
c
 

c? 





ORNL-5687 
D i s t .  Category UC-70 

Contract  No. W-7405-eng-26 

OPERATIONS DLVTSION 

PROCESS FOR 'I'HE RECOVERY OF CUKTTPI-244 

FROM NIJCLFAR WASTE 

Qate  Published: Octaher 1980 

NOTICE This document contains information of a preliminary nature. 
Ir is subject to revisIoii or correction and therefare does riot represent a 

final renort 

Prepared by the 
OAK RIDGE NATIONAL IABORATO RY 

Oak Ridge,  'I'enriessee 37830 
opera ted  by 

UNION CARBIDE I:OKPORLZ'I'LON 
f c o r  t h e  

DEPAXTMENT OF ENEKCY 





CONTENTS 

Page 

LIST OF FIGURES . . . . . . . . . . . . . . . . . . . . . . . . . .  v 

LIST OF TABLES . . . . . . . . . . . . . . . . . . . . . . . . . . .  v i i  

ABSTRACT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  i.x 

1 . INTRODUCTION . . . . . . . . . . . .  
1.1 Background . . . . . . . . . . .  
1.2  Assumptions . . . . . . . . . .  
1.3 Prev ious  P roposa l s  . . . . . . .  
1 . 4  D e s c r i p t i o n  of  P rocess  . . . . .  

1 - 4 . 1  Removal o f  n i t r i c  a c i d  . 
1 . 4 . 2  D i s so lv ing  l a n t h a n i d e  and 
1.4.3 F i l t e r i n g  . . . . . . . .  
1.4.4 Oxala t e  p r e c i p i t a t i o n  and 
1 . 4 . 5  C a l c i n i n g  . . . . . . . .  
1.4 .6  Di s so lv ing  of ox ides  . . 
1.4.7 E;xtract ion . . . . . . .  
1 . 4 . 8  I o n  exchange . . . . . .  

1.5 Experimental  Program . . . . . .  

. . . . . . . . . . . . .  1 . . . . . . . . . . . . .  1 . . . . . . . . . . . . .  1 . . . . . . . . . . . . .  2 . . . . . . . . . . . . .  4 . . . . . . . . . . . . .  4 

. . . . . . . . . . . . .  6 
f i l t e r i n g  . . . . . . . .  6 . . . . . . . . . . . . .  6 . . . . . . . . . . . . .  6 . . . . . . . . . . . . .  6 

a c t i n i d e  n i t r n t e s  . . . .  4 

. . . . . . . . . . . . . .  1 

. . . . . . . . . . . . . .  1 

2. RENOV.4I. OF N I T R I C  A C I D  . . . . . . . . . . . . . . . . . . . .  9 
2 . 1  Reac t ion  of N i t r i c  Acid w i t h  Formic Acid . . . . . . . . .  9 

2.1.1. P rev ious  work . . . . . . . . . . . . . . . . . . .  51 
2 . 1 . 2  Exper imenta l  p rocedure  . . . . . . . . . . . . . .  11 
2.1.3 R e s u l t s  and d i s c u s s i o n  . . . . . . . . . . . . . .  1 2  
2 .1 .4  Peroxide  d e s t r u c t i o n  of formic  a c i d  . . . . . . . .  14 

pe rox ide  . . . . . . . . . . . . . . . . . . . . .  15  
2.2 Removal of N i t r i c  Acid by  Vapor i za t ion  . . . . . . . . . .  16 

2.2.1 Exper imenta l  p rocedure  . . . . . . . . . . . . . .  1.7 
2.2.2 Experimcmtal r e s u l t s  . . . . . . . . . . . . . . .  17 
2.2.3 Exper imenta l  d a t a  . . . . . . . . . . . . . . . . .  18 

2.3 Comparison of Methods . . . . . . . . . . . . . . . . . .  20 

2.1.5 C o p r e c i p i t a t i o n  of americium and c e r i c  

3 . OXALATE PKECIPITA'CION . . . . . . . . . . . . . . . . . . . . .  23 
'3.1 Genera l  C h a r a c t e r i s t i c s  . . . . . . . . . . . . . . . . .  2 3  

3.3  R e s u l t s  and Di scuss ion  . . . . . . . . . . . . . . . . . .  24 
3 . 4  F l o w  Shee t  Recommendations . . . . . . . . . . . . . . . .  26 

3 .2  Exper imenta l  Procedure  . . . . . . . . . . . . . . . . . .  24 

4 . C A L C I N I N G  AND DISSOLVING I N  TALSPEAK SOLUTION . . . . . . . . .  27 
4 . 1  Genera l  Chemistry . . . . . . . . . . . . . . . . . . . .  27 
4 .2  Exper imenta l  Procedure  . . . . . . . . . . . . . . . . . .  27 
4.3 k s u l t s  and Di scuss ion  . . . . . . . . . . . . . . . . . .  28 
4 . 4  Flow Shee t  Recommendations . . . . . . . . . . . . . . . .  30 

iii  



5 . TALSPEAK EXTRACTION . . . . . . . . . . . . . . . . . . . . . .  31 
5.1. i l i f f e r e n t i a l  . Extrac t i .on  . . . . . . . . . . . . . . . . .  31 . 
5.2 TALSPEAK E x t r a c t i o n  P rocess  . . . . . . . . . . . . . . .  35 

5.2.1. Chciiiistry of  'TALSPEAK e x t r a c t i o n  p rocess  . . . . .  35 
5.2.2 App l i ca t ion  of TALSPEAK ex t r ac t i -on  t o  t h e  

f low s h e e t  . . . . . . . . . . . . . . . . . . . .  38 
5 . 3  Experimental  Work . . . . . . . . . . . . . . . . . . . .  39 

5 . 3 . 1  Test i -ng of r e a g e n t s  . . . . . . . . . . . . . . . .  40 
5.3.2 Measurement of e x t r a c t i o n  ra tes  and r a t e  

c o n s t a n t s  . . . . . . . . . . . . . . . . . . . . .  41 
5 . 3 . 3  Measurement of  d i s t r i b u t i o n  c o e f f i c i e n t s  . . . . .  42 
5.3.4 Measurement o f  phase 1.oading . . . . . . . . . . .  42 

5.4 Kesul t s  and Discussj.on . . . . . . . . . . . . . . . . . .  4 2  
5 .4 .1  S e l e c t i o n  of  r e a g e n t s  . . . . . . . . . . . . . . .  42 
5.4.2 E x t r a c t i o n  ra tes  and r a t e  c o n s t a n t s  . . . . . . . .  44  
5 . 4 . 3  D i s t r i b u t i o n  c o e f f i c i e n t s  . . . . . . . . . . . . .  54 
5.4.4 Phase load ing  . . . . . . . . . . . . . . . . . . .  57 

5.5 Cond i t ions  f o r  Minimum Cost Opera t ion  . . . . . . . . . .  6 1  
5 . 5 . 1  A p p l i c a t i o n  of r a t e  c o n s t a n t s  t o  d i f f e r e n t i a l  

e x t r a c t i o n  . . . . . . . . . . . . . . . . . . . .  6 1  
5.5.2 Calcu l -a t ion  of optFmum process  c o n d i t i o n s  . . . . .  64 

5.5.4 Solvent  recovery  . . . . . . . . . . . . . . . . .  7 1  
5.6 Rad ia t ion  E f f e c t s  . . . . . . . . . . . . . . . . . . . .  71 
5.7 F l o w  Shee t  Recommendations . . . . . . . . . . . . . . . .  7 2  

5 .5 .3  Recovery of  e x t r a c t e d  curium . . . . . . . . . . .  70 

6 . KEMOVAL OF AMERICIUM AND CURIUM FROM TATSPEAK SOLUTION . . . .  75 
6 . 1  Experimental  Work and Previous  I n v e s t i g a t i o n s  . . . . . .  75 
6.2 Flow Shee t  Recommendations . . . . . . . . . . . . . . . .  75 

7 . SEPARATION OF CURIUM FROM AMERICIUM . . . . . . . . . . . . . .  7 1  
7.1 Previous  Work . . . . . . . . . . . . . . . . . . . . . .  77 
7 . 2  Choice of E l u t i n g  Agent f o r  Flow Sheet  . . . . . . . . . .  7 8  
7.3 Flow Sheet  Recommendations . . . . . . . . . . . . . . . .  7 9  

8 . TIME REQUIRED FOR OPERATION OF PROCESS . . . . . . . . . . . .  81 

9 . WASTE MANAGEMENT . . . . . . . . . . .  
9.1 Process  Wastes . . . . . . . . . .  

9 . 1 . 1  N i t r i c  a c i d  wastes . . . .  
9.1.2 Residi ic  from a c i d  removal . 
9.1.3 TALSPEAK e x t r a c t i o n  wastes 
9.1.4 I o n  cxrhange p rocess  w a s t e s  
9.1.5 Gaseous e f f l u e n t s  . . . . .  

9 . 2  U l t i m a t e  S o l i d  Wastes . . . . . .  
9.3 Waste Managment OpportuniLies  . . 

. . . . . . . . . . . .  83 

. . . . . . . . . . . .  83 . . . . . . . . . . . .  83 

. . . . . . . . . . . .  84 

. . . . . . . . . . . .  84 . . . . . . . . . . . .  85 . . . . . . . . . . . .  86 

. . . . . . . . . . . .  86 

. . . . . . . . . . . .  86 

10 . SUMMARY . . . . . . . . . . . . . . . . . . . . . . . . . . . .  87 

REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  89 

i.V 



L I S T  OF F'LGUIIES 

Page 
I_- 

Figure 

I Flowsheet . . . . . . . . . . . . . . . . . . . . . . . . . .  5 

2 Differential extraction stages . . . . . . . . . . . . . . . . .  32 
3 Extraction rates of gadolinium in the TALSPEAK system, 

including the effects of temperature, diluent, and 
loading.. . . . . . . . . . . . . . . . . . . . . . . . . . .  50 

4 Gadolinium distribution coefficient as a function of 
organic phase l o a d i n g  . . . . . . . . . . . . . . . . . . . . .  59 

V 





Table  

LIST OF TABLES 

Page 

1 Composition of n u c l e a r  w a s t e  . . . . . . . . . . . . . . . . .  3 

2 I n f l u e n c e  of t h e  amount of formic  a c i d  added and of t h e  
d i g e s t i o n  t i m e  on s o l u t i o n  pH . . . . . . . . . . . . . . . . .  1 2  

3 D i s t r i b u t i o n  of f i s s i o n  p roduc t s  as a f u n c t i o n  of 
s o l u t i o n  pH . . . . . . . . . . . . . . . . . . . . . . . . . .  13 

4 Americium found i n  p r e c i p i t a t e  formed . . . . . . . . . . . . .  1 4  

5 Removal of americium from p r e c i p i t a t e  by washing w i t h  
d i s t i l l e d  water . . . . . . . . . . . . . . . . . . . . . . . .  1 4  

6 C o p r e c i p i t a t i o n  of  americium w i t h  cer ium peroxide  . . . . . . .  16 

7 C o p r e c i p i t a t i o n  of americium w i t h  ceri.c pe rox ide  from 
mixed f i s s i o n  p roduc t s  . . . . . . . . . . . . . . . . . . . .  1 6  

8 pH of  l e a c h  s o l u t i o n s  of s o l i d  r e s i d u e s  from a c i d  
v a p o r i z a t i o n  as a f u n c t i o n  of d ry ing  c o n d i t i o n s  . . . . . . . .  1 9  

9 Materials remaining i n  i n s o l u b l e  r e s i d u e  f o r  v a r y i n g  
dryling t empera tu res  and s o l u t i o n  pH's . . . . . . . . . . . . .  20 

1.0 R e s u l t s  of o x a l a t e  p r e c i p i - t a t i o n s  . a . . . . . . . . . . . . .  25  

11 C a l c i n a t i o n  of l a n t h a n i d e  o x a l a t e s  . . . . . . . . . . . . . .  29 

1 2  Data and r e s u l t s  f o r  the c a l c u l a t i o n  of TALSPEAK 
s e p a r a t i o n  f a c t o r s  . . . . . . . . . . . . . . . . . . . . . .  36 

13 I n f l u e n c e  of d i l u e n t  on d i s t r i b u t i o n  c o e f f i c i e n t .  E. and 
s e p a r a t i o n  f a c t o r .  ct . . . . . . . . . . . . . . . . . . . . .  4 3  

1 4  Gadolinium and curium d i s t r i b u t i o n  c o e f f i c i e n t s  and 
s e p a r a t i o n  f a c t o r s  . . . . . . . . . . . . . . . . . . . . . .  43 

15 TALSPEAK e x t r a c t i o n  ra te  c o n s t a n t s  . . . . . . . . . . . . . .  48 

16 I n f l u e n c e  of O I A  on k' and k ,  . . . . . . . . . . . . . . . . .  50 
J 

1 7  E f f e c t o f p H o n k f  . . . . . . . . . . . . . . . . . . . . . .  51 

52 f 18 I n f l u e n c e  o f  IIDEHP c o n c e n t r a t i o n  on k . . . . . . . . . . . .  
1 9  I n f l u e n c e  of tempera ture .  a g i t a t o r  speed.  and pH on k . . . .  5 2  

f 

v i i  



Table  
~ _. .. . . - . Page . -~ 

20 A m e r i c i u m  and  cerium d i s t r i b u t i o n  c o e f f i c i e n ~ s  . . . . . . . . 56 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

SeparatFon f a c t o r s  . . . . . . . . . . . . . . . . . . . . . . 56 

Misce l laneous  d i s t r i b u t i o n  c o e f f i c i  r n t  5 i n  TATSPEAK 
e x t r a c t i o n  . . . . . . . . . . . . . . . . . . . . . . . . . . 57 

D i s t r i b u t i o n  c o e f f i c i e n t s  of ytfr-ium betwreL: HDEEP 
s o l u t i o n s  and n i t r i c  a r i d  . . . . . . . . . . . . . . . . . . . 58 

D i s T r i b u t i o n  c o e f f i c i e n t s  u s i n g  s y n t h e t i c  f i s s i o n  p~ t d u c t  
l an than ide  s o l u t  i o n s  . . . . . . . . . . . . . . . . . . . . . 60 

Cons tan ts  used i l l  p rocess  c a l c u l a t i o n s  . . . . . . . . . . . . 6 3  

Condi t ions  used f o r  f i r s t  se t  of minimum c o s t  f a c t o r  
c a l c u l a t i o n s  . . . . . . . . . . . . . . . . . . . . . . . . . 65 

66 Kxt rac t ion  parameters  as a f u n c t i v n  of  DIE 

I n f l u e n c e  of OIA on c o n d i t i o n s  f o r  minimum I 'OS~. o p e r a t i o n  . . . 67 

0 
A""""" 

Condi t ions  f o r  minimum cos t  o p e r a t i o n  and c o s t  f a c t o r s  for 
curiiim con ta in ing  1% gadolinium . . . . . . . . . . . . . . . . 68 

Co l id i t i ons  f o r  minimum cos t  o p e r a t i o n  and c o s t  f a c t o r s  
f o r  americium c o n t a i n i  11g 1 X gadol inium . . . . . . . . . . . . 69 

31 T i m e s  r e q u i r e d  f o r  p r o c e s s  s t e p s  . . . . . . . . . . . . . . . 8 1  

32 Expected curium l o s s e s  . . . . . . . . . . . . . . . . . . . . 88 

v i i i  



ABS TRACT 

A p r o c e s s  has been des igned  f o r  t h e  recovery of curium 
from purex w a s t e .  Curiurn and americium are  s e p a r a t c d  from t h e  
l a n t h a n i d e s  by  a TALSPEAK e x t r a c t i o n  process  us ing  d i f i e r r n t i a l  
p x t r a c t i o n .  Equat ions  w e r e  d e r i v e d  f o r  t h e  e s t i m a t i o n  of t h e  
economical ly  optimum c o n d i t i o n s  f o r  t h e  e x t r a c t i o n  u s i n g  
l a b o r a t o r y  b a t c h  e x t r a c t i o n  d a t a .  The p r e p a r a t i o n  of feed  
for t h e  e x t r a c t i o n  invo lves  the removal o f  n i t r i c  a c i d  
from the Purex  w a s t e  by v a p o r i z a t i o n  under  reduced p r e s s u r e ,  
t h e  l e a c h i n g  of s o J u b l e  n i t r a t e s  from the  r e s u l t i n g  cake, 
and t h e  o x a l a t e  p r e c i p i t a t i o n  o f  a pu re  l a n t h a n i d e - a ( , t i n i d e  
f r a c t i o n .  F i n a l  s e p a r a t i o n  of t h e  curium from americium i s  
done by ion-exchange. 

on a l a b o r a t o r y  scale and workable  c o n d i t i o n s  werc determined.  
The s t e p s  of the p r o c e s s ,  excep t  ion-exchange, w e r e  Lested 

i x  





I. INTRODUCTION 

1.. 1 Background 

Curium-244 i s  p o t e n t i a l l y  u s e f u l  as a h e a t  sou rce  f o r  r ad io i so tope -  

powered t h e r m o e l e c t r i c  g e n e r a t o r s .  

roughly 5 t i m e s  g r e a t e r  than  t h a t  of 238Pu02 and 20  t i m e s  g r e a t e r  than  

t h a t  of "SrTiO3,  t h e  t w o  i s o t o p i c  materials used i n  most r a d i o a c t i v e  

h e a t  s o u r c e s  t o  d a t e .  I n  a d d i t i o n ,  because curium is  p r e s e n t  i n  nuclear 

wastes, i t  is  p o t e n t i a l l y  much less expens ive  than  plutonium-238. 

The power d e n s i t y  of 244C:n1203 i s  

The amount o f  curium a v a i l a b l e  w i l l  depend on t h e  growth of n u c l e a r  

f u e l  r e p r o c e s s i n g  and on t h e  f u e l  c y c l e s  used. In g e n e r a l ,  t h e  curium 

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

h i g h e r  f o r  f u e l s  w i t h  a l o w  uranium-235 con ten t  t han  f o r  f u e l s  w i t h  a h igh  

uranium-235 c o n t e n t ,  g iven  t h e  same l e v e l  of to t a l .  burnup. Data g iven  by 

Rlomeke, K e e ,  and Nichol'  i n d i c a t e  t h a t  u s e  of a plutonium r e c y c l e  pro- 

duces s p e n t  f u e l  w i t h  a curium con ten t  50 t i m e s  h ighe r  than  t h a t  produced 

from f u e l  c o n t a i n i n g  uranium a lone .  

w i l l  b e  s e n s i t i v c  t o  t h e  curium c o n t e n t  o f  t h e  s p e n t  f u e l ,  s i n c e  t h e  c o s t  

p e r  u n i t  of curium is  approximate ly  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  curium 

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

The c o s t  of curium product ion  a l s o  

1 . 2  Assumptions 

The development of an  economical p rocess  f o r  t h e  removal of 244Cm 

f r o m  n u c l e a r  w a s t e  w a s  based on t h e  following assumptions.  

1. The p rocess  w i l l  have l o w  c a p i t a l  and o p e r a t i n g  c o s t s .  

2. A l a r g e  supp ly  o f  l o w  cost: n u c l e a r  w a s t e  w i l l  be  a v a i l a b l e .  

The f r a c t i o n  of curium recovered from t h e  waste i s  only  

impor tan t  as i t  a f r e c t s  t h e  c o s t  p e r  u n i t  of curium recovered.  

3. Ion exchange w i l l  be  used f o r  t h e  f i n a l  s e p a r a t i o n  o f  curium 

from americium. T h i s  s t e p  r e s u l t s  i n  good contaminat ion  w i t h  r e s p e c t  

t o  most i m p u r i t i e s .  Consequent ly ,  s e p a r a t i o n  s t e p s  earlier i n  t h e  

p r o c e s s  are  chosen f o r  ease and speed of o p e r a t i o n  r a t h e r  t h a n  f o r  

maximum decontaminat ion.  

The p rocess  w i l l  minimize t h e  volumes of l i q u i d  and gaseous e f f l u e n t s .  4 .  

1 



i t  w a s  a l s o  assumed that. t h e  p rocess  w i l l  u se  nuc lea r  waste from 

t h e  Barnwell  Nuclear  F u e l  P l a n t ,  Barnwell ,  South Caro l ina .  The w a s t e  

f rom one met-r-i.c t o n  of nucnlear  f u e l  has  t h e  cornposit-i-on shown i n  Table  I 

and i s  d i s s o l v e d  i n  150 ga l  of 3 M n i t r i c  aci-d. T h i s  waste c o n t a i n s  a 

l a r g e  amount of gadol inium added as a n u c l e a r  po ison .  

1 .3 Previous  P roposa l s  

A p rocess  des igned  t o  s e p a r a t e  curium from i r r a d i a t e d  plutonium 

t a r g e t s  h a s  been proposed by FJeaver and Kappelman,2 t h e  deve lopers  of 

t h e  TALSPEAK e x t r a c t i o n  p rocess .  I n  t h i s  f l o w  s h e e t ,  t h e  l a n t h a n i d e s  

and ac t in i . dcs  are s e p a r a t e d  from o t h e r  f i s s i o n  p roduc t s  by e x t r a c t i o n  

from an aluminum n i t r a t e  sol .ut ion w i t h  t r t b u t y l  phosphate  (TBP) , and 

t h e  americium and curium are then  s e p a r a t e d  from t h e  l a n t h a n i d e s  by tihe 

TALSPEAK process  i n  a m u l t i p l e  s t a g e  c o u n t e r c u r r e n t  u n i t .  The TAISPEAK 

process  chemis t ry  d i f f e r s  p r i n c i p a l l y  from t h a t  desc r ibed  i n  t h i s  r e p o r t  

i n  i t s  u s e  of l a c t i c  a c i d  r a t h e r  t han  g l y c o l i c  a c i d  and of d i i sop ropy l -  

benzene (DIB) r a t h e r  t han  dieKhylbenzene (DEB) a s  a d i l u e n t  f o r  t h e  

d i (2 -e thy lhexy l )  phosphor ic  a c i d  (HDEHP) i n  t h e  aqueous phase.  

A f 1 . 0 ~  s h e e t  des igned  by Koch e t  a1.3 c a l l s  f o r  t h e  d e s t r u c t i o n  of 

t h e  n i t r i c  a c i d  by r e a c t i o n  w i t h  formic  a c i d ,  A f t e r  a c i d  destructi .ori  t h e  

pB i s  h igh  enough t o  p r e c i p i t a t e  e s s e n t i a l l y  all. of the zi.rconi.urr,, 

niobium, molybdenum, nob le  m e t a l s ,  and i r o n .  The l a n t h a n i d e s  and a c t i n i d e s  

remaining i n  s o l u t i o n  a r e  e x t r a c t e d  w i t h  0 .3  M IIDEI-IP and 0 . 2  M TBP i n  an 

a lkane  d i l .uent  . T h e  amer:i~c:i .um and curii.im are  then  se1.ect ively removed 

from t h e  o r g a n i c  phase w i t h  a v e r s i o n  of t h e  TALSPEAK process .  They are  

e x t r a c t e d  w i t h  an  aqueous phase c o n t a i n i n g  diethylenetr: i .aminepentaacetic 

a c i d  (DTPA) and l a c t i c  a c i d ;  t h e  remaining l a n t h a n i d e s  are  removed i n  a 

t h i r d  e x t r a c t i - o n  u s i n g  a n  o rgan ic  phase of t h e  same composi t ion as 

above. A l l  e x t r a c t i o n s  a r e  c a r r i e d  o u t  i n  16-s tage  c o u n t e r c u r r e n t  

mixer-settler u n i t s  w i th  c e n t e r  f e e d ,  'The americium and curium a r e  

removed from the aqueous phase by a n  i o n  exchange p rocess .  

T h i s  f l o w  s h e e t  was t e s t e d  a t  a t r a c e r  l e v e l  arid worked a s  pre-  

d i c t e d ,  except  f o r  t h e  l a s t  e x t r a c t i o n .  I n  t h i s  s t e p ,  europium removal 

was poor because of slow e x t r a c t i o n  k i n e t i c s .  
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Tab le  1. Composition of n u c l e a r  waste 

G r a m s  / m e  t r  i c  t o n  
of f u e l  E 1 emen t __ - 

Selenium 
Bromine 
Kub i d  ium 
S t r on t ium 
Yt t r ium 
Z i r c onium 
Molybdenum 
Technetium 
Ruthenium 
Khodium 
Pa  l l a d  ium 
S i l v e r  
Cadmium 
Indium 
T in  
Antimony 
Te l lu r ium 
C e  s ium 
Barium 
Lanthanum 
Gerium 
Praseodymium 
Neodymium 
Promethium 
Samarium 
Euro p ium 
Gadolinium 
Terbium 
Uranium 
N e  p t u n  ium 
Plutonium 
Americium 
Curium 
Sodium 
I r o n  
Chromium 
Nickel  
Gadolinium (added as 

nuc lea r  p o i s o n )  
Polk 

14.4 
13.7 

347 
823  
416 

3 , 7 1 0  
3 , 5 6 0  

822  
2 , 3 3 0  

505 
1 , 5 2 0  

82 
136 

1 . 2  
25.7 
10.8 

535 
2,600 
1 ,750  
1 ,320  
2 , 5 4 0  
1 , 2 8 0  
4 , 1 8 0  

1 , 0 1 0  
174 
1 2 2  

35.6 

1 . 8  
10,000 

482 
100 
525 

24 
100 

2 , 0 0 0  
200 

80 

9,000 
2,000 

T o t  a1 54,376 
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This  p rocess  was cons idered  f o r  u s e  w i t h  waste from the  Rarnwell 

p l a n t  bu t  r e j e c t e d  because 

1. t h e  added TBP lowers  t h e  d i s t r i b u t i o n  c o e f f i c i e n t s  of t h e  h ighe r  

l a n t h a n i d e s ,  which makes t h e  removal of t h e  gadol inium more d i f f i -  

c u l t ,  and 

2 .  d i f f i c u l t i e s  have been encountered i n  ach iev ing  a su f f i c i en t1 .y  h igh  

pH w i t h  t h e  formic  a c i d  d e n i t r a t i o n  p rocess .  

A f low s h e e t  proposed by Mheelwright e t  2 ~ 1 . ~  ca l l s  f o r  t h e  separa-  

t i o n  of t h e  curi.um from t h e  o t h e r  waste components by means of a s i n g l e  

l a r g e  chromatographic  i o n  exchange p rocess .  The feed  p r e p a r a t i o n  invo lves  

c l -a r i -Eica t ion  by c e n t r i f u g a t i o n ;  removal. of remaining neptunium, uranium, 

and plutonium by TBP e x t r a c t i o n ;  d e n i t r a t i o n  by r e a c t i o n  w i t h  suga r ;  and 

a second c l a r i f i c a t i o n .  The uranium and plutonium removal s t e p  w i l l  be 

r e q u i r e d  i n  any p rocess  u s i n g  wastes o f  t h e  type c u r r e n t l y  a v a i l a b l e .  

