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HTGR FUEL DEVELOPMENT: LOADING OF U R A N I U M  ON CARBOXYLIC ACID 
CATION-EXCHANGE R E S I N S  U S I N G  SOLVENT EXTRACTION O F  NITRATE 

P. A. Haas 

ABSTRACT 

The r e f e r e n c e  f u e l  k e r n e l  f o r  r e c y c l e  of 233U t o  HTGR's  
(High-Temperature - - - Gas-Cooled - Reactors)  i s  prepared by loading  
carboxyl ic  acid cation-exchange r e s i n s  wi th  uranium and car- 
boniz ing  a t  c o n t r o l l e d  condi t ions .  The optimum loading  
r e s u l t s  are obta ined  w i t h  uranyl  and hydrogen as t h e  o n l y  
c a t i o n s  i n  a c i d - d e f i c i e n t  s o l u t i o n s  of  uranyl  n i t r a t e  (N03-/U 
r a t i o s  o f  < 2 ) .  
f u e l  r e p r o c e s s i n g  p l a n t  c o n t a i n s  excess  H N O ~  (N03-/U r a t i o  of 
% 2 .2 ) .  
f a c i l i t y  a t  Oak Ridge uses  s o l v e n t  e x t r a c t i o n  o f  n i t r a t e  by 
a 0.3 g secondary amine i n  a hydrocarbon d i l u e n t  t o  p r e p a r e  
a c i d - d e f i c i e n t  u r a n y l  n i t r a t e .  This n i t r a t e  e x t r a c t i o n ,  along 
wi th  r e s i n  loading  and amine regenera t ion  s teps ,  w a s  demon- 
s t r a t e d  i n  14 runs  u s i n g  components assembled from o t h e r  
development s t u d i e s .  A l l  o f  t h e  r e s i n  loading tests were 
completed as planned;  no s i g n i f i c a n t  o p e r a t i n g  d i f f i c u l t i e s  
w e r e  encountered. The process  i s  c o n t r o l l e d  v i a  i n - l i n e  pH 
measurements for  t h e  a c i d - d e f i c i e n t  uranyl  n i t r a t e  s o l u t i o n s .  
Information w a s  developed on pH va lues  f o r  u r a n y l  n i t r a t e  
s o l u t i o n  vs N03-/U mole r a t i o s ,  r e s i n  loading  k i n e t i c s ,  
r e s i n  dry ing  requirements  , and o t h e r  r e s i n  loading  process  
parameters .  C a l c u l a t i o n s  made t o  estimate t h e  c a p a c i t i e s  of  
equipment which i s  geometr ica l ly  s a f e  w i t h  r e s p e c t  t o  c o n t r o l  
o f  nuc lear  c r i t i c a l i t y  i n d i c a t e  100 kg/day o r  more o f  uranium 
f o r  s i n g l e  n i t r a t e  e x t r a c t i o n  l i n e s  wi th  one cont inuous r e s i n  
loading  c o n t a c t o r  o r  fou r  batch loading  c o n t a c t o r s .  

The p u r i f i e d  2 3 3 U 0 2  ( N 0 3 ) 2  s o l u t i o n  from a 

The r e f e r e n c e  f lowsheet  f o r  a 233U r e c y c l e  f u e l  

1. INTRODUCTION 

The r e f e r e n c e  f u e l  k e r n e l  for  r e c y c l e  of  233U t o  high-temperature 

gas-cooled r e a c t o r s  (HTGRs) i s  prepared  by loading  c a r b o x y l i c  a c i d  

cation-exchange r e s i n s  wi th  uranium and carboniz ing  a t  c o n t r o l l e d  condi- 

t i o n s .  The carbonized products  must be high-uranium-content spheres  con- 

t a i n i n g  only carbon and oxygen as t h e  o t h e r  major c o n s t i t u e n t s .  The 

optimum loading  r e s u l t s  are obta ined  wi th  uranyl  and hydrogen as t h e  only 
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c a t i o n s  i n  a c i d - d e f i c i e n t  s o l u t i o n s  of u rany l  n i t r a t e  (NO -/U mole r a t i o s  

of  < 2). ‘I2 A r e s i n  and a p rocess  c o n d i t i o n  t o  g i v e  sphe res  o f  a c c e p t a b l e  

composition w e r e  i n i t i a l l y  developed us ing  t h e  hydrogen form of t h e  c a t i o n  

r e s i n  and load ing  wi th  UO t o  main ta in  a c i d - d e f i c i e n t  u rany l  n i t r a t e .  

The p u r i f i e d  233U02 (NO3) 

c o n t a i n s  excess  HNO 

t h e  requi rements  f o r  remote o p e r a t i o n ,  a c c o u n t a b i l i t y ,  and c o n t r o l  of  

nuc lea r  c r i t i c a l i t y ,  t h e  usua l  p rocesses  f o r  p repa r ing  UO and t h e  i n -  

c e l l  use o f  UO d i d  n o t  seem accep tab le .  

3 

1 1 2  
3 

s o l u t i o n  from a nuc lea r  f u e l  r e p r o c e s s i n g  p l a n t  

(N03-/U mole r a t i o  of % 2.2). When w e  cons ide red  
3 

3 

3 

1.1 Review of  A l t e r n a t i v e  Processes  

Pa r t i a l  thermal  d e n i t r a t i o n  o f  u rany l  n i t r a t e  o r  a s t eam-s t r ipp ing  

of n i t r i c  a c i d  from molten u r a n y l  n i t r a t e  w a s  cons idered  as an  a l t e r n a t i v e  

p rocess  f o r  producing t h e  a c i d - d e f i c i e n t  u rany l  n i t r a t e  s o l u t i o n s .  Ther- 

m a l  d e n i t r a t i o n  t o  UO can be completed a t  300OC. Excess n i t r i c  a c i d  

( f o r  NO -/U r a t i o s  > 2) can be  d i s t i l l e d  from b o i l i n g  u rany l  n i t r a t e  

s o l u t i o n s .  The proposed p rocess  a t  tempera tures  i n t e r m e d i a t e  t o  t h e  

preceding  o p e r a t i o n s  would invo lve  b o i l i n g  o f f  n i t r i c  a c i d  from concen- 

t r a t e d  u rany l  n i t r a t e  t o  produce a c i d - d e f i c i e n t  s o l u t i o n s .  The s t e a m  

d e n i t r a t i o n  p rocess  w a s  i n v e s t i g a t e d  i n  two types  of t e s t  systems. Batch 

o r  semibatch l a b o r a t o r y  s t u d i e s  w e r e  c a r r i e d  o u t  i n  g l a s s  equipment. A 

s t a i n l e s s  s t ee l  na tura l -convec t ion  evapora tor  loop  was ope ra t ed  wi th  2 0  

t o  100 cc o f  u r a n y l  n i t r a t e  s o l u t i o n  f eed  p e r  minute and a cont inuous  

d i scha rge  of t h e  product .  

n i t r a t e  by a s t eam-s t r ipp ing  o r  pa r t i a l  thermal  d e n i t r a t i o n  p rocess  i s  

n o t  as s imple  as had been expec ted .  High uranium c o n c e n t r a t i o n s  and 

b o i l i n g  p o i n t s  above 14OOC are r e q u i r e d  t o  g i v e  u s e f u l  a c i d  d e f i c i e n c i e s .  

The p roduc t s  are a d i l u t e  (5 0.2 N) n i t r i c  a c i d  condensate and a s l u r r y  

o f  U 0 3  i n  molten,  s l i g h t l y  a c i d - d e f i c i e n t  u r a n y l  n i t r a t e .  This  UO w i l l  

r e d i s s o l v e  i n  d i l u t e d  u rany l  n i t r a t e  a t  tempera tures  below 100°C t o  pro-  

duce h igh ly  a c i d - d e f i c i e n t  u rany l  n i t r a t e .  

n i t r a t e  caused no problems, and t h e  material w a s  d i scha rged  and d i l u t e d  

wi thou t  d i f f i c u l t y .  

t h i s  might n o t  be a problem i f  h igh  NO -/U r a t i o s  were avoided. 

3 

3 

The p r e p a r a t i o n  o f  a c i d - d e f i c i e n t  u rany l  

- 

3 

Freez ing  of t h e  molten u r a n y l  

Excessive c o r r o s i o n  of s t a i n l e s s  s t ee l  occur red ,  b u t  

3 
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While UO can be d i s so lved  i n  u rany l  n i t r a t e  s o l u t i o n s  a t  5OoC t o  
- 3 

3 
reduce t h e  NO 

be d i f f i c u l t  t o  resuspend. The technology f o r  p repa r ing  UO i s  w e l l  

known, and t h e  a c i d - d e f i c i e n t  r e s i n  loading  c o n d i t i o n s  have been d e t e r -  

mined us ing  UO A l l  of t h e  a v a i l a b l e  des ign  and experimental  exper ience  

wi th  remote ope ra t ion  of  t h e s e  p rocesses  confirms t h a t  s e r i o u s  o p e r a t i n g  

problems are a s s o c i a t e d  wi th  t h e  handling of  t h e  s o l i d  uranium compounds. 

/U r a t i o  t o  a va lue  a s  low as 1 .5 ,  t h e  U03 can s e t t l e  and 

3 

3' 

2+ + 
The exchange o f  UO f o r  H i n  t h e  feed  r e s i n  i s  l i m i t e d  by t h e  

2 + 
back r e a c t i o n  as H accumulates i n  t h e  s o l u t i o n .  The loading  r e a c t i o n  

i s  : 

U O R  + 2 H + ,  2+ 4 

+ 2 2  
2 HR + U 0 2  

where R r e p r e s e n t s  t h e  ca rboxy l i c  r e s i n  c a t i o n .  The use  of a s a l t  form 

o f  t h e  r e s i n  o r  t h e  a d d i t i o n  of base  t o  t h e  s o l u t i o n  can c o n t r o l  t h e  

accumulation of  H . Ammonium is  mostly v o l a t i l i z e d  when t h e  r e s i n  i s  

carbonized ,  whi le  metals g e n e r a l l y  remain as unacceptab le  impur i t ies  i n  

t h e  f i n a l  p roduc t .  Therefore ,  t h e  use  of NH R o r  NH OH a l lows  a l t e r n a t i v e  

r e s i n  loading  f lowshee ts .  Experimental tests showed promising loaded 

r e s i n  compositions u s i n g  e i t h e r  NH R feed  o r  NH OH a d d i t i o n s  dur ing  

loading .  The f lowshee t  cond i t ions  must  be c a r e f u l l y  s e l e c t e d  and con- 

t r o l l e d  t o  d e a l  wi th  two l i m i t a t i o n s .  The load ing  of  UO , as compared 

t o  NH4 , i s  only  moderately f avorab le ;  t h e  load ing  p rocess  must be  s t aged  

t o  g i v e  f avorab le  (h igh )  U 0 2  

r e s i n .  

NH / U 0 2  r a t i o s  g r e a t e r  than  0.5. The o t h e r  l i m i t a t i o n  i s  t h a t  unac- 
4 

ceptable p r e c i p i t a t i o n  of  uranium occur s  f o r  c o n d i t i o n s  c l o s e  t o  those  

necessary  f o r  good uranium r e c o v e r i e s  and load ings .  These two l i m i t a t i o n s  

c o n t r o l  t h e  a l lowable  p rocess  cond i t ions  and r e s u l t s .  Evalua t ion  of t h e s e  

+ 

4 4 

4 4 

2+ 
2 + 

2+ + 
/NH4 r a t i o s  i n  equ i l ib r ium wi th  t h e  product  

S i g n i f i c a n t  dec reases  i n  uranium loadings  occur  fo; s o l u t i o n  
+ 2+ 

f lowshee ts  i s  con t inu ing ,  b u t  they  cannot be accepted  u n t i l  they  are shown 

t o  m e e t  f i n a l  p roduc t  s p e c i f i c a t i o n s .  The two major requi rements  t o  be 

determined are : 

(1) Is t h e  n i t r o g e n  c o n t e n t  of t h e  product  (some p re l imina ry  
ana lyses  showed > 1000 ppm of n i t r o g e n  a f t e r  c a r b o n i z a t i o n )  
a c c e p t  ab 1 e ? 
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( 2 )  Is t h e  un i fo rmi ty  o f  t h e  uranium c o n t e n t s ,  bo th  p a r t i c l e -  
t o - p a r t i c l e  and wi th in  p a r t i c l e ,  accep tab le?  The non- 
equ i l ib r ium loading  c o n d i t i o n s ,  w i th  t h e  p o s s i b i l i t y  of 
uranium p r e c i p i t a t i o n ,  when ammonium-form r e s i n  i s  used 
r e s u l t  i n  u n c e r t a i n t i e s .  

A s  a r e s u l t  o f  t h e  f a c t o r s  reviewed above, none of t h e  a l t e r n a t i v e  

p rocesses  appeared t o  be accep tab le  f o r  s e l e c t i o n  as t h e  r e f e r e n c e  flow- 

s h e e t  f o r  d e t a i l e d  des ign  o f  remote f a c i l i t i e s .  The p r o b a b i l i t y  of 

unacceptab le  o p e r a t i o n  w a s  t o o  h igh .  

1 . 2  Scope 

Acid-def ic ien t  u rany l  n i t r a t e  s o l u t i o n  can be produced by s o l v e n t  

e x t r a c t i o n  of t h e  n i t r a t e  u s ing  l i q u i d  o r g a n i c  amines. S i m i l a r  p rocesses  

have been used f o r  t h e  p r e p a r a t i o n  of ox ide  s o l s  from thorium and uranium 

n i t r a t e  s o l u t i o n s .  3 r 4  

(Na2C03,  NaOH,  o r  NH OH) t o  r e g e n e r a t e  f r e e  amine f o r  r e u s e ,  and t h e  4 
n i t r a t e  i s  d ischarged  i n  t h e  form,of  waste s o l u t i o n s  c o n t a i n i n g  N a N O  o r  

NH4N03.  

e f f i c i e n t  conversion of  t h e  p u r i f i e d  233U02 (NO3) 

r e s i n  i s  p o s s i b l e .  

The amine n i t r a t e  i s  con tac t ed  wi th  b a s i c  s o l u t i o n s  

3 
By adding an evapora tor  t o  remove water (Fig.  l), a h i g h l y  

s o l u t i o n  t o  loaded 

The n i t r a t e  e x t r a c t i o n ,  amine r e g e n e r a t i o n ,  and r e s i n  load ing  steps 

of  t h e  r e f e r e n c e  f lowshee t  (Fig.  1) were demonstrated u s i n g  a system 

assembled from components of ea r l ie r  p rocess  development programs. Pro- 

v i s i o n s  f o r  t h e  removal of water by evapora t ion  w e r e  n o t  i nc luded ;  t h u s  

t h e  volume o f  u r a n y l  n i t r a t e  s o l u t i o n  inc reased  as f eed  s o l u t i o n  w a s  

added. 

