
b." ---F-' 

ORNL-2173 

PROGRESS REPORT ON S E P W T I O N  ANlD 

A E  LIQUORS BY THE 

AMEX PROCESS 
v. 3. cmme 

8. 
b. 

CENTRAL RESEARCH LIBRARY 
DOCUMENT COLLECTION 

- 
L L I A R Y  LOAN COPY 

DO -NOT TRANSFER TO ANOTHER PERSON 

If you wish someone else to see this document, 
send in name with document and the library will 
arrange a loan. 

GE NATIONAL LABORATORY 
OlPQRAT'ED BY 

UNCOM CARBIDE NUCLEAR COMPANY 

em 
A Division of Urnion Carbide and Carbm Corpolratien 

-ST OFFICE BOX X OAK RIDGE, TENNESSEE 



c 

I !  



UNCLASSIFIED 
ORNL-2173 
Chemistry 

Contract No., W-7405-eng-26 

CHEMICAL TECHNOLOGY DIVISION 

Chemical Development Section C 

PROGRESS REPORT ON SEPARATION AND RECOVERY 

OF URANIUM AND THORIUM FROM 

SULFATE LIQUORS BY THE AMEX PROCESS 

D, J. Crouse 
K. B .  Brown 
W. Do Arnold 

Date Issued 

DEC 2 6  1956 

OAK RIDGE NATIONAL LABORATORY 
Operated by 

UNION CARBIDE NUCLEAR. COMPANY 
A Division of Union Carbide and Carbon Corporation 

Oak Ridge, Tennessee 
i 

UNCLASSIFIED I 





UNCLASSIFIED -iii- 

1. 
2. 
3. 

75 
6. 

7-26. 
27 
28. 
29 
30 
31 
32 
33 

34-35 9 
36 
37 
38 a 
39 
40 
41. 
42 
43 
44. 
45 
46. 
47 
48. 

INTEREaAL DISTRIBUTION 

ORNL-2173 
Chemistry 

C. E. Center 
Biology Library 
Health Physics Library 
Central Research Library 
Reactor Experimental 
Engineering Library 
Laboratory Records Department 
Laboratory Records, ORNL R.C. 
A. M. Weinberg 
L, B. Emlet (I(-25) 
Je P. Murray (Y-12)  
J. A. Swartout ' 
E, H. Taylor 
E. D, Shipley 
F. L. Culler 
M. L. Nelson 
W. H. Jordan 
C. P, Keim 
J. H. Frye, Jr. 
S, C. Lind 
A. H. Snell 
A. Hollaender 
M. T. Kelley 
I(. 2. Morgan 
T. A. Lincoln 
R. S. Livingston 
A. S. Householder 
c. s. Harrill 

49. C. E. Winters 
50. D. W. Cardwell 
51. E. M. King 
52. W, Ke Eister 
53. F. R, Bruce 
54, D, E. Ferguson 
55. R. B, Lindauer 
56, H, E. Goeller 
57. D, D. Cowen 
58. R. A, Charpie 
59. J. A. Lane 
60. M. J. Skinner 
61, RY E. Blanco 
62. G. E. Boyd 
63. We E. Unger 
64. R. R. Dickison 
65. A,  T. Gresky 
66. E. D. Arnold 
67. C, E. Guthrie 
68. J. W. Ullmann 
69, K. B. Brown 
70. K. 0, Johnsson 
71. H, M, McLeod 
72. W. De Arnold 
73. M. Benedict (consultant) 
74. D. L, Katz (consultant) 
75. C. E, Larson (consultant) 
76. G. T. Seaborg (consultant) 
77. ORNL - Y-12 Technical Library, 

Document Reference Section 

EXTERNAL DISTRIBUTION 

78. R. F. Bacher, California Institute of Technology 
79. L. Squires, duPont Company, Wilmington 
80. Division of Research and Development, AEC, OR0 

81-665. Given distribution as shown in TID-4500 (12th ea.) under Chemistry category 
(200 copies - OTS) 

DISTRIBUTION PAGE TQ. BE REMOVED IF REPORT IS G I V E 3  PUBLIC DISTRIBUTIOR 

UNCLASSIFIED 



.- 

S 

P 



' i  
/. 
. . .  . . .  . -v.- 

4 

CONTENTS 
Page 

0.0 ABSTRACT.. ........................................ 1 

2.0 'SUMMARY ........................................... 3 

3.1 Extraction of Uranium and Thorium.. O O O . O  5 

3.1.1 Separation of Uranium from Thorium 
by Selective Uranium Extraction. a . e . 0 o  5 

Synthetic Sulfate Liquors. ............ 8 
3.1.2 Extraction of Thorium from 

3-1.3 Separation of Thorium from Uranium 
by Selective Thorium Extraction. ., . 8 

3.2 Thorium Stripping.... ........................ 16 

Chloride Salt Solutions...... ......... 16 3.2.1 Stripping,with Nitrate or 

3.2.2 Stripping with Sod'ium 
Carbonate Solutions. .................. 19 

4.0 CONTINUOUS COUNTERCURRENT TESTS... ................ 19 
4.1 Uranium Recovery CycleoODO..OOOOOO.. ......... 21 
4.2 Thorium Recovery Cycle. O . O o  e O . O O . . O O o O . O O O  * . .  26 

5.0 ESTIMATED REAGENT COSTS. .......................... 30 

5,l Uranium Recovery Cycle ....................... 30 

5,2 Thorium Recovery Cycle, ...................... 30 

APPENDIXES 

A, Design and Operation of the 
3.4 Magnesium Oxide Stripping System. . . . . . . . . . . . . . .  

Bo Description of Reagents, o .  e . ., ., e o .  36 





- 1 -  

0 . 0  ABSTRACT 

.. 

The amine e x t r a c t i o n  (Amex) p r o c e s s  
c a n  be used  e f f e c t i v e l y  f o r  t h e  e x t r a c t i o n  
and  s e p a r a t i o n  of  uranium and tho r ium from 
s u l f a t e  l i q u o r s  i n  which t h e s e  metals co- 
exist , ,  With p r o p e r  c h o i c e  of  r e a g e n t s ,  
e i t h e r  uranium or  tho r ium c a n  b e  e x t r a c t e d  
f i r s t  and  t h e  o t h e r  e x t r a c t e d  i n  a second  
c y c l e .  Reagent  cos t s  are  e s t i m a t e d  t o  be 
l o w  f o r  b o t h  t h e  uranium and tho r ium r e c o v e r y  
c y c l e s  

1 0 INTRODUCTION 

E x t e n s i v e  s t u d i e s  on t h e  r e c o v e r y  o f  uranium and o t h e r  
metals from a c i d  l i q u o r s  by e x t r a c t i o n  w i t h  l o n g  c h a i n  amines  
i n  h y d r o c a r  on d i l u e n t s  (Amex p r o c e s s )  have been  r e p o r t e d  
previously.!1-6) 
on t h e  Amex p r o c e s s  w i t h  r e g a r d  t o  its a p p l i c a t i o n  f o r  t h e  
s e p a r a t i o n  and r e c o v e r y  o f  uranium and tho r ium from s u l f u r i c  
a c i d  o r e ’ l e a c h  l i q u o r s  i n  which t h e s e  t w o  e l e m e n t s  c o e x i s t .  

The p r e s e n t  r e p o r t  d e s c r i b e s  f u r t h e r  s t u d i e s  

S i n c e  t h e  known o c c u r r e n c e s  o f  t ho r ium i n  a p p r e c i a b l e  
c o n c e n t r a t i o n  i n  d o m e s t i c  uranium ores are r e l a t i v e l y  r a r e ,  
t h e  p r o c e s s e s  u s e d  o r  b e i n g  deve loped  f o r  domestic a p p l i c a -  
t i o n  have n o t  been  f a c e d  as  y e t  w i t h  t h e  problem o f  s e p a r a t -  
i n g  and  r e c o v e r i n g  b o t h  metals. T h i s  problem,  on t h e  o t h e r  
h a n d ,  is of  c o n s i d e r a b l e  impor t ance  i n  t h e  p r o c e s s i n g  of  
c e r t a i n  Canadian ores. Large b o d i e s  of  uranium-thorium ores ,  
r e c e n t l y  d i s c o v e r e d  i n  t h e  B l i n d  R i v e r  d i s t r i c t ,  are now 
b e i n g : t r e a t e d  by a p r o c e s s  which i n c l u d e s  s u l f u r i c  ac id  
l e a c h i n g ,  c o u n t e r c u r r e n t  d e c a n t a t i o n  and  f i l t r a t i o n  t o  o b t a i n  
a c lear  l e a c h  l i q u o r ,  and  s r t i o n  of  uranium on a n i o n  
exchange  r e s i n s  i n  columns r7P The s u l f u r i c  ac id  l e a c h i n g  
s t e p  d i s s o l v e s  almost a l l  t h e  uranium and a n  a p p r e c i a b l e  
amount o f  t ho r ium from t h e  ore., The a n i o n  exchange  s t e p  is 
e f f e c t i v e  f o r  a c h i e v i n g  comple t e  uran ium r e c o v e r y  from t h e  
l e a c h  l i q u o r s ,  b u t  i t  is n o t  e f f i c i e n t  i n  s e p a r a t i n g  t h e  
uranium from t h e  tho r ium,  The t h o r i u m  c o n t e n t  of  t h e  uranium 
c o n c e n t r a t e  is s u f f i c i e n t l y  h i g h  t o  c a u s e  s e r i o u s  problems i n  
e x i s t i n g  r e f i n i n g  p l a n t s  where t h e s e  p r o d u c t s  are  f u r t h e r  
p r o c e s s e d  i n t o  p u r e  uranium compounds and metals. ( 8, Also,  
p r o v i s i o n  f o r  r e c o v e r i n g  tho r ium a s  a v a l u a b l e ,  or  p o t e n t i a l l y  
v a l u a b l e ,  by-product  f rom t h e  B l i n d  R i v e r  ores h a s  n o t  been  
made 

I n  t h e  c o u r s e  of p r e v i o u s  s t u d i e s  on t h e  Amex p r o C e s s ,  
t h e  e x t r a c t i o n s  of numerous metals, i n c l u d i n g  tho r ium from 
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sulfate solutions were investigated. It was found that cer- 
tain amines which possessed high uranium extraction power 
had negligible extraction power for thorium. Also, it was 
found that certain other amines were effective extractants , 

for thorium, 'the extraction coefficients being higher, in 
some cases much higher, than those for uranium. The variation 
in extraction performance of the different amines could be 
correlated with variations in the compound type and structure. 
On the basis of these observations a promising process was 
developed for the recovery of thorium and uranium from 
sulfuric acid digests of monazite sand. ( 3 )  
studies were also made on liquors of the composition that 
might be derived from Blind River type ores, and effective 
thorium-uraniumLseparations were demonstrated.(2) 

Preliminary 

The intent of the present studies has been to evaluate 
more closely the feasibility and economics for applying the 
amine extractants to the recovery and separation of uranium 
and thorium from liquors of the Blind River type. Two 
general process possibilities have been considered: (1) the 
extraction of uranium in a first cycle with subsequent ex- 
traction of thorium and (2) extraction of thorium in the pri- 
mary-cycle with subsequent extraction of uranium. The 
results from this work may also be used in evaluating a 
combination of solvent extraction with present ion exchange 
practice wherein thorium is recovered from the liquor prior 
to or after the uranium separation step, 

Several amines which were expected from earlier work to 
possess favorable properties for the intended application 
were selected for study along with, for purposes of compari- 
son, several compounds which were expected to give relatively 
poor performance. Numerous batch extraction tests .were made 
to compare the extraction abilities of the different reagents 
and to evaluate the importance of several process variables. 
Since samples of uranium-thorium ores or plant liquors were 
not available, all tests were made on synthetic leach solu- 
tions, Preliminary evaluations of three different methods 
for stripping thorium from the organic extracts were also 
made by batch testing. Uranium stripping was not examined 
since several ffective methods have been developed in 
previous ~ork.7~9~96) 
small mixer-settler equipment to demonstrate a two cycle 
Amex process for thorium and uranium recovery under conditions 
of continuous countercurrent operation. Reagent consumptions 
for both the uranium and thorium cycles were estimated from 
the data obtained, 

Finally, a bench-scale run was made in 

Discussions of several topics of general pertinence to 
the use of amines as extraction agents have not been within 
the scope of this report, e.go, availability of different 
reagent types, reagent stability, diluent compatibilities, 
extraction selectivities with regard to other metals, probable 
reactions taking place during extraction and stripping, phase 
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s e p a r a t i o n ,  e t c ,  These  t o p i c s  have been  t r e a t e d  i n  c o n s i d e r -  
a b l e  d e t a i l  i n  p r e v i o u s  r e p o r t s e ( 1 , 2 r 4 9 6 )  
t h a t  t h e s e  r e p o r t s  be r ev iewed  a s  background material f o r  t h e  
p r e s e n t  d i s c u s s i o n s  

I t  is s u g g e s t e d  

2 , O  SUMMARY 

P r e l i m i n a r y  b e n c h - s c a l e  s t u d i e s  have been  comple ted  on 
t h e  u s e  o f  t h e  amine e x t r a c t i o n  (Amex) p r o c e s s  f o r  t h e  
r e c o v e r y  and  s e p a r a t i o n  o f  uranium and tho r ium from s u l f u r i c  
a c i d  ore l e a c h  l i q u o r s  i n  which t h e s e  t w o  e l e m e n t s  c o e x i s t .  

