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ABSTRACT 

P l u t o n i u m  e x t r a c t i o n  c o e f f i c i e n t s  f rom a c i d  n i t r a t e  and  
s u l f a t e  s o l u t i o n s  by a m i n e s  and  some n e u t r a l  and  a c i d  o r g a n o -  
p h o s p h o r u s  compounds were m e a s u r e d  a s  f u n c t i o n s  of s e v e r a l  
e x t r a c t i o n  v a r i a b l e s ,  i n c l u d i n g  p l u t o n i u m  v a l e n c e ,  a c i d  and  
s a l t  c o n c e n t r a t i o n ,  and  e x t r a c t a n t  c o n c e n t r a t i o n .  E x t r a c t a -  
b i l i t y  by a l l  t h e  r e a g e n t s  v a r i e d  i n  t h e  o r d e r  Pu(  I V )  > Pu(V1)  
> P u ( I I 1 ) ;  h o w e v e r ,  s e v e r a l  s y s t e m s  showed u s e f u l l y  h i g h  
e x t r a c t i o n s  o f  p l u t o n i u m  from s t a b i l i z e d  P u ( I I 1 )  s o l u t i o n s .  
P r i m a r y  a m i n e s  e x t r a c t e d  Pu(1V)  s u l f a t e  much more s t r o n g l y  t h a n  
t h e  n i t r a t e ;  most of t h e  o t h e r  r e a g e n t s  e x t r a c t e d  t h e  s u l f a t e  
much less s t r o n g l y  t h a n  t h e  n i t r a t e ,  b u t  s t i l l  t o  a u s a b l e  
e x t e n t  i n  some s y s t e m s .  P l u t o n i u m ( 1 V )  n i t r a t e  e x t r a c t i o n s  
w i t h  t h e  d i f f e r e n t  e x t r a c t a n t s  p a s s e d  t h r o u g h  maxima a t  w i d e l y  
d i f f e r e n t  n i t r i c  a c i d  c o n c e n t r a t i o n s .  Wi th  most ,  b u t  n o t  a l l ,  
e x t r a c t i o n  i n c r e a s e d  when n i t r i c  a c i d  w a s  r e p l a c e d  w i t h  n i t r a t e  
s a l t .  
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1 . 0  SUMMARY 

The e x t r a c t a b i l i t y  of p l u t o n i u m  by a m i n e s  f rom b o t h  
n i t r a t e  and  s u l f a t e  a c i d  s o l u t i o n s  v a r i e d  w i t h  o x i d a t i o n  s t a t e  
i n  t h e  o r d e r  Pu(  I V )  > Pu(V1)  > Pu(  111). E x t r a c t i o n  f rom n i -  
t r a t e  s o l u t i o n s  w a s  c o n s i d e r a b l y  h i g h e r  w i t h  q u a t e r n a r y  and  
t e r t i a r y  t h a n  w i t h  s e c o n d a r y  and  p r i m a r y  a m i n e s .  From s u l f a t e  
s o l u t i o n s ,  i t  w a s  h i g h e s t  w i t h  p r i m a r y  a m i n e s .  

When no  s a l t  w a s  p r e s e n t ,  Pu(  I V )  e x t r a c t i o n  c o e f f i c i e n t s  
v s  n i t r i c  a c i d  c o n c e n t r a t i o n  went  t h r o u g h  maxima, n e a r  2 
HNO, w i t h  t h e  t e r t i a r y  a m i n e s  and  n e a r  8 M HNO, w i t h  t h e  
q u a t e r n a r y ,  s e c o n d a r y ,  and p r i m a r y  a m i n e s  t e s t e d .  Most, b u t  
n o t  a l l ,  s y s t e m s  showed h i g h e r  e x t r a c t i o n  c o e f f i c i e n t s  when 
most o f  t h e  n i t r i c  a c i d  w a s  r e p l a c e d  by n i t r a t e  s a l t .  The 
measu red  d e p e n d e n c e s  o f  e x t r a c t i o n  c o e f f i c i e n t  on  amine  con-  
c e n t r a t i o n  v a r i e d  from f i r s t  t o  a b o u t  f o u r t h  power ;  i t  is  d o u b t -  
e d  t h a t  t h e s e  d e p e n d e n c e s  c o r r e s p o n d  d i r e c t l y  t o  t h e  l i g a n d  
numbers .  P l u t o n i u m ( V 1 )  a n d  P u ( I I 1 )  e x t r a c t i o n  c o e f f i c i e n t s  
i n c r e a s e d  w i t h  i n c r e a s i n g  n i t r i c  a c i d  c o n c e n t r a t i o n  t o  a t  l e a s t  
8-9 nil HNO,,but e v e n  t h e s e  were much lower t h a n  t h e  c o r r e s p o n d -  
i n g  Pu(  I V )  c o e f f i c i e n t s .  I n  t h e  p r e s e n c e  of -2 M A l (  NO3 ) 
( i . e . ,  -6 &) a n d  < 0 . 5  @ H N O , ,  h o w e v e r ,  p l u t o n i u m  e x t r a c t i o n  
c o e f f i c i e n t s  f rom P u ( I I 1 )  s o l u t i o n  were 10-100 w i t h  0 . 1  
t e r t i a r y  a m i n e ,  s u g g e s t i n g  o x i d a t i o n  t o  Pu(1V)  e v e n  i n  t h e  
p r e s e n c e  of h o l d i n g  r e d u c t a n t s .  

From s u l f a t e  s o l u t i o n s ,  Pu(1V)  e x t r a c t i o n  c o e f f i c i e n t s  a r e  
e x t r e m e l y  h i g h  w i t h  0 . 1  p r i m a r y  a m i n e .  The c o e f f i c i e n t s  
v a r i e d  w i t h  t h e  t h i r d  power o f  t h e  amine  c o n c e n t r a t i o n ,  and  
i n v e r s e l y  w i t h  t h e  f i r s t  power o f  s u l f u r i c  a c i d  c o n c e n t r a t i o n  
i n  u n s a l t e d  s o l u t i o n .  They were i n c r e a s e d  by r e p l a c i n g  s u l -  
f u r i c  a c i d  w i t h  s u l f a t e  s a l t .  P l u t o n i u m  w a s  a l s o  e x t r a c t e d  
f rom r e d u c e d  s u l f a t e  s o l u t i o n ,  e v e n  i n  t h e  p r e s e n c e  o f  much 
f e r r o u s  i o n .  The e x t r a c t i o n  p r o b a b l y  i n v o l v e s  some o x i d a t i o n .  

E x t r a c t e d  p l u t o n i u m  n i t r a t e  w a s  s t r i p p e d  w i t h  " w a t e r "  
( v e r y  d i l u t e  n i t r i c  a c i d )  o n l y  when t e r t i a r y  amine  c o n c e n t r a t i o n  
was low;  s t r i p p i n g  w a s  more e f f e c t i v e  w i t h  a r e d u c t a n t  o r  a 
c o m p l e x e r  s u c h  a s  s u l f a t e .  E x t r a c t e d  p l u t o n i u m  s u l f a t e  was 
s t r i p p e d  by d i s p l a c e m e n t  w i t h  n i t r a t e .  

E x t r a c t i o n s  by n e u t r a l  p h o s p h a t e  and p h o s p h o n a t e  es ters  
g e n e r a l l y  p a r a l l e l e d  t h e  wel l -known e x t r a c t i o n s  by TBP. Ex- 
t r a c t i o n s  by t r i a l k y l p h o s p h i n e  o x i d e s  a l s o  showed some p a r a l -  
l e l s ,  b u t  w i t h  a h i g h e r  o r d e r  of e x t r a c t i o n  power .  Two o f  
t h e  p h o s p h o n a t e s  o f  most i n t e r e s t  f o r  p o t e n t i a l  p r o c e s s  u s e  
g a v e  Pu(1V)  e x t r a c t i o n  c o e f f i c i e n t s  c lo se  t o  t h o s e  w i t h  TBP, 
di---butyl p h e n y l p h o s p h o n a t e  n e a r l y  m a t c h i n g  TBP and  d i - 2 -  
b u t y l  p h e n y l p h o s p h o n a t e  b e i n g  h i g h e r  by a f a c t o r  o f  a b o u t  1 . 5 .  
However ,  t h e  e x t r a c t i o n  c o e f f i c i e n t s  measu red  f o r  b o t h  TBP a n d  
t h e  p h o s p h o n a t e s  showed a h i g h e r  power d e p e n d e n c e  on  n i t r i c  
a c i d  c o n c e n t r a t i o n  t h a n  is  shown i n  t h e  l i t e r a t u r e  ( - 2 . 5  v s  
- 1 . 7 ) ;  t h i s  d i s c r e p a n c y  h a s  n o t  b e e n  e x p l a i n e d .  
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P l u t o n i u m ( 1 V )  e x t r a c t i o n  c o e f f i c i e n t s  w i t h  t r i - 2 - o c t y l -  
p h o s p h i n e  o x i d e  v s  n i t r i c  a c i d  c o n c e n t r a t i o n  showed two maxima, 
n e a r  1 &-l a n d  8 E, w i t h  a minimum n e a r  4 u. With  0 . 1  g t r i - n -  
o c t y l p h o s p h i n e  o x i d e  t h e s e  c o e f f i c i e n t s  were -1000 and  g rea t e r ,  
and  a t  0 . 1  &-l HNO, t h e  c o e f f i c i e n t  w a s  s t i l l  -100.  They v a r i e d  
w i t h  t h e  s q u a r e  o f  t h e  p h o s p h i n e  o x i d e  c o n c e n t r a t i o n .  ( C o e f -  
f i c i e n t s  w e r e  lower by a f a c t o r  o f  -20 w i t h  t h e  h i g h l y  b r a n c h e d  
t r is-(  2 - e t h y l h e x y l )  p h o s p h i n e  o x i d e .  ) P l u t o n i u m (  V I )  e x t r a c t i o n  
c o e f f i c i e n t s  w e r e  lower t h a n  Pu(1V) c o e f f i c i e n t s  by a f a c t o r  o f  
-10 .  P l u t o n i u m (  111) c o e f f i c i e n t s  were l o w e r  b u t  e r r a t i c ,  
s u g g e s t i n g  t h a t  some o x i d a t i o n  t o  Pu(1V)  r e a d i l y  o c c u r r e d .  
P l u t o n i u m ( 1 V )  e x t r a c t i o n  c o e f f i c i e n t s  f rom s u l f a t e  s o l u t i o n s  
were much lower b u t  s t i l l  u s a b l e ,  e . g . ,  5 w i t h  0 . 1  g p h o s p h i n e  
o x i d e  from 3 H2S04.  

A s  e x p e c t e d ,  t h e  e x t r a c t e d  p l u t o n i u m  n i t r a t e  c o u l d  n o t  be  
s t r i p p e d  f rom p h o s p h i n e  o x i d e  w i t h  " w a t e r "  ( v e r y  d i l u t e  n i t r i c  
a c i d ) .  Water s t r i p p i n g  o f  e x t r a c t e d  p l u t o n i u m  s u l f a t e  a l s o  
f a i l e d  i n  b r i e f  tests ( p o s s i b l y  b e c a u s e  o f  c o l l o i d  f o r m a t i o n ) ,  
a l t h o u g h  t h e  e x t r a c t i o n  c o e f f i c i e n t s  sugges t  t h a t  i t  s h o u l d  be 
p o s s i b l e .  R e d u c t i v e  s t r i p p i n g  s u c c e e d e d  u n d e r  o n l y  some o f  t h e  
c o n d i t i o n s  t e s t e d .  Sodium c a r b o n a t e  p r o v i d e d  t h e  most e f f e c -  
t i v e  s t r i p p i n g .  

D i a l k y l p h o s p h o r i c  a c i d  e x t r a c t e d  Pu(1V)  f rom d i l u t e  n i t r i c  
a c i d  s o l u t i o n  w i t h  much h i g h e r  c o e f f i c i e n t s  t h a n  d i d  e i t h e r  
a m i n e s  o r  p h o s p h i n e  o x i d e s ,  e . g . ,  -5000 w i t h  0 . 0 l M  DZEHPA f rom 
0 . 3  a HNO, .  The e x t r a c t i o n  c o e f f i c i e n t s  d e c r e a s e d  w i t h  i n c r e a s -  
i n g  a c i d i t y  ( a d d e d  n i t r a t e  s a l t  had  l i t t l e  e f f e c t ) ,  b u t  w i t h  
s l o p e s  o v e r  most o f  t h e  r a n g e  c loser  to-2 t h a n  t o  t h e - 4  e x p e c t -  
e d  i f  Pu4+ were e x c h a n g e d  f o r  4H+. They v a r i e d  w i t h  t h e  s q u a r e  
o f  t h e  D2EHPA c o n c e n t r a t i o n .  S i n c e  D2EHPA is d i m e r i z e d ,  t h e s e  
o b s e r v a t i o n s  s u g g e s t  t h a t  a d i v a l e n t  p l u t o n i u m  ca t ion- - -PuO++,  
o r  Pu(  NO3 ) :+, e t c .  ---is e x t r a c t e d  t o  form p e r h a p s  PuO( DZEHP) 4 H 2  , 
i n  c lose  a n a l o g y  t o  t h e  f o r m u l a t i o n s  p r o p o s e d  f o r  s e v e r a l  o t h e r  
e x t r a c t e d  m e t a l s .  

P l u t o n i u m ( V 1 )  n i t r a t e  e x t r a c t i o n  c o e f f i c i e n t s  were a r o u n d  
t h r e e  o r d e r s  o f  m a g n i t u d e  lower .  They were s l i g h t l y  lower t h a n ,  
a n d  g e n e r a l l y  p a r a l l e l  t o ,  u r a n y l  e x t r a c t i o n  c o e f f i c i e n t s ,  
i n c l u d i n g  s y n e r g i s t i c  enhancemen t  on  a d d i n g  p h o s p h i n e  o x i d e .  
P l u t o n i u m (  111) n i t r a t e  c o e f f i c i e n t s  were lower b u t  ( e v e n  more 
t h a n  i n  p h o s p h i n e  o x i d e  e x t r a c t i o n )  a p p e a r e d  t o  be i n f l u e n c e d  
by o x i d a t i o n .  P l u t o n i u m (  I V )  and  Pu(V1) e x t r a c t i o n  c o e f f i -  
c i e n t s  f rom 3-5 H2S04 were l o w  b u t  s t i l l  u s a b l e .  

E x t r a c t e d  p l u t o n i u m  w a s  s t r i p p e d  f a i r l y  w e l l  by t h e  
combined  a c t i o n  o f  a r e d u c t a n t  and  a c o m p l e x e r  ( s u l f a t e ) ,  and  
by o x a l i c  a c i d .  A s  w i t h  p h o s p h i n e  o x i d e ,  sodium c a r b o n a t e  
p r o v i d e d  t h e  most e f f e c t i v e  s t r i p p i n g .  
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2 . 0  INTRODUCTION 

T h i s  r e p o r t  d e s c r i b e s  a n  e x p e r i m e n t a l  s u r v e y  of t h e  
l i q u i d - l i q u i d  d i s t r i b u t i o n  b e h a v i o r  o f  p l u t o n i u m  be tween  
a c i d i c  a q u e o u s  s o l u t i o n s  and  o r g a n i c  s o l u t i o n s  w i t h  a r a n g e  
of e x t r a c t i o n  r e a g e n t s .  The o b j e c t i v e  of t h i s  s u r v e y  was t o  
compare t h e  e f f e c t i v e n e s s  o f  d i f f e r e n t  e x t r a c t a n t s  f o r  p l u t o -  
n ium,  and  t o  i d e n t i f y  and  e v a l u a t e  q u a n t i t a t i v e l y  t h e  i m p o r t -  
a n t  e x t r a c t i o n  v a r i a b l e s ,  w i t h  e m p h a s i s  on  s o l u t i o n s  and  
c o n d i t i o n s  t h a t  c o u l d  l e a d  t o  s p e c i f i c  p r o c e s s  a p p l i c a t i o n s .  
Most o f  t h e  d a t a  a r e  p r e s e n t e d  a s  i n d i v i d u a l  e x t r a c t i o n  (or 
s t r i p p i n g )  c o e f f i c i e n t s ,  measu red  a t  low p l u t o n i u m  c o n c e n -  
t r a t i o n s  where  t h e r e  was n e g l i g i b l e  s a t u r a t i o n  o r  l o a d i n g  
e f f e c t s .  The e x t r a c t a n t s  were c h o s e n  from t h e  c l a s ses  ( a m i n e s ,  
p h o s p h o r u s  a c i d s ,  and  p h o s p h i n e  o x i d e s )  t h a t  h a v e  b e e n  i n t e n -  
s i v e l y  s t u d i e d  f o r  raw-materials p r o c e s s i n g ,  p a r t i c u l a r l y  
t h o s e  reagents---di(2-ethylhexyl)phosphoric a c i d  a n d  s e v e r a l  
amines---which w e r e  most s u c c  s s f u l  i n  t h e  Dapex a n d  A m e x  raw 
m a t e r i a l s  r e c o v e r y  p r o c e s s e s .  S e v e r a l  n e u t r a l  p h o s p h o n a t e  
esters were a l s o  examined  i n  c o m p a r i s o n  w i t h  t r i b u t y l p h o s -  
p h a t e .  

f 

D u r i n g  t h e  c o u r s e  o f  t h e  r a w  ma te r i a l s  s t u d i e s ,  i t  was 
o b s e r v e d  t h a t  t h e  new s o l v e n t s  d e v e l o p e d  i n  t h i s  p rogram 
c o u l d  e x t r a c t  a l a rge  number o f  metals  f rom a wide  v a r i e t y  
o f  a q u e o u s  c o m p o s i t i o n s ,  w i t h  c o n s i d e r a b l e  c o n t r o l  of 
e x t r a c t i o n  p r o p e r t i e s  b e i n g  p o s s i b l e  t h r o u g h  a p p r o p r i a t e  
c h o i c e  o f  r e a g e n t  s t r u c t u r e .  I t  w a s  e v i d e n t  t h a t  a d v a n t a g e  
m i g h t  be t a k e n  o f  t h e s e  r e a g e n t s  i n  a r eas  a f i e l d  f rom ore  
p r o c e s s i n g .  C o n s e q u e n t l y ,  a s y s t e m a t i c  e x p e r i m e n t a l  s u r v e y  
was i n i t i a t e d  a t  t h i s  l a b o r a t o r y  t o  e x p l o r e  t h e i r  u t i l i t y  i n  
t h e  g e n e r a l  f i e l d  of r a d i o c h e m i c a l  p r o c e s s i n g ,  i n c l u d i n g  f u e l  
p r o c e s s i n g ,  waste t r e a t m e n t ,  f i s s i o n  p r o d u c t  r e c o v e r i e s ,  and  
t r a n s u r a n i u m  r e c o v e r i e s .  The work d e s c r i b e d  i n  t h e  p r e s e n t  
r e p o r t  is a p a r t  of t h a t  g e n e r a l  p rog ram.  T h e s e  c lasses  o f  
r e a g e n t s ,  e s p e c i a l l y  t h e  a m i n e s ,  a re  a l s o  b e i n g  s t u d i e d  i n -  
t e n s i v e l y  f o r  e x t r a c t i o n  o f  p l u t o n i u m  and o t h e r  a c t i n i d e s  i n  
many o t h e r  l a b o r a t o r i e s , *  a n d  i n  a t  l e a s t  o n e  h a v e  r e a c h e d  
p r o c e s s  a p p l i c a t i o n  ( p l u t o n i u m  s c r a p  r e c o v e r y  by amine  ex- 
t r a c t i o n 2 ) .  I n  g e n e r a l ,  t h e  r e s u l t s  b e i n g  o b t a i n e d  w i t h  t h e s e  
r e a g e n t s  bear o u t  t h e i r  e a r l y  p r o m i s e .  