The exper imenta l  s t u d i e s  r e p o r t e d  he re  were made t o  o b t a i n  r e s u l t s  

f o r  an i n t e g r a t e d  system wi th  a minimum o f  equipment o r  chemical f lowshee t  

development. 

s imilar purposes  i n  o t h e r  f lowshee ts .  The e x t r a c t i o n  of n i t r a t e  from 

u rany l  n i t r a t e  had been s t u d i e d  p r e v i o u s l y  i n  l a b o r a t o r y  equipment. 

The r e g e n e r a t i o n  of m b e r l i t e  LA-2 

Each of  t h e  equipment components had been ope ra t ed  f o r  

5 

* 
secondary amine had been inc luded  

* 
Trademark of  t h e  Rohm and Haas Co. 

. -  
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as p a r t  o f  so l -ge l .demons t r a t ion  runs .  3 r 4  

uranium from a c i d - d e f i c i e n t  u rany l  n i t r a t e  s o l u t i o n s  t h a t  were 0.2 t o  0.6 

N i n  NO 

p rev ious ly  found t o  be  s a t i s f a c t o r y  f o r  t h e  o t h e r  f lowshee t s  were a p p l i e d  

t o  t h e  r e s i n  load ing  demonst ra t ion  wi thout  any sys t ema t i c  o p t i m i z a t i o n  of 

v a r i a b l e s .  Based on t h e  r e s u l t s  of  t h e s e  s t u d i e s ,  t h e  load ing  of r e s i n  

us ing  s o l v e n t  e x t r a c t i o n  o f  n i t r a t e  w a s  s e l e c t e d  as t h e  r e f e r e n c e  flow- 

s h e e t  f o r  t h e  Fuel  Re fab r i ca t ion  P i l o t  P l a n t  (FRPP) a t  OWL. 

The load ing  of r e s i n  wi th  

- 
had been i n v e s t i g a t e d  i n  e a r l i e r  s tud ie s . ’  The c o n d i t i o n s  

3 - 

1 . 3  Acknowledgments 

These s t u d i e s ,  which were p a r t  of t h e  Thorium U t i l i z a t i o n  Program 

a c t i v i t i e s ,  were supe rv i sed  by K. J .  Notz, HTGR Program D i r e c t o r  €o r  t h e  

Chemical Technology Div i s ion .  The i n t e g r a t e d  system w a s  ope ra t ed  by 

R. D. Arthur and K. Ladd. Some of t h e  r e s i n  load ing  ra te  and d ry ing  

experiments were performed by J .  Drago. 

2 .  CHEMICAL FLOWSHEET,AND,EQUILIBRIUM CONSIDERATIONS 

The r e s i n  load ing ,  n i t r a t e  e x t r a c t i o n ,  and amine r e g e n e r a t i o n  steps 

o f  t h e  r e f e r e n c e  f lowshee t  can be desc r ibed  by t h e  fo l lowing  chemical 

r e a c t i o n s ,  where R r e p r e s e n t s  t h e  ca rboxy l i c  a c i d  c a t i o n  r e s i n  and R’NH 2 
represents t h e  Amberlite LA-2 secondary amine (N-lauryl-N-trialkyl- 

methylamine): 

2+ f + 
2 2  2HR + UO, + UO R + 2 H  r 

- + 
H + R’NH + NO3 + R’NH NO 2 2 2 3 ,  

and 

R’NH NO + NaOH + R i N H  + N a N 0 3  + H20 . 2 2 3  

The u rany l  n i t r a t e  i s  ion ized  i n  s o l u t i o n :  

- 
3 .  

U 0 2  ( N O 3 l 2  + U 0 2  2+ + 2 N 0  

(3 )  

(4 )  
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By combining Eqs. ( 1 ) - ( 4 ) ,  t h e  f eeds  and p roduc t s  of  Fig.. 1 a r e  ob ta ined :  

2HR + 2NaOH + U 0 2 ( N 0 3 ) 2  + UO R + 2NaNO + 2H20 . ( 5 )  2 2  3 

Any excess HNO i s  d ischarged  as N a N O  and H 0; water i n  t h e  u rany l  
3 3 2 

n i t r a t e  s o l u t i o n s  or  r e s i n  feed  is d ischarged  as condensate.  

molal mixture of NaOH and N a  CO w a s  used f o r  amine r egene ra t ion  because 2 . 3  
any excess  of NaOH r e s u l t s  i n  poor l i q u i d - l i q u i d  phase s e p a r a t i o n .  Af te r  

An equi -  

a l l  t h e  NaOH i s  n e u t r a l i z e d ,  t h e  N a  CO r e a c t s  t o  r egene ra t e  t h e  amine as 2 3  
fo l lows  : 

R'NH'NO + N a  CO + R NH + N a N O  + NaHC03 . (6) 2 2 3  2 3  2 3 

The flow of NaOH-Na CO s o l u t i o n  ' is c o n t r o l l e d  t o  a l low complete n e u t r a l -  

i z a t i o n  of  t h e  NaOH b u t  on ly  p a r t i a l  conversion of t h e  N a  CO t o  NaHCO 
2 3  

3 '  3 3  

2 . 1  Resin Loading Equi l ibr ium 

The load ing  o f  t h e  r e s i n  w a s  followed and c o n t r o l l e d  by measuring 

pH va lues  f o r  t h e  a c i d - d e f i c i e n t  u rany l  n i t r a t e  s o l u t i o n .  Approximate 

equ i l ib r ium d a t a  were a v a i l a b l e  from t h e  or ig ina-1  development of  t h e  

r e s i n  loading  p rocess  wi th  UO 

t i o n  pH va lues  f o r  good loadings  of Amberlite IRC-72 

3.30. Approximate curves  f o r  s o l u t i o n  p H  va lues  v s  uranium loading  f o r  

0.3 N and 0.6 N NO were used f o r  t h e  c a l c u l a t i o n s  g iven  i n  t h i s  r e p o r t .  

More precise measurements have s i n c e  been r e p o r t e d  by S h a f f e r  (F ig .  2 ) .  

The e x t e n t  of  r e s i n  loading  w a s  determined from pH measurements i n  

- 
For 0.2 t o  0.6 N NO , t h e  f i n a l  so lu -  

3 
r e s i n  were 2 . 7 3 , t o  

- * 3' 

1 - 
6 

3 - - 

two ways. A f avorab le  p H  f o r  t h e  e x i t  s o l u t i o n  from t h e  r e s i n  loading  

c o n t a c t o r  f o r  1 hr o r  more (based on equ i l ib r ium curves  l i k e  those  shown 

i n  F ig .  2 )  w a s  cons idered  an adequate c r i t e r i o n  of good load ing .  The 

uranium concen t r a t ion  w a s  determined e i t h e r  from chemical ana lyses  o r  

from s o l u t i o n  d e n s i t y  measurements. The d i f f e r e n c e  between t h e  p H  v a l u e s  

f o r  t h e  s o l u t i o n s  e n t e r i n g  and l e a v i n g  t h e  load ing  c o n t a c t o r  w a s  a s e n s i -  

t i v e  measure of  whether uranium loading  w a s  o c c u r r i n g ,  t h a t  i s ,  whether 

*Trademark o f  t h e  Rohm and Haas Co. 
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3 
t a t i o n  o f  UO 

been observed 

f lowshee ts  by 

w e r e  s e l e c t e d  

wi th  complete 

t h e  r e s i n  and t h e  i n l e t  s o l u t i o n  were c l o s e  t o  equ i l ib r ium.  This w a s  t h e  

second procedure f o r  determining whether loading  w a s  complete.  S m a l l  

amounts o f  uranium load ing  r e s u l t e d  i n  s i g n i f i c a n t  pH changes. The accu- 

racy  f o r  measuring t h i s  d i f f e r e n c e  w a s  improved by moving a s i n g l e  p H  

element between t h e  two streams so t h a t  they  could be analyzed a l t e r n a t e l y .  

This  e f f e c t  could be d u p l i c a t e d  by automatic va lv ing  i n  a remotely oper- 

a t e d  system. 

2 . 2  N i t r a t e  Ex t rac t ion  Equilibrium 

The cond i t ions  f o r  t h e  n i t r a t e  e x t r a c t i o n  must be c o n t r o l l e d  i n  o r d e r  

t o  avoid o v e r e x t r a c t i o n  of  n i t r a t e  and p r e c i p i t a t i o n  of UO The p r e c i p i -  3' 
i s  p o s s i b l e  from t h e  known b a s i c i t y  of t h e  amine and has  

exper imenta l ly  dur ing  i n v e s t i g a t i o n s  of s o l  p r e p a r a t i o n  

Moore. Therefore ,  t h e  e x t r a c t i o n  f lowshee t  cond i t ions  

so as t o  provide  an excess  of  t h e  u rany l  n i t r a t e  s o l u t i o n ,  

conversion of t h e  amine t o  t h e  n i t r a t e  form. The flows 

w e r e  c o c u r r e n t  so  t h a t  t h e  amine f ed  i n t o  t h e  c o n t a c t o r  would encounter 

s o l u t i o n  of  t h e  h i g h e s t  n i t r a t e  c o n t e n t .  The spray  c o n t a c t o r  i s  designed 

t o  p reven t  t h e  formation of small  aqueous drops  which might s u f f e r  from 

o v e r e x t r a c t i o n  of  n i t r a t e .  Although aqueous cont inuous  o p e r a t i o n  might 

be more f avorab le  f o r  avoid ing  l o c a l  o v e r e x t r a c t i o n ,  t h e  o rgan ic  con- 

t i nuous  mode w a s  used because it w a s  known t o  p rov ide  more e f f e c t i v e  

phase s e p a r a t i o n .  A t  t h e  normal flow rates and c o n c e n t r a t i o n s ,  5 t o  10% 

of  t h e  i n l e t  n i t r a t e  w a s  e x t r a c t e d  from t h e  aqueous phase p e r  p a s s  through 

t h e  c o n t a c t o r .  Under t h e  t e s t  c o n d i t i o n s ,  p r e c i p i t a t i o n  of uranium occurs  

a t  a NO / U  mole r a t i o  of  about 1 . 5 ,  t h e  exac t  va lue  depending on t h e  

uranium concen t r a t ion  and t h e  tempera ture .  

- 
3 

When excess  n i t r i c  a c i d  i s  p r e s e n t  i n  u rany l  n i t r a t e  s o l u t i o n s ,  
2+ 

U 0 2  
( t h i s  example does n o t  mean t h a t  a complex of t h e  formula i n d i c a t e d  w a s  

known t o  be p r e s e n t ) :  

forms n e g a t i v e l y  charged complexes such as t h a t  shown i n  Eq. ( 7 )  

( 7 )  
. .  
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The complex(es) could be e x t r a c t e d  by an amine, as shown by Eq .  ( 8 ) :  

( 8 )  
+ 

2- -+ [R'NH ] UO ( N 0 3 1 4  . 2H + 2RiNH + U 0 2  ( N 0 3 ) 4  2 2 2  2 

(As  an analogous example, s u l f a t e  complexes are e x t r a c t e d  by o r g a n i c  

amines f o r  recovery  of  uranium from s u l f a t e  s o l u t i o n s .  7, 

n i t r a t e  complexes can be stripped by w a t e r  o r  d i l u t e  n i t r i c  a c i d  and 

subsequent ly  r e t u r n e d  t o  t h e  u rany l  n i t r a t e  surge  tank .  Any u rany l  com- 

These u rany l  

p l e x e s  n o t  recovered  i n  t h i s  way would be l o s t  t o  the  b a s i c  w a s t e  so lu -  

t i o n  l eav ing  t h e  amine r egene ra t ion  step' .  

such l o s s e s  were two o b j e c t i v e s  of t h e  demonst ra t ion  tests.  

Measurement and c o n t r o l  of  

2.3 Amine Regeneration 

The chemical e q u i l i b r i u m  f o r  t h e  r egene ra t ion  of amine by Eq. ( 3 )  

o r  (6)  i s  very f avorab le  so t h a t  c o u n t e r c u r r e n t  flow o r  l a r g e  excesses  

of base  are unnecessary.  Condi t ions  p rev ious ly  demonstrated f o r  amine 

r e g e n e r a t i o n  as p a r t  o f  s o l - g e l  p rocesses  w e r e  used f o r  t h e s e  s t u d i e s .  

Two impor tan t  c o n s i d e r a t i o n s  are t h a t  t h e  aqueous/organic flow r a t i o  i s  

low (about  1/51 and e m u l s i f i c a t i o n  of o r g a n i c  i n t o  t h e  aqueous phase i s  

troublesome when NaOH i s  p r e s e n t .  A s  a r e s u l t ,  t h e  p r e f e r r e d  c o n d i t i o n s  

are o rgan ic  cont inuous  o p e r a t i o n  and c o c u r r e n t  f low so t h a t  t h e  NaOH i s  

r a p i d l y  conver ted  t o  NaNO The aqueous flow rate should be  c o n t r o l l e d  

so  t h a t  a l l  t h e  NaOH i s  used b u t  on ly  p a r t  o f  t h e  N a  CO i s  conver ted  t o  

NaHCO A r e s i d u e  of NaOH i n  t h e  aqueous e x i t  s o l u t i o n  r e s u l t s  i n  poor  

phase s e p a r a t i o n .  I n  a d d i t i o n ,  convers ion  of  a l l  t h e  N a  CO t o  NaHCO * 

may a l low undes i r ab le  releases of gaseous CO o r  incomplete r e g e n e r a t i o n  

of  t h e  amine. P a r t i a l  r egene ra t ion  of t h e  amine us ing  less than  t h e  

s t o i c h i o m e t r i c  r a t i o  of NaOH might have advantages and w i l l  be  t e s t e d  

i n  an eng inee r ing - sca l e  r e s i n  load ing  system. 

