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Abstract

The facilitated transport of copper(II) from nitrate/nitric acid media through a flat-sheet supported liquid membrane (FSSLM) is inves-
tigated, using the commercially available oxime Acorga M5640 as ionophore, as a function of hydrodynamic conditions, concentration of
copper (7.9 × 10−5 to 1.3 × 10−3 M) and H+ (pH 1.0–2.0) and ionic strength in the feed solution, carrier concentration (5–40% v/v) in
the membrane and support characteristics. The performance of the system is also compared using various diluents for the organic phase
and against other available oxime extractants (MOC-55TD, LIX 860 and LIX 622). A model is presented that describes the transport
mechanism, consisting of diffusion through a feed side aqueous diffusion layer, a fast interfacial chemical reaction, and diffusion of
carrier and its metal complex through the organic membrane. The organic membrane diffusional resistance (∆o) and aqueous diffusional
resistance (∆a) were calculated from the proposed model, and their values were 7.6 × 106 and 273 s/cm, respectively. It was observed
that the copper flux across the membrane tends to reach a plateau at high concentration of copper or a low concentration of H+ owing to
carrier saturation within the membrane, and leads to a diffusion-controlled process. The values of the apparent diffusion coefficient (Da

o)
and limiting metal flux (Jlim ) were calculated from the limiting conditions and found to be 2.0 × 10−8 cm2/s and 2.3 × 10−11 mol/cm2 s,
respectively. The values of the bulk diffusion coefficient (Do,b) and diffusion coefficient (Do) calculated from the model were 5.9 × 10−9

and 1.6× 10−9 cm2/s, respectively. The polymeric microporous solid support, Durapore GVHP 04700, was selected throughout the study
as it gave the best performance. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

In 1986, it was questioned about considering supported
liquid membranes (SLMs) as a new technology or a scientific
curiosity [1]. After one and a half decade the supported liquid
membranes techniques in flat-sheet (FSSLM), hollow-fibre
(HFSLM) and spiral wound configurations are taking an un-
questionable position due to their application in the recovery
and separation of metal species from aqueous solutions [2,3].
It is also well worth notice here that expected membrane
sales for 2002 will reached US$ billionaire amounts [4].

The supported liquid membrane consists of an organic
solution containing an extractant or carrier dissolved in a
suitable diluent which impregnates the pores of a porous
polymeric solid support by capillary action. The mem-
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brane formed is clamped between two cells which are
filled with an aqueous source and receiving phase and also
constantly stirred, either mechanically or magnetically, in
order to homogeneize the corresponding solution and to
reduce the thickness of the stagnant aqueous layers. One
claimed advantage of the above configuration is that the
extraction, stripping and regeneration operations are com-
bined in a single stage [5], whereas it was also stated that
from the engineering and practical standpoint, SLMs are
of particular interest because of its stability and simplicity
[6].

Research has been conducted into the types of compounds
that can be used as complexing agents for copper(II) and also
into their applications as carriers. It is often found that the
organic carriers used for membrane permeation of copper(II)
were derivatives of hydroxyoximes, which are widely used
in solvent extraction processing of acidic copper-bearing
solutions [7–21], though that other compounds were also
used [22–29]. In the case of oxime derivatives, little work
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Nomenclature

[Cu]b bulk copper concentration
[Cu]i,TOT total copper concentration at the feed

phase–membrane interface
[Cu]TOT total copper concentration in the feed

phase
[CuR2]i,r CuR2 organic concentration at the

membrane–receiving phase interface
[CuR2]i,s CuR2 organic concentration at the feed

phase–membrane interface
d membrane pore size
da thickness of the aqueous feed boundary

layer
d0 thickness of the membrane
Da average aqueous diffusion coefficient of

the copper-containing species
Do membrane diffusion coefficient of the

copper-containing species
Da

o Apparent diffusion coefficient of the
copper-carrier species

Do,b diffusion coefficient of the copper-
containing species in the bulk organic
phase

J permeability flux
JN normalized flux
P permeability coefficient

Greek letters
∆a transport resistance due to diffusion by the

aqueous feed boundary layer
∆o transport resistance due to diffusion through

the membrane
ε membrane porosity
τ tortuosity of the membrane

has been done to evaluate their performance as carriers for
copper from nitrate/nitric acid media in liquid membrane
studies.

