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ABSTRACT 

A p r o c e s s  w a s  developed f o r  s e p a r a t i n g  promethium from 
mixed f i s s i o n  p roduc t  rare e a r t h s  by cont inuous  m u l t i s t a g e  
c o u n t e r c u r r e n t  e x t r a c t i o n  wi th  100% t r i -n -bu ty lphospha te  from 
n i $ r i c  a c i d  of 1 2  o r  h i g h e r  concent ra tyon .  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 t  1 2  N a c i d i t y  f o r  neodymium, promethium, and 
samarium are 0.43,  0.82,  and 1 .,5.5-, r e s p e c t i v e l y .  S ing le -  
s t a g e  s e p a r a t i o n  f a c t o r s  o f  1 . 9  between s u c c e s s i v e  e lements  
c a n  be  ma in t a ined  th roughout  t h e  system t o  g i v e  s e p a r a t i o n s  
dependent  on ly  on t h e  number of  s t a g e s .  E x t r a c t e d  va lues  can  
be r e c o v e r e d  from t h e  o r g a n i c  s o l u t i o n  by s t r i p p i n g  wi th  a 
smaller volume o f  d i l u t e  n i t r i c  a c i d .  

A f l owshee t  f o r  p u r i f i c a t i o n  of  promethium i n c l u d e s  one 
c y c l e  f o r  s e p a r a t i o n  of  promethium f rom neodymium and l i g h t e r  
e l e m e n t s  and a second  c y c l e  f o r  removal of  samarium and 
h e a v i e r  e lements .  Each c y c l e  c o n s i s t s  of a series of 
c o u n t e r c u r r e n t  p a r t i t i o n i n g  s t a g e s ,  fo l lowed by s t r i p p i n g  
s t a g e s  and an e v a p o r a t o r .  With 20 s t a g e s  i n  t h e  f i r s t  c y c l e  
and 34 s t a g e s  i n  t h e  s econd ,  a 90% y i e l d  o f  promethium wi th  a 
p u r i t y  o f  83% c a n  be o b t a i n e d  from a t y p i c a l  mix tu re  of  
f i s s i o n  produc t  rare e a r t h s ,  assuming e s s e n t i a l l y  p e r f e c t  
mechanica l  e f f i c i e n c y .  An i n c r e a s e  t o  34 s t a g e s  i n  t h e  first 
c y c l e  would permi t  a 93% y i e l d  of 99% promethium. 
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1.0,. INTRODUCTION 

T h i s  r e p o r t  d e s c r i b e s  t h e  development o f  a p roces s  f o r  
s e p a r a t i n g  t h e  s y n t h e t i c  e lement  promethium from t h e  o t h e r  
f i k s i o n  produc t  rare e a r t h s .  The p r o c e s s  is t o  be a p p l i e d  
on a p roduc t ion  scale by t h e  I so topes  D iv i s ion  of  t h e  Oak 
Ridge Na t iona l  Labora to ry .  The o r d e r  and n a t u r e  of  e x p e r i -  
ments  p e r f o m e d  were a f f e c t e d  c o n s i d e r a b l y  by changes i n  aims 
an@ needs  i n d i c a t e d  by t h o s e  i n t e r e s t e d  i n  a p p l i c a t i o n .  
Chrono log ica l ly  t h e s e  a i m s  were: removal of  y t t r i u m  i n  o r d e r  
t o  o b t a i n  less r a d i o a c t i v e  f eed  material f o r  ion  exchange 
columns; removal of  lanthanum, praseodymiumo and most of  t h e  
neodymium i n  o r d e r  t o  d e c r e a s e  t h e  bulk  and i n c r e a s e  t h e  
promethium c a p a c i t y  o f  i on  exchangg columns,; and;  f i n a l l y ,  
p r o d u c t i o n  of  promethium o f  required p u r i t y  by a two-cycle 
e x t r a c t i o n  p r o c e s s  a lone .  The p r o c e s s  adopted f o r  cerium 
recove ry  a l s o  removed most of  t h e  y t t r i u m ,  and t h e  f e a s -  
i b i l i t y  o f  promethium p u r i f i c a t i o n  by e x t r a c t i o n  became more 
obv ious  as t h i s  s t u d y  progressed .  The f e a s i b i l i t y  of  p u r i -  
f y i n g  promethium on a l a r g e  s c a l e  depends on t h e  maintenance 
o f  t h e o r e t i c a l  s e p a ~ a t i o n  f a c t o r s  throughout  a long series 
o f  s t a g e s ,  t h e  absence  o f  a bu i ldup  of  rare e a r t h s  s u f f i c i e n t  
t o  n o t i c e a b l y  d e c r e a s 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  any p a r t  
o f  t h e  sys tem,  and  t h e  q u a n t i t a t i v e  s t r i p p i n g  of  t h e  ex- 
t r a c t e d  e lements  from t h e  o rgan ic  stream i n t o  a r ea sonab le  
volume o f  d i l u t e  n i t r i c  a c i d .  

The n a t u r e  o f  t h e  equipment used f o r  m u l t i s t a g e  e x p e r i -  
ments  and its l o c a t i o n  w e r e  such  t h a t  p roces s ing  of  r ad io -  I 

a c t i v e  m a t e r i a l s  w a s  n o t  f e a s i b l e .  The re fo re  no promethium 
w a s  p r e s e n t  i n  any o f  t h e s e  exper iments ,  However, s i n g l e -  
s t a g e  exper iments  e s t a b l i s h e d  t h e  r e l a t i o n  between promethium 
and t h e  ne ighbor ing  e l emen t s  w e l l  enough t h a t  a c c u r a t e  i n f o r -  
mat ion  f o r  promethium can  be o b t a i n e d  by i n t e r p o l a t i o n  i n  
d a t a  o b t a i n e d  from m i x t u r e s  of neodymium and samarium. The 
accu racy  o f  m u l t i s t a g e  d a t a  w a s  l i m i t e d  by t h e  accuracy of 
s p e c t r o g r a p h i c  a n a l y s i s .  

T h i s  phase o f  t h e  development-was c a r r i e d  on ly  t o  t h e  
p o i n t  t h a t  f e a s i b i l i t y  o f  a sugges ted  f l owshee t  appeared t o  
have been e s t a b l i s h e d  and a s sembl i e s  of  s t a i n l e s s  steel 
Knowles-type mixer  settlers became a v a i l a b l e  i n  t h e  I so topes  
D i v i s i o n .  A t  t h i s  p o i n t  development w a s  t r a n s f e r r e d  t h e r e .  
P r e l i m i n a r y  t e s t s  w i t h  i n d i v i d u a l  tracer e lements  have con- 
f i rmed  p r e d i c t i o n s  made from t h e  r e s u l t s ,  of exper iments  
r e p o r t e d  h e r e .  

