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ABSTRACT

The removal of nickel from sulfate media using emulsion liquid membrane with PC 88A as
carrier was studied by simulation and experimental method. Combining reasonable
assumptions from the existing models, a modified mathematical model was developed. It
was assumed that the concentrations at the external interface were in dynamic equilibrium.
The mass transfer rate of the nickel–carrier complexes at the interface of the emulsion
droplet and that of the nickel ions in the external feed solution were assumed to be equal.
According to these modifications, the computational results could agree well with the
experimental data. The total average value of the squared residuals was less than 0.022. The
effects of agitation speed, volume ratio, and the concentration of the nickel ions and that of
the PC 88A on the removal rate of nickel were investigated. The concentration of the PC
88A has shown greater influence on the nickel removal in comparison with the other
parameters. Under typical conditions, the removal of nickel reached 93% in 10 min.
According to the simulated results of the model, the concentration variations at the external
interface and in the emulsion globule were showed and discussed, respectively.

Keywords: Emulsion liquid membrane; Nickel removal; PC 88A; Model

1. Introduction

Nickel and its compounds are widely used in
many industrial processes such as electroplating,
metallurgy, and machine manufacturing. As a result, a
large amount of nickel wastewater is produced during
industrial processes. Nickel is known as toxic metal
which can be bioaccumulated through the food chain,
and can negatively affect the organisms. On the other
hand, the spent liquor containing nickel is a recyclable

and valuable resource. In the traditional solvent
extraction process for cobalt and nickel separation,
cobalt ions can be preferentially extracted by the
organophosphorus reagents. Few studies were carried
out in the field of concentration and extraction of
nickel from the cobalt raffinate by the solvent extrac-
tion [1]. However, the extraction ability of nickel with
the organophosphorus reagents was always poor,
especially under the low pH values conditions. The
emulsion liquid membrane (ELM) technique is consid-
ered to be a potential separation and enrichment tech-
nology for the removal of nickel, because of its rapid
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rate of mass transfer, good selectivity, and high
efficiency. Since the development of the ELM, this
technique has been broadly used in the studies for the
purification of metal ions [2,3], organics [4–6], and the
removal of heavy metal ions [7].

Some researches have been reported on the treat-
ment of nickel wastewater by the ELM. Kumbasar and
Kasap [8,9] investigated the carriers of 8-hydrox-
yquinoline and 5,7-dibromo-8-hydroxyquinoline for
the nickel extraction. The drop size distribution and
the mean diameter of the emulsion drops were stud-
ied by Chakraborty et al. [10]. The effects of various
stripping acids and different operating conditions on
the stability of the ELM system and the recovery of
nickel were explored in studies by Kulkarni et al.
[11,12]. The above studies were mainly aimed at
obtaining the optimal technological conditions for the
extraction of nickel by the ELM process. However, it
is indispensable to thoroughly investigate the mass
transfer mechanism of the ELM.

A number of studies have been carried out on the
mathematical descriptions for the mass transfer mecha-
nism of the ELM. Kopp et al. [13] considered the
unsteady-state diffusion in the emulsion globules into
their model. Ho et al. [14] improved this model into a
well-known advancing front model. Chakraborty et al.
[10] considered the effect of the emulsion globules with
different diameters into the advancing front model.
Yan et al. [15] developed a simultaneous diffusion-
and reaction-controlled model. The assumption of reac-
tion irreversibility is the shortcoming of the advancing
front model. The advancing front models and the
reversible reaction model were compared to describe
2-chlorophenol extraction by the ELM [16]. Reis et al.
[17–19] further developed the reversible reaction model
in their works.

The organophosphorus extractants of D2EHPA (di
(2-ethylhexyl)phosphoric acid), PC 88A (2-ethylhexyl
phosphonic acid mono-2-ethylhexyl ester), and
Cyanex272 (bis(2,4,4-trimethylpentyl)phosphinic acid)
were extensively studied in solvent extraction and
even in the ELM. Comparing the three above carriers,
D2EHPA has been investigated deeply in several
studies for nickel extraction. Cyanex272 is a potential
carrier, particularly in the separation process.
Nonetheless, Cyanex272 is expensive and the pH
value of the external aqueous phase in the system of
Cyanex272 should be high to obtain better extraction
rate of nickel. There are very few researches on the
nickel extraction by the ELM using PC 88A. Hence,
PC 88A was chosen as carrier in this work for the
removal of nickel ions from sulfate media by
the ELM. In the aspect of modeling, to overcome the
shortcomings of the mentioned above models, we

combined the reasonable assumptions from the two
models presented by Reis et al. [18] and Lee et al. [20]
and developed a modified model to analyze the mass
transfer mechanism of the nickel removal by the ELM
using PC 88A.

