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ABSTRACT 

Uranium and p lu ton ium were r e c o v e r e d  by l i q u i d - l i q u i d  
e x t r a c t i o n  from s i m u l a t e d  s u l f u r i c  a c i d  s t a i n l e s s  s tee l  d e c l a d -  
d i n g  s o l u t i o n  w i t h  s e v e r a l  e x t r a c t a n t s .  C o n s e c u t i v e  e x t r a c t i o n  
o f  U(1V) and P u ( I I 1 )  or (IV) by 0 .1 -0 .3  p r i m a r y  amine i n  
hydroca rbon-a l coho l  d i l u e n t  appea red  p r o m i s i n g ,  and c h e m i c a l  
f l o w s h e e t s  were d e m o n s t r a t e d  i n  l a b o r a t o r y - s c a l e  c o n t i n u o u s  
c o u n t e r c u r r e n t  e x t r a c t i o n .  E x t r a c t i o n  o f  U(V1) w i t h  a d i a l k y l -  
p h o s p h o r i c  a c i d  appea red  p romis ing  when p lu ton ium r e c o v e r y  is 
n o t  needed .  Recovery is a l so  c h e m i c a l l y  f e a s i b l e  by e x t r a c t i o n  
of U(V1) and Pu(1V) w i t h  a n  N-benzyl s e c o n d a r y  a l k y l  amine or a 
t r i a l k y l p h o s p h i n e  o x i d e .  The amine e x t r a c t s  are s t r i p p e d  w i t h  
n i t r i c  ac id ,  g i v i n g  a s u l f a t e - n i t r a t e  p r o d u c t  s o l u t i o n .  The 
organophosphorus  e x t r a c t a n t s  p e r m i t  e l i m i n a t i o n  of  t h e  s u l f a t e  
b u t  r e q u i r e  sodium c a r b o n a t e  for s t r i p p i n g .  



-3 - 

CONTENTS 
Page 

1.0 

2 . 0  

3 , O  

4.0 

5.0 

6 . 0  

7 . 0  

8.0 

Summary 

Introduction 

Decladding Solution 

Recovery by Amine Extraction 

4.1 Uranium-Plutonium Extraction with Primary 

4.2 Continuous Countercurrent Extraction with 

4,3 Countercurrent Stripping from Primene JM 
4.4 Single Stage Recovery with Primary Amine 
4.5 Extraction with Mixed Primary and N-Benzyl 

Amine 

Primene JM 

Secondary Amines 

Recovery by DiaPkyPphosphoric Acid Extraction 

5.1 Uranium Extraction from Uranium-Thorium 
Solution 

Recovery by Phosphine Oxide Extraction 

Reagent Loss and Carryover 
7,l Reagent Loss 
7 . 2  Reagent Carryover 

7 . 3  Sulfate Carryover 

7 . 4  Sodium Ion and Product Solution Volume 

References 

4 

5 

7 

8 

10 

18 

22 

2 6  

28 

3 0  

32 

38 

41 

41 
42 

42 

44 

45 



-4 - 

1 . 0  SUMMARY 

Uranium(1V) and P u ( I I 1 )  or (IV) c a n  be r e c o v e r e d  from 
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 ,  a t  t h e  e x p e c t e d  composi- 
t i o n  o f  2-3 H2S04 and -1 M s t a i n l e s s  s teel  metal s u l f a t e s ,  
by s u c c e s s i v e  e x t r a c t i o n s  wyth d i l u t e  s o l u t i o n s  of a p r imary  
amine i n  hydroca rbon-a l coho l  d i l u e n t .  Any s i g n i f i c a n t  amount 
of U(V1) s h o u l d  be r e d u c e d ,  e . g . ,  w i t h  chromous s u l f a t e .  
A f t e r  t he  uranium e x t r a c t i o n ,  a d d i t i o n  of  a small amount o f  
o x i d a n t ,  e . g . ,  F e ( I I 1 )  a t  a c o n c e n t r a t i o n  much lower t h a n  t h e  
F e ( I 1 )  c o n c e n t r a t i o n  p r e s e n t ,  is s u f f i c i e n t  t o  o b t a i n  h igh  
p lu tonium e x t r a c t i o n .  With 0.1-0.3 amine,  2 uranium stages 
and 2-4 p lu tonium stages are s u f f i c i e n t  f o r  high r e c o v e r y  a t  
close t o  t h e  maximum uranium l o a d i n g  and c o n c e n t r a t i o n  factor.  
A t  somewhat lower  l o a d i n g ,  e . g . ,  70% o f  maximum, >99% uranium 
r e c o v e r y  and >9O% plu tonium r e c o v e r y  a p p e a r  feasible w i t h  a 
s i n g l e  e x t r a c t i o n  stage f o r  e a c h .  Thus ,  t h e  e x t r a c t i o n  p r o c e s s  
c o u l d  be carried o u t  by s u c c e s s i v e  passes th rough  a s i n g l e  
b a t c h  or f l o w  c o n t a c t o r ,  

A l t e r n a t i v e l y ,  t h e  U(IY> and Pu(1 I I - IV)  c a n  be e x t r a c t e d  
w i t h  a s i n g l e  e x t r a c t a n t  stream, a t  -70% of maximum uranium 
l o a d i n g ,  i n  a c o u n t e r c u r r e n t  sys t em p r o v i d i n g  2 stages f o r  
uranium and 2-4 stages f o r  p lu ton ium.  

The uranium and p lu tonium e x t r a c t  streams c a n  be combined 
f o r  s t r i p p i n g  w i t h  n i t r i c  acid. The p r o d u c t  s o l u t i o n  w i l l  
c a r r y  s u l f a t e  e q u i v a l e n t  t o  the  amine used  p l u s  t h e  metals 
r e c o v e r e d ,  When t h e  e x t r a c t a n t  is loaded close t o  t he  s t o i -  
chiometric maximum, 1 mole of uranium t o  8 moles  of  amine ,  t h e  
p r o d u c t  w i l l  c o n t a i n  a p p r o x i m a t e l y  6 moles  of s u l f a t e  p e r  mole 
o f  uranium. From s y n t h e t i c  d e c l a d d i n g  s o l u t i o n  c o n t a i n i n g  
uranium a t  2 . 3  g / l i t e r  and p lu tonium a t  0 . 5  mg / l i t e r ,  extrac- 
t i o n  w i t h  0 . 3  M amine a t  a /o  = 2 . 4 / 1  and  s t r i p p i n g  w i t h  5 & 
H N 0 3  a t  a /o  = i / l O  y i e l d e d  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  74 g 
o f  uranium and 1 7  m g  of p lu tonium p e r  l i t e r ,  O c 2 5  HNO,, and 
2 . 4  s u l f a t e .  The o v e r a l l  uranium and p lu tonium r e c o v e r y  w a s  
>99% w i t h  a c o n c e n t r a t i o n  f a c t o r  >30 from feed to p r o d u c t .  
The e x t r a c t i o n  w a s  c o n t i n u o u s - c o u n t e r c u r r e n t  i n  two uranium 
and f o u r  p lu tonium s t a g e s .  The s t r i p p i n g  w a s  b a t c h - c o u n t e r -  
c u r r e n t  i n  f o u r  s t a g e s .  

U ( V 1 )  and Pu(1V) c a n  be e x t r a c t e d  from 2-3 M H2S04 s o l u -  
t i o n s  by a d i l u t e  s o l u t i o n  of a n  N-benzyl s e c o n d a r y  a l k y l  
amine or o f  a t r i a l k y l p h o s p h i n e  o x i d e .  While t he  e x t r a c t i o n  
c o e f f i c i e n t s  are much lower t h a n  those f o r  U(1V) and Pu(1V) 
w i t h  p r imary  amines ,  t h e y  are high enough f o r  e x t r a c t i o n  i n  
p r o b a b l y  4 t o  8 s t a g e s .  Chemical f lowsheets  to u s e  these 
e x t r a c t i o n s  are p roposed ,  b u t  have  n o t  been  tested i n  c o u n t e r -  
c u r r e n t  e x t r a c t i o n .  
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When p lu tonium is a b s e n t  or n e g l i g i b l e ,  U(V1) can  be 
r e c o v e r e d  from t h e  s u l f u r i c  a c i d  d e c l a d d i n g  s o l u t i o n ,  w i t h  
i r o n  reduced  t o  F e ( I I ) ,  by e x t r a c t i o n  w i t h  a d i l u t e  s o l u t i o n  
of a d i a l k y l p h o s p h o r i c  a c i d  i n  s y n e r g i s t i c  combina t ion  w i t h  
TBP, a phosphona te ,  or a phosphine  o x i d e .  From s y n t h e t i c  
d e c l a d d i n g  s o l u t i o n  c o n t a i n i n g  0 . 0 7  g o f  uranium and 1 . 5  g of 
thor ium p e r  l i t e r ,  e x t r a c t i o n  w i t h  0 . 3  d i ( 2 - e t h y l h e x y 1 ) -  
p h o s p h o r i c  acid-0.15 M TBP a t  a/o = 1 0 / 1  and s t r i p p i n g  w i t h  
2 M Na,CO, a t  a/o = l/il y i e l d e d  a f t e r  a c i d i f i c a t i o n  a p r o d u c t  
s o i u t i o n  c o n t a i n i n g  4 . 5  g of uranium,  1 . 5  g o f  t h o r i u m ,  0 . 2  g 
of  i r o n ,  and 0 . 0 3  g of  s u l f a t e  p e r  l i t e r  w i t h  1 . 8  M NaNO, and 
0 . 5  g H N 0 3 ,  The e x t r a c t i o n  w a s  c o n t i n u o u s  c o u n t e r c u r r e n t  i n  
8 s t a g e s  (97% r e c o v e r y ) ,  The a c i d i f i e d  p r o d u c t  s o l u t i o n  w a s  
from t h e  f i r s t  of 2 s t r i p p i n g  s t a g e s ,  n o t  c o u n t e r c u r r e n t  (>85 
and >99 c u m u l a t i v e  p e r c e n t  s t r i p p e d ) .  

Recovery o f  b o t h  V(V1) and Pu(1V) by e x t r a c t i o n  w i t h  
d i a l k y l p h o s p h o r i c  a c i d  may be f e a s i b l e  b u t  appea red  less 
p romis ing  t h a n  t h e  f o r e g o i n g  methods because  of e x c e s s i v e  ex -  
t r a c t i o n  of F e ( I I I 3 ,  

Thorium, when p r e s e n t ,  c a n  be r e c o v e r e d  t o g e t h e r  w i t h  
U ( 1 V )  by e x t r a c t i o n  w i t h  a pr imary  amine or l e f t  i n  t h e  waste 
by e x t r a c t i o n  of U(V1) w i t h  a d i a l k y l p h o s p h o r i c  a c i d .  

Recovery by e x t r a c t i o n  w i t h  a d i a l k y l p h o s p h o r i c  a c i d  or 
a t r i a l k y l p h o s p h i n e  o x i d e  has  t h e  p o t e n t i a l  a d v a n t a g e ,  i n  
compar ison  w i t h  e x t r a c t i o n  by t h e  amines ,  t h a t  s u l f a t e  c a r r y -  
o v e r  i n t o  t h e  s t r i p  s o l u t i o n  is much lower and c o u l d  be 
e l i m i n a t e d  by a s i m p l e  s c r u b .  These r e a g e n t s  have t h e  d i s -  
a d v a n t a g e  of r e q u i r i n g  c a r b o n a t e  s o l u t i o n  f o r  s t r i p p i n g ,  
which i n t r o d u c e s  sodium ion  i n t o  t h e  p r o d u c t  s o l u t i o n  and 
n e c e s s i t a t e s  h a n d l i n g  of  s o l i d s  i n  t h e  s t r i p  s o l u t i o n  whenever 
i r o n  is e x t r a c t e d  o r  e n t r a i n e d .  

Of t h e  f o r e g o i n g  r e a g e n t s ,  one s u i t a b l e  p r imary  amine and 
one d i a l k y l p h o s p h o r i c  acid are commerc ia l ly  a v a i l a b l e .  O t h e r  
s u i t a b l e  p r imary  amines and N-benzyl s e c o n d a r y  a l k y l  amines 
are a v a i l a b l e  i n  l i m i t e d  p i l o t  p l a n t  q u a n t i t i e s ,  and one  t r i -  
a l k y l p h o s p h i n e  o x i d e  is a v a i l a b l e  as a s p e c i a l t y  r e a g e n t  o 

2 . 0  INTRODUCTION 

T h i s  r e p o r t  p r e s e n t s  l a b o r a t o r y  s t u d i e s  on t h e  r e c o v e r y  
of uranium and p lu tonium from 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  by s o l v e n t  e x t r a c t i o n ,  While d e c l a d d i n g  
by t h e  S u l f e x  p r o c e s s  has  been demons t r a t ed  w i t h  d i s s o l u t i o n  
of less t h a n  0 .1% of  t h e  uranium from t h e  c o r e , l , Z  a v a i l -  
a b i l i t y  of an  e f f e c t i v e  s c a v e n g i n g  method is c o n s i d e r e d  d e s i r -  
able as a s a f e g u a r d  a g a i n s t  t h e  p o s s i b l e  d i s s o l u t i o n  and loss  
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o f  s i g n i f i c a n t l y  l a r g e r  amounts.  

'The s c a v e n g i n g  method s h o u l d  be s i m p l e ,  and s h o u l d  meet 
as fa r  as p o s s i b l e  t h e  f o l l o w i n g  c r i te r ia :  

1. 

2 .  

3. 

I t  s h o u l d  be a b l e  t o  h a n d l e  up  t o  1% o f  t h e  t o t a l  
uranium and t o  l e a v e  less t h a n  0 .01% of t h e  t o t a l  
uranium and p lu tonium i n  t h e  waste. 

The d e c l a d d i n g  s o l u t i o n  s h o u l d  n o t  be  d i l u t e d  more 
t h a n  n e c e s s a r y  t o  p r e v e n t  p r e c i p i t a t i o n  and n o t h i n g  
s h o u l d  be added t h a t  would i n t e r f e r e  w i t h  d i s p o s a l ,  

Uranium and  p lu tonium s h o u l d  be r e c o v e r e d  t o g e t h e r  
i n  a form s u i t a b l e  f o r  r e t u r n  t o  t h e  main c y c l e ;  
s e p a r a t i o n  from s u l f a t e ,  e x t r a c t a n t ,  and s t a i n l e s s  
steel metals s h o u l d  be  s u f f i c i e n t  t o  p r e v e n t  
i n t e r f e r e n c e  w i t h  o p e r a t i o n  o f  t h e  main c y c l e ;  
f i s s i o n  p r o d u c t s  are less i m p o r t a n t .  

From e x t r a c t i o n  d a t a  o b t a i n e d  i n  t h e  development  o f  
uranium r e c o v e r y  p r o c e s s e s  f o r  s u l f a t e  ore leach l i q u o r s ,  3 
U(1V) c a n  be  e x t r a c t e d  from 3-5 s u l f u r i c  a c i d  s o l u t i o n s  by 
p r imary  amines ,  and U(V1) by N-benzyl s e c o n d a r y  a l k y l  amines ,  
t r i a l k y l p h o s p h i n e  o x i d e s ,  and d i a l k y l p h o s p h o r i c  a c i d s .  The 
l a s t ,  d i a l k y l p h o s p h o r i c  acid,  g i v e s  r e l a t i v e l y  low e x t r a c t i o n s  
from s u c h  s o l u t i o n s  when used  a l o n e  b u t  c o n s i d e r a b l y  h i g h e r  
e x t r a c t i o n s  when used  i n  s y n e r g i s t i c  combina t ion  w i t h  t r i a l k y l -  
p h o s p h a t e s ,  phosphona te s ,  o r  phosphine  o x i d e s .  