Peppard e t  a1.l f i r s t  r e p o r t e d  t h e  s e p a r a t i o n  o f  rare 
e a r t h s  by e x t r a c t i o n  w i t h  t r i b u t y l  phosphate from concen- 
t r a t e d  n i t r i c  and h y d r o c h l o r i c  a c i d s .  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 . e . ,  r a t i o s  of  c o n c e n t r a t i o n  i n  t h e  o r g a n i c  phase 
t o  c o n c e n t r a t i o n  i n  t h e  aqueous phase ,  i n c r e a s e d  wi th  a c i d i t y .  



S e p a r a t i o n  f a c t o r s ,  i. e. , r a t i o s  o f  d i s t r i b u t i o n  c o e f  f i- 
c i e n t s ,  between s u c c e s s i v e  r a r e - e a r t h  e l e m e n t s  i n  t h e  f i s s i o n  
p r o d u c t  r a n g e  w e r e  a b o u t  1 . 9  w i t h  a c i d i t i e s  above 1 0  PJ HMO3. 
Much i n f o r m a t i o n  c o n c e r n i n g  t h e s e  e x t r a c t i o n s  and s e p a r a t i o n s  
h a s  been c o n t r i b u t e d  by McKay et a l ,  Spedding e t  a l .  3  
s t u d i e d  t h e  s e p a r a t i o n  o f  r a r e  e a r t h s  i n  c o n c e n t r a t e d  s o l u -  
t i o n s  o f  low a c i d i t y .  I n  t h i s  l a b o r a t o r y  n a t u r a l  rare e a r t h s  
have  been s e p a r a t e d  on a k i l o g r a m  scale by Weaver e t  a l .  4  
F3rezhneva5 e t  a l .  r e p o r t  a m u l t i s t a g e  d i s t r i b u t i v e  s e p a r a t i o n  
o f  f i s s i o n  p r o d u c t  rare e a r t h s ,  

The a u t h o r s  g r a t e f u l l y  acknowledge t h e  v e r y  c a r e f u l  
s e c o n d - s h i f t  o p e r a t i o n  o f  t h e  s e p a r a t i o n  c a s c a d e  by J.  P. 
Eubanks. R. E. McHenry w a s  he lp f .u l  i n  k e e p i n g  t h e  c o u r s e  o f  
t h e  i n v e s t i g a t i o n  r e l a t e d  t o  t h e  p r o s p e c t i v e  needs  o f  t h e  
I s o t o p e s  Di-vis  i o n .  S p e c t r o g r a p h i c  a n a l y s e s  were d e v i s e d  and  
performed b-y J .  A. N o r r i s  and a s s o c i a t e s  i n  t h e  A n a l y t i c a l  
Chemis t ry  D i v i s i o n .  T r a c e s  d i s t r i b u t i o n  d a t a  were o b t a i n e d  
by J a n e t  Debnam and J. Po Eubanks, 

2 . 0  FLOWSHEET 

A two-cycle f l o w s h e e t  was d e v i s e d  on t h e  b a s i s  o f  d a t a  
o b t a i n e d  i n  a  l a b o r a t o r y - s c a l e  s t u d y  ( F i g ,  1 ) .  I n d i c a t e d  
f l o w  rates for t h e  f i r s t  c y c l e  are a 1 0 - f o l d  s c a l e u p  o f  t h o s e  
s u i t a b l e  f o r  t h e  e x p e r i m e n t a l  equipment .  The second  c y c l e  
f i t s  t h e  e x p e r i m e n t a l  equipment  and is a d e q u a t e  t o  h a n d l e  t h e  
p r o d u c t  o f  t h e  f i r s t  c y c l e ,  There  a r e  no c h e m i c a l  l i m i t a -  
t i o n s  on s c a l e u p ,  t o  a p r o d u c t i o n  p l a n t .  

One c o n s p i c u o u s  l a c k  i n  t h e  above f l o w s h e e t  is t h e  
number o f  s t a g e s  i n  e a c h  s e p a r a t i o n s  c a s c a d e .  The p r o d u c t i o n  
p l a n t  o f  t h e  I s o t o p e s  D i v i s i o n  h a s  20 s t a g e s  i n  t h e  f i r s t  
c a s c a d e  and 3 4  s t a g e s  i n  t h e  second.  The f i r s t  c a s c a d e  is 
l i m i t e d  t o  a s e p a r a t i o n  f a c t o r  o f  -500 between promethium and ' 

neodymium, w h i l e  t h e  34 s t a g e s  o f  t h e  s e c o n d  c a s c a d e  a l l o w  a 
f a c t o r  o f  -35,000 between samarium and  promethium. The y i e l d  
and /o r  p u r i t y  o f  t h e  promethium is s e v e r e l y  l i m i t e d  by t h e  
s m a l l  number o f  s t a g e s  i n  t h e  f i r s t  c a s c a d e .  The f i r s t  sec- 
t i o n  o f  T a b l e  1 shows one c a l c u l a t e d  p o s s i b l e  r e s u l t  o f  o p e r -  
a t i o n  of  t h i s  c a s c a d e .  The y i e l d  o f  promethium w a s  a r b i -  
t r a r i l y  set  a t  90% i n  t h e  f i r s t  c y c l e  and t h e  samarium 
removal  a t  997'0 i n  the second ,  A t t a i n a b l e  s e p a r a t i o n s  are 
c a l c u l a t e d  from a s i n g l e  s t a g e  s e p a r a t i o n  f a c t o r  o f  1 . 8 5  
between s u c c e s s i v e  e l e m e n t s .  Q u a n t i t i e s  are b a s e d  on f e e d  
c o n t a i n i n g  1000 g  o f  mixed f i s s i o n  p r o d u c t  rare e a r t h s .  The 
c o m p o s i t i o n  o f  t h e  f e e d  material is c a l c u l a t e d  from t h e  

I 
e x p e c t e d  r e s u l t s  o f  removing ce r ium from a m i x t u r e  o f  a r b i -  
t r a r y  b u t  p o s s i b l e  c o m p o s i t i o n .  An i n c r e a s e  t o  25 s t a g e s  i n  
t h e  f irst  c a s c a d e  a l l o w s  a n  i n c r e a s e  i n  promethium p u r i t y  
tu 937'0 (Table  1, midd le  s e c t i o n ) .  T h e r e  is more need f o r  
h i g h  s e p a r a t i o n  power i n  t h e  f i r s t  c y c l e  t h a n  i n  the second  
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Fig. 1. Promethium purification flowsheet. 



. . . . Tab le .  1. C a l c u l a t e d  Material Ba lance  ... 
' . . .  

. . i n .  ' ~ r o n a ~ t h i u m  P u s i f  icat  ion  j . . 
. .. . . . . 

. .  . .  . . .,: 
. .. 

. . .  . . ,  . .  . . , . 3 4  s t a g e s  i~ 2nd c y c l e  . .  : .  . 

. . .  . . .  