2. Mathematical modeling

As mentioned above, the two models proposed by
Reis et al. [18] and Lee et al. [20] did not elaborate
how to describe the concentration variation of the sub-
stances at the interface of III/II. In this paper, a modi-
fied model was proposed in which it was assumed
that a dynamic equilibrium could be reached between
the concentration of the nickel ions and the carrier
when they contacted at the interface of III/II. Further-
more, the mass transfer rate of the nickel ions in the
external aqueous phase and the nickel–carrier complex
at the interface of the emulsion droplet were equal.
These assumptions were described by three ordinary
differential equations which were derived from the
extraction equilibrium equation and the two other
mass transfer equations as shown below (Eq. (8) and
Eqs. (19)–(20)). Meanwhile, the initial concentration
values of the substances at the external interface were
assumed to be in equilibrium, because the reaction
rate is very rapid at the beginning of the extraction
reaction. Thus, the values of the initial concentration
could be calculated according to the Eqs. (7) and (18).
All of the modifications above resulted in the present
model as shown below.

The mass transfer in the feed solution and the
emulsion droplets, the extraction and stripping
reactions at the interfaces were studied, as shown in
Fig. 1. Except for the mass transfer in the crust of the
emulsion droplet, which was taken into account, the
model assumptions were same as the mentioned
above model [18]. Moreover, at the interface of III/II,
the reaction time to reach the equilibrium at the
beginning of the extraction reaction is considered to
be near 0.

The hydrogen ions concentration values were
assumed not to vary because of the HAc–NaAc buffer
solution in the external feed solution and the excess
sulfuric acid in the internal stripping solution. The
nickel ions are extracted by PC 88A:

Ni2þ þ 3(HR)2 $ NiR2 � 2ðHRÞ2 þ 2Hþ (1)

The Eq. (1) is simplified as:

Ni2þ þ 3B $ Cþ 2Hþ (2)
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Keq ¼
c
NiR2�2 HRð Þ2 � cHþ 2

cNi2þ � cðHRÞ2
3

or
cCcHþ2

cNi2þc
3
B

(3)

where Keq is the reaction equilibrium constant, and
the extractant (HR) of PC 88A is assumed as a dimer.
The concentration values of the substances at the
interface of III/II are in the dynamic equilibrium. The
stripping reaction of nickel is expressed as:

rs ¼ ks � cC � Keq
cNi2þcB

3

cHþ 2
(4)

The initial concentration values of hydrogen ions
in the external aqueous phase and the sulfuric acid
solution are estimated by the speciation of the sulfuric
acid [17].

The mass transfer of Ni2+ ions:

�VIII

dcNi2þ IIIð Þ
dt

¼ S � kNi cNi2þ IIIð Þ � cNi2þ IIIð Þ;int
� �

(5)

where the external surface (S) is calculated by

S ¼ 6

d32
ðVI þ VIIÞ (6)

The dynamic reaction equilibrium equation at the
interface of III/II:

Keq ¼
cC IIð Þ;int � cHþ IIIð Þ;int2

cNi2þ IIIð Þ;int � cB IIð Þ;int3
(7)

The functions in the Eq. (7) are only differentiable for
the variable of time. Thus, the Eq. (7) was transformed
as:

Keq cB IIð Þ;int3 �
dcNi2þ IIIð Þ;int

dt
þ 3cNi2þ IIIð Þ;int � cB IIð Þ;int2

dcB IIð Þ;int
dt

� �

¼ cHþ IIIð Þ;int
2 � dcC IIð Þ;int

dt
(8)

The diffusion of complex and carrier in the emulsion
droplet (0 ≤ r ≤ Rf):

1� u0ð Þ @cB
@t

¼ DB;eff
1

r2
@

@r
r2
@cB
@t

� �

þ 3
S0

ðVI þ VIIÞð1� bÞ3 rs (9)

