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Extraction of Rare Earths(III) from Nitrate
Medium with Di-(2-ethylhexyl) 2-ethylhexyl

Phosphonate and Synergistic Extraction
Combined with 1-Phenyl-3-Methyl-4-

Benzoy l-Pyrazolone-5

Junmei Zhao, Yan Bai, Deqian Li, and Wei Li

Key Laboratory of Rare Earth Chemistry and Physics, Changchun Institute

of Applied Chemistry, Graduate School of the Chinese Academy of

Sciences, Changchun, P.R. China

Abstract: The extraction of trivalent rare earths (RE) from nitrate solutions with

di-(2-ethylhexyl) 2-ethylhexyl phosphonate (DEHEHP, B) and synergistic extraction

combined with 1-phenyl-3-methyl-4-benzoyl -pyrazolone-5 (HPMBP, HA) were investi-

gated. The extraction distribution ratios demonstrate a distinct “tetra effect,” and Y lies

between Tb and Dy when DEHEHP is used as a single extractant for RE. According to

the corresponding separation factors (SF12) for adjacent pairs of rare earths, it could be

concluded that DEHEHP could be employed for the separation of La from the other

rare earths, and Y from light rare earths. The present work has also found that mixtures

of HPMBP and DEHEHP have an evident synergistic effect for RE(III). Taking Y(III)

as an example, a possible synergistic extraction mechanism is proposed. The enhancement

of extraction in the binary system can be explained due to the species Y(NO3) . A2
. HA . B

formed. The synergistic enhancement coefficients (R), extraction constants, formation

constants and thermodynamic functions of the reaction were calculated.

The extraction of heavy rare earths (HRE ¼ Tb3þ, Dy3þ, Ho3þ, Er3þ, Tm3þ, Yb3þ and

Lu3þ) has also been investigated using such a binary system and compared with that

of Y(III). The results show that the synergistic extraction distribution ratios follow the

order:

Y3þ , Tb3þ � Dy3þ � Ho3þ , Er3þ , Tm3þ , Yb3þ , Lu3þ
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The separation factors (SFRE/Y) between Y and HRE were calculated and compared

with the single extraction system. The possibility of separating Y(III) from heavy rare

earths is discussed according to the separation factors.

Keywords: Synergistic extraction, rare earths, Yttrium(III), HPMBP, DEHEHP

INTRODUCTION

Rare earth elements (including yttrium) have attracted much more attention

due to their wide range of applications in various important fields such as

electronics, magnetism, metallurgy and phosphors, catalysts, glass, laser,

nuclear energy, astronavigation, and ceramic technology (1), With increasing

demand for rare earths (RE) and their compounds individually and collec-

tively, the extraction and separation of these elements has also gained

considerable attention. However, owing to the extreme similarity in the

chemical properties for these rare earth elements, their separation is very

difficult to achieve. Actually, solvent extraction plays an important role as a

separation and purification technique for rare earths (2). Thus, it is desirable

to develop new extraction systems for the separation of rare earths as a

group or from one another. Some synergistic extraction systems for the extrac-

tion of RE(III) have been reported (3–9).

Synergistic extraction sometimes not only enhances the extraction

efficiency but also improves the selectivity significantly, which attracts

more and more attention of separation scientists. The equilibrium for

synergistic extraction is discussed in several monographs on solvent extrac-

tion (10–12,) and a synergistic system with a combination of chelating

extractant and neutral extractant generally produces a good synergistic

effect (10).

1-phenyl-3-methyl-4-benzoyl-pyrazolone-5 (HPMBP, HA) is one of

common chelating agents and also is an excellent synergistic reagent. Its

chemical structure is shown as follow:

There are extensive reports about the synergistic extraction of rare earths

by mixtures of HPMBP and some other extractants, such as high molecular

weight amines (13–15), acidic alkylphosphorous extractants(16–18) and

neutral organophosphorous ester (19, 23). Han, et al. (19) have studied

the synergistic extraction of Nd(III) by a combination of HPMBP with
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di-(1- methylheptyl) methyl phosphonate (P350). Jia, et al.(20) have investi-

gated synergistic extraction of La(III) from nitrate medium by mixtures of

HPMBP and triisobutyl phosphine sulphide (TIBPS).

