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REDUCING THE LONG-TERM HAZARD OF REACTOR WASTE THROUGH ACTINIDE 
REMOVAL AND DESTRUCTION I N  NUCLEAR REACTORS 

J.  0 .  L i l j e n z i n ,  J. Rydberg, and G .  Skarnemark 
Department  of  N u c l e a r  Chemistry 

Chalmers U n i v e r s i t y  of  Technology 
Fack ,  412 96 Gb'teborg, Sweden 

ABSTRACT 

P u b l i c  o p p o s i t i o n  t o  n u c l e a r  power h a s  focused  on t h e  long-  
t e r m  r i s k s  f rom r e a c t o r  waste. I n  t h e  Purex  p r o c e s s  used i n  Europe,  
t h i s  waste i s  a c o n c e n t r a t e d  n i t r i c  a c i d  s o l u t i o n  c o n t a i n i n g  a l l  
n o n v o l a t i l e  f i s s i o n  p r o d u c t s  and t he  a c t i n i d e s  Np, Am, and Cm, p l u s  
smaller amounts o f  U and Pu. 

Techn iques  have r e c e n t l y  been  d e s c r i b e d  which g u a r a n t e e  an 
a b s o l u t e l y  s a f e  con ta inmen t  o f  t h i s  h i g h - a c t i v e  waste  (HAW) f o r  
a b o u t  1000 y e a r s .  A t  l o n g e r  t imes ,  t h e  r i s k  t o  t h e  b i o s p h e r e  i s  
dominated by t h e  a c t i n i d e s .  I f  t h e s e  a c t i n i d e s  are  i s o l a t e d  f rom 
t h e  res t  o f  t h e  HAW and d e s t r o y e d  t h r o u g h  n u c l e a r  i n c i n e r a t i o n ,  t h e  
long- t e rm r i s k s  o f  t h e  HAW w i l l  b e  d r a m a t i c a l l y  r educed .  

T h i s  p a p e r  p r e s e n t s  a d e t a i l e d  scheme f o r  removing t h e  a c t i n i d e s  
f rom t h e  Purex-HAW s o l u t i o n .  I n  p r i n c i p l e ,  t h e  p r o c e s s  c o n s i s t s  of  
t h r e e  d i f f e r e n t  s o l v e n t  e x t r a c t i o n  c y c l e s ,  u s i n g  HDEHP and TBP i n  
t h r e e  s u c c e s s i v e  s t e p s .  The scheme h a s  been  t e s t e d  on a s y n t h e t i c  
HAW s o l u t i o n  c o n t a i n i n g  a l l  f i s s i o n  p r o d u c t s  and a c t i n i d e s  ( e x c e p t  
2 2 96,  Cm) u s i n g  l a b o r a t o r y - s c a l e  mixer-settler b a t t e r i e s .  R e s u l t s  
f r o m  r u n s  on o l d  Purex  w a s t e  are a l s o  p r e s e n t e d .  

If a p p l i e d  t o  f r e s h  Purex  w a s t e ,  t h e  p r o c e s s  w i l l  e n c o u n t e r  
problems due t o  r a d i a t i o n  damage t o  t h e  r e a g e n t s .  I n  p r a c t i c e ,  t h i s  
d i f f i c u l t y  can  b e  c i r cumven ted  by u s i n g  s h o r t  c o n t a c t  t i m e s  i n  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 .  Ex t r eme ly  r a p i d  m u l t i s t a g e  s o l v e n t  
e x t r a c t i o n  s e p a r a t i o n s  c a n  b e  c a r r i e d  o u t  by t h e  SISAK t e c h n i q u e  
( i . e . ,  b a t t e r i e s  of s t a t i c  m i x e r s  and s p e c i a l  c e n t r i f u g a l  s e p a r a t o r s ) .  
T h i s  t e c h n i q u e  i s  a l s o  d e s c r i b e d .  
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INTRODUCTION 

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

t h t s  I.ack o f  a f i r m  p o l i c y  € o r  h a n d l i n g  t h e  h i g h l y  r a d i o a c t i v e  material. 

w k i c h  i s  produced by n u c l e a r  r e a c t o r s .  I n  most c o u n t r i e s  w i t h  s i z a b l e  

n u c l e a r  ene rgy  programs,  r e p r o c e s s i n g  o f  t h e  s p e n t  r e a c t o r  firel  

e l e m e n t s  i s  c o n s i d e r e d  advan tageous  f o r  s a v i n g  r e s o u r c e s  as w e l l  

as [o r  economic and s a f e t y  r e a s o n s .  O f  t h e  waste streams produc.ed 

i n  r e p r o c e s s i n g ,  t h e  h i g h - l e v e l  l i q u i d  w a s t e  (HLLW) h a s  caused  most 

conce rn ,  i n  s p i t e  o f  o f f i c i a l  s t u d i e s  i n  several  c o u n t r i e s  which 

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

r e p o s i t o r i e s  ( 1 - 4 ) .  However, i f  t h e  l o n g - l i v e d  a l p h a - a c t i v e  n u c l i d e s  

a r e  removed from the waste and d e s t r o y e d  (by f i s s i o n i n g )  i n  n u c l e a r  

r e a c t o r s  (5-15), t h e  long- t e rm r i s k  f rom t h e  s o l i d i f i e d  HLLW i s  

reduced t o  a 500-year s t o r a g e  problem. I n  s u c h  a case,  g e o l o g i c  

d e p o s i t  i on  may be  u n n e c e s s a r y .  

Alpha-Waste Streams _-___-____ 
The a lpha -was te  streams produced i n  a 30-MWe n u c l e a r  f u e l  

c y c l e  are summarized i n  T a b l e  1. The v a l u e s  are o n l y  i n d i c a t i v e  

of  voLumes and c o m p o s i t i o n ,  and  are b a s e d  on t h e  e x p e r i e n c e  

a v a i l a b l e  i n  t h e  e a r l y  1970s ( 6 b ) .  

The d o m i n a t i n g  r i s k s  are t h e  s p e c i f i c  a l p h a - a c t i v i t y  and i t s  

a v a i l a b i l i t y ,  and t h e  amount o f  p lu ton ium.  (The l a t t e r ,  e s p e c i a l l y ,  

has caused  c o n s i d e r a b l e  p u b l i c  c o n c e r n . )  The t a b l e  i n d i c a t e s  t h a t  

h i g h  va lues  of b o t h  a p p e a r  i n  many streams of t h e  f u e l  c y c l e ,  i n  

‘ i d d i t i o n  t o  t h e  HLLW. I t  would t h u s  a p p e a r  as i f  a r emova l  of 

a l p h a - a c t i v i t y  f rom t h e  HLLW a l o n e  would o n l y  p a r t l y  s o l v e  t h e  a l p h a -  

waste problem. However, i n  r e c e n t  y e a r s  t e c h n i q u e s  have been  deve loped  

which r e d u c e  t h e  a l p h a - a c t i v e  w a s t e  i n  mixed o x i d e  f u e l  (MOX) 

h a n d l i n g  ( 1 4 ) ,  a s  w e l l  as from t h e  r e p r o c e s s i n g  of  h i g h - l e v e l  s o l i d  

(9,16) and medium l eve l  ( 6 , 1 2 , 1 5 , 1 7 )  waste streams by f a c t o r s  of  

10  t o  100. The a c t i n i d e s  removed f rom t h e s e  streams end up i n  t h e  

HLLW. T h e r e f o r e ,  p r a c t i c a l l y  a l l  a l p h a  a c t i v i t y  and p l u t o n i u m  n o t  

r e c o v e r e d  i n  t h e  main r e p r o c e s s i n g  w i l l  a p p e a r  i n  t h e  HLLW. 
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Consequen t ly ,  a removal  of  a l p h a - a c t i v i t y  from t h e  HLLW d r a m a t i c a l l y  

r e d u c e s  t h e  a lpha -was te  r i s k  of t h e  whole f u e l  c y c l e .  