~ e e d ,  1st Cycle 1st C y c l e  2nd cycle 2 n d ' d y c l e  
Element g Waste, g P roduc t ,  g Waste, g P roduc t ,  g 

20 Stages i n  1st cyc l e , '  Pm Y i e l d  90%, P u r i t y  837'0 

25  S t a g e s  i n  1st c y c l e ,  Pm Y i e l d  907'0, P u r i t y  93% 

because  neodymium i s  t h e  major  c o n s t i t u e n t  o f  t h e  o r i g i n a l  
m i x t u r e ,  With 3 4  .stages i n  each  ca scade  it would be p o s s i b l e  
t o  o b t a i n  a 937'0 y i e l d  o f  997'0 promethium (Table  1, bottom 
s e c t i o n ) .  



While t h i s -  ,f l'owsheet is based on 1 2  .,N HNO, , o p e r a t i o n  
a t  h i g h e r  a c i d i t y  is f . e a s i b l e .  ~ e l a t i v e  f low rates would 
be  d i f f e r e n t . . w i t h  a smaller o r g a n i c  f low,  bu t  s e p a r a t i o n  
f a c t o r s  .would be  o n l y  v e r y  s l i g h t l y  h i g h e r .  S u i t a b l e -  f low 
rates f o r  any a c i d i t y  f o r  which d i s t r i b u t i o n  c o e f f i c i e n t s  
are known can  be c a l c u l a t e d  wi.th0u.t f u r t h e r  experiments. .  . 

3 .0  . EXPERIMENTAL 
, . 

3  1 Apparatus  and .Tqchniques 

S i n g l e - s t a g e  d a t a  w e r e  o b t a i n e d  by c o n t a c t i n g  prepared  
p h a s e s  i n  s e p a r a t o r y  f u n n e l s ,  s e p a r a t i n g  t h e  phases ,  p i p e t -  
t i n g  2 - m l  samples  o f  e a c h  phase i n t o  a c u l t u p e  tube  wi th  a  
c o r k  s t o p p e r ,  and measur ing t h e  gamma a c t i v i t y  i n  a  w e l l -  
t y p e  s c i n t i l l a t i o n  c o u n t e r .  T r a c e r s  used were ~ d ~ ~ ~ ,  F9nl48, 
and ~ m 1 5 3  o b t a i n e d  from I so topes  D i v i s i o n  s t o c k s .  N i t r i c  
a c i d  c o n c e n t r a t i o n s  w e r e  determined by t i t r a t i n g  t h e  2 - m l  
samples  i n  wate r  w i t h  s t a n d a r d  1 NaOH t o  a methyl orange 
end  p o i n t .  D i s t r i b u t i o n  c o e f f i c i e n t s  were r a t i o s  of coun t s  
p e r  u n i t  t i m e  i n  t h e  two phases .  

The basic u n i t  o f  t h e  m u l t i s t a g e  e x t r a c t i o n  system was 
a g l a s s  m i x e p - s e t t l e r  (F ig .  2 ) .  The d e s i r e d  number of  t h e s e  
u n i t s  were connec ted  i n  series by. Tygon tub ing  c o n t a i n i n g  an 
a d j u s t a b l e  g r a v i t y  l e g  f o r  c o n t r o l  o f  t h e  i n t e r f a c e  h e i g h t  
i n  e a c h  s t a g e .  The c e n t r a l  pumping i m p e l l e r  and mixing 
b l a d e s  were powered by a 0.01-hp Bodine motor a t t a c h e d  t o  each  
s h a f t  by tub ing .  S ince  t h e  i m p e l l e r  i n  t h i s  m i x e r - s e t t l e r  
pumps whatever  l i q u i d  becomes a v a i l a b l e  t o  i t ,  t h e r e  was no 
i n t e r n a l  c o n t r o l  of  t h e  f low rates. The most f r e q u e n t  cause  
o f  i n t e r r u p t i o n  w a s  t h e  breakage of  g l a s s  s h a f t s .  The pro-  
cess streams were s u p p l i e d  by Mi l ton  Roy p r o p o r t i o n i n g  pumps 
and microbe l lows  pumps. The c h i e f  a c t i v i t y  of  t h e  o p e r a t o r  
w a s  t h e  checking  o f  f low rates by measuring f e e d  o r  e f f l u e n t  
volumes. Evapora to r s  w e r e  con t inuous  and w e r e  c o n s t r u c t e d  
o f  g l a s s  p i p e  w i t h  steam-heated tan ta lum f i n g e r s .  There w a s  
s u f f i c i e n t  d i f f i c u l t y  i n  ma in t a in ing  c o n s t a n t  f low rates 
i n t o  t h e  system and u n i n t e r r u p t e d  f low through a l l  t h e  
m i x e r - s e t t l e r s  t h a t  a t t a i n m e n t  o f  e q u i l i b r i u m  w a s  f a r  from 
r o u t i n e .  I n  s e v e r a l  exper iments  t h e  f u l l  e f f i c i e n c y  of t h e  
chemica l  system w a s  n o t  o b t a i n e d  from t h e  mechanical  system. 
Moreover,  l a c k  o f  e q u i l i b r i u m  w a s  n o t  always obvious  and 
became e v i d e n t  o n l y  on l a t e r  a n a l y s i s .  With t h e  low concen- 
t r a t i o n s  u sed  i n  most o f  t h e s e  expe r imen t s ,  adequate  sampling 
r e q u i r e d  t e r m i n a t i o n  o f  exper iments  and t h e  u s e  o f  l a r g e  
f r a c t i o n s  o f  t h e  t o t a l  volumes as samples .  I n  each  e x p e r i -  
ment a t  least  2 5  h r  o f  s t e a d y  o p e r a t i o n  w e r e  al lowed f o r  
a t t a i n m e n t  o f  e q u i l i b r i u m .  
/ 

3 . 2  S i n g l e - s t a g e  D a t a  

E x t r a c t i o n  o f  bo th  neodymium and promethium i n c r e a s e d  
w i t h  a c i d i t y  up t o  about  4 - N HMO, and then  decreased  s lowly  
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t o  n e a r l y  8  H N 0 3 ,  b e f o r e  i n c r e a s i n g  r a p i d l y  w i t h  h i g h e r  
a c i d i t y  (Fig .  3 ) .  The e x t r a c t i o n  c o e f f i c i e n t  of samarium 
from a b o u t  12 N a c i d  has  been measured r e p e a t e d l y ,  Readings 
from t h e s e  c u r v e s  g i v e  c o e f f i c i e n t s  of  0.43,  0.82,  and 1 .55 ,  
r e s p e c t i v e l y ,  f o r  neodymium, promethium, and samarium. The 
c a l c u l a t e d  s e p a r a t i o n  f a c t o r  f o r  bo th  p a i r s  is 1 . 9 .  

In  t he :  middle  a c i d  r ange ,  c o e f f i c i e n t s  are low enough 
t o  p e r m i t  s t r i p p i n g  o f  . % h e .  rare, e a r t h s  .from t h e  TBP by a 
volume o f  a c i d  e q u a l  t o  o r  somewhat less than  t h e  volume of 

. TBP. S i n c e  n i t r i c  a c i d  d i s t r i b u t e s  between.. TBP and water, 
its c o u n t e r c u r r e n t  ' s t r i p p i n g  ma in t a in s  t h e  a c i d i t y  fn  a 
s u i t a b l e  range f o r  s t r i p p i n g  t h e  r a r e  e a r t h s  i f  the .  p rope r  
f l ow r a t i o s  a r e  'used.  

