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APPLICATION OF EXTRACTION CIIROMATOGRAPHY TO NUCLEAR FUEL REPROCESSING 

11. E s c h r i c h  
Eurochemic,  B-2400 Mol, Belgium 

and 
W .  Ochsenfeld 

I n s t i t u t  f u r  Heisse Chemie 
Kernforschungszentrum K a r l s r u h e  

D-7500 K a r l s r u h e ,  F e d e r a l  Repub l i c  o f  Germany 

ABSTRACT _____ 
The p o t e n t i a l i t i e s  of a p p l y i n g  e x t r a c t i o n  chromatography t o  

t h e  r e p r o c e s s i n g  o f  r e a c t o r  f u e l s  on an i n d u s t r i a l  s c a l e  have  been  
i n v e s t i g a t e d .  The s t a t i o n a r y  phase  was u n d i l u t e d  (100%) t r i - n -  
b u t y l  phospha te  (TBP)  and t h e  mob i l e  p h a s e s  w e r e  n i t r i c  a c i d  o r  
n i t r a t e  salt  s o l u t i o n s  w i t h  o r  w i t h o u t  r e d u c i n g  a g e n t s  f o r  plutonium. 

S e v e r a l  e x t r a c t i o n  ch romatograph ic  p r o c e s s e s  f o r  t h e  r e c o v e r y  
o f  n u c l e a r  g r a d e  uranium and p lu ton ium a r e  d e s c r i b e d .  The f l o w s h e e t s  
are based on a s y s t e m a t i c  d e t e r m i n a t i o n  o f  t h e  d i s t r i b u t i o n  
c o e f f i c i e n t s  of r e l e v a n t  metal s p e c i e s  ( p a r t i c u l a r l y  t h o s e  o f  uranium, 
neptunium, p lu ton ium,  americium, ru then ium,  z i r con ium and niobium) 
i n  t h e  chromatographic  sys t ems  employed. 

The Purochromex p r o c e s s  deve loped  f o r  t h e  r ecove ry  o f  uranium 
and p lu ton ium from l i g h t - w a t e r  r e a c t o r  f u e l s  and t h e  Eurochromex 
p r o c e s s  developed f o r  t h e  s e p a r a t i o n  of h i g h l y  e n r i c h e d  uranium 
from i r r a d i a t e d  U / A 1  a l l o y ,  U / Z r  a l l o y  and u r a n y l  s u l f a t e  f u e l s  
have  s u c c e s s f u l l y  been  h o t - t e s t e d  on a l a b o r a t o r y  s c a l e  and c o l d -  
t e s t e d  on a n  " i n d u s t r i a l  s c a l e . "  

Some complementary s t u d i e s  r e l a t e d  t o  t h e  s e p a r a t i o n  p r o f e s s e s ,  
such  as r a d i a t i o n  d e g r a d a t i o n  of t h e  s t a t i o n a r y  phase and t h e  removal 
o f  t r i b u t y l  phospha te  f rom p roduc t  and was te  s t r e a m s ,  a r e  a l s o  
d e s c r i b e d .  
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698 ESCHRICH AND OCHSENFELD 

INTRODUCTION 

The discovery of nuclear fission by the chemists Otto Hahn and 

Fritz Strassmann on the 18th of December 1938 initiated an enormous 

development of the science and technology of separation with the 

primary aim to explore nuclear fission phenomena and to apply 

this new source of energy. Since then until today there is hardly 

a separation technique known which has not been applied in the 

nuclear energy industry. Undoubtedly, solvent extraction and 

chromatography are the most extensively used techniques for analytical 

and preparative separations in the nuclear fuel cycle, especially 

in the processing of thorium and uranium and the reprocessing of all 

kinds of nuclear reactor fuels. 

In combining solvent extraction systems with chromatographic 

techniques one obtains an extremely versatile and effective 

separation tool, now termed "extraction chromatography," which is 

a synonym for liquid-liquid partition chromatography and reversed 

phase partition chromatography. The chromatographers working i n  

the nuclear field have now generally agreed to u s e  the term "extraction 

chromatography" for that liquid-liquid partition chromatographic 

technique in which an organic extractant (the less polar substance) 

sorbed by an organophilic "inert" support forms the stationary phase, 

an aqueous solution (the more polar substance) acts as the mobile 

phase, and the substances to be separated are (primarily) inorganic 

in nature. 

The principles governing extraction phenomena and all liquid- 

liquid chromatographic techniques (elution, frontal analysis and 

displacement development) are applicable to extraction chromato- 

graphic separations. The theoretical aspects and the techniques 

involved, as well as most of the achievements made in the field of 

extraction chromatography until the beginning of 1973, have been 
described in a monograph (1). The present paper summarizes some of 

the main extraction chromatographic investigations performed by 

the authors and their collaborators in the field of nuclear fuel 

reprocessing, and describes specific applications to the recovery 
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NLTCLEAR FUEL REPROCESSING 699 

o f  n u c l e a r  g r a d e  uranium and p lu ton ium needed f o r  t h e  g e n e r a t i o n  

o f  n u c l e a r  f i s s i o n  ene rgy .  

BACKGROUND AND SCOPE 

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

made t o  use i o n  exchange chromatography f o r  t h e  s e p a r a t i o n  and 

p u r i f i c a t i o n  of uranium and p lu ton ium from t h e  f i s s i o n  p r o d u c t s  and 

o t h e r  i m p u r i t i e s .  Though t h e  s o l v e n t  e x t r a c t i o n  p r o c e s s e s  - main ly  

Redox and Purex  - were shown t o  b e  o b v i o u s l y  s u p e r i o r  t o  a l l  o t h e r  

p r o c e s s e s  unde r  development ,  a t  least  as a p r imary  means o f  

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

i m p u r i t i e s ,  i o n  exchange c o n t i n u e d  t o  p l a y  a n  i m p o r t a n t  r o l e  i n  

t h e  c o n c e n t r a t i o n  of  i n t e r m e d i a t e  o r  f i n a l  p roduc t  streams and 

p a r t i c u l a r l y  i n  t h e  f i n a l  p u r i f i c a t i o n  of uranium and plutonium. 

For  abou t  twen ty  y e a r s  E s c h r i c h  and c o l l a b o r a t o r s  have been 

i n v e s t i g a t i n g  t h e  p o t e n t i a l  o f  ch romatograph ic  methods and 

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

t h e  t r e a t m e n t  o f  r a d i o a c t i v e  w a s t e  s o l u t i o n s  (2 -5 ) .  One o f  t h e  

main aims o f  t h e s e  i n v e s t i g a t i o n s  w a s  t h e  development  o f  e f f e c t i v e  

one-cycle  ch romatograph ic  e x t r a c t i o n  p r o c e s s e s  f o r  n u c l e a r  f u e l  

r e p r o c e s s i n g .  O the r  o b j e c t i v e s  were t o  i n v e s t i g a t e  t h e  a p p l i c a b i l i t y  

of ch romatograph ic  methods t o :  (1) t h e  f i n a l  p u r i f i c a t i o n  o f  uranium, 

neptunium, and p lu ton ium p r o d u c t  s o l u t i o n s  t o  f u l f i l l  n u c l e a r  g r a d e  

s p e c i f i c a t i o n s ;  ( 2 )  t h e  r e c o v e r y  of a c t i n i d e s  and f i s s i o n  p r o d u c t s  

f rom w a s t e  s o l u t i c n s ;  (3) t h e  i d e n t i f i c a t i o n  and d e t e r m i n a t i o n  o f  

t h e  chemica l  s t a t e  o f  uranium, neptunium, p lu ton ium,  and ru then ium 

i n  r e p r o c e s s i n g  s o l u t i o n s  ( 4 - 7 ) ;  ( 4 )  t h e  s e p a r a t i o n  ( en r i chmen t )  of 

uranium i s o t o p e s ;  and (5)  t h e  a n a l y s i s  o f  r e p r o c e s s i n g  s o l u t i o n s  

and  f i n a l  p r o d u c t s  (8-10). 

For a b o u t  20 y e a r s  Ochsenfeld and c o l l a b o r a t o r s  have a l s o  

c a r r i e d  o u t  e x t r a c t i o n  s t u d i e s  which i n c l u d e d  e x t r a c t i o n  

chromatography i n  t h e  framework o f  R&D programs f o r  t h e  r e a l i -  

z a t i o n  o f  a n u c l e a r  f u e l  c y c l e  c e n t e r  i n  t h e  F e d e r a l  Repub l i c  o f  

Germany. 
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700 ESCHRICH AND OCHSENFELD 

CHROMEX PROCESSES 

General  

b x t r a c t i o n  ch romatograph ic  s e p a r a t i o n  p r o c e s s e s  i n t e n d e d  f o r  

" i n d u s t r i a l  s c a l e "  a p p l i c a t i o n  have been termed by us  "Chromex 

P r o c e s s e s . "  The p r o c e s s e s  developed up t o  now a i m  a t  t h e  i s o l a t i o n  

of  a c t i n i d e s  i n  t h e  r e q u i r e d  p u r i t y  f rom s o l u t i o n s  c o n t a i n i n g  a 

wide v a r i e t y  of r a d i o a c t i v e  and i n a c t i v e  i m p u r i t i e s .  I n  t h e  p r o c e s s e s  

d e s c r i b e d  b e l o w , u n d i l u t e d  100% TBP i s  used as t h e  s t a t i o n a r y  l i q u i d  

phase ,  and aqueous n i t r i c  a c i d  o r  n i t r a t e  sa l t  s o l u t i o n s  a r e  t h e  

mob i l e  phase .  

S i n c e  a l l  ch romatograph ic  s e p a r a t i o n s  a r e  based on t h e  d i f f e r e n t  

d i s t r i b u t i o n  o f  t h e  components t o  be s e p a r a t e d  between t h e  s t a t i o n a r y  

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

o f  a11 r e l e v a n t  e l e m e n t s  between h i g h l y  p u r e  100% TBP and n i t r i c  

a c i d  a t  2 2 ° C  ( f o r  U ,  Np, Pu,  and Am a t  4 ,  2 2 ,  50, and 7 5 O C )  have 

been  de te rmined  o r  r e d e t e r m i n e d .  Tab le  1 summarizes t h e  r e s u l t s  

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

p r e d i c t  t h e  ch romatograph ic  b e h a v i o r  o f  t h e  v a r i o u s  s p e c i e s  

under i d e a l  c o n d i t i o n s  ( i . e . ,  n o t  t a k i n g  accoun t  o f  d i s t u r b i n g  

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

a s s o c i a t i o n  o f  s p e c i e s ,  and  k i n e t i c  e f f e c t s ) .  F i g u r e  1 shows t h e  

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

g r e a t e s t  s i g n i f i c a n c e  i n  f u e l  r e p r o c e s s i n g  ( 1 7 ) .  

For  t h e  macro-components uranium and p lu ton ium,  which a r e  of  

pr ime p r a c t i c a l  impor t ance ,  t h e  e f f e c t  o f  c o n c e n t r a t i o n  on t h e i r  

d i s t r i b u t i o n  between t h e  aqueous and t h e  o r g a n i c  p h a s e  (TBP o r  TBP- 

loaded  r e s i n s )  h a s  been de te rmined .  F i g u r e s  2 and 3 show t h e  

e q u i l i h r i u m  c u r v e s  o f  U ( V 1 )  and  Pu(1V) , r e s p e c t i v e l y ,  between n i t r i c  

a c i d  s o l u t i o n s  and Levextrel-TBP ( s e e  T a b l e  2 ) .  The l o a d i n g  

c o n c e n t r a t i o n s  on t h e  o r g a n i c  p h a s e  (100% TBP so rbed  on L e v e x t r e l )  f o r  

I'u a r e  abou t  f i v e  t i m e s  as h i g h  as t h o s e  a c h i e v a b l e  w i t h  l i q u i d  30% 

TBP/dodecane ( 1 7 )  w i t h o u t  c a u s i n g  d i f f i c u l t i e s  by f o r m a t i o n  o f  a 

t h i r d  p h a s e  because  no d i l u e n t  i s  p r e s e n t .  For  e a s e  o f  comparison 

w i t h  l i q u i d - l i q u i d  e x t r a c t i o n  d a t a ,  t h e  r e s u l t s  o b t a i n e d  were 
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702  ESCHRICH AND OCHSENFELD 

FIGURE 1. D i s t r i b u t i o n  c o e f f i c i e n t s  o f  a c t i n i d e s  and f i s s i o n  
p r o d u c t s  on L e v e x t r e l -  TBP ( c o n t a i n i n g  60 w t  % u n d i l u t e d  
TRP) a t  22°C. 

r e l a t e d  t o  tlii. o r i g i n a l  volume of t h e  TBP phase s o r b e d  b y  t h e  

1 , e v e x t r e l  m a t r i x ;  t h e  m a t r i x  m a t e r i a l  i s  c o n s i d e r e d  t o  f u n c t i o n  as an 

i n t r t  sol it1 d i l u e n t .  

