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THE PROCESSING OF Tho, AND UO, SOL-GEL MATERIALS 

C.. F .  Weaver, D. N .  H e s s ,  H.  F .  McDuff ie ,  
W .  T .  R a i n e y ,  and  B. A .  S o l d a n o  

ABSTRACT 

R e s e a r c h  i n  t h e  R e a c t o r  C h e m i s t r y  D i v i s i o n .  on  t h e  p r o c e s s -  

i n g  o f  Tho, and  U 0 2  s o l - g e l  m a t e r i a l s ,  s y n t h e s i z e d  by p e r s o n n e l  

o f  t h e  Chemica l  Technology  D i v i s i o n ,  p r o v i d e d  p a r t  o;f t h e  chemi-  
! 

c a l  s u p p o r t  f o r  p rograms d e v o t e d  t o  t h e  deve lopmen t  and  u s e  o f  

s o l - g e l  r e a c t o r  f u e l s .  

The Tho,-UO, ( 3  m o l e ' % )  g e l s  when h e a t e d  gave  o f f  g a s e s  

t h e  q u a n t i t y  and  n a t u r e  o f  wh ich  depended  s t r o n g l y  on p a r t i c l e  

s i ze .  

The r e v e r s i b l e  a d s o r p t i o n  o f  CO, on f i n e l y  d i v i d e d  g e l  was 

s t u d i e d  o v e r  t h e  t e m p e r a t u r e  r a n g e  2 5 0 - 1 0 0 0 ~ .  A method was 

d e v e l o p e d  t o  r e d u c e  t h e  s u r f a c e  a r e a  o f  t h e  g e l  a n d ,  t h u s ,  

r e d u c e  t h e  amount o f  g a s  wh ich  i t  c o u l d  r e l e a s e  i n  s e r v i c e .  

The s o l - g e l  Tho2 m i c r o s p h e r e s  were a l s o  f o u n d  t o  y i e l d  

g a s e s  upon h e a t i n g .  The l a r g e s t  amount o f  g a s  e v o l u t i o n  

o c c u r r e d  i n  t h e  f o l l o w i n g  c e n t i g r a d e  t e m p e r a t u r e  i n t e r v a l s :  -. 

(240  - 2 6 0 ) ,  (400  - 4 6 0 ) ,  (700  - 7 6 0 ) .  O r g a n i c s  were e s s e n t i -  

a l l y  e l i m i n a t e d  a t  260° ,  and  mos t  o f  t h e  g a s  'was e i t h e r  C 0 2 ,  

CO, or Hz . 
A t t e n t i o n  was t h e n  t u r n e d  t o  UO, +x s o l - g e l  m i c r o s p h e r e s .  

I t  was f o u n d  t h a t  .H,O vapor  c a r r i e d  by a n  i n e r t  g a s  ( H e  o r  A) 

was v e r y  e f f e c t i v e  i n  t h e  r e m o v a l  o f  t h e  c a r b o n a c e o u s  mater ia ls ,  

. t ha t  t h e i r  r emova l  was e s s e n t i a l l y  compl.ete a t  550" a n d  t h a t  
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t h i s  r e m o v a l  c o u l d  be m o n i t o r e d  w i t h  a Hydrocarbon  A n a l y s e r .  

D e n s i f i c a t i o n  o f  t h e  m i c r o s p h e r e s  was a c h i e v e d  by s i n t e r i n g  

w i t h  H,O + A i n  t h e  t e m p e r a t u r e  r a n g e  550° t o  1 0 0 0 ~ .  Two 

h o u r s  a t  850° was s u f f i c i e n t .  R e d u c t i o n  o f  O/U r a t i o  t o  t w o  

was a c c o m p l i s h e d  w i t h  Hz i n  t h e  t e m p e r a t u r e  r a n g e  550° t o  

1 0 0 0 ~ .  One h o u r  a t  850' was f o u n d  t o  be  s u f f i c i e n t .  T y p i c a l  

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

S . A . ,  m2/g = 0 . 0 0 6  - 0.033  

I t  is n o t  y e t  p o s s i b l e  t o  r o u t i n e l y  o b t a i n  t h e  b e s t  

r e s u l t s  wh ich  have  o c c a s i o n a l I y  o c c u r r e d  d u r i n g  t h e s e  s t u d i e s  . 
L 
The b e s t  v a l u e s  f o r  t h e  l i s t e d  p a r a m e t e r s  were: 

d ,  g / c c  a 10 .9 , .  

S .A . ,  m v g  = 0 . 0 0 6  

A l t h o u g h  t h i s  work was b r o u g h t  t o  a close September  1, 

1 9 6 7 ,  b e c a u s e  o f  b u d g e t  c u t s ,  i t  is obvious that ndded s Ludies  

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

ment  improvement  i n . t h e  p r o c e s s i n g  and  m o n i t o r i n g  t e c h n i q u e s .  
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INTRODUCTION 

R e s e a r c h  i n  t h e  R e a c t o r  C h e m i s t r y  D i v i s i o n  on t h e  p r o c e s s -  

i n g  of Tho2 and  U 0 2  s o l - g e l  m a t e r i a l s  p r o v i d e d  p a r t  o f  t h e  

c h e m i c a l  s u p p o r t  f o r  p rograms d e v o t e d  t o  . t h e  deve lopmen t  and  

u s e  of s o l - g e l  r e a c t o r  . f u e l s .  Such .  m a t e r i a l s ,  a s  o r i g i n a l l y  

p r o d u c e d ,  c o n t a i n e d  l a r g e  amounts  o f  c a r b o n a c e o u s  and  n i t r o r  

genous  s u b s t a n c e s .  On h e a t i n g ,  t h e  i n t e r a c t i o n ,  p y r o l y s i s  a n d  ' 

c a t a l y t i c  c r a c k i n g  o f  t h e s e  i m p u r i t i e s  p roduced  g a s e s  which  

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

weaken t h e  c o n t a i n e r  w a l l s  by c h e m i c a l  r e a c t i o n .  I n  a d d i t i o n ,  

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

v a l u e ,  f r e q u e n t l y  by more t h a n  a  f a c t o r  o f  two. .  High d e n s i t y  

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

a s  t o  r e t a i n  f i s s i o n  p r o d u c t s . '  A l s o ,  when t h e  m a t e r i a l  

c o n t a i n e d  u ran ium,  its oxygen t o  uran ium r a t i o  was u s u a l l y  

h i g h e r  t h a n  two. I t  is d e s i r a b l e  t h a t  t h i s  r a t i o  be as c l o s e  

t o  t w o  a s  p o s s i b l e  t o  p r o v i d e  a h i g h  t h e r m a l  c o n d u c t i v i t y .  1 

The p r o c e s s i n g  o f  u ran ium- tho r ium s o l - g e l  o x i d e s  mus t  t h e n  

have  a s  its g o a l s  t h e  r emova l  o f  c a r b o n a c e o u s  a n d  n i t r o g e n o u s  

m a t e r i a l s ,  d e n s i f i c a t i o n  o f  t h e  p b r i f i e d  p r o d u c t ,  and  ( i n  

uran ium c o n t a i n i n g  g e l s )  t h e  r e d u c t i o n  o f  t h e  oxygen t o  uran ium 

ra t . i o . : : t o  two. These  e v e n t s  mus t  occu r . ,  i n  t h e  c a s e  o f  mic ro -  

s p h e r e s ,  w i t h o u t  d e s t r o y i n g  t h e  geomet ry  o f  t h e  p a r t i c l e s .  



The m a t e r i a l s  u s e d  i n  t h i s  work were s y n t h e s i z e d  by 

p e r s o n n e l  o f  t h e  C h e m i c a l  Techno logy  D i v i s i o n .  I n  a d d i t i o n ,  

c o n s i d e r a b l e  p r o c e s s i n g  e f f o r t s  were made t h e r e  w i t h  p a r t i -  

c u l a r  e m p h a s i s  on  s c a l i n g  up t h e  h a n d l i n g  p r o c e d u r e s .  3  

P e r s o n n e l  of Metals a n d  Ceramics  D i v i s i o n  a l s o  worked on t h e  

p r o c e s s i n g  of t h e s e  m a t e r i a l s  w i t h  s p e c i a l  e m p h a s i s  on d i f f e r -  

e n t i a l  t h e r m a l  a n a l y s i s ,  h o t - s t a g e  m i c r o s c o p y ,  and  s i n t e r i n g .  4 

The r e l a t i o n s h i p  be tween  s h r i n k a g e  a n d  we. ight  loss  for Thoa 

g e l  u p  t o  500' w a s  i n v e s t i g a t e d  by P r o f e s s o r  M .  W .  Wadsworth 

a t  t h e  U n i v e r s i t y  o f  U t a h .  

The e f f o r t s  of t h e  R e a c t o r  C h e m i s t r y  D i v i s i o n  i n v o l v e d  

Tho2-U02 ( 3  m o l e  71) K i l o r o d  m a t e r i a l ,  Tho2 m i c r o s p h e r e s ,  and  

UO, m i c r o s p h e r e s .  The work on t h e  f i r s t  t w o  m a t e r i a l s  h a s  

5-8  ' b e e n  r e p o r t e d  e l s e w h e r e .  and  is summarized h e r e .  Work on 

t h e  U 0 2  m i c r o s p h e r e s  c o n s t i t u t e s  t h e  ma jo r  s u b j e c t  of t h i s  

r e p o r t .  

5 -7  Tho, -UOz ( 3  mole %) 

The ThQ,-UO, ( 3  mole %) g e l s  u s e d  i n  t h e s e  s t u d i e s  were 

d e s i g n a t e d  H - 1 1 ,  S C ,  a n d  PL i n  t h e  Chemica l  Techno logy  D i v i s i o n .  

I n  a d d i t i o n  t o  t h e  m a t e r i a l s ,  t h e y  s u p p l i e d  t h e  i n f o r m a t i o n  

t h a t  t h e s e  g e l s  gave  o f f  g a s e s  upon h e a t i n g  and  t .ha.t the 

q u a n t i t y  o f  g a s  e v o l v e d  d u r i n g  h e a t i n g  was d e p e n d e n t  on  t h e  

t e m p e r a t u r e .  T h i s  f a c t o r  was h e l d  c o n s t a n t  a t  l000OC i n  m o s t  

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

b o t h  t h e  n a t u r e  a n d  t h e  amount o f  g a s  e v o l v e d  from t h e  g e l .  
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E f f e c t s  of P a r t i c l e  S ize  

A s t r o n g  e f f e c t  of p a r t i c l e  s i z e  on t h e  t o t a l  gas evolved 

a t  l000OC from SC m a t e r i a l  is . i n d i c a t e d  by Fig .  1 ;  t he  r e s u l t s  

a r e  p l o t t e d  on a  s c a l e  of r e l a t i v e  s u r f a c e  a r e a ,  der ived  from 

t h e  a r i t h m e t i c  average p a r t i c l e  diameters  wi th  an assumed va lue  

of 1 . 0  f o r  s u r f a c e  a r e a  of s p h e r i c a l  p a r t i c l e s  of 1 . 0  m i l  d i a -  

meter.  The l i n e a r i t y  of the  r e l a t i o n s h i p  and the  e x t r a p o l a t i o n  

t o  ze ro  gas e v o l u t i o n  a t  z e r o  s u r f a c e  a r e a  sugges t  t h a t  the  

evolved gas ( e s s e n t i a l l y  a l l  CO,) was being r e l e a s e d  only from 

t h e  s u r f a c e  exposed by g r ind ing  and not  from the  i n t e r i o r  of 

t h e  p a r t i c l e s .  