Before scaling-up the flat-sheet solid supported liquid
membrane, either in the form of hollow-fibre or spiral wound
membrane extraction, a theoretical model of the liquid mem-
brane system is needed in order to design and efficient re-
covery process in terms of better stability.

This second part of the investigation presents the kinetic
modeling of active transport of copper(II) using Acorga
M5640 immobilized on microporous hydrophobic supports.
The organic membrane diffusional resistance (∆o) and the
aqueous diffusional resistance (∆a) were calculated from
the proposed model. The influence of hydrodynamic condi-
tions and chemical parameters were investigated in order to
obtain efficient and stable FSSLMs.

2. Experimental

Copper stock solution was prepared by dissolving 5 g of
electrolytic (grade A) copper in nitric acid and diluting to
one liter with distilled water. All the other chemicals used
were of AR grade unless stated otherwise. The extractants
Acorga M5640, MOC-55TD, LIX 860 and LIX 622 were
obtained from their respective manufacturers and were used
as received. Some of their characteristics are presented in
Table 1. Diluents used in the present study were Iberfluid
(CS, Spain), Escaid 100, Solvesso 100 and Exxsol D100
(ExxonMobil Chem. Iberia, Spain) and Cumene (Fluka),
their characteristics are given in Table 2.

2.1. FSSLM preparation and measurements

Batch FSSLM measurements were carried out with
a two-compartment permeation cell that consisted of a
source phase (200 ml) separating from a receiving chamber
(200 ml) by a liquid membrane having an effective mem-
brane area of 11.33 cm2. As it was described elsewhere
[30], solutions of 180 g/l sulphuric acid are suitable for
copper stripping from loaded Acorga M5640-Iberfluid so-
lutions and thus were employed as receiving phase in all
the experimental runs. The source and receiving phases
were mechanically stirred at 1350 min−1 at 20◦C to avoid
concentration polarization conditions at the membrane in-
terfaces and in the bulk of the solutions. Using 1350 min−1,
copper concentrations in the different phases such as center,
corner or near membrane in the FSSLM cell were found
to be reproducible within±8%. Membrane permeabilities
were determined by monitoring the copper concentration
in the feed phase as a function of time by AAS using a
Perkin-Elmer 1100B spectrophotometer. The permeation
coefficient (P) was computed from the following equa-
tion:

ln
Ct

C0
= −A

V
Pt (1)

where V is the volume of the feed phase solution (cm3),
A the effective membrane area (cm2), Ct and C0 the con-
centrations of copper in the feed phase at a given time
and time zero, respectively, andt is the elapsed time
(s).

2.2. Membrane support

The organic membrane phase was prepared by dissolv-
ing the extractant in the diluent to obtain carrier solutions
of various concentrations. The polymeric supports were im-
pregnated with the carrier solutions containing the extractant
by immersion for 24 h, then left to drip for a few seconds
before being placed in the FSSLM cell. The physical char-
acteristics of the microporous supports are summarized in
Table 3.
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Table 1
The extractants used in the FSSLM transport of copper(II) from nitrate/nitric acid media

Trade name Active substance Modifier Manufacturer (former)

Acorga M5640 5-Nonylsalicyl-aldoxime Unknown ester AVECIA (Astra Zeneca)
MOC-55TD 5-Dodecylsalicyl-aldoxime Tridecanol COGNIS (Henkel)
LIX 860 5-Dodecylsalicyl-aldoxime No COGNIS (Henkel)
LIX 622 As LIX 860 Tridecanol COGNIS (Henkel)

Table 2
Characteristics of the diluents used in the FSSLM transport of copper(II) by Acorga M5640

Trade name Aromatics (%) Boiling range (◦C) Flash point (◦C) Density (kg/m3)

Iberfluid <2 210–284 96 785
Escaid 100 20 200–250 78 805
Solvesso 100 >99 162–178 48 901
Exxsol D100 0.9 234–264 99 816
Cumenea 100 153 NA 862

a Data from Handbook of Chemistry and Physics, CRC Press, Boca Rattan.

