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Modeling on the Counteractive Facilitated
Transport of Co in Co—Ni Mixtures by Hollow-Fiber
Supported Liquid Membrane

Jinki Jeong,* Jae-Chun Lee, and Wonbaek Kim

Minerals and Materials Processing Division, Korea Institute of
Geoscience and Mineral Resources (KIGAM), Yuseong-Ku,
Daejeon, Korea

ABSTRACT

The separation of cobalt from mixed solutions of cobalt and nickel sulfate
through the hollow-fiber supported liquid membrane using 2-ethylhexyl-
phosphonic acid mono-2 ethylhexyl ester as a carrier has been studied. A
mathematical model was developed to analyze the permeation of cobalt in
the competitive permeation of cobalt and nickel. The model was based on
the continuity equation and considered not only the cotransport of cobalt
and nickel, but also the counter-transport of hydrogen ions. The
concentrations in the stripping solution were taken into account in the
model as well as the concentrations in feed solution and liquid membrane.
The experimental results were in good agreement with the model.
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Key Words: Model; Hollow fiber; Supported liquid membrane; Metal
separation; Cobalt; Nickel.

INTRODUCTION

Development of a mathematical model is a necessity for the elucidation of
supported liquid membrane (SLM) transport mechanisms. The model should
be able to predict and optimize the practical separation processes using SLM.
Even though the hollow-fiber supported liquid membrane (HFSLM) is
expected to be one of the most promising candidates for future commercial
applications, there have been only few attempts to model the system. In earlier
studies, the models were analyzed by the stagnant-film theory which was
applied for flat-sheets SLM (FTSLM) considering simply the shape as a
cylinder.! =3

However, the film theory applies only to the case of turbulent flow. Since
the nature of hollow-fiber modules does not allow turbulent flow of the feed or
the strip solutions and the resultant flow is laminar, the film theory should not
be applied to this case. Therefore, a model was suggested to analyze the
system by the continuity mass-conservation equation, including the flow and
the diffusion inside the fiber wall."*> In most cases the same governing
equation and system are used, but the analytical method and model are
determined by the boundary conditions. Among the boundary conditions, the
calculation of concentration at the interface is the most important parameter in
this system. Generally, the boundary conditions were simplified, comprising
several parameters to solve the system as a whole.

Kim et al."*! performed a mathematical modeling by transforming a partial
differential equation to an ordinary differential equation using a symmetrical
orthogonal-collocation method. The concentration gradient was defined as the
concentration difference between the feed and strip solution. The boundary
conditions were further simplified by introducing facilitated coefficient and
countertransfer coefficient. Urtiaga et al.”! has analyzed the concentration at
the interface by Leveque’s approximation solution, assuming that the concen-
tration at the wall is uniform when the mass transport is high in a short fiber.

None of the previous models considered the diffusion resistance of
hydrogen ions at the interface between the feed solution and liquid
membrane.!' ~>! In most cases, the diffusion resistance of hydrogen ions was
ignored since the size of a hydrogen ion is much smaller than that of metal ions.
The diffusion resistance for hydrogen ions should, however, be included to
extend the applicability of the model to high metal-concentration regimes.
Generally, the conditions of strip side were not taken into account except for
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few studies where the simple reaction of complex formation was used. This is
because the concentration of hydrogen ions is high in the strip solution, and
thus, the transport of metal ions is not affected by the conditions in the strip
solution. However, since excessive supply of hydrogen ions results in
unnecessary cost, it is favorable to determine the optimum hydrogen-ion ranges.

In this study, a mathematical model was developed for the permeation of
cobalt from mixed solutions of cobalt and nickel sulfate through the HFSLM
using 2-ethylhexylphosphonic acid mono-2 ethylhexyl ester [HEH(EHP)] as
a carrier. The model includes the countertransport of hydrogen ions.
The conditions of the stripping solution were considered in the model as well
as the conditions of the feed solutions. In this model, the concentrations at the
interface calculated from the concentration gradient of the carrier and metal
ions in the liquid membrane were compared with those calculated from the
permeation rate at the interface between the feed solution and the liquid
membrane. The procedure was repeated to obtain the concentrations at the
interface, which satisfies all constituents in the system. To complete the
mathematical description of the model, the governing equation was expressed
in finite difference form. As an independent variable has open ranges, this
equation was solved using step-by-step methods for initial value problems.'®

MODELING OF HOLLOW-FIBER SUPPORTED MEMBRANE

The steps that characterize the transport of cobalt and nickel through the
liquid membrane are described as follows:!-"*

e The free metallic species, after being transported to the interface
between the feed solution and the liquid membrane, react with the
carrier.

e The metal—carrier complexes diffuse through the organic phase of
the liquid membrane.

e At the interface between the liquid membrane and the stripping
solution, the metal —carrier complex liberates the metal ions to the
aqueous phase, exchanging them for hydrogen ions.

e The uncomplexed carrier travels back through the liquid membrane.

