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Separation of Some Transition Metal
Ions by High Performance

Centrifugal Partition Chromatography
with bis-2-Ethylhexylphosphinic Acid

Tao Wang, Min Xue, and Yukio Nagaosa

Department of Applied Chemistry and Biotechnology, Faculty of

Engineering, Fukui University, Fukui, Japan

Abstract: The separation of such metal ions as Fe(III), Zn(II), Cu(II), Mn(II), Co(II),

and Ni(II) has been investigated by high performance centrifugal partition chromato-

graphy (HPCPC) using 0.16 M bis(2-ethylhexyl)phosphinic acid/heptane as a station-

ary phase. Acetate, chloroacetate, and tartrate buffers were used as mobile phases. The

above six metal ions could be well separated by HPCPC using the step elution method,

in which the pH of the mobile phases was changed at fixed elution times. The Co(II)

cations present in unrefined Ni(II) sulfate solution could also be separated by this

HPCPC method. The sample solution was continuously delivered into the stationary

phase by a pump, and the Co(II) cations were found to be preferably retained into

the stationary phase. The HPCPC system was operated with 2,136 partition

channels, at a rotation speed of 800 rpm, and at a flow rate of 2.0 cm3/min.

Keywords: Please supply

INTRODUCTION

Over the past two decades, liquid-liquid extraction and related techniques for

metal ions have already been studied using a variety of organophosphorus

acids as extractants.[1–3] Previously, we found that bis(2-ethylhexyl)phosphinic

acid (BEHPA) had a superior selectivity and extractability for many transition

and heavy metal ions.[4 – 6] We also have studied the purification of unrefined
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Ni(II) solution by countercurrent multistage extraction technique.[7] The

separation method, however, included complicate operations and precise

control of experimental conditions for the separation of such metal ion

impurities as Fe(III), Zn(II), Cu(II), Mn(II), and Co(II), from Ni(II).

Centrifugal partition chromatography is a simple and convenient

technique based on the multistage extraction, which enables separation and

isolation of metals on laboratory- and industrial-scales.[8 – 12] High perform-

ance centrifugal partition chromatography (HPCPC) is an advanced model

using unique circular partition disk packs. The stationary phase (liquid) is

retained by centrifugal force in numerous discrete partition channels. The

mutual separation among the above six kinds of metal ions in mixture

has already been studied by HPCPC using di-2-methylnonylphosphoric

acid.[13 – 15] Furthermore, it is expected that the isolation of metal ion of

interest is possible by successive sample injection into the HPCPC system,

if the separation factor relative to others is favorably large. Thus, HPCPC

can also be used for the purification technique of an unrefined metal ion

sample containing impurities as an alternative.

In the present paper, the HPCPC separation of Fe(III), Zn(II), Cu(II),

Mn(II), Co(II), and Ni(II) used BEHPA/heptane stationary phase and such

mobile phases as acetate or tartrate buffer. The separation of Co(II) from

Ni(II) is also investigated by conducting the successive sample injection

procedure.

EXPERIMENTAL

Reagents

BEHPA was kindly supplied by Daihachi Chemical Industry Co. Ltd (purity:

above 96.6%). Heptane of reagent grade was used as the organic solvent

(Wako Pure Chemical Industry Co. Ltd). Chloroacetic acid of regent grade

was used as the mobile phase (Wako Pure Chemical Ind. Co. Ltd). 4-(2-

Pyridylazo)resorcinol (PAR) (Dojindo Lab.) was employed as a post-column

derivatization reagent. The other chemicals used were of reagent grade.

Apparatus

A Senshu Science (Tokyo, Japan) high performance centrifugal partition

chromatography (Model LLB-M) was used in this study, which has 2,136

partition channels set vertically in a rotor. One disk pack (16.5 cm long as

radius) contains 178 partition channels. One channel is 1.50 cm long, and

all channels are connected in series. The total channel volume was 230 cm3.