Most of t h e  a n a l y s e s  f o r  t h i s  s t u d y  were p e r f o r m e d  by 
members of t h e  A n a l y t i c a l  C h e m i s t r y  D i v i s i o n  u n d e r  t h e  d i r e c -  
t i o n  o f  M .  T .  K e l l e y  and  C .  D.  S u s a n o .  I n  p a r t i c u l a r ,  most 
of t h e  p l u t o n i u m  d e t e r m i n a t i o n s  were made by J. M .  P e e l e  of 

~ 

* R e f e r e n c e s  2 , 7 , 8 , 1 7 , 1 9 , 2 3  c i t e d  i n  t h e  d i s c u s s i o n s  be low 
p r o v i d e  s e v e r a l  e x a m p l e s ,  b u t  t h e r e  is  no  a t t e m p t  t o  r e v i e w  
or e v e n  t o  list a l l  s u c h  r e l a t e d  s t u d i e s .  
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t h a t  D i v i s i o n .  Thanks  a r e  d u e  t o  H e a l t h  P h y s i c s  S u r v e y o r s  
L .  C .  J o h n s o n  and  R .  D .  P a r t e n  f o r  c o o p e r a t i o n  a n d  a d v i c e .  
R .  G .  M a n s f i e l d  o f  t h e  Chemica l  Techno logy  D i v i s i o n  t e s t e d  
f i s s i o n - p r o d u c t  e x t r a c t i o n ;  M .  J a n e t  Debnam g a v e  l a b o r a t o r y  
a s s i s t a n c e .  

3 . 0  EXTRACTION WITH ALKYL AMINES* 

The 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  by a m i n e s  from b o t h  
n i t r a t e  and  s u l f a t e  a c i d  s o l u t i o n s  v a r i e d  w i t h  o x i d a t i o n  
s t a t e  i n  t h e  o r d e r  P u ( I V )  > Pu(V1)  > Pu(  111). E x t r a c t i o n  
f rom n i t r a t e  s y s t e m s  was c o n s i d e r a b l y  h i g h e r  w i t h  q u a t e r n a r y  
ammonium a n d  t e r t i a r y  amine  t h a n  w i t h  s e c o n d a r y  a n d  p r i m a r y  
amine  r e a g e n t s .  From s u l f a t e  s o l u t i o n s ,  i n  c o n t r a s t ,  i t  
v a r i e d  i n  t h e  o r d e r  p r i m a r y  >> s e c o n d a r y  > t e r t i a r y .  

3 . 1  N i t r a t e  S o l u t i o n s  

The e x t r a c t i o n  c o e f f i c i e n t s  f o r  Pu(1V)  f rom u n s a l t e d  
n i t r i c  a c i d  s o l u t i o n s  by a l l  t h e  a m i n e s  examined  i n c r e a s e d  
w i t h  i n c r e a s i n g  n i t r i c  a c i d  c o n c e n t r a t i o n  u p  t o  a t  l e a s t  
2 HNO,. C o e f f i c i e n t s  w i t h  t h e  q u a t e r n a r y ,  s e c o n d a r y ,  and  
p r i m a r y  a m i n e s  c o n t i n u e d  t o  i n c r e a s e  a lmos t  l i n e a r l y  w i t h  
n i t r i c  a c i d  c o n c e n t r a t i o n  t o  maxima n e a r  8 E, d r o p p i n g  
s h a r p l y  o n  f u r t h e r  i n c r e a s e  t o  1 0  E ( F i g .  3 . 1 ) .  I n  c o n t r a s t ,  
t h e  e x t r a c t i o n  c o e f f i c i e n t s  w i t h  t h e  t e r t i a r y  amine  p a s s e d  
t h r o u g h  a b r o a d e r  maximum n e a r  2 M HNO,.  T h i s  r a t h e r  s u r -  
p r i s i n g  d i f f e r e n c e  b e t w e e n  t h e  t e r t i a r y  a n d  t h e  o t h e r  a m i n e s  
was c l o s e l y  p a r a l l e l e d  i n  t h e  e x t r a c t i o n  o f  Np(1V) f rom 
n i t r i c  a c i d  s o l u t i o n s .  3** 
o c t y l a m i n e  and  -10 ppm p l u t o n i u m  a l s o  p a r a l l e l s  t h a t  f o r  10% 
t r i - n - o c t  l a m i n e  a n d  t r a c e  Pu from 2-8 HNO, r e p o r t e d  by 
S h e p p a r d . K  
r e p o r t e d  by Wi l son6  ( 0 . 1 5  M t r i l a u r y l a m i n e ,  E: = 1 4 0  a t  2 5 
and 1 7 0  a t  4 E H N O , ) ,  and  R e d e r  e t  a 1 . 7  ( 1 0 %  t r i - 2 - o c t y l a m l n e ,  
E; = 210 a t  2 a n d  260 a t  6 &I HNO,) a n d  f r o m  t h e  s t e e p e r  
c u r v e  r e p o r t e d  by B e r t o c c i 8  ( 0 . 5  M tris(3,5,5-trimethylhexyl)- 
a m i n e ,  E: = 8 a t  2 a n d  1 8  a t  6 E HNO, a t  p l u t o n i u m  l o a d i n g  
o f  5 t o  1 0  g / l i t e r ) .  A l l  o f  t h e  f o r e g o i n g  c u r v e s  t h a t  w e r e  
c a r r i e d  beyogd 6 HNO, agree q u a l i t a t i v e l y  i n  s h o w i n g  
d e c r e a s i n g  E a (  Pu )  . 

T h i s  c u r v e  f o r  0 . 1  g t r i - i s o -  

I t  d i f f e r s  f rom t h e  g r a d u a l l y  r i s i n g  c u r v e s  

*See  Appendix  F f o r  s o u r c e s ,  a n d  f o r  i d e n t i f i c a t i o n  of 
a r b i t r a r i l y  named r e a g e n t s  

**Recen t  e x t r a c t i o n  tests w i t h  a c o m p l e t e l y  s y m m e t r i c a l  
q u a t e r n a r y ,  t e t r a -2 -hep ty lammonium n i t r a t e ,  showed Np(1V) 
e x t r a c t i o n  c o e f f i c i e n t s  maximum n e a r  2 M HNO, .  T h e s e  
c o e f f i c i e n t s  were h i g h e r  t h a n  t h o s e  w i t 5  B-104.4 
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The decreased extraction found at 10 HNO, with all 
classes of amines (Fig. 3.1) differs from the data of 
Winchester , 2  79 who found almost constant coefficients from 
7 to 11 HNO, for 35 vol $4~ Primene JM and 35 vol YG Amberlite 
LA-1 at a plutonium concentration of 50 g/liter (amine/Pu 
mole ratio '= 5/1). It is qualitatively similar to the strong- 
base resin sorption curve of Durham and Mills, 1 0  which was 
nearly constant from 3 to 8 & HNO, , with a maximum at 7.5 E, 
and dropped by a factor of -5 at 10 E. 

When the total nitrate concentration was held constant at 
6 by addition of sodium nitrate, the extraction coeffi- 
cients rose instead of falling with decreasing nitric acid 
Concentration. The secondary N-benzylheptadecylamine was 
exceptional, showing almost no change with acidity in the 6 g 
nitrate. The coefficients with the secondary Amberlite LA-1 
and the quaternary Aliquat 336 rose in almost inverse propor- 
tion to the nitric acid concentration from 6 to 0.3 E. The 
coefficients with the tertiary rose more steeply, in quali- 
tative conformity to its relatively higher extraction at 
lower nitric acid concentrations in the salt-free solutions. 
The resulting coefficients from <1 E HNO, in 6 M nitrate salt 
solution were well over 1000 with both quaternary and 
tertiary at 0.1 E. 

The extraction coefficients from 8 HNO, varied with 
slightly less than the first power of concentration of the 
quaternary from 0.01 to 0.3 (Fig. 3.2). The coefficients 
for the other reagents (from 2 3 HNO, for the tertiary, 8 & 
HNO, for the others) showed either more scatter or  some 
curvature, with the overall variation being fairly close to 
the second power of the reagent concentration. Elsewhere the 
dependence on tertiary amine concentration has been reported 
to be second power (tracer),577 or slightly higher than first 
power (macro, amine/Pu z 20/1) . 8  Ordinarily, the power 
dependence of extraction coefficient on extractant concen- 
tration corresponds to the ligand number in the resulting 
organic-phase complex. However, this relation has not held in 
the U( VI) -amine-sulfate systems; l1 hence interpretation of the 
extracted plutonium complex has been deferred. 

Pu(V1) and Pu( 111). The extraction coefficients for 
Pu(V1) were low, although increasing rapidly with increasing 
nitric acid concentration from 2 to 8 M (Fig. 3.3). The 
different amines fell in the same order in their extraction 
power f o r  Pu(V1) as for Pu( IV) (Fig. 3.1). Of the amines 
tested, at 0.1 E, only the quaternary B-104 gave extraction 
coefficients greater than 1. Plutonium(V1) extraction co- 
efficients were not measured as a function of amine concen- 
tration. However, it may be predicted from the magnitudes 
of the coefficients in Fig. 3.3 that, if the dependence is of 
the order of first or second power, coefficients could be 
fairly high with quaternary or  tertiary at 0.3-0.5 g, but 
would still be low with secondary and primary. 
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Fig. 3.1. Plutonium(1V) extraction by 0.1 Mamines: effect of nitric acid and sodium 
nitrate concentrations. Amine class: (Q) quaternary ammonium, (3) tertiary, (2) secon- 
dary, (I) primary amine. Plutonium(1V) stabilized with 0.04-0.1 M NaN02.  Amsco 125- 
82, TDA = branched primary tridecanol. 
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The h i g h e s t  P u ( I I 1 )  e x t r a c t i o n  c o e f f i c i e n t s  o b t a i n e d  

f rom u n s a l t e d  s o l u t i o n s ,  which  were a t  t h e  h i g h e s t  n i t r i c  
a c i d  c o n c e n t r a t i o n s  t e s t e d  ( -6  M), w e r e  a n  o r d e r  o f  magni-  
t u d e  lower t h a n  t h e  c o r r e s p o n d i n g  Pu(V1)  c o e f f i c i e n t s  
( F i g .  3 . 3 ) .  I n  c o n t r a s t ,  u s e f u l l y  h i g h  a l t h o u g h  v a r i a b l e  
c o e f f i c i e n t s  f o r  p l u t o n i u m  were o b t a i n e d  w i t h  t e r t i a r y  a m i n e s  
f rom P u ( I I 1 )  s o l u t i o n s  c o n t a i n i n g  aluminum n i t r a t e  a t  l o w  
a c i d i t y  ( F i g .  3 . 4 ) .  I t  h a s  n o t  b e e n  e s t a b l i s h e d  w h e t h e r  
t h e  P u ( I I 1 )  w a s  e x t r a c t e d  a s  s u c h ,  o r  w a s  o x i d i z e d  t o  t h e  
more e x t r a c t a b l e  Pu(1V)  b e f o r e  o r  d u r i n g  t h e  t r a n s f e r  i n  
s p i t e  o f  e x c e s s  f e r r o u s  s u l f a m a t e  i n  t h e  a q u e o u s  s o l u t i o n s  
and  a c a r b o n  d i o x i d e  a t m o s p h e r e  o v e r  t h e  s y s t e m .  I f  t r a n s -  
f e r r e d  a s  P u ( I I I ) ,  i t  a p p e a r e d  t o  b e  r a p i d l y  o x i d i z e d  t o  
Pu(  I V )  i n  t h e  o r g a n i c  p h a s e ,  s i n c e  a 2 H HNO, s c r u b  removed 
o n l y  a s m a l l  amount :  

* 

I n  E x t r a c t i o n  I n  2 g Removed 
Amine, 0 . 3  ( F i g .  3 . 4 )  HNO, S c r u b  i n  S c r u b  

T r i - i s o - o c t y l a m i n e  1 5 0  2 

T r i l a u r y l a m i n e  5 1 0  1 0  
Alamine  336 2 2 0  5 

The n i t r i c  a c i d  s c r u b  c o n t a i n e d  0 . 1  & s u l f a m i c  a c i d  t o  a v o i d  
t h e  p o s s i b i l i t y  o f  o x i d i z i n g  t h e  p l u t o n i u m  by n i t r i t e  d u r i n g  
t h e  s c r u b b i n g .  On t h e  b a s i s  of t h e  f o r e g o i n g  e x t r a c t i o n  
c o e f f i c i e n t s ,  t h i s  s c r u b  w a s  e x p e c t e d  t o  remove P u ( I I 1 )  
e s s e n t i a l l y  c o m p l e t e l y ,  b u t  t o  remove o n l y  a t r ace  of P u ( 1 V ) .  
Hence ,  t h e  r e m o v a l  of "<l0$1 i n d i c a t e s  t h a t  390.1, o f  t h e  
p l u t o n i u m  i n  t h e  o r g a n i c  p h a s e  w a s  no  l o n g e r  s i m p l e  Pu( 111). 
The s i m p l e s t  i n t e r p r e t a t i o n  o f  t h i s  is o f  c o u r s e  t h a t  i t  h a d  
b e e n  o x i d i z e d  t o  P u ( 1 V ) .  However ,  t h e  p o s s i b i l i t y  h a s  n o t  
b e e n  e x c l u d e d  t h a t  a d i f f e r e n t  a n d  n o n s c r u b b a b l e  P u ( I I 1 )  
s p e c i e s  may have  b e e n  formed i n  t h e  o r g a n i c  p h a s e ,  i n  some 
a n a l o g y  t o  t h e  " i r r e v e r s i b l e "  e x t r a c t i o n  of M o ( V 1 )  a n d  V ( V )  
e x t r a c t i o n  by amine  s u l f a t e s .  1 2  

S i m i l a r l y  h i g h  and  v a r i a b l e  e x t r a c t i o n s  of p l u t o n i u m  
from P u ( I I 1 )  s o l u t i o n s  a r e  n o t e d  below by p r i m a r y  amine  
s u l f a t e ,  by p h o s p h i n e  o x i d e  ( S e c t .  4 . 2 ) ,  and  by d i a l k y l -  
p h o s p h o r i c  a c i d  ( S e c t .  5 . 1 )  . 

*The e x t r a c t i o n  c o e f f i c i e n t s  o f  f rom t h e  n i t r i c  a c i d  
s o l u t i o n s  b e f o r e  t h e  aluminum n i t r a t e  w a s  added  ( F i g .  3 . 4 )  
c o n f i r m  t h a t  t h e  p l u t o n i u m  w a s  e s s e n t i a l l y  c o m p l e t e l y  
r e d u c e d  t o  P u ( I I 1 )  i n  t h e  f e e d  s o l u t i o n ,  s i n c e  c o e f f i c i e n t s  
-10-1 would b e  e x p e c t e d  f o r  Pu(1V)  w i t h  0 . 1  111 TIOA f rom 
u n s a l t e d  0 . 2  and  0 . 3  HNO, . 
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Fig. 3.3 Plutonium(lll) and Pu(IV) extraction by 0.1 Mamines: 
effect of nitric acid concentration. Amine class: (Q) quaternary 
ammonium, (3) tertiary, (2) secondary, (1) primary amine. Plu- 
tonium reduced with 0.03 Mferrous sulfamate plus 0.05 Mexcess 
sulfamic acid, or oxidized with Ago .  
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3 . 2  S u l f a t e  S o l u t i o n s  

E x t r a c t i o n  c o e f f i c i e n t s  f o r  Pu(1V) f rom s u l f a t e  
s o l u t i o n s  were h i g h e s t  w i t h  p r i m a r y  amine  a n d  much lower 
w i t h  s e c o n d a r y  a n d  t e r t i a r y  ( F i g .  3 . 5 ) .  The e x t r a c t i o n  
c o e f f i c i e n t s  v a r i e d  w i t h  t h e  t h i r d  power of c o n c e n t r a t i o n  
o f  t h e  p r i m a r y  amine  P r i m e n e  JM-T be tween  0 . 0 0 1  and  0 . 0 1  M .  
The c o e f f i c i e n t  o f  -8000 w i t h  0 . 4  .I P r i m e n e  JM-T ( d i f f e r e n t  
d i l u e n t  and  s l i g h t l y  h i g h e r  a c i d i t y )  is a l s o  i n  f a i r  a l i g n -  
m e n t ,  p r o b a b l y  a s  c lose  a s  s h o u l d  be e x p e c t e d  i n  v i ew o f  t h e  
a n a l y t i c a l  d i f f i c u l t y  i n  m e a s u r i n g  e x t r e m e l y  h i g h  c o e f f i -  
c i e n t s .  The e x t r a c t i o n  c o e f f i c i e n t s  d e c r e a s e d  i n  almost 
i n v e r s e  p r o p o r t i o n  t o  t h e  s u l f u r i c  a c i d  c o n c e n t r a t i o n  when 
i t  w a s  i n c r e a s e d  from 0 . 5  t o  2 . 5  g, b u t  i n c r e a s e d  by a n  o r d e r  
o f  m a g n i t u d e  when t h e  s o l u t i o n  was made 2 . 5  i n  t o t a l  s u l f a t e  
by a d d i n g  2 ( N H , )  ,SO4 t o  t h e  0 . 5  H,S04.  

E x t r a c t i o n  c o e f f i c i e n t s  w i t h  t h e  p r i m a r y  a m i n e s  1-( 3- 
e t h y l p e n t y l ) - 4 - e t h y l o c t y l a m i n e  and  1 - u n d e c y l l a u r y l a m i n e  were 
s i m i l a r  t o  t h o s e  w i t h  P r i m e n e  JM-T i n  p r e l i m i n a r y  e x t r a c t i o n  
t e s t s .  Those  tes ts  a re  n o t  i n c l u d e d  i n  F i g .  3 . 5  b e c a u s e  t h e  
a b s o l u t e  v a l u e s  o f  t h e  h i g h  e x t r a c t i o n  c o e f f i c i e n t s  were 
a f f e c t e d  by t h e  p r e s e n c e  o f  amer i c ium i n  t h e  p l u t o n i u m  s t o c k  
(see Appendix  B ) .  Of t h o s e ,  o n l y  t h e  tests w i t h  P r i m e n e  
JM-T were r e p e a t e d  w i t h  t h e  e f f e c t  o f  amer i c ium e l i m i n a t e d .  

E x t r a c t i o n  c o e f f i c i e n t s  w i t h  t h e  s e c o n d a r y  a m i n e s  t e s t e d  
were less t h a n  a h u n d r e d t h  a s  h i g h  a s  w i t h  t h e  p r i m a r y  a m i n e .  
E x t r a c t i o n  was much lower w i t h  t h e  h i g h l y  b r a n c h e d  amine  S-24 
t h a n  w i t h  t h e  s l i g h t l y  b r a n c h e d  d i t r i d e c y l a m i n e ,  i n  p a r a l l e l  
t o  t h e i r  r e l a t i v e  e x t r a c t i o n s  of s e v e r a l  o t h e r  t r i -  and  
t e t r a v a l e n t  metal  s u l f a t e s ,  e . g . ,  t h o r i u m . 1 1  Here t h e  h i g h e s t  
e x t r a c t i o n s ,  g i v i n g  u s e f u l l y  h i g h  c o e f f i c i e n t s  a t  > 0 . 1  M 
a m i n e ,  were o b t a i n e d  w i t h  t h e  N-benzyl  s e c o n d a r y - a l k y l  a m i n e s ,  
N-benzyl-l-(3-ethylpentyl)-4-ethyloctylamine (NBHA) and  
N-benzyl-1-undecyllaurylamine. T h e s e  a re  a m i n e s  o f  t h e  t y p e  
t h a t  h a s  shown e x c e p t i o n a l l y  h i g h  e x t r a c t i o n  power for u r a n y l  
s u l f a t e .  l3 The e x t r a c t i o n  c o e f f i c i e n t s  v a r i e d  w i t h  c lose  t o  
t h e  f i r s t  power o f  NBHA c o n c e n t r a t i o n  be tween  0 . 1  a n d  0 . 4  g. 
The e x t r a c t i o n  c o e f f i c i e n t s  were h i g h e r  f rom 3 g (NH4) ,S04 

. a t  pH - 0 . 7  t h a n  f rom 3 H,S04 by a f a c t o r  o f  - 3 ,  i n  t h e  same 
d i r e c t i o n  a s  b u t  much smaller  t h a n  t h e  d i f f e r e n c e  f o u n d  w i t h  
p r i m a r y  amine  b e t w e e n  2 g ( NH,) ,SO4 - -0 .5  g H, SO4 (pH - 0 . 5 )  and  
2 . 5  H,S04.  