To formulate the model, the following assumptions were made:

e The feed and strip solutions are Newtonian fluid.
e The feed solution enters the membrane lumens in fully developed
laminar flow."-'"!
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The concentration profile of feed solution in the lumens is
developing.!'"!

Axial diffusion is negligible compared to axial convection. [This
assumption is valid when the Peclet number is greater than 100t '],
The metal species diffuse in the organic medium only as metal—
carrier complex.

Cobalt and nickel ions do not interfere with each other in transport.
The formation of complex at the interface is a parallel reaction for
cobalt and nickel.

The solubility of the carrier in the aqueous phase is negligible, and
thus, its concentration in the membrane remains constant.
Chemical reactions between the metal species and the carrier are
instantaneous.

The counterdiffusion of the free carrier in the membrane is not rate-
determining and is ignored in the steady-state membrane flux.

The reaction for complex formation at the interface is described as

follows by Komasawa,[lz] Preston,[]3] and Newman et al.:['¥

Co?* +2(HR), < CoR,(HR), + 2H*

Ni** + 3(HR),  NiR,(HR), +2H*

where (HR), represents the HEH(EHP) dimer.

Commercial hollow-fiber devices normally contain a bundle of many
hollow fibers. It is assumed that the conditions in a single fiber are identical
and independent of each other. Figure 1 shows a schematic drawing of the
single hollow-fiber system.

Strip Phase

- : 7]
—h—B\ﬁL;.C_& ?E - Feedphase _ _dn_ == ZJH ’
\ Membrane
z=0 r direction grid point 2=l
membrane thickness §=(r2-r1)
Figure 1. Schematic drawing of a single hollow fiber with counteractive facilitated-

transport mechanism.
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At steady state, the mass-conservation equation and the associated

boundary conditions are given by!'>'°!
aC ,. lac  9*C
a_Z_D/(2v0[l (r/R) ])(;E'Fa?) (D
B.C. 1;
[Colg = [Coln, [Nilg = [Nilgin, [Hlp = [Hlgn
2
at z=0, all r
B.C. 2;
J Jd[Ni a[H
[Colr _ 3Ny _3lHIF _ o i 0 an 2 3)
ar ar ar
B.C.3.atr=rl, all z
dCC(,’F o —_— —_—
~Deo7 = kcos-([CoRy(HR), 1 ; — [CoR2(HR), s ;) “)
dCy; F T T
—Dc¢, o _'1 = kni*s:(INiRy(HR)41r; — [NiR2(HR)4]s ;) (5)
dcC __ —
D g = ks ((HR 1 — (R s, ) ©)

where subscript F represents feed; S, strip; i, interface; and in, initial. S is
shape factor and expressed as s = [r2 — r1)/(r1*log(r2/r1)] (4). k is the mass-
transfer coefficient in the membrane and written as k = De/(r2 — rl).

The supplementary equations for the calculation of concentrations of
cobalt, nickel, and hydrogen ions satisfying boundary condition 3 are:

S.E. 1. The interfacial reaction is so fast that the local chemical
equilibrium is maintained. The equilibrium relationships at both interface of
the membrane are given as:

- Kco'[Colp - [(HR), )% ;
[CORz(HR)z]F,' _ co'l O]F, 2[( )2]1:,, atr = 1l @
’ [H];

. Kni-[Nilp +[(HR), 13 .
[NiR,(HR), 1; = wNr, £( Rlri ey = 8)
’ (H]F,
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Kco'[Cols - [(HR), 13,
[H1;,

[CoR>(HR), s, = r=r2 ®

Kyi[Nils, [(HR) 13,

[NiR>(HR)4]s,; = [T,

r=r2 (10)

S.E. 2. Mutual relationship between metal —carrier complexes in liquid
membrane is expressed as follows:

kur([(HR),1s; — [(HR):1F i) = 2kco [CoR2(HR) 1F

+ 3kpi-[NiRy(HR)41F ; (1)

S.E. 3. Total concentration of the carrier is conserved because the
dissolution of carrier in the aqueous phase is negligible.