This HPCPC instrument was previously sold under the Sanki trade name

and has been abundantly described.[16] A Shimadzu Model 10AV UV-VIS
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spectrophotometer detector was used to monitor the absorbance of the metal

complex at 515 nm; the metal complex eluted from the HPCPC instrument

was derivatized with PAR by post-column reaction. A fraction collector

(Pharmacia LKB Biotechnology) was also used to collect the purified Ni(II)

solution by this HPCPC method.

Procedures

Liquid-Liquid Extraction of Transition Metal Ions

Aqueous and organic solutions, 20.0 cm3 each, were taken into a 50-mL

separatory funnel, and the two phases were then shaken for 30 min until equi-

librium was reached. The initial concentration of metal ion was 5.0 � 1023 M,

and the ionic strength of the aqueous phase was kept at 0.10 with 0.10 M chlor-

oacetate. After the two phases were separated completely, the pH value of the

aqueous phase was measured. The total concentration of metal ion in the

aqueous phase was determined by titration with 5.0 � 1023 M EDTA using

Cu-PAN (PAN for Cu2þ) as an indicator.

HPCPC Separation of Metal Ion Solution

A heptane solution containing 0.16 M BEHPA, 50 cm3, was used as a station-

ary phase. Under the centrifugal force (usually 800 rpm), the acetate or tartrate

buffer solution as the mobile phase was pumped from a rotary seal joint to the

stationary phase at 2.0 cm3/min flow rate in the descending mode. A sample

solution containing 5.0 � 1024 M of each metal ion in the mixture was then

injected through the sample loop (1.0 cm3). After derivatization with PAR,

the eluate was monitored by spectrophotometric detection at 515 nm. The

unrefined Ni(II) sulfate sample solution was passed through the stationary

phase for the purpose of a continued purification using this HPCPC. The

eluted Ni(II) solution was collected by the fraction collector. The Co(II) in

the purified Ni(II) sulfate solution was determined by adding suitable amounts

of citrate buffer and Nitros-R salt (1-nitroso-2-hydroxy-3,6-naphthalene

disodium sulfate), followed by measuring the absorbance of the resultant

solution at 420 nm.[17]

RESULTS AND DISCUSSION

Separation Factors Among Some Transition Metal Ions

Fe(III), Zn(II), Cu(II), Mn(II), Co(II), and Ni(II) were extracted into 0.16 M

BEHPA/heptane from 0.10 M chloroacetate buffer solution, according to

the procedure described in the experimental section.[4] Figure 1 shows the
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relationships between log D and pH for six kinds of metal ions investigated,

which gave the linear lines with slopes of close to ca. 2.0 and ca. 3.0 for

Fe(III). The results are in full agreement with previous works.[17] The half-

extraction pH (pH1/2) increased in the order of Fe(III) , Zn(II) , Cu(II) ,

Mn(II) , Co(II) , Ni(II), which coincided with the extractability of the

metal ions. We can expect the possibility of HPCPC separation among the

metal ions of interest, based on the data on the separation factor (aD) that

can be expressed as D2/D1. The larger the value of aD; generally the easier

the extractive separation of the two metal ions. Table 1 summarizes aD

values obtained at the pH1/2 values of M2. Data listed in Table 1 suggest

that the extractive separation is possible for both Ni(II)-Co(II) and Cu(II)-

Zn(II) using BEHPA as the extractant. On the other hand, Mn(II)-Cu(II)

and Zn(II)-Fe(III) are expected to be hardly separated by the conventional

liquid-liquid extraction method.

In the chromatographic method of separation, the retention volume (VR)

is related to the distribution ratio (D) of the desired component between the

stationary and mobile phases:

VR ¼ Vm þ D Vs ð1Þ

Figure 1. Extraction curves of some metal ions by liquid-liquid extraction. Organic

phase: 50 cm3 0.16 M BEHPA; Aqueous phase: 0.10 M chloroacetate buffer and 0.10 M

sulfuric acid.
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where Vs and Vm are the volumes of the stationary and mobile phases, respect-

ively. In HPCPC, the separation factor (ac) can be also calculated using the

retention volumes (VR,1 and VR,2) of component 1 and 2, respectively:

ac ¼
VR;2 � Vo

VR;1 � Vo

ð2Þ

where Vo is the dead volume for a certain chromatographic condition. Since

the two separation factors, ac and aD, are basically identical with each

other, we can predict the possibility of separation between two metal ions

of interest, if the D values for individual metal ions are known at the

working pH.

