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Synergistic Extraction and Separation
of Heavy Lanthanide by Mixtures of
Bis(2,4,4-trimethylpentyl)phosphinic

Acid and 2-Ethylhexyl Phosphinic Acid
Mono-2-Ethylhexyl Ester

Ying Xiong, Xianglan Wang, and Deqian Li

Key Laboratory of Rare Earth Chemistry and Physics, Changchun

Institute of Applied Chemistry, Chinese Academy of Sciences, Graduate

School of Chinese Academy of Sciences, Changchun, P.R. China

Abstract: The extraction of Yb3þ from chloride solution has been studied using

mixtures of bis(2,4,4-trimethylpentyl)phosphinic acid (Cyanex272) and 2-ethylhexyl

phosphinic acid mono-2-ethylhexl ester (P507). The results show that Yb3þ is

extracted into heptane as YbA3(HA)3 with Cyanex272, YbL3(HL)3 with P507, and

YbA2L4H3 with synergistic mixture. The equilibrium constants, formation constants,

and thermodynamic functions have been determined. Extraction mechanism and

extraction process are also proposed. The extraction of heavy lanthanide ions by

mixtures of Cyanex272 and P507 is studied and the possibility of separating heavy

rare earth ions is discussed.

Keywords: Synergistic extraction, ytterbium, Cyanex272, P507, heavy lanthanide

INTRODUCTION

There is a sharp rise in demand of heavy lanthanide metal, due to the quick growth

of advanced industries, such as electronics and new ceramics (1, 2). However, it is
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generally difficult to separate and purify individual metal from heavy lanthanide

because of the similarity in chemical properties of these elements. Therefore, only

after a new system has an effective separation ability for heavy lanthanide could

highly purified individual heavy rare earth be obtained.

Organophosphorus acids as extractants have been widely studied for solvent

extraction in the past three decades. Recently, much effort has been devoted to

use bis(2,4,4-trimethylpentyl)phosphinic acid (Cyanex272), which has a high

selectivity, high separation factors of rare earth ions, and a low aqueous

acidity in extraction and stripping (3, 4). However, the organic phase caused

an increase in viscosity, and low extraction efficiency when Cyanex272 is

used. In order to prevent the problems, one of the most effective methods is to

modify organic phase by introducing one adduct into Cyanex272.

Synergistic effects are an important phenomenon in the solvent extraction

and have been studied extensively. The extraction of Ln(III) with mixtures of

P507 and P204 or TOPO, TBP, TPhPO has been studied systematically (5–7).

Freiser et al. and Saleh et al. reported the synergistic extraction of tervalent

lanthanides by Cyanex272 combined with TOPO, CMPO, or MBDPO (8, 9).

Recently, our group has studied the synergistic extraction of Zn2þ and Ln(III)

by mixtures of Cyanex272 with N1923 and HPMBP, respectively (10, 11). How-

ever, most works are concentrated on organic acid and organic base systems

(12–14), and few works are focused on organic acid and organic acid systems.

In the present work, the synergistic extraction mechanism of Yb3þ by

mixtures of Cyanex272 and P507 from chloride medium is studied. Effects

of the aqueous acidity, the concentration and ratio of the extractants, and

experimental temperature are investigated. Data we obtained are analyzed

on the basis of slope method to determine the extracted complexes, formation

constants, and thermodynamic functions. Furthermore, the separation of

heavy Ln(III) with mixtures of Cyanex272 and P507 is discussed. In addition,

although impurities that Cyanex272 contains may influence the extraction

synergism (15, 16), Cyanex272 is used without purification in this paper in

order to combine with the practicality of production.

EXPERIMENTAL

Reagent

P507 (purity .98%) and Cyanex272 (purity .85%) were kindly supplied by

Shanghai Organic Chemistry Institute and CYTEC Canada Inc., respectively,

and they were used without purification. The extractants were dissolved in

heptane to the required concentration. Stock solutions of rare earths were

prepared by dissolving their oxide with a purity .99.9% in hydrochloric

acid and diluting with distilled water. All extraction experiments were

performed at constant ionic strength (0.1 M NaCl). All other reagents

employed in this work were of analytical grade.
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Apparatus

A pHS-3C digital pH meter made by Shanghai Rex Instruments Factory was

used for pH measurements by means of a combined glass-reference electrode.

