
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by:
On: 24 January 2011
Access details: Access Details: Free Access
Publisher Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Journal of Liquid Chromatography & Related Technologies
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713597273

Mutual Separation of Lanthanoid Elements by Centrifugal Partition
Chromatography
Kenichi Akibaa; Shigeki Sawaia; Shigeto Nakamuraa; Wataru Murayamab

a Research Institute of Mineral Dressing and Metallurgy Tohuko University Katahira, Sendai, Miyagi,
Japan b Samlo Engineering Limited Nagaokakyo, Kyoto, Japan

To cite this Article Akiba, Kenichi , Sawai, Shigeki , Nakamura, Shigeto and Murayama, Wataru(1988) 'Mutual Separation
of Lanthanoid Elements by Centrifugal Partition Chromatography', Journal of Liquid Chromatography & Related
Technologies, 11: 12, 2517 — 2536
To link to this Article: DOI: 10.1080/01483918808076744
URL: http://dx.doi.org/10.1080/01483918808076744

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.

http://www.informaworld.com/smpp/title~content=t713597273
http://dx.doi.org/10.1080/01483918808076744
http://www.informaworld.com/terms-and-conditions-of-access.pdf


JOURNAL OF LIQUID CHROMATOGRAPHY,l 1( 12),25 17-2536( 1988) 

M UTUAL SEPARATION OF LANTHANOID 
ELEMENTS BY CENTRIFUGAL 

PARTITION CHROMATOGRAPHY 

KENICHI AKIBA', SHIGEKI S A W A I ~ ,  
SHIGETO NAKAMURA', 

AND WATARU M U R A Y A M A ~  
'Research Institute of Mittera1 

Dressing arid Metallurgy 
Tolzuko University 
Kataliira, Sendai, 
Miyagi 980, Japan 

2Sanilo Eiigiiteering Limited 
Nagaokakyo, Kyoto 617, Japaii 

ABSTRACT 

Multistage separation based on liquid-liquid extraction has 
been investigated by means of centrifugal partition chromatography 
(CPC). A kerosene solution of 2-ethylhexyl phosphonic acid mono- 
2-ethylhexyl ester (EHPA) was employed as a stationary phase 
without any solid support. Metal ions eluted by the aqueous 
mobile phase were detected by the post-column reaction with 
Arsenazo 111. 
the distribution ratios of metals. 
adjacent lanthanoids was accomplished by CPC. 

The retention volumes are approximately linear with 
The mutual separation of 

INTRODUCTION 

Considerable interest has been focused on the liquid-liquid 
extraction of rare earth elements, and some regularities in 
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2518 AKIBA ET AL. 

extraction equilibria have been presented for a variety of extrac- 
tion systems (1-7). However, potential works directly concerned 
with separation of lanthanoid elements have been restricted to a 
few cases (8,9), since this group of metal ions is particularly 

difficult to separate due to similarities in the charge of +3 and 
the ionic radius. 
tive separation of this series of ions; such well known processes 

as batteries of mixer-settlers or counter current extraction have 
partial resolution between adjacent lanthanoids and require long 
separation times. 

Multistage processes are required for quantita- 

Centrifugal partition chromatography (CPC) developed by 
Murayama and coworkers would afford great possibilities for chro- 

matographic separation of chemically-similar materials (10). 
This new liquid-liquid partition chromatography employing a sta- 
tionary phase without any solid support is very attractive, 

because it offers flexibility for selection of a stationary phase 
on the basis of data on liquid-liquid extraction (11). This will 
be advantageous for large-scale applications of chromatographic 

processes. 
In an industrial-scale separation of rare earth elements, 

di(2-ethylhexyl) phosphoric acid (DEHPA) has been most commonly 
used as an extractant in acidic media, due to its high extractabi- 
lity and high separation factors between these elements. 

acidic extractant, 2-ethylhexyl phosphonic acid mono-2-ethylhexyl 

ester (EHPA) has recently accessible for the extraction of rare 
metals including lanthanoids (12). Its low extractability com- 
pared with DEHPA is rather preferable to strip lanthanoid elements 
with dilute acid solutions. 