I n  b a t c h  e x t r a c t i o n  tests on a l i q u o r  o f  t y p i c a l  t ho r ium 
o r  uranium c o n t e n t ,  e x c e l l e n t  s e p a r a t i o n  o f  uranium from 
tho r ium w a s  , a c h i e v e d  by s e l e c t i v e l y  e x t r a c t i n g  t h e  uranium 
w i t h  a t e r t i a r y  amine s u c h  a s  t r i ( i s o - o c t y 1 ) -  or t r i - n - o c t y l -  
amine ,  I f  s c r u b b i n g  s tages  were p r o v i d e d ,  o r  i f  t h e  C r g a n i c  
p h a s e  w a s  l o a d e d  t o  n e a r  s a t u r a t i o n  w i t h  u ran ium,  good 
s e p a r a t i o n s  c o u l d  a l s o  be  o b t a i n e d  w i t h  s e c o n d a r y  amines  i n  
which t h e  a l k y l  c h a i n s  w e r e  b ranched  i n  close p r o x i m i t y  t o  t h e  
n i t r o g e n .  Of t h e  s e c o n d a r y  amines  t e s t e d ,  Amine S-24 w a s  
s u p e r i o r  i n  pe r fo rmance .  

Thorium w a s  e f f i c i e n t l y  r e c o v e r e d  from uranium-bar ren  
l i q u o r s  by e x t r a c t i n g  w i t h  a b ranched  c h a i n  p r imary  amine or 
a s e c o n d a r y  amine w i t h  b r a n c h i n g  a t  a d i s t a n c e  from t h e  
n i t r o g e n ,  Fo r  example ,  Pr imene JM-T ( p r i m a r y )  and  d i ( t r i d e c y 1  P ) -  
amine ( s e c o n d a r y )  w e r e  e f f e c t i v e  e x t r a c t a n t s  i n  t h i s  r e s p e c t ,  
w i t h  t h e  l a t t e r  r e a g e n t  p r e f e r r e d  b e c a u s e  of  lower losses t o  t h e  
aqueous  l i q u o r s  and greater s e l e c t i v i t y  w i t h  regard t o  o t h e r  
metals s u c h  a s  i r o n ( I I I ) ,  E x t r a c t i o n s  o f  t ho r ium w i t h  t h e s e  
r e a g e n t s  would be e q u a l l y  p o s s i b l e  f rom l i q u o r s  t h a t  had been 
p r o c e s s e d  p r e v i o u s l y  f o r  uranium r e c o v e r y  e i t h e r  by Amex o r  
a n i o n  exchange .  Complete  tho r ium e x t r a c t i o n  i s o t h e r m s  were 
d e t e r m i n e d  f o r  t y p i c a l  l i q u o r s  w i t h  0 . 1  M d i ( t r i d e c y 1  P)amine  
i n  k e r o s e n e  a s  t h e  e x t r a c t i n g  s o l v e n t .  Kt t h i s  r e a g e n t  concen-  
t r a c t i o n ,  t h e  i n d i c a t e d  maximum l o a d i n g  o f  t h e  s o l v e n t  w a s  
a p p r o x i m a t e l y  3 g Th p e r  l i t e r .  

The p o s s i b i l i t y  of first s e p a r a t i n g  t h o r i u m  from t h e  
o r i g i n a l  l e a c h  l i q u o r ,  l e a v i n g  uranium f o r  s u b s e q u e n t  r e c o v e r y ,  
w a s  i n v e s t i g a t e d  w i t h  t w o  amines  which had demons t r a t ed  
greater t h a n  a v e r a g e  t h o r i u m  e x t r a c t i o n  power,  i . e .  Primene 
JM-T and  d i ( t r i d e c y 1  P)amine .  F a v o r a b l e  s e p a r a t i o n s  were n o t  
o b t a i n e d  w i t h  t h e  l a t t e r  r e a g e n t ,  t h e  r a t i o  o f  t ho r ium t o  
uranium e x t r a c t i o n  c o e f f i c i e n t s  b e i n g  too l o w  f o r  t h e  d e s i r e d  
p u r p o s e ,  However, w i t h  Primene JM-TP r e a s o n a b l y  e f f e c t i v e  
s e p a r a t i o n  and  r e c o v e r y  o f  t h o r i u m  were shown t o  be p o s s i b l e .  
Thus ,  a n a l y s i s  o f  b a t c h  t e s t  d a t a  i n  terms o f  a c o n t i n u o u s  
c o u n t e r c u r r e n t  p r o c e s s  i n d i c a t e d  t h a t  e s s e n t i a l l y  comple t e  
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t ho r ium r e c o v e r y  a n d  - adequa te  s e p a r a t i o n  from uranium c o u l d  
be accompl i shed  by o p e r a t i n g  unde r  c o n d i t i o n s  which would 
l o a d  t h e  o r g a n i c  phase  t o  n e a r  s a t u r a t i o n  w i t h  tho r ium.  
S i m i l a r  end  r e s u l t s  s h o u l d  be  a t t a i n a b l e  when o p e r a t i n g  a t  
lower l o a d i n g s  by s c r u b b i n g  t h e  s o l v e n t  w i t h  d i l u t e  s u l f u r i c  
acid,  

Thorium c a n  be  s t r i p p e d  from t h e  o r g a n i c  ex t rac t  by 
methods s imi la r  t o  t h o s e  deve loped  ear l ie r  fo r  uranium pro-  
c e s s i n g . ( 4 )  For  example ,  1.0 M s o l u t i o n s  of n i t r a t e  o r  
c h l o r i d e  s a l t s  c o n t a i n i n g  0.05-M s u l f u r i c  a c i d  have  g i v e n  
e f f i c i e n t  removal  of t h o r i u m ,  pFov id ing  p r e g n a n t  s t r i p  
l i q u o r s  c o n t a i n i n g  20-30 g of t h o r i u m  p e r  l i t e r .  Sodium 
c a r b o n a t e  h a s  a l s o  shown promise  a s  a s t r i p p i n g  r e a g e n t ,  

Us ing  d a t a  from t h e  b a t c h  e x p e r i m e n t s  a s  a g u i d e ,  a con-  
t i n u o u s  c o u n t e r c u r r e n t  tes t  o f  t h e  Amex p r o c e s s  f o r  s e p a r a t i o n  
and r e c o v e r y  o f  uranium and t h o r i u m  was made i n  b e n c h - s c a l e  
m i x e r - s e t t l e r  equ ipmen t .  The c o m p o s i t i o n  o f  t h e  s y n t h e t i c  
l e a c h  l i q u o r  u s e d  i n  t h i s  test w a s ,  i n  grams p e r  l i t e r ,  1 , 2  U, 
0.2  Th ,  1 . 0  F e ( I I I ) ,  1 . 0  F e ( I I ) ,  40 SO4;  pH 0 .9 .  Recovery of 
g r e a t e r  t h a n  99 .9% of t h e  uranium and  greater t h a n  99% of t h e  
tho r ium was a c h i e v e d  i n  a two-cyc le  o p e r a t i o n .  I n  t h e  f i rs t  
c y c l e ,  uranium w a s  r e c o v e r e d  by e x t r a c t i n g  i n  3 mixer-settler 
s t a g e s  w i t h  0 . 1  M t r i - n - o c t y l a m i n e  i n  k e r o s e n e  p l u s  3 v % 
t r i d e c y l  a l coho l ,  The-uranium w a s  s t r i p p e d  from t h e  ex t rac t  
w i t h  a n  aqueous  s l u r r y  o f  magnesium o x i d e ,  y i e l d i n g  a p r o d u c t  
c o n t a i n i n g  o n l y  0 .03  - 0.05% Thoz I n  t h e  second  c y c l e ,  
t ho r ium w a s  e x t r a c t e d  from t h e  r a f f i n a t e  of  t h e  uran ium 
r e c o v e r y  o p e r a t i o n  i n  3 mixer-settler stages w i t h  0.05 M 
s o l u t i o n  o f  d i ( t r i d e c y 1  P)amine  i n  k e r o s e n e ,  The t h o r i u m  w a s  
s t r i p p e d  from t h e  ex t r ac t  w i t h  1 . 0  M N a C l  - 0 . 0 5  M H 2 S 0 4  
s o l u t i o n  and  p r e c i p i t a t e d  w i t h  ammozia, The p r o d k t  
p r e c i p i t a t e  t h u s  o b t a i n e d  c o n t a i n e d  o n l y  small  amounts  of 
o t h e r  metal i m p u r i t i e s .  Based on t h e  d a t a  f rom t h e  c o n t i n u o u s  
c o u n t e r c u r r e n t  t e s t ,  i t  w a s  estimated t h a t  t o t a l  r e a g e n t  costs  
might  be  a s  l o w  as  & 7 6 / l b  U,08 f o r  uran ium r e c o v e r y  and  
-13&/1b Thoz f o r  t h o r i u m  r e c o v e r y .  

Con t inuous  t e s t s  have n o t  been  made on  r e c o v e r y  o f  
t h o r i u m  and uranium i n  r e v e r s e  o r d e r  t o  t h a t  d e s c r i b e d  a b o v e ,  
e .g . ,  r e c o v e r y  o f  t h o r i u m  by e x t r a c t i n g  w i t h  a r e a g e n t  s u c h  
as  Primene JM-T and  s u b s e q u e n t  r e c o v e r y  o f  uran ium by one  o f  
s e v e r a l  s u i t a b l e  amine r e a g e n t s ,  ( 4 9 6 )  S i n c e  e x c e l l e n t  s e p a -  
r a t i o n s  are  s o  e a s i l y  o b t a i n e d  by e x t r a c t i n g  uranium w i t h  a 
t e r t i a r y  amine i n  t h e  f i r s t  c y c l e ,  i t  is b e l i e v e d  t h a t  t h i s  
r e v e r s e  s e q u e n c e  would b e  a less f a v o r a b l e  p r o c e s s  a r r a n g e -  
ment.  On t h e  o t h e r  hand ,  m i l l s  u s i n g  a n i o n  exchange  r e s i n s  
f o r  uranium r e c o v e r y  from uranium-thor ium l i q u o r s  are  a l r e a d y  
i n  e x i s t e n c e .  I n s t a l l a t i o n  o f  a p r imary  t h o r i u m  r e c o v e r y  
c y c l e  i n  t h e s e  m i l l s  s h o u l d  be p r o f i t a b l e  s i n c e  i t  would 
e l i m i n a t e  t h e  problem of t h o r i u m  c o n t a m i n a t i o n  i n  p r e s e n t  i o n  
exchange  uranium c o n c e n t r a t e s  and  p r o d u c e ,  a t  t h e  same t i m e ,  



' a valuable thorium by-product. Further attention will be - given to this possibil-ity as a part of a continuing develop- 
merit program on applications for the Amex process. 

Although the experiments described in this report were 
made with liquors of a particular composition ( ~ 1 . 2  g U and 

restricted thus far to one of several process arrangements, 
the data obtained can be extrapolated to considerations of 
other liquors and process modifications,, Also, only a limited 
number of specific amine reagents were selected for study. It 
would be expected, however, that other reagents generally 
similar in type and structure to those tested would give 
similar performance. 

