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D u rin g  t h e  l a s t  d e c ad e  io n  e x ch an g e  h a s  "become a n  e s t a b l i s h e d  s e p a r a t i o n s  
t e c h n iq u e . I t  h a s  fo u n d  a p p l i c a t i o n  n o t  o n ly  i n  w a te r ,  p u r i f i c a t i o n ,  th e  
o r i g i n a l  m a jo r  a p p l i c a t i o n ,  b u t  a l s o  i n  a n a l y t i c a l  c h e m is tr y ,  i n  s e p a r a t i o n  
an d  i s o l a t i o n  o f  new e le m e n ts ,  i n  h y d ro  m e ta l lu r g y ,  a n d  o f  c o u rs e  i n  many 
s p e c i a l i z e d  f i e l d s  r e l a t e d  t o  t h e  u t i l i z a t i o n  o f  a to m ic  e n e rg y .

The l a r g e s t  f r a c t i o n  o f  r e c e n t  io n  ex ch an g e  l i t e r a t u r e  h a s  d e a l t  w i th  t h e  
s y n t h e t i c  o rg a n ic  r e s i n s . T h e i r  re a d y  a v a i l a b i l i t y  a n d  s t a b i l i t y  i s  p ro b a b ly  
l a r g e l y  r e s p o n s ib le  f o r  t h e  p r e s e n t  p o p u l a r i t y  o f  io n  e x ch an g e  a s  a  s e p a r a ­
t i o n s  t o o l .  The in o r g a n ic  z e o l i t e s ,  w i th  w h ich  a l l  e a r l y  io n  exchange  w ork 
was c a r r i e d  o u t ,  hav e  w i th  t h e  y e a r s  becom e l e s s  p o p u la r  f o r  s e p a r a t i o n s ,  p r e ­
sum ably  b e c a u s e  th e y  a r e  u n s t a b l e ,  b o th  i n  s t r o n g l y  a c i d i c  a n d  s t r o n g l y  b a s i c  
media.B®- W hile o th e r  in o r g a n ic  m a t e r i a l s  h av e  a l s o  b e e n  u s e d  e i t h e r  f o r  io n  
ex ch an g e  o r  a d s o r p t io n  p r o c e s s e s ,  t h e i r  a p p l i c a t i o n  h a s  b e e n  p r im a r i l y  t o  
ch ro m a to g rap h y  o f  o rg a n ic  compounds i n  n o n -aq u e o u s  m ed ia  an d  t o  s e p a r a t i o n s  
in v o lv in g  n o n - e l e c t r o l y t e s .

S e v e ra l  y e a r s  ago t h e  a u th o r s  b e g a n  a  r e - e x a m in a t io n  o f  t h e  a d s o r p t iv e  
p r o p e r t i e s  o f  in o r g a n ic  m a t e r i a l s  from  t h e  p o i n t  o f  v iew  o f  p o s s ib l e  io n  
exchange  u t i l i z a t i o n . S i l i c e o u s  m a t e r i a l s  w ere  e x c lu d e d  b e c a u s e  o f  t h e i r  
a c id  and  b a s e  l a b i l i t y  an d  b e c a u s e  d ev e lo p m en t o f  new a d s o r b e n t s  was a  p r im a ry  
o b j e c t i v e .

The t im e  f o r  s y s te m a t ic  r e - e x a m in a t io n  o f  a d s o r p t iv e  p r o p e r t i e s  o f  i n o r ­
g a n ic  m a t e r i a l s  seem ed o v e rd u e  b e c a u s e  th ro u g h  t h e  a v a i l a b i l i t y  o f  r a d i o a c t i v e  
t r a c e r s  o f  m ost e le m e n ts  many cumbersom e a n a l y t i c a l  p ro b le m s  h a d  become 
g r e a t l y  s im p l i f i e d .  D e ta i l e d  know ledge o f  a d s o r p t iv e  p r o p e r t i e s  o f  in o r g a n ic  
m a t e r i a l s  h ad  become o f  c o n s id e r a b le  im p o r ta n c e  i n  many f i e l d s  su ch  a s  geo ­
c h e m is tr y ,  h e te ro g e n o u s  c a t a l y s i s  an d  c o r r o s io n .  U t i l i z a t i o n  o f  a d s o r p t io n  
p r o c e s s e s  i n  t h e  r a p i d l y  e x p a n d in g  a to m ic  e n e rg y  f i e l d  h ad  c r e a t e d  a  demand 
f o r  m a t e r i a l s  s t a b l e  i n  i n t e n s e  r a d i a t i o n  f i e l d s  a n d  a t  h ig h  te m p e r a tu r e s .
M ost in o r g a n ic  a d s o rb e n ts  a r e  e x p e c te d  t o  hav e  r a d i a t i o n  s t a b i l i t y  an d  some 
o f  t h e s e  m igh t a l s o  have  h ig h  te m p e ra tu re  s t a b i l i t y .  I n  a d d i t i o n ,  b e c a u s e  o f
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t h e  w ide v a r i e t y  o f  m a t e r i a l s  t o  choose  f ro m , t h e r e  was a  h ig h  p r o b a b i l i t y  
t h a t  compounds w i th  u n u s u a l  s e l e c t i v i t i e s  w ou ld  b e  fo u n d .

The vex-y l a r g e  c l a s s  o f  i n s o l u b l e  h y d ro u s  o x id e s  seem ed t o  u s  a n  i d e a l  
s t a r t i n g  p o i n t  f o r  a  g e n e r a l  i n v e s t i g a t i o n  o f  a d s o r p t io n  and  io n  e x ch an g e  
w i th  in o r g a n ic  m a t e r i a l s ,  and  th e  p r e s e n t  p a p e r  sum m arizes som e^of o u r  f i n d ­
i n g s .  A d so i-p tiv e  p r o p e r t i e s  o f  h y d ro u s  o x id e s  a r e  w e l l  known^^^ an d  
r e l a t i v e l y  d e t a i l e d  s t u d i e s  have  b e e n  c a r r i e d  o u t  w i th  one o f  t h e s e ,  h y d ro u s  
alum inum  o x id e .  V a rio u s  c h ro m a to g ra p h ic  p r o c e s s e s  b a s e d  on a lim in u m  o x id e  
have  b e e n  described^-"'*^^^'"^^ an d  io n  e x ch an g e  p r o p e r t i e s  hav e  b e e n  a t t r i b u t e d  
a t  t im e s  t o  t h i s l 5 ” 19 an d  o t h e r  o x i d e s , ¥ e  s h a l l  a t te m p t  d e s c r i p t i o n  o f  
a d s o r p t iv e  p r o p e r t i e s  i n  te rm s  o f  io n  ex ch an g e  te r m in o lo g y .  Though i n  p a r t  
a  s e m a n tic  d e v ic e ,  t h i s  i s  c o n s id e r e d  u s e f u l  b e c a u s e  i t  p e r m i ts  d i r e c t  a d a p ta ­
t i o n  o f  t h e  e x te n s iv e  a v a i l a b l e  i n f o m a t i o n  on io n  exchange  te c h n o lo g y  an d  
theory'- t o  new a d s o r b e n t s .

An io n  e x c h a n g e r  i s  u s u a l l y  p i c t u r e d ' a s  a  m a t r ix  t o  w h ich  c h a rg e d , o r  
p o t e n t i a l l y  c h a rg e d , g ro u p s  a r e  a f f i x e d .  I f  t h e  c o u n te r - io n s  w h ich  a r e  
n e c e s s a r y  t o  g iv e  t h e  m a t e r i a l  o v e r - a l l  e l e c t r i c a l  n e u t r a l i t y  a r e  n e g a t i v e l y  
c h a rg e d , one sp e a k s  o f  a n  a n io n  e x c h a n g e r , an d  i f  th e y  a r e  p o s i t i v e l y  c h a rg e d , 
o f  a  c a t i o n  e x c h a n g e r . I n  a  u s e f u l  e x c h a n g e r  t h e s e  c o u n te r - io n s  s h o u ld  be  
r e a d i l y  d i f f u s i b l e .  I n  t h e  o r g a n ic  e x c h a n g e rs  t h e  d i f f u s i o n  medium i s  
g e n e r a l l y  t h e  im b ib e d  w a te r  o r  e l e c t r o l y t e ;  i n  many in o r g a n ic  m a t e r i a l s  th e  
d i f f u s i o n  medium i s  p ro b a b ly  t h e  s o l u t i o n  s u r ro u n d in g  t h e  s o l i d  p a r t i c l e s  o r  
c r y s t a l l i t e s .

Most o r g a n ic  e x c h a n g e rs  a r e  c o n s id e r e d  r e l a t e d  t o  h ig h  m o le c u la r  w e ig h t  
p o l y - e l e c t r o l y t e s ,  th o u g h  c r o s s - l i n k e d  i n t o  a n  i n s o l u b l e  m a t r ix .  One i s  
te m p te d  t o  p ro p o se  a  s i m i l a r  p i c t u r e  f o r  h y d ro u s  o x id e s .  'D u rin g  t h e  h y d r o ly ­
s i s  o f  many m e ta l  i o n s ,  p o s i t i v e l y  c h a rg e d  p o ly m e rs  a r e  fo rm ed  on t h e  a c id  
s id e  o f  t h e  i s o - e l e c t r i c  p o i n t  and  n e g a t i v e l y  c h a rg e d  p o ly m e rs  h av e  b e e n  r e ­
p o r t e d  ( i s o - p o ly  a c i d s )  on th e  a l k a l i n e  s i d e .  I f  t h e s e  p o ly m e r ic  a g g r e g a te s  
a r e  a r r a n g e d  i n t o  an  i n s o l u b l e  5 - d im e n s io n a l  n e tw o rk , i . e . ,  b y  a  g e n e r a l i z e d  
c r o s s - l i n k i n g  p r o c e d u r e ,  a n io n  a n d  c a t i o n  e x c h a n g e rs  s h o u ld  r e s u l t . The 
in s o l u b l e  " h y d ro x id e s "  o r  "h y d ro u s  o x id e s "  m ig h t be c o n s id e r e d  su c h  5 -d im e n ­
s i o n a l  n e tw o rk s . W ith o u t a n io n ic  o r  c a t i o n i c  i m p u r i t i e s  th e y  w ou ld  be  
r e m in is c e n t  o f  w eak ly  a c i d i c  c a t i o n  e x c h a n g e rs  i n  t h e  h y d ro g e n  fo rm  o r  w eak ly  
b a s i c  e x c h a n g e rs  i n  t h e  f r e e  b a s e  fo rm . The n e tw o rk s  w ou ld  become c h a rg e d  on 
t r e a tm e n t  w i th  a c id s  o r  b a s e s .

