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SEPARATION OF LIGHTER RARE EARTH 

CURRENT TYPE CHROMATOGRAPHY WITH 
METAL IONS BY CENTRIFUGAL COUNTER- 

01-(2-ETHYLHEXYL)PHOSPHORlC ACID 

T. Araki", T. Okazawa, Y .  Kubo, 
H. Ando, and H. Asai 
Department of Chemistry 

Faculty of Science 
Sh iman e University 
Matsue, 690, Japan 

ABSTRACT : 
A centrifugal countercurrent type chromatography 

(Centrifugal Partition Chromatography) was applied to 
separations of lighter rare earth metal ions (Lac1 
CeCl , PrC13, NdC13, SmC13 and EuC13) first time. 3ihe 
resu?ts obtained by using di-(2-ethylhexyl)phosphate 
(D2EHPA) showed that this technique is successfully 
usable for the laboratory-scale separations, though the 
numbers of theoretical plate calculated from the chro- 
matograms were considerably lower than expected. The 
values of separation factors for the adjacent RE ions 
were found to be substantially parallel to those ob- 
tained by single stage extraction method, indicating 
that our chromatography involves a multi-stage extrac- 
tion process as in the cases of organic samples. 

INTRODUCTION 

Recently, application of centrifugal force(1-3) in 
the continuous extraction method has opened a new quick 
technique for separation, isolation, purification, and 
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268 ARAKI ET AL. 

concentration of a variety organic(2-7) and inorganic 
ions.(8) The results of centrifugal countercurrent 
type chromatography was found to be able to successful- 
ly applied for costless selective liquid-membrane tran- 
sport systems.(9) Our work described here is the first 
report showing the usefulness of this type of technique 
for lighter rare earth (RE) metal ions. 

Centrifugal continuous extraction method is now 
developing under two types of name: a) Centrifugal 
Countercurrent Chromatography (CCC) and b) Centrifugal 
Partition Chromatography (CPC). Difference of these 
two chromatography is mainly based on the difference in 
their machinery constitutions for effectuating the 
application of centrifugal force in the continuous 
extraction processes. Namely, the former employs the 
Itoh's "seal-free planet coil centrifuge",(2) and the 
1 at t e r the M u r a y am a Is I'm i c r o c e 1 1 c a r t r i d g e s" t o g e t h e r 
with rotary seal joints.(3) However, the fundamental 
chemical aspects involved in both of these chromatogra- 
phies are almost identical. 

For the separation of rare earth metal ion s t h e  
single-stage liquid-liquid extraction by using di-(2- 
ethylhexy1)phosphate (DZEHPA) or related phosphates(l0- 
18) has been studied extensively, and its applications 
to a column chromatography(l9) and a 20-stage mixer- 
settler method( 20) have already been reported. Rece- 
ntly, extractions by using liquid surfactant membranes 
have also been investigated.(21) Our results of the 
separation by using of a centrifugal countercurrent 
method reported here can be used in advancing the 
studies on purification andlor concentration of rare 
earth metal ions by this type of quick and effective 
centrifugal countercurrent-type chromatographic techni- 
ques aiming to industrial-scale applications. 
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Materials:  Lighter rare earth metal ions were obtained 
from commercial suppliers and used without further 
purification: LaC13 7H20 (Wako, first grade), CeC13 
7H20 (Wako, >98%), PrC13 7H20 (Kanto, first grade), 
NdC13 6H20 (Wako, >97%), SmC13 6H20 (Nakarai, first 
grade) and EuC13 6H20 (Nakarai, extra pure grade). Di- 
(2-ethylhexy1)phosphoric acid (D2EHPA) (Nakarai, 99%), 
n-heptane (Nakarai, extra pure grade), xylenol orange 
(Wako, analytical grade) and hexamethylenetetramine 
(Wako, extra pure grade) were used without further 
purification. Deionized water was used throughout the 
experiments. 

A p p a r a t u s :  Centrifugal partition chromatography was 
performed by using a Centrifugal Partition Chromato- 
graph - L. L. apparatus, Model NMF (Sanki Engineering, 
LTD) with cartridges of Model 240W. The pumping system 
was Model LBP-V (Sanki Engineering, LTD), and the in- 
jection valve system was of a Model CPC-FCU I1 (Sanki 
Engi- neering, LTD). A HITACHI spectrophotometer Model 
200-20 was used for quantitative analysis of RE ions in 
the fractions eluted. 

