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RAPHY W I T H  DI 2-ETHYLHEXYL) 
CENTRIFUGAL PARTITION CHRQMATQG- 

PHOSPH 6 RIC ACID 

T A K E 0  ARAKI*, HIDEAKI ASAI, 
HISANORI ANDO, NOBUO TANAKA, 
KAZUHIRO KIMATA, KEN HOSOYA, 

AND HIROSHI NARITA 
Department of Polymer Science and Engineering 

Kyoto Institute of Technology 
Matsugasaki, Kyoto, 606, Japan 

ABSTRACT 

The separating behaviors of SmC13, EuC13, GdC13, 
TbC13, DyC13, HoC13, ErC13, TmC13, YbC13, and LuC13 in 
Centrifugal Partition Chromatography with the stationary 
phase containing a separator, Di(2-ethylhexy1)phosphoric 
acid (D2EHPA), are examined. The separation trends of 
these heavier rare earth metal ions were found to be 
almost as expected from the observations reported for 
the lighter rare earth metal ions. And the separator is 
also useful for mutual separation of these heavier rare 
earth metal ions. 
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INTRODUCTION 

ARAKI ET AL. 

The importance of Centrifugal Partition Chromato- 
graphy (CPC) for separation of inorganic ions was shown 
in 1985 . (1 )  As the extension, we reported(2,3) that CPC 
is useful also for the separation of lighter rare earth 
(RE) metal ions from LaC13 to EuC13, and the preliminary 
tests for separation of heavier RE ions by choosing 
YbC13 and ErC13.(2) When Di(2-ethylhexy1)phosphoric acid 
(D2EHPA) was used as separator in the stationary phase, 
the separation behaviors of these lighter RE ions were 
well correlated with the results of extraction experi- 
ments by using D2EHPA. 

Namely, the key chemical equation both in CPC and 
extraction processes should be eq. 1 which was developed 
from the earlier extraction study:(4) 

where IIG denotes D2EHPA. 
On the basis of that the chromatographic behaviors 

of selected heavier RE ions (Yb3+ and Er3+) to be in a 
line of those for the lighter RE ions, we suggested the 
separation of heavier RE ions would be attained by suit- 
ably setting the experimental conditions such as increa- 
sed polarity in the stationary solvent.(3) In fact, CPC 
separation of heavier RE ions was attained with the 
related separator of 2-ethylhexyl phosphoric acid mono- 
2-ethylhexyl ester (EHPA or PC-88A)(5) by assuming that 
the equilibrium in CPC was eq. 2. 

~ ~ + a q  + (HA)2,0rg - M(HA2)3,0rg + 3 H+aq (2) 

where HA denotes EHPA. 
This paper refers to the studies on CPC behaviors 

of heavier RE ions of Srn3+, Eu3+, Gd3+, Tb3+, D y 3 + ,  
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SEPARATING BEHAVIOR OF METAL IONS 3675 

Ho3+, Er3+, Tm3+, Yb3+, and Lu3+ with the D2EHPA 
separator, and CPC separation of this series of ions was 
attained in a line of expectation. 

EXPERIMENTAL 

Materials: Following rare earth metal ions were obtain- 
ed from commercial suppliers and used without further 
purification: SmC13'6H20 (Nacalai tesque, 99.9 % I ,  EuC13 
'6H20 (Nacalai tesque, 99%), GdC13'6H20 (Nacalai tesque, 
99.9 % ) ,  TbC13'6H20 (Nacalai tesque, 99.9 % )  , DyC13'6H20 
(Wako, >97%), HoC13'6H20 (Wako, 99.9%), ErC13'6H20 
(Wako, >97%), YbC13'6H20 (Wako, 99.9%). Two kinds of 
REC13*6H20 (RE: Tm and Lu) were prepared from high 
purity oxides (Tm2O3 and Lu2O3, >99.99%, respectively; 
gifted from Professor H. Hashitani, Shimane University) 
by treating with aq. HC1 solutions at elevated tempera- 
ture according to general methods for rare earth 
elements. The purity of the chlorides were checked by 
absorption spectra. Ethyleneglycol (Wako, extra pure 
grade) was used. Other reagents and solvents were the 
same as used in the preceding papers.(2,3) 
Apparatus: Centrifugal Partition Chromatography was 
performed with Sanki's apparatus as described in the 
preceding paper.(3) A Shimadzu double beam spectro- 
photometer Model UV-180 and a Hitachi-Horiba pH meter 
Model F-7 I1 were used for determination of rare earth 
concentrations in the eluted fractions. 