Di(2-ethylhexyl) 2-ethylhexyl phosphonate (DEHEHP, B), a kind of

neutral organophosphate, has attracted considerable attention. Its chemical

structure is as follows:

Our laboratory has systematically studied the extraction of RE(III),

Ce(IV) and Th(IV) by DEHEHP.(21, 22) The results show that DEHEHP

has moderate extractability compared with some other organophosphorous

esters and good physico-chemical properties as an extractant for rare earths,

such as being completely miscible with all common hydrocarbon diluents

even at low ambient temperatures, low aqueous solubility, good resistance

to hydrolysis, and high purity (.99%) so on. However, so far, there have

been no systematic reports about the extraction of Y(III) and other RE(III)

by mixtures of HPMBP and DEHEHP.

In the present work, it has been found that mixtures of HPMBP and

DEHEHP have an evident synergistic effect for RE(III). Taking Y(III) as

an example, a possible synergistic extraction mechanism is proposed. The

equilibrium constants, formation constants, and thermodynamic constants

were calculated. The extraction of heavy rare earths (Tb3þ, Dy3þ, Ho3þ,

Er3þ, Tm3þ, Yb3þ, and Lu3þ) has also been investigated using such a

binary system and compared with that of Y(III). The advantages in separ-

ation selectivity of the binary system are discussed according to the separ-

ation factors.

EXPERIMENTAL

Reagents

HPMBP, with a purity . 99% and supplied by Shanghai (China) Chemistry

Reagent Factory, was used as received. DEHEHP, kindly supplied by

Tianjin (China) Baicheng chemical plant, was purified using a method

similar to Cyanex923 (23) washed by Na2CO3, HNO3 solutions and

distilled water in turn. The extractants were dissolved in benzene or

heptane to the required concentration. All the other reagents were of

analytical grade.

Stock solutions of rare earths were prepared by dissolving their oxides

(purity . 99.9%) in HNO3, respectively. The metal ions were analyzed by tri-

tration with a standard solution of EDTA with xylenol orange as an indicator.

The aqueous phase was kept at a constant ionic strength (m) with LiNO3. The
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pH (2, 3) of the aqueous phase was controlled by a buffer solution of ammonium

acetate–hydrochloric acid during the extraction.

Methods

Distribution ratios were determined by shaking equal volumes of aqueous and

organic phases together for 30 min at 298 + 1 K (except for temperature

experiments), which was sufficient for attaining equilibrium. After the

phases separating by gravity, the concentration of metal ions in the aqueous

phase was determined by titration with EDTA and that of metal ions in the

organic phase was determined by material balance. From these concentration

values, the distribution ratio D was calculated.

RESULTS AND DISCUSSION

Extraction of RE31 by HPMBP and DEHEHP Alone

The extraction of RE3þ by HPMBP has been studied earlier (24–27). All of

these results show that HPMBP can extract RE3þ as the following equation

at a lower concentration of HPMBP (27):

RE3þ
ðaÞ þ 3HAðoÞ !

k1
REA3ðoÞ þ 3HþðaÞ ð1Þ

where ‘a’ and ‘o’ denote aqueous and organic phase, respectively.

Figure 1. The relationship between atom number Z and logD at different conditions.