1 . 4  D e s c r i p t i o n  of P rocess  

The p rocess  f low s h e e t  i s  shown i n  Fig.  1. The s t e p s  of  t h e  p rocess  

a r e  desc r ibed  h e r e  i n  b r i e f ;  d e t a i l s  and expe r imen ta l  v e r i f i c a t i o n  are 

g iven  i n  Sects. 2-7 .  

1 . 4 . 1  Removal of n i t r i c  acid ____ . .. .- .-. ... . 

The n i t r i c  a c i d  an3 w a t e r  are  removed from the  P u r e x  waste by 

d i s t i l l a t i o n  a t  reduced p r e s s u r e  w h i l e  the tempera ture  i s  i n c r e a s e d  t o  

150-170°C a t  ~ ~ 3 0  t o r r .  

Thus, noncondensable gaseous e f f l u e n t s  are  r e l e a s e d  on ly  du r ing  t h e  

i n i t i a l  evacua t ion  a t  room tempera ture  and d u r i n g  t h e  removal of a 

smal.1. amount of n i t r o g e n  ox ides  r e l e a s e d  above 130°C. 

The n . i t r i c  a c i d  i s  q u a n t i t a t i v e l y  coadensed. 

1.- 4 . 2  Dissol .v ing  l a n t h a n i d e  ... . and a c t i n i d e  n i t r a t e s  ____ .. . . ...... _. - . 

Water i s  added t o  the s o l i d s  remaining after t h e  removal of n i t r i c  

a c i d ,  and t h e  r e s u l t i n g  so lu t io r i  i s  boil .ed and s t i r r e d  f o r  1-2 m i n .  The 

pH of t h e  s o l u t i o n  at t h e  end of t h i s  s t e p  i s  1.5-2.0. 
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F i g .  1. Flow sheet for the  process .  
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1 . 4  a 3 F i  1 t e r i n g  
-_ I_ 

Remaining s o l i d s  are f i l t e r e d  from t h e  so lu t ion .  T h i s  s t e p  removes 

e s s e n t i a l l y  a l l  of t h e  zirconium, niobium, and molybdenum and most of ihe 

ruthenium and i r o n .  Less than 0 . 5 %  of t h e  curium i s  removed w i t h  t h i s  

i n s o l u b l e  r e s i d u e .  

1.4 .4  Oxala te  p r e c i y i t a t i o n  ....... ....._.._..-. l_l and f i l t e r i n g  

N i t r i c  a c i d  is  adrlcd t o  produce a 1 M hydrogen i o n  c o n c e n t r a t i o n ,  

fol lowed by  0 . 5 1 4  l i t e r s  of 0.75 M o x a l i c  a c i d  p"r l i t e r  of s o l u t i o n  

over  a 30-min p e r i u d ,  du r ing  which t h e  s o l u t i o n  i s  a g i t a t e d .  A f t e r  a 

2-hr d i g e s t i o n  pe r iod  t h e  p r e c i p i t a t e ,  which c o n t a i n s  t h e  t r i v a l e n t  

a c t i n i d e s  and l a n t h a n i d e s ,  i s  f i l t - e r e d  o u t .  'This s t e p  removes t h e  remain- 

i n g  ruthenium and i r o n ,  t h e  cesium and rubidium, and most of Lhe s t r o n t i u m  

and barium. It i s  a l s o  a good g e n e r a l  p u r i f i c a t i o n  s t e p  tha t  removes a 

l a r g e  v a r i e t y  of minor f i s s i o n  and corrosion prodi ic ts .  

1.. 4.5 Calc in ing  

The o x a l a t e s  p r e c i p i t a t e d  i n  the las t  s tep  are c a l c i n e d  f o r  90 min 

a t  480°C i n  t h e  absence of a i r .  A i r  i s  then  admi t ted  f o r  6 0  min t o  oxi-  

d i z e  a s m a l l  amount of carbonaceous r e s i d u e  formed by this p rocess .  The 

l a n t h a n i d e s  are now p r e s e n t  i n  t h e  form of oxycarbonates .  

1 .4 .6  Disso lv ing  of ox ides  

The 'TALSPEAK' aqueous s o l u t i o n  i s  added t o  the ox ides ,  which t a k e  

30 min t o  d i s s o l v e .  The  r e s u l t i n g  s o l u t i o n  i s  0.106 M i n  t h e  pentasodium 

s a l t  of  DTPA and 1 M i n  g l y c o l i c  a c i d ;  t h e  l a n t h a n i d e  c o n c e n t r a t i o n  i s  

0.045 M .  

1 . 4 . 7  - E x t r a c t i o n  

D i f f e r e n t i a l  e x t r a c t i o n  i s  used t o  separate t h e  l a n t h a n i d e s  from t h e  

a c t i n i d e s .  For t h e  o r g a n i c  phase,  40 v o l  % HDEllF' i n  DEB i s  used a t  46°C.  

EssenLia l ly  a l l  o f  the l a n t h a n i d e s  and y t t r i u m  and approximate ly  20% of 

t h e  americium and curium are e x t r a c t e d .  The l a n t h a n i d e s ,  a c t i n i d e s ,  and 
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y t t r i u m  are then s t r i p p e d  from t h e  HDENP s o l u t i o n  by d i f f e r e n t i a l  

e x t r a c t i o n  u s i n g  6.5 i1.I n i t r i c  a c i d .  

1.4.8 Ion .- exchange . .. 

A f t e r  ad jus tment  of the pti t o  1. 0 w i t h  n i t r i . c  a c i d ,  t h e  americ:ium 

and curium are loaded d i r e c t l y  from t h e  TALSPEAK aqueous s o l u t i o n  on to  

a Ilowex 50 x 8 ion  exchange r e s i n  and e l u t e d  by a solut . ion of  Ll.05 M 

DTPA. Thi.s s e p a r a t e s  t h e  curium from t h e  arnerici.um and from any trace 

i m p u r i t i e s .  

1 .5  Experimental  Program 

The o r i g i n a l  p l a n  inc luded  p i l o t  p l a n t  t e s t i n g  of t h e  f low sheet 

and a demonst ra t ion  of t h e  s e p a r a t i o n  of curium from n u c l e a r  was te .  Due 

t o  c u r t a i l m e n t  of t h e  program, these o b j e c t i v e s  were no t  accumpI. i.slied. 

I t  w a s  estab1:isl.m.l t h a t  the feed  p r e p a r a t i o n  s t e p s  work, b u t  they  w e r e  

n o t  i n v e s t i g a t e d  in deta i l . .  T h e  p o s s i b l e  recovery  and r e u s e  o f  the 

YAISPEAK aqueous phase  and the s u b s t i t u t i o n  of t h e  ammonium s a l t  of 

DTPA f o r  the sudium sa1.t: are two o t h e r  a s p e c t s  t h a t  w e r e  not  e.xar!ii.rted. 

The s e p a r a t i o n  of curium from t h e  1.anttiani.des w a s  b e l i e v d  t o  bc 

the uiost. d i f f i c u l t  p a r t  of t h e  p rocess  and w a s  i n v e s t i g a t e d  i n  g r e a t e r  

d e t a i l  t han  t h e  o t h e r  s t e p s .  E x t r a c t i o n  rates i n  t h e  TALSPEAK process 

r ece ived  p a r t i c u l a r  emphasis a f t e r  e a r l y  r e s u l t s  i n d i c a t e d  t h a t  t he  

gadol inium e x t r a c t i o n  w a s  too s l o w  t o  be c a r r i e d  o u t  e f f i c i e n t l y  i n  

conven t iona l  equipment. 

T h e  s e p a r a t i o n  of curium f rom am.ericium by ion  exchange w a s  n o t  

t e s t e d .  However, t h i s  p rocess  u s e s  e s t a b l i s h e d  technology. 





2. REMOVAL OF N I T R I C  A C I D  

Purex w a s t e  usualLy c o n t a i n s  about  3 M n i t r i c  a c i d ,  most- of which 

m u s t  be removed b e f o r e  o t h e r  p rocess  s t e p s  can be a p p l i e d .  Two methods 

of n i t r i c  a c i d  removal. were t e s t e d  i n  t h i s  p r o j e c t :  t h e  d e s t r u c t i o n  of 

t h e  n i t r i c  a c i d  w i t h  formic  a c i d ,  as proposed i n  R e f .  3,  and t h e  removal 

of t h e  n i t r i c  a c i d  by v a p o r i z a t i o n .  T h e  formic  a c i d  method w a s  o r i g i n a l l y  

f avored ;  however, expe r imen ta l  r e s u l t s  showed t h a t  t h e  r e a c t i o n  w a s  slower 

than  expec ted  and t h e  p r e c i p i t a t e  w a s  v e r y  f i n e  and d i E i i c u L t  t o  f i l t e r .  

The v a p o r i z a t i o n  method was  an obvious  a l t e r n a t i v e  and produced f a v o r a b l e  

r e s u l t s .  

T h e  expe r imen ta l  p rocedures  and r e s u l t s  f o r  bo th  methods are d i s -  

cussed  and t h e  methods are compared. 

2 . 1  Reac t ion  of Nitric Acid w i t h  Formic h c i d  

2 . 1 . 1  P rev ious  work 
--II- 

The d e s t r u c t i o n  of n i t r i c  a c i d  i n  Purex waste by r e a c t i o n  w i t h  

formic  a c i d  has  been s t u d i e d  by Koch e t  a l . ,  

The completeness of t h e  removal of s e v e r a l  major i m p u r i t i e s  (i.e., Fe? 

Zr, N i ,  Mo, and t h e  n o b l e  m e t a l s )  is  dependent upon t h e  f 3 n a l  pH of t h e  

s o l u t i o n .  D i f f e r e n t  v a l u e s  w e r e  ob ta ined  i n  each s tudy :  Orebaugh6 

r e p o r t e d  that: a pH h i g h e r  t han  2 could  n o t  be ob ta ined ;  H&y5 ob ta ined  

a p H  of 3 a f t e r  pro longed  r e a c t i o n  w i t h  formaldehyde (which i s  converted 

t o  formic  a c i d  i n  t h e  r e a c t i o n ) ;  and Koch e t  a l .  

t-han 7 .  

Healy,’ and OrebaughmG 

o b t a i n e d  pH‘s h ighe r  

T h e  t empera tu re ,  t h e  c o n c e n t r a t i o n s  of t h e  two a c i d s ,  and t h e  ra te  

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

p roduc t s  formed by t-he r e a c t i o n  (NO,, NO,  N20,  and N 2 ) .  Consequently,  

t h e  s t o i c h i o m e t r y  of t h e  r e a c t i o n  i s  hard  t o  p r e d i c t .  

r e p o r t ,  however, t h a t  i f  t h e  waste i s  added t o  c o n c e n t r a t e d  formic  ac id  

t h e  s t o i c h i o m e t r y  is r e l a t i v e l y  c o n s i s t e n t .  T h e  p r i n c i p a l  r e a c t  ion i s  

Koch e t  a1.3 

9 
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The r e a c t i o n  i s  i n i t i a l l y  ve ry  r a p i d  and then  s l o w s  b u t  can b e  

c o n t r o l l e d  by t h e  r a t e  a t  which w a s t e  i s  added; t h e  maximum f e a s i b l e  

r a t e  depends l a r g e l y  on t h e  voluiiie a v a i l a b l e  f o r  t h e  s e p a r a t i o n  of t h e  

l i q u i d  from t h e  gas  bubbles  genera ted .  According to  Healy ,5  t h e  reac- 

t i o n  r a t e  i s  desc r ibed  by t h e  equa t ion  

The dependence of t h e  ra te  on t h e  cube of irhe a c i d  c o n c e n t r a t i o n  

e x p l a i n s  t h e  s lowness  of t h e  r e a c t i o n  a t  l o w  a c i d i t i e s .  Obviously,  

i n c r e a s i n g  t h e  formic  a c i d  c o n c e n t r a t i o n  w i l l  ihcrease t h e  r e a c t i o n  

ra te ,  b u t  t h i s  c a u s s s  two problems: f i r s t ,  an excess  of formic  a c i d  

can  i tse1.f  cause  a l o w  plI, and second., t h e  formates  of t r i v a l e n t  l an tha -  

n i d e s  and a c t i n i d e s  have l o w  s o l u b i l . i t i e s  and can be  p r e c i p i t a t e d  a long  

w i t h  t h e  i m p u r i t i e s .  

Koch e t  a l S 3  c o n t r o l l e d  t h e  pH by va ry ing  t h e  amount of formic  a c i d  

added and r e p o r t e d  on two v a r i a t i o n s  of t h e  p rocess .  I n  t h e  f i r s t ,  a pR 

of 2 i s  reached;  e s s e n t i a l l y  all. of t h e  zirconium, niobium, and molybdenum 

are p r e c i p i t a t e d ,  b u t  on ly  80% of t h e  nob le  metals and none of t h e  i r o n  

are removed. Curi.um l o s s e s  t o  t h e  p r e c i p i t a t e  are v e r y  srnnll. i:n t h e  

second, a pH of 7-8 i s  reached and t h e  ] .anthanides and a c t i n i d e s  are 

p r e c i p i t a t e d  a long  w i t h  t h e  i m p u r i t i e s .  Hydrogen pe rox ide  is  added t o  

che p r e c i p i t a t e  t o  o x i d i z e  Fe ( I1 )  t o  F e ( 1 I I )  (no mention i s  made of t h e  

r e a c t i o n  of hydrogen peroxide  wi th  cer ium, americium, or  formic  a c i d ) ,  

and then  n i t r i c  a c i d  i s  used t o  r e d i s s o l v e  t h e  I-anthanides  and a c t i n i d e s .  

i f  addi tLon of a c i d  s t o p s  when t h e  pH reaches  3 ,  decontaminat ion  f a c t o r s  

of >lo00 are ob ta ined  f o r  Mo, Z r ,  K u ,  R h ,  and Fe,  bu t  %50% of t h e  curium 

i s  l o s t  t o  t h e  p r e c i p i t a t e .  I f  t h e  pH i s  he ld  a t  2 ,  80-90% of t h e  

curium goes i n t o  s o l u t i o n ,  but: roughly 1% of t h e  ruthenium and rhodium 

and 2% o f  t h e  i r o n  are d i s s o l v e d  as w e l l  (molybdenum and zirconium 

decontaminat ion  f a c t o r s  remain about  l000) .  



11 

2.1.2 Experimental procedure 

Tests were made on a synthetic waste solution wit-h the following 

cornpositi.on. 

Linsay Code 350 mixed lanthanide 

Neodymium nitrate hexahydrate 

Zirconium hydroxide 

Strontium nitrate 

Ferric nitrate hexahydrate 

Ruthenium chloride hydrate 

Sodium sulfate decahydrate 

Sodium phosphate 

Molybdenum trioxide 

Nitric acid 

nitrate hexahydrates 
34.0 g/liter 

110.1 g/liter 

13.6 gllirer 

4.1 glliter 

30.5 glliter 

0 . 3  g/liter 

7.8 g/liter 

1 4 . 0  g/liter 

9.3 g/l.iter 

3.0 moles/liter 

The lanthanide mixture (composed of Linsay Code 350 mixed lanthanides 

and pure neodymium nitrate) contained a higher proportion of neodymium 

than the actual fission product mixture but the same proportion of cerium. 

Test runs were carried out using 200- and 300-ml batches of solution 

in a 50U-rnl three-necked flask. 

samples were being withdrawn with a pipette for pH measurement. Gaseous 

reaction products left the flask through a reflux condenser, and the rate 

of gas evolution w a s  determined by measuring the rate of water displace- 

ment in a burette. 

One neck o f  the flask w a s  closed except when 

111 runs 8 and 9 ,  radioactive tracers were added before acid destruc- 

tion. Americium-241 tracer was used as a standin for '44Cm because 241Am 

can be rapidly and accurately measured by gamma counting, while 244Cm 

requires a slow, expensive, and less accurate alpha counting procedure. 

The properties of 241Am and 244Cm are very similar, unless oxidation- 

reduction reactions are involved. The solids were later filtered out 

and assayed. Results are discussed in Sect. 2.1.3. 

Additions of 30% hydrogen peroxide were made to some samples t o  

test the peroxide destruction of formic acid and the precipitation of 

ceric peroxide. Results are discussed in Sec:ts. 2.1.4 and 2.1.5. 
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2 . 1 . 3  R e s u l t s  _- and d i s c u s s i o n  

I n  t h e  f i r s t  fou r  tests, s m a l l  aruuunts of 88% formic  a c i d  were 

added t o  i a r g e  samples of b o i l i n g  w a s t e  s o l u t i o n .  An i n d u c t i o n  p c r i n d  

of several  minutes  a f t e r  each  a c i d  a d d i t i o n ,  fol lowed by a V P I - ~  vigoroils 

r e a c t i o n ,  made c o n t r o l  d i f f i c u l t ;  i n  several cases, p a r t  of t h e  r r a s t e  

b o i l e d  ou t  through t h e  r e f l u x  cond,- Onser . 
In l a te r  tests, t h e  waste w a s  added t o  88% formic a c i d .  Th i s  

shor tened  t h e  induction pe r iod  and a lso produced a prpdi t - rCible  s t o i -  

chiometry - 2 moles of formic  a c i d  consumed pe r  mole of n i t r i c  a c i d  

des t royed  [ t l re  p r i n c i p a l  r e a c t i o n  i s  that of Eq. ( 1 ) j .  

A f t e r  t h e  s o l u t i o n  i s  comple te ly  mixed and t h e  j n i t i a l  v igorous  

r e a c t i o n  i s  ove r ,  a long  d i g e s t i o n  pe r iod  is requ i r ed  t o  reach  t h e  

d e s i r e d  p€!. The i n f l u e n c e  of Lhe d i g e s t i o n  pe r iod  and 01 i h e  arnoiint 

of formic a c i d  added i s  shown i n  Table  2 -  The t a b l e  a l s o  shows t h a t  

a pH h ighe r  thari 2 can be reached i f  enough io rmi r  a c i d  is p r e s e n t .  

'Table 2. I n f l u e n c e  of t h e  amount of formic  a c i d  
added and of t h e  d i g e s t i o n  t i m e  on s o l u t i o n  pH 

___-~--.__ . .- ..................... ................... .- 

Rate of gas  D i g  e s t i. on 

min 

Formic a c i d  added, e v o l u t i o n ,  
Run t i m e  P 11 rnlfl i ter  of w a s t e  ml /mi .n / I i te r  

of so l -u t ion  

5 
5 

190 
190 

10 7 47 0.63 
250 3 0.80 

6 257 358 7 1.32 

7 287 130 56 2.01. 
7 287  195 20 2.23 
7 287 2.5 5 15  2.36 

- .............. 

I n  r u n  7 ,  t i t r a t i o n  of t h e  f i n a l  s o l u t i o n  showed 0.50 M f r ee  a c i d .  

I n  view of t h e  pH, t h i s  must be  formic. a c i d ,  n o t  n i t r i c  a c i d  ( s i n c e  

0.5 M n i t r i c  a c i d  would have a pH of 0 .3 ) ;  t h i s  r e p r e s e n t s  a 10% excess 

of formic a c i d  i f  t h e  s t o i c h i o m e t r y  of Eq. (1) was fol lowed.  
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Run 8 was identical to run 7 except for the addition of 95Zr, 103Ru, 

and 144Ce tracers before nitric acid destruction. Run 9 was identical 

to run 8 except that 241Am tracer was used. 

tered from samples taken at various intervals, rinsed with distilled 

water, dried overnight in flowing air, and weighed. The radioisotope 

contents of the samples were measured with a GeLi multichannel analyzer 

by the ORNL Analytical Chemistry Division; results are given in Table 3. 

The precipitates were fil- 

Table 3 .  Distribution of fission products 
as a function of solution pH 

Concentration in Concentration in 
Digest ion supernate, ucilml precipitate, vci/g 
time, h r  PHa .____ _---_I 

9 5 ~ r  1 0 3 ~ ~  1 4 4 ~ ~  95Zr 103Ru 144Ce 
- -.__. .__.-.----l_l--- II__ 

0 b 0.35 0.049 0.46 
2 2.0 0.004 0 .038  0 .45  8 .5  0.75 0.71 
3 2.2 SO.001 0.019 0.42 10.6 0.88 0.84 
4 2 .3  SO.004 0.011 0.42 6 . 2  0.85 1.4 

a 

F 
Estimated from a parallel cold run. 

Initial nitric acid concentration was 3 M. 

0 

Most of the zirconium was removed at a pH of 2; however, an appre- 

ciable fraction of the ruthenium remained in solution even at a p H  of 2.3. 

Better ruthenium decontamination could be achieved at a higher pH, but 

this would require a substantially longer reaction time. The high con- 

centration of cerium in the precipitate was unexpected and implied that 

the precipitate also contained trivalent actinides, but because direct 

measurement of americium l o s s  was planned it was not investigated further. 

Table 4 shows the americium content of the precipitate, which is 

apprechble at a pH of 1.97 but does not increase significantly as the 

pH increases to 2 . 1 7 .  The large wet volume of the precipitate led to 

a hypothesis that much of the americium might be held in simple solution 

in the water associated with the precipitate. 

The hypothesis was tested by washing the precipitate produced during 

the 4-hr digestion time (Table 4 )  with distilled water. A s  shown in 
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i n  Table  5 ,  most o f  t h e  americium remained w i t h  t h e  p l e c i p i t a t e ;  t h e  
c o n c e n t r a t i o n  i n  the last  of t h r e e  wasIle5 m s  only  4.4X of that  7;n t h e  

o r i g i n a l  s o l u t i o n ,  bu t  the c o n c e n t r a t i o n  i n  t h e  p r e c i p i t a t e  vas 84% o f  

thai  measured a f t e r  the f i r s t  wash. It w a s  concluded t h a t  much of t h e  

americium w a s  p r e s e n t  i n  an  i n s o l u b l e  f o r m .  

'Table 4 .  Americium found i n  precipitate formed 
-- ..................................... . -. - - .. . 

Prcc i  p i .tate A m c r  ic i urn i n  
Samp1.e PH (g/ml. of p r e c i p i t a t e  

sample) (% of t o t a l )  
.- ... . .-. . . . . - .. . . .- ... ______c__. 

A f t e r  2 h r  d i g e s t i o n  1.97 0.029 

A f t e r  3 h r  d i g e s t i o n  2 .13  0.032 

A f t e r  4 h r  d i g e s t i o n  2.17 0.028 

1 7  

1 5  

1.5 

Table  5. Removal of americium from p r e c i p i t a t e  
by washing wi th  d i s t i l l e d  waLer 

Concent ra t ion  of Ampri.cium 
i n  p r e c i p i t a t e  Wash vol lime americium i n  wash 

( i n l / m l  o f  as % of concentraLion (% of t-otal) o r i g i n a l  s o l u t i o n )  i n  o r i g i n a l  s o l u t i o n  

0.35 

0.35 

0.30 

12.9 

11.2 

1.0.8 

50 

12 

4 . 4  

2.1.4 Peroxide  dest : ruct ion .-. .-..-.. -. . of formic  a c i d  

Peroxide  d e s t r u c t i o n  of formic  a c i d  w a s  tesjred by adding  5 m l  of 

30% hydrogen pe rox ide  t o  20 m l  of t h e  f i n a l  s o l u t i o n  ob ta ined  i n  r u n  7 

(Table  4 ) .  A red-orange p r e c i p i t a t e  of ce r ic  peroxide  formed, When 

t h e  s o l u t i o n  w a s  warmed, gas  e v o l u t i o n  started at: about  35°C. When gas  

evoI.ut.i.on s topped ,  t h e  pH had reached 4.42, i n d i c a t i n g  t h a t  most of t h e  

formic  a c i d  had been des t royed .  Most o f  t h e  gas produced o r i g i n a t e d  at 

the red-orange p r e c i p i t a t e  of cer ic  peroxide  t h a t  appeared t o  c a t a l y z e  
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the reaction. Ceric peroxide also catalyzes the decomposition of  hydrogen 

peroxide. In a separate test, pure formic acid began to react with hydro- 

gen peroxide at 55"C, arid the reaction required several hours - more time 

than was required for the reaction in the presence of ceric peroxide. 

2.1.5 Coprecipitation of americium and ceric peroxide 

Cerium isotopes are the principal source of radiation in nuclear 

waste that has decayed for only a short time. If such waste is to be 

used in this process, the removal of cerium early in the process is 

desirable in order to reduce radiation damage to the reagents used. 

The precipitation of ceric peroxide has been considered as a method for 

cerium removal; s i n c e  cerium and americium both have a tetravalent form, 

coprecipitation appeared to be possible. Tests were performed on a pure 

cerium-americium system and on the synthetic fission product solution, 

with differing results. 

A solution of pure cerium nitrate (0.103 g of cerium per milliliter) 

was spiked with 144Ce and 241Am tracers. Hydrogen peroxide (30%) was 

added at a rate of (0.4 ml)/ml, and the pH was raised in three stages 

by the addition of concentrated ammonia. Samples were taken at each 

stage and tracer concentrations in the precipitate were measured. 

Table 6 indicates that both elements were precipitated almost quanti- 

tat ively . 
This  was not the case, however, for the solutions obtained from 

the synthetic fission product samples. Two tests were made 011 super- 

nate remaining after nitric acid destruction by formic acid. Most of 

the remaining formic acid was removed from the first sample by reaction 

with hydrogen peroxide and from the second sample by evaporation at room 

temperature. To each sample, 6 ml of 30% hydrogen peroxide was added 
per 20 ml of sample volume. The ceric peroxide was filtered from the 

solutions, washed, and dried, and the precipitates were weighed and 

their americium contents determined. 

The sample weights showed that 90-95% of the cerium was precipitated. 

T a b l e  7 indicates that cerium removed from nuclear waste by this process 

will be heavily contaminated by americium, although the amount i s  not 
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great enough to make the reaction a useful method for separating ameri- 

cium f rom the lanthanides. Curium will probably be coprecipitated to 

a lesser degree than americium, because it is more difficult to oxidize 

to the tetravalent form. 

Table 6. Coprecipitation of americium 
with cerium peroxide 

Remaining i.n solution 
( X  of total) 

PH Americium Cerium 

1.62 100 

1.68 68 

2.12 4 6 

4.97 0.6 

100 

33 

12 

0.10 

Table 7. Coprecipitation of americium with ceric 
peroxide from mixed f i s s i o n  products 

Initial Final Am in precipitate Specific activity ratio 
PH PW (% of total) (c/min/g> / (c/min/ml) 

3.1.4 4 .76  4.9 1.2.7 

4 . 6 1  5.07 5 . 2  11.9 
- ... ..... 