A 722 Model Grating Spectrophotometer made by Shanghai Precision &

Scientific Instrument Co. Ltd (SPSIC) was used for measurements of trace

element concentration. TJA model POEMS inductive coupled plasma

atomic emission spectroscopy (ICP-AES) was used for measurements of

individual concentration of mixed rare earth solution.

Procedure

For the equilibrium experiments, equal volumes (5 mL each) of aqueous

and organic phases were mixed and shaken for 30 min at 298 + 1K (except

for the temperature experiments), which was sufficient for equilibrium attain-

ment. After phase separation, the concentration of metal ions in the aqueous

phase was determined by spectrophotometer or ICP-AES. The concentration

of metal ions in the organic phase was determined by mass balance. The

concentrations were used to obtain the distribution ratio, D, was taken as

the ratio of the concentration of metal ion in the organic phase to that

present in the aqueous phase.

RESULTS AND DISCUSSION

Extraction Yb31 with Cyanex 272 and P507, Respectively

The extraction of Ln(III) with Cyanex272 or P507 has been reported

earlier (17, 18), but the extraction of Yb3þ in chloride medium has not been

discussed in detail. For elucidating the extraction mechanism with

Cyanex272 or P507 alone, the conventional slope analysis method has

been introduced. As shown in Fig. 1, the plot of logD vs. pH at constant extrac-

tant concentration gives a straight line with a slope of about 3.0 both

for Cyanex272 and P507. Similarly, at constant aqueous acidity, the plots

are linear with slope of about 3.0 both for Cyanex272 and P507 (shown

in Fig. 2). The extraction of Yb3þ can be expressed by the following

equations:

Yb3þ
ðaÞ þ 3ðH2A2ÞðoÞ  !

K1
YbA3ðHAÞ3ðoÞ þ 3HþðaÞ ð1Þ

Yb3þ
ðaÞ þ 3ðH2L2ÞðoÞ  !

K2
YbL3ðHLÞ3ðoÞ þ 3HþðaÞ ð2Þ

where H2A2 and H2L2 represent the dimeric species of Cyanex272 and P507,

respectively, due to its larger dimerization constant in heptane (19, 20); K1 and
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K2 denote the equilibrium constant; o and a denote aqueous and organic phase,

respectively. The distribution ratio (D1) is given by

D1 ¼
½YbA3ðHAÞ3�ðoÞ

½Yb3þ�ð1þ
P2

i¼1 bi½Cl
��iÞ

ð3Þ

where bi (i ¼ 1 � 2) are the complex formation constants of Yb3þ with

chloride ions in the aqueous phase, and the values are 1.15 and 1.59, respec-

tively (21). Then K1 can be written from Eqs. (1) and (3) as

K1 ¼
D1½H

þ�
3
ð1þ

P2
i¼1 bi½Cl

��
i
Þ

½H2A2�
3
ðoÞ

ð4Þ

Figure 1. Relationship between distribution ratio D and pH. [Yb3þ] ¼ 3 � 1024 M,

m ¼ 0.1 M. B, [Cyanex272] ¼ 0.030 M; A, [Cyanex272] ¼ 0.018 M; †, [P507] ¼

0.030 M; W, [P507] ¼ 0.030 M.

Figure 2. Relationship between distribution ratio D and equilibrium concentration of

extractant. [Yb3þ] ¼ 3 � 1024 M, pH ¼ 2.06, m ¼ 0.1 M. B, Cyanex272; †, P507.
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where [H2A2](o) ¼ CH2A2
2 (3 � D1 � CYb

3þ)/(1þD1); CH2A2
and CYb

3þ represent

the initial concentration of H2A2 in the organic phase and the initial concen-

tration of Yb3þ in the aqueous phase, respectively. According to Eq. (4), the

value of logK1 is calculated to be 20.89+ 0.04. In the same way, the value

of logK2 is calculated to be 2.35+ 0.02.