Complete se t s  of  d a t a  on t h e  s i m u l t a n e o u s  d i s t r i b u t i o n  of 

n i t r i c  a c i d  and u r a n y l  n i t r a t e  between aqueous  and u n d i l u t e d  THP 

p h a s e s  c a n  be  found i n  R e f .  ( 1 1 ) .  The maximum uranium d i s t r i b u t i o n  
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NUCLEAR FUEL REPROCESSING 703 

FIGURE 2 .  D i s t r i b u t i o n  e q u i l i b r i a  of u r a n y l  n i t r a t e  between 
Levextrel-TBP and aqueous p h a s e s  (HN03) a t  2 2 O C .  

r a t i o  was a lways  found t o  o c c u r  i n  t h e  r a n g e  5.5 t o  6 .0  aqueous 

e q u i l i b r i u m  c o n c e n t r a t i o n  of  n i t r i c  a c i d ,  i ndependen t  of t h e  i n i t i a l  

uranium c o n c e n t r a t i o n .  Some e q u i l i b r i u m  c u r v e s  r e l e v a n t  t o  t h e  

Chromex p r o c e s s e s  d e s c r i b e d  below are p r e s e n t e d  i n  F i g s .  4 and 5.  

The i n d i c a t e d  c o n c e n t r a t i o n  o f  uranium i n  t h e  TBP-phase r e p r e s e n t s  

t h e  maximum p o s s i b l e  l o a d i n g s  ( c a p a c i t y )  a t  100% b r e a k t h r o u g h  of 

t h e  c o r r e s p o n d i n g  mob i l e  aqueous uranium f e e d  s o l u t i o n  ( e q u i v a l e n t  

t o  t h e  e q u i l i b r i u m  aqueous phase  i n  a b a t c h  expe r imen t ) .  
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FIGLJRE 3. Pu(1V) e q u i l i b r i u m  d i s t r i b u t i o n  between Levextrel-TRP 
( c o n t a i n i n g  60 w t  % u n d i l u t e d  TBP) and d i f f e r e n t  
aqueous  HNO p h a s e s  a t  22°C. 3 

The Chromex p r o c e s 9 e s  d e s c r i b e d  h e r e a f t e r  are  b a s e d  on t h e  h igh  

e x t r a c t a b i l i t y  oE uranium(V1) and plutonium(1V) by 100% TBP from 

n i t r a t e  med ia ,  and t h e  r e l a t i v e l y  l o w  T B P - e x t r a c t a b i l i t y  o f  

p l u t o n i u m ( I I 1 )  and t h e  i m p u r i t i e s  accompanying uranium o r  p lu ton ium.  
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NUCLEAR FUEL REPROCESSING 705 

TAHLI: 2 

Data on  tlie s t a t i o n a r y  phases  used  

P r o d u c t  

Suppor t  m a t e r i a l  

'Trade name 

Manufac turer  

D e n s i t y  m a t r i x  

m a t e r i a l  [g/cm'] 

Packed d e n s i t y  

- 

P a r t i c l e  s i z e  m 

U.S. mesh N 
.~ 

TBP-loading 

[uk SUPP.] 
I maximum 

, s t a b l e  phase  

I a p p l i e d  ( t h i s  WOK 

I---- ~ ~ 

g TBP/1 c o l .  bed 

Max. U ( V 1 )  u p t a k e  

[g / l  c o l .  bed] 

d t  8 - h ?qu .HN 

F r e e  c o l .  v o l .  I 

I I1 I11 

macroporous p o l y  

s t y r p n e - d i v i n y l -  

benzene  cnpolyme 

L e w n t i t  CA 9221 

Bayer AG, Lever- 

k u s e n ,  FRC 
- _. ~ 

1.03 

0 . 2 5  

~ ~~ 

0.2 - 0 . 3  

70 - 50 

1 . 7  

1 . 5  

1 .5  

(60 wt.-X) 

375 

. . - ~ ~  

150 

p o l v s t y r e n e  - 
(20  %) d i v i n y l -  

benzene  con- 

t a i n i n g  TRP 
~~ - ~ _ _ _  

Levextrel-TBP 

(Lewat i t OC 1023) 

Bayer A G ,  Lever -  

kusen ,  FRG 
- 

1.03  

0 .25  

0.63 ( w i t h  TBP) 

0.4 - 0.8 

45  - 2 5  

1 .7  

1.5 

1 .8  

( 6 0  wt. -%)  

375 

.- . 

150 

40 

p o l y t r i f l u o r o c h l o r o -  

e t h y l e n e  

V o l t a l e f  300 LD 

Sac .  des R e s i n e s  

F l u o r e e s ,  F r a n c e  
- 

2 . 1  

0 . 4 5  

~. ~~ 

0 . 1  - 0 . 3  

140 - 50 
-~ - 

I.' 

1.0 

1 . 0  

(50 wt . -%)  

450 

.. 
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I / I  

0 i 2 

I 

5 6 7 8 
Equil HN03 cnnc in aqu phase 

FIGURE 4 .  E q u i l i b r i u m  d i s t r i b u t i o n  of uranium as a f u n c t i o n  
of  t h e  e q u i l i b r i u m  aqueous uranium and n i t r i c  a c i d  
c o n c e n t r a t i o n s  (100% TBP a t  2 2 O C ) .  

Support  and S t a t i o n a r y  TBP Phase 

A number of o r g a n i c  g r a n u l a r  m a t e r i a l s  were used as s u p p o r t  f o r  

t h e  s t a t i o n a r y  TBP phase  i n  t h e  l a b o r a t o r y  s c a l e  development s t u d i e s .  

For the p r e s e n t  work t h r e e  support-TBP systems were s e l e c t e d  i n  

view of t h e i r  a p p l i c a t i o n  on a n  i n d u s t r i a l  s c a l e .  Most o f  t h e  

i n v e s t i g a t i o n s  w e r e  c a r r i e d  o u t  u s i n g  t h e  e x t r a c t i o n  r e s i n  "Levex t re l -  

TBP,"  developed by t h e  Rayer AG,  Leverkusen (FRG) f o r  e x t r a c t i o n  

chromatographic  s e p a r a t i o n s  (commercial ly  a v a i l a b l e  as Lewa t i t -  

r e s i n s ) ,  and macroporous s p h e r e s  of a copolymer ( a l s o  produced by 
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NUCLEAR FUEL REPROCESSING 707 

1 3 L 5 6 7 8 
Equil HNO3 cant i n  aqu phase 

FIGURE 5. Equilibrium distribution of uranium as a function of 
the equilibrium aqueous uranium and nitric acid 
concentrations (100% TBP at 2 2 O C ) .  

Bayer AG) coated by us with highly purified TBP. The main 

characteristics of these support TBP systems are summarized in 

Table 2. 

The Purochromex Process 

Purochromex stands for Plutonium-uranium recovery gn 

chromatographic-=traction columns. The process serves primarily for 

for the recovery of uranium and plutonium, either individually or 

as a mixture (e.g., for the fabrication of mixed oxide fuels), 
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708 ESCHRICH AND OCHSENFELD 

from s o l u t i o n 5  of  i r r a d i a t e d  r a a c t o r  f u e l s  o r  waste ma te r i a l s ,  

and i s  based on t h e  f o r m e r l y  deve loped  " c h r o m n t o g r a p h ~ c  P u r e x  

p r o c e s s "  (5)  and t h e  i n v e s t i g a t i o n s  r e l a t e d  t h e r e t o  ( 3 , 6 , 7 - 9 , 1 1 ,  

16-18). 

T h e  r e c o v e r y  of n u c l e a r  g r a d e  uranium and p lu ton ium from f u e l  

r e p r o c e s s i n g  f e e d  s o l u t i o n s  r e q u i r e s  t h e  removal  of  f i s s i o n  

p r o d u c t s  ( i n  p r i n c i p l e  t h e  e l e m e n t s  w i t h  a t o m i c  number f rom 30 t o  

0 7 ) ,  neptunium, amer i c ium,  cu r ium,  a c t i v a t i o n  p r o d u c t s ,  c o r r o s i o n  

p r o d u c t s ,  and o t h e r  i m p u r i t i e s  s u c h  as  added c h e m i c a l s ,  down t o  a 

maximum t h e r m a l  n e u t r o n  a b s o r p t i o n  o f  t h e  t o t a l  amount o f  i m p u r i t i e s  

e q u i v a l e n t  t o  e i g h t  p a r t s  o f  n a t u r a l  bo ron  p e r  m i l l i o n  p a r t s  of  

uranium o r  f i v e  p a r t s  of n a t u r a l  bo ron  p e r  m i l l i o n  p a r t s  o f  p lu ton ium;  

a c c o r d i n g  t o  U.S .  s p e c i f i c a t i o n s  t h e  a c t i v i t y  d e r i v i n g  from f i s s i o n  

p r o d u c t s  s h a l l  n o t  exceed  8 u C i / g  of Pu and t h e  maximum f i s s i o n  

p r o d u c t  g,tmma and b e t a  a c t i v i t y  o f  r e c o v e r e d  uranium s h a l l  b e  

200% o f  t h e  c o r r e s p o n d i n g  (gamma o r  b e t a )  a c t i v i t y  o f  aged n a t u r a l  

uranium. I n  3 somewhat s i m p l i f i e d  way one may s t a t e  t h a t  n u c l e a r  

f u e l  r e p r o c e s s i n g  i s  t h e  a r t  of s e p a r a t i n g  uranium and p lu ton ium 

from f i s s i o n  p r o d u c t  z i r c o n i u m ,  niobium and  ru then ium,  t h e  

e l e m e n t s  most d i f f i c u l t  t o  s e p a r a t e .  N e v e r t h e l e s s ,  i t  rema ins  a 

d i f f i c u l t  t a s k  t o  accompl i sh  t h i s  s e p a r a t i o n  r e m o t e l y  t o  t h e  

r e q u i r e d  d e g r e e  and on an  i n d u s t r i a l  scale .  

To r e a c h  t h e  s p e c i f i c a t i o n  r e q u i r e m e n t s  g i v e n  above ,  n t h r e e -  

c v c l e  Purex p r o c e s s  i s  u s u a l l y  n e c e s s a r y .  It h a s  been  t h e  aim o f  

o u r  s t u d i e s  t o  e x p l o r e  t h e  p o s s i b i l i t i e s  and l i m i t a t i o n s  o f  t h e  (one- 

c y c l e )  Purochromex p r o c e s s  as a new t o o l  i n  t h e  back-end of t h e  

f u e l  c y c l e ,  i n  compar i son  t o  t h e  p r o c e s s e s  a p p l i e d  up t o  now. The 

process d e s c r i b e d  h e r e a f t e r  f o r  t h e  r e c o v e r y  o f  uranium and p lu ton ium 

f r o i n  l i g h t - w a t e r  r e a c t o r  (LWR) f u e l  can  o b v i o u s l y  be  a p p l i e d  to o t h e r  

low-enriched f u e l s  and t o  a wide v a r i e t y  of waste  m a t e r i a l s .  

-___ P r o c e s s i n g  o f  LWR-fuel ( S t a n d a r d  F lowshee t )  

Two s i l i c a  g e l  columns (Si02-Col .  A and B )  

p rov ided  w i t h  a q u a r t z  wool o r  an  a s b e s t o s  f i l t e r  on t o p ,  l e n g t h /  

d i a m e t e r  r a t i o  = 5 ;  t h r e t  i d e n t i c a l  TBP-columns i n t e r c o n n e c t e d  i n  

S e p a r a t i o n  u n i t .  
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NUCLEAR FUEL REPROCESSING 709 

series, w i t h  a d i a m e t e r  depend ing  on c r i t i c a l i t y  l i m i t a t i o n s ,  flow 

r e s i s t a n c e  and d e s i r e d  c a p a c i t y ;  l e n g t h / d i a m e t e r  r a t i o  3 1 2 .  