A s t r o n g  e f f e c t  of p a r t i c l e  s&ze was a l s o  found when t h e  

H-I1 m a t e r i a l  was t e s t e d  a t  1 0 0 0 ~ C .  E igh t  t imes a s  much gas 

was r e l e a s e d  from - 2 7 0  mesh m a t e r i a l  a s  from -20 +40 mesh 

m a t e r i a l .  The maximum volumes of gas obta ined  were a s  high 

a s  1 . 0  s t d  cm3/g; t h i s  was s i x  t imes a s  much a s  was r e l e a s e d  

from the  SC m a t e r i a l .  The composition of the  gas was s u b s t a n t i -  

a l l y  d i f f e r e n t ;  CO and Hz were p resen t  as  important  c o n s t i t u e n t s .  

P a r t i c l e  s i z c  was found t o  have an important  e f f e c t  on the  gas 

composition a s  w e l l  a s  t h e  t o t a l  gas .  F igure  2 shows the  

r e l a t i o n s h i p  between s u r f a c e  a r e a  (measured by the  BET method) 

and the  gas composit ion.  Ex t rapo la t ion  of the  r e l a t i o n s h i p  of 

F ig .  2 t o  the  very low BET s u r f a c e  a r e a  of 0 . 1  m 2 / g  sugges t s  

t h a t  t he  gas evolved would be about  99% CO, - j u s t  what was 

observed i.n t e s t s  of t h e  SC m a t e r i a l ,  which had such a  low 

s u r f a c e  a r e a .  
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F i g .  2 .  E f f e c t  of BET S u r f a c e  Area on Composit ion of Gas 

Evolved from H-I1 Sol-Gel M a t e r i a l  a t  1 0 0 0 ~ C .  



E f f e c t  o f  T e m p e r a t u r e  

Measurements  o f  t h e  t o t a l  g a s  e v o l v e d  a n d  t h e  r a t e  o f  t h e  

e v o l u t i o n  were made on -270 mesh s a m p l e s  o f  t h e  H - I 1  m a t e r i a l  

a t  t e m p e r a t u r e s  o f  1000  and  1200°C.  More g a s  was c o n s i s t e n t l y  

e v o l v e d  from t h e  s a m p l e s  a t  1000  t h a n  a t  1200°C,  and  t h e r e  

was some e v i d e n c e  t h a t ,  a t  1200°C,  a n  i n i t i a l l y  h i g h e r  g a s  

r e l e a s e  w a s  b e i n g  f o l l o w e d  by a s l o w  r emova l  01- c n n s ~ l m p t i o n  

p r o c e s s .  I t  is p o s s i b l e  t h a t  t h e  su.rface of t h e  s o l . - . g e l  mater- 

i a l  a t  1200°C was c a t a l y z i n g  t h e  w a t e r - g a s  r e a c t i o n  Hz + COz * 

CO + HzO, f o r  w h i c h  t h e  v a l u e  o f  t h e  e q u i l i b r i u m  c o n s t a n t  is 

a r o u n d  2 . 7  a t " 1 2 0 0 ~ C .  The gas a n a l y s i s  t e c h n i q u e  wh ich  was 

u s e d  i n  t h e  e x p e r i m e n t s  d i d  n o t  p r o v i d e  v a l u e s  f o r  HzO. A s  a  

c o n s e q u e n c e ,  t h e  r e a c t i o n  o f  Hz and  COz t o  form CO a n d  H,O 

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

e v o l v e d .  

R e v e r s i b l e  Gas A d s o r p t i o n  - 
111 s Ludies 0% p a r t i c l e  s i z e  e f f e c t s ,  t h e  SC m a t e r i a l  had  . 

r e l e a s e d  a  g a s  wh ich  w a s  e s s e n t i a l l y  p u r e  C O z .  A f t e r  t h e s e  

tests, some of  t h e  s a m p l e s  were e x p o s e d  t o  a i r  t o  d e t e r m i n e  

w h e t h e r  C02 wou ld  be a d s o r b e d  a n d ,  if s o ,  t o  w h a t  c x t c n t .  

R e e v a c u a t i o n  a t  l000OC was u s e d  t o  remove a n y  adsorhed g a s ,  

nn,d i t  was Iwund t h a t  less t h a n  10% o f  t h e  o r i g i h a l  amount was 

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

a l l y  e v o l v e d  COz had  been  p r e s e n t  i n  t h e  o r i g i n a l  m a t e r i a l  and 

h a d  n o t  come f rom a d v e n t i t i o u s  a d s o r p t i o n  f rom t h e  a i r  d u r i n g  

a b r i e f  e x p o s u r e  d u r i n g  w e i g h i n g .  The s m a l l  amount o f  g a s  



9 

i n v o l v e d  made i t  i n a d v i s i b l e  t o  p e r f o r m  f u r t h e r  s t u d i e s  o f  

r e v e r s i b l e  a d s o r p t i o n  w i t h  t h i s  m a t e r i a l .  

A s a m p l e  o f  -270 mesh H - I 1  m a t e r i a l  was u s e d  f o r  a  series 

o f  s t u d i e s  o f  t h e  r e v e r s i b l e  a d s o n p t i o n  o f  CO,; t h e  d e s o r p t i o n  

was f o l l o w e d  a s  a  f u n c t i o n  o f  t i m e  a t  v a r i o u s  t e m p e r a t u r e s ,  

w h i l e  t h e  a d s o r p t i o n  w a s  a l w a y s  a c h i e v e d  by e x p o s i n g  t h e  s a m p l e  

t o  1 5  mm o f  d r y  CO, a n d  p e r m i t t i n g  i t  t o  c o o l  t o  room tempera-  

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

room t e m p e r a t u r e  b e f o r e  t h e  t e s t  boat was r e - i n s e r t e d  i n t o  t h e  

p r e e s t a b l i s h e d  t e m p e r a t u r e  r e g i o n  o f  t h e  f u r n a c e .  F i g u r e  3 

shows t h e  r e s u l t s  o f  s u c c e s s i v e  tests a t  250 ,  500 ,  750,  and 

1 0 0 0 ~ ~ ;  t h e  d e s o r p t i o n  was q u i t e  r a p i d ,  and  $ e m p e r a t u r e s  of 

500°C or h i g h e r  were a p p a r e n t l y  a d e q u a t e  t o  remove a l l  t h e  

a d s o r b e d  g a s  i n  t h e s e  t e s t s .  The r e v e r s i b i l i t y  o f  t h e  C02 

s o r p t i o n - d e s o r p t i o n  is i l l u s t r a t e d  by F i g u r e  4 ,  showing  how 

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

t e m p e r a t u r e  a f t e r  e x p o s i n g  t h e  : ~ a m , ~ l e ' : '  t o  1'5 :mm o f :  CO2..) 'cha-nged 

as t h e  H - I 1  s a m p l e  was h e a t e d  t o  1000°C a n d  t h e n  a l l o w e d  t o  

c o o l  down. A s i m i l a r  r e v e r s i b i l i t y  was f o u n d  f o r  SC m a t e r i a l ,  

b u t  t h e  amounts  o f  g a s  and  p r e s s u r e s  were n e g l i g i b l e .  

R e d u c t i o n  o f  S u r f a c e  Area  

These  s t u d i e s  were d i r e c t e d  toward  t h e  deve lopmen t  o f  

t r e a t m e n t s  wh ich  would r e d u c e  t h e  s u r f a c e  a r e a  o f  . t h e  p r e p a r e d  

s o l - g e l  a n d ,  t h u s ,  r e d u c e  t h e  amount o f  g a s  wh ich  it c o u l d  

r e l e a s e  i n  s e r v i c e .  . B a t c h  e x p o s u r e s  a t  t e m p e r a t u r e s  o f  l000OC 

t o  CO, o r  H 2 0  a l o n e  d i d  n o t  g i v e  s u b s t a n t i a l  c h a n g e s  i n  t h e  
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rt TOTAL GAS, MEASU3ED AT ROOM TEMPERATURE 

Fig .  3 .  Desorptiort of C 0 2  from H-I1 Sol-Gel Material a t .  

Various Temperatures. 
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1 I 
H - I 1  SOL-GEL MATERIAL 

<270 MESH 1 0 0 0  OC - 
MESH SIZE 

80-440 <270 
TOTAL C02, cc/g 0.27 0.54 

TIME, INCREASING - 
Fig .  4 .  ~ e v e r s i b i l i t ~  of C02 Desorption from H-I1 Sol-Gel 

M'aterial a t  100o°C. 



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

a d s o r p t i o n  o f  CO,. M i x t u r e s  o f  t h e  two g a s e s ,  CO, a n d  H 2 0 ,  

a t  1 0 0 0 ~ C ,  on t h e  o t h e r  hand ,  were found  t o  g i v e  a p p r o x i m a t e l y  

5070 d e c r e a s e s  i n  t h e  s u r f a c e  a n d  a d s o r p t i o n  c a p a c i t y  o f  t h e  so l -  

g e l  f o r  e a c h  t r e a t m e n t ,  a l t h o u g h  t h e  d u r a t i o n  o f  t h e  t r e a t m e n t  

d i d  n o t  a p p e a r  t o  be  i m p o r t a n t .  Thus ,  two t r e a t m e n t s  would 

r e d u c e  t h e  s u r f a c e  a r e a  t o  25% o f  t h e  o r i g i n a l  -- t h r e e  t o  ' . 
12.570 of t h e  o r i g i n a l .  T e s t s  i n  wh ich  t h e  s o l - g e l  p e l l e t s  

w e r e  g r o u n d  t o  s u c c e s s i v e l y  s m a l l e r  p a r t i c l e  s izes  be tween  

s u c c e s s i v e  b a t c h  t r e a t m e n t s  w i t h  m i x t u r e s  of  H 2 0  and  C02 a t  

l000OC s u g g e s t e d  t h a t  t h e  t5f f e c t  of t h e  t r e a t m e n t  p e r m e a t e d  

t h e  e n t i r e  m a t e r i a l ,  and w a s  n o t  l o c a l i z e d  a t  t h e  s u r f a c e  ex -  

p o s e d  by g r i n d i n g .  T a b l e  I i l l u s t r a t e s  t h e s e  r e s u l t s ;  a t h r e e -  

f o l d  r e d u c t i o n  i n  BET s u r f a c e  a r e a ,  w a s  accompanied  by a  f o u r -  

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

c le  s i z e  r e d u c t i o n  would  h a v e ,  i n  an  u n t r c a t e d  s o l - g e l ,  c a ~ i s e d  

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

w i t h  a n  accompanying  i n c r e a s e  i n  C02 a d s o r p t i o n  c a p a c i t y .  