An 

The present paper deals with the possibility of new chromato- 

graphic separation of lanthanoid elements. 
extraction process was applied to multistage separation by means 
of CPC provided with an organic solution of EHPA as the stationary 
phase. 
ascertained and mutual separations of adjacent lanthanoid elements 
were accomplished. 

The liquid-liquid 

Optimum conditions for chromatographic procedures were 
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EXPERIMENTAL 

Materials 
An extractant, 2-ethylhexyl phosphonic acid mono-2-ethylhexyl 

ester (EHPA) (PC-88A, Daihachi Chemical Ind. Co. Ltd.), was washed 

with a sodium hydroxide solution to remove acid impurities, and 
then its concentration was determined by potentiometric titration 
with a standard solution of sodium hydroxide in an ethanol-water 

mixture. 
reagent. 
was also used for liquid-liquid extraction. 

used were of reagent grade. 

Arsenazo I11 (Dojindo Lab.) was used as a post column 
Radioisotopes 15294Eu (Radiochemical Centre, England) 

The other chemicals 

Apparatus 

A centrifugal partition chromatograph (Sanki Engineering 
Ltd.) was used by arranging 6 or 12 cartridges (30E), where one 
cartridge was composed of 54 microcells (10). For continuous 
analysis of elution stream, the detection system consisted of a 
post column-reactor (Model ICA-3041; Toa Electronics Ltd.), a 
photometric detector with a flow cell (Model ICA-3020; Toa 
Electronics Ltd.) and a pen recorder. Flow lines from CPC to the 
detector were connected with Teflon tubing (1 mm inner diameter). 
In liquid-liquid extraction, the concentrations of mixed lantha- 
noids were determined by inductively coupled plasma atomic 
emission spectrometry (ICP-AES) (SPS 1200A, Seiko Instruments & 

Electrics Ltd.) for the aqueous phase or the stripped solution 
from the organic phase. 

Procedure 
A kerosene solution containing 0.02 M (M = mol d~n-~) (EHPA)2 

was hold as the stationary phase in the cartridge-column. Under 
centrifugal force, the aqueous mobile phase was pumped into the 

stationary phase through a rotary seal joint at a flow rate of 3 

cm3 min-l. 
the stationary phase in the column rotating at 800 rpm at 55°C 

Small drops of the mobile phase were passed through 
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2520 AKIBA ET AL. 

unless otherwise noted in the text. 
two phases, the sample solution containing M of each lantha- 
noid was injected through a sample loop (1 cm3). Metal ions were 
eluted with the mobile phase buffered at desired pH with 0.1 M 
(H,Na)C12CHC00. 
absorbance of lanthanoid complexes at 650 nm based on the post- 
column reaction with Arsenazo I11 (0.014% w/v) at a flow rate of 
0.5 cm3 min-l (13). 

After equilibration between 

The eluted stream was monitored by measuring the 

RESULTS AND DISCUSSION 

Extraction Equilibrium of Lanthanoids 
Equilibrium of lanthanoid extraction was examined in order to 

apply liquid-liquid extraction to the mutual separation of lantha- 
noids by CPC. 
interest, La, Pr ,  Nd, Sm, Eu, Gd, Tb and Dy, were obtained by 
determining the concentration of lanthanoids in the aqueous so lu -  

tion by ICP-AES. 
ture of these lanthanoid ions of 50 ppm f o r  Pr, 20 ppm for Nd, and 
10 ppm for others. 
lel lines with slopes of close to 3, as shown in Fig. 1, and the 
slopes of the plots of log D v s .  log [(EHPA)2] were found to be 
2.8. Overall extraction equilibrium can be expressed by, 

Distribution ratios of a series of lanthanoids of 

The aqueous phase initially contained the mix- 

Plots of log D v s .  pH gave a series of paral- 

where M denotes the lanthanoid and (HA)2, the dimer of EHPA, and 
Ke, is the extraction constant. 

