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Facilitated Transport of Copper in Bulk Liquid
Membranes Containing LIX 984N

XIAO-JIN YANG and ANTHONY G. FANE*
UNESCO CENTRE FOR MEMBRANE SCIENCE AND TECHNOLOGY
THE UNIVERSITY OF NEW SOUTH WALES
SYDNEY 2052, AUSTRALIA

ABSTRACT

The liquid–liquid extraction of copper (II) using a novel extractant LIX 984N (a
mixture of 5-nonylsalicylaldoxime and 2-hydroxy-5-nonyl-acetophenone oxime) was
carried out. Following the liquid–liquid extraction, coupled uphill transport of cop-
per(II) across a bulk liquid membrane containing LIX 984N as carrier was performed.
The effects of aqueous stirring speed, carrier concentration, and inventory of mem-
brane liquid were investigated. The rate-limiting step for the coupled transport of cop-
per across a bulk liquid membrane was identified.

Key Words. Bulk liquid membrane; Copper; Facilitated transport

INTRODUCTION

Solvent extraction (SX) is a proven unit operation for recovery of a number
of nonferrous metals like copper, nickel, cobalt, zinc, uranium, and various
rare earths. However, as the world’s need for metals increases and the grades
of ores decrease, there is an incentive to find more effective and efficient pu-
rification methods. This includes synthesizing more specific and effective ex-
traction reagents and developing new separation processes for treating the
ores available to us and recycling previously used metals. In the field of ex-
tractant synthesis, Henkel Corporation (formerly General Mills Chemicals,
Inc.) has successfully developed a range of liquid ion-exchange reagents such
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as LIX and Alamine for the recovery of copper, nickel, uranium, vanadium,
molybdenum, etc. (1). They have recently introduced a new product LIX
984N, which is a 1:1 volume blend of LIX 860N and LIX 84N in a high flash
point kerosene. LIX 984N is a stronger extractant than LIX 84 and will extract
copper from a lower pH solution. The maximum loading capacity under stan-
dard tests for a 10% v/v solution in kerosene has been claimed to be 4.3 g/L
Cu for LIX 84 and 5.1–5.4 g/L Cu for the new LIX 984N, compared to 3.15
g/L Cu for LIX 64N (2).

In terms of new separation process development, liquid membranes 
have great potential, especially in cases where solute concentrations are 
relatively low and other techniques cannot be applied efficiently. The 
transport of metals across liquid membranes is generally considered as a 
combination of extraction and stripping processes. The extraction 
chemistry is basically the same as that found in liquid–liquid extraction, 
but the transport process is governed by kinetic rather than equilibrium 
parameters, that is, under nonequilibrium mass transfer. Generally there 
are three basic types of liquid membrane, the bulk liquid membrane 
(BLM), the emulsion liquid membrane (ELM), and the supported liquid 
membrane (SLM). The latter two types of liquid membrane have been 
studied extensively from both fundamental and technological points of 
view. Several investigations on the transport and recovery of copper by 
ELMs (3–6) and SLMs (7–11) have been published, and there are some 
reports on pilot-scale uses of ELM for the recovery of copper from dilute 
mine solutions (12, 13). The main drawback of these two liquid 
membrane processes is the limited membrane stability. Bulk liquid 
membranes appear to be the most easily operated because their configuration
is simple, and they provide reproducible experimental data without 
difficulty and instability. They are often used to study the transport properties
of novel carriers (14). Although the BLM configurations employed by 
various workers (15–28) are not completely the same, the principle is similar.
Szpakowska et al. (16, 17) investigated the rate-limiting step and membrane
material effect for copper transport by a bulk liquid membrane containing
Acorga 5100 (5-nonylsalicylaldoxime, corresponding to LIX 860N), and
Lazarova et al. (21) studied the kinetics and mechanism of copper transfer by
a bulk liquid membrane containing LIX 860. No data have been reported on
the application of the new extractant LIX 984N as a carrier for metal transport
in the liquid membrane process. In this study a novel but simple transport cell
for bulk liquid membrane operation was used, as shown in Fig. 1. The data ob-
tained provide fundamental information on the kinetics of coupled transport
of Cu(II) by LIX 984N and for the design of other liquid membrane transport
processes.
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THEORETICAL