S i n c e  b a t c h  t r e a t m e n t s  are  n o t  c o n v e n i e n t  f o r  1 asger s c a l c  

c o n c e p t s  a n d  s i n c e  single ha t.rh t r e a t m e n t o ,  howevel. ex Lended 

i n  t i m e ,  d i d  n o t  g i v e  more t h a n  5070 r e d l ~ c t i o n  i n  a r c n ,  t h e  

r f f c c t  of Lm*catment i n  a l'lowirng stream o f  H 2 0  + COz a t  l000OC 

was s t u d i e d .  A s  shown i n  F i g u r e  5 ,  t h e  f l o w i n g  s t r e a m  t e c h n i q u e  

w a s  much more e f f e c t i v e ;  t h e  c a p a c i t y  of t h e  so l -gel  f o r  g a s  

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

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



T a b l e  I .  E f f e c t  o f  T r e a t m e n t  w i t h  H,O-CO, o n  S o l - G e l  P r o p e r t i e s  

P a r t i c l e  
S i z e  
Mesh 

S e q u e n c e  o f  T e s t s  a n d  
' T r e a t m e n t  

BET S u r f  ace R e v e r s i b l e  CO, 
Area A b s o r p t i v e  C a p a c i t y  

m2 /gm s t d .  cc/gm 

40-80 O r i g i n a l  material :  d e g a s s e d  2 . 5 7  . 0 . 2 0  
l o 0 o 0 C  

A f t e r  f i r s t  s u r f a c e  area 
r e d u c t i o n  

Ground a n d  s i z e d  t o  80-140 
mesh ( o t h e r w i s e  u n t r e a t e d )  

A f t e r  s e c d n d  s u r f a c e  a r e a  
r e d u c t i o n  

Ground a n d  s i z e d ,  t o  200-270 
mesh ( o t h e r w i s e  u n t r e a t e d )  

A f t e r  t h i r d  s u r f a c e  a r e a  
r e d u c t i o n  
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I 
0 MULTIPLE, CUMULATIVE EXPOSURES - 
A . SINGLE EXPOSURES 

F i g .  5 .  

8 12 '16 20 
TREATMENT TIME (h r )  

The E f f e c t  of a  Flowing  Mixture of CO, and H20 a . t  

1 0 0 0 ° C  on t h e  R e v e r s i b l e  C02 C a p a c i t y  o f  Tho,-3% 

U02  S o l - G e l .  



i n t e r r u p t e d .  A. 1.6'-hour t r e a t m e n t  a p p e a r e d "  appropr:.ia:te ' f .o r  a  

90% r e d u c t i o n  i n  t h e  o r i g i n a l  g a s - a d s o r p t i o n  c a p a c i t y  o f  t h e  

m a t e r i a l .  C o r r e s p o n d i n g  r e d u c t i o n s  i n  t h e  BET s u r f a c e  a r e a  

o f  t h e  m a t e r i a l  were o b t a i n e d .  The l i n e a r i t y  o f  t h e  s e m i -  

l o g a r i t h m i c  p l o t  i n  F i g u r e  5 s u g g e s t s  t h a t  t h e r e  may be  a f i r s t  

o r d e r  p r o c e s s  wh ich  is r e s p o n s i b l e  f o r  t h e  s u r f a c e  a r e a  r e d u c -  

t i o n .  

A ' d i f  f e r e ' n t  series o f  l a b o r a t o r y  s a m p l e s  o f  s o l - g e l  m a t e r -  

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

c a l c i n a t i o n ,  and  c o o l i n g ,  and  d e s i g n a t e d  t h e  PL series,  was 

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

a d s o r p t i o n .  ( T a b l e  1 1 ) .  A l l  PL s a m p l e s  gave  much less g a s  

e v o l u a t i o n  upon b e i n g  ground i n  t h e  a s - r e c e i v e d  c o n d i t i o n  a n d  

h e a t e d  t o  1 0 0 0 ~ ~  i n  v a c u o ;  a b o u t  0 . 3 0  s t d  cc/gm g a s  was e v o l v e d  

compared w i t h  1 . 3 0  f o r  t h e  H - I 1  s a m p l e s  p r e v i o u s l y  s t u d i e d .  An 

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

PL series f o r  r e v e r s i b l e  C02 a d s o r p t i o n ;  v a l u e s  o f  0 .02  s t d  

cc/gm were o b t a i n e d  compared w i t h  0 . 2 7  f o r  t h e  H - I 1  m a t e r i a l .  

Thoz MICROSFHERES 

The Tho2 m i c r o s p h e r e s  ( d e s i g n a t e d  ,.PL-12-t6-.'160'0" ifi the.: 

Chemica l  Techno logy  D i v i s i o n )  p o s s e s s e d  a  u n i q u e l y  d e f i n e d  

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

randomly  c r u s h e d  s o l - g e l  m a t e r i a l  p r e v i o u s l y  s t u d i e d .  S i n c e  

t h e  s o l - g e l  m i c r o s p h e r e s  as r e c e i v e d  f rom Chemica l  Techno logy  

D i v i s i o n  had  n o t  as y e t  been  ca lc ined ,  t h e y  were e x p e c t e d  t o  

c o n t a i n  a n  e x c e s s i v e  amount o f  g a s .  The s t u d y ,  t h e r e f o r e ,  w a s  
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Sample 
Amount o f  Gas Evolved,  cc/gm 

As-rece saed Revers ib1.e 

Haw's #2 

PL- 1 

:PL-;2 

PL-3 

PL-4 



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

o f  g a s  e v o l v e d  from t h e  s o l - g e l  m i c r o s p h e r e s ,  a s  a  f u n c t i o n  o f  

t e m p e r a t u r e .  

E x p e r i m e n t a l l y ,  4;. 04 grams o f  "as r e c e i v e d "  a i r - d r i e d  

m i c r o s p h e r e s  were e v a c u a t e d  t o  1p a t  room t e m p e r a t u r e .  The 

sample  was t h e n  h e a t e d  t h r o u g h  arbitrarily s e l e c t e d  t e m p e r a t u r e  

r a n g e e ,  and  t h e  g a s e s  were c o l l e c t e d .  The r e s u l t s  a r e  l i s t e d  

i n  T a b l e  I11 f rom which  s e v e r a l  o b s e r v a t i o n s  c a n  be  made. The 

amount o f  g a s  e v o l v e d  f rom.  a i r - d r i e d  s o l - g e l  m i c r o s p h e r e s  was 

2occs.. T h i s  e s t i m a t e  c a n  be  c o n t r a s t e d  w i t h  t h e  g r e a t e r  t h a n  "gram 

,. 0 5 c c s  of g a s  e v o l v e d  f rom t h e  p r e v i o u s l y  s t u d i e d  PL v a l u e  o f  gram 

series.  However, i t  must  be emphas i zed  t h a t  t h e  m i c r o s p h e r e s  

had n o t ,  a s  y e t ,  been  c a l c i n a t e d  a t  1 1 5 0 ~ ~ .  The l a r g e s t  amount 

o f  g a s  e v o l u t i o n  o c c u r r e d  i n  t h e  f o l l o w i n g  ceh.t.igr,ad&...t&mp&rai.. 

t u r e  i n t e r v a l s  (240-260) ,  (400-460) ,  (700-760) .  Above 760°C, 

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

,were e s s e n t i a l l y  e l i m i n a t e d  a t  -26o0C. Most o f  t h e  g a s  e v o l v e d  

was e i t h e r  C 0 2 ,  CO, o r  H z .  T h i s  g a s  c o m p o s i t i o n  was s i m i l a r  

t o  t h a t  p r e v i o u s l y  f o u n d  i n  Tho2-U02 K i l o r o d  m a t e r i a l .  
* 

S i n c e  t h i s  m a t e r i a l  was o b t a i n e d  i n  a  w e t ,  u n f i r e d  con-  

d i t i o n ,  t h e  amount o f  g a s  p r e s e n t  f a r  e x c e e d e d  t h a t  a s s o c i a t e d  

w i t h  t h e  p r e v i o u s  so1 ,ge l  m a t e r i a l .  The o b j e c t i v e s  o f  t h i s  

s t u d y ,  therefore, were: 

* 
t h a t  i s ,  s a t u r a t e d  w i t h  t h e  o r g a n i c  m i x t u r e :  u s e d  " f d r .  -dehydra-  

t i o n  o f  t h e  s o l . .  



T a b l e  111. 

Gas E v o l u t i o n  D a t a  on A i r -Dr i ed  Tho2 M i c r o s p h e r e s  Over 2 5 - 1 0 0 0 ' ~  T e m p e r a t u r e  Range 

T e m p e r a t u r e  AT Q u a n t i t y  o f  Gas W i ~ a l  G a s e s  C o l l e c t e d  u n d e r  I n c r e a s i n z l v  
I n t e r v a l  ,O C C C / ~ ,  * I n t e n s i v e  'T rapp ing  ' C o n d i t i o n s  

o n  
Room 

~ e k ~ e r a t u r e  Dry  Ice L i q u i d  
N i t r o g e n  

O r g a n i c  co2 

O r g a n i c  

None ' 

1 0 0  > 3 . 7 .  O r g a n i c  

120  " 3 . 0  Cot:, o r g a n i c  

* 
I n  t h i s  r a n g e  t k ?  a a c r o - p o r t i o n  o f  t h e  g a s  was e v o l v e d .  



( 1 )  I n v e s t i g a t i o n  o f  t h e  f a c t o r s  t h a t  f a c i l i t a t e  g a s  r emova l  

f rom t h e  vJet, u n c a l c i n e d  s o l - g e l  m i c r o s p h e r e s  w i t h o u t  i m p a i r i n g  

t h e i r  s t r u c t u r a l  i n t e g r i t y .  

' (2 )  Asses smen t  o f  t h e  f a c t o r s  a f f e c t i n g  t h e  s u b s e q u e n t  r e a d s o r p -  

t i o n  o f  g a s  by t h e  s o l - g e l  m i c r o s p h e r e s  a f t e r  i n t i a l  d e g a s s i n g .  

R e l a t i v e  t o  t h e  f i r s t ,  s t u d i e s  were u n d e r t a k e n  t o  d e t e r -  

mine w h e t h e r  or n o t  any  c a r b o n a c e o u s  m a t e r i a l  r e m a i n e d  i n  t h e  

m i c r o s p h e r e s  a f t e r  i n i t i a l l y  h e a t i n g  t o  l000OC i n  t h e  p r e s e n c e  

o f  0, a n d  HzO. P r e v i o u s l y ,  i t  had  been  n o t e d  t h a t  f i r i n g  gave  

r i se  t o  a b l a c k e n i n g  o f  t h e  s o l - g e l  b e a d s ,  s u g g e s t i n g  t h a t  t h e  

d i s c o l o r a t i o n  m i g h t  be due  t o  t h e  p r e s e n c e  o f  embedded c a r b o n .  

To t es t  f o r  c a r b o n ,  t h e  m i c r o s p h e r e s  were t h e n  ground u p  t o  

less t h a n  ,270 mesh and  r e h e a t e d  t o  1 0 0 0 ~ C ,  a n d  t h e  r e s i d u a l  

g a s e s  were removed.  One c c / g  o f  g a s  was r e l e a s e d ;  t h i s  con-  

t r a s t e d  w i t h  0 . 2 7  c c / g  p r e v i o u s l y  r e l e a s e d  a t  l000OC f rom 

m i c r o s p h e r e s .  The c o m p o s i t i o n  o f  t h e  g a s  was a s  f o l l o w s :  

G a s  Volume 70 

coz 5 0 . 1  

CO 1 3 . 2  

Hz 3 2 . 2  

N 2 4 . 5  

P u r e  oxygen was t h e n  i n t r o d u c e d  a t  l000OC f o r  t h e  p u r p o s e  of  

b u r n i n g  a n y  ca rhonacen i i s  ma.teria1; t h e  a p p e a r a n c e  o f  CO, i n  

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

c a r b o n .  A n a l y s i s  o f  t h e  r e s i d u a l  oxygen showed CO, t o  t h e  

e x t e n t  o f  0 . 0 1  c c / g .  The m a t e r i a l  was s u b s e q u e n t l y  t r e a t e d  a t  



1 0 0 0 ' ~  f o u r  times more w i t h  oxygen a n d  o n c e  w i t h  water. I n  

v i ew o f  t h e  l a c k  o f  g e n e r a t i o n  o f  a d d i t i o n a l  CO, , i t  was 

assumed t h a t  n o  f u r t h e r  c a r b o n  r e m a i n e d  i n  t h e  m a t e r i a l .  The 

b l a c k  color o f  t h e  c a l c i n e d  s o l - g e l  m i c r o s p h e r e s  s h o u l d ,  t h e r e -  

f o r e  be  a t t r i b u t e d  t o  s t r u c t u r e  d e f e c t s  i n  t h e  m a t e r i a l .  I t  

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

f o r  c a r b o n .  