Application to CPC System 
In chromatography the retention volume (V,) is related to the 

distribution ratio (D) of the desired component between the sta- 
tionary and mobile phases: 
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I 2 3 

PH 

FIGURE 1. Distribution ratios of lanthanoids as a function of pH. 
0.02 M (EHPA)2 in kerosene, 0.1 M (H,Na)C12CHC00, 25OC. 

VR = vm -I- D vs (3) 
where Vs and Vm are the volumes of the stationary and mobile 
phases, respectively. When these fundamental values for indi- 
vidual lanthanoids are known, it is possible to predict proper 
conditions for desired separation; values of D will be optimized 
by varying pH and/or the extractant concentration. 

All the CPC system including detector was preliminarily 

tested for the elution behavior of Eu. 
cm3 was injected into the front of the column of 6 cartridges 
holding 0.02 M (EHPA)z in kerosene. 

added t o  the end of elution stream. It was confirmed that the 
post column reaction causes no noticeable extra broadening of 

An europium solution of 1 

Arsenazo I11 was continuously 
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2522 AKIBA ET AL. 

elution bands. From chromatograms obtained at different pH, the 
VR values for Eu were found to be approximately proportional to 
the distribution ratios, as given by Eq.(3). 

The theoretical plate number (N) is related to the retention 
volume and the bandwidth (W): 

N=16(VR/W)' ( 4 )  
The separation factor (ac) in chromatography is evaluated from the 
retention volumes of individual components 1 and 2: 

'R,2 - ' 0  

"R,1 - ' 0  

ac = (5)  

where Vo is the elution volume for an unretained component. The 
degree of separation of two adjacent bands is defined as resolu- 
tion (Rs): 

'R,2 - 'U,1 R- = 2 
S 

w1 + w2 

Chromatogram for Binary Mixture 
Based on the extraction data given in Fig. 1, the elution 

behavior of Sm and Gd was tested by means of CPC holding EHPA in 
kerosene as the stationary phase in order to select suitable 
conditions for adequate separation. Figure 2 shows a repre- 
sentative chromatogram having individual peaks; the first peak for 
Sm was followed by the broad peak for Gd, however, they exhibited 
pronounced tailing and substantial overlap each other. 
spreading may be due to s l o w  equilibration of liquid-liquid ex- 
traction including complex formation. 

This band 

Water-Miscible Organic Solvent as Mobile Phase 
The elution behavior of Sin and Gd was examined whether these 

bands can be resolved better or  not by the addition of ethanol 

(EtOH) in the aqueous mobile phase.. A s  Fig. 3 shows, it is 
noticeable that 10 and 20% v/v EtOH additives appreciably improve 
the resolution of these two bands. 
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0.5 

0.4 1 

0 100 200 300 400 500 
Elution volume/cm3 

FIGURE 2. Elution curve of the binary mixture of Sm and Gd. 
CPC: 6 cartridges, 900 rpm, 25OC; stationary phase: 0.02 M 
(EHPA)2 in kerosene; 
pH 1.90; sample: 5 x lov4 M Sm and 1.5 x 10-3 M Gd, 1 cm3. 

mobile phase: 0.1 M (H,Na)C12CHC00 in water, 

0 I00 200 300 400 
Elution volume /om3 

FIGURE 3. Effect of ethanol in the mobile phase on the separation 
of Sm and Gd by CPC. EtOH: ( a )  10% v/v, (b )  20% v/v. 
Experimental conditions are same as those in FIG. 2. 
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I .5 2.0 2.5 

PH 

FIGURE 4. Effect of water-miscible organic solvents on the 
distribution ratio of 152,4Eu. 
(H ,Na)C12CHC00 in 20% v/v miscible organic solvent-water. 
(A) MeOH, (0) EG, (0) EtOH, (v) DMSO, (0) DMF, (A) water alone. 

0.02 M (EHPA)2 in kerosene, 0.1 M 
(0) AN, 

Further, several organic solvents miscible with water were 
tested as components of the mobile phase to accelerate extraction 
and to increase the theoretical plate number. 
trates the distribution ratios of Eu between the organic phase and 
the aqueous phase containing 20% v/v miscible organic solvents. 

