e  l a r g e  p e a k  o b s e r v e d .  T h u s  t h e  o r i g i n  o f  t h e  
s m a l l  p e a k  V I I  ( F i g u r e  7 . 1 )  may h a v e  b e e n  u n c o v e r e d :  on t h e  r a p i d
c o n t i n u o u s  s w e e p s  v e r y  l i t t l e  o x i d e  f i l m  c o u l d  f o r m  and  p e a k  V I I  w o u l d  be  
s m a l l ,  a s  o b s e r v e d .  S i m i l a r  f i l m s  h a v e  b e e n  s a i d  t o  f o r m  i n  M g C l ^ - K C l  
m e l t s  u n d e r  t h e  same c o n d i t i o n s ^ . T h e s e  s u r f a c e  f i l m s  may a l s o  be

i
p a r t  o f  t h e  c a u s e  o f  t h e  i n c o n s i s t e n t  i ^ / v 2 p l o t s  w h e r e  i n  some c a s e s  t h e  
p l o t s  f o r  h i g h e r  m e l t  t e m p e r a t u r e s  l a y  b e l o w  t h o s e  f o r  l o w e r  m e l t  
t e m p e r a t u r e s .

The a d d i t i o n  o f  s o d i u m  c h l o r i d e  t o  t h e  m o l t e n  z i n c  c h l o r i d e  c a u s e d  a 
m a r k e d  c h a n g e  i n  t h e  v o l t a m m o g r a m s  r e c o r d e d  i n  t h e  h ^ O - s a t u r a t e d  m e l t s .  
F rom  t h e  r e a s o n a b l y  w e l l - d e f i n e d  p e a k s  s e e n  f o r  w a t e r  i n  m o l t e n  Z n C l ^  
( F i g u r e  7 . 1 )  t h e  p r e s e n c e  o f  20 m o l .  % N aC l  r e s u l t e d  i n  f e w e r ,  v e r y  v a g u e  
p e a k s  ( F i g u r e  7 . 8 )  w h i l s t  f o r  t h e  e g u i m o l a r  m e l t  t h e  v o l t a m m o g r a m s  
e x h i b i t e d  no  p e a k s  o t h e r  t h a n  t h e  m e l t  l i m i t s .  O b v i o u s l y  t h e  p r e s e n c e  o f  
NaC l  was  h a v i n g  an e f f e c t  on t h e  s p e c i e s  b e i n g  f o r m e d  u p o n  t h e  d i s s o l u t i o n  
o f  w a t e r  i n  t h e  m e l t s ,  t h e  v o l t a m m e t r i c  e v i d e n c e  i n f e r r i n g  t h a t  f e w e r  
s p e c i e s  w e r e  b e i n g  f o r m e d  s i n c e  t h e  p e a k s  d i s a p p e a r e d  a s  m o re  N aC l  was  
a d d e d .  F rom  t h e  r e s u l t s  o f  t h e  a . c .  im p e d a n c e  s t u d y  ( C h a p t e r  6 ) i t  was  
f o u n d  t h a t  w a t e r  l o w e r e d  t h e  m e l t  r e s i s t a n c e ,  a n d  n o t i o n s  o f  
h y d r o x y c h l o r o z i n c  s p e c i e s  w e r e  p u t  f o r w a r d ,  t h e  w a t e r  t h o u g h t  t o  be  
c a u s i n g  a b r e a k - u p  o f  t h e  p o l y m e r i c  Z n C l ^  s t r u c t u r e .  T h e r e  t h e  e f f e c t  was  
m o s t  m a r k e d  i n  t h e  p u r e  Z n C l ^  m e l t ,  j u s t  a s  t h e  v o l t a m m e t r i c  p e a k s  w e r e  m o s t  
m a r k e d  f o r  t h e  same m e l t .  T h a t  t h e  e x t e n t  o f  h y d r o l y s i s  was  l o w  was shown  
b y  t h e  Raman s p e c t r a  o f  H^O i n  Z n C l ^  ( C h a p t e r  8 ) w h e r e  no v i b r a t i o n s  
c h a r a c t e r i s t i c  o f  OH g r o u p s  w e r e  n o t i c e d .

A s s u m i n g  t h a t  h y d r o l y s i s  d o e s  o c c u r  t o  some e x t e n t  t h e n  p e r h a p s  i t  i s  
n o t  s u r p r i s i n g  t h a t  t h e  e f f e c t  was  m o s t  n o t i c e a b l e  i n  p u r e  m o l t e n  Z n C l ^ .  
I n  t h e  Z n C l ^ - N a C l  m e l t s ,  e s p e c i a l l y  w h e r e  > 0 . 2 ,  much o f  t h e
p o l y m e r i c  s t r u c t u r e  o f  t h e  Z n C l ^  h a s  b e e n  b r o k e n  up t o  f o r m  Z n C l ^ -  
c o m p l e x e s ,  w h i c h  a r e  a s sum ed  t o  be q u i t e  s t a b l e .  Any  h y d r o l y t i c  p r o c e s s  
w o u l d  i n v o l v e  t h e  r e p l a c e m e n t  o f  C l  l i g a n d s  w i t h  OH , w h i c h  may n o t  be  a 
f a v o u r a b l e  r e a c t i o n .  I n  t h e  p u r e  m o l t e n  Z n C l ^ ,  e s p e c i a l l y  a t  l o w e r
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f o u r - c o o r d i n a t e  z i n c  s p e c i e s  ( e . g .  H ^ t Z n C l ^ O H ]  , [ H ^ ^ Z n C l ^ O H ^ ]  ) .  
As d i s c u s s e d  i n  S e c t i o n  7 . 3 ,  t h e  p r e s e n c e  o f  w a t e r  i n  t h e s e  m e l t s  d i d  n o t  
r e s u l t  i n  p r e c i p i t a t i o n  a s  i s  s e e n  i n  c h l o r o a l u m i n a t e  m e l t s ,  i m p l y i n g  t h a t  
t h e  h y d r o l y t i c / w a t e r  d i s s o l u t i o n  p r o c e s s  r e a c h e s  an  e q u i l i b r i u m  l i m i t .  
F rom  F i g u r e  7 . 1 0  t h e  h e i g h t  o f  p e a k  I  was  s e e n  t o  be  d e p e n d e n t  on  w a t e r  
v a p o u r  p r e s s u r e ,  s o  p e r h a p s  i f  m o re  a nd  m o re  w a t e r  c o u l d  be  pumped  i n t o  t h e  
m e l t s  t h e n  e v e n t u a l l y  some p r e c i p i t a t e  m i g h t  f o r m .  P eak  I  i s  b e l i e v e d  t o  
a r i s e  f r o m  t h e  0H~ r e d u c t i o n  p r o c e s s ,  s h o w i n g  t h a t  t h e  w a t e r  d i s s o l u t i o n ,  
and  h e n c e  h y d r o l y s i s ,  i n c r e a s e  w i t h  w a t e r  v a p o u r  p r e s s u r e .

I n  much t h e  same way as  a w h o l e  s e r i e s  o f  e q u i l i b r i a  w e r e  p o s t u l a t e d  
f o r  t h e  d i s s o l u t i o n  o f  HC1 i n  t h e s e  m e l t s  ( S e c t i o n  3 . 1 ) ,  s o  an e v e n  l a r g e r  
s e r i e s  may be  p o s t u l a t e d  f o r  w a t e r ,  i n v o l v i n g  a r a n g e  o f  c o m p l e x e s  and  
s p e c i e s  a s  w e l l  a s  p o s s i b l y  w a t e r  d i s s o l v i n g  a s  H^O m o l e c u l e s  w i t h o u t  
s p l i t t i n g  t o  H+  and  OH . The l a s t  p r o c e s s  may be  o c c u r r i n g  i n  t h e  a l k a l i  
c h l o r i d e - r i c h  m e l t s  w h e r e  h y d r o l y s i s  a p p e a r e d  t o  m i n i m a l .

temperatures , much of the liquid is thought to have a polymeric structure

(Section 2.1) which would be more susceptible to break-up and formation ofo

I n  c o n c l u s i o n ,  t h e  i n v e s t i g a t i o n  o f  t h e  b e h a v i o u r  o f  H^O i n  Z n C l ^ -  
N aC l  m e l t s  h a s  shown  t h a t  h y d r o l y t i c  r e a c t i o n s  do o c c u r  i n  t h e s e  m e l t s .  
The e x t e n t  o f  h y d r o l y s i s  a p p e a r s  t o  be g r e a t e s t  i n  t h e  p u r e  Z n C l ^  m e l t ,  
f a l l i n g  a s  N aC l  i s  a d d e d  u n t i l  a t  e q u i m o l a r  m e l t  c o m p o s i t i o n s  w h e r e  t h e  
h y d r o l y t i c  r e a c t i o n  a p p e a r s  t o  be  v i r t u a l l y  n o n - e x i s t e n t .  D e f i n i t e  
a s s i g n m e n t  o f  a l l  t h e  v o l t a m m e t r i c  r e s p o n s e s  was n o t  p o s s i b l e ,  b u t  
s u g g e s t i o n s  h a v e  b e e n  made a s  t o  t h e  o r i g i n s  o f  t h o s e  t h a t  w e r e  n o t  
i d e n t i f i a b l e .
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CHAPTER 8

SPECTROSCOPIC INVESTIGATION OF ZnCl2 CONTAINING 

PROTONIC AND OXY-SPECIES

8.1 Introduction

The Raman s p e c t r a  o f  z i n c  c h l o r i d e  i n  v a r i o u s  s t a t e s  a r e  w e l l
, , . i . ,  n . , MP1 v ( 2 1 , 2 3 , 2 4 , 2 6 - 2 8 , 1 2 2 )  .d o c u m e n t e d ;  m o l t e n  Z n C l „ ( + M C l  ) , g l a s s y

7 r i  ( 2 1 , 2 3 , 1 5 6 - 1 5 8 )  Z x. 7 r . ( 1 5 9 )  . . . .Z n C l  ’ ’ , a q u e o u s  g l a s s y  Z n C l ? , c r y s t a l l i n e
7 P1 160  . . . .  -| . • ,  7 Z ( 2 5 , 1 6 1 , 1 6 2 )  T .Z n C l ^  a n d  s a t u r a t e d  a q u e o u s  s o l u t i o n s  o f  Z n C l ^  . I t
was  d e c i d e d  t h a t  Raman s p e c t r o s c o p y  w o u l d  be a s u i t a b l e  m e t h o d  f o r  
s t u d y i n g  t h e  b e h a v i o u r  o f  w a t e r  a n d  HC1 i n  m o l t e n  Z n C l ^ .  
U n f o r t u n a t e l y ,  no  h e a t e d  c e l l  was  a v a i l a b l e  f o r  w o r k  t o  be  c a r r i e d  o u t  
w i t h  m o l t e n  s a m p l e s .  By s a t u r a t i n g  t h e  m e l t  w i t h  s o l u t e ,  q u e n c h i n g  
t h e  s o l u t i o n  a n d  g r i n d i n g  t h e  s o l i d  t o  a p o w d e r ,  i t  was  h o p e d  t h a t  t h e  
s o l u t e  w o u l d  be  t r a p p e d  w i t h i n  t h e  s o l i d  m a t r i x .  One a d v a n t a g e  o f  
Raman s p e c t r o s c o p y  o v e r  i n f r a - r e d ,  s a y ,  i s  t h a t  s a m p l e s  c a n  be  h e l d  i n  
P y r e x  t u b e s  w h i c h  may be s e a l e d  t o  p r e v e n t  c o n t a m i n a t i o n  b y  m o i s t u r e ,  
w h e r e a s  a b s o r p t i o n  o f  i n f r a - r e d  b y  P y r e x  m ask s  t h e  s a m p l e  a b s o r p t i o n  
and  o t h e r  s a m p l e - h o l d i n g  m a t e r i a l s  m u s t  be  u s e d .  H o w e v e r ,  a p e n a l t y  
i s  p a i d  i n  t h a t  Raman s p e c t r o s c o p y  l a c k s  t h e  s e n s i t i v i t y  o f  t h e  i n f r a ­
r e d  t e c h n i q u e .

8.2 Raman Spectrum of Pure ZnCl2

I n  o r d e r  t o  a s c e r t a i n  t h e  p u r i t y  o f  t h e  s t a r t i n g  m a t e r i a l  a Raman  
s p e c t r u m  o f  p u r i f i e d  Z n C l ^  was  r e c o r d e d ,  u s i n g  t h e  m e t h o d  o u t l i n e d  i n  
S e c t i o n  3 . 1 1 .  S i n c e  q u e n c h i n g  o f  t h e  m e l t ,  c a r r i e d  o u t  b y  l i f t i n g  
t h e  m e l t  c o n t a i n e r  o u t  o f  t h e  f u r n a c e  w h i l s t  h o t ,  w o u l d  l e a v e  t h e  
s a m p l e  a s  a l u m p  o f  p a r t  c r y s t a l l i n e ,  p a r t  v i t r e o u s  m a t e r i a l ,  t h e  
s o l i d  was  g r o u n d  f o r  20 m i n u t e s  t o  d e v i t r i f y  t h e  s a m p l e .  The Raman  
s p e c t r u m  o f  t h e  r e s u l t i n g  w h i t e  p o w d e r  i s  shown  i n  F i g u r e  8 . 1 .

-1 -1Two s h a r p  p e a k s  c a n  be o b s e r v e d ,  a t  8 6 . 5  cm and  249  cm , a n d  a
_1b r o a d  " w a v e "  a t  a r o u n d  470  cm . S m a l l  s h o u l d e r s  c a n  be  s e e n  on

-1e i t h e r  s i d e  o f  t h e  b a s e  o f  t h e  p e a k  a t  249  cm , c e n t r e d  a r o u n d  230  cm
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-1 -1and  265  cm . The p e a k  a t  249  cm may be a s s i g n e d  t o  t h e  s y m m e t r i c  
s t r e t c h i n g  mode o f  v i b r a t i o n  ( v ^ )  o f  t h e  Z n C l ^  t e t r a h e d r a  i n  t h e  
c r y s t a l ^ ^ ^ ,  a mode o t h e r w i s e  c a l l e d  t h e  " b r e a t h i n g "  mode .  T h i s  
mode o f  v i b r a t i o n  i s  o f t e n  u s e d  when  a f i r s t  a p p r o x i m a t i o n  i s  r e q u i r e d  
i n  c o m p a r i n g  s p e c t r a  s i n c e  i t  i s  u s u a l l y  t h e  m o s t  i n t e n s e  o f  t h e  
v i b r a t i o n a l  modes  and  i s  n o t  i n f r a - r e d  a c t i v e .  The s h o u l d e r  a t  
268  cm h a s  e l s e w h e r e ^  b e e n  a t t r i b u t e d  t o  t h e  a n t i s y m m e t r i c
s t r e t c h i n g  mode w h i l s t  t h e  s h a r p  p e a k  a t  8 6 . 5  cm c a n  be
t e n t a t i v e l y  a t t r i b u t e d ^ t o  t h e  a n t i s y m m e t r i c  b e n d i n g  mode v ^ .  
The f o u r t h  Raman a c t i v e  mode o f  v i b r a t i o n ,  t h e  s y m m e t r i c  b e n d i n g  mode  

c o u l d  n o t  be o b s e r v e d  on  t h e s e  s p e c t r a  and  may w e l l  be  m a s ke d  by  
t h e  r a p i d l y  r i s i n g  s p e c t r u m  i n t e n s i t y  a t  l o w e r  Raman s h i f t s ,  s i n c e  
o t h e r  w o r k e r s  h a v e  i d e n t i f i e d  i t  a t  l o w e r  Raman s h i f t s  t h a n  t h a t  o f  
v ^ .  The s h o u l d e r  a t  230  cm may w e l l  be  due  t o  r e s i d u a l  g l a s s  w i t h i n  
t h e  s a m p l e ,  w h i c h  was n o t  t o t a l l y  r e m o v e d  b y  t h e  g r i n d i n g  o f  t h e  
q u e n c h e d  s a m p l e .  The Raman s h i f t  i s  t h e  same a s  t h a t  m e a s u r e d  f o r  
v i t r e o u s  Z n C ^  s a m p l e s  b y  o t h e r  w o r k e r s ^  ’ b u t  s i n c e  t h e
s h o u l d e r  i s  s o  s m a l l  i t  was f e l t  t h a t  20 m i n u t e s  v i g o r o u s  g r i n d i n g  
w o u l d  be  s u f f i c i e n t  t o  r e m o v e  a n y  g l a s s y  Z n C l ^  f r o m  f u t u r e  s a m p l e s .

C o n t i n u i n g  t h e  Raman s c a n  on  t o  4 0 0 0  cm c o n f i r m e d  t h e  a b s e n c e  o f
i m p u r i t y  w a t e r ,  s i n c e  t h e  c h a r a c t e r i s t i c  p e a k s  a t t r i b u t a b l e  t o  t h e

_1v i b r a t i o n s  o f  w a t e r  m o l e c u l e s  a t  a r o u n d  3 400  cm w e r e  n o t  o b s e r v e d .  
The b r o a d  wave  c e n t r e d  a r o u n d  4 7 0  cm c a n  be a t t r i b u t e d  t o  a 
v i b r a t i o n  w i t h i n  t h e  P y r e x  t u b e ^ ^ ^  u s e d  a s  a s a m p l e  h o l d e r ,  a n d  was  
s e e n  i n  a l l  t h e  s p e c t r a  r e c o r d e d .

8.3 Raman Spectrum of ZnCl^ Containing HC1

P u r e  Z n C l ^  was s a t u r a t e d  w i t h  HC1 b y  b u b b l i n g  t h e  g a s  t h r o u g h  t h e  
m e l t  ( ~  3 3 0 ° C )  f o r  6 h o u r s ,  a n d  t h e n  a i r - q u e n c h i n g  t h e  s o l u t i o n .  
V i g o r o u s  g r i n d i n g  o f  t h e  s o l i d  g a v e  a w h i t e  p o w d e r  w h i c h  was  s e a l e d  
i n t o  a 6mm P y r e x  t u b e .  The Raman s p e c t r u m  r e c o r d e d  f o r  t h e  s a m p l e  i s  
shown  i n  F i g u r e  8 . 2 .

I t  c a n  i m m e d i a t e l y  be s e e n  t h a t  t h i s  s p e c t r u m  h a s  a much " n o i s i e r "  
b a s e l i n e  t h a n  t h a t  o f  t h e  p u r e  Z n C l ^ ,  a n d  t h i s  n o i s e  c a n  be s e e n  i n
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some o f  t h e  o t h e r  s p e c t r a .  I t  i s  t h o u g h t  t o  h a v e  b e e n  c a u s e d  by  
h a v i n g  t o o  much s a m p l e  i n  t h e  p a t h  o f  t h e  l a s e r  c a u s i n g  e x c e s s i v e  
d i s p e r s i o n  o f  t h e  r a d i a t i o n .  As a r e s u l t  o f  t h i s  n o i s e  o n l y  t w o  
s h a r p ,  d i s c e r n a b l e  p e a k s  c o u l d  be  s e e n  on  t h e  s p e c t r u m  b e tw e e n  t h e
r a n g e  1 0 0 - 4 0 0 0  cm , a n d  t h e  b r o a d  wave  c a u s e d  b y  P y r e x  a p p e a r s  a t

-1 -1 a r o u n d  4 6 0  cm . The l a r g e s t  p e a k ,  a t  250  cm , i s  a s s i g n e d  t o  t h e
s y m m e t r i c  s t r e t c h i n g  mode o f  v i b r a t i o n ;  t h e  same a s  t h a t  s e e n  f o r  p u r e  

-1 -1Z n C l ^  a t  2 4 9  cm . The s m a l l e r  p e a k  a t  2 2 8  cm c a n  be a t t r i b u t e d  t o  
r e s i d u a l  g l a s s  i n  t h e  g r o u n d  p o w d e r .  S i n c e  t h e  s o l i d  m a t e r i a l  h a d  
b e e n  g r o u n d  f o r  a s  l o n g  a s  t h e  p u r e  Z n C l ^ ,  i t  w o u l d  a p p e a r  t h a t  t h e  
v i t r e o u s  p h a s e  i s  s t a b i l i z e d  b y  t h e  p r e s e n c e  o f  HC1 i n  t h e  m a t r i x ,  
s i n c e  t h e  i n t e n s i t y  o f  t h e  228  cm p e a k  i s  g r e a t e r  t h a n  t h a t  o f  t h e  
230  cm s h o u l d e r  s e e n  f o r  p u r e  Z n C l ? . A s m a l l  s h o u l d e r  a t  a r o u n d  
265  cm i s  j u s t  d i s c e r n a b l e  w h i c h  a s  b e f o r e  c a n  be a t t r i b u t e d  t o  t h e  
a n t i s y m m e t r i c  s t r e t c h i n g  mode ,

The m e c h a n i s m  b y  w h i c h  HC1 m i g h t  s t a b i l i s e  t h e  v i t r e o u s  Z n C l ^  
p h a s e  c o u l d  be a s  f o l l o w s .  Upon d e v i t r i f i c a t i o n  t h e  d i s o r d e r e d  
g l a s s y  s o l i d  i s  r e a r r a n g e d  t o  f o r m  a r e g u l a r  o r d e r e d  c r y s t a l  
s t r u c t u r e .  I f  an  i m p u r i t y  i s  p r e s e n t  w i t h i n  t h e  g l a s s  t h e n  
p r e s u m a b l y  i t  w o u l d  n e e d  t o  be r e m o v e d  b e f o r e  r e c r y s t a l l i z a t i o n  c o u l d  
be c o m p l e t e d  o r  i n c o r p o r a t e d  i n t o  t h e  c r y s t a l  s t r u c t u r e ,  a n d  i f  t h a t  
i m p u r i t y  w e r e  c h e m i c a l l y  b o u n d  t o  t h e  s u b s t r a t e  m a t e r i a l ,  a s  HC1 i s  
t h o u g h t  t o  b i n d  t o  Z n C l ^ ,  t h e n  m o re  e n e r g y  w o u l d  be r e g u i r e d  t o  e f f e c t  
c r y s t a l l i s a t i o n .