314 

3 '  

2 3  

3' 

2 3  3 

2 

3. EXPERIMENTAL APPARATUS AND PROCEDURES 

A tes t  system f o r  r e s i n  load ing  based on t h e  s o l v e n t  e x t r a c t i o n  of . -  

n i t r a t e  w a s  assembled by r eus ing  equipment components from o t h e r  f lowshee t s  
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(Fig.  3 ) .  The n i t r a t e  e x t r a c t i o n  equipment w a s  t h e  same as t h a t  used f o r  

p r e p a r i n g  CUSP UO s o l s  (Fig.  4)  , except  t h a t  t h e  aqueous surge  tank w a s  

removed and t h e  aqueous phase w a s  d i scharged  through a j a c k l e g  t o  c o n t r o l  

t h e  i n t e r f a c e  l e v e l .  Solvent  r e g e n e r a t i o n  w a s  accomplished i n  t h r e e  

m i x e r - s e t t l e r  s t a g e s  (Fig.  5) as designed and f a b r i c a t e d  f o r  t h e  sol-  

g e l  p r e p a r a t i o n  of Tho -UO The r e s i n  loading  c o n t a c t o r  used i n i -  

t i a l l y  was taken from a f lu id ized-bed  system t e s t e d  f o r  r e s i n  loading  

u s i n g  UO 

I D  and 5 f t  long,  w i l l  be  descr ibed  i n  t h e  fol lowing subsec t ions .  The 

UNH tank w a s  a 55-gal s t a i n l e s s  s t ee l  drum. The uranium f e e d  w a s  p repared  

by d i l u t i n g  a 1.33 M UO (N03)2--1.70 M HNO 

2 

2 3  

Both t h e s e  components and a second loading c o n t a c t o r ,  4 i n .  3 '  

s o l u t i o n  wi th  water .  3 - 2 - 

3. i Nitrate  E x t r a c t i o n  Components 

Uranyl n i t r a t e  s o l u t i o n  from t h e  UNH tank  w a s  pumped through a manual 

f l o w  c o n t r o l  va lve ,  a c o n d u c t i v i t y  e lement ,  a temperature  e lement ,  a s m a l l  

shel l -and-tube h e a t  exchanger,  a flow element ( o r i f i c e  and d i f f e r e n t i a l  

p r e s s u r e  c e l l ) ,  and a spray  header c p n t a i n i n g  h o l e s  about  1/8 i n .  i n  

diameter  (Fig.  4 ) .  The aqueous drops flowed c o c u r r e n t l y  wi th  t h e  con- 

t inuous  o r g a n i c  phase down a 2-1n.-ID, 36-in.-long c o n t a c t o r .  The 

aqueous-organic i n t e r f a c e  w a s  c o n t r o l l e d  i n  about  a 12-in.  l e n g t h  o f  a 

2-in.-ID phase s e p a r a t o r  by adjustment  of organic  and aqueous overflow 

jacklegs .  The pH o f  t h e  aqueous e f f l u e n t  w a s  measured i n - l i n e  b e f o r e  t h e  

s t ream w a s  re turned  t o  t h e  UNH t ank .  

3.2 Solvent  Regeneration 

The s o l v e n t  r e g e n e r a t i o n  c o n t a c t o r s  may be overdesigned w i t h  respect 

t o  meeting t h e  f lowsheet  requirements .  Each m i x e r - s e t t l e r  (Fig.  5 )  i s  

made o f  3-in.-diam g l a s s  p i p e  t o  permit observa t ion  of  t h e  p r o c e s s  streams 

and o p e r a t i n g  c h a r a c t e r i s t i c s .  It  i s  d i v i d e d  i n t o  s i x  compartments, each 

of which has  a mixing impeller; t h e s e  impellers are mounted on a common 

s h a f t  wi th  a variable-speed d r i v e .  The aqueous and organic  phases  e n t e r  

a t  t h e  top and f l o w  c o c u r r e n t l y  down through t h e  s i x  compartments t o  g i v e  

t h e  e f f e c t  of mjxing vessels i n  series.  This  arrangement ensures  good 

s t a g e  e f f i c i e n c y .  The mixer i s  designed i n  such a manner t h a t  t h e  aqueous 
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phase  i s  d i s p e r s e d  i n t o  t h e  o rgan ic  phase (o rgan ic  cont inuous)  t o  minimize 

e m u l s i f i c a t i o n .  A t  shutdown, t h e  aqueous phase d r a i n s  t o  t h e  se t t le r ;  

consequent ly ,  on ly  t h e  o rgan ic  phase i s  p r e s e n t  i n  t h e  mixer a t  s t a r t u p  

and t h e  aqueous stream i s  e a s i l y  d i spe r sed  as it e n t e r s .  Each mixer i s  

equipped wi th  two U-shaped s e c t i o n s  of  s t a i n l e s s  s t e e l  t ub ing  through 

which h o t  water i s  c i r c u l a t e d  t o  main ta in  t h e  o rgan ic  and aqueous phases  

a t  about  50'C. 

Phase s e p a r a t i o n  occur s  i n  t h e  s e c t i o n  l o c a t e d  below t h e  mixer.  The 

p o s i t i o n  o f  t h e  i n t e r f a c e  i s  c o n t r o l l e d  by a d j u s t a b l e  w e i r s  on both  t h e  

aqueous and t h e  o rgan ic  overflow l i n e s .  The nominal vo lumetr ic  c a p a c i t y  

o f  t h e  mixing s e c t i o n  i s  2 .0  l i t e r s ,  whi le  t h a t  o f  t h e  s e t t l e r  i s  2.8 

l i t e rs  o f  o rgan ic  phase  and 1;5 l i t e r s  of aqueous phase.  

3.3 Resin Loading Contac tors  

The r e s i n  load ing  c o n t a c t o r  used i n i t i a l l y  i n  t h e  t e s t s  r e p o r t e d  h e r e  

w a s  a f lu id ized-bed  u n i t  w i th  t h e  r e s i n  suppor ted  by a 40-mesh sc reen  

mounted i n  a 3-in.-ID f langed  j o i n t  [Fig. 6 ( a ) ] .  The r e s i n  f i l l e d  a 

t a p e r e d  s e c t i o n ( d e c r e a s i n g  from 6 i n .  I D  t o  3 i n .  I D  over  a 12-in.-  

l e n g t h )  and pa r t  of a 6-in.-ID by 24-in.-high c y l i n d r i c a l  s e c t i o n .  The 

a c i d - d e f i c i e n t  u r a n y l  n i t r a t e  s o l u t i o n  from t h e  UNH tank  w a s  pumped 

s u c c e s s i v e l y  through a manual flow c o n t r o l  va lve ,  a r o t a m e t e r ,  and t h e  

r e s i n  v i a  t h e  40-mesh sc reen .  The p H  o f  t h e  aqueous e f f l u e n t  w a s  measured 

i n - l i n e  be fo re  t h e  stream w a s  r e tu rned  t o  t h e  UNH t ank .  I n  some t e s t s ,  

t h e  p H  of  t h e  aqueous feed  w a s  measured by a s imi l a r  i n - l i n e  measurement 

of  a second s t ream.  

Resin load ing  tests w e r e  a l s o  made a f t e r  t h e  f lu id ized-bed  c o n t a c t o r  

had been r ep laced  by a 4-in.-ID by 5- f t -h igh  spou t ing  bed c o n t a c t o r  [Fig.  

6 ( b ) ] .  The c o n t a c t o r  body w a s  made of  s t anda rd  Pyrex pipe. The bottom 

w a s  a 60' shee t -meta l  cone wi th  a 1/2-in.-OD tub ing  i n l e t  a t  t h e  top .  

The top w a s  a f l a n g e  wi th  a 100-mesh w i r e  s c reen  f a b r i c a t e d  i n t o  a 60' 

cone t o  p r e v e n t  ca r ryove r  of resin: This c o n t a c t o r  w a s  in tended  t o  

s i m u l a t e  a c r i t i c a l l y  s a f e  geometry and a remotely ope rab le  loading-  

unloading c o n f i g u r a t i o n .  
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4. EQUIPMENT PERFORMANCE 

The o b j e c t i v e  of  t h e  s t u d i e s  desc r ibed  he re  w a s  t o  demonstrate 

accep tab le  chemical and equipment f lowshee ts  f o r  t h i s  r e s i n  load ing  proc- 

ess wi thout  any sys t ema t i c  op t imiza t ion .  P o t e n t i a l  problems such as 

s o l v e n t  en t ra inment ,  uranium l o s s e s  t o  t h e  r egene ra t ion  c o n t a c t o r ,  and 

loading  t i m e  requirements were i n v e s t i g a t e d  as r e q u i r e d  t o  show accep tab le  

r e s u l t s .  A l t e r a t i o n s  of  equipment o r  f lowshee ts  t o  f u r t h e r  improve such 

r e s u l t s  w e r e  g e n e r a l l y  d e f e r r e d  t o  be par t  of f u t u r e  s t u d i e s  i n  an 

engineer ing-sca le  r e s i n  loading  system. Resu l t s  a r e  desc r ibed  accord ing  

t o  t h e  mechanical performance of  t h e  equipment i n  t h i s  s e c t i o n ;  t h e  chem- 

i ca l  f lowshee t  requi rements ,  i n c l u d i n g  t h e  q u a n t i t a t i v e  r e s u l t s  w i t h  

r e s p e c t  t o  uranium load ing ,  l o s s e s ,  e t c . ,  are  d i scussed  i n  Sec t .  5. 

4 . 1  Nitrate E x t r a c t i o n  .Contactor 

The n i t r a t e  e x t r a c t i o n  c o n t a c t o r  w a s  a c o c u r r e n t  sp ray  column with 

t h e  o rgan ic  phase (0.27 - M Amberlite LA-2 i n  a diethylbenzene-dodecane 

mixture)  continuous.  Operation proceeded as in t ended ;  no impor tan t  prob- 

lems were encountered. 

e s s e n t i a l l y  complete conversion t o  t h e  amine n i t r a t e .  The i n t e r f a c e  was 

p r e s e n t  i n  a % 12-in.  l eng th  of  h o r i z o n t a l ,  2-in.-ID Pyrex p i p e .  There 

were v i s i b l e  accumulations of o rgan ic  i n  t h e  u rany l  n i t r a t e  s o l u t i o n  

t a n k ,  b u t  they  had no d e t e c t a b l e  e f f e c t  on r e s i n  loading .  A more e f f i -  

c i e n t  phase s e p a r a t o r  des ign  would f a c i l i t a t e  c o n t r o l  of the  interface 

and reduce en t ra inment .  I n  most cases, o p e r a t i o n  w a s  w i th  an o r g a n i c  

flow of 400 cc/min. Operation wi th  an o rgan ic  flow of 600 cc/min w a s  

cons idered  accep tab le ;  however, phase s e p a r a t i o n  and i n t e r f a c e  c o n t r o l  

w e r e  n o t  as good as a t  400 cc/min. 

The e x i t  amine was - < 0.01 - M f r e e  amine, i n d i c a t i n g  

4 . 2  Amine Regeneration System 

The on ly  d i f f i c u l t i e s  encountered i n  o p e r a t i n g  t h e  amine r egene ra t ion  

system were those  a s s o c i a t e d  wi th  phase s e p a r a t i o n  when abnormal chemical 

f l owshee t  cond i t ions  were employed. The NaOH-Na CO s o l u t i o n  flow rate 

must be c o n t r o l l e d  so t h a t  complete conversion of t h e  NaOH t o  N a N 0 3  i s  
2 3  
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ensured. Seve ra l  p e r i o d s  dur ing  which t h e  o rgan ic  flow ra te  w a s  reduced 

wi thout  a concomitant dec rease  i n  t h e  NaOH-Na CO flow ra te  r e s u l t e d  i n  

accumulations of  emulsions a t  t h e  i n t e r f a c e s .  Another abnormal chemical 

f lowshee t  cond i t ion  w a s  p r e c i p i t a t i o n  of uranium i n  t h e  r e g e n e r a t i o n  

c o n t a c t o r  and i t s  a t t e n d a n t  accumulation a t  t h e  i n t e r f a c e .  This c o n d i t i o n ,  

which occurred  i n  t h e  case of h igh  NO -/U r a t i o s  (see S e c t .  2 . 2 )  , w a s  
3 

completely c o n t r o l l e d  by adding a water sc rub  t o  recover  t h e  e x t r a c t e d  

o r  e n t r a i n e d  uranium. The mixer speeds commonly used were 500 r p m  f o r  

t h e  uranium recovery  sc rub  c o n t a c t o r ,  350 r p m  f o r  t h e  r e g e n e r a t i o n  con- 

t a c t o r ,  and 400 rpm f o r  t h e  f i n a l  water sc rub .  

2 3  

The m i x e r - s e t t l e r  c o n t a c t o r s  provide  good d i s p e r s i o n  of t h e  aqueous 

phase as r e q u i r e d  f o r  t h e  low aqueous/organic flow r a t i o s  of 1 /5  o r  1/15. 

S ince  t h e  chemical equ i l ib r ium i s  ve ry  f a v o r a b l e ,  an aqueous r e c y c l e  could  

be used t o  i n c r e a s e  t h e  aqueous/organic flow r a t i o  (Fig.  7 ) .  This  would 

a l low t h e  use  of spray  c o n t a c t o r s  and might promote o t h e r  p rocess  improve- 

men t s .  The energy f o r  mixing would then  be provided  by t h e  r e c y c l e  pump 

i n s t e a d  o f  t h e  mixer motor. The aqueous r e c y c l e  flow would a l low measure- 

ment and c o n t r o l  of  t h e  amount of  base  i n  t h e  c o n t a c t o r  t o  opt imize  both  

t h e  u t i l i z a t i o n  of  base  and t h e  phase s e p a r a t i o n .  

A l l  o f  t h e  i n t e g r a t e d  system t e s t s  were made wi th  equimolal concen- 

t r a t i o n s  o f  NaOH and N a  CO t o  r e g e n e r a t e  t h e  amine. use of  NH OH t o  

g ive  NH NO -NH OH w a s t e  might be p r e f e r r e d  f o r  some w a s t e  d i s p o s a l  t rea t -  

ments.  A l i t e r a tu re  survey w a s  made and some simple l a b o r a t o r y  tests were 

performed t o  p rov ide  informat ion  on t h e  use  of NH OH s o l u t i o n s .  Uranium 

s e p a r a t i o n  p rocesses  have been developed which r e q u i r e  t h e  r e g e n e r a t i o n  of 

f r e e  amines a f t e r  s t r i p p i n g  of uranium complexes t o  l eave  t h e  amines as 

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

s t r i p p i n g  of  uranium y i e l d s  an amine n i t r a t e  and has  a lmost  e x a c t l y  t h e  

same amine r e g e n e r a t i o n  requirement as t h a t  f o r  r e s i n  load ing .7  

secondary amine (dodecenyl Primene 81*) i n  kerosene ,  t h e  amine w a s  

2 3  4 

4 3  4 

4 

For a 

r egene ra t ed  wi th  1 . 5  M NH OH t o  g i v e  

compared wi th  NaOH,  t h e  use  of NH OH 

excess of  base ,  h i g h e r  t empera tu res ,  

4 - 
4 

an aqueous e f f l u e n t  p H  of 8 .3 .  A s  

r e q u i r e d  some combination of a l a r g e r  

and/or longer  c o n t a c t  t i m e s .  7 

* 
Trademark o f  t h e  Rohm and Haas Co.  
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O R N L  DWG. 75-4918 

- .  