A 1  Lhis  t ; i m e ,  Lhe amuunt u f  C 0 2  r e a d s o r b e d  airer  t h e  so l -  

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

c l e a n  s o l - g e l  mater ia l  w a s  t r e a t e d  w i t h  0, and  f i r e d  a t  l000OC 

f o u r  t i m e s ,  f o l l o w e d  by e v a c u a t i o n .  . An e x c e s s  o f  CO, was t h e n  

c o n t a c t e d  w i t h  t h e  s a m p l e  a t  room t e m p e r a t u r e .  A f t e r  e q u i l i -  

b r a t i o n ,  t h e  e x c e s s  C02 was pumped o f f .  The s a m p l e  was t h e n  

f i r e d  t o  1000'C, a n d  t h e  amount o f  CO, e v o l v e d  was measu red .  

The m a g n i t u d e  o f  t h e  " r e v . e r s i b l e l '  CO, a d s o r p t i o n ,  0 . 1 4  cc/gram 

c a n  be c o n t r a s t e d  ('see T a b l e  11) w i t h  t h o s e  o f  t h e  Haw's I1 a n d  

PL 1-4 series.  One n o t e s  t h a t  t h e  " r e v e r s i b l e "  g a s  a d s o r p t i o n  

o f  PL 12-6-1600 m i c r o s p h e r e s  was c o n s i d e r a b l y  c l o s e r  i n  magni- 

t u d e  t o  t h a t  o f  H a w ' s  #I1 , . ' . t h a n . .  t o '  t h a t  o f  t h e .  PL 1-4 sere.is . 

UOz +, MICROSPHERES 

The c h e m i s t r y  o f  UO, +x microspheres is c l e a r l y  more corn- . 

plex t h a n  t h a t  of Thoz m i c r o s p h e r e s .  T h i s ' ,  however ,  may be 

t u r n e d  t o  u s e .  Fo r  example  i n c r e a s i n g  t h e  v a l u e  o f  x ~ I I . U O , + ~  

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

made i t  u n n e c e s s a r y  t o  e x c e e d  1 0 0 0 ~ C ,  a d i s t i n c t  e n g i n e e r i n g  

a d v a n t a g e .  Our a p p r o a c h  t o  t h e  p r o c e s s i n g  problem w a s  f i r s t  



t o  make a  series o f  p r o b i n g  e x p e r i m e n t s .  The r e s u l t s  a l o n g  

w i t h  i n f o r m a t i o n  from t h e  l i t e r a t u r e ,  were u s e d  t o  d e s i g n  a  

p r o c e s s i n g  scheme .wh ich ,  w h i l e ' o v e r l y  complex and  t i m e  consum- 

i n g ,  d i d  work w e l l .  F i n a l l y ,  e m p h a s i s  was p l a c e d  on m o n i t o r i n g  

t h e  r emova l  o f  c a r b o n a c e o u s  m a t e r i a l ,  s i m p l i f y i n g  t h e  s e q u e n c e ,  

s h o r t e n i n g  t h e  t i m e ,  and  r e d u c i n g  t h e  maximum t e m p e r a t u r e .  

I n i t i a l  E x p e r i m e n t s  

The g a s e s  Hz , H 2 0 ,  CO a n d  C02 may be u s e d  9-11 t o  c o n t r o l  

t h e  v a l u e  o f  x i n  UO, +x by r e a c t i o n s  ( 1 )  a n d  ( 2 ) .  

[ol UO, +x + CO == coz ( 2 )  

S t r o n g e r  o x i d a n t s ,  l i k e  0, , would t e n d  t o  c a u s e  p h a s e  c h a n g e s  

a n d ,  h e n c e ,  e n d a n g e r  t h e  g e o m e t r i c  i n t e g r i t y  o f  t h e  mic ro -  

s p h e r e s .  We have  o b s e r v e d  t h a t  UO, -Tho2 ss . ( K i l o r o d  m a t e r i a l )  

as w e l l  a s  U 0 2 + x  m i c r o s p h e r e s  f r e q u e n t l y ,  b u t  n o t  a l w a y s ,  

r e a c t e d  w i t h  H 2 0  v a p o r  t o  p r o d u c e  H z .  T h i s  r e a c t i o n  h a s  been  

r e p o r t e d  i n  t h e  l i t e r a t u r e ,  a n d  i ts thermodynamics  w e . 1 1  :" . . 

11 
d e s c r i b e d .  From t h i s  p a p e r  i t  is c l e a r  t h a t  w h e t h e r  or n o t  

r e a c t i o n  ( 1 )  p r o c e e d s  t o  a m e a s u r a b l e  e x t e n t  d e p e n d s  on  t h e  

v a l u e  o f  x .  T h i s  e x p l a i n s  why on o c c a s i o n  t h e  UOi+x mkcro- 

s p h e r e s  w i l l  n o t  r e d u c e  H 2 0  o r  C0,. To c o n f i r m  t h a t  U 0 2 + x '  

f rom a  s o l - g e l  s o u r c e  b e h a v e s  a s  t h e  UO, " d e s c r i b e d  i n  t h e  

l i t e r a t u r e ,  a  s a m p l e  f rom B a t c h  P-6-3-1600, F-10 w a s  g round 

t o  <270 mesh a n d  r e d u c e d  w i t h  CO a t  1 2 0 0 ~ ~  u n t i l  no  f u r t h e r  

r e a c t i o n  o c c u r r e d .  T h i s  p r o d u c t  w a s  r e a d i l y  o x i d i z e d  by e i t h e r  



H 2 0  or CO, p r o d u c i n g  Hz or CO r e s p e c t i v e l y .  Once t h e  o x i d i z -  

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

c o u l d  a g a i n  b e  e a s i l y  r e d u c e d  w i t h  CO, p r o d u c i n g  CO,. These  

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

s y s t e m .  T h i s  is c o n s i s t e n t  w i t h  e q u a t i o n s  ( 1 )  and  ( 2 )  above  

a n d  i n d i c a t e s  t h a t  h i g h e r  o x i d e s  were n o t  p roduced  i n  t h e  

o x i d a t i o n ,  a  r e s u l t  c o n s i s t e n t  w i t h  t h e  l i t e r a t u r e .  11 

S i n c e  CO wna one of the y r u d u c t s  formed Aur lng  t h e  o u t -  

g a s s i n g  o f  UO, +, m i c r o s p h e r e s  , t h e  p o s s i b i l i t y  o f  the r e a c t i o n  

2C0 -- CO, + C  was o f  i n t e r e s t .  T h i s  r e a c t i o n  h a s  been  shown 1 2  

t o  b e  k i n e t i c a l l y  i n h i b i t e d  by s m a l l  amounts  o f  CO, wh ich  a l s o  

o c c u r  d u r i n g  o u t g a s s i n g .  Thus c a r b o n  d e p o s i t s ,  fo rmed by 

t h i s  mechanism,  were n o t  e x p e c t e d .  T h i s  is c o n s i s t e n t  w i t h  

o u r  e x p e r i e n c e  i n  a p p l y i n g  t h e  p r o c e s s i n g  scheme recommended 

l a t e r .  

The r e a c t i o n s  of wat.er with carbon t o  form CO, COz , nnel 

Hz occur 1s t h e  t e m p e r a t u r e  range o f  t h e  p r o p o s e d  U 0 2  micro- 

s p h e r e  p r o c e s s i n g  scheme.  The r e a c t i o n  o f  H,O a t  l000OC w i t h  

c h a r c o a l  p r o d u c e d  CO, , CO, and H, a t  r a t e s  comparab le  t o  t h o s e  

o b s e r v e d  d u r i n g  U 0 2  m i c r o s p h e r e  g r o c k s s i n g  a n d  w a s  t h e r e f o r e  

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

t h c  explanation for Llle favorable e f f e c t  o f  excess H 2 0  v a p o r  

i n  c a r b o n  r e m o v a l .  

The w e t  UO, m i c r o s p h e r e s  y i e l d e d  C O z ,  CO, H z ,  N2, O a r  NO 

a n d  o r g a n i c s  when h e a t e d  w i t h  s t e a m  and  e v a c u a t e d .  The t empera -  

t u r e  i n t e r v a l s  of maximum g a s  e v o l u t i o n  were 150  t o  2 5 0 ' ~  a n d  



400 t o  650°C. The p r i n c i p a l  o r g a n i c  g a s  e v o l v e d  ( p r i m a r ~ i : l y  

i n  t h e  300 t o  350°C r a n g e )  w a s  'CH4. T h i s  was i n  d i r e c t  con- 

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

p r o d u c t s  p r e v i o u s l y  n o t e d  i n  the  c a s e  o f  d r y  Tho2 .  m i c r o s p h e r e s .  

A p o s S i b l e  e x p l a n a t i o n 1 3  f o r  t h e  d i f f e r e n c e  is t h a t  steam 

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

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

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

h e a t e d  under -  vacuum. These  would be more e a s i l y  removed f rom 

t h e  m i c r o s p h e k e s ,  t h u s ,  p r o v i d i n g  a n o t h e r  p a r t  o f  t h e  r e a s o n  

why w a t e r  vapor  e n h a n c e s  t h e  r emova l  of c a r b o n a c e o u s  m a t e r i a l s .  

P r e v i o u s  work on  " a s  r e c e i v e d "  Tho2 m i c r o s p h e r e s  i n d i c a t e d  

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

t h e  e n t r a p m e n t  of t h e  o r g a n i c  i m p u r i t i e s  i n  t h e  s o l - g e l  t h e r e b y  

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

t h e  r e a c t o r  f u e l .  I f ,  on. t h e  o t h e r  hand ,  t h e  unf  i r e d  s o l - g e l  

was f i r s t  t r e a t e d  w i t h  a n  e x c e s s  o f  water v a p o r  a t  room t e m -  

p e r a t u r e ;  .pPi.or.': t o '  . h e a t i n g ,  a  s i ' g n i f  i c a n t  amount o f  . ' . ' the o r g a n i c  .... 

c o n t a m i n a n t s  c o u l d  be removed w i t h  a  commensura te  r e d u c t i o n  i n  

t h e  p o s s i b i l i t y  o f  car .bon e n t r a p m e n t .  

C o n s e q u e n t l y ,  t h e  t e c h n i q u e  f i r s t  a p p l i e d  t o  U 0 2  micro,- 

spheres  was t o  s u b j e c t  them t o  .an e x c e s s  o f  water v a p o r  a t  

room t e m p e r a t u r e .  Upon c o m p l e t i o n  o f  water s o r p t i o n ,  t h e  e x c e s s  

water v a p o r , w a s  removed by vacuum pumping. The s a m p l e  was t h e n  

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

t h i s  t e m p e r a t u r e ,  b o t h  t h e  t o t a l  volume o f  g a s  as w e l l  as t h o s e  



g a s e s  w h i c h  were u n c o n d e n s i b l e  i n  l i q u i d  n i t r o g e n ,  were c o l -  

l e c t e d .  The t e m p e r a t u r e  r a n g e  f rom 500 t o  600°C was t h e  mos t  

e f f e c t i v e  w i t h  r e s p e c t  t o  r emova l  o f  g a s e s  by t h i s  method.  