8.4 Raman Spectrum of ZnCl^ Containing K^O

P u r e  m o l t e n  Z n C ^  ( ~  3 4 0 ° C )  was  s a t u r a t e d  w i t h  w a t e r  v a p o u r  b y  t h e
p a s s a g e  o f  m o i s t  a r g o n  f o r  6 h o u r s ,  t h e n  a i r - g u e n c h e d  a n d  v i g o r o u s l y
g r o u n d  f o r  20 m i n u t e s .  The Raman s p e c t r u m  o f  t h e  r e s u l t i n g  w h i t e
p o w d e r  i s  shown  i n  F i g u r e  8 . 3 .  O n l y  tw o  s h a r p  p e a k s  a r e  d i s c e r n a b l e ,  

-1 -1a t  225  cm and  248  cm , a s  w e l l  a s  t h e  wave  due  t o  t h e  P y r e x  t u b e  a t
4 7 0  cm . No o t h e r  p e a k s  w e r e  o b s e r v e d  w i t h i n  t h e  r a n g e  1 0 0 -  

_1
4 0 0 0  cm . R a t h e r  s u r p r i s i n g l y ,  no  p e a k s  due  t o  t h e  v i b r a t i o n s  o f  
w a t e r  m o l e c u l e s  c o u l d  be s e e n  i n  t h e  r e g i o n  3 4 0 0 - 3 6 0 0  cm



IN
T

EN
SI

T
Y

 
(a

.

FIGURE 8 .3 : Raman Spectrum o f ZnCl^ Contain ing H^O
20 Minutes G rind ing

-
06

1-



-191-

i n d i c a t i n g  t h a t  i f  w a t e r  w e r e  p r e s e n t  w i t h i n  t h e  m a t r i x  i t  w as  i n  
q u a n t i t i e s  t o o  s m a l l  f o r  d e t e c t i o n  b y  Raman s p e c t r o s c o p y .  H o w e v e r ,  
Raman s p e c t r o s c o p y  i s  a r a t h e r  p o o r  d e t e c t o r  o f  w a t e r ^ ^ \  
e s p e c i a l l y  i m p u r i t y  w a t e r .  W a t e r  o f  c r y s t a l l i z a t i o n  w i l l  be  
d e t e c t e d  b u t  t h a t  p r e s e n t  i n  ppm l e v e l s  w i l l  n o t  b e .  I n f r a - r e d  
s p e c t r o s c o p y  h a s  b e e n  f o u n d  t o  be  much m o re  s e n s i t i v e  t o  t h e  p r e s e n c e  
o f  m o i s t u r e  w i t h i n  t h e  s a m p l e ^ ^ ’ .

The p e a k  a t  248  cm c a n  be a s s i g n e d  t o  t h e  s y m m e t r i c
s t r e t c h i n g  mode o f  v i b r a t i o n  o f  c r y s t a l l i n e  Z n C l ? , w h i l e  t h a t  a t
225  cm i s  t h e  same mode s e e n  i n  t h e  g l a s s y  f o r m .  The b e h a v i o u r  i s
a n a l o g o u s  t o  t h a t  c a u s e d  b y  t h e  p r e s e n c e  o f  HC1 i n  Z n C ^ .  By
c o m p a r i n g  t h e  p e a k  i n t e n s i t i e s  i t  c a n  be  s e e n  t h a t  t h e  g l a s s y  f o r m
c o n t a i n i n g  H2O i s  e v e n  m o re  d u r a b l e  t h a n  t h a t  c o n t a i n i n g  HC1;  e v e n
a f t e r  20 m i n u t e s  g r i n d i n g  t h e  d e v i t r i f i c a t i o n  p r o c e s s  i s  a l o n g  way
f r o m  c o m p l e t i o n .  F i g u r e  8 . 4  s h ow s  t h e  Raman s p e c t r u m  o f  t h e  same
s a m p l e  a f t e r  o n l y  5 m i n u t e s  g r i n d i n g  -  t h e  p e a k  a t  248 cm i s  b a r e l y
d i s c e r n i b l e  w h i l s t  t h a t  a t  227  cm i s  v e r y  p r o m i n e n t .  T h i s
s t a b i l i z a t i o n  o f  Z n C l „  g l a s s  b y  w a t e r  h a s  b e e n  n o t i c e d  b y  o t h e r  

( 9  151 1 5 9 )  Zw o r k e r s  ’ ’ . The  m e c h a n i s m  b y  w h i c h  t h i s  s t a b i l i z a t i o n  i s
o c c u r r i n g  c a n  be t h o u g h t  o f  a s  b e i n g  t h e  same a s  t h a t  p u t  f o r w a r d  t o  
e x p l a i n  t h e  s t a b i l i z a t i o n  b y  HC1 ( S e c t i o n  8 . 3 ) ,  b u t  t h e  e x t e n t  o f  a n y  
h y d r o l y t i c  r e a c t i o n s  c a n n o t  be  e s t i m a t e d  s i n c e  no o t h e r  p e a k s  a r e  
d i s c e r n i b l e .  T h a t  t h e  p e a k  a t  227  cm i s  a r e s u l t  o f  f o r m a t i o n  o f  
some o x y -  o r  h y d r o x y - c h l o r i d e  s p e c i e s  s eem s  u n l i k e l y  s i n c e  t h e  same  
p e a k  o c c u r r e d  w i t h  t h e  H C l - c o n t a i n i n g  p o w d e r .

8.5 Raman Spectrum of Ar/H^O Bubbler Deposit

I t  was n o t i c e d  t h a t  a s  m o i s t  a r g o n  was  b u b b l e d  t h r o u g h  
Z n C ^ ^ N a C l )  m e l t s  a y e l l o w  d e p o s i t  f o r m e d  on  t h e  i n s i d e  w a l l  o f  t h e  
P y r e x  b u b b l e r .  The Raman s p e c t r u m  o f  t h e  d e p o s i t  w h i l s t  s t i l l  i n  t h e  
b u b b l e r  i s  shown  i n  F i g u r e  8 . 5 .  P eak  a s s i g n m e n t s  t h a t  c o u l d  be  made  
on  t h e  b a s i s  o f  o t h e r  p u b l i s h e d  w o r k  d e a l i n g  w i t h  Raman s p e c t r o s c o p i c  
s t u d i e s  o f  a q u e o u s  z i n c  c h l o r i d e  s o l u t i o n s  a r e  l i s t e d  i n  T a b l e  8 . 1 .  
I t  was n o t  p o s s i b l e  t o  a s s i g n  a l l  t h e  p e a k s ,  b u t  m o s t  o f  t h em  w e r e  due
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Raman s h i f t  (cm ) D e s c r ip tio n

101
1 1 0 . 5 s h a r p
130 s h o u l d e r
1 6 6 . 5 v . s t r o n g

s h a r p
1 8 6 . 5 b r o a d
212 s h o u l d e r
225
246
2 6 3 . 5
272
2 7 9 . 5
289
2 9 9 . 5 s h a r p
3 8 6 . 5 b r o a d

3457 s m a l l

Assignm ent R efe rence

ZnO 166
Z n C l 4 ( H 20 ) 22 ' ( v 2 ) 25

W a t e r  s t r u c t u r e  ( ? ) 25

ZnO

Z n C l 2 ( v ^

165

Z n C l4 ( H 20 ) 22_ ( v 1 ) 25

Z n ( 0 H ) 4 2 ' 164
Z n d ^ O ^ v , , )  
H20 ,  OH"

25,159

TABLE 8.1

Peak A ssignm ents fo r  th e  Raman Spectrum  o f  th e  
D ep o sit formed in  th e  Ar/h^O B ubbler
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t o  t h e  f o r m a t i o n  o f  v a r i o u s  a q u o - ,  h y d r o x y - ,  a n d  o x y -  s p e c i e s  on  t h e  
i n s i d e  o f  t h e  b u b b l e r .

The y e l l o w  c o l o u r ,  f o u n d  t o  become  m o re  i n t e n s e  a s  t h e  m e l t  
t e m p e r a t u r e  was i n c r e a s e d ,  i s  t h o u g h t  t o  be due  t o  t h e  f o r m a t i o n  o f  
n o n - s t o i c h i o m e t r i c  z i n c  o x i d e .  S i n c e  i t  was  b e i n g  f o r m e d  i n  a 
v i r t u a l l y  o x y g e n - f r e e  a t m o s p h e r e  a t  h i g h  t e m p e r a t u r e s  t h i s  seems  t o  
be a r e a s o n a b l e  e x p l a n a t i o n .  The c o l o u r  was  f o u n d  t o  p e r s i s t  e v e n  as  
t h e  c e l l  was  c o o l e d  t o  r o om  t e m p e r a t u r e ,  a n d  i f  t h e  b u b b l e r  was  h e l d  i n  
t h e  o p e n  a i r  t h e  y e l l o w  c o l o u r  w o u l d  o f t e n  r e m a i n  f o r  a t  l e a s t  30  
m i n u t e s .  I n  d ue  c o u r s e  t h e  y e l l o w  w o u l d  f a d e  t o  w h i t e .  I n  an  a r g o n  
d r y - b o x  t h e  c o l o u r  w o u l d  p e r s i s t  f o r  d a y s .  N o t  e n o u g h  s o l i d  c o u l d  be  
p r o d u c e d  t o  c a r r y  o u t  a p o w d e r  X - r a y  d i f f r a c t i o n  i n v e s t i g a t i o n .

-1The s m a l l  p e a k  a t  3 4 57  cm c a n  be a s s i g n e d  t o  H^O/OH g r o u p  
v i b r a t i o n s .  C o n s i d e r i n g  t h e  n u m b e r  o f  w a t e r  m o l e c u l e s  and  h y d r o x y l  
g r o u p s  i n c o r p o r a t e d  i n t o  t h e  v a r i o u s  p r o d u c t s  i t  i s  s u r p r i s i n g  how  
s m a l l  t h i s  p e a k  i s ,  c o n f i r m i n g  t h e  l a c k  o f  s e n s i t i v i t y  o f  Raman  
s p e c t r o s c o p y  f o r  d e t e c t i n g  m o i s t u r e .  G a l e e n e r  e t  a l . ^ ' ^  u s e d  
Raman t o  c o n f i r m  t h e  p u r i t y  o f  t h e i r  Z n C l ^  g l a s s e s ,  b u t  t h e s e  r e s u l t s  
d e m o n s t r a t e  t h e  u n s u i t a b i l i t y  o f  t h e  m e t h o d .

8 .6  Raman Spectrum  o f  ZnCl^ C o n ta in in g  0^
I t  was  n o t i c e d  t h a t  t h e  p a s s a g e  o f  0 ^  g a s  t h r o u g h  p u r e  m o l t e n  

Z n C l ^  a n d  m o l t e n  Z n C l ^ - N a C l  m i x t u r e s  r e s u l t e d  i n  an  am be r  c o l o u r a t i o n  
o f  t h e  m e l t .  P r o l o n g e d  b u b b l i n g ,  f o r  many h o u r s ,  r e s u l t e d  i n  t h e  
b r i g h t  am be r  c o l o u r  s l o w l y  b e c o m i n g  d u l l e r ,  t h i s  o c c u r r i n g  m o re  
r a p i d l y  i n  N a C l - r i c h  m e l t s .  O x yg en  was  b u b b l e d  t h r o u g h  m o l t e n  Z n C l ^  
( ~  3 6 0 ° C )  f o r  4 h o u r s ,  a f t e r  w h i c h  t h e  m e l t  was a i r - q u e n c h e d  a n d  t h e  
s a m p l e  g r o u n d  f o r  20 m i n u t e s .  A l t h o u g h  t h e  l u m p  o f  q u e n c h e d  
Z n C l ^  h a d  an  o r a n g e  t i n g e  t o  i t  t h e  p o w d e r  l o o k e d  w h i t e .  The Raman  
s p e c t r u m  i s  shown  i n  F i g u r e  8 . 6 .

The Z n C l „  g l a s s  p e a k  a t  227  cm i s  t h e  p r o m i n e n t  p e a k ,  w i t h  t h e  
c h a r a c t e r i s t i c  c r y s t a l  p e a k  a t  249  cm b a r e l y  v i s i b l e  i n  t h e
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b a c k g r o u n d  n o i s e .  C o m p a r i s o n  o f  t h i s  s p e c t r u m  w i t h  t h a t  o f  
Z n C l ^ / H ^ O  a f t e r  20 m i n u t e s  g r i n d i n g  ( F i g u r e  8 . 3 )  s h ows  t h a t  0 ^  h a s  
s t a b i l i s e d  t h e  v i t r e o u s  Z n C l ^  p h a s e  t o  an  e v e n  g r e a t e r  e x t e n t  t h a n  
H^O. I t  h a d  b e e n  t h o u g h t  t h a t  a p o s s i b l e  o x y c h l o r o - s p e c i e s  m i g h t  
show  up on  t h e  Raman s p e c t r u m ,  b u t  i f  s u c h  a s p e c i e s  was  p r e s e n t  i t s  
Raman p e a k s  c o u l d  n o t  be o b s e r v e d .

M o s t  n o t i c e a b l e  i s  t h e  m a s s i v e  hump s t a r t i n g  a t  100 cm and  
s t r e t c h i n g  a l l  t h e  way  t o  4 0 0 0  cm . T h i s  was a r e s u l t  o f  t h e  s a m p l e  
u n d e r g o i n g  a f l u o r e s c e n c e  p r o c e s s  c a u s e d  by  t h e  p r e s e n c e  o f  
i m p u r i t i e s  i n  t h e  s a m p l e .  S i n c e  t h e  same b a t c h  o f  Z n C l ^  was u s e d  t o  
p r o v i d e  e a c h  s a m p l e  and  no  f l u o r e s c e n c e  had  b e e n  o b s e r v e d  i n  t h o s e  
o t h e r  s a m p l e s ,  i t  was  a s sum ed  t h a t  t h e  d i s s o l v e d  0 ^ h a d  c a u s e d  t h e  
f l u o r e s c e n c e .  I n  f l u o r e s c e n c e ,  r a d i a t i o n  m u s t  be a b s o r b e d  b y  t h e  
m o l e c u l e  a n d  an  e x c i t e d  e l e c t r o n i c  s t a t e  f o r m e d .  I n  Raman  
s p e c t r o s c o p y  e n e r g y  i s  t r a n s f e r r e d  f r o m  r a d i a t i o n  t o  m o l e c u l e ,  o r  
v i c e  v e r s a ,  b u t  no  e x c i t e d  e l e c t r o n i c  s t a t e  i s  f o r m e d ,  o n l y  c h a n g e s  i n  
t h e  r o t a t i o n a l  o r  v i b r a t i o n a l  l e v e l s .  The t o p  o f  t h e  hump o c c u r s  i n  
t h e  o r a n g e  r e g i o n  o f  t h e  s p e c t r u m ,  a s  m i g h t  h a v e  b e e n  e x p e c t e d  s i n c e  
t h e  m e l t  h a d  b e e n  an am be r  c o l o u r .

S e v e r a l  s u g g e s t i o n s  a s  t o  t h e  s p e c i e s  r e s p o n s i b l e  f o r  t h e  
f l u o r e s c e n c e  i n c l u d e d  i r o n  i m p u r i t i e s ^  , p e r o x i d e  o r  s u p e r o x i d e  
i o n s ^ " ^ ,  o x y c h l o r i d e s  o r  some o r g a n i c  c o n t a m i n a n t .  The i r o n  
i m p u r i t y  was  v i r t u a l l y  r u l e d  o u t  s i n c e  i t  w o u l d  h a v e  b e e n  p r e s e n t  i n  
o t h e r  s a m p l e s  w h e r e  no  f l u o r e s c e n c e  was  o b s e r v e d ,  n o r  was i t  o b s e r v e d  
d u r i n g  t h e  v o l t a m m e t r i c  e x p e r i m e n t s .  U n l i k e  a c e t y l e n e ,  w h e r e  
a c e t o n e  i s  u s e d  t o  i n c r e a s e  t h e  a m ou n t  o f  g a s  i n  t h e  c y l i n d e r ,  no  
o r g a n i c  i s  u s e d  f o r  t h e  same p u r p o s e  i n  o x y g e n - c o n t a i n i n g  
c y l i n d e r s ^ . B e s i d e s ,  t h e  g a s  was  p a s s e d  t h r o u g h  d r y i n g  c o l u m n s  
( m o l e c u l a r  s i e v e s  a n d  a c t i v a t e d  c h a r c o a l )  w h i c h  s h o u l d  h a v e  r e m o v e d  
o r g a n i c s  a l o n g  w i t h  m o i s t u r e .  A d d i t i o n  o f  s o d i u m  p e r o x i d e  t o  Z n C l ^ -  
NaC l  m e l t s  d i d  n o t  p r o d u c e  t h e  o r a n g e  c o l o u r  ( C h a p t e r  9 ) .  H o w e v e r ,  
a l k a l i  m e t a l  s u p e r o x i d e s ,  MC^ , a r e  o r a n g e  i n  c o l o u r  a n d  a p r o c e s s  
c o u l d  be o c c u r r i n g  w h e r e b y  0 ^  m o l e c u l e s  a b s t r a c t  e l e c t r o n s  f r o m  C l -  
i n  t h e  m e l t  t o  f o r m  0 ^ s p e c i e s ,  s o  c o n f e r r i n g  t h e  o r a n g e  c o l o u r  on t h e
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m e l t ,  I f  0 “  s p e c i e s  w e r e  i n d e e d  f o r m e d  t h e n ,  b e i n g  f r e e  r a d i c a l  
s p e c i e s ,  t h e i r  s i n g l e  e l e c t r o n  s h o u l d  show  up on  an e l e c t r o n  s p i n  
r e s o n a n c e  s p e c t r u m  o f  t h e  same m a t e r i a l .

8 .7  E le c tro n  Spin Resonance Spectrum  o f  ZnCl^ C o n ta in in g  0^
The e . s . r .  s p e c t r u m  o f  t h e  O ^ - c o n t a i n i n g  s a m p l e  i s  s h ow n  i n  

F i g u r e  8 . 7 .  The s p e c t r u m  o b t a i n e d  w i t h  t h e  e m p t y  t u b e  i s  a l s o  s h o w n .  
I t  c a n  be  s e e n  t h a t  a l l  b u t  o n e  o f  t h e  p e a k s  a n d  t r o u g h s  a r e  i n  b o t h  
s p e c t r a  s h o w i n g  t h a t  t h e y  a r e  b a c k g r o u n d  n o i s e  due  t o  t h e  g l a s s  t u b e .  
One e x t r a ,  s h a r p  s i g n a l  c o u l d  be  s e e n  u p o n  i n t r o d u c t i o n  o f  t h e  s a m p l e ,  
s h o w i n g  t h e  p r e s e n c e  o f  an  u n p a i r e d  e l e c t r o n -  c o n t a i n i n g  s p e c i e s  
w i t h i n  t h e  s a m p l e .  U s i n g  e q u a t i o n  [ 8 . 1 ]  w h e r e  h i s  t h e  P l a n c k  
c o n s t a n t ,  v  i s  t h e  f r e q u e n c y ,  g i s  t h e  L a n d e  s p l i t t i n g  f a c t o r ,  B i s  t h e  
B o h r  m a g n e t o n  and  B i s  t h e  a p p l i e d  m a g n e t i c  f i e l d ,  t h e  g - v a l u e  may be  
c a l c u l a t e d .  R e s o n a n c e  was o b s e r v e d  a t  9 . 4 8 7  GHz i n  a f i e l d  o f  3 3 75  
Gauss

h v  = g B B [ 8 . 1 ]

( 0 . 3 3 7 5  T e s l a ) ,  and  f r o m  t h i s  t h e  v a l u e  o f  g was f o u n d  t o  be  2 . 0 0 8 .  
S i n c e  d i f f e r e n t  s p e c t r o m e t e r s  o p e r a t e  u n d e r  d i f f e r e n t  c o n d i t i o n s  i t  
i s  c u s t o m a r y  t o  r e p o r t  r e s o n a n c e  a t  a c e r t a i n  g - v a l u e ,  a l l o w i n g  
d i r e c t  c o m p a r i s o n  b e tw e e n  s a m p l e s .  V i r t u a l l y  a l l  f r e e  r a d i c a l s  a n d  
some i o n i c  c r y s t a l s  h a v e  g - v a l u e s  o f  a r o u n d  2 s i n c e  t h e i r  u n p a i r e d  
e l e c t r o n s  c a n  move a b o u t  m o re  o r  l e s s  f r e e l y  o v e r  an  o r b i t a l  
e n c o m p a s s i n g  t h e  w h o l e  m o l e c u l e ,  r a t h e r  t h a n  b e i n g  h e l d  b y  p a r t i c u l a r  
a t o m s  when  o r b i t a l  a n g u l a r  momentum e f f e c t s  a r e  n o t i c e d ,  a s  i n  some  
i o n i c  c r y s t a l s .  Then  g - v a l u e s  c a n  v a r y  b e tw e e n  0 . 2  a nd  8 .