Na OH -No 2C03 
OR NH,OH .-, 

AMINE 
NI 4 --_ 

FREE AM1N.E 
(TO H,O SCRUB) 

THE pH MEASUREMENT COULD BE EITHER 
A PROPORTIONAL CONTROL OR A HIGH-AND 
LOW-LEVEL ALARM WITH A METERED FLOW 
OF NH,OH SOLUTION. 

Fig. 7. A recycle system for an amine regeneration contactor. 

. .  
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Laboratory tests wi th  NH OH were made by shaking s p e n t  s o l v e n t  w i th  
4 

aqueous s o l u t i o n s  i n  g l a s s  sample b o t t l e s .  The v i s u a l  o b s e r v a t i o n  of  

break t i m e s  o r  emulsion formation w a s  a t e s t  of phase s e p a r a t i o n .  Phase 

s e p a r a t i o n  i s  known t o  be very poor  f o r  NaOH s o l u t i o n ,  b u t  i s  e x c e l l e n t  

f o r  N a  CO o r  NaHCO -NaNO s o l u t i o n s .  The o rgan ic  samples from s e v e r a l  

shake tests w e r e  submi t ted  f o r  ana lyses  of  f r e e  amine i n  o r d e r  t o  d e t e r -  

mine t h e  e q u i l i b r i u m  amine n i t r a t e  c o n c e n t r a t i o n s  r e s u l t i n g  from NH OH- 

NH NO s o l u t i o n s .  The r e s u l t s  of t h e s e  ana lyses  w e r e  i d e n t i c a l  f o r  o r g a n i c  

samples t h a t  had been shaken wi th  1 E N a  CO 1 M NH OH,  and the  two 

NH OH-NH NO s o l u t i o n s ;  t h i s  i n d i c a t e s  n e g l i g i b l e  back-conversion t o  amine 

n i t r a t e  by t h e  NH NO The phase s e p a r a t i o n  f o r  NH OH-NH NO s o l u t i o n s ,  

a l though n o t  q u i t e  as good as f o r  N a  CO o r  NaHCO -NaNO s o l u t i o n s ,  i s  

much b e t t e r  than  f o r  NaOH o r  NH OH s o l u t i o n s .  The phase  s e p a r a t i o n  u s i n g  

NH OH should be accep tab le  i f  l o w  NO -/NH 

avoided. This  does n o t  imply a d i f f e r e n c e  i n  l i m i t a t i o n s  s i n c e  w e  have 

a l s o  exper ienced  emulsion problems a t  low NO / N a  r a t i o s .  An aqueous 

r e c y c l e  f o r  t he  r egene ra t ion  c o n t a c t o r  (Fig.  7 )  could  be a worthwhile 

2 3  3 3 

4 

4 3  

2 3 '  - 4 

4 4 3  

4 3 '  4 4 3  

2 3  3 3 

+ 4 
r a t i o s  i n  t h e  e f f l u e n t  are 

4 3 4 

- +  
3 

process  improvement when NH OH i s  used f o r  r egene ra t ion .  
4 

4.3 Resin Loading Contac tor  

Two t ypes  of  r e s i n  load ing  c o n t a c t o r s  (F ig .  6 )  were used  i n  t h e  

p r e s e n t  s t u d i e s .  

t i o n  w a s  t h e  a l lowable  range of s o l u t i o n  flow rates  and t h e  ease of 

t r a n s f e r r i n g  r e s i n  i n  and o u t .  

The pr incipal  informat ion  w i t h  r e s p e c t  t o  t h e i r  opera- 

Reten t ion  o f  t h e  r e s i n  i n  t h e  load ing  contac tor ,  i s  an  impor tan t  

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

e x i t  f o r  t h i s  purpose.  A i r  bubbles t h a t  c o n t a c t  r e s i n  o f t e n  t rap some 

r e s i n  p a r t i c l e s  a t  t h e  bubble s u r f a c e  and t r a n s p o r t  them t o  t h e  t o p  of 

t h e  l i q u i d  by a f r o t h  f l o t a t i o n  e f f e c t .  The unloaded hydrogen-form r e s i n  

has  a low d e n s i t y  and w i l l  f l o a t  a t  moderate uranium c o n c e n t r a t i o n s  

2 
( e s t ima ted  t o  be > 0.8 M ) .  - A s  UO 

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

Even f o r  a uranium c o n c e n t r a t i o n  of  0.3 - M I  however, t h e  s e t t l i n g  v e l o c i t y  

2+ i s  loaded ,  t h e  d e n s i t y  of t h e  r e s i n  
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o f  unloaded r e s i n  i s  low and r e s i n  is  e a s i l y  c a r r i e d  t o  t h e  s o l u t i o n  e x i t .  

The a l lowable  s o l u t i o n  flow ra te  f o r  0.3 - M uranium (70 g of uranium pe r  

l i t e r )  i s  a s u p e r f i c i a l  v e l o c i t y  of 15  cm/min. This can be  inc reased  t o  

50 cm/min a f t e r  loading  i s  70% complete. I n  t h e  case  of t he ,4 - in . - ID  

load ing  c o n t a c t o r ,  t h e  c o n i c a l  100-mesh s c r e e n  f o r  t h e  l i q u i d  e x i t  d i d  

n o t  allow t r o u b l e - f r e e  use of high s o l u t i o n  flow rates.  I f  t h e  average 

s o l u t i o n  flow ra te  proposed €o r  t h e  FRPP i s  used a t  t h e  s t a r t ,  t h e  low- 

d e n s i t y ,  unloaded r e s i n  i s  packed a g a i n s t  t h e  e x i t  s c reen  and forms a 

porous p lug  which has  s u f f i c i e n t  s t r e n g t h  t o  cause  d i f f i c u l t i e s .  The 

p l u g  remains i n  p l a c e  when t h e  s o l u t i o n  flow is s h u t  o f f .  For t h i s  con- 

t a c t o r  and t h e  r e s i n  charges  t e s t e d ,  t h e  a l lowable  i n i t i a l  flow ra te  

wi thout  expanding t h e  r e s i n  bed up t o  t h e  s c r e e n  i s  about 1 . 2  l i t e r s / m i n ,  

o r  about 30% o f  t h e  proposed average  flow rate .  The inc reased  r e s i n  

d e n s i t y  as loading  proceeds a l lows  a flow rate of 4 l i t e r s / m i n  wi th in  1 

h r .  The 100-mesh s c r e e n  cone a t  t h e  t o p  g r a d u a l l y  b l inded  wi th  r e s i n  

and c o l l a p s e d  a f t e r  fou r  runs from an  excess ive  p r e s s u r e  d i f f e r e n t i a l .  

Some arrangement t o  provide  backf lush ing  and/or a l a r g e r  area might 

e l i m i n a t e  t h i s  problem. C r i t i c a l i t y  requirements w i l l  p robably  a l low 

use  of a S-in.-ID c o n t a c t o r ,  which would r e p r e s e n t  a s i g n i f i c a n t  improve- 

ment. 

Each loading  c o n t a c t o r  e x h i b i t e d  good mixing and hydrau l i c  behavior .  

The lower p a r t  o f  t h e  r e s i n  bed i n  t h e  4-in.-ID load ing  c o n t a c t o r  w i th  

t h e  c o n i c a l  bottom showed a spouted-bed behavior  c h a r a c t e r i z e d  by down- 

flow a t  t h e  v e s s e l  w a l l s ,  whi le  t h e  upper p a r t  of t h e  r e s i n  bed d i sp layed  

t h e  more convent iona l  t ype  of f lu id-bed  motion. The o t h e r  l oad ing  con- 

t a c t o r  showed smooth f l u i d i z a t i o n  i n  t h e  6-in.-ID c y l i n d r i c a l  s e c t i o n  b u t  

s lugg ing  f l u i d i z a t i o n  i n  par ts  of  t h e  bottom t a p e r e d  s e c t i o n .  

The loaded r e s i n  w a s  e a s i l y  t r a n s f e r r e d  o u t  of each type  of l oad ing  

c o n t a c t o r .  About 3 f t  o f  l i q u i d  head i n  t h e  conical-bottomzcontactor 

f lu shed  t h e  r e s i n  through a 1/2-in.-OD tub ing  l i n e  t o  t h e  d r y e r .  The 

ra te  o f  r e s i n  d i scha rge  w a s  i nc reased  i f  t h e  s l u r r y  was d i l u t e d  by a s m a l l  

a d d i t i o n a l  flow o f  s o l u t i o n .  I n  t h e  case  of t h e  screen-bottom load ing  

c o n t a c t o r ,  vacuum w a s  a p p l i e d  t o  t h e  t o p  of t h e  d r y e r  t o  draw t h e  r e s i n  

s l u r r y  i n t o  t h e  d r y e r  through a 1/2-in.-OD tub ing  l i n e .  
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F l u i d i z a t i o n  flows may be  te rmina ted  and then  resumed a f t e r  shut -  

downs of  up t o  s e v e r a l  days wi th  no d i f f i c u l t y ,  p rovided  t h e  r e s i n  bed 

i s  n o t  allowed t o  f i l l  any appreciable l eng th  of  t h e  s o l u t i o n  i n l e t  l i n e .  

The r e s i n  i n  t h e  s m a l l  l i n e  cannot  flow i n t o  t h e  c o n t a c t o r  u n t i l  t h e  bed 

has  expanded. The r e s i n - f i l l e d  l i n e  has  a h igh  p r e s s u r e  d rop  per u n i t  o f  

l eng th  and can l i m i t  t h e  s o l u t i o n  flow t o  a low va lue  which w i l l  n o t  

expand t h e  bed. This  problem w a s  e l imina ted  by us ing  a flow s h u t o f f  

v a l v e  c l o s e  t o  t h e  s o l u t i o n  i n l e t  t o  t h e  c o n t a c t o r  so  t h a t  on ly  a few 

inches  of  l i n e  could  f i l l  w i t h  r e s i n  when flow w a s  d i scon t inued .  This  

d i f f i c u l t y  w i t h  moving t h e  r e s i n  i n  the  l i n e  occurs  only  when t h e  se t t led  

r e s i n  bed b locks  t h e  d i scha rge  of r e s i n  from t h e  l i n e .  

4 .4  Process  Ins t rumen ta t ion  and Cont ro l  

A l l  c o n t r o l s  f o r  t h e  exper imenta l  system used i n  t h e s e  tes ts  w e r e  

a c t i v a t e d  manually a f t e r  v i s u a l  obse rva t ions  had been made o r  i n d i c a t o r s  

had been r ead .  The system response  t i m e s  are g e n e r a l l y  long; t h e r e f o r e ,  

t he  p r i n c i p a l  problems appear t o  s t e m  from t h e  s e n s i t i v i t y  and accuracy 

o f  t h e  measurements. S ince  none of  t h e  flow measurements o r  tempera tures  

i s  c r i t i c a l ,  convent iona l  i n s t rumen ta t ion  would be adequate.  I n t e r f a c e  

c o n t r o l s  were o f  t h e  j a c k l e g  t y p e ,  w i th  a d j u s t a b l e  w e i r s  i n  each aqueous 

and o r g a n i c  e x i t  l i n e .  The major problem wi th  r ega rd  t o  i n t e r f a c e  con- 

t r o l  i s  t h e ’ e f f e c t  of v a r i a t i o n s  i n  uranium c o n c e n t r a t i o n  on t h e  n i t r a t e  

e x t r a c t i o n  i n t e r f a c e  l e v e l .  The d i f f e r e n c e  i n  d e n s i t y  between t h e  two 

phases  can vary  by as much as a f a c t o r  of 2 s i n c e  t h e  d e n s i t y  of t h e  

uranium s o l u t i o n  may range from s l i g h t l y  more than  1.0 f o r  d i l u t e  so lu-  

t i o n s  t o  1 . 2 0  f o r  concen t r a t ions  of  about 0.6 E (as compared t o  abou t  0.9 

f o r  t h e  o rgan ic .  d e n s i t y ) .  

Tes t ing  of i n - l i n e  p H  i n s t rumen ta t ion  i n  an eng inee r ing - sca l e  r e s i n  

load ing  system w i l l  be  a very  impor tan t  pa r t  o f  t h e  o v e r a l l  program. 

Accurate p H  measurements provide  an e x c e l l e n t  i n d i c a t i o n  of  t h e  p r o g r e s s  

of  bo th  t h e  n i t r a t e  e x t r a c t i o n  and t h e  r e s i n  load ing .  I n  t h e  exper imenta l  

s t u d i e s  r e p o r t e d  here, convent iona l  l a b o r a t o r y  p H  e l e c t r o d e s  and i n d i c a -  

t o r s  were used ,  w i th  manual handl ing  of t h e  e l e c t r o d e s  f o r  c a l i b r a t i o n  o r  

u se  i n  i n - l i n e  s o l u t i o n  chambers. These l a b o r a t o r y  in s t rumen t s  r e q u i r e d  

. .  
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f r equen t  c a l i b r a t i o n  ( s e v e r a l  t i m e s  p e r  8-hr s h i f t ) .  I t  i s  e s s e n t i a l ,  

t h e n ,  t h a t  f u t u r e  s t u d i e s  i d e n t i f y  dependable components f o r  i n - c e l l  u se .  

The accuracy of  measuring t h e  p H  change a c r o s s  t h e  load ing  c o n t a c t o r  was 

improved by moving a s i n g l e  pH meter between t h e  i n l e t  and e x i t  streams 

so t h a t  t h e s e  streams could  be analyzed a l t e r n a t e l y .  Automatic va lv ing  

wi th  d u p l i c a t e  i n - l i n e  p H  ins t ruments  i s  planned t o  provide  a double 

check o f  t h i s  impor tan t  measurement. A s  an a l t e r n a t i v e  t o  in t roduc ing  

s t anda rd  b u f f e r  s o l u t i o n s  i n t o  t h e  p rocess  system, t h e  p rocess  s o l u t i o n s  

might be used f o r  c a l i b r a t i o n  a f t e r  t h e i r  pH va lues  had been measured i n  

an a n a l y t i c a l  f a c i l i t y .  

An i n - l i n e  c o n d u c t i v i t y  element was used t o  determine t h e  conductiv- 

i t y  of t h e  u rany l  n i t r a t e  s o l u t i o n .  This  element w a s  fou led  (probably by 

e n t r a i n e d  o r g a n i c )  du r ing  one e a r l y  run and had t o  be c leaned .  The 

r ead ing  ob ta ined  wi th  t h i s  element w a s  v e r i f i e d  by a p o r t a b l e  l a b o r a t o r y  

c e l l  and probe p l aced  i n  t h e  same s o l u t i o n  p o t s  used f o r  p H  measurements. 