1� u0ð Þ @cC
@t

¼ DC;eff
1

r2
@

@r
r2
@cC
@t

� �

� S0

VI þ VIIð Þ 1� bð Þ3 rs (10)

where the surface of S’ is calculated by

S0 ¼ 6

dl
VI (11)

u0 ¼ u= 1� bð Þ3;b ¼ 1� Rf=R; u ¼ VI= VI þ VIIð Þ
(12)

The stripping reaction at the interface of II/I:

VI

dcNi2þðIÞ
dt

¼ S0 � rs (13)

The initial concentration values of the nickel, the
carrier, and the nickel–carrier complex at the external
interface were assumed to be in equilibrium, and they
were calculated by the Eqs. (7) and (18) using the
algebraic equations-solving function of SOLVE in
MATLB. Following are the initial conditions and the
boundary conditions:

ICs:

fort ¼ 0; cNi2þ IIIð Þ ¼ c0
Ni2þðIIIÞ (14)

Fig. 1. Model of nickel extraction by the ELM: (a) mass
transfer of nickel ions; (b) nickel ions extraction reaction;
(c) diffusion in the crust of the emulsion droplet (oil layer);
(d) diffusion in the water-in-oil emulsion droplet; and (e)
nickel ions stripping reaction.
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fort ¼ 0; r ¼ Rf ;

cNi2þ IIIð Þ;int ¼ c0
Ni2þ IIIð Þ;int

cC IIð Þ;int ¼ c0C IIð Þ;int
cB IIð Þ;int ¼ c0B IIð Þ;int

9>=
>; (15)

fort ¼ 0; 0� r\Rf ;
cNi2þðIÞ ¼ 0
cC ¼ 0
cB ¼ c0B

9=
; (16)

BCs:

r ¼ 0; DC;eff
@cC
@r

¼ 0;DB;eff
@cB
@r

¼ 0 (17)

r ¼ R;

kNi cNi2þ IIIð Þ � cNi2þ IIIð Þ;int
� � ¼ kC cCjr¼R�cCjr¼Rf

� �
¼ 1

3 kB cBjr¼Rf
�cBjr¼R

� �
¼ DC;eff

@cC
@r

��
r¼Rf

¼ � 1
3DB;eff

@cB
@r

��
r¼Rf

(18)

A similar approach, like the Eq. (7), was used to
transform the Eq. (18) as ordinary differential equa-
tions:

dcNi2þðIIIÞ
dt

� dcNi2þ ðIIIÞð Þ;int
dt

¼ kC
kNi

dcC IIð Þ;int
dt

� @cC IIð Þ
@t

����
r¼Rf

 !

(19)

dcNi2þðIIIÞ
dt

� dcNi2þ IIIð Þ;int
dt

¼ kB
3kNi

@cB IIð Þ
@t

����
r¼Rf

�dcB IIð Þ;int
dt

 !

(20)

The above equations result in a system composed
of nonlinear partial differential equations. We trans-
formed the partial differential equations into the ordi-
nary differential equations by the method of lines. In
this method, the partial differential equations were
discretized in space by the central differencing
scheme. The numerical analysis result was listed in
the Appendix A.

3. Estimation of parameters

The apparent stripping rate constant of ks was
estimated by optimization using the functions of
FMINCON and LSQNONLIN in MATLAB. The mass
transfer coefficient of nickel ions (kNi) was calculated
according to the correlation [20]. The effective

diffusivity (DB,eff and DC,eff) and the mass transfer
coefficient (kB and kC) of the carrier and the nickel–
carrier complex were obtained in a similar way in a
study proposed by Teramoto and Matsuyama [21].
The extraction equilibrium constant (Keq) was
obtained by experimentation. Wilke-Chang equation
and Nernst equation were respectively used to calcu-
late the diffusivity [22]. The values of the parameters
under typical conditions are listed in Table 1.

4. Experimental

4.1. Materials

The feed solution was prepared by dissolving
NiSO4.6H2O (Xilong Chemical Co., Ltd. (Shantou,
China)) in distilled water and adding 0.1 mol/L
NaAc–HAc solution (Fengchuan Chemical Reagent
Co., Ltd. (Tianjin, China)). 0.5 M of sulfuric acid
(Kaixin chemical Co., Ltd. (Hengyang, China)) was
used as the internal stripping solution. The organic
phase was composed of a paraffinic solvent (Damao
Chemical Reagent Factory (Tianjin, China)), a surfac-
tant of Span 80 (Kemiou Chemical Reagent Co.,
Ltd.(Tianjin, China)), a diluent of n-heptane (Hunan
Huihong Reagent Co., Ltd. (Changsha, China)), and
an extractant of PC 88A (Daihachi Chemical Industry
(Osaka, Japan)).