3 - 3  Eleven-s t a g e  Experiments 

I n  t h e  f i r s t  expe r imen t ,  des igned  (Table 2 ,  p a r t  a )  t o  
d e t e r m i n e  t h e  s e p a r a b i l i t y  of  y t t r i u m  from neodymium, 99% of  
t h e  y t t r i u m  w a s  c o n c e n t r a t e d  i n  t h e  e x t r a c t ,  which con ta ined  
o n l y  7% o f  t h e  t o t a l  f e e d .  The appa ren t  absence of neo- 
dymium i n  t h e  e x t r a c t  p revented  t h e  c a l c u l a t i o n  of  s epa ra -  
t i o n  f a c t o r s  between neodymium and o t h e r  e lements .  Analys i s  
o f  bo th  phases  i n  6  o f  t h e  11 s t a g e s  (Fig.  4) showed t h a t  
t h e  h i g h e s t  c o n c e n t r a t i o n  i n  any s t a g e  w a s  less t h a n  2 g  of  
RE203 p e r  l i t e r .  T h i s  is less than  1% of t h e  l oad ing  
c a p a c i t y  o f  TBP. The h i g h e s t  c o n c e n t r a t i o n  w a s  a t  t h e  f e e d  
p o i n t .  

I n  a second exper iment  t h e  organic/aqueous f low r a t i o  
w a s  i n c r e a s e d  i n  o r d e r  t o  measure t h e  s e p a r a t i o n  between 
samarium and neodymium (Table 2 ,  p a r t  b ) .  The i n d i c a t e d  
o v e r a l l  s e p a r a t i o n  f a c t o r  between samarium and neodymium is 
880,  o r  3.42 p e r  s t a g e .  The cor responding  c a l c u l a t e d  Sm/Pm 
and P m / N d  f a c t o r s  are 1 .85 .  This  is ve ry  n e a r  t h e  e x p e r i -  
m e n t a l  s i n g l e - s t a g e  v a l u e  of  1 . 9 ,  i n d i c a t i n g  a h igh  e f f i -  
c i e n c y  i n  t h e  s e p a r a t i o n  system.  

When t h e  f e e d  p o i n t  w a s  a t .  s t a g e  9 ,  t h e  maximum concen- 
t r a t i o n  o f  t o t a l  rare e a r t h s  remained a t ,  t h i s  p o i n t  (Fig .  5 ) ,  
b u t :  t h e  c o n c e n t r a t i o n  of  neodymium w a s  a t  a .maximum . n e a r e r  
t h e  middle  of t h e  cascade  (Fig .  6 ) .  The neodymium concen- 
t r a t i o n  dec reased  r a p i d l y  above t h e  f eed  p o i n t .  

3 0 4 .Twenty-stage Experiments and . Da;ta 

When it became c e r t a i n  t h a t  t h e  I so topes  D i v i s i o n  ,would 
have equipment w i t h  20 s t a g e s  f o r  s e p a r a t i o n  of  promethium 
from neodymium, exper iments  w e r e  performed wi th  2 0  g l a s s  
m i x e r - s e t t l e r s .  Flow rates were chosen (Table 3 )  s o  as t o  
s p l i t  between promethium and neodymium, on t h e  b a s i s  t h a t  
t h e i 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  from 1 2  H HN03 were 0.95 and 
0 . 4 6 ,  r e s p e c t i v e - l y .  : Tho.ugh . th@re  is. c o n s i d e r a b l e  . .. u n c e r t a i n t y  
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T a b l e  2. Eleven-s  t a g e  S e p a r a t i o n  of Neqdymium f rom 
. . 

! 

( a )  y t t r i u m  a n d . ( b )  Samar.ium 
- 

Fe,e;d : 250 ml/hr  o f  1 2 , 5  -g -HN03 c o n t a i n i n g  2.5 g 
Organ i c  : lOO.%'o.-TE3P 
Aqueous: 12 .N HN03 

L a 

St ream gjhG- La2 O3 Pr601 I ~ d ,  0, ' srn2 o3 Eu2 O3 Gd2 O, Dy2 O3 Y2 0 3  

F e d  2.5 1 5  ' 3 . 3  6 1 '  1 4  0,.15 0 .4  . -  5.5 

( a )  Feed i n t o  S t a g e  6 ;  o r g a n i c  600 ml /h r ,  aqueous 1500. ml/hr  

Organ i c  0.178 - - - 8 . 8  0 . 3  5 .2  0 . 3  86 

R a f f i n a t e  2 .24 1 5  4 .4  67 1 2 . 8  0.05 0 .1  - 3 0 . 1  

(b) Feed i n t o  S t a g e  8; o r g a n i c  1100 ml /h r ,  aqueous 950 ml/hr  

Organ i c  0 .5  ' - - 8 . 7  59 0.14 1 . 8  - 30 

R a f f i n a t e  2.0 20 5 7 4, :0.57 - - - - 

. . 

T a b l e  3. . .Twenty-stage Sepa ra t i . on .  o f  Samarium from .Neodymium 
. . , .  

. . 

Feed : 250. ml /hr  o,f .12.5. N HN03 c o n t a i n i n g ,  2.5. - g  RE2 0, 
Organ i c  : 10.00 ml /h r . :TB~ p r e - e q u i l i b r a t e d  w i t h  3 .I$HNo~ 
Aqueous : 850. ml /hr  1'2 .N HNOa 

. . .: ~ 

RE2 0, 9 Analysis, % of T o t a l  RE203 
Stream g /h r  La2 0 3  PP 6 0 4  Nd2 0 3  Sm2,03 Y 2  0 3  

Feed 2.5 1 7  4 60 1 5  5 .5  

Aqueous 2.02 20 3 77 0.02 - 
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Fig. 6. Neodymium concentration profiles in 11-stage cascade, 
feed in stage 9. 



i n  t h e  s m a l l  v a l u e  o f  0.02% Sm203 i n  t h e  r a f f i n a t e ,  t h e  i n d i -  
c a t e d  o v e r a l l  Sm/Nd s e p a r a t i o n  f a c t o r  is -100,000, o r  n e a r l y  
3 . 2  p e r  s t a g e .  T h i s  approaches  t h e  exper imenta l  s i n g l e - s t a g e  
v a l u e .  Ana lys i s  of  bo th  phases  o f  1 3  of  t h e  20 s t a g e s  (F ig .  
7 )  showed t h a t  t h e  h i g h e s t  c o n c e n t r a t i o n  i n  t h e  s o l v e n t  w a s  
o n l y  0 . 8  g of R E 2 0 3  p e r  l i t e r .  

