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THE CATHODIC BEDUCTION OF VANADIUM (V)

AT A MERCUKY COVERED ELECTRODE

CHAPTER I

INTRODUCTION

Many w o r k e r s  have i n v e s t i g a t e d  t h e  e l e c t r o l y t i c  r e ­

d a c t i o n  o f  v an ad iu m  compounds i n  aqueous  s o l u t i o n .  F o e r s t e r  

and B o t t c h e r  ( l )  u s e d  an a c i d  s o l u t i o n  and e l e c t r o d e s  h a v i n g  

low h y d r o g e n  o v e r v o l t a g e  t o  d e t e r m i n e  t h e  emf o f  t h e  v a r i o u s  

s t e p s  i n  t h e  r e d u c t i o n .  T h e i r  e x p e r i m e n t a l  a p p a r a t u s  con­

s i s t e d  o f  a com par tm en t  c e l l ,  a  v a n a d y l  s u l f a t e  s o l u t i o n  i n  

e x c e s s  s u l f u r i c  a c i d ,  a p l a t i n u m  gauze  anode and  v a r i o u s  

m e t a l l i c  c a t h o d e s .  They showed t h a t  t h e  p r o c e s s  V (V)-»V

(IV)-*V ( I I I )  c an  o c c u r  a t  h o t h  smooth and p l a t i n i z e d  p l a t i n u m  

c a t h o d e s ,  h u t  t h a t  t h e  p r o c e s s  V (III)-»V ( I I )  c a n n o t  o c c u r

a t  t h e  p l a t i n i z e d  p l a t i n u m  e l e c t r o d e  h u t  d o e s  t a k e  p l a c e  on 

t h e  sm ooth  p l a t i n u m  e l e c t r o d e .  T h e i r  e l e c t r o l y t i c  r e d u c t i o n s  

o f  vanad ium  (V) p r o d u c e d  a  h e a v y  f i l m  a d h e r i n g  t o  t h e  c a t h o d e  

which  r e s u l t e d  i n  a  h i g h  p o l a r i z a t i o n  f o r  t h e  p r o c e s s  V

(V)-*V ( I V ) .  F i s c h e r  (2 )  a t t e m p t e d  t o  p r o d u c e  m e t a l l i c  v a n a ­

dium hy e l e c t r o l y s i s  o f  a q u e o u s  s o l u t i o n s .  He a l s o  r e v i e w e d  

t h o r o u g h l y  t h e  r e s e a r c h e s  o f  B l e e c k e r ,  G ore ,  S e t t e r h e r g ,
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And T r u c h o t .  Gore u s e d  p l a t i n u m  e l e c t r o d e s  i n  a s u l f u r i c  

a c i d  s o l u t i o n  s a t u r a t e d  w i t h  ammonium m e t a v a n a d a t e .  He r e ­

p o r t e d  t h a t  t h e  s o l u t i o n  changed  t o  an i n t e n s e  h lu e  h l a c k  

c o l o r  a t  t h e  c a t h o d e  and  t h a t  a j e t  h l a c k  powder was de ­

p o s i t e d  on t h e  c a t h o d e .  S e t t e r h e r g  e l e c t r o l y z e d  a c o n c e n ­

t r a t e d  s o l u t i o n  o f  vanad ium  t e t r o x i d e  I n  h y d r o c h l o r i c  a c i d  

u s i n g  a com p a r tm e n t  c e l l .  A b l a c k ,  b r i t t l e  d e p o s i t ,  w h ic h  

he s a i d  was p r o b a b l y  t h e  s e s q u i o x i d e ,  fo rm ed  on  t h e  c a t h o d e .  

B l e e c k e r  (3 )  p r e c i p i t a t e d  v a n a d i c  a c i d  a t  t h e  anode i n  a com­

p a r t m e n t  c e l l  u s i n g  an  a l k a l i n e  s o l u t i o n .  T r u c h o t  (4 )  e l e c ­

t r o l y z e d  a h o t  ammoniacal  s o l u t i o n  o f  so d ium  v a n a d a t e  c a u s ­

i n g  vanad ium  t o  be p r e c i p i t a t e d  a s  a n  o x y h y d r a t e  on t h e  

c a t h o d e .  H i n t z  (5 )  r e p o r t e d  t h e  w ork  o f  S c h l u c h t  i n  w h ic h  

he d i s s o l v e d  vanad ium  c h l o r i d e  i n  h y d r o c h l o r i c  a c i d  s o l u t i o n  

and  e l e c t r o l y z e d  i t .  No p r e c i p i t a t i o n  o c c u r r e d  b u t  t h e  

o r i g i n a l  g r e e n  c o l o r  c h ang ed  t o  v i o l e t .  Most a c i d i c  s o l u t ­

i o n s  o f  v a n a d iu m  ( I I )  compounds a r e  v i o l e t .  S e n d e r o f f  an d  

B re n n e r  ( 6 ) showed t h a t  t h e  e l e c t r o l y s i s  o f  a b a s i c  s o l u t i o n  

o f  sod ium  v a n a d a t e  a t  300°  C p r o d u c e d  a  b l a c k  c r y s t a l l i n e  

d e p o s i t  on b o t h  anode and c a t h o d e .  The m a t e r i a l  d i d  n o t  

c o r r e s p o n d  t o  any  s im p le  o x i d e  and was n o t  c o m p l e t e l y  c h a r ­

a c t e r i z e d .  C ow per -C o les  c l a i m e d  p r e p a r a t i o n  o f  m e t a l l i c  

vanad ium  by e l e c t r o l y t i c  r e d u c t i o n  o f  a n  a q u eo u s  vanad ium

(V) s o l u t i o n  b u t  h i s  work  c o u l d  n o t  be r e p r o d u c e d  by  F i s c h e r  

o r  B o r c h e r s  ( 7 ) .  I n  h i s  d o c t o r a l  t h e s i s  de l a  B re te q u e  ( 8 ) 

d e s c r i b e d  h i s  e l e c t r o l y t i c  p r o c e s s  f o r  t h e  r e c o v e r y  o f  g a l -
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l i u m  from a l k a l i n e  l i q u o r s  o f  t h e  B ayer  a lu m i n a  p r o c e s s .  A 

m e rc u ry  c a th o d e  was u s e d ,  and  t h e  e l e c t r o l y s a t e  y i e l d e d  

s o l i d s  c o n t a i n i n g  a b o u t  t h i r t y  p e r c e n t  v a n a d iu m .  From t e n  

t o n s  o f  b a u x i t e  a p p r o x i m a t e l y  k i l o g r a m s  o f  vanadium  a s  

t h e  p e n t o x i d e  c o u l d  be r e c o v e r e d .  M eyers  (9 )  p r o d u c e d  r e ­

d u c t i o n  b u t  no d e p o s i t i o n  o f  vanad ium  by e l e c t r o l y s i s  o f  an  

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

Mackay (1 0 )  r e p o r t e d  t h a t  a v a n a d y l  s u l f a t e  s o l u t i o n  may be 

e l e c t r o l y z e d  i n  a com par tm en t  c e l l  w h e reup o n  v a n a d i c  anhy­

d r i d e  p r e c i p i t a t e s  a t  t h e  anode and a l o w e r  o x i d e  a t  t h e  

c a t h o d e .  Groves  and R u s s e l l  (11 )  u s i n g  a  m e r c u r y  c a t h o d e ,  

p l a t i n u m  a n o d e ,  and a  s u l f u r i c  a c i d  s o l u t i o n  o f  ammonium me­

t a v a n a d a t e  p r e c i p i t a t e d  vanad iu m  compounds.  They found  t h a t  

a  c a th o d e  o f  h i g h  o v e r v o l t a g e  was e s s e n t i a l  f o r  t h i s  d e p o s i ­

t i o n ,  P o k o rn y  and  S c h n e i d e r  (12)  r e p o r t e d  t h a t  a t h i n  l a y e r  

o f  vanad ium  c o u l d  be d e p o s i t e d  on an i r o n  o r  c o p p e r  b a se  by 

t h e  e l e c t r o l y s i s  o f  a l k a l i n e  l y e s  s a t u r a t e d  w i t h  t h e  o x i d e s  

o r  h y d r o x i d e s  o f  t h e  m e t a l .  B r i t t o n  and W e l l f c r d  (13)  r e ­

d uced  a c i d  s o l u t i o n s  o f  v an ad iu m  (V) t o  v a n a d iu m  ( I I )  a t  

p l a t i n u m ,  l e a d ,  and m e r c u r y  c a t h o d e s .  They a l s o  fo u n d  t h a t  

v anad ium  ( IV)  s o l u t i o n s  c o u l d  be p r e p a r e d  by s h a k i n g  an a c i d  

s o l u t i o n  o f  vanad ium  (V) w i t h  m e r c u r y .  C om ple te  r e d u c t i o n  

r e q u i r e d  one h o u r .  S t a b l e r  and  W ir th w e in  ( 14)  p r e p a r e d  

