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CHARACTERISTICS OF CENTRIFUGAL 
PARTITION CHROMATOGRAPHY FOR 
LANTHANOID SEPARATION IN HDEHP 

EXTRACTION SYSTEM 

HITOSHI ABE, SHIGEKAZU USUDA, AND SHOICHI TACHIMORI 
Japan Atomic Energy Research Institute 

Tokai-mura, Naka-gun 
Ibaraki-kn, Japan 319-11 

ABSTRACT 

Separation of light lanthanoids with centrifugal partition chromatography 
(CPC) was investigated in extraction system of 30% HDEHP/CCl,/n-paraffin and 
HNO,. Since separation factors between lanthanoids, Ce, Nd, Pr, Sm, Eu and Gd, 
were independent of volume ratio of CCI, and n-paraffin diluents, difference in 
the density between the mobile phase and the stationary phase was controlled by 
varying the volume ratio of two diluents in order to operate at reasonable pump- 
pressure. The effects of volume of the stationary phase and rotational speed on the 
separation characteristics of CPC were examined to find the optimum operation 
conditions. The effect of chain length of n-paraffin (number of carbon atoms: h 
- 15) as diluents was also examined. The best separation efficiency was obtained 
with the longest, n-pentadecane. On the basis of the above results, mutual separa- 
tion of lanthanoids was successfully performed in 30% HDEHP/lS% CCldSS% 
n-pentadecane and 0.5 mol/dm3 HNO, extractian system at a low pump pressure 
of 4.5 kgUcm2. 

INTRODUCTION 

Centrifugal partition chromatography (CPC) is a new liquid-liquid separa- 
tion method, in which the centrifugal force enables retention of a stationary phase 
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in the partition cells, dispersion of a mobile phase in the stationary phase and 
rapid phase separation (1). The method was first developed for separation of 
organic substances. Recently it has been also applied to separation of inorganic 
substances (2)(3)(4). The authors reported separation of light lanthanoids with 
CPC in 30% TBP extraction system using lithium nitrate as a salting-out reagent 
(5)(6). Difference in density between the aqueous and organic phases could be 
controlled by using carbon tetrachloride (CCl,: 1.6 g/cm3 density) as a heavy 
diluent and n-dodecane (0.75 g/cm3) as a light diluent, and then the CPC appara- 
tus was operated at low pump pressure. 

In order to achieve effective separation with CPC apparatus, it is important 
to get both large separation factor and high theoretical plate number. The separa- 
tion factor depends on the extraction conditions such as acidity of aqueous phase 
and concentration of extractant. The theoretical plate number is affected by the 
operation conditions of CPC apparatus such as rotational speed and volume of the 
stationary phase, and by the physical properties of the two phases such as interfa- 
cial tension and viscosity. 

Di-2-ethylhexyl phosphoric acid (HDEHP) has been widely used for 
mutual separation of lanthanoids and actinoids. Separation of lanthanoids in 
extraction system of HDEHP and hydrochloric acid by using CPC apparatus was 
also reported (7)(8). This paper deals with the separation characteristics of light 
lanthanoids with CPC apparatus in extraction system of HDEHPlCCldn-paraffin 
and nitric acid (HNO,). To obtain the optimum extraction conditions, distribution 
coefficients were determined by batch experiments. Then, to find the operation 
conditions of CPC apparatus giving high theoretical plate number, the effects of 
volume of the stationary phase, rotational speed and the physical properties were 
examined. For the effect of the physical properties of the two phases, n-paraffin 
with different number of carbon atoms (C: 6 - 15) was used as a diluent because 
their chemical properties seem similar to each other. After that, the separation of 
lanthanoids with CPC apparatus was demonstrated. 

EXPERIMENTAL 

Reagents 
An extractant of HDEHP (98.2%) and diluents of CC1, (97.8%), n-hexane 

(95 - 97%) and other n-paraffin (99.0%) were used without further purification. 
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LANTHANOID SEPARATION 1823 

As solutes, Li and Ce nitrates and Pr, Nd, Sm, Eu and Gd oxides of reagent grade 
were used by dissolving them in HNO, solution. Lithium was an unextractable 
spike to evaluate a dead volume of CPC chromatogram. 

