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ABSTRACT

A study has been made on the uphill transport of zinc cations across a multimem-
brane hybrid system (MHS) composed of two ion-exchange membranes (IEM) separ-
ated by a bulk liquid membrane (BLM). The fluxes of the Zn(II)/H countertransport
were investigated as dependent on the composition and structure of ion-exchange
polymer membranes (i), the solvent of a liquid membrane (ii), the feed and strip mem-
brane area ratio (iii), and the pH of the feed solution (iv). The IEMs of various iono-
genic groups (sulfonic acid, carboxylic acid, quaternized amine) and of various struc-
ture (clustered, gelatinous, porous) were examined in the MHS containing the BLM
with di(2-ethylhexyl)phosphoric acid as a carrier of Zn(II) cations. It has been found
that the Zn(II) fluxes are dependent on the properties of both the BLM and polymer
membranes, i.e., on the BLM solvent viscosity (i), the nature and concentration of the
IEM ion-exchange sites (ii), and the IEM thickness (iii). The best results were ob-
tained when using hexane as the BLM solvent and the Nafion-117 membrane (per-
fluorinated polymer, sulfonic acid groups) as the cation-exchange membrane (CEM).
The influence of the area ratio (feed-to-strip interface) has been checked for Af/Ag

equal to 3:1, 1:1, and 1:3. It was found that the asymmetry of the system leads mainly
to some changes in the accumulation of transported species in a liquid membrane
phase.
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ORDER                        REPRINTS

INTRODUCTION

The simplest multimembrane hybrid system (MHS) for ionic species trans-
port is composed of a bulk liquid membrane (BLM) placed between two solid
ion-exchange polymer membranes (IEM) contacted with the aqueous feed and
strip solution. The cation transfer mechanism (see Fig. 1) results from two dif-
ferent processes, i.e., the diffusion coupled with ion-exchange reactions in a
cation-exchange membrane (CEMs), and the countertransport of cations me-
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FIG. 1 Schematic representation of MHS transport mechanism and possible concentration pro-
files of transported species. CEM 5 cation exchange membrane, BLM 5 agitated bulk liquid

membrane.
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diated by the carrier in the BLM. Both processes involve several reaction–dif-
fusion steps presented in Fig. 1 with possible concentration profiles for all
species permeating the MHS [when used for the Zn(II) enrichment in the strip-
ping solution].

It was demonstrated elsewhere that an MHS composed of physically dif-
ferent membranes can be used for the recovery and separation of metal ions
(1, 2) or some carboxylic acids (3). In this paper we report on the active con-
centration of Zn(II) and its dependence on operating conditions and the MHS
composition. Among various metal ions, Zn(II) appears in many waste
streams from hydrometallurgy and surface-treatment industries. Wastewater
polluted by zinc can be purified by using liquid membranes to the level of 0.5
mg Zn/dm3 (8 3 1026 mol/dm3). A typical example (4) is the reduction of
Zn(II) concentration from 0.05 mol/dm3 to some ppm with a simultaneous en-
richment of the stripping solution up to 0.76 mol Zn/dm3. This requires effi-
cient transport of Zn(II) from a diluted to concentrated solution, also called
“uphill” transport or chemical pumping. In general, the coupled transport of
charged species against their concentration difference is mediated by a carrier
and driven by simultaneous downhill transport of another charged solutes pre-
sent excessively in the receiving solution. Some other reaction processes (e.g.,
complexation, association, redox) occurring in the receiving bulk solution and
acting as an additional driving force can amplify the overall effect of active
concentration.

The aim of this work has been to check MHS performance during the con-
centration of Zn(II) ions in the following system:

(feed) ZnSO4 aq soln|MHS|ZnSO4 1 H2SO4 aq soln (strip)

The aqueous solution initially containing metal ions transported by the MHS
is referred to as the feed solution (f). The solution of the same metal concen-
tration, but with added sulfuric acid, is present at the opposite side of the MHS
and used as the strip (or receiving) solution (s). According to the scheme in
Fig. 1, hydrogen ions (pumping ions) balance and drive the flow of Zn(II)
ions. One can expect that transport phenomena in the system are dependent on
the properties of both the IEMs and the BLM used to construct the MHS. The
following features of any IEM may be important for the MHS operation: the
kind and density of ionogenic groups (i), the membrane swelling and thick-
ness (ii), the chemical composition of the membrane backbone (iii), and the
membrane permselectivity (5) necessary to protect the system against sorption
and diffusion of free electrolytes (iv). Regarding the properties of a liquid
membrane, the properties of the carrier and solvent can control the MHS
operation. Specifically important for the MHS are properties such as the abil-
ity of a carrier to transport Zn(II) ions in the wide range of feed pH (v), and
low liquid membrane viscosity and miscibility with water (vi).
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ORDER                        REPRINTS

Moreover, the properties of the MHS and external solutions should be taken
into account to explain basic conditions for the uphill transport. In the simplest
case of the univalent cations (M and H) countertransport, the stationary flux
under diffusion limited conditions is (6, 7)

JM 5 Jmax 3 (1)

where

Jmax 5 }
D
2
[C
lB

]

L

K

M

H
M

} (2)

In Eqs. (1) and (2), lBLM denotes the thickness of diffusion layers in the BLM,
D is the diffusion coefficient of a carrier, and [C] is its concentration. The con-
stant KM

H is the equilibrium constant for the simplest ion-exchange reaction:

M1 1 CH ↔ CM 1 H1 (3)

Equations (1) and (2) describe a bulk liquid membrane contacted immediately
with aqueous solutions. These equations can also be applied in the case of the
BLM operating in the MHS, but the respective feed and strip concentrations
should be interpreted as related to the feed and strip CEM.

