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ABSTRACT 

S e v e r a l  expe r imen t s  were run t o  d e t e r m i n e  t h e  f e a s i b i l i t y  of u s i n g  

ce r ium as an a l t e r n a t i v e  t o  f l u o r i d e  i n  promoting r a p i d  d i s s o l u t i o n  of 

d i f f i c u l t l y  s o l u b l e  Pu02 i n  n i t r i c  a c i d .  R e s u l t s  show t h a t  Ce4+,  b u t  

n o t  Ce3+, promotes d i s s o l u t i o n  w i t h  a maximum ra t e  i n  b o i l i n g  4 M HNO 

Othe r  s t r o n g  o x i d a n t s ,  i n c l u d i n g  ozone,  permanganate,  and p e r s u l f a t e ,  were 

t e s t e d  b u t  were shown t o  b e  i n e f f e c t i v e .  During d i s s o l u t i o n ,  t h e  Ce 

i s  reduced t o  Ce , which must b e  r e o x i d i z e d  e l e c t r o l y t i c a l l y  o r  w i t h  

ozone. 

the  v o l a t i l e  Ru04. 

i r r a d i a t e d  f u e l  r e s i d u e s  would r e q u i r e  m o d i f i c a t i o n  of t h e  equipment o r  

p rocedures  i n  such  a way as t o  encourage complete  v o l a t i l i z a t i o n  o f  

ruthenium from t h e  d i s s o l v e r  system. However, a p p l i c a t i o n  o f  t h i s  

method t o  t h e  t r e a t m e n t  o f  plutonium a p p e a r s  p romis ing .  

- 3 '  

4+ 

33. 

Ruthenium a l s o  r e d u c e s  t h e  Ce4+ c a t a l y t i c a l l y ,  b e i n g  o x i d i z e d  tQ 

Thus s u c c e s s f u l  a p p l i c a t i o n  t o  d i s s o l u t i o n  of  
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I. INTRODUCTION 

I n  t h e  advanced r e a c t o r  t echno logy ,  mixed p l u t o n i a - u r a n i a  

(nomina l ly  20 t o  2.5% Pu02--balance U 0 2 )  f u e l s  w i l l  p robab ly  b e  used 

i n i t i a l - l y  i n  l i q u i d  m e t a l  coo led  f a s t  b r e e d e r  r e a c t o r s  (LME'BRs).  

A f t e r  i r r a d i a t i o n ,  t h e  f u e l  e l emen t s  w i l l  undergo a mechan ica l  sub- 

d i v i s i o n  Eollowed by complete  d i s s o l u t i o n  i n  n i t r i c  a c i d  p r i o r  t o  a 

Purex s o l v e n t  e x t r a c t i o n  r e p r o c e s s i n g  s t e p .  PuO d i s s o l v e s  i n  HNO a t  

an ex t r eme ly  s low rate;  s o l i d  s o l u t i o n s  of PuO - 4 0  d i s s o l v e  much 

f a s t e r .  Among t h e  f a c t o r s  a f f e c t i n g  t h e  f o r m a t i o n  of s o l i d  s o l u t i o n s  

and hence t h e  ease of  d i s s o l u t i o n  are: (1) t h e  method of  f u e l  f a b r i c a -  
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t i o n  ( i . e . ,  whether  m e c h a n i c a l l y  blended o x i d e s ,  c o - p r e c i p i t a t e d  

o x i d e s ,  o r  s o l  g e l  o x i d e s ) ,  (2.) t h e  d e g r e e  of s i n t e r i n g  and t e m p e r a t u r e  

p r i o r  t o  i r r a d i a t i o n ,  and ( 3 )  t h e  i r r a d i a t i o n  l e v e l .  S t u d i e s  a t  ORNL 

have shown t h a t  t h e  cornbination of  h i g h  burnup l e v e l s  and h i g h  tempera- 

t u r e s  p r e v a i l i n g  i n  most p a r t s  of t h e  f u e l  e l emen t s  can  produce a homo- 

geneous s o l i d  s o l u t i o n  and t h u s ,  i n  g e n e r a l ,  more r e a d i l y  s o l u b l e  

material .  However, a t  t h e  c o o l e r  o u t e r  p o r t i o n s  of t h e  f u e l  r o d s ,  

i n i t i a l  nonhomogeneity of t h e  f u e l  o x i d e s  may r e s u l t  i n  material  t h a t  

is  d i f f i c u l t  t o  d i s s o l v e  ( " d i f f i c u l t l y  s o l u b l e  material  ."I A s  a r e s u l t  

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

s p e n t  f u e l  e l e m e n t s ,  r e s i d u e s  composed of d i f f i c u l t l y  s o l u b l e  Pu02, w i t h  

s m a l l  amounts of UO and more r e f r a c t o r y  f i s s i o n - p r o d u c t  metals, such  

as  ru then ium,  are o b t a i n e d .  D i s s o l u t i o n  of  t h e s e  r e s i d u e s  a t  a pract i -  

c a b l y  f a s t  r a t e  r e q u i r e s  t h e  p r e s e n c e  of s m a l l  amounts of a d i s s o l u t i o n  

promotor such  as f l u o r i d e .  The e f f e c t i v e n e s s  of  f l u o r i d e  h a s  been 

known f o r  a long t i m e ,  b u t  i f  i t  i s  n o t  s u b s e q u e n t l y  coniplexed or  

2' 



removed, i t  h a s  t h e  d i s a d v a n t a g e  of  c a u s i n g  r a p i d  equipment c o r r o s i o n  

and c o m p l i c a t i n g  t h e  u l t i m a t e  d i s p o s a l  of Purex p r o c e s s  wastes. 

Other  s t u d i e s  o f f e r i n g  p o s s i b l e  a l t e r n a t i ~ e s l - ~  have shown t h a t  

cer ium (some of  which i s  a l r e a d y  p r e s e n t  a s  a f i s s i o n  p r o d u c t )  may b e  

u s e f u l  as a promotor f o r  d i s s o l u t i o n  i n  d i l u t e  n i t r i c  a c i d  ( S e c t .  6 ) .  

Res ides  t h e  advan tage  of not  b e i n g  a f o r e i g n  material ,  cer ium does n o t  

complex components i n  t h e  p r o c e s s  streams and may be less c o r r o s i v e  t h a n  

f l u o r i d e .  

r e s t r i c t e d  t o  a s m a l l ,  secondary d i s s o l v e r  f o r  comple t e ly  d i s s o l v i n g  t h e  

d i f f i c u l t l y  s o l u b l e  r e s i d u e s .  The o u t p u t  stream from t h i s  d i s s o l v e r  

would then  be combined w i t h  t h a t  from t h e  pr imary d i s s o l v e r  p r i o r  t o  

s o l v e n t  e x t r a c t i o n .  

For p r o c e s s i n g  LMFBR f u e l s ,  t h e  u s e  o f  a promotor would be 

T h i s  r e p o r t  d e s c r i b e s  t h e  r e s u l t s  of r e c e n t  tests made a t  ORNL 

( 1 )  t o  d e f i n e  t h e  p r o c e s s  v a r i a b l e s  a f f e c t i n g  d i s s o l u t i o n  of PuO u s i n g  2 

ce r ium,  and ( 2 )  t o  e v a l u a t e  t h i s  promotor f o r  use i n  r e p r o c e s s i n g  

LMFBR f u e l s  and /o r  p r o c e s s i n g  n o n i r r a d i a t e d  s c r a p  materials c o n t a i n i n g  

Pu02.  

A p p l i c a t i o n  t o  i r r a d i a t e d  LMFBR p r o c e s s i n g ,  however, would depend on 

deve lop ing  a p r a c t i c a b l e  way, i f  p o s s i b l e ,  o f  q u a n t i t a t i v e l y  removing 

ruthenium p r i o r  t o  o r  d u r i n g  t h e  d i s s o l u t i o n  s t e p .  

A p p l i c a t i o n  i n  t h e  l a t t e r  s i t u a t i o n  a p p e a r s  most p romis ing .  

Most of  t h e  r e s u l t s  d e s c r i b e d  i n  t h i s  r e p o r t  have been p r e v i o u s l y  

1 r e p o r t e d  i n  p r o g r r s s  r e p o r t s .  

2 .  REAGENTS AND EXPERIMENTAT> PROCEDURE 

Most of t h e  d i s s o l u t i o n  t e s t s  were made u s i n g  a composi te  b a t c h  of  

PuO mic rosphe res  composed of  s e v e r a l  b a t c h e s  o r i g i n a l l y  p repa red  a t  

ORNL.  

2 

T h i s  b a t c h  of m i c r o s p h e r e s  w a s  p repa red  by t h e  s o l - g e l  t e c h n i q u e ,  
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s t e a m  d r i e d  a t  150 t o  200°C w i t h  1-hr h o l d s  a t  250 and 4 O O 0 C ,  fo l lowed 

by s t e a m  c a l c i n i n g  a t  1 1 5 0 ° C .  

hydrogen w i t h  a 2-hr ho ld  a t  800°C and a 4-hr ho ld  a t  1150°C. For b e t t e r  

s i z e - u n i f o r m i t y ,  t h e  s p h e r e s  were sc reened  w i t h  -80 + 100 mesh s c r e e n s  

(149- t o  177-jl) and composi ted f o r  u se .  Some t y p i c a l  ( ave rage  of  s e v e r a l  

d i f f e r e n t  b a t c h e s )  p h y s i c a l  and chemica l  p r o p e r t i e s  are  t h e  f o l l o w i n g :  

F i n a l  d e n s i f i c a t i o n  w a s  made i n  argon-4% 

Bulk d e n s i t y ,  g / c c :  11.0 ( abou t  95% of t h e  t h e o r e t i c a l  v a l u e  o f  

11.6 g l c c )  . 
Pore  volume, cc/g::  0.0023,- 

S u r f a c e  area, m /g :  0.0120. 