The e x t r a c t i o n  c o e f f i c i e n t  w i t h  t h e  t e r t i a r y  amine  was 
v e r y  l o w ,  lower by a f a c t o r  o f  a t  l e a s t  l o 6  t h a n  t h e  corre-  
s p o n d i n g  c o e f f i c i e n t  w i t h  t h e  p r i m a r y  a m i n e .  T h i s  is i n  
a c c o r d  w i t h  t h e  p r e v i o u s l y  r e p o r t e d  h i g h  s e l e c t i v i t y  o f  t h e  
t e r t i a r y  amine  for u r a n y l  s u l f a t e  o v e r  s u c h  t e t r a v a l e n t  
s u l f a t e s  a s  U( I V )  a n d  t h o r i u m . l l  
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I .  

P l u t o n i u m  e x t r a c t i o n  c o e f f i c i e n t s  w i t h  p r i m a r y  a m i n e s  
f rom s o l u t i o n s  of P u ( I I 1 )  i n  3 H2S04 were h i g h l y  v a r i a b l e ,  
t y p i c a l l y  r a n g i n g  f rom -5 t o  > > l o 0  w i t h  0 . 1  a m i n e s  ( c f .  
e x t r a c t i o n s  w i t h  t e r t i a r y  a m i n e s  f rom P u ( I I 1 )  n i t r a t e  
s o l u t i o n s ,  a b o v e ) .  T h i s  is a t t r i b u t e d  t o  e n h a n c e d  o x i d a t i o n  
o f  P u ( I I 1 )  t o  Pu(1V)  , i n  s p i t e  o f  t h e  p r e s e n c e  o f  h o l d i n g  
r e d u c t a n t s .  T h i s  e x p l a n a t i o n  is s u p p o r t e d  by t h e  o b s e r v a -  
t i o n  t h a t  t h e  p l u t o n i u m  e x t r a c t i o n  is  i n c r e a s e d  by a d d i t i o n  
of a sma l l  amount of f e r r i c  s u l f a t e  t o  a f e e d  s o l u t i o n  con-  
t a i n i n g  a much larger  amount o f  f e r r o u s  s u l f a t e ;  e . g . ,  
0 . 1  F e 2 (  S O , ) ,  , 1 B FeS0, , M P u . 1 4  A l t h o u g h  v a r i a b l e ,  
t h i s  means o f  e x t r a c t i n g  P u ( I I 1 )  w i t h  a p r i m a r y  amine  a p p e a r s  
s u f f i c i e n t l y  d e p e n d a b l e  f o r  u s e  i n  a p r o c e s s  p r o p o s e d  f o r  
s c a v e n g i n g  u ran ium a n d  p l u t  nium f rom s u l f u r i c  a c i d  s t a i n l e s s  s teel  d e c l a d d i n g  s o l u t i o n s .  f 4  

3 . 3  S e l e c t i v i t y  

The p a r a l l e l s  b e t w e e n  amine  e x t r a c t i o n  and  a n i o n  e x c h a n g e  
s o r p t i o n ,  b o r n e  o u t  by t h e  g e n e r a l  a s p e c t s  o f  p l u t o n i u m  
n i t r a t e  e x t r a c t i o n ,  a l s o  s u g g e s t  t h a t  Pu(1V)  n i t r a t e  s h o u l d  
b e  e x t r a c t e d  w i t h  h i g h  s e l e c t i v i t y  o v e r  most o t h e r  metal  
n i t r a t e s .  E x p e r i e n c e  s o  f a r  r e p o r t e d  s u p p o r t s  t h i s  e x p e c t a -  
t i o n ,  a t  l e a s t  w i t h  r e s p e c t  t o  t h e  i m p o r t a n t  c o n t a m i n a n t s  
e n c o u n t e r e d  i n  u r a n i u m - p l u t o n i u m  d i s s o l v e r  s o l u t i o n 5  7 

m e t a l l u r g i c a l  s c r a p  p l u t o n i u m  s o l u t i o n s .  ' 9  
a n d  

' -  

: -  

A s t u d y  is i n  p r o g r e s s  i n  t h e  D e p a r t m e n t  o f  N u c l e a r  
E n g i n e e r i n g ,  M a s s a c h u s e t t s  I n s t i t u t e  of T e c h n o l o g y ,  o n  t h e  
amine  e x t r a c t i o n  c h a r a c t e r i s t i c s  o f  a r a n g e  o f  f i s s i o n - p r o d u c t  
and  c o r r o s i o n - p r o d u c t  metals o f  i n t e r e s t  i n  r a d i o c h e m i c a l  
n i t r a t e  s y s t e m s .  l5 Molybdenum , z i r c o n i u m ,  r u t h e n i u m ,  and  
samar ium h a v e  b e e n  examined  a t  v a r i o u s  c o n c e n t r a t i o n s  i n  ex- 
t r a c t i o n  f rom n i t r i c  a c i d  and  a c i d i c  sod ium n i t r a t e  s o l u t i o n s ,  
w i t h  A l i q u a t  3 3 6 ,  t r i l a u r y l a m i n e ,  Amine S-24, d i t r i d e c y l a m i n e ,  
and  P r i m e n e  JM-T. The r e s u l t s ,  s h o w i n g  l o w  e x t r a c t i o n s  o f  
t h e  l a s t  t h r e e  metals u n d e r  a l l  c o n d i t i o n s  t e s t e d ,  s u g g e s t  
t h a t  r u t h e n i u m  is more l i k e l y  t h a n  z i r c o n i u m  or r a r e  e a r t h s  t o  
be t h e  f i r s t  l i m i t a t i o n  reached i n  u s i n g  amine  e x t r a c t i o n  f o r  
v e r y  h i g h  d e c o n t a m i n a t i o n  of  p l u t o n i u m .  E x t r a c t i o n  c o e f f i -  
c i e n t s  f o r  r u t h e n i u m  ( f r e s h  or aged n i t r o s y l r u t h e n i u m  n i t r a t e )  
rose r a p i d l y  w i t h  c o n t a c t  t i m e  f o r  s e v e r a l  h o u r s  and  t h e n  
more s l o w l y  f o r  a t  l e a s t  s e v e r a l  d a y s .  A s  m e a s u r e d  a t  24 h r ,  
t h e  e x t r a c t i o n  c o e f f i c i e n t s  w e r e  d i r e c t l y  p r o p o r t i o n a l  t o  
t h e  amine  c o n c e n t r a t i o n  and  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  
n i t r i c  a c i d  c o n c e n t r a t i o n ;  e . g . ,  E 8  = 0 . 0 8  f rom 2 HNO, w i t h  
0 . 4  t r i l a u r y l a m i n e  i n  t o l u e n e .  E x t r a c t i o n  c o e f f i c i e n t s  f o r  
z i r c o n i u m  ( z i r c o n y l  n i t r a t e  r e f l u x e d  a n d  a g e d  i n  8 M HNO,) 
were v e r y  l o w  f rom d i l u t e  n i t r i c  a c i d .  They i n c r e a s e d  
r a p i d l y  w i t h  i n c r e a s i n g  n i t r i c  a c i d  c o n c e n t r a t i o n ,  i n  p r o -  
p o r t i o n  t o  a b o u t  t h e  f o u r t h  power ,  b u t  s t i l l  r e a c h e d  o n l y  
- 0 . 0 1  from 1 0  HNO, w i t h  0 . 3  amine .  The r e s u l t s  o v e r  t h e  
e n t i r e  r a n g e  were r a t h e r  w e l l  summar ized  by t h e  e x p r e s s i o n  
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w i t h  K 
z 2x10-5 f o r  A l i q u a t  3 3 6  ( t o l u e n e  d i l u e n t ) .  E x t r a c t i o n  
c o e f f i c i e n t s  f o r  samar ium,  t a k e n  a s  a r e p r e s e n t a t i v e  r a r e  
e a r t h ( I I 1 )  i o n ,  were a l l  below w i t h  0 . 3  a m i n e s  i n  
t o l u e n e .  T h e r e  was no  o b v i o u s  s y s t e m a t i c  change  e i t h e r  
w i t h  n i t r i c  a c i d  c o n c e n t r a t i o n  ( 2 - 9  M) or  w i t h  amine  c l a s s .  

6 ~ 1 0 ~ ~  for t r i l a u r y l a m i n e  a n d  for P r i m e n e  JM-T a n d  

The f i s s i o n  p r o d u c t  e x t r a c t i o n s  w i t h  c o n t r o l  and  
i r r a d i a t e d  a m i n e s  d e s c r i b e d  i n  Appendix  C a p p e a r  c o n s i s t e n t  
w i t h  t h e  f o r e g o i n g ,  a l t h o u g h  t h e i r  s e n s i t i v i t y  was l i m i t e d  
by d i l u t i o n  o f  t h e  d i s s o l v e r  s o l u t i o n  s p i k e  t o  a r a t h e r  l o w  
a c t i v i t y  l e v e l .  They a l s o  p r o v i d e d  a " s h o t g u n f T  t e s t  t h a t  
no  o t h e r  a c t i v i t y  i n  t h e  mixed  f i s s i o n  p r o d u c t s  was e x t r a c t e d  
t o  any  g rea t  e x t e n t ,  besides  d e m o n s t r a t i n g  t h a t  t h e  selec- 
t i v i t y  w a s  n o t  much a f f e c t e d  by i r r a d i a t i o n  doses o f  400  
w a t t - h r / l i t e r .  

a n i o n s  r a t h e r  t h a n  as c mplex  n i t r a t e  a n i o n s ,  molybdenum(V1) 
and  t e c h n e t i u m (  V I I )  , 4 9 1 g  were s t r o n g l y  e x t r a c t e d  when t h e  
c o m p e t i n g  n i t r a t e  c o n c e n t r a t i o n  w a s  f a i r l y  l o w .  E x t r a c t i o n  
c o e f f i c i e n t s  f o r  M o ( V 1 )  (ammonium m o l y b d a t e  d i s s o l v e d  i n  
n i t r i c  a c i d )  w i t h  0 . 1  a m i n e s  i n  t o l u e n e  were of t h e  o r d e r  
o f  100  a n d  h i g h e r  a t  n i t r i c  a c i d  c o n c e n t r a t i o n s  below 0 . 1  g, 
d r o p p i n g  r a p i d l y  t o  a t  2-8 HNO, a n d  t o  < a t  
1 0  g HNO,. They were a p p r e c i a b l y  h i g h e r  a t  6 t h a n  a t  2 
or 8 HNO, b u t  s t i l l  n e a r  l o w 4 .  E x t r a c t i o n  c o e f f i c i e n t s  f o r  
Tc (VI1)  (Tc-95m t r ace r )  w i t h  0 . 3  t r i l a u r y l a m i n e  i n  A m s c o  
125-82 were of t h e  o r d e r  o f  1000  and  h i g h e r  a t  n i t r i c  ac id  
c o n c e n t r a t i o n s  below 0 . 1  &, d r o p p i n g  t o  -100 a t  1 HNO, a n d  
t h e n  more s t e e p l y  t o  -0 .2  a t  1 0  - M H N 0 3 .  

a n  order  o f  m a g n i t u d e  lower t h a n  t h o s e  f o r  Pu(1V) u n d e r  
s i m i l a r  c o n d i t i o n s  w h i l e  t h o s e  f o r  t h o r i u m  a n d  u r a n i u m  a r e  s t i l l  lower. 3 , 5 , 7 , 8 , 1 5 , 1 7  

Two metals  c a p a b l e  of b e i n g  e x t r a c t e d  a s  o x y g e n a t e d  1 5  

Neptunium(1V) n i t r a t e  e x t r a c t i o n  c o e f f i c i e n t s  a r e  a b o u t  

S u l f a t e s .  The r e l a t i v e  e x t r a c t i o n s  o f  a r a n g e  of metal  
11 s u l f a t e s  by d i f f e r e n t  c l a s ses  o f  a m i n e s  has b e e n  r e p o r t e d .  

P l u t o n i u m ( 1 V )  f a l l s  i n  t h e  g r o u p  o f  s u l f a t e s ,  i n c l u d i n g  
z i r c o n i u m ,  t h o r i u m ,  a n d  U( I V )  , t h a t  a r e  e x t r a c t e d  w i t h  ex- 
t r e m e l y  h i g h  c o e f f i c i e n t s  by p r i m a r y  a m i n e s .  T h i s  g r o u p  is  
r e a d i l y  s e p a r a t e d  f rom o t h e r  less e x t r a c t a b l e  g r o u p s ,  i n c l u d -  
i n g  t h e  r a r e  e a r t h s .  S e p a r a t i o n s  w i t h i n  t h i s  g r o u p  may a l s o  
be f e a s i b l e ,  b u t  c a n n o t  be p r e d i c t e d  f rom t h e  e x t r a c t i o n  co- 
e f f i c i e n t s  s o  f a r  measu red  b e c a u s e  u s u a l l y  o n l y  l i m i t i n g  
v a l u e s  h a v e  b e e n  o b t a i n e d  of t h e s e  v e r y  h i g h  c o e f f i c i e n t s .  
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3.4 Stripping of Extracted Plutonium 

extracted plutonium from the amines, including (1) hydrolysis 
of the extractant to free-base molecular amine, (2) displace- 
ment of the extracted metal complex by a competing anion, (3) 
destruction of the extractable complex, and (4) formation of 
a competing nonextractable complex. The nitrate complex can 
be stripped with dilute acid ("water stripping" with acidi- 
fication to prevent trouble from hydrolysis of the Pu(1V) 
cation),* and the stripping is aided by addition of a reduc- 
tant or an aqueous complexing agent. The sulfate complex 
can be stripped by displacement with dilute nitrate. Alka- 
line stripping was not tested, but sodium carbonate stripping 
can be expected to be applicable, since it has proved suitable 
for stripping Pu( I V )  from an acid extractant (Sect. 5 . 3 )  and 
experience has shown alkaline stripping generally effective 
for the amines. 

Several different methods are available for stripping 

Dilute Acid Stripping. The extraction curves of Fig. 3.1 
indicate that stripping by dilute nitric acid, through dis- 
sociation of the extractable plutonium nitrate complex, should 
be marginal for the tertiary tri-iso-octylamine and the 
quaternary B-104 at 0.1 E. With these the plutonium distri- 
bution begins to favor the aqueous phase at about 0 . 2  & HNO, 
(equilibrium concentration). The reciprocals of these 
extraction curves are in fair agreement with directly meas- 
ured stripping coefficients S g  (Fig. 3.6). The stripping 
coefficients fell farther below the line when 5% tridecanol 
was used instead of 870 in the diluent, reflecting higher 
extraction power at the lower alcohol concentration. With 
these extractants at 0.1 E, stripping by this method calls 
for use of the lowest acidity that can give a stable solution. 
At lower extractant concentrations, somewhat higher acidi- 
ties should be tolerable, while at much higher concentrations 
of these extractants simple dilute-acid stripping will not 
apply 

Stripping should be effective at acidities even approach- 
ing 1 nil from the primary and secondary amines at 0.1 
(Fig. 3.1), and at the lower acidities from considerably high- 
er concentrations of these amines. (Stripping with 0.1 E 
HNO, from -1 Amberlite LA-1 in halogenated hydrocarbon 
diluent has been used in plutonium recovery operations at L o s  
Alamos. 19) 

Stripping by Reduction. Extracted plutonium was effec- 
tively stripped from 0.1 M tri-iso-octylamine and 0.1 
B-104 (in 92% Amsco 125-87--870 tridecanol) by 2 Jr HNO, 

* 
The amine nitrates can extract significant concentrations of 
excess nitric acid (Appendix A), which must be taken into 
account in adjusting the nitric acid concentration of a 
"water" strip. 
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s o l u t i o n  c o n t a i n i n g  0 . 1  & F e (  NH, S O ,  ) , + 0 . 1  NH, SO,  H: 

E x t r a c t a n t  1st S t  age 2nd S t  age 

0 . 1  & B-104 4 0  100  

0 . 1  TIOA 6 0  6 5  

Each e x t r a c t  w a s  s t r i p p e d  t w i c e  a t  A/O = 1/1, 1 0  min c o n t a c t  
a t  room t e m p e r a t u r e .  Wi th  lower n i t r i c  a c i d ,  0 . 0 5 - 0 . 1  a, 
a n d  a d d i t i o n  of 0 . 1  & H,SO, ( i n s t e a d  o f  s u l f a m i c  a c i d )  t o  t h e  
f e r r o u s  s u l f a m a t e ,  s t r i p p i n g  c o e f f i c i e n t s  were much h i g h e r ,  
> > l o 0 0  f rom 0 . 1  TIOA. O t h e r s  h a v e  a l s o  r e p o r t e d  r e d u c -  
t i v e  s t r i p p i n g  o f  p l u t o n i u m  n i t r a t e  f rom t e r t i a r y  amine  w i t h  
f e r r o u s  s u l f a m  t e 6  a n d  f rom s e c o n d a r y  amine  w i t h  h y d r o x y l -  
amine  n i t r a t e .  $3  

R e d u c t i v e  s t r i p p i n g  of p l u t o n i u m  s u l f a t e  from s e c o n d a r y  
a m i n e s  is  p r o b a b l y  f e a s i b l e ,  b u t  w a s  n o t  tes ted.  However ,  
r e d u c t i v e  s t r i p p i n g  o f  p l u t o n i u m  s u l f a t e  f r o m  p r i m a r y  a m i n e s  
is  n o t  f e a s i b l e ,  a t  l e a s t  w i t h  t h e  u s u a l  r e d u c t a n t s .  Pu(1V)  
is s t a b i l i z e d  i n  t h e  a m i n e - s u l f a t e  s y s t e m ,  a n d ,  as d e s c r i b e d  
a b o v e ,  t h e  p r i m a r y  a m i n e s  c a n  e x t r a c t  p l u t o n i u m  f rom s u l f a t e  
s o l u t i o n s  c o n t a i n i n g  h i g h  c o n c e n t r a t i o n s  o f  f e r r o u s  i o n .  

D i s p l a c e m e n t  S t r i p p i n g .  D i l u t e  t o  m o d e r a t e l y  c o n c e n -  
t r a t e d  n i t r i c  a c i d  or a c i d i c  n i t r a t e  s o l u t i o n  is e f f e c t i v e  
i n  s t r i p p i n g  p l u t o n i u m  s u l f a t e  f rom p r i m a r y  a m i n e s .  For 
e x a m p l e ,  i n  f o u r  s tage c o u n t e r c u r r e n t  s t r i p p i n g  o f  p l u t o n i u m  
( a n d  u r a n i u m )  f rom 0 . 3  M P r i m e n e  JM-T, 5 g HNO, a t  A/O = 1 / 1 0  
s t r i p p e d  >99.970 o f  t h e  F l u t o n i u m  i n t o  a p r o d u c t  s o l u t i o n  
c o n t a i n i n g  2 . 5  s u l f a t e  a n d  0 . 2 5  n i t r a t e .  1 4  

3 . 5  C h o i c e  o f  D i l u e n t  

A p r i m a r y  c o n s i d e r a t i o n  i n  choice of d i l u e n t  is p h a s e  
s t a b i l i t y  a n d  good p h y s i c a l  p e r f o r m a n c e .  I n  a d d i t i o n ,  t h e  
n a t u r e  o f  t h e  d i l u e n t  c a n  i n f l u e n c e  t h e  e f f ec t s  of amine  c l a s s  
a n d  s t r u c t u r e  o n  e x t r a c t i o n  power a n d  s e l e c t i v i t y .  