D i s s o l u t i o n  and f e e d  a d j u s t m e n t .  The i r r a d i a t e d  f u e l  is  

d i s s o l v e d  i n  n i t r i c  a c i d .  T h c  d i s so l .ve r  solution i s  ad j u s t c d  t o  

a f i n a l  a c i d i t y  o f  5 t o  6 fi f ree  n i t r i c  a c i d  i n  s u c h  a way t h a t  

t h e  uranium c o n c e n t r a t i o n  r e m a i n s  a s  h i g h  as p o s s i b l e ,  b u t  n o t  

h i g h e r  t h a n  250 g U / l ,  t o  a v o i d  c r y s t a l l i z a t i o n .  The p lu ton ium i s  

u s u a l l y  a l m o s t  q u a n t i t a t i v e l y  i n  t h e  t e t r a v a l e n t  o x i d a t i o n  s t a t e .  

I f  a n a l y s i s  shows t h a t  t h i s  i s  n o t  t h e  c a s e ,  t h e  s o l u t i o n  is 

spa rged  by n i t r o u s  g a s e s .  

.___ Column o p e r a t i o n  s t e p s .  - The a d j u s t e d  f e e d  s o l u t i c ~ n  i s  f e d  
-1 a t  a f l o w  r a t e  o f  less t h a n  3 ml-cm-2-min 

column s y s t e m  c o n s i q t i n g  o f  a s i l i c a  g e l  column (Si0,-Col.  A) and 

t h r e e  TBP-columns (Col. I ,  11, and 111) i n  s e r i e s .  When t h e  

uranium b r e a k s  th rough  Co l .  I, t h e  a d d i t i o n  of  t h e  f e e d  s o l u t i o n  

i s  s t o p p e d .  

t o  t h e  ch romatograph ic  

L 

The f e e d  s o l u t i o n  p r e s e n t  i n  t h e  i n t e r s t i t i a l  volume o f  t h e  

Si02-Col. A is d i s p l a c e d  t o  C o l .  I by washing w i t h  1 bed volume 

5 t o  6 g HN03 ( p r e f e r a b l y  5 . 7  g) a t  a ra te  o f  less t h a n  1 ml-cm 

min . 

- 3  

-1 

Col. I is t h e n  washed w i t h  2 .5  bed volumes 5 t o  6 g HN03 a t  
-2 -1 a f l o w  ra te  o f  2 t o  4 m l . c m  emin t o  d i s p l a c e  t h e  r e s i d u a l  f e e d  

s o l u t i o n  and p lu ton ium t o  t h e  second column, and t o  remove 

q u a n t i t a t i v e l y  f i s s i o n  p r o d u c t s  and o t h e r  i m p u r i t i e s  f rom Col. I 

which ,  a t  t h i s  s t a g e ,  i s  norma l ly  loaded  w i t h  uranium o n l y  (sometimes 

p lu ton ium and  z i r c o n i u m  may s t i l l  b e  p r e s e n t ) .  

f rom Col. I f l o w s  v i a  Col. T T  (and at h i g h  uranium c o n c e n t r a t i o n  

i n  t h e  f e e d ,  a l s o  v i a  C o l .  111, t o  a v o i d  l o s s e s  o f  p lu ton ium 

and uranium) t o  t h e  h i g h - l e v e l  waste c o l l e c t i o n  t a n k  f o r  

subsequen t  c o n c e n t r a t i o n  and a c i d  r e c o v e r y .  

The e f f l u e n t  

The uranium from Col. I i s  e l u t e d  w i t h  t h r e e  bed volumes of  
-2. . -1 

d i s t i l l e d  water a t  a f l o w  r a t e  of  1 m l . c m  min and i s  c o l l e c t e d  

i n  t h e  uranium p r o d u c t  vessel .  
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710 ESCHRICH AND OCHSENFELD 

The. p lu ton ium p r e s e n t  i n  t h e  t c t r a v a l e n t  o x i d a t i o n  s t a t e  i n  

C o l .  T I  i s  r educed  t o  t h e  T B P - i n e x t r a c t a b l e  t r i v a l e n t  s t a t e  and 

i s  c l u t e d , b v  p a s s i n g  th rough  Col .  I 1 , l . O  t o  1 . 3  bed volumes o f  one 

of  t h e  f o l l o w i n g  r e d u c i n g  s o l u t i o n s  (depend ing  on whe the r  i r o n  a n d / o r  

s u l f a t e  can  be t o l e r a t e d  i n  t h e  s u b s e q u e n t  t r e a t m e n t )  a t  a f l o w  

o f  less  t h a n  1 m l - c m  

n i t r i c  a c i d ;  ( b )  0 . 1  - M f e r r o u s  n i t r a t e ,  0 .1  - M h y d r a z i n e  i n  1 .8  

n i t r i c  a c i d ;  ( c )  0 .1  s u l f u r o u s  a c i d ,  0 .05 g s u l f a m i c  a c i d  i n  2 g 
HN03.  

-2 
.mi"-': (a) 0.1  f e r r o u s  s u l f a m a t e  i n  2 .5  

S u b s e q u e n t l y ,  C o l .  I1 i s  washed w i t h  a b o u t  one bed volume 

2.5 M HNO 

q u a n t i t a t i v e l y  t h e  r educ - t an t ;  t h i s  must b e  v e r i f i e d  by a n a l y s i s  

o r  i n l i n e  measurements .  The e f f l u e n t s  of Co l .  I T  c o n t a i n  P u ( I I I ) ,  

t h e  r e d u c i n g  a g e n t s  and t h e i r  o x i d a t i o n  p r o d u c t s ,  p o s s i b l y  uranium, 

and t races  of  f i s s i o n  p r o d u c t s :  t h e y  a r e  c o l l e c t e d  i n  t h e  Pu-product  

v e s s e l  f o r  f u r t h e r  t r e a t m e n t .  

at a f l o w  of  less t h a n  1 ml.cm-2*min-1 t o  remove 
3 

The r e s i d u a l  uranium i s  e l u t e d  from Col .  I1 by water  and 

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

o r  added t o  t h e  uranium f i n a l  p r o d u c t .  A f t e r  removal  of  uranium from 

Col .  T I  ( n o t  mandatory f o r  e a c h  r u n )  t h e  "forwdrd c y c l e "  i s  f i n i s h e d  

and t h e  "backward cvcle"  can s t a r t  by f o r c i n g  t h e  f e e d  s o l u t i o n  

t o  p a s s  f i r s t  downward th rough  t h e  Si02-Col .  B and t h e n  d i r e c t l y  

t o  Co l .  111 ( f o l l o w e d  by I1 and I)  u n t i l  u ran ium b r e a k s  th rough  

Col .  111. 

The f e e d  i s  t h e n  s t o p p e d ,  and t h e  w a s h i n g a n d e l u t i o n  f l o w s h e e t  

is fo l lowed  as  d e s c r i b e d  above f o r  t h e  forward c y c l e .  For one 

comple t e  c y c l e  a l l  s o l u t i o n s  s h o u l d  f low a t  room t e m p e r a t u r e  th rough  

t t i c  TBP-columns in one  d i r e c t i o n  o n l y ,  e . g . ,  from t h e  bo t tom t o  

thc  t o p .  I n  one of  t h e  subsequen t  c y c l e s  i t  c a n  be  o f  a d v a n t a g e  t o  

r e v e r s e  t h e  f l o w  d i r e c t i o n  i n  o r d e r  t o  re lease gas b u b b l e s ,  t o  improve 

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

r e d u c e  a one-sided TBP-deplet ion.  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
5
4
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



NUCLEAR FUEL REPROCESSING 711 

R e s u l t s  and D i s c u s s i o n  

The Purochromex P r o c e s s  and m o d i f i c a t i o n s  of i t  have been 

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

s c a l e  i n  which columns of 10 t o  1000 m l  bed volumes were  u s e d .  

P r o p e r  d e s i g n  o f  t h e  column system (low dead c o r n e r s  and volumes) 

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

measurement o f  t h e  f i s s i o n  p r o d u c t  a c t i v i t y  (by gamma m o n i t o r s ) ,  

p lu ton ium (by a l p h a  and n e u t r o n  m o n i t o r s )  and uranium (by X-ray 

f l u o r e s c e n c e ,  gamma-absorption, and spec t ropho tomet ry )  p e r m i t t e d  

t h e  a t t a i n m e n t  i n  one  c y c l e  o f  g r o s s  beta-gamma d e c o n t a m i n a t i o n  

f a c t o r s  of t h e  o r d e r  o f  1 0  f o r  t h e  uranium p roduc t  ( f rom t h e  "U- 
d i sp lacemen t  columns" number I and 111) and 10 

p lu ton ium p roduc t  o b t a i n e d  from t h e  "Pu-e lu t ion  column" (number 11). 

The uranium p roduc t  c o n t a i n s  p r a c t i c a l l y  no p lu ton ium w h i l e  t h e  

p lu ton ium p r o d u c t  may c o n t a i n  uranium. A l o n g e r  C o l .  I1 would b e  

advan tageous  a s  i t  p r e v e n t s  t o  a h i g h e r  d e g r e e  t h e  b r e a k t h r o u g h  

of uranium i n t o  t h e  p lu ton ium p r o d u c t .  The p lu ton ium f r a c t i o n  

r e q u i r e s ,  i n  most c a s e s ,  a f u r t h e r  p u r i f i c a t i o n  ( s e e  s e c t i o n  

" P u r i f i c a t i o n  of Plutonium") t o  f u l f i l l  p re sen t -day  n u c l e a r  

s p e c i f i c a t i o n s .  

7 

4 t o  lo5 f o r  t h e  

The second TBP-column may a l s o  be o p e r a t e d  i n  such  a way t h a t  

t h e  uranium t o  p lu ton ium r a t i o ,  as w e l l  as t h e  c o n t a m i n a t i o n  o f  

t h e i r  m i x t u r e  by f i s s i o n  p r o d u c t s ,  c a n  b e  p rede te rmined  o r  a d j u s t e d .  

For a "Civex type" f l o w s h e e t  o r  a c o p r o c e s s i n g  f l o w s h e e t  t h e  uranium(V1) 

c a n  b e  e l u t e d  s i m u l t a n e o u s l y  w i t h  0 . 3  g n i t r i c  a c i d  as t h e y  have n e a r l y  

t h e  same d i s t r i b u t i o n  c o e f f i c i e n t  unde r  t h e  g i v e n  Purochromex 

c o n d i t i o n s .  Fo r  t h e  r e c y c l i n g  o f  p lu ton ium i n  the rma l  r e a c t o r s  t h e  

mass f r a c t i o n  o f  f i s s i l e  p lu ton ium shou ld  b e  a b o u t  2.8% when n a t u r a l  

uranium i s  used  a s  d i l u e n t  t o  a c h i e v e  a n  e q u i v a l e n t  d i s c h a r g e  burnup 

of f u e l s  w i t h  a n  enrichment  of 3 .2% uranium-235; a lower  mass f r a c t i o n  

of p lu ton ium i s  r e q u i r e d  i f  t h e  r e s i d u a l  235U en r i chmen t  of t h e  

p r o c e s s e d  LWR-fuel i s  h i g h e r  t h a n  0.71%. 
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7 1 2  ESCHRICH AND OCHSENFELD 

The h igh -ac id  (5  t o  6 g HN03) f l o w s h e e t  employed a s s u r e s :  

( 1 )  t h e  h i g h e s t  p o s s i b l e  e x t r a c t a n t  l o a d i n g  w i t h  t h e  macro-component, 

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

of  a l l  o t h e r  e l e m e n t s  a n d ,  t h e r e w i t h ,  a h i g h e r  d e c o n t a m i n a t i o n ;  

( 2 )  a h i g h  d e c o n t a m i n a t i o n  o f  ru then ium;  (3) t h e  minimum g r o s s  

e x t r a c t a b i l i t y  of  z i r c o n i u m ,  niobium and ru then ium (Kd = 0 . 5 ) ;  

and ( 4 )  a minimum movement o f  t h e  uranium and p lu ton ium f r o n t  d u r i n g  

t h e  removal o f  t h e  i m p u r i t i e s .  S e v e r a l  p a r a m e t e r s  of  t h e  s t a n d a r d  

f l o w s h e e t  may be  changed w i t h  t h e  g o a l  o€ r e d u c i n g  t h e  volumes of 

t h e  p r o d u c t  and w a s t e  and i n c r e a s i n g  t h e  p u r i t y  of  t h e  p lu ton ium 

p r o d u c t .  