I t  i s  u n l i k e l y  t h a t  t h i s  u n p a i r e d  e l e c t r o n  was a r e s u l t  o f  i r o n
i m p u r i t i e s  s i n c e  F e ^ +  s p e c i e s  e i t h e r  e x h i b i t  v e r y  b r o a d  s i g n a l s  o r

( 1 6 8 )m o re  t h a n  o ne  p e a k  on t h e i r  e . s . r .  s p e c t r a v . The o n l y  e . s . r .  
s p e c t r u m  o f  a t r a n s i t i o n  m e t a l  i n  t h e  Z n C l ^  m a t r i x  a v a i l a b l e  i n  t h e  
l i t e r a t u r e  was t h a t  o f  Mn^+ a t  2 5 ° C ,  w h i c h  c o n t a i n s  many p e a k s ^ ^ " ^  . 
I t  seems u n l i k e l y  t h a t  a n y  o r g a n i c  r a d i c a l s  w o u l d  s t i l l  be  p r e s e n t  i n  
t h e  s a m p l e s  -  i f  b e i n g  h e l d  a t  3 6 0 °C  had  n o t  d e c o m p o s e d  any  o r g a n i c
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m o l e c u l e s  t h e n  t h e  p r e s e n c e  o f  O2 w o u l d  h a v e  o x i d i s e d  t h em  t o  CO^ a t  
t h o s e  t e m p e r a t u r e s .  The b l a c k  f l e c k s  o f  c a r b o n  w e r e  f o u n d  t o  
d i s a p p e a r  a s  O2 was  b u b b l e d  t h r o u g h  t h e  m e l t s .  The f o r m a t i o n  o f  an  
0 ^ ~  s u p e r o x i d e  s p e c i e s  seems  m o s t  l i k e l y  t o  a c c o u n t  f o r  t h e  c o l o u r ,  
t h e  f l u o r e s c e n c e  n o t e d  i n  t h e  Raman s p e c t r u m  and  t h e  s i g n a l  o n  t h e  
e . s . r .  s p e c t r u m .  V o l t a m m e t r i c  r e s u l t s  a r e  g i v e n  i n  C h a p t e r  9 .  A 
r e a c t i o n  s u c h  a s  [ 8 . 2 ]  c o u l d  be  e n v i s a g e d ,  t h e  o x y g e n  o x i d i s i n g  t h e  
C l  i o n s  t o  f o r m  t h e  s u p e r o x i d e .

0 2 +  C l "  -> 0 2 "  +  i C l  [ 8 . 2 ]

S u p e r o x i d e s  h a v e  b e e n  p o s t u l a t e d  t o  e x i s t  i n  a v a r i e t y  o f  o t h e r
s y s t e m s :  i n  NaOH-KOH m e l t s ^ ^ \  i n  NaNCL-KNCL m e l t s ^ ^ \  i n  L i C l -  

( 1 7 2 )KC1 m e l t s  , and  a g e n e r a l  a c c o u n t  o f  t h e i r  b e h a v i o u r  h a s  b e e n  
g i v e n  b y  E l  H o s a r y  e t  a l . ^ " ^ .

So ,  b y  u s e  o f  Raman a nd  e . s . r .  s p e c t r o s c o p y  t h e  e x i s t e n c e  o f  
s u p e r o x i d e  i o n s  i n  Z n C ^  m e l t s  h a s  b e e n  i n f e r r e d ,  a l t h o u g h  a m o re  
e x h a u s t i v e  s t u d y  w o u l d  be  n e e d e d  f o r  c o n f i r m a t i o n .
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CHAPTER 9

BEHAVIOUR OF 0XY-5PECIES IN ZnCl^NaCl MELTS

I n v e s t i g a t i o n  o f  t h e  b e h a v i o u r  o f  o x y - s p e c i e s  i n  c h l o r i d e  m e l t s  i s  a 
w i d e l y  c o v e r e d  a r e a ,  a s  shown  b y  t h e  e x t e n s i v e  r e v i e w s  g i v e n  i n  v a r i o u s  
p u b l i c a t i o n s  on t h e  s u b j e c t  o f  m o l t e n  s a l t s ^ ^ . H a v i n g  s t u d i e d  t h e  
b e h a v i o u r  o f  w a t e r  i n  m o l t e n  z i n c  c h l o r i d e  ( C h a p t e r  7 )  i t  was  o f  i n t e r e s t  t o  
l o o k  a t  t h e  b e h a v i o u r  o f  h y d r o x i d e -  a n d  o x i d e - c o n t a i n i n g  c o m p ou n d s  i n  
t h e s e  m e l t s .  C o n s e q u e n t l y  t h e  e f f e c t s  o f  i n d i v i d u a l l y  a d d i n g  s o d i u m  
h y d r o x i d e ,  z i n c  o x i d e ,  o x y g e n ,  s o d i u m  p e r o x i d e  and  s o d i u m  c a r b o n a t e  t o  
Z n C l ^ - N a C l  m e l t s  w e r e  i n v e s t i g a t e d  a n d  h a v e  b e en  d e s c r i b e d  i n  t u r n  i n  t h e  
f o l l o w i n g  s e c t i o n s .

9.1 Behaviour of NaOH in ZnCl^-NaCl melts

The a d d i t i o n  o f  h y d r o x i d e s  t o  m o l t e n  c h l o r i d e s  h a s  b e e n  w i d e l y  
s t u d i e d  s i n c e  OH i o n s  a r e  t h o u g h t  t o  be one  o f  t h e  d i s s o c i a t i o n  p r o d u c t s  o f  
w a t e r  i n  t h e s e  m e l t s .  The p r e s e n c e  o f  t h e  " h y d r o x i d e "  wave  [ 7 . 4 ]  i n  t h e
v o l t a m m o g r a m s  o f  h y d r o x i d e  s o l u t i o n s  h a s  b e e n  u s e d  t o  a s s i g n  t h e  same p e a k s

-M- r  . , ( 8 7 , 8 8 , 9 8 , 1 4 4 , 1 7 3 , 1 8 6 )i n  v o l t a m m o g r a m s  o f  w a t e r  m  m o l t e n  c h l o r i d e s  ’ ’ ’ ’ ’

The v i s i b l e  e f f e c t s  o f  a d d i n g  a s m a l l  p e l l e t  o f  NaOH t o  a Z n C l ^ - N a C l  
m e l t  w e r e  v i g o r o u s  e f f e r v e s c e n c e  on  t h e  m e l t  s u r f a c e  a r o u n d  t h e  p e l l e t ,  
e v o l u t i o n  o f  w a t e r  w h i c h  c o n d e n s e d  on  t h e  c e l l  c a p  a n d  a p a l e  y e l l o w / w h i t e  
p o w d e r  on t h e  m e l t  s u r f a c e  w h i c h  c o l l e c t e d  on t h e  b o t t o m  o f  t h e  m e l t  
c o n t a i n e r .  I n  t h e  v i s c o u s  p u r e  Z n C l ^  m e l t  t h e  p o w d e r  w o u l d  r e m a i n  on  t h e  
s u r f a c e .  The y e l l o w  c o l o u r  a r o s e  f r o m  t h e  n o n - s t o i c h i o m e t r y  o f  t h e  ZnO 
f o r m e d ,  w i t h  t h e  c o l o u r  b e c o m i n g  m o re  i n t e n s e  a t  h i g h e r  m e l t  t e m p e r a t u r e s .  
D e l a r u e ^  f o u n d  t h a t  a d d i t i o n  o f  a s m a l l  a m oun t  o f  KOH t o  Z n C l ^ - L i C l - K C l  
m e l t s  r e s u l t e d  i n  t h e  p r e c i p i t a t i o n  o f  y e l l o w  ZnO w h i c h  r e d i s s o l v e d ,  b u t  
f u r t h e r  KOH c a u s e d  t h e  p e r m a n e n t  p r e c i p i t a t i o n  o f  ZnO.  H o w e v e r ,  no  
a c c u r a t e  f i g u r e s  f o r  t h e  a m o u n t s  o f  KOH w e r e  g i v e n .  No p r e c i p i t a t e  
f o r m a t i o n  was  m e n t i o n e d  by  w o r k e r s  u s i n g  L i C l - K C l  m e l t s ^ ^ * ^ , ^ ^ \  
i m p l y i n g  t h a t  h y d r o x i d e s  a r e  mo re  s t a b l e  i n  t h o s e  m e l t s ,  w h i l s t  t h e  h i g h e r
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t e m p e r a t u r e  m e l t s  t e n d  t o  be h e l d  i n  c e r a m i c  c o n t a i n e r s  w h i c h  p r e c l u d e
. . . ,  . . . .  ( 9 8 )s i g h t  o f  a n y  p r e c i p i t a t e

No v o l t a m m e t r i c  r e s p o n s e s  o t h e r  t h a n  t h e  m e l t  l i m i t s  w e r e  o b s e r v e d  
u s i n g  v i t r e o u s  c a r b o n  e l e c t r o d e s ,  b u t  on  p l a t i n u m  e l e c t r o d e s  t h e  
v o l t a m m o g r a m s  w e r e  v e r y  s i m i l a r  t o  t h o s e  r e c o r d e d  f o r  w a t e r  i n  Z n C l ^ - N a C l  
m e l t s  ( F i g u r e  7 . 8 ) .  F i g u r e  9 . 1  s h ow s  a v o l t a m m o g r a m  r e c o r d e d  f o r  NaOH i n  
80 m o l .  % Z n C l ^ - N a C l  a t  3 3 0 ° C ,  w h e r e  t h e  " h y d r o x i d e "  wave  [ 7 . 4 ]  c a n  be s e e n  
j u s t  p r i o r  t o  t h e  z i n c  d e p o s i t i o n  p e a k .

OH" +  e "  r  0 2 "  +  £H2 [ 7 . 4 ]

The p o o r  g u a l i t y  o f  t h e  v o l t a m m o g r a m s  p r e v e n t e d  a t h o r o u g h  s t u d y ;  F i g u r e
9 . 1  was  one  o f  t h e  b e s t  o b t a i n e d  b u t  i t  d i d  s e r v e  a s  c o n f i r m a t i o n  o f  t h e  
p r e s e n c e  o f  OH i o n s  i n  t h e  m e l t s .  Vague  humps c o u l d  be  s e e n  p r i o r  t o  t h e  
a n o d i c  l i m i t  t h a t  c o u l d  be due  t o  t h e  o x i d a t i o n  o f  o x i d e  i o n s  t o  o x y g e n ,  a n d  
t h e  r e v e r s e  p r o c e s s  [ 7 . 5 ] ,  g i v e n  t h a t  ZnO p r e c i p i t a t e d  o u t  o f  s o l u t i o n  b u t  
w o u l d  be p r e s e n t  t o  some d e g r e e  i n  t h e  m e l t .

0 2 ‘  -  2e~  = | 0 2 [ 7 . 5 ]

O c c a s i o n a l l y  n o t i c e d  on  t h e  v o l t a m m o g r a m s  w e r e  p r e p e a k s  p r i o r  t o  t h o s e  
hum ps ,  shown  i n  F i g u r e  9 . 2 .  T h e se  p r e p e a k s  had  p e a k  c u r r e n t s  l i n e a r l y

i
d e p e n d e n t  on  t h e  s c a n  r a t e  v ,  r a t h e r  t h a n  v 2 , and  t h e  a n o d i c  and  c a t h o d i c  
r e s p o n s e s  h a d  i d e n t i c a l  p e a k  p o t e n t i a l s .  T h e s e  f a c t s  i n f e r  some  
a d s o r p t i o n  p r o c e s s ,  w h i c h  c o u l d  be o x y g e n  a t o m s  a d s o r b i n g  on  p l a t i n u m ,  
k nown  t o  o c c u r  i n  o t h e r  s y s t e m s ^ . H o w e v e r ,  no  t r e n d  c o u l d  be f o u n d  t o  
a c c o u n t  f o r  t h e  o c c u r r e n c e  o f  t h e s e  p r e p e a k s .

The e f f e c t  o f  b u b b l i n g  HC1 g a s  t h r o u g h  t h e  s o l u t i o n s  was t o  e v o l v e  a 
l o t  o f  w a t e r  a n d  t o  e v e n t u a l l y  l e a v e  c l e a r ,  c o l o u r l e s s  m e l t s ,  a s  e x p e c t e d  
f r o m  e q u i l i b r i u m  [ 4 . 2 ] .

I t  h a d  b e e n  a ssumed  t h a t  t h e  p r e c i p i t a t e  was  ZnO, b u t  e x p e r i m e n t a l  
e v i d e n c e  was  r e q u i r e d .  I t  was  d i s c o v e r e d  t h a t  d i s s o l v i n g  t h e  s o l i d i f i e d  
m e l t s  i n  p r e - d r i e d  a c e t o n e  w o u l d  r e m o v e  t h e  Z n C l 2 b u t  l e a v e  a w h i t e  p o w d e r
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FIGURE 9.1

Voltammogram Obtained for NaOH in 80 mol. % ZnCl2~NaCl

0-025 
mA ____

0-1 V

Temperature = 352 C 
Working electrode = Platinum

FIGURE 9.2

Voltammograms Showing Prepeaks Obtained for NaOH 
in 80 mol. % ZnCl2-NaCl
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b e h i n d .  N aC l  a n d  ZnO a r e  i n s o l u b l e  i n  a c e t o n e  and  a n a l y s i s  o f  t h e  p o w d e r  
b y  X - r a y  p o w d e r  d i f f r a c t i o n  s h ow ed  b o t h  t o  be p r e s e n t .  H o w e v e r ,  t h e  
d i f f r a c t i o n  p a t t e r n s  a l s o  u n e x p e c t e d l y  sh owed  t h e  p r e s e n c e  o f  a n o t h e r  
c o m p o u n d .  C o m p a r i s o n  o f  t h e  c a l c u l a t e d  d - s p a c i n g s  w i t h  t h e  s t a n d a r d s  
f r o m  t h e  l i t e r a t u r e ^  y s h ow ed  t h e  c om poun d  t o  be  a h y d r o x y c h l o r i d e  o f  
z i n c ,  Z n c ( 0 H ) oC l o . T h i s  was  f o u n d  f o r  p o w d e r s  p r e p a r e d  f r o m  p u r e  m o l t e n  
Z n C l ^  a s  w e l l  a s  80 and  50 m o l .  % Z n C l ^ - N a C l  m e l t s .  T a b l e  9 . 1  l i s t s  t h e  d -  
s p a c i n g s  o b t a i n e d  f r o m  t h e  d i f f r a c t i o n  o f  a p o w d e r  p r o d u c e d  f r o m  80  m o l .  % 
Z n C ^ - N a C l ,  a n d  i t  c a n  be s e e n  t h a t  m o s t  o f  t h e  p e a k s  w e r e  due  t o  t h e  
h y d r o x y c h l o r i d e .

I n f r a - r e d  s p e c t r a  o f  t h e  m i x t u r e s  ( Z n O / N a C l / Z n ^ ( 0 H ) oC l o ) ( F i g u r e
j o Z

9 . 3 )  c o n f i r m e d  t h e  p r e s e n c e  o f  h y d r o x y - g r o u p s  w i t h i n  t h e  p o w d e r s ,  w i t h
v i b r a t i o n a l  f r e q u e n c i e s  c h a r a c t e r i s t i c  o f  s u c h  g r o u p s  a t  3 4 5 0 - 3 4 8 0  cm

( 1 9 8 )  —T h i s  was  i n  a g r e e m e n t  w i t h  p u b l i s h e d  r e s u l t s ^  '  w h e r e  t h e  OH v i b r a t i o n s  
o c c u r r e d  a t  3 4 70  cm

I n v e s t i g a t i o n  o f  p r e v i o u s  w o r k  on  z i n c  h y d r o x y c h l o r i d e s  s h ow ed  t h a t
s e v e r a l  h a v e  b e e n  i s o l a t e d ,  some o f  w h i c h  a r e  l i s t e d  i n  T a b l e  9 . 2 .  A l s o
l i s t e d  f o r  c o m p a r i s o n  a r e  s e v e r a l  o x y c h l o r i d e s  o f  z i n c .  T he se  h a v e  a l l

( 1 9 4 )b e e n  p r o d u c e d  f r o m  a q u e o u s  s o l u t i o n s ,  e i t h e r  o f  Z n C l ^  o r  Z n O - Z n C l ^  ,
a l t h o u g h  some m e t a l  h y d r o x y c h l o r i d e s  h a v e  b e e n  p r e p a r e d  f r o m  f u s e d  

( 1 9 5 )s a l t s  . I t  was  t h o u g h t  t h a t  p e r h a p s  w a t e r  i n  t h e  a c e t o n e  was  
r e s p o n s i b l e  f o r  t h e  h y d r o x y c h l o r i d e  r a t h e r  t h a n  t h e  NaOH i n  t h e  m e l t ,  s o  
some s m a l l  e x p e r i m e n t s  w e r e  c a r r i e d  o u t  t o  c h e c k  t h i s .  D i s s o l v i n g  l a r g e  
a m o u n t s  o f  Z n C ^  i n  a c e t o n e  l e f t  no  p r e c i p i t a t e ,  w h i l s t  Z n C l ^  a n d  N aC l  
t o g e t h e r  o n l y  l e f t  N a C l .  A d d i t i o n  o f  ZnO t o  a Z n C l ^ - N a C l  m e l t ,  t h e n  
c o o l i n g  and  d i s s o l v i n g  t h e  s o l i d  i n  a c e t o n e  l e f t  a p o w d e r  a n a l y s e d  a s  o n l y  
ZnO and  N a C l .

The d i s c o v e r y  o f  t h e  h y d r o x y c h l o r i d e  p r o m p t e d  a n o t h e r  l o o k  a t  t h e  
w a t e r - s a t u r a t e d  m e l t s .  An 80 m o l .  % Z n C l ^ - N a C l  m e l t  was s a t u r a t e d  w i t h  
w a t e r  v a p o u r  ( d i s t .  w a t e r  2 1 . 2 ° C ) ,  c o o l e d  and  d i s s o l v e d  i n  a c e t o n e .  The  
w h i t e  p o w d e r  r e c o v e r e d  was  f o u n d  t o  be NaC l  a nd  Z n c ( 0 H ) o C l o . No ZnO 
a p p e a r e d  t o  be p r e s e n t .  T h i s  was  f o u n d  t o  be r e p r o d u c i b l e  f o r  t h e  Z n C l ^ -  
NaC l  m e l t s ,  b u t  was  n o t  t r i e d  f o r  p u r e  m o l t e n  Z n C l ^ .  The f a c t  t h a t  NaOH had
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d - s p a c i n g  i n t e n s i t y N a C l  ZnO O t h e r

7 . 9 0 0 VS Z n 5 ( 0H ) 8 C l 2
5 . 3 4 0 M f t

4 . 0 2 2 M I t

3 . 9 5 2 W I t

3 . 5 8 3 M I t

3 . 1 6 4 M I t

2 . 9 4 0 M I t

2 . 8 7 6 M I t

2 . 8 1 4 VS NaC l ZnO
2 . 7 2 2 S Z n 5 ( O H ) g C l 2
2 . 6 7 5 VS I I

2 . 6 0 0 VS ZnO t f

2 . 4 7 5 VS ZnO I I

2 . 3 7 4 M I I

2 . 1 7 1 VW I I

2 . 0 6 7 VW I f

2 . 0 1 9 M NaC l 11

1 . 9 6 1 W I t

1 . 9 1 0 S ZnO
1 . 8 3 1 VW Z n 5 ( O H ) g C l 2
1 . 7 8 4 w I t

1 . 7 6 8 w M

1 . 6 9 4 M NaC l 11

1 .6 61 VW I f

1 . 6 2 3 VS NaC l ZnO
1 . 5 8 5 M Z n 5 ( 0H ) 8 C l 2
1 . 5 5 4 W I t

1 . 5 1 7 W 11

1 . 5 0 3 VW 11

1 . 4 7 8 VS ZnO I I

1 . 4 4 7 VW I t

1 . 4 3 7 VW M

1 . 4 0 7 w NaC l ZnO
1 . 3 7 9 s ZnO

( c o n t i n u e d

TABLE 9 . 1
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d-spacing intensity NaCl ZnO Other

1.339 M ZnO
1.316 VW
1.302 W NaC l ZnO
1.238 W ZnO
1.182 VW ZnO
1.168 VW NaC l
1.148 VW NaC l

VS -  v e r y s t r o n g S -  s t r o n g M -  Med ium
W -  weak VW -  v e r y  weak

TABLE 9.1

Assignment and d-spacings of X-ray diffraction 
pattern for precipitate from NaOH in 

80 mol. % ZnCl^-NaCl at 330°C



FIGURE 9.3

I.R. Spectrum of NaCl-ZnO-Zn,-(OH)gCl2 Mixture (as a Nujol Mull)
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Hydroxychlorides Zinc Oxychlorides Zinc Chloride 
Oxide Peroxide

Zn(0H)Cl ZnOCl2 Zn10°3Cl2̂ °2̂ 6
Zn2(0H)3Cl Zn20Cl2 .3H20

Zn5(0H)8Cl2 Zn302Cl2

Zn (OH) Cl Zn5°4cl2

Zny(0H)12Cl2 Zn6°5C12

TABLE 9.2

Hydroxy- and Oxychlorides of Zinc
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p r o d u c e d  a p r e c i p i t a t e  i n  t h e s e  m e l t s  b u t  w a t e r  h a d  n o t  h a d  s u p p o r t e d  t h e  
i d e a  t h a t  t h e  d i s s o c i a t i o n  o f  m o l e c u l e s  i n  t h e  m e l t s  was m i n i m a l .  
H o w e v e r ,  t h e  i s o l a t i o n  o f  t h e  h y d r o x y c h l o r i d e  d e m o n s t r a t e d  t h a t  some  
h y d r o l y s i s  d i d  i n d e e d  o c c u r ,  a s  i n f e r r e d  b y  t h e  v o l t a m m e t r i c  w o r k  ( S e c t i o n  
7 . 4 ) .  I t  was  n o t  p o s s i b l e  t o  a s c e r t a i n  w h e t h e r  t h e  Z n < - ( 0 H ) g C l2 e x i s t s  a s  a 
d i s t i n c t  s p e c i e s  i n  t h e  m e l t ,  b u t  i t s  f o r m u l a  i s  s i m i l a r  t o  L i Z n c. C l 1 1 , 
p o s t u l a t e d  t o  e x i s t  i n  83 m o l .  % Z n C l ^ - L i C l  m e l t s ^  . I t  i s  p o s s i b l e  t h a t  
OH i o n s  p r e s e n t  i n  t h e  m e l t s  c a u s e  t h e  f o r m a t i o n  o f  a s o l u b l e  
h y d r o x y c h l o r i d e  c o m p l e x  w h i c h  when  c o o l e d  f o r m s  Z n , - ( 0 H ) g C l 2 . The  
h y d r o c r a c k i n g  r e s e a r c h e r s  h a v e  p o s t u l a t e d  t h e  e x i s t e n c e  o f  H+  [ Z n C l ^ O H ]  
s p e c i e s  ( A p p e n d i x  1 ) w h i c h  may e x i s t  t o o .  R a t h e r  s u r p r i s i n g l y ,  a l t h o u g h  
ZnOHCl  i s  m o re  t h e r m a l l y  s t a b l e ^  t h a n  Z n j - ( 0 H ) g C l 2 a n d  s o  m i g h t  h a v e  
b e e n  e x p e c t e d  t o  be t h e  p r e f e r r e d  p r o d u c t ,  no  e v i d e n c e  o f  i t s  f o r m a t i o n  was  
o b t a i n e d .