¥ 2 (8 0 4 ) 3  . H2 SO4  . 12 H2 O e l e c t r c l y t i c a l l y  and  B r i e r l y  (1 5 )  

p r e p a r e d  VeO»(8 0 3 ) 4  t h e  e l e c t r o l y t i c  r e d u c t i o n  o f

v anad ium  p e n t o x i d e  i n  d i l u t e  s u l f u r i c  a c i d .  C o n t i n u a t i o n
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o f  t h e  e l e c t r o l y s i s  p r o d u c e d  VgOg. Chapman and Law (16)  

s t u d i e d  t h e  r e d u c t i o n  o f  vanadium  compounds hy e l e c t r o l y s i s  

u s i n g  v a r i o u s  c a t h o d e s .  They c la im e d  t h a t  th e  h y d ro g en  

w h ic h  was e v o lv e d  a t  t h e  e l e c t r o d e  a c t e d  a s  t h e  r e d u c i n g  

a g e n t .  The e f f e c t  on t h e  r e d u c t i o n  when v a r i o u s  m e t a l s  

were  u s e d  as  c a th o d e  was d e m o n s t r a t e d .  E l e c t r o d e s  h a v in g  

h i g h  h y d ro g en  o v e r v o l t a g e ,  as  z i n c ,  p r o v e d  most  e f f e c t i v e .

I t  i s  o f  i n t e r e s t  t h a t  a s  e a r l y  as 1831 B e r z e l i u s  (17)  

showed t h e  r e d u c t i o n  o f  vanad ium  (V) w i t h  h y d r o g e n .

The p r o c e s s e s  o c c u r r i n g  a t  t h e  c a t h o d e  i n  t h e  c o u r s e  

o f  t h e  r e d u c t i o n  i n  a c i d  s o l u t i o n  may he r e p r e s e n t e d  hy  t h e  

f o l l o w i n g  e q u a t i o n s  (1 8 ,  1 9 ) :

VOg* + 1 / 2  H% + VO+2 + HgO

VO + H+ + 1 /2  Hg = V ( I I I )  + KgO

V ( I I I )  + 1 / 2  Hg = V ( I I )  + H+

A l t e r n a t i v e l y  s i m i l a r  e q u a t i o n s  may he w r i t t e n  w i t h o u t  m ole ­

c u l a r  h y d r o g e n ,

VOg^^ + 2 H'  ̂ + e -  VO+ 2  + HgO 

VO+2 + 2H+ + e = V ( I I I )  + HgO

V ( I I I )  + e = V ( I I )

I n  h a s i c  s o l u t i o n s  t h e  form s o f  t h e  v an ad iu m  (V) and ( IV)  

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

pH o f  t h e  s o l u t i o n .  S a l t s  o f  t h e  p o l y v a n a d i c  a c i d s  form 

r e a d i l y .  The r e d u c t i o n  o f  vanadium  (V) i n  a l k a l i n e  s o l u t i o n  

a s  d e t e r m i n e d  hy  F i l i p o v i c  ( 2 0 ) and c o w o r k e r s  u s i n g  p o l a r o -  

g r a p h i c  m e th o ds  was r e p r e s e n t e d  hy them w i t h  t h e  f o l l o w i n g
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e q u a t i o n :

HgVO," + 2H+ + e = V0( 0 1 1 ) 2  + HgO 

However, f o r  a sy s te m  a t  a pH l o w e r  t h a n  7 .5  t h e y  g iv e

VO+2 + 2H+ + 2e = V ( I I )  + HgO 

T h e i r  e x p e r i m e n t s  showed t h a t  a t  pH 9 ,  HVO^~ changed  t o  a 

v a n a d a t e  i o n  w h ich  r e q u i r e d  a g r e a t e r  o v e r v o l t a g e  f o r  i t s  

r e d u c t i o n .

The m o l e c u l a r  w e i g h t  o f  t h e  v anad ium  (V) i o n s  i n c r e a s e s  

i n  a s t e p w i s e  f a s h i o n  a s  t h e  a l k a l i n i t y  d e c r e a s e s ,  a c c o r d i n g  

t o  Sedgwick  ( 2 1 ) .

pH Form
1 2 . 0  — 1 0 . 6  Vp

The c o l o r e d  fo rm s  o f  vanad ium  (V) have a  r a t i o  o f  a l k a l i  

m e t a l  t o  v an ad iu m  o f  l e s s  t h a n  o n e .  T h i s  r a t i o  i s  u s u a l l y  

3 : 5  o r  4 : 5 .  The r e a c t i o n s  w hich  t a k e  p l a c e  w i t h  c o l o r l e s s  

vanadium  compounds a r e  r a p i d ,  w h e r e a s  t h o s e  w i t h  c o l o r e d  

s p e c i e s  a r e  s lo w .  D u c r e t  ( 2 2 ) r e p r e s e n t e d  t h i s  phenomenon 

i n  t h e  f o l l o w i n g  m anner .

C o l o r l e s s  i o n  + nH'*’ C o lo r e d  i o n

The p r o d u c t s  o b t a i n e d  upon  t h e  e l e c t r o l y t i c  r e d u c t i o n  

o f  a c i d  s o l u t i o n s  o f  vanad ium  (V) a r e  s o l u b l e  i n  a c i d .  Vana­

d a t e  i o n  i n  n e u t r a l  o r  a l k a l i n e  s o l u t i o n  i s  n o t  r e a d i l y  r e ­

duced  ( 2 3 ) .  C a s p a r i  ( 24 )  showed t h a t  c a t h o d e s  o f  h i g h  o v e r ­

v o l t a g e  w e re  m os t  c a p a b l e  o f  b r i n g i n g  a b o u t  t h e  r e d u c t i o n  o f  

compounds n o t  r e a d i l y  a t t a c k e d .  T h i s  was e x p l a i n e d  by P o t t e r  

i n  t h e  f o l l o w i n g  m an ne r .  The e l e c t r o d e  o f  h i g h  o v e r v o l t a g e
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g i v e s  r i s e  t o  t h e  g r e a t e r  c e l l  v o l t a g e  r e q u i r e d  f o r  a c e r ­

t a i n  r e d u c t i o n  ( 2 5 ) .  The p r o d u c t s  o f  s u c h  r e d u c t i o n s  o f  

a l k a l i n e  v an ad ium  (V) s o l u t i o n s  a r e  r e l a t i v e l y  i n s o l u b l e  

compared  w i t h  t h e  p r o d u c t s  o f  e l e c t r o l y s i s  i n  a c i d  s o l u t i o n s .