I (~0.2 g Th per liter) and the continuous tests have been 

3.0 'BATCH TESTS 

3.1 Extraction of Uranium and Thorium 

3.1.1 Separation of Uranium from Thorium by Selective 
Uranium Extraction. T h e o t  uranium (and th or ium) 
3rom a 0.5 h! sulfate solution at pH 0.9 containing 1 g U and 
0.5 g Th peF liter was investigated with four different 
amines, i.e, Amine S-24*, tri(iso-octyl)amine, R&H Amine 
9D-178*, and tri-n-octylamine, Uranium-thorium separations 
with the latter tTo compounds from sulfate solutions contain- 
ing 1 g U and 1 g Th per liter have been reported previously.(2) 
Extractions were performed at two different,phase ratios to 
determine in a preliminary manner the degree to which uranium- 
thorium separations might be improved with the various amines 
by increasing the uranium loading in the solvent. 

Very effective separation of uranium from thorium was 
achieved with tri-n-octyl and tri(iso-octyl) amines (Table 1). 
In all tests with Fhese compounds, even in those with lower 
uranium loadings, the thorium reporting to the organic phase 
was below the limit of detection by the analytical methods 
used., Appreciable amounts of thorium were extracted by the 
two secondary amines when the uranium loading was relatively 
low (3a/10) e However, when the uranium loading was increased 
(sa/iO) , thorium contamination of the extract was only Oo5% 
of the uranium content using Amine S-24 and 2% using RCH 
9D-178 amine. More effective thorium decontamination would 

*Structures given in Appendix B, 



TABLE 1. URANIUM-TEORIUM EXTRACTION WITH AMINES 
FROM 0,5 M SULFATE SOLUTION 

~~ 

Aqueous: 1 g U and 0.5 g Th per liter; 0.5 M S O 4 ;  pH 0 . 9  - Organic: 0.1 M amine 
Contact time: 2 min 
Temperature: Room 

- 

Or eanic * 
R&H 9D-178 Amine in kerosene 

+ 2 v % capryl alcohol 

Amine S-24 in kerosene 

Tri-n-octylamine in kerosene 
+ 2-v % capryl alcohol 

Tri( iso-octy1)amine in 
kerosene + 3 v % tridecyl 
alcohol 

Phase 
Ratio 
( a m  

3 

6 

3 

6 

3 

6 

3 

6 

Final Concentra 
Aquc 

U 
DUS 
Th 

-~ 

0.047 

0.29 

0.024 

0.26 

0,011 

0.13 

0.019 

0.18 

*Amine structures are given in Appendix B. 

**Th/U in head liquor 
Th/U in organic 

0.41 

0.46 

0.41 

0.50 

0.47 

0.40*** 

0.49 

0.51 

ion, g, 
Orgai 
U 

2.8 

3 0 7**> 

3.0 

4.5 

2.8 

4.5 

2.8 

4.8 

.iter 

.c 
Th 

0.25 

0.072 

0.26 

O h  

:o. 02 

.o. 02 

0.02 

0.02 

Extraction 
Coef f icienl 

I - 
U 

60 

13 

- 

125 

17 

250 

35 

150 

27 
- 

0.6 

0.16 

0.63 

0.04 

to. 05 

(0.05 

<O. 05 

(0.05 

Thorium 
Decontamination 

Factor** 

6 

26 

6 I 

o\ 

110 I 

> 70 

>110 

>70 

,110 

***Poor material balances. This does not have an important effect on the significance of 
the data, howevers since both phases were analyzed for uranium and thorium. _ I _  

I 4 



be expected at still higher uranium loadings.* Further 
decontamination might also be obtained by scrubbing the 
organic extract with dilute sulfuric acid. In process 
practice, the scrub solution thus produced would be recycled 
to some suitable point in the process stream. 

The differences observed in the effectiveness of uranium 
and thorium separation with the different amines are in 
agreement with those anticipated from earlier studies on the 
selectivity of amines for uranium over other metals as a 
function of amine type and structure. As stated in ORNL- 
19590 "the efficiency with which uranium can be separated by 
amine extractants from the various metal contaminants is 
dependent on a number of factors. The type and structure of 
the extractant is of primary importance, the primary amines 
being generally the least selective and the symmetrical 
tertiary amines** generally the most selective of the reagents 
tested. With secondary amines, branching of the alkyl chains 
on the carbon adjacent to the nitrogen improves the selec- 
tivity over that of amines with no branching or with branching 
farther removed from the nitrogen. Thus, compounds such as 
C&C 16F27 (now Amine S-24) and R&H 9D-178 amine, are super,ior 
in selectivity to compounds such as dilauryl, di(2-butyloctyl) 
and di(tridecy1 P) amines. Also, it has appeared that C 
16F27 (Amine S-24), in which b h chains are branched 8 
first carbon, has somewhat bet T selectivity properti 
R&H 9D-178, in which only one chain is branched at the first 
carbon. 

0 

Primary amines and secondary amines with no branching or 
branching distant from the nitrogen were not included in the 
tests shown in Table 1, As, suggested above, the preferential 
extraction of uranium with these compounds would have been 
poor, As a matter of fact, as described below and as also 

*It should be noted, howeverp that at a phase ratio of 6a/10 
uranium loading of the organic phase was not far from the 
maximum loading achievable with this liquor. Also it should 
be noted that, in a countercurrent extraction system, loading 
is increased at the expense of increasing the number of ex- 
traction stages required for complete uranium recovery. In 
addition, and possibly more important, operation of the system 
in such a manner as to accomplish essentially maximum uranium 
loading of the brganic phase requires extremely careful con- 
trol. The organic and aqueous feed rates must be accurately 
measured and the uranium content of the feed liquor and the 
amine concentration accurately known. In view of these con- 
siderations the more selective tertiary amines described 
above would be operationally superior for this application. 

**Unsymmetrical tertiary amines with three alkyl chains of 
reasonable length should behave similarly. For more complete 
discussions of effects of reagent structure see ORNL-1734, 
-1922 9 -1959, and -2099. 
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indicated by previously reported thorium coefficients , (l) 
some amines of these types can be used effectively as extrac- 
tants for thorium from the sulfate liquors after the uranium 
has been removed. In addition, primary amines’may be used to 
separate thorium selectively from liquors containing both 
uranium and thorium. Such separations are described in 
Sec. 3.1.3 for sulfate liquors and have been previously 
described in ORNL-1859 for sulfate-phosphate liquors obtained 
by sulfuric acid digestion of monazite sand. 

3.1 
Liquors. 
containi 

.2 Extraction of Thorium from Synthetic Sulfate 

ng 0.2 g Th per liter by three different secondary 
Extraction of thorium from synthetic leach liquors 

amines and one primary amine has been studied at pH 0.6 and 
1.0. The results (Table 2) show that effective extraction of 
thorium (E-2>130) was achieved with the primary amine (Primene 
JM-T) and with di(tridecy1 P)amine at both pH values. 
Extraction coefficients with Armeen 212, although somewhat 
lower, were still sufficiently high for potential practical 
application. As expected, much weaker thorium extraction was 
observed with R&H 9D-178 amine (branching close to the 
nitrogen). Had they been tested, still weaker extractions 
would have been shown by secondary amines with even greater 
branching close to the nitrogen (e.g., Amine S-24) and 
tertiary amines such as tri-n-octyl and tri(iso-octyl). - 

The extraction efficiency of Armeen 212 and R&H 9D-178 
amines decreased markedly at increased aqueous acidity. In 
t h e  tests with Primene JM-T and di(tridecy1 P) amines no 
dependable data on the effect of pH change was obtained 
since, in all cases, the concentration of thorium remaining 
in the aqueous phase was either close to or below the limit 
of determination by the analytical methods used. 

decyl P)amine at pH 1.0 and still greater amounts by Primene 
JM-T at both pH levels. In tests with Armeen 212 and R&H 
9D-178, iron extractions were re1 tivel low. These data are 
in conformance with previous data ?1,294y on the dependence of 
Fe(II1) extraction on reagent type and structure.* From a 
process utilization standpoint, it should be pointed out that 
the thorium loading of the extract in all the tests in 
Table 2 was lowp and consequently the iron extraction 
approximated that which would be expected in the raffinate 
end of a countercurrent extraction system. In regions of 
high thorium loading (extract end of the system) the amount 

Appreciable amounts of iron were extracted by di(tri- 

*As described in previous reports( 9 4 9 6 )  the presence of 
alcohol in the diluent markedly decreases .extraction of 
ferric iron. Thus the selectivity with respect to iron 
exhibited by Armeen 212 in these tests is better than would 
be expected, 



I b 

TABLE 2 .  EXTRACTION OF THORIUM FROM A SYNTHETIC 
LEACH LIQUOR WITH AMINES 

I 

Aqueous: 0 .20  g T h ,  1.1 g F e ( I I ) ,  and  0 .9  g F e ( I I 1 )  p e r  ' b i t e r ;  

O r g a n i c :  0 . 1  M amTne i n  k e r o s e n e  
P h a s e  r a t i o :  F/1° 

A s  0.4 M SO, 9 pH 0 .9 ;  B ,  0 .6  - M SO19 pH 0 . 5  

C o n t a c t  t i m e :  5 min 
Tempera tu re :  R o o m  

Amine* 

R&H 9D-178 

Armeen 212** 

I D i ( t r i d e c y 1  P)  

P r i m e n e  JM-T 

R&H 9D-178 

Armeen 212** 

D i (  t r i d e c y l  P)  

P r i m e n e  JM-T 

Aqueous 

A 

A 

A 

A 

B 

B 

B 

B 

F i n a l  
PH 

1 . 0  

1 . 0  

1 . 0  

1 . 0  

0.60 

0.60 

0.60  

0 .60  

Th ,  g / l i t e r  
Aqueous - 

0.027 

0.004 

0.003 

(0.003 

0.097 

0.014 

-c0.003 

40 .003  

O r g a n i c  

0 .34 

0 .40  

0.42 

0 .39  

0.19 

0.36 

0.40 

0.39 

*Amine s t r u c t u r e s  are  g i v e n  i n  Appendix B o  

Fe  i n  
O r g a n i c ,  
g / l i t e r  

0 . 1 1  

0.03 

0.35 

0 . 9 1  

0.026 

0 ,016  

0.047 

0 . 8 1  

Thorium 
E x t r a c t i o n  
C o e f f i c i e n t  

( E a  

1 3  

> .  100  'I 

140 

> 1 3 0  

2 

26 

> 1 3 0  

> 130  

* * D i l u e n t  w a s  k e r o s e n e  m o d i f i e d  w i t h  5 v '% t r i d e c y l  a l c o h o l .  
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of iron in the extract would be expected to be considerably 
lower * 

This expectation is borne out by the isotherms for 
extraction of thorium at pH 0 . 5  and 0 . 9  by 0.106 M di(tri- 
decyl P)amine (Fig. 1). Data from which the isotlierms were 
plotted, includ-ing analyses for the amount of iron extracted 
into the organic phase, are presented in Tables 3 and 4. At 
both pH levels very high thorium extraction coefficients 
were observed with this reagent even at relatively high 
thorium loadings in the organic phase. The isotherms indi- 
cate a maximum thorium loading from these solutions of about 
3 g per liter, corresponding to about 8 moles of amine per 
mole of thorium. Slightly higher thorium loadings were 
indicated at pH 0 . 5  than at pH 0 . 9 ,  but it seems possible 
that the small difference could be attributed to analytical 
uncertainties. As noted previously, the amount of iron 
extracted with this amine was low at pH 0.5, At pH 0 . 9 0  
although i r o n  extraction was appreciable at low thorium 
loadings (Table 4)$ only relatively small amounts of iron 
were present in the organic phase when it was loaded to near 
saturation with thorium. 

3.1.3 Separation of Thorium from Uranium by Selective 
Thorium Extraction. The possibility of selectively extract- 
ing thorium from a synthetic sulfate liquor containing 1.2 g 
U and 0.2 g Th per liter was studied with kerosene solutions 
of Primene JM-T and di(tridecy1 P)amine. Both these amines 
have previously been shown to be good extractants for 
uranium( ls2 g 4 )  Thus , achievement of an effective separa- 
tion of thorium from uranium, out of a liquor in which the 
uranium concentration is appreciably higher than that of the 
thorium, requires that the thorium extraction power of the 
reagent be extremely high, i.e., considerably higher than for 
uranium, If this condition is met, it should be possible to 
keep the uranium extraction at a low level by loading the 
solvent to near saturation with thorium. To determine the 
degree to which separations would be affected by thorium 
loading in these particular solvents, the extraction tests 
were carried out at several different phase ratios. 