Oxygen, w t  % :  1 2 . 0  (11 .8  t h e o r e t i c a l ) .  

Carbon, ppm: 7 7 .  

O the r  chemica l  i m p u r i t i e s  i n  t h e  o r i g i n a l  Pu(N0 ) s o l u t i o n  used t o  

2 

3 4  

make the mic rosphe res  i n c l u d e d  v e r y  s m a l l  amounts o f  i ron,  vanadium, and 

uranium. The e f f e c t  of t h e s e  i m p u r i t i e s  on d i s s o l u t i o n  w a s  assumed t o  

b e  n e g l i g i b l e .  

Rainey2b showed t h a t  t h e  o x i d e  d e n s i t y  i s  a v e r y  impor t an t  f a c t o r  a f f e c t -  

S t u d i e s  w i t h  d i s s o l u t i o n  of p e l l e t s  made by Uriarte and 

i n g  t h e  d i s s o l u t i o n  r a t e  w i t h  t h e  rate i n c r e a s i n g  w i t h  d e c r e a s i n g  d e n s i t y .  

T h i s  r e l a t i o n s h i p  must  a l s o  be t r u e  f o r  t h e  v e r y  d e n s e  mic rosphe res  

because  t h e i r  d i s s o l u t i o n  i n  n i t r i c  a c i d  w i t h o u t  a promotor w a s  v e r y  

-2 s low mg cm min- l ) ,  

A three-necked Pyrex f l a s k  f i t t e d  w i t h  a r e f l u x  condense r ,  thermo- 

meter, and sampling t u b e  w i t h  a porous  f r i t  f i l t e r  w a s  used € o r  t h e s e  

tes ts .  A weighed (1-g) r e p r e s e n t a t i v e  s a m p l e  of  t h e  mic rosphe res  when 

added t o  150  m l  of b o i l i n g  a c i d  w a s  t a k e n  a s  t h e  i n i t i a l  t i m e ;  f i l t e r e d  

d u p l i c a t e  samples of t h e  s o l u t i o n  were t h e n  t a k e n  a t  a p p r o p r i a t e  t i m e  
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intervals.  The a v e r a g e  v a l u e s  of t h e  d u p l i c a t e  d e t e r m i n a t i o n s  of the 

g r o s s  a l p h a  a c t i v i t i e s  w e r e  s u b s e q u e n t l y  p l o t t e d  versus  t h e  d i s s o l u t i o n  

t i m e  on l i n e a r  s c a l e s .  In most cases, s t r a i g h t  l i n e s  could b e  drawn 

th rough  t h c  p o i n t s  w i t h  o n l y  a s m a l l  sca t te r ,  i n d i c a t i n g  t h a t  t h e  

d i s s o l u t i o n  r a t e  dA/dt ,  where A = a c t i v i t y  of plutonium i n  s o l u t i o n ,  

w a s  c o n s t a n t  d u r i n g  t h e  t i m e  span  of  t h e  experiment .  A l so ,  s i n c e  

<20% of t h e  o r i g i n a l  amount of Pu02 was d i s s o l v e d  (wich much less 

t h a n  t h i s  i n  most c a s e s ) ,  t h e  change i n  s u r f a c e  area d u r i n g  t h e  d i s s o l u -  

t i o n  cou ld  b e  n e g l e c t e d  f o r  pu rposes  o€  c a l c u l a t i n g  t h e  i n s t a n t a n e o u s  

d i s s o l u t i o n  r a t e  ( I D R ) .  Under t h e s e  c o n d i t i o n s ,  t h e  I D R  was d e f i n e d  

and c a l c u l a t e d  by t h e  f o l l o w i n g  e q u a t i o n :  

-2 -1 I D R  (mg Pu c m  min ) = 1 . 2  x ni , TTlV - =  
s w a  

where (under  s t a n d a r d i z e d  c o n d i t i o n s )  

m = s l o p e  of l i n e ,  

v = d i s s o l v e r  s o l u t i o n  volume (150 m l ) ,  

s = i n i t i a l  s p e c i f i c  s u r f a c e  area (0.012 m / g ) ,  

w = weight  of sample t a k e n  ( abou t  1 g ) ,  

a = s p e c i f i c  a c t i v i t y  of  t h e  plutonium ( a n a l y t i c a l l y  determined t o  

2 

8 be  1.03 x 10 c o u n t s  p e r  minu te  p e r  m i l l i g r a m  of p lu ton ium) .  

-2 -1 The I D R  i n  t e r m s  o f  mg of PuO c m  min would b e  o b t a i n e d  by 

d i v i d i n g  E q .  (1)  by 0 .88? ;  t h e  I D R s  r e p o r t e d ,  however, a re  i n  m i l l i g r a m s  

of plutonium p e r  square c e n t i m e t e r  p e r  minu te .  

e x t r a p o l a t e d  t o  t h e  o r i g i n  as  they  s h o u l d ,  many i n t e r c e p t e d  t h e  o r d i n a t e  

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

e x p l a i n  t h i s  i n t e r c e p t  w i t h  t h e  o r d i n a t e  i n c l u d e  (1 )  t h e  p r e s e n c e  of  a 

2 

Although some of t h e  p l o t s  
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sma l l  amount of ” f i n e s ”  ( s m a l l e r  s i z e  p a r t i c l e s  t h a t  might  have adhered  

t o  l a r g e r  p a r t i c l e s  and t h u s  have escaped s e p a r a t i o n  i n  t h e  s c r e e n i n g  

p rocedure )  t h a t  would b e  expec ted  t o  have a f a s t e r  a i s s o l u t i o n  r a t e  

because  of  t h e  much g r e a t e r  t o t a l  s u r f a c e  t h a n  t h e  o r i g i n a l  mic rosphe res ,  

241 and (2)  t h e  i n c l u s i o n  of  Am a l p h a  a c t i v i t y  i n  t h e  g r o s s  a l p h a  de te rmina-  

t i o n s .  N e i t h e r  of t h e s e  c o n d i t i o n s ,  however, w e r e  shown t o  accoun t  f o r  

t h e  o r d i n a t e  i n t e r c e p t  problem. I n  t e s t s  of t h e  f i r s t  c a s e ,  a 1-g 

sample of PuO mic rosphe res  was p re -d i s so lved  i n  b o i l i n g  8 M HNO f o r  

1 h r  t o  comple t e ly  d i s s o l v e  any f i n e s  t h a t  might  have been p r e s e n t .  

The remain ing  l a r g e r  p a r t i c l e s  were t h e n  s u b j e c t e d  t o  t h e  s t a n d a r d  

d i s s o l u t i o n  p rocedure .  The s l o p e  of  t h e  c u r v e  and t h e  I D R  w i t h  and wi thou t  

3 -- 2 

p r e - d i s s o l u t i o n ,  however, were e s s e n t i a l l y  t h e  same. 

I n  t h e  second case i n v o l v i n g  241Am, i t  w a s  shown i n  one  d i s s o l u t i o n  

tes t  t h a t  when g r o s s  a l p h a  a c t i v i t i e s  and t h e  a l p h a  ac t iv iv i t e s  of plutonium 

o n l y  ( e x c l u d i n g  Am a c t i v i t y )  w e r e  p l o t t e d ,  t h e  r e s u l t a n t  s t r a i g h t  l i n e s  

had t h e  s a m e  e x t r a p o l a t e d  i n t e r c e p t  w i t h  t h e  o r d i n a t e .  A l s o ,  

t h e  d i f f e r e n c e s  between t h e  two s l o p e s  w a s  e x a c t l y  e q u a l  t o  t h e  d i f f e r e n c e s  

i n  s p e c i f i c  a c t i v i t i e s ,  r e s u l t i n g  i n  i d e n t i c a l  c a l c u l a t e d  I D R  v a l u e s  

( F i g .  1 ) .  Fo r  s i m p l i c i t y ’ s  s a k e ,  w e  con t inued  t o  u s e  t h e  g r o s s  a l p h a  

a c t i v i t i e s  and co r re spond ing  s p e c i f i c  a c t i v i t y  i n  a l l  c a l c u l a t i o n s  

r a t h e r  t h a n  u s i n g  t h e  plutonium-alpha d e t e r m i n a t i o n s .  