Chromatographic  p r o c e d u r e s :  Three high resolution type 
cartridges (Model 240W) containing 400 microcells per 
cartridge were equipped in series (total 1200 micro- 
cells). Solution of 0.1M D2EHPA in n-heptane (statio- 
nary phase) was filled in the microcells by the follow- 
ing procedures: the solution of stationary phase was 
pumpued at maximum speed under centrifugation (400  rpm) 
while the mode-valve was turned to "ascending mode", 
then the stationary phase solution was kept recycling 
for 10-15 min to remove gaseous materials completely. 
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N e x t ,  t h e  v a l v e  was t u r n e d  t o  " d e s c e n d i n g  mode",  a n d  a 
g i v e n  c o n c e n t r a t i o n  o f  a q u e o u s  H C 1  s o l u t i o n  ( m o b i l e  

p h a s e )  was p u m p e d  i n  a d e s c e n d i n g  f a s h i o n  t h r o u g h  t h e  
m i c r o c e l l s  u n d e r  c e n t r i f u g a l  f o r c e  (800 r p m ) ,  a d j u s t i n g  

t o  a g i v e n  e l u t i o n  s p e e d  ( 1 . 1 2  + 0.02 m l  m i n - l ) .  

n - h e p t a n e  s o l u t i o n  ( 2 3  m l )  i n  t h e  d e a d  s p a c e s  w a s  

e l u t e d  d u r i n g  t h i s  p r o c e d u r e ,  a n d  ca. 4 0  m l  ( c o n t a i n i n g  

1.3 g o f  D2EHPA) o f  s t a t i o n a r y  p h a s e  w a s  r e t a i n e d  i n  

t h e  m i c r o c e l l s .  When " d e s c e n d i n g  e l u t i o n "  i s  e m p l o y e d  
i t  i s  n e c e s s a r y  t o  a v o i d  c a r e f u l l y  i n t r o d u c i n g  g a s e o u s  

m a t e r i a l s  i n  t h e  m i c r o c e l l s ;  o t h e r w i s e ,  t h e  g a s e o u s  

m a t e r i a l s  s t a y  i n  t h e  m i c r o c e l l s  t o  c a u s e  t r o u b l e s ,  

e.g. l e a k i n g  o f  t h e  s t a t i o n a r y  p h a s e  o u t  o f  t h e  m i c r o -  
c e l l s  d u r i n g  c h r o m a t o g r a p h y ,  t o g e t h e r  w i t h  i n s t a b i l i t y  

i n  t h e  r a t e  o f  e l u t i o n .  After t h e  e l u t i o n  was s t a b i -  

l i z e d  f o r  ca. 1 h r ,  s a m p l e  s o l u t i o n  (0.54 m l )  was 
c h a r g e d  t h r o u g h  t h e  s a m p l e  i n j e c t i n g  v a l v e .  

T h e  

Analysis of fractions: T h e  e l u t e d  a q u e o u s  m o b i l e  p h a s e  

was c o l l e c t e d  a t  t h e  e n d  o f  t h e  c h r o m a t o g r a p h i c  l i n e  a t  

5 m i n ' s  i n t e r v a l s .  F r o m  e a c h  f r a c t i o n  2 m l - a l i q u o t s  

were t a k e n ,  a n d  a q u e o u s  s o l u t i o n s  o f  5.60 x lom4 M 
x y l e n o l  o r a n g e  (1  m l )  a n d  0.5 M h e x a m e t h y l e n e t e t r a m i n e  

h y d r o c h l o r i d e  b u f f e r  ( 2  m l )  were a d d e d ,  r e s u l t i n g  i n  5 

m l  of  a q u e o u s  s o l u t i o n s  of pH 5.6 c o n t a i n i n g  1.12 x10-  
M of  x y l e n o l  o r a n g e  a n d  0.2 M h e x a m i n e  b u f f e r .  Con- 

c e n t r a t i o n s  o f  t h e  RE i o n s  t h u s  c o l o r e d  were d e t e r m i n e d  

f r o m  t h e  i n t e n s i t i e s  o f  a b s o r p t i o n  s p e c t r a  a t  4 2 0  nm 

( 2 2 ) ,  b y  c o m p a r i n g  w i t h  t h e  p r e - c a l i b r a t e d  v a l u e s .  