2.2 Removal of Nitric Acid by Vaporization 

In removing nitric acid from nuclear waste by vaporization, both 

the acid and the water are vaporized, leaving a cake of nitrates. Water 

is then added and the so1ubl.e nitrates are dissolved. Determination of 

the proper temperature for vaporization - high enough t o  result in rapid 

removal o f  the residual acid in the cake but l o w  enough to prevent par-  

tial decomposition of the lanthanide and actinide nitrates to insoluble 

oxides -was the focus of the experimental work. 
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2.2.1 Exper imenta l  -- -procedure  

Experiments w e r e  c a r r i e d  o u t  u s i n g  t h e  s y n t h e t i c  w a s t e  s o l u t i o n  

desc r ibed  i n  S e c t .  2 .1 .2 .  Rad ioac t ive  tracers w e r e  added t o  each  sample 

b e f o r e  v a p o r i z a t i o n ,  and a l i q u o t s  were withdrawn f o r  coun t ing  a t  appro- 

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

The a c i d  and w a t e r  were vapor ized  from a series of 20-ml samples 

i n  a 125-ml f l a s k  hea ted  i n  a g lycero l -water  s o l u t i o n .  

i n t o  a n  a i r - coo led ,  125-ml  f i l t e r  f l a s k  t h a t  a c t e d  as a condenser .  The 

o u t l e t  o f  t h e  f i l t e r  f l a s k  was connected through a s topcock  t o  a water 

a s p i r a t o r .  

The vapor  passed 

Most of t h e  runs  were made a t  reduced p r e s s u r e  i n  a c l o s e d  system 

u s i n g  t h e  a s p i r a t o r .  When t h e  t empera tu re  reached  about: SO"C, t h e  

r e s i d u a l  g a s  w a s  removed and t h e  s topcock  c l o s e d  w h i l e  v a p o r i z a t i o n  

cont inued .  A f t e r  a l l  v i s i b l e  l i q u i d  w a s  removed, t h e  s topcock  w a s  opened 

and pumping wi th  t h e  a s p i r a t o r  w a s  cont inued .  

t empera tu re  r o s e  r a p i d l y .  

During t h i s  p e r i o d  t h e  

Other  r u n s  were made a t  a tmospher ic  p r e s s u r e ,  w i t h  t h e  s topcock  

open and t h e  a s p i r a t o r  t u r n e d  o f f .  I n  some cases, t h e  s t o p p e r  of: t h e  

b o i l i n g  f l a s k  w a s  removed t o  pe rmi t  a i r  c i r c u l a t i o n  in the €lask. 

A f t e r  v a p o r i z a t i o n  w a s  completed,  t h e  l a n t h a n i d e  and a c t i n i d e  

n i t r a t e s  were d i s s o l v e d  by adding  20-50 m l  of d i s t i l l - e d  water and h e a t i n g  

t o  b o i l i n g  f o r  aboiit  1 min. The cake  w a s  s l u r r i e d  and t h e  s o l i d s  w e r e  

f i l t k r e d  o u t  and washed w i t h  d i s t i l l e d  water. The pH of t h e  f i l t r a t e  

was measured and t h e  r a d i o i s o t o p e  c o n t e n t s  of t h e  f i l t r a t e  and t h e  

p r e c i p i t a t e  w e r e  de te rmined .  

2 .2 .2  Experimental  r e s u l t s  

The n i t r i c  a c i d  and w a t e r  vapor i zed  and condensed w i t h  v e r y  l i t t l e  

p roduc t ion  o f  noncondensable gas .  Some ( N 0 2 ) ~  w a s  v i s i b l e  when the  

sample 57as hea ted  t o  130-140"C, b u t  t h i s  ceased a f t e r  a few minutes .  

A s m a l l  q u a n t i t y  of  colorless gas e v o l u t i o n  w a s  observed a t  h i g h e r  

t empera tu res .  

The i n s o l u b l e  r e s i d u e  w a s  g r a n u l a r ,  m a l l  i n  volume, and e a s i l y  

removed from t h e  s o l u t i o n  by f i l t r a t i o n .  
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I n  soiiie runs ,  a d e p o s i t  of yel.low material  t h a t  could  on ly  be  

removed by s c r a p i n g  w a s  found on t h e  w a l l s  of t h e  f l a s k .  Very l i t t l e  

of t h i s  material was observed when v a p o r i z a t i o n  w a s  c a r r i e d  o u t  a t  

reduced p r e s s u r e ;  l a r g e r  q u a n t i t i e s  w e r e  found f o r  r u n s  a t  a tmospher ic  

p r e s s u r e .  Apparent ly ,  t h e  h i g h e r  t empera tu res  a s s o c i a t e d  w i t h  t h e  

l a t t e r  encouraged t h e  d e p o s i t  of t h i s  material from s o l u t i o n .  

2-2.3 Exnerimental  d a t a  -h __I______ ....._._. 

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

i s  determined by traces of a c i d  remaining i n  t h e  cake  a f t e r  v a p o r i z a t i o n .  

The pH's r e s u l t i n g  from a v a r i e t y  of . vapor i za t ion  condic ions  are  g iven  

i n  Table  8. They have been c o r r e c t e d  t o  a s t a n d a r d  volume of  30 m l  of 

f i l t r a t e  p e r  20 m l  of o r i g i n a l  s o l u t i o n  t o  e l i m i n a t e  d i l u t i o n  e f f e c t s .  

The d a t a  show t h a t  t h e  amount of r e s i d u a l  a c i d  decreased  as t h e  f i n a l  

d r y i n g  tempera ture  inc reased  and as t h e  f i n a l  d ry ing  p r e s s u r e  decreased .  

F i n a l  d ry ing  i n  a n  oven was a l s o  ef-Eective i n  reducing  r e s i d u a l  a c i d .  

Table  9 shows t h e  amounts o f  i m p u r i t i e s  i n  t h e  i n s o l u b l e  r e s i d u e  

t h a t  remains a f t e r  t h e  n i t r a t e s  are  d i s s o l v e d .  Apprec iab le  americium 

c o n c e n t r a t i o n s  i n  t h e  r e s i d u e  occurred  when a r e s i d u e  w a s  all.owed t o  

d i g e s t  ove rn igh t  b e f o r e  f i l t e r i n g .  T h i s  r e s i d u e  w a s  g e l a t i n o u s  and 

hard t o  f i l t e r  and resembled p r e c i p i t a t e s  formed when formic  a c i d  was 

used f o r  n i t r i c  a c i d  d e s t r u c t i o n .  

Inc reased  americium and cer ium c o n c e n t r a t i o n s  i n  t h e  r e s i d u e  w e r e  

a l s o  observed i n  those  r u n s  i n  which t h e  d r y i n g  tempera ture  was ->-193"C. 

This  w a s  caused by t h e  format ion  of C t O 2  and Am02. It i s  1.i.kely t h a t  

curium l o s s e s  would be lower than  t h o s e  f o r  americium because cur ium's  

d i o x i d e  i s  much less r e f r a c t o r y .  The gadol inium c o n t e n t  c1E t h e  i n s o l u b l e  

r e s i d u e  w a s  very s m a l l ,  even when the  d ry ing  tempera ture  w a s  202OC.  

should  be noted  t h a t  t h e  hydroxides  of t r i v a l e n t  a c t i n i d e s  and l an tha -  

n i d e s  do n o t  p r e c i p i t a t e  a t  pH's below 7 .  

i n  t h e  r e s i d u e s  w e r e  p r e s e n t  as t h e  d iox ide .  

it 

Thus, t h e  c e r i u m  and americium 

Z i rmnium and niobium were compleKely removed from t h e  f i l t r a t e  i n  
a l l  cases excep t  one.  In  t h i s  case, as a r e s u l t  of poor a c i d  removal,  

6he p8 w a s  on ly  0.89. 
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Table 8. pH of leach sol.utions of solid residues fro111 
acid vaporization as a function of drying conditions 

l_l-LII__I_-.--. 

E: inal drying 
temperature 

PH Other drying conditions 
- 

("0 

130 2.1 Final drying in 130°C oven for 
1 hr after boiling d r y  at 
a tmo sp he r ic pres sur e 

13 1 1 . 4  Final pressure, 30 torr 

135 1 . 2  Final pressure, 30 torr 

139 1.0 Boiled dry at atmospheric 
pressure 

145 1.7 Final pressure, 30 torr 

150 1.4 Final pressure, 30 torr 

150 1.6 Final pressure, 30 torr 

155 2.1 Final pressure, 10 torr 

160 1.7 Final pressure, 30 torr 

170 1.8 Atmospheric pressure 

180 2.4  Final pressure, 30 torr 

18 3 2.1 Final pressure, 30 torr 

19 3 2.5 Dried at 30 torr to 169"C, 
exposed to air to 193°C 

197 

202 

2.5 Boiled dry at atmospheric 

2.0  Dried at 30 torr to 179"C, 

pressure, no air admitted 

exposed to air to 202°C 

The observed ruthenium removal was erratic; from 42 to 100% was 

found in the residue. However, good ruthenium decontamination is 

achieved with oxalate precipitation (see Sect. 3 ) .  

Strontium sulfate did not precipitate under the test conditions. 

However, it is removed by both oxalate precipitation (see Sect. 3) and 

the TALSPEAK extraction (see Sect. 5). 

Iron decontamination was incomplete; even when a pH of 2.1 was 

reached, 2% of the total remained in solution. 

tion is desirable because iron's very high distribution coefficients in 

HDEHP extraction systems make it difficult to remove from the extractant. 

The oxalate precipitation step (Sect. 3 )  is useful f o r  removing iron. 

Good iron decontamina- 
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Table  9.  M a t e r i a l s  remaining i n  i n s o l u b l e  r e s i d u e  f o r  
v a r i o u s  d ry ing  tempera tures  and s o l u t i o n  pHs 

Maximum 
dry ing  

pH of tempera turc? 
E 1-ernent s o l u t i o n  ("(2) 

Amount 
i n  r e s i d u e  

(% of to ta l . )  

Am 
Am 

Am 
Am 

Am 
Ani 
All1 

Ce 
C e  
C e  
G d 
Zr-Nb 
Zr-Nb 
Zr-Nb 
Ru 
Ru 
RU 
Ru 
Ru 
S r  
S r  
Sr 
Fe 

1 . 9  
1 . 6  
1. 4 
1 .4  
1.9 
1.8 
2.4 
0.9 
1 .8  
2.5 
2.4 
0 .9  
1.8 
2.5 
0.9 
I* 6 
1.8 
2.2 
2.5 
1.5 
1.2 
1.8 
2.1 

130 
1 3 1  
135 
150 
165 
197 
202 
179 
170 
1 9  5 
202 
139 
170 
195 
139 
155 
170 
I80 
195 
145 
150 
168 
183 

0.5 
0.5 
0.5 
0.1 

12.5 
3.4 
0.2 
0 
4 . 1  
0.6 

l . g a  

97 
100 
100 
92 
42 

1.00 
95 
74 

0.4 
0.2 
0.1 
98 

a Kesidue al lowed t o  d i g e s t  ove rn igh t  b e f o r e  f i l t e r i n g .  

2 , 3  Comparison of Methods 

E i t h e r  v a p o r i z a t i o n  o r  t h e  formic a c i d  r e a c t i o n  could be s u c c ~ s s -  

The d i r e c t  vapor i -  f u l l y  used t o  remove n i t r i c  a c i d  from Purex waste. 

z a t i o n  of t h e  n i t r i c  a c i d  was chosen f o r  t h e  fo l lowing  reasons .  

1. The s o l i d  r e s i d u e  produced by v a p o r i z a t i o n  is c o a r s e  and e a s i l y  

washed and f i l t e r e d .  The p r e c i p i t a t e  produced by t h e  formic  

a c i d  r e a c t i o n  i s  ve ry  f i n e  and d i f f i c u l t  t o  f i l t e r  and wash. 

2 ,  Curium l o s s e s  t o  t h e  r e s i d u e  produced by v a p o r i z a t i o n  are less 

than  1% of &hc t o t a l  (under t h e  rwomnietided o p e r a t i n g  c o n d i t i o n s ) .  

I n  t h e  formic a c i d  r e a c t i o n ,  about 10% of t h e  curium i s  p r e c i p i -  

t a t e d  w i t h  t h e  i m p u r i t i e s  arid is d i f f i c u l t  t o  r ecove r .  
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3 .  I n  t h e  v a p o r i z a t i o n  p rocess ,  n e a r l y  a l l  of t h e  n i t r i c  a c i d  and 

w a t e r  can  be  v o l a t i l t z e d  and condensed i n  a c l o s e d  system, and 

any r a d i o a c t i v e  material c a r r i e d  in the vapor w i l l  be t r apped  

i n  the condensed a c i d .  (Some air, however, must be pumped from 

t h e  s y s t e m ,  and a s m a l l  amount of n i t r o g e n  oxide  gas  i s  produced 

in t h e  f i n a l  d r y i n g  s t a g e s . )  In t h e  formic a c i d  r e a c t i o n ,  a l a r g e  

amount of contaminated nitrogen ox ides  is  produced. The t r a p p i n g  

of t h e s e  gases  would r e q u i r e  a d d i t i o n a l  p r o c e s s  equipment. 

The ba l ance  might s h i f t  i n  f a v o r  of t h e  formic  a c i d  r e a c t i o n ,  however, 

i f  f r e s h  Purex waste w e r e  used, because of t h e  h igh  r a d i o a c t i v e  cerium 

c o n t e n t  of t h i s  material. I n  t h i s  case, t h e  p r e c i p i t a t i o n  of t h e  cerium 

as c e r i c  pe rox ide  (Sect.  2.1.5) would become a t t r a c t i v e  as a means of 

reducing  r a d i a t i o n  damage i n  t h e  process .  





3 .  OXALATE PRECIP'CTATION 

3.1. Genera l  C h a r a c t e r i s t i c s  

Oxala te  p r e c i p i t a t i o n  is a t r a d i t i o n a l  method of s e p a r a t i n g  

lant .hanides  from nonlanthai i ide i m p u r i t i e s .  The p r e c i p i t a t i o n  r e a c t i o n s  

of t h e  t r i v a l e n t  l a n t h a n i d e s  and a c t i n i d e s  i n  ac fd  s o l u t i o n  fo l low 

A s  i n d i c a t e d ,  t h e  s o l u b i l i t y  d e c r e a s e s  as t h e  o x a l i c  a c i d  c o n c f n t r a t i o n  

i n c r e a s e s  and i n c r e a s e s  as t h e  hydrogen i o n  c o n c e n t r a t i o n  i n c r e a s e s .  

However, a t  h i g h  o x a l a t e  i o n  c o n c e n t r a t i o n s  a second r e a c t i o n  o c c u r s ,  

and a s m a l L  i n c r e a s e  i n  s o l u b i l i t y  i s  caused by t h e  fo rma t ion  of s o l u b l e  

l a n t h a n i d e  o x a l a t e  complexes. 

According t o  Ephraim, '7 t h e  p r e c i p i t a t e  i s  amorphous a t  f i r s t  and 

c o n t a i n s  ex t r aneous  a n i o n s ;  w i t h  d i g e s t i o n ,  i t  becomes c r y s t a l l i n e .  

Only z i rconium and thorium have o x a l a t e s  less s o l u b l e  t h a n  t h o s e  of the 

l a n t h a n i d e s .  Zirconium i s  p r e c i p i t a t e d  w i t h  t h e  l a n t h a n i d e s  h u t  forms 

a s o l u b l e  o x a l a t e  complex and can  be brought back i n t o  s o l u t i o n  by 

d i g e s t i n g  w i t h  ammonium o x a l a t e .  

men a mix tu re  o f  t r i v a l e n t  a c t i n i d e s  and l a n t h a n i d e s  i s  precipi- 

t a t e d ,  t h e  e lements  are mixed i n  t h e  c r y s t a l  l a t t i ce  as w e l l  as i n  

s o l u t i o n .  A t  e q u i l i b r i u m ,  t h e  e lements  w i t h  the leas t  s o l u b l e  o x a l a t e s  

w i l l  be found in t h e  c r y s t a l  phase a t  h ighe r  c o n c e n t r a t i o n s  r e l a t i v r  t o  

e lements  w i t h  more s o l u b l e  oxalates t h a n  l n  t h e  aqueous phase.  Conse- 

q u e n t l y ,  t h e  c o n c e n t r a t i o n  of any element (such as curium) depends not  

on ly  on t h e  o x a l i c  a c i d  and hydrogen i o n  c o n c e n t r a t i o n s ,  bu t  a l s o  on 

t h e  t o t a l  l a n t h a n i d e  c o n c e n t r a t i o n ,  and w i l l  be less t h a n  t h a t  predicted 

from the s o l u b i l i t y  p roduc t  of its pure o x a l a t e .  

Although i n i t i a l  p r e c i p i t a t i o n  of t h e  l a n t h a n i d e  o x a l a t e s  i s  v e r y  

r a p i d ,  complete e q u i l i b r i u m  r e q u i r e s  a long d i g e s t i o n  per iod. Grebensh- 

chikova and Bryzgalova8 t -eported t h a t  s u p e r s a t u r a t i o n  w a s  n o t  comple te ly  

removed even i n  27 h r ,  and a comparison by Broadhead and Heady' of solu-  

b i l  i t i es  a f t e r  2- and 20-hr d i g e s t i o n  times showed d i f f e r e n c e s  t h a t  

were g r e a t e s t  a t  low t empera tu res  and low i n i t i a l  l a n t h a n i d e  c o n c e n t r a t i o n s .  

23 
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The decontamination accomplished by precipitation can be improved 

by the use of dil.uCe solutions and high temperatures, but these condi- 

tions also increase curium losses. A slow increase in oxalate ion eon- 

centration and a long diges t ~ i o n  time bot21 enhance deconEamination but 

increase the tine required for the operati.on. Because a simple, rela- 

tively rapid precipitation was desired the experimental work concen- 

trated on demonstrating the eE fectiveness of comparatively rapid oxalic 

acid additions and short digestion times at room temperature. 

3.2 Experimental Procedure 

A series of precipitations was carried out on a lanthanide nitrate 

solution corresponding to the lanthanides in the synthetic fission 

product mixture. Radioactive tracers (2’-t1Am, 153Gd,  lq4Ce, 95Zr, 9 5 N b ,  

lo6Ruy 8 9 S r y  and 59Fe) were used as appropri.ate. 

The sampl-es were acidified with concentrated nitric acid; then 

0.75 M oxalic acid was added over a period of 2.30 min, d u r i h g  which 

the solution was stirred. After this, samples were al.lowed t o  digest: 

for 45 inin to 2 hr (some were allowed to digest overnight). The pre- 

cipitate was filtered from the solution arid washed w i t h  diktilled water. 

Then the tracer contents of the precipitate and the f i l . t r a t e  w e r e  measured, 

3 . 3  Results and Discussion 

The results of seven precipitations are given in Table 1.0. In every 

case in which at ].east a stoic-hiometric amount of oxalic acid was present, 

the americium I-oss was <0.3%. Because curium oxalate is less soluble than 

americium oxalate,1° curium losses will be even smaller. Losses cou1.d be 

reduced even further by using a greater excess of oxalic acid or  a longer 

digestion time. 

Kesults of precipitation of other materials can b e  summarized as 

foll.0ws. 
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Table  10. R e s u l t s  of o x a l a t e  p r e c i p i t a t i o n s  

+ I n i t i a l  Oxa l i c  a c i d  H c o n c e n t r a t i o n  X of t o t a l  
a f t e r  remaining i n  

(M) 04 (M) p r e c i p i t a t j  on 

l a n t h a n i d e  c o n c e n t r a t i o n  af ter  
p r e c i p i t a t i o n  p r e c i p i t a t i o n  s o l u t i o n  a f t e r  Tracer c o n c e n t r a t  i o n  

0.15 
0.15 
0.31. 
0 .31  
0.31 
0.31 
0.31 
0 .31  
0 .31  
0 .31  
0 . 3 1  
0.31 
0 .31  
0 . 3 1  
0 .25  
0.25 
0.25 
0 .25  
0 .25  
0.25 
0.25 
0.25 
0 .31  
0.15 
0.28 

0.067 
0.067 

-0. 028'7 
-0. 02ga 

0.037 
0.037 
0.037 
0.037 
0 .037  
0.037 
0.096 
0.096 
0.096 
0.096 
0.041. 
0.041 
0.041 
0 .041  
0.14 
0.1.4 
0 .14  
0.14 
0.096 
0.073 
0 .24  

1 . 0  
1 . 0  
1 . 2  
1 . 2  
1.1 
1.. 1 
1.1 
1. 1. 
1.1 
1.1 
1.0 
1.0 
1 . 0  
1 , o  
1.5 
1 .5  
1.5 
1.5 
1 .4  
1.4 
1 . 4  
1 . 4  
1 . 0  
1 . 0  
1.1 

0.34 
1 . 5 0  

6.61' 
0.29  
1 .3  
1. gb 

3 a 311 

l o @  
8b 

7 2b 
1 . 2  

1-00 
7 

7 3 
2.8': 

1 ooc 
0" 

50" 

l00~ '7  L" 

Ob, c 

N.F;ErL' 

54b3 
89 
9 1  
98 

a L e s s  t h a n  a s t o i c h i o m e t r i c  amount of o x a l i c  a c i d  w a s  added. The 
d e f i c i e n c y  w a s  e q u i v a l e n t  t o  a 0.028 M c o n c e n t r a t i o n  i n  t h e  f i n a l  s o l u t i o n .  

"The p r e c i p i t a t e  w a s  d i g e s t e d  o v e r n i g h t  i n  the  s u p e r n a t e .  
e The l a n t h a n i d e  s o l u t i o n  w a s  added t o  t h e  o x a l i c  a c i d  r a t h e r  tiiari the 

r e v e r s e .  

N.F. None found. 
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1. Gadolinium and cerium o x a l a t e s  were shown t o  be more s o l u b l e  than  

americium o x a l a t e .  

2 .  Most of t h e  zirconium was p r e c i p i t a t e d  w i t h  t h e  l a n t h a n i d e s .  

I n c r e a s i n g  t h e  o x a l i c  a c i d  c o n c e n t r a t i o n  and t h e  d i g e s t i o n  t i m e  

d i d  n o t  improve the s i t u a t i o n .  F o r t u n a t e l y ,  good z i rconium decon- 

t amina t ion  i s  achieved  du r ing  n i t r i c  a c i d  removal. 

3 .  From 27  t o  50% of t h e  niobium accompanird t h e  l a n t h a n i d e s  a com- 

p a r a t i v e l y  poor decontaminat ion.  

i s  achieved  du r ing  n i t r i c  a c i d  removal. 

4 .  No ruthenium w a s  found i n  t h e  p r e c i p i t a t e .  

5.  About 90% of t h e  s t r o n t i u m  w a s  removed by t h e  p r e c i p i t a t i o n .  

Good niobium decontaminat ion 

S t ront ium i s  a l s o  removed by t h e  TATSPEAK e x t r a c t i o n  p rocess .  

6 .  About 2% of the i r o n  remained w i t h  t h e  p r e c i p i t a t e .  P a r t i a l  i r o n  

decontaminat ion  i s  achieved  du r ing  n i t r i c  a c i d  removal. 

3.4 F l o w  Sheet  Recommendations 

'The c o n d i t i o n s  chosen f o r  t h e  o x a l a t e  pi-ecipitat . i .on s t e p  of t h e  

f low s h e e t  are as fo l lows .  

1, The s t a r t - i n g  s o l u t i o n  i s  0.156 M wi th  r e s p e c t  t o  t o t a l  l a n t h a n i d e s  

and a c t i n i d e s .  The hydrogen i o n  c o n c e n t r a t i o n  i s  1 M. 

2. A t o t a l  of 0.514 l i t e r s  of 0 .75  M o x a l i c  a c i d  pe r  l i t e r  of s o l u t i o n  

i s  added over  a 30-min p e r i o d ,  du r ing  which t h e  s o l u t i o n  i s  a g i t a t e d .  

3.  The mix tu re  i s  al lowed t o  d i g e s t  f o r  2 h r  w i t h  a g i r a t i o n .  

4 .  The p r e c i p i t a t e  i s  f i l t e r e d  from t h e  mixture .  

5. The p r e c i p i t a t e  i s  washed w i t h  0.5 Liters of 0.05 M.oxal ic  a c i d  

s o l u t i o n  p e r  l i t e r  of o r i g i n a l  so lu t ion . ,  



4 .  CALCINATION AND DISSOLVING IN 'IIALSPEAK SOLUTION 

4.1 General Chemistry 

The oxalates of the lanthanides and actinides decompose when heated. 
They are first converted to carbonates, then pass through a series of 

oxycarbonates, and are finally converted to sesquioxides. In  the presence 
of air, the cerium, americium, and curium are further oxidized t o  higher 

oxides. 

The calcination procedure must destroy all the oxalate ions and 

carbonaceous residue without completely converting the oxycarbonates to 

oxides, because the oxycarbonates dissolve more readily in the TALSPEAK 

aqueous solution than the oxides. Prolonged high temperatures with 

exposure to air should be avoided, because this can cause the growth 

of Ce02-AM02 crystals that are difficult to dissolve. 

4.2 Experimental. Procedure 

Two batches of lanthanide oxalate were prepared by precipitation 

from acid nitrate solutions. For the first batch, Linsay Code 350 

mixed lanthanides, consisting of cerium nirrate ( ~ 5 0 % )  and a mixture 

of the other lower lanthanides, was used; for the  second, pure neo- 

dymium nitrate. Other samples were prepared from the synthetic fission 

product solution, to which radioactive tracers were added before precipi- 

tation. Samples were weighed before and after calcination. 

Samples were calcined in a quartz tube. Gas produced during cal- 

cination passed to a gas burette that was used to monitor the rate of 

gas evolution. When this rate became essentially zero, calcination 

was ended. In some cases the quartz tube was left open or was opened 

at the end of calcination. 

In several cases the calcined material was dissolved in the TALSPEAK 

aqueous phase. The rate of solution and the presence of insoluble residue 

were observed, and the radioactive tracer contents of the solutions and 

residues were measured. 

27 
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4 . 3  R e s u l t s  and Di scuss ion  

Table  11 shows t h e  e f f e c t s  of t i m e  and tempera ture  oil t h e  

decornposit ion of t h e  l a n t h a n i d e  o x a l a t e s  ( the average  1-anthanide 

p r e s e n t  i s  r ep resen ted  by "M"). Product  composi t ions  w e r e  determined 

from t h e  weight  l o s s e s  of the s a m p l e s .  