With di(tridecy1 P)amine the uranium and thorium 
separations obtained were quite poor even under the most 
favorable experimental conditions, the ratio of thorium to 
uranium coefficients evidently being too low for the 
desired purpose (Table 5). With Prdmene JM-T, however, 
effective separations and recoveries were shown to be possible 
(Table 5 and Fig. 2). For exampleo in a single stage contact, 
90% of the thorium could be extracted while removing at the 

? 

*Iron extraction can also be revented by reducing to the non- 
extractable ferrous state e ( 1r 



. . -
. 

- 
11 - t

 

m in 
W

 

z
 

- in W
 

v
)
 

a
 
z
 
a
 

3
 

Y
 

z
Q

-
 

- P
 n

 
t- W

%
 

ex-’ 

%
 



- 1 2  - 

TABLE 3 .  DATA ON EXTRACTION OF THORIUM FROM 
A SYNTHETIC LEACH LIQUOR AT p~ 0 .5  BY DI(TRIDECYL PIAMINE 

Aqueous: 0 ,20  g Th,  1.1 g F e ( I I ) ,  0 .9  g F e ( I I 1 )  p e r  

Organ ic  : 0.106 M d i (  t F i d e c y l  P )  amine  i n  k e r o s e n e  

P r o c e d u r e :  Organic c a s c a d e d  a g a i n s t  f r e s h  volumes of 
l i q u o r  a n d  p h a s e s  sampled  a f t e r  e a c h  
c o n t a c t ;  p h a s e  r a t i o  w a s  2a/10 o n  a l l  
c o n t a c t s  e x c e p t  t h e  l a s t  wh ich  w a s  5a/10 

l i t e r ;  0 .6  M S O 4 ;  pH 0 . 5  
- 

C o n t a c t  t i m e :  2 min p e r  stage 

Cascade  
N o .  

1* 

2* 

3 

4 

5 

6 

7 

8 

9 

F i n a l  
Aqueous 

PH 

0 . 6  

0 .5  

0 .5  

0.5 

0 . 5  

0.5 

0 .5  

0 .5  

0 .5  

Th,  g / l i t e r  
Aqueous 

(0.002 

(0.002 

<0.002 

0.002 

0.004 

0 . 0 0 8  

0 .011  

0.026 

0.142 

O r g a n i c  

0 .40  

0 .80  

1 .23  

1 .58  

1 . 9 9  

2 . 4  

2 .8  

3 . 1  

3 . 3  

Fe i n  
O r g a n i c ,  
g / l i t e r  

0.076 

0.052 

0.046 

0 .033  

0.026 

0.036 

0 ,019  

0.014 

0 , 0 0 9  

Thorium 
E x t r a c t  i o n  
C o e f f i c i e n t  

> 2 0 0  

> 400 

,600 

800 . 

500 

300 

250 

1 2 0  

23 

*Phase s e p a r a t i o n  w a s  v e r y  slow (5-10 min)  i n  t h e  first 
t w o  c o n t a c t s .  
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0.40 

0.80 

1 . 2  

1.6 

2.1 . 

2.4 

2 .8  

2.9 

3.1 

TABLE 4. DATA ON EXTRACTION OF THORIUM FROM 

0.36 

0.28 

0.22 

0.20 

0.17 

0.13 

0.092 

0.030 

0.019 

. 

A SYNTHETIC LEACH LIQUOR AT PH 0.9 BY DI(TRIDECYL PIAMINE 

Aqueous: 0.20  g Th, 1.1 g Fe(I1) 0.9 g Fe(II1) per 

Organic: 0.106 M di(tFidecy1 P)amine in kerosene 

Procedure: Organic cascaded against fresh volumes of 
liquor and phases sampled after each con- 
tact; phase ratio was 2a/10 on all con- 
tacts except the last which was 5a/10 

liter; 0.4 EA SO,; pH 0.9 
- 

Contact time: 2 min per stage 

Cascade 
No. 

9 

Final 
lqueous 
P,! 

1.0 

0.9 

0.9 

0.9 

0 . 9  

0 . 9  

0.9 

0 . 9  

0.9 

Fe in 
Organic 

Aqueous 

c 0 . 0 0 2  

c0 .002 

(0.002 

40.002 

<0.002 

(0 .002 

0.003 

0.042 

0.193 

Thorium 
Extraction 
Coefficient 

( E a  

,200 

> 400 

> 600 

> 8 0 0  

.loo0 

> 1 2 0 0  

93 0 

70  

16 



TABLE 5. SELECTIVE EXTRACTION OF THORIUM 
FROM A SYNTHETIC LEACH LIQUOR 

Phase 
Ratio 

Organic (ah) 

0.046 M Primene JM-T 5 
in keFosene 6 

7 
8 
9 

10 
11 

0.05 M di(tridecy1 P)- 7 
aminz in kerosene 8 

9 
10 
11 

Aqueous: 1.35 g U, 0.20 g Th, 1.0 g Fe(III), 1 g Fe(II), 
and 45 g SO, per liter; pH 0.90 

Extract ion 
Concentration, g/liter Coefficient Uranium 

Organic Phase 1 Aqueous Phase (Ea Decontamination 
Th U Fe Th U Factor* 

1.0 0,117 0.030 40.003 +1.3 >330 0.090 60 I 
1.2 0.078 --- 0.007 d1.3 170 0.065 100 
1.3 0.056 0.007 0.028 d1.3 46 0.047 140 
1.3 0.042 0.006 0.046 41.3 28 0.035 190 I 

1.3 0.033 0.006 0.062 dl.3 21 0.027 230 
1.3 0.033 0,003 0.072 d1.3 18 0.027 230 
1.3 0.028 0.003 0.084 dl.3 15 0.023 280 

0.61 1.21 0.004 0.116 41.2 5.3 r ~ 1 . 0  3.0 
0.58 1.20 1 0.004 0,124 d1.2 4.7 d1.0 2.9 
0.58 1.23 0.005 0.131 +ls2 4,4 41.0 2.8 
0.61 1.21 0.004 0.139 41.2 4.4 0~1.0 3.0 
0.61 1.19 0.003 0.144 41.2 4.2 d1.0 3.1 

F 
cp 

I 

Contact time: 5 min 

Temperature: Room ("'24OC) 

. I . 
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same t i m e  o n l y  a b o u t  0.8% o f  t h e  uranium. I n  s i n g l e  s t a g e  
c o n t a c t s  unde r  c o n d i t i o n s  of  h i g h e r  l o a d i n g  of  t h o r i u m  i n  
t h e  e x t r a c t *  ( lower  tho r ium r e c o v e r y )  t h e  uranium e x t r a c t i o n  
w a s  r educed  t o  < 0.3%. 
c o u n t e r c u r r e n t  s y s t e m ,  v e r y  h i g h  r e c o v e r i e s  o f  t h o r i u m  and 
v e r y  1 o w . e x t r a c t i o n s  o f  uranium c o u l d  b e  a c h i e v e d  s i m u l -  
t a n e o u s l y ,  

By p r o p e r  o p e r a t i o n  o f  a m u l t i s t a g e  

A p r o c e s s  o f  t h i s  t y p e  might  be u s e f u l  f o r  removal  and 
r e c o v e r y  of  t ho r ium from uranium-thor ium l i q u o r s  p r i o r  t o  
uranium r e c o v e r y  i n  i n s t a n c e s  where t h e  e x i s t i n g  uranium 
r e c o v e r y  method d o e s  n o t  g i v e  s a t i s f a c t o r y  uranium-thor ium 
s e p a r a t i o n s ,  e . g . ,  t h e  i o n  exchange  p l a n t s  o p e r a t i n g  on B l i n d  
R i v e r  ores. S e v e r a l  d i f f e r e n t  a r r a n g e m e n t s  of e x t r a c t i o n ,  
s t r i p p i n g ,  and s c r u b b i n g  o p e r a t i o n s  c o u l d  be  u s e d  i n  a p r o c e s s  
of t h i s  n a t u r e  and  some of t h e s e  w i l l  be examined i n  bench- 
scale c o u n t e r c u r r e n t  tes ts .  P r e l i m i n a r y  r e s u l t s  have  shown 
t h a t  c e r t a i n  s t r i p p i n g  methods might  g i v e  thorium-uranium 
s e p a r a t i o n  i n  a d d i t i o n  t o  t h a t  o b t a i n e d  i n  t h e  e x t r a c t i o n  
s y s t e m ,  and  f u r t h e r  s t u d i e s  a l o n g  t h e s e  l i n e s  a re  i n d i c a t e d .  

3 . 2  Thorium S t r i p p i n g  

- 3 . 2 . 1  S t r i p p i n g  w i t h  N i t r a t e  o r  C h l o r i d e  S a l t  S o l u t i o n s .  
E x p e r i m e n t a l  r e s u l t s  on s t r i p p i n g  of t h o r i u m  from p r e g n a n t  
d i ( t r i d e c y 1  P)amine  - k e r o s e n e  s o l v e n t  w i t h  a c i d i c  c h l o r i d e  
and  n i t r a t e  s o l u t i o n s  a re  p r e s e n t e d  i n  T a b l e  6.** I n  con-  
formance w i t h  p r e v i o u s  s t u d i e s  on u r a n i u m , ( 1 j 4 )  e f f e c t i v e  
removal  of t h o r i u m  from t h e  o r g a n i c  phase  w a s  o b t a i n e d  w i t h  
b o t h  s t r i p p i n g  s o l u t i o n s ,  t h e  s t r i p p i n g  e f f i c i e n c y  b e i n g ,  a s  
e x p e c t e d ,  c o n s i d e r a b l y  h i g h e r  when n i t r a t e  r a t h e r  t h a n  
c h l o r i d e  w a s  u sed  a s  t h e  s t r i p p i n g  a n i o n .  The data of Table 6 
are  p r e s e n t e d  i n  t h e  form of s t r i p p i n g  i s o t h e r m s  i n  F i g .  3 .  
Using  1 . 0  M N a C l  - 0 . 0 5  M H , S 0 4  t h e  maximum l o a d i n g  of t h o r i u m  
i n t o  t h e  aFueous  phase  is i n d i c a t e d  t o  be a p p r o x i m a t e l y  2 0  g 
p e r  l i t e r .  The i n d i c a t e d  maximum t h o r i u m  l o a d i n g  w i t h  t h e  0 . 1  M 
HN03 - 0 .9  M N H 4 N 0 3  s t r i p  s o l u t i o n  is of  t h e  order o f  3 0  g p e r  
l i t e r .  

- - 

* I n  tests a t  o r g a n i c / a q u e o u s  p h a s e  r a t i o s  above 6 / l ,  t h e  
l o a d i n g  o f  the  o r g a n i c  phase  w a s  close t o  maximum i n  a l l  
cases. The small changes  i n  l o a d i n g  t h a t  o c c u r r e d  a t  i n -  
c r e a s e d  r a t i o s  above  t h i s  p o i n t  w e r e  n o t  d e t e c t a b l e  f rom 
a n a l y s e s  o f  t h e  o r g a n i c  phase  and  c a n  b e s t  be f o l l o w e d  by 
o b s e r v i n g  t h e  t h o r i u m  c o n c e n t r a t i o n  i n  t h e  aqueous  phase .  