Of c o u r s e ,  n o t  a l l  e le m e n ts  fo rm  i n s o l u b l e  h y d ro u s  o x id e s  (p h o s p h o ru s , 
a r s e n i c )  an d  o t h e r s  fo rm  o x id e s  w h ich  a r e  t o o  d i s p e r s i b l e  f o r  u s e  i n  colum ns 
(Mo (V I ) ,  ¥ ( V I ) ) .  The o x id e s  o f  t h e s e  e le m e n ts  a r e  v e ry  a c i d i c  a n d  h e n ce  a r e  
e x p e c te d  t o  fo rm  c a t i o n  e x c h a n g e rs  i f  i n c o r p o r a t e d  i n t o  an  i n s o l u b l e  m a t r ix .  
T h is  can  b e  d o n e 5 h ,^ ^ 2 5  p r e c i p i t a t i n g  c e r t a i n  am orphous i n s o l u b l e  s a l t s ,  
e . g . , z ir c o n iu m  p h o s p h a te ,  z irc o n iu m  t u n g s t a t e .  An e x c e s s  o f  t h e  a c i d i c  
o x id e  i s  n e e d e d  t o  p ro d u c e  c a t i o n  e x ch an g e  a c t i v i t y .  B e cau se  o f  t h e  p r e s e n c e  
o f  e x c e s s  a c i d  i n  t h e  a c i d  w ashed  p r e c i p i t a t e s  we s h a l l  r e f e r  t o  th e s e , m a te ­
r i a l s  by t h e  g e n e r i c  te r m  " a c id  s a l t s . " They a r e  in c lu d e d  i n  t h e  p r e s e n t  
p a p e r  b e c a u se  o f  t h e  ia ip l ie d  r e l a t i o n  t o  h y d ro u s  o x id e s  an d  b e c a u s e  o th e r w is e  
a  c o n p a r a t iv e  d i s c u s s io n  o f  io n  ex ch an g e  p r o p e r t i e s  o f  h y d ro u s  o x id e s  w ou ld  
be a r b i t r a r i l y  l i m i t e d  b y  s o l u b i l i t y  c o n s id e r a t i o n s .



T re a tm e n t o f  h y d ro u s  o x id e s  w i th  a n  am ount o f  a c i d  i n s u f f i c i e n t  t o  
d i s s o l v e  them  o f t e n  y i e l d s  s o - c a l l e d  b a s i c  s a l t s ,  th o u g h  n o t  n e c e s s a r i l y  
w i th  s im p le  s to i c h io m e t r i c  c o m p o s i t io n . P resu m ab ly  h y d ro g e n  io n s  o f  t h e  
a d d e d  a c id  r e a c t  w i th  some o f  t h e  a t t a c h e d  h y d ro x id e  io n s  o f  t h e  s o l i d  t o  
y i e l d  w a te r  m o le c u le s  w h ich  rem a in  a t t a c h e d  t o  t h e  m e ta l .  The n e tw o rk  
a c q u i r e s  a  p o s i t i v e  c h a r g e . The a n io n s  o f  t h e  a c i d  becom e in c lu d e d  i n  th e  
s o l i d  a s  c o im te r - io n s  g iv in g  i t  e l e c t r i c a l  n e u t r a l i t y .  T h ese  c o u n te r - i o n s ,  
i f  n o t  b u i l t  i n t o  t h e  n e tw o rk , s h o u ld  b e  r e a d i l y  d i f f u s i b l e  an d  h e n ce  th e s e  
b a s i c  s a l t s  a r e  e x p e c te d  t o  b e  a n io n  e x c h a n g e r s .

I f  t h e  m e ta ls  on w h ich  th e  h y d ro u s  o x id e s  a r e  b a s e d  a r e  s u f f i c i e n t l y  
a c i d i c ,  one m ig h t e x p e c t  t h e  n e tw o rk s  t o  r e a c t  w i th ,  o r  c o o r d in a te ,  h y d ro x id e  
io n s  and  ass-ume a  n e g a t iv e  c h a r g e . The c a t i o n s  o f  t h e  b a s e  w h ich  s im u l ta ­
n e o u s ly  become in c o r p o r a te d  i n  t h e  s o l i d  s h o u ld  r e t a i n  a  h ig h  d e g re e  o f  
d i f f u s i b i l i t y  and  a  c a t i o n  e x c h a n g e r  s h o u ld  r e s u l t .

In some in te r m e d ia te  pH r e g io n  a  g iv e n  s o l i d  m ig h t show b o th  a n io n  an d  
c a t i o n  exchange  a c t i v i t y  an d  th u s  i n  a  s e n s e  b e  a  g i a n t  z w i t t e r - i o n .  A t th e  
pH a t  w h ich  b o th  e f f e c t s  a r e  e q u a l  ( i s o - e l e c t r i c  o r  i s o - i o n i c  p o i n t )  s a l t  
p ic k u p  p r e d o m in a te s .  I n  t h i s  m odel a d s o r p t io n  o f  a  s a l t  i s  d i r e c t l y  r e l a t e d  
t o  t h e  a n io n  and  c a t i o n  exchange  p r o p e r t i e s  o f  t h e  s o l i d  an d  d o es  n o t  r e s u l t  
f ro m  an e n t i r e l y  d i f f e r e n t  m echanism .

The m odel was d i s c u s s e d  i n  te rm s  o f  c r o s s - l i n k e d  p o ly m e rs , w h ich  im p l ie s  
am orphous s o l i d s .  However, c r y s t a l l i n e  m a t e r i a l s  s h o u ld ,  e x c e p t  f o r  a d s o rp ­
t i v e  c a p a c i t i e s ,  have  s i m i l a r  p r o p e r t i e s  p r o v id e d ,  o f  c o u r s e ,  no p h a se  
ch an g es  o c c u r  d u r in g  th e  a d s o r p t io n  p r o c e s s .  R e v e r s ib le  r e a c t i o n s  w ou ld  be 
e x p e c te d  t o  o c c u r  o n ly  on th e  s u r f a c e s  o f  t h e s e  c r y s t a l s .  The l a r g e  c r y s t a l s  
w i th  t h e i r  r e l a t i v e l y  s m a ll  s u r f a c e s  s h o u ld  hav e  low  c a p a c i t i e s .  The c a p a c ­
i t y  o f  m i c r o c r y s t a l l i n e  m a t e r i a l s  m ig h t a p p ro a c h  th o s e  o f  am orphous m ate ­
r i a l s ,  w here  a d s o r p t io n  w ould  be p i c t u r e d  a s  o c c u r r in g  on t h e  " s u r f a c e s "  o f 
c h a in s  o r  s h e e t s .

In some cases reactions of the solids with acids might result in sub­
stitution of a hydroxide ion by the anion of the acid, i.e., in formation of 
first coordination sphere coraplexes, rather than charged hydrated surfaces. 
With this mechanism unique selectivities reflecting unique complexing proper­
ties of the metals would be expected. The exchange reactions would be rapid 
if the complexes formed on the surface are in rapid equilibrium with the ions
in solution, which presumably would be the case with most metals.

The seat of exchange activity assumed here for the hydrous oxides is 
quite different from that usually assumed for zeolites and clay minerals 
where exchange activity is attributed to substitution in a fixed lattice 
of ions with rower positive charge for ions with higher charge. In the
hydrous oxides exchange activitjr would be imparted to the solid through an
essentially reversible reaction with the medium.

However, irrespective of possible mechanisms or models certain basic 
questions appeared to need experimental resolution before adsorption on 
hydrous oxides could usefully be described in terms of ion exchange termi­
nology and used in typical ion exchange tecimology.



1 . Are r e a c t i o n s  o f  a c id s  and  b a s e s  w i th  o x id e s  r a j j i d l y  r e v e r s ib l e ?

2 . Ai-e t h e  a d s o rb e d  a n io n s  and  c a t i o n s  r a p i d l y  e x c h a n g e a b le  f o r  o th e r  
io n s  o f  th e  same tj 'i)e ?  I n  p a r t ic u la r _ ,  a r e  r a t e s  s u f f i c i e n t l y  f a s t  f o r  
colujiTa o p e ra t io n ?

5 . A re c h an g es  i n  p r o p e r t i e s  ( h y s t e r e s i s )  s u f f i c i e n t l y  slow  so  t h a t  
p r e d i c t i o n  o f  p r o p e r t i e s  can  b e  made w i th  c o n f id e n c e ?

h . Are c a p a c i t i e s  s u f f i c i e n t l y  h ig h  f o r  a p p l i c a t i o n s ?

5 , How f a r  c a n  i d e a l i z e d  io n  exchange  r e l a t i o n s h i p s  b e  a p p l i e d  t o  th e  
a d s o r p t io n  r e a c t i o n s ?  As a  c o ro lla r j '-^  a r e  t h e  a d s o ip t iv e  p r o p e r t i e s  r e a s o n ­
a b ly  in d e p e n d e n t o f  lo a d in g ?

Some o f  t h e s e  q u e s t io n s  had  p r e v io u s ly  b e e n  a n sw e re d  a f f i r m a t i v e l y  f o r  
h y d ro u s  alum inum  o x id e .  As we s h a l l  d e m o n s tra te  w i th  t y p i c a l  r e s u l t s ,  we 
have  fo u n d  a d d i t i o n a l  a f f i r m a t i v e  a n sw e rs  f o r  o t h e r  h y d ro u s  o x id e s  and  
" a c i d - s a l t s ” s u f f i c i e n t  t o  implj^ t h a t  t h e s e  c l a s s e s  o f  compounds in d e e d  a r e  
s u i t a b l e  f o r  io n  ex change  a p p l i c a t i o n s .