4.2. Apparatus and procedure

In order to prepare the emulsion, the sulfuric acid
solution was mixed with the organic phase by a
homogenizer (Specimen and Model Factory (Shanghai,
China)) at the speed of 8,500 rpm for 10 min. The vol-
ume ratio of VII/VI was 3:1. The pH value of the feed
solution was 4.7. Five percent (v/v) of Span 80 was

Table 1
Values of the parameters for the extraction of nickel under
the typical experimental condition

Parameters Values

DB,eff 1.04 × 10−10 m2/s
DC,eff 5.34 × 10−11 m2/s
Keq 6.90 × 10−9 m3/mol
d32 3.81 × 10−4 m
dμ 3.10 × 10−7 m
δ 1.47 × 10−7 m
kNi 1.16 × 10−5 m/s
kB 9.99 × 10−4 m/s
kC 5.15 × 10−4 m/s
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used as surfactant. The ELM experiments were
conducted in a glass reactor at low stirring speed. The
emulsion was dispersed in the external feed solution
(640 mL for most experiments). Samples were periodi-
cally taken and filtered during the extraction experi-
ments. The emulsion was diluted 200 times using
n-heptane, so that the diameter of the internal aqueous
droplets can be determined by the laser particle
analyzer (Mastersizer2000, Malvern Instruments Ltd.
(Malvern, UK)).The photographic method was applied
to measure the size of the emulsion drops by a Canon
60D camera (Canon (Tokyo, Japan)). The emulsion
was broken by the electrostatic de-emulsification
technique.

After using nitric acid (Kaixin chemical Co., Ltd.)
for the pretreatment of digestion, the analysis of the
nickel concentration was done with an atomic
absorption spectrophotometer (AA6300C, Shimadzu,
(Kyoto, Japan)). The pH value was determined by a
pH meter (PHS-3D, Precision & Scientific Instrument
CO., Ltd. (Shanghai, China)). Interfacial tension was
obtained by the drop volume method. A viscometer
(SNB-1, Precision & Scientific Instrument CO., Ltd.)
was used to measure the viscosity of the membrane
phase.

In order to obtain the equilibrium constant
(Keq), the extraction experiments were carried out in a
closed vessel with magnetic stirring for 24 h at differ-
ent values of pH, nickel concentration and PC 88A
concentration. All extraction experiments were
conducted in the volume ratio of O/A = 1:1 at the
constant temperature of 20˚C. The conditions of the
ELM experiments were showed in Table 2. The degree
of the agreement between the experimental data
and the calculated results was represented by the
average value of the squared residuals (σ2), which was
defined as:

r2 ¼

PðcNi2þ IIIð Þ;calc � cNi2þ IIIð Þ;exp
c0
Ni2þðIIIÞ

Þ2

n
(21)

5. Results and discussion

5.1. Effect of agitation speed

As represented in Fig. 2, the increase in the
agitation speed resulted in a decrease in the emulsion
droplet size, which in turn increased the interfacial
area and the removal rate. Conversely, the co-transport
of water also increased with the increase in the agita-
tion speed. This led to the swelling of the emulsion
droplets. With the increase in the stirring intensity, the
breakage of the emulsion droplets intensified. Swelling
and breakage are known to be harmful to the ELM
process. As displayed in Fig. 2, the differences between
the theoretical values and the experimental data
gradually increased with the agitation speed.

5.2. Effect of the volume ratio

The volume ratio of the feed solution to the
sulfuric acid solution indicates the treatment ratio of
the ELM. Considering the cost of the reagent and the
concentration ratio of the nickel ions, a high treatment
ratio is desirous. However, when this parameter
increased, even though the size of the emulsion dro-
plets decreased, the specific interfacial area reduced,
which resulted in the reduction of the extraction effi-
ciency. Therefore, it will be conducive to obtain high
removal efficiency by appropriately reducing the treat-
ment ratio. As illustrated in Fig. 3, this model can
satisfactorily predict the experimental results under
these varying conditions of the treatment ratio.