* * T e s t s  on t h e  s t r i p p i n g  of t h o r i u m  from Pr imene  JM-R w i t h  
sodium c a r b o n a t e ,  sodium h y d r o x i d e ,  n i t r i c  a c i d ,  and  n i t r i c  
acid-ammonium n i t r a t e  s o l u t i o n s  were d e s c r i b e d  i n  ORNL-1859. 
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F i n a l  
PH 

TABLE 6 .  STRIPPING THORIUM WITH A C I D I C  NITRATE AND CHLORIDE SOLUTIONS 

P h a s e  S t r l P P l n g  
S e p a r a t i o n  T h y  g / l i t e r  C o e f f i c i e n t  

Time,  sec Aqueous1 O r g a n i c  ( S E I  
I 

O r g a n i c :  0.05 M d i ( t r i d e c y 1  P )amine  i n  k e r o s e n e  l o a d e d  t o  1 . 6  g Th 
p e r  Titer from a s y n t h e t i c  l e a c h  l i q u o r  

C o n t a c t  t i m e :  2 min 

1 .15  
1 . 2 5  
1 .35  
1 . 4 0  
1 . 4 0  

Tempera tu re :  Room (28OC) 

4 5  
45  
55 
65 
55 

,~ 

S t r i p p i n g  S o l u t i o n  

1 . 5  
7 .3  

1 3 . 6  
1 7 . 3  
1 9 . 0  

1 
4 
8 

12 
1 5  
20 '  
25, 

0.08(?) 
0 . 1 1  
0.23 
0.44 
0 .67  

I :  1 . 0  M N a C l  - 0.05 M H,S04 - - 

15 
20  

I 

1 . 2 0  
1 .25  
1 . 3 0  
1 . 4 0  
1 .50  
1 . 4 5  
1 . 4 5  

50 
60 
60 
65 
75 
40  
70 

1 . 6  
6 . 1  

12 .5  
1 8 . 2  
22 .4  
30 .2  
30 .3  

40 .005  
< 0 . 0 0 5  

0 .028  
0.072 
0 .100  
0 .20  
0.52 

> 280 
> 1200 

450 
250 
220 
150 

1 60  

1 9 (  ?) 
65 
60 
40 
28 
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- 1 9  - 

3.2.2 S t r i p p i n g  w i t h  Sodium C a r b o n a t e  S o l u t i o n s .  P r e -  
l i m i n a r y  s t u d i e s  have  been  made on tho r ium s t r i p p i n g  w i t h  
sodium c a r b o n a t e  s o l u t i o n s .  I n  t h e  tests descr ibed i n  
T a b l e  7, SL t h o r i u m  l o a d e d  d i ( t r i d e c y 1  P )amine  - k e r o s e n e  
s o l v e n t  w a s  c o n t a c t e d  w i t h  8 w/v %* sodium c a r b o n a t e  a t  
v a r i o u s  phase  r a t i o s .  

s t r i p p e d  a f t e r  2 min c o n t a c t  t i m e  and 99% a f t e r  1 0  min con- 
t ac t  t i m e ,  y i e l d i n g  i n  each case a clear aqueous  
s o l u t i o n .  A t  h i g h e r  or 'ganic /aqueous  phase  r a t i o  I 

h i g h e r  tho r ium l o a d i n g  i n  t h e  aqueous  and  a smaller e x c e s s  o f  
sodium c a r b o n a t e ,  t h o r i u m  removal  from t h e  o r g a n i c  phase  w a s  
less comple t e  b u t  t h e r e  was some i n d i c a t i o n  t h a t  b e t t e r  
r e c o v e r i e s  might have been  real ized w i t h  l o n g e r  c o n t a c t  
times.** P r e c i p i t a t i o n  of t h o r i u m  o c c u r r e d  i n  a l l  these 
l a t t e r  e x p e r i m e n t s ,  t h e  amount of p r e c i p i t a t e  formed i n c r e a s -  
i n g  w i t h  i n c r e a s e d  c o n t a c t  t i m e .  Over t h e  r a n g e  of  c o n d i t i o n s  
s t u d i e d  i n  these p a r t i c u l a r  tests t h e  d e g r e e  o f  p r e c i p i t a t i o n  
v a r i e d  f r o m  7 t o  99.9% of t h e  t fo ta l  t h o r i u m  s t r i p p e d .  I n  
tes ts  where p r e c i p i t a t i o n  o c c u r r e d ,  t h e  phase s e p a r a t i o n  w a s ,  
n e v e r t h e l e s s ,  r a p i d  and  c l e a n  w i t h  a l l  t h e  p r e c i p i t a t e  
s e t t l i n g  i n t o  t h e  aqueous  phase.  

A t  a phase  r a t i o  o f  9 0 / l a ,  95% o f  t h e  tho r ium was 

A s  a r e s u l t  of these p r e l i m i n a r y  b a t c h  s t u d i e s  i t  is 
b e l i e v e d  t h a t  sodium c a r b o n a t e  s t r i p p i n g  c o u l d  be o p e r a t e d  
s u c c e s s f u l l y  i n  a m u l t i s t a g e  s y s t e m  where more e f f i c i e n t  
u t i l i z a t i o n  of  t h e  s t r i p p i n g  a g e n t  would be a c h i e v e d .  
F u r t h e r  tests w i l l  be made t o  b e t t e r  d e f d n e  t h e  optimum com- 
b i n a t i o n  of s u c h  c o n d i t i o n s  a s  sodium c a r b o n a t e  c o n c e n t r a t i o n ,  
f l o w  r a t i o s ,  c o n t a c t  t i m e ,  t e m p e r a t u r e ,  e tc ,  

4 . 0  CONTINUOUS COUNTERCURRENT TESTS 

P r e l i m i n a r y  d e m o n s t r a t i o n  of t h e  a p p l i c a b i l i t y  o f  t h e  
A m e x  process f o r  s e p a r a t i o n  and  r e c o v e r y  of uranium and 
tho r ium from s u l f a t e  leach l i q u o r s  h a s  been  made i n  c o n t i n u o u s  
c o u n t e r c u r r e n t  bench scale  equipment .  The d e s i g n  of t h e  
equipment  w a s  g e n e r a l l y  s imi l a r  t o  t h a t  used  i n  Dapex p r o c e s s  
tes ts  which are  d e s c r i b e d  i n  Appendix A o f  ORNL-2172 w i t h  t h e  
e x c e p t i o n  t h a t  pumps were n o t  u sed  f o r  t r a n s f e r r i n g  t h e  
o r g a n i c  phase  from stage t o  s t a g e .  I n s t e a d ,  a d v a n t a g e  w a s  
t a k e n  of t h e  h y d r a u l i c  head deve loped  by t h e  mixer  i m p e l l e r s  
t o  p r o v i d e  i n t e r s t a g e  f l o w  o f  o r g a n i c .  The s y n t h e t i c  leach 
l i q u o r  t r e a t e d  i n  t h e s e  tes ts  (see T a b l e  7) .  c o n t a i n e d  uranium,  

* 8  w/v % sodium c a r b o n a t e  = 80 g Na,CO, p e r  l i t e r .  

**Better r e c o v e r i e s  might  a l s o  be o b t a i n e d  a t  h igher  tempera-  
t u r e s  



TABLE 7. STRIPPING THORIUM WITH SODIUM CARBONATE SOLUTIONS 

O r g a n i c :  0.05 M d i (  t r i d e c y l  P)amine- i n  k e r o s e n e  l o a d e d  
t o  l o b  g Th p e r  l i t e r  from a s y n t h e , t i c  l i q u o r  

S t r i p  s o l u t i o n :  8 w/v  % Na,CO, s o l u t i o n  

Tempera tu re :  Room (28OC) 

P h a s e  
R a t i o  
( o m  

9 

9 

11 

1 3  

15 

18 

18 

C o n t a c t  
Time,  
min 

2 

1 0  

2 

2 

1 0  

2 

2 

1 0  

Phazcs 
Se pa r FL t i o n  
Time, sec 

1 0  

4 0  

,10 

c 10 

1 0  

c10 

< 1 0  

< l o  

Th,  g/ 
Aqueous 

1 3 . 3  

15 .1  

1 4 , 4 *  

8.8* 

1 , 5 *  

6 . 0 *  

6.1* 

0.024* 

. i ter  
O r g a n i c  

0.072 

0 .018  

0.19 

0 .31  

0.082 

0 . 4 8  

0.65 

0 .44  

' Thorium 
S t r i p p e d  ** 

( %  of t o t a l )  
~~ 

95 

99 

88  

81 

95 

70 

59 

72 

Thorium 
P r e c i p i t a t e d  

( %  of s t r i p p e d )  

0 

0 

I 

N !  
7 

4 8  
0 

I 

92 

64 

64 

9 9 . 9  

*Thorium p r e c i p i t a t i o n  o c c u r r e d ;  aqueous  p h a s e  w a s  f i l t e r e d  b e f o r e  a n a l y s i s .  

**Based on t h e  extract  and  s t r i p p e d  o r g a n i c  a n a l y s e s .  

8 1 
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thorium, irons and sulfate at concentration levels approxi- 
mating those which have been obtained by leaching ores from 
the Blind River district of Canhda.(7) 
process employing tri-n-octylamine for uranium recovery and 
di(tridecy1 P)amine foF thorium recovery was utilized. The 
overall flow diagram for uranium-thorium recovery is shown in 
Fig. 4. 

4.1 Uranium Recovery Cycle 

A two-cycle extraction 

Operating conditions for the uranium recovery cycle are 
listed in Table 8. Uranium was extracted in three mixer- 
settler stages with 0,lO M tri-n-octylamine in 97% kerosene - 
3% tridecyl alcohol dilueEt at X phase ratio of 4a/10. 
Stripping of the extract was accomplished in a single stage 
using an aqueous slurry of magnesium oxide* at a phase ratio 
of 50/la (-112% excess MgO over calculated stoichiometric 
requirements - see ORNL-2099). A description of the design 
and method of operation of the magnesium oxide stripping 
system is presented in Appendix A .  

Results from the uranium recovery cycle, showing the 
distribution of uranium between the aqueous and organic phases 
in the extraction system and the concentration of uranium in 
the stripped organic phase at various periods throughout the 
runB are listed in Table 90 The run proceeded for 7 hr, which 
was equivalent to approximately seven complete cycles of the 
organic phase. Based on the raffinate analysis, uranium 
recovery was essentially complete (>99.9%). The thorium con- 
tent of the uranium-loaded extract was below the limit of the 
analytical determinations (ioea9 <0.005 g Th per liter, or 
<O.l% Th based on uranium), 

with the stripping efficiency falling in the range 94-9973. 
However, in spite of the relatively high recycle of uranium 
to the extraction system, uranium recovery results were not 
substantially affected owing to the very favorable uranium 
distribution occurring in the bottom extraction stage. Some 
of the stripping inefficiency in this run is attributed to a 
decrease in the amount of magnesium oxide supplied to the 
stripping system during one period as the result of partial 
clogging of the slurry feed line. When this situation was 
remedied, the stripping efficiency improved but was never 
greater than 98-99%. Failure to achieve more efficient 
stripping was somewhat surprising since batch tests with the 

Uranium stripping from the loaded extract was incomplete, 

*Other stripping agents would also be suitable. Various methods 
for stripping ranium from amines have been discussed in pre- 
vious reportso?193 9 4 9 6 )  Previous information relating to the 
magnesium oxide stripping method is presented in ORNL-2099. 
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TABLE 8. OPERATING CONDITIONS FOR THE URANIUM RECOVERY CYCLE 

E x t r a c t i o n  System 

Number of mixer-settler stages: 3 

O r g a n i c :  d h a s e :  0 . 1 0  M tr i ' -n-octyframine i n  97% k e r o s e n e  - 
3% t r r d e c y l - a l c o h o l  

Leach  l i q u o r :  S y n t h e t i c  l i q u o r  i d t h  1 . 2  g U ,  0.2 g Th,  
1 . 0  g Fe (  11), 1 . 0  g Fc( 111) and 40  g SO4 p e r  
l i t e r ;  pH 0 .9  

Feed ra te :  Aqueous 100  ml/min 
Organic 25 m l / m i n  , 

R e s i d e n c e  t i m e  i n  e a c h  mixe r :  1 . 6  rnin 

R e s i d e n c e  t i m e  i n  e a c h  s e t t l e r :  Aqueous 1 . 5  min 
O r g a n i c  6 min 

S t r i p p i n g  Sys tem (see Appendix f o r  f u r t h e r  i n f o r m a t i o n )  

Number o f  s t r i p p i n g  stages:  1 

S t r i p p i n g  a g e n t :  Aqueous s l u r r y  of Michigan  Chemical  C o .  
N o .  1 5  c a l c i n e d  magnesite,  0.467 M MgO* 

Feed r a t e :  Ext rac t  25 ml/min 
MgO s l u r r y  5 ml/min 

- 

O p e r a t i n g  t e m p e r a t u r e :  R o o m  (32OC) 

R e s i d e n c e  t i m e  i n  e a c h  of t w o  c o c u r r e n t  mixers: 10-12 rnin 

R e s i d e n c e  t i m e  i n  se t t le r :  Aqueous ( s i n g l e  p a s s )  7 .5  min 
O r g a n i c  1 4  rnin 

*A sample  of t h e  s l u r r y  was t i t r a t e d  w i t h  a c i d  t h u s  g i v i n g  
t h e  t o t a l  b a s e  s t r e n g t h  o f  t h e  s l u r r y  which is e x p r e s s e d  
h e r e  a s  e q u i v a l e n t  MgO. 



