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cs of mixed rare earth elements
with bifunctional ionic liquid using a constant
interfacial area cell†

Yanliang Wang,ab Yabing Wang,ac Haiyue Zhou,a Fujian Liad and Xiaoqi Sun *ab

As a bifunctional ionic liquid used for the extraction of yttrium and heavy rare earth elements (REEs),

[methyltrioctyl ammonium][(2,6-dimethylheptyl) phenoxy acetic acid] ([N1888][POAA]) has been

synthesized in this paper. The extraction kinetics of REEs including La–Lu plus Y except Pm with [N1888]

[POAA] using a constant interfacial area cell were reported. Comparing with the conventional

(2,6-dimethylheptyl) phenoxy acetic acid (HPOAA) extraction system, the forward extraction rate

(kao, mm s�1) of heavy REEs in the [N1888][POAA] extraction system increased significantly with an

improvement of 8.44 times for yttrium. The effect of stirring speed on the extraction rate of mixed REEs

was studied and 300 rpm was suggested to ensure the extraction regimes were chemical reaction-

controlled. The effect of temperature was studied and the extraction reaction was controlled by

chemical reaction when the temperature was below 298 K. The effect of specific interfacial area was

also evaluated which indicated that the bulk phase was the reaction zone. The average extraction rate

equation of REEs has also been obtained as: �d[RE](o)/dt ¼ 0.141[RECl3]([N1888][POAA]).
1 Introduction

Rare earth elements (REEs), including La–Lu, Sc and Y, have
become critical materials in various elds, such as in catalysts,
alloys, magnets, lasers, batteries, electronics, lighting, and
telecommunications.1 Heavy REEs consisting of Y, Gd, Tb, Dy,
Ho, Er, Tm, Yb and Lu exhibit irreplaceable specic perfor-
mance, therefore, they have become important elements in
exploring high technology materials.2 Solvent extraction
processes have been well established and widely applied in the
REEs separation industry of China with organic phosphonic/
phosphoric acids and carboxylic acids.3,4 However, the saponi-
cation of the acidic extractants results in the release of NH4

+,
Na+, Ca2+ or Mg2+ to wastewaters and serious pollution. There is
a growing interest in developing new extractants and corre-
sponding materials to solve these problems.5

Ionic liquids are a series of organic salts which have received
much attention as green solvents in many elds.6,7 Bifunctional
ionic liquids (BILs) composed of quaternary ammonium/
s, Haixi Institute, Chinese Academy of
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tion (ESI) available. See DOI:

3

phosphonium cation and monobasic acidic extractant, have
become the focus of research for the separation of yttrium and
heavy REEs in recent years.8 The inner synergistic effects of BILs
for solvent extraction of metal ions using [tricaprylmethyl
ammonium][di-2-ethylhexyl phosphinate] as extractant have
been reported.9–11 The results show that the extraction efficiency
of REEs has been enhanced and the selectivity has been
changed in the BIL system. Other advantages, such as avoiding
saponication wastewater from the application of acidic
extractants, low acidity for extraction and good interfacial
phenomena, have emerged.12,13 (2,6-Dimethylheptyl) phenoxy
acetic acid (HPOAA) and [methyltrioctyl ammonium (N1888)]
[POAA] have been synthesized in this lab recently. The former
was used for the separation of high-purity yttrium from ion-
absorbed rare earth ore.14–16 The later was used for the devel-
opment of sustainable yttrium separation process from heavy
rare earth enrichments.17 Equilibrium data have been collected
and the separation process for industrial application may
contribute to eliminating the saponication process and
avoiding the acid or base consumption. However, there still
remains considerable uncertainty about the kinetics involved in
the extraction of REEs, such as extraction regimes (diffusion,
chemical reaction or mixed controlled) and chemical reaction
zone which control the rate of extraction in the bulk phases or at
the liquid–liquid interface.