- 2 wr([(HR);] + 2[CoR,(HR);) + 3[NiRy(HR) ))dr -
2 s :?2777 dr

where [HR ];,: initial concentration of carrier

To our knowledge an analytical solution to Eqs. (1)—(6) is not available
since the third boundary condition is coupled with Egs. (7)—(10) and
nonlinear. Instead, we adopted a finite difference scheme using a step-by-step
method for the initial value problem.®!

EXPERIMENTAL

PC88A from Daihachi Chemical Industry Co. was used as a carrier
without further purification. Commercial EP grade kerosene from Junsei
Chemical Co. was used as diluent. The hollow-fiber module was made by
Hoechst Celanese Co. The specifications of the liquid membrane supporter
are: Liqui-Cel; polypropylene; 3600 fibers; fiber length, 16 cm; fiber 1.D.,
24 Mmz, total surface area, 0.4 m>; fiber-wall thickness, 30 pm; porosity, 30%.
The HFSLM was prepared by flowing the organic solution through the tube
side of fibers and soaking the microporous fiber walls for at least 30 min.
The liquid membrane solutions were prepared by diluting the carrier in
the kerosene at a predetermined weight ratio. The cobalt and nickel sulfate
solutions were used as feed solution after adjusting acidity by adding NaOH or
H,S0,. The stripping solution was 3N sulfuric acid throughout the experiment.



10: 23 25 January 2011

Downl oaded At:

Mﬁlil MARCEL DEKKER, INC. ¢ 270 MADISON AVENUE « NEW YORK, NY 10016

™

©2003 Marcel Dekker, Inc. All rights reserved. This material may not be used or reproduced in any form without the express written permission of Marcel Dekker, Inc.

Counteractive Facilitated Transport of Co in Co—Ni Mixtures 505

The feed and stripping solutions passed through the tube side and shell side of
fibers, respectively. The concentrations of metal ions in the aqueous phase
were measured by the inductively coupled plasma-atomic emission
spectrometry (ICP-AES, JOBIN YVON, JY 38+ ). The schematic diagram
for the separation of cobalt and nickel ions by HFSLMs is presented in our
previous study.**

RESULTS AND DISCUSSION
Determination of Parameters for the Model

Since mass transfer in a hollow fiber occurs only by diffusion due to
laminar flow, the diffusion coefficient is required to calculate the
concentration of metal ions at the interface. The diffusivity of cobalt ion
and nickel ion obtained by Danesi et al.!'”! was used in the calculation. The
diffusivity of a free hydrogen ion was calculated using the Nernst—Haskell
equation.'"®®! This value was similar to that obtained by adjusting the
diffusivity of the hydrogen ion of hydrochloric acid in water to the diffusivity
of sulfuric acid with the heavier molecules.!*"’

The extraction equilibrium constant of cobalt (Kc,) and nickel (Ky;) by
HEH(EHP) was cited from the experimental results of Komasawa et al.l?!
The effective diffusivity of the cobalt—carrier complex in the membrane phase
(Deco) was determined by adjusting the model to the permeation rates, which
was obtained in experiments conducted as a function of pH, flow rate, and
concentration of cobalt and nickel in the feed solution.

The Wilke—Chang equation, which is well known for its usefulness in the
calculation of diffusivity, is reported to exhibit large deviations for organic
solvents.”°! Therefore, the Stokes—Einstein equation, which is known to be
more suitable for the diffusion of heavier molecules, was used instead.!"®! The
effective diffusivity of the nickel—carrier complex in the membrane phase
(Den;) was estimated by applying the Stokes—Einstein equation to that of the
cobalt—carrier complex in the membrane phase (Dec).

The parameters used for the model calculations are listed in Table 1.

Evaluation of the Model

Figures 2, 3, and 4 show the comparison of permeation rates obtained in
experiments and model prediction. It is believed that the deviation might be
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Table 1. Parameters used for the HFSLM model calculation.

Dco 6.9x107'° (m*/s) Dni 6.9x107'° (m*/s)
Dec, 6.0x1071 (m%/s) Den; 48x 107" (m*/s)
Kco 34x107° (—) Kni 24%x1071° (m*/mole)
Dy 26%107° (m*/s) 3 3.0% 1073 (m)

due to the lack of ionic interactions between cobalt, nickel, and carrier in the
model.