TABLE 9.  URANIUM RECOVERY CYCLE DATA 

E x t r a c t  i o n  

E x t r a c t i o n  System 

S t a g e  1 
S t a g e  2 
S t a g e  3 

2 0.36 5 .0  0.005 1 4  
0.016 1 . 9  ' CO.005 120  
0.0017 0.47 <0.005 280 

S t a g e  1 7 0.23  4 . 9  4 0 . 0 0 5  2 1  
S t a g e  2 0 .008  1 . 0  4 0 . 0 0 5  120 
S t a g e  3 0.0006 0 . 1 1  (0.005 170 

T o t a l  r a f f i n a t e  c o l l e c t e d  0.0011 -- -- --- 

S t r i p p i n g  Sys tem 

S t r i p p e d  o r g a n i c  2 -- 0.055 -- --- 
4 . 5  -- 0.31** -- --- 
5 -- 0.24 -- --- 
6 -- 0.10 -- --- 
7 -- 0.11*** -- --- 

I 

N 
rp 

I 

*One c o m p l e t e  c y c l e  o f  t h e  o r g a n i c  phase  r e q u i r e d  a p p r o x i m a t e l y  1 h r .  

**A d e c r e a s e  i n  t h e  MgO s l u r r y  f l o w  ra te  o c c u r r e d  owing t o  a p a r t i a l  c l o g g i n g  
o f  t h e  f e e d  l i n e .  The l i n e  w a s  purged  a n d  t h e  r u n  c o n t i n u e d .  

***A s a m p l e  o f  o r g a n i c  t a k e n  from t h e  f i r s t  o f  t h e  t w o  c o c u r r e n t  mixers  a t  t h e  

s t r i p p i n g  w a s  accompl i shed  i n  t h e  f i r s t  mixer and  t h e  b a l a n c e  ( ~ 6 % )  i n  t h e  
s e c o n d  mixer d u r i n g  t h i s  p a r t i c u l a r  p e r i o d  o f  o p e r a t i o n .  

same t i m e  had a uranium c o n c e n t r a t i o n  o f  0.38. g / l i t e r .  Hence,  a b o u t  92% %. 

. . 
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same magnesium o x i d e - o r g a n i c  combina t ion  had r e s u l t e d  i n  
e s s e n t i a l l y  comple t e  (>99.8%) s t r i p p i n g  u s i n g  s imilar  con- 
t a c t i n g  c o n d i t i o n s ,  A l o n g e r  c o n t a c t  t i m e  and /o r  more 
v i g o r o u s  mix ing  would p robab ly  have g i v e n  improved e f f i c i e n c y .  
A l s o ,  o t h e r  tests ( r e s u l t s  n o t  p r e s e n t e d )  have shown t h a t  
i n c r e a s i n g  t h e  t e m p e r a t u r e  o f  t h e  s t r i p p i n g  s y s t e m  by as  
l i t t l e  as 10°C a p p r e c i a b l y  i n c r e a s e s  t h e  ra te  of r e a c t i o n  
o v e r  t h a t  o b s e r v e d  a t  room t e m p e r a t u r e .  F u r t h e r  s t u d y  of t h e  
magnesium o x i d e  s t r i p p i n g  method is b e i n g  made i n  a two-s t age  
c o u n t e r c u r r e n t  s y s t e m  as  c o n t r a s t e d  t o  t h e  s i n g l e  s t a g e  
o p e r a t i o n  used  i n  t h e s e  tes ts .  The impor t ance  o f  mix ing  
v a r i a t i o n s ,  c o n t a c t  t i m e ,  t e m p e r a t u r e ,  and  excess magnesium 
o x i d e  w i l l  be  e v a l u a t e d .  

. P h y s i c a l  o p e r a t i o n  o f  t h e  e x t r a c t i o n  and  s t r i p p i n g  c i r -  
c u i t s  w i t h  r e s p e c t  t o  phase  s e p a r a t i o n ,  e tc .  w a s  s a t i s f a c t o r y  
t h r o u g h o u t  t h e  r u n .  The o r g a n i c  o v e r f l o w  from t h e  s t r i p p i n g  
se t t le r  w a s  c lear  and  c o m p l e t e l y  d e v o i d  of  p r e c i p i t a t e .  I t  
s h o u l d  be emphasize'd t h a t  t h e  r e s i d e n c e  times i n  t h e  extrac- 
t i o n  and  s t r i p p i n g  m i x e r s  and se t t le rs  as  shown i n  T a b l e  8 
are n o t  meant t o  r e p r e s e n t  t h o s e  t h a t  would be used  i n  a c t u a l  
p r o c e s s  p r a c t i c e .  The p a r t i c u l a r  c o n d i t i o n s  used  i n  t h i s  
t es t  r e s u l t e d  from a c h o i c e  o f  c o n v e n i e n t  f l o w  ra tes  as  
d i c t a t e d  by t h e  s i z e  o f  t h e  c o n t a c t i n g  equipment  and  pumps 
a v a i l a b l e .  O the r  work on t h e  Amex p r o c e s s  by t h e  P r o c e s s  
T e s t  S e c t i o n  h a s  shown t h a t  much lower r e s i d e n c e  t i m e s ,  
p a r t i c u l a r l y  i n  t h e  mixe r ,*  re  p o s s i b l e  w i t h  p r o p e r  o p t i m i z -  
i n g  of t h e  mix ing  v a r i a b l e s  791 

The magnesium " d i u r a n a t e "  s l u r r y  d i s c h a r g e d  from t h e  
s t r i p p i n g  s y s t e m  w a s  c o l l e c t e d  i n  t h r e e  i n c r e y e n t s ,  which 
were f i l t e r e d ,  washed w i t h  w a t e r ,  and  d r i e d  a t  4OO0C. F i l -  
t r a t i o n  r a t e s  f o r  a l l  t h e s e  samples  were r a p i d .  The uranium 
c o n t e n t  o f  t h e  f i l t r a t e  ( n o t  i n c l u d i n g  t h e  wash s o l u t i o n )  w a s  
0 . 0 0 8  g p e r  l i t e r ,  e q u i v a l e n t  t o  99.95% r e c o v e r y  o f  t h e  con- 
t a i n e d  uranium i n  t h e  p r o d u c t  p r e c i p i t a t e .  The U308 c o n t e n t  
r anged  from 75-78% and t h e  Thoz c o n t e n t  w a s  o n l y  0 . 0 3  - 0.05% 
( T a b l e  l o ) ,  

uranium p r e c i p i t a t e  s l u r r y  d i s c h a r g e d  from t h e  o r g a n i c  
Measurement of  t h e  amount of  o r g a n i c  e n t r a i n e d * *  i n  t h e  

* A s  d e s c r i b e d  a b o v e ,  t h i s  d o e s  n o t  n e c e s s a r i l y  a p p l y  t o  t h e  
m i x e r s  i n  t h e  magnesium o x i d e  s t r i p p i n g  s y s t e m  where a n  i n -  
crease i n  r e s i d e n c e  t i m e  would presumably  have been  bene- 
f i c i a l .  Even h e r e s  however ,  more e f f i c i e n t  mix ing  might  be 
used  a s  a n  a l t e r n a t e  t o  i n c r e a s e d  r e s i d e n c e  t i m e  o r  might  
p e r m i t  a d e c r e a s e  i n  t i m e .  

**The o r g a n i c  c o n t e n t  o f  t h e  s l u r r y  w a s  d e t e r m i n e d  by s c r u b b i n g  
a volume o f  t h e  s l u r r y  e x h a u s t i v e l y  w i t h  benzene ,  e v a p o r a t i n g  
t h e  benzene  s c r u b  s o l u t i o n  t o  a r e l a t i v e l y  smal l  volume, and 
t i t r a t i n g  i ts amine c o n t e n t .  P r e v i o u s  s t u d i e s  ( u n r e p o r t e d )  
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P r o d u c t  , A n a l y s i s ,  % 
F r a c t i o n  U 3 0 8  MgO C 0 3  SO, Thoz 

1st 7 8 , 3  1 1 . 8  0 . 5 6  0 . 0 5  0 . 0 4  

2nd 74.8 1 4 . 3  0.40 0 . 0 5  0.03 

3 r d  77 .0  1 2 . 8  0.28 0 . 0 5  0.05 

TABLE 10.  ANALYSIS OF URANIUM PRODUCTS 

L o s s  o n  
I g n i t i o n  

a t  
1ooooc, 

% 

6 . 4  

7 .7  

6 .4  

r e c o v e r y  chamber (see Appendix A )  showed a lo s s  o f  0 .002 l b  
o f  amine and  0 .007  ga l  o f  d i l u e n t  p e r  pound o f  U 3 0 8 .  Such 
losses would b e  u n i m p o r t a n t  costwise,  S i n c e  t h e  s l u r r y  d i s -  
c h a r g e  from t h e  s e t t l e r  c o n t a i n e d  0.019 l b  o f  amine a n d  0.067 
ga l  o f  d i l u e n t  p e r  pound o f  U 3 0 8 ,  t h e  r e c o v e r y  e f f i c i e n c y  i n  
t h e  o r g a n i c  r e c o v e r y  chamber w a s  a b o u t  90%. I n  p r o c e s s  
p r a c t i c e  t h e  o p e r a t i o n  o f  t h e  o r g a n i c  r e c o v e r y  chamber may n o t  
be  n e c e s s a r y  s i n c e  t h e s e  losses a l s o  would n o t  be  p r o h i b i t i v e .  
F u r t h e r m o r e ,  i t  is p r o b a b l e  t h a t  some o f  t h e  o r g a n i c  e n t r a i n e d  
i n  t h e  s l u r r y  c o u l d  be r e c o v e r e d  from t h e  f i l t r a t e  f o l l o w i n g  

I p r o d u c t  f i l t r a t i o n .  

4 . 2  Thorium Recovery  C y c l e  

Thorium w a s  r e c o v e r e d  from t h e  r a f f i n a t e  o f  t h e  uran ium 
recovery c y c l e  u s i n g  d i ( t r i d e c y 1  P)amine  a s  e x t r a c t i o n  a g e n t .  
T h i s  amine w a s  s e l e c t e d  s i n c e  i t  p r o v i d e s  a f a v o r a b l e  combi- 
n a t i o n  o f  h i g h  t h o r i u m  e x t r a c t i o n  power (see Tables  2 ,  3 ,  and  
4 )  and  l o w  amine d i s t r i b u t i o n  l o s s  t o  t h e  aqueous  p h a s e . *  

have  i n d i c a t e d  t h a t  t h e r e  is no p r e f e r e n t i a l  a d s o r p t i o n  o f  
amine o n  t h e  uran ium p r e c i p i t a t e .  T h u s ,  d e t e r m i n a t i o n  o f  t h e  
amine c o n t e n t ' o f  t h e  s l u r r y  o f f e r s  a c o n v e n i e n t  method f o r  
e s t i m a t i n g  t h e  volume o f  o r g a n i c  e n t r a i n e d .  

*The l o s s ' o f  amine t h r o u g h  d i s t r i b u t i o n  t o  t h e  aqueous  p h a s e  
on  a l b  a m i n e / l b  Th b a s i s  is 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  
t h o r i u m  c o n t e n t  o f  t h e  head  l i q u o r .  Hence,  s i n c e  t h e  t h o r i u m  
c o n t e n t  o f  t h i s  l i q u o r  w a s  l o w  (/J 0 .2  g p e r  l i t e r )  i t  w a s  
p a r t i c u l a r l y  i m p o r t a n t  t o  c h o o s e  a n  amine w i t h  a l o w  d i s t r i -  
b u t i o n  l o s s .  The s t e a d y  s t a t e  d i s t r i b u t i o n  l o s s  o f  d i ( t r i -  
d e c y l  P )amine  t o  a 0 . 5  M s u  f a t e  l i q u o r  a t  pH 1 h a s  been  
measured t o  b e  a b o u t  5 Fpm. t2 )  The l o s s  o f  Pr imene  JM-R ( r e -  
d i s t i l l e d  Pr imene  JM-T)9 t h e  o n l y  o t h e r  amine of t h o s e  t e s t e d  
t h u s  f a r  which  showed c o m p a r a t i v e  t h o r i u m  e x t r a c t i o n  power,  
w a s  measured t o  be  a b o u t  50  ppm ( n o t  p r e v i o u s l y  r e p o r t e d ) .  