Thorium. While t h i s  report is conce rned  o n l y  w i t h  u r a -  
nium and  p lu ton ium recovery, t h e  s a m e  e x t r a c t a n t s  s h o u l d  be 
a p p l i c a b l e  t o  d e c l a d d i n g  s o l u t i o n s  c o n t a i n i n g  tho r ium.  If 
thor ium r e c o v e r y  is d e s i r e d ,  it c a n  be  e x t r a c t e d  w i t h  a p r i -  
mary amine i n  t h e  same way as U ( 1 V )  and w i t h  s i m i l a r l y  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 .  However, t h e  l i m i t e d  s o l u b i l i t y  of 
thor ium s u l f a t e  i n  t h e  f i n a l  s t r i p  s o l u t i o n ,  o f  t h e  o r d e r  of 
1 0  g o f  thor ium p e r  l i t e r , 4  w i l l  n o t  permit t a k i n g  advan tage  
o f  as h i g h  a c o n c e n t r a t i o n  f a c t o r  across t h e  sys t em as is 
a v a i l a b l e  f o r  uranium. I f  thor ium r e c o v e r y  is n o t  r e q u i r e d ,  
U(V1) c a n  be r e c o v e r e d  by e x t r a c t i o n  w i t h  one of  t h e  o t h e r  
t y p e s  of  r e a g e n t s  l i s t e d  above ,  

Reagent  A v a i l a b i l i t y .  Some of t h e  r e a g e n t s  c o n s i d e r e d  
here are commerc ia l ly  a v a i l a b l e ,  w h i l e  o thers  are a v a i l a b l e  a t  
p r e s e n t  o n l y  as research c h e m i c a l s .  The p r imary  amine Primene 
JM (Rohm and Haas eo.)  is a v a i l a b l e  i n  q u a n t i k y  a t  "50d p e r  
pound. Some o ther  p r imary  amines l i k e  1 -undecy l l au ry lamine  
(Armour and eo.) are a v a i l a b l e  i n  l i m i t e d  p i l o t  p l a n t  quan- 
t i t i e s . 5  While N-benzyl-l-(3-ethylpentyl~-4-ethyloctylamine 
(PJBHA) has  been o b t a i n e d  o n l y  as a research chemical, s i m i l a r  
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reagents, e.g. N-benzyl-1-undecyllaurylamine (Armour and Co.), 
are available in limited pilot plant quantities.5 Tri-2- 
octylphosphine oxide (TOPO) is the only trfalkylphosphine 
oxide now available, and that only as a specialty reagent 
(Eastman Organic Chemical No. 7440) ,  Di(2-ethylhexy1)phos- 
phoric acid (D2EHPA) is available in quantity at -$1.00 per 
pound. Suitable alcohols to improve the compatibility of 
aliphatic diluents with aminesp e.g, oxo-process mixed tri- 
decanols, are available at -256 per pound. Modifiers used 
to permit alkaline stripping of DZEHPA include, besides TBP 
and TOPO, certain phosphonate esters potentially available at 
<$B.OO per pound. 

The authors wish to thank J. Po Eubanks for assistance in 
setting up and running the continuous countercurrent extrac- 
tion tests. Most of the analyses involved in this study were 
performed by members of the Analytical Chemistry Division 
under the direction of M, To Kelley and C. D. Susano. In 
particular, most of the plutonium analyses were performed by 
J. M. Peele of that division. Laboratory facilities needed 
for some of the plutonium tests were made available by J. R. 
Flanary and J. H. Goode. 

3 ., 0 DECLADDING SOLUTION 

The decladding solution is expected to arise from the 
complete dissolution of 304L stainless steel in l00-200% 
excess of 4 or 6 sulfuric acid. This solution must be 
diluted to prevent precipitation on cooling, yielding a solu- 
tion probably 2-3 in sulfuric acid and -1 in stainless 
steel metals. The slightly enriched U 0 2  and the Thoz- 
enriched UOz cores are subsequently dissolved in nitric acid 
f o r  Purex- or Thorex-type processing, 

Sulfuric acid at 3-5 containing convenient concentra- 
tions of uranium or plutonium was used as a sufficient approx- 
imation to sucR solutions for the survey testing of various 
extractants, For the more detailed testing, the solutions 
used were either 3 M H2S04--0.5 Na2S04 or simulated stain- 
less steel solutions made up from reagent chemicals to a 
composition approximating 2 . 5  M H,S04 f M FeS04, 0,2 M 
~ r ,  ( so4) , 0.1 M NISO~ , o 012 E U( so4 ) 
liter) 
to 10 mg/liter (4x10-5 M) after reduction with i r o n  metal 
in the sulfuric acid st&k solution. 
been previously freed from americium by DZEHPA extraction. 

(7 g of uraniuii per 
PlutonTurn, when tested, was added at levels of 0.5  

The plutonium used had 

For tests of extraction from reduced solution, the 
simulated stainless steel solution was reduced with chromous 
sulfate, z i n c ,  iron metal, or amalgamated aluminum just 
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b e f o r e  u s e .  Its p o t e n t i a l  w a s  k e p t  < - l a 0  mv,* which w a s  
e s t a b l i s h e d  by p o t e n t i m e t r i c  t i t r a t i o n  as s u f f i c i e n t  f o r  corn- 
p l e e e  r e d u c t i o n  to U(I-V>, For  t e s t s  of e x t r a c t i o n  from 
o x i d i z e d  s o l u t i o n ,  t h e  s i m u l a t e d  s t a i z l e s s  s teel  s o l u t i o n  w a s  
f i r s t  reduced and w a s  t h e n  oxidi.zed w i t h  Cishromate. 

Amines i n  hydrocarbon s01u t i~1-1  e x t r a c t  uranium and thor ium 
from acidic s u l f a t e  s o l u t i o n s  as s u l f a t e  c o ~ , p l @ x e ~ ,  by a n i o n  
exchange a p p r o a s h i n g  U (VI 1 / m i n e  mole r a t i o s  of 1/ (4 to 6 16  
and U(IV)/amine o r  Th/atnir_e r a t i o s  of l /8 '7 ,8  a5 maximum loading. 
Excess  s u l f a t e  competes  w i t h  t h e  ex : rac t ion ,  and h i g h  aqueous 
a c i d i t y  f u r t h e r  i m p a i r s  e x t r a c t i o n  bj7 i n c r e a s i n g  She p r o p o r t i o n  
of  b i s u l f a t e  ion. P r i m a r y ,  secondary ,  and t e r t i a r y  amines have 
g e n e r a l l y  a b o u t  t h e  sage ord~lr~r of s x t - a c t i o n  power fox- n ( V I )  
s u l f a t e  s x c e p t  t h a t  e ~ t ~ a ~ t i ~ n s  are vzrkedly h i g h e r  w i t h  cer- 
tailz 21-bsnzyl secondarp-alkyl a m i r e s .  Only thess have g iven  
u s a b l e  U ( V I )  ex- tmxtior i  c o a f f l c i e i i t s  from 3 M H 2 S O r _ .  In e m -  
t ras t  U (IV) and t h o r i a ~ n  s u l f a t e  extTactioas--arc much h i g h e r  
w i t h  p r i m a r y  amines  tha9 w i t h  s s z o n d a r ~  or t s ~ t l a r y .  

P 1 u t m j . w  :'l"Y') es t ras t io3s  fro:n s ~ i P f i ~ r  F c  acid and f m m  
s u l f a t e  s o l u t i o n s  ( T a b l s  4 . 1 )  w e r e  a l s o  iniJch highex- w i t h  p r i -  
mary amines t h a n  with sscond.ary o r  t x $ i a , s g .  Z o ~ e v e r ,  t h e  
e x t r a c t i o c  eoeffic:, f-;p_h wi-::h t h e  H-".,enzyl a l~condai -y  amines are 
h i g h  enough to bo useful. Coxespo; id ing  %sts of  t h e  s x t r a c -  
tion of  P-JQITI) from 3 - M HzS04 w i t h  Pkaimejiie JM and a ther  p r i -  
m a r y r  a93icsres $aye h i g h l y  %7arrla"rulc r s w u l t w  t h e  e x t r a c t i o n  
c o s f f i c i e z t s  t y p i c a l l y  Taxgizg ~ T Q M  ' " 5  t o  >=.IO9 w i t h  0 . 1  
amines  Results w e y e  similar fror,? solutions coc ta i a ing  f e r rous  
s u l f a % .  The e x p l a n a t i o n  offered f o ~  t h e  v a r i a b l e  e x t r a c t i o n s  
is t h a t  s t roag  complexing of P~(I l7 ' j  by s u l € a t e  and m i n e  en- 
hances  t h e  o x i d i z a b i l i k y  of t h s  Pu(PIP?, Ensugh t o  give marly  
comple t e  o x i d a t i o n  ax6 sx';rae-:;ion as PI.I ( I V ) ,  whethe,- or not 
any P u ( 1 I I )  is e x t r a c t e d  as sucke While t h i s  e x p l a n a t i o n  has  
nod; been pj?ur).ed, an ex3racnf;ion p ~ a c e d ~ i r e  based Oil i t  has  
worked s a t i s f a c t o r i l y  (Sec;t. 4 . 2 : .  

E x t r a c t i o n  of ferr ic  i r o n  w a s  f a i r l y  low froin 3 M H,S04 ,  
E% = 0-02 w i t h  0 .  L - M Primene J M  and Q .  04 w i t h  0 . 1  - M NXHA. 
E x t r a c t i o n  of f e r r o w s  i r o n  was c o c s i d e r a b l y  lower, E% 1Q-3  
w i t h  0 , l  - M Prirnene JM, 

* P l a t i n u - i  vs s a t u r a t s d  calomel e l e ~ t r ~ d e  sys-ken~. The s i g n  is 
t h a t  o f  the p l a t i n u m  electroCe, s o  t h a t  h i g h e r  p o s i t i v e  
pot :er , t ia l  i n d i c a t e s  h i g h e r  o x i d a t i o n .  
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E x t r a c t e d  uranium c a n  be s t r i p p e d  from amines by s e v e r a l  
r e a g e n t s ,  i n c l u d i n g  d i l u t e  n i t r i c  a c i d  and sodium c a r b o n a t e  
s o l u t i o n .  9 E x t r a c t e d  p lu tonium w a s  a l so  s t r i p p e d  e f f e c t i v e l y  
from amines w i t h  d i l u t e  n i t r i c  a c i d ,  S t r i p p i n g  of p lu tonium 
from amines w i t h  c a r b o n a t e  w a s  n o t  t e s t e d  b u t  would be e x p e c t e d  
t o  p roceed  r e a d i l y  on t h e  basis of t h e  g e n e r a l  e f f e c t i v e n e s s  
of c a r b o n a t e  s t r i p p i n g  of amines9 and t h e  s a t i s f a c t o r y  s t r i p -  
p i n g  o f  p lu tonium from D2EHPA w i t h  c a r b o n a t e  ( S e c t .  5 ) .  

Two d i f f e r e n t  approaches  t o  uranium-plutonium r e c o v e r y  are 
s u g g e s t e d  by t h e  f o r e g o i n g  amine e x t r a c t i o n s .  One is e x t r a c -  
t i o n  o f  b o t h  U(1V) and Pu( I I1 - IV)  w i t h  a p r imary  amine,  e i t h e r  
i n  c o n s e c u t i v e  e x t r a c t i o n s  or p o s s i b l y  w i t h i n  a s i n g l e  e x t r a c -  
t i o n  sys tem ( S e c t s .  4 . 1 ,  4 . 2 ) .  The o t h e r  is o x i d a t i o n  f o l l o w e d  
by e x t r a c t i o n  of Pu(1V) and U(V1) s i m u l t a n e o u s l y  w i t h  mixed 
p r imary  and N-benzyl s econdary  amines ( S e c t .  4 . 5 )  

T a b l e  4.1.  P lu tonium E x t r a c t i o n  by Amines 
from S u l f a t e  S o l u t i o n s  

I n i t i a l  Pu c o n c e n t r a t i o n :  10 -20  m g / l i t e r  
Organ ic  d i l u e n t :  Amsco 125-82 
Phase  r a t i o :  1/1 
Room t e m p e r a t u r e  

Conc. E x t r a c t i o n  C o e f f i c i e n t ,  E%(Pu-IV) 
Amine - M H2S04 !! 0 4 9  PH -1 

0 . 1  > l o o 0  
8 , 4  38000 

a b  Primene J M  9 > l o o 0  

D i  ( t r i d e c y l  )aminea 0 . 1  0 . 8  6 

S-24c 0 . 1  <o .  1 0 . 2  

N B H A ~  0 . 1  6 
0 . 4  20  

N-benzyl-l-undecyl- 0 . 1  
l a u r y l a m i n e  

5 

>20  
100 

T r i - i s o - o c t y l a m i n e  0 , l  <o. 001 <0.01 

Amsco 125-82 d i l u e n t  m o d i f i e d  w i t h  t r i d e c a n o l .  a 

bPrimene J M  is a commercial pr imary  amine (Rohm and Haas Co.) 
w i t h  a homologous m i x t u r e  of  h i g h l y  branched  t e r t i a r y  a l k y l s ,  
a v e r a g i n g  around 20  c a r b o n  atoms. F o r  a l l  tests i n  t h i s  re- 
r e p o r t  t h e  l i g h t e r  and more w a t e r - s o l u b l e  f r a c t i o n s  w e r e  
washed o u t  by p r e - s c r u b b i n g  w i t h  25 volumes of 0 . 2  & H2S04. 

5-24 is b i s  (l-isobutyl-3,5-dimethylhexyl )amine e 

dNBHA is N-benzyl-1- (3-ethylpentyl)-4-ethyloctylamine. 
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2-4 S t a g e s  

F i g .  4 . 1 .  P lu tonium and uranium r e c o v e r y  from s u l f u r i c  a c i d  
C i r c l e d  d e c l a d d i n g  s o l u t i o n  by e x t r a c t i o n  w i t h  p r imary  amine. 

numbers r e p r e s e n t  r e l a t i v e  f l o w s .  

4.1 Uranium-Plutonium E x t r a c t i o n  w i t h  P r imary  Amine 

The schematic flowsheet for  s u c c e s s i v e  e x t r a c t i o n  of U ( 1 V )  
and P u ( I I 1 )  or Pu(1V) w i t h  p r imary  amine is shown i n  F i g .  4.1. 
The d e c l a d d i n g  s o l u t i o n  is e x p e c t e d  t o  be n e a r l y  c o m p l e t e l y  
r educed  as r e c e i v e d ,  b u t  it is t o  be  t r e a t e d  w i t h ,  f o r  example ,  
i r o n  metal or chromous s u l f a t e ,  i f  n e c e s s a r y ,  t o  e n s u r e  t h a t  
>99% of t h e  uranium is U(1V). The phase  ra t io  i n  t h e  uranium 
e x t r a c t i o n  s e c t i o n  is set  by t h e  l i m i t i n g  l o a d i n g  r a t i o  of 1 / 8 ,  
w i t h  o n l y  a l i t t l e  margin of uncomplexed r e a g e n t  r e q u i r e d .  
To p r o v i d e  c a p a c i t y  f o r  t h e  e x t r a c t i o n  o f  3 g of uranium p e r  
l i t e r  o f  f e e d  w i t h  0 . 3  g amine, t h i s  ca l l s  f o r  an  a /o  phase  
r a t i o  of  “100/35. A f t e r  t h e  uranium is removed, fe r r ic  s u l -  
f a t e  is added s o  t h a t  a s m a l l  amount of o x i d a n t  is a v a i l a b l e  
d u r i n g  t h e  p lu tonium e x t r a c t i o n .  As described above ,  e x t r a c -  
t i o n  from P u ( I I 1 )  s o l u t i o n  is b e l i e v e d  t o  o c c u r  p r i n c i p a l l y  
t h r o u g h  enhanced o x i d a t i o n  t o  and e x t r a c t i o n  of Pu(1V). The 
ferr ic  s u l f a t e  c o n c e n t r a t i o n  is a r b i t r a r i l y  s e t  a t  0 . 0 1  M_ i n  



t h e  f l o w s h e e t ,  which is much higher  t h a n  t h e  e x p e c t e d  p lu tonium 
c o n c e n t r a t i o n  b u t  l o w  i n  comparison t o  t h e  f e r r o u s  c o n c e n t r a t i o n  
a l r e a d y  p r e s e n t .  With p lu tonium a t  -1 m g / l i t e r  o r  even  con- 
s i d e r a b l y  h i g h e r ,  p h y s i c a l  o p e r a t i o n  r a t h e r  t h a n  t h e  s t o i c h i o -  
metric p lu tonium l o a d i n g  l i m i t  w i l l  set  t h e  phase  r a t i o  i n  t h e  
p lu tonium e x t r a c t i o n  s e c t i o n .  T h i s  is a r b i t r a r i l y  set  a t  
a/o 20/1 i n  t h e  f l o w s h e e t .  The uranium and p lu tonium extracts 
are combined f o r  s t r i p p i n g  w i t h  n i t r i c  a c i d .  Sc rubb ing  o f  t h e  
uranium-plutonium p r o d u c t  s o l u t i o n  w i t h  an  o r g a n i c  s o l v e n t  might  
be r e q u i r e d  t o  remove any d i s s o l v e d  and e n t r a i n e d  amine and 
p r e v e n t  its c r o s s o v e r  i n t o  t h e  main c y c l e .  It might  a lso be 
d e s i r a b l e  o r  n e c e s s a r y  t o  r e g e n e r a t e  t h e  s t r i p p e d  amine s o l u t i o n  
w i t h  sodium c a r b o n a t e  t o  remove n i t r a t e ,  and any e x t r a c t e d  
materials n o t  s t r i p p e d  by t h e  n i t r i c  a c i d ,  b e f o r e  r e c y c l e .  