Figure 2 shows the effect of the metal ions in the feed solution on the
competitive permeation of cobalt. The model is likely to slightly underpredict
the permeation of cobalt at high metal concentrations, but the prediction for
cobalt is in a fair coincidence with experimental data as can be seen from the
coefficient of determination (r*) of 0.930. Since the extractabilities of cobalt
and nickel from the multicomponent solution are greater than those from the
single-component solution due to the increase in the ionic strength of feed

10 ,
8 |- O -
O
) o)
E
o 6 |
e}
E
o
[&]
> 4 i
8
£
2+ .
O experiments
o —— model prediction
0 | [ j | |

0 50 100 150 200 250
[Co],,[Ni] (mole/m®)

Figure 2. Changes in Co permeation rates with [Co™]g and [NiT?]¢ in HFSLM
(pH = 4.7, flow rate = 1000 ml/min, carrier = 10 wt.%).
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—~ 4L o
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S 2L _
=
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) 1 | -
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B —— model prediction ]
| . 1 1
0.0001 0.001 0.01 0.1 1
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10

Figure 3. Changes in Co permeation rates with [H']z in HFSLM ([Co*?|g,

[Ni*?]g = 17 mol/m?, carrier = 10 wt.%, flow rate = 1000 ml/min)

16 ‘ [

1.4+

1.2 |

1.0

Je, x10° (mole/m?’s)

0.8 |- O experimental |
—— model prediction

0.6 | 1 |

1
200 400 600 800 1000 1200 14

Flow rate (ml/min)

00

Figure4. Changes in Co permeation rates with flow rate in HFSLM ([Co”]p =0.85,

[Ni*?]r = 85 mol/m®, pHg = 6, carrier = 30 wt.%).
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solution, the permeation rates obtained by experiments were higher than those
of model prediction.''* The other reason for the underprediction might be
the aggregation of the metal-HEH(EHP) complexes, which enhances
the permeation for high metal concentrations.!'*2!-%

The effect of the bulk hydrogen concentration in the feed solution on the
permeation rate of cobalt is shown in Fig. 3. The coefficient of determination
is 0.973. At concentration higher than 0.01 mole/m>, the permeation rate of
cobalt increases sharply with the decrease of the hydrogen ion because the
formation of the cobalt—carrier complex at the interface between the feed and
liquid membrane is favored according to the equilibrium relationship.
However, when the hydrogen concentration decreases below about
0.01 mole/m?, it is seen that the permeation rate is limited and the effect of
the hydrogen was negligible. This limitation can easily be understood
considering the saturation of carrier at the interface between the feed solution
and liquid membrane. In a real system, concentrations lower than
0.001 mole/m> is not a good operation condition because cobalt and nickel
hydroxide precipitates begin to form.

Figure 4 shows the effect of flow rate in the feed solution on the
permeation rates of cobalt. It is shown that the permeation rate estimated by
the model is in good agreement, showing coefficient of determination of
0.957. The permeation rate of cobalt increases sharply with the increase of the
flow rate in the feed solution.

Simulation

The concentration profiles of cobalt in lumen of HF were shown in
Figures 5 and 6. It suggests that changes in flow rate affect the concentration
distribution at exit side of the feed solution. Since the flow of the feed solution
is lamina, changes in concentration of cobalt at the interface are not
significant, as shown in Figure 6. At low flow rate, the concentration of cobalt
decreases from the center towards the interface between the feed solution and
liquid membrane. This is because cobalt ions are depleted as they transfer
from the feed solution to the liquid membrane. Meanwhile, the concentration
gradient between the bulk solution and the interface is reduced by
instantaneous compensation of cobalt by the increase in the flow rate. It
was shown that, in short fibers such as HF, the concentration profile becomes
more pronounced as the flow rate decreases. Therefore, the fast flow that
decreases the development of concentration profile is required to enhance
mass-transfer efficiency.
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Z=0 Flow direction =, Z=L

(a) flow rate =500ml/min

| >
)

(b) flow rate =1000ml/min

(c) flow rate =1500ml/min

Figure 5. Concentration profiles of Co in the tube side of HFSLM at various flow
rates.

Figure 7 shows the permeation rate and separation factor of cobalt with
the carrier composition. The separation factor is defined as follows.

