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Cerium(1V) oxide, Ce02, reacts with de r iva t ives  of phosphoric ac id ,  
metaphosphate salts, and pyrophosphate s a l t s  at 600-1000°C t o  produce oxygen 
and ceriwn(II1) phosphates. The cerium(I11) phosphates a r e  oxidized t o  Ce02 
by steam a t  700-1200aC i n  the  presence of a l k a l i n e  e a r t h  oxides, carbonates, 
o r  ha l ides .  These two sets of r eac t ions  form t h e  b a s i s  f o r  a family of 
therrnochemical cycles based upon the  redox couple Ce(IV)/(III) .  

INTRODUCTION 

W e  recent ly  devised and experimentally confirmed two thermochemical cycles 
based upon the  redox couple Ce(IV)/(III) .  The f i r s t  of these  [ I ]  is out l ined 
by Eqs 1-5, and i s  capable of s p l i t t i n g  C02 i n t o  CO and oxygen a s  we l l  a s  

s p l i t t i n g  water i n t o  hydrogen and oxygen. The second of these  cycles [ I ]  is  
out l ined by Eqs 6-9, where X = C 1 ,  B r ,  o r  I. 
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Thermodynamic c a l c u l a t i o n s  p r e d i c t e d  t h a t  a l k a l i n e  e a r t h  o x i d e s ,  c a r b o n a t e s ,  
and h a l i d e s  would a l s o  d r i v e  t h e  s team o x i d a t i o n  of CeP04. Th is  paper  r e p o r t s  
t h e  r e s u l t s  of exper iments  which conf i rm c y c l e s  based upon r e a c t i o n s  s i m i l a r  
t o  Eq 7 ,  where LiX i s  r e p l a c e d  by a l k a l i n e  e a r t h  h a l i d e s .  

EXPERIMENTAL 

Unless  o t h e r w i s e  i n d i c a t e d ,  a l l  r e a g e n t s  were of a n a l y t i c a l  o r  r e a g e n t  
g r a d e ,  and were used w i t h o u t  f u r t h e r  p u r i f i c a t i o n .  

CePO was p repared  by reduc ing  C e O  w i t h  47% H I .  The r e s u l t i n g  s o l u t i o n  
4  2  

was f i l t e r e d ,  and t h e n  t r e a t e d  w i t h  e x c e s s  H3P04 (85%).  Impure CeP04 
p r e c i p i t a t e d .  Th is  was c o l l e c t e d  by f i l t r a t i o n  and p u r i f i e d  t h r e e  t imes  by 
b o i l i n g  an  aqueous suspens ion  of t h e  s o l i d  f o r  an  hour .  The p roduc t  was 
shown t o  be  CeP04 of g r e a t e r  t h a n  98% p u r i t y  by X-ray powder d i f f r a c t i o n  [ 2 ]  
and by n e u t r o n  a c t i v a t i o n  a n a l y s i s .  

I n  h i g h  t empera tu re  exper iments ,  s o l i d  r e a c t a n t s  were ground t o g e t h e r  
and p laced  i n  a p la t inum b o a t  which was covered w i t h  p la t inum f o i l ;  t h e  b o a t  
was i n t r o d u c e d  . i n t o  a  f u s e d  q u a r t z  tube .  A tube  f u r n a c e  was then  used t o  h e a t  
t h e  s o l i d s .  A con t inuous ly  f lowing  s t r e a m  of  a rgon  a t  abou t  one a t m  p r e s s u r e  
was used t o  purge a i r  from t h e  t u b e ,  and t o  c a r r y  evolved g a s e s  away from 
t h e  s o l i d s  and i n t o  c a l i b r a t e d ,  c o n t i n u o u s l y  o p e r a t i n g  measurement d e v i c e s  - 
a Gow-Mac Model 20-150 the rmal  c o n d u c t i v i t y  d e t e c t o r  f o r  H2, and a  Beckman 
Model 741 oxygen a n a l y z e r .  Steam was pre-heated t o  220°C and passed over  t h e  
p la t inum b o a t  a t  a r a t e  e q u i v a l e n t  t o  3.2-4.8 m l  of condensed H 0  p e r  minute .  
For  r e a c t i o n s  i n v o l v i n g  l i t h i u m  h a l i d e s ,  t h e  r e s u l t i n g  hydrogen2haf ide  was 
condensed from t h e  100 ml/min a rgon  s t r e a m  w i t h  t h e  s team by a water-cooled 
condenser .  The amounts of evolved hydrogen h a l i d e s  were determined by t i t r a t i o n  
w i t h  s t a n d a r d i z e d  NaOH.  For r e a c t i o n s  i n v o l v i n g  MCO3, t h e  r e s u l t i n g  C02(g) was 
t r apped  i n  a s o l u t i o n  of 2  N NaOH. I n  every  c a s e ,  a  CaS04 column was used t o  
remove any remaining w a t e r  v a p o r  from t h e  Ar-H2 o r  Ar-02 mix tures  b e f o r e  t h e y  
reached t h e  gas-measuring d e v i c e s .  