Although t h e  i n t e r c e p t  problem w a s  n o t  s o l v e d ,  t h e  s l o p e s  of t h e  

l i n e s  shou ld  s t i l l  r e p r e s e n t  c o r r e c t l y  t h e  change i n  a c t i v i t y  w i t h  

r e s p e c t  t o  t i m e ,  dA/dt ,  on which t h e  I D R  c a l c u l a t i o n s  are based.  
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F i g .  1. D i s s a l u t i o n  of Pu02 mic rosphe res  in 8M HNO3 - Cornparison of 
I D R ' s  based on g r o s s  a l p h a  and plutonium a l p h a  actiTities. 
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3 .  TESTS WITH UNIRRADIATED Pu02 MICROSPHERES 

3.1 D i s s o l u t i o n  i n  N i t r i c  Acid 

Without  t h e  p re sence  of a d i s s o l u t i o n  promotor such  as f l u o r i d e  

o r  cer ium,  h i g h - f i r e d  PuOz (even i n  i t s  most s o l u b l e  form) i s  o n l y  v e r y  

s lowly  (< lov4  m g  c m  2min-1) s o l u b l e  i n  n i t r i c  a c i d  s o l u t i o n s .  

p r e v i o u s  s t u d i e s  have shown t h e  d i s s o l u t i o n  rate depends markedly on t h e  

p h y s i c a l  s ta te  of t h e  Pu02 o x i d e ,  p a r t i c u l a r l y  as t h i s  is  de termined  by 

t h e  p r e p a r a t i o n  method. 

Pu02 mic rosphe res  r e s u l t e d  i n  q u i t e  d i f f e r e n t  d i s s o l u t i o n  p r o p e r t i e s  i n  

n i t r i c  a c i d  t h a n  p r e v i o u s  tes ts  by Uriar te  and I2&iney2’ w i t h  Pu02 f u e l  

- 
Many 

A s  a n  example,  t h e  p r e s e n t  tests u s i n g  v e r y  dense  

p e l l e t s .  In t h e i r  s t u d i e s ,  t h e  d i s s o l u t i o n  rate i n c r e a s e d  w i t h  t h e  f o u r t h  

power of  t h e  HNO c o n c e n t r a t i o n  between 7 and 1 4  M FINO3. 

w i t h  t h e  mic rosphe res ,  a n  i n c r e a s e  i n  t h e  n i t r i c  a c i d  c o n c e n t r a t i o n  

By c o n t r a s t ,  - 3 

between 2 and 16  - M r e s u l t e d  i n  o n l y  a r e l a t i v e l y  s m a l l  i n c r e a s e  i n  t h e  

d i s s o l u t i o n  ra te  ( F i g .  2 ) .  The r eason  f o r  t h i s  l a r g e  d i f f e r e n c e  i n  a c i d  

s o l u b i l i t y  between t h e  two f o m s  o f  o x i d e s  is n o t  known, b u t  i t  may  

i n v o l v e  t h e  d i f f e r e n c e  i n  ox ide  d e n s i t i e s .  

F i g u r e  2 f u r t h e r  i n d i c a t e s  t h a t  w i t h  t h e  mic rosphe res  s imi l a r  

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

c o n t a i n i n g  0.1 - M C e  34- 
) .  

3.2 E f f e c t  o f  Ce3+ on D i s s o l u t i o n  i n  N i t r i c  Acid 

4+ The a d d i t i o n  of e i t h e r  Ce3+ o r  Ce has  been r e p o r t e d  t o  promote 

d i s s o l u t i o n  of PuOz i n  a z e o t r o p i c  n i t r i c  a c i d . 3  These r e s u l t s  were 

confirmed i n  tests u s i n g  b o t h  Pu02 mic rosphe res  and r e s i d u e s  l e f t  a f t e r  

i n i t i a l  d i s s o l u t i o n  of U02-Pu02 mixed o x i d e s .  The p r e s e n t  tests, however, 

i n d i c a t e  t h a t  t h e  promotion e f f e c t  i n  c o n c e n t r a t e d  HN03 w a s  p robably  due  t o  
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F i g .  2 .  E f f e c t  o f  n i t r i c  a c i d  c o n c e n t r a t i o n  and t h e  p r e s e n c e  0% Ce3+ 

on the p lu tonium d i s s o l u t i o n  ra te .  
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3+ o x i d a t i o n  of a p o r t i o n  o f  t h e  Ce 

t h a n  t o  t h e  C e  p e r  se .  The e q u i l i b r i u m  amount of cer ium o x i d i z e d  

w a s  de te rmined  i n  separate tests t o  b e  o n l y  1.3% i n  5 h r  w i t h  b o i l i n g  

1 2  M HN03 and 35% i n  5 h r  w i t h  b o i l i n g  1 6  M HNO 

q u a l i t a t i v e l y  e x p l a i n  why d i s s o l u t i o n  promotion i n i t i a l l y  w i t h  0 . 1  2 

C e  d i d  n o t  occur  even up t o  14  E HNO u s i n g  t h e  mic rosphe res ;  16  

HN03 w i t h  C e  

a p p r e c i a b l e  promotion of t h e  mic rosphe re  d i s s o l u t i o n  because  t h e  

e q u i l i b r i u m  f r a c t i o n  of Ce4+ would be t o o  low. 

more e a s i l y  s o l u b l e  r e s i d u e s  remain ing  a f t e r  p r e - d i s s o l v i n g  mixed 

PuO -UO o x i d e  as  u n i r r a d i a t e d  p e l l e t s  i n  8 M HNO much smaller amounts 

of Ce4+ promoted d i s s o l u t i o n  i n  HN03,  even as  d i l u t e  as  8 I M ( s e e  

t o  Ce4' by t h e  b o i l i n g  HN03,  r a t h e r  

3+ 

These r e s u l t s  
3' - - 

3+ 
3 

3+ w a s  not r u n  bu t  would n o t  be  expec ted  t o  r e s u l t  i n  

However, f o r  t h e  much 

2 2  - 3' 

Sec t .  4 , ) .  

3 .3  

I n  s h a r p  

i n c r e a s e s  t h e  

The mechanism 

E f f e c t  o f  Ce4+ on D i s s o l u t i o n  i n  N i t r i c  Acid 

3+ c o n t r a s t  t o  r e s u l t s  w i t h  Ce , t h e  p r e s e n c e  of Ce4+in FINO3 

I D R  o v e r  t h a t  f o r  HNO a l o n e  by  several o r d e r s  of magni tude .  

r e s p o n s i b l e  f o r  t h i s  promotion of t h e  d i s s o l u t i o n  ra te  by 

3 

43. C e  w a s  n o t  de t e rmined  i n  t h e s e  s t u d i e s . .  The q u a n t i t a t i v e  o x i d a t i o n  

o f  Pu4+ by t h e  Ce4+  r e a d i l y  o c c u r s  and may i n c r e a s e  t h e  promotion 

a l t h o u g h  i t  may n o t  b e  a n e c e s s a r y  p a r t  of t h e  mechanism. 

o x i d a t i o n  may n o t  b e  n e c e s s a r y  i s  confirmed by r e s u l t s  of r e c e n t  tests made 

by Tal len t  with ThoZ whose d i s s o l u t i o n  ra te  i n  n i t r i c  a c i d  w a s  promoted t o  

a small d e g r e e  by Ce4+; t h i s  r e s u l t  sugges t s  by ana logy  t h a t  o x i d a t i o n  may 

n o t  be  n e c e s s a r y  i n  d i s s o l u t i o n  of Pu02 and U 0 2 .  

4+ T h a t t h i s  Pu 

However, o x i d a t i o n  
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may enhance t h e  promotion e f f e c t  f o r  PuO d i s s o l u t i o n  i n  t h e  f o l l o w i n g  

4-t way. The i o n i c  d i ame te r  of t h e  G e  c a t i o n  i s  v e r y  c l o s e  t o  t h a t  of 

Pu 

2 

4 + 0 0 
(0.90 A v s  0 .92  A )  ,4 whereas b o t h  Ce3+ and PuO;' have g r e a t e r  i o n i c  

d i a m e t e r s .  With t h i s  s i t u a t i o n ,  i t  c a n  be  p o s t u l a t e d  t h a t  t h e  

mechanism i n v o l v e s  s i m p l e  replacement  of Pu4' w i t h  Ce4* i n  t h e   crystal^ 

l a t t i c e ,  o x i d a t i o n  of Pu4+ t o  PuO which t h e n  b r e a k s  open t h e  s u r f a c e  

l a t t i c e  as t h e s e  l a r g e r  i o n s  are  r e l e a s e d  i n t o  t h e  s o l u t i o n .  F u r t h e r  

work i s  needed t o  de t e rmine  t h e  mechanism of  d i s s o l u t i o n .  Our pr imary 

pu rpose  i n  t h i s  s t u d y  w a s  t o  deve lop  a p r o c e s s  t o  e n s u r e  t o t a l  d i s s o l u -  

t i o n  i n  a p r a c t i c a l  t i m e  i n t e r v a l .  Fo r  this, knowl-edge oE t h e  e f f e c t  

on d i s s o l u t i o n  of  t h e  p r o c e s s  v a r i a b l e s ,  i n c l u d i n g  t h e  Ce4+ and HN03 

c o n c e n t r a t i o n s ,  t e m p e r a t u r e ,  e t c .  a re  essent ia l .  R e s u l t s  of o u r  tests t o  

2+ 
2 

. 
d e t e r m i n e  t h e s e  e f f e c t s  a re  d e s c r i b e d  below. 