Exper iments  were performed t o  o b t a i n  d a t a  t o  be used a s  
a g u i d e  i n  de t e rmin ing  t h e  proper  f eed  p o i n t s  f o r  s p e c i f i c  
y i e l d s  and p u r i t i e s .  In  most of t h e s e  exper iments  imper fec t  
performance of one o r  more of t h e  m i x e r - s e t t l e r s  p revented  
a t t a i n m e n t  of e q u i l i b r i u m  and f u l l  e f f i c i e n c y  of t h e  system 
and d e c r e a s e d  u s e f u l n e s s  o f  t h e  d a t a .  However, t h i s  informa- 
t i o n  can  be c a l c u l a t e d  as a c c u r a t e l y  a s  i t  can be determined 
w i t h  p e r f e c t l y  e f f i c i e n t  a p p a r a t u s .  

3 . 5  Thi r ty - fou r - s t age  .Experiment and Data 

The I s o t o p e s  D i v i s i o n  has  34 s t a g e s  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 samarium from promethium. Two exper iments  were 
performed i n  t h e  g l a s s  a p p a r a t u s  w i t h  3 4  s t a g e s ,  though t h e  
s e p a r a t i o n  expec ted  w a s  t o o  high f o r  measurement. A s m a l l  
d i f f e r e n c e  i n  t h e  o r g a n i c  f low rate (Table 4)  made a marked 
d i f f e r e n c e  i n  t h e  amount o f  samarium e x t r a c t e d .  In  n e i t h e r  
case w a s  enough neodymium e x t r a c t e d  t o  make p o s s i b l e  a c a l c u -  
l a t i o n  o f  a s e p a r a t i o n  f a c t o r .  

3 . 6  S t r i p p i n g  

S t r i p p i n g  from t h e  o r g a n i c  phase  w a s  s t u d i e d .  E x t r a c t i o n  
d a t a  i n d i c a t e  t h a t  s t r i p p i n g  shou ld  be maximum w i t h  aqueous 
a c i d i t i e s  between 5 and 8 N and t h a t  i n  10 s t a g e s  s t r i p p i n g  
s h o u l d  be e s s e n t i a l l y  compTete w i t h  organic/aqueous f low 
r a t i o s  up t o  4. The a c i d i t y  o f  t h e  s t r i p p i n g  s o l u t i o n  w i l l  
i n c r e a s e  toward t h e  s t a g e  from which it l e a v e s  t h e  sys tem,  
w i t h  t h e  a c i d  l e v e l  depending somewhat on t h e  a c i d i t y  of  t h e  
o r i g i n a l  s t r i p  s o l u t i o n  b u t  more on t h e  f low r a t i o .  When t h e  
o r g a n i c  e f f l u e n t  from a 20-stage s e p a r a t i o n  exper iment  w a s  
s t r i p p e d  i n  10 s t a g e s  w i t h  1 /4  volume of 4 N HNO,, t h e  f i n a l  
a c i d i t y  o f  t h e  s t r i p  s o l u t i o n  w a s  n e a r l y  10-N (F ig .  8 ) .  
S t r i p p i n g  wi th  2 N HNO3 gave a s l i g h t l y  l e s s a c i d  e f f l u e n t .  
I t  a p p e a r s  a d v i s a b l e  t o  ma in t a in  an aqueous/organic r a t i o  of  
a t  least 1 / 3 ,  though t h e  s p e c t r o g r a p h i c  l a b o r a t o r y  r e p o r t e d  
t h a t  no rare e a r t h s  w e r e  d e t e c t a b l e  i n  t h e  TBP from t h e  
s t r i p p i n g  exper iment .  

4 .0  DISCUSSION 

The s e p a r a t i o n  o f  n a t u r a l  r a r e  e a r t h s  is l i m i t e d  by con- 
c e n t r a t i o n  e f f e c t s .  R a r e  e a r t h s  are e x t r a c t e d  by format ion  
o f  complexes wi th  TBP o f  t h e  form RE(NO,), -3TBP.  Pure Tl3P is 
approx ima te ly  e q u i v a l e n t  t o  a 1 M rare e a r t h  s o l u t i o n .  D i s -  
t r i b u t i o n  c o e f f i c i e n t s  are c o n s t a n t  on ly  a t  low c o n c e n t r a t i o n s  
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Tab le  4. Th i r ty - fou r - s t age  S e p a r a t i o n  

o f  Samarium from Neodvmium 

Feed: 100 ml/hr  12 .5  N HN03 c o n t a i n i n g  4.0 g  RE203 
Organic :  10070 ,TBP. p r e - e q u i l i b r a t e d  wi th  1 2  N H N 0 3  
Aqueous: 1900 ml /hr '  1 2  N HN03  

R E 2 0 i  9 Ana lys i s ,  '70 .of T o t a l  RE203 
Stream g / h r  Nd2 0 3  Sm203 

Feed 4.0 6  94 

( a )  Organic  1520 ml/hr 

Organic  2 ,28  - 100 

Aqueous 1 .64  2 2  78 

( b )  Organic  1770 ml/hr 

Organic.  4.03. 

Aqueous 0 ,22 

and decrease a s  l o a d i n g  o f  t h e  s o l v e n t  i n c r e a s e s  (Fig .  9 )  In  
e x t r a c t i o n s  from as l i t t l e  as 0 . 1  M rare e a r t h  n i t r a t e ,  t h e  
e f f e c t i v e  f r e e  r e a g e n t  c o n c e n t r a t i o n  is dec reased  by 10%. W i  t h  
a th i rd-power  dependency o f  e x t r a c t i o n  c o e f f i c i e n t s  on r e a g e n t  
c o n c e n t r a t i o n ,  t h e r e  is c o n s i d e r a b l e  v a r i a t i o n  i n  c o e f f i c i e n t s  
t h roughou t  a m u l t i s t a g e  sys tem,  g r e a t l y  d e c r e a s i n g  its e f f  i- 
c i e n c y .  T h i s  e f f e c t  i n c r e a s e s  w i t h  a tomic number and t h e  con- 
s e q u e n t l y  g r e a t e r  e x t r a c t a b i l i t y .  T h e r e f o r e ,  t h e  l i g h t e r  and 
more abundant  e l emen t s  are more e a s i l y  s e p a r a t e d  than  are t h e  
h e a v i e r  and r a r e r  ones .  

In  t h e  s e p a r a t i o n  of  f i s s i o n  produc t  rare e a r t h s ,  t h e  
d i s a d v a n t a g e s  of l i q u i d  e x t r a c t i o n  a r e  g r e a t l y  diminished.  
The v a l u e  o f  t h e  material is measured i n  c u r i e s  o f  a c t i v i t y  
r a t h e r  t h a n  i n  weight  u n i t s .  Highly a c t i v e  s o l u t i o n s  can  be 
o b t a i n e d  wi thou t  e x c e s s i v e  l oad ing  of  t h e  e x t r a c t a n t .  Only 
t h e  l i g h t e r  rare e a r t h s  and y t t r i u m  are p r e s e n t .  There is no 
g r e a t  l o c a l i z a t i o n  o f  a c t i v i t y  as i n  t h e  case of  i on  exchange,  
b u t  e f f l u e n t  c o n c e n t r a t i o n s  and f low rates may be h ighe r .  
E x t r a c t e d  v a l u e s  may be s t r i p p e d  from t h e  TBP by d i l u t e  n i t r i c  
a c i d ,  and a l l  aqueous n i t r a t e  s o l u t i o n s  may be c o n c e n t r a t e d  t o  
any d e s i r e d  deg ree  by evapora t ion .  