Extraction Yb31 with Mixtures of Cyanex272 and P507

The synergistic enhancement factors of the extraction of Yb3þ with mixtures

of Cyanex272 and P507 in heptane, R ¼ D12/(D1þD2) (8, 22), are listed in

Table 1. It is obvious that it shows an evident synergistic effect with mixtures

of Cyanex272 (,0.021 M) and P507 (0.003 M and 0.006 M), and an anti-

synergistic at the other ratio of them. A possible explanation is the

favorable or adverse steric effects of the alkyl side-chains in Cyanex272

(8). Moreover, at a ratio of P507 to Cyanex 272 of 1 to 1, the maximal syner-

gistic enhancement could be obtained. The following extraction experiments

are measured at a ratio of P507 to Cyanex 272 of 1 to 1 in order to maintain

synergistic effect.

If the synergistic extraction equation of Yb3þ with mixtures of

Cyanex272 and P507 is expressed as

Yb3þ
ðaÞ þ nH2A2ðoÞ þ mH2L2ðoÞ  !

K12
YbA2nL2mH2nþ2m�3ðoÞ þ 3HþðaÞ ð5Þ

where n and m represent unknown coefficients, then the equilibrium constant

(K12) and the distribution ratio (D12) of the synergistic extraction system

should be

D12 ¼
½YbA3ðHA3Þ�ðoÞ½YbL3ðHLÞ3�ðoÞ½YbA2nL2mH2nþ2m�3�ðoÞ

½Yb3þ�ð1þ
P2

i¼1 bi½Cl
��iÞ

ð6Þ

K12 ¼
½YbA2nL2mH2nþ2m�3�ðoÞ½H

þ�
3
ðaÞ

½Yb3þ�½H2A2�
n
ðoÞ½H2L2�

m
ðoÞ

¼
ðD12 � D1 � D2Þ½H

þ�
3
ð1þ

P2
i¼1ðbi½Cl

��
i
Þ

½H2A2�
n
ðoÞ½H2L2�

m
ðoÞ

ð7Þ

Table 1. Synergistic enhancement factors of Yb3þ with mixtures of Cyanex272 and

P507 (pH ¼ 2.06, [Yb3þ] ¼ 3 � 1024 M, m ¼ 0.1 M)

CCyanex272 (M) 0.003 0.006 0.009 0.012 0.015 0.018 0.021 0.024 0.027

CP507 (M) 0.027 0.024 0.021 0.018 0.015 0.012 0.009 0.006 0.003

R 1.40 1.33 1.01 1.12 1.86 1.31 1.07 0.93 0.87
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Taking logarithms of Eq. (7):

logðD12 � D1 � D2Þ ¼ n log½H2A2�ðoÞ þ m log½H2L2�ðoÞ þ 3pH þ logK12

� logð1þ
X2

i¼1

ðbi½Cl
��Þ ð8Þ

where

½H2A2�ðoÞ ¼ CH2A2
�
CYb3þ ½3D1 þ nðD12 � D1 � D2Þ�

1þ D12

½H2L2�ðoÞ ¼ CH2L2
�
CYb3þ ½3D1 þ mðD12 � D1 � D2Þ�

1þ D12

Figure 3. Relationship between distribution ratio D12 and equilibrium concentration

of Cyanex272 and P507. [Yb3þ] ¼ 3 � 1024 M, m ¼ 0.1 M, [Cyanex272þ

P507] ¼ 0.03 M. (a) B, [P507] ¼ 0.010 M, pH ¼ 1.20; †, [P507] ¼ 0.006 M,

pH ¼ 2.05; O, [P507] ¼ 0.003 M, pH ¼ 2.05; (b) B, [Cyanex272] ¼ 0.009 M,

pH ¼ 1.20; †, [Cyanex272] ¼ 0.006 M, pH ¼ 1.20.
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The coefficients, n and m, are determined by slope analysis. It is clear