RE3þ ¼ 1.0 � 1023 mol/L, DEHEHP (in heptane) ¼ 0.42 mol/L, a: pHe ¼ 2.50,

LiNO3 ¼ 2.61 mol/L; b: pHe ¼ 1.89, LiNO3 ¼ 2.61 mol/L; c: pHe ¼ 2.50,

LiNO3 ¼ 1.74 mol/L.
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Table 1. Separation factors (SF12) among rare earth elements in nitrate medium with DEHEHP

1

SF12 Ce Pr Nd Sm Eu Gd Tb Y Dy Ho Er Tm Yb Lu

2

La 1.583 2.221 2.527 4.193 4.630 3.904 6.991 8.621 10.93 12.01 12.01 15.30 12.61 16.85

Ce 1.402 1.595 2.648 2.923 2.465 4.414 5.443 6.900 7.584 7.584 9.658 7.959 10.64

Pr 1.138 1.888 2.084 1.758 3.147 3.881 4.920 5.407 5.407 6.886 5.675 7.585

Nd 1.659 1.832 1.545 2.767 3.412 4.325 4.753 4.753 6.053 4.989 6.668

Sm 1.104 0.931 1.667 2.056 2.606 2.865 2.865 3.648 3.006 4.018

Eu 0.843 1.510 1.862 2.361 2.594 2.594 3.304 2.723 3.639

Gd 1.791 2.208 2.799 3.076 3.076 3.917 3.228 4.315

Tb 1.233 1.563 1.718 1.718 2.188 1.803 2.410

Y 1.268 1.393 1.393 1.774 1.462 1.954

Dy 1.099 1.099 1.400 1.153 1.542

Ho 1.000 1.274 1.050 1.403

Er 1.274 1.050 1.403

Tm 0.824 1.102

Yb 1.337
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The extraction of RE3þ in HNO3 solutions by DEHEHP - heptane in the

presence of LiNO3 had been studied systematically. Figure 1 shows

the relationship between distribution ratio D and atomic number Z. The

arrowhead indicates the position of Y in the extraction list and lies between

Tb and Dy. The distribution ratios are found to be a distinct “tetra effect.

(28)” Compared with the three plots in Fig. 1, it can also be determined that

the effect of ionic strength on the distribution ratio is larger than that of

pHe. Table 1 summarizes the calculated separation factors (SF12) for

adjacent pairs of rare earths at pHe ¼ 2.50 and 2.61 mol/L LiNO3. From

the values of separation factors, it could be concluded that DEHEHP could

be employed for the separation of La from the other rare earths, and Y from

light rare earths under certain conditions.

Taking La, Ce, Nd, Gd, Yb, and Y as examples, a series of experiments

were carried out to determine the extraction mechanism.

Figure 2 presents the effect of extractant concentrations on the logD of

La, Ce, Nd, Gd, Yb, and Y, and the slopes of linear fitting curves from

the experimental data are also showed. The results show that three

molecules of DEHEHP are associated with the extraction reaction under

the present experimental conditions, but Gd is an exception. This might

be mainly due to the nephelauxetic and half-full effect in the 4f orbit

(29), and Gd3þ (4f7) is in such a stable state that it is difficult to react

with a ligand (15).

As can be seen in Fig. 3, it is evident that the extraction increases linearly

with an increasing NO3
2 ion concentration under the higher LiNO3 concen-

tration, but departs from the linearity at the lower LiNO3 concentration for

middle-heavy rare earth (Gd, Yb and Y), which can be concluded that the

extraction mechanism of middle-heavy rare earths changes with the increasing

Figure 2. The effect of DEHEHP - heptane concentration on logD of La, Ce, Nd, Gd,

Yb and Y, pHe ¼ 3.00, LiNO3 ¼ 3.48 mol/L, RE3þ ¼ 1.0 � 1023 mol/L.

J. Zhao et al.3052
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concentration of NO3
2. However, this uncertain mechanism for middle-heavy

rare earths (such as Gd, Yb, and Y) at a lower concentration of NO3
2

(,1 mol/L) needs to be further investigated in more detail. The linearity

part shows a slope value of around 3.