Plots of log D vs. pH, which is an apparent value indicated by pH 
meter in these mixed solvent systems, gave straight lines with 
slopes of 2.6 - 2.9, indicating the analogous extraction behavior 
as expressed by Eq.(l). 
acetonitrile (AN) > methanol (MeOH) > EtOH = ethylene glycol (EG) 
2 water > dimethyl sulfoxide (DMSO) > N,N-dimethylformamide (DMF). 

Figure 4 illus- 

They decreased in the following order: 
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TABLE 1 
Effect of 20% v/v Miscible Organic Solvents-Water in the 

Mobile Phase on the Separation of Sm and Gd by CPC 

Solvents Peak shapes NSm NGd RS 

Acetonitrile No peak - - - - 

Methanol Tailing 29.0 17.5 3.0 0.83 

Symmetry 31.2 23.6 3.8 1.15 Ethylene 
glycol 

Ethanol Symmetry 31.7 21.7 2.9 0.95 

Symmetry 28.1 23.3 3.6 1.14 Dimethyl 
sulf oxide 

19;5 11.9 3.4 0.75 N,N-Dimethyl- Asymmetry 
f ormamide 

Water alone Asymmetry 27.1 15.5 2.9 0.82 

~~~~~ ~ ~ 

Six cartridges, 0.02 M (EHPA)z, 900 rpm, 55'C. 

Experimental results are summarized in Table 1 for the sepa- 
ration of Sm and Gd by CPC with 6 cartridges using mixtures of 20% 

v/v organic solvents-water. The AN-water mixture was not applica- 
ble to the mobile phase because of its nondistinct peaks. The 

mixtures with DMF and MeOH yielded asymmetric peaks which have 
sharp fronts and extended tails; these mobile phases yielded 
rather low resolution due to relatively low N values. 
chromatographic peaks were obtained by the use of mixtures with 

EG, EtOH and DMSO; the N values for individual peaks and the 
separation factors (a,) appreciably increased compared to those 
for water alone. In subsequent experiments, the mixture of 20% 

v/v EG-water was employed as the mobile phase. 

Symmetrical 

While little is known about the kinetics of separation proc- 
esses in CPC, the influence of miscible organic additives may be 
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2526 AKIBA ET AL. 

related to a number of factors; 1) a lowering of surface tension 

causes a decrease in drop sizes, 2) an increase in distribution of 
EHPA into the aqueous phase accelerates of the rate determining 
step such as the formation of the first complex M(HA2)2+, 3) a 
decrease in water activity reduces the extent of hydration of 
metal ion. These associated factors are considered to enhance the 

extraction rate and to improve band resolution. 

Effect of Temperature 
The effect of temperature on the chromatographic separation 

of a pair of adjacent element's Sm and Eu was examined using the 
mixed mobile phase of 20% EG-water. Figure 5 shows variations of 
separation parameters with a rise in temperature from 25 to 55OC. 
The retention volumes of Sm and Eu increased with temperature and 
the VR values at 55OC were about 1.7 times those at 25OC for both 
of Sm and Eu. 
enhances the distribution ratio between the stationary and mobile 

phases inside the microcells. 
for Sm and Eu gave a small effect on the separation factor which 
decreased only slightly with rising temperature. On the other 
hand, the N values of each element considerably increased with 
temperature, and resolution for two adjacent elements therefore 
increased almost linealy with rising temperature mainly depending 
on the increased N, as is evident in Fig. 5. 

This finding indicates that the rise of temperature 

Similar progressive increases in VR 

Effect of Rotational Speed 
Figure 6 shows the effect of the speed of rotation on reso- 

lution obtained by varying a rotational speed from 400 to 1000 

rpm. 
rotational speed, and thereby the Rs value varied almost in pro- 
portion to the N values. 
decreases with increasing gravity resulting from rotation, the 