Table 3
Characteristics and influence of the support used in the FSSLM transport of copper(II) by Acorga M5640

Support Thickness
(�m)

Porosity (%) Tortuositya Pore size
(�m)

J (10−10 mol/cm2 s)b JN

(10−10 mol/cm2 s)

Durapore GVHP04700 125 75 1.67 0.22 5.8 5.8
Durapore HVHP04700 125 75 1.67 0.45 3.6 3.6
Fluoropore FGLP04700 175 70 1.86 0.22 3.1 5.2

a The value was evaluated according to the equationτ = (1+Vp)/(1−Vp), whereVp (=1−ε) is the volume fraction of the polymeric framework [31].
b Source phase: 1.6 × 10−4 M Cu at pH 2.0 ± 0.02; membrane phase: 20% v/v Acorga M5640 in Iberfluid; receiving phase: 180 g/l sulphuric acid.

3. Results and discussion

3.1. Permeation model of copper(II) across FSSLMs

The extraction of copper by Acorga M5640 dissolved in
Iberfluid has been studied and described before [30]. The
extraction equilibrium can be described by

2HRorg + Cu2+
aq � CuR2 org + 2H+

aq (2)

and the equilibrium constant,Kext, is given by

Kext = [CuR2]org[H+]2aq

[HR]2org[Cu2+]aq
(3)

where HR represents the active substance of the extractant.
The mass transfer of copper across the membrane is de-

scribed considering diffusional parameters. The interfacial
flux due to the chemical reaction has not been considered,
as the chemical reactions taking place at the aqueous feed
phase–membrane and membrane–receiving solution inter-
faces are fast, and previous investigations suggest that rapid
chemical reactions can be considered to occur instanta-
neously relative to the diffusion processes [32]. Therefore,
the copper transport rate is determined by the rate of dif-
fusion of copper-containing species through the feed phase
diffusion layer and the rate of diffusion of the CuR2 species

through the membrane. Then, the flux of copper crossing
the membrane may be derived by applying Fick’s first dif-
fusion law to the diffusion layer at the feed phase side and
to the membrane.

The diffusional fluxes in the feed phase boundary layer,
Ja, and in the membrane phase,Jo, can be expressed by the
next equations, where∆a and∆o are diffusional resistances
caused by the feed phase boundary layer and due to diffusion
through the membrane, respectively,

Ja = ∆−1
a ([Cu]TOT − [Cu]i,TOT) (4)

Jo = ∆−1
o ([CuR2]i,s − [CuR2]i,r) (5)

As the distribution coefficient of copper between the mem-
brane and the receiving phase is much lower than that be-
tween the feed phase and the membrane, the concentration
of the metal-extracted complexes in the membrane phase at
the receiving solution side may be negligible compared with
that at the feed solution side. Then Eq. (5) can be written as

Jo = ∆−1
o [CuR2]i,s (6)

If the chemical reaction expressed by Eq. (2) is assumed to
be fast compared to the diffusion rate, local equilibrium at
the interface is reached and concentrations at the interface
are related through Eq. (3). At steady state,J a = J o = J
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and by combination of Eqs. (3), (4) and (6), the following
expression can be obtained:

J = Kext[HR]2org[H
+]−2

aq [Cu]TOT

∆o + ∆aKext[HR]2org[H+]−2
aq

(7)

The permeability coefficient (P = J /[Cu]TOT) is given by

P = Kext[HR]2org[H
+]−2

aq

∆o + ∆aKext[HR]2org[H+]−2
aq

(8)

This expression combines in one equation the equilibrium
and diffusion parameters involved in the copper transport
process from aqueous nitrate/nitric acid media through a
supported liquid membrane using Acorga M5640 as carrier.
Eq. (8) indicates that permeability is a function of the carrier
concentration in the membrane and the pH of the source
phase.