Based on the above discussion, the extracted species of RE (La, Ce, Nd,

Y, and Yb), can be formulated as RE(NO3)3
. 3B under higher LiNO3

Figure 3. The effect of LiNO3 concentration on logD of RE(III). pHe ¼ 2.00,

RE3þ ¼ 1.0 � 1023 mol/L, DEHEHP (in heptane) ¼ 0.42 mol/L.

Figure 4. Synergistic extraction of Y3þ by HPMBP and DEHEHP in

benzene. [Y3þ] ¼ 9.469 � 1024 mol/L, m ¼ 1.0 mol/L, pHe ¼ 2.00 [HPMBPþ

DEHEHP](o) ¼ 0.05 mol/L.

Extraction of Rare Earths(III) from Nitrate Medium 3053
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concentration. The corresponding extraction reaction equation can be written

as follows:

RE3þ þ 3NO�3 þ 3B !
k2

REðNO3Þ3 � 3B ð2Þ

Extraction of RE31 by Mixtures of HPMBP and DEHEHP

in Benzene

Taking Y3þ as an example, the extraction mechanism has been systematically

studied. Figure 4 shows the extraction behaviors of Y3þ by mixtures of

HPMBP and DEHEHP in benzene and the results show that there is an

evident synergistic effect. The largest synergistic extraction distribution

ratio was observed when XB is close to 0.4. The synergistic enhancement coef-

ficient, R ¼ Dmax/(DBþDHA), is calculated according to Xu et al. (30) to be

listed in Table 2. It can be concluded that Rmax is 17.82 under the present

experimental condition.

If the synergistic extraction of Y3þ by the mixture of DEHEHP and

HPMBP from the nitrate medium is expressed as:

Y3þ
ðaÞ þ 3NO�3ðaÞ þ xHAðOÞ þ yBðOÞ !

k12
YðNO3Þ3�z � At � ðHAÞx�z � yBðOÞ

þ zHNO3ðaÞ ð3Þ

Then the relationship between the distribution ratio D12 and the equilibrium

constant K12 of the synergistic extraction reaction should be:

K12 ¼
½YðNO3Þ3�z � Az � ðHAÞx�z � yB�ðoÞ½H

þ�
z
ðaÞ

½Y3þ�ðaÞ � ½NO�3 �
3�z
ðaÞ � ½HA�xðoÞ � ½B�

y
ðoÞ

¼
D12 � ½H

þ�
z
ðaÞ

½NO�3 �
3�z
ðaÞ � ½HA�xðoÞ � ½B�

y
ðoÞ

ð4Þ

Rearranging equation (4) in the logarithmic form:

log D12 ¼ x log½HA�ðoÞ þ y log½B�ðoÞ þ zpHe þ log K12 þ ð3� zÞ

� log½NO�3 �ðaÞ ð5Þ

Table 2. Synergistic enhancement coefficients of Y3þ at pHe ¼ 2.00

XDEHEHP 0 0.2 0.4 0.5 0.6 0.7 0.8 1

R 1 12.85 17.82 14.13 13.53 9.83 7.00 1

J. Zhao et al.3054
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A series of experiments were carried out to determine the values of x, y, and

z. As shown in Fig. 5, the plots of logD12 versus pHe give a straight line with a

slope of about 2.0 keeping the other conditions as constants. So z equals to 2.

Similarly, at an invariable aqueous acidity and concentration of the other

extractant, the plots shown in Fig. 6 are linear with slopes of about 3 and 1 for

logD12-2pHe vs. log[HPMBP] and log[DEHEHP], respectively. So x equals to

3 and y is 1, and the extracted species can thus be determined.