With t h e  except ion  of  t h e  f o u l i n g  mentioned above, t h e  i n - l i n e  conductiv- 

i t y  element appeared t o  be reliable.  The conduc t iv i ty  of  t h e  a c i d -  

d e f i c i e n t  u rany l  n i t r a t e  i s  s t r o n g l y  dependent on tempera ture  and uranium 

concen t r a t ion  and i s ,  t h e r e f o r e ,  a much less u s e f u l  measurement than  p H  

f o r  de te rmining  NO -/U mole r a t i o s .  3 

5. CHEMICAL FLOWSHEET AND QUANTITATIVE RESULTS 

The d a t a  ob ta ined  i n  t h e  chemical f lowshee t  s t u d i e s  are p resen ted  i n  

t h i s  s e c t i o n .  I n  cases where t h e  i n i t i a l l y  s e l e c t e d  c o n d i t i o n s  gave 

accep tab le  r e s u l t s ,  t hey  w e r e  used wi thout  any sys t ema t i c  de t e rmina t ion  

of optimum va lues .  The mechanical performance and d e p e n d a b i l i t y  of t h e  

equipment i t e m s  are d i scussed  i n  S e c t .  4. 

5 .1  Run Conditions and Analyses of Loaded Resin 

Fourteen ba tches  of r e s i n  were charged and loaded wi thout  any prob- 

l e m s .  The impor tan t  run  cond i t ions  and r e s u l t s ,  a long  wi th  those  of some 

ba tch  runs  wi th  UO which are p resen ted  f o r  comparison, are summarized 

i n  T a b l e  1. The low uranium load ings  f o r  runs  R02, R09, and R 1 4  were 
3 



Tab le  1. Loading o f  n a t u r a l  uranium on Amberlite IRC-72 r e s i n  

Res in  feed Loaded r e s i n  F i n a l  s o l u t i o n  . Loading 
t i m e  

number (11) ( m l )  (9 1 ( w t  %) m l  r e s i n  (E) PH mole r a t io  ( h r )  
U conc.  NO 3-/U Run S i z e a  Volumea Weight U c o n t e n t  m e q  U 

A. Loading w i t h  S o l v e n t  E x t r a c t i o n  of Nitrate;  Screen-Bottom Spouting-Bed Con tac to r  

R01 
R02 
R03 
R04 
R05 
R06 
R07 
R08 
R09 
R10 

B 

R 1 1  
R12 
R13 
R14 

BO2 
BO4 
BO5 

62 
63  

Uns ized  
Uns ized  
Uns ized  
Uns ized  

590 2 1 0 0  
590 5 100 
590 2 100 , 

590 2 1 0 0  
590 2 100 
590 2 100  

4,800 
7 ,050  
5,900 
6,700 
7,450 
7 ,350  
7 ,200  
8 ,100  
7,400 
5,000 

3 ,871  
5,392 
4 ,813  
5,430 
5,826 
5,954 
5,668 
6 ,335  
5,410 
3,944 

46.77 
46.26 
46.06 
46.03 
46.40 
46.87 
46.08 
47.83 
46.0 
46.61 

3.17 
2.97 
3.16 
3.13 
3.05 
3.19 

' 3.05 
3.17 
2.83 
3.09 

0.31 
0.32 
0 .25  
0.17 
0.24 
0.23 
0.22 
0.21 
0.15 
0.10 

2.65 
2.60 
2.85 
3.05 
2.88 
2.94 
2.84 
2.90 
2.98 ' 

3.18 

1 . 7 8  
1.81 
1 .70  
1.67 
1 .71  
1 .70  
1 .75  
1 . 7 0  
1 . 7 3  
1 .66  

3 .3  
2.5 
5 .8  
4.7 
4.9 
5 .8  
5.3 
4 . 5  
1.8 
2.0 

Loading w i t h  S o l v e n t  E x t r a c t i o n  o f  Nitrate;  Conical-Bottom, 4-in.-ID Spout ing  Bed Contac tor  

560 2 60 8 ,100  6 ,173  49.66, 49.96 3.18 ' 0.22 2 .88  1 .74 3.7 
560 2 60 8 ,500  6,394 49.57,  49.50 3.13 0.16 2.93 i . 7 4  4.1 
560 5 6 0  8 ,400  6 ,273  47.74 3.00 0.09 3.10 1 . 7 3  4.6 
560 2 6 0  7,800 5 ,465  46.14 2.72 0 .03  3.15 1 . 8 2  5 .6  

C. Loading  w i t h  UO i n  a Large (55-gal  D r u m )  Conical-Bottom, Spouting-Bed Con tac to r  3 

560 6 0  33,000 25,570 48.2 3.14 0.22 3 . 0  1 .65  7 
660 5 30 22,000 16 ,955  48.9 3.16 0.22 3.15 1 .55  8 
560 - + 60 38,000 28,780 48.0 3.07 0.22 3.1 1 . 6  7 

D.  Loading w i t h  UO i n  B a f f l e d ,  A g i t a t e d  Beakers  
3 

Uns ized  8 ,170  6 ,530  47.00 3.16 0.4 3 .0  1 . 5  . 2.5 
Uns i zed  8 ,340  6 ,721  46.35 3.14 0.4 3 . 1  1 . 5  3 .0  

a 
Res in  s i z e s  and  volumes are g iven  f o r  t h e  hydrogen form i n  water. 

N 



n o t  unexpected s i n c e  e i t h e r  s h o r t e r  loading  t i m e s  o r  lower uranium con- 

c e n t r a t i o n s  were be ing  t e s t e d  i n  t h e s e  cases .  Table 2 shows a t y p i c a l  

run d a t a  s h e e t .  

5 .2  I n t e g r a t e d  System Rates 

The r e s i n  load ing  tests were made wi th  simultaneous removal of u rany l  

i o n  by r e a c t i o n  wi th  t h e  r e s i n  [Eq. (l)] and removal of n i t r a t e  by t h e  

amine s o l v e n t  [Eq.  (211.  The ra te  of n i t r a t e  removal i s  se t  by t h e  amine 

concen t r a t ion  and flow rate  s i n c e  t h e  e x i t  s o l v e n t  c o n t a i n s  l i t t l e  f r e e  

amine. The ra te  of  u rany l  removal v a r i e s  w i th  t h e  concen t r a t ion  and flow 

rate  of  s o l u t i o n  t o  t h e  loading  c o n t a c t o r  and wi th  t h e  degree of r e s i n  

loading .  These removal ra tes ,  a long  wi th  t h e  volume and concen t r a t ion  of 

t h e  u rany l  n i t r a t e  s o l u t i o n ,  determine how t h e  pH and NO -/U mole r a t i o s  

va ry  as t h e  r e s i n  load ing  proceeds .  Continuous removal of water i n  an 

evapora to r  and a d d i t i o n  of  u rany l  n i t r a t e  feed  s o l u t i o n  du r ing  loading  

3 

would f u r t h e r  compl ica te  t h e  behavior  i n  a FRPP system o f  low volume 

inven to ry .  

A t y p i c a l  l oad ing  run  showed two d i s t i n c t  s t a g e s  f o r  t h e  exper imenta l  

c o n d i t i o n s  used. I n i t i a l l y ,  t h e  rate o f  uranium loading  was much h ighe r  

than t h e  rate of  n i t r a t e  removal. The e x i t  s t ream from t h e  load ing  con- 

t a c t o r  has  a low p H ,  and t h e  p H  o f  t h e  s o l u t i o n  i n  t h e  surge  tank  

decreased  (F igs .  8 and 9)  as t h e  NO -/U mole r a t i o  inc reased  wi th  t i m e .  3 
About 70% of t h e  uranium load ing  w a s  completed i n  about  20% of t h e  run 

t i m e .  During t h e  remainder of  t h e  r u n ,  t h e  r a t e  of n i t r a t e  e x t r a c t i o n  

w a s  l a r g e r  than  t h e  r a t e  of uranium loading .  The p H  of  t h e  su rge  tank  

slowly inc reased  as t h e  NO -/U r a t i o  decreased;  t h e  pH of  t h e  s o l u t i o n  

l eav ing  t h e  load ing  c o n t a c t o r  i nc reased  more r a p i d l y  and approached t h e  
3 

p H  of  t h e  i n l e t  s o l u t i o n  as load ing  neared completion. 

The cons i s t ency  of t h e  observed r e s u l t s  can be checked by making 

s e v e r a l  comparisons. The uranium loading  ra te  p e r  volume of s o l u t i o n  

can be c a l c u l a t e d  from informat ion  ob ta ined  by s e v e r a l  independent 

methods : 

(1) Uranium ana lyses  of  s o l u t i o n s  e n t e r i n g  and l e a v i n g  t h e  
load ing  c o n t a c t o r .  



Table 2. Data s h e e t  f o r  run  Rll 

Flow rates: o r g a n i c ,  400 cc/min; 1 M NaOH--1 M Na2C03, 80 ccjmin;  water sc rubs  
(two) , 30 cc/min; u r a n y i  n i t r a t e  s o l u t i o n  t o  n i t r a t e  e x t r a c t i o n ,  3 
1 i te r s / m i  n 

Measurements of  s o l u t i o n  Flow Expanded 
From t ank  From r e s i n  through r e s i n  bed 

Clock Density Densi ty  r e s i n  volume 
t i m e  T ("C) p H  (g/cc) T ("C) pH (g/cc) ( l i t e r s / m i n )  ( l i t e r s )  Remarks 

0930 32 
0940 34 
0950 36 
0953 
0956 
1000 
1004 38 
1010 
1015 40 
1020 -- 
1025 
1030 -- 
1035 40 
1045 41 
1100 41 
1130 43 
1200 45 
1230 46 
1300 47 
1330 48 
Post-run 14 

-- 
-- 
-- 

-- 

-- 

2.75 
2.82 
2.80 
-- 
-- 
-- 
2.84 

2.82 
-- 

-- 
-- 
-- 
2.70 
2.73 
2.72 
2.71 
2.74 
2.75 
2.80 
2.89 -- 

1.100 
1.100 
1.098 -- 

1 -- 
-- 
-- 
-- 

1.092 
-- 
-- 
-- 

1.080 
1.077 
1.077 
1.076 
1.072 
1.072 
1.070 
1.068 
1.076 

-- 
-- 
-- 
16 
24 
30 
36 
37 
38 
38 
39 
39 
39 
40 
40 
43 
44 
46 
47 
47 
-- 

-- 
-- 
-- 
1.00 
0.97 
0.95 
0.98 
1.10 
2.12 
2.42 
2.60 
2.57 
2.57 
2.62 
2.65 
2.65 
2.70 
2.78 
2.81 
2.88 
-- 

-- 
-- 
-- 
1.052 
1.056 
1.058 

1.059 
1.066 
1.069 

1.072 
1.074 
1.075 
1.074 
1.072 
1.071 
1.070 
1.069 
1.067 

-- 

-- 

-- 

0 
0 
2.4 
2.4 
2.4 
2.4 
2.4 
2.4 
2.4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
0 

- 
NO3 e x t r a c t i o n  s t a r t e d  -- 
Flow t o  r e s i n  h) 

Resin on e x i t  s c reen  07 

Bed AP 5 1 f t  H20 

-- 

-- 
-- 

Bed AP 5 1 f t  H20 

Bed AP % 2 f t  H20 
-- 

-- 
-- 
-- 
-- 
-- 
-- 
-- 
-- 

Flows te rmina ted  
-- 

. I 
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( 2 )  Density measurements ( v i a  hydrometer) of s o l u t i o n s  
e n t e r i n g  and l eav ing  t h e  loading  c o n t a c t o r .  

(3 )  p H  measurements of s o l u t i o n s  e n t e r i n g  and l e a v i n g  t h e  
loading  c o n t a c t o r ,  a long  wi th  an approximate NO3 
uranium concen t r a t ion  and d a t a  concerning s o l u t i o n  pH 
vs  N03-/U r a t i o ,  such as t h a t  shown i n  F ig .  10.  

- 
o r  

(4 )  .Rate of change f o r  t h e  average uranium c o n c e n t r a t i o n  
i n  t h e  system and t h e  s o l u t i o n  volume. 

The uranium loading  ra te  shown i n  F ig .  8 f o r  run  R 0 8  w a s  determined from 

pH measurements of t h e  i n l e t  and e x i t  s o l u t i o n s .  The d e n s i t y  measurements 

confirmed t h e  p o r t i o n  of  t h e  curve corresponding t o  t h e  i n i t i a l  h igh  

load ing  r a t e ,  b u t  they  were n o t  s e n s i t i v e  enough t o  g i v e  a c c u r a t e  va lues  

f o r  t h e  small d i f f e r e n c e s  f o r  t h e  remainder of t h e  run .  The l a r g e  number 

o f  uranium ana lyses  r e q u i r e d  t o  e s t a b l i s h  two curves  f o r  each run  d i d  n o t  

seem j u s t i f i e d ;  t h u s  only a few p o i n t s  were confirmed by chemical ana lyses .  

The behavior  of t h e  u r a n y l  n i t r a t e  tank w a s  i n t e rmed ia t e  between uniform 

mixing and p lug  f low,  and samples t o  i n d i c a t e  t r u e  average concen t r a t ions  

could be taken  on ly  a f t e r  mixing, wi th  l i t t l e  o r  no removal o r  a d d i t i o n  

o f  uranium. 

The amounts of  uranium found i n  t h e  d r i e d  r e s i n  agreed  wi th  t h e  

p roduc t  of t h e  i n t e g r a t e d  va lues  f o r  uranium load ing  rates and t h e  so lu -  

t i o n  flow ra te  t o  w i t h i n  - + 2 0 % ,  which i s  r easonab le  cons ide r ing  t h e  many 

approximations involved .  The d i f f e r e n c e  i n  p H  va lues  f o r  t h e  i n l e t  and 

e x i t  s o l u t i o n s  appeared t o  be t h e  most s e n s i t i v e  measurement f o r  t h e  low 

load ing  r a t e s  as load ing  approached completion, and t h i s  i s  t h e  most 

impor tan t  pa r t  of t h e  load ing  run w i t h  respect t o  p rocess  c o n t r o l .  

5 . 3  Uranium Losses 

Three uranium l o s s  o r  waste problems were cons ide red  du r ing  t h i s  

t es t  program: 

(1) Losses of uranium t o  t h e  waste s o l u t i o n s  from t h e  amine 
r egene ra t ion  system. 

( 2 )  The o p e r a t i n g  inventory  o r  "hee l"  remaining a f t e r  t h e  
f i n a l  l oad ing  a t  t h e  end of  a campaign wi th  one ba tch  
of  233U f e e d .  
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(3 )  The amount of waste r e s i n  t o  be expected from o f f -  
s p e c i f i c a t i o n  loading  r u n s ,  o r  o t h e r  unacceptab le  
r e s u l t s .  

Only t h e  f i r s t  problem can be i d e n t i f i e d  on t h e  schematic f lowshee t  (Fig.  