41- 3 . 3 . 1  ____._..._ E f f e c t  of n i t r i c  a c i d  c o n c e n t r a t i o n  on  d i s s o l - u t i o n  -. w i t h  C e  

4 -t 
3 

c o n c e n t r a t i o n  i s  v e r y  l a r g e .  Batch tests showed t h a t  between 2 and 4 

HNO3? the  IDR i n c r e a s e d  and t h e n  r a p i d l y  d e c r e a s e d  as t h e  a c i d i t y  i n c r e a s e d  

from 4 t o  16 - M, r e s u l t i n g  i n  a maximum ra te  at. about 4 M - HN03 (Fig.  3 ) .  

I n  t h e  p re sence  of C e  , t h e  e f f e c t  of changing t h e  i n i t i a l  HNO 

Thus a t  4 M - 

wa.s abou t  a 

-2  -1 cin min ) . 
f a c t o r  o f  5 

3 x mg 

unknown b u t  

-2 -1 
HNQ, w i t h  0 . 1  - M Ce4+, t h e  1l)R ( 3 . 3  x lo-' mg c m  min ) 

2 

f a c t o r  of  200 g r e a t e r  t han  t h a t  

( w i t h  0 .1  - M 

g r e a t e r  t h a n  t h a t  f o r  1 6  M HNO 
- 3  

c m  2rnin ) .  The r e a s o n  f o r  t h e  

Even a t  1 6  M HNO 3'  --- 

- -1 

a t  16  M HNQ3 ( 1 . 6  x 

Ce4+),  t h e  I D R  i s  abou t  a 

when used a l o n e  ( abou t  

maximum a t  4 M HNO i s  

mg - 

- 3  

must occur  a s  a r e s u l t  of two opposing f a c t o r s  a f f e c t i n g  

t h e  d i s s o l u t i o n  ra te .  Again,  f u r t h e r  work des igned  t o  unde r s t and  t h e  

mechanism invo lved  i s  d e s i r a b l e .  
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4+ 3 . 3 . 2  I n s t a n t a n e o u s  d i s s o l u t i o n  ra te  as a f u n c t i o n  of  C e  c o n c e n t r a t i o n  

C o n s i s t e n t  w i t h  t h e  l a w  of Mass Ac t ion  f o r  a component i n  a chemica l  

---.-------- 

4+ sys tem,  a n  i n c r e a s e  i n  t h e  C e  c o n c e n t r a t i o n  i n c r e a s e s  t h e  r a t e  of  

r e a c t i o n  ( d i s s o l u t i o n  assuming t h e  redox r e a c t i o n  of  S e c t .  3 . 3 . 4  i s  a 

n e c e s s a r y  p a r t  of t h e  mechanism). T h i s  i n c r e a s e  i s  main ly  p r o p o r t i o n a l  

t o  t h e  i n i t i a l  Ce4+ c o n c e n t r a t i o n  f o r  t h e  low C e  4+ c o n c e n t r a t i o n  b u t  less 

t h a n  p r o p o r t i o n a l  a t  h i g h e r  Concen t r a t ion .  A log- log  p l o t  of t h e  I D R  

v s  t h e  C e  c o n c e n t r a t i o n  g i v e s  a s l o p e  = 1 f o r  t h e  d a t a  at t h e  lower 4 

c o n c e n t r a t i o n  ( F i g .  4 ) .  T h i s  s u g g e s t s  t h a t  t h e  o r d e r  of r e a c t i o n  w i t h  

r e s p e c t  t o  Ce4+, a t  l eas t  a t  low c o n c e n t r a t i o n s ,  i s  one  and t h u s  cou ld  

i n v o l v e  t h e  f o r m a t i o n  of  Puo  i n  t h e  d i s s o l u t i o n  mechanism. I f  p r e s e n t ,  
2 

2+ 4+ and PuO . A t  t h e  a t h e  Pun i- would r a p i d l y  d i s p r o p o r t i o n a t e  t o  Pu 
2 

h i g h e r  c o n c e n t r a t i o n ,  t h e  d i s s o l u t i o n  ra te  may b e  l i m i t e d  by a f a c t o r  

o r  f a c t o r s  related t o  t h e  l i m i t e d  s u r f a c e  area of t h e  s o l i d  ( F i g .  51, 

which would accoun t  f o r  t h e  d e c r e a s e  i n  t h e  r a t e  a t  h i g h e r  C e  4+ 

c o n c e n t r a t i o n s .  

I n  any  case, t h e s e  r e s u l t s  s u g g e s t  t h a t  i n  any p r a c t i c a l  a p p l i c a t i o n ,  

a r e l a t i v e l y  low s t e a d y - s t a t e  c o n c e n t r a t i o n  of  Ce4+ would be used;  

however,  see S e c t .  3 . 3 . 4  f o r  t h e  impor tance  of  a h i g h  C e  / C e  r a t i o .  4+ 3+ 

3 . 3 . 3  E f f e c t  o f  t empera tu re  on t h e  i n s t a n t a n e o u s  d i s s o l u t i o n  r a t e  

A s  might b e  e x p e c t e d ,  t h e  r a t e  of  d i s s o l u t i o n  i n c r e a s e s  w i t h  

i n c r e a s i n g  t empera tu re .  A s  a r e s u l t ,  t h e  b o i l i n g  t e m p e r a t u r e  i s  recommended 

f o r  p r o c e s s  uses .  When t h e  l o g  o f  I D R  is p l o t t e d  v e r s u s  t h e  r e c i p r o c a l  

o f  t h e  a b s o l u t e  t empera tu re ,  l / T ,  a l e a s t - s q u a r e s  f i t  s t r a i g h t  l i n e  w a s  

drawn (F ig .  5 ) .  



m
 I 
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The e q u a t i o n  of  t h i s  l i n e  is 

l o g  I D R  = - 3.1.74 x 108 f 6 .594 ,  ( 2 )  

from which a va1.ue of  -14.5 kca l /mol  w a s  c a l c u l a t e d  f o r  t h e  a c t i v a t i o n  

ene rgy .  T h i s  v a l u e  a g r e e s  c l o s e l y  w i t h  t h a t  o b t a i n e d  from d i s s o l u t i o n  

o f  Pu02 i n  HNO -HF and  i n  H I  which s u g g e s t s  t h a t  t h e r e  may be  a fundamen- 

t a l ,  b a s i c  mechan-hsrn common t o  a l l  o f  t h e s e  d i s s n l v e n t s .  

3 
5 

3 * 3.4 Plutonium-cerium v a l e n c e  changes -t -- i o n  .___I__ - 

The v a l e n c e  changes of plutonium and cer ium d u r i n g  a n  extended 

d i s s o l u t i o n  of Pu02 m i c r o s p h e r e s  i n  4 M HNO --0.03 - M Ce4+ were fo l lowed  

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

Pu4+ t o  Pu6+ (Pu02 1 as  t h e  PuO w a s  d i s s o l v e d ,  w i t h  t h e  s t o i c h i o m e t r i c  

amount o f  2 moles  of  Ce4+ p e r  mole of P u  

F i g .  6 shows t h a t  t h e  d i s s o l u t i o n  r a t e  w a s  h i g h  o n l y  as l ong  as t h e  

Cc c o n c e n t r a t i o n  w a s  g r e a t e r  t h a n  t h e  Ce3+ c o n c e n t r a t i o n  (Ce / C e  >I) 

f o r  t h e  m i c r o s p h e r e s .  These r e s u l t s  i n d i c a t e  t h a t  t h e  C e  /Ce r a t i o ,  

as w e l l  a s  t h e  Ce4+ c o n c e n t r a t i o n ,  is  a n  impor t an t  r a t e - d e t e r m i n i n g  

3 I 

The tests showed t h a t  t h e  Ce4+  o x i d i z e d  t h e  

23- 
2 

44- b e i n g  r e q u i r e d .  However, 

4+ 4+ 33- 

44- 3+ 

f a c t o r .  T h i s  w a s  confirmed by r e s u l t s  of a second series of b a t c h  tests 

i n  which t h e  i n i t i a l  r a t i o  of Ce 

c o n c e n t r a t i o n  o f  Ce 

t i o n  o v e r  t h e  r a n g e  of  0 t o  0 .12  - M. 