Mutual Separation of Some Transition Metal Ions by HPCPC

Since the aD value for Co(II)-Ni(II) was above 104, HPCPC separation of the

two metal ions (5.0 � 1024 M each, 1.0 cm3 injected volume) was carried out

at three different pH values. The other conditions for HPCPC separation were:

a heptane stationary phase-volume of 50 cm3, a rotational speed of 800 rpm,

and a flow rate of 2.0 cm3/min. As shown in Figure 2, the two metal ions

were separated completely with the acetic acid mobile phase at pH values

higher than 4.3. Ni(II) peaks remained at almost the same retention volume.

Its D value was lower than 0.01 even when the pH of the mobile phase

increased from 4.0 to 4.9. Then, it eluted with the dead volume. For the

cobalt cation, the D values were 0.12, 0.8, and 7 at the 4, 4.3, and 4.9

mobile phase, explaining the significant changes observed in Figure 2

retention volumes. Mutual separation is complete for mobile phase pHs

higher than 4.3.

The separation of Cu(II)-Co(II)-Ni(II) or Mn(II)-Co(II)-Ni(II) was also

studied at pH 4.3 by the present HPCPC method. Figure 3 shows the

HPCPC chromatograms with the acetate buffer mobile phase (pH 4.3). It

Table 1. Separation factors for some metal ions by

solvent extraction

Extractant M2 2 M1 aD (D1/D2)

Ni-Co 10000

Co-Mn 4.5

BEHPA Mn-Cu 1.3

Cu-Zn 3000

Zn-Fe 1.4 (at pH 2.3)

10 (at pH 1.5)
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can be seen that the three metal ion mixtures were well separated but Cu(II)

and Mn(II) were not, as expected from the separation factors listed in

Table 1. Furthermore, it was confirmed that Fe(III) and Zu(II) did not elute

at pH 4.3, since their D values were higher than 1000 (Figure 1).

Tartrate buffer as a mobile phase was investigated to separate Cu(II) and

Mn(II) by HPCPC, being a complexing agent for some transition metal ions.

Figure 4 (B) shows the linear relationships between log D and pH for Cu(II),

Mn(II), and Co(II), when 0.02 M tartrate buffer was used as the mobile phase.

The Cu(II) line shifted to a higher pH value as the tartrate concentration

decreased, overlapping almost with the Co(II), which slightly shifted to the

same direction. The degrees of pH shifts for both metal ions were different

from each other, depending on the tartrate concentration. On the other hand,

the Mn(II) line remained unchanged with 0.02 M tartrate buffer mobile

phase in place of the acetate buffer, as shown in Figure 4 (A). There is a

much larger difference between Fe(III) and Zn(II) in complex formation

with tartrate ion as a ligand. In fact, Fe(III) had no retention with 0.02 M

tartrate buffer (pH 6.0) as the mobile phase, and therefore, the separation of

Fe(III) from Zn(II) was possible by this HPCPC technique; Zn(II) had no

effect on the retention of HPCPC. Based on the experimental results, the

HPCPC separation of Fe(III), Zn(II), Cu(II), Mn(II), Co(II), and Ni(II) was

Figure 2. Separation of Ni(II) from Co(II) by HPCPC. Sample solution: 5 � 1024 M

each metal ion; Stationary phase: 50 cm3 0.16 M BEHPA; Mobile phase: 0.10 M acet-

ate buffer; Partition channel: 2,136; Rotation speed: 800 rpm; Flow rate: 2.0 cm3/min.
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studied by using three kinds of 0.10 M tartrate buffer mobile phases (pH 6.25,

4.0, and 1.90). Figure 5 shows the HPCPC chromatogram obtained by the

three-pH step elution. The six metal ions were found to be well separated,

although Cu(II) and Co(II) coeluted with 0.02 M tartrate buffer mobile

phase (pH 4.0); the HPCPC separation for the two metal ions was possible

with acetate buffer, as shown in Figure 3.