Chromatographic Procedures and Conditions: General 
chromatographic procedures have been already reported. 
(2,3) The experimental conditions used in this work are 
as follows: Number of cartridges: 3 (Model 240W, total 
microcells of 400 x 3 = 1200); elution mode: ascending; 
mobile phase: 0.02-0.14 N aq. HC1 solution with the flow 
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rate of 7.10 mL'min-' ; stationary phase: CHC13 solution 
containing 0.1 M D2EHPA; rotation: 700 rev: temperature: 
25 and 45 OC; sample: 8 mM aq. REC13 solution (0.54 mL) 
for RE = Sm, Eu(0.02 N HCl), Gd(0.02 N), Tb(0.04 N), Er 
(0.1 N), Tm, Yb, and Lu(0.10-0.14 N); 4 mM aq. REC13 
solution (0.54 mL) for RE = Eu(0.03 N), Gd(0.03, 0.04 
N), Tb(0.03 N), Dy, Ho, and Er(0.06, 0.08 N): Dead volu- 
me: 21 mL(25OC) and 20 mL(45 OC). Detection: the batch 
type analysis of RE ions in the eluted fractions (every 
5 min's interval) was used as described in the preceding 
papers.(2,3) A fraction was diluted (2.5 times), and the 
analytical sample (pH 6.0) contains xylenol orange (1.12 
x M) and hexamine buffer (0.64 M ) .  The RE concent- 
rations were determined spectroscopically with the 580 
nm band intensities precalibrated. This band was more 
sensitive for analysis of low-concentration samples than 
the 420 nm band used previously. 

RESULTS AND DISCUSSION 

The previous observation suggests that stability of 
the RE salt formed with D2EHPA in the CPC stationary 
phase is increased with increase in the atomic number of 
the RE ion. In fact, it was effective to increase the 
polarity of the stationary solvent from toluene to 
chloroform for separation of Er3+/Yb3+. ( 3 )  Accordingly 
chloroform was used in this work throughout. 

Gd3+ obtained with aqueous mobile phase of 0.02 N HC1 at 
25OC. Almost complete CPC separation of Sm3+ and Gd3+ 

was observed under the condition. The separation between 
Sm3+ and Eu3+ was attained in a shorter time with lower 
HC1 concentration than in the corresponding case where 

Figure 1 shows the CPC diagrams of Sm3+, Eu3+, and 
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FIGURE 1.  Chromatograms of Sm3+, Eu3+ and Gd3' at 25OC. 
Stationary phase: 0.1  M D2EHPA in CHC13. 
Mobile phase: 0.02 N aq. HC1. 

toluene stationary solvent and 0.03 N HC1 mobile were 
used. (2) 

The separation of Eu3+ and Gd3+ was partial but one 
can obtain high purity ions in the fraction ranges of c 
and d for Eu3+ and Gd3+, respectively, from the 1 : l  
binary mixture. 

Figure 2 shows the separation of Gd3+, Tb3+, and 
Dy3+ ions with 0.04 N HC1 mobile phase at 25OC. In this 
case effective separations were observed for both pair 
of Gd3'/Tb3' and Tb3+/Dy3+. The Figure exemplifies that 
even when the concentration of Tb3+ is twice of Gd3+ and 
Dy3+, mutual separations of these adjacent ions are 
attained. 