Therefore, the synergistic extraction reaction, Eq. (3), can be rewritten as:

Y3þ
ðaÞ þ 3NO�3ðaÞ þ 3HAðOÞ þ BðOÞ !

k12
YðNO3Þ � A2 � HA � BðOÞ

þ 2HNO3ðaÞ ð6Þ

Then the relationship between the distribution ratio D12 and the equilibrium

constant K12 of the synergistic extraction reaction should be:

K12 ¼
D12 � ½H

þ�
2
ðaÞ

½NO�3 �ðaÞ � ½HA�3ðoÞ � ½B�ðoÞ
ð7Þ

Rearranging equation (7) in the logarithmic form:

log D12 ¼ 3 log½HA�ðoÞ þ log½B�ðoÞ þ 2pHe þ log K12 þ log½NO�3 �ðaÞ

The calculated synergistic extraction equilibirum constants for Y3þ at

different acidities are represented in Table 3.

The synergistic reaction in the nitrate medium belongs to the combination

of a cation exchange mechanism and a solvate complexation mechanism. That

Figure 5. Distribution ratio for Y3þ as a function of equilibrium pH in benzene.

[Y3þ] ¼ 9.469 � 1024 mol/L, m ¼ 1.0 mol/L, [HPMBPþDEHEHP](o) ¼ 0.05

mol/L a: CDEHEHP:CHPMBP ¼ 2:3 b: CDEHEHP:CHPMBP ¼ 4:1.
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Figure 6. Relationship between distribution ratio D12 and equilibrium concen-

tration of DEHEHP or HPMBP in benzene, m ¼ 1.0 mol/L, pHe ¼ 2.00. (A)

[Y3þ] ¼ 9.469 � 1024 mol/L, a: DEHEHP ¼ 0.02 mol/L, b: DEHEHP ¼ 0.01 mol/L

(B) [Y3þ] ¼ 9.571 � 1024 mol/L, a: HPMBP ¼ 0.02 mol/L, b: HPMBP ¼ 0.01 mol/L.

Table 3. Synergistic extraction equilibrium constants for Y3þ at 298K.

[Y3þ] ¼ 9.469 � 1024 mol/L, [NO3
2] ¼ 1.0 mol/L, [HPMBP þ DEHEHP](o) ¼ 0.05

mol/L

CB/CHA pHe Y3þ
(a) �104 Y3þ

(o) �104 [HA](o) [B](o) logK12 Avg. logK12

2:3 2.53 0.6506 8.818 0.02735 0.01912 2.48 2.26 + 0.11

2.09 3.435 6.034 0.02819 0.01940 2.43

1.89 5.986 3.483 0.02896 0.01965 2.31

1.74 7.808 1.662 0.02950 0.01983 2.13

1.62 8.338 1.131 0.02966 0.01989 2.16

1.49 8.849 0.620 0.02981 0.01994 2.14

1.36 9.109 0.3603 0.02989 0.01996 2.15

J. Zhao et al.3056

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
9
:
3
7
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



is, the extraction mechanism of the acidic chelating extractant usually belongs

to the former and that of the neutral organophosphate belongs to the latter (28).

The extraction of Y3þ by HPMBP or DEHEHP alone was repeated under the

current experimental conditions to obtain the extraction constant logK1 and

logK2, which were calculated to be 23.98 + 0.07 and 25.02 + 0.02, respect-

ively. The following reaction can describe the hypothetical formation

combined with Eqs. (1), (2), and (6):

YA3ðoÞ þ BðoÞ þ HNO3ðaÞ !
b1

YðNO3ÞA2 � HA � BðoÞ ð8Þ

YðNO3Þ3 � 3BðoÞ þ 3HAðoÞ !
b2

YðNO3ÞA2 � HA � BðoÞ þ 2HNO3ðaÞ þ 2BðoÞ

ð9Þ

1

2
YðNO3Þ3 � 3BðoÞ þ

1

2
YA3ðoÞ þ

3

2
HAðoÞ !

b 3

YðNO3ÞA2 � HA � BðoÞ þ
1

2
BðoÞ þ

1

2
HNO3ðaÞ ð10Þ

where b1, b2 and b3 are the formation constants which can be expressed as:

logb1 ¼ log K12 � log K1 ¼ 2:26� ð�3:98Þ ¼ 6:24

logb2 ¼ log K12 � log K2 ¼ 2:26� ð�5:02Þ ¼ 7:28

logb3 ¼ log K12 �
1

2
log K1 �

1

2
log K2 ¼ 2:26

�
1

2
� ð�3:98Þ �

1

2
� ð�5:02Þ ¼ 6:76

From the values of b1, b2, and b3, Eqs. (8), (9), and (10) all are in favor of

forming the synergistic extracted species Y(NO3)A2
. HA . B. However,

Eq. (9) contributes more. Just because of b2 . b3 . b1 . K12� K2 . K1,

we can suppose that the synergistic extracted species Y(NO3)A2
. HA . B

should be more stable or hydrophobic.

The Effect of Temperature

Figure 7 shows the effect of temperatures (288–323K) on the distribution

ratios D12 with a slope of 1.26 + 0.04.

According to the following thermodynamic formula,

D log D12

Dð1=TÞ
¼

DH

�2:303R

from the slope of the plots of logD12 vs. 1000/T combined with

R ¼ 8.314 J . K21 . mol21, the enthalpy increment of the extraction process
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D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
9
:
3
7
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



was calculated to be DH ¼ 224.12 kJ/mol, which indicates that the synergis-

tic extraction is an exothermic process.

When CDEHEHP ¼ 0.02 mol/L, CHPMBP ¼ 0.03 mol/L, DG and DS of the

synergistic extraction system at room temperature (298K) can be calculated as:

DG ¼ �2:303RT log K12 ¼ �12:90kJ � mol�1

DS ¼ ðDH � DGÞ=T ¼ �37:65J � K�1 � mol�1 , 0

The synergistic extraction reaction of Y(III) is enthalpy driven, with the

favorable enthalpic contribution being sufficient to overcome the unfavorable

entropic contribution. The net enthalpy and entropy contributions of the

extraction process are the results of several factors, such as the dehydration

of the metal cation and metal coordination with the organic ligand, which

lead to a large negative DG.

Extraction of HRE and Y by Mixtures of DEHEHP and HPMBP

The extraction of Tb3þ, Dy3þ, Ho3þ, Er3þ, Tm3þ, Yb3þ, Lu3þ, and Y3þ from

nitrate solutions by HPMBP and DEHEHP had been investigated at similar

conditions (shown in Fig. 8).

Under the present experimental conditions, the results show that there is

negligible extraction when DEHEHP is used as a single extractant because of

the lower aqueous phase ionic strength, while the extraction by HPMBP alone

shows a certain extractability. However, the mixtures of DEHEHP and

HPMBP can enhance the extractability for all of the extracted metal ions.

Figure 7. Relationship between synergistic distribution ratio D12 and temperature

in benzene, [Y3þ] ¼ 9.469 � 1023 mol/L, m ¼ 1.0 mol/L, pHe ¼ 2.00, [HPMBPþ

DEHEHP](o) ¼ 0.05 mol/L. a: CDEHEHP:CHPMBP ¼ 2:3 b: CDEHEHP:CHPMBP ¼ 4:1.
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As can be seen in Fig. 8, it is apparent that the extraction of rare earth ions

follows the order of the atomic number and the extraction of Y3þ is lowest

whether for HPMBP system or for HPMBPþDEHEHP system. The order

of extraction ability can also be explained by HSAB theory (31). Lewis

base, a nucleophilic reagent or ligand, can be divided into two categories,

those that are polarizable, or “soft” and those that are nonpolarizable or

“hard.” For example, the atoms F, O, and N are hardest in groups V, VI,

and VII. For these extractants, whether HPMBP, DEHEHP, or HPMBPþ

DEHEHP, complex metal ions through O atom. So all of them can be

regarded as a hard base. While rare earth ions are hard acids because of

their most stable complexes with O atom according to the classification of

metal ions as acids by Ahrland, Chatt, and Davies (32). And the smaller is

the ionic radius, the “harder” is the rare earth ion, which results in the increas-

ing extraction ability by HPMBPþDEHEHP with decreasing ionic radii of

the lanthanide ions. Usually, Y3þ is an exception due to its particularity.