A s u i t a b l e  e l e c t r o l y t i c  p r o c e s s  p r o d u c i n g  i n s o l u b l e  

vanad ium  compounds f rom  o r e  e x t r a c t s  c o u l d  p r o v e  o f  com­

m e r c i a l  i m p o r t a n c e .  Boyer  ( 26 )  h a s  p a t e n t e d  su c h  a con­

t i n u o u s  p r o c e s s  f o r  t h e  r e c o v e r y  o f  u ra n iu m  compounds i n  

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

The 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  was t o  f i n d  an 

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

o f  vanad ium  i n  n e u t r a l  o r  a l k a l i n e  s o l u t i o n  would o c c u r  t o  

p r o d u c e  i n s o l u b l e  vanad ium  compounds .  The e l e c t r o d e  s h o u l d  

be e a s y  t o  p r e p a r e ,  u s e ,  and  c l e a n .  A m e r c u r y  e l e c t r o d e  i s  

known t o  have h i g h  h y d ro g e n  o v e r v o l t a g e  b u t  b e c a u se  i t  i s  

a l i q u i d  i t  h a s  o t h e r  u n d e s i r a b l e  p r o p e r t i e s .  A p o o l  o f  

m e r c u r y  u s e d  a s  an e l e c t r o d e  i s  h a r d  t o  s t i r  and c l e a n .

The s u r f a c e  t e n s i o n  o f  m e rc u ry  i s  known t o  change  w i t h  

a p p l i e d  p o t e n t i a l .  Hoping t o  overcome t h e s e  d i f f i c u l t i e s  

and  y e t  m a i n t a i n  a h i g h  o v e r v o l t a g e  t h e  a u t h o r  p r e p a r e d  

e l e c t r o d e s  w h ich  were  m e rc u ry  c o v e r e d .



CHAPTER I I  

EXPERIMENTAL

P u r i f i c a t i o n  o f  Vanadimn P e n t o x i d e  

T e c h n i c a l  g r a d e  E im er  and Amend ( F i s h e r )  vanadium 

p e n t o x i d e  was d i s s o l v e d  i n  so d iu m  h y d r o x i d e  s o l u t i o n  and 

f i l t e r e d .  The pH o f  t h e  s o l u t i o n  was l o w e r e d  by t h e  a d d i t i o n  

o f  a c i d  t o  pH 7 - 8 .  Ammonium c h l o r i d e  was ad ded  which  c a u s e d  

ammonium m e t a v a n d a t e  t o  p r e c i p i t a t e .  T h i s  was f i l t e r e d  o f f  

an d  i g n i t e d  t o  vanad ium  p e n t o x i d e  i n  a  m u f f l e  f u r n c e  a t  

500* C.

Vanadium p e n t o x i d e  was a l s o  o b t a i n e d  by i g n i t i n g  C.

P .  Coleman a n d  B e l l  ammonium m e t a v a n a d a t e  i n  a m u f f l e  f u r ­

n a c e  a t  500* C.

P r e p a r a t i o n  o f  Sodium Amalgam 

A sod iu m  amalgam was p r e p a r e d  a c c o r d i n g  t o  the  method 

o f  Gilman a n d  B l a t t  ( 2 7 ) .  The r e s u l t i n g  amalgam was a sem i­

s o l i d  mass  a n d  e a s i l y  l i q u e f i e d  h y  g e n t l e  h e a t i n g .  When 

n o t  i n  u s e  t h e  amalgam was s t o r e d  i n  a  w id e  m outh  g round  

g l a s s  b o t t l e  i n  a vacuum d e s i c c a t o r  o v e r  c a l c i u m  c h l o r i d e .  

Under a good vacuum an amalgam c o u l d  be p r e s e r v e d  f o r  p e r ­

i o d s  l o n g e r  t h a n  t h r e e  m o n th s .  A f t e r  b e i n g  u s e d  i n  an
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a m a lg a m a t io n ,  t h e  amalgam was a lw ay s  f i l t e r e d  t h r o u g h  a 

c o n e - s h a p e d  f i l t e r  p a p e r  h a v in g  a p i n  h o l e  i n  t h e  a p e x .

The l i f e  o f  t h e  sod ium  amalgam c o u ld  be p r o l o n g e d  by t h e  

a d d i t i o n  o f  s m a l l  amounts o f  sodium t o  t h e  o l d  amalgam.

P r e p a r a t i o n  o f  Vanadium S o l u t i o n s  
Used i n  t h e  E l e c t r o l y s e s

The f i r s t  s o l u t i o n s  u s e d  i n  t h i s  s t u d y  were  p r e p a r e d  

a c c o r d i n g  t o  t h e  i n s t r u c t i o n s  g i v e n  by F o e r s t e r  and B o t t c h e r  

( l ) .  E le v e n  and  o n e - h a l f  grams o f  p u r i f i e d  vanad ium  p e n t ­

o x id e  were  d i s s o l v e d  w i t h  s t i r r i n g  and h e a t i n g  i n  3N s u l f u r i c  

a c i d  and b r o u g h t  t o  a f i n a l  volume of  500 ml w i t h  s u l f u r i c  

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

r e d u c e  p e r m a n g a n a t e .  T h is  showed t h e  a b s e n c e  o f  any  a p p r e ­

c i a b l e  amount o f  l o w e r  v a l e n c e  s t a t e  compounds o f  v an ad iu m .

I n  l a t e r  s t u d i e s  an a q u eo u s  s o l u t i o n  o f  sod ium  o r t h o -  

v a n a d a t e  was u s e d .

I n  a l l  c a s e s  t h e  pH o f  t h e  s o l u t i o n s  was a d j u s t e d  t o  

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

a c i d  o r  sod ium  h y d r o x i d e .  Thus a l l  s o l u t i o n s  c o n t a i n e d  

some sodium s u l f a t e  i n  a d d i t i o n  t o  t h e  sod ium  v a n a d a t e  p r e ­

s e n t  i n  n e u t r a l  and  a l k a l i n e  s o l u t i o n s .  S o l u t i o n s  w ere  a l l  

s t a n d a r d i z e d  by  r e d u c i n g  t h e  vanad ium  t o  a  known o x i d a t i o n  

s t a t e  and t h e n  t i t r a t i n g  t h e  m i x t u r e  w i t h  s t a n d a r d  p o t a s s i u m  

p e r m a n g a n a te .
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S t a n d a r d i z a t i o n  o f  P o t a s s i u m  P e rm a n g a n a te  

P o t a s s i u m  p e rm a n g a n a te  was s t a n d a r d i z e d  a g a i n s t  a r s e -  

n i o u s  o x id e  and s t o r e d  i n  a brown g l a s s - s t o p p e r e d  b o t t l e .

The s o l u t i o n  was r e s t a n d a r d i z e d  e a c h  m o n th .

T i t r a t i o n  o f  Vanadium S o l u t i o n s  

I n  t h e  f i r s t  p a r t  o f  t h i s  s t u d y  t h e  vanad ium  (Y) s o l u ­

t i o n s  were  r e d u c e d  t o  vanad ium  ( IV)  by s a t u r a t i n g  t h e  s o l u ­

t i o n s  w i t h  s u l f u r  d i o x i d e .  The c o l o r  c h a n g e d  f rom  y e l lo w  

t o  b l u e .  The e x c e s s  s u l f u r  d i o x i d e  was rem oved  by  b o i l i n g .  

The m i x t u r e  was t h e n  t i t r a t e d  w i t h  s t a n d a r d  p e r m a n g a n a te .

T h i s  t i t r a t i o n  may be r e p r e s e n t e d  by t h e  f o l l o w i n g  e q u a t i o n :  

10 VOSO4 + 2 KMnÔ  -r 2 HgO -

SlVOglgSO^ + 2MnS0^ + 28^50^ + KgSO^.