It is evident from Eq. (1) that the flux of M1 cations in the coupled trans-
port is always positive when

[M] f[H]s . [M] s[H] f (4)

This is the main difference in respect to the usual diffusion where the flux is
positive only for [M]f . [M] s. Note that the term “uphill” transport (or sec-
ondary active transport) concerns the external concentrations [M] and [H], and
does not mean the permeation of a carrier inside the LM against its own con-
centration gradient. In other words, the transport remains passive when con-
sidering the properties of the liquid membrane alone. The flux equation for a
system with a divalent–univalent cation-exchange reaction is more complex
(8):

JM 5 Jmax (Rf 2 Rs 1 ÏRws 1w Rws
2w 2 ÏRwf 1w Rwf

2w) (5)

where

Ri 5 }
8[C]

[

K

H

H
M

] i
2

[M] i
}, for i ; f or s (6)

The underlying ion-exchange reactions and the overall equilibrium condition

[M] f[H]s 2 [M] s[H] f}}}}
([H] f 1 KH

M[M] f)([H]s 1 KH
M[M] s)
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for the system allow one to conclude that the transport will occur when the fol-
lowing nonequality is fulfilled:

[M] f [H]s
2 . [M] s[H] f

2 (7)

The uphill transport phenomena in ion-exchange polymer membranes were
discussed several years ago by Lakshminarayanaiah (9) as typical diffusion
processes in multi-ionic membrane systems. This process can also be inter-
preted as the transport mediated by a fixed carrier (10) or, in a more simple
way, as the Donnan dialysis (ion-exchange dialysis) occurring in the system:

(f) Mn1|cation-exchange membrane|H1 (s)

The driving force (DF) for this process (11) is

DF 5 RT ln 1}[
[
M
M

]
]

s

f
n

n
[
[
H
H

]
]
s

s
}2

1/n
(8)

and the uphill transport conditions are similar to these described by Eq. (7).
However, it is difficult to formulate one compact transport equation for the
MHS, because all the ionic fluxes are coupled to interfacial reactions occur-
ring simultaneously. This can be accomplished by using network thermody-
namic analysis (12, 13) as a technique suitable for describing reaction–diffu-
sion phenomena.

Equations (1)–(8) prove that MHS uphill transport may be achieved inde-
pendently owing to some properties of solid or liquid ion-exchange mem-
branes which enable ion-exchange dialysis and/or coupled carrier transport,
respectively. Moreover, according to Eqs. (4) and (7), external solutions must
fulfill some specific conditions in order to maintain suitable driving forces.
Additionally, it should be explained that the theoretical equations concern
species actually transported, i.e., cations exchanged by the components of the
BLM and the CEMs. Thus, the term “secondary active transport” deals with
proper changes of concentrations of the same ions in the external reservoirs.
In practice, however, the experimental uphill transports also involve some ad-
ditional stripping processes dependent on the composition of a receiving so-
lution. Usually these processes exclude some ions from transport phenomena
by complexation or formation of other un-ionized but soluble compounds. In
the system based on Zn(II)/H exchange between the feed and strip solution
containing sulfuric acid, the sulfate anions can act as a stripping agent which
promotes the formation of some associates or complexes of various composi-
tions (23). This means that from a theoretical point of view the transport can
remain downhill despite experimentally observed uphill transport effects lead-
ing to [Zn]s . [Zn]f. Consequently, the results presented in this paper, as re-
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ORDER                        REPRINTS

lated to the overall zinc content in the feed and strip solutions, should be con-
sidered as effective uphill transport with possible secondary active transport
phenomena.

EXPERIMENTAL

Transport System and Cell Construction

The apparatus used for transport experiments was the same as the one de-
scribed in earlier papers (1, 2) except for the cell construction being substan-
tially changed. The permeation studies were carried out in a cell of “the mul-
tiwindow type” designed specially for this study. The details of the cell
construction are presented in Fig. 2. The effective surface area of each win-
dow was 2.92 cm2. With two out of four compartments acting as the feed in-
termediate reservoirs (f), and the other two as receiving compartments (s), the
cell provided a symmetric transport system, with a working membrane area of
5.85 cm2 for the feed and strip interface. In other configurations the cell en-
abled us to make experiments with the feed-to-strip area ratio equal to 3:1 or
1:3, i.e., with 8.75 cm2 for the feed and 2.92 cm2 for the strip interface. Solu-
tions from the external reservoirs [500 (f) and 100 (s) cm3] were circulated in
the system by running a multichannel peristaltic pump (Gilson, Minipuls 3).
Volumetric flow rates for feed and strip solutions were 2.5 cm3/min. The so-
lutions flowed at this rate through contact compartments (1a and 2a in Fig. 2)
with volumes of ca. 1 cm3 each. There was no pressure difference between
aqueous solutions and liquid membranes as a result of pumping. As shown in
Fig. 2, the external solutions were supplied to “open” contact compartments
in a transport cell by exploiting the concept of the transfusing cell, i.e., the up-
per level of a liquid was maintained by more efficient repumping. At zero
time, each of compartments contained zinc sulfate of equal concentration,
usually 1 3 1023 mol/dm3, as a typical concentration of rinse solutions ap-
pearing in electroplating installations. The driving force for the uphill trans-
port of Zn(II) was generated by a higher concentration of sulfuric acid (0.1
mol/dm3) added to the strip solution. A Teflon-made element with ion-
exchange membranes was inserted into a glass vessel containing an agitated
(300 rpm, magnetic stirrer, Heidolph MR2000) bulk liquid membrane with a
volume of 35 cm3. The cell and solutions were thermostated at 25 6 0.58C by
an air thermostat.