4+ 
/Ce3+ w a s  v a r i e d  by h o l d i n g  t h e  i n i t i a l  

4+ c o n s t a n t  at: 0.03 - M and v a r y i n g  t h e  Ce3+ c o n c e n t r a -  

A t  t h e  lowes t  C e  / C e  4+ 3+ r a t i o  of 

0 .25,  t h e  I D R  f o r  PuO m i c r o s p h e r e s  was lower by a f a c t o r  of about 28 

t h a n  t h a t  where i n i t i a l l y  no C e  was p r e s e n t .  These r e s u l t s  show t h a t ,  

2 
3+ 

f o r  a n  e f f i c i e n t  d i s s o l u t i o n  ra te ,  t h e  r a t i o  of Ce4*/Ce3+ shou ld  b e  k e p t  

h i g h  by c o n t i n u o u s  r e o x i d a t i o n  o f  Ce t o  C e  . T h i s  most l i k e l y  would 3+ 4+ 

be  accomplished i n  a small secondary  d i s s o l v e r  i n  a c i r c u i t  w i t h  ox ida -  

t i o n  by ozone o r  a n  e l e c t r o l y t i c  o x i d a t i o n  c e l l .  
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Ce4' IN SOLUTlQN 

6 

0 '--"---o 
2+ 

'u02 IN SOLUTION 

Q 2 4 6 8 IO 12 
DlssoalJrloN T IME ( h r )  

F i g .  6 .  Changes i n  Ce4* and Puz2+ c o n c e n t r a t i o n s  w i t h  d i s s o l u t i o n  
t i m e .  Cond i t ions :  3 g o f  Pi102 d i s s o l v e d  i.n 150 ml of b o i l i n g  4 - M 
HNO3--O. 03 - M (Nli4) 2Ce (N03) 6 .  
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3 . 3 . 5  Sol -u t ion  p o t e n t i a l  as  a n  i n d i c a t o r  of d i s s o l v e r  e f f e c t i v e n e s s  
1_ 

4+/&+ The f a c t  t h a t  t h e  C e  r a t i o  a p p e a r s  t o  be  i m p o r t a n t  f o r  

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

o f  t h i s  redox r a t i o ,  may be a good i n d i c a t o r  of d i s s o l v e r  e f f e c t i v e n e s s  

( a t  l eas t  w i t h  c e r i u m ) .  A s  a n  example,  i n  t h e  d i s s o l u t i o n  t e s t s  d i s c u s s e d  

i n  Sect.. 3 . 3 . 4 ,  t h e  p o t e n t i a l s  d e c r e a s e d  from a v a l u e  of abou t  1 . 4 5  V 

4+ 3+ 

3+ 3+ 

f o r  a 0 . 0 3  M C e  s o l u t i o n  c o n t a i n i n g  no C e  t o  1.34  V f o r  a 0 .03  M 

Ce4'--0.12 - M C e  

I I 

s o l u t i o n  ( F i g .  7 ) .  Over t h i s  r a n g e  of Ce4+/ Ce 

r a t i o s ,  t h e  I D R  d e c r e a s e d  by abou t  8 f a c t o r  of 28 .  These r e s u l t s  

sugges t ed  t h a t  a p o t e n t i a l  of  a t  l eas t  1.38  V would b e  

needed f o r  a p r a c t i c a b l e  d i s s o l u t i o n  r a t e  f o r  PuO mic rosp l i e re s .  T h i s  

p o t e n t i a l  c o r r e s p o n d s  t o  a n  approx ima te  C e  

HNO 

h i g h  f o r  e f f e c t i v e  a t t a c k  o f  t h e  PuO The e f f e c t  w i t h  a c t u a l  d i f f i c u l t l y  
2' 

s o l u b l e  f u e l  r e s i d u e s  q u a l i t a t i v e l y  shou ld  be  t h e  same a l t h o u g h  t h e  

2 
4+ /Ce3+ r a t i o  of 1 i n  4 - N 

4+ and shows t h a t  a lower r a t i o ,  c o m p e t i t i o n  by Ce3+ w i t h  C e  is  too  3 

minimum e f f e c t i v e  p o t e n t i a l .  may be lower.  

3 .4  Tests  w i t h  Othe r  Ox idan t s  

3 .4 .1  P e r o x y d i s u l f a t e  and o t h e r s  - --I_- 

W e  have a l s o  t r i e d  t o  c o r r e l a t e  t h e  p o t e n t i a l  of a 4 M  HNO d i s s o l v e r  
3 I 

4- 
sol .ut ion c o n t a i n i n g  t h e  s t r o n g  o x i d a n t ,  p e r s u l f a t e  ( c a t a l y z e d  w i t h  Ag ) , 

w i t h  i t s  p o s s i b l e  a b i l i t y  t o  enhance t h e  d i s s o l u t i o n  ra te .  '["'ne p o t e n t i a l  

2- 
of a f r e s h l y  made 4 M HNO --0.03 M S 0 s o l u t i o n  w a s  measured t o  be  

abou t  I .2 V; the I D R  w i t h  t h e  f u 0 2  m i c r o s p h e r e s  i n  4 M HNO --0.1 

S 2 0 2  

t h a t  f o r  4 M HNO a l o n e .  The s t a n d a r d  o x i d a t i o n  p o t e n t i a l  o f  S 0 

- 3  - 2 8  

- 3  
o r  no h i g h e r  t h a n  2- + -2 -1 (0.01 M Ag ) was o n l y  abou t  1.4 mg c m  min 

2- 
- 3  2 8  
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Fig .  7 .  E f f e c t  of Ce3+ c o n c e n t r a t i o n  on the i n s t a n t a n e o u s  d i s s o l u t i o n  
r a t e  of PuO2 mic rosphe res  i n  boi l i -ng  4 
The numbers i n  p a r e n t h e s e s  show t h e  s o l u t i o n  emf (p l a t inum vs  s a t u r a t e d  
ca lomel)  a t  2 5 O C .  

HNO3 c o n t a i n i n g  0.03 - M Ce4+. 
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4+ 3+ shows i t  i s  a s t r o n g e r  o x i d a n t  t h a n  Ce -Ce . (Th i s  can  be  demonst ra ted  

i n  a 4 M HNO s o l u t i o n  a t  room tempera tu re  by t h e  f a c t  t h a t  C e  , i n  

t h e  p re sence  o f  S 0" 

t h e  s o l u t i o n  t u r n i n g  ye l low. )  The low p o t e n t i a l  and f a i l u r e  of t h e  s i l v e r -  

c a t a l y z e d  p e r s u l f a t e  t o  i n c r e a s e  t h e  d i s s o l u t i o n  ra te  cou ld  p o s s i b l y  b e  

due  t o  t h e  chemical i n s t a b i l i t y  of S 0 i n  h o t  a c i d i c  s o l u t i o n s .  Even 

a t  room t e m p e r a t u r e ,  a s o l u t i o n  of S 0 i n  a 4 E HWO after s t a n d i n g  

o v e r n i g h t  had a p o t e n t i a l  of  about  1 .13 V ,  compared t o  1 . 2 0  V f o r  a 

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

i n s t a b i l i t y .  

3+ 
3 - 

?- 4+ is p a r t i a l l y  o x i d i z e d  t o  C e  , as  evidenced  by 
2 8 '  

2- 
2 8  

2 8  3 
2- 

Other  o x i d a n t s  i n  4 M HNO such  as 0.1 M permanganate and 0.1  M - I - 3 '  

d ich romate ,  w e r e  i n e f f e c t i v e  as d i s s o l u t i o n  promotors  (IDR's w e r e  

-2 -1 mg c m  min ) .  A comparison of t h e i r  s t a n d a r d  e l e c t r o d e  p o t e n t i a l  

shows t h a t  d i ch romate  i s  a weaker o x i d a n t  t h a n  p e r s u l f a t e  w h i l e  permanga- 

n a t e  i s  s t r o n g e r ,  bu t  b o t h  of t h e s e  o x i d a n t s  have  a h i g h  enough s t a n d a r d  

o x i d a t i o n  p o t e n t i a l  t o  o x i d i z e  Pu4+ t o  PuO 2+ 
2 .  

T h e  f a i l u r e  of t h e s e  v e r y  s t r o n g  o x i d a n t s  t o  enhance d i s s o l u t i o n  

i n d i c a t e s  a g a i n  t h a t  t h e  o x i d a t i o n  of  Pu4+ t o  Pu02+ is  n o t  t h e  comple te  

mechanism o f  promotion and may, i n  fac t ,  b e  o n l y  i n c i d e n t a l .  

2 

3 . 4 . 2  Ozonized-oxygen 

2+ 
2 To f u r t h e r  tes t  t h e  p r e m i s e  t h a t  a b i l i t y  t o  o x i d i z e  Pu4+ t o  PuO 

al-one i s  t h e  b a s i c  mechanism f o r  d i s s o l u t i o n  promotion,  t h e  s t r o n g  

o x i d a n t ,  ozone,  w a s  t e s t e d .  Uriarte and Rainey observed  a s m a l l  bene- 

f i c i a l  e f f e c t  u s i n g  ozone  t o  d i s s o l v e  PuO p e l l e t s  i n  2 M HNO bu t  n o t  

a t  a h i g h e r  c o n c e n t r a t i o n  (7-14  - M ) .  2b 

3' - 2 

Our tests however, w i t h  ozone 
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u s i n g  2 ,  4 ,  and 6 M HNO showed no s i g n i f i c a n t  i n c r e a s e  i n  t h e  

d i s s o l u t i o n  r a t e  f o r  PuO m i c r o s p h e r e s  over  t h a t  € o r  n i t r i c  

a c i d  a l o n e .  

bubbled th rough  t h e  s o l u t i o n  w h i l e  t h e  PuO mic rosphe res  were s t i r r e d ,  

The t e m p e r a t u r e  of t h e  s o l u t i o n  w a s  maintai-ned a t  8 7 O C .  The ra te  of 

o x i d a t i o n  w i t h  ozone i n  t h i s  manner undoubted1.y would be. 3.imi.ted by 

i t s  low s o l u b i l i t y  i n  s o l u t i o n  a t  a tmosphe r i c  p r e s s u r e .  Because of 

t h i s ,  w e  cou ld  n o t  b e  s u r e  t h a t  ozone would f a i l  t o  promote d i s s o l u t i o n  

under  more f a v o r a b l e  c o n d i t i o n s .  F u t u r e  tests shou ld  b e  made a t  g r e a t e r  

t h a n  a tmosphe r i c  p r e s s u r e  t o  make t h e  t e s t  concl.usive.  