Products  of c a l c i n a t i o n  i n  t h e  absence of a i r  w e r e  b l a c k  because 

of a carbonaceous r e s i d u e ,  which w a s  n o t  s o l ~ u b l e  i n  the TALSPEAK so1.u- 

t i o n .  In r u n s  2 and 3 ,  t h e  r e s i d u e  w a s  f i l t e r e d  o u t  a f t e r  s o l u t i o n  of- 

the 1-anthanides ,  washed, d r i e d ,  and weighedI The r e s i d u e  wei.ght w a s  

e q u a l  t o  1 .3% of t h e  o r i g i n a l  sample weight  in  run  2 and 1 .72  of t h a t  

i n  run  3 .  A s i m i l a r  r e s i d u e  w a s  p r e s e n t  i n  run  4 h u t  w a s  n o t  weighed. 

When t h e  d a r k  material. produced i n  run  5 w a s  exposed t o  a i r  ah 

480"C, i t s  c o l o r  changed t o  gray-green. The c o l o r  change s t a r t e d  a t  

t h e  s u r f a c e  and moved downward through t h e  sample. TWQ sharp1.y de f ined  

l a y e r s  were v i s i b l e ,  i n d i c a t i n g  t h a t  t h e  ra te  w a s  cont:sroJ.led by t h e  

ra te  of oxygen d i f f u s i o n  i n t o  t h e  sample. Although t h e  r e a c t i o n  

appeared t o  be complete  i n  30 min, o x i d a t i o n  w a s  cont inued  f o r  1 h r .  

The ox id ized  mater ia l ,  which w a s  a ve ry  f i n e  powder, d i s s o l v e d  com- 

p l e t e l y  i n  t h e  TALSPEAK s o l u t i o n .  

A second type  o f  i n s o l u b l e  r e s i d u e ,  cer ium d i o x i d e ,  can be formed 

by c a l c i n i n g  i n  t h e  presence  of a i r .  The product  from run 1, which was 

prepared  from t h e  Linsay Code 350 material, was ox id ized  ove rn igh t  a t  

420°C and p laced  in t h e  TALSPEAK s o l u t i o n .  

e n t i r e l y  even a f t e r  s e v e r a l  days a t  55°C. I n  a separate test r e a g e n t ,  

cer ium d i o x i d e  d i d  not  d i s s o l v e  t o  an a p p r e c i a b l e  degree  even a f t e r  

s e v e r a l  days a t  90-100°C. 

The sample d i d  n o t  d i s s o l v e  

F o r t u n a t e l y ,  f u r t h e r  tests showed that cer ium d i o x i d e  w a s  much 

s lower t o  form when t h e  cer ium f r a c t i o n  of t h e  l a n t h a n i d e s  w a s  122 ,  t h e  

v a l u e  expec ted  i n  n u c l e a r  w a s t e  ( r a t h e r  t han  the 50% of t h e  Linsay Code 

350 m a t e r i a l ) .  A sample w i t h  t h i s  f ract : ion,  ox id i zed  f o r  4 h r  a t  470"C, 

showed no i n s o l u b l e  r e s i d u e ,  and one ox id ized  f o r  1 h r  a t  500°C showed 

only  a trace of r e s i d u e .  

tracer and no d e t e c t a b l e  amount of the 153Gd tracer used i n  t h i s  

experiment .  

This  r e s i d u e  con ta ined  0.03% o f  t h e  241Arn 
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Table 11. Calcination of lanthanide oxalates 

Temperature Time 
("c) (inin) 

Run Products 

a 
94% conversion to the carbonate. 

Another sample of oxalate, containing 144Ce and 241h, tracers, was 

calcined in air for 19 hr at 400°C. The insoluble residue remaining 

after 30 min of boiling contained 0.1% of the cerium and 0.05% of the 

americium. 

An oxalate sample containing 241Am and 153Gd tracers was calcined 

in air for 2 hr at 950°C. Solution required 3 hr at 100°C. The small 

amount of residue contained 0.2% of the americium and 0.1% of the gado- 

linium, as well as needle-like crystals  resembling lanthanide oxalates. 

The presence of the crystals was explained by the formation of oxalic 

acid as a result of the oxidation by Ce(1V) and A m ( 1 V )  of the glycolic 

acid in the TALSPEAK s o l u t i o n .  

The rate of solution of the calcined material in the TAISPEAK solu- 

tion decreases as time and temperature of calcination increase. The 

material of run 4, calcined at 4 1 5 " C ,  dissolved in 30 min at room tem- 

perature; the material of run 5, calcined at 480"C, dissolved in 35  min 

at 50°C; and material calcined at 950"C, as noted above, dissolved in 

3 hr at 100°C. 

The lanthanide concentration after solution in most tests was about 

0.05 M. This is greater than the concentration required f o r  the TALSPEAK 
extraction process. Higher concentrations are easily obtainable; a con- 

centration of 0.17 M was obtained by contacting the TALSPEAK solution 

with an excess of the lanthanide oxycarbonates. 



4 . 4  Flow Sheet  Kecorameiidations 

The c o n d i t  iuils chosen f o r  the c n l c i n a t i o n  and d i s s o l v i n g  s t e p s  are  

as follows. 

1. ‘Ihe l a n t h a n i d e - a c t i n i d e  o x a l a t e s  are ca l c iwd  i n  t h e  crbsencc of 

a i r  for 90 m i n  a t  480°C.  

2 .  A i r  i s  then  admi t ted  t o  o x i d i z e  t h e  carbonaceoiic: material. Oxidi/  

i n g  t i m e  i.s e s t ima ted  as 60 inin. 

3 .  The c a l c i n e d  powder i s  d i s s o l v e d  i n  t h e  TAiAb!-’EAK aqueous solution 

a t  50-60°C. Mild a g i t a t i o n  i s  used.  The f i n a l  l a n t h a n i d e  concen-  

t r a t i o n  should  b e  0.045 M. 



5. TALSPEAK PROCESSING 

5.1 Differential Extraction 

Differential extraction was chosen as the best method of using the 

TALSPEAK process. 

nique, it is described here in some detail. 

Because this is not a widely known extraction tech- 

Differential extraction is analogous to a Rayleigh disti.l.lation. 

Typical differential extraction stages are shown in Fig .  2. The mixing 

vessel holds the original solution containing the solutes to be  extracted. 

This solution remains in this stage and is called the resident phase. A 

steady stream of the extractant enters the mixing vessel and is thoroughly 

dispersed by vigorous agitation, and a steady stream of the mixed phases 

is continuously circulated through the settler. Here the extractant is 

separated and leaves the stage, while the resident phase returns to the 

mixing vessel. 

The following simplifying assumptions are used in deriving the 

equation describing the extraction ai a solute. 

1. The distribution coefficient, D, of the solute is constant. D is 

defined as the ratio of the concentration in the extractant phase 

to the concentration in the resident phase, 

2. Because of the high circulation rate and short holdup i n  the 

settler, the compositions o f  both phases are essentially uniform 

at any time. 

3 .  The volumes of the phases do not change appreciably during extraction. 

4 .  The mutual solubility of the phases is negligible. 

The equation is based on a material balance in the stage: as a differ- 

ential volume of extractant, dL,  enters the stage, an equal volume leaves. 

The resulting removal of extractable solute is given by 

y dL = -(S & f H ~ L J )  , ( 3 )  

where L is the volume of the extractant, y is the concentration of solute 
in the extractant phase, 2 is the concentration o f  solute in the resident 
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Fig .  2.  D i f f e r e n t i a l  e x t r a c t i o n  s t a g e s .  

phase,  S i s  t h e  volume oE t h e  r e s i d e n t  phase,  and H i s  t h e  volume of 

t h e  e x t r a c t a n t  phase he ld  up i n  d i spe r sed  form. 

By s u b s t i t u t i n g  Dx f o r  y, r e a r r a n g i n g ,  and i - n t e g r a t i n g ,  t h e  equation 

i s  obta ined .  

used t o  e x t r a c t  one s o l u t e  from a less e x t r a c t a b l e  s o l u t e .  Because D 

i s  t h e  only  q u a n t i t y  i.n the equa t ion  t h a t  i s  pecul-iar t o  a s p e c i f i c  

s o l u t e  and H / S  i s  a d d i t i v e  t o  1/D, a sha rp  s e p a r a t i o n  between s o l u t e s  

The r a t i o  H / S  becomes ve ry  important  when t h e  process  i s  
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is favored by a value of H/S that is small compared to 1/U, and having 

a very large value of D is of little advantage unless H/S is very small. 

The value of €i/S can be reduced in three ways. First, an increase 

in the rate at which the mixed phases are circulated through the settler 

will reduce the value of Il/S; a settler or centrifuge with a high capacity 

and small volume is desirable. 

greatly with location in the mixing vessel because of centriFuga1 and 

gravitational effects; i f  the recycle stream is removed at n point where 

the value is high, the effective capacity of the settler i s  increased 

and the average value of Z€/S is reduced. Third, reducing the rate at 

which the extractant passes through the stage reduces .Ji/S, although it 

increases the time required for the extraction. Values of /i/S = 0.01 

are obtainable with reasonably high extractant flow rates. 

Second, point values of H / S  may vary 

11-1 most real extractions, the distribution coefficients change 

during the extraction process because o f  changes in solvent Loading. 

The amount of extractant L required to remove a single solute can be 

estimated by a stepwise calculation using 

A graph of y as a function of LC can be used to evaluate kc, Ay, and y 
0' 

The extraction of a solute with a low distribution coefficient, R, 

in the presence of a solute with a much higher distribution coefficient, 

A ,  can be estimated by 

If E q .  (5) is used to calculate the extraction of solute A, then the 

solvent loadings for the different AL intervals is known, and the 

corresponding values of D can be measured or estimated. B 
Because any given unit of extractant remains in the stage only a 

short time, the total contact time for the extractant, which is equal 

to the extractant holdup divided by the total flow rate, is short. The 

contact time for the resident phase is the total time required f o r  extrac- 

tion. When an organic extractant is used to remove material from a highly 



34 

radioactive solution, a short contact time will minimize radiation damage, 

which is proportional to the exposure time. However, if an extraction 

system exhibiting slow kinetics is used, a short contact time may not 

be feasible. 

'The choice of tlif ferential. extraction was based on the following 

advantages. 

1.. The equi.pment is simpler and lower in cost than t'riah needed for 

multiple-stage countercurrent extraction. 

2 .  Startup and shutdown problems are minor, which means t:'nat inter- 

mittent operation causes few problems. 

3 .  The extractant contact t i m e  with a radioactive solutihn can be 

very low. (Of course, if the radioactive material. itself is 

extracted, it must be quickly stripped Erom the extractant to 

minimize radiation damage.) 

4 .  The extraction process is easily altered to allow fo r  changes in 

feed composition and batch size. For example, several consecuti.ve 

extractions that are quite different in nature can be carried out 

without removing the resident phase from the mixing vessel by 

changing extractants or by altering t:he solution w i t h  an acid, 

a salting agent, o r  an oxidizing agent. 

5, Differential extraction gives much sharper separations than simple 

batch extraction. An example calculation takes t:he case of two 

solutes, A and B, in 10 liters of aqueous solution. Extraction is 

carried out using 10 liters of extractant. The distribution co- 

eff icients are D 

differential extraction i s  0.01. Equat:i.on ( 4 )  shows that after 

differential extraction, only 0.011% of solute A will remain in 

solution, compared to 9.09% aEter batch extraction; 90.5% of solute 

B w i 1 . l  remain after differential extraction, compared to 90.9% after 

batch extraction. The 90.5% residue of solute R has a high degree 

of purity with respect t o  sol.ute A .  Solute A is recovered with 

great efficiency but is no(: pure; however, a second differential 

extraction, in which the organic solution is the resi-dent phase 

and an aqueous solution the extractant, can be used t o  provide 

= 10 and UB = o. 1, and the value of H/S for the A 



35 

solute A in pure form. In this case, the amount of solute 13 in 

the solute A fraction can be reduced to 0.011% by 2.3 l i t e rs  of 

extractant; this extractant will contain 2.28% of the original 

amount of solute A.  

The differential extraction process removes the lanthanides to the 

same low level as multiple-stage countercurrent extraction, but curium 

losses are larger with differential extraction unless a curium recovery 

stage is added. As noted, however, the design of this process assumes 

that moderately large curium losses can b e  tolerated if minimum cost 

per unit of production is achieved. 

Differential extraction has been carried out on a moderately large 

scale only once.'' 

was recovered with two comparatively primitive differential extraction 

stages" 

More than 992 (15 kg) O E  the high 2 3 5 U  assay uranium 

The overall decontamination factor was >lo" 

5.2 TALSPEAK Extraction Process 

5.2.1 - Chemistry of TALSPEAK extraction process 

The TALSPEAK extraction process is a liquid-liquid extraction 

process, in which the organic phase is a solution of HDEHP in any of 

various organic diluents and the aqueous phase contains the sodium 

salt of DTPA and a buffering acid. 

in solution in three forms: (I) the majority as DTPA complexes of the 

form MDTPA~-, (2) a small fraction as one or more complex compounds 

formed with the buffering acid, and ( 3 )  an even smaller fraction as 

free ions. 

The lanthanides and actinides exist 

of the DTPA complexes of the lan- Km. The instability constants, 

thanides have been measured by Moeller and Thompson,12 and those of 

americium and curium by Baybarz. l 3  

The trivalent actinides are more strongly complexed by the DTPA than 

t he  lanthanides and consequently tend to remain in the aqueous phase. 

These data are shown in Table 12. 

The evidence indicates that more than one complex compound may 

These compounds may contain both HDEHP exist in the organic phase. 

and one or more ions of the buffering acid in combination with the 



Tab le  12.  Data and results f o r  the c a l c u l a t i o n  of TALSPXAK s e p a r a t i o n  factors 

-0 0 
a ,  .c,&4 of elementlEA of c u r i u m  

0 

TALS PEAK TALS PEAK 
Ion  K, x 1023 EA of  lanthanun HDEBP-ClQC c a l c u l a t e d  measured 

EA of 
HDEBP-ClOh+ 0 

La3+ 
~ e 3 f  
P r  3* 
N a  3-t 
pm3f 

Sm 3+ 
Eu3-t 
Gd 3' 
Tb 3.c 
Dy 3+ 
Ho 3+ 
E r  3+ 

%3-t 
Yb3' 
Lu 3+ 
Y3+ 
Am3+ 
ern3+ 

33:G 
316 

85 .1  
25.2 

4.57 
4.0; 
3.47 
1 .95  
1 . 5 1  
l . 4 6  
1.82 
1 . 9 1  
2.40 
3.63 
8 .91  
1.20 
1.32 

1 
2.98 
6.09 
8.42 

18.2 
55.4 

105 
151  
743 

1,560 
3,030 
6,840 

17,000 
52,5GO 

50,000 
97,800 

3.63 
5.05 

3 .31  
0.913 
0.519 
0.212 
Nk 
0.253 
0.427 
0.525 
1.450 
2.36 
5.04 

12.42 
32.50 

126 
354 

44.6 
0,00435 
0.00515 

0.198 
0.590 
1.203 
1.670 
3.60 

10.98 
20.80 
29.9 

147.0 
308.5 
600 

1,352 
3,462 

10,400 
19,400 

990 
0.719 
1.00 

644 
1 7 7  
101  
41  
NA 
49 
53 

102 
252 
459 
978 

2,420 
6,700 

24,500 
69,000 
8,660 

0.84 
1 .00  

370 
126 

57 
39 
NA 
48 

107 
NA 
NA 
NA 
NA 
NA 

7,040 
NA 
NA 

570 
0.89 
1.00 

XA - Not ava i l ab le .  
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lanthanide ion o r  only HDEHP and the lanthanide. The chemistry of 

the latter type of compound is known from the study of extraction 

from simple mineral acids. 

Peppardl‘+ concluded that the HDEHP exists as a dimer, (HDEHP)2, 

in the organic phase and that the lanthanides are extracted according 

to 

where HY is an HnEHP formula unit. When the lanthanide molarity reached 

about one-tenth of the HDEHP molarity, a precipitate formed in the organic 

phase, limiting the useful capacity o f  the phase. However, Weaver and 

Kappelmanl 

TALSPEAK solutions containing lactic acid buffer, and Lunichkina and 

Renard16 reported the extraction of lanthanum, neodymium, and americium 

lactate complexes. Both groups of investigators reported clear solutions 

at lanthanide concentrations greater than those of Peppard. Determination 

of the maximum phase loading was thus a major part of the experimental 

work. 

reported the extraction of lanthanum lactate complexes from 

0 The distribution coefficient, hA, of a lanthanide is determined by 

competition for the lanthanide ion between the DTPA complex and the 

organic phase complex. The separation factors of the lanthanides vs 

curium were estimated by multiplying the instability constants (K ) of m 
the DTPA complexes by the distribution coefficients for the lanthanides 

in an HDEHP-Cl04 s y s t e m  (obtained by Pierce and Peck17 and reported in 

Table 12 as ratios to the distribution coefficient of lanthanum). These 

products were divided by the corresponding product for curium; the dis- 

tribution coefficient for curium was calculated using formulas given by 

Baesl* for americium and a ratio of 1 . 4  between the distribution coef f i -  

cient of curium and that of americium as measured by Horwitz et a1.I’ 

The separation factors thus calculated are compared in Table 12 to 

Even though the experimental values obtained by Weaver and Kappelman. 

the role of the buffering acid was ignored, the calculated and experi- 

mental values are in fairly good agreement, indicating that the values 



of c1 for the higher lanthanides are approximately correct and that 

traces of these inaterials wil.1. be effectively extracted. 

The absolute val.ues of the di.s trlbutioii coefficients can be con- 

trolled by varying the HDEHP concentration, the DTPA concentration, and 

the pR of the aqueous phase. A l . 1  of the trivalent actinides and lan- 

thanides are affected proportionally. The ratios of their distribution 

coefficients remain approximately constant at pHs above ' ~ 3 .  

5.2.2 Application .. . . ... of  ~ TALSPEAK l___ extraction to the process ____ 

The determination of optimum conditions f o r  using TALSPEAK extrac- 

tion in this process required a great deal of experimental work. The 

areas of effort are discussed be1.0~. 

hforrnation available early in the project indicated that the speed 

of the extraction would be a problem. 

tion of europium in their system was unsatisfactory and attributed the 

problem t o  slow extraction kinetics. 

found that extraction rates declined as the atomic number of the lan- 

thanides involved increased. (These studies aJ.so showed that: the 

extraction rate increased with lanthanide concentration, buffering acid 

concentration, and temperature.) The lanthanum and cerium extractions 

were too .East for precise evaluation; the praseodymium, neodymium, pro- 

methium, samarium, and europium extractions followed a first-order rate 

equation; and the yttrium extraction was faster than that of europium. 

Koch et al.3 found that the extrac- 

Later studies by Rolarik et al.20 

The variation of extracti-on rate wi.th atomic number indicated that 

gadol.inium would be extracted more slowly than any of the other lantha- 

nides present in appreciable quantity, and this assumption was supported 

by prelimi-nary tests in this project showing that gadolinium was s l o w  in 

equilibrium. Because gadolinium is expected t o  be the chief lanthanide 

present in the nuclear waste used for this prcocess, the determination 

of the optimum conditions for gadolinium extracti-on was the major task 

of this work and occupied more than half the. total time. The extraction 

kinetics of americium, cerium, and curium were studied to a 1-esser degree. 

The complex interactions among many of the process variables also 

complicated the determination of optimum cond-itions. F o r  example, in- 

creasi.ng t he  HDEHP concentration increases the maximum allowable lantha- 

nide loading in the organic phase b u t  also increases the distribution 
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coefficients, causing a decline in the lanthanide concentration in the 

aqueous phase in equilibrium with the fully loaded organic phase as the 

BDEHP concentration increases. Increasing the HDEHP concentration also 

increases the extraction rate constant, but the associated increase in 

distribution coefficient requires a decrease in f i /S to maintain constant 

sharpness of separation and partially counteracts the effect of incrcbas- 

ing the extraction rate constant, 

Extraction rate equations were developed to determine optimum con- 

ditions in the presence of these interactions. These equations are at 

least one level more basic than those commonly used in this type of work 

and take into account the influence of phase ratio and distribution co- 

efficient size on equilibrium time. Equations were also developed to 

allow the rate constants measured in batch extractions to be used f o r  

calculating extraction rates in differential extraction. 

Finally, experiments were performed to obtain answers t o  t h e  

following questions. 

1. What diluent should be used f o r  the  HDEHP? 

What buffering acid should be used for the DTPA? 

What concentrations of HDEHP and DTPA should be used? 

2. How did the various operating parameters affect the extraction 

rate? What were the extraction rate constants? 

3 .  What were the distribution coefficients of the elements involved 

under t h e  various possible operating conditions? 

4 .  What are the maximum lanthanide concentrations in each phase that 

are compatible with satisfactory process operation? 

5.3 Experimental Work 

The experimental work of this project was carried out in t w o  stages, 

with an 18-month interruption between the first and second stages. After 

the interruption, experiments were resumed at a new location with new 

equipment. 

Most of the experiments were carried out at room temperature. 

During t he  first experimental period, this was consistently 23-24°C. 
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During the second period, an energy saving program was i n  force and the 

thermostat was turned down at night; room temperature in the early morn- 

ing was 17-18"C and increased during the day. 

temperature were carried oul: by placing the extraction flask in a beaker 

of heated water. 

Experiments at higher 

A l l  concentraeions were measured by means of radioactive tracers; 

those used in the extraction rate measurements were l'tLtCe, 153Gd,  241Am, 

and 244Cm. 

establish directly the behavior of the element; ameri-cium was used in 

later experiments because the gamma counting used with 241:h is less 

expensive and time-consuming than the alpha counting required with 

24'tCm and because alpha counting in i h t ?  presence of large amounts of 

solid impurities is of uiicertain accuracy. I n  one case, a small quan- 

tity of mixed fission products was used in a mixed tracer run. 

The curium tracer w a s  used i.n early experiments only, to 

5.3.1 Testing - of reagents .. . . . . . . .- 

The HDEHP used during each experimental period was agitated with 

water for 16 hr to hydrol.yze any pyrophosphates present and then titrated. 

For the first batch of IIDEHP, the di(2-etlnylhexyl) phosphoric acid con- 

centration was 2.93 M and the mono(2-ethylhexyl) phosphoric acid concen- 

tration was 0.09 M. The second batch (from a different source) was 

initially free of monoester, but 0.03 M was found after several months 

of storage in contact with water. Diluerits tes ted for use with BDEHY 

were DEB, (diethy benzene) DIB, (diisopropyl benzene) and Amsco. 

The DTPA used in the experiments was a commerci.al sodium salt of  

DTPA, CHEL-DPTA by Geigy. The assay of this material presented diffi- 

cui-ties, because the amount of sodium present was not stoichiometric 

and the neutralizations of the five replaceable hydrogens overlap so 

that only one clear break occurs in the acid-base titration curve. 

This  break corresponds to the addition of the second hydrogen to Na5DTPA, 

but because of the nonstoichiometry of the CHEL-DTPA, results obtained 

from direct use of the break are uncertain. 

This problem was solved using the fo l lowing  chemistry. Moeller 

and Thompson12 state that the DTPA lantiiariide complex HzCeDTPA is a 

strong acid and gives a good titration curve. The NasDTPA sample was 
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t i t r a t e d  u n t i l  t h e  second hydrogen w a s  added ( t o  put  t h e  DTPA i n  a 

known form) and a small  s t o i c h i o m e t r i c  excess  of Ce(N03)3 was added. 

The sample w a s  t i t r a t e d  t o  a pH of 7 ,  and d u p l i c a t e  a n a l y s e s  were per- 

formed. V a l u e s  ob ta ined  were 1.05 M and 1.07 M; the average  v a l u e ,  

1.06 M, was used.  Buf fe r ing  a c i d s  tested f o r  u se  wi th  DTPA w e r e  l a c t i c  

a c i d  (as used i n  t h e  o r i g i n a l  TALSPEAK p rocess )  and g l y c o l i c  a c i d .  

D i f f e r i n g  c o n c e n t r a t i o n s  of HDEHP and D'J'PA were t p s t e d  t o  f i n d  t h e  

optimum cond i t  ions.  

5 . 3 . 2  I_ MeasuremerE_of extractio_n__rates and r a t e  c o n s t a n t s  I___I 

A number of b a t c h  e x t r a c t i o n  ra te  measurements were c a r r i e d  ou t  i n  

a 100-ml, tb rer -necked ,  round-bottomed f l a s k .  A thermometer mounted i n  a 

rubber  s t o p p e r  e n t e r e d  through one of t h e  s i d e  necks,  and samples were 

withdrawn through t h e  o t h e r .  

c e n t e r  neck. 

motor.  During t h e  f i rs t  exper imenta l  p e r i o d ,  a g i t a t o r  speed was des ig-  

na t ed  by c o n t r o l l e r  s e t t i n g  and not  d i r e c t l y  measured; du r ing  t h e  second 

pe r iod ,  i t  w a s  measured w i t h  a s t roboscope .  Two s t anda rd  speeds ,  2200 rpm 

and 5000 rpm, w e r e  used. 

The a g i t a t i o n  s h a f t  e n t e r e d  through t h e  

The 0.25-in.-diam a g i t a t o r  w a s  powered by a v a r i a b l e  spced 

I n  a t y p i c a l  exper iment ,  50 m l  of t h e  aqueous phase w a s  poured i n t o  

t h e  f l a s k ;  t hen  20 ml of t h e  o rgan ic  phase w a s  added s lowly arid r a r e f u l j y  

so t h a t  ve ry  l i t t l e  mixing took p l a c e .  The a g i t a t o r  w a s  tu rned  on a t  

t i m e  zero ,  and a t  c a r e f u l l y  timed i n t e r v a l s  eye  droppers  were used t o  

take g rab  samples of t he  mixed phases .  The samples  were discharged  i n t o  

small test  t u b e s  where t h e  phases  s e p a r a t e d ;  t h e  two phases  w e r e  sampled 

wi th  m i c r o p i p e t t e s  and t h e i r  t r a c e r  c o n t e n t s  assayed by a count ing  

proceciure. 