The largest synergistic extraction distribution ratios were also observed

when XB is close to 0.4. The corresponding separation factors between Y

and the other rare earth elements (SFRE/Y) are calculated and listed in

Table 4. In addition, SFRE/Y of the single system by HPMBP or DEHEHP

is also shown in Table 4 as a comparison.

Although an appropriate proportion of the two extractants can enhance

the extraction efficiency, the synergistic extraction system does not embody

better separation selectivity than the single HPMBP system. However, the

separation selectivity of the synergistic extraction system is superior to

Figure 8. Synergistic extraction of HRE and Y by mixtures of DEHEHP and HPMBP

in benzene, [M3þ] ¼ 8.0 � 1024 mol/L, m ¼ 1.0 mol/L, pHe ¼ 1.88, [HPMBPþ

DEHEHP](o) ¼ 0.05 mol/L.
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single DEHEHP system, especially for heavy rare earths Er3þ, Tm3þ, Yb3þ,

and Lu3þ. As far as DEHEHP, a possible industrialized extractant, is

concerned, this embodies a more practical significance. In fact, the

synergistic extraction system can be considered to separate Y3þ

from Tm3þ, Yb3þ and Lu3þ which is difficult to be realized by DEHEHP

alone.

CONCLUSIONS

The extraction of trivalent rare earths (RE) from nitrate solutions with

DEHEHP and synergistic extraction with mixtures of DEHEHP and

HPMBP were systematically investigated. In the single DEHEHP system,

the extraction distribution ratios of rare earths are found to be demonstrated

a distinct “tetra effect” and Y lies between Tb and Dy. Meanwhile, the

extracted species has been formulated as RE(NO3)3
. 3B under higher

LiNO3 concentration. From the corresponding separation factors (SF12)

for adjacent pairs of rare earths, it can be predicted that DEHEHP could

be employed for the separation of La from the other rare earths, and Y

from light rare earths.

The investigation of the synergistic extraction with mixtures of DEHEHP

and HPMBP shows that the binary system has an evident synergistic effect for

RE(III). Taking Y(III) as an example, the enhancement of extraction in the

binary system can be explained in terms of the species Y(NO3) . A2
. HA . B

formed. The synergistic enhancement coefficients Rmax is calculated to be

17.82 for Y3þ under the present experimental condition. The synergistic

reaction is an exothermic process. In addition, the extraction of Tb3þ, Dy3þ,

Ho3þ, Er3þ, Tm3þ, Yb3þ, Lu3þ and Y3þ at the same conditions shows that

the synergistic extraction distribution ratios follow the order:

Y3þ , Tb3þ � Dy3þ � Ho3þ , Er3þ , Tm3þ , Yb3þ , Lu3þ

The separation factors (SFRE/Y) between Y and the other metal ions

show that synergistic extraction system is superior to single DEHEHP

system especially for heavy rare earths Er3þ, Tm3þ, Yb3þ, and Lu3þ, but

does not embody better separation selectivity than the HPMBP system.

Table 4. The separation factors SFRE/Y in different systems

system Y Tb Dy Ho Er Tm Yb Lu

SFRE/Y HA — 1.97 2.30 2.46 3.69 4.10 4.51 5.74

Ba — 0.81 1.27 1.39 1.39 1.77 1.46 1.95

HAþ B — 1.19 1.23 1.20 1.48 2.11 2.68 3.00

aB ¼ 0.42 mol/L, LiNO3 ¼ 2.61 mol/L, [RE3þ ] ¼ 1.0E-3 mol/L.
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Therefore, the binary extraction system can be considered to separate Y3þ

from Tm3þ, Yb3þ and Lu3þ.
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