- 3  

2 

I n  t h e s e  t e s t s ,  200 ml. of ozonized-oxygen p e r  minu te  was 

2 

U s e  o f  ozone a t  a tmosphe r i c  p r e s s u r e  t o  o x i d i z e  Ce3+ t o  Ce4+ i n  

s o l u t i o n  r e s u l t e d  i n  e f f e c t i v e  d i s s o l u t i o n  promotion.  For example, 

ozone w a s  bubbled th rough  a n  8 M HNO s o l u t i o n  c o n t a i n i n g  0 . 2  M C e  

f o r  about: 1 2  h r ,  r e s u l t i n g  i n  c o n v e r s i o n  of a l l  t h e  Ce3+ t o  Ce4+ .  

a subsequent  d i s s o l u t i o n  t es t ,  ozone w a s  bubbled th rough  a 2 M HNO 

d i s s o l v e r  s o l u t i o n  i n i t i a l l y  c o n t a i n i n g  0.05 M Ce3+ and PuO 

s p h e r e s .  Over a 3-hr i n t e r v a l ,  t h e  d i s s o l u t i o n  r a t e  c o n t i n u o u s l y  

i n c r e a s e d  as t h e  C e  w a s  o x i d i z e d  t o  C e  . T h i s  r e s u l t  shows t h e  

n e c e s s i t y  of hav ing  cer ium p r e s e n t  f o r  promotion of  d i s s o l u t i o n  by 

o x i d a t i o n  and a l s o  b a s i c a l l y  d e m o n s t r a t e s  how ozone cou1.d be used as 

a n  o x i d i z i n g  a g e n t  f o r  c o n t  i.nuous Ce4' r e g e n e r a t  i o n  d u r i n g  t h e  d i s s o l u t i o n  

3+ 
.... 3 .... 

I n  

3 

micro- 

- 

2 -- 

3+ 4+ 

3.5 T o t a l  D i s s o l u t i o n  T e s t s  

S e v e r a l  extended tests were made ( 1 )  t o  d e t e r m i n e  i f  t h e  r a t e  might  

change s i g n i f i c a n t l y  d u r i n g  t o t a l  d i s s o l u t i o n ,  and ( 2 )  t o  be s u r e  t h a t  

t h e  promotion e f f e c t  of t h e  Ce4+ d i d  no t  suddenly cease f o r  some r e a s o n  
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.. 

i .  

( e . g . ,  as h a s  been r e p o r t e d  i n  c a t a l y z e d  r e a c t i o n s  i n  which t h e  c a t a l y s t  

i s  p o i s o n e d ) .  I n  t h e s e  tests,  approx ima te ly  1-g samples  of  t h e  micro- 

s p h e r e s  w e r e  d i s s o l v e d  i n  a n  i n i t i a l  volume of  150 m l  of 4 M HNO -- 

0.1  - M Ce4+ w h i l e  numerous s o l u t i o n  samples  were t a k e n  o v e r  a t o t a l  t i m e  

p e r i o d  of 18 h r .  The accumulated t o t a l  plutonium i n  s o l u t i o n  w a s  

c a l c u l a t e d  f o r  each  s a m p l e  t i m e  i nc remen t ,  w i t h  which a g raph  of t h e  

l o g a r i t h m  of t h e  u n d i s s o l v e d  f r a c t i o n  of  PuO w a s  p l o t t e d  as a f u n c t i o n  

of t h e  d i s s o l u t i o n  t i m e  ( F i g .  8 ) .  The f i n a l  r e s i d u e  remaining a f t e r  

18 h r  w a s  f i l t e r e d  and t h e n  d i s s o l v e d  comple t e ly  i n  8 M HNO --0.1 - M 

HF. A n a l y s i s  of  t h i s  s o l u t i o n  showed i t  r e p r e s e n t e d  10% of t h e  o r i g i n a l  

weight  of the  mic rosphe res .  Although t h e r e  w a s  a p p r e c i a b l e  scatter, 8 

s t r a i g h t  l i n e  cou ld  b e  drawn th rough  the p o i n t s ,  which c a n  b e  i n t e r p r e t e d  

t o  mean tha t  t h e  d i s s o l u t i o n  ra te  was e s s e n t i a l l y  f i r s t  o r d e r  w i t h  

r e s p e c t  t o  und i s so lved  plutonium d u r i n g  a t  l ea s t  90% of d i s s o l u t i o n .  A 

second tes t  gave similar r e s u l t s .  The c a l c u l a t e d  mole r a t i o  i.n t h e s e  

tests was approx ima te ly  f o u r  o r  abou t  twice t h e  s t o i c h i o m e t r i c  amount 

of Ce4+ n e c e s s a r y  t o  o x i d i z e  a l l  of t h e  Pu4+ t o  P u O F .  Spectrophoto-  

me t r i c  examina t ions  of t h e  f i n a l  d i s s o l v e r  s o l u t i o n  showed t h a t  a l l  of 

the p lu ton ium i n  s o l u t i o n  w a s  Pu6+ (PuO 

t o  t h e  r e s u l t s  r e p o r t e d  i n  t h e  p r e v i o u s  tests ( S e c t .  3 . 3 . 4 ) ,  shows tha t  

the  r e a c t i o n  i n  s o l u t i o n s  d u r i n g  d i s s o l u t i o n  can  be  r e p r e s e n t e d  by t h e  

e q u a t i o n  expec ted  f o r  t h i s  redox system: 

- -  3 

2 

-- 3 

2+ 
) .  T h i s  r e s u l t ,  i n  a d d i t i o n  

2Ce4+ + Pu4' -!- 2H 0 = Pu02 23- + 2Ce3+ f 4H+. 
2 ( 3 )  
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44- 33. A t  t h e  c o n c l u s i o n  of  each  t e s t ,  t h e  c a l c u l a t e d  mole r a t i o  o f  C e  / C e  

w a s  abou t  1, o r  a t  about  t h e  minimum r a t i o  as shown p r e v i o u s l y  f o r  

e f f e c t i v e  d i s s o l u t i o n  of t h e s e  mic rosphe res .  

4 .  TESTS WITH UNIRRADIATED Pu02-U02 PELLET RESIDUES 

A d d i t i o n a l  d i s s o l u t i o n  t e s t s  were made us ing  t h e  r e s i d u e  t h a t  

remained a f t e r  d i s s o l v i n g  a b a t c h  of u n i r r a d i a t e d  nonhomogeneous 75% 

U02--25% PuO f u e l  p e l l e t s  f o r  6 h r  i n  b o i l i n g  1 0  M HN03. The r e s i d u e ,  

which c o n t a i n e d  abou t  15% of  t h e  o r i g i n a l .  p lu tonium b e f o r e  d i s s o l u t i o n ,  

2 

had a n  approximate  composi t ion  of 75% PuO --25% UO Samples of t h i s  2 2' 

r e s i d u e  were t h e n  t e s t e d  by d i s s o l u t i o n  i n  t h e  v a r i o u s  s o l u t i o n s  shown 

i n  T a b l e  1, and t h e  compara t ive  d i s s o l u t i o n  r a t e  w a s  c a l c u l a t e d  i n  

mg of p lu tonium p e r  minu te  pe r  gram of r e s i d u e  o r  i n  t h e  p e r c e n t  of 

p lu tonium d i s s o l v e d .  

These r e s i d u e s ,  because  of t h e i r  d i f f e r e n t  p h y s i c a l  p r o p e r t i e s  

(which inc luded  a g r e a t e r  s u r f a c e  area and a lower d e n s i t y ) ,  w e r e  more 

e a s i l y  d i s s o l v e d  t h a n  t h e  mic rosphe res .  However, c o n s i s t e n t  w i t h  t h e  

r e s u l t s  of  t h e  mic rosphe re  tests, t h e  g e n e r a l  o r d e r  of promot ion  e f f e c t i v e -  

34- = > n e s s ,  as measured by t h e  rate of d i s s o l u t i o n ,  w a s  HF > Ce4+ C e  

HNO a l o n e .  For example,  d i s s o l u t i o n  w i t h  8.4 M HNO --0.05 HF r e s u l t e d  

i n  100% s o l u b i l i t y  o f  t h e  p lu tonium w i t h i n  0.5 h r  w h i l e  w i t h  4 . 2  g 

HN03--0.05 - M C e  

tes ts ,  comparison of t h e  ra te  w i t h  and  w i t h o u t  C e  i n i t i a l l y  p r e s e n t  

shows t h a t  w i t h  Ce3+ t h e  rates a re  a f a c t o r  of  4 t o  5 g r e a t e r  i n  1 2  

and 1 6  M HNO t h a n  i n  t h e  s a m e  c o n c e n t r a t i o n s  of HNO a l o n e .  The 

s m a l l  amounts of C e  formed w i t h  t h e s e  HNO c o n c e n t r a t i o n s  (as shown 

i n  Sect. 3 .2 )  undoubtedly  promoted t h e  d i s s o l u t i o n ;  however,  

3 - 3 

4+ , LOO% d i s s o l u t i o n  r e q u i r e d  1 .5  h r  (Tab le  1 ) .  I n  o t h e r  

3+ 

- -  3 3 
4+ 

3 



Tab le  1. D i s s o l u t i o n  of U n i r r a d i a t e d  PuO -UO P e l l e t  Res idues  
2 2  