Next a n  a t t e m p t  was made t o  combine t h e  e f f e c t s  o f  steam, 

c o n t i n u o u s  f l o w ,  a n d  m i x t u r e s  of H 2 0  a n d  C02 ,  t r e a t m e n t s  p r e -  

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

K i l o r o d  m a t e r i a l .  

A 1: 1 m i x t u r e  o f  C02 a n d  H,O w a s  p a s s e d  o v e r  U02,x m ic ro -  

s p h e r e s  a t  550' f o r  s e v e r a l  h o u r s .  T h i s  t r e a t m e n t  r e d u c e d  t h e  

r e v e r s i b l e  s o r p t i v e  c a p a c i t i e s  t o  0 . 1 8  c c / g  a n d  0 . 0 5  c c / g  f o r  

H 2 0  a n d  C02 r e s p e c t i v e l y .  

Two a d d i t i o n a l  e x p e r i m e n t s  w i t h  f l o w i n g  C02 and  H 2 0  mix- 

t u r e s  were made t o  d e t e r m i n e  t h e  change  i n  O/U r a t i o  and  t h e  

r e d u c t i o n  o f  c a r b o n  c o n t e n t .  I n  b o t h  c a s e s  t h e  H 2 0  ko -C02 

r a t i o  w a s  3 : l  a n d  t h e  f l o w  ra te  was 8 cc /min .  The s a m p l e s  

were t r e a t e d  as shown i n  T a b l e  I V .  

After t h e  500°C f l o w  t r e a t m e n t ,  e a c h  s a m p l e  was i n s e r t e d  

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

s a m p l e  a t  500°C a n d  d e t e r m i n i n g  t h e  amount  a n d  c o m p o s i t i o n  of 

t h e  g a s e s  r e m a i n i n g  i n  t h e  s a m p l e  ( o r  s o r b e d  by t h e  s a m p l e  i n  

t h e  p r o c e s s  o f  t r a n s f e r  f rom %low to vacuum s y s t e m ) .  Then ,  %he 

s a m p l e  was h e a t e d  above  5UU°C i n  100°C i n t e r v a l s  w i t h  i n t e r m e d -  

i a t e  pump-downs a t  t e m p e r a t u r e ,  a n d  s i m i l a r  d e t e r m i n a t i o n s  made 

as shown i n  T a b l e  V .  

The s e c o n d  p r o c e d u r e  gave  a p r o d u c t  w i t h  less r e s i d u a l  g a s .  

N e v e r t h e l e s s ,  t h e  f i n a l  p r o d u c t s  ( a f t e r  t h e  g a s  r emova l  a t  



Table  I V .  Gas Flow Treatment of U02+x Microspheres  

F i r s t  Sample 

Temperature,  OC 

. 125 

250 

350 

450  

500 

Coo led  and f l u s h e d  

Ti'me. h r .  

Second S a m ~ l e  

250  

250  - 500 

500 

Coo led  and f l u s h e d  

Time, h r .  

16  

1/2  
1-1/2 

'. 6  

16  

Sweep Gas 

CiP2 , Hz 0 
COz , Hz 0 
COz , Hz 0 
COz , Hz 0 
COz , Hz 0 

Nz 

Sweep Gas 



T a b l e  V .  A r - a l y s i s  o f  P r o d u c t  G a s e s  

T e m p e r a t u r e  T o ~ a l  Gas Not  C o c d e n s i b l e  C o m p o s i t i o n ,  Volume 70 
Oc a t  -78°C 

cc gas/gm sample co2 CO H2 N 2 0 2  

Sample  1: 

' 5CO 

600  

700 

Sample  2 :  

5 0 0  

6 0 0 

600-1000 



' 1 0 0 0 ~ C )  were i d e n t i c a l  i n  c a r b o n  c o n t e n t  (0.013%) a n d  a l m o s t  

i d e n t i c a l  i n  oxygen:uran ium r a t i o  ( 2 . 1 2 4  v s  2 . 1 5 3 ) .  : ' I t  . i s  cLe'.a,r 

t h a t  f l o w i n g  m i x t u r e s  o f  CO, and  H 2 0  w i l l  r e d u c e  c o n s i d e r a b l y  

t h e  r e v e r s i b l e  s o r p t i v e  c a p a c i t i e s ,  t h e  r e s i d u a l '  g a s e s ,  t h e  

c a r b o n  c o n t e n t  and  t h e  O/U r a t i o  o f  t h e  UOZcx m i d r o s p h e r e s .  

Nex t ,  t h e  c o m b i n a t i o n  o f  steam s t r i p p i n g  w i t h  c o n t i n u o u s  

f l o w  i n  t h e  a b s e n c e  o f  C02 was a p p l i e d  t o  t h e  m ' i c r o s p h e r e s .  

The sweep  r a te  a n d  g a s  r a t i o  were 8 cc /min  a n d  1 : 3  H e : H 2 0 .  

The t i m e - t e m p e r a t u r e  c y c l e  was 20 h o u r s  a t  125OC, 4  h o u r s  a t  

300°C, and  4 h o u r s  a t  500°C. A f t e r  t h i s  t r e a m e n t ,  t h e  r e v e r s -  

i b l e  CO, a d s o r p t i o n  o f  t h e  s a m p l e  be tween  room t e m p e r a t u r e  a n d  

500' w a s  f o u n d  t o  be 0 . 0 3  c c / g .  A f t e r  t h e  r e v e r s i b l e  C02 t e s t ,  

t h e  s a m p l e  was h e a t e d  t o  l000OC i n  vacuo  a n d  a l t e r n a t i v e l y  

t r e a t e d  w i t h  w a t e r  vapor  a n d  e v a c u a t e d  a t  1 0 0 0 ~ C .  The release 

o f  g a s  was n e g l i g i b l e ,  and  t h e r e  w a s  n o  e v i d e n c e  f o r  C02 

r e a d s o r p t i o n .  F i n a l l y ,  t h e  s a m p l e  w a s  a n a l y z e d  f o r  Oi/U r a t i o  

a n d  p e r c e n t  c a r b o n .  An O/U . r a t i o  o f  2 . 0 7 1  a n d  a '  car .bon c o n t e n t  

o f  O.OO6?& were found  .. 

A d d i t i o n a l  tests were p e r f o r m e d  on  t h e  m i c r o s p h e r e s  w i t h  

m i x t u r e s  o f  H 2 0  a n d  H e .  The t r e a t m e n t  s c h e d u l e s  a r e  i n d i c a t e d  

i n  T a b l e  V I .  The r a t i o  o f  H 2 0  t o  H e  was 3 :  1 w i t h  a f l o w  r a t e  

o f  8 cc /min .  When H e  a l o n e  w a s  u s e d ,  t h e  f l o w  r a t e  was 2 cc /min .  

A f t e r  t h e  i n t e r m e d i a t e  t r e a t m e n t  a t  400 or 5 0 0 ° ,  e a c h  material  

was c a l c i n e d  i n  H e  a t  1 0 0 0 ~  fo r  one  hour  and  s u b s e q u e n t l y  c o d l e d  

i n  H e .  



T a b l e  V I  . Gas Flow ' T r e a t m e n t  o f  U 0 2  +x. M i c r o ~ p 3 e r e s  

125OC 400°C 500°C P r o d u c t  
Time Sweep T i n e  Swee? Time Sweep C a r b o n  o/u P h y s  i c a l  
h r s .  Gas h s .  Gas h r s .  . Gas 70 A p p e a r a n c e  

2 . 0 2 2  0 . 0 1 4  good 

2 .  16; H, 0-He 2 H2 0-He 2 .  02.6 0 . 0 1 7  good 

0.012 3 .  1 6  Hz 0-He 6 , H20-He 2 . 0 2 5  good 

2  H,O-He 2 . 0 2 7  0 . 0 1 4  good  

6  H20-He 2 . 0 3 4  0 . 0 1 4  g o o d  

2 . 0 0 3  0 . 0 1 7  P a r t i a l l y  
. d i s i n t e g r a t e d  

7 .  1 6  He 6 He 2 . 0 1 8  0 . 2 7 3  P a r t i a l l y  
d i s i n t e g r a t e d  



The . c a r b o n  c o n t e n t  o f  s a m p l e  7  w a s  v e r y  h i g h ,  e m p h a t i -  

c a l l y  d e m o n s t r a t i n g  t h e  n e c e s s i t y  o f  H 2 0  f o r  s a t i s f a c t o r y  

c a r b o n  r e m o v a l .  The 'O/U r a t i o  o f  s a m p l e  6  was a n o m a l o u s l y  l o w  

f o r  a  s ample  p r o c e s s e d  w i t h o u t  Hz r e d u c t i o n  a n d  is p r o b a b l y  

e r r o n e o u s .  T h u s ,  t h e  f l o w i n g  m i x t u r e  o f  H e  a n d  H 2 0  r e d u c e d  

t h e  c a r b o n  c o n t e n t  t o  a b o u t  t h e  same e x t e n t  f o u n d  w i t h  C02 a n d  

H 2 0  m i x t u r e s .  The O/U r a t i o ,  however ,  was c o n s i d e r a b l y  lower  

i n  t h e  a b s e n c e  o f  C02 .  T h i s  seems t o  e x p l a i n  t h e  o b s e r v a t i o n  

t h a t  m i x t u r e s  o f  C02 a n d  H 2 0  c a u s e  f a s t e r  s i n t e r i n g  t h a n  H 2 0  
1 

a l o n e ,  s i n c e  i t  is g e n e r a l l y  a c c e p t e d  t h a t  h i g h e r  O/U r a t i o s  

r e s u l t  i n  f a s t e r  s i n t e r i n g .  

The p r e v i o u s  s t u d i e s  w e r e  made w i t h  b a t c h  P-1-24-1226, 

UF-2. A s  r e c e i v e d ,  i t  had a n  O/U r a t i o  o f  2 .265  a n d  a  c a r b o n  

c o n t e n t  o f  a b o u t  8%. The p r o c e s s i n g  e x p e r i m e n t s  w i t h  f l o w i n g  

H 2 0  w i t h  a n  i n e r t  c a r r i e r  g a s  (A o r  He) were c o n t i n u e d  w i t h  a 

new b a t c h ,  P-6-15-1607, 'F-19.  A s  r e c e i v e d  i t  had  a  O/U r a t i o  

o f  2 . 5 7 1  a n d  a  c a r b o n  c o n t e n t  o f  g r e a t e r  t h a n  6%. The e f f e c t  

o f  Hz on t h e  O/U r a t i o  was a l so  i n v e s t i g a t e d .  T a b l e s  V I I  a n d  

VIII summarize t h e  t r e a t m e n t  s c h e d u l e s  and  r e s u l t s .  