- Long-Term Hazard o f  t h e  HLLW 

The decay  o f  t h e  r a d i o a c t i v e  n u c l i d e s  i n  t h e  HLLW l e a d s  t o  a 

r e d u c t i o n  of t h e  r a d i o l o g i c a l  h a z a r d  w i t h  t h e  p a s s a g e  of  t i m e .  T h i s  

is commonly i l l u s t r a t e d  as  i n  F i g .  1. The c u r v e s  are  summations of 

c o n t r i b u t i o n s  i rom i n d i v i d u a l  n u c l i d e s  ( F i g .  2 ) .  R e p r o c e s s i n g  

(Curve 11, F i g .  1) and a c t i n i d e  f r a c t i o n a t i o n  (Curve 111) c o n s i d e r -  

a b l y  r e d u c e  t h e  t o x i c i t y  of  t h e  w a s t e  a f t e r  a b o u t  500 y e a r s .  The 

d i f f e r e n c e  between Curves I and I1 i s  l a r g e l y  due t o  a r e d u c t i o n  i n  

t h r  p lu ton ium c o n t e n t .  

The h o r i z o n t a l  l i n e s  i n  F i g .  1 g i v e  t h e  h a z a r d  i n d i c e s  f o r  

( a )  6 m e t r i c  t o n s  ( t o n n e s )  o f  n a t u r a l  uranium, ( b )  1 t o n n e  e n r i c h e d  

l i g h t  w a t e r  r e a c t o r  (LWR) f u e l ,  and ( c )  t h e  amount of  uranium d e s t r o y e d  

i n  t h e  r e a c t o r  o p e r a t i o n .  Below l i n e  ( c ) ,  t h e  r a d i o l o g i c a l  h a z a r d  

i s  less  t h a n  i t  would h e  w i t h o u t  n u c l e a r  r e a c t o r s .  I n  was te  manage- 

ment ,  i t  would n o t  b e  mean ingfu l  t o  t r y  t o  r e a c h  below this l e v e l ,  

which we d e s i g n a t e  h e r e  as  " s a f e - a s - n a t u r e ; "  i t  i s  i m p l i c i t l y  assumed 

t h a t  t h e  waste i s  i n  as n o n l e a c h a b l e  ( g l a s s ,  ceramic, e t c . )  form as 

t h e  n a t u r a l l y  r a d i o a c t i v e  e l e m e n t s  are  i n  t h e  r o c k .  The c u r v e  f o r  

t h e  s p e n t  f u e l  e l e m e n t s  n e v e r  d o e s  r e a c h  t h e  " sa fe -a s -na tu re ' '  l i n e .  

F o r  t h e  HLLW, i t  w i l l  t a k e  abou t  1 0  m i l l i o n  y e a r s ,  w h i l e  t h e  a c t i n i d e -  

f r c e  HLLW w i l l  b e  a s  " sa fe -a s -na tu re"  a f t e r  1000 y e a r s .  It  i s  

i n t e r e s t i n g  t o  n o t e  t h a t  all r e v i e w e r s  o f  t h e  Swedish p l a n  f o r  

h a n d l i n g  h i g h - l e v e l  waste have a g r e e d  t h a t  t h e  waste can  b e  s t o r e d  

i n  an aJbsolutely s a f e  manner d u r i n g  a t  l eas t  500 t o  1000 y e a r s  ( 4 ) .  

D e s t r u c t i o n  o f  Waste A c t i n i d e s  i n  N u c l e a r  R e a c t o r s  

The HLLW from 1000 t s p e n t  f u e l  w i l l  c o n t a i n  2 200 kg Pu ( i . e . ,  

- < 2 %  of t h e  10 t o n n e s  p roduced ,  T a b l e  l ) ,  a1000 k g  U ( i . e . ,  0.1% 

of  t h e  1000 t o n n e s  s p e n t  U f u e l ) ,  a500 kg  Np, 2.140 kg Am, 40 kg Cm, 

and smaller amounts o f  h e a v i e r  e l e m e n t s  ( T a b l e  2 ) .  It h a s  been  

s u g g e s t e d  t h a t  n o t  a l l ,  b u t  o n l y  some, o f  t h e s e  e l e m e n t s  s h o u l d  b e  
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I 
I 

FIGURE 1. I n g e s t i o n  t o x i c i t y  index  (m3 w a t e r  a t  maximum p e r m i s s i b l e  
l e v e l  MX,,  p e r  t onne  s p e n t  f u e l  e l e m e n t )  f o r  s p e n t  LWR 
f u e l  ( c u r v e  I ) ,  h i g h - l e v e l  l i q u i d  w a s t e  from PUREX 
r e p r o c e s s i n g  ( c u r v e  I I ) ,  and s u c h  w a s t e s  a f t e r  a c t i n i d e  
removal ( c u r v e  1 1 1 ) .  L i n e  ( a )  is t h e  index  f o r  6 t o n n e s  
n a t u r a l  uranium ( t h e  amount needed t o  produce 1 tonne  
LWR f u e l  e n r i c h e d  t o  3 .2% in U-235), (b) i s  f o r  1 t o n n e  U 
e n r i c h e d  t o  3.2% i n  U-235, and ( c )  i ndex  f o r  t h a t  amount 
of uranium i s o t o p e s  which h a s  been d e s t r o y e d  i n  t h e  
r e a c t o r  p r o c e s s  (33,000 MWd/t U ) ;  a l l  l i n e s  assume 
e q u i l i b r i u m  w i t h  a l l  d a u g h t e r  e l e m e n t s .  
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804 LILJEMZIN, RYDBERG, AND SKARNEMARK 

10” 

SUM ”Sr 

DECAY T I M E  ( y e a r s )  

FlGUIIE 2 .  I n g e s t i o n  t o x i c i t y  i n d e x  f o r  HLLW c o n t a i n i n g  all Np, 
Am, and Cm, 0 .1% U and 0.5% Pu as a f u n c t i o n  of  t i m e  
a f t e r  r e p r o c e s s i n g  ( c a r r i e d  o u t  a f t e r  10 y e a r s  c o o l i n g  
t i m e ) .  

r e c y c l e d  f o r  i n c i n e r a t i o n .  S i n c e  t h e  main long- t e rm h a z a r d  is due  

t o  229Th ( F i g .  2), which i s  a d e c a y  p r o d u c t  o f  t h e  main neptunium 

i s o t o p e ,  237Np, neptunium must b e  i n c i n e r a t e d .  

hnzctrd i s  due t o  t h e  americium i s o t o p e s ,  241Am and 243Am; t h u s  

americium must a l s o  be  i n c i n e r a t e d .  L i k e w i s e ,  p l u t o n i u m  m u s t  be  

The main s h o r t - t e r m  
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ACTINIDE REMOVAL I N  NUCLEAR REACTORS 805 

TABLE 2 

Composi t ion of HLLW from Purex Reprocess ing  1 tonne  LWR F u e l  of 33,000 
MWd/t Burnup, a t  30 MW/t U. O r i g i n a l  Waste Volume Q5 m3 ( i n  2 HN03)/t U 

r e p r o c e s s e d  ( 6 ) .  Cool ing t i m e  10 y e a r s .  