PKEPARATION

The a d s o r b e n ts  w ere  p r e p a r e d  by- s u i t a b l e  p r e c i p i t a t i o n  r e a c t i o n s . 5^^
I n  th e  p r e c i p i t a t i o n  o f  m e ta ls  w h ich  a r e  s o lu b le  i n  t h e  common m in e r a l  a c id s  
( C r ( l I I ) ,  Z r \ lY ) ,  S n ( lV ) , T h ( lV ), e t c . ) ,  a c i d i c  s o l u t i o n s  w ere  t r e a t e d  w i th  
b a s e  ( u s u a l ly  M s )  u n t i l  p r e c i p i t a t i o n  was c o m p le te . I n  t h e  c a se  o f  Id)(V ), 
p r e c i p i t a t i o n  was c a r r i e d  o u t fro m  HP-PHIOs s o l u t i o n s .  F o r T a ( v ) ,  s o lu t i o n s  
i n  b a s e  w ere  p r e p a r e d  fro m  th e  p r o d u c ts  o f  c a rb o n a te  f u s io n s  ( t a n t a l a t e )  and  
th e  h y d ro u s  o x id e s  p r e c i p i t a t e d  by  a d d i t i o n  o f  a c i d .  S i m i l a r ly ,  vanadium (V ) 
was p r e c i p i t a t e d  by  a d d i t i o n  o f  a c id  t o  a  v a n a d a te  s o l u t i o n .

S in c e  some o f  t h e  m ost a c i d i c  o x id e s  a r e  r e a d i l y  d i s p e r s i b l e  ( e . g . ,  
M o (y i) , ¥ ( V I ) ) ,  o r  s o lu b le  ( e . g . ,  PsOrj, A SsO ^), t h e i r  e> rpected  io n  ex ch an g e  
c h a r a c t e r i s t i c s  c o u ld  b e  u t i l i z e d  o n ly  by th e  m ore d e v io u s  te c h n iq u e  o f  p r e ­
c i p i t a t i n g  a  s u i t a b l e  m e ta l  ( e . g . ,  Z r ( lV ) )  w i th  an  e x c e s s  o f  a p p r o p r i a t e  
r e a g e n t  (Ha2W04 , H3 PO4 ,  e t c . ) .  The i - e s u l t in g  s o l i d s  s h a l l  be r e f e r i - e d  t o  
a s  z irc o n iu m  t u n g s t a t e ,  z irc o n iu m  p h o s p h a te ,  e t c .  The o t h e r  s o l i d s  s h a l l  be 
r e f e n - e d  t o  a s  h y d ro u s  o x id e s .  T hese  d e s ig n a t io n s  w i l l  be  u s e d  w h e th e r  o r  
n o t  t h e  s o l i d s  h av e  s im p le  s to i c h io m e t r i c  c o m p o s i t io n  o r  s p e c i a l  c r y s t a l  
s t r u c t u r e .

The u s u a l l y  f l o c c u l e n t  o r  g e la t in o u s  p r e c i p i t a t e s  w ere  c o l l e c t e d  b y  
c e n t r i f u g a t i o n  o r  f i l t r a t i o n ,  d r i e d  a t  room  t e m p e r a tu r e ,  g ro u n d  i n  a  m o r ta r ,  
an d  s i z e d  by s c r e e n in g  a n d  d e c a n ta t i o n .  F o r  colum n o p e r a t io n  m a t e r i a l s  o f  
mesh s i z e  c a . I 50  w ere  u s u a l l y  s e l e c t e d .  I n  some c a s e s ,  p o r t i o n s  o f  t h e  
s o l i d s  w ere  d r i e d  o r  f i r e d  o v e rn ig h t  a t  c o n t r o l l e d  e l e v a t e d  t e m p e r a tu r e s .

Ho a t te m p t  was made t o  p r e p a r e  t r u e  g e l s ,  a l th o u g h  i n  a  few  i n s t a n c e s  
( p a r t i c u l a r l y  w i th  z ir c o n iu m  t u n g s t a t e )  g e l s  h ap p en ed  t o  fo rm . I t  i s  e x ­
p e c te d  t h a t ,  i n  g e n e r a l ,  d r i e d  g ro u n d  g e l s  ( o r  b e a d e d  g e l s )  w ou ld  have  b e t t e r



p a c k in g  c h a r a c t e r i s t i c s  i n  colum ns th a n  t h e  m a t e r i a l s  o h ta in e d  fro m  f l o c ­
c u le n t  p r e c i p i t a t e s ^  t h a t  th e y  w ou ld  have  s lo w e r  e q u i l i b r a t i o n  ( d i f f u s i o n )  
r a t e s  b u t  o th e rw is e  hav e  s i m i l a r  a d s o r p t iv e  p r o p e r t i e s .

REVERSIBILITY OF ADSORPTION REACTIONS

I n  th e  p r e c i p i t a t i o n  o f  h y d ro u s  o x id e s  o r  h y d ro x id e s  p u re  compounds a r e  
r a r e l y  o b ta in e d .  The p r e c i p i t a t e s  f r e q u e n t l y  r e t a i n  some o f  t h e  a n io n s  o f  
t h e  s o l u t i o n  o r  c a t i o n s  o f  t h e  p r e c i p i t a t i n g  b a s e .  T h ese  " im p u r i t i e s "  a r e  
u s u a l l y  d i f f i c u l t  t o  rem ove by w a sh in g  w i th  w a te r .  T h is  i s  e x p e c te d  from  a n  
io n  ex ch an g e  p o i n t  o f  v iew  ( e l e c t r o  n e u t r a l i t y )  s in c e  t h e  c o n c e n t r a t io n  o f  
h jrd rogen  and  h y d ro x id e  io n s  a v a i l a b l e  f o r  r e p l a c i n g  t h e  i o n i c  " i r r ^ u r i t i e s "  
i s  v e ry  s m a ll  i n  th e  w ash w a te r .  U su a lly ^  t h e  i m p u r i t i e s  may b e  rem oved 
r e a d i l y  by  t r e a tm e n t  w i th  e x c e s s  a c id s  o r  e x c e s s  b a s e .  D u rin g  t h i s  t r e a t ­
m en t, how ever, new " i m p u r i t i e s " ,  t h e  a n io n s  o f  t h e  a c id  o r  t h e  c a t i o n s  o f  
t h e  b a s e ,  may b e  in t r o d u c e d .

As a  t y p i c a l  exam ple c o n s id e r  h y d ro u s  z ir c o n iu m  o x id e .  The s o l i d  
p r e c i p i t a t e d  w i th  ammonia fro m  a  c o n c e n t r a te d  s o l u t i o n  o f  z ir c o n iu m  oxy- 
c h l o r i d e ,  a f t e r  d ry in g  and  w a sh in g  w i th  w a te r ,  was fo im d  t o  r e l e a s e  a p p ro x i ­
m a te ly  0 .5  m oles o f  c h lo r id e  io n s  p e r  k g . o f  s o l i d  on t r e a tm e n t  w i th  e x c e s s  
b a s e .  I f  th e  b a s e  u s e d  i s  sodium  h y d ro x id e ,  c o n ta in in g  r a d i o a c t i v e  s o d iim  
t r a c e r  ( e . g . ,  N ass)^  i t  can  be  r e a d i l y  d e m o n s tra te d  t h a t  t h e  r e s u l t i n g  s o l i d  
c o n ta in s  s u b s t a n t i a l  am ounts o f  sod ium  i o n s .  The e x t e n t  o f  b a s e  p ic k u p , a s  
w e l l  a s  a c id  p ic k u p  ( s e e  a l s o  R e f. 2 4 ) ,  seem s t o  d ep en d  p r i n c i p a l l y  on th e  
c o m p o s itio n  o f  t h e  s o l u t i o n  (pH and  s a l t  c o n c e n t r a t io n )  a s  a l s o  r e c e n t l y  
p o in te d  o u t  by A rap h le tt a n d  c o w o rk e rs . T hrough  s u i t a b l e  a n a ly s e s  a  
compos i t  io n -p H  d iag ra m  raay be c o n s t r u c te d .  T y p ic a l  d ia g ra m s  o f  t h i s  ty p e  
( t i t r a t i o n  c u rv e s )  w h ich  a r e  s ta n d a r d  f o r  c h a r a c t e r i z a t i o n  o f  o r g a n ic  io n  
ex ch an g e  r e s i n s  a r e  i l l u s t r a t e d  i n  F ig .  1 f o r  Z r( lV )  an d  S n ( lV ) .  T hese 
t i t r a t i o n  c u rv e s  w ere o b ta in e d  a t  e s s e n t i a l l y  c o n s ta n t  i o n i c  s t r e n g t h  ( 0 .1  M) 
u s in g  N aC l-EC l and  NaCl-NaOH m ix tu r e s .

F o r b o th  Z 'r(lV ) an d  S n(lV ) t h e  c h lo r i d e  c o n te n t  o f  t h e  s o l i d  d e c re a s e s  
c o n t in u o u s ly  w i th  i n c r e a s in g  pH, becom ing  e s s e n t i a l l y  n e g l i g i b l e  i n  b a s ic  
s o l u t i o n s .  C o n v e rse ly  t h e  sodium  c o n te n t  o f  t h e  s o l i d s  i s  n e g l i g i b l e  i n  
a c i d i c  s o l u t i o n s  and  i n c r e a s e s  c o n t in u o u s ly  w i th  pH. T hese  t i t r a t i o n  c u rv e s  
a r e  q u i t e  r e p r o d u c ib le  f o r  a  g iv e n  s o l i d ,  i . e . ,  th e y  do n o t  d i f f e r  s u b s ta n ­
t i a l l y  a f t e r  s e v e r a l  c y c le s  o f  a c id  a n d  b a s e  t r e a tm e n t .  They a r e  a l s o  
r e a s o n a b ly  r e p r o d u c ib le  f o r  s o l i d s  p r e p a r e d  i n  a p p ro x im a te ly  t h e  same way 
and  d r i e d  a t  th e  same te m p e r a tu r e .