Uranium(1V) (F ig .  4,2) and P U ~ I V ) ~ ~  e x t r a c t i o n s  from 3 g 
H Z S O 4  v a r y  w i t h  t h e  cube  o f  t h e  uncomplexed p r imary  amine con- 
c e n t r a t i o n .  Uranium e x t r a c t i o n  reaches s a t u r a t i o n  a t  a U/amine 
mole r a t i o  o f  1 / 8  ( F i g ,  4.3). The e x t r a c t i o n  c o e f f i c i e n t ,  
Eg(U),  is “10,000 w i t h  0 . 1  M uncomplexed amine. The c a l c u l a t e d  
uranium e x t r a c t i o n  isothermg ( F i g s .  4 . 3 ,  4.4) t h u s  rise v e r y  
s h a r p l y ,  so  tha t  a s i n g l e  e x t r a c t i o n  s t a g e  c a n  g i v e  h i g h  re- 
c o v e r y ,  and t w o  e x t r a c t i o n  s t a g e s  s h o u l d  be s u f f i c i e n t  f o r  >99% 
r e c o v e r y  o f  t h e  U ( 1 V )  even  a t  l o a d i n g  c l o s e  t o  t h e  l i m i t i n g  
r a t i o .  The v a l i d i t y  o f  t h e  c a l c u l a t e d  e x t r a c t i o n  i s o t h e r m  w a s  
con f i rmed  by two-s tage  b a t c h  e x t r a c t i o n s  carried th rough  f o u r  
c y c l e s  (Table  4.2). Two tests were run  a t  d i f f e r e n t  phase  
r a t io s ,  c o r r e s p o n d i n g  t o  U/amine mole r a t io s  of 1 / 1 0  and l / 7 ,  
i o e o 9  s l i g h t l y  below and  s l i g h t l y  above the  e x p e c t e d  l o a d i n g  
l i m i t .  A t  t h e  1 / 1 0  r a t i o  uranium r e c o v e r y  w a s  ~ 9 9 % .  A t  t h e  
1 / 7  r a t i o  i t  dropped  t o  93%9 w i t h  a b o u t  t h e  e x p e c t e d  amount o f  
uranium l o s t  t o  t h e  r a f f i n a t e s .  The i n d i v i d u a l  p o i n t s  from 
these tests are also shown i n  F i g .  4.4, i n  r e a s o n a b l y  close 
agreement  w i t h  t h e  c a l c u l a t e d  c u r v e .  

Fo r  t h e  first c o u n t e r c u r r e n t  t e s t i n g  o f  t he  p lu tonium 
e x t r a c t i o n ,  a combined f low sys t em (F ig .  4 . 5 )  ra ther  t h a n  t h e  
s e p a r a t e  f l o w  sys t em w a s  u s e d ,  s i n c e  i t  is c l o s e l y  p a r a l l e l  
t o  t h e  flowsheet o f  F i g .  4 . 1  i n  the uranium and p lu tonium ex-  
t r a c t i o n  s e c t i o n s  c o n s i d e r e d  s e p a r a t e l y .  I t  w a s  a lso e x p e c t e d  
t o  p r o v i d e  a t es t  o f  t h e  a b i l i t y  o f  t h e  p lu ton ium,  once  
e x t r a c t e d ,  t o  be r e t a i n e d  i n  t h e  o r g a n i c  phase  d u r i n g  uranium 
e x t r a c t i o n .  Four e x t r a c t i o n  s t a g e s  o f  t h i s  f l o w s h e e t  were 
t e s t e d  th rough  f i v e  c y c l e s  o f  b a t c h  c o u n t e r c u r r e n t  e x t r a c t i o n  
(Table  4.3). F i v e  p r e l i m i n a r y  c y c l e s  w i t h o u t  p lu tonium i n  
t h e  f e e d  were used  t o  b r i n g  the  macro components i n t o  a p p r o x i -  
m a t e l y  s t e a d y - s t a t e  d i s t r i b u t i o n  One-ten%h molar amine and 
an  a/o phase  r a t i o  o f  1/1 were u s e d 9  i n s t e a d  o f  0.3 E and 
100/35 as i n  F i g .  4.5, f o r  conven ience  i n  t h e  g l o v e  box ope ra -  
t i o n .  A i r  w a s  d i s p l a c e d  from t h e  s e p a r a t o r y  f u n n e l s  w i t h  
ca rbon  d i o x i d e  immedia te ly  a f t e r  each t r a n s f e r  t o  minimize a i r  
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a b s o r p t i o n  and t h u s  p r o v i d e  a b e t t e r  tes t  of t h e  need and s u f -  
f i c i e n c y  o f  t h e  fe r r ic  s u l f a t e  o x i d a n t .  Phase s e p a r a t i o n  was 
r a p i d  e x c e p t  when some f i n e l y  d i v i d e d  i r o n  metal ( u s e d  f o r  
r e d u c t i o n  i n  t h i s  tes t )  was allowed t o  e n t e r  t h e  e x t r a c t i o n .  

PO 

8 

6 

4 

2 

0 

/- 
/ 

0 1 2 3 4 

URANIUM IN AQUEOUS, g / l i t e r  

e x t r a c t i o n  of  uranium from 3 N a 2  SO4 -0.5 
Na2S04 by 0 .3  Primene J M .  

F i g .  4.4. Uranium e x t r a c t i o n  i s o t h e r m  for  
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Table 4 , 2 .  Two-stage C o u n t e r c u r r e n t  Uranium E x t r a c t i o n  

Feed: 3 E H,S04 0 . 5  - M NazS04 , 3 . 1  g U (  I V )  / l i t e r  
Ex t rac t an t :  0.12 M Pr imene  J M  i n  90% A m s c o  125-82- 

1 0  mfn contac t  i n  B u r r e l l  s h a k e r ,  room t e m p e r a t u r e  
10% t r i d e c a n o l  

Uranium D i s t r i b u t i o n ,  g / l i t e r  
a/o = 1 s 34a a/o = 0.94b 

Aqueous O r g a n i c  Aqueous Aqueous Organic  Aqueous 
Cyc le  S t a g e  I n  Out o u t  I n  o u t  o u t  

1 1 3 , l  3 .5  3 . 1  2 , 9  
2 3 , l  0 , 5 8  3 . 1  0 .008  

2 1 3 . 1  3 . 4  3 . 1  3 .5  
2 0 ,018  0.005 

3 1 3 . 1  3.6 3 . 1  3 . 0  
2 0 .43 0.018 

4 1 3 . 1  3 , 5  ( 2 . 6 1 ) C  3 . 1  3 .5  ( 2 . 0 9 ) c  
2 ( 1 0 7 ) c  0 . 0 2 0  (0 .005)C  0.006 

Mater ia l  
b a l a n c e ,  70 99 

Uranium loss  
t o  r a f f f n a t e ,  % 7 

103 

0 . 3  

'Phase r a t i o  ( a / o )  1 . 3 4  t o  g i v e  s t e a d y - s t a t e  U/amine mole r a t i o  

bPhase r a t i o  (a /o)  0,94 t o  g i v e  s t e a d y - s t a t e  U/amfne mole r a t i o  
of 1 / 7 .  

of 1 /10 .  

I n t e r s t a g e  c o n c e n t r a t i o n s .  
c 



-15- 

Table 4.3. Countercurrent Test of Combined Extraction 
of Uranium and Plutonium by Primary Amine 

Batch equilibration, double diamond pattern 

Feed: 2.4 H , S 0 4 ,  1.5 M stainless steel sulfates, 3.1 g U(IV)/ 

Extractant: 0.113 Primene JM in 9070Amsco 125-82-1070 tri- 

Phase ratio a/o = 1/1, 10 min contact in Burrell shaker, room 

liter; 9.4 mg Pu(rII)/Piter in feed for  cycles 6-10 only 

decanol 

temperature 

U Distn., g/liter Pu Distn., mg/liter 
U u out Pu Pu out 

Cycle Stage In O r g  Aq In O r g  Aq 
1-4 1 4 ~ 3 ~ 1  4 ~ q 3 . 0 ) ~  0 

4 4 0 0004 

5 1 3.1 3,O 0.007 0 
2 0.009 0,0003 
3 0,0009 0,0002 
4 <0.0004 0.0004 

6-9 1 4x3.1 4 ~ ( 3 . 8 ) ~  4x9.4 4~(0.09)~ 

9 4 0 ,  Q0P2b c o . 0 1  
21.8 

2 - 0.0027 13,7 2.5 
3 0.0034 0.0020 2.1 0 . 0 3  
4 0 . 0 0 0 8  0.0015 0.013 <0.01 

BO 1 3.1 3.6 0,063 9.4 0.4 

Material 
balance, 70 -110 

L o s s  in raffinate, 70 
from Stage 2 0 . 0 9  
from Stage 4 0.05 

87 

- 
0.07 

Extracts of cycles 1-4 and of cycles 6-9 composited for 
analysis 

bUranium in raffinates from cycles 6, 7, and 8 was 0.0014, 
0.0014, and 0.0016 g of uranium per liter. 

a 
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I 

gii$ v, 1 u  
F e d S 0 4 ) , O  

i n  
E x t r a c t a n t  

hydrocarbon-  
a l c o h o l  d i l u e n t  

F i g .  4 . 5 .  Combined uranium and p lu tonium e x t r a c t i o n  by p r i -  
mary amine. C i r c l e d  numbers r e p r e s e n t  r e l a t i v e  f l o w s .  

E R e g e n e r a t e  
X T and Recyc le  
T E x t r a c t a n t  

> R  
A 
C 
T 
I 
0 Waste G -2 & mo, 

. N +  1 - 2 . 5  SO4 
L 

A s  e x p e c t e d  from t h e  e x t r a c t i o n  isotherm, uranium e x t r a c -  
t i o n  w a s  n e a r l y  complete i n  t h e  f irst  s tage ,  and less t h a n  0 . 1 %  
o f  i t  remained i n  t h e  aqueous stream l e a v i n g  t h e  second s tage .  
The p1mtonium, however,  had n o t  reached s t e a d y  s t a t e ,  Its ex-  
t r a c t i o n  w a s  h igh  i n  t h e  t h i r d  s t age ,  E$ = 7 0 ,  b u t  i t  r e f l u x e d  
a lmos t  c o m p l e t e l y  i n  t h e  first s tage ,  w i t h  <57& l e a v i n g  i n  t h e  
e x t r a c t .  N e v e r t h e l e s s ,  less t h a n  O . I y ' w a s  P o s t  i n  t he  f o u r t h  
s t a g e  r a f f i n a t e ,  s o  t h a t  removal  of t h e  o r g a n i c  stream l e a v i n g  
s t a g e  3 as  a p r o d u c t ,  a c c o r d i n g  t o  F i g .  4 , 1 ,  would have g i v e n  
h i g h  p lu tonium r e c o v e r y . *  

The combined loaded  o r g a n i c  s o l u t i o n s  from c y c l e s  1-5 and 
from c y c l e s  6-9 w e r e  s t r i p p e d  t h r o u g h  f i v e  c o n t a c t s  ( n o t  
c o u n t e r c u r r e n t )  w i t h  1 . 5  E HNO, a t  a n  a/o phase  r a t i o  of 1/10 
(Table  4.4). More t h a n  95oj'c, o f  t h e  uranium and p lu tonium w a s  
s t r i p p e d  i n  t h e  f i rs t  two c o n t a c t s s  and >99% i n  f o u r  c o n t a c t s .  
Af te r  b e i n g  sampled for  a n a l y s i s ,  t he  s t r i p  s o l u t i o n s  from 
cyc les  1 -5  were combined and sc rubbed  w i t h  f i v e  s u c c e s s i v e  
e q u a l  volumes of x y l e n e .  The amine c o n t e n t  of each s c r u b  w a s  

*While pPutonPum r e t e n t i o n  i n  t h e  uranium e x t r a c t  w a s  n o t  
e f f e c t u a l l v  tested here, i t  w a s  s u c c e s s f u l  i n  a s u b s e q u e n t  
e x t r a c t i o n  ( S e c t .  4 . 2 )  
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e s t i m a t e d  by e x t r a c t i o n  o f  Np238 t racer  (4x10-9 M Np237 c a r r i e r )  
from 2 . 5  M H2S04 s o l u t i o n .  The E;( Np) v a l u e s  i n z i c a t e d  t h a t  t h e  
f i r s t  x y l e n e  s c r u b  c a r r i e d  -10-4 E amine and t h a t  t h e  second  and 
t h i r d  s c r u b s  were much lower, p robab ly  a round 10-5 M. N o t  
enough neptunium w a s  e x t r a c t e d  by t h e  f o u r t h  and f i F t h  s c r u b s  
t o  be  d i s t i n g u i s h e d  from background.  These r e s u l t s  i n d i c a t e  
t h a t  n o t  more t h a n  0.002 m l  o f  t h e  o r g a n i c  phase  was e n t r a i n e d  
p e r  m i l l i l i t e r  o f  t h e  s t r i p  s o l u t i o n ,  and t h a t  n e a r l y  a l l  t h i s  
was removed by t h e  f irst  equal-volume s c r u b .  

T a b l e  4 , 4 .  Uranium and P lu ton ium S t r i p p i n g  
from Primene JM 

Organic :  combined p r o d u c t s  from s tages  1-5 and from 

S t r i p :  1 . 5  - M H N 0 3  
Phase  r a t i o ,  a/o = 1 / 1 0  
1 0  min c o n t a c t  t i m e ,  B u r r e l l  s h a k e r ,  room t e m p e r a t u r e  

s tages  6-9 ( T a b l e  4 . 3 )  

U ,  g / l i t e r  P u ,  m g / l i t e r ,  
From From From 

c y c l e s  1-5 c y c l e s  6-9 c y c l e s  6-9 

Loaded o r g a n i c  3 . 0  - - 
S t r i p  1 

2 
3 
4 
5 

20 .5  2 6  0.62 
8 .2  1 0 , 7  0 .24  
0 . 3 6  1.11 0.03  
0.017 0 . 2 5  0.006 
0.0008 0.0025 <o. 002 

2 9 . 1  3 8 . 1  0 .90  

S t r i p p e d  o r g a n i c  0 0 0002 0.0002 <o. 002 

Uranium(V1).  While e x t r a c t i o n  o f  U ( V 1 )  from 2-3 H2S04 
by p r imary  amines is l o w ,  i t  is s u f f i c i e n t  t o  g i v e  p a r t i a l  
r e c o v e r y  o f  some unreduced  or r e o x f d i z e d  uranium. 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  Primene JM from 3 H2S04-0,5 Na2SO4 
( T a b l e  4 , 5 )  p l o t t e d  a g a i n s t  t h e  c a l c u l a t e d  f r e e  r e a g e n t  con- 
c e n t r a t i o n s  ( F i g .  4 . 6 )  i n d i c 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  of 
-0.4 a t  0 . 1  M and -1 a t  0 . 3  - M f r e e  reagent .  Thus ,  w i t h  0 . 3  
amine used  a c c o r d i n g  t o  F i g ,  4 . 1 ,  somewhat less t h a n  h a l f  of 
any smal l  amount o f  U ( V I )  i n i t i a l l y  p r e s e n t  s h o u l d  b e  r e c o v e r e d :  
e s s e n t i a l l y  none in t h e  f i r s t  s tage  because  i t  is  h i g h l y  l o a d e d  
w i t h  U ( I V ) ,  -257'0 i n  t h e  second uranium s t a g e  a t  a/o = 3 /1 ,  and 
10-2Q7'0 i n  2-4 pButsnfum s tages  a t  a/o =r 20/1. I n  t h e  a l t e r -  
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n a t i v e  f l o w s h e e t  (F ig .  4 . 5 )  t h e  r e c o v e r y  of a small amount of 
U ( V 1 )  s h o u l d  approach  80% i n  2 uranium and 4 p lu tonium 
e x t r a c t i o n  s t a g e s  a t  a/o X 3/1. 