As in Figure 3 shows, the use of mobile phase of 
slightly lower HC1 concentration (0.03 N) suggests to 
attain almost complete mutual separation of the ternary 
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0.04N HC1 
[ Gd]=4m M ,[ Dyl=4 rn M 
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T i m e ( m i n  ) 

FIGURE 2. Chromatograms of Gd3*, Tb3+ and Dy3+ at 25OC. 
Stationary phase: 0.1 M D2EHPA in CHC13. 
Mobile phase: 0.04 N aq. HC1. 
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FIGURE 3.  Chromatograms of Eu3+, Gd3+, Tb3+ and D y 3 +  at 
25OC. Stationary phase: 0.1 M DZEHPA in 
CHC13. Mobile phase: 0.03 N aq. HC1. 
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FIGURE 4. Chromatograms of Dy3+, H o 3 +  and Er3+  a t  45OC. 
S t a t i o n a r y  phase:  0.1 M D2EHPA i n  CHC13. 
Mobile phase: 0.06 N aq.  HC1. 

mixture a t  t h e  same t i m e .  Separat ion behaviors of t h e  
Gd3+/Tb3+/Dy3+ set observed with D2EHPA s e p a r a t o r  a r e  
q u i t e  s i m i l a r  t o  those observed by Akiba e t  a 1 . ( 5 )  with 
EHPA s e p a r a t o r .  T h i s  f a c t  i n d i c a t e s  t h a t  t h e  b a s i c  
roles  o f  D 2 E H P A  and  EHPA a r e  s i m i l a r  i n  v i e w  o f  
phosphate s a l t  formation with RE3+ i o n s  and t h e i r  t r e n d s  
of s t a b i l i t y  change f o r  t h e  ions  a r e  also i d e n t i c a l .  By 

comparing t h e  chromatograms i n  Figures  2 and 3 one can 
f i n d  how H C 1  c o n c e n t r a t i o n  a f f e c t s  t h e  s e p a r a t i o n  o f  
Eu3+ and Gd3+ i n  t h e  chloroform so lvent  system. 

Separat ing behaviors of Dy3+ and Ho3+ ions  i n  CPC 

have not  been reported.  These two adjacent  ions  were 
found t o  be r a t h e r  d i f f i c u l t  t o  s e p a r a t e  under our ex- 
perimental  condi t ions  a t  25OC. However, by e l e v a t i n g  
temperature t o  45OC t h e s e  t w o  peaks were p a r t i a l l y  sepa- 
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0.06N HC1 
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Time ( m i n )  

FIGURE 5. E f f e c t  o f  t e m p e r a t u r e  on t h e  b e h a v i o r s  o f  
Dy3+ and  E r 3 +  b i n a r y  s a m p l e .  S t a t i o n a r y  
phase: 0.1 M DZEHPA i n  CHC13. Mobile phase:  
0.06 N aq .  HC1. 

r a t e d  wi th  0.06 N H C 1  mobile phase  as  shown i n  F i g u r e  4 .  

Under t h i s  c o n d i t i o n  t h e  s e p a r a t i o n  o f  Ho3+ and E r 3 +  w a s  
almost s a t i s f a c t o r y .  

The e f f e c t  of t empera tu re  was examined by u s i n g  a 
b i n a r y  mixture  o f  Dy3+/Er3+ p a i r  ( F i g u r e  5 )  a t  2 S 0 ,  35O 
and  45O.  I n t e r e s t i n g l y ,  t h e  v a l u e s  o f  r e t e n t i o n  t i m e  
(t,) were not  s i g n i f i c a n t l y  changed wi th  t empera tu re ,  
bu t  t h e  number of t h e o r e t i c a l  p l a t e  ( n )  e s p e c i a l l y  f o r  
t h e  c o m p o n e n t  h a v i n g  h i g h e r  t R  was  c o n s i d e r a b l y  
i n c r e a s e d  wi th  t empera tu re .  