+2
Separation factor = M
Ini/INiT21p i
The permeation rate increases with carrier concentration, showing a
maximum, and decreases rather rapidly afterwards. The maximum was shown
at carrier concentrations of about 50—60 wt.%. This result agrees with the data
of Youn et al. using FTSLM."?" The permeation rate increases since cobalt—
carrier complexes are formed more at the interface between the feed solution
and liquid membrane with the increment of carrier concentration. At the same
time, the increase in carrier concentration increases the viscosity of the liquid
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0.8501

0.8500

0.8499

0.8498

0.8497

Concentration of Cobalt (mole/m®)

0.8496

0.8495 ' . L '
0.0 02 04 06 08 1.0
center /R interface
r=0 r=R

Figure 6. Concentration profiles of Co in the feed phase ([Co”]F,
[Ni*?]p = 0.85 mol/m’, pHp = 6.0, carrier = 10 wt.%, flow rate = 280 ml/min).

membrane. This effect retards the diffusion of cobalt—carrier complexes in
liquid membrane and consequently reduces the permeation rate of cobalt.
According to the Stokes—FEinstein equation, the diffusivity is inversely
proportional to the viscosity."'®! The viscosity of HEH(EHP) used as a carrier
increases with its concentration, especially at over 50 wt.%. The complex
formation increases slightly with concentration but the effective diffusion
coefficient decreases rapidly, resulting in the maximum at about 50—60 wt.%.
As a consequence, the rate of complex formation increases with concentration
upto about 50 wt.%, but the effective diffusivity decreases rapidly, showing
the permeation rate maximum at 50-60%. With the increase in carrier, the
separation factor of cobalt continues to decrease. As previously stated, the
cobalt—carrier complexes at the interface increase with carrier concentration.
However, the nickel—carrier complexes at interface increase at the same time,
resulting in the decrease of the separation factor as observed. At
concentrations over 50 wt.%, the separation factor of cobalt does not decrease
further, despite the strong reduction in the permeation rate of cobalt. This is
because the increase in the viscosity of the liquid membrane by the increase in
the carrier concentration limits the permeation of nickel as well as that of
cobalt.
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200
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Sep. factor
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o
”
T

Carrier composition (wt.%)

Figure 7. Effect of carrier composition on the permeation rate and separation factor
of Co ([Co™ g, [Nit?]g= 17mol/m®, pHg= 6.0, carrier = 10wt.%, feed flow
rate = 1000 ml/min).

The permeation rate of cobalt at various flow rates of the feed solution and
carrier concentration is shown in Figure 8. The permeation rate of cobalt
becomes higher as flow rate increases. At above 500 ml/min of the flow rate,
the permeation becomes constant. The permeation rate increases since the
increase of flow rate reduces the mass-transfer resistance in the feed solution.
But the permeation rate of cobalt is determined by the mass-transfer
coefficient in the liquid membrane at higher flow rate where mass transfer
coefficient in the feed solution is much higher than that in the liquid
membrane.

The effect of flow rate of the feed solution and carrier concentration on
the separation factor is shown in Figure 9. At low flow rate, the mass-transfer
coefficient in the feed solution is more important to the controlling step of the
cobalt permeation than that in the liquid membrane. Therefore, the increase
in the flow rate results in the increase of cobalt permeation and, consequently,
in the separation factor. When the flow rate becomes higher than a critical
value, the mass-transfer coefficient in the feed solution is no longer
the controlling step of the cobalt permeation. Instead, the role of mass-transfer
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— - 30Wt%
— — 40 wt%
0.0 | 50 wt%
0 500 1000
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Figure 8. Effect of flow rate on Co permeation rate at various carrier compositions
([Co ™, [Nit?]g = 17 mol/m?, pHg = 6.0).

coefficient in the membrane becomes important, making the separation factor
constant as observed.

Figure 10 shows the variation of metal concentration in feed solution and
strip solution tanks with time. The conditions used were: volume of feed and
strip solution, 1.25 L; carrier concentration, 10%; and initial cobalt and nickel
concentration in feed solution, 17 mol/m>. The permeation rates are observed
to depend on changes in experimental parameters such as flow rate, initial
concentration of metal ions, carrier concentration, and hydrogen-ion
concentration in the feed solution. The rate of decrease in the concentration
in feed solution reduces with time. The active facilitated transport, in which
concentration in feed solution becomes higher than that in strip solution, can
be seen after 80 min in the figure. As time increases, cobalt ions are depleted in
the feed solution. The depletion of cobalt induces the formation of nickel—
carrier complexes, resulting in the increase of the nickel concentration in strip
solution. Therefore, the permeation time should be determined considering the
recovery rate and purity of cobalt recovered.