F u r th e r  p r o o f  o f  r e v e r s i b i l i t y  may b e  o b ta in e d  bj/ s tu d y in g  th e  
e q u i l i b i ’i'um a c i d i t y  a s  a  f u n c t i o n  o f  s u p p o r t in g  e l e c t r o l y t e  c o n c e n t r a t io n .
I f  t h e  c o m p o s itio n  o f  t h e  s o l i d  i s  k e p t  c o n s ta n t ,  t h e  a c t i v i t y  c o e f f i c i e n t s  
i n  t h e  s o l i d  a r e  in d e p e n d e n t o f  s o l u t i o n  c o m p o s itio n  a n d  h e n c e , a t  
e q u i l ib r iu m ,  th e  a c t i v i t y  a  o f  t h e  a d s o rb e d  e l e c t r o l y t e  i s  a l s o  c o n s ta n t .
¥ e  hav e  a t te m p te d  t o  ch eck  t h i s  r e l a t i o n s h i p  by  s tu d y in g  t h e  a c i d i t y  o f  
v a r io u s  IfeCl s o lu t i o n s  i n  e q u i l ib r iu m  w i th  a  h y d ro u s  z ir c o n iu m  o x id e  sam ple 
c o n ta in in g  c a , 0 .7  m oles o f  C l“ p e r  k g . o f  s o l i d  and  no  s i g n i f i c a n t  am ounts 
o f  sodium  io n s .  As e x p e c te d  from  th e  e q u a t io n
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t h e  e q u i l ib r iu m  a c i d i t y  mjj w as fo u n d  t o  d e c re a s e  w i th ' i n c r e a s i n g  c h lo r id e  
c o n c e n t r a t io n  rngq. In d e e d  e q . 1 was v e r i f i e d  t o  b e t t e r  t h a n  ± %  i n  th e  
c h lo r id e  c o n c e n t r a t io n  ra n g e  IQ -s  t o  1 M.

A s t i l l  more s t r i n g e n t  t e s t  o f  r e v e r s i b i l i t y  i s  a  s tu d y  o f  a c i d  and  
b a s e  a d s o r p t io n  a s  a  f u n c t i o n  o f  t e m p e r a tu r e . ^5 ’jjhe s t u d i e s  a g a in  w ere 
c a r r i e d  o u t a t  c o n s ta n t  lo a d in g  o f  t h e  s o l i d  w i th  r e s p e c t  t o  HCl o r  NaOH 
an d  a  t y p i c a l  s e t  o f  d a ta  i s  i l l u s t r a t e d  i n  F ig .  2 .  From t h i s  p l o t  o f  
lo g  mg ( o r  lo g  mQg) v s .  1/T ^  w here  T i s  t h e  a b s o lu t e  t e m p e r a t u r e t h e  v a lu e s  
o f  o f  a d s o r p t io n  i n  t h e  te m p e ra tu re  ra n g e  s t u d i e d  w ere  fo u n d  t o  be - 6 .9  
and  - 5 .8  k c a l  p e r  m ole o f  HCl and  NaOH r e s p e c t i v e l y .  R e p e t i t i v e  ru n s  on 
th e  same sam ple d id  n o t  e x a c t l y  re p ro d u c e  t h e  e q u i l ib r i u m  a c i d i t i e s  shown 
i n  F ig .  2^ p re su m a b ly  b e c a u s e  o f  an  a g e in g  p r o c e s s  a c c e l e r a t e d  a t  h ig h e r  
t e m p e r a tu r e s .  A c i d i t i e s  fo u n d  a t  a  g iv e n  t e i r p e r a tu r e  f o r  th e  r i s i n g  and  
f a l l i n g  b ra n c h e s  o f  a  t e m p e ra tu re  c y c le  d i f f e r e d  a t  m ost by a  f a c t o r  o f  2 ; 
t h i s  c o rre s p o n d s  t o  a n  e x tre m e ly  s m a l l  change i n  t h e  c o m p o s itio n  ( lo a d in g )  
o f  t h e  s o l i d .  I n  any  case^  th e  s lo p e s  o f  t h e  l i n e s ,  p a r t i c u l a r l y  th o s e  
o b ta in e d  w i th  d e c r e a s in g  t e m p e r a tu r e s ,  w ere  q u i t e  r e p r o d u c ib l e .

I n  one c a s e ,  a d s o r p t io n  o f  MO3 by h y d ro u s  z ir c o n iu m  o x id e ,  th e  stud^^ 
was c a r r i e d  t o  150° C. A f t e r  a g e in g  f o r  s e v e r a l  h o u rs  a t  150° C e q u i l ib r iu m  
a c i d i t i e s  w ere  m easu red  w i th  d e c re a s in g  t e m p e r a tu r e .  A p l o t  o f  lo g  mg v s .  
i / t  was a  s t r a i g h t  l i n e  o v e r  t h e  w hole  te m p e ra tu re  r a n g e .  The v a lu e  o f  
o f  a d s o r p t io n  ( - 8 .4  k c a l )  was i n  r e a s o n a b le  a g re e m e n t w i th  t h a t  fo u n d  i n  
t h e  lo w e r  te m p e ra tu re  s t u d i e s  f o r  HCl.

We s h a l l  g iv e  h e re  one a d d i t i o n a l  exam ple i l l u s t r a t i n g  r e v e r s i b i l i t y .  
B rom ide t r a c e r  was add ed  t o  a  colum n ( 0 .2  cm ,^ x  5 .O cm .) o f  h y d ro u s  
z ir c o n iu m  o x id e  i n  t h e  n i t r a t e  fo rm  ( n i t r i c  a c id  w a s h e d ) . The a d s o rb e d  
t r a c e r  was e l u t e d  w i th  0 .1  M Kt^Os a t  a  f lo w  r a t e  o f  0 .8  c m ./m in . an d  t h e  
e f f l u e n t  a n a ly z e d  I’a d io m e t r i c a l l y  f o r  b ro m id e  i o n s .  The r e s u l t i n g  e l u t i o n  
c u rv e  i s  r e p ro d u c e d  i n  P ig ,  3 . I t  h a s  th e  t y p i c a l  G a u s s ia n  sh ap e  e^qpected 
f o r  r a p i d  io n  ex ch an g e  c h ro m a to g ra p h y , p ro v in g  t h a t  r a t e s  o f  a d s o r p t io n  and  
d e s o r p t io n  a r e  s u f f i c i e n t l y  r a p i d  ev en  f o r  s ta n d a r d  colum n o p e r a t io n .

APPARENT CAPACITIES

A cid  b a s e  t i t r a t i o n  c u rv e s  l i k e  th o s e  o f  P ig .  1 g iv e  d i r e c t l y  th e  
a p p a re n t  c a p a c i t i e s  o f  t h e  e x c h a n g e rs  ( e . g . ,  a s  m o les  p e r  k g . a d s o r b e n t ) .
In  a  g iv e n  medium th e  r e l a t i v e  a n io n  ex change  ( c h l o r id e  u p ta k e )  and  c a t i o n  
ex ch an g e  (sod ium  u p ta k e )  c a p a c i t i e s  o f  d i f f e r e n t  o x id e s  may d i f f e r  s u b s ta n ­
t i a l l y .  T hus, i n  a c i d i c  s o lu t i o n s  Z r( lV )  i s  a b le  t o  h o ld  m ore c h lo r id e  io n s  
t h a n  S n(lV ) a n d , c o n v e r s e ly ,  i n  b a s ic  s o lu t i o n s  S n(lV ) h o ld s  m ore sodium  
io n s  th a n  Z r ( l ’V ).. I n  a  s tu d y  o f  a  l a r g e  n m b e r  o f  h y d ro u s  o x id e s  i t  becam e 
a p p a re n t  t h a t  t h e  r e l a t i v e  im p o rta n c e  o f  t h e  a n io n  a n d  c a t i o n  ex ch an g e  b ra n c h e s  
may d i f f e r  w id e ly  an d  i n  some c a s e s  one o r  t h e  o t h e r  b ra n c h  may be  a b s e n t .
Thus no d e t e c t a b l e  a n io n  ex change  b ra n c h  was o b s e rv e d  f o r  v e ry  a c i d i c  o x id e s  
su c h  a s  M o(V l), W (V I), U (V I) and  V(V) an d  o n ly  s m a l l  c a t i o n  ex change  b ra n c h e s  
f o r  su ch  b a s ic  o x id e s  a s  Th(lV } and  B i ( l l l ) ,
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VJhile th e  c a p a c i t i e s  d e te rm in e d  by a c id  b a s e  t i t r a t i o n  ( s e e  F ig .  1) 
a r e  q u i t e  la r g e ,  in  te rm s  o f  m oles p e r  k g . o f  s o l i d  o r  m o les  p e r  l i t e r  o f  
b e d ; c o n s id e r a b ly  h ig h e r  a p p a re n t  c a p a c i t i e s  c o u ld  have  b e e n  r e a l i z e d  i f  
t h e  s o l i d s  had  b e e n  t r e a t e d  w i th  m ore a c i d i c  o r  m ore b a s i c  s o l u t i o n s  o r  
w i th  a n io n s  w h ich  a r e  more s t r o n g l y  a d s o rb e d . Thus f l u o r i d e  u p ta k e  a s  h ig h  
a s  ^  m oles p e r  k g . h a s  b e e n  r e a l i z e d  f o r  h y d ro u s  z irc o n iu m  o x id e ,  w h ich  
c o rre s p o n d s  t o  a lm o s t 1 m ole o f  F p e r  m ole o f  Z r ( lV ) .