Figure 3. Separation of Ni(II), Co(II) and Cu(II) or Mn(II) by HPCPC. Mobile phase:

0.10 M acetate buffer (pH 4.30). The other conditions were the same as those in

Figure 2.
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Figure 4. Relationship between log D and pH for Mn(II), Cu(II) and Co(II) obtained

by HPCPC. (A): 0.10 M acetate buffer mobile phase; (B): 0.02 M tartrate buffer. The

other conditions were the same as those in Figure 2.

Figure 5. Separation of Fe(III), Ni(II), Co(II), Cu(II), Mn(II), Zn(II) by HPCPC.

0.10 M tartrate were used as the mobile phases (pH 6.25, 4.00, and 1.90). The other

conditions were the same as those in Figure 2.
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Separation of Cobalt(II) from Nickel(II) Sulfate Solution

by HPCPC

The separation of Co(II) from the unrefined Ni(II) solution has been investi-

gated using the displacement procedure described in Ref. 17. Co(II),

1.0 � 1023 M, as a sample solution was continuously pumped into the

HPCPC system under the experimental conditions: 800 rotational speed,

2.0 cm3/min flow rate, and pH 4.9. The elution curve is shown as Figure 6,

line (1). The retention volume of deionized eluent was about 1,640 cm3 at

which volume the stationary phase was saturated with Co(II). Co(II),

1.64 mM, ions reacted with the 8 mM BEHPA in the heptane stationary

phase. The percentage of the reacted BEHPA with the metal ion was calcu-

lated to be only 20%. A sample solution containing 1.0 � 10– 2 M Ni(II)

and 1.0 � 1023 M Co(II) (pH 5.5) was successively passed through the

stationary phase under the same conditions as that in line (1). It can be seen

from Figure 6, line (2), that the Co(II) retention volume for the unrefined

Ni(II) sulfate solution decreased by about half, as compared with that for

only 1.0 � 1023 M Co(II). This is probably because an excess of Ni(II)

reacts with BEHPA to interfere with the retention of Co(II). A sample

volume of 900 cm3 could be treated for purification of the unrefined Ni(II)

sulfate solution by using this HPCPC procedure.

Figure 6. Purification of unrefined Ni(II) sulfate solution by HPCPC. Line (1):

1 � 1023 M Co(II) only; pH ¼ 5.90; Line(2): 1 � 1022 M Ni(II) and 1 � 1023 M

Co(II); pH ¼ 5.50; The other conditions were the same as those in Figure 2.
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CONCLUSIONS

Fifty cm3 of 0.16 M BEHPA solution in heptane were used as the stationary

phase for the separation of metal ions in mixture and Co(II) from the

unrefined Ni(II) sulfate by the present HPCPC method. The six kinds of

metal ions could mutually be separated, except Cu(II)-Co(II), by the three

pH-step-elution method. About 900 cm3 of 1.0 � 1022 M of the unrefined

Ni(II) sulfate solution were purified by successive removal of the coexisting

Co(II). Being a simple and convenient way of separation, the HPCPC

method would enable separation of aqueous sample solution containing

those metal ions on preparative or mini-plant scales.

REFERENCES

1. Narukawa, S.; Furukawa, N. Modern Battery Technology; Tuck, C.D.S., Ed.; Ellis
Horwood Limited, 1991; Chap. 5–4.

2. Orive, M.M.; Olazabal, M.A.; Fernandez, L.A.; Madariaga, J.M. The recovery of
cobalt and nickel from acdic sulphate solutions in the presence of aluminum.
Solvent Extr. Ion Exch. 1992, 10, 787–797.