The purpose o f  t h i s  i n v e s t i g a t i o n  w a s  n o t  t o  demons t ra te  
t h e  e f f i c i e n c y  o f  any g iven  c o n t a c t i n g  d e v i c e  b u t  t o  de te rmine  
whether  t h e  s e p a r a t i o n  f a c t o r s  i n d i c a t e d  by s i n g l e - s t a g e  d i s -  
t r i b u t i o n  d a t a  can  b e  ex tended  t o  a m u l t i s t a g e  system,  and t o  
o b t a i n  some in fo rma t ion  on t h e  l i m i t a t i o n s  o n . c o n c e n t r a t i o n s ,  
and  consequen t ly  on th roughput  c a p a c i t y ,  and on neces sa ry  
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ra t ios  o f  s t r i p p i n g  s o l u t i o n s  t o  o r g a n i c  f low.  The most 
l i k e l y  h i n d r a n c e  t o  f u l l  e f f i c i e n c y  i n  t h e  s e p a r a t i o n  c a s c a d e  
would b e  e x c e s s i v e  b u i l d u p  o f  c o n c e n t r a t i o n  a round  t h e  f e e d  
p o i n t  from i n t e r n a l  r e f l u x .  The a t t a i n m e n t  o f  t h e o r e t i c a l  
s e p a r a t i o n  i n  a n  e x p e r i m e n t  would i n d i c a t e  comple te  e f f i -  
c i e n c y  o f  a l l  s t a g e s  i n  t h e  s e p a r a t i o n  d e v i c e  and c o n f i r m  t h e  
s o u n d n e s s  o f  t h e  p r e d i c t i o n s  from s i n g l e - s t a g e  d a t a .  These  
a i m s  w e r e  r e a l i z e d  o r  c l o s e l y  approached i n  s e v e r a l  e x p e r i -  
m e n t s .  Though e f f e c t i v e  s e p a r a t i o n s  were accompl i shed  w i t h  
f e e d  f l o w s  up t o  o n e - f i f t h  o f  t h e  t o t a l  aqueous f l o w  and w i t h  
c o n c e n t r a t i o n s  u p  t o  2 . 5  g / l i t e r ,  t h e  s l i g h t  b u i l d u p  o f  con- 
c e n t r a t i o n  a round  t h e  f e e d  p o i n t  i n d i c a t e s  t h e  a d v i s a b i l i t y  
of l i m i t i n g  f e e d  f l o w s  t o  5% o f  t h e  t o t a l  aqueous  f l o w  and 
a q u e o u s  c o n c e n t r a t i o n s  i n  t h e  c a s c a d e  t o  1 g / l i t e r .  T h i s  is 
a d e q u a t e  f o r  s e p a r a t i o n  o f  l a r g e  q u a n t i t i e s  o f  promethium i n  
r e a s o n a b l y  s m a l l  equ ipment .  

D i s t r i b u t i o n  o f  e l e m e n t s  and s e p a r a t i o n  between them i n  
a l i q u i d - l i q u i d  e x t r a c t i o n  sys tem a r e  governed by s i m p l e  
a r i t h m e t i c a l  r e i a t i o n s .  The d i s t r i b u t i o n  c o e f f i c i e n t ,  E%, o f  
a g i v e n  e l e m e n t  is t h e  r a t i o  o f  i ts c o n c e n t r a t i o n  i n  t h e  
o r g a n i c  p h a s e  t o  t h a t  i n  t h e  aqueous phase  a t  e q u i l i b r i u m .  
The s e p a r a t i o n  f a c t o r  between two e l e m e n t s ,  a, i n  a g i v e n  
s y s t e m  is t h e  r a t i o  o f  t h e i 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 ;  i . e . ,  
a1,2 = E1/E2.. I n  a s i n g l e - s t a g e  d i s t r i b u t i o n  o f  a n  e l e m e n t ,  
t h e  r a t i o  o f  q u a n t i t i e s  i n  t h e  two p h a s e s  is t h e  p r o d u c t  o f  
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  and t h e  r a t i o  o f  o r g a n i c  and 
a q u e o u s  volumes;  i .e .  , E: x Vo/V,. I n  a m u l t i s t a g e  c o u n t e r -  
c u r r e n t  s y s t e m  w i t h  c o n t i n u o u s  f e e d  a t  an  i n t e r m e d i a t e  s t a g e  
a n d  t a k e o f f  a t  b o t h  e n d s ,  a n  e l e m e n t  t e n d s  t o  a p p e a r  p r e f e r -  
e n t i a l l y  i n  t h e  o r g a n i c  e f f l u e n t  when' E: Vo/Va is g r e a t e r  
t h a n  u n i t y ,  b u t  i n  t h e  aqueous  e f f l u e n t ,  o r  r a f f i n a t e ,  when 
t h i s  p r o d u c t  is less t h a n  u n i t y ,  I n  a c o n t i n u o u s  sys tem t h e  
V 1 s  r e p r e s e n t  f l o w  rates r a t h e r  t h a n  volumes. S e p a r a t i o n  
be tween  a p a i r  of e l e m e n t s  c a n  be  o b t a i n e d  by a d j u s t i n g  Vo/Va 
so  t h a t  Eg Vo/Va is g r e a t e r  t h a n  u n i t y  f o r  one  e l e m e n t  and 
less t h a n  u n i t y  fo r  t h e  o t h e r .  The e l e m e n t s  w i l l  be d i s t r i b u -  
t ed  s y m m e t r i c a l l y  i n  t h e  cascade and t h e i r  r a t i o s  i n  t h e  
e f f l u e n t s  w i l l  be r e c i p r o c a l s  i f  Va/Vo = (E1/E2) and t h e  
feed p o i n t  is i n  t h e  c e n t e r  s t a g e .  

I n  d e v i s i n g  a f l o w s h e e t  f o r  t h i s  s y s t e m ,  t h e  a i m  h a s  
b e e n  t o  m a i n t a i n  t h i 3 '  a r i t h m e t i c a l  r e l a t i o n  r e g a r d l e s s  o f  t h e  
p o s i t i o n  o f  t h e  f e e d  p o i n t .  The d i s t r i b u t i o n  o f  t h e  two 
e l e m e n t s  a t  e q u i l i b r i u m  w i l l  t e n d  t o  b e  s y m m e t r i c a l  a b o u t  t h e  
f e e d  p o i n t ,  b u t  t h e  r a t i o s  o f  t h e  two e l e m e n t s  i n  e a c h  
t e r m i n a l  s t a g e  w i l l  depend on t h e  number o f  s t a g e s  from t h e  
f e e d  p o i n t  t o  t h i s  s t a g e .  The i n t r o d u c t i o n  o f  a  f e e d  r e s u l t s  
i n  d i f f e r e n t  f l o w  r a t i o s ,  o r  o p e r a t i n g  l i n e s ,  i n  t h e  two p a r t s  
o f  t h e  c a s c a d e .  I n  t h e  p r e s e n t  case, compensat ion  c a n  be p ro -  
v i d e d  by i n c r e a s i n g  t h e  a c i d i t y  o f  t h e  l a r g e r  aqueous f low by 
i n t r o d u c i n g  t h e  f e e d  a t  a h i g h e r  a c i d i t y .  T h i s  a l s o  r e s u l t s  



i n  s l i g h t l y  d i f f e r e n t  e q u i l i b r i u m  l i n e s  on e i t h e r  s i d e  of  t h e  
f e e d  p o i n t .  This  small e f f e c t  is neg lec t ed  i n  t h e  c a l c u l a -  
t i o n s  which fo l low.  