S im i la r ly ,  h ig h  c a p a c i t i e s  w ere  o b s e rv e d  i n  a c id - b a s e  t i t r a t i o n s  o f  
" a c id  s a l t s " .  F o r  exam p le , a  z irc o n iu m  p h o s p h a te  sa m p le , d r i e d  a t  2 5° C 
was t i t r a t e d  i n  0 .1  M GsCl w i th  0 .2  M CsOH c o n ta in in g  t r a c e r .  A p p a ren t
c a p a c i t i e s ,  d e te rm in e d  r a d i o m e t r i c a l l y  from  th e  c e s iu m  c o n te n t  o f  t h e  s o l i d  
r o s e  fro m  a b o u t 1 m ole Cs p e r  k g . n e a r  pH 1 .5  t o  a b o u t 4 .5  m o les p e r  k g . n e a r  
pH 9 -5  ( s e e  F ig .  t - ) .  The h ig h e r  f i g u r e  c o rre s p o n d s  t o  a lm o s t 1 m ole C s/m ole 
PO4 ( o r  2 m oles C s/m ole Z r ( lV ) )  w h ich  w ould  be  o n e - h a l f  o f  t h e  v a lu e  e x p e c te d  
i f  th e  s o l i d  had  th e  c o m p o s itio n  ZrO(H2P0 4 )2  ̂ i . e . ,  h a d  h r e p l a c e a b le  h y d ro g en  
io n s  p e r  m ole o f  z irc o n iu m  o r  2 r e p l a c e a b le  h y d ro g en  io n s  p e r  m ole o f  
p h o s p h a te .

A c id -b a se  t i t r a t i o n s  o f  z ir c o n iu m  t u n g s t a t e  o r  z i r c o n i im  m o ly b d a te  a r e  
c o m p lic a te d  b e c a u se  a t  s u f f i c i e n t l y  h ig h  pH l o s s  o f  t h e  a n io n  from  th e  s o l i d  
becom es s e r io u s  w’' i t h  a  r e s u l t i n g  d e c re a s e  i n  t h e  c a p a c i t i e s  com puted p e r  k g . 
o f  o r i g i n a l  s o l i d  ( s e e  F ig .  5 ) -  H ow ever, th e  maximum r a t i o s  o f  m oles Cs p e r  
m ole molybdenum o r  tu n g s te n  on t h e  s o l i d  a r e  a l s o  n o t  much l e s s  th a n  1 : 1 .

EFFECT OF DRYIHG TElvEPERATURE

I n c r e a s e  i n  th e  d ry in g  te m p e ra tu re  o f  t h e  s o l i d s  g e n e r a l l y  c a u s e s  a  
d e c re a s e  i n  t h e  a p p a re n t  c a p a c i ty .  In  a  few  c a s e s ,  su c h  a s  z ir c o n iu m  t u n g s t a t e ,  
d r y in g  a t  te m p e ra tu re s  a s  low  a s  1 00° C c a u s e s  e s s e n t i a l l y  c o m p le te  d e s t r u c ­
t i o n  o f  th e  c a t i o n  exchange p r o p e r t i e s .  How ever, f o r  m ost h y d ro u s  o x id e s  t h e  
d a t a  shown i n  T a b le  I ,  w h ich  w ere o b ta in e d  f o r  h y d ro u s  z ir c o n iu m  o x id e ,  a r e  
t y p i c a l .

The ch rom ate  u p ta k e  d a ta  w ere  o b ta in e d  by  m e a su r in g  b r e a k th ro u g h  c u rv e s  
o f  ch ro m ate  w ith  C r(V l) s o l u t i o n s  c o n ta in in g  a t  l e a s t  2 m o les  o f  a c id  (HNO3 
o r  HCl) p e r  m ole o f  C r (V l) .  E x h a u s tio n  o f  t h e  colirmn can  be  fo l lo w e d  v i s u a l l y  
s in c e  t h e  ch rom ate  ( o r  d ic h ro m a te )  fo rm s a  s h a rp ,  s t r o n g l y  c o lo r e d  b a n d . I f  
chrom ium  t r a c e r  h a s  b een  add ed  (C r^^ ) q u a n t i t a t i v e  b r e a k th ro u g h  c u rv e s  may be 
e s t a b l i s h e d  q u ic k ly  by  r a d io m e t r i c  m e th o d s . T h is  c h ro m a te  e x h a u s t io n  t e c h ­
n iq u e  was fo u n d  t o  be  a  r e l i a b l e  an d  c o n v e n ie n t  m ethod f o r  cong^aring th e  
a n io n  exchange  c a p a c i t i e s  o f  o x id e s .

I n c r e a s e  i n  d ry in g  te m p e ra tu re  u s u a l l y  c a u s e s  a  d e c re a s e  i n  a p p a re n t  
c a p a c i ty .  I n  a  few  c a s e s  s l i g h t  i n c r e a s e s  i n  c a p a c i ty  w ere  fo u n d  a f t e r  
d r y in g  a t  100 o r  200° C, p re su m a b ly  b e c a u s e  w i th  l o s s  o f  e x c e s s  w a te r  th e  
num ber o f  m oles o f  m e ta l  o x id e  p e r  k g . o f  s o l i d  h ad  b e e n  s u b s t a n t i a l l y  i n ­
c r e a s e d .  The l o s s  i n  c a p a c i ty  w h ich  o c c u rs  on d ry in g  a t  h ig h e r  te m p e ra tu re s  
i s  a lm o s t s u r e ly  c a u se d  b y  a  g ro w th  i n  t h e  s i z e  o f  c i y s t a l l i t e s  w h ich  c a u se s  
a  d e c re a s e  i n  t h e  e f f e c t i v e  s u r f a c e  a r e a  p e r  m ole o f  o x id e .  T h is  c r y s t a l l i t e  
g ro w th  was in d e p e n d e n tly  c o n firm e d  b y  th e  s h a rp n e s s  o f  t h e  d i f f r a c t i o n  l i n e s  
o b s e rv e d  i n  x - r a y  c r y s t a l l o g r a p h i c  e x a m in a t io n s .

- 7 "
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E f f e c t  o f  D ry ing  T e m p era tu re  on C r(V l)  U ptake 

by H jrdrous Z irc o n iu m  O xide 
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Temp.
°C

52
105
202
520
500
8oo

M oles O r(V I) 
k g , s o l i d

1 .5 8
1 .2 5
0 .9 1
0 .^ 5
0 . l 4
0 .0 5

M oles C r(V l) 
l i t e r  b e d

0 ,8 5  
1,12 
0 .8 7  
O.ii-7 
0 .1 8  
0 .0 7

H2 O

19.'^-
1 5 .^

7 .0
1.1 

( 0 )^

M oles O r(V I) 
m ole Z r( lV )

0 .5 2
0 .1 9
0 .1 3
0 .0 6
0.02
O.OC^

( a )  Assumed m lu e

lOl'J EXCHANGE IDEALITY 

PV)Io n  exchange e q u i l i b r i a  may b e  w r i t t e n  i n  t h e  fo rm

aB' hb
( r )

T .+ a  ^+b
bA“ 4" aB^ ^

w i th  t h e  e q u i l ib r iu m  c o n s ta n t
a

K _  = ^ ( r )
b-m

-AB ■A
a  b 

^ B (r)  ^A -p
-AB ■'•AB

(2 )

(5 )

w here  m i s  t h e  c o n c e n t r a t io n  o f  t h e  io n  i n d i c a t e d  by  s u b s c r i p t ,  s u b s c r i p t  
( r )  d e n o te s  th e  e x c h a n g e r  p h a s e , - n o  s u b s c r i p t  t h e  a q u e o u s  p h a s e .  i s  t h e
e q u i l ib r i u m  c o n s ta n t ,  w h ich  w i th  p r o p e r  c h o ic e  o f  s ta n d a r d  s t a t e s  may b e  s e t  
e q u a l  t o  u n i t y ,  i s  t h e  c o n c e n t r a t io n  q u o t i e n t  an d  th e  a p p r o p r i a t e  
a c t i v i t y  c o e f f i c i e n t  q u o t i e n t .  S q . 5 i s  g e n e r a l  f o r  tw o p h a s e  e q u i l i b r i a  
a l th o u g h  i n  some c a s e s  t h e  a c t i^ m ty  c o e f f i c i e n t s  may assum e q u i t e  u n p r e d ic ­
t a b l e  v a lu e s .  I t  w i l l  b e  u s e f u l  a s  a n  io n  ex ch an g e  e q u a t io n  i f  t h e  a c t i v i t y  
c o e f f i c i e n t s  i n  t h e  s o l i d  (e x c h a n g e r)  p h a s e  do n o t  v a ry  r a p i d l y ,  a t  l e a s t  
u n d e r  some l i m i t i n g  c o n d i t i o n s .

"Id
W ith  o rg a n ic  e x c h a n g e rs  t h e  a c t i v i t y  c o e f f i c i e n t  r a t i o  7 B ( r ) /^ A ( r )  

t h e  e x c h a n g e r  p h a s e  i s  e s s e n t i a l l y  c o n s ta n t ,  i f  e x ch an g e  r e a c t i o n s  a r e  
c a r r i e d  o u t  i n  m o d e ra te ly  d i l u t e  e l e c t r o l y t e  s o l u t i o n s ,  i f  one o f  th e  
a d s o rb e d  io n s  (B ^^) o c c u rs  a t  t r a c e  c o n c e n t r a t i o n s ,  an d  i f  no co m p lex in g  o r  
h y d r o l y t i c  r e a c t i o n s  o c c u r .  The c o m p o s i tio n  o f  t h e  e x c h a n g e r  ( ^ ^ ( r ) )  i s  th e n  
e s s e n t i a l l y  in d e p e n d e n t o f  t h e  c o n c e n t r a t io n  o f  t h e  a d s o rb e d  t r a c e r  io n  and  
e q , 3 s i m p l i f i e s  t o

-n Wa- 
-B^A

b / a
' A . c o n s ta n t (^ )



w here  t h e  d i s t r i b u t i o n  c o e f f i c i e n t i s  d e f in e d  hy

(5)
S b

A c c o rd in g  t o  e q . ^  a  p l o t  o f  lo g  v s .  lo g  should_, e x c e p t  f o r  a c t i v i t y  
c o e f f i c i e n t  c o r r e c t i o n s  i n  t h e  aq u eo u s  p h a se^  oe a  s t r a i g h t  l i n e  w i th  s lo p e  
- b / a .  T h is  r e l a t i o n s h i p  h a s  b e e n  v e r i f i e d  f o r  s e v e r a l  e x ch an g e  r e a c t i o n s  
in v o lv in g  t r a c e r  io n s  a d s o rb e d  on h y d ro u s  o x id e s  a s  i l l u s t r a t e d  i n  F ig s .
6 an d  7 .