Tab le  4 .5 .  U(V1) E x t r a c t i o n  from S u l f u r i c  Acid 
S o l u t i o n  by Primene J M  

3 H Z S O e - 0 . 5  Na2S04,  1 t o  1 0  g U / l i t e r  
D i l u e n t :  90% Amsco 125-82-10% t r i d e c a n o l  
a/o = 1/1 room t e m p e r a t u r e  

I n i t i a l  U i n  
Amine, 3 Eoa 0 x 9  !!! 

0 . 0 3  0 . 0 6  0 . 0 0 2 2  
0 . 0 3  0 . 1 0  0.0004 
0 . 1  0.47 0.0013 
0 . 3  1.1 0.0017 

4.2 Cont inuous  C o u n t e r c u r r e n t  E x t r a c t i o n  w i t h  Primene J M  

The c o n s e c u t i v e  e x t r a c t i o n  o f  U(1V) and t h e n  P u ( I I 1 )  o r  
(IV) a c c o r d i n g  to t h e  f l o w s h e e t  of F i g .  4 . 1  w a s  con f i rmed  by 
c o n t i n u o u s  c o u n t e r c u r r e n t  e x t r a c t i o n  i n  a 6 - s t a g e  bank o f  
l a b o r a t o r y - s c a l e  mixer-settlers. The r e s u l t s  (Tab le  4 .6  and 
F ig .  4 .7)  show >99.5% r e c o v e r y  o f  t h e  uranium and p lu tonium 
from s y n t h e t i c  d e c l a d d i n g  s o l u t i o n  a t  70-90% of  t h e o r e t i c a l  
uranium l o a d i n g .  A b r i e f  tes t  w a s  i n c l u d e d  of e x t r a c t i o n  of  
b o t h  U(1V) and P u ( I I 1 )  o r  (IV) w i t h  a s i n g l e  ex t rac tan t  stream. 
The r e s u l t s  a t  -70% of  t h e o r e t i c a l  uranium l o a d i n g  w e r e  e s s e n -  
t i a l l y  as s a t i s f a c t o r y  as w i t h  t h e  s e p a r a t e  e x t r a c t a n t  streams. 

11 The mixer-settlers used  have been d e s c r i b e d  by Weaver. 
T h e i r  ho ldup  w a s  about 40 m l  of o r g a n i c  and 1 6 0  m l  o f  aqueous  
phase  e a c h .  They were set u p  i n  a g l o v e  box f o r  t h e  tests 
w i t h  p lu tonium.  The aqueous stream a t  45.5 ml/min and t h e  
f i r s t  ex t rac tan t  stream a t  1 9  ml/min ( F i g s .  4 . 1  and 4 . 7 )  were 
me te red  by bellows pumps l o c a t e d  o u t s i d e  t h e  g l o v e  box, t h e  
fo rmer  by pumping an  i n e r t  hydrocarbon stream t o  move t h e  f e e d  
s o l u t i o n  by d i s p l a c e m e n t .  The slower f l o w s ,  i . e . ,  t h e  second  
e x t r a c t a n t  stream a t  2 .4  ml/min me te red  by rotameter and t h e  
f e r r i c  s u l f a t e  o x i d a n t  stream a t  1 t o  2 ml/min me te red  by drop-  
c o u n t i n g ,  were c o n t r o l l e d  by p i n c h  clamp and g r a v i t y  head .  

The s y n t h e t i c  d e c l a d d i n g  s o l u t i o n  w a s  made up  i n  s e v e r a l  
b a t c h e s  t o  a p p r o x i m a t e l y  2 HzS04, 1 g s t a i n l e s s  steel 
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* sulfates, and 3 g of uranium and 0.5 mg of plutonium per liter, 
Each batch was reduced to - 2 0 0  mv* with chromous sulfate solu- 
tion [“l Cr,(S04)3 reduced with amalgamated zinc], using 5 0 -  
PO0 m l  per liter, 

1 

n 
n 
3 & 0.1 
v 
06 w 

0,Ol 
1 I 

0.01 0.03 0.1 0 . 3  
CALCULATED FREE REAGENT CONCENTRATION, - M RNHz - 6 x Uorg 

Fig. 4 . 6 .  U(V1) extraction by Primene JM in 70% 
Amsco 125-82-1070 tridecanol from 3 3 HzS0,-0.5 - M 
NaZSO4.  

’Pt-SCE, higher positive emf indicating higher oxidation. 
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T a b l e  4 , 6 .  Uranium and P lu ton ium Recovery from S u l f u r i c  
Ac id -S ta in l e s s  S t e e l  D i s s o l v e r  S o l u t i o n  by E x t r a c t i o n  

w i t h  P r imary  Amine 

Feed ( s y n t h e t i c )  : 2 & H2S04 , P s t a i n l e s s  s tee l  s u l -  

E x t r a c t a n t :  - 0 - 3  Pr imene  J M  i n  8570 A m s c o  125-82-1570 

Con t inuous  c o u n t e r c u r r e n t  e x t r a c t i o n  i n  6 mixer-settlers 

f a t e s ,  -3 g U/ l i ter ,  -0.5 mg P u / l i t e r  

t r i d e c  a n o l  

( F i g .  4 .6 )  

u ,  g / l n t e r  Pu, mg/l i te r  
Cycle“  Feed RaZi. U E x t r .  Feed R a f f .  U E x t r .  P u E x t r .  
1 9  3 . 2  3.ox10-3 5.2 
2.6 2 . 6  1.6xPO-3 7 . 5  
3 .9  2 . 8  P . ~ x P O - ~  7 . 8  

B.3c 2 , 6  0.3~10-3 6,5  0,48 7x10-3 0.44 4 . 4  
2 * 6  2 . 2  0 . 5 ~ 1 0 ” ~  6 .0  0 , 4 8  3x10-3 0 , 4 8  6 . 9  
3.9 2 , 4  l . 6 ~ 1 0 - 3  6,O 0.49 2x10-3 0 , 7 9  4 . 9  
5 . 2  2 . 3  1 . 2 ~ 1 0 - 3  5 .9  0 .48  PxlO-3 O o 5 2  5 . 5  

7d 2 . 3  3,8x10°3 6 . 0  0 .48 1 ~ 1 0 ~ ~  1 . 2  

One cycle  = one  e s t i m a t e d  d i s p l a c e m e n t  of  t h e  s1owest stream 
t h r o u g h  t h e  e x t r a c t i o n  sys t em.  

bRun w i t h  uranium o n l y 9  s t a r t i n g  w i t h  b a r r e n  aqueous i n  t h e  
s e t t l e r s ,  Feed/U E x t r . / P u  E x t r .  p= 50 /17 ,5 /2 .5 ,  0 .35 & amine. 
C o n s e c u t i v e  uranium and p lu ton ium e x t r a c t i o n  w i t h  s e p a r a t e  
o r g a n i c  s t reams,  s t a r t i n g  w i t h  b a r r e n  aqueous  i n  t h e  se t t lers .  
Feed/U E x t r . / P u  E x t r .  = 45 ,5 /19 /2 .4 ,  0 .29  & amine.  

s o l u t i o n s  p r e s e n t  a t  t h e  c o m p l e t i o n  o f  t h e  c o n s e c u t i v e  ex -  
t r a c t i o n  tes t .  Feed/Ext r .  = 45,5 /P9 ,  0 , 2 9  & amine.  

a 

c 

dCsmbfned uranium-plutonium e x t r a c t i o n ,  s t a r t i n g  w i t h  t h e  

Troublesome e m u l s i o n s  formed i n  t h e  mlxers u n t i l  a s u r f a c -  
t a n t ,  Vietawet  1 2 ,  w a s  added t o  t h e  aqueous  f e e d  a t  a concen- 
t r a t i o n  of a b o u t  PO0 ppm. S l i g h t  e m u l s i f i c a t i o n  was s t i l l  
obse rved  a t  times when a mixer stirrer w a s  r u n n i n g  too f a s t .  

E x t r a c t i o n  c o e f f i c i e n t s  t h r o u g h  t h e  e x t r a c t i o n  sys t em 
c o r r e s p o n d i n g  t o  t h e  p r o f i l e s  shown i n  F i g .  4 . 7  were: 
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S t a g e :  -T 2 3 4 5 6 
I ,  C o n s e c u t i v e  U and Pu e x t r a c t i o n  streams: 
E W J )  1300 60  

Y 4 700  PO60 6 0 0  BB50 

P I , Combined U and Per e x t r a c t i o n :  
E% UP 1 2 0 8  PO0 

E: b p 4  2 5 10 2 5 0  6 0  5 

The small q u a n t i t y  of uranium i n  t h e  aqueous stream a f t e r  t h e  
second s tage w a s  p robab ly  r a p i d l y  o x i d i z e d  t o  t h e  p o o r l y  
e x t r a c t a b l e  U ( V I 9  by t h e  f e r r i c  i r o n  a d d e d ,  The p lu tonium 
e x t r a c t i o n  c o e f f i c i e n t  w a s  P o w  i n  t h e  f i r s t  s t a g e  because  t h e  
e x t r a c t a n t  w a s  loaded t o  a c o n s i d e r a b l e  e x t e n t  w i t h  uranium 
and p r s b a b l v  a l s o  because  o x i d a t i o n  w a s  p r e v e n t e d  by t h e  U ( 1 V ) .  
I t  was a p p r e c i a b l y  h i g h e r  in t h e  second s t a g e  where there w a s  
n e g l i g i b l e  l o a d i n g  and much h i g h e r  in t h e  n e x t  s u b s e q u e n t  
s t a g e s  where a small amount of o x i d a n t  was a v a i l a b l e ,  [Bes ides  
t h e  added f e r r i c  s u l f a t e ,  a i r  o x i d a t i o n  p robab ly  had some 
e f f e c t  a f t e r  t h e  u(IV) w a s  g o n e , ]  

The  f l o w  r a t i o  in uranium e x t r a c t i o n ,  and hence  t h e  
uranium l o a d i n g  and c o n c e n t r a t i o n  f a c t o r 9  w a s  a p p r e c i a b l y  
P o w e r  i n  t h e  uranium-plutonium test t h a n  i n d i c a t e d  i n  t h e  
proposed f lowshee t  ( F i g ,  4-1) a/o -= 2,4\l i n s t e a d  of 100/35 =: 
2 . 9 / 1 ,  The r n 5 x e r - s e t t l e r s  a v a i l a b l e  f o r  these tests had been  
des igned  and used  f o r  f l o w  r a t i o s  close t o  l/l, and s i g n f f i -  
c a n t l y  l o w  s tage  e f f i c i e n c y  w a s  s u s p e c t e d  a t  much d i f f e r e n t  
f l o w  r a t i o s ,  Hence t h e  uranium e x t r a c t i o n  f l o w  r a t i o  w a s  de- 
creased t o  a v o i d  t h e  p o s s i b i l i t y  of i n t e r f e r e n c e  w i t h  t h e  
t e s t i n g  of plutonium e x t r a c t i o n ,  The r e s u l t i n g  uranium con- 
c e n t r a t i o n  s f  0 , 0 2 5  in t h e  e x t r a c t  w a s  707, sf t h e  s t o f c h i o -  
metric l o a d i n g ,  While t h e  f i r s t - s t age  e x t r a c t i o n  c o e f f i c i e n t  
of 1 2 0 0  as  compared w i t h  6060-"100 from t h e  e x t r a c t i o n  iso- 
therm ( F i g .  4,4) i n d i c a t e s  s t a g e  e f f i c i e n c y  a p p r e c i a b l y  below 
lOOy', i t  a l s o  shows a c o n s i d e r a b l e  margin of s a f e t y  fo r  
a d j u s t m e n t  t o  h i g h e r  uranium l o a d i n g ,  

4,3 C o u n t e r c u r r e n t  S t r i p p i n g  from Primene JM 

Loaded e x t r a c t  from t h e  f o r e g o i n g  c o n t i n u o u s  e s u n t e r -  
c u r r e n t  e x t r a c t i o n  was s t r i p p e d  w i t h  5 HNO, i n  a e o u n t e r -  
c u r r e n t  b a t c h  s t r i p p i n g  s y s t e m ,  The maximum amounts l e f t  i n  
t h e  s t r i p p e d  o r g a n i c  were -3$J of t h e  anran8um and -0 a 17, of 
t h e  p lu tonium,  The uranium c o n c e n t r a t i o n  i n  t h e  aqueous 
p r o d u c t  s o l u t i o n  w a s  n e a r l y  c o n s t a n t ;  howeverB t h e  p lu tonium 
c o n c e n t r a t i o n  v a r i e d  c o n s i d e r a b l y ,  i n d i c a t t n g  v a r y i n g  i n t e r n a l  
ref l u x  
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The o r g a n i c  f e e d  t o  t h e  s t r i p p i n g  sys t em was t h e  0 . 3  M 
Primene JM ext rac t  from t h e  combined uranium-plutonium extFac- 
t f o n  tes t  ( T a b l e  4 .61 ,  Four s t r i p p i n g  stages u s i n g  s e p a r a t o r y  
f u n n e l s  were c a r r i e d  t h r o u g h  1 8  c y c l e s ,  s ing le-d iamond p a t t e r n .  
Ana lyses  o f  t h e  c o n s e c u t i v e  e x i t  s o l u t i o n s  ( T a b l e  4 , 7 )  and t h e  
f i n a l  p r o f i l e  across t h e  sys t em ( T a b l e  4 . 8 )  showed t h a t  uranium 
was carried o v e r  i n t o  t h e  second s tage  u n t i l  t h e  aqueous con- 
c e n t r a t i o n  there was h i g h e r  t h a n  i n s  the  p r o d u c t  s o l u t i o n ,  b u t  
c a r r i e d  o v e r  much less t o  t h e  t h i r d  and f o u r t h  s t a g e s .  A f t e r  
t h e  f i r s t  s i x  c y c l e s ,  d u r i n g  which t h e  uranium r e f l u x  was p r e -  
sumably i n c r e a s i n g ,  t h e  uranium C o n c e n t r a t i o n  was n e a r l y  con- 
s t a n t  i n  t h e  p r o d u c t  s o l u t i o n .  The f r a c t i o n  of t h e  uranium 
r e m a i n i n g  i n  t h e  s t r i p p e d  o r g a n i c  s t a r t e d  n e a r  170, rose t o  -370, 
and t h e n  dropped t o  <0.2oJ0~ Plutonium s t r i p p i n g  w a s  more com- 
p l e t e  t h a n  uranium s t r i p p i n g ,  w i t h  less t h a n  0,170 r e m a i n i n g  
a f t e r  t h e  f o u r t h  s tage  i n  a l l  c y c l e s p  and w i t h o u t  i n d i c a t i o n  
i n  t h e  f i n a l  p r o f i l e  of r e f l u x  b u i l d u p ,  However, t h e  p r o d u c t  
s o l u t i o n  a n a l y s e s  showed t h a t  i n t e r n a l  r e f l u x  had s t a r t e d  and 
t h e n  s t o p p e d  between t h e  e l e v e n t h  and f f f t e e n t R  c y c l e s .  L e s s  
t h a n  .2Y0 of t h e  i n p u t  p lu tonium appea red  i n  t h e  p r o d u c t  s o l u t i o n  
from t h e  e l e v e n t h  c y c l e  and o n l y  -25% i n s  t h a t  from t h e  t h i r -  
t e e n t h ;  t h e n  e s s e n t i a l l y  a l l  t h e  p lu tonium h e l d  up  appea red  i n  
t h e  p r o d u c t  s o l u t i o n  from t h e  f i f t e e n t h  c y c l e .  Thus,  c s n s i d e r -  
a b l e  p lu ton ium may have r e f l u x e d  i n t o  t h e  t h i r d  s tage o f  t h e  
t h i r t e e n t h  c y c l e ,  b u t  s t i l l  o n l y  a trace appea red  i n  t h e  
s t r i p p e d  o r g a n i c  from t h e  f o u r t h  s tage  o f  t h e  f o u r t e e n t h  c y c l e ,  
The n i t r a t e  c o n c e n t r a t i o n  i n  t h e  f i n a l  aqueous p r o d u c t  s o l u t i o n  
was lower t h a n  e x p e c t e d ,  and v a r y i n g  n i t r a t e - s u l f a t e  d i s p l a c e -  
ment i n  t h e  f irst  t w o  s tages  may have caused  t h e  v a r y i n g  p lu -  
tonium d i s t r i b u t i o n .  If s o ,  i t  seems l i k e l y  t h a t  t h e  s u l f a t e  
e f f e c t  would n o t  c a r r y  beyond t h e  second or t h i r d  s t a g e ,  s o  
t h a t  f o u r  s tages  s h o u l d  p r o v i d e  a s u f f i c i e n t  o p e r a t i n g  margin .  