Although there were various instruments and methods to
determine how the extraction rates depended on the time, such
as single drop technique,18,19 hollow ber membrane
method,20,21 centrifugal partition chromatography,22 constant
This journal is © The Royal Society of Chemistry 2017

http://crossmark.crossref.org/dialog/?doi=10.1039/c7ra07851j&domain=pdf&date_stamp=2017-08-11
http://orcid.org/0000-0003-3490-3673
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra07851j
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA007063


Table 1 The kinetic mechanism including extraction regime and reaction zone of metal ions with extractants using constant interfacial area cell

Extractants Metal

Kinetic mechanism

Ref.Extraction regime
Reaction
zone

HDEHPa Pr3+ Diffusion The interface 26
EHEHPAb Co3+ Chemical reaction Liquid–liquid interface 27
C272c Er3+ Mixed controlled Liquid–liquid interface 28
DEHEHPd Th4+ Mixed controlled The bulk phase 29
CA12e RE3+ Mixed controlled Two-phase interface 30
CA100f Y3+ Mixed controlled Liquid–liquid interface 31
C923g Ce4+ Mixed controlled Liquid–liquid interface 32
N1923 Ce4+ Mixed controlled Liquid–liquid interface 23
TODGAh La3+ Diffusion and chemical reaction N/A 33
[A336][CA12] La3+ Mixed controlled N/A 34
[A336][P227] Lu3+ Chemical reaction Liquid–liquid interface 35

a HDEHP is di(2-ethylhexyl)phosphoric acid. b EHEHPA is (2-ethylhexyl)phosphoric acid mono-ethylhexyl ester. c C272 is Cyanex 272, bis(2,4,4-
trimethylpentyl)phosphinic acid. d DEHEHP is di-(2-ethylhexyl)-2-ethylhexyl phosphonate. e CA12 is sec-octylphenoxy acetic acid. f CA100 is sec-
nonylphenoxy acetic acid. g C923 is Cyanex 923 (R3P]O), a mixture of four trialkylphosphine oxides in which each R group is either hexyl or
octyl. h TODGA is N,N,N0,N0-tetraoctyl diglycolamide.
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View Article Online
interfacial area cell23,24 and microuidic method,25 the cell
among which was used wildly for its stability and reproduc-
ibility data. Literature related to this research was shown in
Table 1. The main problem of these conventional extraction
systems was that, the interfacial transfer limited by diffusion of
molecules to the interface at the relatively slow mixing and
small specic interfacial areas (1–100 m2 m�3) rather than
chemical reaction, and reaction zone which controlled the rate
of extraction usually at the liquid–liquid interface.

Task-specic ionic liquids [tricaprylmethylammonium][sec-
octylphenoxy acetic acid] ([A336][CA12]) and [tricaprylmethyl
ammonium][di-(2-ethylhexyl) phosphinic acid] ([A336][P227])
were synthesized and the extraction kinetics of La3+ and Lu3+

from aqueous chloride solutions into n-heptane solutions were
discussed, respectively.34,35 However, less reports to our knowl-
edge concern the extraction kinetics of mixed rare earth
elements using a constant interfacial area cell. The main idea of
this paper is to elaborate the extraction rates of 15 kinds of REEs
from aqueous solution into bifunctional ionic liquid [N1888]
[POAA] which closer to the industrial conditions. The effects of
stirring speed, temperature, specic interfacial area and
extractant concentration on the extraction rate were examined.
The kinetic mechanism concerns whether the extraction
process was controlled by diffusion or chemical reaction, and
whether the reaction zone was in the bulk phases or at the
interface were involved.
Fig. 1 The molecular structures of HPOAA (a) and [N1888][POAA] (b).
2 Experimental
2.1 Materials and methods

Methyltrioctyl ammonium chloride ([N1888]Cl, purity > 99%) was
purchased from Anhui Benma Pioneer Technology Co., Ltd.,
China. (2,6-Dimethylheptyl) phenol and sodium chloroacetate
were purchased from Chendu Xiya Reagent Chemical Tech-
nology Co., Ltd. Individual REE stock solutions, including
La–Lu plus Y, were prepared by dissolving the corresponding
This journal is © The Royal Society of Chemistry 2017
oxide (>99.99%, Ganzhou Rare Earth Group Co., Ltd., China)
with hydrochloric acid and diluting with deionized water. All
the chemicals were used without further purication.