The following parameters were studied to elucidate the
kinetics and mechanism of the permeation of copper us-
ing Acorga M5640 across a FSSLM: (i) stirring speed of
the source phase, (ii) characteristics of the support material,
(iii) pH of the feed phase, (iv) carrier concentration in the
membrane, (v) copper concentration in the source phase,
(vi) ionic strength of the source phase, (vii) diluent of the
organic phase. Furthermore, the performance of the Acorga
M5640-Ibefluid phase as a carrier has been compared against
other commercially available salicylaldoximes. It was ob-
served that the logarithm of the concentration of copper in
the source solution vary linearly with time, the slope of
the resultant straight line gave the permeability coefficient
(Eq. (1)) from which the flux (J) was calculated according
to the following relationship:

J = [Cu]TOTP (9)

3.2. Influence of stirring speed of the source phase

In order to achieve effective permeation of copper in a
FSSLM system, it is necessary to explore the effect of stir-
ring speed on the permeability coefficient. Diffusional resis-
tances encountered during the transport of a metal ion across
a supported liquid membrane are of two types: (i) the resis-
tance due to the liquid boundary layer and (ii) that due to the
membrane. Indeed, sometimes the magnitude of the bound-
ary layer resistance is comparable to or even greater than
the membrane resistance [33]. In the present work, stirring
of the feed phase was carried out from 600 to 1600 min−1

(Fig. 1). The permeability coefficient increased from 600 to
1200 min−1, and beyond that no appreciable increase in cop-
per permeability is observed. This indicates that the aqueous
boundary layer thickness diminished continuously with in-
creasing stirring speed and that the boundary layer is a mini-
mum above 1200 min−1 for the difference [Cu]b−[Cu]i,TOT,
and the permeability coefficient remains constant in the
range 1200–1400 min−1. At high concentrations of copper
this difference is indistinguishable with respect to [Cu]b,

Fig. 1. Influence of stirring speed on permeability of copper(II) as a
function of P-values. Feed phase: 1.6 × 10−4 M Cu at pH 2.0 ± 0.02;
membrane phase: 20% v/v Acorga M5640 in Iberfluid, Durapore GVHP
04700 support; receiving phase: 180 g/l sulphuric acid.

as the carrier reaches saturation. Therefore, the appearance
of a plateau region does not necessary mean the elimina-
tion of the aqueous diffusion layer, but the resistance due
to it is minimized [34]. Further, a decrease in permeabil-
ity from 1400 min−1 could be due to the high turbulence
caused by stirring, resulting in displacement of carrier from
the membrane pore. Thus, a stirring speed of 1350 min−1 in
the source phase was maintained throughout the subsequent
investigation; in the case of the receiving phase, a stirring
speed of 1300 min−1 was maintained in the experimentation.

3.3. Influence of the support characteristics on the flux

Three membranes (Table 3) with different characteristics
were experimented in the same experimental conditions of
aqueous source and receiving solutions and carrier concen-
trations. In Table 3, the obtained flux values are given, it can
be seen that the best value is obtained when Durapore GVHP
04700 was used as support and, thus, was selected through-
out the study. However, to correct the fact that the diffusion
path is greater than the distance perpendicular to the inter-
face, values of the flux were normalized (JN) to the thick-
ness (d0,GVHP), porosity (εGVHP) and tortuosity (τGVHP) of
the Durapore GVHP 04700 membrane using the following
equation [31,35]:

JN = d0τ

ε

εGVHP

d0,GVHP τGVHP
(10)

About the same flux values were obtained for the Dura-
pore GVHP 04700 and Fluoropore FGLP 04700 supports
(Table 3). In the case of the Durapore HVHP 04700, the dif-
ference found should be attributable to its higher pore size
which makes the carrier more unstable in the membrane and
thus having a lower permeability coefficient than that ob-
tained with the GVHP 04700 support, despiting their same
characteristics (Table 3).
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Fig. 2. Influence of initial pH on permeability of copper(II) as a function
of ln([Cu]t /[Cu]0). Experimental conditions as in Fig. 1.