The c o m p a t a b i l i t y  of a m i n e s  a n d  d i l u e n t s  w a s  p r e v i o u s l y  
The m o l e c u l a r  d i s c u s s e d  w i t h  e m p h a s i s  o n  s u l f a t e  s y s t e m s .  l1 

or  free-base forms of a l l  t h e  a m i n e s  c o n s i d e r e d  h e r e  a r e  
s o l u b l e  i n  many o r g a n i c  d i l u e n t s ,  b u t  some o f  t h e i r  s a l t s  show 
l i m i t e d  o r g a n i c  s o l u b i l i t i e s ,  t y p i c a l l y  d e c r e a s i n g  i n  t h e  
order  s u l f a t e ,  b i s u l f a t e ,  c h l o r i d e ,  n i t r a t e .  Class  and  
s t r u c t u r e  of t h e  amine  a n d  t y p e  o f  t h e  d i l u e n t  a r e  b o t h  
i m p o r t a n t  i n  d e t e r m i n i n g  t h e  s o l u b i l i t i e s .  S a l t s  o f  a l l  t h e  
l o n g  s t r a i g h t - c h a i n  p r i m a r y  a m i n e s  tested were i n s u f f i c i e n t -  
l y  s o l u b l e  i n  o r d i n a r y  h y d r o c a r b o n  d i l u e n t s .  S a l t s  o f  
s t r a i g h t  c h a i n  s e c o n d a r y  a n d  t e r t i a r y  a m i n e s  a r e  s u f f i c i e n t l y  
s o l u b l e  ( > O . l  &) f o r  u s e  i n  aromatic h y d r o c a r b o n s  a t  o r d i n a r y  
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0 -- Quaternary B-104 - Tri  -iso-octylamine 
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Fig. 3.6. Stripping of extracted Pu(1V) with dilute nitric 
acid from amines i n  92% Amsco 125-82 - 8% tridecanol. Points 
are I0-min stripping equilibrations; the lines are the reciprocals 
of the extraction curves i n  Fig. 3.1. 
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t e m p e r a t u r e s .  T h e i r  no rma l  s u l f a t e s  a r e  a l s o  s o l u b l e  i n  
a l i p h a t i c  h y d r o c a r b o n s  l i k e  k e r o s e n e  a n d  A m s c o  125-82 ,  b u t  
t h e  b i s u l f a t e s ,  c h l o r i d e s ,  a n d  n i t r a t e s  o f  t h e  s t r a i g h t -  
c h a i n  s e c o n d a r i e s  s e p a r a t e  o u t  a s  a p r e c i p i t a t e  or as  a t h i r d  
l i q u i d  p h a s e .  The b i s u l f a t e s  and  n i t r a t e s  o f  t h e  s t r a i g h t -  
c h a i n  t e r t i a r i e s  a r e  b o r d e r l i n e ,  t h e  s o l u b i l i t y  i n c r e a s i n g  
somewhat w i t h  c h a i n  l e n g t h .  The s o l u b i l i t i e s  o f  a l l  t h e s e  
s a l t s  i n  k e r o s e n e  i n c r e a s e  o n  a d d i t i o n  o f  h i g h  m o l e c u l a r  
w e i g h t  a l c o h o l s ,  e . g .  o x o - p r o c e s s  d e c a n o l  or t r i d e c a n o l .  The  
s o l u b i l i t i e s  a l s o  i n c r e a s e  w i t h  b r a n c h i n g  o f  t h e  a l k y l  g r o u p s  
i n  t h e  a m i n e s .  Where t e s t e d ,  s o l u b i l i t i e s  i n c r e a s e d  e i t h e r  
s l i g h t l y  or c o n s i d e r a b l y  ( n o n e  were f o u n d  t o  d e c r e a s e )  w i t h  
i n c r e a s i n g  t e m p e r a t u r e  i n  t h e  r a n g e  O - 5 O 0 C .  

Most of t h e  tests d e s c r i b e d  i n  t h i s  r e p o r t  u s e d  e i t h e r  
x y l e n e  or A m s c o  125-82 ,  t h e  l a t t e r  f r e q u e n t l y  m o d i f i e d  w i t h  
t r i d e c a n o l .  T r i l a u r y l a m i n e  d i d  n o t  r e q u i r e  m o d i f i c a t i o n  o f  
t h e  A m s c o  125-82 t o  m a i n t a i n  s o l u b i l i t y  o f  i ts  i t r a t e  i n  
c o n t a c t  w i t h  n i t r i c  a c i d  s o l u t i o n s  u p  t o  1 0  M. lg Alamine  
336 ( m i x e d  n - o c t y l s  a n d  E - d e c y l s )  , t r i - E - o c t y l a m i n e ,  a n d  
t r i - i s o - o c t y l a m i n e  r e q u i r e d  5-1070 t r i d e c a n o l  f o r  c o n s i s t e n t  
b e h a v i o r .  The b r a n c h e d  s e c o n d a r i e s  d i d  n o t  r e q u i r e  m o d i f i -  
c a t i o n .  P r i m e n e  JM-T r e q u i r e d  a b o u t  570 t r i d e c a n o l .  

A n o t h e r  l i m i t a t i o n  t h a t  may be e n c o u n t e r e d  is s e p a r a t i o n  
( a t  h i g h  l o a d i n g )  of a t h i r d  p h a s e  c o n t a i n i n g  t h e  e x t r a c t e d  
metal i o n .  I n  t h e  u r a n y l  s u l f a t e  s y s t e m  t h i s  was s e l d o m  i f  
e v e r  e n c o u n t e r e d  when s u f f i c i e n t  s o l u b i l i t y  o f  t h e  amine  
b i s u l f a t e  had  b e e n  e n s u r e d .  I t  h a s  n o t  b e e n  t e s t e d  i n  t h e  
p l u t o n i u m  e x t r a c t i o n s  r e p o r t e d  h e r e ,  s i n c e  t h e s e  u s e d  o n l y  
l o w  p l u t o n i u m  l e v e l s .  Wi l son6  r e p o r t e d  m i s c i b i l i t y  u p  t o  
0 . 8  g o f  p l u t o n i u m  p e r  l i t e r  o f  0 . 1 5  g TLA--98Yo Amsco--2?0 
- n - o c t y l  a l c o h o l  b u t  > 5 . 2  g of p l u t o n i u m  p e r  l i t e r  of 0 . 1 5  
TLA--90% A m s c o - - l O y ~  n - o c t y l  a l c o h o l , *  a n d  m i s c i b i l i t y  l i m i t s  
f rom 0 . 1  t o  26 g o f  p l u t o n i u m  p e r  l i t e r  o f  0 .22  @ tri-2- 
o c t y l a m i n e  i n  a r a n g e  of d i l u e n t s .  Amberl i te  LA-1 (200/,  i n  a 
h e a v y  h a l o g e n a t e d  d i l u e n t )  h a s  b e e n  l o a d e d  t o  -30 g o f  
p l u t o n i u m  p e r  l i t e r  i n  p r o c e s s i n g  o f  m e t a l l u r g i c a l  s c r a p . 1 9  
I n  d i r e c t  measurement  o f  nep tun ium l o a d i n g ,  a t h i r d  p h a s e  
s e p a r a t e d  a t  1 g o f  nep tun ium p e r  l i t e r  o f  0 .025  M 
t r i - i s o - o c t y l a m i n e  i n  e i t h e r  x y l e n e  or 9570 xylene--T, 
t r i d e c a n o l ,  b u t  t h e r e  w a s  no  s e p a r a t i o n  a t  t h e  maximum e x t r a c t -  
ab le  n e p t u n i u m  c o n c e n t r a t i o n s ,  i . e . ,  - 1 . 5  g o f  nep tun ium 
p e r  l i t e r  o f  0 . 0 2 5  @ TLA(EK) or Alamine  336 and  - 6 g of 
n e p t u n i u m  p e r  l i t e r  o f  0 . 1  g Alamine  3 3 6 ,  e a c h  i n  x y l e n e .  20  

A s  m e n t i o n e d  i n  S e c t .  3 . 3 ,  t h e  c h e m i c a l  n a t u r e  o f  t h e  
d i l u e n t  c a n  combine  w i t h  t h e  amine  c l a s s  a n d  s t r u c t u r e  i n  

* A l t h o u g h  n o t  s p e c i f i e d ,  t h e  "Amsco" was p r o b a b l y  Amsco 125-82 
or a n e a r  e q u i v a l e n t ,  a n d  t h e  TLA w a s  p r e s u m a b l y  t e c h n i c a l  
g r a d e .  
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a f f e c t i n g  e x t r a c t i o n  power and  s e l e c t i v i t y .  However ,  d i l u e n t  
e f f e c t s  on  t h e  p l u t o n i u m  e x t r a c t i o n  c o e f f i c i e n t s  have  b e e n  
compared o n l y  i n c i d e n t a l l y  i n  t h i s  r e p o r t  ( e . g . ,  s l i g h t l y  
lower e x t r a c t i o n s  w i t h  t r i - i s o - o c t y l a m i n e  i n  x y l e n e  t h a n  i n  
9570 Amsco 125-82--570 t r i d e c a n o l ,  F i g .  3 . 2 ) .  D i l u e n t  e f f e c t s  
a r e  i n c l u d e d  i n  t h e  program o f  f i s s i o n - p r o d u c t  and  c o r r o s i o n -  
p r o d u c t  e x t r a c t i o n  s t u d i e s  a t  MIT15 ( S e c t .  3 . 3 )  . 

4 . 0  EXTRACTION WITH NEUTRAL PHOSPHORUS ESTERS 
AND WITH PHOSPHINE OXIDES 

E x t r a c t i o n s  by n e u t r a l  p h o s p h a t e  and  p h o s p h o n a t e  esters 
g e n e r a l l y  p a r a l l e l  t h o s e  by t h e  i n t e n s i v e l y  s t u d i e d  tri-z- 
b u t y l  p h o s p h a t e  (TBP) .  E x t r a c t i o n s  by t r i a l k y l p h o s p h i n e  
o x i d e s  a l s o  p a r a l l e l  t h e s e  t o  some e x t e n t ,  b u t  w i t h  ex t rac-  
t i o n  power s o  much h i g h e r  t h a t  t h e  p h o s p h i n e  o x i d e s  e f f e c -  
t i v e l y  p r o v i d e  a d i f f e r e n t  t y p e  of e x t r a c t a n t .  I n  a d d i t i o n  
t o  t h e  w e l l - e s t a b l i s h e d  g r a d a t i o n  of e x t r a c t i o n  power 
(RO),PO < (RO)2RP0 < (RO)RzPO < R , P 0 , 2 1 7 2 2  t h e  e x t r a c t i o n  
power a l s o  s h i f t s  w i t h  t h e  s t r u c t u r e  of t h e  a l k y l  ( o r  a r y l )  
g r o u p s ,  g i v i n g  some o v e r l a p p i n g  be tween  t h e  f o r e g o i n g  c l a s -  
ses ,  and  a l s o  g i v i n g  d i f f e r e n t  r a t i o s  o f  e x t r a c t i o n  c o e f f i -  
c i e n t s  f o r  s p e c i f i c  metal i o n s ,  i . e . ,  d i f f e r e n t  s e l e c t i v -  
i t i e s .  2 3 , 2 4  

4 . 1  Esters 

P l u t o n i u m ( 1 V )  e x t r a c t i o n s  f rom n i t r i c  a c i d  s o l u t i o n s  
by s e v e r a l  p h o s p h a t e s  and  p h o s p h o n a t e s  were compared w i t h  
e x t r a c t i o n  by TBP, w i t h  e m p h a s i s  on  d i - E - b u t y l  p h e n y l p h o s -  
p h o n a t e  ( DnBPP) and  d i - s e c - b u t y l  p h e n y l p h o s p h o n a t e  ( DsBPP) , 
t w o  r e a g e n t s  t h a t  show p o t e n t i a l  a d v a n t a g e s  o v e r  TBP i n  
Thorex-  a n d  P u r e x - t y p e  p r o c e s s e s .  24 
e x t r a c t i o n  c o e f f i c i e n t  v s  n i t r i c  a c i d  c o n c e n t r a t i o n  f o r  t h e s e  
t h r e e  r e a g e n t s  w e r e  n e a r l y  s t r a i g h t  on  a l og  p l o t  a n d  c l o s e l y  
p a r a l l e l  from -2 HNO, down t o  a t  l e a s t  0 . 4  HNO, ,  w i t h  
s l o p e s  c l o s e  t o  2 . 5  ( F i g .  4 . 1 ) .  The  c o e f f i c i e n t s  w i t h  DsBPP 
were c lose  t o  t h o s e  w i t h  TBP, w h i l e  t h o s e  w i t h  DnBPP w e r e  
h i g h e r  by a f a c t o r  of a b o u t  1 . 5 .  

The c u r v e s  of p l u t o n i u m  

The TBP e x t r a c t i o n  c u r v e  ( F i g .  4 . 1 ) ,  however ,  d o e s  n o t  
a g r e e  w i t h  c o r r e s p o n d i n g  d a t a  p r e v i o u s l y  r e p o r t e d  by B e s t  
e t  a l .  , 25  and  h e n c e  t h e s e  TBP and  p h o s p h o n a t e  e x t r a c t i o n s  
were r e c h e c k e d  i n  d i f f e r e n t  ways.  The e q u i l i b r a t i o n s  a r e  
summar ized ,  s e p a r a t e l y  f o r  e a c h  of  t h e  t h r e e  r e a g e n t s ,  i n  
F i g .  4 . 2 .  The s o l i d  b l a c k  p o i n t s  r e p r e s e n t  i n d e p e n d e n t  d i r e c t  
e x t r a c t i o n  e q u i l i b r a t i o n s  a t  t h e  e q u i l i b r i u m  a q u e o u s  n i t r i c  
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acid concentrations shown.* While there was noticeable 
scatter, especially with TBP, these data definitely show 
parallel, nearly straight lines of slope -2.5 from -0.1 to 
-2 &I HNO, ,  shifting toward slope -1 at -4 HNO,. For TBP, 
these extraction coefficients agree fairly well with those 
of Best at 4 &I HNO, , but not at concentrations below 1 E 
HNO,.  The discrepancy at low acidities is considerably 
greater than the scatter. (For this comparison, Best's 
coefficients were normalized from 19% TBP to 1 nil TBP using 
E:ocE+~p, Fig. 4.2d. The slope of a smooth curve through 
Best's data shifts from -1.7 above 2.5 toward -1.0 at 0.2 
- M HNO, . )  

One possibility considered in attempting to resolve this 
discrepancy was that the extraction coefficients in the pre- 
sent work might be erroneously low at the low acidities 
because of polymerization or  other hydrolysis reaction 
rendering a large fraction of the plutonium inextractable.** 
If that explanation were correct, back extractions by bar- 
ren nitric acid solutions should involve less or none of 
the inextractable species, and hence should show higher 
distribution coefficients. Instead, the back extractions 
corroborated the direct extractions down to 0.4 HNO, 
(Figs. 4.2a-c). At lower acidities the back extractions 
neither confirmed nor contradicted the direct extractions 
(see below) . 