For most of t h e s e  measurements, a r a t i o  of o rgan ic  phase volume, 

c;l, t o  aqueous phase volume, A, w a s  0.4. A lower r a t i o  would have more 

closely approached t h e  low v a l u e s  used i n  d i f f e r e n t i a l  e x t r a c t i o n ,  bu t  

as U / R  becomes lower,  t h e  o r g a n i c  l a y e r  i n  t h e  sepa ra t ed  samples becomes 

th inne r . .  Th i s  i n c r e a s e s  t h e  d i f f i c u l t y  of sampling and speeds f u r t h e r  

e q u i l i b r a t i o n  by diffusion. Thus, O/A = 0.4 w a s  judged the lowest va lue  

compatible  wi th  easy exper imenta l  procedure.  When o t b e r  va lues  were 

u s e d ,  t h e  t o t a l  volume (0 + A >  was he ld  a t  70 m l .  
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and 

5.3 

The aqueous phase consisted of 10% CHEL-DPTA in 1 M glycolic acid 

unless otherwise noted. Stock solutions werp prepared by dissolving 

weighed portions of lanthanide and yttrium oxides in the aqueous phase 

solution. Ceriuni was added separately as Ce(NO3)3 6K20. One of the 

stock solutions contained 0.177 M gadolinium; the other two contained 

mixed lanthanides and yttrium in the  proportions expected in the Barnwell 

waste and had total molarities of 0.149 and 0.104.  Less concentrated 

solutions were prepared by mixing measured volumes of stock solutions 

lanihanide-free aqueous solution. 

3 Measurement OJ distribution coefficients - __ 
Many distribution coefficients were obtained during the extraction 

rate measurements. Others were obtained from experiments in which the 

two phases were agitated in a beaker with a magnetic stirrer. An equi- 

librium time of 230 win was allowed in these cases. 

5 I 3 . 4  Measurement of phase loadi-ng ~. . .. . .. . -. . . - 

Early in the experimental work, it was found that solid material 

precipitated in the organic phase if the lanthanide concentrations were 

too high. The gadolinium concentrations at which this occurred w e r e  

determined by equilibrating progressively stronger aqueous phase solu- 

tions with the standard organic phase. Tests were a l s o  performed with 

various alternate organic phases. 

5.4 Restiltis and Discussion 

5.4.1 Selection _I.......____.-- of reagents s_ - 

Selection of __.I_._ di.l.uent for HDEHP. The results of exp7.ocation tests 

of several diluents for the HDEHP are summarized in Tables 13 and 1 4 .  
The tables show that the solutions using DEB as a diluent gave the best 

separation factors, (Y (small di-fferences are not necessarily significant 

because variations c.an be caused by impurities in reagents or by random 

error). 
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Table 13 .  Influence of diluent on distribution 
coefficient, E, and separation factor, ‘x 

Extractant Am Gd Ce G d l h  Celh 

40% HDEHP in DEB 0.25 36 1 0 0  1 4 1  400 
40% HDEHP in DIB 0.29 3% 110 
40% HDEHP in Amsco 1.21 130 235 4-07 194 
0.3 M (10 vol %) WDEHP 0.046 3.14 6.74 68 147 
0.2 M TBP in Amsco 
..-.I__. _li __--__-_.__I _II______ -I__ 

a The separation factor, a, is deFined as the ratio of distribu- 
t i o n  coefficients. 

Table 14. Gadolinium and curium distribution coefficients 
and separation factors 

E 
Temperature, 

Extractant O C  Gd Cm 0. 

40% HDEHP in DEB 23 36.0 0.30 120 
40% HDEHP in DEB 4 6  20.0 
40% HDEHP in DIB 65 12.5 0.21 59 
40% HDEHP in DIB 25 32.0 0.35 92 
100% HDEHP 99 106.0 1 .63  66 
-I__--- _x_----- 

The n-alkane (Amsco) with TBP used by Koch et a1.3 was rejected 

because the TBP depresses the distribution coefficients of  the higher 

lanthanides. This makes it inappropriate for use with Barnwell waste, 

which will contain a large amount of gadolinium. 

The distribution coefficients for DEB solutions were lower than 

for Amsco solutions. This means that larger H/S values can be used for 

differential extraction with DEB [see Eq. (5 ) ] .  The level of distribu- 

tion coefficients could be lowered by decreasing the HDEHP concentration, 

but this would decrease the maximum allowable organic phase loading. 

DEB and DIB are closely competitive, but the HDEHP solutions with 

DEB have lower viscosities, allowing quicker phase separation when the 
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o r g a n i c  phase i s  cont inuous.  Measured v i s c o s i t i e s  for 1 M MDEWP i n  

DEB were 2.28 c e n t i p o i s e s  (cP) aL 25°C and 1 .60  CP a t  & 5 " C ,  compared 

t o  3 . 7 2  CP a t  25°C and 2.42 CP at 45°C f o r  1 M HDEBP i n  D 1 R .  The 

d e n s i - t i e s  of t h e  so lu t i .ons  are e s s e n t i a l l y  i d e n t i c a l  (0.904 g,/cm3 at; 

2 2 ° C ) .  

S e l e c t i o n  ___I______ of b u f f e r i n g  a c i d .  P re l imina ry  iiests confirmed Weaver's 

statement2.1 t h a t  e x t r a c t i o n  rates w e r e  f a s t e r  writ11 g l y c o l i c  a c i d  than 

w i t h  l a c t i c  a c i d .  'Tests a l s o  showed t h a t  g l y c o l i c  a c i d  s o l u t i o n s  have 

lower v i s c o s i t i e s .  Measured v i s c o s i t i e s  f o r  a TALSPEAK aqueous phase 

c o n t a i n i n g  1 M g l y c o l i c  a c i d  and 0 .1~  M DTPA w e r e  1 .26  CP a t  2 5 ° C  and 

0.88 CP a t  4 5 " C ,  compared t o  1.42 CP a t  25OC and 0.99 CP a t  4 5 ° C  f o r  

a s imilar  s o l u t i o n  c o n t a i n i n g  1 M l a c t i c  a c i d .  D e n s i t i e s  of the two 

s o l u t i o n s  are e s s e n t i - a l l y  i d e n t i c a l  (1.047 g/crn3 a t  2 2 ° C ) .  

q u e n t l y ,  t h e  g l y c o l i c  a c i d  s o l u t i o n  r e s u l t s  i n  qu icke r  phase  s e p a r a t i o n  

and t h e  g l y c o l i c  a c i d  i s  1.ess expens ive .  

Come- 

5 . 4 . 2  E x t r a c t i o n  __ ......... rates and rate c o n s t a n t s  

C o r r e l a t i o n  of d a t a .  The ba tch  e x t r a c t i o n  ra te  d a t a  were co r re -  

l a t e d  us ing  e q u a t i o n s  t h a t  were d e r i v e d  under t h e  assumption t h a t  t h e  

forward and reverse iiiovernents o f  t h e  s o l u t e  w e r e  f i r s t  o r d e r  w i t h  

r e s p e c t  t o  t h e  s o l u t e  c o n c e n t r a t i o n s  i n  t h e  two phases. It w a s  a l s o  

assumed t h a t  t h e  r a t e  of t r a n s f e r  w a s  p r o p o r t i o n a l  t o  t h e  i n t e r f a c i a l  

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

d i s p e r s e d  phase ,  when o t h e r  f a c t o r s  were c o n s t a n t .  

.........I____ 

The i n s t a n t a n e o u s  t o t a l .  rate of t r a n s f e r  f o r  ex t rac- t io t i  f r o m  t h e  

aqueous phase i s  g iven  by 

where A i s  t h e  volume o f  t h e  aqueous phase and 0 t h e  volume o f  t h e  

o rgan ic  phase,  3: i s  t h e  e x t r a c t a b l e  s o l u t e  c o n c e n t r a t i o n  i n  t h e  aqueous 

phase,  y i s  t h e  s o l u t e  c o n c e n t r a t i o n  i n  t h e  o rgan ic  phase,  and k and 

kb are t h e  rate c o n s t a n t s  f o r  forward and reverse movement, r e s p e c t i v e l y ,  

of the s o l u t e .  

f 
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A t  equilibrium, &/dt = 0 and E q .  (10) can be derived from 

Eq. (9 ) .  

where y and z are the equilibrium concentrations of solute in the 

organic and aqueous phases, respectively, and Eo is the equilibrium 

distribution coefficient. At any given time, the following material 

balance will apply: 

QLZ "4  

A 

where L i s  the initial concentration of solute. Then by substituting 

for TC and y, rearranging, and inregrating, Eq. (9) becomes 
0 

b 

where t i s  the time from the beginning of the extraction. 

In the correlation of the batch extraction data, i.t was necessary 

to add a correction factor, 3, to t because the extraction rate was 

abnormally high during the first few seconds of extraction (resulting 

from the large amount of new droplet formation during initial dispersal 

of the organic phase )  and because some extraction took place during both 

the addition of the organic phase and t h e  separation of the phases by 

settling. The correction factor, B, is the time required for this 

extraction to have occurred during the period of steady agitation. 

Equation (12) now becomes 

The simple first-order rate constant, k " ,  is given by 

k' = k ( O / A  + l/L!!y U 
f 
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It can be  seen  from Eq. (12) t h a t  the ~-i~ilr  r e q u i r e d  ;cr  each a g iven  

f r a c t i o n  of e q u i l i b r i u m  i n c r e a s e s  bo th  as O/A becomes s m a l l e r  and as 
,O 0 

b becomes l a r g e r .  A t  v e r y  low va lups  of E e q u i l i b r i u m  i s  ce.?ched A A’ 
very  qu ick ly .  Unfo r tuna te ly ,  t h e  ~ o l i i t e  \$hose e x t r a c t i o n  i s  d e s i r e d  

(which has  a h igh  E:) w i l l  t end  t o  r each  e q u i l i b r i u m  more s l o w l y  t h a n  

t h e  s o l u t e  whose exLrac t ion  i s  no t  d p s i r e d  ( w h i ( 1 t  lras a low F: ). The 

e q u i l i b r i u m  t i m e  i s  a l s o  i n v e r s e l y  p r o p o r t i o n a l  t o  the k v a l u e  of ihc 

i n d i v i d u a l  s o l u t e .  

0 
A 

f 

When t h e  s o l u t e  i s  pass ing  f rom t h e  o rgan ic  t o  t h e  aqueous phase 

and t h e  aqueous phase i s  continiioiis, t h e  equa t ion  

a p p l i e s  [ t h e  d e r i v a t i o n  of t h i s  equa t ion  i s  similar t o  t h a t  of Eq. (13) ] .  

I f  t h e  o rgan ic  phase i s  cont inuous  and t h e  ra te  i s  d i f f u s i o n  c o n t r o l l e d ,  

the  equa t ion  f o r  o rgan ic  t o  aqueous movement i s  

[The ra te  c o n s t a n t  kb i n  Kq. (16)  i s  no t  i d e n t i c a l  t o  t h a t  i n  Eq. (15 ) . ]  
The degree  of complet ion of t h e  extract- ion can a l s o  be  expressed  i n  terms 

of  t h e  c o n c e n t r a t i o n  i n  t h e  o rgan ic  phase.  For t h e  aqueous t o  o rgan ic  

movement of s o l u t e ,  

a p p l i e s ;  f o r  t h e  o rgan ic  t o  aqueous movement of s o l u t e ,  

a p p l i e s .  These f u n c t i o n s  can  be s u b s t i t u t e d  i n t o  E q .  (14) ,  (15), o r  

(16). 
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Analys i s  of f i r s t  pe r iod  ---I_ d a t a .  The rate c o n s t a n t s  determined 

d u r i n g  t h e  f i r s t  expe r imen ta l  pe r iod  are g iven  i n  Table 15. 
s t a n d a r d  c o n d i t i o n s  w e r e  a t empera tu re  of 23’C, a motor c o n t r o l l e r  

s e t t i n g  of 40 (h igh  enough t o  g i v e  t h e  samples t h e  appearance  of a 

uniform emuls ion ) ,  and a n  aqueous phase c o n s i s t i n g  of 1 M g l y c o l i c  

a c i d  and 0.106 M NaSDTPA. V a r i a t i o n s  from t h e  s t a n d a r d  c o n d i t i o n s  

inc luded  a motor c o n t r o l l e r  s e t t i n g  of 80 i n  r u n s  3 and 90; heavy l a n -  

t h a n i d e  l o a d i n g  i n  r u n s  5 ,  11, 1 4 ,  and 15; h ighe r  t empera tu res  i n  r u n s  

8 ,  9 ,  10,  1 2 ,  and 1 3 ;  and t h e  use  of D I B  as a d i l u e n t  i n  run  1 2  and of 

Amsco i n  runs  13-17. 

The 

The d a t a  f r o m  t h e s e  exper iments  e s t a b l i s h e d  t h e  e f f e c t s  of several  

v a r i a b l e s .  Most s i g n i f i c a n t  w a s  t h e  i n c r e a s e  i n  t h e  e x t r a c t i o n  ra te  

w i t h  i n c r e a s e d  a g i t a t i o n  v i g o r ,  which i n d i c a t e d  t h a t  t h e r e  w a s  d i f f u s i o n  

c o n t r o l .  Th i s  is  n o t  u s u a l l y  t h e  case € o r  e x t r a c t i o n s  as s l o w  as t h e s e ,  

b u t  i t  i s  reasonab le  c o n s i d e r i n g  t h a t  on ly  a v e r y  s m a l l .  f r a c t i o n  of t h e  

gadolinium w a s  i n  t h e  Eorm of e x t r a c t a b l e  g l y c o l a t e  complex o r  f r e e  

i o n s ;  consequen t ly ,  t h e  c o n c e n t r a t i o n  g r a d i e n t  w a s  n e c e s s a r i l y  l o w ,  
which caused slow d i f f u s i o n .  

E x t r a c t i o n  rates inc reased  w i t h  l a n t h a n i d e  c o n c e n t r a t i o n ,  as noted 

by K o l a r i k  e t  a1.20 

0.067 M gadolinium. I n  run  11, t h e  aqueous phase w a s  loaded t o  0.11 M 
w i t h  a l a n t h a n i d e  mix tu re  e q u i v a l e n t  t o  t h a t  expec ted  i n  Barnwell w a s t e .  

This  r e s u l t e d  i n  an o r g a n i c  phase load ing  s l i g h t l y  g r e a t e r  t h a n  would 

be al.lawable in a p r o c e s s ,  and some i n s o l u b l e  gadolinium-HDEHP compound 

p r e c i p i t a t e d  i n  t h e  o r g a n i c  phase.  The r a p i d  e x t r a c t i o n  of gadolinium 

i n  run 11 is s u r p r i s i n g ,  c o n s i d e r i n g  t h e  q u a n t i t y  of o t h e r  l a n t h a n i d e s  

p r e s e n t .  

l i n ium,  which consequen t ly  d i s p l a c e d  o t h e r  l a n t h a n i d e s  as i t  w a s  ex- 

t r a c t e d ;  i n  s p i t e  of t h i s ,  t h e  v a l u e  of k € o r  t h i s  run w a s  t h e  h i g h e s t  

observed a t  room t empera tu re .  I n  r u n s  14  and 15 ,  t h e  o r g a n i c  phase w a s  

i n i t i a l l y  loaded t o  0.093 M w i t h  t h e  mixed l a n t h a n i d e s .  

e q u i l i b r a t i o n  w a s  complete when t h e  f i r s t  sample w a s  t aken  (t = 1 min).  

[n tun 5,  t h e  aqueous phase i n i t i a l l y  con ta ined  

These w e r e  presumably more r a p i d l y  e x t r a c t e d  than  t h e  gado- 

f 

I n  run 1 4 ,  

0 
A 
cou ld  n o t  be c a l c u l a t e d  ( i t  w a s  n o t  neces- 

Th i s  w a s  expec ted ,  because  E f A/O = 55.7 [ s e e  E q .  ( 1 6 ) ] ,  so k’ w a s  

too  l a r g e  t o  measure and k 

s a r i l y  l a r g e ) .  
b 



Table 15.  TALSPEAK e x t r a c t i o n  ra te  c o n s t a n t s  

Spec i a  1 
c o nd i t  i o n s  kb  Run Di luent  O/A D i r e c t i o n  Element E k’ 

~ ~- ~- ~ ~ 

DEB 5.4 
DEB 0.4  
DEB 0 .4  
DEB 0 . 4  
DEB 0.4 

~~ 

35.4 
36.4 

0.31 
5.33 

35.2  

~ 

5.39 
0.32 
1 . 0  
1 .4  
0 .61  

0.91 
(0 .69)  
0.28 

(0.36) 
1.42  

(0.026) 
0.20 

1 .2  
(0 .90 )  

(0  * 040) 

Standard 
Standard 
Standard 
Standard 
Tncr eased 

a g i t a t i o n  
Beavy l o a d i n g  
Heavy loading  
Lact ic  a c i d  

46°C 
46°C 
46”c  and 

used 

inc reased  
a g i t a t i o n  

65 “C 
99°C 
Szar,dard 
S tandard  
Heavy load ing  

A + O  
O + h  
A - t O  
O + A  
k ’ O  

Gd 
Gd 
Cm 
Crr, 
Gd 

7.5 
2 . 1 4  

25.6 

0.57 
1 . 5 1  
0.28 

(0.142) 
(0.87) 
(0.025) 

5 
11 

6 

DEB 0 .4  
DEB 0.4 
DEB 0 . 4 

A - t O  
A + O  
A + O  

Gd 
Gd 
Gd 

1.07 
1.86 
0. 64 

( 0 . 0 6 1 )  
0.046 

( 0 . 0 9 2 )  

8 
9 
10 

DEB 0.4  
DEB 0.4 
DEB 0 .4  

A - t O  
O ’ A  
A - t O  

Gd 
Gd 
Gd 

20.3 
20.6 
22 .5  

3.56 
0.43  
0 .92  

1.25 

2 . 1  
(0.95) 

12  
1 3  
1 6  
1 7  
1 4  

I) I B  0 .4  
None 0 .4  
Amsco 0.4  
Amsco 0.4  
h s c o  2.5 

A + O  
A * O  
A - t O  
A - t O  
O + A  

Gd 
Gd 
Gd 
AT 
Gd 

12 .5  
106 
13 3 

1 . 1 7  
55.3 

0.98 
2 . 2  
0.65 
0.89 

2.04 
5.3  
1.50  
0.71 
a 

(0.163) 
(0.050) 
(0.012) 
(0.83) 
a Very 

higha 
15  

7 
Amsco 2.5 
D El3 0.4 

O - t A  
A + 0 

Am 
C& 

0.45 
99.8 

1.6 
P”3a 

( 0 . 8 3 )  
%7a 

1.8 
%(O.  07)a  

Heavy loading  
Standard 

‘The e x t r a c t i o n  was too  r a p i d  € o r  a c c u r a t e  deLermination of the  c o n s t a n t s .  
( 1 = c a l c u l a t e d  va lues  [Eq.  ( 9 ) ] .  



E x t r a c t i o n  rates a l s o  i n c r e a s e d  wi th  tempera tures  (as a l s o  noted  

by Ko la r ik  e t  a l . 2 0 ) .  The 46°C t empera ture  of t h e  DEB in runs  8-10 and 

t h e  65°C t empera ture  of t h e  DLB i n  run  1 2  are approximate ly  l 0 " C  below 

t h e  r e s p e c t i v e  f l a s h  p o i n t s  of t h e s e  compounds and were cons idered  t h e  

h i g h e s t  s a f e  tempera tures .  The 99°C tempera ture  of run  13 ,  i n  which 

pu re  HDEHP w a s  used ,  is  nea r  t h e  b o i l i n g  p o i n t  of t h e  aqueous phase.  

F a s t e r  e x t r a c t i o n  rates w e r e  observed when Amsco r a t h e r  t han  DEB 

w a s  used as t h e  d i l u e n t .  However, t h i s  d i lue iz t  has  d i sadvan tages  as 

noted  i n  S e c t .  5.4.1.  

The v a l u e s  of k and k i n  Table  15 w e r e  c a l c u l a t e d  from E q .  (131, 

(15) ,  o r  (16) as a p p r o p r i a t e ,  o r  from t h e  d i r e c t l y  determined c o n s t a n t  

u s i n g  Eq. (10) .  The v a l u e s  f o r  gadol inium and americium a r e  based on 

t h r e e  o r  more p o i n t s ;  t h o s e  f o r  curium, on a 1-min p o i n t  and a n  equi -  

l i b r i u m  p o i n t  ( t h e  v a l u e  of 0 f o r  curium w a s  assumed t o  be the same as 

t h a t  i n  t h e  s imilar  gadol inium run) .  

s b 

All of t h e  gadol inium e x t r a c t i o n  ra te  measurements fol lowed a 

f i r s t - o r d e r  ra te  equa t ion ;  t y p i c a l  examples are shown i n  F ig .  3 .  The 

v a l u e s  of k 

s i s t e n t l y  h ighe r ,  by a r a t i o  of 1 . 3 2  I 0.01, t han  t h o s e  c a l c u l a t e d  from 

0 - + A  e x t r a c t i o n s  c a r r i e d  o u t  under  nominal ly  i d e n t i c a l  c o n d i t i o n s  (com- 

p a r e  r u n  1 w i t h  r u n  2 and run  8 w i t h  run 9 ) .  
from t h e  u s e  of t h e  o r g a n i c  phase  from t h e  p rev ious  A -> 9 r u n  i n  t h e  

U - + A  run ;  t h e  e x t r a c t i o n  of a s m a l l  amount of sodium i n  the f i r s t  r u n  

causes  t h e  pH t o  be  s l i g h t l y  h i g h e r  i n  t h e  second run .  When this d i f -  

f e r e n c e  between A -+ 0 and 0 + 4 runs  is t aken  i n t o  account ,  t h e  agree-  

ment of t h e  v a l u e s  of 1. and k c a l c u l a t e d  w i t h  Eq. (9)  w i t h  t h e  o t h e r  

v a l u e s  is  good. 

and k ,  c a l c u l a t e d  from A + 0 e x t r a c t i o n  d a t a  are con- s 

This  d i sc repancy  r e s u l t s  

f b 

Analys i s  of second pe r iod  d a t a .  During t h e  second expe r imen ta l  

p e r i o d ,  t h e  i n f l u e n c e  of t h e  phase  volume r a t i o ,  O/A, w a s  v e r i f i e d .  

Rate c o n s t a n t s  f o r  gadol inium were measured a t  2200 rpm and 1 7 ° C  w i t h  

an  o r g a n i c  phase  of 40 v o l  % HDEHP i n  DER and a n  aqueous phase of 10% 
CHEL-JI'I'PA i n  1 M g l y c o l i c  a c i d  f o r  t h r e e  d i f f e r e n t  v a l u e s  of O/A. 

R e s u l t s  are g iven  i n  Table  16. The v a l u e s  of k w e r e  c a l c u l a t e d  f r o m  

t h o s e  of k' w i t h  E q .  ( 1 4 ) .  The d a t a  show t h a t  as O/A i n c r e a s e d ,  k" 

i nc reased  w h i l e  k ,  remained e s s e n t i a l l y  c o n s t a n t .  T h i s  v e r i f i e d  t h e  

va1idi t .y  of Eq. ( 1 3 ) .  

f 

J 
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f.0 

0.5 

- 0.2 

X 
I 
0 

X 

CI u 

5 0.f 
0 0) 

X 
I 
X 

0.05 - 

0.02 

0.oj 
0 1  2 3 4 5 6 7  

( i +  B I ,  CORREC 1 ED T I M E  (min) 

1 :  40% HDEHP IN DEB AT 23’12 

3: 40% IHDEHP IN AMSCO AT 25OC 
4 :  40% HDEHP IN DIB AT 65°C 
5 40% HDEHP IN DEE AT 25’12. AOUEOUS PHASE INITIALLY 

LOADED TO 0.05 M WITH MIXED LANTIHANIDES AND 
YTTRIUM 

2 -  40% HDEHP IN DEB AT 46’C 

6: 100% HDEHP AT 99°C 

Na5DTPA. 1.0 M GLYCOLIC ACID, AND 153Gd TRACER; 
O/A = 0.4. 

IN A L L  CASFS TI-1C AQUEOUS PHASE CON-iAINED 1.06 M 

Fig .  3. E x t r a c t i o n  rates of gadol inium i n  the TALSPEAK system, 
i n c l u d i n g  t h e  e f f e c t s  o f  t empera tu re ,  d i l l l e n t ,  and l o a d i n g .  

Tab le  1 6 .  

U/.4 k’, m i n - 1  

Tnfluence of U / A  on k’ and kf 
- _ - - ~  --.___ ..........._. ____I.-.- 

kf 
-___I l_l ... ._ 

0.25  0 806 2.80 

0.40 1-15  2.77 

0.75 2 - 0 6  2.60 
...._.._-._-_I_-..~.-.. ...._ 
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The extraction rate of gadoli.nium was found to be approximately 

proportional to the hydrogen ion concentration in a series of tests 

carried out at 2200 rpm and room temperature (which varied widely 

during this period). 

the addition of concentrated nitric acid or 10 M sodium hydroxide. 

The results of the tests are given in Table 17. 

The pHs of the aqueous phases were adjusted by 

Table 17. Effect of pH on k f  

Temperature 9 
(min-1) 

.._I_._ -I-- 

Element PH ("a 
Gd 3 .O 18 5.4 
Gd 3 . 4  18 2 . 8  
Gd 4 .0  18 0 . 4 2  

Am 3 .0  28 1 .69  
Am 4.0 19 0.17 

Ce 3 . 0  24 15. 5a 
Ce 4.0 28 8.3a 

_ _ _ ~  l___..l_l.._._ 
a These extractions did not follow a first-order 

extraction equation; values of k f  are average values. 

The extraction rate was also found to increase with HDEHP concen- 

tration, as shown by the data in Table 18. These tests were carried 

out with the standard aqueous phase (10% CHEL-DTPA in 1 M g l y c o l i c  

acid) and phase volume r a t i o  ( O / A  = 0 . 4 ) .  

The influence of temperature on extraction rates was evaluated by 

comparing runs that were identical except €or differences in tempera- 

ture. Three pairs of runs (runs 1 and 8 and r u n s  3 and 10 from Table 15 

and runs 41 and 42 from Table 19) were compared; the first run of each 

pair was carried out at room temperature ( 2 4 O C )  and the second ilt 46°C. 

The average ratio of k at 46°C to k at 24°C was 1 .43 .  f f 
The inEluence of agitator speed was evaluated in a series of tests 

carried out at 5000 rprn (the h i g h e s t  speed the motor could deliver) with 

the standard organic phase and phase volume ratio. The aqueous phase 

was standard except for several cases in which the pH was adjusted to 

3.0 with concentrated nitric acid. The thermometer passed close to 
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f Table  18. 1nfJ.uence of HDEHP c o n c e n t r a t i o n  on k 

HDEHP 
c onc e nt r a t i o n  A g i t a t o r  speed  Temper a t u  r e kf 

( v o l  %)a (rpm) ( "C )  (min.--I  ) 

2 0  ? 1 . 5  
26 k 2 
4 2  k 4 
23 k 2. 
41. +_ 3 
55 ? 5 

2200 
2200 
2200 
5000 

5000 
5 aoo 

2 5 
25 
25  
2 5  
25 
4 s  

1 . 6  
2 . 3  
3.4 
4 . 8 
6.8 
15 

aThe concentrat : ions of t h e  s t o c k  s o l u t i o n s  of e x t r a c t a n t s  
changed d u r i n g  t h i s  se r ies  of exper iments ,  a p p a r e n t l y  because 
t h e  d i l u e n t  evapora-ted through t h e  p l a s t i c  walls of t h e  s t o r -  
age  b o t t l e s .  Concen t r a t ions  g iven  h e r e  were c a l c u l a t e d  from 
the e q u i l i b r i u m  d i s t r i b u t i o n  coe f f i  c i e n f s  I The u n c e r t a i n t i e s  
are a t  t h e  95% level. of  conf idence .  They were c a l c u l a t e d  from 
t h e  s t anda rd  d e v i a t i o n  of v a l u e s  of t h e  d i s t r i b u t i o n  coef-  
f i c i e n t  from t h e  mean of a seri.es of  va lues  ob ta ined  i n  a n o t h e r  
ser ies  of ra te  measurements. 