The p r o d u c t  s o l u t i o n  from t h e  Bast c y c l e  c o n t a i n e d  74 g 
of uranium and 1 7  mg of p lu tonium pe r  liter, 0 . 2 5  M NO3 and 
2 . 4  s u l f a t e ,  T h i s  r e p r e s e n t s  a r e c o v e r y  of >99%7 and con- 
c e n t r a t i o n  by a f a c t o r  o f  > 3 0  f o r  b o t h  uranium and p lu ton ium,  
from t h e  s y n t h e t i c  deeladdinmg s o l u t i o n  c o n t a i n i n g  2 . 3  g 0f 
uranium and 0.48 m g  of p lu tonium p e r  l i t e r .  

Rate  of S t r i p p i n g .  The e q u i l i b r a t i o n  t i m e  i n  t h e  f o r e -  
g o i n g  c o u n t e r c u r r e n t  ba t ch  s t r i p p i n g  test w a s  a r b i t r a r i l y  se t  
a t  5 min. A s e p a r a t e  s t r i p p i n g  t es t  i n d i c a t e d  t h a t  t h i s  was 
more t h a n  enough t i m e  f o r  e q u i l i b r a t i o n :  A 2-l i ter  b a t c h  of 
uranium-loaded ex t r ac t  was s t r i p p e d  w i t h  5 M HNO, a t  a/o = 1/10 
by s t i r r i n g  i n  a 4 - B i t e r  b e a k e r  w i t h  a Zxl /F- in ,  f l a t  padd le  a t  
a c o n s t a n t  s p e e d  of  -2000 rpm, which gave  c o n s i d e r a b l y  m i l d e r  
a g i t a t i o n  t h a n  does  s h a k i n g .  The uranium d i s t r i b u t i o n  w a s  
close t o  e q u i l i b r i u m  w i t h i n  2 m P n  (Tab le  4 . 9 ) .  A f t e r  6 0  min 
c o n t a c t  t he  p h a s e s  were s e p a r a t e d .  A second l / l O  volume of 
5 HNO, s t r i p p e d  9570 of t h e  r ema in ing  uranium. 
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T a b l e  4 , 7 ,  Uranium and P lu ton ium S t r i l s p i n q  
from Pr imary  Amine 

E x t r a c t :  0 , 3  M Primene JM i n  8576 Amsco 125-82-1570 
t r i d z c a n o l ,  6 , 5  g U / P i t e r ,  0.00155 g 
P u / l i t e r  

S t r i p :  5 - M HNO, 
F o u r - s t a g e  c o u n t e r c u r r e n t  b a t c h  e q u i l i b r a t i o n ,  s i n g l e -  

P h a s e  r a t i o  a/o == 1 / 1 0 ,  5 min c o n t a c t  i n  B u r r e l l  
diamond p a t t e r n  

s h a k e r ,  room t e m p e r a t u r e  

U or P u ,  g/P i t e r  
Loaded S t r i p "  S t r i p p e d  Organicd  U L e f t ,  

Cvc leb  Pu U Pu U 70 
1 0 0142 
2 
3 0 ,0163  
4 
5 O.OP20 
6 
7 0 e OB41 
8 
9 0 0246 

1 0  
11 0.0002 
1 2  
1 3  0.0037 
1 4  
1 5  0 0 4 2 2  
16  
1 7  0 0173 
1 8  

Material 

3 0  

47 

5 7  

70 

67 

74 

76 

79 

74 

b a l a n c e  105% 115'$'0 

0 e 054a 

0 .035  

0.040 

0 .057  

0 .171  

0 ,182  

0.010 

O " O 1 2  

0 . 8  

0 .5  

0 . 6  

0 . 9  

2 . 6  

2 . 8  

0 .15  

0 .18  

~~ 

aThe s t r i p p i n g  sys t em w a s  s t a r t e d  w i t h  one 50-ml b a t c h  
of  o r g a n i c  e x t r a c t  c o n t a c t i n g  s u c c e s s i v e  5-ml b a t c h e s  
o f  aqueous  s o l u t i o n  a d j u s t e d  t o  3 W HNO,--2 - M H 2 S 0 4 ,  
4 HNO, -1 H, SO4 4 . 5  HNO, -00-65 M H, SO4 and 5 - M 
HNO, ,  and l e a v i n g  t h e  sys t em i n  t h e  f o u r t h  c y c l e  as 
t h e  f i rs t  s t r i p p e d  o r g a n i c .  

of 2 d a y s ,  
Loaded s t r i p  = aqueous  l e a v i n g  f i r s t  s t a g e .  

bCycles  1-11 were r u n  i n  one  d a y ,  12-18 a f t e r  a l a p s e  

C 

d S t r i p p e d  o r g a n i e  = o r g a n i c  l e a v i n g  f o u r t h  s t a g e .  
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T a b l e  4 . 8 .  Concen t r a t ion  P r o f i l e  across S t r i p p i n g  
System 

Aqueous s t r i p  s o l u t i o n :  5 2 HNO,, a/o = 1 / 1 0  

4-stage b a t c h  c o u n t e r c u r r e n t  s y s t e m ,  s ing le-d iamond 
p a t t e r n %  
~- T r g a n i c  

I n  9 Organ ic  Out  Aqueous O u t  
1s t Lnd 3 r d  4 t h  1st 2nd 4 t h  

S t a g e  S t a g e  S t a g e b  S t a g e c  S taged  Stage S t a g e  
U ,  g / l i t e r  6 . 5  0 .74  0 .05  0.012 74 89 0 . 4 0  
P u ,  m g / l i t e r  1 . 5 5  0 .34  <0 .01  <0 .001  1 7  7 .5  0 . 0 0 5  
H + ,  K 5 . 6  4 . 5  4 . 5  
NOT, M 0.25 0 . 8  4 . 5  
SOT, - M 0.25e cO.01 2 .4  2 , 2  <0.02 

"Last c y c l e  = c y c l e  1 7  f o r  s t a g e s  1 and 3 ,  c y c l e  1 8  f o r  stages 
2 and 4. 
Concen t ra t ions  i n  organic  l e a v i n g  s t a g e  3 ,  c y c l e  1 7 ,  ca l cu -  b 
l a t e d  from c o n c e n t r a t i o n  i n  o r g a n i c  and aqueous l e a v i n g  s t a g e  
4 ,  c y c l e  1 8 .  
S t r i p p e d  organic f o r  r e c y c l e .  C 

d P r o d u c t  s o l u t i o n .  
e S u l f a t e  i n  l o a d e d  o r g a n i c  e x t r a c t e d  e s t i m a t e d  on b a s i s  o f  

(RNH,),U(S04)6 and RNH,HS04, t o t a l  ( R N H , ) +  = 0 . 3  - M, 

T a b l e  4 .9 .  Rate of  S t r i p p i n g  

Loaded e x t r a c t :  0 .33  Primene J M  i n  90% A m s c o  125-82- 

S t r i p :  5 - M HNO,,  a/o = 1 / 1 0 ?  s t i r r e d ,  room t e m p e r a t u r e  

S t r i p  Time, g / l f t e r  U S t r i p p e d ,  Approach t o  
S t a g e  min Aq Org 70 of  t o t a l  E q u i l i b r i u m , %  

1076 t r i d e c a n o l ,  4 . 4  g U / l i t e r  

C o n t a c t  U D i  s t r i b u t i o n ,  

1 0 - 4 . 4  0 0 
1 24 1 . 9 6  56 75 
2 26 1 . 5 7  64 87 
4 28 1 . 4 4  67 91 

1 0  29 1 . 4 0  68 92 
-60 32 1 . 1 5  74 ( 1 0 0 )  

1 2  0.055 99 2 QY 
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4 . 4  S i n g l e - s t a g e  Recovery w i t h  P r imary  Amine 

With t h e  a b i l i t y  t o  e x t r a c t  P u ( I I I - I V )  from f e r r o u s  s u l -  
f a t e  s o l u t i o n  c o n t a i n i n g  o n l y  a s l i g h t  amount of o x i d a n t  
conf i rmed  by t h e  f o r e g o i n g  c o u n t e r c u r r e n t  e x t r a c t i o n s ,  t h e  
r e c o v e r i e s  t o  be e x p e c t e d  i n  s i n g l e - s t a g e  e x t r a c t i o n  were 
c a l c u l a t e d  a s  8 f u n c t i o n  of phase r a t i o  and uranium l o a d i n g .  
The estimates i n d i c a t e d  t h a t  s i n g l e - s t a g e  o p e r a t i o n  s h o u l d  
b e  f e a s i b l e  for  b o t h  uranium and p lu ton ium.  The u s e  of 
s i n g l e - s t a g e  c o n t i n u o u s  or b a t c h  e x t r a c t i o n *  i n s t e a d  o f  
c o u n t e r c u r r e n t  e x t r a c t i o n  s h o u l d  p e r m i t  a c o n s i d e r a b l y  s i m p l e r  
and c h e a p e r  i n s t a l l a t i o n  f o r  t h e  s c a v e n g i n g  p r o c e s s ,  The main 
c o n s i d e r a t i o n  is t h e  b a l a n c i n g  of r e c o v e r y  a g a i n s t  e x t r a c t  
l o a d i n g ,  e s p e c i a l l y  as  l o a d i n g  a f f e c t s  t h e  amount of s u l f a t e  
accompanying t h e  r e c o v e r e d  meta ls ,  

S i n g l e - s t a g e  U ( 1 V )  r e c o v e r y  c a n  be h i g h  e v e n  a t  r e l a -  
t i v e l y  h i g h  l o a d i n g  ( F i g .  4 . 4 )  Assuming close t o  100% 
e q u i l i b r a t i o n  i n  s i n g l e - s t a g e  o p e r a t i o n ,  a t  8570 l o a d i n g  of 
0 . 3  M amine t h e  e x t r a c t i o n  c o e f f i c i e n t  e x p e c t e d  from t h e  ex -  
t r a c F i o n  isotherm is P O O O ,  c o r r e s p o n d i n g  t o  9 9 . 7 7 0  e x t r a c t i o n  
a t  a / o  = 2 . 5 / 1 .  A s  descr ibed above ,  t h e  a p p a r e n t  e x t r a c t i o n  
c o e f f i c i e n t  measured f o r  P u ( I I I - I V )  has  v a r i e d  c o n s i d e r a b l y ,  
and is e x p e c t e d  t o  be a f f e c t e d  more by minor  v a r i a t i o n s  i n  
t h e  sys t em t h a n  a re  t h e  c o e f f i c i e n t s  f o r ,  e . g .  U ( I V ) ,  or 
Pu(1V) i n  o x i d i z e d  s o l u t i o n .  Hence a v a l u e  from t h e  lower 
p a r t  of t h e  r a n g e  o b s e r v e d ,  E ~ ( P u - I I I , I V )  z PO0 w i t h  0 . 3  M 
amine ,  w a s  u sed  f o r  t h e  f o l l o w i n g  estimates r a t h e r  t h a n  tKe 
h i g h e r  v a l u e s  found i n  t h e  f o r e g o i n g  c o n t i n u o u s  e x t r a c t i o n  
tests. The  metal and s u l f a t e  e x t r a c t i o n s  c a l c u l a t e d  on  t h e  
b a s i s  of 3 g of uranium and 0 .001  g o f  p lu ton ium p e r  l i t e r  and 
0 . 3  a amine ( T a b l e  4 . 1 0 )  show t h a t  t h e  minimum s u l f a t e  accom- 
pany ing  t h e  r e c o v e r e d  metals ,  a t  t h e  h i g h e s t  uranium l o a d i n g ,  
w i l l  be a b o u t  2 . 4  g p e r  gram uranium ( C f  Sect,  7 . 3 )  Without  
a second  ( p l u t o n i u m )  e x t r a c t i o n ,  t h e  t heo re t i ca l  uranium 
r e c o v e r y  c a n  b e  ra i sed  t o  9870 w i t h  an  i n c r e a s e  t o  o n l y  2 . 5  g 
of s u l f a t e  p e r  gram of uranium. P lu ton ium c a n  be r e c o v e r e d  
a t  -90% ( t h e o r e t i c a l )  w i t h  a f u r t h e r  i n c r e a s e  t o  3 . 5  g / g  and 
a t  -9570 w i t h  4 . 5  g/g. Thus ,  most of t h e  p lu ton ium c a n  be e x -  
p e c t e d  t o  be r e c o v e r e d  i n  a s i n g l e - s t a g e  e x t r a c t i o n ,  w i t h o u t  
a v e r y  g r e a t  i n c r e a s e  i n  t h e  s u l f a t e  c a r r y o v e r .  