D i s s o l v e r  s o l u t i o n  T i m e  (hr) D i s s o l u t i o n  ra te  Plutonium d i s s o l v e d  
(mg/min/g r e s i d u e )  (XI 

3+ 12 M HNO --0.05 - M Ce - 3  
1 6  - M FINO3 

3+ 1 6  - M HN03--0.05 - M C e  

0.480 - 

0.164 

0.704 

8 .4  M H.NO --0.05 - M HF 0.5 100 - 3  
4+ 

4.2 M HNO --0.05 - M C e  1.5 
- 3  

100 

8.2 - M HN03--0.03 - M C e  3.5 0.140 4.6 
3+ 

8 .6  - M HN03 3.5 0.0737 2 .0  

I 
t 4  
c- 

I 
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2 
comparison of t h e s e  r e s u l t s  w i t h  t h o s e  f o r  d i s s o l u t i o n  of t h e  PuO 

m i c r o s p h e r e s  shows t h a t  t h e  s o l u b l e  r e s i d u e s  r e q u i r e  a much 'tower r a t i o  

o f  C e  

Tn t h e  tests w i t h  8 M I-INC) ( b o t h  w i t h  a n d  w i t h o u t  0.03 M C e  ) ,  t h e  

f a c t o r  of abou t  2 i n  t h e  d i s s o l u t i o n  r a t e  ( i n  3 . 5  h r )  may n o t  b e  

s i g n i f i c a n t  . 

44- /Ce3+ t h a n  Lhat r e q u i r e d  f o r  promotion of t h e  mic rosphe res .  

3+ 
__ 3 - 

4+ The d i f f e r e n c e  between t h e  u s e  of Ce3+ vs  C e  w a s  confirmed by 

J. H. Goodel' i n  a n o t h e r  series of  tests w i t h  u n i r r a d i a t e d ,  but heat- 

t r e a t e d ,  U02-Pu02 p e l l e t  r e s i d u e s .  

r e s i d u e s  w e r e  l eached  t h r e e  t i m e s ,  f o r  a t o t a l  of 10 h r ,  .in 4 M BNO -- 

Samples of t h e s e  plutonium-rich 

- 3  
34- 4+ 0.05 M ..- Ce4+ o r  4 - M HN03--0.05 M .- Ce . I n  4 h r  w i t h  t h e  C e  , o n l y  

0.014% of t h e  t o t a l  plutonium remained u n d i s s o l v e d ,  w h i l e  w i t h  t h e  

Ce3+, abou t  2% remained undi-ssolved.  4+ A t  t h e  end of  10 h r  ( w i t h  Ce ) 

3+ no r e s i d u e  w a s  found;  b u t  w i t h  C e  , 0 .12% ( F i g .  9 )  of  t h e  t o t a l  

plutonium remained undissol .ved,  

S i n c e  boron may b e  used as an i . n t e r n a 1  n e u t r o n  p o i s o n  i n  t h e  

d i s s o l u t i o n  s t e p  i n  t h e  p r o c e s s  f o r  t h e s e  f u e l s ,  a n o t h e r  set of d i s s o l u -  

t i o n  tests w a s  made t o  d e t e r m i n e  i f  t h e  p r e s e n c e  of  t h i s  material 

might e i t h e r  a f f e c t  t h e  d i s s o l u t i o n  r a t e  a n d / o r  c a u s e  p r e c i p i t a t i o n .  

I n  t h e s e  tests,  0.3 M boron (added as H BO ) was used d u r i n g  t h e  i n i t i a l  

d i s s o l u t i o n  of e a s i l y  so1ubl.e o x i d e s  i n  u n i r r a d i a t e d  p e l l e t s  ( 7 5 %  UO 

3 3  - 

2-- 

25% PuO ) i n  4 M HNO,--0.05 .. M - Ce'". The d i s s o l u t i o n  r a t e  of plutonium 
-j - 2 

w a s  n o t  a f f e c t e d ;  however, t h e  d i s s o l u t i o n  r a t e  f o r  uranium w a s  abou t  

a f a c t o r  of  2 . 5  g r e a t e r  w i t h  boron t h a n  w i t h o u t  ( T a b l e  2). N o  ev idence  

ex i s t s  t h a t  i n d i c a t e s  t h e  f o r m a t i o n  of i n s o l u b l e  boron complexes under 

t h e s e  c o n d i t i o n s .  
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Q R N L  D W G  73-769QR2 

0 4hJ HNO3-0.05 M_ C e 4 '  

A 9 U  4M H N O 3 - 0 . 0 5  ,M Ck3+ 

D I S S O L U T I O N  Y I M E  ( h r )  

Fig. 9 .  Dissolution of PuO2 r e s i d u e s  from pel le t s .  
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Tab le  2 .  E f f e c t  of b o r i c  a c i d  on d i s s o l u t i o n  of U 0 2  and Pi102 i n  
u n i r r a d i a t e d  f u e l  p e l l e t s  

D i s s o l u t i o n  r a t e  (mg/min/g r e s i d u e 1  -- -__ A d d i t i v e  
__.__ P 1 u t  on ium 

-I 

Uranium --- -- 
None 0.14 5 . 7 2  

0 .3  - M H3B03 0.32 5.93 

4 . 1  P r e c i p i t a t i o n  o f  P lu tonium Erom D i s s o l v e r  S o l u t i o n s  

I n  some of t h e  d i s s o l u t i o n  tests,  small amounts of a d a r k  p r e c i p i t a t e  

formed. Subsequent  tests w i t h  v a r y i n g  p lu tonium and HNO c o n c e n t r a t i o n s  

i n d i c a t e d  i n s o l u b l e  p lu tonium compounds were be ing  formed p r i m a r i l y  a t  

a n  a c i d i t y  of  1 M HNO Othe r  t e s t s  i n v o l v i n g  ex tended  d i s s o l u t i o n  i n  

4 M HNO w i t h  0 .1  __ M C e 4 +  produced by (1) ozone o x i d a t i o n  of C e  

p r e c i p i t a t i o n ) ,  and by ( 2 )  a d d i t i o n  of (NH ) C e ( N 0  ) ( p r e c i p i t a t i o n )  

i n d i c a t e d  t h a t  NH i o n ,  b u t  n o t  the  C e  i o n ,  i s  involved  i n  t h e  

p r e c i p i t a t e d  compound of p lu tonium.  These r e s u l t s  s u g g e s t  t h a t  >1 - M 

HNO 

of C e  . 

3 

- 3' 
3+ 

(no - 3  

4 2  3 6  
+ 4+ 
4 

shou ld  be used ,  p a r t i c u l a r l y  i f  (NH4)2Ce(N0 ) 3 3 6  
4+ 

is  used a s  a source  

5. EFFECT OF RUTHENIUM ON Ce4*-PRQMOTED PuOz DISSOLUTION 

I n  c o n t r a s t  t o  t h e  r e s u l t s  of  tests w i t h  u n i r r a d i a t e d  PuO t h e  use 2 '  

2 of Ce4+ i n  d i s s o l u t i o n  tests w i t h  i r r a d i a t e d  f u e l s  c o n t a i n i n g  PuO 

( S e c t .  7 . )  w e r e  n o t  s u c c e s s f u l  i n  most cases. I n  t h e s e  l a t t e r  tests,  

i t  w a s  c lear  t h a t  f a i l u r e  w a s  due  t o  t h e  r a p i d  r e d u c t i o n  of  t h e  Ce4+  t o  

Ce3+, which had been p r e v i o u s l y  shown t o  be  i n e f f e c t i v e .  

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

I n  a s e a r c h  
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r e d u c t i o n ) ,  w e  cons ide red  t h e  e f f e c t  of t h e  major  n i t r i c  acid- inso1ubl .e  

f i s s i o n  p r o d u c t s  on t h e  r e d u c t i o n  of Cc . O f  t h e s e  (moI.ybdenu-m, nob le  

metals ,  and ruthenium) t h e  l as t  f i s s i o n  p r o d u c t ,  ruthenium, appeared 

t o  b e  a l i k e l y  p o s s i b i l i t y .  Subsequent tests made w i t h  n o n r a d i o a c t i v e  

ruthenium showed t h a t  t h i s  f i s s i o n  p roduc t  w a s  p robab ly  r e s p o n s i b l e  f o r  

t o t a l  C e 4 +  r e d u c t i o n  and hence f a i l u r e  of t h e  i r r a d i a t e d  f u e l  r e s i d u e  

tests;  tests w i t h  molybdenum and a r e p r e s e n t a t i v e  nob le  metal  were 

n e g a t i v e  . 

4+ 

I n  t h e  tests,  60 mg of ruthenium metal. w a s  f i r s t  p l a t e d  on a p l a t inum 

wire gauze  by e l e c t r o l y t i c  r e d u c t i o n  of a s o l u t i o n  of RuCl i n  d i l u t e  

H2S04. I n t r o d u c t i o n  of t h e  ruthenium-plated gauze i n t o  300 m l  of 0.051 - M 

s o l u t i o n  of  Ce4" i n  4 - M EIN03 ( s u b s e q u e n t l y  hea ted  t o  abou t  8 8 O C )  r e s u l t e d  

i n  e v o l u t i o n  of a g a s  (most l i k e l y  0 and a change i n  t h e  c o l o r  of t h e  
2 

s o l u t i o n  Erom yellow-orange t o  g r e e n .  Subsequent t i t r a t i o n  of t h e  

s o l u t i o n  showed t h a t  89% of t h e  o r i g i n a l  amount of Ce4+ had been reduced.  