The c o n c e p t  o f  h y d r o x y c h l o r o - s p e c i e s  e x i s t i n g  i n  d i v a l e n t  m e t a l  
c h l o r i d e  m e l t s  i s  n o t  new .  A d d i t i o n  o f  h y d r o x i d e ,  e i t h e r  a s  M g ( 0 H ) 2 o r
NaOH, t o  M g C l „  m e l t s  h a s  b e e n  s a i d  t o  f o r m  MgOHCl a l t h o u g h  v e r y  l i t t l e

1 ( 1 31  1 3 2 )e v i d e n c e  o t h e r  t h a n  a f e w  v o l t a m m o g r a m s  was  p u t  f o r w a r d  ’ 2 -H o w e v e r ,  i n  C a C l ^ - K C l  m e l t s  OH i o n s  w e r e  t h o u g h t  t o  r a p i d l y  f o r m  0 
a n i o n s  and  w a t e r ,  b u t  e n o u g h  h y d r o x i d e  r e m a i n e d  t o  be o b s e r v e d
v o l t a m m e t r i c a l l y  a n d  c o u l d  be e x i s t i n g  a s  a c a l c i u m  h y d r o x y c h l o r i d e  i n  t h e
m o l , ( 9 8 )  m e l t

Some c o n t r o v e r s y  e x i s t e d  a s  t o  how Z n< - ( 0H ) o C l o d e c om p o s e d  on  
( 1 9 7 ) 3 8 2

h e a t i n g  . Two d e c o m p o s i t i o n  p a t h w a y s  a r e  p o s s i b l e ,  [ 9 . 1 ]  a n d  [ 9 . 2 ] .
D i f f e r e n t i a l  t h e r m a l  a n a l y s e s  a n d  t h e r m o - g r a v i m e t r i c  s t u d i e s  s h ow ed  t h a t
t h e  m a t e r i a l  u n d e r w e n t  tw o  w e i g h t  l o s s e s ,  b u t  t h e  n a t u r e  o f  t h e  l o s s e s

Z n< - ( 0H ) oC l „  4ZnO + Z n C l0 +  4Ho 0 
3  8  2  2  2

[ 9 . 1 ]

Z n 5 ( 0 H ) g C l 2 5ZnO + 2HC1 + 3H2 0 [ 9 . 2 ]

was in question . Samples of the powders produced during this

work were analysed by simultaneous D.T.A./T.G.A. under conditions
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o u t l i n e d  i n  S e c t i o n  3 . 1 5 .  Two e n d o t h e r m s  w e r e  s e e n  on  t h e  t h e r m o g r a m s  
( F i g u r e  9 . 4 ) ,  o c c u r r i n g  a t  a r o u n d  150 + 2 °C  and  205  +  4 ° C .  A t w o - s t a g e  
w e i g h t  l o s s  was o b s e r v e d  t o  o c c u r  c o n c u r r e n t l y  w i t h  t h e  e n d o t h e r m s  ( F i g u r e  
9 . 5 ) .  The w e i g h t  l o s s e s  w e r e  a p p r o x i m a t e l y  i n  t h e  r a t i o  o f  1 . 9 : 1 ,  t h e  
f i r s t  s t a g e  b e i n g  t h e  g r e a t e r  o f  t h e  t w o .

( 1 9 6  1 9 7 )Two g r o u p s ^  ’ c l a i m e d  t h a t  t h e  d e c o m p o s i t i o n  o c c u r r e d  v i a
[ 9 . 1  ]  w h i l s t  a n o t h e r  c l a i m e d  t h a t  [ 9 . 2 ]  was  o c c u r r i n g  w i t h  t h e  Z n C l ^  b e i n g  
h y d r o l y s e d  d u r i n g  t h e  h e a t i n g  o f  t h e  s a m p l e s .  H o w e v e r ,  a t  t h a t  t i m e  t h e  
m e l t i n g  p o i n t  o f  Z n C l 2 was  t h o u g h t  t o  be  2 7 5 ° C ^ ' ^ ,  a n d  w e i g h t  l o s s e s  
o b s e r v e d  a t  2 6 2 °C  w e r e  t h o u g h t  t o  be  due  t o  v o l a t i l i z a t i o n  o f  Z n C l ^ .  I f  
Z n C l ^  m o l e c u l e s  w e r e  b e i n g  g i v e n  o f  f  d u r i n g  t h e  s e c o n d  e n d o t h e r m i c  p r o c e s s  
t h e n  t h e  c o r r e s p o n d i n g  w e i g h t  l o s s  s h o u l d  be t h e  l a r g e r  ( A H ^ O i Z n C l ^  = 
1 : 1 . 9 ) ,  w h i c h  was  n o t  t h e  c a s e  h e r e .  I f  t h e  s m a l l e r  o f  t h e  tw o  w e i g h t  
l o s s e s  o b t a i n e d  i n  t h i s  w o r k  h a d  o c c u r r e d  f i r s t  t h e n  [ 9 . 1  ]  w o u l d  h a v e  b e e n  
i n f e r r e d .  H o w e v e r ,  t h e  f a c t  t h a t  t h e  l a r g e r  w e i g h t  l o s s  o c c u r r e d  f i r s t  
p o i n t e d  t o  [ 9 . 2 ] .  A p o s s i b l e  d e c o m p o s i t i o n  p a t h w a y  c o u l d  be [ 9 . 3 ] ,  w i t h  
t h e  Z n C l ^  e v o l v e d  b e i n g  p a r t i a l l y  h y d r o l y s e d  d u r i n g  t h e  f i r s t  s t a g e ,  
f o r m i n g  ZnOHCl  w h i c h  h a s  b e e n  f o u n d  t o  be  t h e r m a l l y  s t a b l e  t o  a b o u t  

S u p p o r t i n g  t h i s  m e c h a n i s m  was  t h e  f a c t  t h a t  on c o m p l e t i o n  
A

4ZnO

227°c 0 9 6 )

Zn5(0H)8Cl2 1 50 °C 3Ho 0 / v + Z n C l  2 ( g )

ZnO + HC1 ( g )  2 0 5 °C

h 2 o

ZnOHCl
+

[ 9 . 3 ]

HC1

o f  t h e  t h e r m a l  a n a l y s e s  a w h i t e  p o w d e r  r e m a i n e d  t h a t  d i d  n o t  u n d e r g o  a 
w e i g h t  i n c r e a s e .  I f  Z n C l 2 h a d  b e e n  p r e s e n t  t h e n  i t s  d e l i q u e s c e n t  n a t u r e  
w o u l d  h a v e  c a u s e d  an  i n c r e a s e  i n  w e i g h t  o f  t h e  p o w d e r  a s  w a t e r  was a b s o r b e d .

So ,  i t  h a s  b e e n  f o u n d  t h a t  t h e  a d d i t i o n  o f  h y d r o x i d e  i o n s ,  a s  e i t h e r  
NaOH o r  w a t e r ,  t o  Z n C l 2 - N a C l  m e l t s  d o e s  r e s u l t  i n  some h y d r o l y s i s  o f  t h e  
m e l t s ,  c o n f i r m i n g  t h e  v o l t a m m e t r i c  r e s u l t s  f r o m  S e c t i o n  7 . 4 .  As an  
i n t e r e s t i n g  s i d e l i n e ,  Z n ^ ( 0H ) g C l 2 was  f o u n d  t o  d e c om p o s e  on h e a t i n g  t o  
f o r m  ZnO,  HC1 and  H20 .
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FIGURE 9 . 4 :  T h e rm o g r a m  f o r  N a C l - Z n 0 - Z n ^ ( 0H ) g C l 2 M i x t u r e
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9.2 Behaviour of ZnO in ZnCl^-NaCl melts

As w i t h  h y d r o x i d e  i o n s ,  t h e  b e h a v i o u r  o f  o x i d e  i o n s  i n  m o l t e n
2 -c h l o r i d e s  h a s  b e e n  t h e  s u b j e c t  o f  many i n v e s t i g a t i o n s ,  s i n c e  0 i o n s  a r e  

a l s o  t h o u g h t  t o  b e  one  o f  t h e  d i s s o c i a t i o n  p r o d u c t s  o f  w a t e r  i n  t h e s e  m e l t s .  
D e l a r u e ^  ’ i n v e s t i g a t e d  t h e  b e h a v i o u r  o f  a w i d e  r a n g e  o f  m e t a l l i c  
o x i d e s  i n  L i C l - K C l  e u t e c t i c  m e l t  and  f o u n d  t h a t  ZnO was o n l y  s l i g h t l y  
s o l u b l e .  T r e m i l l o n  e t  a l 3 ^  h a v e  f o r m u l a t e d  an o x o a c i d i t y  s c a l e ,  
u s i n g  o x i d e - i o n  c o n d u c t i n g  m a t e r i a l s  s u c h  a s  s t a b i l i z e d  z i r c o n i a  t o  make  
e l e c t r o d e s ,  t o  d e s c r i b e  t h e  e f f e c t  o f  a d d i n g  o x i d e  i o n s  t o  m o l t e n  a l k a l i  
c h l o r i d e s .  T h e s e  s t a b i l i z e d  z i r c o n i a  e l e c t r o d e s  h a v e  a l s o  b e e n  u s e d  t o
m o n i t o r  t h e  e f f e c t  o f  a d d i n g  o x i d e  i o n s ,  a s  BaO a n d  ZnO, t o  Z n C l ? - N a C l

( 1 0 1 ) L m e l t s  , w h e r e  i t  was  f o u n d  t h a t  t h e  p r e s e n c e  o f  o x i d e  i o n s  p r o l o n g e d
t h e  l i f e  o f  m e t a l l i c  a n o d e s  u s e d  d u r i n g  s o d i u m  e x t r a c t i o n  p r o c e s s e s .  The
p r e s e n c e  o f  o x i d e  i o n s  i n  A l C l ^  m e l t s  h a s  b e e n  s a i d  t o  r e s u l t  i n  t h e
f o r m a t i o n  o f  A10C1 ~ ( b a s i c  m e l t s )  o r  A10C1 ( a c i d i c  o r  n e u t r a l  m e l t s )  

Z 2- 2-s p e c i e s ,  a s  w e l l  a s  A 190 C 1 ,  a n d  A 1 , 0 7C 1 .  s p e c i e s .  The u s e  o f
( 1 9 9 )  ( 2 0 0 ; 6 > l  b

T i C l ^  a n d  T a C l ^  a s  p r o b e  s o l u t e s  a l l o w e d  t h e  b e h a v i o u r  o f  o x i d e
i o n s  t o  be i n v e s t i g a t e d  i n  t h e  A 1 C 1 ,  m e l t s  s i n c e  t h o s e  m e t a l  c h l o r i d e s  f o r m2_  *o x y c h l o r i d e s  s u c h  as  T i O C l ^  a n d  T a O C l ^  w h i c h  c a n  be d e t e c t e d
v o l t a m m e t r i c a l l y . I n  Z n C l ^ - A l C l ^  m e l t s ,  w h e r e  Z n t A l C l ^ ) ^  c o m p l e x e s  w e r e  
a l s o  f o u n d ,  t h e  a d d i t i o n  o f  0 ^ i o n s  c a u s e d  f o r m a t i o n  o f  t h e
o x y c h l o r o a l u m i n a t e s  r a t h e r  t h a n  o x y c h l o r o z i n c a t e s ( 201 )

G i v e n  t h e  w i d e  r a n g e  o f  z i n c  o x y c h l o r i d e s  f o r m e d  f r o m  a q u e o u s  
s o l u t i o n s  ( T a b l e  9 . 2 )  a n d  t h e  o x y c h l o r o a l u m i n a t e s  t h a t  a r e  a s s u m e d  t o  
e x i s t ,  i t  was t h o u g h t  t h a t  i n t r o d u c t i o n  o f  ZnO i n t o  Z n C l ^ - N a C l  m e l t s  c o u l d  
r e s u l t  i n  s u c h  s p e c i e s .  The a d d i t i o n  o f  ZnO t o  m e l t s  o f  v a r i o u s  
c o m p o s i t i o n s  r e s u l t e d  i n  t h e  i n i t i a l l y  w h i t e  p o w d e r  b e c o m i n g  a p a l e  y e l l o w  
on t h e  m e l t  s u r f a c e ,  c a u s e d  b y  t h e  n o n - s t o i c h i o m e t r y  o f  t h e  o x i d e  a t  h i g h e r  
t e m p e r a t u r e s .  A r g o n  s t i r r i n g  o f  t h e  m i x t u r e s  p r o d u c e d  l i g h t  g r e y  l i q u i d s  
t h a t  became  c l e a r  u p on  s t a n d i n g  a s  t h e  ZnO s e t t l e d .  I n  p u r e  m o l t e n  Z n C l ^  
t h e  a d d i t i o n  o f  o x i d e  r e s u l t e d  i n  a s l i g h t l y  c l o u d y  l i q u i d  c a u s e d  b y  t h e  
f o r m a t i o n  o f  a s u s p e n s i o n  o f  f i n e  ZnO p a r t i c l e s .  The e f f e c t  o f  f i l t e r i n g  
t h e  s o l u t i o n s  t h r o u g h  t h e  a p p a r a t u s  o u t l i n e d  i n  S e c t i o n  3 . 8  was t o  p r o d u c e  
c l e a r  s o l u t i o n s ,  w i t h  s e e m i n g l y  a l l  o f  t h e  ZnO t r a p p e d  i n  t h e  f i l t e r .
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A t t e m p t s  w e r e  made t o  d e t e r m i n e  how much ,  i f  a n y ,  ZnO w o u l d  d i s s o l v e
i n  t h e  m o l t e n  Z n C l ^ - N a C l  m i x t u r e s .  The s i m p l e s t  was  t o  d i s s o l v e  a
f i l t e r e d ,  c o o l e d  s o l u t i o n  i n  w a t e r ,  w h i c h  w o u l d  l e a v e  a n y  ZnO a s  a s o l i d
s i n c e  i t  i s  v i r t u a l l y  i n s o l u b l e  i n  w a t e r  ( 0 . 0 0 0 1 6 g  i n  100g w a t e r  a t
2 5 ° c ( ^ ^ ) ) .  H o w e v e r ,  no  s u c h  p o w d e r  was  o b s e r v e d .  D i s s o l v i n g  t h e
f i l t e r e d ,  c o o l e d  s o l u t i o n s  i n  a c e t o n e  and  a n a l y s i n g  t h e  r e m a i n i n g  s o l i d  b y
X - r a y  d i f f r a c t i o n  r e v e a l e d  t h a t  o n l y  N aC l  was p r e s e n t .  P a s s a g e  o f  HC1 g a s

2_
t h r o u g h  t h e  f i l t e r e d  m o l t e n  s o l u t i o n s ,  w h i c h  w o u l d  c o n v e r t  0 i o n s  t o  H^O 
( e q u i l i b r i u m  [ 4 . 2 ] ) ,  d i d  n o t  r e s u l t  i n  t h e  v i s i b l e  f o r m a t i o n  o f  w a t e r .

S o l u b i l i t y  m e a s u r e m e n t s  o f  o x i d e s  i n  t h e  b i n a r y  m e l t s  M C l ^ - N a C l  (M =
Mg, Ca ,  S r ,  B a )  w e r e  e x p l a i n e d  a s  b e i n g  due  t o  t h e  f o r m a t i o n  o f  o x y c h l o r i d e s

( 2 0 2 )s u c h  a s  M g ^ O C l ^ ,  C a ^ O ^ C l ^  a n d  B a ^ C ^ C ^  , b u t  t h e  f e w  s i m p l e  t e s t s
c a r r i e d  o u t  h e r e  s howed  t h a t  ZnO was  v i r t u a l l y  i n s o l u b l e .  S u p p o r t i n g  t h i s  
c o n c l u s i o n  a r e  d a t a  f r o m  K e r r i d g e ^ ^ ^  f o r  t h e  s o l u b i l i t y  o f  ZnO i n  p u r e  
Z n C ^ .  A t  a r o u n d  6 5 0 °C  ZnO c o u l d  be d i s s o l v e d  t o  a b o u t  2 mo l .  % o f  t h e  
t o t a l ,  b u t  a t  4 9 0 °C  t h i s  h a d  f a l l e n  t o  a b o u t  0 . 4  m o l .  %. A t  4 5 0 ° C  i t  was  
down t o  0 . 0 7  m o l .  %, s o  a t  t h e  t e m p e r a t u r e s  u s e d  i n  t h i s  s t u d y  ( < 3 8 0 ° C )  t h e  
ZnO was e s s e n t i a l l y  i n s o l u b l e .  The p r e s e n c e  o f  N aC l  w o u l d  p r o b a b l y  n o t  
e n h a n c e  t h e  o x i d e  s o l u b i l i t y  m a r k e d l y .

A v o l t a m m e t r i c  s t u d y  was  a t t e m p t e d ,  u s i n g  p l a t i n u m  q u a s i - r e f e r e n c e  
and  g r a p h i t e  c o u n t e r  e l e c t r o d e s .  No v o l t a m m e t r i c  r e s p o n s e  o t h e r  t h a n  t h e  
m e l t  l i m i t s  was  o b s e r v e d  on  v i t r e o u s  c a r b o n  e l e c t r o d e s  f o r  Z n C l ^ - N a C l  
m e l t s  w i t h  e x c e s s  ZnO p r e s e n t .  V e r y  l i t t l e  r e s p o n s e  c o u l d  be o b t a i n e d  on  
p l a t i n u m  e l e c t r o d e s  e i t h e r ,  a s  shown  i n  F i g u r e  9 . 6 .  Two b r o a d  humps w e r e  
o b s e r v e d  p r i o r  t o  t h e  a n o d i c  l i m i t ,  w h i c h  h a v e  b e e n  a s sum ed  t o  be t h e  
o x i d a t i o n  o f  o x i d e  t o  o x y g e n  and  t h e  r e v e r s e  p r o c e s s  ( [ 7 . 5 ] ) .  A p a r t  f r o m

0 2' - 2e~  = ±02 [7.5]

t h a t  v e r y  l i t t l e  e l s e  c o u l d  be o b t a i n e d ;  t h e  v o l t a m m o g r a m s  w e r e  t o o  i l l -  
d e f i n e d  t o  p e r m i t  d e t a i l e d  m e a s u r e m e n t s .
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FIGURE 9.6

Voltammogram Obtained for ZnO in 80 mol. % ZnCl^-NaCl
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9.3 Behaviour of oxygen in ZnCl^-NaCl melts

As d i s c u s s e d  i n  S e c t i o n  8 . 6  t h e  e f f e c t  o f  p a s s i n g  p u r e  o x y g e n  g a s  
t h r o u g h  t h e s e  m e l t s  was t o  c o n v e r t  o r i g i n a l l y  c l e a r ,  c o l o u r l e s s  l i g u i d s  t o  
a b r i g h t  am be r  c o l o u r .  P r o l o n g e d  p a s s a g e  o f  t h e  g a s  e v e n t u a l l y  r e s u l t e d  
i n  t h e  b r i g h t  am be r  b e c o m i n g  r a t h e r  d u l l ,  t h i s  o c c u r r i n g  m o re  q u i c k l y  i n  
t h e  a l k a l i  c h l o r i d e  r i c h  m e l t s .  H o w e v e r ,  no  e v i d e n c e  o f  a p r e c i p i t a t e  was  
s e e n .  I t  h a d  b e e n  h a l f - e x p e c t e d  t h a t  t h e  o x y g e n  w o u l d  c a u s e  t h e  f o r m a t i o n  
o f  ZnO w h i c h  w o u l d  p r e c i p i t a t e  o u t  o f  s o l u t i o n .  The p a s s a g e  o f  HC1 ga s  
t h r o u g h  t h e  am be r  m e l t s  r e s u l t e d  i n  t h e  e v o l u t i o n  o f  w a t e r  a nd  t h e  m e l t s  
r e s u m i n g  t h e i r  i n i t i a l  c o l o u r l e s s  s t a t e .  P u r g i n g  t h e  HC1 w i t h  a r g o n ,  
f o l l o w e d  b y  p a s s a g e  o f  m o re  o x y g e n  t h r o u g h  t h e  m e l t s  saw t h e  r e t u r n  o f  t h e  
am be r  c o l o u r .  F o r  t h e  r e a s o n s  o u t l i n e d  i n  S e c t i o n  8 . 6  t h e  i d e a  o f  
i m p u r i t i e s  c a u s i n g  t h e  c o l o u r a t i o n  was  r u l e d  o u t .

The r e s u l t s  o f  t h e  Raman and  e . s . r .  s p e c t r o s c o p i c  w o r k  ( S e c t i o n s  8 . 6  
and  8 . 7  r e s p e c t i v e l y )  on  q u e n c h e d  s a m p l e s  i n f e r r e d  t h e  e x i s t e n c e  o f  
s u p e r o x i d e  s p e c i e s  w i t h i n  t h e  m e l t  m a t r i x ,  t h o u g h t  t o  be  f o r m e d  b y  t h e  0? 
m o l e c u l e s  a b s t r a c t i n g  e l e c t r o n s  f r o m  t h e  c h l o r i d e  i o n s ,  a l t h o u g h  as  
d i s c u s s e d  i n  S e c t i o n  7 . 4  t h e y  c o u l d  a l s o  f o r m  v i a  a c h a i n  o f  c h e m i c a l  
r e a c t i o n s .  T h i s  a c c o u n t e d  f o r  t h e  f l u o r e s c e n c e  p r o c e s s  o b s e r v e d  i n  t h e  
Raman s p e c t r u m ,  t h e  o r a n g e / a m b e r  c o l o u r  a n d  t h e  s i n g l e  p e a k  s e e n  i n  t h e  
e . s . r .  s p e c t r u m .