rate of extraction is enhanced. 
will be preferable for better resolution, as long as the pressure 

does not exceed a limited value of 60 kg/cm 

The N values for Sm and Gd increased linearly with the 

A s  the dropsize of the mobile phase 

Thus, a high speed of rotation 

2 of this system. 
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FIGURE 5. Effect of temperature on the separation of Sm and Eu by 
CPC. CPC: 6 cartridges, 800 rpm; stationary phase: 0.02 M 
(EHPA)2; mobile phase: 0.1 M (H,Na)C12CHC00 in 20% v/v EG-water, 
pH 2.04; sample: M lanthanoids, 1 cm3. 

Mutual Separation of Lanthanoids by CPC 
The distribution ratios of a series of lanthanoid elements 

were determined between the kerosene solution of EHPA and the 
mixture of 20% EG-water initially containing each lanthanoid ion.  
Plots of log  D vs. pH gave a family of parallel lines with slopes 
of close 3.  

that from water alone, as expressed by Eq.(l). 
values of pH at D=l  by the given concentration of EHPA and the 

This extraction behavior is substantially the same as 
Table 2 lists the 
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1.0 t- 

400 600 800 1000 
Rotational speed/rpm 

FIGURE 6. Effect of rotational speed on the separation of Sm and 
Gd by CPC. pH 1.88, 25'C. 

0.3 

0.2 

B a 
0.1 

0 

Elution volume/cm3 

FIGURE 7. Separation of the ternary mixture of La, Pr and Nd by 
CPC. 
(EHPA)2; 
pH 2.50; 

CPC: 12 cartridges, 800 rpm, 55'C; stationary phase: 0.02 PI 
mobile phase: 0.1 M (H,Na)Cl$HC00 in 20% v / v  EG-water, 
sample: 10-3 M lanthanoids, 1 cm3. 
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TABLE 2 
Liquid-Liquid Extraction of Lanthanoids by EHPA-Kerosene 

from 20% v/v Ethylene Glycol-Water at 25°C 

Lanthanoids pH(D=l) log ‘ex ‘YD 

La 
Pr 
Nd 

Sm 
Eu 
Gd 
Tb 
DY 

DY 
Ho 
Er 
Tm 
Yb 
Lu 

0.02 M (EHPA)2 
2.94 
2.45 
2.37 
2.00 
1.83 
1.75 
1.49 
1.33 

0.005 M (EHPA)2 
1.93 
1.81 
1.68 
1.52 
1.34 
1.26 

-3.74 
-2.24 
-2.02 
-0.89 
-0.39 
-0.14 

31.6 
1.66 
13.5 
3.16 
1.78 
5.75 
3.09 

0.62 
1.11 

1.11 
1.46 
1.85 
2.34 
2.87 
3.13 

2.24 
2.45 
3.09 
3.39 
1.82 

extraction constant evaluated from the distribution data; the Kex 
value increases in the order of increasing atomic number. The 
separation factor (aD) in liquid-liquid extraction is given by the 
ratio of D values for components 1 and 2: 

(7) 
’2 Kex,2 

’1 ‘ex, 1 
“D= -=- 

The aD values for lanthanoid pairs are also listed in Table 2. No 

significant variation in separation factor occurred along with the 
addition of 20% EG. The aD values were found to be high f o r  La- 
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Pr, Nd-Sm and Gd-Tb pairs, while those for adjacent elements Pr- 
Nd, Eu-Gd, Dy-Ho and Yb-Lu were rather low. This discontinuity in 
CID values is attributed to the "tetrad effect" in the series of 
lanthanoid ions (14,15). 

Chromatographic separations of a mixture of light lanthanoids 
were carried out by CPC at 55'C. 
lanthanoids with low C~D, we employed 12 cartridges containing the 
stationary phase of about 160 cm3 and the mobile phase of about 50 

3 cm . 
for the ternary mixture of La, Pr and Nd. 
the individual peaks; lighter lanthanoids were less strongly 
retained and were preferentially eluted with a mild acid solution. 
Under these experimental conditions, La was slightly retained on 
the stationary phase due to its low distribution ratio and first 
eluted with the mobile phase buffered at pH 2.50. 
was completely separated from La as expected from the large aD 
(=31.6) value, while the peaks of Pr and Nd with low CXD (=1.66) 
were incompletely resolved. The separation parameters evaluated 