4 

RESULTS AND DISCUSSIOW 

T h e  s a m p l e s  o f  l i g h t e r  R E i o n s  u s e d  i n  t h i s  w o r k  

were a q u e o u s  s o l u t i o n s  o f  LaC13,  CeC13, P r C 1 3 ,  NdC13, 
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LIGHTER RARE EARTH METALS 27 I 

SmC13 a n d  EuC13. U n d e r  c e n t r i f u g a t i o n  t h e  m o b i l e  p h a s e  

( a q u e o u s  H C l  s o l u t i o n )  was pumped t h r o u g h  t h e  m i c r o -  

c e l l - c a r t r i d g e s  ( 4 0 0  m i c r o c e l l s  p e r  c a r t r i d g e ;  t o t a l  

1 2 0 0  (= 3 x 4 0 0 )  m i c r o c e l l s  were u s e d )  c o n t a i n i n g  0.1M 
D2EHPA i n  n - h e p t a n e  s o l u t i o n  a s  t h e  s t a t i o n a r y  p h a s e .  

T h e  f r a c t i o n s  c o l l e c t e d  were a n a l y z e d  by  a b s o r p t i o n  

s p e c t r o s c o p y  a t  420nm a f t e r  t r e a t i n g  w i t h  x y l e n o l  

o r a n g e .  

c o m p l e t e  s e p a r a t i o n  o f  o n e - t o - o n e  m i x t u r e  o f  La3+ a n d  

C e 3 +  i o n s ,  

t o g e t h e r  w i t h  s h o w i n g  t h e  e x c e l l e n t  r e p r o d u c i b i l i t y  o f  

t h e  e x p e r i m e n t s  ( c u r v e  a).  I n  t h i s  c a s e  t o t a l  0.02M 

REC13 (0.54 m l )  was c h a r g e d  a n d  e l u t e d  w i t h  0.050N + 
0.001 a q .  H C 1  by " d e s c e n d i n g "  m e t h o d .  

t i o n s ,  i t  was  e l u t e d  c o n s i d e r a b l y  l a t e r  t h a n  t h e  Ce3+ 
i o n  p e a k  ( c u r v e  b ) ,  a n d  i t  i s  c l e a r  t h a t  t h e  s e p a r a t i o n  

b e t w e e n  La3+ a n d  Pr3+ i o n s  i s  a l s o  c o m p l e t e ,  

s e p a r a t i o n  b e t w e e n  Ce3+ a n d  Pr3' i o n s  was c o n s i d e r a b l y  

good b u t  t h e  t a i l  o f  t h e  p e a k  o f  Ce3+ i o n  was s l i g h t l y  

o v e r l a p p e d  w i t h  t h e  p e a k - f r o n t  o f  P r 3 +  i o n .  U n d e r  t h e  

c o n d i  t i o n s  u s e d  i t  a p p e a r s  p o s s i b l e  t o  o b t a i n  a b o u t  

7 5 %  y i e l d s  o f  p u r e  Ce3+ a n d  P r 3 +  i o n s  f r o m  1:l m i x t u r e  

o f  t h e s e  i o n s .  

F i g u r e  1 s h o w s  t h e  r e s u l t s  o f  c h r o m a t o g r a p h i c  

a n  a d j a c e n t  p a i r  o f  t h e  l i g h t e s t  R E  i o n s ,  

When P r 3 +  i o n  w a s  c h a r g e d  u n d e r  t h e  same c o n d i -  

T h e  

We f o u n d  t h a t  t h e  r e t e n t i o n  t i m e  o f t h e  R E i o n s  

h i g h l y  d e p e n d s  o n  t h e  c o n c e n t r a t i o n  o f  H C 1  i n  t h e  

m o b i l e  p h a s e ,  i n  c o n s i s t e n t  w i t h  t h e  c o n c l u s i o n  o f  

e x t r a c t i o n  e x p e r i m e n t s  t h a t  t h e  e x t r a c t i o n  w i t h  D2EHPA 

i n v o l v e s  a c a t i o n - e x c h a n g i n g  p r o c e s s e s  b a s e d  on  a c i d -  

b a s e  i n t e r a c t i o n  ( e q . 1 ) : ( 1 6 )  