Chromatographic peaks o f  t h e  RE i o n s  hav ing  atomic 
numbers h ighe r  t han  t h a t  of Er3+  were h i g h l y  broad a t  
25OC, and a t  t h i s  t empera tu re  no e f f e c t i v e  s e p a r a t i o n s  
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FIGURE 6. Chromatograms of  Ho3+, Er3+ and Tm3+ a t  45OC. 
S t a t i o n a r y  phase:  0.1 M D2EHPA i n  CHC13. 
Mobile phase: 0.08 N aq. HC1 c o n t a i n i n g  20% 
e thy leneg lyco l .  

were observed as  long as aqueous HC1 s o l u t i o n  was used 
as mobile phase. However, when 20% e t h y l e n e g l y c o l ( 5 )  
w a s  added t o  t h e  0.08 N aqueous HC1 mobile phase a t  45O 
C ,  c o n s i d e r a b l y  good chromatograms ( F i g u r e  6) were 
ob ta ined  f o r  t h e  s e p a r a t i o n  of  E r 3 + ,  Tm3+ ions.  Almost 
complete s e p a r a t i o n  of Tm3+ and Yb3+ ions w a s  a t t a i n e d  
with 0.10 N HC1 as mobile phase c o n t a i n i n g  20% e thy lene -  
g l y c o l ,  though t h e  s e p a r a t i o n  of Er3+  and Tm3+ became 
u n s a t i s f a c t o r y  (Figure 7 ) .  For comparison, chromato- 
grams of t h e  same components ob ta ined  without  e thy lene -  
g l y c o l  were given i n  F igu re  8 .  

Separa t ion  of Lu3+, t h e  h e a v i e s t  RE i o n ,  from Yb3+ 
was only p a r t i a l l y  a t t a i n e d  with higher  HC1 concentra-  
t i o n  i n  mob i l e  phase  a t  25OC ( F i g u r e  9 ) .  The main 
reason is  t h e  broadness of t h e s e  peaks as i n  t h e  case of  
EHPA s y s t e m . ( 5 )  A t t empt  t o  o b t a i n  chromatogram upon 
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FIGURE 7. Chromatograms of Er3+, Tm3+, and Yb3+ at 45OC. 
Stationary phase: 0.1 M D2EHPA in CHC13. 
Mobile phase: 0.10 N aq. HC1 containing 20% 
ethyleneglycol. 
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FIGURE 8. Chromatograms of Er3+1 Tm3+, and Yb3+ at 45OC. 
Stationary phase: 0.1 M D2EHPA in CHC13. 
Mobile phase: 0.10 N aq. HC1 alone. 
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FIGURE 9. Chromatograms of Tm3+, Yb3+, Lu3+ a t  25OC. 
S t a t i o n a r y  phase: 0.1 M D Z E H P A  i n  CHC13. 
Mobile phase: ( a )  0.12 N and (b) 0.14  N aq. 
HC1 alone. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
2
5
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



ARAKI ET AL. 

TABLE 1. SEPARATION PARAMETERS. 

Sm 
Eu 
Eu 
Gd 
Gd 
Tb 
Tb 

DY 
Ho 
Hoa 
Er 
Era 
Er 
Era 
Tm 
Tm 
Tma 
Tm 
Tm 
Yb 
Yb 

Eu 
Gd 
Gd 
Tb 
Tb 

DY 
DY 
Ho 
Er 
Era 
Tm 
Tma 
Tm 
Tma 

Yb 
Yb 
Yba 
Yb 
Yb 
Lu 
Lu 

0.02 
0.02 
0.03 
0.03 
0.04 
0.03 
0.04 
0.06 
0.06 
0.08 
0.10 
0.08 
0.1 0 
0.10 
0.1 0 
0.10 
0.1 0 
0.12 
0.1 4 
0.12 
0.1 4 

25 15 
25 30 
25 6 
25 8 
25 3 
25 21 
25 8 
45 6 
45 1 1  
45 8 
25 1 
45 13 
45 3 
45 8 
25 3 
45 7 
45 8 
25 12 
25 < I  
25 4 
25 1 