The b e h a v i o u r  o f  o x y g e n  i n  o t h e r  c h l o r i d e  m e l t s  h a s  b e en
i n v e s t i g a t e d ( 9 8 , 1 7 2 , 1 7 3 , 1 8 6 , 1 8 7 ) b u t  no  s u c h  am be r  c o l o u r a t i o n  was
r e p o r t e d  b y  t h o s e  w o r k e r s ,  a l t h o u g h  i t  a p p a r e n t l y  h a s  b e e n  n o t i c e d ,  b u t
i g n o r e d ,  b y  a n o t h e r  g r o u p  w o r k i n g  w i t h  Z n C l _  m e l t s ^ " ^ .  M i g n o n s i n  e t

( 1 7 2 )  2 -  -a l .  i n f e r r e d  t h e  e x i s t e n c e  o f  0 ^  a n d  0 ^ s p e c i e s  i n  a l k a l i  c h l o r i d e
m e l t s ,  w h i c h  h a v e  b e e n  s a i d  t o  i n t e r f e r e  w i t h  a t t e m p t s  t o  p r o d u c e  a
r e v e r s i b l e  o x y g e n  e l e c t r o d e  i n  t h o s e  m e l t s ( 1 8 5 ) The e x i s t e n c e  o f  0, 2 -

s p e c i e s  was a l s o  p u t  f o r w a r d  t o  a c c o u n t  f o r  t h e  b e h a v i o u r  o f  w a t e r  a n d  0 ^ i n  
C a C l 2 - K C l  m e l t s ( 9 8 ) .

V o l t a m m o g r a m s  w e r e  r e c o r d e d  f o r  o x y g e n - s a t u r a t e d  80  m o l .  % Z n C l ^ -  
NaC l  m e l t s  u s i n g  p l a t i n u m  w o r k i n g  and  q u a s i - r e f e r e n c e  e l e c t r o d e s  and  
t y p i c a l  e x a m p l e s  a r e  shown  i n  F i g u r e  9 . 7  ( a )  and  ( b )  w i t h  t h e  v o l t a m m e t r i c
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FIGURE 9.7: Voltammogram Obtained for 0^ in 80 mol. % ZnCl^-NaCl
(a) Scan rate > 1 0  mVs-^
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FIGURE 9.7: Voltammograms Obtained for 0„ in 80 mol. % ZnCl -NaCl
(b) Scan rate < 10 mVs-^
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p o t e n t i a l ,  i n  much t h e  same m a nn e r  a s  t h a t  o b s e r v e d  f o r  C aC l  -KC1
( 9 8 )  ^m e l t s v . A l s o ,  a s  t h e  m e l t  t e m p e r a t u r e  was  r a i s e d  s o  t h i s  s h a p e  became

m o re  p r o n o u n c e d ,  a l t h o u g h  no  v i s i b l e  c h a n g e  i n  t h e  m e l t  o c c u r r e d .

parameters listed in Table 9.3. At high scan rates ( >30 mVs ) the

voltammograms were seen to have a "boomerang" shape, with the current at

cathodic potentials continuously climbing to the zinc deposition

H o w e v e r ,  a s  t h e  s c a n  r a t e  was l o w e r e d  s o  t h e  v o l t a m m o g r a m s  t o o k  on
t h e  a p p e a r a n c e  o f  a t y p i c a l  p a i r  o f  r e d u c t i o n / o x i d a t i o n  r e s p o n s e s .  A t  2
mVs t h e  v a l u e  o f  AE was  t h e  same a s  t h a t  c a l c u l a t e d  f o r  a o ne  e l e c t r o n

P
p r o c e s s  ( e q u a t i o n  [ 5 . 9 ] ) ,  w i t h  i t  r a p i d l y  i n c r e a s i n g  w i t h  i n c r e a s e  i n  s c a n

i
r a t e .  F i g u r e  9 . 8  s h ow s  t h a t  i ^ / v 2 v a l u e s  a r e  r e l a t i v e l y  i n d e p e n d e n t  o f  v ,
t h e  s c a n  r a t e ,  b u t  t h a t  t h e  p l o t  d o e s  n o t  p a s s  t h r o u g h  t h e  o r i g i n .  The
v a l u e s  o f  i  / i  a r e ,  h o w e v e r ,  s e e n  t o  be  u n i t y  f o r  a l l  s c a n  r a t e s ,  p c  pa  ’ 1

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

i
( >  0 . 3  v 2 cm s ) w h i l s t  i r r e v e r s i b l e  p r o c e s s e s  h a v e  v e r y  s m a l l  c h a r g e

_5 i
t r a n s f e r  r a t e  c o n s t a n t s  ( < 1 0  v 2 cm s  ) a n d  c o n s e q u e n t l y  t h e  r e v e r s e
p r o c e s s  i s  n o t  s e e n  on v o l t a m m e t r i c  s w e e p s .  W i t h  q u a s i - r e v e r s i b l e
s y s t e m s  a t  l o w  s c a n  r a t e s  t h e  c h a r g e  t r a n s f e r  p r o c e s s e s  a r e  f a s t  e n o u g h  t o
be  o b s e r v e d  i n  b o t h  f o r w a r d  a n d  r e v e r s e  s w e e p s ,  b u t  a s  t h e  s c a n  r a t e  i s
i n c r e a s e d  s o  t h e y  t e n d  t o  b e h a v i o u r  c h a r a c t e r i s t i c  o f  i r r e v e r s i b l e  

( 1 3 6 )p r o c e s s e s

G i v e n  t h a t  a t  2 mVs t h e  v o l t a m m o g r a m s  y i e l d  AE v a l u e s  m a t c h i n g  t h e  
t h e o r e t i c a l  v a l u e  f o r  a s i n g l e  e l e c t r o n  p r o c e s s ,  a n d  t h a t  t h e  r e s u l t s  f r o m  
S e c t i o n s  8 . 6  and  8 . 7  i n f e r r e d  t h e  e x i s t e n c e  o f  s u p e r o x i d e  s p e c i e s  i n  t h e  
m e l t s ,  t h e n  a p o s s i b l e  e l e c t r o d e  r e a c t i o n  i s :

0 2 +  e [ 9 . 4 ]

T h i s  h a s  a l s o  b e en  p u t  f o r w a r d  a s  o c c u r r i n g  i n  a l k a l i  c h l o r i d e  m e l t s ,  t h e
( 1 7 2 )s u p e r o x i d e  h a v i n g  b e e n  f o r m e d  d u r i n g  a d d i t i o n  o f  p e r o x i d e  i o n s  , a n d



i (Vs ') T (K) -Epc(V) Epa(V)

0.002 610 0.185 -0.070

0.005 610 0.255 0.000

0.010 610 0.280 0.080

0.020 610 0.420 0.100

0.050 610 0.510 _ _

AEp(V) i (mA) 
pc i (mA) pa

•HCOa
•H

0.115 0.008 0.003 0.99

0.255 0.015 0.008 0.99

0.360 0.025 0.014 1 .01

0.520 0.042 0.019 1.08

_ _ 0.074 __ ___

TABLE 9.3

Voltammetric Parameters of 0^ in 80 mol. % ZnCl^-NaCl
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FIGURE 9.8
Variation of i With v2 for 0o in 80 mol. % ZnCl_-NaClp 2 2
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b e i n g  r e d u c e d  b a c k  t o  t h e  p e r o x i d e .  The same p r o c e s s  h a s  a l s o  b e e n  f o u n d  
t o  o c c u r  i n  m o l t e n  h y d r o x i d e s  a nd  n i t r a t e s  w h e r e  t h e  b e h a v i o u r  o f  t h e  
v a r i o u s  o x i d e  a n i o n s  h a s  b e e n  much m o re  w i d e l y  i n v e s t i g a t e d ^ " ^ .  
H o w e v e r ,  s u p e r o x i d e  i o n s  w e r e  f o u n d  t o  be  d e c o m p o s e d  t o  p e r o x i d e  i o n s  u p o n  
a d d i t i o n  o f  NaO? t o  L i F - B e F ^ - Z r / T h F  m e l t s ,  a l t h o u g h  t h e y  w e r e  m o re  s t a b l e  
i n  L i F - N a F - K F  e u t e c t i c ^  . The s t a b i l i s i n g  i n f l u e n c e  o f  t h e  l a r g e  K 
c a t i o n s  was  i n v o k e d  t o  a c c o u n t  f o r  t h e  d i f f e r e n c e  i n  b e h a v i o u r .

9.4 Behaviour of Na202 *n ZnCl2-NaCl melts
H a v i n g  i n t i m a t e d  t h e  e x i s t e n c e  o f  s u p e r o x i d e  s p e c i e s  d u r i n g  w o r k  on

o x y g e n - s a t u r a t e d  m e l t s  ( S e c t i o n s  8 . 6  a n d  9 . 3 ) ,  t h e  s t a b i l i t y  o f  p e r o x i d e
s p e c i e s  was  a l s o  o f  i n t e r e s t .  T h e i r  e x i s t e n c e  h a s  b e e n  c l a i m e d  i n  v a r i o u s
h a l i d e  m e l t s  s u c h  a s  C a C l ^ - K C l ^ ^ ^ ,  L i C l - K C l ^ ^ 2 ’ ^ " ^  and  L i F - B e F ^ -
T h / Z r F ^ ^ ^  a s  w e l l  a s  n i t r a t e ,  h y d r o x i d e  and  c a r b o n a t e  m e l t s ^ ^ ^ .  I n
t h e  a l k a l i  h a l i d e  m e l t s  t h e  f o l l o w i n g  e q u i l i b r i a  w e r e  a ssum ed  t o  be  p r e s e n t
( [ 9 . 3 ]  and  [ 9 . 6 ] ) ,  d e s c r i b i n g  t h e  i n t e r c o n v e r s i o n  o f  o x y g e n  w i t h  o x i d e ,

( 1 7 2 )p e r o x i d e  a n d  s u p e r o x i d e  s p e c i e s  . The f o r m a t i o n  o f  s u p e r o x i d e s

o2 + ci" = o2" + ici2
0 2 [ 9 . 3 ]

0 2 +  2 C 1 "  = 0 2 "  + C l

2 0 2 "  = 2 0 2 "  +  0 2 [ 9 . 6 ]

d u r i n g  t h e  a d d i t i o n  o f  o x y g e n  g a s  t o  Z n C l 2 - N a C l  m e l t s  i n  t h i s  w o r k  h a s  b e e n  
t h o u g h t  t o  f o l l o w  t h e  f i r s t  e q u i l i b r i u m ,  t h e  o x y g e n  m o l e c u l e s  a b s t r a c t i n g  
e l e c t r o n s  f r o m  c h l o r i d e  i o n s  i n  t h e  m e l t s  ( S e c t i o n  8 . 6 ) .  F r om  t h e  same  
e q u a t i o n  i t  c a n  be  s e e n  t h a t  p e r o x i d e  s p e c i e s  c o u l d  be  f o r m e d  a t  t h e  same  
t i m e ,  a l t h o u g h  t h e y  w e r e  n o t  d i r e c t l y  d e t e c t e d .

S o d i u m  p e r o x i d e ,  a s  p u r c h a s e d  f r o m  t h e  s u p p l i e r s  ( S e c t i o n  3 . 1 7 ) ,  h a d  
an o r a n g e  t i n g e  c a u s e d  by  t h e  p r e s e n c e  o f  a r o u n d  5?o s o d i u m  s u p e r o x i d e  
( N a 0 2 ) .  The p e r o x i d e  i s  s l i g h t l y  d e l i q u e s c e n t  s o  was  s t o r e d  i n  t h e  a r g o n  
d r y - b o x  and  t a k e n  o u t  i m m e d i a t e l y  p r i o r  t o  u s e .  S o d i u m  p e r o x i d e  was  a d d e d
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t o  80  m o l .  % Z n C l ^ - N a C l  m e l t s  ( 0 . 1  m o l a l )  a t  a r o u n d  3 5 0 ° C ,  and  i t s  b e h a v i o u r  
i n v e s t i g a t e d  b y  u s e  o f  v o l t a m m e t r y  w i t h  p l a t i n u m  e l e c t r o d e s .  No 
v o l t a m m e t r i c  r e s p o n s e  was o b s e r v e d  w i t h  v i t r e o u s  c a r b o n  e l e c t r o d e s  o t h e r  
t h a n  t h e  m e l t  d e c o m p o s i t i o n  l i m i t s .  No m o i s t u r e  was  e v o l v e d  a s  t h e  
p e r o x i d e  was  a d d e d ,  s h o w i n g  t h e  d r y n e s s  o f  t h e  p o w d e r .  I n i t i a l l y ,  t h e  
p o w d e r  u n d e r w e n t  a v i g o r o u s  r e a c t i o n  w i t h  t h e  m e l t  s u r f a c e  c a u s i n g  i t  t o  
b u b b l e  v i o l e n t l y ,  e v e n t u a l l y  l e a v i n g  a p a l e  y e l l o w  p o w d e r  w h i c h  s a n k  t o  t h e  
b o t t o m  o f  t h e  m e l t  c o n t a i n e r .  No o r a n g e  c o l o u r  c o u l d  be d i s c e r n e d  a m o n g s t  
t h e  m u r k y  g r e y  o f  t h e  m e l t .  S t i r r i n g  t h e  m i x t u r e  w i t h  a r g o n  s e r v e d  t o  
e n h a n c e  t h e  m i x i n g .

The  v o l t a m m o g r a m s  o b t a i n e d  d e p e n d e d  o n  t h e  l e n g t h  o f  t i m e  a l l o w e d  t o  
p a s s  b e t w e e n  t h e  i n t r o d u c t i o n  o f  t h e  p e r o x i d e  i n t o  t h e  m e l t  and  t h e  i n s t a n t  
a t  w h i c h  t h e  v o l t a m m o g r a m s  w e r e  r e c o r d e d .  On t h e  v o l t a m m o g r a m s  r e c o r d e d  
i m m e d i a t e l y  a f t e r  t h e  Na202 a d d i t i o n  ( F i g u r e  9 . 9 )  v e r y  l i t t l e  c o u l d  be s e e n  
a p a r t  f r o m  some v a g u e  h um p s .  H o w e v e r ,  a f t e r  t h r e e  m i n u t e s  o f  v i g o r o u s  
s t i r r i n g  t h e  v o l t a m m o g r a m s  c o n t a i n e d  s i x  r e a s o n a b l y  w e l l - d e f i n e d  
r e s p o n s e s  ( F i g u r e  9 . 1 0 ) .  To d i s t i n g u i s h  t h e  p e a k s  t h e y  h a v e  b e e n  l a b e l l e d  
and  a n a l y s e d  a s  t h r e e  p a i r s ;  F - G ,  H - J  a nd  K - L .  The v o l t a m m e t r i c  
p a r a m e t e r s  m e a s u r e d  h a v e  b e e n  l i s t e d  i n  T a b l e  9 . 4 .

I n i t i a l l y ,  t h e  p e a k s  w e r e  t h o u g h t  t o  be due  t o  a g u e o u s  c o n t a m i n a t i o n  o f  
t h e  m e l t , g i v e n  t h e  s i m i l a r i t y  o f  F i g u r e  9 . 1 0  t o  t h e  v o l t a m m o g r a m s  r e c o r d e d  
f o r  w a t e r  i n  p u r e  Z n C ^  ( F i g u r e  7 . 1 )  a n d  t h e  d e l i q u e s c e n t  n a t u r e  o f  Na2 0 2 > 
H o w e v e r ,  t h e  v o l t a m m o g r a m s  o b t a i n e d  f o r  H2O i n  80  m o l .  % Z n C ^ - N a C l ,  t h e  
m e l t  u s e d  w i t h  Na2 0 2 , d i d  n o t  sh ow  t h e  same s h a r p n e s s  o f  r e s p o n s e  ( F i g u r e  
7 . 8 )  a s  t h o s e  r e c o r d e d  f o r  Na2 0 2 » a n d  no w a t e r  was  o b s e r v e d  on t h e  c e l l  c a p  
on a d d i t i o n  o f  t h e  p e r o x i d e .

C l o s e r  a n a l y s i s  o f  t h e  v o l t a m m o g r a m s  r e v e a l e d ,  m o r e o v e r ,  t h a t  t h e  
p a r a m e t e r s  o f  p e a k s  F - L  w e r e  q u i t e  d i f f e r e n t  t o  t h o s e  o f  t h e  v o l t a m m o g r a m s  
r e c o r d e d  f o r  w a t e r  i n  t h e s e  m e l t s .  P e a k s  F a n d  G had  a s e p a r a t i o n  
c o m p a r a b l e  t o  t h a t  c a l c u l a t e d  f o r  a o n e - e l e c t r o n  p r o c e s s  a t  l o w  s c a n  r a t e s  
b u t  w i t h  i n c r e a s e  i n  s c a n  r a t e  AF became  l a r q e r ,  s i m i l a r  t o  t h e  b e h a v i o u r  
o b s e r v e d  w i t h  t h e  o x y g e n - s a t u r a t e d  m e l t s  ( S e c t i o n  9 . 3 ) .  A f e a t u r e  common  
t o  n e a r l y  a l l  t h e  v o l t a m m o g r a m s  r e c o r d e d  d u r i n g  t h i s  w o r k  was t h e  w i d t h  o f
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FIGURE 9.9: Voltammogram Obtained for Na202 in 80 mol. % ZnCl̂ -NaCl
Immediately After Solute Addition

FIGURE 9.10: Voltammograms Obtained for Na202 in 80 mol. % ZnCl2~NaCl
Three Minutes After Solute Addition
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t h e  r e s p o n s e s ,  m a k i n g  e x a c t  d e t e r m i n a t i o n  o f  t h e  p e a k  p o t e n t i a l s  
d i f f i c u l t ,  a n d  t h i s  f a c t o r  m u s t  be  r e m e m b e re d  when  d r a w i n g  c o n c l u s i o n s  
f r o m  t h e  r e s u l t s .  P e a k s  K a nd  L ,  t h e  m o s t  a n o d i c  p a i r ,  h a d  a s e p a r a t i o n  
c h a r a c t e r i s t i c  o f  a t w o - e l e c t r o n  p r o c e s s ,  a s  f o u n d  f o r  t h e  v o l t a m m o g r a m s  
o f  w a t e r  i n  m o l t e n  Z n C ^  ( C h a p t e r  7 ) .  I n t e r e s t i n g l y ,  t h e  a n o d i c  r e s p o n s e s  
G a n d  L c o n s i s t e n t l y  h a d  a l m o s t  i d e n t i c a l  p e a k  c u r r e n t  v a l u e s  ( T a b l e  9 . 4 )  
b u t  w h e t h e r  a n y  s i g n i f i c a n c e  c a n  be  a t t a c h e d  t o  t h i s  i s  u n c e r t a i n .

A t  l o w  s c a n  r a t e s  t h e  p e a k  p o t e n t i a l s  o f  H a n d  J w e r e  i d e n t i c a l ,  o n l y  
s l o w l y  c h a n g i n g  w i t h  s c a n  r a t e  u n t i l  a t  500  mVs t h e  AE^ v a l u e  was a b o u t  
t h a t  f o r  a t w o - e l e c t r o n  p r o c e s s .  P l o t s  o f  i  , t h e  p e a k  c u r r e n t s ,  a g a i n s t  
v 2 , t h e  r o o t  o f  t h e  s c a n  r a t e ,  w e r e  c u r v e d  ( F i g u r e  9 . 1 1 )  f o r  a l l  s i x  p e a k s ,  
d e m o n s t r a t i n g  t h a t  t h e  e l e c t r o d e  p r o c e s s e s  w e r e  o n l y  p a r t i a l l y  d i f f u s i o n -  
c o n t r o l l e d .

I t  was  n o t  p o s s i b l e  t o  make d e f i n i t e  a s s i g n m e n t s  o f  t h e  v o l t a m m e t r i c  
p e a k s ,  b u t  s u g g e s t i o n s  o f  t h e i r  o r i g i n s  c a n  be o u t l i n e d .  The b e h a v i o u r  o f  
p e a k s  F a nd  G m i r r o r s  t h e  b e h a v i o u r  o f  t h e  v o l t a m m o g r a m s  o f  o x y g e n -  
s a t u r a t e d  m e l t s ,  t h o u g h t  t o  be  due  t o  t h e  r e d u c t i o n  o f  t h e  s u p e r o x i d e  and  
i t s  r e v e r s e  p r o c e s s .  G i v e n  t h e  e q u i l i b r i a  t h o u g h t  t o  be p r e s e n t  i n  a l k a l i  
c h l o r i d e  m e l t s  ( [ 9 . 5 ]  a n d  [ 9 . 6 ] )  i t  may be t h a t  t h e  p e r o x i d e  i s  u n s t a b l e  i n  
Z n C l ^  m e l t s  a n d  f o r m s  t h e  m o re  s t a b l e  s u p e r o x i d e .  Two e l e c t r o d e  p r o c e s s e s  
h a v e  b e e n  s u g g e s t e d  t o  a c c o u n t  f o r  p e a k s  K a nd  L ( [ 7 . 5 ]  a n d  [ 7 . 7 ] ) ,  b u t  i t  
was n o t  p o s s i b l e  t o  d i s c e r n  w h i c h  was  o c c u r r i n g  h e r e .