Losses  o f  uranium and TBP-ex t r ac t ab le  p l u t o n i u m  can  b e  avo ided  

by a n  a p p r o p r i a t e  column p a c k i n g ,  TBP-loading, column d imens ions ,  

f l o w  ra te ,  uranium c o n c e n t r a t i o n  i n  t h e  f e e d  and a u t o m a t i c  e f f l u e n t  

c o n t r o l ;  t h u s ,  uranium and p l u t o n i u m  y i e l d s  o f  h i g h e r  t h a n  99.6% 

have been a c h i e v e d .  However, t h e  r e s i d e n c e  t i m e  o f  uranium and 

p lu ton ium i n  t h e  TBP-phase h a s  t o  b e  k e p t  as  s h o r t  as r e q u i r e d .  

The i n t e r s t i t i a l  s p a c e  of  t h e  columns s h o u l d  b e  f i l l e d  w i t h  w a t e r  

when n o t  i n  o p e r a t i o n .  

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

p a r t i c l e s  (on t h e  t o p ) ,  a n d ,  i n  a d d i t i o n ,  50 t o  90% of  t h e  z i r con ium/  

niobium (5,12) and more t h a n  60% of  t h e  Sb ( 1 3 ) .  To a v o i d  

r e c o n t a m i n a t i o n  o f  uranium by t h e  ing rowing  d a u g h t e r  p r o d u c t s ,  

t h e  wash s o l u t i o n  f o r  t h e  TBP-columns must b y p a s s  t h e  Si02-Col.  

The s t a t i o n a r y  TBP-phase i s  p u r i f i e d  by wash ing  t h e  columns 

w i t h  0.3 sodium h y d r o x i d e  ( r emova l  of  r e s i d u a l  ru then ium and 

d i b u t y l  phospha te )  fo l lowed  by a water wash. The f r e q u e n c y  o f  

t h e  TBP p u r i f i c a t i o n  depends  on t h e  l eve l  o f  t h e  accumulated 

f i s s i o n  p r o d u c t  a c t i v i t y .  

A t  t h e  end of t h e  u s e f u l  l i f e t i m e  of t h e  s t a t i o n a r y  phase  

(TBP and s u p p o r t )  t h e  TBP i s  removed by e l u t i o n  w i t h  k e r o s e n e .  

The r e s u l t i n g  s o l v e n t  waste s o l u t i o n  c a n  a d v a n t a g e o u s l y  b e  

t r e a t e d  by u s i n g  t h e  Eurowatt  p r o c e s s  ( 1 4 ) ,  o r  a l t e r n a t i v e l y ,  

t h e  e n t i r e  column f i l l i n g  c a n  b e  i n c o r p o r a t e d  i n t o  bi tumen o r  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
5
4
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



NUCLEAR FUEL REPROCESSING 7 1  3 

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

meet w i t h  e s t a b l i s h e d  a c c e p t a n c e  c r i t e r i a  f o r  t h e i r  f i n a l  s t o r a g e .  

A p p r o p r i a t e  c u t t i n g  of t h e  HLIJ-effluent f r a c t i o n  from t h e  

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

volume. The HLW-solutions can  be  v i t r i f i e d  by making u s e  of t h e  

a c t i v e  s i l i c a  g e l  and  sodium h y d r o x i d e  as  r e a g e n t s ,  o r  t h e y  can 

b e  s o l i d i f i e d  by t h e  Mincrva-process  (15), i n  which t h e  a c t i v e  

phosphor i c  a c i d  r e s u l t i n g  from t h e  Eurowa t t  p r o c e s s  can  a l s o  be  

used as a r e a g e n t .  

The e n t i r e  Purochromex p r o c e s s ,  and p a r t i c u l a r l y  t h e  uranium 

l o a d i n g  and e l u t i o n  s teps ,  have  been  co ld  t e s t e d  c x t e n 5 i v e l y  on 

a p i l o t  scale  u s i n g  columns of  up t o  70 L bed v o l m e ,  v a r i o u s  l o t s  

o f  Levextrel-TBP r e s i n s .  n a t u r a l  uranium and inart  i v e  

r e p r e s e n t a t i v e  i m p u r i t i e s ,  such  as z i r c o n i u m ,  ces ium,  s t r o n t i u m ,  

ce r ium,  n i t r o s y l r u t h r n i u m  n j t r a t o  and n i t r o  complexes,  and 

c o r r o s i o n  p r o d u c t s  (Fe, C r ,  N i ) .  F u l l y  a c t i v e  p i l o t  s c a l e  demon- 

s t r a t i o n  t es t s  have  been p l anned  f o r  y e a r s ;  t h e y  w i l l  f i n a l l y  b e  

e x e c u t e d  i n  mid-1980 i n  t h r  framework o f  a n  i n t e r n a t i o n a l  R&D 

program. 

The Eurochromex P r o c e s s  

"Eurochromex" i s  t h e  acronym f o r  e n r i c h e d  u ran ium r e p r o c e s s i n g  

- -  on chromatograph ic  = t r a c t i o n  columns. T h i s  p r o c e s s  h a s  p r i m a r i l y  

been des igned  f o r  t h e  p r o c e s s i n g  of i r r a d i a t e d  f u e l s  from r e s e a r c h  

r e a c t o r s ,  Materials T e s t i n g  R e a c t o r s  (MTR) , and s h i p  p r o p u l s i o n  

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

g r a d e  p u r i t y  f o r  r e u s e .  Using minor  f l o w s h e e t  changes ,  t h e  p r o c e s s  

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

uranium from aqueous  s u l f a t e  s o l u t i o n s  used i n  homogeneous r e a c t o r s .  

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

p r o d u c t  r e c o v e r y  and d e c o n t a m i n a t i o n  from u n d e s i r e d  i m p u r i t i e s  

a r e  t h e  same as  i n  t h e  Purochromex p r o c e s s .  An i n c e n t i v e  f o r  

t h e  p r e s e n t  development e f f o r t  i s  t h a t  p l a n t s  f o r  t h e  commercial  

r e p r o c e s s i n g  of  power reactor f u e l s  are u s u a l l y  n o t  s u i t e d  to 

p r o c e s s  n u c l e a r  f u e l s  h i g h l y  e n r i c h e d  i n  uranium-235 b e c a u s e  of 
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7 1 4  E S C H R I C H  AND OCHSENFELD 

s a f e t y ,  t e c h n i c a l ,  and economic r e a s o n s .  To a v o i d  s i g n i f i c a n t  

d i s t u r b a n c e s  of t h e  no rma l  o p e r a t i o n ,  and a d d i t i o n a l  c r i t i c a l i t y ,  

c o r r o s i o n  and w a s t e  p rob lems ,  it i s  p r e f e r a b l e  t o  p r o c e s s  t h e  

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

e n r i c h e d  uranium (HEU) i n  a t a i l o r - m a d e  f a c i l i t y .  

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

d i s t i n g u i s h i n g  HEU from normal. u ran ium p r o c e s s i n g  - need t o  be 

c o n s i d e r e d :  ( 1 )  t h e  s m a l l  amount o f  p l u t o n i u m  p r e s e n t  i n  t h e  f u e l ,  

wliich is  no rma l ly  n o t  w o r t h  r e c o v e r i n g  (on economical  g rounds )  and 

i s  t l i e r e f o r e  d i s c a r d e d  along w i t h  t h e  f i s s i o n  p r o d u c t s ;  ( 2 )  t h e  

l a r g e  amount of  a l l o y i n g  metals which a c t  as s a l t i n g  a g e n t s  and 

r i i c t a t c  t h e  s o l u t i o n  c o n c e n t r a t i o n  d u e  t o  s o l u b i l i t y  l i m i t s ;  (3)  

t h e  i n c r e a s e d  r i s k  o f  e x c e e d i n g  c r i t i c a l i t y  l i m i t a t i o n s ;  ( 4 )  t h e  

h i g h e r  d e c o n t a m i n a t i o n  f a c t o r s  r e q u i r e d  due  t o  t h e  h i g h e r  burnup 

( h i g h e r  f i s s i o n  p r o d u c t  t o  uranium r a t i o )  ; and (5)  t h e  r e l a t i v e l y  

smal l  amounts o f  uranium i n v o l v e d .  Because o f  t h e s e  f a c t o r s ,  

e x t r a c t i o n  chromatography c a n  o f f e r  t e c h n i c a l  and economica l  

a d v a n t a g e s  compared t o  t h e  c o n v e n t i o n a l  e x t r a c t i o n  t e c h n i q u e s  

and equipment .  

The Eurochromex p r o c e s s  i s  c a r r i e d  o u t  u s i n g  b a s i c a l l y  t h e  

same s e p a r a t i o n  p r i n c i p l e s  and equipment  as f o r  t h e  Purochromex 

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

e x t r a c t i o n  p r o c e s s t - s  u sed  o r  deve loped  a t  Eurochemic,  b u t  a d a p t e d  

t o  a n  c x t r a c t i . o n  ch romatograph ic  f l o w s h e e t .  The p r o c e s s  s t e p s  

f o r  t h e  r e c o v e r y  o f  HEU from t h r e e  t y p i c a l  r e a c t o r  f u e l s  by t h e  

Eurochromex p r o c e s s  w i l l  be  d e s c r i b e d  h e r e a f t e r .  These s t e p s  

i n c l u d e  d i s s o l u t i o n  o f  t h e  f u e l  ( e x c e p t  f o r  homogeneous f u e l ) ,  

a d j u s t m e n t  o f  t h e  aqueous  f e e d  s o l u t i o n ,  f e e d  c l a r i f i c a t i o n ,  

e x t r a c t i o n  of  t h e  HEU by t h e  s t a t i o n a r y  TBP-phase, r e d u c t i v e  

s c r u b b i n g  o f  p lu ton ium and f i s s i o n  p r o d u c t s ,  and e l u t i o n  of  uranium 

( s t r i p p i n g )  by an  aqueous  p h a s e .  

I J / A l  A l l o y  F u e l  

This p r o c e s s  has been  d e s i g n e d  and t e s t e d  t o  r e c o v e r  uranium 

from aluminum-clad aluminum-uranium a l l o y  (MTR) f u e l  e l e m e n t s .  The 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
5
4
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



NUCLEAR FUEL REPROCESSING 715 

i n i t i a l  uranium enr i chmen t  p r i o r  t o  i r r a d i a t i o n  c a n  b e  as h igh  a s  

93 w t  % 235U, and t h e  A l / U  r a t i o  i n  a n  e l emen t  r a n g e s  u s u a l l y  from 

15 t o  40. Canning and f u e l  a l l o y  m a t e r i a l  a r e  d i s s o l v e d  t o g e t h e r .  

The e n t i r e  p r o c e s s  i s  c a r r i e d  o u t  a t  room t e m p e r a t u r e  i n  geomet r i -  

c a l l y  s a f e  equipment  i n v o l v i n g ,  a f t e r  f e e d  a d j u s t m e n t  and 

c l a r i f i c a t i o n ,  s i m p l e  column o p e r a t i o n  s t e p s  which c a n  he  c o n t r o l l e d  

comple t e ly  a u t o m a t i c a l l y .  

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

s t e p s  are g i v e n :  

S e p a r a t i o n  u n i t .  Two s i n t e r e d  s t a i n l e s s  steel f i l t e r s  ( t y p e  

304) i n  p a r a l l e l  ( I O U  mean p o r e  s i z e ) ,  2 s i l i c a  g e l  columns ( A  and 

B ,  0 1 2  x 60 cm), t h r e e  TBP columns i n  s e r i e s  (0 2 12  x 150 t o  400 

cm, c o r r e s p o n d i n g t o a  maximum bed volume o f  1 7  t o  45 L ) .  For t h e  

p r e s e n t  f l o w s h e e t  a h e i g h t  o f  250 cm w a s  u sed  (28 L bed volume).  