At the same time, it is difficult to suggest that Best's 
extraction coefficients might be high by more than a small 
amount, i.e., by a factor of -2 at the lowest acidity, and 
less at the higher acidities. The basis for this statement 
is that the most likely cause for erroneously high extraction 

~~~~~ 

*For some of the equilibrations in Fig. 4.2 (marked A , A , 
I ) the equilibrium aqueous nitric acid was calculated from 
the initial concentration by means of independently-measur- 
ed acid extraction coefficients (Appendix B ) .  For the 
others the reagent was pre-equilibrated to avoid acid trans- 
fer, o r  the final acidity was measured by titration. Chron- 
ologically, the equilibrations requiring calculation of the 
final acidity were the first ones run. These were recheck- 
ed first with individual direct extractions using pre- 
equilibrated reagents or titration of the final acidity, 
and finally by the back-extraction series. 

**From published measurements at macro plutonium concen- 
trations ,26 the plutonium at these low concentrations 
would not be expected to polymerize at acidities above 
0.1 1. However, the possibility was still considered that 
hydrolysis short of actual polymerization might impair 
extraction at acidities somewhat higher than was indicated 
by the polymerization studies. 

I .  
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c o e f f i c i e n t s  i n  t h e  d i r e c t  e x t r a c t i o n  o f  t r a c e  Pu(1V) would 
b e  t h e  p r e s e n c e  o f  a t r ace  c o n t a m i n a n t  w i t h  much h i g h e r  
e x t r a c t i o n  power t h a n  TBP, whose e f f e c t  would b e  c o m p l e t e l y  
masked i n  e x t r a c t i o n  o f  p l u t o n i u m  a t  macro c o n c e n t r a t i o n s .  
B e s t ' s  macro e x t r a c t i o n s  a r e  i n  f a i r l y  good a g r e e m e n t *  w i t h  
t h e  d a s h e d  l i n e  i n  F i g .  2 d ,  wh ich  is t h e  e x t e n s i o n  o f  t h e  
s t r a i g h t  u p p e r  p o r t i o n  o f  t h e  t r ace  e x t r a c t i o n  c u r v e ,  s l o p e  
1 . 7 ,  and  is o n l y  a l i t t l e  c lose r  t h a n  t h a t  c u r v e  t o  t h e  
s l o p e  2 . 5  l i n e  f o u n d  i n  t h e  p r e s e n t  m e a s u r e m e n t s .  T h i s  
i n t e r n a l  e v i d e n c e  d o e s  n o t  e x c l u d e  t h e  p o s s i b i l i t y  o f  h i g h  
c o e f f i c i e n t s  due  t o  a l a r g e  amount o f  c o n t a m i n a n t  o f  o n l y  
m o d e r a t e l y  h i g h e r  e x t r a c t i o n  power t h a n  TBP, b u t  t h i s  seems 
c o n s i d e r a b l y  less l i k e l y  t h a n  t r ace  c o n t a m i n a t i o n .  T h u s ,  a s  
s t a t e d  a b o v e ,  t h e  d i s c r e p a n c y  be tween  B e s t ' s  and  t h e  p r e s e n t  
work r e m a i n s  u n r e s o l v e d .  

E x t r a c t i o n  c o e f f i c i e n t s  f o r  t r ace  Np(1V) w i t h  1 g TBP 
i n  x y l e n e 3  a r e  a l s o  i n c l u d e d  i n  F i g .  4 . 2 d .  Np(1V) e x t r a c -  
t i o n s  g e n e r a l l y  p a r a l l e l  Pu(1V) e x t r a c t i o n s  c l o s e l y .  Here 
t h e  s l o p e  be tween  0 . 1  and  1 E HNO, is - 2 . 0 ,  i n  be tween  t h e  
s l o p e s  f rom t h e  t w o  p l u t o n i u m  s t u d i e s .  

R e t u r n i n g  t o  t h e  b a c k - e x t r a c t i o n  series i n  F i g s .  4 . 2 a - c ,  
t h e  b e h a v i o r  i n  t h e s e  ser ies  c h a n g e d  a b r u p t l y  when t h e  a c i d -  
i t y  f e l l  much be low 0 . 4  E. I n s t e a d  of c o n t i n u i n g  t o  d e c r e a s e  
w i t h  d e c r e a s i n g  a c i d i t y ,  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  i n  
b a c k - e x t r a c t i o n s  l e v e l e d  o f f  and  t h e n  r o s e ,  e v e n t u a l l y  
e x c e e d i n g  u n i t y  i n  o n e  case i n  wh ich  f i v e  s u c c e s s i v e  s c r u b s  
w i t h  0 . 1  HN03  ( F i g .  4 . 2 c , O )  were u s e d .  I n  e a c h  o f  t h e  
o t h e r  t h r e e  se r ies  t h e  l a s t  s c r u b  w a s  w i t h  1 M HNO, ,  wh ich  
g a v e  c o e f f i c i e n t s  a l m o s t  b a c k  i n  l i n e  w i t h  th; o t h e r  h i g h -  
a c i d  e q u i l i b r a t i o n s .  The t e n t a t i v e  e x p l a n a t i o n  o f f e r e d  f o r  
t h i s  b e h a v i o r  is t h a t  s i g n i f i c a n t  h y d r o l y s i s  o c c u r r e d  a t  
a c i d i t i e s  n o t  much below 0 . 4  E, a t  l e a s t  i n  t h e  o r g a n i c  p h a s e ,  
t o  p r o d u c e  a d i f f i c u l t l y  s t r i p p e d  p l u t o n i u m  s p e c i e s  t h a t  was 
p r o b a b l y  n o n t r a n s f e r a b l e  r a t h e r  t h a n  h i g h l y  e x t r a c t a b l e .  I t  
is t e m p t i n g  t o  s u g g e s t  t h a t  i t  was n o n t r a n s f e r a b l e  b e c a u s e  i t  _ _  
had  p o l y m e r i z e d .  However ,  i f  po lymer  w e r e  i n v o l v e d  i t  d i f -  
f e r e d  from t h a t  s t u d i e d  i n  t h e  a q u e o u s  p h a s e 2 6  i n  a t  l e a s t  

*The a c t u a l  macro e x t r a c t i o n  c o e f f i c i e n t s  r e p o r t e d  were some- 
what  h i g h e r  t h a n  t h e  t race  e x t r a c t i o n  c o e f f i c i e n t s ,  wh ich  
B e s t  e t  a l .  a t t r i b u t e d  t o  t h e  s i g n i f i c a n t  c o n t r i b u t i o n s  o f  
p l u t o n i u m  n i t r a t e  t o  t h e  t o t a l  n i t r a t e  s a l t i n g  c o n c e n t r a -  
t i o n .  . T h e y 4 s t a t e  t h a t  n o r m a l i z a t i o n  u s i n g  E: K gN0, ( r a t h e r  
t h a n  E a =  ENo ) makes t h e  macro e x t r a c t i o n  c o e f f i c i e n t s  agree 
w i t h  t h e  t r ach  e x t r a c t i o n  c o e f f i c i e n t s .  However ,  a p l o t  o f  
a l l  t h e i r  r e p o r t e d  macro e x t r a c t i o n s  ( F i g .  4 . 3 )  shows t h a t  

makes t h e  n o r m a l i z a t i o n  u s i n g  e i t h e r  E: cc EN0 
macro d a t a ,  w i t h i n  c o n s i d e r a b l e  s c a t t e r ,  agreeN&ktter w i t h  
t h e  e x t e n d e d  s l o p e  o f  1 . 7  t h a n  w i t h  t h e  t race  e x t r a c t i o n  
c u r v e .  

or E: GC M3 - 
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two respects: in being formed at acidities above 0.3 M, and in 
rather readily reverting to a transferable species at 1 & 
acidity.* The initial scrub acidities, equilibrium acidities, 
and initial plutonium concentrations for these back-extraction 
series are summarized with the distribution coefficients in 
Table 4.1. Both phases were analyzed after each equilibra- 
tion, with good material balances. 

Plutonium extraction from nitric acid--aluminum nitrate 
solution was higher with tri-=-butyl phosphate (TsBP) and 
tri(octy1-2) phosphate (TCP) than with TBP, and did not drop 
quite so much in competition with uranium and thorium 
extraction: 

0 
Reagent, Ea ( Pu-IV) 
0 . 3  in 0.5 - M * 3 3  
Amsco 125-82 U and Th Ab sent 10 g U + 10 g Th/liter 

TBP 1.3 0.8 

TsBP 5 3 

TCP 4 2 

(17 mg Pu/liter, stabilized with 0.1 E, NaNO,, A/O phase 
ratio = 1/1, 10 min equilibration at room temperature). There 
was a smaller difference, still in the same direction, when the 
extraction coefficients were depressed to low levels by 
approximately saturating the extractants with uranium: 

Reagent 
0.3 &, in Extracted U(V1) , 
xylene 4 M E:( U-VI) E g (  Pu-IV) Ratio 
TBP 0.17 0.10 0.028 0.28 
TsBP 0.16 0.10 0.038 0.38 
DAAP 0.18 0.11 0.060 0.55 

0.28 DnBPP 0.19 0.12 0.034 
DCPP 0.16 0.10 0.036 0.26 

(extraction from 1 nil HNO, --1.8 nil U 0 2  ( NO, ) solution) . The 
last three reagents listed are phosphonates---diamyl amylphos- 
phonate, di-E-butyl phenylphosphonate, and di(octy1-2) phenyl- 
phosphonate. The uranium extraction coefficients were forced 
by saturation to be close to 0.1. While the ratio E(Pu)/E(U) 
was below unity with all the reagents, it was higher with 
TsBP than with TBP. It was still higher with the alkylphos- 
phonate, but essentially the same as TBP with the two phenyl- 
phonates. 

~~ 

*The extraction coefficients after the 1 HNO, scrubs are 
higher than the indicated straight lines by factors of 1.1 to 
1.5, suggesting 10 to 3070 unstrippable plutonium still 
present. 
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T a b l e  4 . 1  A c i d  a n d  P l u t o n i u m  C o n c e n t r a t i o n s  i n  
E x t r a c t i o n  and  S t r i p p i n g  E q u i l i b r a t i o n s  

1 e x t r a c t a n t s  i n  x y l e n e  
A/O p h a s e  r a t i o  = 1/1 

P l u t o n i u m  r e d u c e d  a t  1 g / l i t e r  i n  2 HNO, by 0 . 1  
NH,OH-HNO, ,  2 h r  a t  room t e m p e r a t u r e ,  and  t h e n  o x i -  
d i z e d  by 0 . 5  N a N O , ,  1 0  min a t  5OOC; a l i q u o t s  
p i p e t t e d  i n t o  n i t r i c  a c i d  s o l u t i o n s  a s  i n d i c a t e d  

N i t r i c  A c i d ,  & I n i t i a l  P u ,  
E x t r a c t a n t  I n i t i a l  E a u i l i b r i u m  m n / l i t e r  D!?f Pu)  

DnBPP 2 . 0  
0 . 5  
0 . 5  
0 . 3  
0 . 3  
0 . 1  
0 . 1  
1 . 0  

DsBPP 

TBP 

2 . 0  
0 . 5  
0 . 5  
0 . 3  
0 . 3  
0 . 1  
0 . 1  
1 . 0  

1 . 9  
0 . 8 7  
0 . 6 0  
0 . 3 7  
0 . 3 3  
0 . 1 4  
0 . 1 2  
0 . 9 0  

2 . 0  
0 . 8 8  
0 . 6 1  
0 . 3 8  
0 . 3 3  
0 . 1 4  
0 . 1 2  
0 . 8 8  

1 7 0  25 
3 . 5  
1 . 3  
0 . 4 0  
0 . 3 9  
0 . 4 3  
1 . 4  
6 . 6  

170  1 6  
2 . 2  
0 . 9 0  
0 . 2 5  
0 . 2 7  
0 . 2 7  
0 . 5 1  
3 . 6  

1 . 7  1 . 4  1 0 0  8 . 0  
0 . 5 0  0 . 7 3  1 . 2  
0 . 5 0  0 . 5 5  0 . 5 9  
0 . 1 0  0 . 1 9  0 . 0 6  
0 . 1 0  0 . 1 2  0 . 2 2  
1 . 0  0 . 8 8  2 . 4  

2 . 0  

{;; $ 9  c 
0 . 1  
0 . 1  
0 . 1  
0 . 1  
0.1 

( 1 . 6 ) b  
( 3 . 6 ) b  

0 . 1 6  
0 . 1 3  
0 . 1 2  
0 . 1 1  
0 . 1 1  
0 . 0 8  

86 8 . 3  
24 

0 . 0 3  
0 . 5 8  
1.1 
1 . 6  
1 . 7  
1 . 4  

%Organic  from i n i t i a l  e x t r a c t i o n  s p l i t ;  one p o r t i o n  
s c r u b b e d  w i t h  4 & HNO, o n l y ,  t h e  o t h e r  s c r u b b e d  
w i t h  water a n d  t h e n  0 . 1  HNO,. 

b E q u i l i b r i u m  a c i d i t y  c a l c u l a t e d  f rom i n d e p e n d e n t l y  
m e a s u r e d  n i t r i c  a c i d  e x t r a c t i o n  c o e f f i c i e n t s  

CA/O p h a s e  r a t i o  = 2 / 1  i n s t e a d  o f  1/1. 
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4 . 2  P h o s p h i n e  O x i d e s  

e d  n i t r i c  a c i d  s o l u t i o n s  by t r i - g - o c t y l p h o s p h i n e  o x i d e  (TOPO) 
r e a c h e d  a maximum a t  a r o u n d  1 %  HNO, ( F i g .  4 . 4 ) .  I t  w a s  
lower a t  4 & HNO, ,  a n d  h i g h  a g a i n  a t  8 $ H N 0 3 .  
i n  A m s c o  1 2 5 - 8 2 ,  t h e  e x t r a c t i o n  c o e f f i c l e n t  w a s  1 0 0  a t  0.T E 
H N 0 3 *  and  >3000 a t  t h e  maximum. ( P a r a l l e l  e x t r a c t i o n  o f  
Np( I V )  by 0 . 0 1  E TOPO is i n c l u d e d  i n  F i g .  4 . 4  f o r  c o m p a r i s o n ,  
s h o w i n g  a maximum a t  a r o u n d  1 ?d, a minimum a t  4 2, and  a s e c o n d  
maximum n e a r  8 HNO, . )  The e x t r a c t i o n  c o e f f i c i e n t  v a r i e d  w i t h  
n e a r l y  t h e  s q u a r e  o f  t h e  TOPO c o n c e n t r a t i o n  ( F i g .  4 . 5 ) .  The 
p l u t o n i u m  e x t r a c t i o n  c o e f f i c i e n t s  w i t h  0 . 0 1  & TOPO were h i g h -  
e r  t h a n  n e p t u n i u m  c o e f f i c i e n t s  ( F i g .  4 . 4 )  by a f a c t o r  of a b o u t  
2 .  T h i s  is s i m i l a r  t o  t h e  d i f f e r e n c e  i n  p l u t o n i u m  and  n e p t u n i u m  
e x t r a c t i o n s  w i t h  TBP, a n d  i n  t h e  same d i r e c t i o n  b u t  sma l l e r  
t h a n  t h e  d i f f e r e n c e  i n  e x t r a  t i o n s  w i t h  t e r t i a r y  a m i n e ,  w h i c h  
was by a f a c t o r  o f  a b o u t  1 0 .  

N i t r a t e  ~ o l u t i o n s .  P l u t o n i u m ( 1 V )  e x t r a c t i o n  f rom u n s a l t -  

Wi th  0 . 1  M l'OPO 

5 
E x t r a c t i o n  c o e f f i c i e n t s  w i t h  t h e  h i g h l y  b r a n c h e d  r e a g e n t  

t r is(  2 - e t h y l h e x y l )  p h o s p h i n e  o x i d e  ( T (  2EH)PO) a t  0 . 1  & were 
lower by a f a c t o r  o f  a b o u t  20 t h a n  w i t h  0 . 1  TOPO, o n l y  a 
l i t t l e  h i g h e r  t h a n  w i t h  0 . 0 1  1yI TOPO. I n  c o m p a r i s o n ,  c o e f -  
f i c i e n t s  were lower w i t h  T(2EH)PO t h a n  w i t h  TOPO by f ac to r s  
o f  a r o u n d  4 0  i n  e x t r a c t i o n  o f  u r a n y l  n i  r a t e  a n d  s u l f a t e 2 7  
a n d  1 0  i n  e x t r a c t i o n  o f  Np( I V )  n i t r a t e , '  s h o w i n g  la rge  c h a n g e s  
i n  s e l e c t i v i t y  a s  w e l l  a s  i n  m a g n i t u d e  o f  e x t r a c t i o n  power 
w i t h  t h e  c h a n g e  i n  s t r u c t u r e .  

The p l u t o n i u m  e x t r a c t i o n  c o e f f i c i e n t  w i t h  0 . 0 1  TOPO 
i n c r e a s e d  o n  a d d i t i o n  o f  n i t r a t e  s a l t  t o  n i t r i c  a c i d ,  from 
-80 a t  1 HNO, t o  1000  a t  1 & H N 0 3  + 5 NaNO, ( F i g .  4 . 4 ) .  

The e x t r a c t i o n  c o e f f i c i e n t  f o r  Pu(V1)  w i t h  0 . 1  4 TOPO 
f r o m  -2 & HNO, w a s  3 2 0 ,  lower by a f a c t o r  o f  1 0  t h a n  t h e  
c o e f f i c i e n t  f o r  Pu(  I V )  . The e x t r a c t i o n  c o e f f i c i e n t s  f o r  Pu (  111) 
were s t i l l  lower ,  b u t  were h i g h l y  v a r i a b l e  i n  r e p e a t e d  tests. 
The lowest c o e f f i c i e n t s  o b t a i n e d  c o n s i s t e n t l y  w i t h  0 . 1  TOPO 
were a l i t t l e  a b o v e  u n i t y ,  i . e . ,  -3 f r o m  0 . 5  g and  2 & HNO, 
a n d  -2 f rom 6 & HNO,.  H e n c e ,  t h i s  is t e n t a t i v e l y  a c c e p t e d  as  
t h e  l e v e l  of e x t r a c t i o n  c o e f f i c i e n t s  f o r  P u ( I I 1 )  a s  s u c h .  The  
much h i g h e r  c o e f f i c i e n t s  f o u n d  i n  o t h e r  t e s t s ,  20  t o  > l o o ,  
a r e  a t t r i b u t e d  t o  o x i d a t i o n ,  s t r o n g l y  e n h a n c e d  by t h e  p r e s e n c e  
o f  t h e  e x t r a c t a n t .  S i m i l a r l y  h i g h  a n d  v a r i a b l e  e x t r a c t i o n s  of 
p l u t o n i u m  f rom P u ( I I 1 )  s o l u t i o n s  are n o t e d  a b o v e  by amines---  
P u ( I I 1 )  s u l f a t e  by p r i m a r y  amine  ( S e c t .  3 . 2 )  and  P u ( 1 I I )  n i t r a t e  

*The r e p r o d u c i b i l i t y  of e x t r a c t i o n  from 0 . 1  HNO, was n o t  
c h e c k e d ,  a n d  m i g h t  b e  q u e s t i o n e d  b e c a u s e  of p o s s i b l e  i n t e r f e r -  
e n c e  by h y d r o l y s i s ;  c f .  TBP and  p h o s p h o n a t e s ,  a b o v e .  However ,  
i t  is l i k e l y  t h a t  t h e  h i g h  c o m p l e x i n g  power of t h e  p h o s p h i n e  
o x i d e  c a n  s t a b i l i z e  Pu(1V) e v e n  a t  t h e  l o w  a c i d i t y .  
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by t e r t i a r y  amine  ( S e c t .  3 .1 ) - - - and  below by d i a l k y l p h o s p h o r i c  
a c i d  ( S e c t .  5 . 1 ) .  

S u l f a t e  S o l u t i o n s .  P l u t o n i u m ( 1 V )  e x t r a c t i o n  c o e f f i c i e n t s  
f rom s u l f u r i c  a c i d  s o l u t i o n s  c o n t a i n i n g  l i t t l e  or no s a l t  are  
f a i r l y  h i g h ,  a l t h o u g h  s e v e r a l  o r d e r s  of m a g n i t u d e  lower t h a n  
t h e  c o e f f i c i e n t s  from n i t r i c  a c i d  s o l u t i o n s :  

TOPO E: ( Pu-IV) 
C o n c n . ,  5 M  3 M  3 M H  SO4 -- 0 . 5  M H, SO4 -- 

Ai H2SZ4 H,SC4 0 . 5  E Na,S04 2 . 5  E (NH4) ,S04 
0 . 1  5 < o .  0 1  
0 . 3  20 3 0  20 0 . 1  

( d i l u e n t  A m s c o  1 2 5 - 8 2 ) .  T h e s e  e x t r a c t i o n  c o e f f i c i e n t s  r e s e m b l e  
t h o s e  f o r  u r a n y l  s u l f a t e .  2 7  
t i o n  w a s  m a r k e d l y  i n c r e a s e d  by a d d i n g  s m a l l  c o n c e n t r a t i o n s  o f  
n i t r a t e  t o  s u l f a t e  s o l u t i o n ,  t h e  p l u t o n i u m  e x t r a c t i o n  w a s  n o t  
i n c r e a s e d  by a d d i n g  1 or 2 NaNO, t o  t h e  3 E H2S04. 

The e x t r a c t i o n  c o e f f i c i e n t  for Pu(V1)  f rom 5 g H,S04 
w i t h  0 . 3  & TOPO w a s  4 ,  compared  w i t h  20 f o r  P u ( 1 V ) .  

However ,  w h i l e  t h e  u r a n y l  e x t r a c -  

I n  some o f  t h e  tests w i t h  5 M H 2 S 0 4 ,  b u t  n o t  w i t h  3 B 
H 2 S 0 4 ,  t h e  0 . 3  M TOPO s o l u t i o n  i n  Amsco 125-82 s e p a r a t e d  i n t o  
t w o  o r g a n i c  p h a s e s .  The p o s s i b i l i t y  of m o d i f y i n g  t h e  d i l u e n t  