F o r  io n  exchange  te rm in o lo g y  t o  b e  g e n e r a l l y  u s e fu l^  d e v ia t i o n s  fro m  
i d e a l i t y  s h o u ld  a l s o  n o t  b e  e x c e s s iv e  when a d s o r p t io n  e x p e r im e n ts  a r e  
c a r r i e d  o u t a s  a  f u n c t io n  o f  l o a d in g .  E q u iv a le n t ly ^  s h o u ld  n o t  change 
r a p i d l y  a s  i n c r e a s e s  and  d e c r e a s e s ,  u n d e r  c o n d i t io n s  w h ere  t h e  sum
(S B (r)  + 2 2 A (r))  ( a p p a r e n t  c a p a c i ty )  i s  a p p ro x im a te ly  c o n s ta n t .  T h is  a s p e c t  
o f  i d e a l i t y  h a s  b e e n  ch eck ed  i n  a  few  c a s e s .  T y p ic a l  i s  t h e  e x ch an g e  o f  Cs"  ̂
an d  NhJ  io n s  on z irc o n iu m  t u n g s t a t e  w here  K™, th o u g h  n o t  in d e p e n d e n t  o f

i n c r e a s e d  fro m  z e ro  
T h e re  was no  e v id e n c e  

f o r  a  s m a l l  nom ber o f  " a c t iv e  s i t e s "  a s  so  o f t e n  p ro p o se d  i n  a d s o r p t io n  
s t u d i e s .

S in c e  a d s o r b a b i l i t i e s  c lo s e l y  f o l lo w  t h e  i d e a l  d ep en d en ce  on i o n ic  
s t r e n g t h  an d  lo a d in g ,  t h e r e  seem s l i t t l e  d o u b t a b o u t th e  g e n e r a l  u s e f u l n e s s  
o f  a p p ly in g  io n  exchange  te rm in o lo g y  t o  t h e s e  a d s o r p t io n  r e a c t i o n s .  Of c o u rs e  
i t  m ust b e  rem em bered t h a t  t h e s e  i d e a l  r e l a t i o n s h i p s  can  be  fo u n d  o n ly  w i th  
c e r t a i n  s im p le  io n s  w h ich  do n o t  u n d e rg o  c o m p le x in g , p o ly m e r iz a t io n  o r  
h y d r o ly t i c  r e a c t i o n s  i n  th e  m ed ia  o f  i n t e r e s t .

SELECTIVITY AlID SEPARATIONS

One o f  t h e  m ost a t t r a c t i v e  f e a t u r e s  o f  h y d ro u s  o x id e  a d s o r b e n t s ,  com pared 
w i th  s ta n d a r d  o r g a n ic  io n  exchange r e s i n s ,  i s  t h e i r  u n u s u a l  an d  som etim es 
u n iq u e  s e l e c t i v i t y .  The exam ples w h ic h  s h a l l  be  d i s c u s s e d  h av e  b e e n  s e l e c t e d  
t o  i l l u s t r a t e  t h i s  p o i n t .  F o r  t h i s  r e a s o n  com plexiiag  r e a c t i o n s  i n  t h e  aq u eo u s 
p h a s e  w ere  a v o id e d  a l th o u g h  th e s e  a r e  s ta n d a r d  d e v ic e s  f o r  e n h a n c in g  s e p a r a ­
t i o n s  w i th  o r g a n ic  e x c h a n g e rs . As lo n g  a s  t h e  in o r g a n ic  s o l i d s  a r e  n o t  
d i s s o lv e d  by  th e  c o ra p le x irg  a g e n ts ,  t h e  im provem ent i n  s e p a r a t i o n s  s h o u ld  be  
s i m i l a r  f o r  o rg a n ic  and  in o rg a n ic  e x c h a n g e rs .

1 . A d s o rp tio n  o f  p o ly v a le n t  a n io n s  -  M ost h y d ro u s  o x id e s  seem  t o  have 
u n u s u a l  s e l e c t i v i t i e s  f o r  p o ly v a le n t  a n io n s  a s  com pared w i th  m onox'-alent a n io n s .  
T h is  p r o p e r ty  was i n p l i e d  i n  o u r  p r o p o s a l  t o  u s e  a d s o r p t io n  o f  ch ro m ate  a s  a  
s ta n d a r d  te c h n iq u e  f o r  e v a lu a t in g  a n io n  ex ch an g e  c a p a c i t i e s .  S in c e  many heav y  
m e ta ls  o c c u r  n o rm a lly  i n  s o lu t i o n  a s  p o ly v a l e n t  a n io n s  ( e . g . ,  M o(V l), ¥ ( V I ) ,  
V (V )), t h e  h y d ro u s  o x id e s  m ig h t f i n d  a p p l i c a t i o n  i n  p ro b lem s in v o lv in g  co n ­
c e n t r a t i o n  o r  r e c o v e ry  o f  t h e s e  e le m e n ts .  O th e r  io n s  w h ich  a r e  s t r o n g l y  
a d s o rb e d  in c lu d e  b o r a t e ,  s u l f a t e ,  p h o s p h a te ,  a r s e n i t e ,  and  a r s e n a t e .

S in c e  t h e  p o ly v a le n t  a n io n s  a r e  so  s t r o n g l y  a d s o rb e d , t h e i r  rem o v a l fro m



t h e  e x c h a n g e rs  may a t  t im e s  h e  d i f f i c u l t *  P ro b a b ly  t h e  m ost e f f e c t i v e  e lu e n t s  
a r e  s t r o n g  b a s e s  su c h  a s  NaOH^ a l th o u g h  w e a k e r b a s e s  su c h  a s  ammonia (an d  i n  
some c a s e s  c a rb o n a te ^  a c e ta te ^  e t c . )  may b e  s a t i s f a c t o r y .  VJhile d is p la c e m e n t  
o f  w eak ly  a d s o rb e d  a n io n s  fro m  th e  e x c h a n g e rs  ca n  u s u a l l y  b e  a c h ie v e d  e s s e n ­
t i a l l y  g .u a n t i t a t i v e l y  ( s e e  F ig .  3) e lu t io n ^  ev en  by  b a se s^  o f  s t r o n g l y  
a d s o rb e d  a n io n s  may b e  in c o m p le te . F o r exam ple^ coliirans lo a d e d  w i th  ch ro m a te  
and  t h e n  e l u t e d  e i t h e r  w i th  ammonia o r  NaOH, f r e q u e n t l y  r e t a i n  a  y e l lo w  c a s t  
w h ic h  can  b e  rem oved o n ly  b y  p ro lo n g e d  t r e a tm e n t  w i th  s t r o n g  b a s e .  The p e r  
c e n t  ch ro m a te  l o s t  i n  a  r a p i d  e l u t i o n  c y c le ,  h o w ev er, i s  u s u a l l y  s m a l l  (<  3)o) 
an d  seem s r e l a t i v e l y  in d e p e n d e n t o f  t h e  am ount o f  ch ro m ate  o r i g i n a l l y  a d s o rb e d ,
i . e . ,  a p p ro x im a te ly  t h e  same f r a c t i o n  i s  r e t a i n e d  w i th  t r a c e r s  a s  w i th  m acro 
q u a n t i t i e s .  T h is  s m a ll  " i r r e v e r s i b i l i t y ” p r o b a b ly  r e s u l t s  fro m  c h a n g es  i n  
t h e  s t r u c t u r e  o f  t h e  s o l i d s  a s  th e y  a r e  t r e a t e d  w i th  s t r o n g  b a s e s ,  and  p resum ­
a b ly  in v o lv e s  c o v e r in g  o f  ex change  s i t e s  by  t h e  p r o d u c ts  o f  s lo w ly  r e v e r s i b l e  
h y d r o ly s i s  r e a c t i o n s .

2 . S p e c ia l  a n io n  s e l e c t i v i t i e s  -  W henever u n u s u a l  co in p lex in g  p r o p e r t i e s  
o f  t h e  m e ta ls  c a n  b e  u t i l i z e d ,  t h e  a d s o r b e n t s  s h o u ld  hav e  s p e c i a l  s e l e c t i v -  
i e s .  T h is  e f f e c t  was i l l u s t r a t e d  by  t h e  enorm ous c a p a c i ty  o f  z ir c o n iu m  o x id e  
f o r  f l u o r i d e  io n s  w h ich  i s  e x p e c te d  fro m  th e  f a c t  t h a t  Z r ( lV )  i s  s t r o n g l y  
com plexed by  t h i s  a n io n .  A d s o rb e n ts  p r e p a r e d  fro m  c e r t a i n  t r a n s i t i o n  e le m e n ts ,  
w h ich  a r e  s t r o n g l y  com plexed  by  t h e  h ig h e r  h a l i d e s ,  s h o u ld  have  s p e c i a l  
s e l e c t i v i t y  f o r  t h e s e  a n io n s .  F o r  t h i s  r e a s o n  s t u d i e s  h av e  b e e n  c a r r i e d  o u t 
on th e  a d s o r p t io n  p r o p e r t i e s  o f  b ism u th  o x id e  f o r  h ig h e r  h a l i d e  io n s  an d  th e  
a n t i c i p a t e d  s p e c i a l  s e l e c t i v i t y  w as c o n f irm e d . S in c e  B isO s r e a d i l y  u n d e rg o e s  
p h a s e  c h a n g es  ( o x y - h a l id e s ,  e t c . )  when t r e a t e d  w i th  a c i d s ,  t h e  f lo w  c h a r a c t e r ­
i s t i c s  o f  co lum ns p r e p a r e d  fro m  B iaO s o f t e n  d e t e r i o r a t e  r a p i d l y .  H ow ever, 
t h i s  d i f f i c u l t y  c a n  be  a v o id e d  an d  s e l e c t i v i t y  som etim es ev en  im p ro v ed  i f  
m ixed  o x id e s  a r e  p r e p a r e d  by  c o - p r e c i p i t a t i n g  B i ( l l l )  w i th  o th e r  m e ta ls  ( e . g . ,  
S n ( lV ) ) .