* 
C o n s e c u t i v e  e x t r a c t i o n  o f  uranium and p lu ton ium i n  one 
s i n g l e - s t a g e  c o n t a c t o r .  With a c o n t i n u o u s - f l o w  c o n t a c t o r ,  
t h e  aqueous s o l u t i o n  would go t o  a h o l d  t a n k  between p a s s e s .  
T h e  aqueous s o l u t i o n  might  r ema in  i n  a b a t c h  c o n t a c t o r  
d u r i n g  uranium e x t r a c t i o n  and removal  of o r g a n i c ,  o x i d a n t  
a d d i t i o n ,  and p lu ton ium e x t r a c t i o n .  
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Table 4.10. Effect of Phase Ratio on Calculated Metal 
Recovery and Sulfate Carryover 

Consecutive single-stage batch U and Pu extractions 

Feed: 3 g U/liter, 0.001 g Pu/liter 
Extractant: 0.3 - M amine 

U Extraction Pu Extraction so4 in 
U ,  The or et ~c a1 Theore t ica 1 Net Product 

a/o g/liter 7’ Loading ‘$c Recovery a/o ‘$0 Recovery ft 10 g/g u 
P00/28 8.70 97,5 80 (no Pu extraction) 100/28 2.4 

100/35 8.4 94 98 100/35 97 100/70 6.0 
100/20 95 100/55 4.5 
100/10 91 P00/45 3.5 
100/5 83 100/40 3.0 

(no Pu extraction) 100/35 2.5 

100/40 7.5 84 99.7 100/40 98 100/80 6.9 
P00/20 95 l00/60 4.9 
100/10 91 100/50 3.9 
100/5 83 100/45 3.4 

I 
N 
4 
I 

(no PU extraction) 100/40 2.9 
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4,5 Simultaneous Extraction with Mixed Primary and N-Benzyl 
Secondarv Amines 

As noted above, of the amines studied only the N-benzyl 
amines of certain secondary alkyls have shown high extraction 
power for U(V1) from high sulfate solutions, From sulfuric 
acid solutions extraction coefficients are low but usable (ini- 
tial uranium Concentration 1 g/liter, 1/1 phase ratio): 

NBHA" Extraction Coefficients, E%(U-VI) 
Conc 2so4 + 2so4 + M so4 

M Hq S t 4  1 'NE( :Hh ) 2 SO4 3 'EM( !H4 ) so4 pH -1 
0.1 2 l 4 0  >loo0 
0 .4  8 >loo0 

aNBHA = N-benzyl-1-( 3 -et hylpen ty 1) -4-e t hy Poc ty lamine 

The corresponding Pu(1V) extraction Coefficient from 3 M H2S04 
is higher ( 2 0  with 0 . 4  M NBHA, Table 4a1)9 so that plutonium 
recovery should be at lgast as good as uranium recovery. How- 
ever, plutonium recovery can be more readily ensured by addi- 
tion of a low concentration ( 0 , 0 5  3) of primary amine to the 
extractant. 

The U(V1) extraction coefficient varies linearly with the 
free NBHA concentration, with the loading limit at a U/amine 
mole ratio of l/6,12 The extraction coefficient with 0.1 M un- 
complexed NBHA from 3 H2S04-055 M Na,SO4 is -2. The exFrac- 
tion isotherm calculated on this basis is shown in Fig. 4 .8 .  
The indicated flowsheet conditions (Fig. 4 . 9 )  have not been 
tested in countercurrent extraction, In this flowsheet the 
Fe( 11) and U( IV) are oxidized with, for example, dichromate, 
avoiding excess oxidant, It is also assumed that nitrite will 
be used to help ensure that all the plutonium is Pu(1V); how- 
ever, this may not be necessary, and it might be possible to 
leave some Fe(I1) unoxidized. With this extractant, the ura- 
nium loading obtainable, and hence the phase ratio to provide 
capacity f o r  a given uranium feed concentration, is set by 
the extraction coefficient instead of the stoichiometric 
loading limit (Fig. 4 . 8 ) .  The stripping and subsequent steps 
are similar to those in the preceding flowsheets. 
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URANIUM IN AQUEOUS, g/liter 

extraction from 3 & H2 SO4 -0.5 Na2S04 by 
0.4 & NBHA, 

Fig. 4.8. Uranium extraction isotherm f o r  

Re generate 
and Recycle 
Extractant 

Product 
u, Pu 
-1 & HNO, 
-2 .5  E SQ4 

Fig. 4.9.  Uranium and plutonium extraction with mixed 
N-benzyl secondary and primary amines. Circled numbers rep- 
resent relative flows. 
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5.0 RECOVERY BY DIALKYLPHOSPHORIC ACID EXTRACTION 

Dialkylphosphsric acids in hydrocarbon solution extract 
U(VI) by cation exchange with the ionizable hydrogen and form- 
ation of a series of uranyl-organophosphate complexes, The 
U/(R0)2P0,H mole ratio approaches 1/2 at maximum loading but 
shows a considerable tendency to level off at 1/4. The extrac- 
tion coefficient increases with the square of the extractant 
concentration, decreases with increasing aqueous sulfate con- 
centration, and decreases with increasing aqueous acidity, 
partly compensated in the case of sulfuric acid by the de- 
creased sulfate ionization at high acidity. l3 
tion at Pow loading can be considerably enhanced by addition 
of a phosphate or phosphonate ester or a phosphine oxide.14 
Extractions from 3 Hz SO4 -0.5 M Na, SO4 containing U( VI) at 
1 g/liter gave Eg(U) z= 1 5  with OT4 5 di(2-ethy1hexyP)phosphoric 
acid, DZEHPA, and Eg(U) = 40 with 0.4 D2EHPA in synergistic 
combination with 0-15 TBP. Uranium(1V) extraction was low, 
E: = 0 0 2 ,  with the synergistic extractant combination. 

with Eg(Pu) = 50 with 0,4 DZEHPA and Eg(Pu) = 20 with 0.4 
D2EHPA-0.15 TBP (Table 5.1). Preliminary tests with Pu(V1) 
showed it less extractable than Pu( IV) , l o  and Pu( VI) extrac- 
tion was not attempted from the stainless steel solutions. 

Uranyl extrac- 

Plutonium( IV) was extracted from 3 H, SO4 -0.5 NaZ SO4 

Table 5.1. Plutonium Extraction from Sulfate Solutions 
by D2EHPA Alone and in Combinations 

Initial Pu concentration; 10-20 mg/liter 
Organic diluent: Amsco 125-82 
Phase ratio: l/l 
Room temperature 

E8 ( PU -I V) 
3 M H2S04 + 

D2EHPA Conc, E:( Pu-VI), 5 & H2S04 + 0 , F  Na2S04+ a 5 HZS04  0,5 NaNOz -0.5 NaN02 

0.4 0,4 -10 50 

0,4 * 
00P6 M Decanol 0.2  - - 3  

0,4 + 
0 ,15  M TBP 

0 . 4  + 
0.10 M TOPO 

- 

- 

0,5 -3 20  

5 -5 70  

0 . 1  4- 
0.05 E TOPO - 0,5  10 
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. Extracted uranium can be stripped with concentrated acids 
o r  aqueous acidic complexing agents, but stripping with sodium 
carbonate solution is considerably more effective. To main- 
tain miscibility of the resulting sodium dialkylphosphate, a 
hydrocarbon diluent must be modified by an additive such as the 
alcohol o r  neutral phosphorus compounds listed in Table 5.1.13 
Plutonium was stripped by P Na2C0, from the extracts produced 
in the extraction tests (Table 5*1)# with stripping coeffi- 
cients S& N 20-30, Only Pow concentrations of plutonium, <20 
mg/liter, were present in these and in the stripping tests 
described below. No attempt was made to establish the limiting 
solubility of plutonium in carbonate strip solution. However, 
in the course of purifying plutonium stock solution, 0.1 , 
D2EHPA-O01 M trfdecanol was loaded to 1 g of plutonium per 
liter and stFipped to give 2 g/liter in 1 Na,CO,, without any 
indication of third phase formation or precipitation. Any 
extracted iron precipitates in the carbonate solution, with the 
danger of causing emulsions; howeverp in raw materials extrac- 
tion experience, moderate amounts of iron precipitate are 
tolerated.15 If not separated, the iron will redissolve on 
acidification and accompany the uranium-plutonium nitrate 
product e 

Extraction of Fe( 111, Co(I1) Ni( 11) , Cr( 1111; and Mn( 11) 
by DZEHPA is Pow even from -1 sulfate at pH -1, and may be 
expected to be lower at higher acidity and sulfate concentra- 
t ion. 

Iron(II1) extraction coefficients were fairly low from 
-3  hl H2SO4 at low loading with 0.1 DZEHPA (0.08) and with 
both 0.1 and 0.4 DZEHPA in the presence of 0.05-0.1 TOP0 
(0.02 and 0 . 0 3 ;  18 hr equilibration, Fe59 tracer), Since the 
iron extraction coefficients were expected to decrease in the 
presence of extracted uranium9 iron extraction from oxidized 
1 stainless steel sulfate solution was expected to cause con- 
siderable contamination but not severe competition with uranium 
extraction, However, in a batch countercurrent extraction test 
with 0.4  M DZEHPA-O.P5 M TBP from oxidized simulated declad- 
ding solu-6ion (Table 5 , 2 7 ,  the iron extraction coefficients 
were -0.1 in all stages, and competition by the iron depressed 
Eg(U) to -2 and Eg(Pu) to <I. 

It might be possible to obtain a feasible extraction 
system with DZEHPA for both uranium and plutonium by reducing 
a large fraction of the iron to Fe(I1) so as to get an 
optimum balance between Fe( 11) -Fe( 111) and Pu( 111) -Pu( IV) . 
Howeverp since this appeared less promising than primary amine 
extraction, it was not examined further for plutonium recovery. 



-32- 

Table 5.2. Countercurrent Batch Test of Uranium-Plutonium 
Extraction by D2EHPA-TBP 

Batch equilibration, double diamond pattern, 4 cycles 

Feed: 3 H,S04, B M S.S. sulfates, 3 g U(IV)/liter, 

Extractant: 0,4 - M D2EHPA-0.15 g TBP in Amsco 125-82 
Phase ratio a/o = 3.1, PO min contact in Burrell 

0.01 g Pu/litZr 

shaker, room temperature 

, 

Profile Distributions, g/liter 
3tage 1 Stage 2 St age 3 St age 4 Stage 5 St age 6 

In i t i al, u 3  2.4 1,5 0.7 0,2 0.1 
Ma Pu 0.01 0,008 0,005 0.0023 0 . 0 0 0 7  0 . 0 0 0 3  

4th Cycle, U 2.5 2,o 105 0,6  0,2 0. 008b 
Aq Pu 0.005 0 .004  0.004 0,004 0.003 0.0014 

4th Cycle, U 5.0' 3 , 7  3.0 Pol 0,5 0 . 0 9  
Org Pu 0 . 0 0 0 9  0.0006 0,0005 0.0002 0.0001 0.00004 

Fe 3 . 7  3,8 4.0 4,2 4.4 4.1 

Extraction was started with the aqueous uranium and plutonium 
concentrations adjusted to approximately those in the ex- 
pected steady-state profile. 
bThe raffinate uranium and plutonium concentrations from all 
four cycles were 

a 

1st cycle 2nd cycle 3rd cycle 4th cycle 
U, g/liter 0 . 0 0 6  0 " O O P  0 .004  0 .008  
Pu, g/liter 0.0002 0 0 0002 0.0005 0 0014 

C The combined first stage organic solutions were stripped sat- 
isfactorily with 1.1 Na2C0, at a/o = 3/11. A heavy iron 
precipitate, -20 mg of Fe,O, per milliter, settled well into 
the aqueous phase and did not cause any emulsification. 

5.1 Uranium Extraction from Uranium-Thorium Solution 

D2EHPA extraction was examined for recovery of uranium 
from solutions containing negligible plutonium, e.g., from 
the decladding of fully enriched UOz-Thoz fuels, according to 
the flowsheet (Fig, 5.1). This consists of redox adjustment 
of uranium to U(V1) and iron to Fe(II), countercurrent ex- 
traction with D2EHPA-TBP in a hydrocarbon diluent, either 
countercurrent OF batch stripping with sodium carbonatey and 
destruction of carbonate with nitric acid for return of the 
recovered uranium to a Purex or Thorex cycle. The decladding 
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solution composition16 was assumed to be 2-3 
stainless steel sulfates, and e2 g of thorium and 0.1 g zf 
uranium per liter. Estimates based on theoretical extraction 
isotherms and the solubility limits of uranium in sodium car- 
bonate strip solutions17 indicated that a reagent concentra- 
tion of -0.3 M would permit the highest uranium concentration 
and uranium/sodium ratio in the product solution. 
tion isotherms were calculated on the basis of E = 4 0  with 
0.4 E D2EHPA-0.15 M TBP, which was confirmed by E = 2 5  in 
single batch extracFions with 0.3 E D2EHPA-0.15 M TBP from 
the synthetic uranium-thorium-s tainless s tee1 deciadding 
solution (Table 5.3) . 

H2S04, 1 M 

The extrac- 

Decladding. Soln. - 
2-3 M H 2 so4 Na, Cr, 0, 
0 1 S.S. sulfates or * 2 k i  
<2  g Th/liter I CrSO, Na,CO, 
0.1 g U/liter 

--5d 
Extractant 
0 . 3  MTTEHPA 
+ 0 .15  TBP in 
hydrocarbon diluent 

E 
X 
T 
R 
A 
C 
T 
I 
0 
N - 
1: 3 

Waste 

S 
T 
R 
I 
P 
P 
I 
N 
G 

Recycle + Extractant 

Product 
M NaNO, 

>1 HNOs 
cO.3 SO4 
-10 g U / l i t e r  
<5 g Th/liter 

* 
Na2Cr,0, or  CrS04 as required to adjust all the uranium to 
U(V1) and most of the iron to Fe( 11). 

Fig. 5 . 1 .  Uranium extraction with di(2-ethylhexy1)phos- 
phoric a c i . 3 .  Circled numbers represent relative flows. 
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Table 5.3, Feed Solutions 

Four 4-liter batches, each used for - P . Y  cycles of 
contlnuous extraction (Table 5.4)  