1) f o r  t h e  p rocess .  S ince  t h e  o p e r a t i o n  of evapora to r s  i s  w e l l  e s t ab -  

l i s h e d ,  uranium l o s s e s  t o  t h e  condensate should be  low. The u r a n y l  i o n  

i s  n o t  v o l a t i l e  a t  t h e  f lowshee t  tempera tures ,  and d ry ing  of washed, 

uranyl-loaded Amberlite IRC-72 does n o t  appear t o  r e s u l t  i n  n o t i c e a b l e  

amounts o f  p a r t i c u l a t e s ;  t h e r e f o r e ,  t h e  o f f -gases  do n o t  r e s u l t  i n  

s i g n i f i c a n t  uranium l o s s e s .  Because t h e s e  two l o s s e s  should be n e g l i g i b l y  

s m a l l  f o r  a well-designed system, w e  e l imina ted  condensate o r  d r y e r  l o s s e s  

as p o s s i b l e  c o n t r o l l i n g  problems. 

Uranium can be c a r r i e d  wi th  t h e  o rgan ic  l eav ing  t h e  n i t r a t e  e x t r a c -  

t i o n  column e i t h e r  i n  t h e  form of  e n t r a i n e d  drops  o r  as n i t r a t e  complexes 

[ see  Eq. ( 8 ) ] .  E i t h e r  t ype  of  loss  can be c o n t r o l l e d  by a water s c rub  

which i s  r e t u r n e d  t o  t h e  u rany l  n i t r a t e  tank  o r  evapora to r  (F igs .  1 and 

3 ) .  The spray  column g e n e r a l l y  showed a r e l a t i v e l y  c l ean  i n t e r f a c e .  

However, t h e  water s c r u b  should be used t o  recover  e x t r a c t e d  uranium 

even i f  en t ra inment  f a i l s  t o  occur .  The amount of  uranium found i n  t h e  

o rgan ic  w a s  s t r o n g l y  dependent on t h e  aqueous NO /U mole r a t i o  (see 

Table 3 ) .  I t  i s  p o s s i b l e  t h a t  t h e  uranium may have been e n t r a i n e d  i n  

t h e  case of  t h e  lowes t  NO -/U mole r a t i o  (1.8) ; however , t h e  l a r g e r  amounts 

f o r  NO -/U r a t i o s  of 2 . 4  and 3.3 were p r i m a r i l y  e x t r a c t e d .  

o f  t h e  aqueous e x i t  streams f o r  t h e  amine r e g e n e r a t i o n  system shown i n  

Table 4 i n d i c a t e  uranium l o s s e s  of 2 g o r  l e s s  f o r  a uranium load ing  of 

- 
3 

3 
The ana lyses  

3 

2 t o  3 kg. 

A r e c y c l e  f u e l  f a b r i c a t i o n  p l a n t  w i l l  be opera ted  f o r  de f ined  p e r i o d s  

c a l l e d  campaigns, w i th  c l eanou t  and inven to ry  of t h e  uranium being accom- 

p l i s h e d  d u r i n g  t h e  i n t e r v a l  between campaigns. Therefore ,  any uranium 

remaining a f t e r  t h e  l a s t  loading  of s p e c i f i c a t i o n  product  w i l l  r e q u i r e  

s p e c i a l  handl ing  and s t o r a g e .  Runs R 1 1  through R14 were carried o u t  w i th  

s u c c e s s i v e l y  smaller uranium c o n c e n t r a t i o n s ,  dec reas ing  t o  0.033 - M a t  

t h e  end of R 1 4 .  Loading proceeded as would be expec ted ,  w i th  l a r g e r  

s o l u t i o n  volume flows r e q u i r e d  a t  t h e  lower c o n c e n t r a t i o n s .  These r e s u l t s  
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Table 3. Uranium4n t h e  o rgan ic  phase a f t e r  
n i t r a t e  e x t r a c t i o n  

Organic = 0.27 MAmberlite LA-2 i n  

Aqueous = 'L 0.6 - M U 

d ie thylbenzene  

Aqueous-phase 
N O ~ - / U  

mole r a t i o  
Uranium e x t r a c t e d  

(moles/mole NO3- e x t r a c t e d )  

3 .-3 > 0 .1  

2 . 4  0.02, 0.02 

1.8 %I 0.002 

T a b l e  4.  Uranium c o n c e n t r a t i o n s  i n  amine 
r egene ra t ion  system e f f l u e n t s  

Organic: 400 cc/min of 0.27 - M Amberlite 
LA-2 i n  d ie thylbenzene  

Water s c r u b  N a N O  -NaHCO - Water' s c r u b  
f o r  uranium 

Na2C03  recovery  r emova 1 
f o r  sodium 3 3 

Nominal f low,  cc/min 30 80 

R03: T o t a l  volume, l i t e rs  1 2  20.5 
U conc.,  g / l i t e r  1.25 0.105 

R04: T o t a l  volume, l i t e r s  6.6 1 7  
U conc.,  g / l i t e r  0.551 0.035 
N a  conc . ,  g / l i t e r  -- -- 

R05: U conc . ,  g / l i t e r  1 .86  0.045 

30 

13 .3  
0.058 

7 .5  
0.012 
2.04 

-- 
R06: U'  conc. , g / l i t e r  

R07: U conc.,  g / l i t e r  1.16 -- 
U conc. , g / l i t e r ,  , f o r :  

N03-/U = 2.5 

N03-/U = 2 . 1  1 . 6  0.124 0.045 
NO -/U = 1 . 9  3.2 -- -- 

3 
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i n d i c a t e  t h a t  t h e  uranium inventory  can be reduced t o  much l e s s  than  t h e  

e q u i v a l e n t  o f  one ba tch  (4  kg o f  uranium) i f  a d d i t i o n a l  t i m e  i s  allowed 

f o r  t h i s  f i n a l  ba t ch .  The system can be des igned  t o  a l low c o l l e c t i o n  of 

a l l  remaining uranium i n  t h e  evapora tor  and subsequent evapora t ion  t o  

t h e  minimum volume o r  maximum concen t r a t ion  t h a t  i s  p r a c t i c a l  f o r  evapo- 

r a t o r  ope ra t ion .  

These tests d i d  n o t  r e v e a l  any r easons  t o  a n t i c i p a t e  t h e  p r e p a r a t i o n  

of o f f - s p e c i f i c a t i o n  r e s i n  f o r  waste r e c y c l e .  

i nvo lve  r e l a t i v e l y  slow approaches t o  equ i l ib r ium wi thout  t h e  presence  of 

o r  format ion  of  UO i n  t h e  load ing  c o n t a c t o r .  The loading  p rocess  i s  con- 

t r o l l e d  from t h e - t i m e  loading  beg ins  u n t i l  t h e  d e s i r e d  end p o i n t  i s  

The r e s i n  load ing  r e a c t i o n s  

3 

reached. Therefore ,  t h e  p r o b a b i l i t y  of producing o f f - s p e c i f i c a t i o n  loaded 

r e s i n  w i l l  be determined by t h e  p r o b a b i l i t i e s  of o f f - s p e c i f i c a t i o n  f e e d s  

( r e s i n  o r  u rany l  n i t r a t e )  and g r o s s  f a i l u r e s  o f  equipment and/or proce- 

du res .  The d e p e n d a b i l i t y  o f  i n - l i n e  pH measurements i s  appa ren t ly  t h e  

most s i g n i f i c a n t  u n c e r t a i n t y  w i t h  r ega rd  t o  equipment components. 

Ca re fu l  de t e rmina t ion  of uranium material ba l ances  and l o s s e s  w i l l  

be an impor tan t  p a r t  o f  t h e  o p e r a t i o n  of an  eng inee r ing - sca l e  r e s i n -  

l oad ing  system. 

r epor t ed  h e r e  a r e  n o t  s u f f i c i e n t l y  a c c u r a t e  t o  meet t h e  requi rements  f o r  

o p e r a t i o n  wi th  233U, t hey  d i d  n o t  show any unexpected d i f f i c u l t i e s .  

Uranium material ba l ances  f o r  two r e s i n  loading  runs  (R03 and R 0 4 )  were 

Although th’e measurements made du r ing  t h e  s t u d i e s  

- 
good (96.9 and 101% r e s p e c t i v e l y ) ,  b u t  t h e  NO3 

r a t h e r  poor (90.1 and 118 .4%) .  The amounts of uranium recovered i n  t h e  

water sc rub  s o l u t i o n s  were 0.68 and 0.15% of  t h a t  loaded on t h e  r e s i n  

ba t ches .  Run R03, which gave t h e  0.68% value ,  w a s  c h a r a c t e r i z e d  by a 

h ighe r  i n i t i a l  NO -/U mole r a t i o  as w e l l  as a h ighe r  uranium concentra- 

t i o n .  For runs  R 1 1  through R 1 4 ,  t h e  ana lyses  show 13,480 g of  uranium 

charged as u rany l  n i t r a t e ,  11,712 g . i n  t h e  d r i e d ,  loaded r e s i n ,  and 1 ,950  

g i n  170 l i t e r s  of u rany l  n i t r a t e  a t  t h e  end of run  R14.  This g i v e s  a 

uranium material ba l ance  o f  101.4%, exc luding  uranium l o s s e s .  

material ba lances  were 

3 
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5.4 K i n e t i c s  of Resin Loading 

A l a r g e  f r a c t i o n  o f  t h e  r e s i n  load ing  can t a k e  p l a c e  very  r a p i d l y ,  

whi le  t h e  f i n a l  10% o f  t h e ' l o a d i n g  appea r s  t o  proceed a t  an  even s lower  

r a t e  than  would be expected from t h e  l e s s - f a v o r a b l e  equ i l ib r ium.  

rates f o r  t h e  r a p i d  p a r t  o f  t h e  load ing  a r e  probably c o n t r o l l e d  by m a s s  

t r a n s f e r  requi rements .  The decreased  loading  f o r  R09 (Table 1) i s  

be l i eved  t o  be due t o  t h e  reduced run t i m e  even though t h e  e x i t  s o l u t i o n  

had had a f avorab le  composition f o r  more than  30 min. 

The 

Experiments w e r e  c a r r i e d  o u t  t o  de te rmine  t h e  ra tes  of uranium load ing  

f o r  hydrogen-form A m b e r l i t e  IRC-72 i n  h igh ly  a c i d - d e f i c i e n t  u rany l  n i t r a t e .  

Measured volumes of  r e s i n  w e r e  a g i t a t e d  v igo rous ly  wi th  l a r g e  excesses  of 

s o l u t i o n  f o r  s e l e c t e d  times. A t  t h e  end of  t h e  programmed t i m e  p e r i o d ,  

t h e  r e s i n  and s o l u t i o n  were sepa ra t ed  i n  a few seconds by pour ing  them 

on to  a f r i t t e d  g l a s s  f i l t e r .  The r e s i n  samples were then  d r i e d ,  weighed, 

and ana lyzed  f o r  uranium. 

The load ings ,  i n  percent .  o f  120-min load ings  a t  t h e  same c o n d i t i o n s ,  

w e r e  as fo l lows:  

Temperature, O C  30-35 60-65 60-65 

Average U conc . ,  5 0.8 0.95 0.47 

Average NO /U mole r a t i o  1 .6  1 . 6  1 . 6  

U l oad ing ,  %, a t :  

- 
3 

-- 34 2 min 

5 min 40 ' 50 

-- 
-- 

15 rnin 60 80 80 

30 rnin 80 94 94 

60 rnin 94 97 -- 
120 min 100 100 100 

These r e s u l t s  show t h a t  l oad ing  proceeds  a t  a more r a p i d  pace a t  t h e  

h i g h e r  t empera tu re ,  as would be  expected. E s s e n t i a l l y  t h e  same uranium 

load ings  were achieved a t  uranium c o n c e n t r a t i o n s  of  0.95 and 0.47 N .  This  

r e s u l t  was s u r p r i s i n g  s i n c e  t h e  uranium c o n c e n t r a t i o n  should  be an impor- 

t a n t  v a r i a b l e ;  however, it i s  p o s s i b l e  t h a t ,  a t  t h e s e  uranium concent ra -  

t i o n s ,  two opposing e f f e c t s  are e x a c t l y  equal  i n  magnitude. 

- 
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5.5 Resin Drying Resu l t s  

The r e s i n  (Amberlite IRC-72 i n  t h e s e  s t u d i e s )  i s  a porous p l a s t i c  

and an e x c e l l e n t  i n s u l a t o r .  

r e s i n  is  t h e  h e a t  necessary  t o  vapor i ze  t h e  w a t e r  it c o n t a i n s .  I f  t h e  

h e a t  i s  supp l i ed  by a flowing g a s ,  t h e  water i s  evaporated and t h e  gas  

i s  cooled u n t i l  it becomes s a t u r a t e d  wi th  water vapor .  With a hea ted  

g a s ,  t h e  d ry ing  of a f i x e d  bed of r e s i n  i s  n o t  uniform; a lmost  complete 

d ry ing  occurs  nea r  t h e  g a s  i n l e t  b e f o r e  t h e  r e s i n  i s  d r y  enough t o  flow 

f r e e l y  o r  f l u i d i z e  away from t h e  i n l e t .  

The c o n t r o l l i n g  requirement f o r  d ry ing  t h i s  
,, 

Drying of r e s i n  f o r  r o u t i n e  product  p r e p a r a t i o n  w a s  done i n  a d rye r  

f a b r i c a t e d  u s i n g  a g-in.-diam porous s t a i n l e s s  s t ee l  f i l t e r  f r i t .  I n  

t h i s  dev ice ,  a i r  hea ted  by steam i n  a she l l -and- tube  h e a t  exchanger sup- 

p l ies  t h e  h e a t  t o  evapora te  water from t h e  r e s i n .  Both t h e  upflow and 

t h e  downflow of a i r  through t h e  r e s i n  bed have been t e s t e d .  Resu l t s  

show t h a t  d ry ing  i s  approximately complete when t h e  tempera ture  near  

t h e  e x i t  o f  t h e  r e s i n  bed i n c r e a s e s  t o  t h e  i n l e t  t empera ture .  

The t i m e  r e q u i r e d  f o r  d ry ing  has  shown good agreement w i t h  h e a t  

ba l ances  based on t h e  weight of water evaporated.  T o t a l  p e r i o d s  of 1 t o  

16  h r  were observed ,  depending on t h e  gas  flow r a t e  and t h e  r e s i n  volume. 