The flow of zinc ions across the MHS was followed in time, up to 70 hours,
by a calibrated AA spectrophotometer. The samples for analysis (0.5 cm3) of
the feed and strip solutions were taken from the external reservoirs (1 and 2,
Fig. 2). The respective concentrations are denoted [Zn]f and [Zn]s. The pH val-
ues of the feed were monitored on-line with a pH meter.
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Liquid Membrane

The bulk liquid membrane as a part of the MHS was composed of an or-
ganic solvent containing dissolved di(2-ethylhexyl)phosphoric acid
(D2EHPA) purchased from SIGMA, USA. The concentration of D2EHPA
was always 0.01 mol/dm3 except as noted below. A fresh solution of the BLM

RECOVERY AND CONCENTRATION OF METAL IONS. IV 633

FIG. 2 Scheme of the transport system and cell construction: feed solution (1), strip solution
(2), feed (1a) and strip (2a) contact chamber, Teflon-made cell, (3), glass vessel (4), bulk liquid
membrane (5), feed cation-exchange membrane (6), strip cation-exchange membrane 
(7), magnetic stirrer (8), feed and strip inlet (9) and outlet (10), peristaltic pump (11), air 
thermostat (12, 13), pH electrode (14), pH meter (15), ring (16); horizontal (a) and vertical

(b) cross section of contact chamber.
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ORDER                        REPRINTS

was used for each of transport runs. The BLM was stirred by magnetic bars as
shown in Fig. 2. During introductory experiments a stirring rate was increased
until a constant flux was reached. Thus, by carrying out the experiments with
the BLM stirred at a rate of 300 rpm, the boundary-layer resistances were di-
minished as far as possible.

A membrane phase was prepared from such diluents as kerosene (MAKER,
Poland, bp 124–1748C, viscosity 0.68 cP), toluene, carbon tetrachloride, and
hexane. Kerosene was a technical grade solvent whereas the others were ana-
lytical grade reagents.

Ion-Exchange Polymer Membranes

Some commercially available ion-exchange membranes of different com-
positions were used to arrange the MHS. Their basic properties, including the
concentration of ion-exchange sites, swelling in water, and thickness, are
listed in Table 1. The ion-exchange capacity and water content were deter-
mined for each set of membrane samples used in the transport experiments.
The ion-exchange capacity (in moles of functional groups per kilogram of
sorbed water) of strong-acid cation-exchange membranes was measured by
converting the membrane sample to its hydrogen form in 2 M HCl, and then
(after washing in distilled water), by exchanging hydrogen ions in 1 M NaCl
solution. The resultant solution, containing reexchanged hydrogen ions, was
then titrated with 0.1 M NaOH. In the case of the strong-base anion-exchange
membrane, the procedure was similar except for changing the reagents, i.e.,
the membrane previously converted to the OH form was placed in the NaCl
solution. Then released hydroxide ions were titrated potentiometrically with
acid solution. The Flemion samples in their hydrogen form were neutralized
with a measured volume of the 0.1 M NaOH solution titrated further on. The
ion-exchange capacity was then calculated from the difference between the
initial and the final concentrations of NaOH solution used.

Before transport experiments, the feed and strip IEM membranes were
preequilibrated with the feed or the strip solution in order to minimize the pos-
sible accumulation of metal ions in the cation-exchange membranes (CEMs)
during a transport experiment. The membranes were placed in 25 cm3 of the
feed (1 3 1023 M ZnSO4) or strip (1 3 1023 M ZnSO4 1 0.1 M H2SO4) so-
lution. The solutions were changed three times (after each 3 hours of equili-
bration), and then the membranes were left in the fresh solutions for 12 hours.
The membranes were wiped with hard filter paper before being placed in the
transport cell. The ion-exchange capacity vs Zn(II) (feed samples only) was
checked by analyzing the zinc content in the membrane sample after reex-
changing in 0.5 M H2SO4. It was found that the amount of Zn exchanged by
the samples of CEMs was always 95% or higher of the value predicted from
the standard ion-exchange capacity presented in Table 1. The water content in
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TABLE 1
Ion-Exchange Membrane Characteristics

Water content Thickness

Concentration of ion-
(wt%) cm

Membrane and producer Composition exchange groupsa (f)b (s)c (f)b (s)c Ref.