5.3. Effect of the nickel ions initial concentration

The higher the initial concentration of nickel, the
more extraction and stripping reagents required to
achieve a high efficiency of the removal of nickel.
When the nickel ions initial concentration increased,
more nickel ions were removed using the same
amount of agents in the ELM, while the ratio of the
residual concentration to the initial concentration still
increased. As a result, the removal rate decreases due

Table 2
The experimental conditions*

Parameters Conditions Typical conditions

Agitation speed 5.0, 5.8, and 6.7 s−1 5.8 s−1

Volume ratio of external phase to internal phase 16, 24, and 30 16
Initial concentration of nickel 500, 700, and 900 ppm 500 ppm
Initial concentration of carrier 4% (v/v), 5% (v/v), and 6% (v/v) 6% (v/v)

Note: *Other conditions: pH of feed solution: 4.7; VII/VI = 3:1; span 80: 5% (v/v); sulfuric acid: 0.5 M.
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to a rise in the nickel ion concentration in the range of
500–900 ppm (see Fig. 4). It should be emphasized that
unlike the traditional solvent extraction, the metal ions
with low concentration can be adequately recovered
through ELM. This is because the difference in the
hydrogen ions concentration between the external

aqueous solution and the internal sulfuric acid solu-
tion is the impetus for ELM.

5.4. Effect of the carrier concentration

As shown in Fig. 5, with the increase in the carrier
concentration, the removal rate drastically increased.

Fig. 2. Effect of agitation speed on the removal rate.
(Operating conditions were: VIII/VI = 16, c0NiðIIIÞ = 500 ppm,
c0B = 6% (v/v) (for other conditions see Table 2); the
estimated values of ks were: 1.6 × 10−9 m/s (N = 5.0 s−1,
σ2 = 0.013), 1.7 × 10−9 m/s (N = 5.8 s−1, σ2 = 0.012), 1.9 ×
10−9 m/s (N = 6.7 s−1, σ2 = 0.015); calculated results are
represented using solid lines).

Fig. 3. Effect of the volume ratio on the removal rate.
(Operating conditions were: N = 5.8 s−1, c0NiðIIIÞ = 500 ppm,
c0B = 6% (v/v) (for other conditions see Table 2); The
estimated values of ks were: 1.7 × 10−9 m/s (VIII/VI = 16,
σ2 = 0.012), 1.2 × 10−9 m/s (VIII/VI = 24, σ2 = 0.022), 1.3 ×
10−9 m/s (VIII/VI = 30, σ2 = 0.032); calculated results are
represented using solid lines).

Fig. 4. Effect of the nickel ions initial concentration on the
removal rate. (Operating conditions were: N = 5.8 s−1,
VIII/VI = 16, c0B = 6% (v/v) (for other conditions see Table 2);
the estimated values of ks were: 1.7 × 10−9 m/s (c0NiðIIIÞ =
500 ppm, σ2 = 0.012), 1.6 × 10−9 m/s (c0NiðIIIÞ = 700 ppm,
σ2 = 0.025), 1.5 × 10−9 m/s (c0NiðIIIÞ = 900 ppm, σ2 = 0.028);
calculated results are represented using solid lines).

Fig. 5. Effect of the carrier concentration on the removal
rate. (Operating conditions were: N = 5.8 s−1, VIII/VI = 16,
c0NiðIIIÞ = 500 ppm (for other conditions see Table 2); the esti-
mated values of ks were: 1.7 × 10−9 m/s (c0B = 6%, v/v,
σ2 = 0.012), 1.6 × 10−9 m/s (c0B = 5%, v/v, σ2 = 0.021), 1.5 ×
10−9 m/s (c0B = 4%, v/v, σ2 = 0.026); calculated results are
represented using solid lines).
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This is mainly due to the equilibrium of extraction
reaction at the interface of III/II. This suggests that
the extraction reaction is an important controlling step
in this ELM process. However, the high concentration
of the PC 88A increased the viscosity and the interfa-
cial tension of the emulsion phase, which resulted in
larger globules. The swelling of the emulsion wors-
ened due to the increase in the carrier concentration.
The amount of carrier used in the ELM process is rela-
tively less than in the solvent extraction technology.