E x p e r i m e n t s  1-6 a n d  9  were made w i t h  a c o n s t a n t  p r e - t r e a t -  

ment t i m e  a n d  t e m p e r a t u r e  ( 1 6  h r s  a t  1 2 5 O ~ )  a n d  a c o n s t a n t  

c a l c i n a t i o n  ( 1  h r  a t  l000OC i n  h e l i u m ) .  The v a r i a t i o n s  

s t u d i e d  were i n  t h e  t e m p e r a t u r e  a n d  d u r a t i o n  o f  e x p o s u r e  t o  a 

he l ium-wa te r  m i x t u r e  a t  i n t e r m e d i a t e  t e m p e r a t u r e s .  A l l  s e v e n  

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

c o n t e n t .  E x p e r i m e n t s  7 ,  8 ,  a n d  10-18 i n v o l v e d  Hz as w e l l  a s  



T a b l e ,  VIIa. C o n d i t i o n i n g  of UOz Microspheres 

Time ( h r s )  and ! : tnosphere  a t  T e m p e r a t u r e  

No. 125OC 2 0 o c  250'  4 O D 0  3 5.0' 4 c C "  450'  550' 1 0 0 0 °  

1 16; 6 
H e  -Hz 0 H e - H z O  1 - H e  

( r u n  i n t e r r u p t e d  a n d  c o o l e d  
t o  r o o r  ' t e m p e r a t u r e )  



Table  VIIb .  C o n d i t i o n i n g  of U02  Microspheres  

Product  Q u a l i t y  

No. P h y s i c a l  
Character  is t i cs  

much broken 

p e r f e c t  

("100J0) broken 

("100J0) f ragments  

("3 070) fragments  

many broken 

p e r f e c t  

perfect 



Table  V I I I a .  C o n d i t i o n i n g .  o f  'UO,' Microspheres  

Exper imenta l  C o n d i t i o n s  
Temperature 

Time 
( l i r s )  1 2 5 ' ~  300°C 400°C No. 

9 



Table  V I I I b .  

No. o/U 

9 2 . 0 3 5  

C o n d i t i o n i n g  of UO, Microspheres  

Product  Q u a l i t y  

% c P h y s i c a l  
Character  is t ics  

0 .003  Very good 

0 . 0 0 3  Many c h i p s  

< O .  002  Many c h i p s  

< O .  002  Very f e w  c h i p s  

< O .  002  P e r f e c t  

< O .  002  C o n s i d e r a b l e  y e l l o w  
powder .and t h i n  s h e l l s  

< O .  002  Very f e w  c h i p s  

< O .  002  P e r f e c t ,  e x c e p t  for g o l d  
s h e e n  on s p h e r e s  

< O .  002  Many c h i p s  
Ye l low d u s t  and g o l d  
s h e e n  on s p h e r e s  



t h e  p r e v i o u s  H,O- iner t  g a s  m i x t u r e s .  The O/U r a t i o  was 

r e d u c e d  t o  v e r y  n e a r l y  2 ,  and  t h e  c a r b o n  c o n t e n t  r e m a i n e d  low 

( < l o  t o  80  ppm). 

A t t e n t i o n  was now t u r n e d  t o  t h e  p r o d u c t i o n  o f  h i g h  d e n s i t y  

w i t h o u t  a d v e r s e l y  e f f e c t i n g  t h e  f i n a l  O/U r a t i o  a n d  c a r b o n  

c o n t e n t .  E x p e r i m e n t s  were p e r f o r m e d  on t h e  UO, +x m i c r o s p h e r e s  

f r o m  b a t c h e s  P-6-3-1600, F-10; P-9-12-1153, SG-11 and  P-6-2- 

1 4 4 5 ,  F - 9 .  These  were r e c e i v e d  i n  a s t e a m  d r i e d  c o n d i t i o n  
3 

a n d  were , p o o r l y  fo rmed .  

T a b l e s  I X  a n d  X show t h e  p r o c e s s i n g  t r e a m e n t s  a n d  t h e  

r e s u l t s .  I n  t h r e e  o f  t h e  f o u r  cases t h e  f i n a l  d e n s i t i e s  were 

u n d e s i r a b l y  low.  T h e s e  r e s u l t s  s u g g e s t e d  a s  d o e s  t h e  l i t e r a -  

l 
t u r e  . t h a t  a l o n g e r  s i n t e r i n g  t i m e  i n  t h e  t e m p e r a t u r e  r a n g e  

450  - 1 0 0 0 ~  was n e c e s s a r y .  S u b s e q u e n t  e x p e r i m e n t s  ( T a b l e s  X I  - 
X V I  I I )  c o n f i r m  t h i s  c o n c l u s i o n .  

P r o c e s s  Development  

Hav ing  r e c o g n i z e d  t h e  i m p o r t a n c e  o f  s i n t e r  i n g  a t  h i g h e r  

t e m p e r a t u r e s ,  w e  t e s t e d  two p r o c e d u r e s  d e s i g n e d  t o  p roduce  a  

mater ia l  s a t i s f a c t o r y  w i t h  r e s p e c t  t o  O/U r a t i o ,  c a r b o n  c o n t e n t  

a n d  d e n s i t y .  T a b l e s  X I  a n d  X I 1  show t h e  p r o c e s s i n g  schemes  and  

t h e  v e r y  a c c e p t a b l e  r e s u l t s .  The p r o d u c t  shown i n  T a b l e  X I 1  

waa a a l i g h t l y  b c t t c r  o n e ,  and  t h i c  ~ o h e m e  wae e e l e o t e d  a t  t h i ~  

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

The lower t e m p e r a t u r e  p o r t i o n  o f  t h e  p r o c e s s i n g  scheme 

removed c o p i o u s  amounts  o f  h y d r o c a r b o n s  a n d  n i t r o g e n o u s  mater- 

i a l .  S i n c e  i t  was v e r y  d i f f i c u l t ,  i f  n o t  i m p o s s i b l e ,  t o  remove 



T a b l e  I X .  Flow T r e a t m e n t  o f  S team-Dried  UOz M i c r o s p h e r e s  

M a t e r i a l  Weight  
( g )  

Time 
( h r )  

T e m p e r a t u r e  
(OC) 

Sweep Gas, 

125  
300 

1000 
c o o l  

1 5 0  
250 
350 
450 

1000 
cool 

150  
250 
350 
450 

1000 
cool 



Table  X .  Woduct  Q u a l i t y  A f t e r  Flow Treatment o f  

UO, Microspheres 

M a t e r i a l  o/u % c D e n s i t y  Appqarance , 

2.006 0.006 9.6 N o  f i n e s  
N o  c h i p s  
Twins 
Conglomerates 

F-10 2.004 0.006. 7-14 Same a s  above 

SG-.11 2 . 0 0 1  0.017 1 0 . 5 4  Nonuniform s i z e  

F-9 2.020 0.006 9.20 Nonuniform s i z e  
Conglomerates 
Nnnspher i c a l  
R n m e  d u l l  b lack 



T a b l e  X I a .  ' Flow T r e a t m e n t  o f  UOz. M i c r o s p h e r e s  

Material Weight  
(g) 

Time- 
( h r )  

T e m p e r a t u r e  
(OC) . 

Sweep G a s  . ' 

SG- 11 1 1 . 2 0  1 6  170 '  A-Hz 0 
1 250  A-Hz 0 
1 350  C02 -Hz 0 
1 450 C02 -Hz 0 
1 550  C02 -Hz 0 
1 650 ,C02 -Hz 0 
1 750 C02 -Hz O 
0. 6.7, 850  C02 -Hz 0 

cool coz 
1 . 1 7  25  - ' 8 5 0  C02 .-Hz 0. 

850  Hz 3 . 5 0  
1 . 6 7  1000. Hi 

Hz c o o l  

T a b l e  XIb .  P r o d u c t  Q u a l i t y  A f t e r  Flow T r e a t m e n t  of 

UOz M i c r o s p h e r e s .  

- -  - 

Material 

o/u 

% c 
D e n s i t y  

Appea rance  

SG- 11 

 onu uniform s i z e  



T a b l e  X I I .  G a s  F P O ~ ~  C o n d i t i o n i n g  Scheme f o r  So l -Ge l  
. . 

U02 M i c r o s p h e r e s  

B a t c h  P-9-12-1153, SG-11 

A .  T r e a t m e n t  S c h e d u l e :  170°C 

250  

350  

450 

cool  
s tore 

25  + 550 

550  

650 

750 

cool A-4% Hz -Hz 0 

1 6  h r  s t o r e  H e  

2 5  + 850  A-4% Hz -Hz 0 

1 2/3 850  A-4% H2 -H2 0 

2. 8 5 U  - 7 570 Hz 0 

1/2  850  Hz 

, 3/4 1000  Hz 

B. P h y s i c a l  D a t a ;  A n a l y t i c a l  D a t a  

% c D e n s i t y  w i t h  
210  p s i  Hg 

2 . 8 8 1  0 . 0 0 8  1 0 . 8 2  Ohiny b l a c k  
N o  f i n c s  
Nonuni form s ize  

A p p e a r a n c e  

a ~ o t a l  p r e s s u r e  = 1 a t m o s p h e r e .  

b~ = Argon .  

C 3  t o  1 m i x t u r e  o f  HzO w i t h  A - 4% Hz.  



t h e s e  m a t e r i a l s  a f t e r  t h e  s i n t e r i n g  s t e p '  a n d  s i n c e  t h e  s a m p l e s  

v a r i e d  c o n s i d e r a b l y ,  i t  was t h o u g h t  d e s i r a b l e  t o  have  a n  

immedia te  m o n i t o r  o f  t h e  o f f  g a s  i n  a d d i t i o n  t o  t h e  f i n a l  

a n a l y s e s  t o  a s s y r e  t h a t  t h e i r  . r emova l  was c o m p l e t e  b e f o r e  

p r o c e s s i n g  w i t h  t h e  s i n t e r i n g  s t e p .  F o r  t h i s  p u r p o s e  a Beckman 

Hydrocarbon  A n a l y s e r  was added  t o  t h e  s y s t e m .  The s u p p l i e r s  

o f  t h i s  : i n s t r u m e n t  c l a i m e d  t h a t  i t  w a s  s e n s i t i v e  t o  a l l  

o r g a n i c  compounds, b u t  i n s e n s i t i v e  t o  COz , CO, HzO, Hz , N2 , 

H e  a n d  A .  We a l s o  f o u n d  t h e  e q u i p m e n t  i n s e n s i t i v e  t o  t h e  

g a s e s  which  w e  t e s t e d ,  w h i c h  were CO;, CO, HzO a n d  H z .  

D u r i n g  t h e  p r o c e s s i n g  tests8 i t  was assumed t h a t  t h e  

r emova l  o f  c a r b o n a c e o u s  m a t e r i a l  c o u l d  a l w a y s  be  f o l l o w e d  b y  

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

s a r i l y  . t r u e ,  s i n c e  c a r b o n  c a n  a l s o  be  removed by t h e  f o r m a t i o n  

of  CO a n d  C02 wh ich  c a u s e  no  r e s p o n s e  i n  t h e  h y d r o c a r b o n  

a n a l y s e r .  C o n s e q u e n t l y ,  a s a m p l e  o f  c h a r c o a l  w a s  o x i d i z e d  

w i t h  A-HzO a t  l000OC and  t h e  o f f  g a s e s  p a s s e d  t h r o u g h  t h e  

h y d r o c a r b o n  a n a l y s e r  . While  t h e  p r o d u c t s  were p r i m a r i l y  CO 

a n d  Hz , s u f  f  f c i e n L  q u a n t i t i e s  o f  h y d r o c a r b o n s  were a l w a y s  

p roduced  t o  c a u s e  a  r e s p o n s e  i n  t h e  h y d r o c a r b o n  a n a l y s e r .  T h u s ,  

t h e  assumed c o r r e s p o n d e n c e  be tween  t h e  c e s s a t i o n  o f  r e s p o n s e  

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

r emova l  was a p p a r e n t l y  j u s t i f i e d .  Of c o u r s e ,  t h e  c a r b o n  

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

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

r emova l  ; T h i s  i n s t r u m e n t  w a s  p a r t i c u l a r l y  u s e f u l  i n  d e t e r m i n i n g  



40 

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

a n d  c o n s i d e r a b l y  s h o r t e n e d  t h e  t r e a t m e n t  t i m e  a s  shown i n  t h e  

f o l l o w i n g  s e c t i o n s .  