Table  1 9 .  I n f l u e n c e  of a g i t a t o r  speed ,  t empera ture ,  and pH on k 
__I __ ...................... -.-. _I-.- -.L- 

Run E l  erne nt ( r p d  ("0 PH 

A g i t a t o r  
speed  

kf, ) 
T einp era t u r  e 

(min 
< -.-.--..I ._._ I ...... .. 

3 3 Gd 2200 18  3.0 5.4  
4 1  Gd 5000 2 4 3 .0  10.0 
4 2  Gd 5000 46 3.0  1 3 . 2  
3 1  Gd 2200 1 7  3 . 4  2.8 
1 ga Gd 2200 24 3.4 3.3 
2 00 Gd 5 000 24 3 .4  6 . 7  
28 Gd 5000 46  3 .4  8 . 1  
28 ea 500@ 48 3.4  1.0.8 

30 Gd 5000b 4 6 3.4  1.0.4 
43 Gd 5000 4 4  3 . 4  7 . 1  
38 Am 2200 28 3.0 1 . 7  
47 Am 5000 46 3.0 2.0 
44 Am 5000 4 6 3.4 1. * 4 

29 Gd 5000b 4 5 3.4 1.0" 9 

......I_ ............ __ I.-.__ ~ __I_____.- ..-_- 
a 

'Clearance between a g i t a t o r  and b a f f l e  (thermometer) a d j u s t e d  t o  

Es t imated  from d a t a  of Table  18. 

minimum va lue .  
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the agitator and acted as a baffle; when it was deliberately placed 

very close (within 1/16 in.), the increased shear in the liquid caused 

an increase in the extraction rate. Results of the tests are given in 

Table 19, along with values obtained at 2200 rpm for comparison. Vigor- 

ous agitation at 46°C produced values of k. of 210; this degree of agi- 

tation should be obtainable in production equipment. The time required 

for phase separation was noticeably increased by the more vigorous 

agitation, but it was judged acceptable. 

f 

The extraction of cerium did not follow the first-order rate 

equation; instead, it was characterized by a very high initial rate 

followed by a slower movement toward equilibrium. At 2 4 O C ,  2200 rpm, 

and a pB of 3.0, the distribution coefficient was 40 after 10 sec, and 

only  44 after another 10 sec. It eventually reached 4 8 .  A similar 

pattern was exhibited at pHs of 3 . 4  and 4 . 0  and by the data points for 

cerium and lanthanum in Fig. 4 of Ref. 20. Tt is believed that this is 

caused by the very rapid extraction of one o r  more glycolate complexes 
that change slowly to a more stable form. The question was not inves- 

tigated because no process problem exists; the extraction rate of cerium 

is much fastler than that of gadolinium in all cases. 

A single extraction rate constant of k = 5 rnin-l was measured f o r  f 
yttriux, which is removed along with the lanthanides in the TALSPEAK 

extraction, at 2200 rpm, room temperature, and O/A = 0.4  with the 

standard solutions. This value is roughly twice that for gadolinium 

under similar circumstances. 

create a process problem. 
The extraction rate of yttrium does n o t  

One extraction rate measurement was carried out with a mixed 

fission product tracer at 2200 rpm and room temperature. A rate 

constant of k 

order rate equation. Rate constants for the other elements could not 

be determined from the data, but zirconium, niobium, ruthenium, and 

barium apparently reached equilibrium within 30 sec. 

= 15 min-l for lanthanum was calculated with the first- s 
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P r e c i s i o n  . . . . . . . . . . . . . . . . of . . . . d a t a .  . . . . . . . .- A material  ba l ance  w a s  c a l c u l a t e d  us ing  t h e  

d a t a  from each ra te  sample and t h e  r e l a t i o n s h i p  

o r  

The v a l u e s  of x i- 0 . 4 3  were c a l c u l a t e d  and averaged f o r  each run.  

s t anda rd  d e v i a t i o n  of v a l u e s  v a r i e d  from ' ~ 1  t o  5% f o r  v a r i o u s  r u n s ,  

w i t h  ' ~ 2 %  be ing  t h e  most common. T h i s  i s  i n d i c a t i v e  of t h e  t o t a l  e r r o r  

r e s u l t i n g  from sampling and count ing  u n c e r t a i n t y .  

The 

For   he slower e x t r a c t i o n s ,  s t a n d a r d  deviatr ions of the v a l u e  of 

Rn [(z - x 

around 0.02. For r a p i d  e x t r a c t i o n s  ( k  1 I O ) ,  t h e  s t a n d a r d  d e v i a t i o n s  

ranged from 0 t o  0.17; a v a l u e  of 0.10 w a s  t y p i c a l .  During most of 

t h e s e  runs ,  samples were withdrawn a t  1&-sec i n t e r v a l s .  T i m e  e r r o r s  

w d e  a s ign iE  i c a n t  coni: r i b u t  ion .  

)/(zo - 2 
e(? Qq 

) ]  from t h e  l i n e  of Eq. (12)  w e r e  t y p i c a l l y  

s 

The u n c e r t a i n t y  i n  t h e  v a l u e s  of k i s  g r e a t e r  and i s  in f luenced  f 
by t h e  PI-acement of t h e  a g i t a t o r ,  by u n c e r t a i n t i e s  i n  t h e  s o l u t i o n  

composi t ions ,  phase r a t i o ,  and tempera ture ,  and by i m p u r i t i e s .  The 

s t a n d a r d  d e v i a t i o n  of t h e  f i v e  v a l u e s  of k determined a t  5000 rpm, 

46"C,  and a pH of 3 " 4  (Table  1 9 )  was e q u i v a l e n t  t o  18% of t h e  average  

va lue .  

f 

Because i t s  Eo w a s  s m a l l ,  r e s u l t i n g  i n  a l-acge (l/E 4- O / A ) ,  A 
americiiim reached e q u i l i b r i u m  v e r y  qu ick ly .  Tn most cases, t h e r e  were 

n o t  enough d a t a  p o i n t s  below e q u i l i b r i u m  t o  a l l o w  s t a t i s t i c a l  ana l -ys i s .  

5.4 .3  D i s t r i b u t i o n  c o e f f i c i e n t s  ___- 

A number of d i s t r i b u t i o n  c o e f f i c i e n t s  w e r e  ob ta ined  as a p a r t  of 

t he  e x t r a c i i o n  ra te  measurements and are g iven  i n  Tab les  13-15. T h e  

i n € l u e n c e  of  t h e  d i l u e n t  on t h e  d i s t r i b u t i o n  c o e f f i c i e n t s  was shown i n  
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these measurements. The influence of the IIDEIJY concentration i t i  IJEE 

on the distribution coef Ficient o f  gndol iniiira at k h e  tracer l c v e l  was 

measured f o r  concentrations ranging from 9 to 50 vol % HDEHP. The data 

were correlated by 

or 

0 
E ,  = 0.0023 C 2 - 5 9  

H 

(21.) 

where M is the molarity of HDEHP and C is the volume percent of HDEHP. 

(It should be noted that the first batch of 1II)EHP ( s e e  Sccl:. 5.3.1) was 

used for these measurements and for determining the data O C  ‘I‘ahles 12-15. 

The distribution coefficients obtained are somewhat higher t 1 m - i  t-hose 

obtained using the second batch of RDEHP.) 

The i n f luence  of temperature on the distribution coefficient. of 

gadolinium at the tracer l eve l  was evaluated from data collected during 

the extraction rate measurements w j t h  the equation 

R n  Eo = (24271%”) - 4 . 5 7 3 ,  ( 2 3 )  A 

where T is the temperature in kelvins, for gadolinium data at a pH of 

3.0 and with the equation 

Rn Eo = (257711‘ )  - 5 . 3 5 1  ( 2 4 )  A 

for data taken at a pH of 3 . 4 .  Equation ( 2 3 )  is based on fou r  p o i n t s ,  
0 with a standard deviation of 0.015, which is equal t o  +1.5% of EA. 

Equation ( 2 4 )  is based on 1.2 points taken over the range of 17 t o  46”C, 

with a standard deviation of 0.075, which is equal to 3% of ii, 0 
.(i - 
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D i s t r i b u t i o n  c o e f f i c i e n t s  f o r  americium w e r e  also ob ta ined  du r ing  

t h e  e x t r a c t i o n  r a t e  measurements and are  g iven  i n  Table  29. Data ob ta ined  

a t  a pH of 3.0 were correlatc2d by 

Rn Eo = (l5OO/T) - 6.045 ( 2 5 )  A 

and those  ob ta ined  a t  a pH of 3.4 by 

Equat ions  (23)-(26) w e r e  used t o  c a l c u l a t e  the s e p a r a t i o n  f a c t o r s ,  
0 0 EA(Gd)/EA(Am), l i s t e d  i.n r a b l e  21. 

Table 20. Americium aid cerium d i s t r i b u t i o n  
coef f icierits 

Element PH 
Temp era t u r  e 

( " C )  
P 
A f i  

Ameri c i  um 3.0 
Arne r i c  ium 3.0 
Amp -c i c ium 3.0 
h e r  i c ium 3.4 
Americium 3.4 
Americium 4.0 
Ame r i c ium 14 . 0 

Cerium 3.0 
Cer i 11111 4 .  0 
-~ - -  

28 
47 
4 6 
2 5 
46 
19 
45 

24  
25 

~.. ~ 

Table 21. S e p a r a t i o n  f a c t o r s  

0.34 
0.24 
0.28 
0.26 
0.19 
O.OS5 
0.051 

47.5 
6.7 

__ -. . 

Temperature 
( " C )  

25 
46 

25 
46 

3.0 
3.0 

3. 4 
3.4 

98 
79 

SO 3 
81 

18 4.0 167 
........ x___ 
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D i s t r i b u t i o n  c o e f f i c i e n t s  w e r e  a l s o  ob ta ined  f o r  bariurn, zircnii ium, 

and rutheniuni d u r i n g  t h e  e x t r a c t i o n  rate measurements and f o r  sLrontium 

and y t t  riiim i n  s e p a r a t e  t es ts ;  t h e y  are l i s t e d  i n  ‘Cable 22.  Yt t r ium 

w i l l  b e  p r e s e n t  with the Lanthanides ,  and t h e  o t h e r  e lements  may be 

p r e s e n t  i f  prev ious  p r o c e s s  s t e p s  are n o t  comple te ly  e f f e c t i v e .  This 

e x t r a c t i o n  w i l l  remove any s t r o n t i u m ,  l ) a r i u m ,  o r  y t t r i i im  from t lie cu r ium 

b u t  will n o t  remove any z i rconium o r  ruthenium. 

Tab le  2 2 .  Miscchllaneous d i s t r i b u t i o n  coefficients 
i n  TALSPEAK cx t r ac t ionO 

D 
hA 

El-emen t 

Y t t r iurn 
S t ron t ium 
Barium 
Z i r c on ium 
Ru r 11 en ium 

400 
6.7  
5 
0.05 
a * 0 5 

U A l l  tests used L ~ P  s t a n d a r d  aqueous phase 
at a pH of  3.4 and 40 v o l  % HDEIIP i n  DEB at room 
temperature. 

Before t h e  H D E W  e x t r a c t a n t  can  be r eused ,  t h e  l a n t h a n i d e s  and 

y t t r i u m  must be removed by e x t r a c t i o n  into s t r o n g  n i t r i c  a c i d .  Becausr 

the d i s t r i b u t i o n  c o e f f i c i e n t  of y t t r i u m  2s much higher  than  t h a t  of ang 

a €  the  l a n t h a n i d e s  p r e s e n t ,  i t s  v a l u e  c o n t r o l s  t h e  c o n d i t i o n s  r e q u i r e d  

€ o r  t h i s  p r o c e s s  s t e p .  The r e s u l t s  of n series of measurements are 

g iven  i n  T a h l e  2 3  and show t h a t  the d i s t r i b u t i o n  c o e f f j - c i e n t  w i t h  6 - 5  M 

n i t r i c  a c i d  is  low enough t o  a l l o w  the s t r i p p i n g  of y t t r i u m  by d i f k e r  

e n t i a 1  e x t r a c t i o n .  

5.4 .4  Phase l o a d i n g  

-- Gadolinium __-  l oad ing .  Iluring t h e  e x t r a c t i o n  ra te  measuscments an  

a t t e m p t  w a s  made t o  measure t h e  e x t r a c t i o n  r a t e  of gadoliaiinn at a h igh  

gsdol iniuni  concen t r a t  i o n  The organ ir phase became a s l i tshy m k t u r e  r s t  

l i q u i d  and s o l i d ;  when t h e  s o l i d  w a s  s e p a r a t e d  and c h n r a c t e r i z i ~ d ,  i t  

w a s  so lub le  i n  HUEI-XP, i n s o l u b l e  i n  the DEB d i lue r i t  a1 c x n ~  i3nd q i i c k l y  



58 

Table  23. I)istr: i .bution coe f f  i -c ien ts  of y t t r i u m  
between HDEWP s o l u t i o n s  and n i t r i c  a c i d  

. ~ _ _ _  

0 N i t r i c  a c i d  
c o n c e n t r a t i o n  EA HD EHP Di luen t  

(MI 
(vol. Z )  

DEB 4 0 4 . 0 0.75 
D E E  40 4.0 0. 4ga  
DEB 40 6.5 0.31 
DEB 40 9.0  0.46 
DEB 20 4 .0  0.085 
DE K 20 6.5 0.069 
DEB 29 4 . 0  0.255 
Amsco 40 6.5 1.43 
Amsco 20 6.5  0.70 

a T h i s  test w a s  c a r r i e d  o u t  a t  4 6 O C ;  t h e  o t h e r s  
_I . ___ . 

were c a r r i e d  ou t  a t  room temperacure.  

conver ted  t o  c lear  l i q u i d  when contac- ted w i t h  4 M nitric: a c i d .  The 

weight  pe rcen t  gadol inium corresponded ~ C J  a compound contalining one 

gadol inium and six HDEHP u n i t s .  I t  was concluded t h a t  t h i s  w a s  t h e  

s o l i d  compound observed by Peppard.  l 4  

S ince  Weaver and Kappelman15 and Lunichkiria and KenardlG bad 

r epor t ed  clear o rgan ic  s o l u t i o n s  a t  lanthanum m o l a r i t i e s  up t o  h a l f  

of t h e  HDEHP m o l a r i t y  when a l a c t i c  a c i d  b u f f e r  w a s  used,  tests w e r e  

performed t o  determi-ne whether t h e  use  of g l y c o l i c  a c i d  r a t h e r  t:hati 

l a c t i c  a c i d  o r  t h e  use  of gadol inium r a t h e r  t han  lanthanum was respon- 

s i b l e  f o r  t h e  d i f f e r e n c e  i n  r e s u l t s .  No s o l i d s  w e r e  formed when lan-  

thanum was e x t r a c t e d  from TALSPEAK aqueous s o l u t i o n s  bu f fe red  w i t h  

l a c t i c  o r  g l y c o l i c  a c i d ,  b u t  a s o l i d  w a s  formed when gadol inium w a s  

e x t r a c t e d  from a s o l u t i o n  b u f f e r e d  w i t h  l ac t i c  a c i d .  It was concluded 

t h a t  t h e  presence  of a l a r g e  amount of gadol inium imposes a compara t ive ly  

I.ow L i m i t  on t he  o r g a n i c  phase c a p a c i t y .  

Th i s  l i m i t  was determined by e q u i l i b r a t i n g  t h e  s t a n d a r d  o r g a n i c  

phase  w i t h  a series o f  aqueous phases  c o n t a i n i n g  i -ncreas ing  concentra-  

t i o n s  of gado1i.n i.um and de termining  t h e  r e s u l t i n g  coi icer i t ra t ion i n  each 

phase w i t h  153Gd t racer .  

0.135 M gadol inium i n  t h e  o r g a n i c  phase ;  t h e  v a l u e  of E" was 5.5 and 

t h e  aqueous c o n c e n t r a t i o n  was 0 . 0 2 4 5  M. F o r  a s i m i l a r  series of 

F i g u r e  4 shows t h a t  s a t u r a t i o n  occurs  a t  about  

A 



59 

O R N L - D W G  7 5 -  6174A 

0 0.5 0.10 0.45 0.20 0.25 0.30 

Fig. 4 .  Gadolinium distribution coefficient as a function of organic 
phase loading. 

measurements on 0.30 M HDEHP in DEB, the maximum organic phasr gado- 

linium concentration that could be obtained without the formation of 
0 solids was 0.028 M; the value of E was 0.36 and the aqueous concen- 
A 

tration was 0.078 M. 

Mixed lanthanide loading. The maximum phase loading that could 

he obtained with the lanthanide mixture expected in the Barnwell waste 

was determined in tests using the standard phase volume ratio and solu- 

tions [the first batch of IIDEHP (see Sect. 5.3.1) was used]. The syn- 

thetic fission product lanthanide solutions contained the proper 

proportions of yttrium, lanthanum, cerium, praseodymium, neodymium, 

samarium, europium, and gadolinium, except that: cerium was left out in 

some cases because its removal in an earlier process step was being 



60 

cons idered .  

measured wi th  r a d i o a c t i v e  tracers.  T e s t  r e s u l t s  are g i v o i  i n  Table  24. 

Values of Eo f o r  gadol inium. cer ium, and americium w e r e  
A 

Tht. d i s t r i b u t i o n  c o e f f i c i e n t  f o i  gadolinium a t  t h e  conce t r a i  i o n  

r e q u i r e d  f o r  format ion  of s o l i d s  wa.c lower w i t h  rlie mixed l an than id - s  

t han  w i t h  gadol inium a lone .  I t  was a l s o  l o w ~ r  when cer ium was presen?  

i n  t h e  mixture .  This r e s u l t e d  from roinpetitiorp f r o m  t h e  e lements  w i t ”  

h ighe r  d i s t r i b u t i o n  c o e f f i c i e n t s  ( y t t r i u m ,  lanthanum, and cer ium) .  

The maximum a l lowab le  aqueous phase load ing  i s  a i i i nc t ion  of t h e  

phase volume rdLio because o f  t h e  l a r g e  v a r i a t i o n s  i n  &i!e d i s t r i b u t i o n  

c o e f f i c i e n i s  of t h e  e lements  prt-.sent. The maximum a l l  owable lan i  han ide  

cor rceut ra t ions  i n  t h e  s t a r t i n g  aqueous s o l u t i o n  i n  d i f f e r c n t i a l  e x t r a r  

t i o n  w e r e  e s t ima ted  as i u l l o w s :  I t  was assumed t h a t  tire r a t i o s  of  

distribution c o e f f i c i e n t s  ob ta ined  f o r  t h e s e  e l e m e n t  s at t r a c c r  l e v e l s  

(l’able 1 3 )  could be a p p l i e d  under e o n d i i i o n s  of heavy load ing .  The 

d i s t r i b u t i o n  c o c f f i c i e n t  5 F o r  gadol inium and re r ium were taken f rom 

Table  2 4 .  ,I phase volurrie rd.t io of O/A = 0.05, a probable  v a l u e  f o r  

d i f f e r e n t i a l  e x t r a c t i o n ,  and a t o t a l  o r g a n i c  phase l a n t h a n i d e  concen- 

t L a t i o n  of 0.135 M were assumed. Given t h e s e  cond t i o n s ,  estimates of  

t h e  maximum aqueous phase l a n t h a n i d e  c o n c c n t r a t i o n  ranged f rom 0.042 t o  

0.049 M. Because of u n c e r t a i n t i e s  i n  t h e  c a l c u l a t  on and i n  t h e  d a t a  

Table  24. D i s t r i b u r i o n  coefficients ob ta ined  from s y n t h e t i c  f i s s i o n  
product  l a n t h a n i d e  s o l u t i o n s  

zc, M 
‘Total. E (Gd) ii’(ce> E (Am) 

l an than ide  

Observed s o l i d s  i n  
o rgan ic  phase 

.......... ____ .- - .~ .. ... 

0.054“ 1 0 . 5  0 .094  None 
0.068 5.8 7 . 4 None 
0 . 0 7 5 “ ~  6 . 1  6 . 2  None 
0.080 3.2 3 .4  P o s s i b l e  t race a f  s o l i d s  
0. 097“ 4 . 4  None 
0. 108a 4.0 0.036 Trace of s o l i d s  i n  o rgan ic  

0.137 3 . 1  3 .7  Sol-ids i n  o rgan ic  phasc 
phase 

I ~ _ _ _  ........... .................. __ 
U Cerium no t  inc luded  i n  the  mixture .  

Cerium tracer was presenc ;  dead ceri.um w a s  n o t  p r e s e n t .  b 
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used i n  making i t ,  a c o n s e r v a t i v e  va lue  of 0.03 M (cor responding  t o  

40 v o l  X HDEHP i n  DEB a t  room tempera ture)  w a s  chosen f o r  t h e  f l o w  

s h e e t .  

5 . 5  Condi t ions  f o r  Minimum Cost Opera t ion  

5 .5 .1  App l i ca t ion  of ra te  c o n s t a n t s  t o  d i t f e r e n t i - a 1  e x t r a c t i o n  .--_--I-- __ 

The rate of t r a n s f e r  of s o l u t e  between phases i s  de f ined  as 

-A(d?: /d t )  = k Ox - "Oy. 
may be de f ined  a s  

The nonequi l ibr ium d i s t r i b u t i o n  c o e f f i c i e n t  f 

If k /E0 i s  s u b s t i t u t e d  f o r  k 

t hen  t h e  ra te  of t r a n s f e r  may be w r i t t e n  as  

[us ing  t h e  r e l a t i o n s h i p  of Eq. (lo)], 
$ A  h 

&/dt = - k (O/A)(1 - D/E) . f" 
A l s o ,  s t a r t i n g  w i t h  E q .  (3)  and us ing  E q .  ( 2 7 ) ,  i t  can be shown t h a t  

I f  0 i.s s u b s t i t u t e d  f o r  11, A f o r  S, and F, t h e  f low ra te ,  f o r  dL/dt, 

is obta ined .  Then by equa t ing  c&c/ ldt  i n  Eq. ( 2 8 )  w i t h  &/dt i n  Eq. (30) 

and r e a r r a n g i n g ,  

0 
F / A  = k ( O / A ) ( l  - D/EA)(l/D + O/A) f 

i s  ob ta ined .  Equat ion (31) can be used t o  c a l c u l a t e  t h e  e x t r a c t a n t  flow 

rate per  u n i t  volume of aqueous phase ( F / A )  needed t o  produce a given 

v a l u e  of D, when k and E are known. Complete e q u i l i b r i u m  ( D / 8  = 1) 0 
f A A 
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Q i.s achieved  on ly  a t  F / A  = 0.  For a spec i f i - ed  v a l u e  of I l l8 A '  t h e  f l o w  

ra te  w i l l  i n c r e a s e  as k O/A, and 1/D i -ncrease.  The s i g n i f i c a n c e  of 

1/D becomes g r e a t  when D i s  ve ry  smal.1. 
r"' 

The f low rates cor responding  t o  a ser ies  of  assumed v a l u e s  of 
0 
A D / E  were c a l c u l a t e d  f o r  gadol.inium, amek-iciunn, ax13 curium f o r  many 

possib1.e sets of p rocess  c o n d i t i o n s .  

i n  t h e s e  ca l cu l . a t ions  are g iven  i.n 'Table 2.5. 

kf were used when avai1ahl.e.  

assuming t h a t  0 (Am)/E (Cm) = 0.89, t h e  r a t i o  froit1 Table  1 2 ;  v a l u e s  o f  

k f o r  curium were assumed t o  be 0.85 t - i m e s  t h o s e  f o r  arcericium, t h e  

r a t i o  of t h e  r e s p e c t i v e  v a l u e s  of K f o r  t h e s e  elements i n  'Tab1.e 1 2 .  

D i s t r i b u t i o n  c o e f f i c i e n t s  at 20 v o l  Z HDEIIP were c a l c u l a t e d  froin t h e  

v a l u e s  f o r  60 v o l  % HDEHP assuming that  they  w e r e  p r o p o r t i o n a l  r.0 the 

2 .59  power of t h e  c o n c e n t r a t i o n ;  v a l u e s  of k ,  w e r e  assumed t o  be d i r e c t l y  

The c o n d i t i o n s  and c o n s t a n t s  used 
o <  Measured v a l u e s  of hA ai:. 

,o Values of bA f o r  curium were e s t h a t e d  
-0 0 
A A 

s 
117 

d 

p r o p o r t i o n a l  t o  t h e  c o n c e n i r a t i o n .  f h e  f low rate5 c a l c u l a t e d  i n  t h i s  w a y  

were then  used t o  detezmine v a l u e s  of D/h a t  t h e  s a m e  f l o w  ra tes  Ior 

t h e s e  e lements .  

Equat ion ( 4 )  can be  used t o  show t h a t  when curium and gadol inium 

are s imul t aneous ly  e x t r a c t e d  by d i f E e r e n t i a 1  e x t r a c t i o n ,  

I f  a cons t an t  M i s  d e f i n e d  as 

M = (1/D -i O / h ) C n ~ / ( l / D  -i O / A ) G d  , 

t hen  

( - 3 3 )  

and 
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Table 2 5 .  Constants used in process calculations 

0 
A 

HDEHP 
con c en t r a t ion Temperature E PH 

(vol Z) ("c> E 1 emen t 

Gad ol inium 

Gadolinium 

Gad0 1 inium 

Gadolinium 

Gadolinium 

Americium 

h e r  iciiim 

h e r  ic i iim 

Ame r i c ium 

Americium 

Curium 

Curium 

Curium 

Curium 

24 

46 

24 

46 

2 4  

24 

46 

24 

46 

24 

24 

24 

46 

24 

3.0 

3.0 

3.4 

3 . 4  

3.4 

3 .0  

3.0 

3 . 4  

3 .4  

3 .4  

3.0 

3 .4  

3 . 4  

3.4 

40 

40 

4 0  

40 

20 

40 

4 0  

40 

40 

20 

40 

4 0  

40 

20 

36.6 

20.8 

27.8 

1 5 . 3  

(4 .6 ) "  

0.37 

0.26 

0.26 

0.19 

0 . 0 4 3  

( 0 . 4 2 )  

( 0 . 2 9 )  

(0.21) 

( 0 . 0 4 3 )  

10 

1 3 . 2  

6.8 

10.7 

3.5  

1 . 7  

2 . 0  

(1.0) 
1 . 4  

0.5 

( 1 . 4 )  

(0 .85 )  

(1.2) 

( 0 . 4 2 )  

U Values given in parentheses are estimated. 