3(HG)2 + RE3' RE(HG2)3 + 3 H +  ( 1 )  

w h e r e  G d e n o t e s  t h e  p h o s p h a t e  a n i o n .  A t y p i c a l  e x a m p l e  

o f  H C 1 - c o n c e n t r a t i o n  d e p e n d e n c e  i s  s h o w n  i n  F i g u r e  1 
( c u r v e  c ) ,  i n  w h i c h  t h e  s e p a r a t i o n  b e t w e e n  La3+ a n d  
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FIGURE 1. C e n t r i f u g a l  p a r t i t i o n  c h r o m a t o g r a m s  of  LaC13,  
CeC13,  a n d  P r C 1 3  a t  r o o m  t e m p e r a t u r e  w i t h  D2EHPA/n- 
h e p t a n e  s t a t i o n a r y  p h a s e .  C u r v e  ( a )  s h o w s  r e p r o d u c i b i -  
l i t y  o f  c h r o m a t o g r a p h y  b y  u s i n g  a b i n a r y  m i x t u r e  (0 .54  
m l )  o f  L a C 1 3  (0.01 M )  a n d  C e C 1 3  (0.01 M ) ;  m o b i l e  p h a s e ,  
0.050N HC1: -0- F i r s t  r u n ,  a n d  & s e c o n d  r u n .  C u r v e  
( b )  i s  t h e  c h r o m a t o g r a m  o f  0.54 m l  o f  P r C 1 3  (0.01 M )  
a l o n e  u n d e r  t h e  same c o n d i t i o n s  a s  c u r v e  (a). C u r v e  ( c )  
T h e  same s a m p l e  a s  t h e  ca se  of  c u r v e  ( a ) ;  m o b i l e  p h a s e ,  
0 . 0 4 0 N  HC1. 
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LIGHTER RARE EARTH METALS 273 

C e 3 +  i o n s  was  f u r t h e r  i m p r o v e d  w i t h  a m o b i l e  p h a s e  o f  

a q .  0 . 0 4 0 N  H C 1 .  
T h e  s e p a r a t i o n  b e t w e e n  La3+ a n d  Nd3+ i o n s  was 

f o u n d  t o  b e  a l s o  c o m p l e t e  a s  s h o w n  i n  F i g u r e  2 ( c u r v e  

a ) ,  w h e r e  c o n c e n t r a t i o n  o f  H C 1  was 0.070N t o  s h o r t e n  

t h e  t o t a l  r e t e n t i o n  times. U n d e r  t h i s  c o n d i t i o n  t h e  

c o m p l e t e  s e p a r a t i o n  b e t w e e n  La3+ a n d  P r 3 +  i o n s  w a s  

s t i l l  r e t a i n e d .  

d i f f e r e n t  r e t e n t i o n  t imes ( c u r v e  a a n d  b ) ,  b u t  b e c a u s e  
o f  b r o a d n e s s  o f  t h e  p e a k s  r e s o l u t i o n  of  t h e s e  t w o  

c u r v e s  was n o t  s o  g o o d  u n d e r  t h e  c o n d i t i o n s  u s e d .  When 
t h e  c o n c e n t r a t i o n  o f  H C 1  was  d e c r e a s e d  t o  0.060N, t h e  

s e p a r a t i o n  o f  P r 3 +  v s .  Nd3+ i o n s  was s o m e w h a t  i m p r o v e d  

t o  a l l o w  t o  c o n c e n t r a t e  t h e s e  i o n s  t o  a c o n s i d e r a b l e  
e x t e n t  ( c u r v e  c a n d  d) .  F o r  t h e  s e p a r a t i o n  o f  t h e  l a s t  

p a i r  o f  i o n s ,  p e a k  b r o a d e n i n g  b e c a m e  s i g n i f i c a n t ,  a n d  

i t  seems b e t t e r  t o t e s t  b y  o t h e r  s t a t i o n a r y  p h a s e  o r  b y  
u s i n g  a m i c r o c e l l  c a r t r i d g e  w i t h  much h i g h e r  t h e o r e t i -  
c a l  n u m b e r s  o f  p l a t e .  