02- 2e [ 7 . 5 ]

O2 +  2e [ 7 . 7 ]

The m o s t  r e m a r k a b l e  b e h a v i o u r ,  a nd  t h e  m o s t  d i f f i c u l t  t o  a s s i g n ,  was
t h a t  o f  p e a k s  H and  J .  The f a c t  t h a t  t h e  p e a k  p o t e n t i a l s  w e r e  a l m o s t
i d e n t i c a l  s u g g e s t e d  an a d s o r p t i o n  p r o c e s s ,  f o r  e x a m p l e  o x y g e n  on p l a t i n u m ,

1
and  t h e  p e a k  c u r r e n t s  e x h i b i t e d  g r e a t e r  l i n e a r i t y  w i t h  v> t h a n  w i t h  v 2 . 
B r o o k e s v '  h a s  s t a t e d  t h a t  t h e  p r o c e s s  [ 7 . 6 ]  may o c c u r  i f  p e r o x i d e s  a r e  
p r e s e n t  i n  C a C l ^ - K C l  m e l t s ,  w i t h  p e r o x i d e  a n d  o x i d e  s p e c i e s  b e i n g  
i n t e r c o n v e r t e d  v i a  a tw o  e l e c t r o n  p r o c e s s ,  and  a t  h i g h e r  s c a n  r a t e s  t h e
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FIGURE 9 . 1 1

V a r i a t i o n  o f  i  w i t h  v 2 f o r  Nao 0 o i n  80  m o l .  % Z n C l _ - N a C l  p 2 2 2
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v a l u e  o f  AE o f  p e a k s  H and  J  t e n d e d  t o w a r d s  c a l c u l a t e d  v a l u e s  f o r  s u c h  a 
P

0 2 2 "  +  2e~ = 2 0 2 "  [ 7 . 6 ]

p r o c e s s .  A n o t h e r  p o s s i b i l i t y  was  t h a t  one  o f  t h e  c h a r g e  t r a n s f e r  p r o d u c t s  
u n d e r w e n t  a c h e m i c a l  r e a c t i o n  t o  y i e l d  an u n s t a b l e ,  e l e c t r o c h e m i c a l l y  
a c t i v e  s p e c i e s  r e s p o n s i b l e  f o r  H a n d  J .

One s cheme  t h a t  c o u l d  be  e n v i s a g e d  i s  t h a t  w h e r e  t h e  p e r o x i d e  i o n s
d e c om p o s e  t o  f o r m  s u p e r o x i d e  a n d  o x i d e  s p e c i e s  ( [ 9 . 5 ]  a n d  [ 9 . 6 ] ) ,  w i t h
e x c e s s  z i n c  o x i d e  p r e c i p i t a t i n g  o u t  o f  s o l u t i o n ,  a s  o b s e r v e d .  A s i m i l a r
d e c o m p o s i t i o n  p r o c e s s  h a s  b e e n  f o u n d  i n  m o l t e n  n i t r a t e s  a n d  h y d r o x i d e s ,
a n d  was t h o u g h t  t o  f o l l o w  e q u a t i o n  [ 9 . 7 ] ^ 2 ^ .  The e l e c t r o a c t i v e
s u p e r o x i d e  i o n s  c o u l d  be  r e s p o n s i b l e  f o r  p e a k s  F a n d  G, w i t h  r e d u c t i o n  o f  

2 -0 ^  t o  0 2 a n d  t h e  r e v e r s e  p r o c e s s .  C o n v e r s i o n  o f  t h e  o x i d e  i o n s  t o  
o x y g e n ,  and  v i c e  v e r s a ,  v i a  [ 7 . 5 ]  c o u l d  a c c o u n t  f o r  p e a k s  K a nd  L .  E i t h e r  a 
c h e m i c a l  r e a c t i o n  o f  o x y g e n  a t o m s  w i t h  o x i d e  i o n s ,  s a y ,  o r  some  
e l e c t r o c h e m i c a l  p r o c e s s  ( e . g .  [ 7 . 6 ] )  c o u l d  p r o d u c e  p e r o x i d e  s p e c i e s  f o r  a 
s h o r t  p e r i o d  w h i c h  a r e  r e s p o n s i b l e  f o r  p e a k s  H a n d  J .

3 0 2 2 "  = 2 0 2 -  + 2 0 2 '  [ 9 . 7 ]

T h i s ,  h o w e v e r ,  i s  o n l y  a s u g g e s t e d  r e a c t i o n  s c h e m e ,  b a s e d  u p o n  t h e  
o b s e r v a t i o n  o f  ZnO p r e c i p i t a t e d  o u t  o f  s o l u t i o n ,  t h e  s t a b i l i t y  o f  0 2 
s p e c i e s  i n  t h e s e  m e l t s  ( S e c t i o n s  8 . 6  a n d  9 . 3 )  a n d  t h e  v o l t a m m o g r a m s  
o b t a i n e d .  M o re  w o r k ,  s u c h  a s  an  e . s . r .  i n v e s t i g a t i o n  o f  t h e  m e l t  t o  
d e t e r m i n e  t h e  p r e s e n c e  o f  02 , w o u l d  be  r e q u i r e d  t o  p o s i t i v e l y  d e s c r i b e  t h e  
s y s t e m .  I t  c o u l d  be t h a t  t h e  p r e s e n c e  o f  a r o u n d  5?o s u p e r o x i d e  i n  t h e  
s u p p l i e d  s o d i u m  p e r o x i d e  was  i n  some way c a t a l y s i n g  t h e  b r e a k d o w n  o f  t h e  
p e r o x i d e  s p e c i e s ,  a n d  t h a t  a p u r e  p e r o x i d e  w o u l d  n o t  d e c o m p o s e .

I n t e r e s t i n g l y ,  t h e  e x i s t e n c e  o f  z i n c  c h l o r i d e  o x i d e  p e r o x i d e
( 1 9 1 )( Z n ^ g O ^ C l ^ O ^ ^ ^ T ^ O )  h a s  b e e n  c l a i m e d  . A p p a r e n t l y  t h i s  com pound

c a n  be  i s o l a t e d  i n  t h e  s o l i d  p h a s e  b u t  d e c om p o s e s  on  h e a t i n g .  H o w e v e r ,  a
( 1 9 2 )p a t e n t  b y  I t o  e t  a l .  g i v e s  d e t a i l s  f o r  t h e  p r e p a r a t i o n  o f  d i v a l e n t

m e t a l  p e r o x i d e s  i n c l u d i n g  Z n 0 2 , s a i d  t o  be  s t a b l e  t o  1 5 0 ° C .  I f  t h e s e  
m a t e r i a l s  c a n  be i s o l a t e d  i n  t h e  s o l i d  p h a s e ,  t h e n  t h e i r  e x i s t e n c e  i n  z i n c  
c h l o r i d e  m e l t s  i s  n o t  s o  u n l i k e l y .
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9 . 5  B e h a v i o u r  o f  ^ 200 ^  i n  Z n C ^ - N a C l  m e l t s
I n  an a t t e m p t  t o  i n c r e a s e  t h e  o x i d e  i o n  c o n t e n t  o f  a 80  m o l  % Z n C ^ - N a C l  

m e l t  a b o v e  t h a t  a c h i e v a b l e  b y  a d d i n g  z i n c  o x i d e ,  s o d i u m  c a r b o n a t e  was a d d e d
t o  t h e  m e l t .  A t  e l e v a t e d  t e m p e r a t u r e s  c a r b o n a t e  i o n s  d i s s o c i a t e  i n t o  CO2

2_ z 
a n d  0 i o n s  ( e q u a t i o n  [ 9 . 8 ] ) -  a n d  t h i s  h a s  b e e n  f o u n d  t o  o c c u r  i n  v a r i o u s

( 19 8 )c h l o r i d e  m e l t s v . U n d e r  f i x e d  c a r b o n  d i o x i d e  p r e s s u r e s  e q u i l i b r i u m
2-  2-[ 9 . 8 ]  i s  m a i n t a i n e d ,  t h e  C0^ a c t i n g  a s  a b u f f e r  f o r  pO . H o w e v e r ,

C03 2 '  = C02 ( g )  +  0 2"  [ 9 . 8 ]

2-u n d e r  i n e r t  a t m o s p h e r e s  00 ^ h a s  b e e n  f o u n d  t o  a c t  a s  a r e a s o n a b l e  s o u r c e  
o f  o x i d e  i o n s .

The  i n t r o d u c t i o n  o f  p o w d e r e d  ^ 200 ^ i n t o  a 80  m o l  % Z n C ^ - N a C l  m e l t  a t  
a r o u n d  3 5 0 °C  r e s u l t e d  i n  a v i g o r o u s  r e a c t i o n  on  t h e  m e l t  s u r f a c e ,  t h e  
c a r b o n a t e  c a u s i n g  t h e  m e l t  s u r f a c e  t o  b u b b l e  a s  a g a s  was  e v o l v e d .  A p a l e  
y e l l o w  p o w d e r  f o r m e d  on  t h e  s u r f a c e  o f  t h e  m e l t  a n d  s l o w l y  s a n k  t o  t h e  c e l l  
b o t t o m .  T h a t  CO2 was  f o r m e d  c o u l d  be  s e e n  b y  p a s s i n g  t h e  g a s  t h r o u g h  l i m e  
w a t e r  w h i c h  t u r n e d  f a i n t l y  c l o u d y .

C y c l i c  v o l t a m m o g r a m s  w e r e  r e c o r d e d  u s i n g  p l a t i n u m  a n d  v i t r e o u s  c a r b o n  
w o r k i n g  e l e c t r o d e s ,  b u t  no p e a k s  o t h e r  t h a n  t h e  m e l t  l i m i t s  w e r e  o b s e r v a b l e  
on  t h e  v o l t a m m o g r a m s  r e c o r d e d  w i t h  t h e  l a t t e r  e l e c t r o d e .  The  
v o l t a m m o g r a m s  r e c o r d e d  w i t h  t h e  p l a t i n u m  w o r k i n g  e l e c t r o d e  w e r e  r a t h e r  
i r r e p r o d u c i b l e , s o m e t im e s  c o n t a i n i n g  no p e a k s  o t h e r  t h a n  t h e  m e l t  l i m i t s ,  
b u t  o t h e r  t i m e s  v a g u e l y  r e s e m b l i n g  t h o s e  r e c o r d e d  u p o n  a d d i t i o n  o f  ZnO t o  
t h e  m e l t s  ( S e c t i o n  9 . 2 ) ,  w i t h  s l i g h t  humps  a p p e a r i n g  t h a t  w e r e  n o t  w e l l -  
d e f i n e d .  A n a l y s i s  b y  X - r a y  d i f f r a c t i o n  o f  t h e  w h i t e  p o w d e r  f o r m e d  a s  a 
p r e c i p i t a t e  c o n f i r m e d  t h a t  i t  was ZnO,  t h e  y e l l o w  c o l o u r  h a v i n g  a r i s e n  a s  a 
r e s u l t  o f  t h e  n o n - s t o i c h i o m e t r i c  n a t u r e  o f  ZnO a t  h i g h  t e m p e r a t u r e s .  T h u s  
t h e  a t t e m p t  t o  i n c r e a s e  t h e  o x i d e  i o n  c o n c e n t r a t i o n  o f  t h e  m e l t  was  n o t  
s u c c e s s f u l  s i n c e  z i n c  o x i d e  was a l m o s t  i m m e d i a t e l y  f o r m e d .

The s o l u b i l i t y  o f  c a r b o n  d i o x i d e  i n  z i n c  c h l o r i d e  m e l t s  h a s  b e e n  
( 1 9 0 )d e t e r m i n e d  , a n d  a mo re  t h o r o u g h  s t u d y  o f  t h e  b e h a v i o u r  o f  e q u i l i b r i u m

[ 9 . 8 ]  i n  t h e s e  m e l t s  m i g h t  p r o v e  i n t e r e s t i n g .
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A p r o b l e m a t i c  s o u r c e  o f  o x i d e  i m p u r i t i e s  c a n  o f t e n  be  t h e  g l a s s  m e l t  
( 1 7 3 )c o n t a i n e r s S i l i c a t e  f o r m a t i o n  [ 9 . 9 ]  b e tw e e n  a d d e d  o x i d e  i o n s  a n d

0 2 +  xS iO , ( S i O )  . 0  x
2- [ 9 . 9 ]

s i l i c a  i n  t h e  g l a s s  c a n  r e s u l t  i n  s p u r i o u s  e l e c t r o c h e m i c a l  r e s u l t s ,  b u t  no  
s i g n  o f  s u c h  a p r o c e s s  was e v e r  o b s e r v e d  d u r i n g  t h e  w o r k  o u t l i n e d  h e r e .
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CHAPTER 10

CONCLUSIONS

a )  I t  h a s  b e e n  shown  t h a t  s e v e r a l  d i v e r s e  u s e s  e x i s t  f o r  m o l t e n  z i n c  
c h l o r i d e ,  r a n g i n g  f r o m  h y d r o c r a c k i n g  c a t a l y s t  t o  c h e m i c a l  r e a c t i o n  
m ed iu m  t o  s t a b l e  g l a s s  f o r m e r .

b )  The r e v i e w  o f  p r e v i o u s  w o r k  c a r r i e d  o u t  on m o l t e n  z i n c  c h l o r i d e  h a s  
show n  t h a t  t h e  s t r u c t u r e  o f  t h e  m e l t ,  and  o f  m i x t u r e s  w i t h  a l k a l i  
m e t a l  c h l o r i d e s ,  h a s  b e e n  i n v e s t i g a t e d  many t i m e s  u s i n g  a w i d e  r a n g e  
o f  e x p e r i m e n t a l  t e c h n i q u e s ,  b u t  t h a t  g r o u p s  o f  w o r k e r s  a r e  s t i l l  i n  
d i s a g r e e m e n t  o v e r  how t o  m o s t  a c c u r a t e l y  d e s c r i b e  t h e  s y s t e m s .  
I n v e s t i g a t i o n  o f  t h e  p h y s i c o - c h e m i c a l  a n d  t r a n s p o r t  p r o p e r t i e s  o f  
t h e  m e l t s  h a s  b e en  c a r r i e d  o u t  f o r  m o s t  m e l t  c o m p o s i t i o n s  a n d  a 
d e g r e e  o f  a g r e e m e n t  i s  s e e n  b e t w e e n  t h e  v a r i o u s  s e t s  o f  r e s u l t s .

c )  I n  c o n t r a s t ,  t h e  s o l v e n t  p r o p e r t i e s  o f  t h e  m e l t s  h a v e  n o t  b e e n  s o  
w i d e l y  i n v e s t i g a t e d ,  w i t h  o n l y  a s m a l l  a m ou n t  h a v i n g  b e e n  d o n e  on  t h e  
b e h a v i o u r  o f  g a s e s ,  w a t e r  a n d  t r a n s i t i o n  m e t a l  c om p ou n d s  w i t h i n  
t h e s e  m o l t e n  s y s t e m s .  H o w e v e r ,  a v a r i e t y  o f  c o m p l e x  s p e c i e s  a r e  
p o s t u l a t e d  t o  e x i s t  i n  t h e s e  m e d i a  a n d  t h e  s c o p e  f o r  f u r t h e r  w o r k  i s  
l a r g e .

d )  A w i d e  r a n g e  o f  e x p e r i m e n t a l  t e c h n i q u e s  h a v e  b e e n  u s e d  d u r i n g  t h i s  
p r o j e c t ,  b o t h  t o  u t i l i s e  a v a i l a b l e  e q u i p m e n t  a nd  t o  o b t a i n  a s  much  
i n f o r m a t i o n  a s  p o s s i b l e .  S m a l l  s c a l e  e l e c t r o c h e m i c a l  g l a s s w a r e  
was  f o u n d  t o  p e r f o r m  a s  w e l l  a s  t h e  c um b e r s o m e  l a r g e  c e l l s  u s e d  f o r  
e l e c t r o p l a t i n g .

e )  V a r i o u s  m e l t  p u r i f i c a t i o n s  s t e p s  h a v e  b e e n  s u m m a r i z e d  and  some w e r e  
u s e d  h e r e  t o  p r o d u c e  m e l t s  t h a t  w e r e  c o l o u r l e s s  and  v o l t a m m e t r i c a l l y  
f e a t u r e l e s s ,  b u t  t h a t  w e r e  s u b j e c t  t o  c a r b o n  c o n t a m i n a t i o n .
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f )  W a t e r  a b s o r p t i o n  s t u d i e s  s h ow ed  t h a t  t h e  p r e s e n c e  o f  a l k a l i  m e t a l  
c h l o r i d e  i n  t h e  s o l i d  p h a s e  r e d u c e d  t h e  d e l i q u e s c e n t  n a t u r e  o f  t h e  
z i n c  c h l o r i d e .

g )  P l a t i n u m  h a s  b e e n  s hown  t o  be a s u i t a b l e  e l e c t r o d e  m a t e r i a l  f o r  
v o l t a m m e t r i c  i n v e s t i g a t i o n s  o f  o x i d e  and  p r o t o n i c  s p e c i e s  i n  t h e  
z i n c  c h l o r i d e  m e l t  s y s t e m s .  V i t r e o u s  c a r b o n  e l e c t r o d e s  f a i l e d  t o  
e x h i b i t  a n y  v o l t a m m e t r i c  r e s p o n s e  o t h e r  t h a n  t h e  m e l t  d e c o m p o s i t i o n  
l i m i t s .

h )  The s o l u b i l i t y  d a t a  f o r  HC1 i n  m o l t e n  Z n C l ^ - N a C l  b i n a r y  m i x t u r e s  
w e r e  f o u n d  t o  e x h i b i t  t r e n d s  c h a r a c t e r i s t i c  o f  a c h e m i c a l  
d i s s o l u t i o n  p r o c e s s ,  i m p l y i n g  t h e  f o r m a t i o n  o f  c o m p l e x  s p e c i e s .  I t  
was p o s t u l a t e d  t h a t  a s  t h e  m e l t  b a s i c i t y  i n c r e a s e d  s o  t h e  s p e c i e s  
f o r m e d  c h a n g e d  f r o m  H+ Z n C l ^  t o  H C l ^  , w i t h  t h e  m o re  b a s i c  m e l t s  
t e n d i n g  t o w a r d s  b e h a v i o u r  e x h i b i t e d  b y  HC1 i n  p u r e  m o l t e n  a l k a l i  
m e t a l  c h l o r i d e s .

i )  The p l a t i n u m  q u a s i - r e f e r e n c e  e l e c t r o d e  h a s  b e e n  shown  t o  r e m a i n  
s t a b l e  i n  H C l - s a t u r a t e d  Z n C l ^ - N a C l  m e l t s .

j )  The r e d u c t i o n  o f  HC1 d i s s o l v e d  i n  Z n C l ^ - N a C l  m e l t s  o f  v a r i o u s  
c o m p o s i t i o n s  f o l l o w e d  a one  e l e c t r o n  d i f f u s i o n - c o n t r o l l e d  
r e v e r s i b l e  c h a r g e  t r a n s f e r  p r o c e s s  c o m p l i c a t e d  b y  a d s o r p t i o n  o f  
h y d r o g e n ,  f o r m e d  as  t h e  r e d u c t i o n  p r o d u c t ,  o n t o  t h e  p l a t i n u m  
e l e c t r o d e .  Pea k  c u r r e n t  r a t i o s  o f  l e s s  t h a n  u n i t y  c o u l d  be  
i n t e r p r e t e d  e i t h e r  a s  b e i n g  due  t o  t h e  d i m e r i z a t i o n  o f  t h e  h y d r o g e n  
a t o m s  e v o l v e d  o r  t o  c o n v e c t i o n  e f f e c t s  w i t h i n  t h e  m e l t s .

k )  C o u p l i n g  t h e  s o l u b i l i t y  d a t a  w i t h  t h e  v o l t a m m e t r i c  r e s u l t s ,  t h e  
d i f f u s i o n  c o e f f i c i e n t s  o f  HC1 so  c a l c u l a t e d  w e r e  f o u n d  t o  i n c r e a s e  
w i t h  i n c r e a s i n g  m e l t  t e m p e r a t u r e  and  b a s i c i t y .  The a c t i v a t i o n  
e n e r g i e s  o f  t h e  d i f f u s i o n  p r o c e s s  i n  t h e  v a r i o u s  m e l t  c o m p o s i t i o n s  
w e r e  l a r g e r  t h a n  t h o s e  f o r  m e t a l  c a t i o n s  i m p l y i n g  t h a t  m o re  c o m p l e x  
d i f f u s i o n  p r o c e s s e s  o c c u r  w i t h  HC1 as  t h e  s o l u t e .
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l )  The S t o k e s - E i n s t e i n  e q u a t i o n  was  o b e y e d  f o r  t h e  m o re  a c i d i c  m e l t  
s y s t e m s  b u t  n o t  f o r  t h o s e  a t  h i g h  t e m p e r a t u r e s  o r  w i t h  ^  > 0 . 3 .  
The c a l c u l a t e d  r a d i i  o f  t h e  d i f f u s i n g  s p e c i e s  w e r e  a s s um ed  t o  be  
" e f f e c t i v e ”  r a d i i  r a t h e r  t h a n  a c t u a l  v a l u e s ,  a n d  t a k e n  t o  i n f e r  t h e  
c h a n g e o v e r  i n  s p e c i e s  p r e s e n t  i n  t h e  m e l t s ,  f r o m  H+ Z n C l ^ _ t o  H C I 2 
w i t h  i n c r e a s i n g  m e l t  b a s i c i t y .

m) E x t r a n e o u s  v o l t a m m e t r i c  r e s p o n s e s  w e r e  t a k e n  t o  i m p l y  t h e  f o r m a t i o n  
o f  Z n - P t  a l l o y s ,  o f  w h i c h  a t  l e a s t  f i v e  a r e  k n o w n .

n )  V a l u e s  o f  t h e  e l e c t r i c a l  c o n d u c t i v i t y  o f  Z n C l ^ - N a C l  m e l t s  o f  v a r i o u s  
c o m p o s i t i o n s ,  d e t e r m i n e d  u s i n g  t h e  n o v e l  a . c .  im p e d a n c e  t e c h n i q u e ,  
c o r r e l a t e d  f a v o u r a b l y  w i t h  r e s u l t s  o f  p r e v i o u s  s t u d i e s .  
I n d i v i d u a l l y  a d d i n g  HC1 a n d  w a t e r  t o  t h e  m e l t s  was  f o u n d  t o  c a u s e  
d i f f e r e n c e s  i n  t h e  c o n d u c t i v i t y  v a l u e s  b u t  t h e  s o l u t e s  h a d  o p p o s i t e  
e f f e c t s ,  t h e  HC1 l o w e r i n g  t h e  c o n d u c t i v i t y  w h i l s t  w a t e r  i n c r e a s e d  
t h e  c o n d u c t i v i t y .  T h i s  was  i n t e r p r e t e d  i n  t e r m s  o f  p o s s i b l e  m e l t  
s p e c i e s .