from the chromatograms are listed in Table 3. 
tion of Nd and Sm is not yet tried, quantitative separation 
between them will be accomplished from its high separation factor 

For the mutual separation of 

Figure 7 shows a typical chromatogram obtained at pH 2.50 
Each lanthanoid gave 

Praseodymium 

Though the separa- 

of aD (=13.5). 
It is important to control pH of the mobile phase in order to 

optimize the distribution ratio of each component €or adequate 
separation. 
due to low retention on the stationary phase, while at high D 
value a long time for elution will be required. Figure 8 repre- 
sents the elution curve for the separation of the mixture of Sm, 
Eu and Gd. The pH of the mobile phase was adjusted to 1.91 to 
control the D value in the optimum range for the Eu-Gd pair of low 
aD value. 
between Sm and Eu, but the separation of Eu and Gd was still 
incomplete. 

When the D value is low, the resolution will be poor 

Satisfactory separation having Rs 2 1 was accomplished 

Figure 9 illustrates the resulting chromatogram for the mix- 
ture of Gd-Tb-Dy eluted with the mobile phase of pH 1.48. Each 
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0.1 

0 

Elution volume/cm3 

FIGURE 8. Separation of Sm, Eu and Gd by CPC. pH 1.91. 

0.3 r 

0.2 

0.1 

0 
0 200 400 600 800 1000 

Elution volume /cm3 

253 1 

FIGURE 9. Separation of Gd, Tb and Dy by CPC. pH 1.48. 
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TABLE 3 
Separation Parameters for CPC Chromatogram 

Lanthanoids N % RS 

La 
Pr 
Nd 

Sm 
Eu 
Gd 

Gd 
Tb 

DY 

Ho 
Er 

Tm 

Tm 
Yb 
Lu 

169.0 

85.8 

86.2 

9.86 

1.51 

91.8 

64.0 

49.4 

2.23 

1.64 

108.2 

51.4 

41.6 

4.71 

2.70 

67.6 

27 .O 
19.5 

2.19 

2.99 

40.7 
3.00 

2.70 

0.77 

1.14 

0.72 

1.33 

1.17 

0.68 

0.93 

- 
- 

These values ware evaluated from the chromatograms i n  F ig .  7-11. 

pair was quantitatively separated as expected based on its rela- 
tively large separation factor, i.e. aDd.75 for Gd-Tb and 3.09 

for Tb-Dy. 
( > 2 )  were resolved with fairly giod resolution Rs L 1 as is 
evident in Table 3 .  However the pairs of low aD ( < 2 )  such as Pr- 
Nd and Eu-Gd were partially resolved with low Rs less than 1. In 
these cases, the chromatographic separation factor ac values were 
close to the cxD values, therefore separation processes in CPC 
seems to essentially correspond to those in liquid-liquid extrac- 

Thus, most of the pairs of lanthanoids having high C~D 
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tion provided that the distribution ratios for each element were 
close to optimum. 
to band broadening; the values of N were around one-tenth compared 
with the number (650) of microcells of twelve cartridges. 

Resolution was nevertheless markedly low owing 

Heavy Lanthanoids 

Heavy lanthanoid elements such as Tm and Lu are more strongly 
retained and it is sometimes difficult to elute metal ions from 

the stationary phase even by the mobile phase of relatively low 

pH. 
( ~ x I O - ~  M) of EHPA for optimum operation. 
the resulting chromatogram for a Ho-Er-Tm mixture. 
with relatively high aD values were incompletely separated, and 
these bands were rather broadened and their N values were too 
small to separate quantitatively. 
behavior of the heaviest ternary mixture of Tm, Yb and Lu. The 

resulting bands were considerably broadened and only partially 
resolved; this is probably due to a decrease in extraction rate 

with an increase in the atomic number of the lanthanoids (16). 
More detailed investigation is necessary to enhance the extraction 
rate and to choice appropriate conditions for mutual separation of 