. 
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O p e r a t i n g  c o n d i t i o n s  f o r  t h e  r u n  are l i s t e d  i n  T a b l e  11. 
The t h o r i u m  w a s  e x t r a c t e d  w i t h  0 . 0 5  M d i ( t r i d e c y 1  P )amine  i n  
k e r o s e n e ,  u s i n g  t h r e e  e x t r a c t i o n  stazes a n d  a n  a q u e o u s / o r g a n i c  
f e e d  r a t i o  o f  7/1. Thorium w a s  s t r i p p e d  from t h e  ex t rac t  w i t h  
a n  a c i d i c  c h l o r i d e  s o l u t i o n  ( 1 . 0  M N a C l  - 0 ,05  M H2S04)  i n  
t h r e e  s t a g e s . *  The r u n  proceeded-for  8 h r ,  w h i a  w a s  e q u i v a -  
l e n t  t o  a b o u t  5 . 5  c o m p l e t e  c y c l e s  o f  t h e  o r g a n i c  p h a s e .  H e r e  
a g a i n 9  as i n  t h e  uran ium r e c o v e r y  c y c l e  d e s c r i b e d  a b o v e ,  t h e  
r e s i d e n c e  times o f  t h e  aqueous  and  o r g a n i c  p h a s e s  i n  t h e  
s y s t e m  ( T a b l e  11) have  no r e l a t i o n  t o  t h o s e  t h a t  might  b e  
p o s s i b l e  i n  a c t u a l  p r a c t i c e .  The c o n d i t i o n s  chosen  f o r  t h i s  
tes t  were s i m p l y  t h o s e  t h a t  w e r e  c o n v e n i e n t  t o  u s e  i n  t h e  
a v a i l a b l e  s m a l l  b e n c h - s c a l e  equ ipmen t .  

Samples  o f  t h e  o r g a n i c  and  aqueous  p h a s e s  f rom t h e  
s e t t l e r  of e a c h  stage were t a k e n  a f t e r  a p p r o x i m a t e l y  3 ,  4, 
a n d  5 c o m p l e t e  c y c l e s  o f  t h e  o r g a n i c  p h a s e .  The t h o r i u m  con-  
t e n t  of t h e  f i n a l  r a f f i n a t e  w a s C 0 . 0 0 2  g p e r  l i t e r  ( T a b l e  1 2 ) ,  
and  t h u s  t h o r i u m  r e c o v e r y  was greater t h a n  997b6. Al though  a n  
a p p r e c i a b l e  amount of i r o n  w a s  e x t r a c t e d  i n  t h e  bot tom e x -  
t r a c t i o n  s t age ,  most o f  t h i s  i r o n  w a s  rejected from t h e  
o r g a n i c  p h a s e  a s  it  l o a d e d  t o  a h i g h e r  l e v e l  w i t h  t h o r i u m ,  so  
t h a t  t h e  f i n a l  i r o n  c o n t a m i n a t i o n  w a s  u n i m p o r t a n t .  

Thorium s t r i p p i n g  w a s  n o t  comple t e  i n  t h i s  t e s t ,  w i t h  
t h e  r e c y c l e d  o r g a n i c  p h a s e  c o n t a i n i n g  0 .08  - 0.10 g p e r  l i t e r .  
N e v e r t h e l e s s ,  a s  j u s t  d e s c r i b e d ,  t h i s  l e v e l  o f  t h o r i u m  w a s  
s u f f i c i e n t l y  l o w  t o  a l low e s s e n t i a l l y  c o m p l e t e  t h o r i u m  
r e c o v e r y  i n  t h e  e x t r a c t i o n  s y s t e m .  

The p r e g n a n t  s t r i p  s o l u t i o n  c o n t a i n e d  1 8 . 1  g Th and  0 . 1  
g Fe p e r  l i t e r ,  Thorium w a s  p r e c i p i t a t e d  from t h i s  s o l u t i o n  
by r a i s i n g  t h e  pH t o  7 . 0  w i t h  ammonium h y d r o x i d e .  Ammonia 
r e q u i r e m e n t s  were a p p r o x i m a t e l y  0.24 l b  NH, p e r  pound Thoz .  
The p r e c i p i t a t e ,  which  f i l t e r e d  r e a d i l y ,  . w a s  washed w i t h  water 
and  d r i e d  a t  l l O ° C .  The t h o r i u m  p r o d u c t  a n a l y z e d  65.5% Thoz 
OOZ2% F e ,  0.07% C l ,  and  24% SO,. Weight losses a f t e r  i g n i t i o n  
a t  200, 5 0 0 ,  and  1000°C were 7.99 1 1 . 6 s  and  31.8%9 r e s p e c t i v e l y .  
The h i g h  s u l f a t e  c o n t e n t  o f  t h e  p r o d u c t  may b e  u n d e s i r a b l e ,  
and  methods ,  o t h e r  t h a n  c a l c i n i n g ,  f o r  e l i m i n a t i n g  s u l f a t e  are 
b e i n g  s t u d i e d ,  

P h y s i c a l  o p e r a t i o n  o f  b o t h  t h e  e x t r a c t i o n  and  s t r i p p i n g  
c i r c u i t s  w a s  s a t i s f a c t o r y  t h r o u g h o u t  t h e  r u n .  

* A s  s u g g e s t e d  ea r l i e r  f o r  u ran ium,  o t h e r  s t r i p p i n g  methods 
c o u l d  a l so  be  used  as  o u t l i n e d  i n  p r e v i o u s  r e p o r t s  and  o t h e r  
s e c t i o n s  o f  t h i s  r e p o r t ,  
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TABLE 11, OPERATING CONDITIONS FOR THE THORIUM RECOVERY CYCLE 

Extraction System 

Number of mixer-settler stages: 3 

Organic phase: 0.05 M di(tridecy1 P)amine in kerosene - 
Leach liquor: raffinate from uranium recovery cycle + 

synthetic uranium-barren liquor;* approximate 
composition, g/liter, 0 . 2  Th, 1.0 Fe(II), 
1,O Fe(III), 0.0004 Us 40 S O 4 ;  pH 0 . 9 5  

Feed rate: Aqueous 160 ml/min 
Organic 2 2 . 5  ml/min 

Residence time in each mixer: 1.3 min 

Residence time in each settler: Aqueous 0.7 min 
Organic 5 mfn 

Stripping System 

Number of mixer-settler stages: 3 

Stripping agent: 1.0 M NaCl - 0 . 0 5  M Hz SO4 

Feed rate: Extract 2 2 . 5  ml/min 
Strip solution 1.7 ml/min 

- - 

Residence time in each mixer: 10 min 

Residence time in each settler: Aqueous 16 min 
Organic 8 . 5  min 

*A larger volume of liquor for thorium recovery was desired 
for the tests than was availhble as raffinate from the uranium 
recovery cycle. Hence, additional uranium-barren synthetic 
liquor was prepared with similar composition, This was com- 
bined with the raffinate from the uranium recovery to give the 
desired volume of feed liquor for the thorium recovery cycle. . 



TABLE 12.  THORIUM RECOVERY CYCLE DATA 

Material 
Sampled 

Thorium C o e t f i c i e n t s  Time 0 2  Fe i n  
Th, g / l i t e r  O r g a n i c ,  E x t r a c t i o n  S t r i  2 p i n g  Sampl ing ,*  Aqueous 

h r  PH Aqueous I O r g a n i c  g/-liter ( E m  ( S O  1 

S t a g e  1 5 0.90 0 .18  1 .57  0.005 8 . 7  -- 
S t a g e  2 0.92 0 .041  1 . 5 5  0.015 38  -- 
S t a g e  3 0.95 < 0.002 0.57 0.063 >280  -- 

S t a g e  1 6.5 0 .90  0 .18  1 .55  0 ,004  8 .6  -- 
S t a g e  2 0.92 0.035 1.45 0 .021  4 1  -- 
Stage 3 0095 < 0.002 0.44 0.065. >220 -- 
S t a g e  1 8 0.90 0.12 ---- 0.006 -- -- 
Stage 2 0.92 0 . 0 1  1 .02  0.048 100  
Stage 3 0.95 < 0,002 0.16 0.075 > 80 -- 

-- 
I 

N 
9 

I 
S t r i p p i n g  System 

Stage 1 5 1.45 16.3** 0.90 -- -- 1 8  
. 1.25 7 . 1  0.26 -- -- 27 

11 
Stage 2 

1.1 0.098 -- -- S t a g e  3 1 .10  

1 9  
S t a g e  2 1 .25  9.5 0.34 -- -- 28 

1 9  

-- -- S t a g e  1 6.5 1 .45  20.6** 1 - 1 0  

S t a g e  3 1 - 1 0  1 . 9  0.098 -- -- 
Stage 1 8 
Stage 2 
Stage 3 

1 - 4 5  
1 .25  
1 - 1 0  

22.6** 0.97 -- 
9.6  0.26 
2 , l  0 .08 -- 

-- 23 
37 
26 

'-*'One c o m p l e t e  c y c l e  of t h e  organic  p h a s e  r e q u i r e d  a p p r o x i m a t e l y  1 . 5  h r .  

* * P r e c i p i t a t e  formed on s t a n d i n g  o v e r n i g h t .  

. 
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5 . 0  ESTIMATED REAGENT COSTS 

Us ing  t h e  d a t a  f rom t h e  c o n t i n u o u s  c o u n t e r c u r r e n t  r u n s  
d e s c r i b e d  a b o v e ,  r e a g e n t  cos t s  have  been  e s t i m a t e d  f o r  
r e c o v e r y  o f  uranium and tho r ium from t h e s e  s u l f a t e  l i q u o r s  
w i t h  amine e x t r a c t a n t s .  The f o l l o w i n g  a s s u m p t i o n s  were made: 

1. The uranium and tho r ium c o n t e n t s  o f  t h e  head l i q u o r  
a re  t h e  same as  i n  t h e  l i q u o r  t e s t e d ,  i . e o ,  1 . 2  g U and  0.2 g 
Th p e r  l i t e r .  

2 .  The l o s s  o f  t h e  o r g a n i c  phase  t h r o u g h  e n t r a i n m e n t  and  
s p i l l a g e  is 0.05% o f  t h e  r a f f i n a t e  volume. T h i s  estimate is 
based  on r e s u l t s  of p r o c e s s  tests by t h e  P r o c e s s  T e s t  S e c t i o n  
which have  a c t u a l l y  i n d i c a t e d  lower losses.  However, t h i s  
p a r t i c u l a r  s o u r c e  o f  r e a g e n t  cost  might  v a r y  c o n s i d e r a b l y  i n  
large-scale o p e r a t i o n  and would b e s t  be checked  i n  a p i l o t  
p l a n t  which is o p e r a t i n g  c o n t i n u o u s l y  on t h e  a c t u a l  l i q u o r s  t o  
be  t r e a t e d .  

3.  Load ings  o f  t h e  e x t r a c t  and  t h e  s t r i p  s o l u t i o n s  are  
e x a c t l y  t h e  same as  o b t a i n e d  i n  t h e  c o u n t e r c u r r e n t  tes ts .  

I t  s h o u l d  be emphas ized  t h a t  t h e  estimates made h e r e  a re  
f o r  o n l y  one  set  o f  p r o c e s s  c i r c u m s t a n c e s .  O t h e r  p r o c e s s i n g  
a r r a n g e m e n t s  are  p o s s i b l e ,  f o r  example ,  c h o i c e  o f  d i f f e r e n t  
s t r i p p i n g  methods or t y p e  o f  l i q u o r  t r e a t e d ,  which c o u l d  l e a d  
t o  d i f f e r e n t  costs  t h a n  t h o s e  p r e s e n t e d .  