Solvent Extraction Equilibrium

LIX 984N reagent, a mixture of 5-nonylsalicylaldoxime and 2-hydroxy-5-
nonyl-acetophenone oxime, can form water-insoluble complexes with Cu21

cations, which are assumed to occur according to

Cu21 1 }
2 1

2

n
} (

–
HR)2 ⇔–––

CuR2 (HR)n 1 2H1 (1)

where n is the number of additionally solvated molecules of extractant acid,
(HR)2 is the dimer of the acidic extractant molecule, and an overbar refers to
the organic phase. The equilibrium constant for the extraction reaction is given
by

Kex 5 (2)

The distribution ratio of Cu21, D, is commonly written as

D 5 [
–
Cu]T/[Cu]T (3)

where the subscript T denotes total value (all forms) at equilibrium. If the
aqueous complexations of Cu21 and SO4

22 are assumed to be negligible and
only a single complex of the type CwuwRw2ww(wHwRw)wnw is formed in the organic phase,
the distribution ratio (D) can be expressed by

D 5}
[
–

[C

–

u21]

–
CuR2 (HR)n]

} (4)

From Eqs. (2) and (4) we have

log(D[H1]2) 5 log Kex 1 log[
––

(HR)2](21n)/2 (5a)

[
–––
CuR2 (HR)n ][H1]2

}}}
[Cu21][

––
(HR)2](21n)/2
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FIG. 1 Schematic of experimental setup. The inner dimensions of the transport cell: 150 mm
long 3 60 mm wide 3 95 mm deep with an impermeable barrier of 60 mm height.
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or

log D 5 2pH 1 log Kex 1 log[
–––

(HR)2](21n)/2 (5b)

The above equation provides a relationship between the number of solvated
extractant molecules (n) and the extraction equilibrium constant (Kex). As in-
dicated in Eq. (5a), a log-log plot of D[H1]2 vs [(HR)2] would give a straight
line with a slope of (2 1 n)/2 and an intercept of log Kex. The composition of
the extracted species and the equilibrium constant can thus be determined.

Transport Model for a Bulk Liquid Membrane

The mechanism of Cu21 transport across a bulk liquid membrane (BLM) is
illustrated in Fig. 2. The concentration profiles of the species across the liquid
membrane are shown in Fig. 3. It is generally accepted that the following ele-
mentary steps are involved in the transport process (cf. Fig. 3).

(1) Diffusion of copper ions from the bulk of the aqueous feed phase (F) to
the aqueous stagnant layer of the feed phase. The flux in this step is given
by

Jfi 5 kfi ([Cu21]f 2 [Cu21] fi ) 5 kfi(xf 2 xfi ) (6)

(2) Diffusion of the carrier HR from the bulk of the organic phase (mem-
brane phase) to the feed/membrane (f/m) interface.

1876 YANG AND FANE

FIG. 2 Mechanism of Cu21 transport across liquid membrane. 1: Diffusion of Cu21 from the
bulk feed solution to the feed/membrane phase interface; 2: extraction; 3: diffusion of
Cu21–LIX 984N complex in the membrane phase; 4: stripping; 5: diffusion of Cu21 from the

membrane/stripping interface to the bulk stripping phase; 6: backdiffusion of the free carrier.
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(3) Complexation of Cu21 ion with the carrier at the f/m interface is given
by

Je 5 Ke([Cu21]fi 2 [
–––
CuR2 (HR)m]fi 5 Ke(yfi 2 xfi ) (7)

(4) Diffusion of the Cu–carrier complex from the f/m interface into the bulk
organic phase across the organic film, given by

Jfm 5 kfm(yfi 2 yfm) (8)

(5) Diffusion of the Cu21–carrier complex through the bulk organic phase,
given by

Jm 5 km([
–––
CuR2 (HR)n ]fm 2 [

–––
CuR2 (HR)n ]ms) 5 km(yfm 2 yms) (9)

(6) Diffusion of complexes from the bulk of the organic phase to the mem-
brane/stripping phase (m/s) interface:

Jms 5 kms (yms 2 ysi) (10)

(7) Diffusion of H1 from the bulk of the stripping phase toward the m/s in-
terface.

(8) Decomplexation of Cu21 ions at the m/s interface:

Js 5 Ks(zsi 2 ysi) (11)

TRANSPORT OF COPPER IN BULK LIQUID MEMBRANES 1877

FIG. 3 Concentration profiles of the species across the liquid membrane containing LIX 984N
as a mobile carrier depicting the transport model.
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(9) Diffusion of Cu21 ions from the m/s interface to the bulk of the stripping
phase across the stripping interface film:

Jsi 5 ksi(zsi 2 zs) (12)

(10) Backdiffusion of the regenerated carrier molecules across the organic
phase.