A the rmal  c o n t r o l l e r  w a s  used t o  i n c r e a s e  t h e  r e a c t i o n  t empera tu res  a t  a  
s t e a d y  r a t e ,  u s u a l l y  abou t  5OC p e r  min. S o l i d  p r o d u c t s  were c h a r a c t e r i z e d  by 
X-ray powder d i f f r a c t i o n ,  and by ac id -base  t i t r a t i o n .  

RESULTS 

Table  1 summarizes t h e  r e s u l t s  of exper iments  i n  which 0  was evolved 2  
from r e a c t i o n s  of CeO w i t h  v a r i o u s  a c i d  phospha tes .  T-max is t h e  t empera tu re  

2  
a t  which t h e  p r e s s u r e  of evolved 0  r e a c h e s  a  maximum. A l l  r e a c t i o n s  e x c e p t  2 those  i n v o l v i n g  calc ium and strontium pyrophosphates  a r e  a t  l e a s t  90% complete 
w i t h i n  2.0-2.5 h r s  a t  t h e  i n d i c a t e d  t empera tu res .  The s t r o n t i u m  and ca lc ium 
r e a c t i o n s  t a k e  up t o  6 h r s  t o  r e a c h  90% complet ion.  The q u e s t i o n  mark ( ? )  
i n d i c a t e s  t h a t  we have n o t  y e t  determined whether  CeP04 r e a c t s  w i t h  Sr3(P04)2  
t o  form double  phosphates .  

Table  2  r e p o r t s  r e a c t i o n s  i n  which CePO i s  o x i d i z e d  by s team i n  t h e  
4 p resence  of v a r i o u s  b a s e s .  A l l  of t h e  reactions d e s c r i b e d  i n  t h i s  t a b l e  were 

conducted under a  s t ream of argon (100 ml/min) and i n  t h e  p resence  of a  
s t ream of s team corresponding t o  3-5 m l  condensed H 0 p e r  min. 

2 (R) 



Table  1. Thermal r e d u c t i o n  of C e O  i n  t h e  p r e s e n c e  of a c i d  phospha tes .  2 

Reac t ion  

2Ce02 + H P 0 = 2CePO + 2H20 + 112 O2 
4 2 7  

580-800 600k50 
4 

+ N a  P 0 = CePO + N a  Ce(P0 ) + 112 O2 
3 3 9  4 3 . 4 2  

550-800 670210 

+ 3Na4P207 = 2Na Ce(P0 ) + 2Na PO + 112 .02 
3 4 2 3 4 

730-950 800k20 

+ 3Ca2P207 = 2CeP04 + Ca3(PO4l2 + 112 O2 . 930-1200 >I200 

Tab le  2. Steam o x i d a t i o n  of CePO i n  t h e  p r e s e n c e  of v a r i o u s  b a s e s .  G 

React  i o n  



1 . 
I 

The u s e  of any p a i r  o f  r e a c t i o n s  from Tables  1 and 2  i n  thermochemical  
w a t e r - s p l i t t i n g  c y c l e s  r e q u i r e s  t h a t  o r thophospha tes  be conver ted  i n t o  a c i d  
phosphates .  Eqs 10-13 r e p r e s e n t  p o s s i b l e  ways of e f f e c t i n g  t h i s  ' convers ion  
.(M = Ca, S r ,  Ba): 

+ H 0  = MO + 2MHPO 
M3(P04)2(c) 2  ( a )  ( c )  4  ( c )  