30 
33 
8 

21 
8 
42 
13 
1 1  
15 
13 
3 

26 
7 
8 
7 
12 
21 
4 
1 
5 
3 

0.72 
0.42 
0.1 9 
1.08 
0.6 
1.10 
0.61 
0.40 
0.65 
0.51 
0.35 
1 .o 
0.4 
0.5 
0.58 
0.65 
0.87 
0.36 
0.28 
0.22 
0.20 

2.08 
1.43 
1.40 
4.3 
3.61 
2.6 
2.46 
1.94 
2.43 
2.10 
4.06 
3.06 
2.4 
2.37 
3.8 
2.89 
3.11 
3.20 
5.60 
1.35 
2.02 

a) 20% Ethyleneglycol was added to the mobile phase. 
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a d d i t i o n  of e thy leneg lyco l  a t  45OC w a s  f a i l e d  because 
t h e  presence o f  e thy leneg lyco l  prevented t h e  c o l o r  deve- 
lopment of Lu3+ ion by xylenol  orange. However, when 
t h e  sys t ema t i c  chromatographic behaviors  o f  a series of 
in t e rmed ia t e  or heavy RE3+ i ons  desc r ibed  above are con- 
s ide red ,  one supposes t h e  s e p a r a t i o n  of Yb3+ and Lu3+ 
should be a t t a i n e d  by t h e  u s e  of experimental  c o n d i t i o n s  
a round  a t  45OC w i t h  mob i l e  phase  of 0.12-0.14 N H C 1  

con ta in ing  20% e thy leneg lyco l ,  and by employing a s u i t -  
a b l e  d e t e c t i o n  method r a t h e r  than c o l o r  development wi th  
xylenol  orange. 

The numerical chromatographic da t a  for s e p a r a t i o n  
o f  h e a v i e r  R E 3 +  i o n s  o b t a i n e d  i n  t h i s  w o r k  a r e  
s u m m a r i z e d  i n  TABLE 1 .  S e p a r a t i o n  p a r a m e t e r s  a r e  
def ined as  fol lows:  

@, = ( t R , 2  - t O ) / ( t R , l  - t o )  
Rs = 2(tR,2 - t R , 1  )/(Wl + W2) 

n = 5 . 5 4 ( T ~ / W h ) ~  

where , Rs,  and n a r e  s e p a r a t i o n  f a c t o r ,  r e s o l u t i o n  and 
number o f  t h e o r e t i c a l  p l a t e ,  r e s p e c t i v e l y .  R e t e n t i o n  
t i m e  and width of j t h  peak are denoted by t R , ,  and w j  , 
r e s p e c t i v e l y .  Half width of a peak and dead t i m e  are 
shown by Wh and to, r e s p e c t i v e l y .  

A s  mentioned above, t h e  Rs va lues  f o r  Sm3+, Eu3+, 
G d 3 + ,  T b 3 + ,  a n d  Dy3+ c a n  be i m p r o v e d  by e l e v a t i n g  
t e m p e r a t u r e  or by a d d i t i o n  of e t h y l e n e g l y c o l  i n  t h e  
mobile phase. It i s  n o t a b l e  t h a t  t h e  t r e n d s  and v a l u e s  
of  s e p a r a t i o n  f a c t o r  ( a )  observed f o r  DZEHPA are almost 
comparable  t o  t h e  c o r r e s p o n d i n g  cases for EHPA, ( 5 )  
though d e t a i l s  of t h e  chromatographic c o n d i t i o n s  d i f f e r  
each o t h e r .  This  f a c t  sugges t s  a g a i n  t h a t  t h e  e s s e n t i a l  
r o l e s  of  D2EHPA and EHPA are s imilar  with respect t o  t h e  
p h o s p h a t e  s a l t  f o r m a t i o n  as o b s e r v e d  i n  e x t r a c t i o n  
s t u d i e s .  Hence, b o t h  of D2EHPA and EHPA are almost 
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equally useful for the CPC technique when suitable 
modification in the operation conditions is made. 
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