Nafion-120

Nafion-117
Du Pont de Nemours, USA

Raipore 4010
Raipore Corp., USA

MRF-26
Gos.Inst.Prikl.Khim., Russia

Flemion
Asahi Glass, Japan

Neosepta CM-1

Neosepta CM-2
Tokuyama Soda, Co. Ltd.,

Japan

Neosepta AFN-7
Tokuyama Soda, Co. Ltd,

Japan

SPS-1, laboratory-made

SPS-2, laboratory-made

Sulfonic groups attached to perfluorinated
polymer backbone, EW 5 1200

Sulfonic groups attached to perfluorinated
polymer backbone, EW 5 1100

Styrene sulfonate grafted onto fluorinated
polymer backbone

a,b,b9-Trifluorostyrenesulfonic acid
grafted onto copolymer of fluorovi-
nylidene and hexafluoropropylene

Carboxylic groups attached to
perfluorinated polymer backbone

Sulfonic groups attached to crosslinked
polystyrene backbone, reinforced 

Quaternary ammonium groups attached to
crosslinked polystyrene backbone,
reinforced

Sulfonated polysulfone

4.3 mol MSO3H/kg H2O

3.9 mol MSO3H/kg H2O

2.8 mol MSO3H/kg H2O

2.8 mol MSO3H/kg H2O

15.7 mol MCOOH/kg H2O

3.1 mol MSO3H/kg H2O

4.8 mol MSO3H/kg H2O

7.1 mol MN(CH3)OH/kg H2O

0.30 mol MSO3H/kg dry
polymer

0.65 mol MSO3H/kg dry
polymer

13.7

17.7

27.3

19.5

10.3

36.1

27.7

40.2

84.0

84.4

12.8

19.7

30.7

23.3

9.2

34.5

27.3

38.4

83.5

83.4

0.030

0.022

0.005

0.028

0.017

0.015

0.013

0.016

0.015

0.016

0.028

0.022

0.005

0.027

0.017

0.015

0.013

0.016

0.015

0.014

24

24

25

26

27

27

27

14

14

a Cation-exchange membranes in H1 form, anion-exchange membrane in OH form.
b After equilibration in 1 3 1023 M ZnSO4.
c After equilibration in 1 3 1023 M ZnSO4 1 0.1 M H2SO4.
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the feed and strip membrane (Table 1) was determined from the mass of the
swollen and dried (1108C) membrane sample.

Synthesis of Sulfonated Polysulfone (SPS) Membranes

The asymmetric SPS membranes (14) were synthesized to obtain new ion-
exchange membranes with a reduced thickness of the dense ion-exchange
layer. The following materials and procedures were applied in order to syn-
thesize SPS.

Polysulfone (PS)—The polymer was commercially available from Amoco
Performance Products (Atlanta, GA, USA) under the trademark Polysulfone
P-1700. Its weight-average molecular weight is approximately 75,000 and its
number-average weight is approximately 35,000.

Sulfonated polysulfone (SPS)—PS was sulfonated according to a procedure
described by Brousse et al. (15) after dissolving it in 1,2-dichloroethane. The
reaction was carried out with a 0.5:1 or 0.95:1 acid-to-monomer molar ratio
for 1.5 hours at room temperature. Chlorosulfonic groups were then hy-
drolyzed in a 5 M solution of NaOH in butanol (24 hours, room temperature).

Membrane preparation and properties—The membranes were formed by
the phase inversion method after dissolving SPS in N,N9-dimethylformamide
(20 wt% solution). The solution was cast on a glass plate, doctor bladed, and
immediately immersed in water. The membranes were stored under water at
least 1 week before use. Their degree of sulfonation was calculated from their
analytically determined sulfur content. The ion-exchange capacity of the poly-
mer-forming membrane was determined by potentiometric titration with
sodium hydroxide of the SPS-H form in a mixture of DMF (90 vol%) and wa-
ter (10 vol%) (16). The ion-exchange capacity was 0.30 and 0.65 (in mol/kg
dry H1 form) for the membrane with degrees of sulfonation equal to 0.14
(SPS-1) and 0.31 (SPS-2), respectively. The thickness and swelling of the
membranes are listed in Table 1. The membranes in their swollen state are
highly porous (except for a skin layer), and their overall water content
amounts to 84 vol%.

RESULTS AND DISCUSSION

Transport Conditions

Typically for transports in a diaphragm cell, the experimental studies were
carried out using a standard “quasi-steady-state” method. The method requires
all parameters to be held constant except for the stripping concentration which
can vary slowly with time. In the case of a bulk membrane of rather large vol-
ume, some additional nonstationary effects can be caused by a time-dependent
accumulation of transported species inside the membrane phase. Therefore,
the initial and boundary conditions for the studied transports may be impor-
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tant in order to reach a quasi-steady-state regime. For example, the concentra-
tion of a carrier in a liquid membrane, as well as the initial ionic form of poly-
mer membranes, can affect the time of a transient state, as seen in Fig. 3. When
the feed and strip CEMs are in their starting hydrogen form, the minimum for
[Zn]s 5 f(t) caused by an overall ion-exchange capacity of the MHS is very
large and the negative influx of Zn(II) from the strip into the MHS is notice-
able. The minimum diminishes markedly when the membranes are precondi-
tioned in their respective aqueous solutions, and the concentration of
D2EHPA in the BLM is reduced to 1 3 1022 mol/dm3. From the plots pre-
sented it can be concluded that, after the time required to attain quasi-steady-
state operation, the concentration data are suitable for calculating steady-state
uphill fluxes.