Apparatus 
Two types of CPC apparatus, Model-LLN and Model-LLB, were sup- 

plied by Sanki Engineering Co. Ltd. The former apparatus was used in order to 
study the effect of the stationary phase volume on the separation efficiency of 
CPC. The apparatus was equipped with different number of partition-cell car- 
tridges, Model 250W, which consisted of 400 microcells. The volume of each 
cartridge was 20.8 cm3. The latter apparatus, Model-LLB, was used for the other 
experiments because the latter is superior to the former in the pressure-stability. 
The apparatus was equipped with 6 rotors, in which 720 micro-cells per rotor 
were molded. The total volume was 135 cm3. 

An inductively coupled plasma (ICP) spectrometer was used for determin- 
ing the Concentration of ianthanoids. 

Procedures 
In batch experiments, the initial concentration of each solute in the aque- 

ous phase was 500 mg/dm3. Both aqueous and organic phases of 10 cm3 were 
shaken at 25 OC for 5 h. Since the solutes could not be back-extracted quantita- 
tively, the concentration of the solutes in the organic phase was determined by 
subtracting concentration of the remained solutes in the aqueous phase from that 
in the initial aqueous phase. 

In CPC experiments, at first, the stationary and mobile phases were bal- 
anced in the partition cells with the same method previously described (6). Then, 
sample solution of 1.1 cm3 was injected through a sample loop to the partition 
cells by a pump. Each solute was eluted at the flow rate of 1.5 cm3/min and 25 
OC. 

Analysis of the chromatogram 
Distribution coefficient (K,,), separation factor (a) and resolution behveen 

two peaks (R,) were calculated from chromatograms with the same equations (6). 
For estimation of the separation efficiency of CPC, relative peak width (W,) was 
used instead of the theoretical plate number because of too large dead volume; 
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wp = v,/VR' 
where V,, in cm3 is peak width at half height and V,' in cm3 is corrected reten- 
tion volume which was obtained by subtracting retention volume of Li. 

RESULTS AND DISCUSSION 

Determination of the K,, and a values by batch method 
Effect of HNO, and CCl,: TABLE 1 shows the & values of lanthanoids ob- 
tained by the batch experiments. It was confirmed that Li was not extracted in all 
experimental conditions. The effect of the concentration of HNO, on the Kd 
values in 30% HDEHP/ 70% n-dodecane is shown in FIGURE 1. The Jb values 
decreased with increasing concentration of HNO,. This decrease with the slope 
of -3 indicates that extraction of lanthanoids with HDEHP is due to cation ex- 
change reaction as follows (9); 

where M3+ is a lanthanoid ion (111) and HY is a HDEHP. On the other hand, the a 
values between lanthanoids were almost independent of the concentration of 
HNO,. 

FIGURE 2 shows the effect of concentration of CCI, on the Jb values in 
30% HDEHP/n-dodecane and 0.5 mol/dm3 (M) HNO,. The values decreased 
with increasing concentration of CC1, in analogy with the TBP extraction system. 
This seems a result of the decrease of the activity of HDEHP in the organic phase 
with increasing concentration of CC1, because CCI, has a larger acceptor number 
than n-dodecane (10). On the other hand, the a values were almost independent 
of the concentration of CCI,. 

From these results, it was found that the K, value for adequate retention 
volume and the difference in density for reasonable pump pressure in CPC opera- 
tion could be set without decrease of the a value. 
Effect of number of carbon atoms of n-paraffin: FIGURE 3 shows effect of 
number of carbon atoms of n-paraffin on the Kd values in 30% HDEHP/70% n- 
paraffin and 0.7M HNO,. The & values increased with increasing the number 
and the a values were almost independent of the number. 

Since HDEHP is polar, the association among themselves takes place 
through the dissolving water in the organic phase. Solubility of water in n-paraf- 

M3taq + 3(HY), -> M(HY2, t 3H+, 
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TABLE 1 
The & Values of Lanthanoids Obtained by 

Batch Experiments (30% HDEHP) 

CC14: O%, n-dodecane: 70% 

[HNOsl M Ce P r  Nd Sm Eu Gd 

0.25 2.8 3 . 9  4.9 28 67 123 
0.50 0.56 0.72 0.77 4.2 9 . 1  16 
0.75 0.22 0.21 0.24 1 . 2  2 .4  4 . 3  
1.00 0.15 0.11 0.13 0.56 1 . 0  1 . 7  