Run P Run 2 Run 3 Run 4 

U p  mg/Piter 7 0  69 75 7 6  
Th, g/liter P , 7 7  l,68 P,44 1 . 4 6  

Fe, Ma 0,67 0 0 6 0  0 ,53  0 .55  

H+9 Ell! 5.5  40 9 4,7 4.1 

C r ,  -3 E 0,46  0,46 0 , 4 8  0 .52  
N9 Ell! 0 , 0 9  0,08 O,O% 8.08 

NO,, Mc 0 , 0 3  0,03 0,025 0 .025  
soy,  Ed - 4 " 2  4 4 " 5  3 .5  

18 24 2 5  
<O.OOl < O o O O H  <O,OOl 

~~~~ - ~~ -~~ 

>98y0 of iron reduced to Fe(IP9 a 

bIncludes CrSOa used to reduce iron, 

-0,03 M nitrate from addition of thorium as 
Th( N 0 3 T 4  

C 

dConcentratPons caYeuYated, 
e Uranium and iron extraction coefficients were 
measured with each batch of feed solution by batch 
equilibration at a10 E= 111 with 0 . 3  DZEHPA-0.15 
- M TBP. 

TBP was chosen as the synergistic modifier to be used 
with D2EHPA in t h i s  test partly because phosphine oxides9 
which give the greatest advantage in enhanced uranium coeffi- 
c i e n t ~ ~  are not now available in esmnoercfal quantities and 
partly because the use of TBP does not contribute any addi- 
tional danger of reagent carryover to the main cycle. 

A bank of eight mixer-settlers of the same type as those 
used for amine extraction (Sect. 4.2) was used for continuous 
countercurrent extraction, The aqueous stream at 50 ml/min 
and the extractant stream at 5 mP/min were metered by bellows 
pumps, The feed solution was reduced to POO-260 mv* with 
-100 mP of chromous sulfate solution per liter (-1 - Cr,(S04), 
Z 
Pt-SCE, higher positive emf indicatfng hdgher oxidation. 
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r educed  w i t h  amalgamated z i n c ) .  L e s s  t h a n  27'0 o f  t h e  i r o n  re- 
mained as F e ( I I I ) ,  as shown by compar ison  of b a t c h  e x t r a c t i o n s  
w i t h  and w i t h o u t  a d d i t i o n  of a 270 F e ( I I 1 )  s p i k e .  Four b a t c h e s  
o f  s y n t h e t i c  f e e d  were r u n  i n  s u c c e s s i o n .  A t  t h e  c o m p l e t i o n  
of each b a t c h ,  t h e  m i x e r s  were s t o p p e d  and t h e  s e p a r a t e d  p h a s e s  
were sampled.  The re  was no f l o w  between u n i t s  w i t h  t h e  m i x e r s  
s t o p p e d ,  s o  t h a t  t h e  c o n c e n t r a t i o n  p r o f i l e  w a s  n o t  l o s t  d u r i n g  
changeover  and sampl ing .  

The end  c o n c e n t r a t i o n s  fo r  t h e  f o u r  p r o f i l e s  measured a re  
shown i n  T a b l e  5.4, i n d i c a t i n g  -95, 95 ,  9 7 ,  9770 r e c o v e r y  a t  
1 . 2 ,  2 . 5 ,  3 , 8 ,  and 5,O c y c l e s . *  The f i n a l  p r o f i l e  ( F i g .  5 .2)  
shows a n e a r l y  c o n s t a n t  e x t r a c t i o n  of 60-6570 p e r  s tage ,  E8 =17. 
The f i n a l  p r o f i l e  is a l s o  shown i n  a McCabe-Thiele d iagram 
( F i g .  5 .3 )  for  compar ison  w i t h  t h e  c a l c u l a t e d  uranium ex t r ac -  
t i o n  i s o t h e r m .  S i g n i f i c a n t l y  l o w  s tage  e f f i c i e n c y  was expec ted  
b e c a u s e  t h e  m i x e r - s e t t l e r s  u sed  were n o t  d e s i g n e d  t o  h a n d l e  
f l o w  r a t i o s  f a r  from l/l. The f a i l u r e  of t h e  uppe r  p o i n t s  i n  
F i g .  5 . 3  t o  reach t h e  e q u i l i b r i u m  c u r v e  a p p e a r s  t o  c o n f i r m  
t h i s .  The f a i l u r e  of t h e  P o w e r  p o i n t s  t o  reach  t h e  o p e r a t i n g  
l i n e  s u g g e s t s  t h a t  some backmixing between stages o c c u r r e d .  
The a p p a r e n t  s t a g e  e f f i c i e n c y * *  ave raged  -5070~ Thus ,  i n  a n  
e x t r a c t i o n  sys t em w i t h  h i g h  s tage  e f f i c i e n c y ,  n e a r l y  comple t e  
uranium r e c o v e r y  c o u l d  be e x p e c t e d  i n  r a t h e r  fewer  t h a n  e i g h t  
s t a g e s .  However, h i g h  r e c o v e r y  c o u l d  n o t  b e  o b t a i n e d  i n  a 
s i n g l e  s t a g e ,  u n l e s s  t h e  f e e d / e x t r a c t a n t  r a t i o  approached  1/1. 

A p o r t i o n  o f  t h e  composi ted  o r g a n i c  p r o d u c t  from t h e  ex- 
t r a c t i o n  t es t  w a s  s t r i p p e d  i n  t w o  b a t c h  s tages  ( n o t  c o u n t e r -  
c u r r e n t )  w i t h  2 E N a 2 C 0 3  a t  a/o = 87,5/500 i n i t i a l ,  58/530 
f i n a l  i n  t he  f i rs t  stage and 87.5/530 i n  t h e  second s t a g e .  
The phase  r a t i o  changed i n  t h e  f i r s t  s tage b e c a u s e  o f  e x t r a c -  
t i o n  of water w i t h  t h e  sodium i o n .  About 9070 of t h e  uranium 
w a s  removed by t h e  first s t r i p ,  and <170 remained  i n  t h e  o r g a n i c  
a f t e r  t h e  second  s t r i p  ( T a b l e  5 - 5 ) .  A s m a l l  amount of water- 
s o l u b l e  tho r ium-bea r ing  p r e c i p i t a t e  s e p a r a t e d  d u r i n g  t h e  first 
s t r i p ,  i n d i c a t i n g  t h a t  w i t h  t h i s  much tho r ium p r e s e n t  ( e q u i v -  
a l e n t  t o  -2 g p e r  l i t e r  of aqueous  a t  a/o = 1/10)  a la rger  
volume of less c o n c e n t r a t e d  sodium c a r b o n a t e  s o l u t i o n  s h o u l d  be  

* 
One c y c l e  = one  es t imated  d i s p l a c e m e n t  o f  t h e  o r g a n i c  phase  
t h r o u g h  t h e  e x t r a c t i o n  sys t em.  
Rat io  of t h e  uranium c o n c e n t r a t i o n  inc remen t  between aqueous 

** 
" samples  t o  t h e  uranium c o n c e n t r a t i o n  inc remen t  between 
- o p e r a t i n g  l i n e  and e q u i l i b r i u m  c u r v e .  
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used.* 
14 g HNO,, giving a product solution containing 4.5 g of 
uranium, 1.5 g of thorium, and 0.2 g of iron per liter and 
<3x10-4 g sulfate in -2 - M NaN0,-0.5 

The first strip was acidified with 1/5 its volume of 

HNO, 

Table 5,4. Uranium Recovery from Sulfuric Acid 
Stainless Steel Dissolver Solution 
by Extraction with DZEHPA-TBP 

Feed (synthetic) : 

Extractant: 0.3 M D2EHPA + 0.15 - M TBP in Amsco 125-82 
Continuous countercurrent extraction in eight mixer-settlers 

Phase ratio, a/o = 50/5 

Run started with barren aqueous in settlers 

2-3  M H 2 S 0 4 ,  -1 - M stainless steel sulfates, 
-1.5-g Th/liter, -0.07 g U/liter 

- 

U Distribution, mg/lfter Eli(  u) 
Cyclea Feed Raffinate Extractant 1st Stage 2nd Stage 

1.2 70 3,7 590 12 12 

2.5 69 3.5 710 16 14 

3.8 75 2,l 7 9 0  19 21 

5.0 76 2.1 775 17 19 
a One cycle = one estimated displacement of the slower (i.e., 
organic) stream through the extraction system. 

* 
Thorium is soluble to -10 g/liter in -1 M NaHC0,-055 - M 
Na, C 0 3  solution, Bn equilibrium with soPTd Nab Th( CO, ) a 12 H20 
and NaHCO, ,18 The strip solution was estimated to be -2 E 
NaHCO,, so that a rather higher thorium solubility than -2  
g/lfter would be expected unless it was decreased by the 
presence of the uranium at -0 .02  go It may have been a non- 
equilibrium precipitate, locally formed but slow to redis- 
solve. This should be checked under operational conditions 
if actual decladding solutions prove to carry as much thorium 
as was assumed for this test. 
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T a b l e  5 . 5 .  Sodium Carbonate S t r i p  o f  DZEHPA-TBP Ex t rac t  

Extract:  0 .3  M DZEHPA + 0.15  M TBP i n  Amsco 125-82, com- 
p o s i F e  of loaded  s o l u t i o n s  from c o u n t e r c u r r e n t  
e x t r a c t i o n  test 

S t r i p :  2 - M N a 2 C 0 ,  2 - s t age  b a t c h  contac t  
Con tac t :  handshak ing  i n  s t o p p e r e d  c y l i n d e r ,  3 min,  room 

t e m p e r a t u r e  

D i s t r i b u t i o n ,  g / l l t e r  U D i s t r i -  VOl Y 
Phase  m l  U Th E'e SO4, b u t  i o n  7' 

O r g a n i c  500 0 .70  0.24 0.025 (100)  
e x t r a c t  

S t r i p  1 5 8a 5 , 3  89 

S t r i p  2 87 .5  0 . 5 6  1 4  

S t r i p p e d  530 0.0055 
o r g a n i c  

S t r i p  1, ( 7 0 ) b  4 .5  1 . 5  0 . 2  <O 03 

0 . 8  

I n i t i a l  volume 87 .5  m l ;  d e c r e a s e d  by -30 m l  and o r g a n i c  
volume i n c r e a s e d  by -30 mP b e c a u s e  o f  water e x t r a c t e d  on con-  
v e r s i o n  o f  D2EHPA t o  its sodium s a l t .  

1 . 8  NaNO, -0 5 - M HNO, 

a 

b25 m l  o f  s t r i p  1 + 5 m l  14 HNO,; f i n a l  gross c o m p o s i t i o n  

6 . 0  RECOVERY BY PHOSPHINE OXIDE EXTRACTION 

Phosph ine  o x i d e s  ex t r ac t  U(V1) from a c i d i c  s o l u t i o n  as a 
n e u t r a l  complex,  s i m i l a r l y  t o  TBP 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 and w i t h o u t  t h e  need o f  n i t r a t e  s a l t i n g .  
Al though U ( V 1 )  e x t r a c t i o n  w i t h  phosphine  o x i d e s  is low from 
s u l f a t e  s o l u t i o n s ,  i t  is f a i r l y  s t r o n g  from s u l f u r i c  a c i d  
s o l u t i o n s ,  E: z 20 from 1 t o  6 H,S04 w i t h  0 . 3  t r i d e c y l -  
phosph ine  ox ide19  and 1 7  from 3 H,SO4-0.5 M NazS04 w i t h  
0 . 3  M t r i o c t y l p h o s p h i n e  o x i d e  (TOPO). ExtracTion d e c r e a s e s  
w i t h - i n c r e a s i n g  c o n c e n t r a t i o n  of  s u l f a t e  s a l t  and becomes 
l o w  i f  most o f  t h e  a c i d  is n e u t r a l i z e d ,  E 8  = 0 . 1  from 3 4 
( N H , ) , S 0 4  s o l u t i o n  a t  pH 1. Even i n  t h e  p r e s e n c e  o f  c o n s i d e r -  
ab l e  s u l f a t e ,  uranium e x t r a c t i o n  c o e f f i c i e n t s  c a n  b e  i n c r e a s e d  
i f  n e c e s s a r y ,  by a d d i n g  a r e l a t i v e l y  small  amount of n i t r a t e ,  1 4  

Plutonium(1V) e x t r a c t i o n  was a l so  f a i r l y  h i g h  from s u l -  
f u r i c  a c i d  s o l u t i o n  b u t  l o w  from ammonium s u l f a t e  s o l u t i o n  
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(TOPO i n  A m s c o  125-82) : 

TOPO E x t r a c t i o n  C o e f f i c i e n t  
Conc, S p e c i e s  5 M  3 M  3 wr so4 9 

- M E x t r a c t e d  Hz SE4 H2 S54 pH -1 

0 . 3  Pu( I V )  2 0  30 0 . 1  
Pu(V1) 4 

0. P Pu( PV)  
Pu( 111) 

5 0.41 
0 .4  

I n  some tests w i t h  5 M H2S04 ( b u t  n o t  w i t h  3 H,S04) t h e  0 .3  M 
TOPO-Amsco s o l u t i o n  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 .  

- 
F e r r i c  i r o n  e x t r a c t i o n  was l o w  ( E 2  = 0,005 from 3 g HzSO4 

w i t h  0 . 1  TOPO), and t h e  e x t r a c t i o n  of f e r r o u s  i r o n  and  t h e  
o ther  s t a i n l e s s  s tee l  metal i o n s  may be e x p e c t e d  t o  be s t i l l  
lower e 1 9  

E x t r a c t e d  uranium is r e a d i l y  s t r i p p e d  w i t h  sodium car- 
b o n a t e  s o l u t i o n .  S i m i l a r l y ,  t h e  e x t r a c t e d  Pu(IV9 was s t r i p p e d  
c o m p l e t e l y  from 0 . 3  M TOPO by 1 NazCO, s o l u t i o n  a t  a phase  
r a t i o  of 1/1. 
a t  t h e  r e s u l t i n g  c o n c e n t r a t i o n  of 2 0  rnglliter. ( A s  n o t e d  
above ,  p lu ton ium c o n c e n t r a t i o n s  up t o  2 g l l i t e r  i n  1 M NazCO,  
have been  o b t a i n e d ,  i n  s t r i p p i n g  from DZEHPA e x t r a c t s 7  w i t h o u t  
p r e c i p i t a t i o n . )  N e i t h e r  uranium n o r  p lu tonium w a s  s t r i p p e d  
e f f e c t i v e l y  from phosphine  oxide w i t h  wa te r . lOsP9  

There-was no e v i d e n c e  of p lu ton ium p r e c i p i t a t i o n  

The uranium e x t r a c t i o n  i s o t h e r m  c a l c u l a t e d  f o r  0 .3  M TOPO, 
u s i n g  E8 = 2 8  a t  0,3 2 uncomplexed r e a g e n t  c o n c e n t r a t i o n - ( F i g .  
6 . 1 )  i n d i c a t e s  4 idea l  s tages  for >997'0 r e c o v e r y  of uranium 
from a 3 - g / l i t e r  uranium feed a t  a phase  r a t i o  set t o  g i v e  a 
c o n c e n t r a t i o n  f ac to r  of 4 ,  S i n c e  t h e  ex t rac ted  p lu tonium 
c a n n o t  c o n t r i b u t e  s i g n i f i c a n t l y  t o  t h e  l o a d i n g ,  and EE(Pu) 9 
E g ( U )  p lu ton ium r e c o v e r y  s h o u l d  be a t  l ea s t  a s  good a s  t h e  
uranium r e c o v e r y ,  

A f l o w s h e e t  based  on  t h e  f o r e g o i n g  r e s u l t s  is shown i n  
F i g .  6 ,2 .  T h i s  has n o t  been  tested i n  c o u n t e r c u r r e n t  e x t r a c -  
t i o n  
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F i g .  6 , l .  Uranium e x t r a c t i o n  i s o t h e r m  f o r  
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F i g .  6 . 2 .  Uranium and p lu tonium ex t r ac t ion  w i t h  t r i a l k y l -  
phosphine  o x i d e .  C i r c l e d  numbers r e p r e s e n t  r e l a t i v e  f l o w s .  
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7 . 0  REAGENT LOSS AND CARRYOVER 

7 . 1  Reagent  Loss 

The r e q u i r e d  makeup of e x t r a c t a n t  w i l l  depend on losses 
by s o l u b i l i t y  i n  t h e  aqueous  streams, by e n t r a i n m e n t  i n  those 
s t reams,  and by d e g r a d a t i o n .  Degrada t ion  due t o  i r r a d i a t i o n  
c a n n o t  be p r e d i c t e d  a t  p r e s e n t  beyond n o t i n g  t h a t  i r r a d i a t i o n  
tests so f a r  i n d i c a t e  no u n u s u a l  s u s c e p t i b i l i t y  t o  damage.20 
Chemical d e g r a d a t i o n  s h o u l d  b e  n e g l i g i b l e  i n  compar ison  w i t h  
e n t r a i n m e n t  losses ,  even  f o r  h y d r o l y s i s  of t h e  ester l i n k a g e s  
of D2EHPA.21 

E n t r a i n m e n t  of a s  much as  1 m l  of e x t r a c t a n t  p e r  l i t e r  
of s u l f a t e  r a f f i n a t e  would r e s u l t  i n  l o s s ,  p e r  l i t e r  of 
r a f f i n a t e ,  o f  120 mg of TOP0 from 0 . 3  E s o l u t i o n ,  130 mg o f  
DZEHPA from 0 .4  M, 90 m g  of Primene J M  from 0 . 3  M e  and 140 mg 
of NBHA from 0.4-E. 
waste s o l u t i o n  p e r  k i l o g r a m  of uranium r e p r o c e s s e d ,  together  
w i t h  n o t  more t h a n  1 l i t e r  o f  s t r i p  s o l u t i o n  p l u s  s c r u b  or 
r e g e n e r a t i o n  s o l u t i o n  c a r r y i n g  t h e  same assumed e n t r a i n m e n t  
loss, t h e s e  v a l u e s  c o r r e s p o n d  t o  e n t r a i n m e n t  Posses o f  less 
t h a n  1 g of e a c h  r e a g e n t  p e r  k i l o g r a m  of t o t a l  uran ium,  or 
<PO0 g p e r  k i l o g r a m  of scavenged  uranium a t  l % u r a n i u m  d i s s o l u -  
t i o n .  

On t h e  bas i s  o f  4 l i t e r s  of s u l f a t e  

Loss by s o l u b i l i t y  of p r e s c r u b b e d  Pr imene  J M *  i n  t h e  
aqueous  streams might  approach  t h e  f o r e g o i n g  assumed e n t r a i n -  
ment l o s s ,  b u t  aqueous  s o l u b i l i t y  of t h e  o t h e r  r e a g e n t s  named 
is much lower,  P r e s c r u b b e d  Prfmene J M *  is  s o l u b l e  i n  t yp ica l  
s u l f a t e  ore  l e a c h  l i q u o r s  t o  t h e  e x t e n t  of 30-50 n ~ g / l i t e r . ~ ~ , ~ ~  
Amine s a l t  s o l u b i l i t y  i n c r e a s e s  w i t h  a c i d i t y  b u t  decreases w i t h  
t o t a l  i o n i c  c o n c e n t r a t i o n ,  so  t h a t  loss  t o  t h e  d e c l a d d f n g  s o l u -  
t i o n  w i l l  p r o b a b l y  n o t  be much grea te r  and may be less t h a n  
5 0  mg/lfter. 