A more r a p i d  m ethod  f o r  t h e  d e t e r m i n a t i o n  o f  vanad ium  

i n  s o l u t i o n  was a d a p t e d  f rom  t h a t  g iv e n  i n  W i l l a r d  and 

D ie h l  ( 2 8 ) .  Vanadium (V) was r e d u c e d  t o  v a n ad iu m  ( I I )  by 

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

d i v a l e n t  v anad ium  i s  v e r y  e a s i l y  o x i d i z e d  i n  a i r  so  i t  was 

r u n  u n d e r  s u c t i o n  i n t o  a s o l u t i o n  o f  i r o n  ( I I I ) .  T h i s  r e ­

d uced  t h e  i r o n  t o  i r o n  ( I I )  and o x i d i z e d  t h e  v anad ium  t o  

vanadium  ( I V ) .  Both o f  t h e s e  s p e c i e s  a r e  s t a b l e  i n  a i r  f o r  

a  s h o r t  t i m e .  The m i x t u r e  was t h e n  t i t r a t e d  w i t h  p o t a s s i u m  

p e rm a n g a n a te  t o  a  r o s e  c o l o r .  A b e t t e r  e n d  p o i n t  c a n  be 

o b t a i n e d  i f  a few ml o f  p h o s p h o r i c  a c i d  a r e  a d d e d  r i g h t  

b e f o r e  t h e  end  p o i n t  i s  r e a c h e d .  T h i s  c o m p le x e s  t h e  i r o n  

( I I I )  a n d  t h e  vanad iu m  (V) and  s o  r e d u c e s  t h e  i n t e n s i t y  o f
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t h e  y e l l o w  c o l o r .  The above  r e a c t i o n s  may be r e p r e s e n t e d  

a s  f o l l o w s :

2 HVO3  + 3Zn + SH2 SO4  -  2 VSO4  + 3 ZnS0 4  + ôHgO 

VSO4  + Fo2 ( 5 0 4 ) 3  + H2 O -  VOSÜ4  + 2 FeS0 4  + H2 SO4  

10 VOSO4  + 2 KMn0 4  + I 2 H2 O -

IOHVO3  + 2 MnS0 4  + 7 H2 SO4  + K2 SO4  

10FeS04 + 2KMn04 + 8H2SO4 -

5 ^ 0 2 ( 5 0 4 ) 3  +  2 M n S 0 4  +  8 H 2 O  +  K 2 S O 4  

C o m b in a t io n  o f  t h e  l a s t  t h r e e  o f  t h e s e  e q u a t i o n s  g i v e s  a  

n e t  r e a c t i o n  o f  vanad ium  ( I I )  and p e rm a n g a n a te  o f :

IOVSO4  + 6  KMn0 4  + 6 H2 O -

IOHVO3  + 6 MnS0 4  + 3 K2 5 O4  + H2 5 O4  

V i t h  t h i s  m e th o d  more r a p i d  d e t e r m i n a t i o n s  c o u l d  be made 

an d  t h e  r e s u l t s  c h e c k e d  w e l l  w i t h  t h o s e  o b t a i n e d  u s i n g  s u l f u r  

d i o x i d e  a s  t h e  r e d u c i n g  a g e n t .

The M e rcu ry  C o v e red  E l e c t r o d e  

G a l v a n i z e d  i r o n  w i r e  g auze  was t r e a t e d  w i t h  d i l u t e  

a c i d  t o  remove t h e  z i n c .  S u l f u r i c  a c i d ,  a b o u t  6 N, was f o u n d  

t o  be t h e  m o s t  s a t i s f a c t o r y  r e a g e n t  f o r  t h i s .  O t h e r  m e th o d s  

o f  c l e a n i n g  t h e  g au ze  r e s u l t e d  i n  t h e  p r o d u c t i o n  o f  e l e c ­

t r o d e s  o f  l o w e r  o v e r v o l t a g e .  H y d r o c h l o r i c  a c i d  and  sod ium  

h y d r o x i d e  w e re  t r i e d .  A n od ic  c l e a n i n g  i n  an a c i d  s o l u t i o n  

was n o t  a t  a l l  s u c c e s s f u l .  A f t e r  t h e  z i n c  h ad  b e e n  rem o v e d ,  

t h e  g auze  was r i n s e d  s e v e r a l  t i m e s  w i t h  d i s t i l l e d  w a t e r ,  

d r i e d  i n  a i r  an d  t h e n  im m ersed  i n  t h e  sod ium  amalgam. Immed­
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i a t e  a m a lg a m a t io n  o c c u r r e d  i f  t h e  i r o n  was c l e a n .  I f  n o t ,  

t h e  gauze  was e i t h e r  d i s c a r d e d  o r  c l e a n e d  a g a i n .  The e l e c ­

t r o d e s  u s e d  i n  a l l  t h e s e  s t u d i e s  w ere  formed i n t o  t h e  sh a p e  

o f  a h o l lo w  c y l i n d e r .  These  c y l i n d e r s  h a d  a c a l c u l a t e d  s u r ­

f a c e  a r e a  o f  9 . 7  s q .  cm.

O t h e r  g a u z e s  w h ic h  c o n t a i n e d  e l e m e n t s  i n  a d d i t i o n  t o  

i r o n  were  u s e d  h u t  a lw a y s  gave  l o w e r  o v e r v o l t a g e  v a l u e s .

S e v e r a l  m e tho d s  f o r  p r e s e r v i n g  t h e  e l e c t r o d e s  were 

t r i e d .  S t o r i n g  them u n d e r  t o l u e n e  was u n s a t i s f a c t o r y .  Dry­

in g  an e l e c t r o d e  and s t o r i n g  i t  i n  a i r  was u s u a l l y  s u c c e s s ­

f u l .  However, i n  a few c a s e s  t h e  e l e c t r o d e  t u r n e d  h l a c k  and  

was u n f i t  f o r  u s e .  The h e s t  m ethod  fo un d  f o r  p r e s e r v i n g  and  

c l e a n i n g  t h e  e l e c t r o d e  was p o l a r i z a t i o n  o f  i t  a s  a c a th o d e  

i n  a  d i l u t e  a c i d  s o l u t i o n  ahove t h e  d e c o m p o s i t i o n  p o t e n t i a l  

o f  t h e  e l e c t r o l y t e .  Hydrogen gas  was e v o lv e d  c o n t i n u o u s l y  

a t  t h e  amalgam s u r f a c e .  E l e c t r o d e s  c o u l d  he p r e s e r v e d  i n ­

d e f i n i t e l y  i n  t h i s  m an n e r .

A p p a r a t u s  Used 

The c e l l  v e s s e l  was a 150 o r  2 50 ml h e a k e r .  I n  t h e  

h e a k e r  was a p o r o u s  c y l i n d e r  e n c l o s i n g  t h e  anode and a n o l y t e ,  

The anode i n  a l l  e x p e r i m e n t s  was sm ooth  p l a t i n u m .  The a n o ­

l y t e  c o n s i s t e d  o f  IN sodium  s u l f a t e .  The c a th o d e  c o m p ar t ­

ment c o n t a i n e d  t h e  am a lg am ated  i r o n  e l e c t r o d e  and  t i e  v a n a ­

dium (V) s o l u t i o n .  E i t h e r  t h e  c a t h o d e  was r o t a t e d  o r  an  

a u x i l i a r y  s t i r r e r  w i t h  a g l a s s  s h a f t  and  p r o p e l l e r  was u s e d .  

The l e v e l  o f  t h e  l i q u i d  i n  t h e  anode  com par tm en t  was k e p t
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t h e  same as  t h e  l e v e l  o u t s i d e  t h e  c o m p a r tm e n t .

The h o u se  l l O v  D.C. l i n e  was u s u a l l y  u s e d  a s  t h e  c u r ­

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

h ow ever ,  a G.M. power  s u p p l y  w i t h  6 v D.C. maximum o u t p u t  was 

u s e d .  The c u r r e n t  was m easu red  on a R o l l e r - S m i t h  D.C. m i l -  

l i a m m e t e r .  A L eeds  and N o r th r u p  ty p e  K p o t e n t i o m e t e r  and a 

M i n n e a p o l i s  H oneyw ell  E l e c t r o n i c  n u l l  i n d i c a t o r  %;ere u s e d  t o  

m easu re  t h e  emf o f  t h e  c a t h o d e  v s .  t h e  r e f e r e n c e  e l e c t r o d e .  

I t  was n e c e s s a r y  t o  make a l l  e l e c t r i c a l  c o n n e c t i o n s  t o  t h e  

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

t o  an  o u t s i d e  g r o u n d .  R e f e r e n c e  e l e c t r o d e s  were  t h e  s a t u ­

r a t e d  c a lo m e l  and  t h e  m e r c u r y - m e r c u r o u s  s u l f a t e  i n  1  m o la l  

s u l f u r i c  a c i d  s o l u t i o n .  When n e c e s s a r y  t h e  t e m p e r a t u r e  was 

k e p t  a t  2 5 .0 ^  C hy a  t h e r m o s t a t .