3.4. Influence of source phase pH

In the present FSSLM system, the pH gradient between
feed and receiving phases is one of the important driving
forces for the permeation of copper. In order to asses the role
of feed phase pH, pH variation studies in the range 1.0–2.0
were carried out. The receiving phase consisted of 180 g/l
sulphuric acid, whereas the concentration of the membrane
carrier was 20% v/v in Iberfluid. It is evident from Fig. 2 that
the permeability of copper increases with an increase in pH
from 1.0 to 2.0, although at higher pH it remained unaffected
(not shown in figure). Moreover, at low H+ concentration
the diffusion of carrier through the membrane becomes rate
determining. From Eq. (8), the following two limiting cases
can be derived:

1. at low pH and high carrier concentration, the equation
reduces to

P = Kext[HR]2org[H
+]−2

aq

∆o
(11)

2. at high pH and high carrier concentration, the equation
reduces to

P = 1

∆a
(12)

and permeability is independent of pH.

3.5. Influence of carrier concentration on the
permeability of copper

The carrier plays a decissive role in making the FSSLM
system efficient and economically viable. Therefore, it is es-
sential to evaluate the effect of carrier concentration on the
permeability of copper. A supported liquid membrane having
no carrier immobilized on the support results in no transport
of copper. The effect of Acorga M5640 concentration onP

Fig. 3. The influence of Acorga M5640 concentration on copper perme-
ability. Experimental conditions as in Fig. 1.

was study from 5–40% v/v (0.09–0.72 M) in Iberfluid. As
can be seen from Fig. 3, the permeability of copper increases
with carrier concentrations up to 20% v/v and then decreases.
The maximum limiting permeability (Plim ) could be ex-
plained by assuming that diffusion in the organic membrane
is negligible compared with the term accounting for aqueous
diffusion in Eq. (4) and the permeation process is controlled
by diffusion in the stagnant film of the source phase (Plim =
1/∆a = 3.7 × 10−3 cm/s). The recovery of copper exceeds
97% at 20% v/v Acorga M5640 concentration in the mem-
brane phase, thus, this concentration was selected through-
out the study. Assuming that the carrier concentration in the
membrane phase is constant, the next equation can be used
to determine the apparent diffusion coefficient of copper
[36]

Da
o = Jd0

[HR]
(13)

The value ofDa
o was calculated to be 2.0× 10−8 cm2/s tak-

ing the Durapore GHVP 04700 support of thickness 125�m
and using a carrier concentration of 20% v/v. At higher
carrier concentrations (Fig. 3), the decrease of permeabil-
ity can be explained in terms of the increase in solution
viscosity that increases membrane resistance [37].

3.6. Influence of metal concentration on the permeability
of copper

Fig. 4 shows a plot of the initial copper ion flux (J) ver-
sus the concentration of copper ranging from 7.9× 10−5 to
1.3 × 10−3 M in the source phase. At low copper concen-
trations, the average initial flux is a strong function of the
initial concentration in the feed phase. Hence, the perme-
ation process is controlled by diffusion of copper species
in the lower range of metal concentrations. However, be-
yond a certain limiting concentration,J tends to be indepen-
dent of the metal concentration, the most probable reason
for this may be the rate-determining step for the permeation
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Fig. 4. The influence of initial concentration of copper(II) on permeability
flux (J) of the metal. Experimental conditions as in Fig. 1.

process. Under the limiting condition the total concentration
of Acorga M5640 ([HR]) becomes equivalent to [CuR2]org,
and on the basis of the next equation [34]

Jlim = Do[CuR2]org

d0n
(14)

wheren is the stoichiometric coefficient of the reaction. The
value ofJlim is determined to be 2.3 × 10−11 mol/cm2 s.

3.7. Influence of source phase ionic strength on copper
permeation

This study was carried out using an aqueous feed phase
of 1.6×10−4 M Cu and pH 2.0±0.02 which also contained
0.5 M lithium nitrate or no salt, the membrane phase was of
20% v/v Acorga M5640 in Iberfluid, whereas the receiving
solution was of 180 g/l sulphuric acid. The results obtained
shown that there is not apparent influence of the presence
of the nitrate salt on copper permeation coefficient respect
to when no salt is present in the feed phase.