~~~ ~ ~ ~~ ~- * 
Primene J M  is a homologous m i x t u r e ,  a v e r a g i n g  around 2 0  car- 
bon atoms. The s a l t s  of t h e  l i g h t e r  amines i n  t h e  m i x t u r e  
are l o s t  r e l a t i v e l y  r a p i d l y  t o  d i l u t e  aqueous s o l u t i o n s ,  
Hence, f o r  a l l  t h e  tests r e p o r t e d  h e r e  t he  s tock  r e a g e n t  
s o l u t i o n  was p r e s c r u b b e d  w i t h  2 5  v o l  of 0 .2  H,S04 i n  order  
t o  approx ima te  t h e  s t e a d y - s t a t e  c o m p o s i t i o n  of r e c y c l e d  
r e a g e n t .  Such p r e s c r u b b i n g  is n o t  r e q u i r e d  i n  a p r o c e s s  
a p p l f c a t f o n  where r e a g e n t  l o s s  is the  o n l y  c o n s i d e r a t i o n  b u t  
may be needed when r e a g e n t  c a r r y o v e r  is a mat te r  of conce rn .  
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7 . 2  Reagent  C a r r y o v e r  

P o t e n t i a l  c a r r y o v e r  of r e a g e n t  i n t o  t h e  main c y c l e  by 
s o l u b i l i t y  and e n t r a i n m e n t  i n  t h e  s t r i p  s o l u t i o n  is a more 
i m p o r t a n t  c o n s i d e r a t i o n  t h a n  t h e  cost  of l o s t  r e a g e n t ,  I t  may 
be n e c e s s a r y  t o  s c r u b  t h e  p r o d u c t  s o l u t i o n  w i t h  b a r r e n  hydro-  
ca rbon  d i l u e n t ,  a t  Beast as a p r e c a u t i o n a r y  s a f e g u a r d ,  u n l e s s  
a r e - e x t r a c t i o n  o r  o t h e r  c o u p l i n g  s t e p  is added  t o  t h e  f l o w -  
s h e e t s  c o n s i d e r e d  h e r e ,  Of t h e  r e a g e n t s  b e i n g  c o n s i d e r e d ,  
t o l e r a n c e  l i m i t a t i o n s  w i l l  p robab ly  be most s tr ict  on b u i l d u p  
f o r  DZEHPA, b u t  on  c a r r y o v e r  f o r  TOPO, DZEHPA c o u l d  n o t  be  
p e r m i t t e d  t o  b u i l d  up t h e  t o t a l  d ia lkyPphosphorPc  ac id  c o n t e n t  
of t h e  TBP s t r e a m  s i g n i f i c a n t l y  higher  t h a n  t h e  l e v e l  a l r e a d y  
reached by DBP from d e g r a d a t i o n  of t h e  TBP, D2EHPA s h o u l d  be 
removed by a n  a l k a l i n e  s c r u b  n e a r l y  as  e f f e c t i v e l y  a s  is DBP 
prov ided  t h a t  a wash w i t h  water o r  s u f f i c i e n t l y  d i l u t e  a l k a l i n e  
s o l u t i o n  is used  to g i v e  s u f f i c i e n t  aqueous s o l u b i l i t y  o f  t h e  
h i g h e r  weight  organophosphate  s a l t .  

The f i r s t  d e l e t e r i o u s  e f f e c t  o f  phosphine  o x i d e  would 
p robab ly  be i n t e r f e r e n c e  w i t h  water s t r i p p i n g  o f  t h e  TBP. 
S i n c e  EfbPu) from 0.91 111 n i t r a t e  s o l u t i o n  by 0,l M TOPO is less 
t h a n  50 and Eg(U) is-less t h a n  50019 and is p r E p o r t i o n a l  t o  
t h e  s q u a r e  of t h e  TOPO c o n c e n t r a t i o n ,  b u i l d u p  t o  P O - 3  
i n  t h e  TBP might  have some e f f ec t  on s t r i p p i n g ,  b u t  10-4 
s h o u l d  have no e f fec t .  

TOPO 

If t h e  o n l y  e f f e c t i v e  bleed of c o n t a m i n a t i n g  TOPO from 
t h e  TBP stream is by e n t r a i n m e n t  loss of t h e  Pa t t e r  i n  t h e  
main c y c l e  r a f f i n a t e ,  and i f  t h a t  e n t r a i n m e n t  is s imi l a r  i n  
degree t o  e n t r a i n m e n t  of t h e  0,3 TOPO s o l u t i o n  in t h e  s t r i p  
s o l u t i o n ,  t h e n ,  w i t h o u t  s c r u b b i n g ,  t h e  s t e a d y - s t a t e  c o n c e n t r a -  
t i o n  of TOPO i n  t h e  TBP stream would be 0 . 3  t i m e s  t h e  r a t i o  
of t h e  TOPO s t r i p  s o l u t i o n  volume t o  t h e  main c y c l e  aqueous 
stream volume. I f  t h a t  r a t i o  were a s  h igh  as  1 / 1 0 ,  t h e n  99% 
of t h e  e n t r a i n e d  TOPO would have t o  be  sc rubbed  o u t  of t h e  
s t r i p  s o l u t i o n  t o  p r e v e n t  t h e  b u i l d u p  from a p p r o a c h i n g  

I t  is n o t  obv ious  t h a t  some c a r r y o v e r  of pr imary  o r  
secondary  amine would be  dange rous ,  s i n c e  i t  would n o t  be  
e x p e c t e d  t o  harm e i t h e r  s e l e c t i v i t y  o r  s t r i p p i n g ,  A p p r e c i a b l e  
s o l u b i l i t y  i n  t h e  Parge  volume o f  n i t r a t e  r a f f i n a t e  s h o u l d  
p r e v e n t  b u i l d u p  of Primene J M .  

7 , 3  S u l f a t e  Car ryove r  

S u l f a t e  is e x t r a c t e d  a s  a p a r t  of t he  uranium complex and 
a s  f ree  acid by both  amines and phosphine  o x i d e s p  and i t  is  
s t r i p p e d  a l o n g  w i t h  the  uranium. Without  u ran iump 0 , 3  amine 
c o n t a i n s  between O , l 5  and 0,3 (SO,” + KSO,) close t o  O o 3  - M 
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a f t e r  e q u i l i b r a t i o n  w i t h  3 aqueous s u l f u r i c  a c i d ,  When 
loaded  w i t h  U ( I V )  s u l f a t e  t o  t h e  l i m i t i n g  mole r a t i o  of 1 / 8 ,  
0 . 3  pr imary  amine c o n t a i n s  0 .225  s u l f a t e ,  When l o a d e d  
w i t h  u r a n y l  s u l f a t e  t o  t h e  l i m i t i n g  mole r a t i o  o f  1 / 6 ,  0 .4  & 
secondary  amine c o n t a i n s  0 .27  E s u l f a t e ,  Phosphine  o x i d e  
e x t r a c t s  s u l f u r i c  a c i d  t o  a b o u t  1 H,S04/2 R,PO from aqueous 
s o l u t i o n s  a t  h i g h  c o n c e n t r a t i o n  and t o  a b o u t  1 /4  from 3 E v l 9  
o r  0 . 0 5 - 0 , l  .hJ s u l f a t e  i n  O o 3  & phosphine  o x i d e ,  When loaded  
w i t h  u r a n y l  s u l f a t e  t o  t h e  l i m i t i n g  mole r a t i o  of P / 2 ,  t h i s  
i n c r e a s e s  t o  0 , 1 5  .hJ s u l f a t e ,  D i a l k y l p h o s p h o r i c  a c i d  does  n o t  
ex t r ac t  s u l f u r i c  acPd d i r e c t l y  or w i t h  t h e  e x t r a c t e d  u r a n y l  
i o n ,  Some s u l f u r i c  a c i d  w i l l  be e x t r a c t e d  by phosphine  o x i d e  
o r  ( t o  a lesser e x t e n t )  by TBP when added a s  a m o d i f i e r  t o  
D2EHPA. These bases f o r  e s t i m a t i n g  t h e  s u l f a t e  e x t r a c t i o n  
were conf i rmed by s u l f a t e  d e t e r m i n a t i o n  a f t e r  p lu tonium s t r i p -  
p i n g  tes ts  which fo l lowed  e x t r a c t i o n  tests from 5 M HzS04 and 
a f t e r  t h e  c o n t i n u o u s  c o u n t e r c u r r e n t  e x t r a c t i o n s :  

- 

Conc 
E x t r a c t a n t  - M S o l u t i o n  E s t i m a t e d  Found 
NBHA 0 . 3  HNO, 0,30 0 , 2 2  

0 , 4  HNo3 0 , 4 2  0 , 4 7  

TOPO O o 3  N a ,  CO3 0 .16 0 0 1 5 ,  0 .18  

D2EHPA 
+ TOPO N a ,  C 0 3  0,03"  0 ,02 ,  0 .05  0 .4  

0 . 1  

Pr imene  JaiI 0 , 3  HNO, 2 , 4 0  2 * 4 c  

D2EHPA 
+ TBP Na, COj  0 ,02b  <o 0 OOld 0,3 

0.15  
'Est imated s u l f a t e  e x t r a c t i o n  by t h e  TOPO o n l y .  
b E s t f m a t - e d  s u l f a t e  e x t r a c t i o n  by t h e  TBP o n l y ,  

From T a b l e  4 8. 
dFrom T a b l e  5 . 5 ,  

c 

From t h e  f o r e g o i n g  i t  is obv ious  t h a t  t h e  amount of  s u l -  
f a t e  c a r r i e d  w i t h  t h e  scavenged  uranium t o  t h e  main c y c l e  by 
a g i v e n  e x t r a c t a n t  w i l l  depend more on t h e  uranium c a p a c i t y  
p rov ided  f o r  ( i o e o  t h e  q u a n t i t y  of  t h e  e x t r a c t a n t )  t h a n  on  
t h e  amount of uranium a c t u a l l y  scavenged .  The tests and ca l -  
c u l a t i o n s  i n  t h i s  r e p o r t  are  based  o n  p r o v i s i o n  f o r  s c a v e n g i n g  
uranium a t  c o n c e n t r a t i o n s  u p  t o  3 g / l i t e r  i n  t h e  d e c l a d d i n g  
s o l u t i o n ,  e q u i v a l e n t  t o  d i s s o l u t i o n  of -176 o f  t h e  t o t a l  u r a -  
nium, With t h e  r e a g e n t  c o n c e n t r a t i o n s  and f l o w  r a t i o s  i n  t h e  
v a r i o u s  f l o w s h e e t s  set t o  p r o v i d e  c a p a c i t y  f o r  t h i s  much 
uranium9 and - 3  l i ters  main c y c l e  f e e d  s o l u t i o n  p e r  k i log ram 
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of t o t a l  u r a n i u m 9 p  s u l f a t e  i n t r o d u c e d  w i t h  t he  scavenged  ura- 
nium i n t o  t h e  main c y c l e  f e e d  would be -O,P-O.P5 11. a f t e r  
e x t r a c t i o n  w i t h  amines ,  -OoOl-0,02 E a f t e r  e x t r a c t i o n  w i t h  
TOPO, and <O.OP M a f t e r  e x t r a c t i o n  w i t h  D2EHPA-TBP0 These 
would d e c r e a s e  p F o p s r t i o n a t e l y  i f  t h e  f l o w  r a t i o s  were set 
f o r  a P o w e r  q u a n t i t y  of  uranium t o  be scavenged .  

The s u l f a t e  carr ied by t h e  TOP6 or  t h e  DZEHPA-TBP ex-  
t r a c t a n t  can be e l i m i n a t e d ,  i f  d e s i r e d ,  by a d i l u t e  n i t r i c  
ac id  scrub of t h e  loaded  e x t r a c t a n t  b e f o r e  s t r i p p i n g .  S u l f a t e  
canno t  be  e l i m i n a t e d  from t h e  loaded  amine e x t r a c t a n t s  by a 
s i m p l e  s c r u b .  Here s u l f a t e  e l i m i n a t i o n ,  i f  neededy  w i l l  call 
f o r  a n  a d d i t i o n a l  s t e p ,  e ,g .  , h y d r o l y t i c  p r e c i p i t a t i o n  and 
r e d i s s o l u t i o n  i n  n i t r i c  a c i d ,  o r  s a l t i n g  w i t h  aluminum n i t r a t e  
and r e - e x t r a c t i o n  w i t h  TBP. 

"1.4 Sodium Pon and P r o d u c t  S o l u t i o n  Volume 

The sodium ion i n t r o d u c e d  i n t o  t h e  main c y c l e  from t h e  
sodium c a r b o n a t e  s t r i p p i n g  of DEEHPA or TOPO w i l l  amount t o  
4 moles of sodium p e r  mole of uranium [ i , e O 9  Na4U02(C0,), 
a c i d i f i e d  t o  4 NaNO, + UOz(N0,)2] p l u s  t h e  sodium from t h e  
excess c a r b o n a t e  p rov ided  in s t r i p p i n g ,  With t h e  c o n c e n t r a -  
t i o n s  and f low r a t e s  shown in t h e  DZEHPA and TOPO f lswsheets  
and -3 l i ters of main c y e l e  feed s o l u t i o n  p e r  k i l o g r a m  of t o t a l  
u ran iumy t h i s  would i n t r o d u c e  0 . 0 5  g sodium i n t o  t h e  main c y c l e  
feed stream a f t e r  t h e  TOPO e x t r a c t i o n  or 0 . 0 8  sodium a f t e r  
t h e  DZEHPA-TBP e x t r a c t i o n .  If t h i s  is e x c e s s i v e  f o r  d i r e c t  
i n t r o d u c t i o n  i n t o  t h e  main c y c l e  f e e d ,  a p r e c i p i t a t i o n  s t e p  or  
r e - e x t r a c t i o n  a s  s u g g e s t e d  above fo r  s u l f a t e  e l i m i n a t i o n  is 
Smdicated.  

On t h e  same b a s i s ,  the volume of scavenged  uranium- 
p lu tonium p r o d u c t  s o l u t i o n  t o  be r e t u r n e d  t o  t h e  main c y c l e  
would be of t h e  o r d e r  of  5 % 0 f  t h e  main cycle f eed  volume and 
would decrease p r o p o r t i o n a t e l y  if t h e  f l o w  r a t i o s  w e r e  se t  
f o r  a lower q u a n t i t y  of uranium t o  be scavenged ,  The effect  
of t h i s  much volume i n c r e m e n t p  i f  i t  is i m p o r t a n t ,  might  be 
e l i m i n a t e d  by u s i n g  t h e  a c i d i c  s t r i p  s o l u t i o n  as  a p a r t  of t h e  
d i s s o l v e r  a c i d  or a p a r t  o f  t h e  c e n t r i f u g e  r i n s e ,  (The  P a t t e r  
is shown i n  t h e  S u l f e x  f l o w s h e e t 1  a s  -8% of  t h e  a d j u s t e d  f e e d  
volume 9 

I t  s h o u l d  be no ted  t h a t  a l l  d i s c u s s i o n  o f  material c a r r y -  
o v e r  in t h e  f o r e g o i n g  p a r a g r a p h s  is based  on t h e  a s sumpt ion  
t h a t  t h e  main c y c l e  is o p e r a t i n g  on S u l f e x  feed  o n l y .  If 
other  feeds also  e n t e r  t h e  main c y c l e ,  t h e  t o l e r a n c e  f o r  volume 
amd f o r  r e a g e n t p  s u l f a t e ,  and sodium c o n t e n t  of t h e  S u l f e x  
deePaddPwg s c a v e n g e r  p roduc t  stream s h o u l d  i n c r e a s e  i m  d i rec t  
p r o p o r t i o n  t o  t h e  b l e n d i n g  ratio a v a i l a b l e .  
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