P r o c e d u r e  f o r  D e te r m in in g  O v e r v o l t a g e

An e l e c t r o d e  was p r e p a r e d  a s  d e s c r i b e d  p r e v i o u s l y .  

U s ing  a  d i l u t e  s u l f u r i c  a c i d  s o l u t i o n ,  a p l a t i n u m  a n o d e ,  a 

r e f e r e n c e  e l e c t r o d e  w i t h  a Luggin  c a p i l l a r y  t i p ,  and a  h i g h  

sp e e d  s t i r r e r  t h e  a p p l i e d  emf .  t h e  c u r r e n t ,  and  t h e  emf o f  

t h e  c a th o d e  v s .  t h e  r e f e r e n c e  e l e c t r o d e  were  m e a s u r e d .  The 

t e c h n i q u e  o f  K nobe l  (29)  gave t h e  m ost  n e a r l y  r e p r o d u c i b l e  

r e s u l t s .  T h i s  i s  a  d i r e c t  method o f  m e a s u r i n g  o v e r v o l t a g e ,  

t h a t  i s ,  t h e  p o t e n t i a l  i s  m ea su re d  w h i l e  t h e  c u r r e n t  i s  

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

and t h e  p o t e n t i a l  r e a d  w i t h i n  a m i n u t e .  Then t h e  c u r r e n t
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i s  i n c r e a s e d  and a n o t h e r  r e a d i n g  made. W ith  K n o h e l ' s  m e tho d  

emf r e a d i n g s  w ere  r e p r o d u c i b l e  t o  w i t h i n  0 . 0 2 v .  K nohe l  Con­

s i d e r e d  r e a d i n g s  s a t i s f a c t o r y  i f  t h e y  were w i t h i n  O . l v .

The d e c o m p o s i t i o n  p o t e n t i a l  was d e t e r m i n e d  g r a p h i c a l l y  

f rom  a p l o t  o f  c u r r e n t  v s .  a p p l i e d  emf.  T a f e l  c o n s t a n t s  

were  e v a l u a t e d  when a s t r a i g h t  l i n e  was o b t a i n e d  i n  a  p l o t  

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

p r o v e s  t h e  v a l i d i t y  o f  t h e  T a f e l  e q u a t i o n  H -  a  + b l o g  I i n  

t h e  r a n g e  ( 3 0 ) .  The sym bols  "a"  and  "b" r e p r e s e n t  t h e  T a f e l  

c o n s t a n t s ;  "a"  i s  t h e  o v e r v o l t a g e  i n t e r c e p t  and  "b" i s  t h e  

s l o p e  o f  t h e  l i n e .  T y p i c a l  c u r v e s  a r e  shown i n  f i g u r e s  1  

an d  2 .  D a ta  f o r  t h e  f i g u r e s  a r e  shown i n  t h e  f o l l o w i n g  

t a b l e s :

TABLE 1

DETEBMINATION OF THE DECOMPOSITION POTENTIAL 

A p p l i e d  Emf, v  C u r r e n t ,  ma

4 . 0  29

3 . 5  1 7 . 7

3 . 0  8 . 5

2 . 5  3 . 7

2 . 8  5 . 7

2 . 0  0 . 6
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FIGURE 1
DECOMPOSITION PO TENTIAL - F e(H g) CATHODE IN

0 . 0 5 N  H2 SO4

Current,  ma v s .  Applied  em f ,  v

2 0 -

I

10  "

E
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TABLE 2

DETERMINATION OF EYDROGEN OVERVOLTAGE

O v e r v o l t a g e C u r r e n t C u r r e n t  D e n s i t y l o g  C. D.

1 .0 1 7  V 9 ma 1 . 8 6 5  m a /cm^ 0 .2 7 1

1 .0 2 7 1 0 2 . 0 8 0 .3 1 8

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

1 .0 9 1 25 5 .2 1 0 .7 1 6

1 .1 3 6 50 1 0 . 4 1 .0 1 6

1 .1 5 5 75 1 5 . 6 1 .1 9

1 .1 8 4 1 0 0 2 0 . 8 1 .32

1 . 2 0 1 125 2 6 . 1 1 .4 2

E l e c t r o l y s e s  o f  Vanadinm (V) S o l u t i o n s  

The s e l e c t i o n  o f  t h e  i n i t i a l  pH o f  t h e  s o l a t i o n s  o f  

v an ad iom  (V) t o  he e l e c t r o l y z e d  was d e t e r m i n e d  i n  a p r e ­

l i m i n a r y  e x p e r i m e n t  i n  w h ic h  s a m p le s  o f  s t o c k  v a n a d y l  s u l ­

f a t e  w e re  a d j u s t e d  t o  v a r i o u s  pH v a l u e s  f rom  pH 1 -  pH 10 

hy t h e  a d d i t i o n  o f  so d iu m  h y d r o x i d e .  The s o l u t i o n s  were  

a l l o w e d  t o  s t a n d  two d a y s  and  e x am ined .  Only t h o s e  a t  pH 

6 - 8  w e re  f r e e  from p r e c i p i t a t e .  N e u t r a l  o r  s l i g h t l y  a l k a l i n e  

s o l u t i o n s  w e re  s e l e c t e d  f o r  a l l  e l e c t r o l y s e s .  Q u a l i t a t i v e  

t r a n s f e r e n c e  e x p e r i m e n t s  showed t h e  v an ad iu m  t o  he t h e  a n i o n  

i n  t h e  s o l u t i o n s  u s e d .  T h e r e f o r e ,  i t  was assum ed  t h a t  t h e  

c a t h o d i c  r e d u c t i o n  o f  t h e  v an ad iu m  (V) i n v o l v e s  a d i f f u s i o n  

p r o c e s s .  I f  t h i s  i s  t h e  c a s e ,  t h e  c u r r e n t  e f f i c i e n c i e s



FIGURE 2
TAFEL. PLOT FOR Fe(Hg) CATHODE IN 0 . 0 5 N  HgSO^

O vervoltage ,  v vs .  Log of Current Dens i ty  in a m p s  per sq. cm .
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s h o u l d  d e c r e a s e  w i t h  i n c r e a s e  in  c u r r e n t  d e n s i t y  b e c a u se  t h e  

a d v e r s e  p o t e n t i a l  o f  t h e  c a th o d e  would n e e d  t o  he overcome 

hy t h e  a n io n  b e f o r e  i t  c o u l d  he r e d u c e d  t h e r e .  Such a r e ­

l a t i o n s h i p  was shown t o  h o l d .  E l e c t r o l y s e s  were  c o n d u c te d  

w i t h  t h e  same i n i t i a l  s o l u t i o n ,  e l e c t r o d e s ,  t e m p e r a t u r e ,  

and  t i m e .

TABLE 3

DEPENDENCE OF CURRENT EFFICIENCY ON 
CURRENT DENSITY

C u r r e n t , 
amp

C u r r e n t  D e n s i t y ,  
a/cm^

Vanadium Removed, 
wt %

C u r r e n t
E f f i c i e n c y

0 . 0 8 8 . 2 4  X 1 0 - 3 4 . 7 2 2 1 . 4 %

0 . 2 7 5 2 . 8 2  X 1 0 - 2 2 7 . 6 3 6 . 7

0 . 3 9 5 4 . 0 6  X 1 0 - 2 2 3 . 5 2 1 . 7

0 . 6 4 6 . 5 9  X 1 0 - 2 2 0 . 9 1 1 . 9

A u x i l i a r y  e v i d e n c e  i n  s u p p o r t  of a d i f f u s i o n  mechanism i s  

shown hy an i n c r e a s e  i n  c u r r e n t  e f f i c i e n c y  w i t h  i n c r e a s e  i n  

i n i t i a l  c o n c e n t r a t i o n  o f  t h e  s o l u t i o n .  F i g u r e  3 g i v e s  t h i s  

r e l a t i o n s h i p  f o r  a s e r i e s  o f  e l e c t r o l y s e s  e a c h  l a s t i n g  30 

m i n u t e s .  D a ta  f o r  t h i s  s e r i e s  o f  e x p e r i m e n t s  a r e  g iv e n  

h e lo w  i n  T a b le  4 .