Component Weight (kg)  i n  Approximate molar  c o n c e n t r a t i o n  
o r i g i n a l  was t e  a f t e r  w a s t e  i s  e v a p o r a t e d  t o  

volume ~ 0 . 5  m 3  

H+ 2 .0  

NO; 3.6 

F i s s i o n  p r o d u c t s :  Rb, C s  2.66 0.045 

S r ,  B a  2 . 5 9  0.045 
Y, Ln 8.09 0.140 

Z r ,  No, Tc 8 . 0 9  0.167 

Ru, Rh, Pd 3.70 0.070 

O t h e r s  1.10 0.015 

T o t a l  f i s s i o n  p r o d u c t s  26.2 0.48  

C o r r o s i o n  p r o d u c t s  1.40 0.05 

Phospha te  0.9 0 .02 

Act i n  i d e  s u ,  (0 .1%) 1 . 0 0  0.008 

Np (100%) 0.50 0.004 

Pu (0.5%) 0.05 0.0004 
Am (100%) 0.14 0.0012 

Cm (100%) 0.04 0.0003 

T o t a l  a c t i n i d e s  1 . 7 3  0.0139 
. 

R a d i o a c t i v i t y  from f i s s i o n  
p r o d u c t s  (C i )  230,000 

R a d i o a c t i v i t y  f rom a c t i n i d e s  
(C i )  19 ,000  

Thermal power (W) 1,300 
__ 
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806 LILJENZIN,  RYDBERG, AND SKARNEMARK 

i n c i n e r a t i d ,  s i n c e  241Am is formed by be ta -decay  o f  241Pu. 

i n t e r e s t i n g  a s p e c t  i s  t h a t  i s o t o p e s  of cu r ium and t h e  h e a v i e r  

c lcrnents  have l i t t l e  i n f l u e n c e  on t h e  i n g e s t i o n  haza rd  i n d e x ,  

e x c e p t  f o r  t h e  p e r i o d  between l o 3  and l o 4  y e a r s .  It i s  q u i t e  

f e : i s i b l e  t o  s e p a r a t e  cu r ium and t h e  h i g h e r  elements from t h e  waste 

a c t i . n i d e  m i x t u r e  u s i n g  chemica l  t e c h n i q u e s  p r e s e n t l y  a v a i l a b l e .  

An 

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

a c t i n i d e s ,  E i s s i o n i n g  i n  l i g h t  water r e a c t o r s  and f a s t  b r e e d e r s  

l o o k s  most promis ing  ( 9 , 1 0 , 1 2 , 1 5 ) .  R e a c t o r  p a r a m e t e r s  ( s p e c t r u m ,  

r e a c t i v i t y ,  s p e c i f i c  power,  e t c . )  w i l l  be  i n f l u e n c e d  o n l y  s l i g h t l y  

by  t h e  waste t r a n s m u t a t i o n .  However, t h e  b u i l d u p  of h e a v i e r  

; ic t . inides  l e a d s  t o  n u c l i d e s  w i t h  c o n s i d e r a b l e  n e u t r o n  e m i s s i o n  r a t e s ,  

which w i l l  i n c r e a s e  h a n d l i n g  d i f f i c u l t i e s .  C a l c u l a t i o n  of  t h e  r a t e  

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

spt :c t rum, a c t i n i d e  c o n t e n t  i n  t h e  f u e l  p i n s  and t h e i r  p o s i t i o n  i n  t h e  

r e s c t o r ,  e t c .  Although c a l c u l a t i o n s  have  been made by many a u t h o r s ,  

t h e  r e s u l t s  are u n c e r t a i n  and s t r o n g l y  dependen t  on t h e  i r r a d i a t i o n  

s t r a t e g i e s  chosen .  For example,  t h e  a c t i n i d e s  may be  i r r a d i a t e d  

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

el .ements ,  o r  some e l e m e n t s  bu rned  i n  l i g h t  water r e a c t o r s  (LIJR) 

( c . g . ,  Np and P u ) ,  and o t h e r s  i n  f a s t  b r e e d e r  r e a c t o r s  (FBR) 

( e . g . ,  Am and Cm), e t c .  

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

h u l k  t o  LWRs, whe the r  t h e s e  a r e  r u n  on a p lu ton ium r e c y c l e  o r  a 

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

F i g .  3 where i t  i s  assumed t h a t  t h e  p lu ton ium from t h e  r e p r o c e s s i n g  

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

is i n  l i n e  w i t h  t h e  n u c l e a r  programs o f  many European c o u n t r i e s .  The 

waste a c t i n i d e s  a r e  r e t u r n e d  t o  1 / 4  o f  t h e  p r e s s u r i z e d  water 

r e a c t o r s  (PWR), which a r e  r u n  on a h i g h e r  235U-enrichment t o  

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

a c t i n i d e s .  Although t h e  w a s t e  a c t i n i d e s  can b e  homogeneously mixed 

with t h e  uranium f u e l ,  it migh t  be  p r e f e r a b l e  t o  keep them i.n s e p a r a t e  

t a r g e t  p i n s .  Thus 237Np i n  s e p a r a t e  p i n s  would f u n c t i o n  a l m o s t  
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3.2% 235U F U E L  

ACT1 N i  DE 
S E P A R A T I O N  

R E P R O C E S S I N G  

R E C Y C L E  I u  lpu 
W A S T E  

STORAGE 

FIGURE 3. Scheme f o r  a c t i n i d e  s e p a r a t i o n  and t r a n s m u t a t i o n .  

e x a c t l y  as t h e  p r e s e n t  bo ron  p i n s  used i n  LWRs as b u r n a b l e  p o i s o n .  

A l i m i t i n g  f a c t o r  may b e  t h e  a c t i n i d e  decay  h e a t  i n  t h e  f u e l  p i n s ,  

r e s t r i c t i n g  t h e  a c t i n i d e  c o n t e n t  t o  o n l y  a few weight  p e r c e n t .  

Of t h e  was te  a c t i n i d e s  r e t u r n e d  t o  t h e  LWRs, 6 t o  7% w i l l  h e  

burned up p e r  y e a r ,  o r  20  t o  25% i n  a f u e l  p i n  l i f e t i m e .  A t  t h e  

same t i m e ,  new a c t i n i d e s  a r e  formed i n  t h e  r e a c t o r ,  so t h a t  t h e  

o v e r a l l  r e d u c t i o n  of w a s t e  a c t i n i d e s  (Np, Am, Cm) w i l l  b e  l ess ,  

a b o u t  10% i n  a t h r e e - y e a r  fu l l -power  i r r a d i a t i o n  c y c l e  (15) .  A f t e r  

t e n  c y c l e s ,  t h e  t r a n s u r a n i c  i n v e n t o r y  w i l l  b e  112 t o  113 of what 

i t  would have  been w i t h o u t  t h e  p a r t i t i o n i n g - t r a n s m u t a t i o n  c y c l e  

( 1 9 ) .  H ighe r  v a l u e s  have  been g i v e n  f o r  i n c i n e r a t i o n  i n  FBRs (15).  