Inductively coupled plasma optical emission spectroscopy
(ICP-OES) Horiba Ultima 2 was used to determine the concen-
trations of REEs. 1H and 13C nuclear magnetic resonance (NMR)
spectra were obtained in CDCl3 with an AV III-500 BRUKER
spectrometer.

The molecular structure of (2,6-dimethylheptyl) phenoxy
acetic acid (HPOAA) and [N1888][POAA] are shown in Fig. 1. The
former was prepared in laboratory scale viaWilliamson reaction
and the synthetic routes were described.16 The later was
prepared by acid–base neutralization method.17 The amount of
residual Cl� in the product of [N1888][POAA] determined was
lower than 0.07 wt%.
2.2 Experimental procedures

A constant interfacial area cell which improved from Nitsch-
type stirred cell36 was adopted to investigate the extraction
kinetics. As shown in Fig. 2(a), the cell whose phase was inde-
pendently agitated with a stirring paddle was made of
RSC Adv., 2017, 7, 39556–39563 | 39557

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra07851j


Fig. 2 The experimental equipment of kinetics (a) and detailed structure of the constant interfacial area cell (b) used to study the extraction
kinetics.
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transparent polymethyl methacrylate. Under the combined
action of stirring paddles and ow deectors, the lighter phase
and the heavier phase circulate in each chamber and move near
the interface in lamina, respectively (Fig. 2(b)). The interfacial
plate was a rectangle plate with a hole of 8–28 cm2. Temperature
was controlled with a circulating water bath at constant
temperature (298 K) except for temperature experiments. Equal
volumes of 90 mL each of aqueous and organic phases were
individually added to the cell chamber using a syringe. Aer
stirring was started, 0.2 mL of sample was collected at 10 min
intervals from the aqueous phase to monitor the extraction of
REEs with [N1888][POAA] during the kinetic process. The
experiments were carried out at a constant stirring rate of
300 rpm except for stirring rate experiments.
2.3 Data treatment

This paper discussed the extraction of the mixed rare earth ions
with bifunctional ionic liquid and time was the new parameter
introduced into the kinetic processes which differ from equi-
librium thermodynamics. Because the extraction reactions
occurred simultaneously, the extraction model can be formu-
lated as parallel reactions.

½RE�ðaÞ ����! ����kao

koa
½RE�ðoÞ (1)

where (a), (o), kao (cm s�1) and koa (cm s�1) represent the
aqueous phase, organic phase, forward extraction rate and
backward extraction rate, respectively. RE equals La–Lu plus Y
except Pm.

The extraction rate is given by the following equation.37

Rf ¼ �
d½RE�ðoÞ

dt
¼ �dnðoÞ

Vdt
¼ A

V

�
koa½RE�ðoÞ � kao½RE�ðaÞ

�
(2)

where n(o) is the total number of moles of REEs in the organic
phase, V (mL) is the volume of either aqueous or organic phase,
and A (cm2) is the interfacial area.

At equilibrium time, eqn (2) is equal to zero. Thus,

kd ¼
½RE�ðoÞe
½RE�ðaÞe

¼ kao

koa
(3)
39558 | RSC Adv., 2017, 7, 39556–39563
where kd refers to the distribution ratio, and e is the concen-
tration at equilibrium. From the mass balance, eqn (2) can be
integrated and rewritten as,

ln

 
1� ½RE�ðoÞ
½RE�ðoÞe

!
¼ �A

V
ð1þ kdÞkoat (4)

kd was determined by collecting samples from the aqueous
phase at equilibrium.

s def �ln
 
1� ½RE�ðoÞ
½RE�ðoÞe

!
V

Að1þ kdÞ (5)

koa and kao can be obtained by curve tting the plots of s versus
time (t).
3 Results and discussion
3.1 Characterization of the experimental equipment

To verify the accuracy of mass transfer of REEs, theoretical
calculation and practical kinetic experiments using the
constant interfacial area cell were completed. According tomass
transfer model, mass transfer per square centimetre, Tr, can be
expressed as follows,38