t o  p r e v e n t  t h i s  w a s  n o t  examined .  

4 . 3  S t r i D D i n g  o f  E x t r a c t e d  P l u t o n i u m  

Esters .  S t r i p p i n g  f rom t h e  p h o s p h a t e  a n d  p h o s p h o n a t e  
esters was n o t  examined  i n  t h i s  s t u d y .  S i n c e  t h e y  show a b o u t  
t h e  same o r d e r  o f  e x t r a c t i o n  power ,  t h e  me thods  u s e d  t o  s t r i p  
p l u t o n i u m  ( a n d  u ran ium)  f rom TBP s h o u l d  a p p l y  t o  t h e  o t h e r s  
w i t h  some s h i f t  i n  o p e r a t i n g  c o n d i t i o n s ,  e . g . ,  a c h a n g e  of 
f l o w  r a t i o  A/O f rom 1 . 4 / 1  t o  2 / 1  f o r  s t r i p p i n g  u ran ium from 
DnBPP w i t h  - 0 . 0 1  HNO, . 2 4  

P h o s p h i n e  O x i d e .  N e i t h e r  p l u t o n i u m  n i t r a t e  n o r  u r a n y l  
n i t r a t e l 7  c a n  b e  s t r i p p e d  f rom 0 . 1  E p h o s p h i n e  o x i d e  w i t h  
" w a t e r , "  i . e . ,  d i l u t e  n i t r i c  a c i d . *  The much lower e x t r a c -  
t i o n  c o e f f i c i e n t s  from s u l f u r i c  a c i d  s o l u t i o n  s u g g e s t  t h a t  
water s h o u l d  s t r i p  t h e  e x t r a c t e d  p l u t o n i u m  or u r a n y l  s u l f a t e .  
However ,  n e i t h e r  u ran ium n o r  p l u t o n i u m  w a s  s t r i p p e d  i n  t h e  few 

% A t  some much lower TOPO c o n c e n t r a t i o n ,  p r o b a b l y  < 0 . 0 0 1  M, i ts  
e x t r a c t i o n  a n d  s t r i p p i n g  c o e f f i c i e n t s  s h o u l d  m a t c h  t h o s e  of 
1 E TBP, s o  t h a t  "water" s t r i p p i n g  s h o u l d  be f e a s i b l e .  T h i s  
was n o t  t e s t e d ,  and  is n o t  l i k e l y  t o  b e  o f  p r a c t i c a l  
i m p o r t a n c e .  
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centrations. Plutonium(1V) stabilized with 0.04 - 0.1 A4 NaN02. 
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t e s t s  made.* P l u t o n i u m  w a s  t e s t e d  o n l y  o n c e :  S$(Pu)  = 0 . 0 3  
a t  p h a s e  r a t i o  A/O = 1/1, a f t e r  e x t r a c t i o n  i n t o  0 . 3  TOPO 
from 3 H,S04 a t  20 m g / l i t e r .  

R e d u c t i v e  s t r i p p i n g  o f  p l u t o n i u m  n i t r a t e  f rom 0 . 1  g 
TOPO i n  Amsco 125-82 s u c c e e d e d  u n d e r  some b u t  n o t  a l l  o f  t h e  
c o n d i t i o n s  t e s t e d .  P l u t o n i u m  w a s  s t r i p p e d  by a m i x t u r e  of 
f e r r o u s  s u l f a m a t e  w i t h  d i l u t e  n i t r i c  a n d  s u l f u r i c  a c i d s :  

0 . 0 5  0 . 1  0 . 1  1 . 8  1 6  
0 . 1  0 . 1  0 . 1  1 . 2  - 

( p h a s e  r a t i o  A/O = 1/1 f o r  e a c h  of t w o  s u c c e s s i v e  c o n t a c t s ,  
1 0  min e a c h ;  p l u t o n i u m  -20  m g / l i t e r ) .  The l o w  s t r i p p i n g  c o e f f i -  
c i e n t  i n  t h e  f i r s t  c o n t a c t  is a t t r i b u t e d  m a i n l y  t o  i n c r e a s e  i n  
t h e  a q u e o u s  n i t r i c  a c i d  c o n c e n t r a t i o n  f rom s t r i p p i n g  of t h e  
excess n i t r i c  a c i d  ( n o t  m e a s u r e d )  o r i g i n a l l y  e x t r a c t e d  w i t h  t h e  
p l u t o n i u m .  S t r i p p i n g  f a i l e d  a t  a h i g h e r  n i t r i c  a c i d  c o n c e n -  
t r a t i o n :  S g  = 0 . 1  and  0 . 3  i n  s u c c e s s i v e  c o n t a c t s  w i t h  2 
HNO, c o n t a i n i n g  0 . 1  & Fe(NH,SO,), a n d  0 . 1  NH,SO,H. The 
s t r i p p i n g  c o e f f i c i e n t  o f  0 . 3  m a t c h e s  t h e  e x t r a c t i o n  c o e f -  
f i c i e n t  o f  3 f o r  P u ( I I 1 )  (Sec t .  4 . 2 )  f o u n d  when e n c h a n c e d  
e x t r a c t i o n  d u e  t o  o x i d a t i o n  w a s  b e l i e v e d  t o  be a t  a minimum. 
S t r i p p i n g  a l s o  f a i l e d  w i t h  h y d r o x y l a m i n e  h y d r o c h l o r i d e :  
s: = 0 . 0 3  t o  0 . 0 1  w i t h  0 . 1  g NH,OH-HCL i n  0 . 0 5  t o  0 . 2  i n i t i a l  
M HNO, ( p h a s e  r a t i o  A/O = 1/1, 1 0  min a t  room t e m p e r a t u r e ) .  
A d d i t i o n  of s u l f a t e  m i g h t  a i d  t h i s  s t r i p p i n g  a g e n t ,  b u t  w a s  n o t  
t e s t e d .  

From t h e  e x t r a c t i o n  d a t a ,  a d i l u t e  s u l f a t e  s o l u t i o n  s h o u l d  
s t r i p  p l u t o n i u m  i n  a c o u n t e r c u r r e n t  s y s t e m ,  w h i c h  would  e f f e c t  
d i s p l a c e m e n t  o f  t h e  n i t r a t e .  T h i s  w a s  n o t  t e s t e d .  

B o t h  u r a n i u m 2 7  a n d  p l u t o n i u m  c a n  be s t r i p p e d  w i t h  sod ium 
c a r b o n a t e  s o l u t i o n :  S$(Pu)  > l o 0 0  i n  s t r i p p i n g  w i t h  1 Na,CO, 

e 

*The o n l y  e x p l a n a t i o n  t h a t  c a n  a s  y e t  be o f f e r e d  t o  a c c o u n t  
f o r  t h e  f a i l u r e  t o  w a t e r - s t r i p  p l u t o n i u m  s u l f a t e  a n d  u r a n y l  
s u l f a t e  f rom p h o s p h i n e  o x i d e  s o l u t i o n  is t h a t  t h e  e x t r a c t e d  
complex  is somehow p r e v e n t e d  f r o m  e f f e c t i v e  c o n t a c t  w i t h  t h e  
a q u e o u s  p h a s e ,  p e r h a p s  by f o r m i n g  a c o l l o i d .  A s i m i l a r  a n d  
p e r h a p s  p a r a l l e l  r e t e n t i o n  o f  a smal l  amount of u r a n i u m  
d u r i n g  c a r b o n a t e  s t r i p p i n g  was p r e v i o u s l y  e n c o u n t e r e d  , 2 7  
w h i c h  a p p e a r e d  t o  b e  a p h y s i c a l  e f f e c t  d u e  t o  a d e g r a d a t i o n  
p r o d u c t  o f  t h e  p h o s p h i n e  o x i d e  o r  t h e  d i l u e n t .  I n  t h a t  
case t h e  " p r o t e c t i o n "  o f  t h e  r e s i d u a l  u r a n i u m  w a s  d e s t r o y e d  
by a d d i t i o n  o f  e t h a n o l  or a c e t o n e  t o  t h e  s y s t e m ,  and  some 
a n a l o g o u s  t r e a t m e n t  m i g h t  p r o v e  s u f f i c i e n t  t o  p e r m i t  water  
s t r i p p i n g  o f  t h e  n i t r a t e - f r e e  u r a n y l  a n d  p l u t o n i u m  s u l f a t e s .  
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from 0 . 3  TOP0 a f t e r  e x t r a c t i o n  from 3 g H2S04 .  The p l u t o n i -  
um c o n c e n t r a t i o n  w a s  o n l y  20 mg / l i t e r  i n  t h i s  t e s t ,  and  h i g h e r  
l o a d i n g s  h a v e  n o t  b e e n  t e s t e d  w i t h  p h o s p h i n e  o x i d e s .  P l u t o n i -  
um c o n c e n t r a t i o n s  of 2 g / l i t e r  were o b t a i n e d  i n  s t r i p p i n g  
d i a l k y l p h o s p h o r i c  a c i d  w i t h  1 JI N a 2 C 0 ,  ( S e c t .  5 . 3 ) ,  w i t h o u t  
any  e v i d e n c e  o f  p r e c i p i t a t i o n .  

5 . 0  EXTRACTION WITH DI(2-ETHYLHEXYL)PHOSPHORIC A C I D  

P l u t o n i u m ( 1 V )  is  e x t r a c t e d  f rom d i l u t e  n i t r i c  a c i d  s o l u -  
t i o n s  much more s t r o n g l y  by di(2-ethylhexy1)phosphoric a c i d  
(DZEHPA) t h a n  by e i t h e r  a m i n e s  o r  p h o s p h i n e  o x i d e s .  Whi l e  t h e  
mechanism of e x t r a c t i o n  must  be d i f f e r e n t ,  i . e . ,  e x t r a c t i o n  of 
a s i m p l e  c a t i o n  o r  c a t i o n i c  complex  i n s t e a d  of a n e u t r a l  or 
a n i o n i c  c o m p l e x ,  t h e  e x t r a c t a b i l i t y  v a r i e s  i n  t h e  same o r d e r  
w i t h  t h e  p l u t o n i u m  o x i d a t i o n  s t a t e ,  Pu(  I V )  > Pu(V1)  > Pu(  111) , 
a s  i t  d o e s  w i t h  t h e  o t h e r  r e a g e n t s .  

5 . 1  N i t r a t e  S o l u t i o n s  

A s  e x p e c t e d  on  t h e  b a s i s  t h a t  t h e  e x t r a c t i o n  is p l u t o n i u m -  
h y d r o g e n  c a t i o n  e x c h a n g e ,  Pu(1V)  e x t r a c t i o n  c o e f f i c i e n t s  
d e c r e a s e d  w i t h  i n c r e a s i n g  a c i d i t y  o v e r  most o f  t h e  n i t r i c  a c i d  
c o n c e n t r a t i o n  r a n g e  ( F i g .  5 . 1 ) .  The s l o p e ,  p r e s u m a b l y  corres- 
p o n d i n g  t o  t h e  c h a r g e  of t h e  p l u t o n i u m  c a t i o n  a n d  t h e  number o f  
h y d r o g e n  i o n s  e x c h a n g e d ,  changed  w i t h  i n c r e a s i n g  a c i d i t y  f rom 
--1/2 n e a r  1 HNO, t o  -2 ,  and  t h e n  t o  >.4 a b o v e  6 HNO, . *  The 
s l o p e s  lower t h a n - 4  s u g g e s t  e x t r a c t i o n  o f  a n  o x y g e n a t e d  or  a 
n i t r a t e - c o m p l e x e d  Pu(1V) c a t i o n  (more l i k e l y  t h e  f o r m e r  
s i n c e  t h e  s l o p e  i n c r e a s e d  w i t h  i n c r e a s i n g  n i t r i c  a c i d  c o n c e n -  
t r a t i o n ) .  However, t h i s  c a n n o t  b e  t a k e n  as  more t h a n  a s u g g e s -  
t i o n  a t  t h i s  p o i n t ,  f o r  t h e  measurement  o f  t h e s e  s l o p e s  depend-  
e d  on  t h e  a c c u r a c y  o f  t h e  e x t r a c t i o n  c o e f f i c i e n t s  measu red  a t  
>>1000,  where  t h e  r a f f i n a t e s  w e r e  a p p r o a c h i n g  a n a l y t i c a l  l i m i t s .  
A t  - 0 . 1  HNO, ( t h e  o n l y  a c i d i t y  below 0 . 3  t e s t e d ) ,  t h e  
e x t r a c t i o n  c o e f f i c i e n t  d r o p p e d  by a f a c t o r  of 1 0 ,  s u g g e s t i n g  
major i n t e r f e r e n c e  by p l u t o n i u m  h y d r o l y s i s .  Addition of 
sod ium n i t r a t e  t o  t h e  n i t r i c  a c i d  ( t o t a l  n i t r a t e  = 6 M )  h a d  
l i t t l e  e f f e c t  o n  t h e  e x t r a c t i o n  f rom 1-6 HNO,.  I t  T n c r e a s -  
e d  t h e  e x t r a c t i o n  f r o m  0 . 3  g H N O , ,  b r i n g i n g  t h a t  p o i n t  more 
n e a r l y  i n t o  l i n e  w i t h  t h e  p o i n t s  a t  t h e  h i g h e r  a c i d i t i e s .  

* A t  h i g h  n i t r i c  a c i d  c o n c e n t r a t i o n s ,  D2EHPA e x t r a c t s  U( V I )  2 8  
and  p r o b a b l y  Pu(V1)  (below) l i k e  a n e u t r a l  ester i n  a d d i t i o n  
t o  c a t i o n - e x c h a n g e  e x t r a c t i o n .  Whi l e  t h a t  may w e l l  be t r u e  
h e r e  t o o ,  TBP- l ike  e x t r a c t i o n  c o u l d  h a r d l y  c o n t r i b u t e  a 
d i s c e r n a b l e  i n c r e a s e  t o  t h e s e  h i g h  Pu(1V)  e x t r a c t i o n  
c o e f f i c i e n t s .  
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As with the other extractants discussed above, this extraction 
pattern resembles that found for Np( IV) . 3* 

Extraction with a concentration of DZEHPA higher than 0.01 
Iyl was measured at 6 and higher HNO,, since trials at lower 
acidity indicated extraction coefficients too high to measure. 

Extractions over a range of DZEHPA concentrations (Fig. 
5.2) showed the extraction coefficient varying with close to 
the square of the DZEHPA concentration. This concentration was 
corrected for the amount tied up by the plutonium, calculated 
on the basis (explained below) of four organophosphorus anions 
per plutonium. (While some of the corrections were appreciable, 
up to 30% at 10-4 & D2EHPA, ignoring them would have shifted 
the apparent slope only to -2.4, with still nearly as close a 
fit to linearity. Hence, the conclusion of second power depend- 
ence does not depend strongly on the correctness of the assum- 
ed 4:l ratio, and conversely the resulting good fit gives only 
a little additional support to that assumption.) 

Since DZEHPA is dimeric in hydrocarbon solutions, 2 9 , 3 0  
second power dependence on its concentration indicates 
complexing at a mole ratio of DZEHPA to metal ion of 4:l. 
As both neptunium and plutonium results indicated two hydrogen 
ions exchanged per metal ion, the complex formed is probably 
PuOX,H, (or possibly Pu(OH),X,H,, Pu(NO,),X,H,, etc.), where 
X represents the dialkylphosphate anion. This is analogous to 
the proposed formulations at low loading, U02X,H, for uranyl, 
Fe(OH)X,H, for iron(III), REX6H, for rare earths, and ThX,H, 
for thorium.30,31 

The extraction coefficient for Pu(V1) with 0.1 & DZEHPA 
from -4 & HNO, was -12 (Fig. 5.3), nearly three orders of 
magnitude lower than for Pu(1V). As generally found in the 
extraction of U(V1) ,28,32 the Pu(V1) extraction coefficient 
was lower with an alcohol (tridecanol) and higher with 
phosphine oxide added to the extractant.** With the 
*The reproducibility of the neptunium extractions3 was checked 
by many equilibrations, taking advantage of the ready 
analysis of Np-238 tracer. The Np(1V) extraction coefficients 
were well reproducible from 1-10 g HNO, solutions, slope -2 
between 1 and 8 g HNO,. Below -1 & HNO, they were scattered, 
which was attributed to variable hydrolysis of the neptunium. 
In the presence of sodium nitrate to keep the total nitrate 
at 6 E, the same extraction coefficients were found at 1-10 
HNO,, while below 1 g HNO, a reproducible smooth curve was 
found that fell in the higher part of the range of scatter of 
the acid-only solutions. 

**When the extracted plutonium is to be stripped with a carbon- 
ate solution, a diluent like Amsco 125-82 needs a modifier 
such as an alcohol, TBP, phosphonate, or phosphine oxide to 
maintain miscibility of the organophosphate salt. Cf. Sect. 
5.3. 

I 
. I  

. ,  
I 

. !  
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F i g .  5 . 1 .  P l u t o n i u m ( 1 V )  e x t r a c t i o n  by  d i ( 2 - e t h y l h e x y 1 ) -  
p h o s p h o r i c  a c i d :  e f f e c t  of n i t r i c  a c i d  a n d  sodium n i t r a t e  
c o n c e n t r a , t i o n .  0 0 . 0 1  E D2EHPA; 0 0 . 1  D2EHPA; d i l u e n t ,  
A m s c o  125-82 .  P l u t o n i u m  r e d u c e d  w i t h  h y d r o x y l a m i n e  
n i t r a t e ,  r e o x i d i z e d  a n d  s t a b i l i z e d  w i t h  0 . 1 - 0 . 5  E N a N 0 2 .  
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Amsco-alcohol diluent, the extraction coefficients rose with 
increasing nitric acid concentration from 2 to 8 g, parallel 
to U( VI) extraction. 28 (This suggests that in the Pu(V1) fi 

extraction, as previously shown in the U(V1) extraction, a 
TBP-like extraction mechanism becomes important at high 
nitrate concentrations in addition to the cation-exchange 
extraction mechanism.) With phosphine oxide present, the 
extraction coefficients were much higher, although dropping 
sharply from 2 to 4 HNO,. This is qualitatively similar 
to, but steeper than, the curve for U(V1) extraction with 
DZEHPA plus TBP.32 At -2 &l HNO, the Pu(V1) extraction 
coefficient with 0.05 TOPO <lo0 (estimated from 320 with 
0.1 M TOPO). Since the coefficient with 0.1 JI DZEHPA alone 
is 4-(Fig. 5.3) , the coefficient of 360 with 0.1 g DZEHPA + 
0.05 E TOPO shows a synergistic enhancement of plutonium 
extraction corresponding to that in uranium extraction. 

The extraction coefficients for Pu(II1) with 0.1 D2EHPA 
from nitric acid are much lower than for Pu(IV), but it has 
not been possible to measure exactly how low. Direct extrac- 
tion under a carbon dioxide atmosphere from solutions reduced 
with ferrous sulfamate in the presence of excess sulfamic 
acid gave extraction coefficients ranging around 10-1 from 
nitric acid solutions 0 . 5  to 6 and >1 from 8 M (Fig. 5.4). 
However, these extractions were suspected to involve some 
Pu(IV), in view of (1) very low extraction coefficients with 
DZEHPA for the analogous RE(  111) and Am( 111) (Appendix E) , and 
(2) the experience encountered in extracting reduced plutonium 
with amines (Sects. 3.1, 3.2) and phosphine oxide (Sect. 4.2). 
To test this, some of the extracts were scrubbed with 1 HNO,, 
containing sulfamic acid to avoid oxidation by nitrite. A 
small fraction of the plutonium was removed, as shown by the 
triangles in Fig. 5.4, indicating that most of the plutonium 
in the extract was Pu(IV)* at the time of the scrub. However, 
it was not indicated to be all Pu(IV), for which the expected 
distribution coefficient would have been -lo5. 
assumption that the plutonium removed by the scrub was all that 
had been originally extracted as Pu(II1) permitted calculation 
of the extraction coefficients shown at the bottom of Fig. 5.4, 
which lie between 10-3 and over the acid range. 

The extreme 

This entire extraction-scrub test series was repeated, 
using hydrazine instead of excess sulfamic acid with the ferrous 
sulfamate reductant. This combination has been reported to be 
particularly effective in reducing and stabilizing PU( I I I ) . ~ ~  
The results (Fig. 5.4) were similar to the previous results. 
Again, the extreme assumption that all plutonium originally 
extracted as Pu(II1) was removed in the scrub led to cal- 
culated extraction coefficients for Pu(II1) lying between 

An alternative possibility cannot yet be ruled out, that some 