I n  a s t e a d y - s t a t e  f u e l  r e c y c l e  c o n d i t i o n ,  which may t a k e  

s e v e r a l  decades  (depending on t h e  i r r a d i a t i o n  s t r a t e g y ) ,  t h e  amount 

o f  waste a c t i n i d e s  w i l l  b e  reduced by a f a c t o r  o f  5 t h r o u g h  

r e c y c l i n g - t r a n s m u t a t i o n .  The i n g e s t i o n  t o x i c i t y  o f  t h e  w a s t e  w i l l  
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808 LILJENZIN, RYDBERG, AND SKARNEMARK 

b e  100  t o  200 t i m e s  lower  t h a n  i n  t h e  case o f  no p a r t i t i o n i n g -  

t r a n s m u t a t i o n  f o r  c o o l i n g  t imes 210 y e a r s  ( 1 5 ) ,  as i l l u s t r a t e d  i n  

Fjg. 1. 

3 

-. Removing t h e  A c t i n i d e s  from t h e  High-Level L i q u i d  Waste 

I n  the Purex  p r o c e s s ,  t r i b u t y l  p h o s p h a t e  (TBP) d i s s o l v e d  i n  

Icvrosene i s  used as an e x t r a c t i n g  a g e n t  i n  a number of  s o l v e n t  

e x t r a c t i o n  s t e p s  € o r  t h e  i s o l a t i o n  of uranium and p lu ton ium.  I n  

o r d e r  t o  remove t h e  a c t i n i d e s  f rom t h e  HLLW o b t a i n e d  i n  t h i s  p r o c e s s ,  

v a r i o u s  m o d i f i c a t i o n s  o f  t h e  Purex  scheme h a v e  been  a p p l i e d  ( 8 , 9 ,  

12.15)  o r  s u g g e s t e d .  To a lesser  e x t e n t  o t h e r  more power fu l  

e x t r a c t a n t s  have  been  u s e d ,  s u c h  as d i - e t h y l h e x y l  p h o s p h o r i c  a c i d  

(HDEHP) f o r  e x t r a c t i o n  from m o d e r a t e l y  a c i d  s o l u t i o n s ,  o r  d i b u t y l -  

~ n' ,N-diethyl  ca rbamyl  me thy lene  phosphona te  (DBDECMP) from s t r o n g l y  

a c i d i c  s o l u t i o n s  ( 1 2 ) .  

The problem is  f a r  g r e a t e r  when i t  comes t o  t h e  s e p a r a t i o n  of  

t h e  h i g h e r  a c t i n i d e s  (Am, Cm,  and t r a n s c u r i u m  e l e m e n t s )  f rom t h e  

l n n t h a n i d e s  because  o f  t h e i r  c h e m i c a l  s i m i l a r i t y - - b o t h  g roups  h a v i n g  

ma in ly  one s t a b l e  o x i d a t i o n  s t a t e  (+3) i n  aqueous  s o l u t i o n .  More 

e l k b o r a t e  s e p a r a t i o n  schemes must t h e r e f o r e  b e  used ,  s u c h  a s  c a t i o n  

exchange from h i g h l y  s a l t e d  s o l u t i o n s ,  a n i o n  exchange u s i n g  o r g a n i c  

amines ( t h e  Tramex p r o c e s s ) ,  e x t r a c t i o n  w i t h  HDEHP i n  t h e  p r e s e n c e  

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

p e n t a a c e t i c  a c i d  (DTPA) ( t h e  T a l s p e a k  p r o c e s s ) ,  o r  t h e  u s e  o f  more 

e x o t i c  c h e l a t i n g  r e a g e n t s ,  as 5 , 7 - d i c h l o r o x i n e  ( 1 2 ) .  

We s h a l l  d e s c r i b e  h e r e  o n l y  t h e  s e p a r a t i o n  scheme deve loped  i n  

o u r  l a b o r a t o r y ,  which is d e s i g n a t e d  as  t h e  "CTH-process ." T h i s  

p r o c e s s  h a s  shown, b o t h  on t h e  l a b o r a t o r y  and small p i l o t - p l a n t  

s r a l e ,  t h a t  t h e  l i g h t e r  a c t i n i d e s  (LAn) as  w e l l  a s  t h e  h e a v i e r  

a c t i n i d e s  (HAn)  c a n  b e  e x t r a c t e d  w i t h  a h i g h  y i e l d  ( > 9 9 % )  from 

Purex HLLW s o l u t i o n s .  Through a se r ies  o f  s o l v e n t  e x t r a c t i o n  s t e p s  

u s i n g  TBP and HDEHP, t h e  l i g h t e r  ( U ,  Np, and Pu) and h e a v i e r  (Am 

and Cm) a c t i n i d e s  are o b t a i n e d  w i t h o u t  a n y  e s s e n t i a l  i n c r e a s e  i n  

tlie s o l i d i f i e d  volume o f  e i t h e r  t h e  a c t i n i d e  o r  t h e  r e m a i n i n g  

a c t i n i d e - f r e e  waste. 
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PROCESS DESCRIPTION 

Chemical P r o c e d u r e  (19,ZO) 
The o v e r a l l  f l ow scheme i s  p r e s e n t e d  i n  F i g .  4 .  I n  p r i n c i p l e  

i t  c o n s i s t s  of  f i v e  s t e p s :  (1) waste c o n d i t i o n i n g ;  ( 2 )  e x t r a c t i o n  

and s e p a r a t i o n  o f  U ,  Np, and Pu u s i n g  HDEHP; ( 3 )  e x t r a c t i o n  and 

s e p a r a t i o n  o f  Pd, Tc, and Ru u s i n g  TBP; ( 4 )  e x t r a c t i o n  and s e p a r a t i o n  

o f  Am and Cm u s i n g  HDEHP; and (5) f i x a t i o n  o f  t h e  r a d i o n u c l i d e s  i n  

t h e  r ema in ing  waste s o l u t i o n .  

Waste c o n d i t i o n i n g .  From T a b l e  2 i t  i s  s e e n  t h a t  t h e  o r i g i n a l  
3 HLLW, when c o n c e n t r a t e d  t o  0.5 m / t o n n e  r e p r o c e s s e d  heavy metal ,  

c o n t a i n s  a b o u t  60 g metals p e r  l i t e r  of  2 HN03 s o l u t i o n .  T h i s  

deep-brown s o l u t i o n  c o n t a i n s  u n d i s s o l v e d  mater ia l .  B e f o r e  s o l v e n t  

e x t r a c t i o n  i t  is t h e r e f o r e  d i l u t e d  t o  1 0  g/L o f  metal and made 

6 NOx g a s  i s  bubb led  i n t o  t h i s  s o l u t i o n  t o  p roduce  

s t a b l e  v a l e n c y  s ta tes  and n i t r o s y l  complexes.  The r e s u l t i n g  

s o l u t i o n  i s  c lear ,  s t a b l e ,  and reddish-brown.  

i n  HN03. 