With the recycling of the above steps, Cu21 ions can be transferred against
their concentration gradient between the feed and stripping phases and con-
centrated in the stripping phase. It is obvious that the bulk of the organic phase
located over both aqueous phases (see Fig. 1) acts as a liquid membrane.
Therefore, this transfer process could be called a bulk liquid membrane
(BLM) process.

At steady state the following equality holds:

Jfi 5 Je 5 Jfm 5 Jm 5 Jms 5 Js 5 Jsi (13)

In the description of the transport process, the following assumptions are
made.

(1) The chemical reaction between the copper ions and the oxime molecules
occurs at the interface or in the aqueous layers adjacent to both sides of
the intermediate membrane phase,

(2) The resistance of the diffusion of H1 ions in both aqueous mass transfer
boundary layers is negligible.

(3) Hydrogen ion diffusion in both aqueous phases is much faster than cop-
per ion diffusion from the reaction zones (interface) into the aqueous lay-
ers. The same holds for carrier diffusion in the membrane phase with re-
spect to copper-complex diffusion in the same phase.

(4) The diffusion processes are described by Fick’s diffusion processes
equations.

Based on these assumptions, the Diffusion Steps (2), (4), (7), and (9) will
have no influence on the transport kinetics. Among the other steps, one or
more of them will play an important role in the transport rate. Among the dif-
fusion steps taking place in the membrane phase, the slowest one probably in-
volves the diffusion of the metal–carrier complex. This is because the mem-
brane phase in our system is not stirred and also because of the greater size of
the diffusing metal–carrier complex. Therefore, identification of the rate-de-
termining step has focused on whether the formation/decomposition (Steps 3
and 8) of the complex or its diffusion (Steps 5 and 6) is the slowest step in the
transport process.
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EXPERIMENTAL

Reagents and Materials

The reagents used were copper(II) sulfate pentahydrate (AJAX Chemicals,
Australia, analytical grade) and LIX 984N (kindly supplied by Henkel, Aus-
tralia) which is a 1:1 volume blend of LIX 860N (5-nonylsalicylaldoxime) and
LIX 84N (2-hydroxy-5-nonyl-acetophenome oxime) in a high flash point
kerosene. The product is approximately 50% oxime and 50% kerosene.
Kerosene (Aldrich, d 0.800, n 1.4420, bp 175–325°C for laboratory use only)
and sulfuric acid (AJAX Chemicals, Australia), 98% 1.84 g/mL 25°C. All
reagents were used without further purification. Murexide was used as the in-
dicator in the titration method for copper measurement. Aqueous solutions
were made up using Millipore water of 18 MV?cm purity. Dynamic viscosity
of the organic phase was measured with a Brookfield viscometer (LVTDV-II
model, Brookfield Engineering Laboratories, Stoughton, MA, USA) at
24.5°C.

Methods

Solvent Extraction Equilibrium Distribution
Measurements

An aqueous copper solution (25 mL) was shaken with an equal volume of
the organic solution of LIX 984N for 30 minutes on a shaking machine at con-
stant temperature (25 6 1°C). The effect of contact time, equilibrium pH, and
carrier concentration on the equilibrium copper distribution between the or-
ganic and aqueous phases was examined. Samples of the loaded organic phase
(5 mL) were stripped with an equal volume of 2 M H2SO4 by a Maxi-Mix Vor-
tex (Barnstead/Thermolyne Corporation, USA) in a glass tube for 2 minutes.

Coupled Transport Processes

Coupled transport processes were conducted in the apparatus depicted in
Fig. 1 at room temperature (20°C). The inner dimension of the transport cell
was 150 mm long 3 60 mm wide 3 95 mm deep. A barrier of 60 mm height
divided the cell into two compartments. Both feed and stripping solutions
were 220 mL, and they were stirred by magnetic stirrers at the bottom of the
cell (the stirring speed was usually 110 rpm). The dimension of the magnetic
bar with a Telflon coat was Ø7 mm o.d. 3 35 mm long. The feed phase was
an aqueous CuSO4 solution with an initial copper concentration of ca. 2 g/L
and a pH of 2.50. The stripping phase was 2 M H2SO4 solution. The mem-
brane liquid phase was LIX 984N in kerosene at a given volume percentage
concentration. The volume of the membrane phase ranged from 80 to 360 mL.