P r 3 +  a n d  Nd3+ i o n s  s h o w e d  c o n s i d e r a b l y  

S e p a r a t i o n  b e t w e e n  Nd3+ a n d  S m 3 +  i o n s  was a l m o s t  

c o m p l e t e  w i t h  a 0.140N H C l m o b i l e  p h a s e  a s  s h o w n i n  

F i g u r e  3 ( c u r v e  a) .  I t  t u r n e d  t o  b e  c o m p l e t e  when a 
0.120N H C 1  m o b i l e  p h a s e  was u s e d  ( c u r v e  b ) ,  a l t h o u g h  

p e a k  b r o a d e n i n g  f o r  t h e  Sm3+ i o n  was c o n s i d e r a b l e .  

C h r o m a t o g r a p h y  o f  a n  e q u i m o l a r  b i n a r y  m i x t u r e  o f  

Sm3+ a n d  Eu3+ i o n s  by u s i n g  t h e  DZEHPA/n-heptane s t a -  

t i o n a r y  p h a s e  r e s u l t e d  i n  e x t r e m e l y  s i g n i f i c a n t  p e a k -  

b r o a d e n i n g  a n d  w a s  n o t  s u i t a b l e  f o r  t h e  p u r p o s e  o f  

p u r i f i c a t i o n .  H o w e v e r ,  t h e  u s e  o f  D 2 E H P A / t o l u e n e  s t a -  
t i o n a r y  p h a s e  g a v e  c o n s i d e r a b l y  g o o d  r e s o l u t i o n  o f  t h e  

m i x t u r e  a s  s h o w n  i n  F i g u r e  4. 
T a b l e  1 c o m p a r e s  s e p a r a t i o n  f a c t o r s  ((a) c a l c u -  

l a t e d  f r o m  (eq .  2) )  o b t a i n e d  by o u r  c o u n t e r c u r r e n t  t y p e  

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

by  c o r r e s p o n d i n g  e x t r a c t i o n  m e t h o d s  u s i n g  DZEHPA.(19) 

a = t R ( R E Z ) / t R ( R E i )  (2) 
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0.07N HCI 

0.06N HCI 

0.5 

0 

FIGURE 2. C e n t r i f u g a l  p a r t i t i o n  c h r o m a t o g r a m s  o f  LaC13,  
P r C 1 3 ,  
h e p t a n e  s t a t i o n a r y  p h a s e .  C u r v e  ( a ) :  s a m p l e :  a b i n a r y  
m i x t u r e  o f  ( 0 . 5 4  m l )  o f  L a C 1 3  (0.01 M )  a n d  P r C 1 3  (0.01 
M ) ;  m o b i l e  p h a s e ,  0 . 0 7 0 N  H C 1 .  C u r v e  ( b ) :  s a m p l e ;  0.54  
m l  o f  NdCl (0.01 M )  a l o n e  u n d e r  t h e  same c o n d i t i o n s  as  
c u r v e  < a > . 3 ~ u r v e  ( c ) :  s a m p l e ;  0 . 5 4  m l  o f  P ~ C I ~  (0.01 M )  
a l o n e ,  a n d  c u r v e  ( d ) :  s a m p l e ;  0.54  m l  o f  N d C 1 3  ! O . O l  M )  
a l o n e .  M o b i l e  p h a s e ,  0.060N HC1. T h e  r a n g e s  i n d i c a t e d  
o n  t h e  c h r o m a t o g r a m s  a r e  t h o s e  o f  t h e  f r a c t i o n s  o f  
h i g h - p u r i t y  RE i o n s .  

a n d  NdC13 a t  r o o m  t e m p e r a t u r e  w i t h  D2EHPAIn- 
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1.5 

1.0 

h E 0.5 

s 
z o  2 1.5 

c 
0 
(v 

w u 

8 
2 a 

1.0 

Q5 

0 

0.14N HCI 

0.12 N HCI 

TI ME(min) 

FIGURE 3. Centr i fugal  p a r t i t i o n  chromatograms o f  a 
binary mixture of NdC13 and SmC13 a t  room temperature 
w i t h  D2EHPA/n-heptane s t a t i o n a r y  phase. Sample; 0.54 m l  
o f  N d C l  (0 .01  M )  and S m C l  (0 .01  M ) ;  Curve ( a ) :  m o b i l e  
p h a s e ,  d.140N HC1. Curve (2):  m o b i l e  p h a s e ,  0.120N HC1. 
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C 
8 

a 
s 
k20 

8 1.0 
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0.5 

A R A K l  ET AL. 