3. Brian, K.T. Cobalt-nickel separation: the extraction of cobalt(II) and nickel(II) by
Cyanex 301, Cyanex 302, and Cyanex 272. Hydrometallurgy 1993, 32, 365–372.

4. Yao, B.H.; Nagaosa, Y.; Satake, M.; Horita, K.; Nomura, A. Solvent extraction of
metal ions and separation of nickel (II) from other metal ions by organophosphorus
acids. Solvent Extr. Ion Exch. 1996, 14, 849–870.

5. Nagaosa, Y.; Yao, B.H. Extraction equilibria of some transition metal ions by
bis(2-ethylhexyl)phosphinic acid. Talanta 1997, 44, 327–337.

6. Nagaosa, Y.; Yao, B.H. Solvent extraction of rare-earth metals with bis(2-
ethylhexyl)phosphinic acid. Fresenius’J. Anal. Chem 1997, 357, 635–641.

7. Nagaosa, Y.; Nonome, N. Purification of unrefined Nickel (II) sulfate solution by a
continuous countercurrent multistage extraction with bis(2-ethylhexyl)phosphinic
acid. J. Chem. Technol. Biotechnol. 1997, 69, 114–120.

8. Akiba, K. Mutual separation of lanthanoid elements by centrifugal partition
chromatography. Chromatogr. Sci. Ser.(ACS) 1996, 68, 219–239.

9. Suzuki, Y.; Nakamura, S.; Akiba, K. Separation of thulium, ytterbium and lutetium
by CPC with organophosphinic acid. Anal. Sci. 1991, 7, 249–252.

10. Hoshi, H.; Nakamura, S.; Akiba, K. Separation of lanthanoids and actinoids by
centrifugal partition chromatography. J. Liq. Chromatogr. & Related Technol.
1999, 22, 1319–1330.

11. Muralidharan, S.; Freiser, H. CPC: tool for practical separation of metals and
fundamental investigations of chemical mechanisms. Value Adding Solvent
Extr. 1996, 1, 427–432.

12. Muralidharan, S.; Freiser, H. Fundamental aspects of metal-ions separations by
centrifugal partition chromatography. ACS Symp. Ser. 1999, 716, 347–389.

13. Wang, Y.; Nagaosa, Y. High performance centrifugal partition chromatographic
separation of Cu(II), Mn(II),Co(II) and Ni(II). Anal. Lett. 2003, 36, 441–450.

14. Wang, T.; Nagaosa, Y. Separation of Ca(II), Mg(II), Sr(II) and Ba(II) by high per-
formance partition chromatography with some organophosphorus compounds.
J. Liq. Chromatogr. & Related Technol. 2003, 26, 629–640.

T. Wang, M. Xue, and Y. Nagaosa2094

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
4
9
 
2
3
 
J
a
n
u
a
r
y
 
2
0
1
1



15. Nagaosa, Y.; Wang, T. Separation of some metal ions by high performance
centrifugal partition chromatography with di-2-methylnonylphosphoric acid.
J. Chem. Technol. & Biotechnol. 2004, 79, 39–43.

16. Foucault, A. Centrifugal Partition Chromatography, Chromatographic Sciences
Series; Marcel Dekker, Inc.: New York, 1995; Vol. 68, Annexe II, 355–362.

17. Berthod, A.; Xian, J.; Alex, S.; Gonnet, C. Countercurrent chromatography
and reversed micelles for separation and extraction of metallic cations. Can. J.
Chem. 1996, 74, 277–286.

18. Sandell, B.; Onishi, H. Photometric Determination of Trace of Metals;
Interscience, Inc.: New York, 1978; Chap. 7, 389–401.

Received September 3, 2004

Accepted December 2, 2004

Manuscript 6591Q

Separation of Some Transition Metal Ions 2095

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
4
9
 
2
3
 
J
a
n
u
a
r
y
 
2
0
1
1