) i s  determined by the composition of the raw material; 0Gd'"lXm The term (x 

for the Barnwell waste, it is 9 1 2 2 / 2 4  o r  %380. The term (z /X ) is 

determined by product specifications; a value of 100 was assumed in cal- 

culatians. The resulting ratio is 

Cm Gd 

(xO/x)Cm M- 1 = 38,000 . 

In other calculations, the target was an americium t o  gadolinium 

ratio af 100; in this case, 

(xo/x)E1 = 1737 . ( 3 7 )  

This specification assumed that curium would be separated from the 

americium by ion exchange after extraction removed enough of the lantha- 

nides so that they no longer constituted a significant volume of the 

material. 
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Using known values of (Cm/Cm ) o r  (Am/Am ) and Eq. ( 4 ) ,  the raiios 
0 0 

o f  extractant volume to aqueous phase volume ( L / A )  were calculated. 

Times required for extractions were then obtained by dividing the values 

of (L/A) by those of (FIA). 

5 . 5 . 2  Calculation of optimum process ........_I conditions 

The equations developed in Sect. 5.5.1 can be used to calculate 

numerous conhinations of extractant flow rate, extractant volume, and 

extraction ti.me that would produce a product of specifi .ed purity. In 

addition, ecotiornical operation of the process  was a primary considera- 

tion. In order to dete-rmine the most: favorable coiidi.t ions f o r  extrac- 

tion, a functi-on was derived that was approximately proportional to the 

total cost of the extraction process, and the different sets of condi- 

tions were evaluated using this f u n c  t:i.on. 

It was assumed that the rate of curium production was the same for 

all sets of conditions because the equipment for each case was sized to 

produce at this constant rate. This meant that  the qui-pment si.ze was 

proportional t o  the total time required for a run, which was equal t o  

the extraction time, 0, plus an arbitrary turnaround time of 60 min 

(this covers the time required to fill the extractor, adjust che. pE1, 

and load the americium and curium onto  an ion exchange column). Because 

the volume of the primary extractor is proportional to A and that of the 

solvent recovery extractor is proportional to L,  the totral equipment 

volume was assumed to be proportional to A f L ;  it was also assurned L O  

be inversely proportional to the curium yield. These criteria were 

used to define a funct:ion called the size factor, 

( A  + L ) ( 0  + 6 0 )  (1 f L / A ) ( O  -I- 6 0 )  
- = ( A / A S )  SF = AS(yieLd) yield > 

where A is the standard aqueous phase volume, defined as the aqueous 

phase volume when extraction is carried out at 46°C and a pH of 3 . 4  

with 40 vol % IIDEHP in DEB. 

S 
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It w a s  assumed t h a t  t h e  t o t a l  c o s t  of t h e  ex t r ac t i . on  p r o c e s s ,  

i n c l u d i n g  s o l v e n t  recovery  i s  p r o p o r t i o n a l  a c o s t  f a c t o r  C F J -  

CF, = (SF)OS8 . ( 3 9 )  

However, t h i s  does not i n c l u d e  t h e  c o s t  of t h e  f eed  t o  t h e  e x t r a c t i o n  

p rocess .  To t a k e  t h i s  i n t o  accoun t ,  a second c o s t  f a c t o r ,  

must be used. T h i s  c o s t  f a c t o r  is p r o p o r t i o n a l  t o  t h e  cos t  of t h e  

p rocess  i f  t h e  cos ts  of f eed  p r e p a r a t i o n  and s o l v e n t  e x t r a c t i o n  are 

equa l .  

of f eed  c o s t .  

Th i s  i s  an a r b i t r a r y  assumption b u t  CF2 i n d i c a t e s  t h e  i n f l u e n c e  

The v a l u e s  of SF, CF1, and CF? f o r  d i f f e r e n t  sets of c o n d i t i o n s  

were c a l c u l a t e d  as fo l lows .  All of t h e  c a l c u l a t i o n s  assumed a t o t a l  

of 20,078 g of l a n t h a n i d e s ,  the s t anda rd  aqueous phase (0.3.06 M DTPA 

and 1 . 0  M g l y c o l i c  a c i d )  and DEB as t h e  o r g a n i c  phase d i l u e n t .  

l i s t s  t h e  c o n d i t i o n s  used i n  t h e  calculations. The i n i t i a l  aqueous phase 

l a n t h a n i d e  c o n c e n t r a t i o n ,  cc i s  t h e  h i g h e s t  that can  be used wi thout  

t h e  danger of fo rma t ion  of s o l i d s  in t h e  f i r s t  increment 1)f e x t r a c t a n t .  

Table 26 

0' 

Table 26. Condi t ions  used f o r  f i r s t  set of m i r i i m u m  
cost fac tor  c a l c u l a t i o n s  

Tempe] 
,, 

24 3.0 40  0.023 5992 2.38 
46 3.0 40 0.0399 3406 1.36 
24 3.4 40 0 e 030 4552 1.81 

24 3.4 20 0.090 1.517 0 . 6 0 1  
46 3.4 40 0.054 2505  1.0 

The va lue  of 0.03 M a t  24"C, 40 v o l  X HDEHP, and a pH of 3 . 4  i s  t aken  

Trom S e c t .  5.4.4;  o t h e r  v a l u e s  w e r e  c a l c u l a t e d  assuming t h a t  t h e  o r g a n i c  

phase c a p a c i t y  w a s  p r o p o r t i o n a l  t o  t h e  HDEHP c o n c e n t r a t i o n  b u t  o the rwise  
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unaffected by the extraction conditions. The average distribution co- 

efficient was assumed t i o  be proportional to that of gadol.i.nium. Thus, 
0 the value of x was inverseZy proportiunal to that of E under the 0 A 

extraction conditions. The values of A were obtained by dividing the 

total moles of lanthanides and yttrium per metric ton of fuel (136.55) 

by n: 0' 
'rile ternperature, pH, and HDEHP concentration of each set of conditions 

0 deteciniried tihe values of EA and k., for both components, as well as the 

values of A and AIA S' A 
then chosen and used to cal.culate FIA [ E q .  ( 3 1 )  1 .  The value of DIE 

for curium at this flow rate was calculated and used t o  cal.cuJ.ate l / D  

and (1 /D 4- 0/A) f o r  this component. From these val~ues, the constant M 

was cal.cuJ.ai:txl [ X q .  ( 3 3 ) ]  and used in Eq.  ( 3 6 )  or ( 3 7 )  t o  calculate the 

curium yield. 

and G was obtained by dividing Ll.4 by F I A .  Finally, E q s .  (38)-(40) were 

used to calculate SF,  CF1, and CF,. This sequence of calculations was 

carried out on a programmable H e w l e t t - P a c k a r d  IIP-25 calculator. 

Values of ; / A  and of DIEo for gadol-inium wcrs 

Equation ( 4 )  was used  t u  calcula.%e LlA from this yield, 

'The sequence w a s  repeated using a fixed O/A and a series oE values 

of D I E  until- mi-aimum values of CF1 and CF2 were obtained. 

shows the values obtained for condit.i.ons of 40 vol % HDEHP at 46°C 

wifh a pB of 3 .4  w i l : h  @/A fixed at 0.05 and the. desired product being 

curium contai.ning 1% gadolinium. 

occurred at D I E  = 0 . 6 .  

Table  27 

Minimum values of both CF1 and CF, 

0 
A 

Table 27. Extraction parameters 3s a function of D/E 
.__ ............. ....... ,-. 

'?/A Curium e D/EA U for 

(rnin-1) yield L/A (111 j.n) SF CF1 CF2 gadolinium 
........ .___....____.............-I__ ..... - 

0.9 0.0066 0 . 7 6 4  1 .33  202 799 210 27.5 
0.8 0.0141 0.754 1.43 1~01~ 5 19 1.49 197 
0.7 0.0230 0.742 S~*55 6 8  438 130 175 
0.6  0 .0340 0.725 1.73 5 l 417 125 172 
0.5 0.0483 0 .704  7..97 4 1 4 2 4  126 1.80 

~_____.__I__ ._. .. .- 
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S i m i l a r  t a b l e s  w e r e  c a l c u l a t e d  f o r  a series of v a l u e s  of O/A. 

The minimum c o s t  f a c t o r s  f o r  each v a l u e  w e r e  determined a n d  are l i s t e d  

i n  Tab le  2 8 .  lin a l l  c a s e s ,  t h e  miniinum c o s t  occu r red  a t  D / F :  A 0.6; 

however, t h e  f low rates  r e q u i r e d  t o  produce t h i s  v a l u e  v a r i e d  wide ly .  

The minimum v a l u e  of  CP1 occur red  a t  O/A = 0.075, b u t  t h e  minimiim CF7 

occur red  a t  O / A  = 0.05 because  of t h e  g r e a t e r  weight g iven  t o  t h e  curium 

y i e l d .  The a r b i t r a r y  60-min turnaround t i m e  h a s  a s t r o n g  i n f l u e n c e  on 

t h e s e  v a l u e s .  A s h o r t e r  t i m e  would cause  t h e  minimum c o s t  f a c t o r s  t o  

occur  a t  a smaller v a l u e  of DIE' and a l a r g e r  v a l u e  of OIA. 

Table  28. I n f l u e n c e  of O/A on c o n d i t i o n s  f o r  minimum c o s t  o p e r a t i o n  

I____II_ _.-_--.__- I__ _I____~ .__...__._I._.___-...-_.I_ _ll-__l I..___ 

0.025 0.6 0.0143 0.756 1 . 4 5  1 0 1  522 149 198 
0.050 0.6  0 .034  0 .725  1.73 51. 417 12.5 172- 
0.075 0.6 0.059 0.693 2.01 34 408 123 1 8 2  
0.1.00 0.6 0 ,089  0.664 2.29 26 424 12 6 190 

.___ ._.l__.____.._.l-.l..~-.--~.-.~..-.~--- _I__ 

These c a l c u l a t i o n s  w e r e  r epea ted  f o r  s e v e r a l  o t h e r  sets of p r o c e s s  

c o n d i t i o n s .  These c o n d i t i o n s ,  t h e  c a l c u l a t e d  c o n d i t i o n s  f o r  minimum 

c o s t  o p e r a t i o n ,  and t h e  c o s t  f a c t o r s  are l i s t e d  i n  Table 29. The product  

s p e c i f i e d  f o r  t h e s e  c a l c u l a t i o n s  was curium c o n t a i n i n g  1% gadolinium. 

The d a t a  i n d i c a t e  t h a t  t h e  most economical c o n d i t i o n s  occur  a t  46°C 

w i t h  an aqueous phase pH of 3 .4 .  Since  t h i s  pH occur s  n a t u r a l l y  when 

t h e  aqueous phase  i n g r e d i e n t s  are mixed, no pH adjus tment  i s  r e q u i r e d .  

During an a c t u a l  d i f f e r e n t i a l  e x t r a c t i o n ,  t h e r e  w i l l  be a downward d r i f t  

i n  pIJ because of t h e  e x t r a c t i o n  of p a r t  of t h e  sodium. (The e x t r a c t i o n  

of t h e  l a n t h a n i d e s  c a u s e s  v e r y  l i t t l e  change i n  pH, because t h e  MDTPA2- 

i o n  i s  conver ted  t o  t h e  H3DTPA2- ion ,  t h u s  t a k i n g  up t h e  t h r e e  lis- i o n s  

r e c e i v e d  from t h e  EIDEHP i n  exchange f o r  t h e  M3+ i o n . )  

d r i f t  i n  yH causes  an upward d r i f t  i n  t h e  d i s t r i b u t i o n  c o e f f i c i e n t s  

( i n  a d d i t i o n  t o  t h e  i n c r e a s e  t h a t  occu r s  because  of t h e  d e c r e a s e  i n  

s o l v e n t  l o a d i n g ) .  However, t h e  i n c r e a s e  i n  pH i s  no t  a p p r e c i a b l e  u n t i l  

l a te  i n  t h e  r u n ,  when most of t h e  l a n t h a n i d e s  have been e x t r a c t e d  and 

t h e r e  i s  no danger of ove r load ing  t h e  o r g a n i c  phase.  

Th i s  downward 



T a b l e  24. Conditions f o r  minimum c o s t  operation and cost factors 
f o r  cur ium c o n t a i n i n g  i% gado l in ium 

m 

24 3.9 40 2.38 0.05 0 . 6  0.0191 0.575 1.04 55 829 216 320 

46 3.0 4G 1.36 0.05 

24  3.4 4G 1.82 O.G5 0.5 0.0207 0.718 1.32 6L 729 l95 272 

24 '3.4 40 1.82 0.075 0.5 0.0375 0.677 1 . 6 1  43 722 193 286 

46 3.4 40 1.00 0.05 0.6 0.0340 0.725 1.73 5 1  417 125 172 

46 3 . 4  40 1.99 3.075 0.6 0.054 0.693 2.01 34 408 123 177 

24 3.4 20 0.60 0.175 0.6 0.131 0.796 5.77 44 534 152 191 

0.5 0.0344 0.696 1.42 41 477 139 230 cn 
03 
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Other calculations were made assuming a pH of 3 . 4 ,  4 0  vol % I-IDEHP, 

temperatures of 24 and 46"C,  and a product specification of americium 

containing 1% gadolinium. This specification, which is that recommended 

for t he  flow sheet, requires the removal of enough of the lanthanides so 

that they do not constitute a significant volume of the material to be 

processed by ion exchange. Table 30 lists the calculated results that 

yielded the minimum values of CF1 and CF2. 

Table 30.  Conditions for minimum cost operation arid cos t  
factors f o r  americium containing 1% gadolinium 

24'C 
0 . 0 5  0.5 0 . 0 2 1  0 . 7 9 2  0 . 9 3  4 5 465 136 1 7 1  
0.075 0.5 0 .038 0 . 7 6 1  1.13 30 459 135 177 

0 . 0 5  0 .6  0 . 0 3 4  0.797 1 .21 .  36  266 87 109 
0.075 0 .6  0 . 0 5 9  0 .773 1 . 4 2  24 2 6 3  86 1.12 

46°C 

The extractant volumes ( L / A ) ,  extraction times (O), and cost facto" 

are lower for the americium product than f o r  the curium product because 

the nuclear waste contains 525 g of americium and only 24 g of curium 

per megaton of spent fuel. Thus, the separation factor for americium 

is only 1658, instead of the 38,000 required for curium. Some estimates 

indicate that waste from plutonium recycle would contain as much as 

5 0  times more curium than the Barnwell waste. Calculations show that 

if the specifications of Table 29 were applied to this waste, CF1 and 

CF? would be reduced to 1.6 and 2 ,  respectively. 

The neodymium content of the product containing 1% gadolinium 

in americium, obtained with 46"C,  a pH of 3 . 4 ,  O I A  = 0.05  and 

F I A  = 0.034 min-' was calculated to be 1 . 8 % .  

and k = 45 used in these calculations were estimated from the data 

of Table 1 2  and the rate constants of Kolarik et al.*O 

The values of Lo = 7.3  
A 

f 

T h e  in€luence of phase loading was ignored in all of these calcu- 

lations. The initial high lanthanide concentrations in [.he real process 

would substantially reduce all distribution coefficients but would also 
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i n c r e a s e  v a l u e s  of k N o  method i s  a v a i l a b l e  f o r  c a l c u l a t i n g  t h e s e  

e f f e c t s  f o r  the multicomponent s y s t e m  involved  h u t  t hey  were e s t ima ted  

a s  fo l lows .  

S' 

Calcul .a t ions w e r e  made us ing  Eq. (5 )  and assuming t h a t  a l l  of t h e  

l a n t h a n i d e s  had t h e  p r o p e r t i e s  of gadol inium, and t h a t  e q u i l i b r i u m  w a s  

reached ,  Under condi t i -ons of 4 6 " C ,  a pB of 3 . 4 ,  40 vo l  % HDEHP, and 

OIA = 0.05, t h e  i n c r e a s e  i n  LlA w a s  0 .2 .  Tn a rea l  nonequi l ibr ium run ,  

t h e  i n c r e a s e  will he p a r t i d l y  coun te rac t ed  by the i n c r e a s e  i n  k noted 

above, and t h e  downward d r i f t  i n  pH caused by sodium e x t r a c t i o n  w i l l  

i n c r e a s e  t h e  d i s t r i b u t i o n  c o e f f i c i e i i t : ~  arid consequent ly  lower LIA. 

Thus, t h e  o v e r a l l  e r r o r  i s  comparati .vely s m a l l .  

S 

I n  any case, because phase loadi-ng would af  feci:  all^ e x t r a c t h n s  i n  

a similar manner, i t  has  l i t t l e  in:EI.uence on t h e  s d e c t i o n  of optimum 

c o n d i t i o n s .  

5 .5 .3  Recoverv of e x t r a c t e d  curium 

C a l c u l a t i o n s  w e r e  made t o  determi-ne whether  t h e  r ecove ry  of t h e  

curium i n  t h e  o rgan ic  e x t r a c t a n t  w a s  ecoIlOiiliCal o r  n o t  by h a c k e x t r a c t i o n ,  

us ing  t h e  TATSPEAK aqueous phase f o r  t h e  recovery  of t h e  curium i.n t h e  

ex t rac tan t :  of t h e  b e s t  case i n  Table  30. 

The curium recovery  i.11 t h e  forward e x t r a c t i o n  w a s  79.7%; i t  w a s  

assumed tl-iir7.t iihe o v e r a l l  curium recovery  f o r  bo th  e x t r a c t i o n s  shoi.ild he  

99%. The e x t r a c t a n t  volume a f t e r  t h e  forward e x t r a c t i o n  w a s  1 . 2 1  t i m e s  

t h e  o r i g i n a l  aqueous phase volume. For t h e  d i f € e r e n t i a l  h a c k e x t r a c t i o n ,  

v a l u e s  of AI0 = 0.05 and EID = 0.7 were assumed; t h e  aqueous e x t r a c t a n t  

volume equal.ed 0.75 t i m e s  t h a t  of t h e  o r g a n i c  phase  o r  0 .91 t i m e s  t h a t  

of t h e  aqueous phase  i n  t h e  o r i g i n a l  forward e x t r a c t i o n .  

C a l c u l a t i o n s  showed t h a t  14% of t h e  neodymium and lesser amounts 

of t h e  o the r  1-anthanides  ( e .  g .  , 7% of t h e  gadolinium) would be back- 

e x t r a c t e d  a long  w i t h  t h e  curium. The aqueous e x t r a c t  can be combined 

w i t h  t h e  nex t  h a t c h  of  aqueous f eed  t o  t h e  forward e x t r a c t i o n  o r  pro- 

cessed  s e p a r a t e l y ;  i n  e i t h e r  case, t h e  aqueous phase volume would be 

n e a r l y  doubled,  b u t  curium p roduc t ion  would he incl-eased on ly  19%. 

It w a s  concluded t h a t  t h e  recovery of t h i s  material. is  no t  economical,  

u n l e s s  a h i g h  c o s t  i s  a t t a c h e d  t o  t h e  f eed  t o  t h e  e x t r a c t i o n  process .  
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I f  e s s e n t i a l ] - y  q u a n t i t a t i v e  removal of t h e  americium and curium 

w e r e  r e q u i r e d  f o r  w a s t e  management pu rposes ,  i t  could  be accomplished 

w i t h  d i f  F e r e n t i a l  back e x t r a c t i o n ,  b u t  t h e  process c o s t  would be  increased 

s u b s t a n t i a l l y .  A decontaminat ion  f a c t o r  of 1,000,000 would r e q u i r e  an 

aqueous e x t r a c t a n t  volume 3 . 2  t i m e s  g r e a t e r  t h a n  t h e  o r g a n i c  volume. 

5 .5 .4  Solven t  rgcovery  

C a l c u l a t i o n s  were c a r r i e d  o u t  t o  e s t a b l i s h  a s o l v e n t  recovery  

p rocess  u s i n g  6.5 M n i t r i c  a c i d  i n  a d i f f e r e n t i a l  e x t r a c t i o n  t o  s t r i p  

t h e  l a n t h a n i d e s  and y t t r i u m  from t h e  WDEHP. 

The c a p a c i t y  of  t h i s  e x t r a c t i o n  is  determined by t h e  volume of 

e x t r a c t a n t  used i n  t h e  TALSPEAK e x t r a c t i o n .  A TALSPEAK aqueous phase 

of 2500 l i t e rs  and a n  HDEHP e x t r a c t a n t  volume of 3025 l i ters  were assumed 

It w a s  a l so  assumed t h a t  D f E ;  = 0.6 w a s  ach ieved  i n  t h e  'ZTALSPEAK extrac- 

t i o n  and t h a t  t h e  curium product  con ta ined  1% y t t r i u m  ( i f  DTPA e l u e n t  i s  

used i n  t h e  i o n  exchange s e p a r a t i o n  of curium from americium, a much 

l a r g e r  y t t r i u m  c o n t e n t  can  b e  t o l e r a t e d ) .  Because of t h e  very l a r g e  

y t t r i u m  d i s t r i b u t i o n  c o e f f i c i e n t  i n  t h e  TALSPEAK e x t r a c t i o n ,  a moderate 

c o n c e n t r a t i o n  can  be t o l e r a t e d  i n  t h e  o r g a n i c  phase  a f t e r  s t r i p p i n g  and 

t h e  s o l u t i o n  decontaminat ion  f a c t o r  r e q u i r e d  f o r  y t t r i u m  i s  on ly  7.55. 
With t h e s e  assumpt ions  and room tempera tu re  d a t a ,  t h e  volume of 

n i t r i c  a c i d  r e q u i r e d  w a s  c a l c u l a t e d  a t  0.73 l i t e rs  p e r  l i t e r  of HDEHP 

s o l u t i o n  o r  0.88 l i t e r s  p e r  l i t e r  of o r i g i n a l  TALSPEAK aqueous phase;  

t h e  a c i d  volume cor responding  t o  t h e  w a s t e  from 1 metric ton  of recovered  

uranium is  2200 l i t e r s .  

a s l i g h t l y  lower a c i d  volume w a s  c a l c u l a t e d .  The n i t r i c  a c i d  can be  

r ecove red  by d i s t i l l a t i o n  and reused.  

When v a l u e s  o f  Eo e s t i m a t e d  a t  4 6 O C  w e r e  u sed ,  A 

5.6 R a d i a t i o n  E f f e c t s  

The i n f l u e n c e  of a l p h a  and gamma r a d i a t i o n  on t h e  TALSPEAK e x t r a c -  

t i o n  s o l u t i o n s  w a s  t e s t e d  by Weaver and K a p p e l m a r ~ . ~  

t h e  DTPA w a s  t h e  most s e n s i t i v e  material p r e s e n t  and t h a t  i t s  d e s t r u c t i o n  

They concluded t h a t  
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caused a gradual change in distribution coefficients. One o f  their tests 

involved an aqueous phase si-milar to that of this flow sheet, an organic 

phase consisting of 0.3 M BDEHP in D T R ,  and curium in solution as the 

radiation source. The distribution coefficient of curium fell sl.i-giitly 

at: first and then increased slowly; after 200 Whlliter of exposure it 

had reached its original. value and after 450 Whlliter i t  had approxi- 

mately doubled. The distribution coefficient of lanthanum did not 

change. 

If 1-year-old waste is used in this process, the aqueous phase wi.11 

be exposed to 1..7 Wlliter of ionizing radi-ation for <2 hr per run, or 

less than 2% of the 200-Whlliter exposure that produced no net increase 

in the distribution coefficient in the test cited above. if SO-year-old 

waste is used, the exposure would be only 0.05 Whlliter. It was con- 

cluded that no problem exists. 

5.7 Fl.ow Sheet Reconmendations 

The conditions chosen for the TAMPEAK extraction are as follows. 

I. The extraction is carried o u t  at 46°C and a pI3 of 3 . 4 ,  with an 

organic phase containing 40 vol % IIIIEIIP in DEE and an aqueous 

phase containing 1 M glycolic acid arid 9.106 M NajDTPA. 

2. The differential extractor operates with a phase volume ratio 

of O/A -- 0.05. 
3 .  The estimated extractant flow rate is 0.034 literslmin per liter 

of aqueous phase. (This flow assumes agitation exactly equivalent 

t o  that in the experiments; agitation in the production process 

should be as vigorous as feasible.) 

4 .  The estimated amount of extractant is 1.21 liters per liter of 

aqueous phase. (There is some uncertainty in this figure because 

of the lack of pilot plant data, and impurities in commercial IiDEHP 

will cause some variation in distribution coefficients. Appreciable 

variation in tile americium and curium contents of the feed stock is 

also possible. Consequently, equipment design should allow f o r  

appreciable variation in the ratio of extractant volume t o  aqueous 

phase volume.) 



7 3  

5. The lanthanides and most of the yttrium are removed from the RDEIIP 

solution by differential extraction with 6.5 M n i t r i c  acid atr 46°C 

and A I 0  = 0.05. 

solution (0.88 liters p e r  l i t e r  of TALSPEAK aqueous phase.) is 

required. 

An acid volume of 0.73 liters per liter of HDEHP 





6. REMOVAL OF CURIUM AND AMERICIUM FROM TALSPEAK SOLUTION 

6 . 1  Experimental Work and Previous Investigations 

The flow sheet calls for the curium and americium to be loaded onto 

a Dowex 50 ion  exchange resin directly from the TALSPEAK aqueous phase. 

In a limited investigation of this step, 153Gd w a s  used as  a standin for 

curium on Dowex SO x 4 .  At a pH of 2.0, the distribution coefficient 

was 1901); at a p H  of 2.35, i t  f e l l  to 3.5. 

In more extensive investigations by Koch et al. , 3  Dowex 50 x 4 ,  

Dowex 50 x 8, Dowex SO x 12, Lewatit SP 106, Lewatit SP 112, and Lewatit 

SP 120 i o n  exchange resins were tested at 21 and 60°C. The results 

showed that the higher cross-linked resins had a higher capacity but 

were slower t o  reach equilibrium; 8% cross linkage was selected as the 

best compromise. Increasing the temperature from 21 to 60°C increased 

the usable capacity of the resin as well as the sorption rate. For 

Dowex 50 x 8, the usable capacity was 0 .76  meq/ml (this was lower thdn 

the theoretical capacity because of competition from the sodium i on ) .  