FIGURE 3
ELECTROLYSES OF VANADIUM SOLUTIONS
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TABLE 4

DEPENDENCE OF CURRENT EFFICIENCY 
ON INITIAL CONCENTRATION

I n i t i a l
C o n c e n t r a t i o n

Vanadium Removed 
w t  %

C u r r e n t
E f f i c i e n c y

0 .8 6 8  m e /5 0  ml* 57.6% 17.8%

0 . 8 6 8 5 2 .3 16 .3

1 .7 4 42 2 6 .1

2 .6 1 * * 50 3 9 .8

3 .4 8 3 8 . 7 47 .9

5 .22 3 7 .1 59

6 .9 6 2 6 .2 65

** Rim f o r  t h i r t y - f i v e  m i n u t e s .

F i g u r e  4 shows t h e  v a r i a t i o n  o f  c u r r e n t  e f f i c i e n c y  

w i t h  d u r a t i o n  o f  e l e c t r o l y s i s .  D a ta  a r e  g i v e n  i n  t h e  f o l ­

l o w in g  :



7 0 '
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TABLE 5

DEPENDENCE OF CURBENT EFFICIENCY ON TIME

T im e , 
m in .

Vanadium Removed 
wt %

C u r r e n t  E f f i c i e n c y ,  
wt %

1 0 1 4 .4 5 3 .5

15 2 1 .4 5 3 .0

2 0 2 8 .2 5 2 .0

30 3 9 .7 49 .3

45 5 1 .7 4 2 .7

60 6 8 .7 4 2 .7

75 7 0 .7 3 5 .0

90 75 .4 3 0 . 5

R e s u l t s  a r e  a s  e x p e c t e d  s i n c e  t h e  c o n c e n t r a t i o n  o f  t h e  s o l ­

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

a l r e a d y  h e en  shown i n  t h i s  s t u d y  t h a t  c u r r e n t  e f f i c i e n c y  

d e c r e a s e s  w i t h  d e c r e a s i n g  c o n c e n t r a t i o n .

O v e r v o l t a g e  m e a su re m e n ts  were  made i n  a  sy s te m  i n  

which  v an ad iu m  (V) was b e i n g  e l e c t r o l y z e d .  A v a n a d y l  s u f -  

f a t e  s o l u t i o n  c o n t a i n i n g  23g VgO^ p e r  l i t e r  was b r o u g h t  t o  

a pH 8 .2  by t h e  a d d i t i o n  o f  5 wt  % sodium h y d r o x i d e .  A 

compar tm ent  c e l l  was u s e d  w i t h  an  i r o n  amalgam c a t h o d e ,  a 

smooth p l a t i n u m  w i r e  ano d e ,  and  a  s a t u r a t e d  c a l o m e l  r e f e r ­

ence  e l e c t r o d e .  The r e s u l t s  a r e  shown i n  t h e  f o l l o w i n g  

t a b l e  and  i n  F i g u r e  5 .
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TABLE 6

OVERVOLTAGE IN VANADIUM (V) SOLUTION

O v e r v o l t a g e C u r r e n t C u r r e n t  D e n s i t y Log C. D.

1 .0 1  V 15 ma 1 . 5 4  ma/cm^ 0 .1 8 9

1 .0 6 20 2 .0 6 0 .3 0 4

1 .0 9 25 2 .5 8 0 .4 1 0

1 .1 6 50 5 .1 6 0 .7 1 2

1 .2 1 75 7 .73 0 .8 8 8

1 . 2 6 100 1 0 .3 1 .01 3

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

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

o f  vanad ium  (V) compounds i n  n e u t r a l  o r  h a s i c  s o l u t i o n ,  some 

r e d u c t i o n s  w ere  a t t e m p t e d  u s i n g  e l e c t r o d e s  o f  low o v e r ­

v o l t a g e .  A s o l u t i o n  o f  sod ium  m e t a v a n a d a t e  was b r o u g h t  t o  

pH 6 . 8  w i t h  1 N s u l f u r i c  a c i d  B r i g h t  p l a t i n u m  w i r e s  were  

u s e d  a s  e l e c t r o d e s  i n  a com p ar tm en t  c e l l .  The c a t h o l y t e  

c h a n g e d  f rom  y e l l o w  t o  c o l o r l e s s .  T h i s  i s  t o  he  e x p e c t e d  

a s  t h e  pH r i s e s .  T here  was no a p p a r e n t  r e d u c t i o n  o f  v a n a ­

dium i n  t h e  c a t h o d e  c o m p a r tm en t  a s  d e m o n s t r a t e d  hy  t e s t i n g  

w i t h  p e r m a n g a n a t e .  At t h e  anode  a  r e d  s u b s t a n c e  p r e c i p i t a t e d ,  

T h i s  c o u l d  be e i t h e r  a  p e r o x y v a n a d a t e  fo rm ed  by  a n o d ic  o x i ­

d a t i o n  o r  a h y d r a t e d  v a n a d i c  o x i d e .  D u r in g  t h e  e l e c t r o l y s i s  

h y d r o g e n  was e v o l v e d  a t  t h e  c a t h o d e .  A p a l l a d i u m  c a th o d e  

was a l s o  t r i e d .  I t  h a s  a low h y d ro g e n  o v e r v o l t a g e  an d  a l s o
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h a s  t h e  a b i l i t y  t o  d i s s o l v e  a l a r g e  q u a n t i t y  o f  h y d ro g e n .

T h i s  e l e c t r o l y s i s  was c o n d u c te d  i n  a com par tm en t  c e l l .  A 

b r i g h t  p l a t i n u m  anode was imm ersed  i n  a p o r o u s  cup c o n t a i n i n g  

IN sodium s u l f a t e  s o l u t i o n .  The c a t h o l y t e  was a s o l u t i o n  

of  sod ium  o r t h o v a n a d a t e  a t  pH 6 . 8  c o n t a i n i n g  1 .7 0  me v a n a ­

dium b a s e d  on an e l e c t r o n  c h a r g e  o f  t h r e e .  A c u r r e n t  o f  80 

ma was r u n  t h r o u g h  t h e  c e l l  f o r  a p e r i o d  o f  n i n e  h o u r s .  At 

t h e  en d  o f  t h i s  t im e  th e  c a t h o l y t e  was a c i d i f i e d  and p e r ­

m ang an a te  added w i t h  no s u b s e q u e n t  r e d u c t i o n  o f  t h e  p e r ­

m a n g a n a te .  These  e l e c t r o l y s e s  were c o n d u c te d  a t  room tem­

p e r a t u r e .  The r e s u l t s  show t h a t  t h e  e v o l u t i o n  o f  h y d ro g en  

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

dium (V) i n  a n e u t r a l  o r  a l k a l i n e  medium, b u t  t h a t  t h e  e l e c ­

t r o d e  m us t  p o s s e s s  t h e  a d d i t i o n a l  p r o p e r t y  o f  h i g h  h y d r o g e n  

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

t o  b r i n g  a b o u t  t h e  r e q u i r e d  r e d u c t i o n s .