When a p o r t i o n  of t h i s  s o l u t i o n  w a s  t h e n  h e a t e d  t o  b o i l i n g  i n  a r e f l u x  

condenser  (wh i l e  be ing  sparged w i t h  a rgon  g a s ) ,  a b l a c k  material  formed 

b o t h  i n  t h e  s o l u t i o n  and on t h e  i n n e r  condenser  w a l - I s ,  i n d i c a t i n g  

v o l a t i l i t y .  T h i s  i n s o l u b l e  b l a c k  material  (p robab ly  R u O  ) r e s u l t e d  

from decomposi t ion of v o l a t i l e  RuO P a r t  of t h i s  material s u b s e q u e n t l y  
4 '  

dropped back i n t o  t h e  b o i l i n g  s o l u t i o n  t o  be reox:ihiized. The ease of  

decomposi t ion of t h e  Ru0 w a s  a l so  demonstrated by t h e  f o r m a t i o n  of  t h e  

b l a c k  RuO on t h e  u n d e r s i d e  of a cove r  g l a s s  ove r  a p o r t i o n  of t h e  s0l.u- 

t i o n  which had not  been h e a t e d  b u t  whi.ch had remained a t  room tempera tu re .  

A sample of t h e  remaining s o l u t i o n  a f t e r  abou t  0 .5  h r  of r e f l u x i n g  w a s  

t i t r a t e d  and shown t o  c o n t a i n  <l% of t h e  o r i g i n a l  amount of C e  . 

3 

2 

4 

2 

4+ 
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The p robab le  r e a c t i o n s  t h a t  o c c u r r e d  c a n  b e  r e p r e s e n t e d  by t h e  

e q u a t i o n s :  

Ru + We4+ + 4H. 0 = %e3+ + RuO .f + 8 H  + , 
2 4 

2’ RuO = RuO + 0 4 2 

With these t y p e s  of r e a c t i o n s ,  a c y c l i c  mechanism is p o s s i b l e  

whereby ru thenium c a n  b e  a l t e r n a t e l y  o x i d i z e d  and r educed ,  r e s u l t i n g  i n  

a con t inuous  c a t a l y t i c  r e d u c t i o n  o f  a l l  C e  by o n l y  a v e r y  s m a l l  amount 

of  ru thenium.  That  t h i s  k ind  of c a t a l y t i c  mechanism w a s  p robab ly  

o c c u r r i n g  i n  t h e s e  tests i s  suppor t ed  by t h e  f a c t  t h a t  t h e  f i n a l  C e  

c o n c e n t r a t i o n  i n  t h e  s o l u t i o n  w a s  much lower than  t h e  t h e o r e t i c a l  concen- 

4+ 

4+ 

t r a t i o n  of 0.0352 - N c a l c u l a t e d  by assuming t h e  r e a c t i o n  shown i n  Eq.  ( 4 ) .  

These r e s u l t s  a l s o  e x p l a i n  why a l l  of  t h e  Ce4+  w a s  reduced  i n  d i s s o l u -  

t i o n  tests w i t h  r e s i d u e s  from i r r a d i a t e d  f u e l  p e l l e t s  b u t  why no problem 

o c c u r r e d  i n  tests u s j n g  u n i r r a d i a t e d  PuO 

w a s  n o t  p r e s e n t ) .  =e Sect .  3 .  

(where f i s s i o n  product  ru thenium 2 

9- 
These r e s u l t s  lead t o  t h e  c o n c l u s i o n  t h a t  t h e  u s e  of Ce4+ as  a d i s s o l u t i o n  

promotor  f o r  d i f f i c u l t l y  s o l u b l e  i r r a d i a t e d  f u e l  r e s i d u e s  would not b e  

f e a s i b l e  u n l e s s  some way cou ld  b e  found t o  remove a l l  of t h e  ru thenium 

p r i o r  t o  o r  d u r i n g  t h e  d i s s o l u t i o n .  A p p l i c a t i o n  of t h i s  method, however, 

t o  u n i r r a d i a t e d  s c r a p  PuO i n  which no ru thenium would b e  p r e s e n t ,  

a p p e a r s  t o  be promis ing  

2 ’  
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6. CORROSION TESTS 

Specimens of s t a i n l e s s  s t e e l s ,  t i t a n i u m ,  and t an ta lum were exposed 

4-4- t o  b o i l i n g  4 M HNO --0.1 M C e  d i s s o l v e r  s o l u t i o n s  t o  de t e rmine  t h e  

c o r r o s i o n  ra tes .  Both 304 and 316 s t a i n l . e s s  s tee l s  w e r e  a t t a c k e d ,  

r e s u l t i n g  i n  t h e  r e d u c t i o n  of  t h e  C e  t o  C e  ; consequen t ly ,  f r e q u e n t  

rep lacement  of t h e  s o l u t i o n  was necessa ry .  The cal .c .ulated c o r r o s i o n  

rates were i n  t h e  r a n g e  6 t o  11 mils/monLh. Other  workers  a l s o  have 

observed  r a p i d  c o r r o s i o n  of  s t a i n l e s s  s teel  i n  Ce4+  s o l u t i o n s .  

T i tan ium and t an ta lum showed no evi.dence of a t t a c k  (no l o s s  i n  weight  

o r  v i s i b l e  s u r f a c e  changes)  ove r  a t o t a l  exposure  per-iiod of 34 days .  

I n  t h e s e  t es t s ,  t h e  s o l u t i o n s  w e r e  kep t  a t  t h e  b o i l i n g  t empera tu re  

abou t  25% of t h e  t i m e .  These r e s u l t s  d e f i n i t e l y  show t h a t  s t a i n l e s s  

s t ee l  conta inment  equipment would h e  u n s u i t a b l e ,  b u t  t h e  t i t a n i u m  o r  

t an ta lum would b e  s a t i s f a c t o r y .  

~- 3 

43. 3+ 

3 , 6  

7 .  DISSOLUTION TESTS WXTH IRRADIATED U 0 2 - P ~ 0 2  

I n  t h e s e  tests made by J .  H .  Goode, t h e  o x i d e  used w a s  a n  80% 

UO2--2O% PuO 

33,000 MWd/ton. The o x i d e  w a s  a mechan ica l ly  b lended  ( b a l l - m i l l e d  f o r  

f u e l  from a NUMEC f u e l  rod i r r a d i a t e d  i n  EBR-2 t o  abou t  2 

2 hr) m i x t u r e  of c o p r e c i p i t a t e d  (U ---Pu ) O  w i t h  UO The m i x t u r e  0.5 0 .5  2 2 -  

w a s  p re s sed  and s i n t e r e d  i n t o  p e l l e t s  o f  91 .7% t h e o r e t i c a l  d e n s i t y .  The 

s i n t e r i n g  c y c l e  c o n s i s t e d  of 4 h r  of  h e a t i n g ,  4 h r  of f i r i n g  a t  1625'C, 

and 4 h r  of c o o l i n g  i n  a N --6% H a tmosphere .  D i s s o l u t i o n  tests made 

over  a p e r i o d  of 8 h r  showed t h e r e  was e s s e n t i a l l y  no d i f f e r e n c e  i n  

2 2 

3+ d i s s o l u t i o n  r a t e  u s i n g  b o t h  8 and 10 M HNO a l o n e  o r  w i t h  0.05 __ M C e  
3 - 
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( F i g .  10) .  With a s imi l a r  b a t c h  o f  o x i d e ,  b u t  u n i r r a d i a t e d ,  d i s s o l u t i o n  

i n  8 M HNO 

plutonium t h a n  w a s  t h e  case w i t h  i r r a d i a t e d  f u e l .  S i m i l a r  d i s s o l u t i o n  

r e s u l t s  f o r  t h e  UO a re  shown i n  F ig .  11. Thus t h e s e  r e s u l t s  conf i rm 

t h a t  Ce3+ i n  d i l u t e  HNO ( e . g . ,  <12 - M) d o e s  n o t  promote d i s s o l u t i o n ,  

b u t  i r r a d i a t i o n  o b v i o u s l y  g r e a t l y  improves t h e  d i s s o l u t i o n  ra te .  

a l o n e  always r e s u l t e d  i n  a much h i g h e r  f r a c t i o n  of und i s so lved  -- 3 

2 

3 
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F i g .  1.0. D i s s o l u t i o n  of plutonium from NUMEC "master- blend" 
80% U02--20% Pu02 w i t h  n i t r i c  ac id  and n i t r i c  a c i d  c o n t a i n i n g  Ce3+. 
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O R N L  D W G  73-7691 

0 8 HN03  
0 8 H N 0 3 - 0 . 0 5  M C e 3 +  

IO g HNO3-0 .05  c e 3 +  
0 IO HN03 

33,000 M w d l t o n  
MASTER- BLEND 

- 
DISSOLUTION T I M E  ( h t )  

Fig. 11. D i s s o l u t i o n  of uranium f r o m  NUMEC "master-blend" 
80% U02--20% Pu02 w i t h  n i t r i c  a c i d  and n i t r i c  a c i d  c o n t a i n i n g  Ce3+.  
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