E x t r a c t i o n  and s e p a r a t i o n  of  U ,  Np, and Pu u s i n g  HDEHP. The 

f i r s t  HDEHP c y c l e  i s  shown i n  F i g .  5.  The LAn are e x t r a c t e d  t o g e t h e r  

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

t h e  r a f f i n a t e .  I n  t h e  second s t e p ,  Y and t h e  s m a l l  amounts of  HAn and 

Ln e x t r a c t e d ,  are  s t r i p p e d  t o g e t h e r ,  w h i l e  the LAn are l e f t  i n  t h e  

o r g a n i c  p h a s e .  T h i s  p h a s e  i s  t h e n  s u c c e s s i v e l y  washed t o  remove Z r  

and Nb b e f o r e  t he  LAn a re  s t r i p p e d  a l o n g  w i t h  Mo, I n ,  and Fe.  

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

m i x t u r e  of c o n c e n t r a t e d  ammonia and m a n n i t o l  is added t o  t h e  o r g a n i c  

phase b e f o r e  i t  i s  c o n t a c t e d  w i t h  t h e  ammonium c a r b o n a t e  s t r i p  

s o l u t i o n .  T h i s  s t r i p  s o l u t i o n  i s  t h e n  e v a p o r a t e d  t o  50% of the 

o r i g i n a l  volume, t h e r e b y  r e c o v e r i n g  the e x c e s s  ammonium c a r b o n a t e  

i n  t h e  c o n d e n s a t e .  It i s  t h e n  a c i d i f i e d  w i t h  n i t r i c  a c i d  and 

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

i s  l i m i t e d  by the s o l u b i l i t y  of  u r a n y l  n i t r a t e .  The r e c o v e r e d  

ammonium c a r b o n a t e  s o l u t i o n  i s  d i l u t e d  w i t h  w a t e r  and r e c i r c u l a t e d  

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

I n  e x p e r i m e n t s  u s i n g  t r a c e  concen t r a t io rLs  of Np and Pu,  t h e  
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u N~ PU MO In Fe 

(NH4)2Co3' 

M A N N I T O L  

r 
H 2 0  - 

I 

NEUTRAL1 

ZATION 
HF W A S H  

6 

- 6 M  HNO3 

4 N H 4 N 0 3  

Z r . N b  

EXTRACTION OF 

W A S H  

H N 0 3  CONDITIONED TO H N O 3  
HLLW FROM RECOVERY 

PUREX PROCESS 

FIGURE 5 .  S e p a r a t i o n  o f  l i g h t e r  a c t i n i d e s  (U, Np, and Pu) from 
HLLW th rough  HDEHP e x t r a c t i o n .  

p r o d u c t  s o l u t i o n  w a s  found t o  c o n t a i n  99.99%, 98 .9%,  and >99.99% 

of  t h e  U ,  Np, and Pu ,  r e s p e c t i v e l y ,  p r e s e n t  i n  t h e  o r i g i n a l  HLLW 

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

- E x t r a c t i o n  and s e p a r a t i o n  of I'd, Tc,  and Ru u s i n g  TBP. The second 

e x t r a c t i o n  c y c l e  u s e s  TBP ( F i g .  6 ) .  I t s  main pu rpose  i s  t o  r e d u c e  

t h e  a c i d i t y  of  t h e  aqueous  p h a s e  i n  o r d e r  t o  p r e p a r e  i t  f o r  a second 
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812 L I L J E N Z I N ,  RYDBERG, AND SKARNEMARK 

H N 0 3  RECOVERY 

N I T R I C  ACID 
WASTE STREAMS 

- 
Pd.Ru ,Tc 

- 
9 M HN03 

Pd,  R u . T c  

S T R I P  

- 
TO SOLIDIF ICATIOM 

- WATER 

HN03 

l o w - a c i d i t y  HDEHP e x t r a c t i o n .  TBP ( d i s s o l v e d  t o  50% i n  k e r o s e n e )  

i s  v e r y  d f i c i e n t  a s  an e x t r a c t a n t  f o r  HN03;  i t  can  b e  used  

e f f e c t i v e l y  f o r  p r e c i p i t a t i n g  m e t a l  hydrox ides  from n i t r a t e  

s n l u t i o n s .  

T c ,  l e a v i n g  t h e  H A n ,  L n ,  and t h e  r e s t  of t h e  f i s s i o n  and c o r r o s i o n  

p r o d u c t s  i n  t h e  0 . l p I  HN03 aqueous r a f f i n a t e  phase .  

Toge the r  w i t h  t h e  HN03, TBP a l s o  extracts Pd,  Ru, and 

'The main d e s i g n  problems w i t h  t h i s  c y c l e  have been t o  avo id  

p a r t i a l  e x t r a c t i o n  o f  Am and Cm, and  i n t e r n a l  c i r c u l a t i o n  o f  Pd. 

T h i s  h a s  been accomplished by t h e  u s e  of a water s c r u b  s t a g e ,  where 

Am and Cm a r e  f o r c e d  o u t  w i t h  t h e  r a f f i n a t e  and Pd l e a v e s  w i t h  t h e  

o r g a n i c  e x t r a c t .  

evapora t ed  and d i s t i l l e d  t o  produce a b o u t  9 g HN03, which i s  mainly 

r eused  i n  t h e  p r o c e s s .  Paladium, Ru, and Tc c a n  b e  r e c o v e r e d  by 

The 3 2 HN03 r e c o v e r e d  i n  t h e  s t r i p  b a t t e r y  i s  
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I 
0 Arn.Cm,Bk. 

m b  Cf  STRIP  
W A S H  

WATER 

a n i o n  exchange from t h e  s t r i p  s o l u t i o n .  However, t h e  d e t a i l e d  

d e s i g n  o f  t h i s  o p e r a t i o n  h a s  n o t  been completed.  R e c o v e r i e s  of  

t h e s e  e l e m e n t s  are 98% o f  Pd,  7 4 %  of Ru, and 67% of Tc. These 

y i e l d s  may be i n c r e a s e d  a t  t h e  c o s t  of  l a r g e r  volumes and more d i l u t e  

s o l u t i o n s .  