S t a t i o n a r y  phase :  60 w t  % u n d i l u t e d  TBP so rbed  on 40 w t  % p o l y s t y r e n e -  

d i v i n y l b e n z e n e  copolymer ( e . g . ,  L e w a t i t  OC 1023) .  

D i s s o l u t i o n  and  f e e d  compos i t ion .  The f u e l  e l e m e n t s  a r e  d i s s o l v e d  

i n  n i t r i c  a c i d  (6 .2  8 i n i t i a l l y )  i n  t h e  p r e s e n c e  of mercury n i t r a t e ,  

a c t i n g  as c a t a l y s t ,  t o  o b t a i n  a f i n a l  s o l u t i o n  c o n t a i n i n g  less  t h a n  

7.5 g U / L .  

t h e  U c o n c e n t r a t i o n  i n  t h e  d i s s o l v e r  p r o d u c t  c a n n o t  exceed 1 9  g/L,  

because  of t h e  l i m i t e d  s o l u b i l i t y  of  aluminum n i t r a t e  (68 g / L ) .  

A t y p i c a l  c o m p o s i t i o n  of  t h e  f e e d  s o l u t i o n  i s  1.5 g U/L ,  40 g A l / L ,  

0 . 5  g H N 0 3 ,  0 .006 3 Hg, c a .  500 C i  f i s s i o n  p r o d u c t s / L ,  t r a c e  

c o n c e n t r a t i o n  o f  Pu. 

A s  l o n g  as t h e  A l / U  we igh t  r a t i o  exceeds  a v a l u e  of 6 . 8 ,  

Column o p e r a t i o n  s t e p s .  The f e e d  s o l u t i o n  i s  pumped th rough  t h e  

s t a i n l e s s  s t e e l  f i l t e r ,  s i l i c a  g e l  column A ,  and TBP-Col. I ,  11, 

and 111 u n t i l  b reak th rough  of uranium o c c u r s  th rough  TBP C o l .  11, a t  

a f l o w r a t e  of 3 ml-cm .min . [Note:  t o  r e d u c e  t h e  r a d i a t i o n  dose  

r e c e i v e d  by t h e  s t a t i o n a r y  p h a s e ,  t h e  uranium-free e f f l u e n t s  are 

s e n t  d i r e c t l y  t o  t h e  waste c o l l e c t i o n  t a n k ,  b y p a s s i n g  t h e  n e x t  

column(s)  . I  

-2 -1 

The TBP columns are washed ( sc rubbed)  w i t h  1 . 5  bed volumes of a 

1 % aluminum n i t r a t e / 0 . 5  

f e r r o u s  s u l f a m a t e  and 0 .02  h y d r a z i n e ,  a t  1 ml-cm - m i n  . 
a c i d  d e f i c i e n t  s o l u t i o n  c o n t a i n i n g  0.01 

-2 -1 
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716 ESCHRICH AND OCHSENFELD 

3 The TBP columns a r e  t h e n  waslied w i t h  1 . 5  bed volumes o f  4 M HNO 
-2 - 1  a t  1 mlecm .min . 

The uranium i s  e l u t e d  ( s t r i p p e d )  from TBP-Col. I and I1 w i t h  two 

bed volumes o f  0.01 HNO a t  0.5 ml-cm-2*min- ' .  A new c y c l e  can  now 

beg in  by c h a r g i n g  f i r s t  TBP-Col. 111 and t h e n  Col.  I1 u n t i l  break-  

th rough  of uranium o c c u r s .  The o p e r a t i o n  t h e n  c o n t i n u e s  w i t h  t h e  wash 

( s c r u b )  s t e p ,  e t c .  

3 

lllz~ Alloy F u e l  

HEU z i r con ium a l l o y  fuel c a n  b e  c l a d  by z i r con ium o r  a s u i t a b l e  

z i r con ium alloy ( e . g . ,  Z i r c a l o y  2 ) .  The p r e s e n t  development work was 

c a r r i e d  o u t  u s i n g  s team-autoclaved u n i r r a d i a t e d  f u e l s  c o n t a i n i n g  

98 t o  99 w t  % Z r  and  1 t o  2 w t  % HEU (225 g HEU/element).  

S e p a r a t i o n  u n i t .  (Same a s  € o r  U / A 1  f u e l  p r o c e s s i n g ,  e x c e p t  

t h a t  t h e  s i l i c a  g e l  columns a r e  o m i t t e d . )  

D i s s o l u t i o n  and  fe-e%djustment. The f u e l  e l e m e n t s  are d i s s o l v e d  

w i t h  a m i x t u r e  of 5.5 

t h e  h o t  (80°C) s o l u t i o n  an  Al(N0 ) -HNO s o l u t i o n  i s  added t o  

s t a b i l i z e  t h e  f u e l  f e e d  s o l u t i o n  and t o  o x i d i z e  uranium q u a n t i t a t i v e l y  

t o  t h e  h e x a v a l e n t  s t a t e  ( 1 6 ) .  The f i n a l  f e e d  s o l u t i o n s  o b t a i n e d ,  

which a r e  s t a b l e  f o r  a t  l e a s t  t h r e e  months,  had t h e  f o l l o w i n g  

approx ima te  c o m p o s i t i o n s :  

NH4F/0.5 E NH NO 

3 3  3 

( Z i r f l e x  p r o c e s s ) ;  t o  4 3  

F r e e  HN03: 0 .9  t o  1.0 g ( t o  a v o i d  h y d r o l y s i s  HN03 shou ld  

be >0. 75 MI 
u : 0.4  to 0.8  g / ~  

Z r  : 0.45 g 
A1 : 0.92 (as A l - n i t r a t e )  

F - t o t a l  : 3.2  M; NO; t o t a l :  3.8 8 
Spec.  
d e n s i t y  : 1.24 ( a t  2 5 ° C ) .  

Columns o p e r a t i o n  s t e p s .  The f eed  s o l u t i o n  is pumped a t  a r a t e  
-2 -1 

of  1 . 0  t o  1 . 5  ml.cm .min t h r o u g h  s t a i n l e s s  s tee l  f i l t e r ,  TBP- 

C o l .  I ,  11, and 111 u n t i l  uranium b r e a k s  t h r o u g h  C o l .  11. 

The TBP-columns a r e  washed by p a s s i n g  two bed volumes o f  0 .9  E 
aluminum n i t r a t e / O . O l  M f e r r o u s  n i t r a t e / 0 . 0 2  h y d r a z i n e  th rough  t h e  
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NUCLEAR FUEL REPROCESSING 717 

column sys t em u s i n g  n f l o w r a t e  o f  2 ml.cm-2-min-1. The aluminum 

n i t r a t e  w a s t e  s o l u t i o n  c o n t a i n i n g  o n l y  smal l  amounts o f  f l u o r i d e  

is  s t o r e d  s e p a r a t e l y .  

T h e  TBP columns are  t h e n  washed w i t h  two bed volumes o f  5 

HNO a t  a ra te  of  2 ml.cm .min , and t h e  HEU i s  e l u t e d  from C o l .  I 

and Col .  I1 w i t h  t h r e e  bed volumes of  a c i d i f i e d  water  a t  a ra te  of 

1 m l . c m  emin . 

-2  -1 
3 

-2 -1 

Urany l  S u l f a t e  S o l u t i o n  (Homogeneous Reac to r  F u e l )  

Fo l lowing  a r e q u e s t  t o  p r o c e s s  s e p a r a t e l y  an  i r r a d i a t e d  u r a n y l  

s u l f a t e  s o l u t i o n  w i t h o u t  b l e n d i n g  t h e  v a l u a b l e  h igh -en r i ched  uranium 

p r e s e n t  w i t h  a uranium f u e l  of a much lower en r i c l imen t ,  t h e  

a p p l i c a b i l i t y  of  t h e  Eurochromex p r o c e s s  t o  t h e  r e r o v e r y  o f  t h e  

HEU from t h i s  t y p e  o f  f u e l  w a s  t e s t e d ,  w i t h  t h e  p o s s i b i l i t y  o f  

o p e r a t i o n  i n  a h o t  c e l l  f a c i l i t y .  

The s o l u t i o n  t o  be  p r o c e s s e d  had t h e  f o l l o w i n g  c o m p o s i t i o n :  

T o t a l  U : 140.4 g / L  c o n t a i n i n g  27.60 g U/L 235 

( i . e . ,  19.66% e n r i c h m e n t )  

F r e e  H2S04: 0 .2  _M 

T o t a l  SO4 : 0.79 g 
Pu : 80 mg/L 

A c t i v i t y  : 40 Ci/L (ma in ly  due  t o  1 3 7 C s ,  90Sr ,  1 4 4 C e ,  

147Pm, and Io6Ru) 

Peso4 : 610 mg/L; CuS04: 84 mg/L; A12(S04)3: 32 mg/L. 

S e v e r a l  p r o c e s s e s  w e r e  t e s t e d  u s i n g  d i ( 2 - e t h y l h e x y l )  

p h o s p h o r i c  a c i d ,  t r i o c t y l p h o s p h i n e  o x i d e ,  a p r imary  amine, and TBP. 

I n  o r d e r  t o  d e m o n s t r a t e  f u r t h e r  t h e  v e r s a t i l i t y  o f  t h e  TBP-Chromex 

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

w e  f i n a l l y  s e l e c t e d  a Purochromex-type f l o w s h e e t .  The s u l f a t e  

c o n t e n t  o f  t h e  f u e l  s o l u t i o n  i s  s u f f i c i e n t l y  low t o  u s e  a n  aqueous 

n i t r a t e  phase  w i t h o u t  r i s k i n g  u ran ium l o s s e s  t o  t h e  was te  streams. 

Aga in ,  o n l y  few c h e m i c a l s  and 4imple p r o c e s s  s t e p s  a r e  i n v o l v e d ,  

a l l o w i n g  a f u l l y  automated c o n t r o l .  The c r i t i c a l i t y  d a t a  t o  he 

o b s e r v e d  w e r e  c a l c u l a t e d  f o r  20% enr i chmen t  t o  b e :  c o n c c n t r a t i o n  = 
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718 ESCHRICH AND OCHSENFELD 

<45 g U/L; max. d i a m e t e r  of  t h e  c y l i n d r i c a l  columns = 27 cm; 

c r i t i c a l  mass = 4.0 kg U. 

D e s c r i p t i o n  o f  F lowshee t  

The p r o c e s s  s t e p s  g i v e n  h e r e a f t e r  are  v a l i d  f o r  t h e  p r o c e s s i n g  

of abou t  3 .5  kg  U p e r  r u n .  S u b - c r i t i c a l i t y  i s  m a i n t a i n e d  by 

a p p l y i n g  g e o m e t r i c a l l y  s a f e  equipment  and m a s s  l i m i t a t i o n s .  

__- S e p a r a t i o n  u n i t .  One s i l i c a  g e l  column (0 1 2  x 40 cm) and 

t h r e e  columns (8 1 2  x 150 cm) a r e  used i n  s e r i e s ,  e a c h  hav ing  <I bed 

volume of  1 7  L .  The s t a t i o n a r y  phase  c o n s i s t s  of  Levextrel-TRP 

c o n t a i n i n g  60 w t  % TBP ( o r  an  e q u i v a l e n t  support /TBP s y s t e m ) .  

Feed a d j u s t m e n t .  The u r a n y l  s u l f a t e  s o l u t i o n  ( a p p r o x i m a t e l y  

25 L) i s  a d j u s t e d  by a d d i n g  a premeasured volume ( 2 0  t o  23 L) of  

c o n c e n t r a t e d  HNOj t o  o h t a i n  a s o l u t i o n  which i s  a b o u t  6 M i n  H N O  

The  s o l u t i o n  i s  homogenized by a i r  s p a r g i n g .  About 2 h r  i s  r e q u i r e d  

f o r  t h i s  o p e r a t i o n .  