from the plot (Fig. 3) of log(D12 2 D1 2 D2) vs. log[H2A2](o) that at a

constant Cyanex272 concentration and aqueous acidity, only one H2A2

molecule is attached to the synergistic species extracted into the organic

phase. In the same way, it is concluded that 2H2L2 molecules in the

extracted species in the synergistic extraction reaction. This, in conjunction

with the slope of 3 observed in Fig. 4 for the extraction of Yb3þ with pH

variation experiment at constant extractant concentration, the synergistic

extraction reaction can be written as

Yb3þ
ðaÞ þ H2A2ðoÞ þ 2H2L2ðoÞ  !

K12
YbA2L4H3ðoÞ þ 3HþðaÞ ð9Þ

The value of K12 is calculated to be 1.35 + 0.08 and is shown in Table 2.

The following hypothetical synergistic reaction can be derived from the

Eqs. (1), (2), and (9):

YbA3ðHAÞ3ðoÞ þ 2H2L2ðoÞ  !
b1

YbA2L4H3ðoÞ þ 2H2A2ðoÞ ð10Þ

YbL3ðHLÞ3ðoÞ þ H2A2ðoÞ  !
b2

YbA2L4H3ðoÞ þ H2L2ðoÞ ð11Þ

where b1 and b2 are formation constants that can be expressed as

logb1 ¼ log K12 � log K1 ð12Þ

logb2 ¼ log K12 � log K2 ð13Þ

The values of b1 and b2 are shown in Table 2, which indicates that

Eq. (10) contributes more to the synergistic extraction. The extracted

complexes YbA3(HA)3 is more prone to form the final synergistic complex

YbA2L4H3. A possible explanation is that the extracted complex of Yb3þ

Figure 4. Relationship between distribution ratio D12 and pH. [Yb3þ] ¼ 3 � 1024 M,

m ¼ 0.1 M.B, [Cyanex272] ¼ [P507] ¼ 0.015 M;†, [Cyanex272] ¼ [P507] ¼ 0.009 M.
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with Cyanex272 is less stable than that with P507, consequently, the substitu-

tional reaction of YbA3(HA)3 with H2L2 is easier than that of YbL3(HL)3

with H2A2.

Effect of Temperature on Synergistic Extraction

The distribution ratios of the extraction of Yb3þ by mixtures of Cyanex272

and P507 or by one extractant have been studied at different temperatures

(293 K–318 K) at other constant conditions. The DH is obtained from the

slope of the plot of logD vs. 1000/T (Fig. 5) using the Van’t hoff equation

in the form (23)

logD ¼ �
DH

2:303R
�

1

T
þ C ð14Þ

where R is the gas constant and C is a constant for a solution of constant ionic

strength. The free energy change (DG) and the entropy change (DS) of the

Table 2. Equilibrium constants and formation constants for the extraction of Yb3þ

with mixtures of Cyanex 272 and P507 ([Yb3þ] ¼ 3 � 1024 M, m ¼ 0.1 M)

logK1 logK2 logK12 logb1 logb2

20.89 + 0.04 2.35 + 0.02 1.35 + 0.08 2.24 + 0.06 21.0 + 0.05

Figure 5. Relationship between distribution ratio D and temperature.

[Yb3þ] ¼ 3 � 1024 M, m ¼ 0.1 M. B, [Cyanex272] ¼ 0.018 M, pH ¼ 2.05; O,

[P507] ¼ 0.018 M, pH ¼ 1.36; †, [Cyanex272þ P507] ¼ 0.018 M, pH ¼ 1.30.
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system are defined as follows:

DG ¼ �RT lnK ð15Þ

DS ¼
DH � DG

T
ð16Þ

The thermodynamic values in the 293 K to 318 K temperature range are

obtained using Eqs. (15) and (16), and shown in Table 3. The signs of the

DH and DS change show that the synergistic extraction is enthalpy driven,

and more order in this system owing to the reduction of the number of

particles resulted from the formation of the synergistic complex.