o )  The v o l a t i l i t y  o f  z i n c  c h l o r i d e  m e l t s  d i s r u p t e d  a t t e m p t s  t o  m e a s u r e  
t h e  w a t e r  s o l u b i l i t y  i n  t h e s e  m e d i a ,  b u t  t h e  h y d r o l y s i s  r e a c t i o n  was  
shown  t o  o c c u r  t o  a l i m i t e d  e x t e n t ,  a n d  was a t  i t s  g r e a t e s t  i n  p u r e  
m o l t e n  z i n c  c h l o r i d e .

p )  The p r e s e n c e  o f  h y d r o x i d e  i o n s  i n  w a t e r - s a t u r a t e d  m e l t s  was  
c o n f i r m e d  b y  v o l t a m m e t r i c  means  b u t  d e f i n i t e  a s s i g n m e n t  o f  o t h e r  
v o l t a m m e t r i c  r e s p o n s e s  was  n o t  p o s s i b l e .  M o s t  w o r k e r s  h a v e  s t a t e d  
t h a t  t h e  r e d u c t i o n  o f  w a t e r  a n d  t h e  o x i d a t i o n  o f  o x i d e  i o n s ,  a n d  t h e  
r e v e r s e  s t e p s ,  a r e  t h e  v o l t a m m e t r i c  p r o c e s s e s  o b s e r v e d  a n d  t h i s  
seemed  m o s t  l i k e l y  h e r e .  H o w e v e r ,  t h e  e x i s t e n c e  o f  p e r o x i d e  i o n s  
h a s  a l s o  b e e n  p u t  f o r w a r d  t o  a c c o u n t  f o r  t h e  same o b s e r v e d  
v o l t a m m e t r i c  r e s p o n s e s .  The  a d d i t i o n  o f  p e r o x i d e  i o n s  t o  t h e  z i n c  
c h l o r i d e  m e l t s  r e s u l t e d  i n  d i f f e r e n t  v o l t a m m e t r i c  r e s p o n s e s ,  w h i c h  
was  t a k e n  t o  i n f e r  t h a t  t h e s e  i o n s  w e r e  n o t  p r e s e n t  i n  w a t e r -  
c o n t a i n i n g  z i n c  c h l o r i d e  m e l t s .
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q )  The f o r m a t i o n  o f  z i n c  o x i d e  f i l m s  on  t h e  w o r k i n g  e l e c t r o d e s  was  shown  
t o  o c c u r  u p o n  h o l d i n g  t h e  e l e c t r o d e s  a t  s u i t a b l y  c a t h o d i c  p o t e n t i a l s  
i n  t h e  w a t e r - c o n t a i n i n g  m e l t s .

r )  The p r e s e n c e  o f  HC1 o r  w a t e r  i n  p u r e  m o l t e n  z i n c  c h l o r i d e  h a s  b e e n  
shown  t o  s t a b i l i z e  t h e  a m o r p h o u s  p h a s e  f o r m e d  u p o n  q u e n c h i n g  t h e  
m e l t .  H o w e v e r ,  no Raman p e a k s  c h a r a c t e r i s t i c  o f  v i b r a t i o n s  o f  
t h o s e  m o l e c u l e s  w e r e  o b s e r v e d ,  e m p h a s i s i n g  t h e  u n s u i t a b i l i t y  o f  t h e  
t e c h n i q u e  f o r  s t u d y i n g  t r a c e  m a t e r i a l s .  A d e p o s i t  f o r m e d  i n  t h e  g a s  
b u b b l e r  d u r i n g  p a s s a g e  o f  w a t e r  v a p o u r  i n t o  t h e  m e l t s  was  f o u n d  t o  be  
z i n c  o x i d e  and  v a r i o u s  h y d r o x i d e s .

s )  The s a t u r a t i o n  o f  Z n C l ^ - N a C l  m e l t s  w i t h  o x y g e n  r e s u l t e d  i n  an am be r  
c o l o u r a t i o n .  Raman, e l e c t r o n  s p i n  r e s o n a n c e  a nd  v o l t a m m e t r i c  
s t u d i e s  a l l  i n f e r r e d  t h e  p r e s e n c e  o f  s u p e r o x i d e  i o n s  w i t h i n  t h e  m e l t  
m a t r i x ,  t h o u g h t  t o  be f o r m e d  b y  a b s t r a c t i o n  o f  e l e c t r o n s  f r o m  
c h l o r i d e  i o n s  b y  t h e  o x y g e n  m o l e c u l e s .

t )  P e r o x i d e  i o n s  w e r e  t h o u g h t  t o  d e c om p o s e  on c o n t a c t  w i t h  t h e  m e l t s  t o  
f o r m  s u p e r o x i d e  and  o x i d e  i o n s ,  a n d  m e c h a n i s m s  f o r  t h i s  p r o c e s s  h a v e  
b e e n  p u t  f o r w a r d ,  w i t h  i n t e r c o n v e r s i o n  b e tw e e n  a l l  t h r e e  o x i d e  
s p e c i e s  s u g g e s t e d .

u )  The w h i t e  p r e c i p i t a t e  i s o l a t e d  f o l l o w i n g  a d d i t i o n  o f  s o d i u m  
h y d r o x i d e  t o  z i n c  c h l o r i d e  m e l t s  was  f o u n d  t o  be s o d i u m  c h l o r i d e ,  
z i n c  o x i d e  a n d  Z n , - ( O H ^ C ^ .  The h y d r o x y c h l o r o z i n c a t e  was  a l s o  
i s o l a t e d  f o l l o w i n g  s a t u r a t i o n  o f  Z n C l ^ - N a C l  m e l t s  w i t h  w a t e r ,  
c o n f i r m i n g  t h e  e x i s t e n c e  o f  t h e  h y d r o l y s i s  r e a c t i o n .  The  
d e c o m p o s i t i o n  p a t h w a y  o f  t h e  h y d r o x y c h l o r o z i n c a t e  was  c o n f i r m e d  as  
b e i n g  v i a  f o r m a t i o n  o f  HC1, w a t e r  a n d  z i n c  o x i d e  and  a p o s s i b l e  
m e c h a n i s m  h a s  b e e n  p u t  f o r w a r d .

v )  The s o l u b i l i t y  o f  z i n c  o x i d e  i n  t h e  z i n c  c h l o r i d e  m e l t s  i s  s o  l o w  t h a t  
o n l y  v e r y  p o o r  v o l t a m m o g r a m s  w e r e  o b t a i n e d .  H o w e v e r ,  e v i d e n c e  o f  
t h e  o x i d a t i o n  o f  o x i d e  i o n s ,  a n d  t h e  r e v e r s e  p r o c e s s ,  was  o b t a i n e d .
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w) C a r b o n a t e  i o n s  w e r e  t h o u g h t  t o  d e com pose  t o  f o r m  c a r b o n  d i o x i d e  and  
o x i d e  i o n s  on c o n t a c t  w i t h  t h e  m e l t s ,  t h e  o x i d e  i o n s  b e i n g  
p r e c i p i t a t e d  as  z i n c  o x i d e .

S u g g e s t i o n s  f o r  f u r t h e r  w o r k
As m e n t i o n e d  e a r l i e r ,  t h e  s c o p e  f o r  f u r t h e r  w o r k  i n  t h e  u s e  o f  m o l t e n  

z i n c  c h l o r i d e  a s  a r e a c t i o n  m ed iu m  i s  q u i t e  l a r g e .  R e l a t i v e l y  l i t t l e  w o r k  
h a s  b e e n  c a r r i e d  o u t  on  t h e  b e h a v i o u r  o f  s o l u t e s  i n  t h e s e  m e l t  s y s t e m s ,  
c o m p a r e d  t o  t h e  c h l o r o a l u m i n a t e  m e l t s ,  f o r  e x a m p l e .  The d i v e r s e  u s e s  o f  
m o l t e n  z i n c  c h l o r i d e  s y s t e m s  d e m o n s t r a t e  t h a t  t h e y  h a v e  g r e a t  p o t e n t i a l .

As  a c o n t i n u a t i o n  o f  t h e  w o r k  c a r r i e d  o u t  w i t h  HC1 a nd  w a t e r  b e i n g  
i n d i v i d u a l l y  a d d e d  t o  t h e  m e l t s ,  t h e  e f f e c t  o f  a d d i n g  t h e  tw o  t o g e t h e r  
s h o u l d  be  i n v e s t i g a t e d .  The p o s s i b l e  e x i s t e n c e  o f  m o re  t h a n  one  o x i d e  
s p e c i e s  i n  t h e  Z n C l ^ - N a C l  b i n a r y  s y s t e m s  i s  s o m e t h i n g  t h a t  a l s o  n e e d s  
f u r t h e r  w o r k .  M a i n t a i n i n g  an  o x y g e n  a t m o s p h e r e  o v e r  m e l t s  i n t o  w h i c h  
o x i d e ,  p e r o x i d e  o r  s u p e r o x i d e  i o n s  h a v e  b e e n  a d d e d  c o u l d  h a v e  a m a r k e d  
e f f e c t  on  t h e  s p e c i e s  p r e s e n t .  S i m i l a r l y ,  t h e  a d d i t i o n  o f  c a r b o n a t e  i o n s  
was  n o t  f u l l y  i n v e s t i g a t e d ,  a n d  t h e r e  e x i s t s  s c o p e  f o r  h o l d i n g  a c a r b o n  
d i o x i d e  a t m o s p h e r e  o v e r  t h e  m e l t s  t o  s e e  i f  c a r b o n a t e  i o n s  c a n  be  
s t a b i l i s e d .  The u se  o f  an o x i d e - i o n  c o n d u c t i n g  i n d i c a t i n g  e l e c t r o d e ,  
s u c h  a s  o n e  o f  y t t r i a - s t a b i l i s e d  z i r c o n i a  w h i c h  h a s  p r o v e d  r e l i a b l e  
e l s e w h e r e ,  t o  m o n i t o r  t h e  e f f e c t s  o f  a d d i t i o n  o f  o x y - s p e c i e s  t o  t h e  m e l t s  
w o u l d  a l l o w  f u r t h e r  i n f o r m a t i o n  t o  be o b t a i n e d .

G i v e n  t h a t  a l l o y s  a r e  t h o u g h t  t o  be f o r m e d  f o l l o w i n g  t h e  d e p o s i t i o n  
o f  z i n c  o n t o  p l a t i n u m ,  g o l d  o r  t u n g s t e n ,  t h e  u s e  o f  t h e s e  m e l t s  f o r  s u c h  an  
i n d u s t r i a l  p u r p o s e  m i g h t  be e x p l o r e d .  S i m i l a r l y ,  t h e  a p p a r e n t  
s t a b i l i z a t i o n  o f  t h e  a m o r p h o u s  z i n c  c h l o r i d e  p h a s e  b y  t h e  i n t r o d u c t i o n  o f  
w a t e r  o r  h y d r o g e n  c h l o r i d e  c o u l d  be s t u d i e d  w i t h  a v i e w  t o  i t s  u s e  a s  
o p t i c a l  c o m p o n e n t s .
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APPENDIX 1

METAL HALIDES IN THE HYDROCRACKING PROCESS

A1.1 General

The u s e  o f  v a r i o u s  m e t a l  h a l i d e s  a s  c a t a l y s t s  f o r  t h e  h y d r o c r a c k i n g  
o f  p o l y n u c l e a r  h y d r o c a r b o n s  h a d  b een  i n i t i a t e d  b e f o r e  W o r l d  War  I I  b u t  i t  
was  n o t  u n t i l  t h e  1 9 6 0 ' s  t h a t  d e t a i l e d ,  l a r g e  s c a l e  i n v e s t i g a t i o n s  o f  t h e i r  
p r o p e r t i e s  b e g a n .  The k e y  d i s c o v e r y  was  t h a t  m o l t e n  m e t a l  h a l i d e s  t h a t  
a r e  r e l a t i v e l y  weak  L e w i s  a c i d s  a r e  much m o re  a c t i v e  and  s e l e c t i v e  i n  
h y d r o c r a c k i n g  p r o c e s s e s  t h a n  c o n v e n t i o n a l  s u l p h u r - r e s i s t a n t  c a t a l y s t s ,  
b u t  t h e  m e t a l  h a l i d e s  m u s t  be  u s e d  i n  l a r g e  a m o u n t s .  S i n c e  t h a t  t i m e  much  
w o r k  h a s  b e e n  done  on p e r f e c t i n g  t h e  h y d r o c r a c k i n g  p r o c e s s ,  w i t h  a w i d e  
r a n g e  o f  m e t a l  h a l i d e s  b e i n g  t e s t e d .

T i n  ( I I )  c h l o r i d e  and  n i c k e l  c h l o r i d e  w e r e  f o u n d  t o  b e h a v e  a s  v e r y  
weak F r i e d e l - C r a f t s  t y p e  c a t a l y s t s  w i t h  v e r y  l i t t l e  c r a c k i n g  a c t i v i t y  
c o m p a r e d  t o  z i n c  c h l o r i d e .  N e i t h e r  a r e  w e l l  known  a s  a c t i v e  L e w i s  a c i d s ,
a l t h o u g h  S n C l ? d o e s  h a v e  e l e c t r o n - a c c e p t i n g  p r o p e r t i e s  ( e . g .  S n C l 9 . N h L ) .

z ( 1 2 ) z ^ A l u m i n i u m  b r o m i d e  was r e j e c t e d  b y  G o r i n  e t  a l .  ’ s i n c e  i t  was  d e s t r o y e d
b y  t h e  s t e a m  p r o d u c e d ,  a n d  t h e  p r o d u c t s  i n c l u d e d  a l a r g e  a m ou n t  o f  t a r  and
l o w  m o l e c u l a r  w e i g h t  p a r a f f i n s .  B u c h a n a n  e t  a l . ^ ^  h a v e  o u t l i n e d  w o r k
d one  w i t h  S b C l ^  a n d  S b C l ^ - A l C l ^  m i x t u r e s  a s  c a t a l y s t s ,  c o n s i d e r i n g  b o t h
t h e  F r i e d e l - C r a f t s  b e h a v i o u r  a n d  t h e  r e d o x  p r o p e r t i e s  o f  t h e  S b C l ^ .  U n d e r
a p r o t i c  l o w - t e m p e r a t u r e  r e a c t i o n  c o n d i t i o n s  t h e  r e d o x  p r o p e r t i e s  o f  S b C l ^
a r e  b e l i e v e d  t o  p l a y  a k e y  r o l e  i n  t h e  c a t a l y t i c  p r o c e s s ,  t h e  e f f e c t  o f  t h e
A l C l ^  b e i n g  t o  e n h a n c e  t h e  o x i d i z i n g  p o w e r  o f  t h e  S b C l ^  i n  a d d i t i o n  t o
i n c r e a s i n g  t h e  L e w i s  a c i d i t y .

( 4 )W o rk  b y  S a l i m  and  B e l l  i n d i c a t e d  t h a t  w h e r e a s  A l C l ^  i s  
s i g n i f i c a n t l y  mo re  a c t i v e  i n  p r o m o t i n g  t h e  h y d r o g e n a t i o n  and  c r a c k i n g  o f  
f u s e d - r i n g  a r o m a t i c  s t r u c t u r e s  t h a n  Z n C ^ ,  i t  a l s o  p r o m o t e s  e x t e n s i v e  t a r  
f o r m a t i o n  v i a  S c h o l l  c o n d e n s a t i o n ,  a s  s e e n  o v e r l e a f  f o r  n a p t h a l e n e :
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(MX Y) n U y

f M  (MXnY r

H+ (MX Y)" 
n

O f  t h e  h a l i d e s  t e s t e d  Z n C l ^  was  c o n s i d e r e d  as  t h e  b e s t  c a t a l y s t .  I t  i s  
s u f f i c i e n t l y  a c t i v e  t o  r e a d i l y  h y d r o c r a c k  p o l y n u c l e a r  a r o m a t i c  c o m p o u n d s ,  
b u t  w i l l  n o t  c r a c k  s i n g l e - r i n g  a r o m a t i c s .  Z n C y  h y d r o c r a c k i n g  a l s o  
p r o d u c e s  a f a i r l y  h i g h  r a t i o  o f  i s o - t o - n o r m a l  p a r a f f i n s ,  i n d i c a t i n g  t h a t  
t h e  Z n C y  i s  a c t i n g  a s  a c a t a l y s t ,  a n d  n o t  m e r e l y  f a c i l i t a t i n g  g o o d  g a s -  
l i q u i d  o r  g a s - s o l i d  c o n t a c t .

A1.2 Zinc chloride hydrocracking process

The p r o c e s s  c o n s i s t s  o f  t w o  m a i n  s t e p s .  The f i r s t  s t e p  i s  t h e
h y d r o c r a c k i n g  o f  t h e  p o l y a r o m a t i c  h y d r o c a r b o n ,  c o n d u c t e d  i n  a p o o l  o f
m o l t e n  Z n C l ? w i t h  t y p i c a l  c o n d i t i o n s  b e i n g  t e m p e r a t u r e s  o f  4 1 3 - 4 2 7 ° C  and  

Z ( 5 )p r e s s u r e s  o f  1 7 . 3  MPa . The a m ou n t  o f  z i n c  c h l o r i d e  u s e d  i s  h i g h  -  
Z n C l ^ :  c o a l  f e e d  r a t i o s  o f  1 . 0  a r e  t h e  u s u a l  v a l u e s .

The s e c o n d  s t a g e  i s  t h e  c a t a l y s t  r e g e n e r a t i o n ^ ’ ^  . The s p e n t  m e l t  i s  
c o n t a m i n a t e d  w i t h  h y d r o c a r b o n a c e o u s  r e s i d u e ,  c o a l  a s h  and  s u l p h u r  ( Z n S ) ,  
o x y g e n  ( Z n O )  and  n i t r o g e n  ( Z n C l ^ . N H ^ )  i m p u r i t i e s ,  w h i c h  do n o t  s e t t l e  o u t  
o f  t h e  m o l t e n  c a t a l y s t .  R e g e n e r a t i o n  i s  c a r r i e d  o u t  i n  a f l u i d i z e d - b e d  
c o m b u s t o r ,  t h e  Z n C l^  b e i n g  v a p o r i z e d ,  and  i m p u r i t i e s  c o n v e r t e d  t o  , CO^ ,  
H^O and  SO2 a t  t e m p e r a t u r e s  o f  a r o u n d  9 3 0 °C  a nd  p r e s s u r e s  o f  0 . 1 - 0 . 5  MPa.

A1.3 Process chemistry
r y )

The f e e d  c o a l  i s  r i c h  i n  h e t e r o - a t o m s ^  : 1 . 5% N, 5 - 8 % 0 a n d  1 . 1 -  
2 . 2?o S ,  a n d  d u r i n g  t h e  h y d r o c r a c k i n g  p r o c e s s  t h e  Z n C l ^  i s  p a r t i a l l y
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consumed by its interaction with these, which are released from the coal

substrate as NH^, H^O and H^S. The following reactions then occur:

Z n C l 2 + h 2 s = ZnS + 2HC1 [ A 1 . 1 ]

Z n C l 2 + n h 3 = Z n C l 2 .N H 3 [ A 1 . 2 ]

Z n C l 2 + h 2 o = ZnO -  2HC1 [ A 1 . 3 ]

The am m on ia  c o m p l e x  f o r m e d  i n  [ A 1 . 2 ]  c a n  r e a c t  w i t h  t h e  HC1 p r o d u c e d  t o  f o r m  
a d o u b l e  s a l t ,  a s  i n  e q u a t i o n  [ A 1 . 4 ] ,  t h e  e x t e n t  o f  r e a c t i o n  d e p e n d i n g  on  
t h e  r e l a t i v e  a m o u n t s  o f  s u l p h u r ,  o x y g e n  and  n i t r o g e n  p r e s e n t .

Z n C l r  NH3 +  HC1 = Z n C l 2 . NH^C l  [ A 1 . 4 ]

E q u i l i b r i u m  d a t a  f o r  [ A 1 . 1 ]  a n d  [ A 1 . 2 ]  p r e d i c t  n e a r l y  q u a n t i t a t i v e
a b s o r p t i o n  o f  NH-. and  H9S, a nd  t h i s  h a s  b e e n  shown  e x p e r i m e n t a l l y  t o  o c c u r .

L  '  (5)
H o w e v e r ,  Z n C l ^  i s  q u i t e  r e s i s t a n t  t o  h y d r o l y s i s  a t  h i g h  t e m p e r a t u r e s
and  r e a c t i o n  [ A 1 . 3 ]  w i l l  n o t  p r o c e e d  t o  c o m p l e t i o n .  A d d i t i o n  o f  s m a l l
a m o u n t s  o f  ZnO p r e v e n t s  t h e  f o r m a t i o n  o f  NH^C l  b y  a b s o r b i n g  t h e  HC1
p r o d u c e d  i n  [ A 1 . 1 ]  b y  r e v e r s a l  o f  [ A 1 . 3 ] ,  b u t  i n  l a r g e  a m o u n t s  ZnO h a s  a

( 2 )m a r k e d  i n h i b i t i n g  e f f e c t  . As w i t h  m o re  c o n v e n t i o n a l  c r a c k i n g  
c a t a l y s t s  NH^ t e n d s  t o  d e a c t i v a t e  t h e  c r a c k i n g  a c t i v i t y  o f  Z n C l ^ ,  b u t  t h i s  
e f f e c t  i s  m i n i m i s e d  b y  t h e  u s e  o f  m a s s i v e  a m o u n t s  o f  t h e  c a t a l y s t .

I n  t h e  r e g e n e r a t i o n  p r o c e s s  z i n c  s u l p h i d e  i s  r o a s t e d  t o  z i n c  o x i d e ,  t h e  
HC1 a d d e d  t o  t h e  f e e d  a i r  c a u s i n g  r e v e r s a l  o f  [A1 . 3 ]  t o  y i e l d  z i n c  c h l o r i d e .  
The am m on ia  c o m p l e x  i s  o x i d i s e d  g i v i n g  H2 0 and  N ^ .