3' 

Column o p e r a t i o n  s*. The a d j u s t e d  f e e d  s o l u t i o n  i s  added t o  
-2 -1 the four-column s y s t e m  a t  a f l o w  o f  2 ml-cm 'min (226 ml/min) u n t i l  

uranium s t a r t s  t o  b r e a k  th rough  C o l .  11. (Time r e q u i r e d :  4 h r . )  

The columns are  washed w i t h  1 . 5  bed volumes ( 2 5  L) o r  6 3 HN03/ 
-2 -1 0.05 Fe(S03NH2)2 a t  2 .0  m l - c m  -min , and t h e  e f f l u e n t  of t h i s  

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

s t e p  as " h i g h - l e v e l  waste ."  (Time r e q u i r e d :  2 h r . )  

The TBP columns ( n o t  t h e  S i 0 2  c o l . )  are washed w i t h  two t o  three 

bed volumes o f  6 

m u s t  be  a v o i d e d )  a t  a r a t e  of  2 m l - c m  .min . (Time r e q u i r e d :  4 h r . )  

HN03 ( b r e a k t h r o u g h  o f  U t h r o u g h  TBP-Col. I11 
-2 -1 

The uranium from C o l .  I and Co l .  11 is e l u t e d  by p a s s i n g  t h r e e  

t o  f o u r  bed volumes o f  d i s t i l l e d  water t h r o u g h  t h e  columns ( p r e f e r a b l y  

at 50 t o  60°C) a t  a r a t e  o f  2 m l ' c m  *min . (Time r e q u i r e d :  5 h r . )  
-2 -1 

The n e x t  r u n  i s  s t a r t e d  by f e e d i n g  t h e  a d j u s t e d  s o l u t i o n  th rough  

the> SiO -Col.  and t h e n  t o  TBP-Col. 111 which i s  a l r e a d y  p a r t i a l l y  

l o a d e d  w i t h  uranium. The f o l l o w i n g  s t e p s  are  as i n  t h e  forward 

c y c l e .  The s o l u t i o n  f l o w  t h r o u g h  t h e  TBP columns s h o u l d  p r e f e r a b l y  

be from t h e  bo t tom t o  t h e  t o p  (upwards ) .  

2 
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NUCLEAR FUEL REPROCESSING 719 

Depending on t h e  c a p a c i t y  o f  the  TBP columns ( p r o p o r t i o n a l  

t o  t h e  TBP amount) and t h e  e l u t i o n  volume, t h e  f i n a l  uranium 

p r o d u c t  concentration i s  v a r i a b l e  but t y p i c a l l y  i n  t h e  o r d e r  of 

40 g U/L. For  t h e  p u r i f i c a t i o n  and r e c o v e r y  of  a b o u t  3 kg HEU,  

15  h r  are r e q u i r e d .  The t o t a l  p r i m a r y  aqueous  waste g e n e r a t e d  

amounts t o  40 L p e r  k i l o g r a m  U p r o c e s s e d ,  which can  be  c o n c e n t r a t e d  

t o  a s m a l l  volume; t h e  r e c o v e r e d  n i t r i c  a c i d  c a n  b e  r e c y c l e d .  

R e s u l t s  and D i s c u s s i o n  

The t h r e e  Eurochromex p r o c e s s  f l o w s h e e t s  have  been  c o l d  

t e s t e d  on a n  " i n d u s t r i a l  scale" (17 t o  28 L TBP C o l . )  and h o t  

t e s t e d  on a l a b o r a t o r y  scale  u s i n g  TBP columns up t o  200 m l  and 

s y n t h e t i c  f e e d  s o l u t i o n s  s p i k e d  w i t h  a rea l  MTR-fuel f e e d  s o l u t i o n  

c o n t a i n i n g  m i l l i c u r i e  q u a n t i t i e s  of  f i s s i o n  p r o d u c t s .  I n  a l l  u r a n y l  

s u l f a t e  r u n s  and i n  some U/A1-  and U/Zr-runs,  one c y c l e  h a s  been  

s u f f i c i e n t  t o  o b t a i n  a u ran ium p r o d u c t  f u l f i l l i n g  U.S. S p e c i f i c a t i o n s  

f o r  u r a n y l  n i t r a t e .  However, i n  several r u n s  i n t o l e r a b l y  h i g h  

a c t i v i t i e s  from z i r c o n i u m ,  r u t h e n i u m ,  o r  p l u t o n i u m  and neptunium 

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

" t a i lo r -made"  f o r  a h i g h  d e c o n t a m i n a t i o n  from t h o s e  r a d i o n u c l i d e s ,  

i . e . ,  p u r i f i c a t i o n  by s i l i c a  ge l  columns o f  t h e  HEU f e e d  ( 5  g 
HNO ) and p r o d u c t  s o l u t i o n  ( low a c i d  c o n c e n t r a t i o n ) ,  h i g h  a c i d  

wash f o r  ru then ium and a r e d u c t i v e  low a c i d  wash f o r  t h e  removal  

o f  p lu ton ium,  neptunium, and z i r con ium/n iob ium p r i o r  t o  t h e  

s t r i p p i n g  of  uranium by 0 .01  g HNO 

3 

3 '  
The l o s s  o f  uranium t o  t h e  w a s t e  streams w a s  u s u a l l y  less 

t h a n  0 .2%.  I n  p r i n c i p l e ,  a n y  loss of  uranium t o  t h e  a c i d i c  waste  

e f f l u e n t s  c a n  b e  a v o i d e d  by  an a p p r o p r i a t e  e f f l u e n t  c o n t r o l  o r  

t h e  r e c y c l i n g  of  any u ran ium-con ta in ing  w a s t e  f r a c t i o n s .  The 

r e c o v e r y  y i e l d  t h u s  depends  ma in ly  on t h e  q u a n t i t a t i v e  e l u t i o n  

o f  uranium. A p p l i c a t i o n  o f  e l e v a t e d  t e m p e r a t u r e  ( 6 O o C )  and a l o w  

f l o w  ra te  i n c r e a s e s  p r o d u c t  c o n c e n t r a t i o n ,  b u t  c a n  c a u s e  e x c e s s i v e  

g a s s i n g  i n  t h e  column. 
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720 ESCHRICH AND OCHSENFELD 

It is a d v i s a b l e  t o  wash the TRP column a f t e r  e a c h  c y c l e  w i t h  

on(' bed volume of  a 0.3 sodium h y d r o x i d e  s o l u t i o n  t o  remove 

r e s i d u a l  r u t h e n i u m ,  TBP-degradat ion p r o d u c t s .  and p o s s i b l y  non- 

e l u t e d  uranium. Sometimes a s m a l l  f r a c t i o n  o f  a c t i v i t y  (ma in ly  

niobium-95) remained i r r e v e r s i b l y  so rbed  i n  t h e  columns and c o u l d  

n o t  be  e l u t e d  by aqueous  o r  a l k a l i n e  s o l u t i o n s .  Moni to r ing  o f  t h e  

gamma a c t i v i t y  a l o n g  t h e  TBP columns,  and o f  t h e  e f f l u e n t ,  p e r m i t s  

me,isurernent of t h e  d e c o n t a m i n a t i o n  d e g r e e  and a i d s  i n  c h o o s i n g  

t h e  r e q u i r e d  mob i l e  phase  volumes. 

Our i n v e s t i g a t i o n s  have shown t h a t  an  i n d u s t r i a l  s c a l e  

r e p r o c e s s i n g  o f  HEU f u e l s  b y  e x t r a c t i o n  ch romatograph ic  p r o c e s s e s  

i s  f e a s i b l e ,  and t h a t  i t  may o f f e r ,  due t o  the s e p a r a t i o n  p r i n c i p l e ,  

equ ipmeut , and c o n t r o l s  i n v o l v e d ,  economica l ,  s a f e t y ,  and t e c h n i c a l  

a d v a n t a g e s  o v e r  t h e  p r o c e s s e s  a p p l i e d  up t o  now. 

PURIFICATION OF PLUTONIUM 

With t h e  goal  o f  d t v e l o p i n g  a u n i v e r s a l l y  a p p l i c a b l e  p r o c e s s  

for t h e  f i n a l  p u r i f i c a t i o n  of  p lu ton ium s o l u t i o n s  o r i g i n a t i n g  from 

f u e l  r e p r o c e s s i n g  streams, f u e l  f a b r i c a t i o n  s c r a p s ,  o r  o t h e r  

waste materials.  some fundamen ta l  s t u d i e s  were c a r r i e d  o u t  t o  

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

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

s t u d i e d  ( 1 7 ) .  The i n v e s t i g a t i o n s  w e r e  t h e n  c o n t i n u e d  u s i n g  f l u o r i d e  

c o n t a i n i n g  p lu ton ium n i t r a t e  s o l u t i o n s ,  t y p i c a l  p r o d u c t s  o f  Pu02 

d i s s o l u t i o n  ( 1 8 ) .  S u b s e q u e n t l y  t h e  s e p a r a t i o n  o f  americium-241, 

grown i n  by t h e  r a d i o a c t i v e  decay  of 14'Pu d u r i n g  s t o r a g e  of 

p lu ton ium,  h a s  been s t u d i e d .  

Pu E x t r a c t i o n  on Levextrel-TBP Columns __ 
The e x t r a c t i o n  o f  P u ( 1 V ) - n i t r a t e  f rom n i t r i c  a c i d  s o l u t i o n s  

was i n v e s t i g a t e d  u s i n g  Levextrel-TBP columns (0 10 x 110 mm). 

Some o f  t h e  e x p e r i m e n t a l  d a t a  o b t a i n e d  w i t h  a r e s i n  of  0 .16 t o  

0 . 3  mm p a r t i c l e  s i z e  are summarized i n  T a b l e  3 .  

D i s t r i b u t i o n  c o e f f i c i e n t s ,  c a l c u l a t e d  by t h e  e x p r e s s i o n  of 

Mar t in  and Synge (19)  from l o a d i n g  e x p e r i m e n t s  o f  p u r e  p lu ton ium 
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NUCLEAR FUEL REPROCESSING 721 

TABLE 3 

D i s t r i b u t i o n  coef  f i L i c n t s  and HP’IP .it l o d d i n f i  o f  Levc~xtri.l-TBP ( ‘ 0 1  umns 

__. 
Exp. - Feed compos i t ion  HETP 1,oading of r e s i n  
No. Pu U H N 0 3  

pu(1V) b r e a k t h r o u g h  (g/L)  ( g / L )  (E) 
(mm) ( g  P u / U  U / L )  __-- 

1 4.29 - 4.0 42 0.8 66 - 

2 4.6 1 5.0 40 0.6 67 15 

3;t 8.65 3 6.0 27 0.6 81 28 

4 3.5 3.6 3.0 35 0.4 40 42 
- 

5 g Levextrel-TBP (60% TBP), 0.16 t o  0.3 mm p a r t i c l e  s i z e .  

~ ~ I U l ! l l l :  d, 1 ( J  x rnm. 

F l o w r a t e :  0.83 m l  cm -min (7’: i n  exp .  No. 3 :  1.66 ml-cm .mi11  ) .  
-2 -1 -2 -1 

s o l u t i o n s  and p lu ton ium s o l u t i o n s  c o n t a i n i n g  U ( V I )  were lower  t h a n  

t h o s e  o b t a i n e d  from b a t c h  e q u i l i b r a t i o n s .  The h r e a k t h r o u g h  c a p a c i t v  

( a t  C = 0.5 x C ) of a g i v e n  column f o r  Pu(1V) depends  on t h e  

c o n c e n t r a t i o n  o f  Pu(IV) and n i t r i c  a c i d ,  on t h e  Pu:U r a t i o ,  

and on t h e  f l o w r a t e  o f  t h e  f e e d  s o l u t i o n .  The HETP c a l c u l a t e d  

( h e i g h t  e q u i v a l e n t  t o  a t h e o r e t i c a l  p l a t e )  a c c o r d i n g  t o  Clucckauf  

(20) was found t o  v a r y  between 0.4 and 1.0 mm. D i s t r i b u t i o n  

c o e f f i c i e n t s  c a l c u l a t e d  from rolumn d a t a  were found t o  be  20% l ower  

t h a n  t h o s e  found i n  b a t c h  r q u i l i b r a t i o n  e x p e r i m e n t s .  The e f f e c t s  

of  f l o w r a t e  on t h e  Pu(1V)  l o a d i n g  and  on t h e  HCrP a t  hrt lakthroiigli  

( a t  C = 0.5 x C o )  i n  10 mm columns have  been i n v e s t i g , x t e d  u s i n g  

25 g Pu(IV)/L f e e d  s o l u t i o n .  The e x p e r i m e n t a l  d a t a  and r e s u l t s  

o b t a i n e d  are  g i v e n  in T a b l e  4 .  The e f f e c t i v e  l i n e a r  f l o w r a t e ,  

u (cm/min),  w a s  c a l c u l a t e d  from t h e  f l o w r a t e ,  v (ml /min ) ,  t h e  

cro4s s e c t i o n  of t h e  column, and t h c  ‘iverage i n t c r 5 t  i t i , + l  voluint~ 

f r a c t i o n  of t h e  r e s in  (0.4). E v a l u a t i o n  of  t h e  d a t a  by a p p l y i n g  
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722 ESCHRICH AND OCHSENFELD 

TABLE 4 

E f f e c t  of  f l o w r a t e  on HETP and l o a d i n g  

F l o w r a t e  HETP Pu l o a d i n g  a t  (C=O.5 Co)  
V U (mm) b r e a k t h r o u g h  

(ml/min) (cm/min) (g Pu/L r e s i n )  

0 .7  2.2 2 98 

2 . 0  6.4 4 96 

3.0 9 .6  6 9 1  

4 .0  12.8 

5 .7  1 8 . 3  

8 . 3  26.2 

9 .2  29.5 

8 

9 

1 6  

1 7  

80  

74  

62 

59 

2 Column: 0 1 0  mm (F = 0.78 cm ) 

Res in :  1 0  ml Levextrel-TRP,  0 .3  t o  0 .5  mm 

Ti.cd: 24.9 g P u ( I V ) / L ,  5.1 g HNO 
3 

t h e  v a n  D e e m t e r  e q u a t i o n  ( 2 1 )  gave t h e  f o l l o w i n g  g e n e r a l  

e x p r e s s i o n  for t h e  HETP v a l u e s  ( i n  cm) of  t h e  column f o r  Pu( IV) ,  

HETP = 0 . 1  + 0.05 u .  