E x t r a c t i o n  and s e p a r a t i o n  o f  Am and Cm u s i n g  HDEHP. By c o n t a c t i n g  

t h i s  r a f f i n a t e  w i t h  HDEHP i n  t h e  t h i r d  e x t r a c t i o n  c y c l e  (F ig .  7 ) ,  

+1 Am.Crn,Bk.Cf - - 

An.  Ln 

L A N T H A N I D J S  
N H 4 N 0 3  

DTPA * 
LACTIC AClC 

0.1 M H N 0 3  

LANTHANIDE 

STRIP  -3 
I t 

A m  Crn Bk 

Cf  STRIP 

-WATER 

- 6  M H N 0 3  

1 M HDEHP 

J U L "  I I"," rn",", 

H N 0 3  ~ RECOVERY 

FIGURE 7 .  S e p a r a t i o n  of h e a v i e r  a c t i n i d e s  (Am, Cm, Bk, and Cf) 
f rom p r o c e s s  s o l u t i o n  t h r o u g h  HDEHP e x t r a c t i o n .  
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814 LILJENZIN,  RYDBERG, AND SKARNEMARK 

a l l  t r i v a l e n t  An and I n  a r e  e x t r a c t e d  t o g e t h e r ,  l e a v i n g  t h e  rest of 

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

o r g a n i c  phase are then s t r i p p e d  w i t h  DTPA and l a c t i c  a c i d ,  as DTPA 

forms s t r o n g e r  h y d r o p h i l i c  complexes wi th  t h e  a c t i n i d e s  than w i t h  

t h e  homologous l a n t h a n i d e s  a t  t h e  pH of  t h e  l a c t i c  a c i d  b u f f e r  (pH, 

3 . 3 ) .  The HAn are then f u r t h e r  p u r i f i e d  i n  a second HDEHP e x t r a c t i o n  

s t e p ,  a f t e r  which they are s t r i p p e d  by 6 HN03. 

S ince  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  D f o r  t h e  a c t i n i d e  

e x t r a c t i o n  is 1, t h e  u s e  of a c i r c u i t  w i t h  a high organic-to-aqueous 

flow r a t i o  a l lows  e x t r a c t i o n ,  and a l o w  r a t i o ,  s t r i p p i n g  of t h e  

a c t i n i d e s ,  and a t  t h e  same t ime p e r m i t s  t h e  recovery  and r e u s e  of 

t h e  DTPA s o l u t i o n .  One of t h e  main d e s i g n  problems h a s  been t h e  

e x t r a c t i o n  of armnonia and some l a c t i c  a c i d ,  which l e a d s  t o  pH s h i f t s  

i n  t h e  s t r i p  and e x t r a c t i o n  b a t t e r i e s .  

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

Nd of about  8000 ,  which i s  be l ieved  t o  be  s u f f i c i e n t .  No a t t e m p t s  

t o  i n c r e a s e  t h i s  f a c t o r  f u r t h e r  have been made. Recoveries  obtained 

a r e  about  99.8% of  Am, and >99.9% of Cm,  i n  experiments  us ing  t r a c e  

c o n c e n t r a t i o n s  of t h e s e  elements .  

F i x a t i o n  of t h e  r a d i o n u c l i d e s  i n  t h e  remaining was te  s o l u t i o n .  

The a c t i n i d e - f r e e  was te  obta ined  as r a f f i n a t e  from t h e  t h i r d  

e x t r a c t i o n  c y c l e  c o n t a i n s  t h e  C s  and S r  q u a n t i t a t i v e l y  ( i . e . ,  

the  main r a d i a t i o n  s o u r c e s  of t h e  10-year-old HAW). These elements  

can be sorbed on i n o r g a n i c  i o n  exchangers  (e .g . ,  z e o l i t e s  o r  t i t a n i t e s ) ,  

which a r e  f i r e d  a f te rward  i n  o r d e r  t o  reduce the l e a c h a b i l i t y  of 

t h e  sorbed e lements .  T h i s  technique ,  which h a s  been t e s t e d  i n  s e v e r a l  

l a b o r a t o r i e s ,  can b e  used t o  f i x  a l l  of t h e  n o n v o l a t i l e  non-ac t in ide  

waste  e lements  ( 1 6 , Z O ) .  

Experiments on HLLW from low-burnup f u e l  (400  MWd/ton) have 

shown t h a t  p r a c t i c a l l y  a l l  of t h e  C s  i s  sorbed on a m o r d e n i t e - f i l l e d  

column from t h e  a c t i n i d e - f r e e  HLLW. A second column f i l l e d  w i t h  

t h e  z e o l i t e  1 3 - X  s o r b s  p r a c t i c a l l y  a l l  t h e  remaining r a d i o a c t i v e  

elements .  When d r i e d  and s i n t e r e d  under p r e s s u r e ,  t h e s e  z e o l i t e s  

y i e l d  i n s o l u b l e  s o l i d s .  
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A C T I N I D E  REMOVAL I N  NUCLEAR REACTORS 81.5 

E x p e r i m e n t a l  Technique 

The b a s i c  d e s i g n  d a t a ,  D-values ,  and e x t r a c t i o n  r a t e s  have 

been  o b t a i n e d  i n  b a t c h  e x p e r i m e n t s  u s i n g  a s y n t h e t i c  HLLW c o n t a i n i n g  

p r a c t i c a l l y  a l l  e l e m e n t s  known t o  b e  p r e s e n t  i n  r e a l  H1,LW ( 2 1 , 2 2 ) .  

Rea l i s t i c  c o n c e n t r a t i o n s  have  been used f o r  a l l  e l e m e n t s ,  e x c e p t  

r a d i o t r a c e r  c o n c e n t r a t i o n s  f o r  Np, Pu, Am, and Cm. 

Ana lyses  w e r e  made u s i n g  X-ray f l u o r e s c e n c e ,  r a d i o a c t i v e  t r a c e r s  

combined w i t h  gamma-spectrometry,  o r  a t o m i c  a b s o r p t i o n  pho tomet ry ,  

depend ing  upon t h e  e l emen t .  The r e s u l t s  have been e x p r e s s e d  as  

e m p i r i c a l  e q u a t i o n s  w i t h  a c i d i t y  a s  t h e  independen t  v a r i a b l e  (21,22). 

Using t h e s e  e q u a t i o n s ,  t h r e e  computer programs were w r i t t e n ,  each 

p e r m i t t i n g  t h e  s i m u l a t i o n  of  one  of  t h e  t h r e e  c i r c u i t s .  The most 

p romis ing  o p e r a t i n g  c o n d i t i o n s  were t h e n  s e l e c t e d  u s i n g  t h e s e  programs.  

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

i n  a number o f  s m a l l - s c a l e  (150 ml) mixer-sett ler e x p e r i m e n t s  u s i n g  

t h e  s y n t h e t i c  HLLW s o l u t i o n .  T h i s  p rov ided  a f eedback  f o r  

improvements  o f  t h e  computer  programs.  In g e n e r a l ,  however,  good 

ag reemen t  w a s  found between c a l c u l a t e d  c o n c e n t r a t i o n s  and a n a l y t i c a l  

r e s u l t s .  

F i n a l l y ,  t h e  whole p r o c e s s  w a s  t e s t e d  by p r o c e s s i n g  20 L o f  

s y n t h e t i c  HLLW f e e d  u s i n g  t h e  same t y p e  of  150-ml m i x e r - s e t t l e r s  

a s  i n  ear l ie r  e x p e r i m e n t s .  A t  t h e  end of t h e  r u n ,  t h e  s o l u t i o n s  

i n  e a c h  s e t t l e r ,  as w e l l  as a l l  e f f l u e n t s ,  w e r e  sampled and a n a l y z e d .  