TRANSPORT OF COPPER IN BULK LIQUID MEMBRANES 1879
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ORDER                        REPRINTS

Both interfaces (feed/membrane and membrane/stripping) were at the same
level and were separated by a barrier above the interface of 8 mm.

The experiments were run for 30–40 hours. Samples (0.5 mL) were taken
from the aqueous phases at regular time intervals, and the copper concentra-
tions in the samples were determined by EDTA titration using murexide as an
indicator or by atomic absorption spectrometry. Each experimental result re-
ported is the arithmetic mean of two or three independent analyses (error ,
6%). The copper concentration in the organic phase was determined by the
method mentioned above after stripping. The mass balances were between 98
and 102% when all solutions (feed, strip, and organic) were analyzed. There-
fore, in most cases the copper concentration in the organic phase was calcu-
lated from the mass balance of copper in the system. The water content of the
membrane liquid phase was determined by the Karl-Fischer method.

Measurement of Mass Transfer Flux across the Interfaces

The effect of process parameters is usually evaluated by the change in the
fluxes Jf/m, Jm/s, and Jm, calculated by

Jf/m 5 2 }
A
V

f/

f

m
} }

d
d
C
t
f

} (14)

Jm/s 5 }
A
V

m

s

/s
} }

d
d
C
t
s

} (15)

Jm 5 }
A
V

o

s
} }

d
d
C
t
s

} (16)

where Jf/m, Jm/s, and Jm are the fluxes across the feed/membrane interface, the
membrane/stripping interface, and the bulk liquid membrane cross section, re-
spectively.

RESULTS AND DISCUSSION

Solvent Extraction Equilibrium
Figure 4 shows the effect of contact time on the extraction at copper con-

centrations of 1 and 10 g/L using 10% v/v LIX 984N as the organic phase un-
der conditions of vigorous shaking. The extraction can reach equilibrium
within a contact time of 30–50 seconds.

The measured equilibrium distribution (D) of copper between the organic
and aqueous phases versus the equilibrium pH of the aqueous phase is shown
in Fig. 5. As was expected from the analysis of the extraction processes, a line
of slope ca. 2 was obtained for the range of concentrations and pH studied.
Therefore, the exchange reaction of Cu21 with H1 proceeds at the ratio of 1:2
according to Eq. (1).

1880 YANG AND FANE
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Figure 6 shows the effect of extractant LIX 984N concentration on the 
percent extraction, distribution ratio, and equilibrium pH value. Because 
LIX 984N is a mixture of LIX 860N and LIX 84N (approximately 50% 
oxime and 50% kerosene), it is difficult to determine the accurate mole 
concentrations of the LIX 984N mixture, and therefore n and Kex cannot be 
determined by Eq. (5a) from the data given in Fig. 6. In the copper(II) 
extraction by LIX 860 (21), n and Kex were measured as 0 and 5.4 3 104, 
respectively. Therefore, it can be assumed that the present system should 
have a similar or higher extraction constant and that the process of copper 
extraction (forward reaction in Eq. 1) is much faster than the stripping 

TRANSPORT OF COPPER IN BULK LIQUID MEMBRANES 1881

FIG. 4 Effect of contact time on the extraction.

FIG. 5 The dependence of distribution coefficient on the aqueous equilibrium pH.
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ORDER                        REPRINTS

process (the reverse reaction) at pH 2.5 before equilibrium is reached. The ef-
fect of contact time on the stripping rate is shown in Fig. 7. With vigorous
shaking the backextraction can reach equilibrium within 50 seconds (com-
pared with ca. 30 seconds for extraction, see Fig. 4). Therefore, the extraction
and stripping reactions of Cu21 with LIX 984N can be regarded as fast reac-
tions under the conditions studied.

1882 YANG AND FANE

FIG. 6 Effect of LIX 984N concentration on the copper extraction and the equilibrium pH
value.