The effective Zn transport rates, i.e., the fluxes J, in the MHS were then
evaluated from the experimental data given in Fig. 3. Before calculating the
fluxes, the concentration data were recalculated to the cumulative amount of
Zn(II) (Q) in the strip phase vs time. The slope of a tangent drawn to a re-
spective Q vs time curve in its linear region indicates the effective mass trans-
fer rate expressed in mol/cm2·s:

Q 5 Vs[Zn]s/1000As 5 J 3 t 1 constant (9)

RECOVERY AND CONCENTRATION OF METAL IONS. IV 637

FIG. 3 Feed (empty symbols) and strip (filled symbols) Zn(II) concentration versus time for
different zero-time conditions. The systems are (n, m) 0.1 M D2EHPA and Nafion-120
membranes in their hydrogen form; (h, j) 0.1 M D2EHPA and preequilibrated Nafion-120 

membranes; and (s, d) 0.01 M D2EHPA and preequilibrated Nafion-120 membranes.
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The symbols in Eq. (6) denote Q in mol/cm2 is the total amount of Zn trans-
ferred from the membrane phase to the strip solution through 1 cm2 of the strip
IEM, Vs is the volume of the strip solution (cm3), As is the strip membrane
area, and [Zn]s is the time-dependent concentration of zinc in the strip solution
(mol/dm3). The same flux can be calculated for the feed solution and interface,
i.e., from [Zn]f vs t dependence when Jf 5 Js.

It is seen from Fig. 3 that experimental points, after a transient state, sat-
isfy the condition of linearity predicted by Eq. (9). Within the standard con-
fidence limits they fulfill a linearity with correlation coefficients above 0.95.
Table 2 lists all the results for the MHS studied together with fluxes corre-
sponding with Fig. 3. These values prove that preequilibration procedure re-
sults in a flux equal to 17.1 6 0.1 3 10211 whereas that evaluated for the
“nonpreequilibrated system” is 3.9 6 0.3 3 10211 mol/cm2·s, i.e., it remains
far from its steady-state value. After lowering the concentration of D2EHPA
in the liquid membrane from 0.1 to 0.01 mol/dm3 (Curves 2 and 3 in Fig. 3),
the results remain reasonable, i.e., the uphill flux is 10.8 6 0.6 3 10211

mol/m2·s. Other characteristics associated with the MHS fluxes are the re-
covery factor (RF), and the concentration (enrichment) factor (CF) defined
as follows:

RF 5 100 3 (1 2 [Zn] f,t/[Zn]f,t 5 0) (10)

CF 5 [Zn]s,t/[Zn]f,t 5 0 (11)

For the considered transport Runs 2 and 3, the RF values after 30–35 hours of
the MHS operation are 33–31% and the CF values range within 1.9–1.8. Also,
for other transport runs the fluxes are constant in time for RF , 30% and CF
, 2. The low influence of the feed depletion and the strip enrichment on the
MHS operation is probably the result of the stabilizing function of the CEMs
sorbing specifically zinc or hydrogen ions from their respective external solu-
tions.

To compare our results with these presented by other authors (20, 28) we
calculated additionally the effective permeability coefficients by using simple
Eq. (12):

P 5 1000 3 J/[Zn]f,0 (cm/s) (12)

The values of P for each studied MHS are presented in Table 2. It should be
explained, however, that the calculation of P originating from the diffu-
sion–solution model of a membrane transport is a serious simplification in the
case of coupled transport because the flux is dependent on both [Zn]f,0 and
[H2SO4]s,0.
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TABLE 2
Stationary Uphill Transport Fluxes of Zn(II) in Multimembrane Hybrid Systems of Various Composition and Operating Conditions

Liquid membrane Zero-time Flux, J 3 1011 (mol/cm2·s),
Ion-exchange concentration and effective

polymer [D2EHPA] Feed-to-strip of hydrogen permeability coefficient,
Run membrane (mol/dm3) Solvent area ratio AfAs ions in feed P 3 105 (cm/s)

1 Nafion-120a 0.1 Kerosene 1:1 1025–1024 3.8 6 0.3
2 Nafion-120 0.1 Kerosene 1:1 1025–1024 17.1 6 0.1
3 Nafion-120 0.01 Kerosene 1:1 1025–1024 11.0 6 1.0
4 Flemion 0.01 Kerosene 1:1 1025–1024 ,1
5 Neosepta AFN-7 0.01 Kerosene 1:1 1025–1024 No flux
6 Nafion-117 0.01 Kerosene 1:1 1025–1024 5.8 6 0.8
7 Raipore 4010 0.01 Kerosene 1:1 1025–1024 9.8 6 0.3
8 MRF-26 0.01 Kerosene 1:1 1025–1024 4.2 6 0.1
9 Neosepta CM-1 0.01 Kerosene 1:1 1025–1024 7.5 6 0.9