0.15N HCI 
Sm 

Sm 0.03 N HCI lcbbA , 

decd 100 200 300 
TIME(min) 

time 

FIGURE 4. C e n t r i f u g a l  p a r t i t i o n  c h r o m a t o g r a m s  o f  a 
b i n a r y  m i x t u r e  o f  SmCl  a n d  E u C l  a t  r o o m  t e m p e r a t u r e .  
S a m p l e :  0.54 m l  of  S m d 3  (0.01 Mj a n d  EuC13 (0.01 M ) .  
C u r v e  (a):  S t a t i o n a r y  p h a s e :  0.1M D2EHPA i n  n - h e p t a n e ,  
m o b i l e  p h a s e ,  0.150N HC1. C u r v e  ( b ) :  S t a t i o n a r y  p h a s e :  
0.1M DZEHPA i n  t o l u e n e ,  m o b i l e  p h a s e ,  0.03N H C 1 .  

w h e r e ,  t R  i s  t h e  a p p a r e n t  r e t e n t i o n  t ime ,  RE2 a n d  RE1 

a r e  RE i o n s  o f  h i g h e r  a n d  lower a t o m i c  n u m b e r s ,  r e s p e c -  

t i v e l y .  
A l t h o u g h  t h e  e x p e r i m e n t a l  c o n d i t i o n s  o f  t h e s e  t w o  

s y s t e m s  a r e  d i f f e r e n t  a n d  n o  d e t a i l e d  c o m p a r i s o n  i s  

p o s s i b l e ,  o u r  c o u n t e r c u r r e n t  t y p e  c h r o m a t o g r a p h i c  

r e s u l t s  were f o u n d  t o  b e  s u b s t a n t i a l l y  p a r a l l e l  t o  t h e  

s i n g l e  s t a g e  e x t r a c t i o n  d a t a .  ( I n t e r e s t i n g l y ,  o u r  

r e s u l t s  b y  u s i n g  c h l o r i d e s  o f  RE i o n s  a g r e e d  r e l a t i v e l y  
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TABLE 1. COMPARISON OF SEPARATION FACTORS BETWEEN 
CENTRIFUGAL PARTITION CHROMATOGRAPHY AND 
EXTRACTION METHOD. 

Separation Factor ( 0 1 )  

La Ce 3.9-4.1 3.0 2.4 
Ce Pr 1.7 2.1 2.8 
Pr Nd 1.4 1.4 1.7 
Nd Sm 9.2-9.3 6.8' 5.0' 
Sm Eu 2.3( 2.2d) 1.9 2.2 

a) This work: 0.1 M D2EHPA in n-heptane. b) 0.54 M 
D2EHPA in toluene was used for extraction o f  trace 
amounts of RE ions.(l9) c) Calculated by the equation: 
aNd,Sm = aNd,pm X apm,sm. d) Stationary phase: 0.1M 

D2EHPA in toluene. 

TABLE 2. EFFECTIVE NUMBER OF THEORETICAL PLATE (n) AND 
PEAK RESOLUTION (R) IN CENTRIFUGAL PARTITION 
CHROMATOGRAPHY.~ 

RE1 RE2 Concn. of HC1 n(RE1) n(RE2) R(RE1 vs. RE2) 
in mobile phase 

(M) 