FIG. 7 Effect of contact time on the stripping rate of loaded organic phase.
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Copper Transport across Bulk Liquid Membranes

Figure 8 depicts the typical changes in copper concentration in the three liq-
uid phases (feed, membrane, and stripping) as a function of time. It can be
seen that copper concentration in the feed phase decreased quickly in the ini-
tial stage (about 2 hours) and then decreased gradually. In the initial stage the
copper concentration of the membrane phase increased rapidly, while there
was no apparent change in copper concentration in the stripping phase. From
5 to 17 hours the slopes of the transport curves for the feed and stripping
phases were almost constant, indicating that during this period the copper
transport reached steady, or at least quasi-steady state, that is, Jf/m 5 Jm 5
Jm/s. Thus, at the beginning of operation there was no loading for the mem-
brane liquid phase, so the copper could be transferred quickly from the feed
into the membrane phase. Subsequently, the increase in loading of the mem-
brane phase and decrease in copper concentration in the feed solution caused
a decrease in the copper transfer rate. However, the simultaneous stripping
process removed copper from the membrane phase and, as a result, the over-
all transfer rate did not continue to decrease significantly. This is the advan-
tage of liquid membrane processes, which circumvents the usual equilibrium
limitation of solvent extraction. In other words, the extraction equilibrium
limitation between the feed phase and the organic phase is eliminated because
of the backdiffusion of regenerated carrier. This characteristic is called
nonequilibrium mass transfer, the most important feature of liquid membrane
processes. This coupled liquid membrane process for metal extraction in-

TRANSPORT OF COPPER IN BULK LIQUID MEMBRANES 1883

FIG. 8 Copper concentration changes as a function of time in the bulk liquid membrane
process.
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volves concurrent extraction and stripping in a single stage rather than the two
separate stages required by conventional solvent extraction. By concurrent ex-
traction and stripping, the system drives the extraction equilibrium, as shown
by Eq. (1), to the right by removal of the complexed ions as they are formed.
This removes the equilibrium limitation inherent in the conventional extrac-
tion methods, resulting in the use of a much lower concentration of complex-
ing agent in the membrane phase than in a solvent extraction process for the
same separation.

It is well known that hydrodynamic conditions play an important role in
mass transfer from one phase to another phase through the interface in liq-
uid–liquid extraction, especially in the case where diffusion is the controlling
step. In order to examine the effect of hydrodynamics on copper ion transfer,
experiments were carried out over the 60–145 rpm range. The results are il-
lustrated in Fig. 9, which plots initial flux versus stirring speed. The transfer
rate at the feed/membrane interface shows a reasonably linear dependence in
the 60–145 rpm range, whereas at the membrane/stripping interface the trans-
fer rate is lower and not affected by the stirring speed until 110 rpm. It should
be noted that when the stirring speed was higher than 150 rpm, the hydrody-
namic stability of the two interfaces was affected significantly and drops of
emulsion were observed in both aqueous phases. In this case the initial per-
meation rate (mol/s) was used rather than flux to describe the transfer rate and
is plotted versus the stirring speed in Fig. 10. It can be seen that under higher
stirring speed the transfer rate increased very rapidly. At a stirring speed of
300 rpm, the copper transport from the feed to the strip can be completed
within 5 hours, whereas it needs about 40 hours at 110 rpm. This is mainly at-
tributed to the changed hydrodynamic conditions and the increase in contact
area between the aqueous and membrane phases. It should be noted that the

1884 YANG AND FANE

FIG. 9 Effect of stirring speed on the copper transfer rate.
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stirring speed could not exceed 330 or the aqueous drops of the feed and strip-
ping solutions would communicate with each other.

The effect of the extractant LIX 984N concentration on the mass flux is pre-
sented in Fig. 11. On increasing the carrier concentration, fluxes through the
two interfaces increased. The fluxes increased linearly with carrier concentra-
tion between 0 and 10%, but at a slower rate for higher than 10%. This might
be attributed to the viscosity increase at higher carrier concentration. The dy-
namic viscosity of LIX 984N is typically 60.1 cP (error 12%), and that of
kerosene is 2.15 cP (error 4.2%). Consequently the viscosity of the mixture

TRANSPORT OF COPPER IN BULK LIQUID MEMBRANES 1885

FIG. 10 Dependence of permeation rate on the stirring speed.

FIG. 11 Effect of the carrier concentration on the mass transfer fluxes across the interfaces.

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



ORDER                        REPRINTS

would be expected to be increased with an increase in LIX concentration. A
similar phenomenon has been found for supported liquid membranes and
emulsion liquid membranes (9–12). However, the slower rate at higher carrier
concentration could signify a shift toward less membrane transport control.