CC14: l o % ,  n-dodecane: 60% 

[HNOs] M Ce Pr Nd Sm Eu Gd 

0.25 1 . 9  2.6 3.4 20 45 82 
0.50 0.38 0.46 0.53 3.0 6 .2  11 
0.75 0.15 0.16 0.17 0.88 1 . 7  3.0 
1.00 0.12 0.093 0.12 0.38 0.74 1 . 2  

CCL: 20%. n-dodecane: 50% 

[HN03] M Ce P r  Nd Sm Eu Gd 

0.25 1 . 3  1 . 8  2.4 15  34 61 
0.50 0.26 0.34 0.31 2 . 1  4 .2  7 . 7  
0.75 0.10 0.10 0.12 0.61 1.2 2.2 
1 .00  0.085 0.056 0.083 0.25 0.50 0.82 

CC14: 30%, n-dodecane: 40% 

[HNOs] M Ce Pr Nd Sm Eu Gd 

0.25 0.87 1 . 2  1 . 7  10 25 45 
0.50 0.18 0.23 0.22 1.5 3.0 5 . 5  
0.75 0.084 0.066 0.062 0.40 0.84 1 . 4  
1 .00  0.077 0.033 0.054 0.17 0.36 0 .58  
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FIGURE 1. Effect of HNO, on the Kd values of lanthanoids. Organic phase: 
HDEHP/70% n-dodecane. 
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FIGURE 2. Effect of CC1, on the I(d values of lanthanoids. Aqueous phase: 0.5 M 
HNO,, Organic phase: 30% HDEHP/CCl&-dodecane 
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FIGURE 3. Effect of number of carbon atoms of n-paraffin as diluents on the K, 
values of lanthanoids. Aqueous phase: 0.7 M HNO,, Organic phase: 30% 
HDEHP/ 70%n-paraffin. 

fin decreases with increasing the number (11). Therefore, the authors interpret the 
increase of the K, values as the increase of the HDEHP activity in the organic 
phase. 

Measurement of the separation efficiency of CPC 
Effect of the stationary phase volume: FIGURE 4 shows the effect of volume 
of the stationary phase on the separation efficiency of CPC, which was examined 
by changing number of the partition cell cartridges. The relative peak width of Pr 
and Eu decreased and the resolution between them increased with increasing 
volume of the stationary phase. 

It was observed that the maximum volume of the stationary phase being 
retained in the partition cells varied with the experimental conditions of CPC. 
Therefore, the effects of rotational speed and difference in the density on thc 
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FIGURE 4. Effect of volume of the stationary phase on the separation efficiency 
of CPC. Mobile phase: 0.5 M HNO,, Stationary phase: 30% HDEHP/lS% CCI,/ 
55% n-dodecane, Rotational speed: 800 rpm. 

maximum volume were examined. The results are shown in FIGURE 5. The 
maximum volume increased with increasing the rotational speed and the differ- 
ence in density. Since the volume of the stationary phase affects the separation 
efficiency of CPC as described above, the volume of the stationary phase was 
attempted to keep constant in the CPC experiments below. 
Effect of the rotational speed: FIGURE 6 shows the effect of the rotational 
speed of the partition cells in the region of 800 - 1400 rpm on the separation 
efficiency of CPC. 'The operation conditions and the analytical results of chro- 
matograms are shown in TABLE 2 (Serial No.1). The pump pressure increased 
with increasing the rotational speed. The best separation efficiency was observed 
at 800 rpm. It was reported that the separation efficiency was improved with 
increasing the rotational speed because the dropsize of the mobile phase decreased 
with increasing gravity resulting from rotation (2). In this experimental condi- 
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70.0 

600 800 1000  1 2 0 0  

Rotational speed (rpm) 

FIGURE 5. Effects of rotational speed and difference in density (Ap) on the 
maximum volume of the stationary phase in the partition cells. Mobile phase: 
H,O, Stationary phase: CCl,/n-dodecane. 

tions, however, this tendency was not observed. It might be necessary to examine 
the effect of the rotational speed under other experimental conditions such as 

another flow rate. 
Effect of number of carbon atoms of n-paraffin: FIGURE 7 shows the effect 
of chain length of n-paraffin (number of carbon atoms: 6 - 15) as diluents on the 
separation efficiency of CPC. The operation conditions and the analytical results 
of chromatograms are shown in TABLE 2 (Serial No.2). The relative peak width 
of Sm and Eu decreased and the resolution increased with increasing the number. 
Since the a values were not affected by the difference of the number, the net 
improvement of the resolution between them is ascribed to the decrease in the 
peak width. 