I n c r e a s i n g  t h e  e f f e c t i v e  l i n e a r  f l o w r a t e  (u )  f rom 2.2 t o  29.5 cm/min 

i n c r e a s e d  t h e  HETP from 2 t o  1 7  mm and d e c r e a s e d  t h e  r e s i n  l o a d i n g  

a t  b reak th rough  from 98 t o  59 g Pu(1V) p e r  l i t e r  Levextrel-TBP 

r e s i n .  

We t e s t e d  t h e  v a l i d i t y  of  t h e  HETP e x p r e s s i o n  f o r  t h e  s c a l e u p  

o f  TBP columns. A column w i t h  a d i a m e t e r  o f  8 cm and a bed volume 

of 1 . 2  L ,  f i l l e d  w i t h  Levextrel-TBP o f  0.4 t o  0 .8  mm p a r t i c l e  s i z e ,  

was loaded  w i t h  7 . 5  L of a 5 

Pu/L, a t  u = 1 2 . 5  cm/min. E x p e r i m e n t a l l y ,  a HETP o f  11 mm w a s  

HN03  s o l u t i o n ,  c o n t a i n i n g  23.9 g 
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NUCLEAR FUEL REPROCESSING 723 

found .  The HETP c a l c u l a t e d  from t h e  van Deemter e q u a t i o n  f o r  a 

s m a l l  column a t  a f l o w r a t e  of  u = 1 2 . 5  cm/min w a s  8 mm, which i s  

i n  q u i t e  good agreement  w i t h  t h e  e x p e r i m e n t a l  v a l u e .  

Pu-Am Separat& 

S e p a r a t i o n  o f  Am from s t o r e d  p lu ton ium is  o f t e n  r e q u i r e d  

b e f o r e  u s i n g  t h e  p lu ton ium f o r  f u e l  f a b r i c a t i o n .  S t o r a g e  of  

plutonium i s  p r e f e r r e d  i n  t h e  s o l i d  s t a t e ,  u s u a l l y  as t h e  o x i d e .  

The o x i d e ,  and a l s o  s c r a p s  from plutonium f u e l  f a b r i c a t i o n ,  can  

be  d i s s o l v e d  i n  n i t r i c  a c i d  i n  t h e  p re sence  of f l u o r i d e .  A p r o c e s s  

w a s  developed f o r  t h e  e x t r a c t i o n  o f  Pu from n i t r a t e  s o l u t i o n s  

c o n t a i n i n g  f l u o r i d e ,  and f o r  t h e  s e p a r a t i o n  of  plutonium from 

americium u s i n g  Levextrel-TBP r e s i n s .  

I n  t h e  p re sence  o f  f l u o r i d e  t h e  d i s t r i b u t i o n  c o e f f i c i e n t s  of  

Pu(IV) i n  TBP are c o n s i d e r a b l y  r educed .  Complexation of  F- by A 1  

i n c r e a s e s  t h e  d i s t r i b u t i o n  c o e f f i c i e n t s  of  Pu(1V). The i n f l u e n c e  

of  f l u o r i d e  and of  t h e  Al /F  r a t i o  on t h e  d i s t r i b u t i o n  of  Pu(IV) 

i n  t h e  HN03 Levextrel-TBP sys t em i s  shown i n  F i g .  6 ( 1 8 ) .  

E x t r a c t i o n  of plutonium by Levextrel-TBP is  a l r e a d y  s a t i s f a c t o r y  

a t  a n  Al /F  r a t i o  of  1. Maximum l o a d i n g s  ach ieved  were 140 g Pu/L 

r e s i n ,  c o r r e s p o n d i n g  t o  abou t  370 g Pu/L TBP o r  a lmos t  s a t u r a t i o n  

o f  t h e  TBP phase .  

I n  column expe r imen t s  u s i n g  two columns, each c o n t a i n i n g  1 5  

m l  Levextrel-TBP and connected i n  s e r i e s ,  t h e  l o a d i n g ,  washing 

and e l u t i o n  were s t u d i e d .  Corresponding t o  t h e  expec ted  compos i t ion  

of  s o l u t i o n s  from t h e  d i s s o l u t i o n  of  Pu02, t h e  f e e d  s o l u t i o n s  

c o n t a i n e d  25 g Pu/L, 90 mg Am/L, 6 M H N 0 3 ,  0 t o  0.055 1 F,  and 0 t o  

0.19 g A1(N03)3. 

ach ieved  a t  5 ml-cm mmin-' f l o w r a t e s ,  w i t h  11 t o  22% of  t h e  Pu 

i n  t h e  e f f l u e n t  of  t h e  f i r s t  and 0.02 t o  0.09% of t h e  Pu i n  t h e  

e f f l u e n t  of  t h e  second column (Tab le  5 ) .  

Loadings o f  100 t o  120 g Pu/L r e s i n  were 
-2 

E l u t i o n  of  t h e  f i r s t  column w i t h  t h r e e  bed volumes of 0 .3  t o  

0 .5  g HN03 removed 69 t o  87% o f  t h e  Pu from t h e  column (Table  6). 
The americium c o n t e n t  i n  t h e  plutonium p r o d u c t  w a s  i n  a l l  c a s e s  
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Erp !;o 

1 

2 
3 .  

i‘ 

F I G U R E  6.  Pu  d i s t r i b u t i o n  i n  presence  of f l u o r i d e .  

Feed Col I 
F A1 tonding oiler wash 

[MI [MI I g  P u / l  r m n  1 

0 0 71 

0 055  0 05 89 

0 055 0 05 9 3  

0 OL7 0 19 9 5  

TABLE 5 

L o a d i n g  o f  Pu(1V)  on Levextrel-TBP columns in presence  
of f l u o r i d e  

~~ 

56 2 2  2 2  

6 1  2 1  18 

6 5  2 0  15 

6 a  2 1  1 1  

0 0 8  

0 0 9  

0 0 3  

0.02 

I/*- D istr ibulron of ?u 
lo1 I Col !I 

resin wosh 

FIOW 5 m i  c i *  min 1 
F e e d  

W a s h  

-25g?u / l ,  - 9 0 m g  A m / l ,  - 6 M HNO3 , H F ,  A1 “ 0 3 1 3  

5 B v  5MHN03 or ( -1  5 M  HN03,O lM Al ( N O j i j  

Column 8 1 i  I 150 rnrn 
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TABLE 6 

Pu p u r i f i c a t i o n ,  p r o d u c t  q u a l i t y  

lower  t h a n  t h e  r e q u i r e d  100  ppm. S p e c i f i c a t i o n s  f o r  f l u o r i d e  

( < l o 0  ppm) were a c h i e v e d  by washing t h e  loaded  r e s i n  w i t h  5 _M HNO 

c o n t a i n i n g  0.15 A l ( N 0  ) ( e x p e r i m e n t s  3 and 4 ) .  Measured DFs 

were up  t o  350 f o r  Am and up t o  50 f o r  F-. 

3 

3 3  

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

t h e  s e p a r a t i o n  o f  p lu ton ium from americium has been  d e v e l o p e d :  

S e p a r a t i o n  u n i t .  Three  i d e n t i c a l  columns 60 w t  % TBP,  40 

w t  % s u p p o r t - ( d i a m e t e r  5 1 0  c m )  i n t e r c o n n e c t e d  i n  series. 

3 ‘  Feed a d j u s t m e n t .  The a c i d i t y  i s  a d j u s t e d  t o  3-6 2 HNO 

I f  n o t  a l r e a d y  i n  t h e  t e t r a v a l e n t  o x i d a t i o n  s t a t e ,  p lu ton ium i s  

c o n v e r t e d  q u a n t i t a t i v e l y  t o  Pu(IV) by s p a r g i n g  t h e  s o l u t i o n  w i t h  

n i t r o u s  gases. I f  F- i s  p r e s e n t ,  i t s  complexa t ion  i s  acli icved 

by a d d i t i o n  of  A1(N03)3 u s i n g  an  A1/F r a t i o  o f  3. 

Column o p e r a t i o n .  The a d j u s t e d  f e e d  s o l u t i o n  i s  f e d  a t  room 
-2 -1 t e m p e r a t u r e  a t  a f l o w r a t e  o f  less t h a n  3 ml’cm .min t o  t h e  bo t tom 

of Co l .  I .  The f e e d  i s  s t o p p e d  when t h e  p lu ton ium h r e a k t h r o u y h  

p o i n t  o f  Co l .  I i s  r e a c h e d .  Load ings  are  120  t o  140 g Pu/L 

r e s i n  i n  C o l .  I, depend ing  on t h e  f e e d  c o n c e n t r a t i o n .  T h e  
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726 ESCHRICH AND OCHSENFELD 

r a f f i n a t e  s t r e a m  l e a v i n g  Col .  I1 may c o n t a i n  up t o  0.05% of  t h e  

p lu ton ium a f t e r  t h i s  l o a d i n g  s t e p .  

Col.  I i s  washed upwards w i t h  3 t o  5 bed volumes of  5 

a t  a f l o w r a t e  less  t h a n  3 ml-cm .min . The e f f l u e n t  f l o w s  v i a  

Col .  I1 t o  t h e  w a s t e  c o l l e c t i o n  t a n k .  I f  f l u o r i d e  h a s  been p r e s e n t  

i n  t h e  f e e d  s o l u t i o n ,  t h e  f i r s t  1 . 5  bed volumes o f  5 

s o l u t i o n  s h o u l d  c o n t a i n  0 . l M  A1(N03)?. 

HN03 
-2 -1 

HN03 wash 

P lu ton ium from Col.. I is e l u t e d  w i t h  2 t o  4 bed volumes of 
-2 -1 0.3 3 HNO s o l u t i o n  ( p r e f e r a b l y  a t  5 O o C )  a t  5 3 ml*cm 'min . 3 

COWLEMENTARY STUDIES 

R a d i a t i o n  E f f e c t s  on S t a t i o n a r y  Phases  

The r a d i a t i o n  r e s i s t a n c e  o f  t h e  r e s i n s  i s  of  d e c i s i v e  impor t ance  

f o r  t h e i r  u s e  i n  n u c l e a r  t echno logy .  F i r s t  d a t a  on gamma i r r a d i a t i o n  

a t  doses  up t o  100 Mrad on Levextrel-TBP were r e p o r t e d  by Kroebe l  

(22 ) .  The e f f e c t s  o f  gamma r a d i a t i o n  on Levextrel-TBP, compared 

w i t h  t h o s e  on 100% TBP, w e r e  e x t e n s i v e l y  s t u d i e d  a t  t h e  Radio- 

chemica l  I n s t i t u t e  of t h e  U n i v e r s i t y  of  Munich ( 2 3 , 2 4 )  a t  d o s e s  up 

t o  100 Mrad. Fo rma t ion  o f  d i b u t y l  phosphor i c  a c i d  (HDRP) and of 

n o n - r e e x t r a c t a b l e  a c i d i c  compounds from TBP was found t o  be 2 t o  5 

t i m e s  lower  i n  TBP r e s i n  p h a s e s  t h a n  i n  l i q u i d  100% TBP. T h i s  

e f f e c t  i s  a t t r i b u t e d  t o  a r o m a t i c  compounds (70% of t h e  C a toms)  

i n  t h e  p o l y s t y r e n e  m a t r i x .  I n  b o t h  c a s e s  f o r m a t i o n  of HDBP and 

of  nonremovable a c i d i c  compounds was h i g h e s t  a t  low n i t r i c  a c i d  

c o n c e n t r a t i o n  (( 0.5 z) and low organic- to-aqueous r a t i o s  d u r i n g  

i r r a d i a t i o n .  