C h a r a c t e r i z a t i o n  o f  t h e  P r o d u c t s  o f  
E l e c t r o l y s i s  of Vanadium (V) S o l u t i o n s

At th e  end  o f  an e l e c t r o l y s i s  t h e  e l e c t r o l y s a t e  was 

f i l t e r e d  t h r o u g h  Whatman No. 41 f i l t e r  p a p e r .  The s o l i d  

m a t e r i a l  was washed  t h o r o u g h l y  w i t h  d i s t i l l e d  w a t e r ,  and  t h e  

w a s h in g s  were a d d ed  t o  the  o r i g i n a l  f i l t r a t e .  The s o l i d  was 

t h e n  washed  w i t h  a c e t o n e ,  d r i e d  r a p i d l y ,  t r a n s f e r r e d  t o  a 

w e i g h in g  b o t t l e ,  and  s t o r e d  i n  a  vacuum d e s i c c a t o r .  The 

f i l t r a t e  was a c i d i f i e d  w i t h  d i l u t e  s u l f u r i c  a c i d ,  r u n  t h r o u g h  

t h e  z i n c  amalgam r e d a c t o r  an d  t i t r a t e d  w i t h  s t a n d a r d  p e r -
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D&nganate a s  p r e v i o u s l y  d e s c r i b e d .  A sam ple  o f  t h e  s o l i d  

m a t e r i a l  was w e ig h e d  to  t h e  n e a r e s t  0 . 1  mg. I t  was t h e n  

p l a c e d  i n  a 500 ml d i s t i l l i n g  f l a s h .  D i l u t e  s u l f u r i c  a c i d  

s o l u t i o n  w h ic h  had heen  f r e e d  from d i s s o l v e d  oxygen hy p a s s ­

i n g  n i t r o g e n  g a s  t h r o u g h  i t  was a d d e d  t o  t h e  f l a s k .  The 

f l a s k  was c l o s e d  w i t h  a r u h h e r  s t o p p e r  h a v i n g  a n i t r o g e n  

s p a r g e  t h r o u g h  i t .  The s i d e  arm o f  t h e  d i s t i l l i n g  f l a s k  

was l e f t  o pen  t o  t h e  a tm o s p h e r e .  The m i x t u r e  was h e a t e d  

g e n t l y  an d  n i t r o g e n  p a s s e d  t h r o u g h  i t  u n t i l  s o l u t i o n  was 

c o m p l e t e d .  T h i s  method was a d a p t e d  f rom  one g i v e n  hy G lemser  

and  Schwarzmann ( 3 1 ) .  The s o l u t i o n ,  w h ic h  was t h e n  g r e e n ,  

was t i t r a t e d  t o  a r o s e  c o l o r  w i t h  s t a n d a r d  p e rm a n g a n a te .

Then t h e  f l a s k  c o n t e n t s  were  xron t h r o u g h  t h e  z iu c  amalgam 

r e d a c t o r  and  t i t r a t e d  a g a i n  w i t h  p e r m a n g a n a t e .  From t h e s e  

r e s u l t s  t h e  p e r c e n t  o f  v anad iu m  and  i t s  a v e r a g e  v a l e n c e  i n  

t h e  sam ple  w e re  c a l c u l a t e d .  The s o l i d  m a t e r i a l  was 44 wt % 

vanad ium  a t  a n  a v e r a g e  v a l e n c e  3 .  T h i s  d o e s  n o t  c o r r e s p o n d  

t o  any s i m p l e  known ox id e  o f  v a n a d iu m .  Q u a l i t a t i v e  t e s t s  

showed t h e  f o l l o w i n g  io n s  a b s e n t  i n  t h e  s o l i d  m a t e r i a l ;

Na"*" hy f l a m e  t e s t ,  by  t e s t  w i t h  Ba+%, Fe ( I I )  and ( I I I )

hy S O T ,  Hg ( I )  and ( I I )  by  Co(SCN)^"^ t e s t .



CHAPTER I I I  

DISCUSSION

An i r o n  amalgam e l e c t r o d e  w hich  h a s  h y d r o g e n  o v e r ­

v o l t a g e  h i g h  enough  t o  h r i n g  a b o u t  t h e  c a t h o d i c  r e d u c t i o n  

o f  vanad ium  (V) s o l u t i o n s  i n  n e u t r a l  and  a l k a l i n e  s o l u t i o n s  

h a s  h e e n  p r e p a r e d  and  s t u d i e d .  Assuming t h e  T a f e l  e q u a t i o n ,

■)\ -  a  + b l o g  C. D . , v a l i d ,  t h e  T a f e l  c o n s t a n t s  were  o b t a i n e d  

from F i g u r e  2 ,  an d  f o u n d  t o  be a  -  0 ,9 9  v an d  b -  0 . 1 6  v .  

P o t t e r  (25)  g i v e s  a  -  1 . 4 1  v and  b -  0 . 1 1 5  v f o r  a m e rc u ry  

c a t h o d e  i n  0 . 1  N h y d r o c h l o r i c  a c i d  a t  20® C and  a  -  0 . 6 7  v ,  

b -  0 . 1 1 6  V f o r  a n  i r o n  c a t h o d e  i n  2 N s u l f u r i c  a c i d  a t  20®

C. I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  "a"  f o r  t h e  i r o n  amalgam 

l i e s  b e tw e e n  t h e  v a l u e s  f o r  i r o n  and m e r c u r y .  The r a t h e r  

h i g h  v a l u e  o f  "b" f o r  t h e  i r o n  amalgam may be  due t o  some 

s l i g h t  i m p u r i t y  i n  t h e  s y s t e m .  The amalgam e l e c t r o d e  h a s  

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

t o  p r e p a r e ,  s t i r ,  an d  c l e a n .

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

d u c t i o n  o f  v a n ad iu m  c o u l d  be p r e d i c t e d  f ro m  t h e  v a l u e  o f  t h e  

d e c o m p o s i t i o n  p o t e n t i a l  o f  d i l u t e  s u l f u r i c  a c i d .  I t  was 

l e a r n e d  t h a t  when t h e  d e c o m p o s i t i o n  p o t e n t i a l  was 1 . 9  v o r

26



27

g r e a t e r ,  t h e  e l e c t r o d e  c o u ld  be u s e d  s u c c e s s f u l l y .  I t  was 

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

t i a l  w i t h  e a c h  e l e c t r o d e  p r e p a r e d .

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

o f  v a n ad iu m  (V) a t  p l a t i n u m  and  p a l l a d i u m  e l e c t r o d e s ,  w h ich  

e x h i b i t  low h y d r o g e n  o v e r v o l t a g e s ,  s u p p o r t  t h e  v iew  t h a t  a 

c a t h o d e  h a v i n g  a h i g h  h y d ro g e n  o v e r v o l t a g e  i s  n e c e s s a r y .

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

t h e  i r o n  amalgam e l e c t r o d e ,  b u t  m ost  o f  i t  c o l l e c t e d  i n  t h e  

b o t to m  o f  t h e  c e l l  v e s s e l .  The m a t e r i a l  was shown t o  bo 44 

wt % v anad iu m  a t  an a v e r a g e  v a l e n c e  o f  t h r e e  b u t  does  n o t  

c o r r e s p o n d  t o  an y  s i m p l e  vanad iu m  compound known. I t  con­

t a i n s  o n l y  v a n a d iu m ,  h y d r o g e n ,  and oxygen .  No a t t e m p t  was 

made t o  s e p a r a t e  t h e  p r o d u c t  i n t o  p o s s i b l e  co m ponen ts .  Exam­

i n a t i o n  o f  t h e  p a r t i c l e s  w i t h  a l i g h t  m ic r o s c o p e  showed them 

t o  be am orphous  i n  n a t u r e .  The s o l i d  m a t e r i a l  i f  l e f t  i n  

t h e  a i r  f o r  a t i m e  c h a n g e d  f rom  a brown o r  b l a c k  c o l o r  t o  

a b l u e  o r  a g r e e n .  S u b s e q u e n t  a n a l y s i s  showed t h e  a v e r a g e  

v a l e n c e  o f  v an ad iu m  i n  t h e  new s u b s t a n c e  t o  be n e a r  f o u r .