5 . S e p a r a t io n  o f  n e g a t i v e l y  c h a rg e d  com plexes -  The re m a rk a b le  s e l e c t i v ­
i t y  o f  e x ch an g e  r e s i n s  f o r  c e r t a i n  n e g a t i v e l y  c h a rg e d  m e ta l  com p lexes h a s  
becom e th e  b a s i s  o f  many s e p a r a t i o n s  p r o c e s s e s . A l t h o u g h  t h e r e  i s  a n p le  
r e a s o n  t o  p resum e t h a t  t h i s  s p e c i a l  s e l e c t i v i t y  i s  r e l a t e d  t o  p r o p e r t i e s  o f  
t h e  o r g a n ic  n e tw o rk , i t  was n e v e r t h e l e s s  o f  i n t e r e s t  t o  i n v e s t i g a t e  w h e th e r  
n e g a t i v e l y  c h a rg e d  com plexes c o u ld  a l s o  b e  a d s o rb e d  by an d  s e p a r a te d  on 
h y d ro u s  o x id e s .

Some a d s o r p t io n  o f  n e g a t i v e l y  c h a rg e d  com plexes on h y d ro u s  o x id e s  h a s  
b e e n  o b s e rv e d , la b i le  i t  i s  q u i t e  m o d est com pared  w ith  t h a t  fo u n d  f o r  o rg a n ic  
e x c h a n g e r s ,  i t  i s  s u f f i c i e n t  t o  a l lo w  some s e p a r a t i o n s .  An e x a m p le , s e p a r a ­
t i o n  o f  A g ( l)  a n d  A u ( l l l )  i n  HCl, w here  th e y  a r e  w e ll-k n o w n  t o  fo rm  s t r o n g  
n e g a t i v e l y  c h a rg e d  c o itp le x e s , i s  g iv e n  i n  F ig .  8 .  T h is  s e p a r a t i o n  a lm o s t  
s u r e l y  in v o lv e s  a n io n  ex change  o f  m e ta l  com p lexes s in c e  h y d ro u s  z i r c o n i m  
o x id e  i n  s t r o n g l y  a c i d i c  s o l u t i o n  i s  a lm o s t  e x c lu s i v e l y  a n  a n io n  e x c h a n g e r , 
an d  s in c e  a d s o r b a b i l i t y  o f  b o th  e le m e n ts  i n c r e a s e s  w i th  d e c r e a s in g  HCl 6on- 
c e n t r a t i o n  a p p ro x im a te ly  a s  e :x p ec ted  fro m  a n io n  e x c h a n g e -m s s  a c t i o n  
c o n s i d e r a t i o n s .

4 .  S e p a r a t io n  o f  a l k a l i  m e ta ls  -  C a t io n  e x c h a n g e rs  p r e p a r e d  fro m  
a c i d i c  o x id e s  ( e . g . ,  z irc o n iu m  p h o s p h a te ,  t u n g s t a t e  o r  m o ly b d a te ) ,  when
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l a r g e l y  i n  th e  h y d ro g en  fo rm ,^ w e re  fo u n d  t o  hav e  re m a rk a h le  s e l e c t i v i t y  f o r  
t h e  v a r io u s  a l k a l i  m e t a l s . A d s o r b a b i l i ty  i n c r e a s e s  s h a r p ly  w i th  a to m ic  
num ber and  i s  e x tre m e ly  h ig h  f o r  c e s iu m  in  a c i d i c  s o l u t i o n s .  U nder t h e s e  
c o n d i t io n s  cesiu m  i s  so  s t r o n g ly  a d s o rb e d  t h a t  i t  may be  i s o l a t e d  e s s e n t i a l l y  
u n iq u e ly  from  a l l  o th e r  e le m e n ts  i n  t h e  p e r i o d i c  t a b l e . I t  h a s  b e e n  rem oved, 
f o r  ex am p le , from  a c i d i c  s o l u t i o n s  o f  l i t h i i n n  c h lo r i d e  (1 3 .6  M) and  o f  
a lum inum  n i t r a t e  (2 M). I t  may a l s o ,  a s  a  f u r t h e r  e x am p le , be  rem oved from  
u r a n y l  s u l f a t e  s o l u t i o n s .

C om plete s e p a r a t i o n  o f  t h e  a l k a l i  m e ta ls  fro m  e a c h  o t h e r  h a s  b e e n  a c h ie v e d  
w i th  r e l a t i v e l y  s m a ll  colum ns a s  i l l u s t r a t e d  i n  F ig .  9* The e le m e n ts  w ere  
a d s o rb e d  on z irc o n iu m  t u n g s t a t e .  E l u t i o n  w as c a r r i e d  o u t w i th  ammoniiim 
c h lo r id e  s o l u t i o n s  whose c o n c e n t r a t io n s  w ere  i n c r e a s e d  a f t e r  e a c h  e le m e n t had  
b e e n  rem oved t o  com pensate  ( m a s s - a c t io n  law ) f o r  t h e  h ig h  a d s o r b a b i l i t i e s  o f  
t h e  h ig h e r  a l k a l i  m e ta ls  an d  o b ta in  th em  i n  n a rro w  b a n d s .

W ith  some a d s o rb e n ts  th e  e l u t i o n  o r d e r  o f  t h e  a l k a l i  m e ta ls  may be  r e ­
v e r s e d ,  e . g . , Cs’*' may b e  e l u t e d  b e f o r e  Ha’*’. T h is  o c c u r s ,  f o r  ex am p le , w i th  
h y d ro u s  t i t a n i u m  o x id e  i n  b a s e  a n d , i n t e r e s t i n g l y ,  w i th  u ran iu m  ( v i )  o x id e .

Such r e v e r s a l  o f  s e l e c t i v i t y  i s  a l s o  im p l ie d ,  t o  some e x t e n t ,  by  t h e  
d e c re a s e  o f  s e l e c t i v i t y  w h ich  o c c u rs  when t h e  i n s o l u b l e  " a c id  s a l t s "  a r e  
n e u t r a l i z e d  w i th  ammonia ( c o n v e r te d  fro m  th e  h y d ro g e n  t o  t h e  ammonium fo rm ) . 
In d e e d , a f t e r  co m p le te  c o n v e rs io n  t o  t h e  ammonium fo rm , z ir c o n iu m  p h o s p h a te ,  
f o r  e x am p le , h a s  e s s e n t i a l l y  no s e l e c t i v i t y  l e f t  f o r  t h e  a l k a l i  m e ta ls  an d  
th e y  may r e a d i l y  be  e l u t e d  a s  a  g ro u p  fro m  a  colum n ( s e e  a l s o  s e c t i o n  6 ) .

5 . S e p a r a t io n  o f  a l k a l i n e  e a r t h s  -  The " a c id  s a l t s "  h av e  b e e n  fo u n d  
t o  hav e  e x c e l l e n t  s e l e c t i v i t y  f o r  t h e  a l k a l i n e  e a r t h s . As d e m o n s tra te d  i n  
P ig .  1 0 , t h e  e le m e n ts  fro m  c a lc iu m  t o  rad iu m  may b e  c o m p le te ly  s e p a r a te d  from  
e a c h  o t h e r  w i th  a  r e l a t i v e l y  s m a ll  colum n o f  z ir c o n iu m  m o ly b d a te . B ecause  o f  
t h e  l a r g e  d i f f e r e n c e s  i n  a d s o r b a b i l i t y , a  s te p w is e  e l u t i o n  te c h n iq u e  was 
c h o se n , a s  i n  th e  s e p a r a t i o n  o f  t h e  a l k a l i  m e t a l s . P a r t i c u l a r l y  i n t e r e s t i n g  
i s  t h e  e x tre m e ly  l a r g e  d i f f e r e n c e  i n  t h e  a d s o r b a b i l i t y  o f  b a riu m  an d  radi-um, 
w h ic h  by  t h i s  te c h n iq u e  can  b e  s e p a r a te d  w i th  co lum ns o n ly  a  few  c e n t im e te r s  
i n  l e n g t h .

6 . S e p a r a t io n  o f  a l k a l i  m e ta ls  from  a l k a l i n e  e a r t h s  -  The e x trem e  
v e r s a t i l i t y  o f  h y d ro u s  o x id e s  and  " a c id  s a l t s "  f o r  s e p a r a t i o n s  may b e  
i l l u s t r a t e d  by t h e  l a r g e  v a r i e t y  o f  t e c h n iq u e s  w h ic h  c a n  b e  u s e d  f o r  s e p a r a ­
t i o n  o f  tw o e le m e n ts  (Cs an d  Ba) r e p r e s e n t a t i v e  o f  t h e s e  g r o u p s .

I n  s t r o n g ly  a c i d i c  s o l u t i o n s ,  f o r  ex am p le , Cs'*' i s  s t r o n g l y  h e ld  by  
z ir c o n iu m  p h o s p h a te .  U nder t h e s e  c o n d i t io n s  Ba'*"*’ i s  e s s e n t i a l l y  n o t  a d s o rb e d , 
an d  s e p a r a t i o n  o f  t h e s e  e le m e n ts  c a n  b e  a c h ie v e d  r a p i d l y  w i th  a  colum n l e s s  
t h a n  a  c e n t im e te r  lo n g . The s e p a r a t i o n  i s  s u f f i c i e n t l y  r a p i d  t o  p e rm it  
c o m p le te  i s o l a t i o n  o f  t h e  s h o r t - l i v e d  B a^?? fro m  i t s  l o n g - l i v e d  p a r e n t  by  a  
m ilk in g  p ro c e d u re  in v o lv in g  f l u s h i n g  a  colum n c o n ta in in g  Cs^57 w i th  a c i d .