5 . 1  Uranium Recovery Cyc le  

The estimated t o t a l  r e a g e n t  costs  ( T a b l e  1 3 )  f o r  t h e  
uranium r e c o v e r y  c y c l e  are  a b o u t  7 6  p e r  pound o f  U 3 0 8  r e c o v e r e d .  
Approximate ly  h a l f  t h i s  cost  is f o r  t h e  magnesium oxide 
u t i l i z e d  f o r  s t r i p p i n g  and  t h e  b a l a n c e  f o r  losses o f  t h e  amine 
and  d i l u e n t .  

5 . 2  Thorium Recovery Cyc le  

For t h e  t h o r i u m  r e c o v e r y  c y c l e ,  t h e  t o t a l  r e a g e n t  c o s t s ,  
i n c l u d i n g  t h e  cos t  o f  ammoaia f o r  p r o d u c t  p r e c i p i t a t i o n ,  a re  
e s t i m a t e d  ( T a b l e  1 4 )  t o  be  a b o u t  136  p e r  pound of Thoz re- 
c o v e r e d .  F i f t y - f o u r  p e r c e n t  o f  t h i s  cost  is c o n t r i b u t e d  by 
estimates o f  e n t r a i n m e n t  and  s p i l l a g e  losses of t h e  o r g a n i c  
s o l v e n t ,  t h e  amounts  b e i n g  r e l a t i v e l y  greater f o r  t h o r i u m  
t h a n  f o r  uran ium owing t o  t h e  lower c o n c e n t r a t i o n  of t h o r i u m  
i n  t h e  head l i q u o r .  The s e n s i t i v i t y  o f  o v e r a l l  costs  t o  t h e s e  
losses w i t h  d i l u t e  l i q u o r s  a g a i n  p o i n t s  u p  t h e  need  f o r  p i l o t -  
scale  s t u d i e s  o f  t h i s  f a c t o r .  I t  would b e  e q u a l l y  i m p o r t a n t  t o  
d e t e r m i n e  whe the r  t h e  a c t u a l  losses migh t  be h i g h e r  t h a n  es t i -  
mated or whethe r  t h e y  c o u l d  be  h e l d  lower b y ,  e , g . ,  p r o v i d i n g  
s u f f i c i e n t  hold-up t i m e  f o r  t h e  r a f f i n a t e  p r i o r  t o  d i s c a r d .  
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TABLE 13. ESTIMATED REAGENT COSTS FOR URANIUM RECOVERY 

Consumption 

Uranium precipitation 

Tri( iso-oc-tyl)amine* 

Total organic phase 

Distribution to raffinate 
("25 PPm) 

Entrainment and spillage** 

Consumption, 
Ib/lb UzOn 

0,66 

0.017 

0.043 gal/lb U,08 

80 1 1.4 

45d/gal*** 1.9 - 
Total 6.9 

*Tri-n-octylamine, rather than tri(iso-octyl)amine, was actually used for the demonstra- - 
tion run. 
siderably better than that of tri-n-o tylamine, and since the extraction performance of 

was postulated for this estimate. The l'isted cost of the amine (80&/lb) is an estimate 
by the manufacturer of a reasonable selling price for-the compound, assuming that it 
would be produced in large quantities. At the present time it is available only in 
experimental lots, and until quantity production is realized, co t of the amine would, 
of course, be substantially higher. 'However, it is evident that assumption of a cost 
even double the above value, i.e., $1.60/lb, would not raise the estimated cost of the 
amine loss to a prohibitive value. 

However, since the supply potential(4) of tri( iso-octy1)amine appears con- 
I 

w 
these two compounds have proved to-e almost identical, the use of tri(iso-octy1)amine w 

I 

**Organic loss by entrainment and spillage estimated at Oe05% of the raffinate volume: 

***Based on kerosene cost of 14d/gal and tridecyl alcohol cost of 23g!/lb. No charge is 
made for the tridecyl alcohol lost through distribution to the aqueous phase. The 
loss of tridecyl alcohol from di(2-ethylhexy1)phosphoric acid - kerosene solvent has 
been measured to be 410 ppm(lo), suggesting that the loss from the amine-kerosene 
solvent is also very low and negligible costwise. 



TABLE 14. ESTIMATED REAGENT COSTS POR THORIUM RECOVERY 

Consumption, 
lb/lb ThOz 

2.9 

0.25 

0.24 

0.022 

0.26 gal/lb Tho2 

Unit Cost, 
L/lb 

0.8 

1.5 

5.8 

80* 

276/gal*** 

I 

Chemical 

WaCl 

H2 SO,, 

NH3 

Di(tridecy1 P)amine 

Organic phase 

Consumption 

Thorium stripping 

Thorium stripping 

Thorium precipitation 

Distribution to raffinate 
(5 PPm) 

Entrainment and spillage** 

0.4 

1.4 

1.8 
I 

w 
7.0 N 

I 

Total 12.9 

*Di(tridecyl P)amine is now available only in experimental quantities. As with 
tri(iso-octy1)amine (see footnote, Table 13), the selling price of the compound would 
be sensitive to the level of production. The price listed is that estimated by the 
manufacturer for large-quantity production. 

**Organic loss by entrainment and spillage estimated at 0.05% of the raffinate volume. 

***Based on kerosene cost of 14b/gal. 

.a (.. 

I t 
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APPENDIX A 

Design and  O p e r a t i o n  of  t h e  Magnesium Oxide S t r i p p i n g  System 

The magnesium o x i d e  s t r i p p i n g  s y s t e m  used  f o r  t h e  uran ium 
r e c o v e r y  c y c l e  (see p.21)  c o n s i s t e d  o f  t w o  c o c u r r e n t  b a f f l e d  
m i x e r s ,  a se t t le r ,  and a n  o r g a n i c  r e c o v e r y  chamber c o n n e c t e d  
t o g e t h e r  a s  shown i n  F i g .  A-1.  I n  o p e r a t i o n ,  t h e  o r g a n i c  ex- 
t r a c t  and t h e  magnesium o x i d e  s l u r r y  were f e d  t o  t h e  f i r s t  
mixer  ( A )  from which t h e y  p a s s e d  t o  t h e  second  mixer ( B )  and 
t h e n  t o  t h e  s e t t l e r  ( C ) .  R e s i d e n c e  t i m e  i n  e a c h  mixer w a s  
a p p r o x i m a t e l y  1 2  min. The s t r i p p e d  o r g a n i c  phase  ove r f lowed  
from t h e  s e t t l e r  and  w a s  r e c y c l e d  t o  t h e  e x t r a c t i o n  s y s t e m .  
The s e t t l e r  w a s  p r o v i d e d  w i t h  a v e r y  s l o w - t u r n i n g  s t irrer9 
which a i d e d  i n  d isengagement  o f  o r g a n i c  f rom t h e  s l u r r y .  The 
magnesium " d i u r a n a t e "  s l u r r y  w a s  pumped from t h e  bot tom of t h e  
s e t t l e r  and  f e d  t o  t h e  t o p  o f  t h e  o r g a n i c  r e c o v e r y  chamber ( D ) .  
S l u r r y  w a s  pumped from t h e  bot tom of  t h e  o r g a n i c  r e c o v e r y  
chamber t o  a f i l t e r .  Both t h e  C and  D chambers  w e r e  equ ipped  
w i t h  c o n i c a l - s h a p e d  bo t toms  t o  e n s u r e  p r o p e r  d i s c h a r g e  of  t h e  
s l u r r y  s o l i d s .  S l u r r y  w a s  pumped from C t o  D a t  a c o n s i d e r -  
a b l y  f a s t e r  ra te  t h a n  i t  w a s  pumped from D, O p e r a t i o n  i n  t h i s  
manner a l l o w e d  c o n t i n u o u s  o v e r f l o w  o f  aqueous*  ( a n d  r e c o v e r e d  
o r g a n i c )  f rom D which w a s  r e c y c l e d  t o  C .  The l e v e l  o f  t h e  
i n t e r f a c e  i n  C w a s  c o n t r o l l e d  by t h e  r a t e  a t  which s l u r r y  w a s  
pumped from D o  

S u c c e s s  i n  a v o i d i n g  e m u l s i o n  f o r m a t i o n  w h i l e  c o n t a c t i n g  
t h e  magnesium o x i d e  s l u r r y  w i t h  t h e  ex t rac t  depends  on main- 
t a i n i n g  t h e  o r g a n i c  phase  c o n t i n u o u s  i n  t h e  mixers. S i n c e  
t h e  o r g a n i c / a q u e o u s  f e e d  r a t i o  t o  t h e  sys t em is h i g h ,  i . e .  , 
45/1, t h i s  c o n d i t i o n  is n o t  d i f f i c u l t  t o  m a i n t a i n ,  a l t h o u g h  
some care s h o u l d  be  t a k e n  i n  s t a r t - u p  t o  e n s u r e  t h a t  t h e  
o p p o s i t e  c o n d i t i o n ,  i . e .  , aqueous  phase  c o n t i n u o u s ,  d o e s  n o t  
r e s u l t .  T h i s  is best accompl i shed  by f i l l i n g  t h e  m i x e r s  w i t h  
t h e  o r g a n i c  phase  and  s t a r t i n g  t h e  stirrers b e f o r e  b e g i n n i n g  
f e e d  o f  t h e  magnesium oxide s l u r r y .  

The magnesium oxide s l u r r y  u s e d  i n  t h i s  r u n  w a s  p r e p a r e d  
by d i s p e r s i n g  Michigan No, 1 5  c a l c i n e d  magnes i te**  i n  water. 

*S ince  t h e  uran ium p r e c i p i t a t e  s e t t l e d  f a i r l y  r a p i d l y  i n  D ,  
t h e  aqueous  o v e r f l o w  c o n t a i n e d  e s s e n t i a l l y  no s o l i d s .  

**The s o u r c e  of t h e  magnesium o x i d e  u s e d  f o r  s t r i p p i n g  uranium 
from amines  c a n  b e  a n  i m p o r t a n t  v a r i a b l e  s i n c e  v a r i o u s  
samples  have shown d i f f e r e n t  d e g r e e s  o f  r e a c t i v i t y  f o r  t h i s  
p u r p o s e ,  I n  a d d i t i o n  t o  No. 1 5  c a l c i n e d  m a g n e s i t e  (Mich igan  
Chemical  C o o )  o t h e r  commercial magnesium oxide s a m p l e s  i n  
t h e  same p r i c e  r a n g e  which have  g i v e n  s a t i s f a c t o r y  s t r i p p i n g  
r e s u l t s  i n c l u d e  N o .  5 c a l c i n e d  m a g n e s i t e  (Mich igan  Chemical  
Co.), c a l c i n e d  m a g n e s i t e  No. 2665 ( W e s t v a c o ) ,  and  s y n t h e t i c  
m a g n e s i t e  c a l c i n e d  L-2-65 ( D o w  Chemical  C o . ) ,  
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Prior. to use the slurry was "homogenized" in a Waring blender. 
This procedure was adopted since, in preliminary tests, some 
difficulty had been encountered in pumping a uniform slurry 
because of settling out of the larger sized particles in the 
feed line. The problem of pumping a uniform slurry is un- 
doubtedly much more difficult in the small-scale experimental 
equipment used where the slurry feed rate is only 5 ml/min 
than it would be in plant-scale equipment where the flow 
velocity in the feed line would be much higher. In large 
scale operation, it is doubtful thdt "homogenization" of the 
slurry would be necessary. 

APPENDIX B 

Description of Reagents 

Amine S-24: bis(l-isobutyl-3,5-dimethylhexyl)amine 

Amine 9D-178: dodecenyl Primene 81 

CH3 CH3 
1 1 

R 
H r  

CH3 CH3 R 11 

where R + R' + R" = 11-14 carbon atoms 
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f 

Di(tridecy1 P)amine: alkyl group derived from tetrapropylene 

Primene JM-T: 

1 I CH3 -<-CH2 -C-CH2 -CH-CH2 -CH2 I .-NH 
L CH3 CH3 CH, 1 2  

mixture of primary amines 

R' 
R-Y-NHZ 

R" 

f 

where R + R' + R" = 15-21 carbon atoms 

Armeen 212: mostly dilaurylamine; structure self-evident 

Tri-n-octylamine: structure self-evident - 

Tri(iso-octy1)amine: branching reported .to be no closer to 
the nitrogen than the third carbon 

For further information on sources of the reagents, 
their purity levels, their potential availability, etc., see 
ORNL-1734, p. 103 (AECD-4142, p. 103) and ORNL-1922, pp. 65 
and 87. 

3. 