La Ce 
La Ce 
La Pr 
Ce Pr 
Pr Nd 
Pr Nd 
Nd Sm 
Nd S m  
Se Eu 
S m  ~u~ 

0.04 
0.05 
0.07 
0.05 
0.06 
0.07 
0.12 
0.14 
0.15 
0.03 

34 
14 
5 
41 
33 
31 
5 
3 
5 
18 

77 
41 
31 
54 
41 
28 
21 
12 
18 
27 

2.0 
1.5 
1.4 
0.77 
0.44 
0.37 
1.4 
1.1 
0.56 
0.75 

a) Stationary phase: 0.1 M D2EHPA in n-heptane. 
b )  Stationary phase: 0.1 M D2EHPA in toluene. 
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w e l l  w i t h  t h e  e x t r a c t i o n  v a l u e s  o b t a i n e d  by  p e r c h l o -  

r a t e s  r a t h e r  t h a n  c h l o r i d e s ;  t h e  r e a s o n  i s  u n k n o w n  i n  

t h e  p r e s e n t  s t a g e . )  T h i s  p a r a l l e l i s m  i n d i c a t e s  t h a t  

o u r  c o u n t e r c u r r e n t  t y p e  c h r o m a t o g r a p h y  i s  a l m o s t  s i m p l y  

a m u l t i - s t a g e  p r o c e s s  o f  t h e  e x t r a c t i o n  m e t h o d ,  a n d  a s  

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

t h e  a p p r o x i m a t e  c h r o m a t o g r a p h i c  s e p a r a t i o n s  c a n  b e  

r e a d i l y  p r e d i c t e d  a s  i n  t h e  c a s e s  o f  many  o r g a n i c  

s a m p l e s .  

h i g h e r  m e m b e r s  o f  RE i o n s  t h a n  Ce3+ i o n  f r o m  L a 3 +  i o n  

c a n  b e  r e a d i l y  r e a l i z e d  by  o u r  c h r o m a t o g r a p h i c  t e c h n i -  

q u e .  On c o m p a r i n g  t h e  b e h a v i o r s  o f  Ce3+, P r 3 +  a n d  Nd3+ 

i o n s  e a c h  o t h e r ,  i t  i s  c l e a r  t h a t  Ce3+ a n d  Nd3+ i o n s  

c a n  b e  s e p a r a t e d  i f  ca. 0.070N HC1 i s  u s e d  a s  m o b i l e  

p h a s e  (see T a b l e  2) .  

f rom Ce3+, P r 3 +  o r  Nd3+ i o n  seems t o  b e  q u i t e  e a s y .  

As c a n  b e  s e e n  f r o m  T a b l e  1, t h e  s e p a r a t i o n s  o f  

S e p a r a t i o n  o f  Sm3+ a n d  Eu3+ i o n s  

F r o m  o u r  c e n t r i f u g a l  c o u n t e r c u r r e n t  t y p e  e x p e r i -  

m e n t s  by  u s i n g  D2EHPA a s  s t a t i o n a r y  p h a s e ,  v a l u e s  c o n -  

c e r n i n g  o t h e r  c h r o m a t o g r a p h i c  b e h a v i o r s  o f  l i g h t e r  RE 

i o n s  c a n  b e  s u m m a r i z e d  a s  s h o w n i n  T a b l e  2. I n T a b l e  2 

t a b u l a t e d  a r e :  n u m b e r  o f  e f f e c t i v e  t h e o r e t i c a l  p l a t e  

( n ) ,  a n d  o b s e r v e d  p e a k  r e s o l u t i o n  ( R ) ,  w h i c h  a r e  c a l c u -  

l a t e d  f r o m  t h e  e q u a t i o n s  ( 3 ,  4 ) ,  r e s p e c t i v e l y :  

n = 5 ~ 5 5 ( t R / w h ) ~  ( 3 )  

R = 2 [ ( t R ( R E 2 )  - ~ R ( R E ~ ) I / [ w ( R E ~ )  + w(RE1) I  ( 4 )  
w h e r e ,  w h  i s  h a l f  w i d t h  o f  t h e  p e a k ,  a n d  w ( =  2 w h )  i s  

p e a k  w i d t h .  