The n e x t  s e v e r a l  e x p e r i m e n t s  ( T a b l e s  X I 1 1  - XVI) were 

made t o  i n v e s t i g a t e  t h e  u s e f u l n e s s  o f  t h e  Hydrocarbon  A n a l y s e r  

a n d  t o  d e t e r m i n e  i f  a  c h e m i c a l l y  s i m p l e r ,  s h o r t e r ,  and  lower 

t e m p e r a t u r e  p r o c e d u r e  c o u l d  be f o u n d .  A s a m p l e  f rom b a t c h  

P-11-9-1301, F-22 was t r e a t e d  a c c o r d i n g  t o  the pi-mess  shuwn 

i n  T a b l e  X I I I .  The r e s u l t s  were: 

o/u = c 2 . 0 0 1  

?j'oC= 0 . 0 0 7  

d ~ g  a t  210  p s i *  = 11.01, 1 0 . 3  

9'0 N2 = 0.003  

* 
Two measu remen t s  o n  a p p a r e n t l y  i d e n t i c a l  s a m p l e s .  

C o n s e q u e n t l y ,  t h e  u s e  o f  H, i n  t h e  p r n c ~ s s i n g  suhomc 

s h w n  i n  T a b l e  X I 1  p r i o r  t o  t h e  C0,-H20 s t e p  may be a v o i d e d  

as w e l l  as t h e  16-hour  s t e p  a t  125 ' .  I n  a d d i t i o n  t h e  maximum 

t e m p e r a t u r e  may be r e d u c e d  t o  a t  l e a s t  850°C. Ano the r  s a m p l e  

o f  b a t c h  P-11-9-1301, F-22 was s u b j e c t e d  t o  t h e  t r e a t m e n t  

shown i n  T a b l e  X I V .  A n a l y s i s  o f  t h e  f i n a l  p r o d u c t  y i e l d e d :  

o / U  2 .0085  

'-Xu C 0 . 0 8 4  

% N, < o .  01  

d ~ g  a t  210 p s i  1 0 . 8  

E a r l i e r  work had  shown t h a t  t h e  c o m b i n a t i o n ,  C02 + H 2 0 ,  

e n c h a n c e d  t h e  r a t e  o f  s i n t e r i n g  o f  U 0 2  more t h a n  e i t h e r  g a s  



Table XIII. Gas Flow. Conditioning Scheme f o r  Sol-Gel 

U 0 2  Microspheres 

Table XIV. Gas Flow Conditioning Scheme fo r  

uo2 +x ,Microspheres 

Time, hr 

2 

2 

2 

2 

2 

Temp., OC Gas* 

A-Hz 0 
1 1  

* 
Gas flow r a t e  was ca .  2 ml./sec. 
A water bath a t  ca .  , 9 h o c  was 
a sp i r a t ed  t o  provide the H 2 0 .  



s e p a r a t e l y .  However,  t h e  t r e a t m e n t  w i t h  H 2 0  i n  a r g o n  h a s  

p r o d u c e d  d e n s i f i c a t i o n  t o  a t  l eas t  1 0 . 8 .  T h u s ,  a c h e m i c a l l y  

s i m p l i f i e d  p r o c e s s  u s i n g  o n l y  H 2 0 ,  H z ,  and  A seems s a t i s f a c t o r y .  

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

o f  c a r b o n a c e o u s  m a t e r i a l  q u a l i t a t i v e l y  d u r i n g  s e v e r a l  p r o c e s s -  

i n g  r u n s .  The r e s u l t s  i n d i c a t e d  t h a t :  

( 1 )  D e t a i l s  o f  t h e  p a t t e r n  o f  h y d r o c a r b o n  g e n e r a t i o n  v a r i e d  

f r o m  r u n  t o  r u n ,  e v e n  t h o u g h  t h e  s a m p l e s  were selected Prom 

t h e  same b a t c h  o f  m i c r o s p h e r e s .  G e n e r a l l y  b u r s t s  o f  hydro-  

c a r b o n s  o c c u r r e d  n e a r  250 ,  3 5 0 ,  450 ,  a n d  550°C w i t h  a maximum 

a t  450°C. 

( 2 )  Very  l i t t l e ,  i f  a n y ,  h y d r o c a r b o n  was e v o l v e d  a t  1 7 0 ,  650 ,  

750 ,  or 850°C. T h i s  r e c o n f i r m e d  t h e  b e l i e f  t h a t  t h e  1 6  h o u r  

t r e a t m e n t  o f  T a b l e  X I 1  w a s  u n n e c e s s a r y  and  i n d i c a t e d  t h a t  t h e  

H,O-A t r e a t m e n t  a t  650 ,  750 ,  a n d  85CI0C d i d  n o t  t r a p  c a r b o n  i n  

t h e  p r o c e s s  o f  s i n t e r i n g .  

The capability Of t h e  h y d r o c a r b o n  a n a l y s e r  t o  m o n i t o r  t h e  

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

p r o d u c t i o n  above  550°C,  a n d  t h e  r e s u l t s  o b t a i n e d  by a p p l y . i n g  

t h e  t r e a t m e n t s  i n  T a b l e s  X I 1 1  a n d  WIV s u g g e s t e d  t h e  11se nf a 

d r a s t i c a l l y  s h o r t e n e d  t r e a t m e n t .  T h e r e f o r e  a s a m p l e  o f  b a t c h  

P-11-9-1301, F-22 was treated a c c o r d i n g  t o  Table XV. 

I n  t h e  c o u r s e  o f  h e a t i n g '  t h e  s a m p l e  f rom 100  t o  550°C a 

number o f  b u r s t s  o f  h y d r o c a r b o n s  were o b s e r v e d  a s  f o l l o w s :  

a .  A t  "190°C e v o l u t i o n  commenced a t  a r a p i d  r a t e .  

b .  P e a k s  were o b s e r v e d  a t  "300°, "340°,  a n d  450°C. 



T a b l e  XV. Gas Flow C o n d i t i o n i n g  Scheme f o r  

Uo2 +x M i c r o s p h e r e s  

T ime,  h r s  Temp. , OC G a s *  

1 1/2  100  - 550  A-Hz 0 

2** 550 I I  

3 / 4  550  - 850  ? ?  

2 850  I ?  

2 850  Hz 

*The a r g o n  a n d  h y d r o g e n  f l o w  ra tes  
were ca .  2 ml/sec. The a r g o n  was 
a s p i r a t e d  t h r o u g h  a water b a t h  a t  
ca. 93-97OC. 

**This  w a s  t h e  t i m e  r e q u i r e d  f o r  
c o m p l e t e  loss  o f  h y d r o c a r b o n s ,  
as i n d i c a t e d  by  A n a l y z e r .  

T a b l e  X V I .  G a s  Flow C o n d i t i o n i n g  Scheme f o r  

uo2 +x M i c r o s p h e r e s  

Time,  h r s  Temp., OC 

1 1 /2  1 0 0  - 550  

2 550 

3 / 4  550 - 85U 

2 850  

1 850  

Gas :' 

A-Hz 0 
? ? 

I ?  

1 t 

Hz 



c .  No h y d r o c a r b o n s  were o b s e r v e d  above  550°C. 

T h u s ,  t h e  c o n t i n u o u s  t e m p e r a t u r e  i n c r e a s e  t o  550° p roduced  

e s s e n t i a l l y  t h e  same h y d r o c a r b o n  r emova l  p a t t e r n  o b s e r v e d  

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

y i e l d e d :  

o/u 2 . 0 0 9 1  

% C 0 .005  

?t N, ~ 9 9 0 1  

d ~ g  a t  210 p s i  1 0 . 8  

S.A., m2/g 0 .  013 . '...' .. 

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

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

h o u r s .  

An a d d i t i o n a l  s a m p l e  of  B a t c h  P-11-9-1301, F-22 w a s  

p r o c e s s e d  a c c o r d i n g  t o  t h e  s h o r t e n e d  scheme,  e x c e p t  t h a t '  t h e  

t i m e  o f  H, t r e a t m e n t  . a t  850' was r e d u c e d  t o  one  h o u r .  The 

r e s u l t s  were : 

o/u 

- .  
S.A., m2/g = 0 .007  , .  

3 1 ~  a t  z i b  p s i  = 1 0 . 9  

T h u s ,  a p r o c e s s i n g  t i m e  a s  shown i n  T a b l e  X V I  o f  a p p r o x i m a t e l y  

s e v e n  h o u r s  seems s a t i s f a c t o r y .  

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

by e q u i p m e n t  f a i l u r e .  A n a l y s e s  o f  s a m p l e s  f rom t h e s e  r u n s  



.3:5 

p r o v i d e  some i n f o r m a t i o n  on t h e  c h a r a c t e r  is t i c s  o f  t h e  U 0 2  +x 

m i c r o s p h e r e s  a t  d i f f e r e n t  s t a g e s  o f  t h e  p r o c e s s i n g  scheme.  

T a b l e  X V I I  g i v e s  t y p i c a l  r a n g e s  f o r  t h e s e  r e s u l t s .  Numbers 

f o r  wh ich  n o  r a n g e  is g i v e n  r e p r e s e n t  one  datum o n l y .  

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

been  i n d i c a t e d  e a r l i e r  ( s e e  T a b l e  V I ,  e x p e r i m e n t  7 ) .  T h i s  w a s  

i n v e s t i g a t e d  a g a i n ,  s i n c e  t h e  p r o c e d u r e  had  been  c o n s i d e r a b l y  

a l t e r e d .  A series o f  s a m p l e s  f rom b a t c h  P-11-9-1301, F-22 

were p r o c e s s e d  a c c o r d i n g  t o  t h e  s h o r t e n e d  scheme ( T a b l e  X V I ,  

c o n : t r o l  s a m p l e )  e x c e p t  t h a t  H 2 0  was added  a t  t h e  e n d  o f  t h e  

550' pe%j.od ( r u n  l)., a t  t h e  b e g i n n i n g  o f  850' p e r i o d  ( r u n  2 ) ,  

and  n o t  a t  a l l  ( r u n  3 ) .  T h e , r e s u l t s  are shown i n  T a b l e  X V I I I .  

I t  c a n  be s e e n  t h a t  t h e  c a r b o n  con t t en t  p r o g r e s s i v e l y  i n c r e a s e s  

a s  t h e  H 2 0  is a p p l i e d  a t  h i g h e r  t e m p e r a t u r e s  and  f o r  s h o r t e r  

t i m e s .  The maximum c a r b o n  c o n t e n t ,  however ,  was o n l y  150  ppm. 