In CPC, the dropsize of the dispersed mobile phase is presumed one of the 
important parameters affecting the separation efficiency. It is predicted that the 
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FIGURE 6. Effect of the rotational speed on the separation efficiency of CPC. 
Mobile phase: 0.5 M HNO,, Stationary phase: 30% HDEHP/lS% CC1,/55% n- 
dodecane. 

dropsize is reduced with decreasing interfacial tension and viscosity of the sta- 
tionary phase (12). 

The measured values of some physical properties of 30% HDEHP/70% n- 
paraffin and 0.7 M HNO, are shown in TABLE 3. The interfacial tension and the 
difference in density decreased and the viscosity increased with increasing the 
number. Since the peak width decreased with increasing the number, the interfa- 
cial tension seems to affect strongly the dropsize. However, it is difficult to 
discuss the effect of the difference in density on the dropsize. The quantitative 
evaluation of the effect of other physical properties on the dropsize must be 

necessary for investigation of the separation efficiency of CPC. 

Mutual separation of lanthanoids with CPC apparatus 
On the basis of the results of determination of the & values and measure- 

ment of the separation efficiency of CPC, mutual separation of light lanthanoids 
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FIGURE 7. Effect of number of carbon atoms of n-paraffin as diluents on the 
separation efficiency of CPC. Mobile phase: 0.7 M HNO,, Stationary phase: 30% 
HDEHPI 70% n-paraffin, Rotational speed: 900 rpm. 

TABLE 3 
Some Physical Properties of 30% HDEHP/70% n-Paraffin at 25 "C 

(Aqueous phase: 0.7 M HNO,) 

In t e r f ace  tens ion  Viscosity Difference i n  t he  
( 10-2N/m) (mPa.s) dens i ty  (g/cm9) n-Paraffin 

n-hexane 5.31 0.564 0.410 
n-nonane 4.94 1.39 0.231 
n-dodecane 4.70 2.60 0.199 
n-pentadecane 4.52 4.32 0.187 
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FIGURE 8. Chromatogram of Li, Pr, Sm, Eu and Gd. Mobile phase: 0.5 M 
HNO,, Stationary phase: 30% HDEHP/15% CC1&5% n-pentadecane, Rotational 
speed: 800 rpm. 

was demonstrated. Mobile phase of 0.5 M HNO, was selected for the adequate 
retention volume. In order to operate the CPC apparatus under a stable condition, 
the difference in density between the two phases was adjusted to be 0.054 by use 
of 15% CCI, as a heavy diluent. Since the separation efficiency was improved 
with increasing number of carbon atoms, n-pentadecane was used as a light dilu- 
ent. The rotational speed was fixed at 800 rpm. 

FIGURE 8 shows a chromatogram of Li, Pr, Sm, Eu and Gd. The analyti- 
cal results of the chromatogram are also summarized in TABLE 2 (Serial No.3). 
Since the relative peak width of Pr and Eu was reduced as compared with the n- 
dodecane diluent system (Serial No.l), the resolution between Pr and Eu in- 
creased from 1.95 to 2.55. The resolution between Eu and Gd (R,=0.68) was not 
so good because of small a value (a=1.5), but the others were good (R,Ll). Fur- 
thermore, the CPC apparatus could be stably operated under very low pressure 
(4.5 kgUcm2). 
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CONCLUSIONS 

The characteristics of CPC for lanthanoid separation were investigated in 
the extraction system of 30% HDEHP/CClJn-paraffin and HNO,. The & values 
showed a dependency on concentration of HNO, and the diluents but the a values 
did not. Therefore, the adequate K, values and difference in the density were ob- 
tained without decrease of a values for the reasonable retention volume and pump 
pressure, respectively. 

The separation efficiency of CPC was improved with increasing the 
number of carbon atoms of the n-paraffin used as a light diluent. It is of interest 
that the separation efficiency of CPC could be improved not only by the optimiza- 
tion of the operation conditions but also by the selection of diluent. In future, the 
authors intend to examine the effect of the physical properties of the diluent on 
the separation efficiency more quantitatively. 
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