A s  a s e p a r a t e  c h e c k ,  30 m l  o f  HLLW from low-burnup f u e l  were t r e a t e d  

u s i n g  normal  b a t c h  t e c h n i q u e s  and s m a l l  test  t u b e s .  In t h i s  case 

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

as  p r e d i c t e d .  The small  m i x e r - s e t t l e r s  used a r e  now b e i n g  m o d i f i e d  

f o r  remote o p e r a t i o n s ,  t o  p e r m i t  a d e m o n s t r a t i o n  r u n  t r e a t i n g  about 

20  L o f  o l d  HLLW (400  >fWd/ton). 

SEPARATION TECHNIQUES 

From l a b o r a t o r y  d a t a  on t h e  v a r i o u s  s t e p s  o f  the Purex  

s e p a r a t i o n  scheme, one  would e x p e c t  t h a t  t h e  HLLW would be  c o m p l e t l v  

f r e e  of U and P u ,  r a t h e r  t h a n  t o  c o n t a i n  0 .1  t o  1% o f  t h e s e  e l e m e n t s .  
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816 LILJENZIN, RYDBERG, AND SKARNEMARK 

The r e a s o n  f o r  t h i s  d e f a u l t  i s  p a r t l y  due  t o  t h e  t e c h n i q u e s  employed: 

(1) c o n v e n t i o n a l  s o l v e n t  e x t r a c t i o n  equipment  ( m i x e r - s e t t l e r s  and 

p u l s e  columns) have  e f f i c i e n c i e s  -5 95% p e r  s t a g e .  

t h e o r e t i c a l  d i s t r i b u t i o n  r a t i o  (as measured i n  t h e  l a b o r a t o r y )  o f  

an element  between t h e  o r g a n i c  and aqueous  p h a s e  i s  >1000, t h e  

p r a c t i c a l  v a l u e  w i l l  b e  (20  i n  e a c h  s t a g e  o f  t h e  c o n v e n t i o n a l  

equipment  due t o  t h e  d i s p e r s i o n  o f  d r o p l e t s  o f  t h e  o p p o s i t e  p h a s e  

i n  e a c h  b u l k  phase .  ( 2 )  The o r g a n i c  s o l v e n t  and e x t r a c t a n t s  used 

unde rgo  r a d i o l y s i s  due t o  t h e  a l p h a ,  b e t a ,  and gamma decay  o f  t h e  

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

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

t h e  f o r m a t i o n  o f  d i b u t y l  p h o s p h o r i c  a c i d  from r a d i o l y s i s  of  TBP). 

Even i f  t h e  

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

scheme d e s c r i b e d .  S i n c e  r a d i a t i o n  d o s e s  >10 Wh/L would c a u s e  

d e g r a d a t i o n  e v e n  i n  t h e  most r a d i a t i o n - r e s i s t a n t  o r g a n i c  compounds, 

i t  i s  d e s i r a b l e  t o  keep t h e  d o s e s  below 0 . 1  Wh/L. The HLLW h e a t  

is  a b o u t  3 .5  W/L, w h i l e  t h e  c o n d i t i o n e d  f e e d  f o r  t h e  p roposed  

scheme would b e  l o w e r .  I t  i s  e s t i m a t e d  € o r  t h e  10-yr-old waste  

t h a t  t h e  r a d i a t i o n  d o s e s  t o  t h e  o r g a n i c  p h a s e  i n  t h e  t h r e e  main 

e x t r a c t i o n  c y c l e s  w i l l  be  0 .12 Wh/L, 0.03 Wh/L and 0 .4  Wh/L, 

r e s p e c t i v e l y ,  d u r i n g  a f u l l  s o l v e n t  c y c l e .  Obv ious ly  t h e r e  i s  a 

r i s k  f o r  r a d i a t i o n  damage t o  t h e  c h e m i c a l s  u s e d ,  and c o n s e q u e n t l y  

lower y i e l d s  t h a n  e s t i m a t e d  above  cou ld  b e  e x p e c t e d .  

I t  i s  t h e r e f o r e  d e s i r a b l e  t o  seek a s o l v e n t - e x t r a c t i o n  t e c h n i q u e  

which would minimize t h e s e  p rob lems .  Such a t e c h n i q u e  i s  t h e  u s e  

of  c e n t r i f u g a l  e x t r a c t o r s .  C e n t r i f u g a l  e x t r a c t o r s  are c e n t r i f u g e s  

i n t o  which two l i q u i d  p h a s e s  c o n t i n u a l l y  f l o w ,  become mixed,  and 

a g a i n  s e p a r a t e d .  The m i x e r  c a n  a l s o  b e  p l a c e d  o u t s i d e  t h e  i n l e t  

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

s p e e d ;  a l t h o u g h  t h i s  u n i t  ac t s  a s  an  e x t r a c t o r ,  i t  i s  r a t h e r  

a m i x e r / c e n t r i f u g a l  s e p a r a t o r  ( t h e  MEAB-type, b e l o w ) .  

The l i q u i d  f l o w  c e n t r i f u g e  w a s  i n v e n t e d  101  y e a r s  a g o .  However, 

i.ts i n t r o d u c t i o n  f o r  s o l v e n t  e x t r a c t i o n  i n  n u c l e a r  t echno logy  i s  

r a t h e r  r e c e n t  (23-26) .  Thc p r o p e r t i e s  o f  some such  c e n t r i f u g e s  
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wi th  a c a p a c i t y  range  of i n t e r e s t  f o r  r e p r o c e s s i n g  a r e  summarized 

i n  Table  3. The c a p a c i t y  demand f o r  reprocess ing  HLLW i n  o r d e r  t o  

s e p a r a t e  out  t h e  a c t i n i d e s  i s  'LO.3 m / h  (of 10 g metal /L c o n c e n t r a t i o n )  

f o r  a f u e l  c y c l e  of 1000 t U / y e a r .  The l a r g e r  s i z e d  c e n t r i f u g e s  

(SRL-large and BXP) are b e t t e r  s u i t e d  t o  handle  t h e  l a r g e  Purex 

r e p r o c e s s i n g  volumes than  t h e  much s m a l l e r  HLLW volumes. 

3 

Both t h e  Robatel  and t h e  SRL c e n t r i f u g e s  are  used i n  p r e s e n t l y  

e x i s t i n g  r e p r o c e s s i n g  p l a n t s .  The SRL-centrifuges a r e  a l l  s i n g l e -  

s t a g e ,  w i t h  a mixing chamber a t  t h e  i n l e t ;  they can be added i n  

b a t t e r i e s  t o  any number o f  s t a g e s .  The Robatel  BXP i s  of t h e  same 

type .  The Robatel  LX-centrifuges have s e v e r a l  s e p a r a t i n g  chambers 

s tacked  on  t o p  of one another  and i n t e r s p a c e d  w i t h  mixing chambers-- 

all on t h e  same axis--so as t o  make up 4 ,  8 ,  e t c .  s t a g e s  p e r  c e n t r i f u g e .  

Both of t h e s e  types  of  c e n t r i f u g e s  have a s t a g e  s e p a r a t i o n  e f f i c i e n c y  

of <95%; t h u s  a t  l e a s t  one of  t h e  outgoing separa ted  phases  h a s  >5% 

ent ra inment  of t h e  o t h e r  phase.  