Some sorption of HbDTPA was noced. It was concluded that loading is 

best carried out at il pki of 0.9 to 1.0. 

Weaver and Kappelman’ adjusted the pH of the TALSPEAK aqueous phase 

to 1.5 and extracted the curium and americium using 1 M HDEHP in n-dodecane 

diluent. The distribution coefficient exceeded 100. The curium and 

americium were then stripped from the extractant with n i t r i c  acid. This 

appears to be a Eeasible alternative procedure. 

6.2 Flow Sheet Recommendations 

The conditions chosen f o r  the removal of americium and curium from 
the TALSPEAK solution are as follows. 

1. The TALSPEAK aqueous phase pN is adjusted to 1 by the addition 

of nitric acid. 

The solution is pumped under pressure into a column containing 

Dowex 50 x 8 ion exchange resin of 25- to 55-um particle size 

(about 400 mesh) at 70°C.  

2. 
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3 .  The loaded  r e s i n  i s  washed with IIWCI column voliiines o f  0 . 1  ?,l 

n i t r i c  a c i d .  (The americium and curium from 1 metr ic  ton  of 

i r r a d i a t e d  uranium w i l l  occupy 3 l i t e r s  of  column volume.3) 



7. SEPARATION OF CURIUM FROM AMERICIUM 

7.1 Previous Work 

No experimental work was done in this program, but a number of 

separations have been reported in the literature. Some of these are 

briefly discussed here. 

Burney22 separated americium from curium by precipitating the 

americium as K~Am02(C03)3 from a potassium carbonate solution. The 

curium remained in the solution as a soluble carbonate complex. 

Ion exchange processes have been used by most other investigators; 

Wheelwright and Roberts23 used 50 to 100 mesh Dowex 50 x 8 and tested 
ethylenediaminetetraacetic acid (EDTA), hydroxyethylenediaminetriacetic 

acid (HEDTA), nitrilotriacetic acid (NTA), u hydroxisobutric acid, and 

DTPA as eluting agents. DTPA was chosen for separating americium and 

curium from the lanthanides and NTA for separating americium from curium. 

When DTPA was used, the elution sequence was curium, americium, gadolinium, 

europium, samarium, and yttrium; when NTA was used, it was yttrium, curium, 

gadolinium (americium-europium), and samarium. A zinc barrier ion was 

used. The elutions were troubled by the formation of radiolytic gas 

bubbles, but the separations were successful. 

The problem of radiolytic gas bubbles can be largely eliminated by 

using t h e  high pressure ion exchange technique described by Cambell and 

Euxton2' and Cambell.25 T h e  ion exchange resin used in this method has 

a very small particle size (%40 pm in diameter), which speeds equilibra- 

tion, produces sharper separations, and allows higher eluent flow rates. 

The high pressure required to force the eluent through the column at a 

reasonable rate increases the solubilities of the radiolytic gases, 

causing them to stay in solution. 

A high pressure ion exchange process was used by Lowe et d.26 to 

separate curium from fission product lanthanides and from americium. 

The process used Dowex 50 x 8 resin of 25- to 50-pm size and an eluent 

consisting of 0.05 MDTPA adjusted to a pH of 6.0 with ammonium hydroxide. 

Four 4-Et-long columns in series, respectively 4, 3 ,  2, and 1 in. in 

diameter, were used. The operating temperature was 7 0 ° C ,  and a zinc 

77 
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b a r r i e r  i o n  w a s  used.  A t t J ' t a l  of 3 kg of curium was s e p a r a t e d  by the 

p rocess .  (The material  was produced by i r r a d i a t i o n  of pluionium and 

con ta ined  a much higher- r a t io  of curium t o  l a n t h a n i d e s  and t o  americium 

t ban expected i n  t h e  Barnwell  w a s t e .  ) 

7 . 2  Choice of E l u t i n g  Agent. lor Flow Sheet 

The cho ice  of t h e  e l u t i - n g  agen t  for t h i s  s t e p  depends on t h e  age 

of t h e  waste be ing  processed - more p a r t i c u l a r l y ,  on t h e  amount of 

r a d i o a c t i v e  y t t r i u m  p r e s e n t  i n  t h e  waste. When o l d  waste i s  used ,  no 

r ad ioac t i . ve  y t t r i u m  i s  p r e s e n t .  New w a s t e ,  however, c o n t a i n s  an  appre-- 

c i a b l e  amount of 9 1 ~ .  

I f  o l d  w a s t e  is  be ing  p rocessed ,  N'L'A i s  t h e  b e s t  cho ice  of e l u t i n g  

agen t .  The s ina l l  amount of gadolinium p r e s e n t  f -a l ls  between t h e  

ameri-cium and curium and a i d s  s e p a r a t i o n .  The f a c t  t h a t  y t t r i u m  f a l l s  

immediately b e f o r e  curium i n  e l u t i o n  sequence w i t h  NTA, caus ing  rela- 

t i v e l y  poor y t t r i u m  decontaminat ion i n  the i.on exchange p rocess  and a 

f r a c t i o n  of a p e r c e n t  of y t t r i u m  i n  t h e  curium, can be ignored when no 

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

I f  n e w  w a s t e  i s  b e i n g  p r o c e s s e d ,  the p resence  of 91Y w i l l  impose 

~ 1 1 e  requirement  of a h i g h e r  decontaminat ion f a c t o r .  'This can be achieved 

by (1) e n s u r i n g  a h i g h e r  d.econtamination f a c t o r  i n  t h e  sol-vent e x t r a c t i o n  

s t e p  or ( 2 )  u s i n g  a d i f f e r e n t  e l u t i n g  agen t .  Yttr ium decontaminat ion 

f a c t o r s  of >100,000,000 have been c a l c u l a t e d  f o r  TALSPEAK e x t r a c t i o n  

w i t h  yttri.um-fi-ee e x t r a c t a n t ,  b u t  because of t h e  c o s t  of removing t h e  

y t t r i u m  from t h e  e x t r a c t a n t  on ly  p a r t i a l  removal i s  pl-anned; t h e  decon- 

t amina t ion  f a c t o r  i s  2200 ( t h i s  could be  i n c r e a s e d  by us ing  a g r e a t e r  

volume of a c i d  i n  t h e  e x t r a c t a n t  recovery s t e p ) .  The u s e  of DTPA as 

t h e  e l u t i n g  a g e n t  w i l l  a l l ow a h igh  y t t r i u m  decontaminat ion f a c t o r  t o  

be achieved i n  t h e  i o n  exchange p rocess .  While the americium-curium 

s e p a r a t i o n  is  n o t  as s h a r p ,  i t  i s  adequate  i f  h i g h  p r e s s u r e  i o n  exchange 

i s  used. 
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7.3  Flow Shee t  Recommendations 

Detai ls  of t h e  i o n  exchange p r o c e s s  are l e f t  t o  e x p e r t s  i n  t h e  

f i e l d .  The s i z e  of t h e  o p e r a t i o n  has  been e s t i m a t e d  u s i n g  d a t a  from 

s i m i l a r  p rocesses .  

The volume of t h e  r e s i n  bed r e q u i r e d  was assumed t o  be  p r o p o r t i o n a l  

t o  t h e  t o t a l  number of moles of l a n t h a n i d e s  p l u s  curium and americium 

handled  i n  one ba tch .  Volumes t aken  f r o m  t h e  d e t a i l e d  flow s h e e t  cal- 

c u l a t i o n s  of Ref.  4 l e a d  t o  a n  estimate of 7.5 l i ters  e l u t i n g  s o l u t i o n  

from 1 metric t o n  of uranium; d a t a  from R e f .  26 lead t o  a n  estimate of 

15 l i t e rs .  S i m i l a r  s c a l i n g  c a l c u l a t i o n s  from R e f .  4 i n d i c a t e  t h a t  

9 1  l i t e r s  of h igh  l e v e l  w a s t e  (HLW) and 46 l i t e r s  of i n t e r m e d i a t e  l e v e l  

l i q u i d  waste (LLLW) will be produced p e r  metric ton  of uranium. These 

are tot .a l  volumes and i n c l u d e  column r e g e n e r a t i o n  and washing. 

These c a l r u l a t i o n s  w e r e  made assuming t h a t  t h e  w a s t e  has t h e  

americium c o n t e n t  g iven  i n  Tab le  1, which i s  t h e  c o n t e n t  t h a t  would 

be  p r e s e n t  i n  the F i r s t  waste produced by t h e  Barnwell  p l a n t .  It w i l l  

b e  produced from f u e l  t h a t  has  decayed f o r  sevcral y e a r s .  Because 241fm, 

t h ~  p r i n c i p a l  i s o t o p e ,  i s  produced by t h e  decay of 241Pu i n  t h e  f u e l  rod ,  

t h e  americium c o n t e n t  of t h e  w a s t e  depends 011 t h e  decay t i m e  b e f o r e  f u e l  

r ecove ry  p rocess ing .  If o n l y  90 days  ( r a t h e r  t h a n  several y e a r s )  w e r e  

a l lowed b e f o r e  r ep rocess ing ,  t h e  americiurri c o n t e n t  would b e  l o w e r  by a 

f a c t o r  of n e a r l y  4 .  Because americium i s  t h e  p r i n c i p a l  material in t h e  

ion  exchange p r o c e s s ,  t h e  r e s i n  and s o l u t i o n  volumes are approximate ly  

p r o p o r t i o n a l  t o  t h e  amount of americium p r e s e n t .  





8. TIME REQUIRED FOK OPERATION OF PROCESS 

The e s t i m a t e d  t i m e s  r e q u i r e d  f o r  t h e  s t e p s  i n  t h e  f low s h e e t  a r e  

l i s t e d  i n  Table  31.  Allowances w e r e  made f o r  t r a n s p o r t  o f  material ,  

f i l l i n g  and d r a i n i n g  equipment, e tc .  I d e a l l y ,  a l l  u n i t s  of equipment 

would be o p e r a t e d  c o n t i n u o u s l y ,  w i thou t  s t o r a g e  of i nven to ry  between 

s t e p s .  Th i s  can  be  achieved  i f  t h e  s t e p s  are of t h e  s a m e  d u r a t i o n .  

The b o i l e r  used f o r  a c i d  v a p o r i z a t i o n  cannot be  reused  u n t i l  reso-  

l u t i o n  and f i l t e r i n g  are complete;  t h u s ,  t h e  t i m e s  for t h e s e  s t e p s  w e r e  

summed. The t i m e s  i n  Table  31 are t h e n  approximate ly  t h e  same except 

f o r  t h o s e  e s t i m a t e d  f o r  s o l u t i o n  and e x t r a c t i o n .  The s o l u t i o n  equip- 

ment w i l l  be  compara t ive ly  inexpens ive  and will c o n s i s t  of a t ank  and 

a g i t a t o r .  Consequently,  t h e  c a p i t a l  c o s t  w i l l  n o t  be  g r e a t l y  i n c r e a s e d  

i f  t h i s  u n i t  i s  l a r g e r  t h a n  would be n e c e s s a r y  i f  i t  w e r e  ope ra t ed  con- 

t i n u o u s l y .  

t h a t  r e q u i r e d  € o r  t h e  o t h e r  s t e p s ;  t o  make cont inuous  o p e r a t i o n  p o s s i b l e ,  

two s m a l . 1  b a t c h e s  w i l l  be processed  i n  t h i s  s t e p  f o r  each  b a t c h  passing 

th rough t h e  earlier s t a g e s .  

The t i m e  r e q u i r e d  f o r  s o l v e n t  e x t r a c t i o n  i s  roughly  h a l f  

Tab le  31. T i m e s  r e q u i r e d  f o r  p rocess  s t e p s  

P rocess  s t e p  T i m e  r e q u i r e d  
( h r )  

-- I_ __-- 
V a p o r i z a t i o n  of a c i d  
R e s o l u t i o n  of l a n t h a n i d e s  and a c t i n i d e s  
F i l t e r i n g  

O x a l a t e  p r e c i p i t a t i o n  
C a l c i n i n g  
S o l u t i o n  
E x t r a c t i o n  
Loading r e s i n  
I o n  exchange 

T o t a l  t i m e  p e r  b a t c h  f o r  b o i l e r  

2 .5  
0.1 
0.5 
3.1 
3 
2.5 
0.7 
1.6 

a 

__ 

n 

-- 
a Not de te rmined .  
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9 .  WASllE MANAGEMENT 

9 . 1  P rocess  Wastes 

9 .1 .1  N i t r i c  ac.i.d wastes ___ 

Apprec iab le  volumes of r i i t r  i c  a c i d  s o l u t i o n s  are produced a t  t h r e e  

p o i n t s  i n  t h e  f low s h e e t :  

1. d u r i n g  d i s t i l l a t i o n  o f  a c i d  from t h e  o r i g i n a l  Purex waste, 

2.  d u r i n g  o x a l a t e  p r e c i p i t a t i o n ,  and 

3 .  d u r i n g  t h e  s o l v e n t  r ecove ry  p rocess .  

In a l l  t h r e e  cases, r ecove ry  by d i s t i l l a t i o n  i s  p o s s i b l e .  

The a c i d  removed from t h e  o r i g i n a l  Piirex w a s t e  w i l l  be contaminated 

by lo6Ru,  which v o l a t i l i z e s  t o  some degree  as RuO4,  and by e n t r a i n e d  

d r o p l e t s  of t h e  r i s s i o n  productr s o l u t i o n .  The l a t t e r  can be c o n t r o l l e d  

i n  t h e  d e s i g n  of t h e  d i s t i l l a t i o n  p rocess .  It i s  e s t ima ted  t h a t  t h e  

w a s t e  from 1 m e t r i c  t o n  of uranium w i l l  produce 480 l i ters  o f  3 S  M 

IZN03, which w i l l  c o n t a i n  1680 moles o r  1.06 kg o f  n i t r i c  a c i d .  

The o x a l a t e  p r e c i p i t a t i o n  w i l l  produce 1792 l i ters of 0.75 M H N O j .  

This  s o l u t i o n  w i l l  be  0.075 1?1 i n  o x a l i c  a c i d  and w i l l  c o n t a i n  most of 

t h e  1 3 7 C s  and 9 0 5 r  from t h e  o r i g i n a l  waste, as w e l l  as small amounts of 

l o 6 R u  and i r o n .  During d i s t i l l a t i o n ,  up t o  20% of t h e  n i t r i c  a c i d  w i l l  

be  des t royed  by r e a c t i o n  w i t h  t h e  o x a l i c  a c i d .  The remaining n i t r i c  

a c i d  c o n t e n t  w i l l  be  1073 g-moles o r  68  kg. 

The s o l v e n t  r ecove ry  p r o c e s s  w i l l  produce 2500 l i t e rs  of 6 . 3  M 

H N 0 3 ,  which w i l l  c o n t a i n  e s s e n t i a l l y  all of the  l a n t h a n i d e s  and y t t r i u m ,  

about  20% of t h e  americium and Curium, and s m a l l  amounts of 90Sr  and 

sodium. The n i t r i c  a c i d  c o n t e n t  w i l l  be  15,840 g-moles o r  992 kg. 

The n i t r i c ,  a c i d  recovered  from the a c i d  removal and o x a l a t e  pre- 

c i p i t a t i o n  s t e p s  can be  used as makeup a c i d  i n  t h e  s o l v e n t  recovery  

p r o c e s s ,  because t h e  ruthenium contaminat ing  t h e  a c i d  has a l o w  d i s t r i -  

b u t i o n  c o e f f i c i e n t  i n  t h e  11I)EHP-nitric a c i d  e x t r a c t i o n  system and good 

ruthenium decontaminat ion  i s  achieved  i n  t h e  i o n  exchange p rocess .  T h e  

a c i d  removal s t e p  a l o n e  w i l l  p rov ide  s u f f i c i e n t  makeup acid f o r  t he  o t h e r  

t w o  s t e p s  i€ the  ave rage  a c i d  recovery  f o r  a l l  t h r e e  s t e p s  is  a t  least  

Y 5 X  e f f i c i e n t .  
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9.1.2 Residue - from a c i d  removal - 

The r e s i d u e  remaining a f t e r  a c i d  removal w i l l  c o n s i s t  of o x i d e s ,  

hydroxides ,  and phosphates  and w i l l  c o n t a i n  e s s e n t i a l l y  a l l  of t h e  

zirconium, niobium, and molybdenum and most of t h e  c o r r o s i o n  p roduc t s  

and n o b l e  metals.  The waste from 1 m e t r i c  t o n  of recovered material 

w i - 1 1  produce from 20 t o  30 kg of mater ia l ,  depending on t h e  deg ree  of 

h y d r a t i o n  and t h e  completeness of removal of t h e  c o r r o s i o n  p roduc t s  

and nob le  metals. 

9 .1 .3  TALSPEAK e x t r a c t i o n  w a s t e s  ..__ ___ 

The l a r g e s t  s i n g l e  w a s t e  stream from t h e  Flow s h e e t  i s  t h a t  r e s u l t -  

i n g  from l o a d i n g  t h e  r e s i n .  It c o n t a i n s  b o t h  t h e  used TALSPEAK aqueous 

phase and t h e  res i -n  wash l i q u i d .  The w a s t e :  from 1 metr ic  t o n  of uranium 

w i l l  produce 2530 l i t e rs ,  c o n t a i n i n g  191  kg of g l y c o l i c  a c i ~ d ,  1 3 7  kg of  

NasDTPA, and 79 kg of n i t r i c  a c i d .  (Recovery of t h e  DTPA and t h e  g l y c o l i c  

aci.d i.s t h e o r e t i c a l l y  p o s s i b l e ,  b u t  no technology i s  c u r r e n t l y  a v a i l a b l e . )  

Complete e v a p o r a t i o n  and ineinei:ati.on would reduce t h i s  resi .due t o  30 kg 

of sodium i o n  p l u s  the a s s o c i a t e d  anion, assuming t h a t  a l l  of t h e  sodium 

remained i n  t h i s  waste s o l u t i o n .  
* 

The o r g a n i c  phase can be r eused  many ti.mes, b u t  t h e  IiIlECIP will 

e v e n t u a l l y  d e t e r i o r a t e  i n  t h r e e  ways. 

1. A slow h y d r o l y s i s  t o  mono(2-ethylhexy1)phosphoric a c i d  w i l l  take 

p l a c e .  T h i s  monoester i s  somewhat s o l u b l e  i n  t h e  TATSPEAK aqueous 

phase and w i l l  be  removed i n  t h e  extrac-tioci p rocess .  

2. Some HDEHP w i l l  be  l o s t  because of d i r e c t  s o l u b i l i t y  i n  t h e  aqueous 

phases .  

3. The c a p a c i r y  of t h e  HDEHP w i l l .  be  reduced by t h e  accumulat ion of 

s u b s t a n c e s  w i t h  ve ry  h igh  d i s t r i b u t i o n  c o e f f i c i e n t s  - p r i n c i p a l l y  

i r o n ,  which wi.l.1 e n t e r  t h e  system as s t r a i n l e s s  s t ee l .  equipment 

co r rodes  and traces of t h e  i r o n  i n  t h e  purex w a s t e  may p a s s  t h e  

f eed  p r e p a r a t i o n  s t e p s  i n  t race amounts. 

Jx 
A small  amount of sodium w i l l  be removed i n  t h e  TALSPEAK e x t r a c t i o n  

and w i l l  accompany t h e  l a n t h a n i d e  w a s t e ,  and a small  amount w i l l  be  sorbed 
by t I w  i o n  exchange r e s i n  and w i l l  b e  found i.n t h e  w a s t e  from t h a t  p rocess .  
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In addition, decomposition will be caused by ionizing radiation. The 

damage rate will depend on the age of the waste processed; the intensity 

will be % 1 . 4  Wlliter with l-year-old waste and 0.06 W/liter with l0-year- 

old waste. 

HDEHP, but impurities will accumulate, and eventually the HDEWP must 

be  purified or replaced. 

These effects can be counteracted by the addition of pure 

In an attractive method of purification described by Partridge and 

Jen~eti,~~ the compound Cu(DEHP)2 is formed by contacting a 1 M HDEHP 

solution with cupric hydroxide slurry. The Cu(DEHP)2 is precipitated 

by adding acetone, and contact with a strong mineral acid releases pure 

HDEHP. Results from tests conducted with an HDEHP solution containing 

monoester, neutral organic impurities, and iron indicated a chemically 

pure product. It may also he possible to use the gadolinium-HDEHP com- 

pound observed in this work (Sect. 5 .4 .4 )  for HDEHP purification. The 

cost of any solvent recovery process must be weighed against the cost 

of simply replacing the solvent. 

In any case, some contaminated liquid organic waste will be pro- 

duced. This will require incineration either on- o r  off-site. 

9.1.4 _- Ion exchange process wastes- 

The estimated amounts of liquid wastes from ion exchange are 

91 liters of HLW and 46 liters of ILLW for the waste from 1 metric ton 

of uranium, assuming that curium alone is recovered. These wastes will 

contain 80% of the americium, small amounts of lanthanides, sodium, and 

zinc, and the complexing agent. The volume can be reduced by evapora- 

tion and the complexing agent destroyed by oxidation. 

The principal nondestructible substance present is americium; if 

the Rarnwell waste (Table 1) is used, 420 g of americium will be present. 

However, as noted in Sect. 7 . 3 ,  the amount of americium 1s dependent. on 

the age of the waste. Thus, the amount of americium present may vary 

greatly. If a decision were made to recover americium as a by-product, 

the volume of liquid would be increased. 

The ion  exchange resin can be reused a number of times but must 

eventually be replaced (no data are available for estimating the resin's 

useful life). The contaminated resin will be incinerated. 
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9 .1 .5  Gaseous e f f l u e n t s  
_..............-I ~_____ 

Smal.1. amounts of n i t r o g e n  ox ides  w i l l  be  produced du r ing  a c i d  

v a p o r i z a t i o n .  The c a l c i n i n g  of t h e  l a n t h a n i d e - a c t i n i d e  oxalates and 

t h e i r  d i s s o l u t i o n  i n  t h e  TALSPEAK aqueous phase  w i l l  produce 9320 l i t e rs  

of mixed CO and C02-,  which wil.1- be  fi.Ltered t o  remove rad ioac . t ive  d u s t  

p a r t i c l e s  b e f o r e  t h e  CO i s  burned t o  CO2. Comparatively s m a l l  amounts 

of contaminated a i r  w i l l  a l s o  b e  produced and must be f i l t e r e d .  

9 . 2  U l t i m a t e  S o l i d  Wastes 

A f t e r  a l l  s o l u t i o n s  are evapora ted ,  a l l  0rgan:i.c:. w a s t e s  burned ~ and 

a l l  n i t r a t e s  c a l c i n e d ,  t h e  a d d i t i o n a l  s o l i d  waste w i l l  be  30.4 kg of 

sodium i o n  f o r  t h e  waste from 1 metr ic  ton  of recovered  f u e l .  S m a l l  

q u a n t i . t i e s  of s u l f a t e  and phosphate  i o n  w i l l  be  added when t h e  i o n  

exchange r e s i n  and t h e  HUEHP e x t r a c t a n t  are i n c i n e r a t e d .  The 54 kg 

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

a l s o  be  p r e s e n t .  

9 .3  Waste Management O p p o r t u n i t i e s  

The g r e a t e r  p a r t  of t h e  1 3 7 C s  and 9 0 S r  w i l l  b e  found i n  t h e  super-  

n a t e  from o x a l a t e  p r e c i p i t a t i o n ;  t h e s e  two i s o t o p e s  and their  shor t -  

l i v e d  daugh te r s  account  f o r  >90% of t h e  h e a t  genera ted  by f i s s i o n  

p roduc t s  i n  10-year-old waste and t h e  137Cs and i t s  daughter  account  

f o r  most o F  t h e  hard  gamma r a d i a t i o n .  The s o l u b i l i t y  of most cesium 

compounds a l s o  creates problems i n  forming l e a c h - r e s i s t a n t  material  

f o r  w a s t e  s t o r a g e .  

the f i x i n g  arid s t o r a g e  of t h e  o t h e r  f i s s i o n  products .  

S t o r i n g  t h e  1 3 7 C s  and 9 0 S r  s e p a r a t e l y  would s i m p l i f y  

The w a s t e  f rom t h e  s o l v e n t  recovery  p r o c e s s  c o n t a i n s  a r e l a t ive ly  

p u r e  l a n t h a n i d e  f r a c t i o n .  T h i s  should  allow s y n t h e s i s  of s p e c i f i c  com- 

pounds of 1 ow s o l u b i l i t y  f o r  l a n t h a n i d e  waste s to rage .  



10. SUMMARY 

A flow sheet has been designed for the recovery of curium from 

nuclear waste, and the principal process s t e p s  have been investigated 

on a laboratory scale to determine conditions for successful operation. 

It was assumed that the nuclear waste used in this process will come 

from the fuel recovery plant planned for Barnwell, South Carolina. 

Thus, the process was designed to handle waste containing a significant 

amount of gadolinium (added as a nuclear poison) and an abnormally large 

amount of americium (produced by several years’ decay of 241Pu). 

The nitric acid is distilled from the nuclear waste at reduced 

pressure. The lanthanide and actinide nitrates are leached from the 

resulting solid cake (molybdenum, zirconium, niobium, and most of the 

noble metals and corrosion products remain in the insoluble waste). 

The solution is acidified to 1.0 M with nitric acid and the lanthanides 

and trivalent actinides are precipitated as oxalates, which are then 

calcined to oxycarbonates. 

The oxycarbonates are dissolved in the aqueous phase of the TALSPEAK 

extraction process, and differential extraction is used to extract the 

lanthanides from the actinides. The aqueous phase consists of 0.106 M 

Na5DTPA in 1.0 M glycolic acid; the organic phase, of 40 vol X HDEHP in 

DEB. The lanthanides and yttrium are stripped from the extractant with 

6.5 M nitric acid, and the actinides, which remain in the aqueous phase, 

are loaded directly onto Dowex 50 x 8 resin after the solution pH is 

adjusted to 1. 

The curium is separated from the americium and from remaining 

traces of lanthanides by a high pressure ion exchange process. 

expected losses of curium for each step of the flow sheet are given in 

Table 32. 

The 
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Table 32, Expected curium losses 
.- .- .... ......... ......... - ..... 

Process step Expected loss 
( 2 )  

Acid vaporization 0 
Leaching of cake 0.5 
Oxalate precipitation 0.5 
TALSPEAK extraction 21 
I o n  exchange 0- 5a 

Total 22-27 
- ._ I 

a The separation of curium from americium 
was not tested. 
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