Tr ¼ VCinikd

Að1þ kdÞ
�
1� exp

�
� 3ADit

2Vd

��
(6)

where V is the volume of aqueous phase (mL), A is interfacial
area (cm2), Cini is initial concentration of RE ion in aqueous
phase (mol L�1), kd is distribution ratio, t is time (second).

kd can be deduced from Tr as the following equation,

kd ¼ TrF

Cini � TrF
(7)

where F is the conversion factor.
As shown in Fig. 3, kd values predicted by theoretical calcu-

lations (Fig. 3(a) and (b)) are close to practical kinetic values
obtained from kinetic experiments (Fig. 3(c) and (d)) using the
constant interfacial area cell. In comparison with the predicted
values, the experimental values in the [N1888][POAA] extraction
system were closer than that of the HPOAA extraction system as
the reaction proceeds. The relative errors of REEs are less than
This journal is © The Royal Society of Chemistry 2017
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43% in the HPOAA extraction system and 25% in the [N1888]
[POAA] extraction system aer 80 minutes, respectively. Further
studies on plots of �ln(1 � [RE](o)/[RE](o)

e)V/A/(1 + kd) vs. time
(Fig. 4) are found to lie on straight lines which indicated that the
mass transfer process could be treated as a pseudo-rst-order
reversible reaction.

Next, the extraction rate in the HPOAA and [N1888][POAA]
system have been deduced and the results are presented in
Table 2. The literature value of the extraction rates with
constant interfacial area and rapid mixing using HDEHP as
extractant are also listed in Table 2. Although [N1888][POAA]
synthesized from HPOAA and [N1888]Cl, there were large
difference between [N1888][POAA] extraction system and HPOAA
system. The position of yttrium lies without the lanthanide
series in the HPOAA system and the extraction rate order of
HPOAA followed the sequence, Y < Lu < Yb < Tm < Er < Ho < Dy <
Tb < La < Gd < Ce < Pr < Eu < Nd < Sm. When it was developed to
the [N1888][POAA], the extraction rate order follows, La < Ce < Pr
< Nd < Y < Ho < Er < Gd < Dy < Tb < Eu < Tm < Sm < Yb < Lu.
Fig. 3 Plots of distribution ratio versus time for the extraction of REEs. (
90 cm3, A¼ 12 cm2, Cini¼ 0.002mol L�1, d¼ 0.00179 cm, 300 rpm, T¼ 2
1.27, 1.86, 2.18, 2.30, 2.77, 2.30, 1.55, 1.12, 0.849, 0.641, 0.505, 0.430,
0.002mol L�1, d¼ 0.00179 cm, 300 rpm, T¼ 298 K. Set kd values of La–Lu
4.28, 3.94, 4.04, 4.02, 3.39, 3.71, 4.40, 5.56, 6.53, 2.82, respectively. Org
degree of 30%. (d) 0.20 mol L�1 [N1888][POAA] in n-heptane without sap
each. RE ¼ La–Lu plus Y except Pm), pH ¼ 4.5. O : A ¼ 90 mL : 90 mL,

This journal is © The Royal Society of Chemistry 2017
Comparing with HPOAA extraction system, the forward
extraction rates (kao, mm s�1) of heavy REEs in [N1888][POAA]
extraction system increased signicantly. It is interesting to
note that the extraction rate of yttrium raised 8.44 times to the
original extraction system. In other word, the extraction of
heavy REEs were quite effective using the current in [N1888]
[POAA] extraction system. It is reported that when the acidic
extractants were prepared as BILs, their extractabilities could be
increased.39 Thus, the kinetic results were consistent with the
thermodynamic reaction data.
3.2 Dependence of the extraction rate on stirring speed

It is known that, the mass transfer rate of metal cations in
liquid–liquid solvent extraction systems was a function of both
the diffusion of the involved species and the kinetics of the
chemical reaction in the two liquid phases. Therefore,
diffusion-controlled and chemical reaction-controlled regimes
were two representative types of extraction regimes.
a) and (b) are the predicted kd value by theoretical calculations. (a) V ¼
98 K. Set kd values of La–Lu plus Y after extraction equilibrium equal to
0.415, 0.358, 0.315, respectively. (b) V ¼ 90 cm3, A ¼ 12 cm2, Cini ¼
plus Y after extraction equilibrium equal to 0.640, 1.39, 2.10, 2.15, 4.33,
anic phase: (c) 0.20 mol L�1 HPOAA in n-heptane with saponification
onification. Aqueous phase:

P
RECl3 ¼ 0.030 mol L�1 (0.0020 mol L�1

A ¼ 12 cm2, 300 rpm, T ¼ 298 K.