The g a s  flow per l i t e r  o f  uranium-loaded Amberlite IRC-72 would be ca lcu-  

l a t e d  as fo l lows:  
0 

Weight of d ra ined  r e s i n :  1130 g 

Weight of d r i e d  r e s i n :  810 g 

Weight of H 0 evapora ted :  320 g 

H e a t  t o  evapora t e  water a t  5OOC: 570 ca l /g  

H e a t  c a p a c i t y  of  a i r ,  AT = 7OOC: 490 cal/g-mole 

2 

s t d  l i ters a i r  = - 
l i t e r s  w e t  r e s i n  490 

570 (320) ( 2 2 . 4 )  = 8000 

The exper imenta l ly  observed v a l u e s  are about  10,000 l i ters / l i ter .  The 

d i f f e r e n c e  i n  t h e  two values appears reasonable  s i n c e  t h e  c a l c u l a t e d  

v a l u e  d i d  n o t  a l low f o r  t h e  h e a t  c a p a c i t y  of  t h e  r e s i n ,  t h e  smaller AT as 

t h e  d ry ing  approached completion, o r  t h e  h e a t  l o s s e s  between t h e  h e a t  

exchanger and d r y e r .  
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The l a r g e s t  s a t i s f a c t o r y  upflow.of  a i r  f o r  t h e  8-in.-diam d r y e r  was 

240 s t d  l i t e r s / m i n .  For h ighe r  flow ra tes ,  t h e  a i r  came through t h e  bed 

as l a r g e  bubbles  ( i . e . ,  s lugging  f l u i d i z a t i o n ) .  These bubbles ,  which 

c a r r i e d  r e s i n  p a r t i c l e s  ou t  of t h e  d r y e r ,  were probably n o t  i n  equ i l ib r ium 

wi th  t h e  r e s i n .  

Our d ry ing  r e s u l t s  are g iven  i n  terms of  Loss c n  Drying (LOD) v a l u e s ,  

i n  weight p e r c e n t ,  f o r  a s m a l l  sample exposed a t  l l O ° C  t o  condi t ioned  

(dehumidif ied)  l a b o r a t o r y  a i r .  Our loaded r e s i n  ba t ches  w e r e  i n i t i a l l y  

d r i e d  t o  low LODs (1 t o  2 w t  % f o r  runs  RO1-R10,  5 0.1  w t  % f o r  runs  R11-  

R l 4 )  because t h i s  w a s  considered t o  be t h e  p r e f e r r e d  c o n d i t i o n  f o r  feed  

t o  t h e  ca rbon iza t ion  furnaces .  S t a t i c  charge  e f f e c t s  complicated t h e  

h a n d l i n g , o f  samples d r i e d  t o  1 t o  2% LOD and w e r e  very troublesome f o r  

those  d r i e d  t o  - < 0.1% LOD. Samples i n  both  g l a s s  and p l a s t i c  sample 

b o t t l e s  were examined f o r  s t a t i c  charge e f f e c t s .  The fo l lowing  observa- 

t i o n s  w e r e  made: 

(1) Batches d r i e d  t o  > 20% LOD were c h a r a c t e r i z e d  by r e s i n  
p a r t i c l e s  s t i c k i n g  t o g e t h e r  from t h e  e f f e c t s  of moi s tu re .  

( 2 )  Batches d r i e d  t o  < 10% LOD showed d e t e c t a b l e  s t a t i c  charge  
e f f e c t s  . 

( 3 )  Batches d r i e d  t o  20% < LOD > 10% w e r e  completely f r e e -  
f lowing i n  t h e  :ample b o t t l e s ,  d i s p l a y i n g  no v i s i b l e  
s t a t i c  charge e f f e c t s .  

Samples o r  ba t ches  of  loaded r e s i n  were exposed t o  vary ing  c o n d i t i o n s  

t o  determine t h e  LOD va lues  which would r e s u l t  (Table 5 ) .  I n  some of 

t h e s e  tes ts ,  demineral ized water w a s  added t o  r e s i n  of  5 0.1% LOD. The 

r e s i n  became h o t ,  producing steam when t h e  w a t e r  f i r s t  con tac t ed  it. This  

i n d i c a t e s  t h a t  some of  t h e  water  has  a h igh  h e a t  of  r e a c t i o n ;  t h a t  i s ,  it 

i s  chemisorbed on t h e  r e s i n .  The LOD va lues  ob ta ined  f o r  d ra ined  r e s i n  

and f o r  r e s i n  exposed t o  s a t u r a t e d  steam f o r  1 0  min do n o t  r e p r e s e n t  

d ry ing  t o  equ i l ib r ium;  however, t h e  o t h e r  d a t a  i n  Table 5 are  be l i eved  t o  

be approximately equ i l ib r ium r e s u l t s .  I t  appears  t h a t  t h e  water  p r e s e n t  

i n  samples wi th  L O D s  of  g r e a t e r  t han  13% i s  e a s i l y  removed and probably 

f i l l s  l a r g e  po res  i n  t h e  r e s i n .  For samples wi th  LODs below 13%, however, 

t h e  water i s  i n c r e a s i n g l y  d i f f i c u l t  t o  v o l a t i l i z e ;  t h i s  i s  probably due 

. 

- .  



Table 5. Drying of uranium-loaded Amberlite IRC-72 resin 

(LOD values for samples determined at llO°C in dehumidified air) 

Resin feed tested Test conditions LOD (wt % )  

Resin in demineralized water Drained on filter at 2OoC 26 
Air (rainy weather) at 2OoC for 50 to 100 hr 11-13 

Air (dry weather) at 2OoC for 50 to 100 hr 9-10 

Conditioned (dehumidified) air at 2OoC 6 

Dry (instrument) air at 2OoC 3 

Air at % llO°C for 24 to 48 hr 1-2 

Dry (instrument) air at 110 to 120°C - 
Microwave heating with no air flow 1 

< 0.1 

Dried resin of < 0.1% LOD Flowing saturated steam for 10 min 5 - 
Flowing saturated steam for 45 min 8 
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t o  c a p i l l a r y  e f f e c t s  i n i t i a l l y ,  whi le  w a t e r  of  hydra t ion  (deso rp t ion )  

e f f e c t s  are l i k e l y  r e spons ib l e  f o r  t h e  l a s t  s e v e r a l  p e r c e n t .  

The h e a t  t o  vapor i ze  water can be genera ted  throughout  t h e  r e s i n  by 

u s e  o f  microwave hea t ing .  Drying tes ts  were made wi th  up t o  one-half-  

l i t e r  ba tches  o f  d ra ined  uranyl- loaded Amberli te IRC-72 r e s i n .  Most of 

t h e  water w a s  vapor ized  wi th in  5 min. A s  t h e  water c o n t e n t  dec reased ,  

t h e  rate o f  h e a t  gene ra t ion  i n  t h e  r e s i n  decreased.  A s  a r e s u l t ,  t h e s e  

uranyl-loaded r e s i n s  d i d  not  overhea t  a t  long exposure t i m e s ;  and about  

1 w t  % water w a s  l e f t  i n  t h e  r e s i n .  The uni formi ty  of  d ry ing  i n  l a r g e r  

ba tches  has n o t  been determined. Other problems a s s o c i a t e d  wi th  d ry ing  

v i a  microwave h e a t i n g  are t h e  seve re  l i m i t s  on materials of c o n s t r u c t i o n  

(no metals) and handl ing  and maintenance d i f f i c u l t i e s  encountered i n  

remote ope ra t ions .  

6 .  CONCLUSIONS 

A s t e p  i n  which n i t r a t e  i s  e x t r a c t e d  by a l i q u i d  o rgan ic  amine can 

be i n t e g r a t e d  in to ,  an a t t r a c t i v e  f lowsheet  f o r  p repa r ing  res in-based  

HTGR f i s s i l e  k e r n e l s ,  con ta in ing  2 3 3 U .  This s t e p  p rov ides  a c i d - d e f i c i e n t  

uranyl  n i t r a t e  f o r  an optimum loading  of uranium on a ca rboxy l i c  a c i d  

cation-exchange r e s i n .  Water i s  removed as condensate from an evapora to r ,  

and t h e  amine n i t r a t e  i s  regenera ted  t o  f r e e  amine by r e a c t i o n  wi th  

NaOH-Na2C03 ( o r  NH OH) s o l u t i o n  t o  g i v e  wastes wi th  low uranium l o s s e s .  4 

The n i t r a t e  e x t r a c t i o n ,  r e s i n  load ing ,  and amine r egene ra t ion  s t e p s  

of t h e  i n t e g r a t e d  f lowshee t  were demonstrated i n  1 4  runs  us ing  components 

assembled from o t h e r  developmental  s t u d i e s .  A l l  of t h e  r e s i n ' l o a d i n g  

tests were completed as planned;  no s i g n i f i c a n t  o p e r a t i n g  d i f f i c u l t i e s  

were encountered.  Uranium t h a t  i s  e x t r a c t e d  o r  e n t r a i n e d  i n t o  t h e  

o rgan ic  is  e a s i l y  recovered by a water sc rub  which i s  r e t u r n e d  t o  t h e  

uranyl  n i t r a t e  s o l u t i o n . t a n k .  The p rocess  equipment components a l s o  

demonstrated c r i t i c a l l y  s a f e  dimensions f o r  t h e  FRPP c a p a c i t y  of 4 kg of  

233U p e r  ba tch .  

The p rocess  is  c o n t r o l l e d  v i a  i n - l i n e  pH measurements o f  i n l e t  and 

e x i t  s o l u t i o n s .  The n i t r a t e  e x t r a c t i o n  i s  r e g u l a t e d  so as t o  avoid  
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3' 
NO -/U mole r a t i o s  below 1 . 6  and t h u s  p reven t  any p r e c i p i t a t i o n  of UO 

The load ing  of  r e s i n  i s  completed by main ta in ing  f avorab le  e x i t  s o l u t i o n  

pH va lues  f o r  a t  least  1 h r .  The d e p e n d a b i l i t y  of i n - l i n e  p H  i n s t r u -  

menta t ion  needs t o  be demonstrated i n  a planned eng inee r ing - sca l e  r e s i n  

load ing  system. 

3 

Information w a s  developed on pH va lues  f o r  u rany l  n i t r a t e  s o l u t i o n  
- 

vs NO3 / U  mole r a t i o s ,  r e s i n  loading  k i n e t i c s ,  r e s i n  d ry ing  requi rements ,  

and o t h e r  r e s in - load ing  p rocess  informat ion .  It appears t h a t  10  t o  15 

w t  % water i n  t h e  d r i e d ,  uranium-loaded r e s i n  may be  a p r e f e r r e d  va lue  

s i n c e  completely d r i e d  r e s i n  e x h i b i t s  s t a t i c  charges  which make handl ing  

and t r a n s f e r  more d i f f i c u l t .  None of  t h e  o t h e r  p rocess  informat ion  i n d i -  

cates any unexpected requirements or unusual d i f f i c u l t i e s .  

7. APPENDIX: SIZING OF EQUIPMENT FOR RESIN LOADING I N  
COMMERCIAL HTGR FUEL FABRICATION PLANTS 

Commercial f a b r i c a t i o n  of  HTGR f u e l s  w i l l  r e q u i r e  c o n t r o l  of c r i t i -  

c a l i t y  f o r  r e s i n  load ing  us ing  235U f o r  f r e s h  f u e l  and 233U f o r  r e c y c l e  

f u e l .  Other p l a n t  requirements w i l l  be  q u i t e  d i f f e r e n t  because t h e  

r e q u i r e s  remote o p e r a t i o n  of s h i e l d e d  equipment, wh i l e  i n i t i a l  and makeup 

( u n i r r a d i a t e d )  235U does n o t .  A s  a r e s u l t ,  commercial r e f a b r i c a t i o n  

p l a n t s  w i l l  have s e p a r a t e  f a c i l i t i e s  f o r  p repa r ing  f r e s h  and r e c y c l e  

f u e l s  and t h e  optimized f lowshee ts  are n o t  l i k e l y  t o  be i d e n t i c a l .  

233u 

The r e f e r e n c e  p rocess  f o r  t h e  FRPP i s  a b a t c h  resin-based p rocess  

designed f o r  a throughput of one 4-kg b a t c h  of  uranium p e r  day. 

s c a l e  o f  o p e r a t i o n ,  t h e  ba t ch  p rocess  r e q u i r e s  less development, lower 

equipment and o p e r a t i n g  c o s t s ,  and a smaller c e l l  area as compared wi th  

continuous o p e r a t i o n s .  The same ba tch  f lowshee t  u s ing  m u l t i p l e  ba t ches  

per day can e f f i c i e n t l y  m e e t  commercial 233U r e c y c l e  p l a n t  requi rements .  

The commercial p l a n t  f o r  f a b r i c a t i o n  of f r e s h  f u e l  w i th  235U would be 

l a r g e r ,  and t h e  a c c e p t a b i l i t y  of ba t ch  p rocesses  i s  less c e r t a i n .  The 

purpose of t h e s e  c a l c u l a t i o n s  i s  t o  estimate t h e  c a p a c i t i e s  of equipment 

which i s  geomet r i ca l ly  s a f e  wi th  r e s p e c t  t o  c o n t r o l  of nuc lea r  c r i t i c a l i t y .  

A l 1 , o f  t h e  procedures  under c o n s i d e r a t i o n  are be l i eved  t o  be adequate  f o r  

For t h i s  
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meeting t h e  chemical f lowshee t  requi rements  and t o  be o the rwise  t e c h n i c a l l y  

f e a s i b l e .  O v e r a l l  comparisons and t h e  development programs r e q u i r e d  are  

n o t  d i scussed  here. 

7 . 1  Process  Requirements 

The res in-based  p r e p a r a t i o n  'of HTGR f u e l s  is  achieved by r e l a t i v e l y  

complete load ing  of  uOn2+ on ' ca rboxy l i c  a c i d  cation-exchange r e s i n s .  
+ L 2+ 

Loading o f  UO i n  compet i t ion  w i t h  H i s  n o t  f a v o r a b l e ,  and t h e  p rocess  

c o n d i t i o n s  must be chosen t o  ma in ta in  low H c o n c e n t r a t i o n s  du r ing  

load ing  o f  t h e  r e s i n .  Acceptable uranium load ings  have been p o s s i b l e  

wi th  t h r e e  d i f f e r e n t  chemical: f lowshee ts  f o r  l i m i t i n g  t h e  H concentra- 

+ 2 

+ 

t i o n s  : 

(1 1 The f e e d s  t o  t h e  p rocess  are hydrogen-form r e s i n  and 

U03; t h e  U03 d i s s o l v e s  by r e a c t i n g  wi th  t h e  H 
1 

r e l e a s e d  as the  r e s i n  loads .  A u r a n y l  n i t r a t e  s o l u t i o n  

i s  t h e  d e s i r e d  medium f o r  t r a n s f e r r i n g  t h e  UO t o  t h e  

r e s i n .  

The feeds t o  t h e  p rocess  are hydrogen-form r e s i n ,  u r a n y l  

n i t r a t e ,  and free o rgan ic  amine; t h e  n i t r a t e  i s  removed 

by r e a c t i o n  wj th  amine s o l v e n t  as t h e  UO 

t h e  r e s i n .  The H t h a t  i s  r e l e a s e d  by the  r e s i n  reacts 

w i t h  t h e  OH- t h a t  i s  released by the  r e a c t i o n  of amine 

wi th  n i t r a t e .  The amine n i t r a t e  is  regene ra t ed  t o  f r e e  

amine i n  a s e p a r a t e  o p e r a t i o n .  