The c o m p l e t e  r emova l  o f  water a p p e a r s  (one  e x p e r i m e n t  o n l y ,  

r u n  3 )  t o  i n c r e a s e  t h e  f i n a l  N2 c o n t e n t  by a  f a c t o r  o f  g r e a t e r  

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

w i t h o u t  no t . i ceah1  y  a,€ f e c t i n g  t h e  d e n s i t y .  The r e s u l t s  s h o u l d  

be c o n t r a s t e d  w i t h  t h o s e  o f  T a b l e  V I ,  e x p e r i m e n t  7 ,  a d r y  r u n  

t h a t  r e t a i n e d  0.273% c a r b o n .  Note t h a t  a 1 6  hour  e x p o s u r e  t o  

d r y  H e  a t  125' w a s  a p p l i e d  i n  t h a t  c a s e ,  a n d  Hz r e d u c t i o n ,  a 

w a t e r  p r o d u c i n g  s t e p ,  .w.as n o t  a.pp.l ied.  '.:Th.us. e x p e r i m e n t .  7 .  b f  

T a b l e  V I  was a  f a r  d r y e r  p r o c e d u r e  t h a n  e x p e r i m e n t  3  o f  T a b l e  

X V I I I .  We c o n c l u d e d  t h a t  w i t h  t h e  s h p r t e n e d  p r o c e d u r e ,  a s  

w i t h  e a r l i e r  o n e s ,  t h e  H,O v a p o r  was e s s e n t i a l  f o r  the product t ion  



S t a r t i n g  . 
M a t e r i a l  

End S t r i p p i n g  
5 5 0 ~ ~  

End S i n t e r i n g  
850°C 

End R e d u c t i o n  
8 5 0 ' ~  

T a b l e  X V I I  . P r o p e r  t i e s  a t  V a r i o u s  . S t a g e s  o f  P r c c e s e  i n g  

D e n s i t y  W l  t r o g e n  S u r f  a c e  
g / c c  % a r e a  

m2 / g  



T a b l e  X V I I I .  A n a l y s e s  o f  P r o c e s s e d  UOz So l -Ge l  M i c r o s p h e r e s  

1 2  3  S t a r t i n g  
Run N o .  Con tr.01' Material 

% N, <O. 0 0 1  C O .  0 0 1  < o .  0 0 1  0 ,035  0 . 0 9 0  

S .A . ,  m2/g 0 .013  0 .008  0 . 0 0 8  0 .019  5 0 . 8  

d ~ g  a t  210  p s i  1 0 . 8  1 0 . 7  1 0 . 7  1 0 . 7  4 :70 



o f  t h e  h i g h e s t  p u r i t y  UOz m i c r o s p h e r e s .  A v a r i e t y  o f  a d d i -  

t i o n a l  b a t c h e s  o f  U02 m i c r o s p h e r e s  were s u b j e c t e d  t o  t h e  

s h o r t e n e d  p r o c e d u r e .  The r e s u l t s  i n .  T a b l e  X I X  show v a r i a t i o n  

f rom s a m p l e  t o  s a m p l e ,  b u t  t h e  p r o d u c t s  i n  g e n e r a l  were s a t i s -  

factory. 

P r o d u c t  S t a b i l i t y  

I t  was of i n t e r e s t  t o  l e a r n  w h e t h e r  p r o c e s s e d  samples 

were i n e r t  t o  t h e  c o n s t i t u e n t s  o f  t h e  a t m o s p h e r e ,  s i n c e  

s o r p t i o n  of gases c o u l d  c a u s e  s p u r i o u s  'O/U r a t i o s  or c a r b o n  

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

sample : . .o f  . b a t c h  P-11-9-1301, F-22 was d i v i d e d  i n t o  t h r e e  

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

r e m a i n i n g  s a m p l e s  was e x p o s e d  t o  oxygen and  one  t o  c a r b o n  

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

weeks .  The r e s u l t s  w e r e :  

% c o/u 

I n i t i a l  0 .004  < 2 . 0 0 1  

Exposed  t o  0, 2 . 0 0 1  

Exposed  t o C 0 2  0 . 0 0 1  

A p p a r e n t l y  n e i t h e r  g a s  c a u s e d  a s i g n i f i c a n t  change  i n  composi-  

t i o n  o f  t h e  p r o c e s s e d  m i c r o s p h e r e s .  T h i s  s t a b i l i t y  mus t  be  due  

t o  l o w  s u r f a c e  a r e a  s i n c e  UO, docs oxidize ii~ a i r  a t  room 

t e m p e r a t u r e  a n d  t h e  e x t e n t  d e p e n d s  on s u r f a c e  a r e a .  1 4  

I t  w a s  r e p o r t e d 1 5  t h a t  "Dr i ed  g e l  m i c r o s p h e r e s  p r e p a r e d  

f rom Tho2 (20  t o  2570) UO, s o l s  . . . e x h i b i t e d  a n  u n e x p e c t e d  

h e a t i n g  e f f e c t  when e x p o s e d  t o  a i r . "  T h i s  phenomenon may 



Proper t i e s  

Surface area  
m2 / g  

d ~ g  a t  210  p s i  

Table X I X .  Proper t i e s  of Processed Batches 



r e s u l t  from t h e  h e a t  of  a d s o r p t i o n  of  m o i s t u r e  on U0,-Tho, 

s a m p l e s  p o s s e s s i n g  l a r g e  s u r f a c e  a r e a s .  We have obse rved  t h a t  

UOz m i c r o s p h e r e s  o u t g a s s e d  w i t h  H20 vapor t o  450°C, e v a c u a t e d ,  

c o o l e d  t o  ambient  t e m p e r a t u r e s ,  and exposed t o  m o i s t u r e  caused  

t h e  m a n i f o l d  c o n t a i n i n g  t h e  sample  t o  become e x t r e m e l y  h o t .  

I t  was a l s o  n o t i c e d  t h a t  Tho, powder ou t -gassed  by h e a t i n g  

t o  1 0 0 0 ~  i n  a  vacuum, c o o l e d  t o  room t e m p e r a t u r e ,  and  exposed 

t o  H 2 0  vapor e x h i b i t e d  a  l a r g e  e x o t h e r m i c  e f f e c t .  Three 
I 

b a t c h e s  o f  UO, g e l  (P-6-19-1408, P-6-16-1545, and P-6-14-1550) 

were c o n g l o m e r a t i o n s  c o n s i s t i n g  o f  m i c r o s p h e r e s  and f i n e r  

m a t e r i a l .  These  b a t c h e s  a l s o  d i s p l a y e d  heat  e f f e c t s  when 

exposed  t o  a i r .  These  m a t e r i a l s  were s i e v e d  b e f o r e  p r q c e s s -  

i n g  t o  o b t a i n  a sample  of  m i c r o s p h e r e s  f r e e  of  fine p a r t i c l e s .  

D u r i n g  t h e  s i e v i n g  p r o c e d u r e ,  t h e  samples  became h o t .  Ba tch  

P-6-14-1550 d i s p l a y e d  t h e  most i n t e n s e  . h e a t  e f f e c t  , produced 

fumes ,  and c o n t i n u e d  t o  b r e a k  up  d u r i n g  t h e  i n i t i a l  p a r t  of  

the s c r e e n i n g .  C. H .  Secoy,  e t  a 1  16-18 and others1 '  have 

r e p o r t e d  a  v e r y  h i g h  i n i t i a l  h e a t  of a d s o r p t i o n  of  H 2 0  vapor  

on Tho,. Da ta  f o r  t h e  h e a t s  of  immersion o f  Thoz a r e  g i v e n  
16-19 

and  may be c o n v e r t e d  t o  h e a t s  of a d s n r p t i o n  of  H20 gas by 

a d d i n g  t h e  h e a t  of  c o n d e n s a t i o n  of  w a t e r .  These data depend 

on b o t h  t h e  s u r f a c e  a r e a  and t h e  t e m p e r a t u r e  of o u t - g a s s i n g  

o f  t h e  s a m p l e s .  K i n e t i c a l l y  t h e  h e a t  is r e l e a s e d  i n  an  i n i t i a l  

b u r s t  f o l l o w e d  by two, one o r  no s low p r o c e s s e s  depend ing  on 

t h e  t e m p e r a t u r e  a t  which  t h e  samples  have been c a l c i n e d .  

F u l l y  p r o c e s s e d  s o l - g e l  m i c r o s p h e r e s  w i t h  t h e i r  v e r y  low 



s u r f a c e  a r e a ,  have  n o t  sh0w.n t h i s  - h e a t  e f f e c t  on e x p o s u r e  t o  

moist a i r .  T h e s e .  r e p o r t s  a n d  o b s e r v a t i o n s  s u g g e s t '  t h a t  

e x c e s s i v e  h e a t  e f f e c t s  a r e  t o  be e x p e c t e d  w i t h  UO, , U0,-Th0,ss 

and  Thoz m i c r o s p h e r e s  o u t - g a s s e d  a t  e l e v a t e d  t e m p e r a t u r e s  w i t h -  

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

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

s u r f a c e  a r e a  t o  t h e  10-~rn ' /g  r a n g e  b e f o r e  e x p o s u r e  t o  HzO 

g a s  o r  moist a i r  seems t o  a v o i d  t h i s  d i f f i c u l t y .  

RECOMMENDATIONS AND CONCLUSIONS 

E x p e r i e n c e  h a s  shown t h a t  t h e  h y d r o c a r b o n  a n a l y s e r  w i l l  

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

p l a n t s .  T h i s  is e s p e c i a l l y  s o  s i n c e  t h e  s a m p l e s  v a r y  some- 

wha t  f rom e a c h  o t h e r  a n d  no  f i x e d  s e t  of  p r o c e s s i n g  c o n d i t i o n s  

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

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

Q u a n t i t a t i v e  k i n e t i c  s t u d i e s  p r o v i d i n g  r a t e  e x p r e s s i o n s  

and  a c t i v a t i o n  e n e r g i e s  f o r  t h e  s i n t e r i n g  a n d  r e d u c i n g  s t e p s  

of t h e  p r o c e s s i n g  scheme a r e  b a d l y  n e e d e d .  T h i s  i n f o r m a t i o n  

would a l l o w  p r e d i c t i o n  o f  t h e  e f f e c t s  o f  a l t e r i n g  t h e  p r o c e s s -  

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

i n g  s t e p s .  

T h e r e  was c o n s i d e r a b l e  s c a t t e r  i n  r e s u l t s  f o r  most o f  

. t h e  f i n a l  a n a l y s e s .  Whi le  t h e  p r o c e s s e d  m a t e r i a l  w a s  a p p a r -  

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

t h e  p r o d u c t s  o f  t h e  s h o r t  s c h e m e s ,  T a b l e s  XV, X V I  a n d  X I X ,  are 

n o t  q u i t e  a s  good a s  t h o s e  f rom t h e  l o n g e r   procedure;^,:. . .Tables .  



Sz 

X:?. a n d  X I I .  F u r t h e r ,  i t  is n o t  y e t  p o s s i b l e  t o  r o u t i n e l y  

o b t a i n  t h e  b e s t  r e s u l t s  which have  o c c a s i o n a l l y  o c c u r e d  

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

l i s ted  p a r a m e t e r s  a r e  shown i n  T a b l e  XX. 

Al though  t h i s  work was b r o u g h t  t o  a  c l o s e  September 1 ,  

1967 ,  b e c a u s e  o f  b u d g e t  c u t s ,  i t  is o b v i o u s  t h a t  added s t u d i e s  

a l o n g  t h e s e  l i n e s '  c o u l d  v e r y  w e l l  l e a d  t o  s i g n i f i c a n t  improve- 

ment  i n  t h e  p r o c e s s i n g  and  m o n i t o r i n g  t e c h n i q u e s .  



Table  X X .  B e s t  Results  Obta ined  

o/u 2 . 0 0 0  

d ~ g  a t  210  p s i  1 0 . 9  

Surf  a c e  Area 
m2 /g  
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