3.8. Evaluation of diffusional parameters

As can be seen from Fig. 5, plotting 1/P as function of
1/AB (whereA = Kext[HR]2org andB = [H+]−2

aq ) for dif-
ferent extractant concentrations at pH 2.0 ± 0.02, gives a
straight line with slope∆o and ordinate∆a. The calcu-
late value of the diffusion coefficient (∆o = d0/Do, d0 =
125�m) was 1.6 × 10−9 cm2/s. The mass transfer coeffi-
cient (∆−1

a ) was calculated to be 3.7 × 10−3 cm/s. In addi-
tion, assumingDa = 10−5 cm2/s [38], the thickness of the
aqueous boundary layer was calculated to be 2.7×10−3 cm,
which is of the same order of magnitude as reported in [39].
The diffusion coefficient of the copper complex in the bulk
organic phase (Do,b) can be evaluated from the diffusivity

Fig. 5. Plot of 1/P vs. 1/AB (see text for details).

(Do) in the membrane with micropores from the relation
[23]

Do,b = Doτ
′ (15)

whereτ ′ = τ2/ε. The value ofDo,b was calculated to be
5.9 × 10−9 cm2/s. It should be noted that in the present
system,Do presents a lower value than that of the bulk
diffusion coefficient or to that of the apparent diffusion co-
efficient, this is attributable to diffusional resistance caused
by microporous thin membrane placed between the feed
and receiving phases.

3.9. Influence of membrane diluent on the permeation of
copper

The liquid membrane diluent is equally an important pa-
rameter to obtain a stable FSSLM, as the characteristics of
the diluent are mainly responsible for the stable liquid mem-
brane phase. The results of copper permeation using various
diluents are presented in Fig. 6. It can be seen that best cop-
per permeation is obtained when Iberfluid (mainly aliphatic)
is used as diluent of the organic phase. However, it seems
that there is not a direct relation between the character of the
diluent (aliphatic versus aromatic) and copper permeation.
The behavior should be better explained taking into account
the various properties of the diluent (i.e. viscosity) as occurs
in many solvent extraction systems [40].

3.10. Copper permeation using salicylaldoximes as
carriers

The performance of the system Acorga M5640-Iberfluid
on copper permeation has been compared against other com-
mercially available salicylaldoximes using the same experi-
mental conditions. Fig. 7 shows the results of this study, it
can be seen that Acorga M5640 gives the best copper per-
meation, whereas with LIX 860 the lowest permeation is
obtained, this should be due to the stronger chelating char-
acter of LIX 860 (with no modifier) against copper and
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Fig. 6. Effect of various diluents on the permeability of copper(II) with
Acorga M5640 as a function of ln([Cu]t /[Cu]0). Experimental conditions
as in Fig. 1.

Fig. 7. Permeation of copper(II) using different salicylaldoximes (20%
v/v in Iberfluid) as carriers. Experimental conditions as in Fig. 1.

respect to that of Acorga M5640, MOC-55TD and LIX 622
(which present a modifier in their composition), resulting
in a more difficult copper strippability. Although the over-
all performance also should be related to other properties of
the carrier solution (i.e. viscosity, which changes membrane
resistance).

4. Conclusions

Of the salicylaldoximes derivatives used as membrane
carriers, Acorga M5640 is the most efficient for copper
transport across a FSSLM under the present experimental
conditions. The transport of copper(II) using Acorga M5640
in Iberfluid under various experimental conditions has been
studied and a mechanism of copper transport considering the
aqueous film diffusion of metal ions, fast chemical reaction

at the interface and diffusion of CuR2 through the membrane
is proposed. A limiting value of 3.7 × 10−3 cm/s for per-
meability is obtained and the transport process is controlled
by the diffusion in the aqueous stagnant film. Mass transfer
coefficients in the membrane and in the aqueous phase are
found to be 1.3 × 10−7 and 3.7 × 10−3 cm/s, respectively.
The membrane stability was evaluated, under the conditions
shown in Fig. 3 (20% v/v Acorga M5640), and good perfor-
mance (P = 3.7 ± 0.2 × 10−3 cm/s) in the metal transport
was observed after 3 cycles of continuous use of the same
membrane.
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