T h e  l i m i t  o f  t h e  u s e  o f  DZEHPA i s  f o u n d  f o r  i t s  

s i g n i f i c a n t  p e a k  b r o a d e n i n g  e f f e c t  f o r  a l l  o f  t h e  RE 

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

v a l u e s  o f  s e p a r a t i o n  f a c t o r  were h i g h  i n  t h i s  D2EHPA 

s y s t e m  ( s e e  T a b l e  2 ) ,  b u t  t h e  v a l u e s  o f  n were much  

l o w e r  t h a n  100, i n  s p i t e  o f  t h e  n u m b e r  o f  m i c r o c e l l s  

u s e d  was  1 2 0 0 . W h e n t h e  s a m p l e  i o n s  b e h a v e  i d e a l l y  i n  

t h e  s t a t i o n a r y  p h a s e ,  t h e  v a l u e s  o f  n s h o u l d  b e  q u i t e  
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LIGHTER RARE EARTH METALS 279 

r e s e m b l e  t o  t h a t  o f  t h e  n u m b e r  o f  m i c r o c e l l s .  ( F o r  

i n s t a n c e ,  i n  t h e  p r e v i o u s  c o m b i n a t i o n  o f  a l k a l i  m e t a l  
p i c r a t e s  a n d  d i b e n z o - c r o w n  e t h e r ,  we o b s e r v e d  t h e  

v a l u e s  o f  n a l m o s t  c o r r e s p o n d  t o  t h e  n u m b e r  o f  
m i c r o c e l l s  (150).(8) 

A l t h o u g h  o u r  s e p a r a t i o n  e x p e r i m e n t s  w i t h  t h e  

D2EHPA s y s t e m  were s u c c e s s f u l  i n  l a b o r a t o r y  s c a l e ,  
c o n s i d e r a b l e  l o s s  i n  t h e  n v a l u e s  r e s u l t e d  i n  q u i t e  l o w  

v a l u e s  o f  R w h i c h  s h o u l d  b e  i m p r o v e d  b e f o r e  t h i s  c h r o -  

m a t o g r a p h i c  t e c h n i q u e  i s  a p p l i e d  f o r  i n d u s t r i a l  s ca l e  

p u r i f i c a t i o n  o f  RE i o n s .  A k e y  o r i g i n  o f  t h e  p e a k  

b r o a d e n i n g  c a n  b e  d u e  t o  t h e  m e c h a n i s m  o f  a c i d - b a s e  

i n t e r a c t i o n  ( e q .  1)  b e t w e e n  t h e  s a m p l e  a n d  D2EHPA i n  

t h e  s t a t i o n a r y  p h a s e .  S i m i l a r  c o n s i d e r a b l e  p e a k  b r o a -  

d e n i n g s  h a v e  b e e n  o b s e r v e d  f o r  t h e  b e h a v i o r s  o f  o p t -  

i c a l l y  a c t i v e  m a n d e l i c  a c i d s  w i t h  t h e  s e p a r a t o r - a i d e d  

c e n t r i f u g a l  p a r t i t i o n  c h r o m a t o g r a p h y  b y  t h e  u s e  o f  a 

s t a t i o n a r y  p h a s e  c o n t a i n i n g  b r u c i n e ,  a b a s e . ( 2 3 )  

O u r  r e s u l t s  r e p o r t e d  h e r e  w i l l  s t i m u l a t e  t h e  

s t u d i e s  t o  f i n d  n e w  r e a g e n t s  f o r  t h e  s t a t i o n a r y  p h a s e  

s h o w i n g  h i g h e r  n v a l u e s  v i a  i n t e r a c t i o n  m e c h a n i s m s  o f  

o t h e r  t h a n  a c i d - b a s e  t y p e .  A s  e x e m p l i f i e d  b y  t h e  s e p a -  

r a t i o n  o f  S m + 3  a n d  E u + ~  i o n s  t h e  n a t u r e  o f  s o l v e n t  i n  

t h e  s t a t i o n a r y  p h a s e  g r e a t l y  a l t e r s  t h e  r e s o l u t i o n  ( a n d  

n u m b e r  o f  t h e o r e t i c a l  p l a t e ) .  C e r t a i n l y ,  t h e  s o l v e n t  

c o n t r o l s  t h e  e q u l i b r i u m s  i n v o l v e d  i n  t h e  a c i d - b a s e  

i n t e r a c t i o n ,  a n d  f i n d i n g  o u t  o f  a n  a p p r o p r i a t e  s o l v e n t  

i s  a l s o  n e c e s s a r y .  
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