Gamma i r r a d i a t i o n  of t h e  m a t r i x  materials Lewapol ( L e w a t i t  

CA 9221) and L e w a t i t  OC 1031  up t o  130 Mrad showed a d e c r e a s e  of 

t h e  d i s t r i b u t i o n  c o e f f i c i e n t s  f o r  TBP between t h e  m a t r i x  and 1 M 
HNO aqueous s o l u t i o n s  o f  abou t  4 0 % ,  even  a t  d o s e s  o f  30 Mrad. 

R a d i o l y s i s  o f  Levextrel-TBP loaded  w i t h  p lu ton ium and exposed t o  

ns much a s  100 Mrad o f  a l p h a  i r r a d i a t i o n  was s t u d i e d  i n  K a r l s r u h e  

( 1 7 ) .  The p lu ton ium r e t e n t i o n  was 1 . 5  g Pu/L a f t e r  a n  exposure  

3 
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o f  38 Mrad and 3.1 g Pu/L a f t e r  81 Mrad, w i t h  a Pu:HDBP mola r  

r a t i o  o f  a b o u t  1. The measured f o r m a t i o n  o f  37 mg HDBP/Wh i s  i n  

good agreement  w i t h  HDBP f o r m a t i o n  r a t e s  i n  20% and 30% TBP 

s o l u t i o n s  i n  dodecane (25 ,  26 ) .  

Removal o f  TBP from Aqueous S o l u t i o n s  by R e s i n s  

During o p e r a t i o n  o f  L e v e x t r e l  columns,a  d e p l e t i o n  of TBP t a k e s  

p l a c e , r e s u l t i n g  i n  a r e d u c t i o n  o f  c a p a c i t y .  The TBP l o s s  c a n  b e  

r educed  by p r e s a t u r a t i o n  o f  t h e  s o l u t i o n s  i n t r o d u c e d  i n t o  t h e  column 

w i t h  TBP, o r  by t o p p i n g  up t h e  column w i t h  TBP a f t e r  e l u t i o n .  

P roduc t  s o l u t i o n s  and r a f f i n a t e  s t r e a m s  from t h e  e x t r a c t i o n  

ch romatograph ic  p r o c e s s e s  d e s c r i b e d  above a lways  c o n t a i n  d i s s o l v e d  

o r  e n t r a i n e d  TBP. The same i s  t r u e  f o r  aqueous p r o d u c t  o r  r a f f i n a t e  

s o l u t i o n s  a r i s i n g  i n  t h e  Purex  P r o c e s s .  I n  b o t h  c a s e s  removal  of 

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

p r e v e n t  d i s t u r b a n c e s  i n  f u r t h e r  o p e r a t i o n s .  The methods used s o  f a r ,  

steam s t r i p p i n g  o r  s c r u b b i n g  w i t h  k e r o s e n e ,  d i d  n o t  seem t o  b e  

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

m i n i m i z a t i o n .  T h e r e f o r e  we  s t u d i e d  t h e  s u i t a b i l i t y  of p o l y s t y r e n e -  

d i v i n y l b e n z e n e  r e s i n s  f o r  removing TBP from aqueous Purex p r o c e s s  

s o l u t i o n s  ( 2 7 ) .  The expe r imen t s  were s t a r t e d  u s i n g  L e w a t i t  CA 9221 

(Tab le  2 ) .  The most  s u i t a b l e  commercial  p r o d u c t s  were found t o  b e  

L e w a t i t  OC 1031 o f  t h e  Bayer AG and Amber l i t e  XAD 4 of Roehm and 

Haas (Tab le  7 ) .  A r e c e n t l y  deve loped  L e w a t i t  r e s i n  w a s  s l i g h t l y  

b e t t e r  t h a n  t h e  commercial  r e s i n s .  

The d i s t r i b u t i o n  of TBP and HDBP between d i f f e r e n t  r e s i n s  and 

aqueous p h a s e s  i s  p l o t t e d  i n  F i g .  7 as a f u n c t i o n  o f  t h e  TBP and 

HDBP c o n c e n t r a t i o n  i n  t h e  aqueous s o l u t i o n .  The a b s o r p t i o n  of 

HDBP i s  o f  t h e  o r d e r  o f  1 t o  5% of  t h a t  of TBP. Amber l i t e  XAD-4 
and L e w a t i t  OC 1031 showed n e a r l y  i d e n t i c a l  d i s t r i b u t i o n  c u r v e s .  

The d i s t r i b u t i o n  r a t i o s  of TBP between t h e  r e s i n s  and aqueous 

s o l u t i o n s  are e q u a l  t o  o r  h i g h e r  t h a n  t h o s e  r e p o r t e d  f o r  TBP 

between dodecane and  aqueous s o l u t i o n s .  R e s i d u a l  c o n c e n t r a t i o n s  

o f  TBP i n  aqueous s o l u t i o n s  below 2 mg TBP/L can  b e  o b t a i n e d  i n  
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728 ESCHRICH AND OCHSENFELD 

TABLE 7 

Resins  f o r  TRP s o r p t i o n  

Resin 

Surface m2/g  

P o r e  s i z e  A 
P o r c s r t y  

Density g / c m 3  

X A O - I  

3 0 - 3 5  

I02 1 0 2  

FIGURE 7 .  DBP and TBP - equilibrium data. 
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NUCLEAR FUEL REPROCESSING 729 

column o p e r a t i o n .  The r e s i n  can  b e  r e g e n e r a t e d  w i t h  an  o r g a n i c  

s o l v e n t  w i t h o u t  any c a p a c i t y  l o s s e s .  I f  s o l v e n t s  w i t h  a low b o i l i n g  

p o i n t ,  e . g . ,  me thano l ,  are u s e d ,  t h e  e l u a t e  c a n  b e  s e p a r a t e d  by 

d i s t i l l a t i o n  i n t o  a TBP f r a c t i o n  a n d  a s o l v e n t  f r a c t i o n .  ‘The s o l v e n t  

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

and t h e  TBP can  b e  r e c y c l e d  a f t e r  d i l u t i o n  w i t h  dodecane and an 

a l k a l i n e  wash ing ,  o r  r e j e c t e d  t o  t h e  w a s t e .  R e g e n e r a t i o n  o f  t h e  

r e s i n s  r e q u i r e s  abou t  3 t o  5 bed volumes of me thano l  or a b o u t  

t w i . c e  t h a t  volume o f  dodecane.  Thc q u a l i t y  of r e s i n s  r e g e n e r a t e d  

by dodecane i s  i n f e r i o r ,  b e c a u s e  dodecane i s  also so rbed  by t h e  

r e s i n .  

TBP and HDBP s o r p t i o n  i n  columns of S5 m l ,  1.2 L ,  8.8 L ,  

18 L ,  and 36 L bed volumes of r e s i n  w a s  i n v e s t i g a t e d  w i t h  f e e d  

s o l u t i o n s  c o n t a i n i n g  300 ing TBP/L. A t  f l o w r a t e s  of  2 ml -cni vmin 

and  a t  1 0  mg TKP/L i n  t h e  r a f € i n a t e ,  l o a d i n g s  were 150 t o  160 g 

TBP/L r e s i n ;  and a t  2 4  t o  2 7  ml-cm .min r e s i n  l o a d i n g s  of 

200 g TRP/L were found a t  50% b r e a k t h r o u g h .  R e g e n e r a t i o n  of  t h e  

l a r g e  columns w a s  coup led  w i t h  c o n t i n u o u s  d i s t i l l a t i o n  and 

r e c y c l i n g  o f  t h e  me thano l .  The e f f e c t i v e n e s s  o f  TBP-removal 

remained unchanged a f t e r  r e p e a t e d  l o a d i n g  and r e g e n e r a t i o n  c y c l e s .  

-2 -1 

-2 - 

P r o d u c t  s o l u t i o n s  of  t h e  f i r s t  and second e x t r a c t i o n  c y c l e s  of 

h i g h l y  i r r a d i a t e d  f u e l  were p u r i f i e d  from TBP by s o r p t i o n  on  r e s i n s  

i n  t h e  l a b o r a t o r y  r e p r o c e s s i n g  f a c i l i t y  MILL1 o f  t h e  K a r l s r u h e  

Resea rch  C e n t r e  ( 2 8 ) .  The t r e a t e d  uranium and p lu ton ium p r o d u c t  

s o l u t i o n s  came from s e v e r a l  r e p r o c e s s i n g  campaigns w i t h  U02-LWR 

( ~ 3 5 , 0 0 0  MWd/t), LWR-plutonium r e c y c l e  (<46.000 MWd/t) and f a s t  

b r e e d e r  (<75,000 MWd/t) fuels. I n  t h e s e  e x p e r i m e n t s ,  fl 8 x 30 c:m ;d 

0 8 x 40 c m  columns,  c o n t a i n i n g  1 .3  L o r  2 L L e w a t i t  CA 9 2 2 1  and 

Amber l i t e  XAD-4 r e s i n s ,  r e s p e c t i v e l y ,  were u s e d .  The p u r i f i e d  

s o l u t i o n s  c o n t a i n e d  TBP a t  c o n c e n t r a t i o n s  below 1 0  mg/L. 

- CONCLUSIONJ 

The p r e s e n t  i n v e s t i g a t i o n s  have  shown t h a t  e x t r a c t i o n  

chromatography i s  w e l l - s u i t e d  t o  pe r fo rm d i f f i c u l t  r a d i o -  

chemica l  s e p a r a t i o n s  on a n  i n d u s t r i a l  scale .  
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730 ESCHRICH AND OCHSENFELD 

The e x t r e m e l y  v e r s a t i l e  Purochromex and Eurochromex p r o c e s s e s  

a r e  p e r h a p s  t h e  f i r s t  one -cyc le  f u e l  r e p r o c e s s i n g  p r o c e s s e s  p r o m i s i n g  

s u c c e s s f u l  a p p l i c a t i o n  unde r  h i g h l y  ac t ive  and r e m o t e l y  c o n t r o l l e d  

o p e r a t i n g  c o n d i t i o n s .  Whether t h e y  c a n  b e  a p p l i e d  as  p r i m a r y  

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

p u r i f i c a t i o n  o f  t h e  r e l a t i v e l y  s m a l l  amounts  of  p lu ton ium and h i g h  

e n r i c h e d  uranium, depends  on t h e  t h r o u g h p u t  r e q u i r e d ,  t h e  a c t i v i t y  

of  t h e  f e e d  s o l u t i o n s  (bu rnup  and c o o l i n g  t i m e ) ,  and t h e  r e q u i r e d  

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

The a v a i l a b i l i t y  o f  a more r a d i a t i o n  r e s i s t a n t  and c h e m i c a l l y  

s t a b l e  i n e r t  s u p p o r t  which h a s  a h i g h  e x t r a c t a n t  take-up and which 

can r e p e a t e d l y  be r e l o a d e d  would g r e a t l y  i n c r e a s e  t h e  a t t r a c t i v e n e s s  

o f  e x t r a c t i o n  chromatography f o r  p r e p a r a t i v e  s e p a r a t i o n s  o f  h i g h l y  

a c t i v e  s u b s t a n c e s .  

We hope t h a t  o u r  work may c o n t r i b u t e  t o  t h e  development  of 

n u c l e a r  f i s s i o n  as  a low-priced e n e r g y  s o u r c e ,  and t h a t  i t  i s  used 

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