5.5. The calculated concentration at the external interface

For the purposes of intuitively describing the
dynamic equilibrium of the concentration at the exter-
nal interface, the variation in the concentration of sub-
stances at the external interface is shown in Fig. 6. At
the beginning, the carrier concentration reduced
rapidly due to the high extraction rate. With the
increase in the diffusion rate within the emulsion
globule and the stripping rate, the carrier concentra-
tion began to rebound. Meanwhile, the concentration
of the nickel–carrier complex increased at first and
then decreased. The variation trend in the concentra-
tion of the carrier and the complex at the external
interface was similar to that in the emulsion globule.
As shown in Fig. 6, the rapid increase in and the
slight slow drop in the nickel concentration indicates
that the mass transfer in the feed solution is not the
rate-controlling step.

5.6. The calculated concentration distribution of carrier

Figs. 7 and 8 show the carrier concentration at all
radii of the emulsion droplet decreased rapidly in the

beginning, then increased gradually after reaching the
lowest value, and finally approached its equilibrium
value. The concentration gradient in the radial direc-
tion was high at the first, and then over time it
decreased. The reduction in the carrier concentration
in the early stage was mainly because the diffusion
rate was very high. With the increase in the nickel–
carrier complex concentration, the stripping reaction
rate increased. The carrier concentration began to
increase when the stripping reaction rate was higher
than the diffusion rate.

5.7. The calculated concentration distribution of
nickel–carrier complex

As shown, the nickel–carrier complex concentra-
tion at all radii of the emulsion droplet increased

Fig. 6. Calculated concentration of the substances at the
external interface for the different time on the typical
conditions (see Table 2).

Fig. 7. Calculated concentration distribution of carrier in
the emulsion droplet (0 ≤ r ≤ Rf) for the different time on
the typical conditions (see Table 2).

Fig. 8. Concentration profiles of carrier in the emulsion
droplet (0 ≤ r ≤ Rf) on the typical conditions (see Table 2)
for several certain time points (s) (a: 0, b: 5, c: 40, d: 100, e:
300, f: 500, and g: 900).
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quickly at the initial stage, then reduced slowly after
reaching the peak value. The low concentration
gradient in the later stage was mainly due to the
fast mass transfer rate of the complex. It can be
easy to speculate from Fig. 7–10 that when the
nickel ions concentration was high in the beginning,
the carrier concentration decreased quickly and the
complex concentration increased rapidly. But on
the contrary, at the end of the extraction process,
the carrier concentration gradually rose again
and the complex concentration slowly reduced to
zero. Throughout the entire process, the carrier of
PC 88A acted as a transporter in the reversible
process.

5.8. The calculated the concentration distribution of nickel

The nickel concentration in the internal sulfuric
acid solution increased with the increase in the extrac-
tion time at all radii of the emulsion droplet. The
Figs. 11 and 12 also show that the nickel concentration
in the emulsion droplet decreased away from the
radius of Rf toward the center regardless of extraction
time. As shown in Fig. 7–12, the calculated results for
the concentration of the carrier, the complex, and the
nickel in this model followed the law of mass con-
servation. For example, the concentration of carrier
and complex in 15 min was approximately 97.6 and
0.1 mol/m3, respectively. The above two concentration
values were converted to the molarity of (HR)2
(97.9 mol/m3), which was approximately equal to the
experimental value of the initial carrier concentration
(98 mol/m3).

Fig. 9. Calculated concentration distribution of nickel–
carrier complex in the emulsion droplet (0 ≤ r ≤ Rf) for the
different time on the typical conditions (see Table 2).

Fig. 10. Concentration profiles of nickel–carrier complex in
the emulsion droplet (0 ≤ r ≤Rf) on the typical conditions
(see Table 2) for several certain time points (s) (a: 1, b: 5, c:
40, d: 100, e: 300, f: 500, and g: 900).

Fig. 11. Calculated concentration distribution of nickel in
the emulsion droplet (0 ≤ r ≤ Rf) for the different time on
the typical conditions (see Table 2).