10 Neosepta CM-2 0.01 Kerosene 1:1 1025–1024 9.1 6 0.9
11 SPS-1 0.01 Kerosene 1:1 1025–1024 8.1 6 0.4
12 SPS-2 0.01 Kerosene 1:1 1025–1024 12.3 6 0.6
13 Nafion-117 0.01 n-Hexane 1:1 1025–1024 26.0 6 1.0
14 Nafion-117 0.01 CCl4 1:1 1025–1024 4.7 6 0.3
15 Nafion-117 0.01 Toluene 1:1 1025–1024 23.1 6 0.4
16 SPS-2 0.01 n-Hexane 1:1 1025–1024 13.0 6 1.0
17 SPS-2 0.01 CCl4 1:1 1025–1024 4.6 6 0.2
18 Nafion-117 0.01 Kerosene 3:1 1025–1024 17.3 6 0.5
19 Nafion-117 0.01 Kerosene 1:3 1025–1024 6.1 6 0.5
20 SPS-2 0.01 Kerosene 3:1 1025–1024 13.5 6 0.5
21 SPS-2 0.01 Kerosene 1:3 1025–1024 5.7 6 0.1
22 Nafion-117 0.01 Kerosene 1:1 0.001 6.7 6 0.2
23 Nafion-117 0.01 Kerosene 1:1 0.01 1.6 6 0.01
24 SPS-2 0.01 Kerosene 1:1 0.001 3.8 6 0.3
25 SPS-2 0.01 Kerosene 1:1 0.01 1.9 6 0.1

a The membrane was initially in its hydrogen form.
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Effect of IEM Functional Groups

In order to support the proposed transport mechanism (see Fig. 1) with ion-
exchange reactions mediating the feed and strip processes, the external cation-
exchange membranes of different functional groups were used. The MHS per-
formances with sulfonic acid (Nafion-120), carboxylic acid (Flemion), and
amine (Neosepta AFN-7) groups are illustrated by using the Qvs t plots in Fig.
4. The comparison of Zn(II) cumulative curves in Fig. 4 shows that little trans-
port of Zn(II) occurs when the carboxylic membranes are used as intermedi-
ating layers between the LM and an acidic receiving solution. The flux is small
when compared with other fluxes in Table 2, and reaches ;1 3 10211

mol/cm2·s. As expected from the transport mechanism in Fig. 1, the effective
flux was observed only for the CEMs with sulfonic acid functional groups.
The use of a hydrophilic membrane with anion-exchanging sites does not al-
low the transport to be reached. Thus, any other diffusion process in the IEMs,
except for an efficient throughout ion-exchange diffusion, does not result in
MHS transport. One can note, however, that as reported by Kislik and Eyal
(17), it is possible to transport metal species in the MHS with anion-exchange
membranes (AEMs) after forming neutral molecules (or ion pairs) in the feed
phase. In this case the AEMs play the role of a hydrophilic porous interface
material (contactor). Another possibility is the diffusion of free electrolyte

640 WÓDZKI, SIONKOWSKI, AND POŹNIAK

FIG. 4 Comparison of cumulative curves for uphill transport runs in the MHS with (d)
Nafion-120, (j) Neosepta AFN-7, and (m) Flemion membranes.

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



ORDER                        REPRINTS

through the AEM (18). This process, however, seems to be negligible in the
MHS.

Effect of CEM Characteristics

The objective of this investigation was to optimize the MHS properties by
a proper selection of the ion-exchange polymer membranes. The membranes,
made of different polymeric backbones but always with sulfonic ion-exchange
sites, were taken into consideration. Some of them, i.e., perfluorinated poly-
mer (Nafion), polystyrene (Neosepta CM-1 and 2), and polysulfone (SPS-
1,2)-based membranes, differ greatly in their structures. The Nafion mem-
branes are of clustered morphology (19), the Neosepta membranes contain
gel-type crosslinked polyelectrolyte, and the SPS-1 and 2 are typical asym-
metric porous/microporous membranes (14). The results presented in Fig.
5(A–C) and the fluxes summarized in Table 2 can be analyzed after taking into
account the density of fixed charges inside the CEM and the membrane thick-
ness (see Table 1).

From the results presented one can expect that fluxes in the MHS can be
proportional to the density of fixed charged groups in the CEM used and in-
versely proportional to its thickness on the condition that the carrier concen-
tration in the BLM does not limit the overall transport process. To check this
hypothesis, we tried to correlate the fluxes from Table 2 with the ratio of fixed

RECOVERY AND CONCENTRATION OF METAL IONS. IV 641

FIG. 5 Transport curves for MHS with sulfonic membranes made of different polymers. (A)
Perfluorinated or fluorinate polymer: Nafion-120 (1), Nafion-117 (2), Raipore 4010 (3), MRF-
26 (4). (B) Polystyrene-based membranes: Neosepta CM-1 (5), CM-2 (6). (C) Polysulfone:

SPS-1 (7), SPS-2 (8).
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sites concentration [MSO3H] to the membrane thickness lCEM. The respective
plot for the MHSs containing a BLM of the same composition (0.01 M
D2EHPA in kerosene) is presented in Fig. 6. The curve exhibits the saturation
tendency, indicating trivially that thin and highly charged CEMs, independent
of their composition and structure (e.g., Nafion, CM, Raipore, MRF), do not
limit the MHS transport. Some scattering of the data for Nafion-120 and other
membranes can be ascribed to some differences in their water content and pos-
sible differences in tortuosity of diffusion pathways. The properties of MHS
with SPS membranes cannot be interpreted directly in the same way because
their structure is completely different. However, the fluxes equal to 8.1 3
10211 (SPS-1) and 12.3 3 10211 (SPS-2) mol/cm2·s, seem to be characteris-
tic for membranes with a [MSO3H]/lCEM ratio higher than 300.