RSC Adv., 2017, 7, 39556–39563 | 39559
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Fig. 5 Effect of stirring speed on extraction rate of mixed REEs.
Organic phase: 0.20 mol L�1 [N1888][POAA] in n-heptane. Aqueous
phase:

P
RECl3 ¼ 0.030 mol L�1 (0.0020 mol L�1 each), pH ¼ 4.5,

O : A ¼ 90 mL : 90 mL, A ¼ 12 cm2, T ¼ 298 K.

Fig. 4 Plots of �ln(1 � [RE](o)/[RE](o)
e)V/A/(1 + kd) vs. time in [N1888]

[POAA] system. Organic phase: 0.20 mol L�1 [N1888][POAA] in
n-heptane. Aqueous phase:

P
RECl3 ¼ 0.030 mol L�1 (0.0020 mol L�1

each), pH ¼ 4.5, O : A ¼ 90 mL : 90 mL, A ¼ 12 cm2, 300 rpm, T ¼
298 K.
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The effect of the extraction rate on the stirring rate was
adopted to identify the reaction regime of the current
extraction system and the results are shown in Fig. 5. It is
found that as the mixing speed increases, the extraction rates
reached asymptotes from 100 to 300 rpm but was nearly
constant in the range of mixing speed exceeds 300 rpm. When
the stirring speed exceeded 350 rpm, it was hard to maintain
the quiescent interface. The independence of extraction rate
from the stirring speed suggests that with increased stirring
rate and average velocity (U), the diffusion lm (d) became
thinner and the diffusion resistance became smaller. Detailed
discussion on the effect of stirring speed on d and U are in ESI
(Fig. S1†). Beyond a distinct stirring rate, the diffusion resis-
tance may be ignored and only the chemical reaction needs to
be considered. Therefore, other kinetic experiments were
measured at 300 rpm to maintain the same hydrodynamic
conditions in this work.
Table 2 The difference of the extraction rate between HPOAA system
and [N1888][POAA] system

RE3+

kao (mm s�1)

HDEHP ref. 25 Dkao ¼ b/a(a) HPOAA (b) [N1888][POAA]

La 1.18 � 10�2 1.25 � 10�2 2.1 � 10�1 1.05
Ce 1.70 � 10�2 1.89 � 10�2 1.6 � 10�1 1.11
Pr 1.95 � 10�2 2.39 � 10�2 9.0 � 10�2 1.22
Nd 1.98 � 10�2 2.80 � 10�2 3.7 � 10�2 1.42
Sm 2.53 � 10�2 3.77 � 10�2 1.5 � 10�2 1.49
Eu 2.06 � 10�2 4.04 � 10�2 1.2 � 10�2 1.96
Gd 1.58 � 10�2 4.13 � 10�2 1.2 � 10�2 2.61
Tb 1.29 � 10�2 3.89 � 10�2 7.8 � 10�3 3.02
Dy 1.02 � 10�2 3.82 � 10�2 7.9 � 10�3 3.74
Ho 8.12 � 10�3 3.71 � 10�2 1.0 � 10�2 4.57
Er 6.80 � 10�3 3.86 � 10�2 1.6 � 10�2 5.67
Tm 6.38 � 10�3 4.64 � 10�2 3.4 � 10�2 7.27
Yb 5.90 � 10�3 4.34 � 10�2 7.2 � 10�2 7.37
Lu 5.56 � 10�3 4.57 � 10�2 9.9 � 10�2 8.21
Y 4.21 � 10�3 3.55 � 10�2 1.0 � 10�1 8.44