Fig. 12. Concentration profiles of nickel in the emulsion
droplet (0 ≤ r ≤ Rf) on the typical conditions (see Table 2)
for several certain time points (s) (a: 10, b: 40, c: 100, d:
300, e: 500, and f: 900).
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6. Conclusions

The carrier of PC 88A had shown a satisfying
removal ability of the nickel ions. Under typical condi-
tions, the removal of nickel reached 93% in 10 min. A
modified model was presented to describe the nickel
extraction by the ELM. It was assumed that the con-
centrations at the external interface were in dynamic
equilibrium. The mass transfer rate of the nickel ions
in the external feed solution and that of the complexes
at the interface of the emulsion droplet were assumed
to be equal. Various experimental data for the differ-
ent conditions on the removal rate of nickel by the
ELM were numerically simulated. The experimental
results showed that the extraction rate increased with
the increase in the agitation speed and the PC 88A
concentration. However, the extraction rate decreased
with the increase in the initial nickel concentration
and the volume ratio of VIII/VI. The simulation results
revealed that the total average value of the squared
residuals between the experimental data and the
calculated values was less than 0.022, which indicates
that in spite of some approximations made in this
model, the calculated results are in agreements with
the experimental results. The concentration distribu-
tion figures show that the mass transfer rate in the
emulsion droplet was high in the beginning and then
decreased, whereas the stripping rate was low at first
and then increased rapidly. The differences in the rate
of the mass transfer and that of the stripping reaction
became smaller with the delay in the extraction time
and this resulted in the final equilibrium.
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Appendix A

In order to simplify the numerical solving process, the
variable of radius (Rf) was separated as n intervals, as
shown in Fig. 1. Thus, the Eqs. (9) and (10) and the
Eq. (13) were transformed into a simple ordinary differen-
tial equation system as follow:

For the Eqs. (9)–(10):

1� u0ð Þ @cBðiÞ
@t

¼ DB;eff
cB iþ1ð Þ � cB i�1ð Þ

iDr2
þ cB iþ1ð Þ � 2cB ið Þ þ cB i�1ð Þ

Dr2

� �

þ 3
S0

ðVI þ VIIÞð1� bÞ3 kscCðiÞ

(A.1)

1� u0ð Þ @cCðiÞ
@t

¼

DC;eff
cC iþ1ð Þ � cC i�1ð Þ

iDr2
þ cC iþ1ð Þ � 2cC ið Þ þ cC i�1ð Þ

Dr2

� �

� S0

ðVI þ VIIÞð1� bÞ3 kscCðiÞ

(A.2)

where i ¼ 1; 2; 3; . . .; n� 1, Rf ¼ nDr
For r ¼ 0; i ¼ 0,

1� u0ð Þ @cBð0Þ
@t

¼ DB;eff 3
2cBð1Þ � 2cBð0Þ

Dr2

� �

þ 3
S0

ðVI þ VIIÞð1� bÞ3 kscCð0Þ (A.3)

1� u0ð Þ @cCð0Þ
@t

¼ DC;eff 3
2cCð1Þ � 2cCð0Þ

Dr2

� �

� S0

ðVI þ VIIÞð1� bÞ3 kscCð0Þ (A.4)

For r ¼ Rf ; i ¼ n,

@cBðnÞ
@t

¼ DB;eff

Dr2ð1� u0Þ
ð1þ 1

n
Þð 2kBDr�DB;eff

ðcB nð Þ � cB IIð Þ;intÞÞ þ 2cBðn�1Þ � 2cB nð Þ

� �

þ 3
S0

ðVI þ VIIÞð1� bÞ3 kscCðnÞ
(A.5)

@cCðnÞ
@t

¼ DC;eff

Dr2ð1� u0Þ 1þ 1

n

� �
2kC Dr
DC;eff

cCðIIÞ;int � cCðnÞ
� �� ��

þ 2cCðn�1Þ � 2cC nð Þ

�
� S0

ðVI þ VIIÞð1� bÞ3 kscCðnÞ
(A.6)

For the Eq. (13):

VI

dcNi2þðiÞ
dt

¼ S0kscCðiÞ (A.7)

where i ¼ 0; 1; 2; 3; . . .; n.
As shown in the Eqs. (A.1)–(7), the Eq. (8), the Eqs.

(19) and (20), and the Eq. (5), the partial differential
equations with the initial and the boundary conditions
were transformed into 3(n + 1) + 1 ordinary differential
equations with 3(n + 1) + 1 unknowns, which was solved
by calling an internal function called ODE23S in the
MATLAB based on the Runge–Kutta method.
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