Figure 11 shows the effect of operation time on the recovery and
cumulative selectivity (separation factor) of cobalt at various carrier
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Figure 9. Effect of flow rate on the separation factor of Co at various carrier
compositions ([Co™]g, [Ni*?]r = 17 mol/m?, pHg = 6.0).
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Figure 10. Simulation for the enrichment of Co with time ([Co™ g,
[Ni*2]g = 17 mol/m®, pHg = 6.0, carrier = 10 wt.%, feed flow rate = 1000 ml/min,
feed and receiving volume = 1250 ml).
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Figure 11. Changes in the recovery of Co and cumulative selectivity with time at
various carrier compositions ([Co™g, [Nit?]g = 170 mol/m>, pHg = 6.0, feed flow
rate = 1000 ml/min, feed and receiving volume = 1000 ml).

concentrations. The concentrations of cobalt and nickel in feed solution were
170 mole/m?, respectively. The recovery rate of cobalt increases with time and
carrier concentration while the selectivity decreases. The increase in the
carrier concentration can reduce the operation time for recovering cobalt at the
cost of selectivity. The separation of cobalt took about 1000 min for a
complete recovery at the carrier concentrations of 10 wt.%. The selectivity for
this case is 40 and the purity of cobalt in the strip solution is 97.8%. When the
operation time was reduced to 900 min the recovery rate was about 90% while
the selectivity was 100, suggesting that 99% pure cobalt can be obtained. The
requirement for the recovery rate and the purity varies according to individual
processes and Fig. 11 can be used as a guideline to select the optimum
operation conditions for each process.

CONCLUSIONS

A mathematical model has been developed to analyze the permeation
rates and the separation factor of cobalt and nickel across a hollow-fiber
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supported liquid membrane containing HEH (EHP) as a carrier and tested
using experimental data. The effects of experimental parameters on the
permeation characteristic of cobalt was in good agreement with the model
prediction. At concentration higher than 0.01 mole/m?, the permeation rate of
cobalt increases sharply with the decrease of the hydrogen ion. However,
when the hydrogen concentration decreases below 0.01mole/m®, the
permeation rate is limited and the effect of the hydrogen was negligible.
The permeation rate increases with carrier concentration, showing a maximum
at 50—-60 wt.% of the carrier concentration and decreases afterwards. High
carrier concentration retards the diffusion of cobalt in liquid membrane due to
the increase of viscosity and, consequently, reduces the permeation rate.
The permeation rate of cobalt is determined by the mass-transfer coefficient
in the liquid membrane at higher flow rate where the mass-transfer coefficient
in the feed solution is much higher than that in the liquid membrane.
The recovery rate of cobalt increases with time and carrier concentration while
the selectivity decreases. The increase in the carrier concentration can reduce
the operation time for recovering cobalt at the cost of selectivity.

The overall transport characteristics of cobalt and nickel through hollow-
fiber supported liquid membrane were understood and extended to the
commercial scale. It is expected that the model could be applied to the
separation of other metal ions by changing a few parameters such as diffusion
coefficient and equilibrium constant, depending on the carrier and metals of
interest.

NOMENCLATURE

C

[CoR, (HR);]
D

De

D €Co

De Ni

[(HR),]

concentration (mole/m3)

cobalt—carrier complex concentration (mole/m3)
diffusion coefficient (m?/s)

effective diffusivity in liquid-membrane phase (m*/s)
De of Co—Carrier complex (m?/s)

De of Ni—Carrier complex (mz/s)

concentration of carrier (mole/m3)

permeation rate (mole/m?s)

extraction equilibrium constant (—)

mass-transfer coefficient in aqueous boundary layer (m/s)
nickel—carrier complex concentration (mole/m3)
coefficient of determination (—)

shape factor (—)

velocity (m/s)
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Greek letters

o membrane thickness, = r2 — r1(m)
Superscripts
— species in organic phase
Subscripts
Co cobalt
F feed phase
H hydrogen
i interface
in initial
Ni nickel
S strip phase
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