M3 'P04) 2  ( c )  
+ CO + H 0  + MCO 

2(g)  2  (1)  . 3 ( c )  
+ 2MHPO 

4 (c )  

M3(P04) 2  ( c )  
+2HC1 = M C 1  

(g) 2 ( c )  + 2mp04(c) 

M3 ('O4) 2  ( c )  
+ 6HC1 = 3MC1 

(8) 2  ( c )  
+ 2H PO 

3 .  4(R) 

The d e s i g n a t i o n s  ( c ) ,  ' ( R ) ,  and (g)  r e p r e s e n t  th'e c r y s t a l l i n e ,  l i q u i d ,  and 
gaseous s t a t e s ,  r e s p e c t i v e l y .  R e a c t i o n s  1 0  and 11 do n o t  occur  t o  any 
a p p r e c i a b l e  e x t e n t  under s t a n d a r d  c o n d i t i o n s .  However, i n  t h e  p r e s e n c e  of 5  atm 
C O ~ ( ~ ) ,  p a r t i a l  convers ion  of an  aqueous s l u r r y  of Ba3(P0 ) i n t o  BaCO and 3 
BaHPO occurs .  A 22-342 convers ion  can be  ach ieved  u n d e r 4 t a i s  c o n d i t i o n .  

4  However, s i n c e  b o t h  of t h e s e  p r o d u c t s  a r e  i n s o l u b l e ,  t h e i r  subsequent  s e p a r a t i o n  
is  ex t remely  d i f f i c u l t .  

React-ior~s 1 2  and 1 3  pro6eed r e a d i l y  a t  25"C, w i t h  b o t h  H C 1  and HCl(aq). 
D i r e c t  t r e a t m e n t  o f '  s o l i d  M ( ~ 0 4 ) ~  w i t h  e x c e s s  aqueous H C 1  d i s s o  v e s  t h e  

3  
. . 

'f' 
a l k a l i n e  e a r t h  o r  thophosphates  q u i c k l y .  However., t h e  p r o d u c t s  - H3P04 and 
M C 1 2  - can be  s e p a r a t e d  o n l y  w i t h  d i f f i c u l t y  by f r a c t i o n a l  c r y s t a l l i z a t i o n  of 
t h e  M C 1 2 ,  o r  by s t e a m - d i s t i l l a t i o n . o f  t h e  H3P04. 

We avoided t h e s e  problems by t r e a t i n g  aqueous suspens ions  of t h e  o r t h o -  
phosphates  w i t h  c a t i o n  exchange r e s i n  (Dowex 50W) i n  t h e  a c i d  form. T h i s  
e f f e c t e d  a q u a n t i t a t i v e  exchange of M ~ +  f o r  H+. The r e s u l t i n g  H3P04 was washed 

. 
from t h e  r e s i n  w i t h  d i s t i l l e d  w a t e r .  The adsorbed M2+ i o n s  were e l u t e d  from 
t h e  r e s i n  w i t h ' e x c e s s  aqueous H C 1 ,  which y i e l d e d  M C 1 2  i a q )  and HC1(aq) ' 
Evaporat ion of t h e s e  s o l u t i o n s  t o  d r y n e s s  a t  r e l a t i v e  y  s low r a t e s  y l e l d e d  
c r y s t a l l i n e  M C 1 2  f r e e  of H C 1  and H20. 

DISCUSSION 

The f i r s t  r e a c t i o n  i n  Table  1, t h e  l a s t  t h r e e  r e a c t i o n s  i n  Tab le  2 ,  and 
Eq 13 can be  combined i n t o  f e a s i b l e  thermochemical  c y c l e s :  

+ 25°C 2+ 
M (PO ) + [ res in ] - (6H ) --------t 2H PO + [ r e s i n ] - ( 3 ~  ) 3 .  4 2  3  4  



In the last step of the cycle, H4P207 may condense further to form other poly- 
phosphoric acids such as HPO3 or P401 ' F0r.M = Ca or Sr, the temperatures 8' for the cycle are well within the 950 C upper limit which is usually assumed 
for HTGRs (high-temperature gas-cooled reactors) 131. For M = Ba, however, 
the 1050°C required for the oxidation of CeP04 exceeds this limit. 

The need to use ion exchange resins for. the separation of H3P04 from MC12 
may make capital costs for cycles of this type prohibitively high. 
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