new and nonstrippable species of Pu(II1) might have been 
formed in the organic phase. 

* 
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acid solutions. Diluent, Amsco 125-82; plutonium reduced with 
hydroxylamine nitrate, reoxidized and stabilized with 0.1 - 0.5 
M NaN02.  



- 40 - 

U NCLASSI FI ED 
ORNL-LR-DWG. 53103 

IO 
I 
0.5 I 

H N 0 3  (EQUILIBRIUM), M 

Fig. 5.3. Plutoniurn(V1) extraction from nitr ic acid solution by 
0.1 M D2EHPA i n  Arnsco 125-82 plus no modifier, 0 2 V 7% tri- 
decanol, A 0.05 M TOPO. 4 Uraniurn(V1) extraction with 0.1 M 
D2EHPA i n  kerosene plus 3% 2-ethylhexanol. 28 o Uranium VI) 
extraction with 0.1 M D2EHPA i n  kerosene plus 0.1 MTBP.31 Plu- 
tonium oxidized with Ago .  
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and Since it is more likely that some Pu(1V) was 
present before o r  during the extraction and some more was 
formed after the extraction, the actual Pu(II1) extraction 
coefficients probably lie between the limits indicated in 
Fig. 5 . 4 ,  i.e., somewhere around the order of 10-2. 

5.2 Sulfate Solutions 

Plutonium extraction from sulfate solutions with D2EHPA 
was examined briefly, primarily to scout its possible utility 
in scavenging plutonium and uranium lost to sulfuric acid fuel- 
decladding solutions.* Plutonium(1V) extraction coefficients 
from 3 and 5 HZS04 solutions were relatively low, not much 
above unity even with 0 .4  D2EHPA (Table 5.1). With 0.5 
Na2S04 added to the 3 N H2S04, the extraction coefficients 
were an order of magnitude higher. Addition of TBP decreased 
the extraction, while addition of TOPO had little effect. 

Plutonium( VI) extraction from 5 g H2S04 was still lower, 
except that the extraction coefficient with TOPO added was of 
the same order as the Pu(1V) coefficients. Like the extrac- 
tions of U(V1) , and of Pu(V1) nitrate, the Pu(V1) extraction 
coefficient from sulfuric acid was lowered by the addition of 
an alcohol and raised by the neutral organophosphorus reagents, 
TBP < DAAP < TOPO. The extraction coefficient with 0.1 M TOPO 
alone is considerably less than 5 (since it is 4 with 0.3 
TOPO, Sect. 4.2), so that the increase from 0 .4  to 5 on adding 
0.1 g TOPO to 0 . 4  g DZEHPA showed synergistic enhancement. 

5.3 StripDing of Extracted Plutonium 

Methods available for stripping extracted metals from 
DZEHPA include (1) reversal of the metal ion-hydrogen ion 
exchange by concentrated acid, (2) oxidation or reduction of 
the metal ion to a nonextractable valence, ( 3 )  formation of 
a competing nonextractable complex of the metal. 

It is obvious from the extraction curves in Fig. 5 . 1  and 
5.2 that nitric acid at up to -10 cannot strip plutonium 
from D2EHPA at 0.01 or higher. Extrapolations of these data 
indicate that stripping coefficients SE >10 could be reached 
with 10 HN03 from 0.001 D2EHPA and with 8 M HNO, from 
0.0004 g DZEHPA, etc. 

Fig. 5 . 4  suggest that reduction should provide stripping from 
0.1 g D2EHPA, the actual (mixed) extraction coefficients from 
reduced solutions shown in the same figure warn that reduction 

*This was not developed into a process, as primary amine ex- 
traction appeared more promising for scavenging plutonium. 
A chemical flowsheet using D2EHPA extraction was developed 
for scavenging uranium (and thorium) from enriched uranium- 
thorium fuel decladding.14 

While the calculated Pu(II1) extraction coefficients in 
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0 . 4  
0 . 4  
0.4 
0.4 
0.4 
0.1 

Table 5.1 Plutonium Extraction from Sulfate Solutions 
by DZEHPA Alone and in Combinations 

Initial plutonium concentration: 10-20 mg/liter 
Organic diluent: Amsco 125-82 
Phase ratio: 1/1 
Room temperature 

DZEHPA 
M 

E;( Pu-IV) 

E:( Pu-VI) a 5 1  3 M  3 H,S04 
Modifier 5 H,SO, H2S04 H , S 0 4  0.5 Na,S04 

None 0.4 -10 
0.16 3 decanolC 0.2 -3  
0.15 g TBP 0.6 -2 
0.15 DAAP~ 1 -3  
0.1 TOPO 5 -8 

0 0.05 TOPO - 

4 

3 

3 
5 0  

- 

- 

50 

20 

70 
4 10 

- 

- 

Oxidized to Pu(V1) with Ago. a 

bAdjusted to Pu( IV) with 0.5 
CMixed primary decyl alcohols from the oxo process. 
dDiamyl amylphosphonate. 

NaNO, . 

of the extracted plutonium will be difficult. This was con- 
firmed by direct stripping tests (Table 5.2) with ferrous 
sulfamate plus excess sulfamic acid, which failed to strip much 
plutonium from 0.1 or 0.01 & D2EHPA. It stripped the plutonium 
essentially completely from 0.001 and 0.0001 D2EHPA, indica- 
ting that a threshold for protection of the Pu(1V) by complex- 
ing with DZEHPA lies between 0.001 and 0.01 nil DZEHPA.* 

Addition of 0.1 H,S04 as an aqueous complexing agent to 
the ferrous sulfamate reductant and decrease of the n i t r i c  
acid concentration to <0.1 M gave stripping coefficients 
approaching 10 from 0.1 /r DZEHPA. Dilute (0.01 and 0.1 u) 
oxalic acid stripped the plutonium effectively from 0.01 
D2EHPA (not tested with 0 . l x  DZEHPA). It was not determined 
whether the oxalic acid reduced the plutonium in these tests, 
or acted only as a complexing agent. 

In uranium recovery,28 the most useful stripping agent 
for DZEHPA has been sodium carbonate in, e.g., 1 M solution. 
Extracted ions are removed from the DZEHPA by carbonate 

*The mole ratio of plutonium to D 2 m A  in the loaded extract 
probably also influences this protection against reduction, 
at least on approaching saturation loading. However, the 
plutonium/DZEHPA ratio was still fairly low even in the 0.001 
and 0.0001 M. extracts, -1/15. 



- 44 - 

Table 5.2 Stripping Plutonium from D2EHPA 

Extracts loaded by extracting Pu(1V) from 1-6 HNO, 

Diluent: Amsco 125-82 

Phase ratio: 1/1 

Stripping contact: 10 min shaking at room temperature 

solutions, 10-20 mg Pu/liter 

s: 
DZEHPA, HNO, , Reductant,a Complexer,b 1st 2nd 

M - M hi ContactC ContactC - M - 
0.1 2 0.1 FS + 0.1 SA - 
0.1 1 0.1 FS + 0.1 SA - 
0.01 1 0.1 FS + 0.1 SA - 
0.001 1 0.1 FS + 0.1 SA - 
0.0001d 1 0.1 FS + 0.1 SA - 
0.1 0.1 0.1 FS 
0.1 0.05 0.1 FS 

0 . 3  H2S04 
0.1 H2S04 

0.01 - - 0.01 H20x 
0.01 - - 0.1 H20x 

0.05 
0.14 
0.3 

400 
800 

5 
4 

100 
2000 

10 
7 

~ ~~ ~~ ~ 

aFS = ferrous sulfamate; SA = sulfamic acid 

bH,Ox = oxalic acid. 

First and second contacts of the same organic solution with 
successive equal volumes of the aqueous solution. 

C 

d2 mg Pu/liter. 

complexing, precipitation, or exchange with sodium ion, and 
the D2EHPA is converted to its sodium salt. (Kerosene-type 
diluents, including Amsco 125-82, require addition of a 
modifier, usually a long chain alcohol, TBP, or a phosphonate, 
etc., to prevent separation of the sodium dialkylphosphate as 
a separate phase.28,32 Sodium carbonate stripped plutonium 
effectively, after extraction from either sulfate or nitrate 
solution. Plutonium at 20 mg/liter, extracted from 3 g and 
5 g H,S04, was stripped from 0 . 4  D2EHPA in Amsco 125-82 
modified with decanol, TBP, DAAP, or TOP0 (cf. Table 5.1) by 
1116 Na,CO, solution, A/O = 1/1, with stripping coefficients 
sg ~ 2 0 .  
extracted from 2 HNO, (cf. Appendix E), was stripped from 
0.1 D2EHPA in Amsco 125-82 modified with 2 vol 70 tridecanol 
by 1 M Na2C0, with Sg = 80 (A/O = 1/1) and 70 (A/O = 1/2), 
respectively. The latter strip solution contained 2.3 g of 
plutonium per liter, with no evidence of precipitation. A 
second contact at A/O = 1/2 decreased the plutonium remaining 
in the extract from 35 to 1.6 mg/liter, S t  = 60. 

Plutonium at -200 mg/liter and at 1.1 g/liter, 

. 
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Appendix A. Extraction of Excess Nitric Acid 
by Amine Nitrates 

Amine nitrates in hydrocarbon solution extract excess 
nitric acid to a considerable extent, enough to be of impor- 
tance in process design calculations (especially if an aqueous 
phase of low acidity is to be contacted after one of high 
acidity) as well as in setting up conditions for laboratory 
tests. This extraction of excess nitric acid was first shown 
implicitly by the data of Winchester9 (Amberlite LA-1 and 
Primene JM-TL and Wilson6 (trilaurylamine). 
correlated t e nitric acid extraction by tri-isononylamine in 
xylene with the amine nitrate and the aqueous acid concen- 
trations, arriving at the expression 

Bertocci8 

which is equivalent to 

E:(xs HNO,) = 0.17(hJ amine nitrate) 

Carswell and Lawrance17 published extraction curves for excess 
nitric acid from -1-7 - M HN03 solutions by 0.1-0.4 (I tri-iso- 
octylamine in benzene. These can be fitted to Bertocci's 
correlation, with values of the constant between 0.16 and 0.17. 
Unpublished measurements by Mason and Vaughen (MIT)15 with 
trilaurylamine, ditridecylamine, and Primene JM-T in toluene 
show the same correlation as Bertocci's with the tertiary 
amine, with values of the constant between 0.16 and 0.18, but 
the extraction coefficients with the secondary and primary 
amine varied with the absolute nitric acid concentration. 

With some assumptions, nitric acid distribution coefficients 
can be calculated from the published data of Winchester and of 



- 49 - 
Wilson. From Wilson's data, two scrub equilibrations with 
fairly low uranium (0.04 and 0 . 0 2  uranium, -4 HNO,) both 
indicate Eg(xs HNO,) = 0 . 2 5 ( %  TLA nitrate). Winchester's 
data indicate a self-consistent extraction curve, but it is 
not linearly proportional to the amine nitrate concentration 
(the effect of aqueous nitric acid concentration could not be 
separated) : 

E~(XS HNO,) = O.~(AJ amine nitrate) 1.4 

This fits closely the individual calculated extraction coeffi- 
cients with both Amberlite LA-1 and Primene JM-T, but its 
validity, of course, depends on the assumptions used in those 
calculations. 

Nitric acid extractions by trilaurylamine, Amine S - 2 4 ,  
Amberlite LA-1, ditridecylamine, and Primene JM-T in xylene 
were measured in this laboratory (Table A-1), primarily for 
use in setting up metal nitrate extraction test conditions. 
With each, two amine concentrations and two nitric acid concen- 
trations were tested, plus an extraction from sodium nitrate-- 
nitric acid solution with one amine concentration. Only one 
measurement was made at each point, so that these must be held 
subject to revision; however, they are supported by good 
material balance and by the fairly close self-consistency. 
While two values each of the two variables are not sufficient 
to establish the form of correlation, they all show significant 
agreement with Bertocci's correlation, 

- 

EZ(xs HNO,) z k(AJ amine nitrate) 

with k = 0.16-0.18 for TLA, 0.13-0.14 for S-24,  0.10-0.13 for 
LA-1, 0.06-0.08 for DTDA, and 0.07-0.11 for Primene JM-T. 
Thus there is close agreement among all the evaluations of 
extraction by tertiary amines. The MIT extractions with DTDA 
and Primene JM-T were of the same magnitude as those in Table 
A-1 at acidities near 8 E ,  but were considerably lower at low 
acidities. This discrepancy may be resolved by further tests 
to be made at MIT, and possibly also in this laboratory. 

- 
. 

Appendix B. Extraction of Nitric Acid 
by Phosphate and Phenvlphosphonate Esters 

Estimates of nitric acid extraction in some of the plutoni- 
um extraction tests, Sect. 4.1, were based on unpublished 
extraction data of Blake and Schmitt.33 As these data can also 
be useful in setting up tests and in estimating process behavior, 
they are quoted in full in Table B-1. 

. 



Table A-1. Nitric Acid Extraction bv Amine Nitrates 

Phase ratio A/O = 1/1, room temperature 

HNO, at Eauilibrium, M 
-1 HNO, --d E:( xs HNO, /%(amine nitrate) 

M Aq Or g Aq Or g Aq Org HNO, HNO, 5 g NaNO, 
-1 H NO,~ -8 HNO, C 5 NaNO, -1 -8 -1 g HNO,-- Aminea 

(in xylene) 

TLA 0.089 0.957 0.104 7.78 0.201 0.887 0.140 0.18 0.16 
0.358 0.673 0.399 7.37 0.788 0.17 0.16 

S-24 0.100 0.948 0.113 7.78 0.204 0.875 0.135 0.14 0.13 
0.518 0.522 0.556 7.20 1.01 0.14 0.13 

LA-1 0.095 0.962 0.105 7.80 0.194 0.877 0.125 0.11 0.13 
0.561 0.467 0.595 7.09 0.974 0.13 0.10 

DTDA 0.107 0.949 0.113 7.81 0.175 0.877 0.126 0.06 0.08 
0.403 0.655 0.418 7.41 0.604 0.06 0.07 

Pr JM 0.051 1.004 0.056 7.88 0.078 0.928 0.071 0.10 0.07 
0.523 0.532 0.554 7.48 0.862 0.11 0.09 

0.65 

0.40 

0.36 

0.20 

0.42 

aTrilaurylamine, Amine S-24, Amberlite LA-1, ditridecylamine, Primene JM-T. 

bl. 05 HNO, initial. 

‘7.96 HNO, initial. 

d1.00 g HNO, , 5.0 NaNO, initial. 

Prescrubbed with dilute nitric acid to remove appreciably soluble fractions. 

. 

I 

UI 
0 
I 



Table B-1. Nitric Acid Extraction by Phosphate 
and Phosphonate Esters 

Phase ratio A/O = 1/1, room temperature 

HNO, at Equilibrium, E 
Initial Aq Initial Aq Initial A q  Initial A q  

Reagent 0.201 g HNO, 2.01 g HNO, 5.64 @ HNO, 10.05 @ HNO, 
(0.1 E) Diluent Aq O r g  Aq Org Aq Org Aq Org 

TBP Amscoa 0.193 0.0084 1.67 0.34 4.82 0.82 9.01 1.04 

TBP Xylene 0.191 0.010 1.66 0.35 4.77 0.87 8.97 1.08 

(2EH),P0,b Amscoa 0.192 0.0090 1.67 0.34 4.78 0.86 8.99 1.06 

DBBP~ Amscoa 0.179 0.022 1.57 0.44 4.74 0.90 8.97 1.08 

D ~ B P P ~  Xylene 0.191 0.010 1.64 0.37 4.76 0.88 8.95 1.09 

DSBPP~ Xylene 0.189 0.012 1.61 0.40 4.74 0.90 8.95 1.10 

aAmsco 125-82. 

bTr is ( 2 -et hy lhexy 1) phosphate. 

‘Di-2-butyl 2-butylphosphonate. 

dDi-n-butyl - phenylphosphonate. 

eDi---butyl phenylphosphonate. 

I 

m 
c, 
I 
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Appendix C. Uranium and Fission Product 
Extraction by Irradiated Amines 

Samples of five amines irradiated to 200-400  watt-hr/liter 
at Stanford Research Institute 34 and of the corresponding 
unirradiated controls were compared with respect to titratable 
base content, and to extraction of uranium and fission products 
from nitric acid solution. Changes were small in titratable 
base content (4-870 decrease), and in uranium distribution. 
There was little change in fission product extraction by two 
tertiary amines with straight alkyls, but up to 10-fold increase 
in extraction by a tertiary, a secondary, and a primary amine, 
each with branched alkyls. The amine samples were: 

Primene JM-T (commercial primary amine). Stock purchased 
by SRI from vendor. 

N - b e n z y l - l - ( 3 - e t h y l p e n t y l ) - 4 - e t h y l o c t g l a m i n e ,  NBHA (research 
secondary amine). Stock supplied from this laboratory (Batch 
228B) : neutral equivalent = 347 (2.88 eq/kg) ; 470 primary, 9570 
secondary, < 170 tertiary amine. 

Tri-iso-octylamine, TIOA (commercial tertiary amine). 
Stock purchased by SRI from vendor. 

Alamine 336 (commercial tertiary amine). Stock purchased 
by SRI from vendor. 

Trilaurylamine, TLA (commercial tertiary amine). Stock 
supplied from this laboratory (Batch 86D, after fractionation 
by removal of solids precipitated at -1OOC): neutral equiva- 
lent = 570 ( 1.75 eq/kg) ; 470 primary, 570 secondary, 91% 
tertiary amine. 

Weighed samples the undiluted amines were assayed by 
nonaqueous titration. The results (Table C - 2 )  show small 
decreases in the titratable base content, between 4 and 870, 
after irradiation. (The NBHA sample, 4-70 loss, was irradiated 
only to 200 watt-hr/liter. I f  linear with dose, the loss at 
400 watt-hr/liter would be 870, which is still in the same 
range. ) 

A 0.10 a solution of each amine in xylene, prepared on 
the basis of the foregoing assays, was used to extract uranium 
(0.2 E )  from an -8 M HNO, solution spiked with irradiated 
uranium dissolver solution to a level of -lo6 gross y counts/ 
min ml (Table C-1). The volumes used were 80 ml of extractant 
and 16 ml of feed. After equilibration, 10 ml of the organic 
phase was removed for analysis. The 70 ml of loaded extractant 
was scrubbed twice in the same separatory funnel with 14-ml 
volumes of -8 g HNO, already containing 0.05 g uranium; 2 0  ml 
of the organic phase, after the second scrub stage only, was 
removed for analysis. The 50 ml of scrubbed extract was 

. 
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Table C-1. Extraction Test Conditions 

Extractant/Feed/Scrub/Strip = 5/1/1/1 

Extractant: 0.10 N amine in xylene 

80 ml in extraction, 70 ml in scrubbing, 50 ml in stripping 

Feed: -8 M HNO, 
0.214 U(V1) 

7 . 7 4 ~ 1 0 ~  c/min ml gross y 

1.21x106 gross 6 
5. 26x105 Zr-Nb y 

7. 68x105 TRE 6 

6. 78x104 Ru Y 

16 ml 

Scrub: 7.6 Y HNO, 
0.052 x U(V1) 

14 ml each in two stages 

Strip: 0.01 M HN03 
10 ml each in two stages 

Mixing: 10 min by interface stirrer in cylindrical separatory 
funnel, room temperature 

stripped twice with 10-ml volumes of 0.01 HNO,. All the final 
organic solution and all the aqueous solutions were submitted 
for analysis. 

Uranium extractions (Table C-2) were nearly the same with 
the irradiated amines as with the corresponding controls. The 