The c h e m ic a l  p r o c e s s e s  t a k i n g  p l a c e  a t  t h e  i r o n  am a l ­

gam c a t h o d e  d u r i n g  t h e  e l e c t r o l y s i s  a r e  n o t  c l e a r l y  u n d e r ­

s t o o d .  T h e re  i s  some c u r r e n t  e f f i c i e n c y  l o s s  due t o  t h e  

p r o d u c t i o n  o f  h y d r o g e n .  T h u s ,  c u r r e n t  e f f i c i e n c i e s  a r e  

h i g h e s t  a t  e l e c t r o d e s  o f  h i g h  h y d ro g e n  o v e r v o l t a g e .  The 

v anad ium  r e d u c t i o n s  o c c u r  s t e p w i s e ,  t h e  s t a r t i n g  m a t e r i a l  

b e i n g  an  a n i o n  p o s s i b l y  o f  a  p o l y v a n a d i c  a c i d .  No r e l i a b l e
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s o l u b i l i t y  d a t a  f o r  t h e  lo w e r  v a l e n c e  v anad ium  compounds 

c o u ld  be fo u n d .  The p r o d u c t s  o f  e l e c t r o l y s i s  i n  an a c i d  

s o l u t i o n  a re  s o l u b l e  even  th o u g h  th e  s o l i d  p r o d u c t s  o f  e l e c ­

t r o l y s i s  in  a b a s i c  s o l u t i o n  a r e  a t  b e s t  d i f f i c u l t y  s o l u b l e  

i n  a c i d .  T h i s  i n d i c a t e s  t h a t  d i f f e r e n t  p r o d u c t s  a r e  form ed 

i n  t h e  two c a s e s .  The c a t h o d i c  r e d u c t i o n s  i n  a l k a l i n e  s o l ­

u t i o n  may be r e p r e s e n t e d  by t h e  f o l l o w i n g  e q u a t i o n s  a c c o r d ­

in g  t o  F i l i p o v i c ,  e t  a l  ( 2 0 ) .

VO3 " + e + 2 H" = vOiOHig,

V0 (0 H ) 2  + e + H+= ViOHlg,

V(0 H ) 3  + e + H+ = V (0 H ) 2  + H^O 

O th e r  v a r i a t i o n s  c o u l d  be w r i t t e n .  The e x p e r i m e n t a l  work 

d i d  n o t  d e te r m in e  w h e t h e r  t h e  i n c r e a s e  i n  pH o f  t h e  c a t h o l y t e  

was due o n ly  t c  t h e  d i s c h a r g e  o f  h y d r o g e n  i o n s .

The c o l o r  o f  t h e  c a t h o l y t e  c h an g ed  d u r i n g  an e l e c ­

t r o l y s i s  u s u a l l y  i n  t h e  f o l l o w i n g  s e q u e n c e :  y e l l o w ,  g r e e n ,

brown, v i o l e t ,  c o l o r l e s s .  C o r r e s p o n d i n g  c o l o r s  i n  an a c i d  

e l e c t r o l y s i s  a r e  y e l l o w ,  g r e e n ,  b l u e ,  g r e e n ,  and  v i o l e t .

The a p p e a ra n c e  o f  t h e  v i o l e t  c o l o r  i n  t h e  e l e c t r o l y s i s  shows 

some vanadium ( I I )  formed e v e n  th o u g h  no  p r e c a u t i o n s  were  

t a k e n  t o  e x c l u d e  oxygen from t h e  s y s t e m .  The low i n t e n s i t y  

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

vanad ium  ( I I )  fo rm ed .  N e v er  more t h a n  90 wt % o f  t h e  i n i t i a l  

c h a r g e  o f  v anad ium  c o u ld  be rem oved  by t h e  e l e c t r o l y s i s  r e ­

g a r d l e s s  of  i n i t i a l  c o n c e n t r a t i o n  and d u r a t i o n  o f  e l e c t r o l ­

y s i s .
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The c h i e f  d i s a d v a n t a g e  i n h e r e n t  i n  t h i s  p r o c e s s  f o r  

t h e  r e c o v e r y  o f  vanad ium  i n  s o l i d  form from  s o l u t i o n  i s  t h e  

f o r m a t i o n  o f  a f i l m  o f  t h e  s o l i d  m a t e r i a l  on t h e  c a t h o d e .

T h i s  c o u ld  p r o b a b l y  he overcome hy a d e v i c e  s i m i l a r  t o  t h a t  

u se d  hy Boyer  i n  h i s  p r o c e s s  f o r  r e c o v e r i n g  u r a n iu m  ( 2 6 ) .

He u s e d  a r o t a t i n g  c a t h o d e  whose m erc u ry  s u r f a c e  was con­

s t a n t l y  r en ew ed  hy p a s s a g e  t h r o u g h  a m e rc u ry  r e s e r v o i r  d u r i n g  

p a r t  o f  i t s  c y c l e .

The a u t h o r  was s u c c e s s f u l  i n  r e d u c i n g  u r a n y l  s u l f a t e  

i n  s u l f u r i c  a c i d  s o l u t i o n  a t  t h e  i r o n  amalgam c a t h o d e .

S o l i d  p r o d u c t  fo rm ed  w i t h o u t  f i l m  f o r m a t i o n  on t h e  e l e c t r o d e .  

No a t t e m p t s  were made t o  c h a r a c t e r i z e  t h e  p r o d u c t  o r  t o  

d e t e r m i n e  t h e  c u r r e n t  e f f i c i e n c y  o f  t h e  p r o c e s s .  The r e ­

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

b o t h  u r a n iu m  and  v an ad iu m  from  ore  e x t r a c t s  u s i n g  a com­

p a r t m e n t  c e l l  and a c a t h o d e  o f  h i g h  h y d r o g e n  o v e r v o l t a g e .  

E l e c t r o l y s i s  a t  t h e  i n i t i a l l y  low pH would  c a u se  t h e  u ra n iu m  

t o  p r e c i p i t a t e  and  f a l l  t o  t h e  b o t to m  o f  t h e  v e s s e l  where  

i t  c o u ld  he drawn o f f  an d  f u r t h e r  p r o c e s s e d .  The pH o f  t h e  

c a th o d e  com par tm ent  w o u ld  r i s e  a s  h y d ro g e n  i o n  d i s c h a r g e d .

At a  s u f f i c i e n t l y  h i g h  pH t h e  vanad ium  compounds would p r e ­

c i p i t a t e .  I n i t i a l  e x p e r i m e n t s  w i t h  a  m i x t u r e  o f  vanadium  

and u ra n iu m  compounds i n d i c a t e d  t h a t  c a r e f u l  c o n t r o l  o f  t h e  

c o n c e n t r a t i o n s  and  pH w o u ld  he n e c e s s a r y  t o  i n s u r e  t h e  s u c ­

c e s s  o f  s u c h  a p r o c e s s .



CHAPTER IV 

SUMMARY

An e l e c t r o d e  h a v i n g  h i g h  h y d ro g e n  o v e r v o l t a g e  was 

p r e p a r e d  hy w e t t i n g  a  c l e a n  i r o n  g au ze  w i t h  m e r c u r y .  T h i s  

e l e c t r o d e  was u s e d  a s  a c a t h o d e  t o  r e d u c e  v anad ium  (V) i n  

s o l u t i o n s  o f  h i g h  pH c a u s i n g  i n s o l u b l e  vanad ium  compounds 

t o  p r e c i p i t a t e .  U n s u c c e s s f u l  a t t e m p t s  t o  r e d u c e  t h e  v a n a ­

dium (V) a t  h i g h  pH u s i n g  a p l a t i n u m  o r  p a l l a d i u m  c a t h o d e  

d e m o n s t r a t e d  t h e  n e e d  i n  t h i s  p r o c e s s  f o r  a n  e l e c t r o d e  o f  

h i g h  h y d ro g e n  o v e r v o l t a g e .  The s o l i d  p r o d u c t  fo rm ed con­

t a i n e d  44 wt % vanad ium  a t  an  a v e r a g e  v a l e n c e  o f  t h r e e .  A 

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

t im e  i n d i c a t e d  t h a t  a  c u r r e n t  e f f i c i e n c y  o f  s i x t y  p e r c e n t  

c o u l d  be o b t a i n e d  f o r  t h e  r e m o v a l  o f  n i n e t y  p e r c e n t  o f  t h e  

v an ad ium  i n i t i a l l y  p e r s e n t  i n  t h e  s o l u t i o n .
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