Extraction of Heavy Ln(III) with Mixtures of Cyanex272 and P507

The extraction of Dy3þ, Ho3þ, Er3þ, Tm3þ, Yb3þ, Lu3þ, and Y3þ from

chloride mixed solutions by mixtures of Cyanex272 and P507 is investigated

Table 3. Thermodynamic parameter for the extraction of Yb3þ with the Cyanex272

and P507 system ([Yb3þ] ¼ 3 � 1024 M, m ¼ 0.1 M)

DH (kJ/mol) DS (J/mol K) DG (kJ/mol)

Cyanex272 29.42 240.70 + 0.30 3.01 + 0.39

P507 211.60 219.52 + 0.28 25.64 + 0.20

Cyanex272þ P507 217.31 215.38 + 0.20 212.61 + 0.16

Figure 6. Distribution ratios for heavy Ln(III) and Y3þ extraction with mixtures

of Cyanex272 and P507 at different pH. [M3þ] ¼ 0.5 M, m ¼ 0.1 M,

[Cyanex272þ P507] ¼ 1.5 M.
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(shown in Fig. 6). The separation factors for adjacent heavy lanthanide are cal-

culated and given in Table 4. It demonstrates that the separation coefficients

(bz
zþ1) of heavy Ln(III) using the mixtures of Cyanex272 and P507 as an

extractant are higher than those obtained using P507. It is also clear that the

extraction of heavy Ln(III) with the mixtures can be considered to more effec-

tively separate Tm3þ, Lu3þ, and Yb3þ, but less effectively separate Ho3þ,

Er3þ, and Tm3þ than Cyanex272. On the other hand, the extraction ability

of rare earth ions with the mixtures (shown in Table 1) is higher than that

of the sum of Cyanex272 and P507 alone. The results indicate that the

mixture has better separation ability for heavy lanthanide as well as higher

extraction efficiency.

In addition, conforming to the order of Cyanex272 and P507 alone, Y3þ is

located between Ho3þ and Er3þ, and the extraction ability of rare earth elements

by the mixtures increases with decreasing ionic radii of the lanthanide ions

(shown in Fig. 6), which can be explained by HSAB theory (24). Rare earth

ions are hard acids while the mixtures is a hard base. The smaller is the ionic

radius, the harder is the rare earth ion, which results in the increasing extraction

ability with decreasing ionic radii of the lanthanide ions.

CONCLUSIONS

Mixtures of Cyanex272 and P507 show evident synergistic effects when used

to extract Yb3þ from chloride solutions at comparatively lower concentration

of Cyanex272, and the maximal synergistic enhancement could be obtained at

a ratio of P507 to Cyanex 272 of 1 to 1. That is, the mixture has a higher

extraction efficiency than those of both P507 and Cyanex272. The stoichio-

metry of the extracted complexes has been determined to be YbA3(HA)3

with Cyanex272, YbL3(HL)3 with P507, and YbA2L4H3 with synergistic

mixture. The equilibrium constants and formation constants have been

calculated, which shows that the extracted complexes YbA3(HA)3 are

more prone to form the final synergistic complex YbA2L4H3. The thermo-

dynamic parameters of the synergistic extraction process are also determined,

and the extraction is an exothermic process. The extraction mixed solution

Table 4. Separation factors for adjacent heavy lanthanide with the Cyanex272 and

P507 system (m ¼ 0.1 M)

Extractant

Separation factors (b ¼ DZþ1/DZ)

Ho/Dy Er/Ho Tm/Er Yb/Tm Lu/Yb

Cyanex272 (25) 2.07 2.23 2.66 2.4 1.32

P507 (26) 1.62 1.25 1.33 1.12 1.13

Cyanex272þ P507 1.32 1.50 2.65 3.04 1.6
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of heavy Ln(III) with mixtures of P507 and Cyanex272 is investigated, which

indicates that the mixture has better separation abilities for heavy lanthanide.
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