very low extraction coefficients with the primary and secondary 
amines increased slightly after irradiation. The extraction 
coefficients with the tertiary amines decreased slightly. The 
extraction coefficients with the tertiary amines are considera- 
bly depressed by high uranium loading; hence, the mole ratio 
of amine to uranium is a more significant measure of extraction 
performance. These ratios also showed only a slight decrease 
in uranium extraction after irradiation. 

Fission product extraction (Table C - 3 )  increased after 
irradiation of Primene JM-T, NBHA, and TIOA. They were for 
the most part little changed by irradiation of Alamine 336 and 
TLA. It may also be noted that fission product extractions 
by the irradiated TIOA and Primene JMT were about the same, 



Table C-2. Effect of Irradiation on Amine Assay and Uranium Extraction 

Test conditions: Table 1 

Losses, 70 U Extraction by 0.1 & Amine 
Base Mole Ratio 
Assay, Weight Decreased Total Loss E:( u)  Amine/U 

Extractant eq/kg Lossa Assay of Base Extrn 2nd Scrub E xtrn 2nd Scrub 

Primene JM-T 
Control 3.27 0.012 0.013 40 150 
Irradiatedb 3.02 0.45 7.5 8 . 0  0.014 0.014 35 130 

NBHA - 
Control 2.82 
IrradiatedC 2.71 - 4 . 0  

0.017 0.019 30 100 
- 0.020 0.025 25 75 

TIOA 
Control 2.75 0.18 0.21 5.0 7.5 
Irradiatedb 2.62 0.22 4.6 4.8 0.17 0.20 5.0 7.9 

I 

vl 
rp 
I 

Alamine 336 
Control 2.72 0.19 0.22 4.8 7.2 
Irradiatedb 2.60 0.12 4.1 4.2 0.18 0.21 5.0 7.3 

TLA - 
Con tro 1 1.76 0.17 5.0 7.7 
Irradiatedb 1.66 0.14 5.6 5.7 0.16 0.18 5.2 8.6 

0.20 

Estimated from gas produced. a 

bIrradiated to 400 watt-hr/liter. 

‘Irradiated to 200 watt-hr/liter. 
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Table C-3. Comparisons of Uranium and Fission Product Extraction 

Test conditions: Table c-1 

Distribution CoeTTicients, O/A 9 with 0.1 S A  mines . 
Extraction 2nd Scrub 2nd Strip 

Extractant Control 1rrad.a Control IrradSa c ontrol I rrad. a' 
Primene JM-T 
Uranium 0.012 
Gross y 0.0012 
Gross B 0.0016 
Zr-Nb y 0.0010 
Ru Y 0.0052 
TRE B 0.0020 

Uranium 0.017 
Gross y 0.00032 
Gross % 0.00031 
Zr-Nb y 0.00006 
Ru Y 0.0036 
TRE B 0.00023 

Uranium 0.18 
Gross y 0.00030 
Gross B 0.00063 
Zr-Nb y 0.00032 

TRE B 

NBHA 

TTC)A 

Ru Y 

Alamine 336 
Uranium 0.19 
Gross y 0.00045 
Gross B 0.00082 
Zr-Nb y <O. 00024 
Ru Y 0.0053 
TRE 13 0.00091 

- TLA 
Ur an i um 0.17 
G r o s s  y 0.0047 
G r o s s  B 0.00084 
Zr-Nb y 0.00034 
Ru Y 0.0027 
TRE B 0.00068 

0.014 
0.0012 
0.0055 
0.0037 
0.011 
0.0065 

0.020 
0.0024 
0.0027 
0.0026 
0.0022 

0.17 
0.0034 
0.0064 
0.0034 
0.017 
0.012 

0.18 
0.00066 
0 . 0 0 0 0 9  
0.00050 
0.0048 
0.00050 

0.16 
0.00060 
0.00072 
0.00012 
0.0065 
0.00067 

0.013 0.014 
< O .  05 0.2 

~ 0 . 0 5  0.07 

0.019 0.025 0.2 0.4 
0.07 0.15 1 2 
0.05 0.09 

0.07 0.4 0.8 

0.10 0.08 

0.21 0.20 0.011 0.017 
0.05 0.05 0.4 0.6 
0.22 0.08 <0.1 0.1 
0.02 0.03 

0.13 0.06 

0.22 0.21 0.016 0.014 
0.09 0.04 0 . 9  0.4  
0.14 0.05 0.3 0.02 

~0.06 0.01 0.4 0.2 

0.03 0.01 

0.20 0.18 0.022 0.014 
0.11 0.03 0.3 0.07 

0.06 0.23 0.07 0.09 
0.05 < O .  03 <0.1 <0.1 

0.17 0.04 

aNBHA irradiated to 200 watt-hr/liter, the others to 400 watt- 
hr/liter. 

. 



w h e r e a s  w i t h  t h e  c o n t r o l  s a m p l e s  t h e  e x t r a c t i o n s  by TIOA and  
NBHA were s i m i l a r  t o  t h o s e  w i t h  Alamine  336 and  TLA, c o n s i d e r a -  
b l y  lower t h a n  w i t h  t h e  p r i m a r y  amine .  F i s s i o n  p r o d u c t  
e x t r a c t i o n s  by t h e  i r r a d i a t e d  NBHA ( 2 0 0  i n s t e a d  o f  400  w a t t -  
h r / l i t e r )  were a l i t t l e  l o w e r  t h a n  by t h e  i r r a d i a t e d  TIOA a n d  
P r i m e n e  JM-T. 

The f i s s i o n  p r o d u c t  d i s t r i b u t i o n s  i n  t h e  s e c o n d  s c r u b  
s t a g e  a p p e a r e d  more v a r i a b l e  t h a n  i n  t h e  e x t r a c t i o n ,  r e f l e c -  
t i n g  t h e  less d e p e n d a b l e  a n a l y s e s  a t  t h e  lower a c t i v i t y  l e v e l s .  
The s c r u b b i n g  was much less e f f e c t i v e  t h a n  t h e  o r i g i n a l  e x t r a c -  
t i o n  i n  r e j e c t i o n  o f  f i s s i o n  p r o d u c t s .  T h e r e  w a s  l i t t l e  
s y s t e m a t i c  e f f e c t  shown o f  i r r a d i a t i o n  o n  s c r u b b i n g ,  e x c e p t  
t h a t  s c r u b b i n g  o f  t h e  t e r t i a r y  a m i n e s ,  e s p e c i a l l y  TLA, a p p e a r -  
e d  t o  be s l i g h t l y  improved a f t e r  i r r a d i a t i o n .  

L i t t l e  i f  any  s y s t e m a t i c  s h i f t  a p p e a r e d  i n  t h e  s t r i p p i n g  
c o e f f i c i e n t s  ( shown as  e x t r a c t i o n  c o e f f i c i e n t  = l / s t r i p p i n g  
c o e f f i c i e n t  i n  T a b l e  C - 3 ) .  The s i g n i f i c a n c e  of  t h e s e  f i s s i o n  
p r o d u c t  c o e f f i c i e n t s  i n  s t r i p p i n g  are  l i m i t e d  e v e n  more t h a n  
t h e  c o e f f i c i e n t s  i n  s c r u b b i n g ,  by t h e  a n a l y t i c a l  u n c e r t a i n t y  
d u e  t o  l o w  a c t i v i t y  l e v e l s .  

P h a s e  s e p a r a t i o n  w a s  g o o d ,  a n d  no s y s t e m a t i c  d i f f e r e n c e  
was n o t i c e d  be tween  c o n t r o l  a n d  i r r a d i a t e d  a m i n e s .  

The d e c r e a s e  i n  c o n c e n t r a t i o n  o f  t i t r a t a b l e  base i n  t h e  
i r r a d i a t e d  a m i n e s  w a s  sma l l  b u t  d e f i n i t e .  D e g r a d a t i o n  o f  
t e r t i a r y  t o  s e c o n d a r y  and  p r i m a r y  a m i n e s  w a s  n o t  measu red  o n  
t h e s e  s a m p l e s ,  b u t  c a n n o t  have  b e e n  e x t e n s i v e  s i n c e  t h e r e  w a s  
o n l y  a s l i g h t  d e c r e a s e  i n  t h e  uran ium/amine  m o l e l o a d i n g  r a t i o  
o b t a i n e d  w i t h  t h e  0 . 1  a m i n e s .  F i s s i o n  p r o d u c t  e x t r a c t i o n  
c o e f f i c i e n t s  w i t h  t h e  t w o  s t r a i g h t - c h a i n  a l k  1 t e r t i a r y  a m i n e s  
f r o m  8 s o l u t i o n ,  <lo-Y for r u t h e n i u m  y 
a n d  g e n e r a l l y  <1O-P f o r  t h e  o t h e r s ,  showed no s y s t e m a t i c  
c h a n g e  o n  i r r a d i a t i o n .  However ,  t h e  c o e f f i c i e n t s  w i t h  t h e  
b r a n c h e d - a l k y l  t e r t i a r y  and  s e c o n d a r y  a m i n e s  ( i n i t i a l l y  s i m i l a r  
t o  t h e  f o r e g o i n g )  a n d  w i t h  t h e  p r i m a r y  amine  ( i n i t i a l l y  1 t o  
5x10-3) were h i g h e r  t o  a f t e r  i r r a d i a t i o n .  T h i s  
decrease of s e l e c t i v i t y  t h u s  d o e s  n o t  a p p e a r  t o  be a f u n c t i o n  
o f  amine  c l a s s .  I t  m i g h t  r e s u l t  f rom f o r m a t i o n  o f  o r g a n i c  
m o l e c u l e s  w i t h  a p p r e c i a b l e  e x t r a c t i o n  power by r a d i o l y s i s  o f  
t h e  b r a n c h e d  b u t  n o t  t h e  s t r a i g h t - c h a i n  a l k y l s .  The ease or 
d i f f i c u l t y  o f  r e c o v e r i n g  t h e  h i g h e r  e x t r a c t i o n  s e l e c t i v i t y ,  
e . g .  by w a s h i n g  t h e  e x t r a c t a n t ,  was n o t  examined .  The i m p a i r -  
e d  s e l e c t i v i t y  d i d  n o t  c a r r y  t h r o u g h  i n t o  t h e  s c r u b s ,  wh ich  
w e r e  c o n s i d e r a b l y  less e f f i c i e n t  t h a n  t h e  e x t r a c t i o n s  i n  
r e j e c t i n g  f i s s i o n  p r o d u c t s ,  b u t  wh ich  a p p e a r e d  s l i g h t l y  better 
r a the r  t h a n  worse a f t e r  i r r a d i a t i o n  o f  t h e  t e r t i a r y  a m i n e s .  

HNO, - 0 . 2  M Uo2 ( No3 

t 
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Appendix D. Fission Product Extraction bv D2EHPA 

In connection with studies by Gresky et al.36 of the 
selectivity of several extractants, including DZEHPA, the 
extraction of plutonium, uranium, and fission products from - 2 & U02(N03)2--1 E HNO, solution was measured as a function 
of D2EHPA concentration. The extraction coefficient for 
plutonium (Table D-I) was much higher than that for uranium, 
and higher than those for cerium and zirconium-niobium at 
0.1 D2EHPA but lower at < 0.001 D2EHPA. It should be 
noted that each organic phase was highly loaded with uranium, 
so that the free D2EHPA concentration in each test was much 
lower than the total concentration shown, and not necessar- 
ily proportional to that total concentration. 

It should also be noted that the uranium loading was 
higher than the stoichiometric limit for cation-exchange 
extraction, i.e., mole ratio D2EHPA/U = 2/1, showing that 
these equilibrations with - 3 . 7  & total nitrate are in the 
region where TBP-like extraction of uranium by the D2EHPA is 
important in addition to the cation-exchange extraction. 28 
As this may be true also of the extraction of the plutonium 
and/or fission products, the separation factors found here 
cannot be assumed to apply to extraction from solutions of much 
different composition. 

Appendix E .  Removal of Americium from Plutonium Stock 

Measurements of the high plutonium extraction coefficients 
encountered with many of the extractants described in this 
report are affected by contamination of the plutonium with even 
a small amount of a less extractable cy emitter. In principle, 
such effects can be eliminated by a sufficiently extended 
series of back extractions. However, that technique has limi- 
tations, and it is of real advantage to eliminate such impu- 
rities before use. 

About 370 of the Q activity was due to americium-241 in 
the plutonium-239 stock that was the source for most of the 
plutonium head solutions used in this investigation. This was 
effectively eliminated by extracting the plutonium with 0.1 
- M D2EHPA from 2 < 10-2. 
The extracted plutonium was scrubbed twice with 2 & HNO,, and 
stripped twice with 1 E Na2C0,. The diluent was 9870 Amsco 
125-82--270 tridecanol. The phase ratios were feed/extractant/ 
scrub/strip z 1/2/1/1. Plutonium concentrations were 0.2 and 
2.2 g/liter (Table E-1) in the feeds for two successive sepa- 
rations. In the second of these, it was 2.3 g/liter in the 
first strip solution (before combination with the second), with 
no evidence of precipitation. The combined strip solution was 
acidified to give a stock solution containing - 1 g Pu/liter, 
2 & HNO,, and 1 & NaNO,. Americium-241 in this purified 
solution was too low for detectable effect on direct extractions, 

HNO,, E:(Pu-IV) z lo4 and Eg(Am-111) 



T a b l e  D - 1  P l u t o n i u m  a n d  F i s s i o n - p r o d u c t  E x t r a c t i o n  
by D2EHPA Loaded w i t h  Uranium 

Aqueous:  1 . 8 3  M U ,  1 . 0  H N O , ,  0 . 0 0 1  P u ,  s p i k e d  w i t h  mixed f i s s i o n  
p r o d u c t s  ( d i s s o l v e r  s o l u t i o n )  t o  1 . 3  x l o 7  y c o u n t s / m i n  m l  

O r g a n i c :  D2EHPA i n  Amsco 125-82 

P h a s e  r a t i o  A/O = 1/1, 1 0  min e q u i l i b r a t i o n ,  room t e m p e r a t u r e  
~~ ~ ~~ ~~ ~ ~~ ~~~- ~ ~ ~ ~ ~ ~ 

E x t r a c t i o n  C o e f f i c i e n t s ,  o/a S e p a r a t i o n  F a c t o r s ,  Pu/X 

- M Mole Ra t io  P u ( I V )  U ( V 1 )  Gross Y C e a  Z r - N b b  U Gross v C e  Z r - N b  
DZEHPA, D2EHPA/U, 

0 . 1  1 . 7  1 2  0 . 0 3  0 . 6  0 . 2  2 4 0 0  2 0  50 6 
0 . 0 5  1 . 6  6 0.02 0 . 6  0 . 2  2 300 1 0  25 3 
0 . 0 1  1 . 8  0 . 8  0 .003  0 . 4  0 . 2  1 250 2 4 0 . 7  
0 . 0 0 1  1 . 6  0 . 0 4  0 .0003 0 . 2  0 . 1  0 . 4  1 2 5  0 . 2  0 . 5  0 . 1  
0 . 0 0 0 1  - 0.002 - 0 . 0 2  0 . 0 1  0 . 0 2  - 0 . 1  0 . 2  0 . 1  

a 

b Z r - N b  a s  m e a s u r e d  by y e m i s s i o n  a t  0 . 5 6 - 0 . 9 5  Mev 

Cer ium a s  m e a s u r e d  by y e m i s s i o n  a t  0 .10-0 .20  Mev 

I 

0-l co 
I 
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Table E-1 Removal of Americium from Plutonium Stock 

0.1 E D2EHPA in 9870 Amsco 125-82--270 tridecanol 

~- 

A/O Aqueous Organic D,"( a) 

Extraction 2 M HNO, -1/2 -5x106 1. 7x108 -3 0 

1/2 2 . 6 ~ 1 0 ~  1.7~10: 4x104 
Strip 1 JL Na,CO, 1/2b 1.7~108 2.5~10 0.015 

1/2b 6.5~106 1 . 2 ~ 1 0 ~  0.018 

Scrub 2 N HNO, 1/2 - 1. 7x108 - 

" 1 . 6 ~ 1 0 ~  Q counts/min ml before extraction. Pulse analysis 
indicated -370 due to americium-241; analysis of changing 
CY distribution coefficients in multiple equilibrations 
indicated 2.770 due to a nonextractable CY emitter, 
attributed to americium. 

bPhase ratio in terms of initial volumes. The volumes 
change appreciably in carbonate stripping because of 
water extraction accompanying conversion of DZEHPA to 
its salt. 

with extraction coefficients up to at least 3000 (Pu(1V) sulfate 
extraction by primary amine), i.e.,<0.0370 of the (Y activity 
was due to americium. 

The raffinates from the foregoing extractions provided 
americi m stock solutions with activity of -4 x lo5 and 

indicated Eg(Am) z 1 from 2 & HNO, with 0 . 3  Jj TOPO, but << 1 
with 0 . 4  M DZEHPA, 0.4 M D2EHPA + 0 . l M  TOPO, 0.3 g TIOA, and 
0.3 E TLA. From 3 & H,S04, Eg(Am) z 0.04 with 0.4 Primene 
JM-T. 

-5 x 10 t: a counts/min ml. Brief tests of americium extraction 

Addition of thiocyanate to the 2 E HNO, solution did not  
increase the americium extraction by 0.3 TOPO, Eg(Am) = 1.2 
without and 1.0 with 0.1 E KCNS.  With 1 & and 5 M KCNS there 
were heavy precipitates, presumably thiocyanate polymer or 
decomposition product. 
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Appendix F. Reagent List 

Primary Amines: 

Primene JM-T (Rohm and Haas Co. ) H2N-C(R) (R1)RII 

1-(3-Ethylpentyl)-4-ethyloctylamine (Union Carbide Chem. Co.) 

trialkylmethylamine; R + R' + R" = 17-23 carbon atoms. 

CH2 CH3 
I 

HZN-CH-CHZ -CH2 -CHCH2 CH2 CH, C H ~  
I 
CH2 CH2 CHCH2 I CH3 

CHZCH3 

1-Undecyllaurylamine (Armour Chemical Division) 

H2N-CH-(CH2)1 oCH3 
I 
CH2 (CH2 ) 9CH3 

Secondary Amines: 

"DTDA." Ditridecylamine (Union Carbide Chem. Co. ) -~ 

HN-[-CH2CH2CH2%1 OH21 1 2  

"tridecyl" = mixture of 13-carbon alkyls from tetrapropylene. 
"LA-1 , I 1  Amberlite LA-1, previously Amine 9D-178 (Rohm and Haas 
co. 

'CH2 CH : CHCH2 CCH2 CCH3 
1 I 

CH3 CH, 
N-dodecenyl(trialkylmethy1)amine; R + R' + R" = 11-14 carbon 

atoms. 

'IS-24," Amine S-24 (Union Carbide Chem. Co.) 
bis(l-isobutyl-3,5-dimethylhexyl)amine. 

.- 
CH3 CH3 

CH2 CHCH2 CHCH3 

1-cH'CH2 1 
VBHA," N-benzylheptadecylamine (Union Carbide Chem. Co. ) 
N-benzyl-l-(3-ethylpentyl)-4-ethyloctylamine. 

/CH2C6H5 CH,CH, 

'CH-CH2 CH2 bHCH, CH2 CH, CH, 
HN 

f 

CH2 CH2 CHCH2 CH3 
1 

CH2 CH3 
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N-Benzyl-1-undecyllaurylamine (Armour Chemical Division) 

/CH2C6H5 

CH (CH2 11 0 (333 
HN\ 

CH2 (CH2 9CH3 

Tertiary Amines: 

"TIOA," Tri-iso-octylamine (Union Carbide Chem. Co. ) 

-CHz CH2 CHCH2 CHCH, 
I 

CH3 CH3 ' I, 
"iso-octyl" = mixture of dimethylhexyls and methylheptyls, 
etc., principally 3,5-, 4,5-, and 3,4-dimethylhexyl. 

"TLA," Trilaurylamine (Archer-Daniels-Midland Co. ) 

N-[-CH2 (CH2 11 oCH3 13 
(technical grade) 

Alamine 336 (General Mills, Inc. ) 

N-[-CH2 (CH2 1 6 - 1  oCH3 13 
straight chain alkyls, principally octyl and decyl. 

Quaternarv Ammoniums: 

"B-104," Experimental Quaternary B-104 (Rohm and Haas Co. ) 

1 I+ CH3 CH3 
f 

(CH3 ) 2 -N- (-CH2 CH : CHCH2 CCHz CCH3 ) 2 i ?!H3 bH3 

Dimethyl-didodecenylammonium. 

Aliquat 336 (General Mills, Inc.) 

[CHs-N-(-CHz (CH2)b-1 oCH3)3 1+ 
Trialkylmethyl ammonium, straight chain alkyls, principally 
octyl and decyl. 

Tetra-E-heptylammonium (Eastman Organic Chemicals, No. 7630) 

[N-(-CH2 (CH2 )5CH3 1 4  I +  

Dialkylphosphoric Acid: 

CHZCH3 "D2EHPA," (Union Carbide Chem. Co. ) I 

di(2-ethylhexy1)phosphoric acid HOPO- (-0CH2 CH (CH2 ) 3 CH3 ) 2 
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Phosphine Oxides: 

"TOPO" (Eastman Organic Chemicals) 
tri-n-octylphosphine - oxide OP- (CH2 6 CH3 ) 3 

"T (2EH) PO" (ORNL) CH2 CH3 
f 

OP- ( -CH2 CH (CH 2 ) 3 CH 3 ) 3 tris(2-ethylhexy1)phosphine oxide 

Phosphorus Esters : 

TBP (Commercial Solvents Corp.) 
tri-n-butylphosphate - 

"TSBP" (ORNL) CH3 
tri-sec-butylphosphate - OP- (-OCHCH2 CH3 ) 3 

"TCP" (ORNL ) p 3  

tri-2-octylphosphate OP-(-OCH(CHZ )5CH3 )3 

"DBBP" (Shea Chemical Corp. ) OP- (-OCHZ CH2 CH2 CH3 ) 2 
f 

CH2CH2CH2CH3 di-n-butyl - - n-butylphosphonate 

"DAAPV1 (Shea Chemical Corp. ) OP-(-OCH2 (CHZ)3CH3)2 

(CH2 13 CH3 diamyl amylphosphonate 

"DnBPP" (Virginia-Carolina Chemical Corp. ) 

OP- (-0CH2 CH2 CH2 CH3 ) 2 di-n-butyl - phenylphosphonate 
t 

c6 H5 

"DSBPP" (ORNL ) CH3 
di-sec-butyl - phenylphosphonate op- CH3 

1 

C6H5 
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