The e l u t i o n  o r d e r  may b e  i n v e r t e d  an d  s e p a r a t i o n s  c a r r i e d  o u t e q u a l ly  
r a p i d l y  and  e f f e c t i v e l y  b y  u s in g  a  s a l t  fo rm  (NhJ )  o f  t h e  e x c h a n g e r  an d  u s in g  
a n  ammonium s a l t  a s  e l u e n t .  A g ro u p  s e p a r a t i o n  in v o lv in g  v a r io u s  a l k a l i
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m e ta ls  an d  a l k a l i n e  e a r t h s  w h ic h  i s  b a s e d  on t h i s  p r i n c i p l e  i s  d e m o n s tra te d  
i n  F ig .  11 .

T e c h n iq u e s  f o r  s e p a r a t i o n  o f  a l k a l i  m e ta ls  an d  a l k a l i n e  e a r t h s  c a n , o f  
c o u r s e ,  a l s o  be  d e v e lo p e d  w i th  o th e r  h y d ro u s  o x id e s .  I f  t h e s e  s e p a r a t i o n s  
a r e  c a r r i e d  o u t  i n  n e u t r a l  o r  w eak ly  a c i d i c  s o l u t i o n s  Ba i s  u s u a l l y  much 
s t r o n g e r  a d s o rb e d  th a n  Cs'*', The l a t t e r  can  b e  e l u t e d  fro m  s h o r t  colum ns w i th  
m o d e ra te ly  c o n c e n t r a te d  s a l t  s o l u t i o n s  ( e . g . ,  M 4 C I) . More c o n c e n t r a te d  o r  
a c i d i c  s o lu t i o n s  a r e  n e c e s s a r y  f o r  rem o v a l o f  Ba++, S e p a r a t io n s  b a s e d  on 
t h i s  p ro c e d u re  have  b e e n  c a r r i e d  o u t  w i th  h y d ro u s  o x id e s  su c h  a s  ZrOs an d  
SnOa. I n t e r e s t i n g l y ,  u ra n iu m ( ''/ I )  o x id e  may a l s o  b e  u s e d , a s  i l l u s t r a t e d  i n  
F ig .  1 2 , th o u g h  s o l u b i l i t y  c o n s id e r a t io n s  l i m i t  t h e  a c i d  ra n g e  w h ich  i s  s u i t ­
a b le  f o r  e l u t i o n .

7 . O th e r  s e p a r a t i o n s  -  I n  o u r  d i s c u s s io n  o f  c a t i o n  e x ch an g e  s e p a r a t i o n s  
we have  so  f a r  c o n c e n t r a te d  on t h e  a l k a l i  m e ta ls  an d  a l k a l i n e  e a r t h s . T h is  
was done b e c a u s e  a m b ig u i t i e s  r e g a r d in g  a d s o r p t io n  m echanism s c o u ld  th u s  b e s t  
be  a v o id e d . T hese  e le m e n ts  do n o t  u n d e rg o  e x te n s iv e  h y d r o l y t i c  r e a c t i o n s  in  
t h e  m ed ia  c o n s id e r e d ,  an d  q u e s t io n s  r e g a r d in g  s p e c i e s  i n  s o l u t i o n  n o rm a lly  do 
n o t  a r i s e .  How ever, s e p a r a t i o n s  w i th  h y d ro u s  o x id e s  a s  a d s o r b e n ts  a r e  o f  
c o u rs e  n o t  l i m i t e d  t o  t h e s e  e le m e n ts .

F o r exam p le , r a r e  e a r t h s  c a n  be a d s o rb e d  on h y d ro u s  o x id e s  from  b a s i c ,  
n e u t r a l  a n d  even  m o d e ra te ly  a c i d i c  s o l u t i o n s .  W ith  e l u e n t s  o f  c o n t r o l l e d  pH 
a n d  p r o p e r  e l e c t r o l y t e  c o n c e n t r a t  io n  th e y  may b e  sep ara ted _ ^ fro m  a l k a l i  m e ta ls  
an d  a l k a l i n e  e a r t h s . F ig .  1 3 , i n v o lv in g  s e p a r a t i o n  o f  Eu ' an d  Cs’’ w i th  
h y d ro u s  z irc o n iu m  o x id e  i s  a  t y p i c a l  i l l u s t r a t i o n .

A n o th e r  ex am p le , s e p a r a t i o n  o f  C o ( l l )  an d  F e ( l I I )  i s  p r e s e n t e d  in  
F ig .  l 4 .  B o th  e le m e n ts  a r e  s t r o n g l y  a d s o rb e d  by  z irc o n iu m  t u n g s t a t e  fro m  
m o d e ra te ly  a c i d i c  o r  n e u t r a l  s o l u t i o n s .  C o b a lt  can  b e  e l u t e d  a t  some i n t e r ­
m e d ia te  a c i d i t y  w here  i r o n  re m a in s  s t r o n g ly  a d s o rb e d . I t  may th e n  b e  e l u t e d  
e i t h e r  a t  v e ry  h ig h  a c i d i t y  o r  by  t a k i n g  a d v a n ta g e  o f  c o m p lex in g  r e a c t i o n s .

E x tre m e ly  i n t e r e s t i n g  i s  t h e  s t r o n g  a d s o r p t io n  o f  c o p p e r  by  h y d ro u s  
o x id e s  ( e . g . ,  h yd roub  z irc o n iu m  o x id e ) fro m  aram oniacal s o l u t i o n s .  The i n ­
t e n s e  b lu e  c o lo r  o f  t h e  a d s o r p t io n  b a n d  i n d i c a t e s  t h a t  C u ( l l )  i s  h e ld  a s  th e  
c h a r a c t e r i s t i c  ammonia com plex . E f f e c t i v e  c a p a c i t i e s  a r e  h ig h .  E lu t io n ,  can  
b e  a c h ie v e d  w ith  a c id ,-  th o u g h  i t  i s  d i f f i c u l t  t o  rem ove i n  t h i s  m anner t h e  
l a s t  t r a c e s  o f  c o p p e r , n e v e r t h e l e s s ,  many i n t e r e s t i n g  s e p a r a t i o n s  p r o c e s s e s  
in v o lv in g  t r a n s i t i o n  e le m e n ts  may b e  b a s e d  on t h i s  a b i l i t y  o f  t h e  o x id e s  t o  
a d s o rb  ammonia c o m p le x e s .

*  *  -X- *  -K- -X- -X- -X *

We hav e  e n d e a v o re d  i n  t h i s  b r i e f  summary o f  o u r  w ork on  io n  exchange  
p r o p e r t i e s  o f  h y d ro u s  o x id e s  t o  d e m o n s tra te  t h e  g r e a t  p ro m ise  t h e s e  and  o th e r  
in o r g a n ic  m a t e r i a l s  h o ld  f o r  c h e m ic a l  s e p a r a t i o n s .  The s t u d i e s  have  so  f a r  
b e e n  l i m i t e d  t o  compounds c o n ta in in g  a  few  ty p e s  o f  m e ta ls  an d  a n io n s . No 
d o u b t ,  o t h e r  i n t e r e s t i n g  s e p a r a t i o n s  w i l l  b e  fo u n d  a s  t h e  s t u d i e s  a r e  e x te n d e d  
t o  o th e r  m e ta ls  and  a n io n s ,  p a r t i c u l a r l y  th o s e  w i th  s t r i k i n g l y  d i f f e r e n t  com­
p le x in g  p r o p e r t i e s .  H ow ever, a s id e  fro m  s e p a r a t i o n s ,  we b e l i e v e  t h a t
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a d s o r p t io n  s tu d i e s  o f  th e  ty p e  d i s c u s s e d  a r e  p a r t i c u l a r l y  i n t r i g u i n g  b e c a u s e  
w i th  t h e i r  s i n i p l i c i t y  and  h ig h  s e n s i t i v i t y  th e y  s h o u ld  d e v e lo p  i n t o  p o w e rfu l  
t o o l s  f o r  e q u il ib r i-u m  and  k i n e t i c  s t u d i e s  o f  s u r f a c e s  an d  f o r  con5) a r a t i v e  
s t u d i e s  o f  am orphous and  m i c r o c r y s t a l l i n e  m a t e r i a l s .
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Figure 2
TEMPERATURE DEPENDENCE OF HCl AND KOH ADSORPTION 

BY HYDROUS ZIRCONIUM OXIDE
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STABILITY AND ION EXCHANGE PROPERTIES OF Z r d S )  -  W ( 2 I )  PRECIPITATES 
(Ammonia Titration in 1 M  NH^CI, Followed by Cs'*’-NH 4 Exchange,  Drying Temp. 25°C)



1000

V5 0 0

® \
SLOPE: - 1200

h-
z
y
o
Li.
Ll. 50
LUo
o
zo
H-
3
m
(T
1-

2 0

y
Q

0.001 0.002 0 .0 0 5  0.01 0.02 0 .0 5 0.1

MOLARITY OF KNO3

F i g u r e  6

B R O M I D E - N I T R A T E  E X C H A N G E  W IT H  H Y D R O U S  
Z I R C O N I U M  O X I D E  

( D r y i n g  T e m p e r a t u r e  2 0 0 ° C )



o
CD

CM X

Qi

£ r
o

y
o
Ljl
Ll.
UJ
O
O

3
m
q :

Q

OBSERVED DiOO

5 0

SLOPE : “ 2

WITH DEBYE" HUCKEL \
/^ n iD  D C T ' T i r k M  --------------w \

5

1 L _

0 . 0 5 0.1
MOLARITY OF NH^CI 

Figure 7
ADSORPTION OF TRACE Ba^"- ON ZIRCONIUM TUNGSTATE
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Figure 9
SEPARATION OF THE ALKALI METALS 

(Zirconium Tungstate , 12.3cm x 0.13 cm^ Column, Flow Rote cc. 0.75 cm/min.)
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CATION EXCHANGE SEPARATION OF Cs'^AND Ba H—h

WITH URANIUM (21) OXIDE 
( Drying Temp. 25°C , Column 0 . 2 cm^x 3 c m , Flow Rote Icm/min)
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