39560 | RSC Adv., 2017, 7, 39556–39563
Follow-up studies have shown that, the stirring speed did not
affect the separation factors of REEs. The extraction order fol-
lowed the same sequence in the [N1888][POAA] system at
different stirring speed.
3.3 Dependence of the extraction rate on temperature

In the most general case, the extraction rate increases with
the increasing temperature. Effect of temperature on extrac-
tion rate of mixed rare earths have been studied and results
are shown in Fig. 6. Present study demonstrates increased
sharply in the extraction of REEs with an increase at
temperatures lower than 298 K and slowly at temperatures
higher than 298 K.

The activation energy, Ea, was calculated according to the
Arrhenius equation and the results are listed in Table 3.
Fig. 6 Effect of temperature on extraction rate ofmixed REEs. Organic
phase: 0.20 mol L�1 [N1888][POAA] in n-heptane. Aqueous phase:P

RECl3 ¼ 0.030 mol L�1 (0.0020 mol L�1 each). pH ¼ 4.5. O : A ¼
90 mL : 90 mL, A ¼ 12 cm2, 300 rpm.

This journal is © The Royal Society of Chemistry 2017
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Fig. 7 Effect of specific interfacial area on extraction rate of mixed
REEs. Organic phase: 0.20 mol L�1 [N1888][POAA] in n-heptane.
Aqueous phase:

P
RECl3¼ 0.030mol L�1 (0.0020mol L�1 each), pH¼

4.5, O : A ¼ 90 mL : 90 mL, A ¼ 8–28 cm2, 300 rpm, T ¼ 298 K.

Table 3 The activation energy calculated in the [N1888][POAA] system

RE3+

Ea, kJ mol�1

<298 K >298 K

La 58.1 1.57
Ce 54.5 0.78
Pr 48.5 0.95
Nd 46.2 4.38
Sm 38.1 11.9
Eu 37.8 1.52
Gd 34.7 9.31
Tb 44.5 7.11
Dy 42.3 6.33
Ho 48.6 �1.07
Er 48.3 5.32
Tm 50.6 1.15
Yb 41.4 0.76
Lu 42.6 �0.88
Y 47.4 8.59
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log kao ¼ � Ea

2:303RT
þ C (8)

where C is known as the pre-exponential factor.
It is reported that a process was characterized as diffusion

controlled when Ea was <20 kJ mol�1 or as chemical reaction
controlled when Ea was >42 kJ mol�1.40 Correspondingly, it
suggests that a chemical reaction controlled regime when
temperatures were lower than 298 K and a diffusion controlled
regime when temperatures exceeded 298 K.

The temperature does affects the separation factors of REEs.
As shown in Table 4, the separation factor of heavy REEs of Tm,
Yb and Lu in the [N1888][POAA] system increased 16.2%, 29.5%
and 34.6%when the temperature increased from 278 K to 328 K,
respectively. When it comes to light REEs, there are different
rate decrease of the separation factor of La, Ce, Pr, Nd, Sm, Eu,
Gd and Tb. Similar results were reported that when the
temperature increased from 278 K to 333 K, the separation
factor of Tm/Yb and Yb/Lu in the P507 and C272 extraction
system increased form 1.13 and 1.18 to 2.31 and 1.68,
Table 4 The separation factor calculated at 278 K, 288 K, 298 K, 308 K,
318 K and 328 K in the [N1888][POAA] system

bLn/Y 278 K 288 K 298 K 308 K 318 K 328 K

La 0.29 0.28 0.23 0.23 0.21 0.21
Ce 0.53 0.61 0.49 0.54 0.48 0.47
Pr 0.78 0.90 0.74 0.71 0.77 0.74
Nd 0.90 0.94 0.76 0.83 0.83 0.78
Sm 1.82 1.87 1.53 1.61 1.54 1.39
Eu 1.95 1.99 1.52 1.67 1.56 1.37
Gd 1.49 1.64 1.40 1.32 1.23 1.14
Tb 1.66 1.71 1.43 1.48 1.53 1.43
Dy 1.64 1.61 1.43 1.65 1.58 1.61
Ho 1.37 1.41 1.20 1.38 1.49 1.39
Er 1.45 1.41 1.32 1.49 1.55 1.47
Tm 1.66 1.59 1.55 1.82 1.96 1.93
Yb 2.12 2.12 2.09 2.43 2.68 2.74
Lu 2.28 2.33 2.32 2.67 2.87 3.07