I n  a con t inuous ly  producing cascade  w i t h  no e e r n a l  .74 r e f l u x ,  a t o t a l  s e p a r a t i v e  power of  n  s t a g e s  is a With 
t o t a l  r e f l u x  it  would be an, b u t  t h e r e  would be no produc t ion .  
Th i s  s e p a r a t i v e  power may be d i s t r i b u t e d  t o  t h e  advantage of 
p u r i t y  o r  y i e l d  of  e i t h e r  e lement  by s h i f t i n g  t h e  f e e d  p o i n t .  

One method of  de te rmin ing  t h e  l o c a t i o n  o f  a f eed  p o i n t  
t h a t  w i l l  g i v e  a s p e c i f i e d  y i e l d  of one e lement  w i th  a  s p e c i -  
f i e d  ' l i m i t  on contamina t ion  by ano the r  is t h e  u s e  o f  McCabe- 
T h i e l e  dia.grams. I t  is neces sa ry  t o  have s u f f i c i e n t  s epa ra -  
t i v e  power i n  t h e  cascade  and t o  know t h e  e x t r a c t i o n  c o e f f f -  
c i e n t s  of t h e  two e lements .  

F i g u r e s  10 and 11 are McCabe-Thiele diagrams by which 
t h e  p rope r  f eed  p o i n t  is determined f o r  a 90% y i e l d  of  
promethium wi th  decontaminat ion from neodymium by a f a c t o r  of 
50, With a s i n g l e - s t a g e  s e p a r a t i o n  f a c t o r  o f  1 .85 ,  t h i s  
s e p a r a t i o n  can  b a r c l y  be accomplished wi th  20 s t a g e s .  
F i g u r e  10  is t h e  diagram f o r  t h e  promethium y i e l d .  The s l o p e  
of  t h e  promethium e q u i l i b r i u m  l i n e  (E.L,)  is 0,82.  S i n c 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 n t  of  neodymium is 0.43,  t h e  ideal 
o p e r a t i n g  l i n e  (O.L.) is ( 0 . 8 2 ~ 0 . 4 3 ) ~ / ~  = 0.59. Assuming a 
f e e d  f low of  0.05 t i m e s  t h e  t o t a l  aqueous f low below t h e  f e e d  
p o i n t ,  t h e  s l o p e  of  t h e  o p e r a t i n g  l i n e  above t h e  f e e d  p o i n t  
is 0.56. The r a d i o  of  promethium i n  t h e  e x t r a c t  t o  t h a t  i n  
t h e  r a f f i n a t e  is 9/1. The g r a p h i c a l  s o l u t i o n  shows t h a t  8  ' 
s t a g e s  o r  s l i g h t l y  more below t h e  f e e d  p o i n t  are r e q u i r e d  f o r  
90% promethium recovery.  

F igu re  11 is a g r a p h i c a l  de t e rmina t ion  of  t h e  number of 
s t a g e s  r e q u i r e d  do reduce t h e  neodymium c o n t e n t  by a f a c t o r  
of 50. The s l o p e  of  t h e  neodymium e q u i l i b r i u m  l i n e  is 0 .43  
and t h e  o p e r a t i n g  l i n e s  are t h e  same a s  above. The graph 
shows t h a t  11 s t a g e s  are r e q u i r e d  above t h e  f eed  p o i n t .  The 
r e q u i r e d  f e e d  p o i n t  f o r  a y i e l d  of  90% promethium w i t h  a 50/1 
decontaminat ion from neodymium is i n  t h e  n i n t h  s t a g e .  There 
are b a r e l y  11 s t a g e s  l e f t  o u t  of  a t o t a l  o f  20. T h i s  a g r e e s  
w i t h  t h e  f a c t  t h a t  an  o v e r a l l  se a r a t i o n  f a c t o r  of  450 is 
r e q u i r e d  and 20 s t a g e s  g i v e  1 .919 o r  -600. 

When t h e  r e q u i r e d  o v e r a l l  s e p a r a t i o n  f a c t o r  is ve ry  
l a r g e ,  one o r  bo th  of  t h e  d i a g r a m s . w i l 1  be d i f f i c u l t  t o  r ead  
u n l e s s  drawn on a l a r g e  scale. Then a second method of  d e t e r -  
mining t h e  f eed  p o i n t  may be more convenien t .  The p o i n t  may 
be c a l c u l a t e d  as it has  been done by Benedic t  and p i g f o r d a  
f o r  hafnium-zirconium s e p a r a t i o n s .  For  95% y i e l d  o f  prome- 
thium, wi th  decontaminat ion from samarium by a f a c t o r  of  200, 
from ,a promethium-samarium mix tu re  c o n t a i n i n g  34% promethium 
and 61.5% samarium, t h e  s o l u t i o n  is as fo l lows:  
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PROMETHIUM I N AQUEOUS 

Fig. 10. ~eterminotion of feed point for 90% yield of Arbitrary 
concentration units. 

NEODYMIUM I N  AQUEOUS 

Fig. 11. Determination of feed-point for 98% removal of neodymium from promethium. Arbitrary 
concentration units. 



The promethium and samarium e x t r a c t i o n  c o e f f i c i e n t s  are 
0.82 and 1 .55 .  With a f e e d  volume e q u a l  t o  5% of  t h e  t o t a l  
aqueous f l ow ,  t h e  o p e r a t i n g  l i n e s  are 1 . 0 7  and 1 . 1 3  above and 
below t h e  f e e d  p o i n t .  For  t h e  c a l c u l a t i o n ,  t h e  more e x t r a c t -  
a b l e  e l emen t ,  samarium, is regarded  as t h e  e lement  t o  be  
r ecove red .  While a l l  t h e  s t a g e s  behave e s s e n t i a l l y  t h e  same 
i n  accompl i sh ing  s e p a r a t i o n s ,  t h e  s t a g e s  from t h e  f e e d  p o i n t  
t o  t h e  aqueous e x i t  are d e s i g n a t e d  a s  t h e  e x t r a c t i o n  s e c t i o n ,  
and t h o s e  between t h e  f e e d  p o i n t  and t h e  o r g a n i c  e x i t  as t h e  
s c r u b b i n g  s e c t i o n .  Given and d e r i v e d :  