In general, there are no drastic differences among the MHS systems with
quite different CEMs containing sulfonic acid groups. This result is consistent
with the transport properties of some other MHSs reported previously by Ke-
dem et al. (20, 28). Unexpectedly, there are no special differences between
perfluorosulfonic and polystyrenesulfonic acid membranes. These differences
could be expected because the perfluorinated backbone lowers electrostatic
interactions between ion-exchange sites and counterions (21). Thus, in com-
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FIG. 6 Dependence of fluxes on the ratio of fixed charge density and the thickness of cation-
exchange membranes.
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parison to other membranes, the lower sorption selectivity of Zn(II) cation
should enable higher interdiffusion fluxes for Zn(II)/H.

As expected, the results obtained with the laboratory-made SPS membranes
are quite satisfactory or better than these obtained with commercially avail-
able membranes due to their specific structures. After considering these re-
sults, the Nafion-117 (currently commercially available) and the SPS-2 mem-
branes were selected for further studies.

Effect of Liquid Membrane (LM) Solvent

In order to evaluate MHS transport as dependent on the composition of the
liquid membrane, different solvents were used to prepare the LM, i.e.,
kerosene, carbon tetrachloride, hexane, and toluene with the same amount of
the dissolved D2EHPA (0.01 mol/dm3). Two experimental series, i.e., one
with the Nafion-117 and another with the SPS-2 membranes, were carried out.
Experimental data illustrating significant differences in Zn(II) transport are
presented in Fig. 7(A, B). The plots in Fig. 7(B) show that transport rates are
dependent on the viscosity of the liquid membrane phase. It can be concluded
that the influence of a solvent on the MHS ability to transport Zn(II) is more
important than the influence of the CEM composition. Thus, the system addi-
tionally exhibits the properties characteristic for a liquid membrane system,
which implies that the solvent or BLM viscosity should be considered as one
of the main parameters for optimizing the MHS properties. Certainly, there are
some limitations due to possible deterioration of the CEM backbone and struc-
ture. For example, toluene cannot be used for the MHS with the polysulfone-
based membranes. On the other hand, the membranes made of perfluorinated
polymers are resistant to most of solvents used in liquid membrane technol-
ogy. It was checked by other experiments that these membranes did not
change their transport properties after more than 2000 hours of operation in a
MHS (29). Some deformation of their surface and increased swelling were ob-
served only after a long-time contact with the BLM containing 1,2-
dichloroethane. We also showed that the membranes based on polystyrene
sulfonic acid remain unchanged after using them in a MHS operating contin-
uously for 800 hours (30). Nevertheless, depending on the CEM and the BLM
composition, some unknown effects resulting from the sorption of organic sol-
vent into hydrophobic components of CEM are possible (e.g., PVC in
Tokuyama Soda CM membranes).

From the theoretical point of view there is, however, another more interesting
and unrecognized problem concerning the structure and composition of the
CEM/BLM interface. Unfortunately, the physicochemical properties of CEMs
contacted with hydrophobic liquid exchangers, such as the solution of D2EHPA
in kerosene or other solvents, are not recognized. We hope that these properties
will be studied more intensively when MHS gains practical importance.
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Effect of System Configuration

The mass transfer data found in liquid membrane systems are not always re-
liable because of the changeable area of the respective aqueous/organic phase
interfaces. The MHS and the cell used in this study enabled us to evaluate the
influence of the feed and strip area on the uphill fluxes. The experimental
curves for Nafion-117 and SPS-2 membranes contacted with the
kerosene/D2EHPA liquid membrane are presented in Fig. 8(A, B). The curves
correspond to MHSs with feed-to-strip interface area ratios equal to 3:1, 1:1,
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FIG. 7 The effect of liquid membrane solvent on MHS performances. (A) (s, d) n-Hexane,
(n, m) kerosene, (,, .) carbon tetrachloride, and (j) toluene with Nafion-117 (filled symbols)
or SPS-2 (empty symbols). (B) Effect of solvent viscosity on fluxes: Nafion-117 (1),

SPS-2 (2)
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and 1:3. It should be noted that the transport processes mediated by ion-ex-
change groups in CEMs and by the carrier in a liquid membrane can differ in
their rates. Moreover, the ion-exchange reactions are reversible, and their for-
ward and back counterparts can also occur with different rates. Thus, a fast
feed process may mean a slower strip process and vice versa. This nonequiv-
alence usually causes some accumulation of transported species in a liquid
membrane phase. This accumulation is not important in technological pro-
cesses but it should be taken into account in some analytical preconcentrations
where the retention of analyzed species outside the strip solution should be as
low as possible (31). The accumulation (nZn in moles) was calculated from the

RECOVERY AND CONCENTRATION OF METAL IONS. IV 645

FIG. 8 Transport and Zn(II) accumulation in MHS on system asymmetry. The Af/As ratio is
given at the respective curve. MHS with Nafion-117 (——, filled symbols) or SPS-2 (- - -,

empty symbols) membrane. (A) Transport curves, (B) accumulation vs time.
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mass balance of zinc in the feed and strip solutions, i.e., from the difference
between the initial content of zinc in aqueous solutions and the content after
time t:

nZn 5 (Vƒ[Zn]f,0 1 Vs,0[Zn]s,0) 2 (Vf[Zn]f,t 1 Vs[Zn]s,t) (13)

Thus, nZn denotes the number of Zn moles accumulated from the external so-
lutions by the MHS components. Because the CEMs were preequilibrated
with these solutions, one can expect that nZn denotes mainly the accumulation
of Zn(II) in the BLM by D2EHPA. The results presented in Fig. 8(B) show
that the overall amount of Zn(II) accumulated in the MHS is the lowest when
the stripping area (As) is higher than that of the feed area (Af). The concentra-
tion of zinc in the BLM, [Zn]BLM, can be evaluated by dividing nZn by VBLM

(35 cm3) under the assumption that the composition of the preequilibrated
CEMs does not change significantly over time. For the data presented in Fig
8, the lower and upper limits for [Zn]BLM are 2.9 3 1024 and 4.3 3 1023

mol/dm3, respectively. This also means that the systems operated at a carrier
loading, 2[Zn]BLM/[D2EHPA]BLM, ranging from 0.058 to 0.86.