Copper concentrations in the membrane phase both above the feed cell and
stripping cell were determined, and it was found that the concentration differ-
ence was only about 0.02 g/L at the quasi-steady state (5–17 hours). There-
fore, it can be concluded that diffusion in the membrane is not the controlling
step, so it is not necessary to stir the membrane phase. In all the BLM config-
urations reported in the literature (15–28), the membrane phase was stirred.
This could have caused unspecified hydrodynamic instability of the mem-
brane/aqueous phase interfaces. In the SLM and ELM processes, there is no
moving part for the membrane phase, which is one of the reasons that capital,
operating, and energy consumption costs are low in liquid membrane pro-
cesses. In our system, no water content was detected in the membrane phase
after copper transport (about 40 hours). This agrees with Szpakowska’s bulk
liquid membrane (Acorga P 50 in n-octane) system for copper transport (17),
where water did not penetrate the membrane phase beyond the limits of its sol-
ubility.

Figure 12 shows the effect of inventory of membrane liquid phase on the
mass transfer flux. The inventory of the membrane liquid had no pronounced
influence on the flux through the first interface Jf/m, while it did affect the sec-
ond interface Jm/s more significantly. It can be seen that the inventory of the
membrane liquid plays an important role in the overall transport rate of cop-
per. In previous studies on copper transport by bulk liquid membranes

1886 YANG AND FANE

FIG. 12 Effect of inventory of membrane liquid on the mass transfer rate.
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(16–22), there was no investigation of this aspect. The explanation is that the
lower the inventory of the membrane liquid, the more quickly the copper con-
centration in the membrane phase increased, which led to an increase in the
copper–carrier complex concentration in the narrow layers (refer to Fig. 3),
and the stripping rate in turn increased. On the other hand, low organic inven-
tory leading to higher efficiency is one of the features of the liquid membrane
process. It can be deduced that the transfer rate would continue to increase if
the organic inventory is decreased further. However, due to the limitation of
the BLM configuration, it is not feasible to assess this (in the case of a ratio of
0.18, i.e., 80 mL of the membrane phase and 220 mL of the feed and stripping
phases, respectively, the distance between the top of the barrier plate and the
interface of the membrane phase is less than 1 mm). Supported liquid mem-
branes using porous hydrophobic polymer membranes as support have an ad-
vantage in that the organic inventory can be minimized as far as possible, but
with a disadvantage of the limited membrane lifetime, as was mentioned ear-
lier. The transport performance and stability of supported liquid membranes
using porous hydrophobic polymer membranes containing LIX 984N for cop-
per transport has been investigated and the results have been published else-
where (29, 30).

CONCLUSIONS

The uphill transport of copper has been successfully performed using a very
simple transport cell through a bulk liquid membrane containing LIX 984N as
carrier. In the present bulk liquid membrane system, the diffusion of copper
ions from the bulk feed phase to the aqueous/oil interfacial layer is the rate-
limiting step for copper transfer into the membrane. At the interface between
the membrane phase and the stripping phase, the diffusion of Cu–LIX 984N
complexes from the bulk membrane phase to the interfacial layer is the rate-
controlling step. Membrane–stripping interfacial film diffusion is the rate-lim-
iting step among the three diffusion steps (feed–membrane interfacial film dif-
fusion, membrane phase diffusion, and membrane–stripping interfacial film
diffusion) for the overall coupled transport. Therefore, it may be concluded
that among the factors affecting the diffusion of copper, the water film is pre-
dominant in the feed side and the oil film is predominant in the stripping side.
The higher transport efficiency for reduced organic inventory demonstrates a
key feature of liquid membrane processes.

SYMBOL

(HR)2 dimeric form of LIX 984N
A interface area of phases (m2)
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C concentration (mol/L)
D distribution coefficient (—)
J copper flux (mol/m2?s)
Jf/m flux from the feed to the membrane phases (mol/m2?s)
Jm/s flux from the membrane to the stripping phases (mol/m2?s)
k mass transfer coefficient (m/s)
Ke extraction rate constant (—)
Kex equilibrium constant (—)
Ks backextraction rate constant (—)
P permeation rate (mol/s)
t time (s)
V volume (L)
x Cu21 concentration in the feed phase (mol/L)
y Cu21 concentration in the organic membrane phase (mol/L)
z Cu21 concentration in the stripping phase (mol/L)

Subscripts

e extraction
f feed phase
fi feed/membrane phase interface
fm surface between the feed and membrane phases
I interface
m membrane phase
ms surface between the membrane and stripping phase
o organic membrane phase cross section
s stripping phase
si membrane/stripping interface
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