The m a i n  r e a c t i o n s  a r e :

ZnS + 3 / 2  0 2 -> ZnO + S02 [ A 1 . 5 ]

ZnO + 2HC1 -+ Z n C l 2 + H2 0 [ A 1 . 6 ]
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Z n C l ^ . NH^C l  +  Z n C l 2 .NH3 +  HC1 T A 1 . 7 ]

2Z n C l 2 .NH3 +  3 / 2  0 2 -  2Z n C l 2 + N2 +  3H2 0 [ A 1 . 8 ]

CH +  (1 +  x / 4 )CL -»• C0o + x / 2  Ho 0 [ A 1 . 9 ]x  2 2 2

To c o n d u c t  t h e  r e g e n e r a t i o n  a d i a b a t i c a l l y  t h e  h e a t s  o f  c o m b u s t i o n  o f  
t h e  o r g a n i c  NH3 a n d  ZnS i m p u r i t i e s  i n  t h e  s p e n t  m e l t  m u s t  be l a r g e  e n o u g h  t o  
v a p o r i z e  t h e  m e l t  a n d  t o  a c h i e v e  t h e  d e s i r e d  b e d  t e m p e r a t u r e  o f  a r o u n d  
9 3 0 ° C .

A1.4 Structure of the active catalyst and mechanistic considerations

The m e c h a n i s m  b y  w h i c h  m o l t e n  L e w i s  a c i d s ,  s u c h  as  Z n C l 2 , p r o m o t e  o r  
c a t a l y s e  t h e  h y d r o c r a c k i n g  o f  p o l y n u c l e a r  h y d r o c a r b o n s  i s  n o t  w e l l  
u n d e r s t o o d ,  d e s p i t e  much w o r k  t o  d e t e r m i n e  t h e  r e a c t i o n  p a t h .  U s i n g  m o d e l  
c o m p ou n d s  c o n t a i n i n g  o x y g e n ^ \  s u l p h u r ^ ^ ,  a n d  a l i p h a t i c - a r o m a t i c ^ * ^  
l i n k a g e s  l i k e  t h o s e  f o u n d  i n  o i l  and  c o a l ,  w o r k e r s  h a v e  a t t e m p t e d  t o  
d i s t i n g u i s h  w h i c h  o f  a f e w  p o s s i b l e  r o u t e s  i s  o p e r a t i n g .  One p o s s i b i l i t y  
i s  t h a t  Z n C l 2 i s  a c t i n g  a s  a c l a s s i c  F r i e d e l - C r a f t s  L e w i s  a c i d ,  and  
i n i t i a t i n g  t h e  r e a c t i o n  t h r o u g h  t h e  f o r m a t i o n  and  s u b s e q u e n t  
d e c o m p o s i t i o n  o f  an  a d d u c t  b e t w e e n  Z n C l 2 and  h e t e r o - a t o m s  i n  t h e  f e e d  
p r e s e n t  a s  o x y g e n  o r  s u l p h u r  l i n k a g e s ,  t h e  Z n C l2 a c t i n g  a s  an  e l e c t r o n  
a c c e p t o r .  The e x a m p l e  r e a c t i o n  p a t h w a y  b e l o w  i n d i c a t e s  t h e  m a n n e r  i n  
w h i c h  t h i s  w o u l d  o c c u r :

CH7 - 0 -CH 

ZnCl„

CH2+ + [  ( 0 ) - CH2 "  0 "  ZnC12 ]

[ A 1 . 1 0 ]

CH, CH2 HX ) )  +  Hn [ A 1 . 1 1 ]

[ (Q > - CH2-0 -  ZnCl2] + H+ CH2+ + [ZnC l2 OH] [A 1.12]
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[ Z n C l 20H ]  +  H+ +  H2 0 + Z n C l 2 [ A 1 . 1 3 ]

The b e n z y l  c a r b o n i u m  i o n ,  f o r m e d  b y  t h e  d e c o m p o s i t i o n  o f  t h e  a d d i t i o n  
p r o d u c t  f o r m e d  b e tw e e n  Z n C l 2 a nd  d i b e n z y l  e t h e r ,  a t t a c k s  an  a r o m a t i c  
c e n t r e  t o  y i e l d  t h e  b e n z y l a t i o n  p r o d u c t .  The r e m a i n i n g  f r a g m e n t  o f  t h e  
a d d i t i o n  p r o d u c t  p r o c e e d s  t o  f o r m  a s e c o n d  c a r b o n i u m  i o n  ( r e a c t i o n  
[ A 1 . 1 2 ] )  a n d  f i n a l l y  t h e  c a t a l y s t  i s  r e g e n e r a t e d  i n  r e a c t i o n  [ A 1 . 1 3 ] .

The s e c o n d  m e c h a n i s m  s i m i l a r l y  r e l i e s  u p o n  t h e  f o r m a t i o n  o f  a 
c a r b o n i u m  i o n ,  b u t  now b y  a d i f f e r e n t  r o u t e .  A p o p u l a r  v i e w  i s  t h a t  L e w i s  
a c i d s  become  a c t i v e  c a t a l y s t s  when  c o n v e r t e d  t o  t h e i r  B r o n s t e d  a c i d  f o r m ,  a 
c o n v e r s i o n  t h o u g h t  t o  o c c u r  v i a  a r e a c t i o n  o f  t h e  L e w i s  a c i d  w i t h  h y d r o g e n  
h a l i d e  o r  w a t e r ,  t h e  l a t t e r  o f t e n  b e i n g  p r e s e n t  i n  Z n C l 2 a s  an i m p u r i t y  due  
t o  t h e  h y g r o s c o p i c  n a t u r e  o f  Z n C l 2 . The p r o t o n i c  a c i d s  s o  f o r m e d  w o u l d  be  
H+ [ Z n C l . , ]  a n d  H+ [ Z n C l 90H ]  r e s p e c t i v e l y ,  a l t h o u g h  t h e
(H ) 2 [ Z n C l 2 ( 0 H ) 2 ]  e n t i t y  h a s  a l s o  b e e n  p o s t u l a t e d ^  . The m e c h a n i s m  
h e r e ,  u s i n g  t h e  e a r l i e r  e x a m p l e  c o m p o u n d s ,  i n v o l v e s  p r o t o n a t i o n  o f  t h e  
e t h e r  t o  f o r m  t h e  o x o n i u m  i o n  b e f o r e  i t  d e c o m p o s e s  t o  t h e  c a r b o n i u m  i o n :

Z n C l 2 +  H20 H+ [ Z n C l  O H ] "  [ A 1 . 1 4 ]

C ^ CH2-0-CH2<O>+ H+ [ZnCl20Hr—  © H C H 2-0-CH2-<P>
+ [ZnCl2 OH]- [A1.15]

|_|
Q - a ^ - o - C H z - Q  —  O "  c h 2 +  C H h 2 -  0H C A 1 . 1 6 ]

CH. - OH + ZnClz CH2 + [ZnCl2 OH] [ A 1 . 1 7 ]

The  a l c o h o l  g e n e r a t e d  by  t h e  o x o n i u m  i o n  d e c o m p o s i t i o n  f o r m s  a s e c o n d  
c a r b o n i u m  i o n  as  i n  r e a c t i o n  [ A 1 . 1 7 ] .  The c a r b o n i u m  i o n s  a g a i n  f o r m  
p r o d u c t s ,  b y  a t t a c k  on an a r o m a t i c  c e n t r e ,  as  e a r l i e r .
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I t  i s  p o s s i b l e  t h a t  b o t h  m e c h a n i s m s  c o u l d  o p e r a t e  s i m u l t a n e o u s l y ,  and
a s  y e t  t h e r e  i s  l i t t l e  e v i d e n c e  t o  a l l o w  d i s t i n g u i s h a b i l i t y . The s e c o n d
m e c h a n i s m  c o u l d  be p r o m o t e d  b y  t h e  f o r m a t i o n  o f  w a t e r  a s  a p r o d u c t  o f  t h e
f i r s t  m e c h a n i s m ,  w h i c h  d o e s  n o t  r e q u i r e  w a t e r  a s  an  i n i t i a t o r .  The

(4)
a c t i v i t y  o f  Z n C l ^  i s  e n h a n c e d  b y  t h e  p r e s e n c e  o f  w a t e r  . I n  F i g u r e  A1 .1 
t h e  c o n v e r s i o n  r o u t e  f o r  n - b u t y l  b e n z e n e  i s  s h o w n ,  a nd  i t  c a n  be  s e e n  t h a t  
h y d r i d e  i o n s  a r e  r e q u i r e d .  Two p o s s i b l e  s o u r c e s  o f  h y d r i d e  i o n s  a r e  
e i t h e r  h y d r i d e  a b s t r a c t i o n  d u r i n g  t h e  c o n d e n s a t i o n  r e a c t i o n s  o r  f r o m  
m o l e c u l a r  h y d r o g e n .  I n  1979  M o b l e y  and  B e l l v '  s t a t e d  t h a t  H9 d o e s  n o t

( 4 )  1
p a r t i c i p a t e ,  w h e r e a s  i n  1982  S a l i m  and  B e l l  s t a t e d  t h a t  "H ^  i s  t h e  
p r i m a r y  s o u r c e  o f  h y d r i d e  i o n s  when  Z n C l ^  i s  u s e d  a s  t h e  c a t a l y s t " .

A t h i r d  p o s t u l a t e d  m e c h a n i s m  i s  t h a t  p r o p o s e d  b y  G r e e n e w h o
s u g g e s t e d  t h a t  t h e  a c t i v e  s p e c i e s  may i n v o l v e  a Zn / Z n  r e d o x  c o u p l e ,
w h i c h  s e t s  up a r a d i c a l - c a t i o n  m e c h a n i s m .  S t a t i n g  t h a t  t h e  Zn+ i o n  h a s
b e e n  o b s e r v e d  i n  m o l t e n  Z n C l 9 , he a g r e e d  w i t h  w o r k  b y  V e t y u k o v  and

( 1 1 ) ZF r a n s i s  who i n  c h r o n o p o t e n t i o m e t r i c  w o r k  i n f e r r e d  t h e  e x i s t e n c e  o f
2 ~h 3 +  oZ n ? s p e c i e s .  Such  a Z n C l 9 / Z n C l  c o u p l e  i s  a n a l o g o u s  t o  t h e  Sb / S b

Z Z ( 3 )r e d o x  c o u p l e  p r o p o s e d  b y  S m i t h  e t  a l .  i n  t h e i r  w o r k  on  S b C l ^ .

A1.5 Effect of addition of transition metal and alkali metal chlorides 

to zinc chloride

The c a t a l y t i c  p r o p e r t i e s  o f  t h e  t r a n s i t i o n  m e t a l s  a r e  w e l l  k n o w n ,  
so  i t  was  t h o u g h t  t h a t  u s e  o f  a b i n a r y  m e l t  o f  z i n c  c h l o r i d e - t r a n s i t i o n  
m e t a l  c h l o r i d e  m i g h t  e n h a n c e  t h e  h y d r o c r a c k i n g  p r o p e r t i e s  e x h i b i t e d  b y  
p u r e  z i n c  c h l o r i d e .  S e v e r a l  t r a n s i t i o n  m e t a l  c h l o r i d e s  w e r e  t e s t e d  i n  
t h i s  r o l e  and  t h e  r e s u l t s  a r e  o u t l i n e d  l a t e r  ( S e c t i o n  A 1 . 5 . 2 ) .

S i m i l a r l y ,  t h e  a d d i t i o n  o f  a l k a l i  m e t a l  c h l o r i d e s ,  w i t h  t h e  c o n s e q u e n t  
l o w e r i n g  o f  t h e  m e l t  v i s c o s i t y  a n d  a c i d i t y ,  c o u p l e d  w i t h  h i g h  h y d r o g e n  
s o l u b i l i t y ,  was  e x p e c t e d  t o  be an i m p r o v e m e n t  on  t h e  p u r e  z i n c  c h l o r i d e .
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H [ Zn CI3 ]’ 
or

H+[ZnCl 2 0H]

Toluene + Propene

Ethyl-benzene + Ethene 
or

Styrene + Ethane

c h 2 ( c h 2 )2 c h 3

[ Zn X

+ [ c h 3 c h c h 2 c h 3

[ Zn X 3 ]

c n 3
c h 3- c - c h 3

[ Zn X

iso -  butane

FIGURE A1.1

Conversion of n-butyl Benzene



-255-

A1.5.1 Zinc chloride-alkali metal chloride (ZnCl^-MCl) catalysts

A d d i t i o n  o f  a l k a l i  m e t a l  h a l i d e  ( o f t e n  KC1) r e s u l t s  i n  a b r e a k - u p  o f  
t h e  p o l y m e r i c  Z n C l ^  m e l t .  Raman s p e c t r o s c o p y  ( S e c t i o n  2 . 1 ) h a s  i n d i c a t e d  
t h a t  t h e  C l -  i o n  f r o m  KC1 i s  c o n s u m ed  l a r g e l y  i n  t h e  d e p o l y m e r i z a t i o n  o f  
( Z n C l ^ ^  up  t o  t h e  m o l a r  r a t i o  o f  Z n C l ^  t o  KC1 o f  a b o u t  0 . 2 , a nd  t h e  a d d i t i o n  
o f  m o re  t h a n  50 m o l .  % KC1 c a u s e s  p r e d o m i n a n c e  o f  c o m p l e x  i o n s  
[ ( K  ^ Z n C l ^  ” ] .  T h i s  l o w e r s  t h e  m e l t  v i s c o s i t y  a n d  r a i s e s  t h e  h y d r o g e n  
s o l u b i l i t y  o f  Z n C l ^ - K C l  t o  a b o v e  t h a t  o f  m o l t e n  Z n C l ^ .  H y d r o g e n  m o l e c u l e s  
d i s s o l v e d  i n  Z n C l ^ - K C l  a r e  t h o u g h t  t o  be mo re  p o l a r i z e d  b y  t h e  i o n i c  
c h a r a c t e r  o f  t h e  m e l t ,  a n d  s o  K C l - c o n t a i n i n g  m e l t s  a s s i s t  m o re  e f f e c t i v e l y  
t h e  h y d r i d e  a b s t r a c t i o n  o f  t h e  c a r b o n i u m  i o n  i n t e r m e d i a t e s  d e r i v e d  f r o m  
h y d r o c r a c k i n g .

Z n C l ? - K C l  m e l t s  h a v e  a l o w e r  L e w i s  a c i d i t y  t h a n  p u r e  Z n C l2 , and
Z ( 1 2 ) a l t h o u g h  i t  i s  d i f f i c u l t  t o  e v a l u a t e  s a i d  q u a n t i t y , Z i e l k e  e t  a l . ’ h a v e

p u t  f o r w a r d  o n e  s c a l e .  The r a t i o  o f  i - b u t a n e / n - b u t a n e  i n  t h e  p r o d u c t s  c a n
r e p r e s e n t  an  a p p r o x i m a t e  a c i d  s t r e n g t h  o f  t h e  c a t a l y s t s .  V a l u e s  g i v e n
i n c l u d e :

Z n C l , ( 1 . 5 - 2 . 5 )  S nC l , ( 0 . 5 - 0 . 6 )

Z n C l 2 - S n C l 2 ( 0 . 7 - 1 . 1 )  Z n C l 2 - S n C l 2 - K C l  ( 0 . 3 - 0 . 5 )

Z n C l 2 - K C l  ( 0 . 6 - 0 . 9 )  S n C l 2 - K C l ( 0 . 3 - 0 . A)

( 1 2 - 1 6 )I t  h a s  b e e n  s u g g e s t e d ^  '  t h a t  t h e  L e w i s  a c i d i t y  o f  t h e  m o l t e n  s a l t
c a n  p l a y  an  i m p o r t a n t  r o l e  i n  t h e  c a t a l y t i c  p r o c e s s .  V a r i o u s  
s t u d i e s ^  '  h a v e  shown  t h a t  t h e  Z n C l 2 - K C l  s y s t e m  y i e l d s  a much g r e a t e r
p e r c e n t a g e  o f  h e x a n e  s o l u b l e  (H S )  a n d  b e n z e n e  s o l u b l e  (BS )  f r a c t i o n s  t h a n  
p u r e  Z n C l 2? a n d  a t  t h e  same t i m e  s u p p r e s s e s  g a s  y i e l d ,  w i t h  c o n s u m p t i o n  o f  
l e s s  h y d r o g e n .  H o w e v e r ,  d i s a d v a n t a g e s  o f  t h e  Z n C l 2 - K C l  s y s t e m  a r e  t h e  
i n c o m p l e t e  e l i m i n a t i o n  o f  h e t e r o - a t o m s  f r o m  t h e  f e e d s t o c k  a nd  h i g h e r  
m o l e c u l a r  w e i g h t  HS p r o d u c t s  t h a n  t h o s e  o f  t h e  Z n C l 2 s y s t e m .  W e a k e r  a c i d  
s t r e n g t h  o f  t h e  m e l t  d e c r e a s e s  b o t h  r e t r o g r e s s i v e  r e a c t i o n  o f  BS t o  b e n z e n e
i n s o l u b l e s  ( B I )  and  c r a c k i n g  o f  HS t o  C ^ -C ^  h y d r o c a r b o n s (14)
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A1.5.2 Zinc chloride - transition metal chloride (ZnC^-ACl ) catalysts

The a d d i t i o n  o f  t r a n s i t i o n  m e t a l  c h l o r i d e s  t o  z i n c  c h l o r i d e  t o
f o r m  b i n a r y  m e l t s  was a n o t h e r  a r e a  i n v e s t i g a t e d  i n  t h e  a t t e m p t  t o  e n h a n c e
t h e  h y d r o c r a c k i n g  a b i l i t y  o f  Z n C l ^ .  A l o t  o f  w o r k  h a s  b e e n  c a r r i e d  o u t  i n
t h i s  f i e l d  u s i n g  c o a l  a n d  o i l ,  a s  w e l l  a s  m o d e l  c o a l  c o m p ou n d s  l i k e  

( 1 7 )  ( 1 2 )a s p h a l t e n e  a nd  p h e n a n t h r e n e  , t o  d e t e r m i n e  how t h e  p r e s e n c e  o f  A C l ^  
m i g h t  a f f e c t  t h e  p r o d u c t s  f o r m e d .

When u s i n g  b i n a r y  m e l t s  a l l  s h ow ed  s u p e r i o r  c a t a l y t i c  a c t i v i t i e s  t o  
p u r e  Z n C l ^ .  Among t h e m  t h e  s y s t e m s  w i t h  C r C l ^ ,  C uC l  and  MoCl, - s h owed  
p a r t i c u l a r l y  h i g h  a c t i v i t i e s .  The a c t i v i t i e s  o f  t h e  s y s t e m s  d e c r e a s e d  i n  
t h e  o r d e r :  MoCl<- > CuC l  > C r C l ^  > N i C l ^  > P d C ^  > C o C l ^  > M n C l^  > Sn > Cu > 
S n C l ^  > p u r e  Z n C l ^ ,  t h e  r e s u l t s  b e i n g  t a k e n  f o r  t h e  p h e n a n t h r e n e  
c o n v e r s i o n s .  By h e a t i n g  t h e m  w i t h  H^  a n d  a n d  m e a s u r i n g  t h e  e x c h a n g e  
r e a c t i o n ,  i t  was  f o u n d  t h a t  t h e  b i n a r y  s a l t s  p r o m o t e d  h y d r o g e n  a c t i v a t i o n  
b u t  t h a t  t h e  o r d e r  was  r e v e r s e d  i n  t h a t  Z n C l ^ - P d C l ^  was  t h e  m o s t  a c t i v e .  
When i n v e s t i g a t i n g  t h e  a c i d  c a t a l y s i s  t h e  i s o m e r i z a t i o n  o f  c y c l o h e x e n e  was  
a d o p t e d  a s  a s t a n d a r d .  The y i e l d s  o f  i s o m e r i z e d  p r o d u c t s  i n c r e a s e d  i n  t h e  
o r d e r  Z n C l ^  < Z n C l ^ - C o C l ^  < Z n C l ^ - N i C l ^  < Z n C l ^ - C u C l ,  s u g g e s t i n g  t h a t  
b i n a r y  m e l t s  show  s u p e r i o r  a c i d  c a t a l y s i s  t o  p u r e  Z n C l ^ .

When t h e  a m o u n t s  o f  s a l t s  w e r e  r e d u c e d  t o  h a l f  t h a t  o f  t h e  c o a l  o r
m o d e l  c o m p o u n d s ,  t h e  a c t i v i t y  d e c r e a s e d  c o n s i d e r a b l y  f o r  t h e  s y s t e m s  w i t h
C uC l  a nd  C r C l 7 , w h i l s t  t h a t  o f  t h e  M o C l ^  s y s t e m  r e m a i n e d  h i g h .  Nomura  e t

(12) 5a l .  s u g g e s t e d  t h a t  h y d r o c r a c k i n g  a c t i v i t y  i s  d e p e n d e n t  u p o n  t h e  a m ou n t  
o f  c a t a l y s t ,  s i m i l a r  t o  p u r e  Z n C l ^ ,  b u t  t h a t  M o C l ^  i s ,  f o r  some r e a s o n ,  
a n o m a l o u s .  No e x p l a n a t i o n  o f  t h i s  a n o m a l y  was  g i v e n ,  b u t  i t  m u s t  be  
r e c a l l e d  t h a t  t h e s e  A C l ^  a r e  g o o d  c a t a l y s t s  on  t h e i r  own and  may w e l l  be  
a c t i n g  i n d e p e n d e n t l y  o f  t h e  Z n C l ^ .

( 1 3 )S i m i l a r  r e s u l t s  w e r e  o b t a i n e d  i n  w o r k  on Z n C l  - K C l - N a C l  a n d  
( 1 7 )  ^Z n C l ^ - K C l - N a C l - A C l ^  m e l t s ,  w i t h  t h e  c r a c k i n g  a c t i v i t y  i n c r e a s i n g  w i t h  

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