The fluxes are also dependent on the Af/As ratio, and they increase with an
increase in this ratio. This effect is caused by a higher concentration of the
D2EHPA(Zn) complex in the BLM phase as well as by more favorable con-
ditions for the stripping reaction leading to high output fluxes of Zn(II).

Effect of Concentration of H 1 Ions in Feed

The pH of feeds (pHf) taken from industrial wastewaters may vary over a
wide range. On the other hand, the properties of D2EHPA acting as the Zn(II)
carrier are strongly dependent on pHf (22), i.e., a low pHf makes this reagent
ineffective as an extractant of Zn(II) (23). To evaluate the dependence of the
uphill transport fluxes on the concentration of hydrogen ions in the feed, some
additional transport runs were carried out by using feeds with added sulfuric
acid. The ability of the MHS to concentrate Zn(II) at various starting [H]f,0

values was tested for the Nafion and SPS-2 membranes. The correlation be-
tween this concentration and the Zn(II) fluxes is presented in Fig. 9. The re-
spective plots indicate that an increased concentration of hydrogen ions in the
feed causes a decrease in the fluxes. However, depending on the membrane
structure, this effect can be different, i.e., in the log[H]f,0 range 5–2 the flux of
Zn(II) decreases 3-fold in the case of the Nafion-117 membrane and 6-fold in
the case of the SPS-2 membrane. This might account for a lower average con-
centration of fixed groups in the SPS-2 membrane and, thus, its lower ability
to exclude free sulfuric acid according to the Donnan equilibrium rule. The
highly porous structure of the SPS-2 membrane makes its resistivity to the in-
flux of the acidic feed into the membrane phase lower as compared with the
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dense Nafion membrane. Thus, despite quite high fluxes, the SPS membrane,
when compared with membranes of a gelatinous structure, can operate effi-
ciently in a system with a lower concentration of H1 in the feed. In respect to
dense ion-exchange membranes with a high fixed charge density, it should be
noted that free acid cannot be sorbed from dilute solutions into the membrane
phase because of their permselectivity. Thus, other factors influencing the
fluxes after acidification of the feed should be taken into account. Without
ranking their contribution, one can itemize such phenomena as competitive
ion-exchange sorption of H1 into the CEM phase (when the concentration of
H2SO4 in the feed is comparable or exceeds the concentration of ZnSO4) (i),
diminished difference of H1 concentrations (ii), and diminished concentration
of Zn(II) after their association with anions in the feed (iii).

CONCLUSIONS

It was anticipated and is herein demonstrated that MHSs can operate effi-
ciently only when ion-exchange reactions between solutions and charged
polymer membranes are allowed. The fluxes are dependent on the character-
istics of both the CEM and BLM used for the MHS construction. The basic pa-
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FIG. 9 Dependence of fluxes on the concentration of hydrogen ions in the feed: MHS with 
Nafion-117 (1) or SPS-2 (2) membranes.
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rameters for optimizing MHS performance are the density of fixed charged
groups in CEM (i), the CEM thickness (ii), and the viscosity of D2EHPA sol-
vent used for the BLM preparation (iii). The coupling of cation-exchange pro-
cesses inside the CEMs to the reaction–diffusion processes involving carrier
molecules in the BLM is fundamental for MHS operation. The effective per-
meability coefficients (P) of Zn(II) for MHSs containing D2EHPA and vari-
ous strong acid CEMs are in the range 4 3 1025 to 1.2 3 1024 mol/cm (see
Table 2). These results are comparable with the results published by Kedem et
al. (20, 28) for Cu(II) (2.7 3 1025 cm/s) and Ag1 (8.6 3 1025 cm/s) trans-
ports performed in MHSs containing LIX64 and di(2-ethylhexyl)thiophos-
phoric acid, respectively.

The use of the strong acid CEMs as intermediating layers in a MHS pro-
vides an efficient uphill transport of Zn(II). Among commercially available
membranes, the perfluorinated sulfonic acid membrane Nafion-117 seems the
most preferable, although there are no obstacles to use some other membranes
containing a large amount of polyanionic component. The Nafion membranes
collaborate well with hydrophobic liquid membranes made of various organic
solvents because of their good mechanical properties and small water leakage.
Laboratory-made porous sulfonated polysulfone membranes provide similar
results, but their use should be limited to a higher pH of the feed phase. In re-
spect to the BLM composition, a membrane made of hexane is the most effi-
cient due to its low viscosity when compared to kerosene, toluene, and carbon
tetrachloride. The input and output fluxes in a MHS, the nonequivalence of
which leads to the accumulation of transported species in the MHS compo-
nents, can be diminished by augmenting the strip interface area. If accumula-
tion can be neglected, the fluxes can be substantially augmented by increasing
the ratio of the feed-to-strip area interfaces.
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