+ 
t h a t  i s  

3 

2+ i s  loaded on 
2 + 

2+ 
The u r a n y l  n i t r a t e  f e e d  reacts t o  g i v e  UO -loaded 2 
r e s i n  .and an ammonium n i t r a t e  w a s t e  s o l u t i o n  t h a t  i s  

f r e e  of  uranium. The ammonium feed  may c o n s i s t  o f  a n  

NH OH s o l u t i o n  o r  t h e  ammonium form of t h e  r e s i n .  The 

ammonium 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  must be c o n t r o l l e d  

i n  o r d e r  t o  l i m i t  t h e  H 

i n  s i g n i f i c a n t  p r e c i p i t a t i o n  of  uranium. 

4 

+ 
concen t r a t ion  wi thout  r e s u l t i n g  

A commercial f r e s h - f u e l  f a b r i c a t i o n  p l a n t  might p r o c e s s  100 kg of 

f u l l y  enr iched  U (93% 235U) per day., The two r e s i n s  known t o  g i v e  
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. .  

acceptable products are Amberlite IRC-72 and Duolite C-464. The resin 

volumes in solution required per kilogram of uranium are as follows: 

2.75 liters/kg Amberlite IRC-72, H or U 0 2  form, 

Amberlite IRC-72, NH4 form, 5.5 liters/kg 

form, 3.45 liters/kg Duolite C-464*, H or UO 

Duolite C-464, NH4 form, 5.2 liters/kg 

+ 2+ 

+ 
+ 2+ 

2 + 

, 7.2 Capacity of a Continuous (Higgins) Loading Contactor 

8 

could be made geometrically safe by careful design of end, feed inlet, 

A 4-in.-ID continuous ion exchange contactor of the Higgins type 

and feed exit sections. 

the resin holdup times required for loading to be completed or by the 

The capacity would then be determined either by 

allowable solution flow rates. A 1-in.-ID Higgins column was demonstrated 
9 for loading of weak acid resins at rates up to 100 g of uranium per hour. 

The capacity limit with respect to solution flows can be estimated as 

follows : 

2 10 Allowable superficial solution velocity: 40 cm/min (600 gal/ft -hr) 
80 cm 2 Cross-sectional area: 

Allowable solution flow: 

- 
NO3 concentration: 

3 

liters/day 
3200 cm /min or 4500 

0.6 2 
Inlet uranium concentration (NO -/u 

Exit uranium concentration (NO -/U 

3 
mole ratio = 1.6) : 0.38 E 

3 
mole ratio = 2.2): 0.27 2 

Uranium loaded on resin: .0.11 mole/liter or 110 
W d a Y  * 

This result indicates that a single 4-in.-ID Higgins contactor will allow 

uranyl nitrate solution flows that are equivalent to loading more than 

100 kg of uranium per day. 

The capacity limit with respect to the resin holdup time requirements 

might be estimated as follows: 

* 
Trademark of Diamond Shamrock Corp. 
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Allowable r e s i n  l eng th  based on 10-m c e l l  
h e i g h t  and a U-column c o n f i g u r a t i o n :  1 0  m 

Resin 

Resin 

Resin 

T o t a l  

Resin 

c r o s s - s e c t i o n a l  area: 80 c m 2  

volume : 80 l i t e rs  

holdup time a t  h igh  a c i d  d e f i c i e n c y :  2 h r  

r e s i n  holdup t i m e :  4 h r  

c a p a c i t y  : 480 l i t e r s / d a y  

Uranium c a p a c i t y  based on holdup t i m e  f o r  
hydrogen o r  U022+-form r e s i n :  175 kg/day f o r  Amberlite 

IRC-72; 140 kg/day 
f o r  Duo l i t e  C-464 

These c a l c u l a t i o n s  i n d i c a t e  t h a t ’ i t  would be r easonab le  t o  use  a 

s i n g l e  4-in.-ID Higgins c o n t a c t o r  f o r  l oad ing  100 kg of 235U per day. 

The r e s i n  holdup t i m e s  r e q u i r e d  are probably  c o n t r o l l i n g  s i n c e  h ighe r  

s o l u t i o n  flow rates and concen t r a t ions  appear t o  be more p r a c t i c a l  than  

l a r g e  dec reases  i n  holdup t i m e s .  E x t r a p o l a t i o n  of  exper imenta l  d a t a  f o r  

t h e  rates o f  uranium load ing  i n  a 1-in.-ID Higgins column g i v e s  100 kg/day 

as a pract ical  c a p a c i t y  f o r  a c r i t i c a l l y  s a f e  4-in.-ID Higgins column. 
9 

For f lowshee ts  u s i n g  ammonium-form r e s i n ,  t h e  amount o f  uranium 

loaded per l i t e r  i s  h ighe r  and t h e  r e s i n  r e s i d e n c e  t i m e s  are more cer ta in  

t o  be  c o n t r o l l i n g .  However, t h e  p r a c t i c a l i t y  of avoid ing  p r e c i p i t a t i o n  

of uranium o r  o t h e r  problems us ing  ammonium-form r e s i n  has  n o t  been demon- 

s t r a t e d .  

7.3 Capacities of Nitrate  E x t r a c t i o n  Con tac to r s  

The r e f e r e n c e  p rocess  f o r  res in-based  p roduc t ion  of  233U r e c y c l e  f u e l  

uses  t h e  e x t r a c t i o n  o f  n i t r a t e  by an o r g a n i c  amine t o  prepare a c i d -  

d e f i c i e n t  u rany l  n i t r a t e .  Both t h e  c o n t a c t o r  €or n i t r a t e  e x t r a c t i o n  and 

t h e  t h r e e  c o n t a c t o r s  f o r  s o l v e n t  r e g e n e r a t i o n  should be of  c r i t i c a l l y  

s a f e  geometry t o  a l low o p e r a t i o n  wi th  235U o r  2 3 3 U .  The set t lers ,  t a n k s ,  

and o t h e r  components can be made geomet r i ca l ly  s a f e  by i n c l u d i n g  neu t ron  

abso rbe r s  i n  b a f f l e s  o r  as Raschig r i n g  packing. 

a r e  very f a v o r a b l e  so t h a t  one t h e o r e t i c a l  s t a g e  i s  adequate  and c o c u r r e n t  

flow i s  used i n  a l l  c o n t a c t o r s .  

The chemical e q u i l i b r i a  

The c o n t a c t o r s  are ope ra t ed  



43 

. 

. .  

i n  t h e  o rgan ic  continuous mode s i n c e  t h i s  type  o f  o p e r a t i o n  i s  more 

f a v o r a b l e  than  t h e  aqueous continuous mode f o r  phase s e p a r a t i o n .  

The r equ i r ed  n i t r a t e  removal c a p a c i t y  may be c a l c u l a t e d  as fo l lows  

' f o r  a lOO-kg/day throughput of 235U w i th  a feed  composition of 2.5 moles 
2+ 

of  NO3 p e r  mole of UO - 2 -  
- 

2+ 
( 'O0)  (looo) = 0 . 3  mole of  UO p e r  minute 

(235) (60) ( 2 4 )  2 

- 
(0 .3)  (2.5) = 0.75 mole of  NO pe r  minute 3 

The c o n t a c t o r s  and s e t t l e r s  used f o r  n i t r a t e  e x t r a c t i o n  i n  s e v e r a l  

p rocesses  have been 2- o r  3-in. I D .  For r e s i n  load ing ,  o p e r a t i o n  of t h e  

2-in.-ID spray  column w a s  s a t i s f a c t o r y  f o r  600 ml/min of 0.27 M amine, 

o r  about  0.16 mole/min. I n  t h e  p r e p a r a t i o n  o f  Tho -UO s o l ,  o p e r a t i o n  

of t h e  3-in.-ID m i x e r - s e t t l e r s  w a s  s a t i s f a c t o r y  f o r  1 . 5  kg/hr of  Tho - 
UO When CUSP s o l  w a s  

p repared  i n  t h e  2-in.-ID spray  column, t h e  ra te  of  n i t r a t e  e x t r a c t i o n  

us ing  0.25 amine w a s  l i m i t e d  t o  about 0.2 mole/min i n  o r d e r  t o  meet 

chemical f lowshee t  requi rements .  For a l l  of t h e s e  p rocesses  , t h e  

e x t r a c t i o n  ra te  w a s  l i m i t e d  p r i n c i p a l l y  by o t h e r  components o r  chemical 

f lowshee t  requi rements ;  i n  each c a s e ,  t h e r e  w a s  some evidence of  inade- 

qua te  phase s e p a r a t i o n .  

- 

2 3  

2 
o r  0 .4  mole/min of  n i t r a t e  u s ing  0.75 - M amine.3 

3 

A n i t r a t e  e x t r a c t i o n  system could e a s i l y  be designed t o  be geometri-  

c a l l y  s a f e  f o r  a 235U throughput of  100 kg/day. 

c o n t a c t o r s  and se t t le rs  have shown c a p a c i t i e s  e q u i v a l e n t  t o  a 

throughput o f  25 kg/day wi thout  any s u s t a i n e d  e f f o r t  t o  op t imize  t h e  

c o n d i t i o n s  and equipment. The c a p a c i t i e s  of t h e s e  c o n t a c t o r s  could be 

The 2- and 3-in.-ID 
235u 

g r e a t l y  i n c r e a s e d ,  perhaps  t o  t h e  proposed 100 kg/day, by us ing  h ighe r  

amine concen t r a t ions  than  0.25 M p l u s  b a f f l e d  s e t t l e r s  and phase separa-  

t o r s .  Contac tors  w i th  i n t e r n a l  d i ame te r s  of 4 i n .  and b a f f l e d  se t t le rs  

could be  s p e c i f i e d  wi thout  f u r t h e r  op t imiza t ion .  The capacities f o r  t h e  

mixer-sett lers used f o r  Tho -UO 

kg/day f o r  4-in.-ID u n i t s  wi thout  f u r t h e r  op t imiza t ion .  

- 

sols could  a l s o  be s c a l e d  up t o  100 
2 3  
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7.4 C a p a c i t i e s  of Batch Loading Contac tors  . 
Both t h e  b a t c h  s i z e  and t h e  number of ba t ches  processed  p e r  day must 

be known i n  o r d e r  t o  s p e c i f y  t h e  d a i l y  c a p a c i t y  of  a b a t c h  system. The 

r e s i n  load ing  c o n t a c t o r  must be geomet r i ca l ly  s a f e  wi th  respect t o  

c r i t i c a l i t y .  

b a t c h ,  e i t h e r  t h e  r e s i n  must be w e l l  mixed du r ing  loading  o r  t h e  

r e s i n  must be loaded approximately t o  equ i l ib r ium wi th  s o l u t i o n  of t h e  

same composition. 

I n  o r d e r  t o  ensure  accep tab le  un i fo rmi ty  throughout  t h e  

On t h e  average ,  ba t ch  load ing  c o n t a c t o r s  remove less uranium p e r  

pass than  m u l t i s t a g e  Higgins c o n t a c t o r s .  The u rany l  n i t r a t e  s o l u t i o n  

flow rates  are l i m i t e d  f o r  a f l u i d i z e d  bed so as t o  p r e v e n t  t h e  r e s i n  

from s t reaming wi th  t h e  s o l u t i o n  flow. Allowable s u p e r f i c i a l  l i q u i d  

v e l o c i t i e s  f o r  f r e s h  hydrogen-form Amberlite IRC-72 r e s i n  and 0.6 - N 

NO3 
l oad ing  has  been completed. A s  t h e  a l lowable  flow r a t e  i n c r e a s e s ,  t h e  

f r a c t i o n  of uranium removed d e c r e a s e s  and t h e  product  i s  approximately 

c o n s t a n t .  For example, t h e  r a t e  of uranium load ing  p e r  u n i t  of c r o s s -  

s e c t i o n a l  a r e a  can be e s t ima ted  as: 

- 
are 15  cm/min and 50 cm/min, r e s p e c t i v e l y ,  a f t e r  709, of  t h e  uranium 

3 -1 -2  
(15 cm/min) (0.14 mole U / l i t e r )  ( l i t e r / 1 0 0 0  c m  ) = 2 . 1  x mole U min cm . 

-1 -2 3 
(50 cm/min) (0.06 mole U / l i t e r )  ( l i t e r / 1 0 0 0  c m  ) = 3 x mole U min c m  . 

The ra te  of  uranium load ing  cor responding  t o  a 235U th roughput  of  100 kg/ 

day i s  0 .3  mole UO /min (see S e c t .  7 . 3 ) .  The ba tch  load ing  c o n t a c t o r s  

w i l l  b e  load ing  uranium a t  a h igh  ra te  only  a f r a c t i o n  o f  t h e  t i m e .  L e t  

u s  assume t h a t  t h e  average  ra te  is one - th i rd  of  t h e  h igh  r a t e ,  based on 

2 h r  f o r  t h i s  h igh  rate p e r i o d ,  2 h r  t o  mix and approach e q u i l i b r i u m ,  and 

2+ 
2 

2 h r  t o  d i s c h a r g e ,  charge ,  and p u t  back on-stream. This  i n d i c a t e s  a 

t o t a l  c r o s s - s e c t i o n a l  area of ( 0 . 3 ) / ( 0 . 8  x 10  ) ,  o r  375 c m  . I f  a 5-in.-  - 3  2 

2 I D  l oad ing  c o n t a c t o r  w i th  a c r o s s - s e c t i o n a l  a r e a  of 125 cm 

f o r  example, a t t a inmen t  of t h e  lOO-kg/day c a p a c i t y  would requi re  t h e  

o p e r a t i o n  of  t h r e e  c o n t a c t o r s  w i th  f o u r  ba t ches  per c o n t a c t o r  (or 1 2  

ba t ches  p e r  d a y ) .  The ba tch  s i z e  would b e  8 . 3  kg of  uranium. 

were used ,  

The r e s i n  
. .  - 
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bed heights would be about 6 ft for Amberlite IRC-72 in the hydrogen form, 

and 11 ft for either resin in the NH form. The combination of assunip- 4 
tions may be somewhat optimistic since the 2-hr period allowed for mixing 

prior to equilibrium is likely to be inadequate for resin beds of such 

heights. An annular or slab geometry could allow a larger cross section 

than a cylinder. Overall, a capacity of 25 kg/day for a one-batch line 

or four batch lines to give 100 kg/day of 235U would seem practical. 

such loading and drying lines could be supplied by a single nitrate 

extraction system, as discussed in Sect. 7.3. 

+ 

Four 

. .  . 
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