This journal is © The Royal Society of Chemistry 2017
respectively.41 In combination with Fig. 6, it might be explained
that although the absolute extraction rates of all REEs increase
with the increasing temperature, the absolute extraction rates of
heavy REEs increases higher than that of light REEs which
result in the growing gaps of separation factors between heavy
REEs and light REEs.
3.4 Dependence of the extraction rate on specic interfacial
area

To examine the dependence of the extraction rate, mass transfer
rates were obtained as function of the specic interfacial area
(A/V) at a constant stirring speed (300 rpm). As shown in Fig. 7,
the extraction rate was independent of the specic interfacial
area, which indicated that reactions occurring in the bulk of the
phases rather than rate determining.
Fig. 8 Effect of [N1888][POAA] concentration on extraction rate of
mixed REEs. Organic phase: 0.20–0.50 mol L�1 [N1888][POAA] in
n-heptane. Aqueous phase:

P
RECl3 ¼ 0.030 mol L�1 (0.0020 mol L�1

each), pH ¼ 4.5, O : A ¼ 90 mL : 90 mL, A ¼ 12 cm2, 300 rpm, T ¼
298 K.
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Table 5 The forward extraction constant of REEs

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

kf 0.054 0.054 0.117 0.125 0.151 0.156 0.168 0.179 0.151 0.142 0.134 0.171 0.178 0.194 0.133 0.141
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3.5 Extraction rate equation of REEs

Based on the mechanism of neutral extraction combined with
ion association in the bifunctional ionic liquid system,17 the
extraction equation of REEs with [N1888][POAA] can be pre-
sented as follows:

RECl3 + [N1888][POAA](o) % [N1888]Cl$REPOAACl2 (9)

Accordingly, the extraction rate equation of REEs can be
proposed as:

Rf ¼ �
d½RE�ðoÞ

dt
¼ kf ½RECl3�ð½N1888�½POAA�Þ (10)

where, kf is the forward extraction constant.
To simplify the calculation model, the reverse extraction rate

can be ignored when the concentration of extractant in the
organic phase is much higher than the concentration of metal
ions in the aqueous phase. Combining eqn (2) and (10), one can
write the following equation:

A

V
kao ¼ kf

�½N1888�½POAA�� (11)

By investigating the effect of [N1888][POAA] concentration on
extraction rate of mixed REEs (Fig. 8), kf of REEs were obtained
and the results are shown in Table 5. Therefore, the average
extraction rate equation of REEs can be expressed as: �d[RE](o)/
dt ¼ 0.141[RECl3]([N1888][POAA]).
4 Conclusions

The extraction kinetics of mixed REEs with bifunctional ionic
liquid [N1888][POAA] using a constant interfacial area cell were
reported and characterized. The experimental results show that
practical kinetic values obtained from kinetic experiments t
the data predicted by theoretical calculations very well. The
relative errors of experimental values and theoretical values are
less than 43% and 25% in the HPOAA and [N1888][POAA]
extraction system aer 80 minutes, respectively. Effect of stir-
ring speed, temperature specic interfacial area and extractant
concentration on the extraction rate of REEs were studied.
300 rpm was suggested to ensure the extraction regimes were
chemical reaction-controlled rather than diffusion-controlled
when the temperatures were lower than 298 K. The extraction
rate was independent of the specic interfacial area, which
indicated that reactions occurring in the bulk of the phases. The
average extraction rate equation of REEs have also been ob-
tained using a constant interfacial area cell as: �d[RE](o)/dt ¼
0.141 [RECl3]([N1888][POAA]). Kinetic data obtained above will
be used to recognize the thermodynamic mechanism and
optimize extraction processes.
39562 | RSC Adv., 2017, 7, 39556–39563
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