The MEAB c e n t r i f u g e  i s  unique i n  t h a t  i t  g i v e s  a s e p a r a t i o n  

e f f i c i e n c y  of 100%; hence each out-going phase h a s  an ent ra inment  

c o n t e n t  of <0.01% of t h e  o p p o s i t e  phase.  It a l s o  has  an extremely 

s h o r t  holdup t i m e  ('1 s )  and a v a r i a b l e  mixing-time. The advantage 

of t h e s e  p r o p e r t i e s  i s  t h a t  t h e  k i n e t i c s  of t h e  s o l v e n t  e x t r a c t i o n  

process  can be  used t o  u l t i m a t e  advantage--very s h o r t  (0 .1  s )  o r  

very long (>20 s )  c o n t a c t  t i m e s  may be employed. The MEAB c e n t r i f u g e  

i s  made of P d - s t a b i l i z e d  t i t a n i u m ,  so t h a t  i t  can also be used i n  

H C l  and H2S04 s o l u t i o n s ,  whereas t h e  o t h e r  c e n t r i f u g e s  a r e  made 

o f  s t a i n l e s s  s t e e l .  The MEN! c e n t r i f u g e s  have p r e v i o u s l y  been 

used i n  n u c l e a r  chemistry r e s e a r c h  (27,28) and f o r  process ing  

s p e n t  r e a c t o r  f u e l  waste on a s m a l l  s c a l e  (29) .  

I n  g e n e r a l ,  c e n t r i f u g a l  e x t r a c t o r s  o f f e r  t h e  fo l lowing  

advantages  over columns and m i x e r - s e t t l e r s :  (1) s h o r t e r  ( a t  l e a s t  

a hundred t imes)  c o n t a c t  t i m e ,  which reduces  r a d i a t i o n  damage and 

makes i t  p o s s i b l e  t o  use  r a d i a t i o n - s e n s i t i v e  chemica ls ,  w i t h  o t h e r -  

wise  advantageous p r o p e r t i e s ;  (2)  h igher  t r a n s f e r  ra te ,  which makes 

i t  p o s s i b l e  t o  achieve  p l a n t  s t e a d y - s t a t e  c o n d i t i o n s  i l l  less than 
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a n  hour  (as compared t o  d a y s  € o r  o t h e r  equ ipmen t ) ;  (3) a smal le r  

ho ldup  volume,  which r e d u c e s  i n v e n t o r y  c o s t  and p l a n t  s i z e  as a 

who le ,  as well a s  c r i t i c a l i t y  r i s k s .  

M u l t i s t a g e  MEAB C e n t r i f u g e s  

S i n c e  m u l t i s t a g e  MEAB c e n t r i f u g a l  e x t r a c t o r s  are  t h e  l a t e s t  

a d d i t i o n  of such  e x t r a c t o r s  f o r  r e p r o c e s s i n g  and may o f f e r  some 

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

d e s c r i b e d  somewhat f u r t h e r .  For  

been used  in 3- o r  4 - s t a g e  SISAK 

t h e s e  c e n t r i f u g a l  e x t r a c t o r s  had 

Tab le  3 .  More r e c e n t l y ,  however 

sma 1 

t i m e  

16 s 

used 

e x t r a c t o r s ,  t h e i r  u s e  w i l l  b e  

t h e  p a s t  s even  y e a r s ,  t h e y  have  

ba t t e r i e s  (28,30).  I n i t i a l l y  

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

t h e  SISAK b a t t e r i e s  employ a 
3 er v e r s i o n  of t h e  e x t r a c t o r  ( c a p a c i t y :  0 . 2  m /h ;  ho ldup  

0.3 s)(31). The t r a n s f e r  ra te  th rough  t h e s e  b a t t e r i e s  i s  

f o r  t h i s  pu rpose  s t a t i c  m i x e r s  o f  t h e  Kenics t y p e  ( 3 2 )  are 

The SISAK sys t em as shown i n  F i g s .  8 and 9 i s  d e s i g n e d  f o r  

c- 

Gas -let 

CHEMICAL SEPARATION SYSTEM FOR Zr AND Nb 

I from target 

i e - 3 3 6  In # 1M HDEHP 1M HDEHP 

ui Kcroselie 

1M H2S04 10M HN03 1 0.3M HNO 

5M H202 

3M HN03 
1M H202 

FIGURE 8 .  Rapid s e p a r a t i o n  o f  s h o r t - l i v e d  z i r con ium and niobium 
i s o t o p e s  in a f o u r - s t a g e  MEAB c e n t r i f u g e  b a t t e r y .  
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LILJENZIN,  RYDBERG, AND SKARNEMARK 

TI(:IIRT.: 9 .  Four-s tage b a t t e r y  of PEAB H-10 c e n t r i f u g a l  s e p a r a t o r s  
and Ken ics  s t a t i c  mixe r s .  

r a p i d  chemical. s e p a r a t i o n  of z i r con ium and niobium i s o t o p e s  from 

i r r a d i a t e d  m a t e r i a l  ( 3 3 , 3 6 ) .  It u s e s  f o u r  s o l v e n t  e x t r a c t i o n  s t e p s .  

The S I S A K  sys t em h a s  been used by n u c l e a r  c h e m i s t s  t o  i s o l a t e  and 

t o  d e t e r m i n e  d e t a i l e d  decay  schemes f o r  a dozen v e r y  s h o r t - l i v e d  

Cission p r o d u c t s .  

CONCLUSIONS 

13ecause t h e  long-term haza rd  of  t h e  h i g h - a c t i v e  w a s t e  i s  

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

e n e r g v ,  i t  i s  mean ingfu l  t o  a t t e m p t  t o  r e d u c e  t h i s  haza rd  t h r o u g h  

the e x t r a c t i o n  of t h e  a c t i n i d e s  f rom t h e  w a s t e  and  t h e i r  subsequen t  

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

p a p e r 7  we b e l i e v e  t h a t  t h e  chemica l  s e p a r a t i o n  problem c a n  b e  s o l v e d .  

>loreover ,  c o n t r a r y  t o  a r e c e n t  r e p o r t  ( 9 ) ,  t h e  problem a p p e a r s  t o  
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be  c a p a b l e  o f  s o l u t i o n  w i t h i n a r e a s o n a b l e  t ime-frame and a t  a modest  

e x p e n d i t u r e  of  e f f o r t .  

The u s e  o f  c e n t r i f u g a l  c o n t a c t o r s  c a n  r e d u c e  p l a n t  s i z e  

c o n s i d e r a b l y ;  w e  estimate t h i s  r e d u c t i o n  t o  b e  a b o u t  a f a c t o r  of  

t h r e e  as compared w i t h  p l a n t s  u t i l i z i n g  mixer-settlers o r  p u l s e d  

columns,  a l t h o u g h  p l a n t - s i z e  r e d u c t i o n s  of a s  much as a f a c t o r  of 

10 t o  20 have  been  e s t i m a t e d  ( 3 3 ) .  S i m i l a r l y ,  t h e  c o s t s  a s s o c i a t e d  

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

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

a f a c i l i t y  w i t h  more c o n v e n t i o n a l  equipment  ( 3 3 ) .  

It shou ld  a l s o  b e  n o t e d  t h a t  c o n s i d e r a b l e  e x p e r i e n c e  i n  t h e  

u s e  o f  c e n t r i f u g a l  e x t r a c t o r s  h a s  a l r e a d y  been  g a i n e d  (35 ) .  I n  

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

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

been  announced by F r a n c e  ( 3 6 ) .  
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