these heavy lanthanoids. 

The stationary phase was replaced by the lower concentration 
Figure 10 represents 

Even the pairs 

Figure 11 shows the elution 

Relation between Vp and D 
The retention volume in CPC can be related to the equilibrium 

distribution ratio of a desired species between the stationary and 
mobile phases as expressed by Eq.(3). 
plots of VR values obtained under different conditions of the 
mobile phase at 55OC against the distribution ratios determined by 
liquid-liquid extraction at 25OC. 

to the peaks of bands in Figs. 7 - 11. 
linear with D values, however, they were significantly larger 
compared to the solid line predicted from Eq.(3) employing V, = 50 
and Vs = 160 cm . The VR values at 55°C were found t o  be about 
1.7 times those at 25'C as illustrated in Fig. 5 for Sm and Eu, 

Figure 12 illustrates the 

The closed circles correspond 

The VR values were roughly 

3 
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0.15 r 

t Tm 

Elution volume /cm3 

FIGURE 10. Separation of Ho, Er and Tm by CPC. 
(EHPA)z, pH 1.69. 

5 x 10-3 M 

Elution volume /cm3 

FIGURE 11. Separation of Tm, Yb and Lu by CPC. 5 x M 
(EHPA)z, pH 1.35. 
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FIGURE 12. Correlation between the retention volume and the 
distribution ratio. CPC: 12 cartridges, 800 rpm. D values were 
obtained at 25°C; (0) VR corrected at 
25°C. 

(0) VR obtained at 55°C; 
The solid line was predicted from Eq.(3). 

and hence it can be expected that the VR values at 25°C are about 
0.6 times those at 55°C by assuming the same temperature effect 
for each lanthanoid element. 
given by the open circle in Fig. 12. 
observed, most of values were close to the solid line, indicating 
that the distribution ratio is a useful guide for the prediction 
of the retention volume. 

The estimated VR values at 25°C were 
While some scatters were 

ACKNOWLEDGMENT 

This study was partially supported by a Grant-in-Aid for 
Scientific Research on Priority Areas (No.62603509) of the Minis- 
try of Education, Science and Culture. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
1
7
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



2536 AKIBA ET AL. 

REFERENCES 

1. Peppard, D. F., Mason, G. W., Maier, J. L. and 
Driscoll, W. J., J. Inorg. Nucl. Chem., 4, 334 (1957). 

2. Pierce, T. B. and Peck, P. F., Analyst, 88, 217 (1963). 

3. Kola;ic, Z., Dra'lzanov6, S. and Chotivka, V., 
J .  Inorg. Nucl. Chem., 33, 1125 (1971). 

4. Brown, W. B., Steinbach, J. F. and Wagner, W. F., 
J. Inorg. Nucl. Chem., 13, 119 (1960). 

5 .  Manchanda, V. K. and Chang, C. A., Anal. Chem., 
- 59, 813 (1987). 

6. Nakamura, S. and Suzuki, N., Polyhedron, 5, 1805 (1986). 

7. Motomizu, S. and Freizer, H., Solvent Extr. Ion Exch., 
- 3, 637 (1985). 

8. Michelson, D. B. and Smutz, M., J. Inorg. Nucl. Chem., 33, 265 
(1971). 

9. Goto, T., J. Inorg. Nucl. Chem., 30,3305 (1968). 

10. Murayama, W., Kobayashi, T., Kosuge, Y., Yano, H., 
Nunogaki, Y. and K. Nunogaki, J. Chromatogr., 239, 643 
(1982). 

11. Araki, T., Kubo, Y., Toda, T.,  Takata, M., Yamashita, T., 
Murayama, W. and Nunogaki, Y., Analyst, 110, 913 (1985). 

12.  Kawafuku, J., Hirashima, Y. and Shiokawa, J., 
Proc. Syrnp. Solvent Extrn., 1984, 107. 

13. Barkley, D. J., Blanchette, M., Cassidy, R. M. and 
Elchuk, S., Anal. Chem., 2, 2222 (1986). 

14. Nugent, L.J., J. Inorg. Nucl. Chem., 32, 3485 (1970). 

15. Ceccaroli, B. and Alstad, J., J. Inorg. Nucl. Chem., 43, 1881 
(1981). 

16. Novikov, A. P. and Myasoedov, B. F., Solvent Extr. Ion Exch., 
- 3, 267 (1985). 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
1
7
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1