D S ~  = E: f o r  Sm = 1 .55  

Dpm = EZ f o r  Pm = 0.82 

Aqueous f low,  s = 1 . 9  l i t e r s / h r  

Feed f l ow ,  F = 0 .1  l i t e r / h r ,  c o n t a i n i n g  4.0 g  RE'S 

Organ ic  f low,  E = 1 , 7 7  l i t e r s / h r  

Aqueous f e e d  c o n c e n t r a t i o n :  

Samarium, xF = 4 0 ~ 0 . 6 1 5  = 24.6 srp 
F  Promethium, xpm = 4 0 ~ 0 . 3 4  = 13 .6  

S o l v e n t  f e e d  c o n c e n t r a t i o n :  
E Samarium, y smp0  = 0  

E Promethium, yPm ,, = 0  

S 
Samarium r ecove ry ,  p = ~ y ~ , , ~ / ~ j t ; ~ . =  0.995 

f 

/YS 
Promethium decontamina t ion  f a c t o r ,  f  = ' s m , l  m , l  = 19 

X;~/X& 

Flow r a t i o s ,  S/E = 1.01 

Number o f  s t a g e s :  E x t r a c t i n g ,  N 

Scrubbing ,  M 

C o n c e n t r a t i o n s  i n  o r g a n i c  e x t r a c t :  
F 

Samarium : S  
Y s ~ ,  1 

= P F X ~ m  = 0 . 9 9 5 ~ 0 . 0 5 6 ~ 2 4 . 6  = 1 . 3 8  
E 

S  Promethium : ym , - - Y Z ~ , ~ / ~  - - 1.38/19 = 0 . 4 0  
xF /xF 24.6/13.6 Sm Pm 

Concen t r a t fons  i n  aqueous r e s i d u e  (by material b a l a n c e ) :  



F  
' E  - ( l -p )FxZr  - . . 

0 . 0 0 5 x 0 . 1 ~ 2 4 . . 6  . . - . . 
Samarium: x - 

. S m , l .  . 
= 0'.00615 

. . .  
S + F '  2 . 0  

. . . . .. . 
. .  , 

I 3  - FXL-EYR = 0 . 1 ~ 1 3 . 6 - 1 . 7 7 ~ 0 . 4 0  .. : ':: Prome th ium : xrm, . - , . . . . . .. .- = - .  0:. 65  
. S  + F. 2  . .O . . . .  . 

E x t r a c t i o n - .  F a c t o r s :  

s a m a r i u m :  " 

DSmE 1 0 5 5 ~ 1 . 7 7  = 1 , 3 8  - E x t r a c t i n g :  - - , 

:S+F 2 . 0  

p rome th ium : 
DpmE - . 0 .82x1 .77  

E x t r a c t i n g :  - - = 0 . 7 3  
S+F 2 . 0  

D ~ E '  - 0 . 8 2 ~ ~ .  7 7 .  
S c r u b b i n g :  - - = 0 . 7 7  

S' 1 . 9  

- S o l v i n g  f o r .  s amar ium i n  t h e  e q u a t . i o n ,  

- 4 . 4 5 ( 0 . 6 9 )  M'l + 4 . 4 5  = 0 . 0 2 6 3 ( 1 .  381N - 0 . 0 2 6 3  

N e g l e c t i n g  (0  ..69 ) M + l ,  a s m a l l  v a l u e ,  

. N = In 1 7 0  
= 1 5 . 9  stages 

: I n  1 . 3 8  

S o l v i n g  f o r  p rome th ium,  



N e g l e c t i n g  (0. 731N, . . . . 

. The. c a l c u l a t i o n  i n d i c a t e s  t h a t  1 6  e x t r a c t i n g  s t a g e s  and 
1 0  s c r u b b i n g  . s t a g e s  are r e q u i r e d .  The c a l c u l a t e d  s e p a r a t i o n  
f a c t o r  f o r  26 s t a g e s  is 1 . 9  26/2 = 4200. . The c a l c u l a t e d  
f a c t o r  from y i e l d  and d e c o n t a m i n a t i o n  f a c t o r s  is 19x200 = 
3800. T h i s '  is a c l o s e  check .  I n  a s e p a r a t i o n s  c a s c a d e  w i t h  
34 s t a g e s  there are s e v e r a l  s t a g e s  l e f t  f o r  o b t a i n i n g  a  h i g h e r  
y i e l d  o f  promethium and /o r  a h i g h e r  d e g r e e  o f  s e p a r a t i o n  from 
samarium. ' . 

. . 

The promethium c o n t e n t  o f  a m i x t u r e  o f  c e r i u m - f r e e  
f i s s i o n  p r o d u c t  rare e a r t h s  w i l l  be. ' .not  more t h a n  a b o u t  6%'0, 
d e c r e a s i n g  on a g i n g  w i t h  a 2 .5-year  h a l f - l i f e .  Any e x t r a c -  
t i o n  p r o c e s s  f a r  its p u r i f i c a t i o n ' c o n s i s t s  o f  two c y c l e s ,  
t h e  f i r s t  of which r e d u c e s  t h e  b u l k  by a f a c t o r  of a b o u t  1 0 .  
However, t h e  volume o f  t h e  o r g a n i c  stream c a r r y i n g  t h e  
promethium may approach  50 times t h e  f e e d  volume, o r  500 
t i m e s  t h e  f e e d  volume o f  a second  c y c l e  w i t h  t h e  same feed 
c o n c e n t r a t i o n .  Reduc t ion  o f  volume f o r  f e e d  t o  t h e  second  
c y c l e  is accompl i shed  m o s t l y  by e v a p o r a t i o n ,  b u t  t h e  n e c e s s a r y  
c a p a c i t y  o f  t h e  e v a p o r a t o r  is d e t e r m i n e d  by t h e  volume 
r e d u c t i o n  o b t a i n a b l e  i n  s t r i p p i n g  t h e  promethium from t h e  
f i r s t - c y c l e  o r g a n i c  stream. S u c c e s s f u l  s t r i p p i n g  w a s  o b t a i n e d  
w i t h  a volume r e d u c t i o n  o f  4 ,  b u t  t h e  approach  t o  1 0 . N  HNO, 
i n  t h e  f i n a l  s t a g e  o f  t h e  s t r i p p i n g  s e c t i o n  (F ig .  8 )  h d i c a t e s  
t h e  a d v i s a b s l i t y  o f  l i m i t i n g  t h e  o rgan ic /aqueous  f low r a t i o  
t o  3 i n  t h e  s t r i p p i n g  s e c t i o n  of a p r o d u c t i o n  f l o w s h e e t .  
T h i s  would m a i n t a i n  t h e  a c i d i t y  i n  a l l  s t r i p p i n g  s t a g e s  i n  
t h e  most  f a v o r a b l e  r ange .  S t r i p p i n g  s o l u t i o n s  o f  a t  least 
2 N HN03 are p r e f e r r e d  t o  water b e c a u s e  o f  t h e i r  h i g h e r  
d e n s i t y  and h i g h e r  s t r i p p i n g  c o e f f i c i e n t s .  
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