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ABSTRACT

Facilitated transport of Pb(II) ions in acidic medium, across a supported liquid membrane
(SLM) by using 5,11,17,23-tetra-tert-butyl, 25,27-bis(benzylamino etoxy)-26,28-dihydroxycalix
[4]arene as carrier, dissolved in kerosene, has been investigated. The parameters studied are
Pb(II) ions concentration in the feed phase, HCl concentration in the stripping phase, and
solvent effect in the membrane phase. The Celgard 2500 membrane was used as the solid
support. A Danesi mass transfer model was used to calculate the permeability coefficients
for each parameter studied. Also, AFM technique and contact angle measurements were
used to characterize the surface morphology of the prepared Celgard 2500-carrier 1 SLM.
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1. Introduction

Membrane processes have been mainly developed
as a potentially valuable technology for the separation
and concentration of charged or neutral species [1].
Among the processes being developed, supported
liquid membranes (SLMs), porous supports whose
pores are impregnated with a solvent, have been
showing tremendous potential in different applica-
tions [2–5]. The SLM technique is a combination of
three simultaneously occurring processes: molecule
extraction from the feed phase to the SLM, diffusion
through SLM, and re-extraction to the received phase.
Among their numerous advantages, the minimal
amount of solvent needed and the fact that extraction
and stripping steps which are combined into a single
step are specific [2,6]. However, the instability of the

liquid membrane in the pores of the inert membrane
support (carrier lost) is the main disadvantage [7–10].

Lead (Pb) is one of the most ubiquitously spread
toxic metals [11–13]. Lead is extensively used in many
manufacturing processes, therefore without an appro-
priate treatment of pb-containing wastewaters it may
contaminate the ecosystem through surface water,
underground water, and soil. Due to its high toxicity,
a lot of effort has been expended on developing tech-
niques to effectively remove Pb from water [14–19].

Calixarenes and derivatives can be used as recep-
tors to recognize a wide variety of ions and guest
molecules, forming host-guest or supramolecular com-
plexes [20,21]. This ability has been exploited in differ-
ent fields and calixarenes and derivatives have been
used extensively as selective ligands for a wide range
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of metal ions in liquid–liquid extraction, in selective
transport, as ionophores in ion-selective electrodes
and as cromophores in optical sensing [22,23]. Several
studies have been published which make a case for
calixarene derivatives as extractants for toxic metals
[20,24–26]. There are a lot of SLM transport studies
which are using calixarenes as a carrier [27–32].
Shamsipur et al. investigated that facilitated transport
of silver ion across a SLM by calix[4]pyrroles, as selec-
tive ion carriers, dissolved in kerosene [31]. Fontas
et al. studied a new macrocyclic compound based on
thiacalix[4]arene bearing three amide substituents is
investigated for the extraction of gold and palladium
in chloride media [32]. However, in recent years there
are not too much SLM studies for Pb(II) ions which
are using calixarenes as carrier.

In this work, the co-transport of Pb(II) from aqueous
solution through SLM has been investigated. 5,11,17,23-
tetra-tert-butyl, 25,27-bis(benzylamino etoxy)-26,28-
dihydroxycalix[4]arene 1 is the carrier ligand (as
presented in Fig. 1), which was synthesized according
to literature method [33]. Celgard 2500 membrane was
used as the solid support.

2. Experimental

2.1. Reagents

The chemical reagents used in supported liquid
membrane experiments were Pb(II) nitrate, xylene, tol-
uene, HCl were obtained from Merck Co., 2-nitro-
phenyl octyl ether from Fluka, kerosene from Aldrich

and used without further purification. The polymeric
film Celgard 2500 (thickness: 25 lm, porosity 55%) was
obtained from Celgard Inc. (Germany). The 5,11,17,
23-tetra-tert-butyl, 25,27-bis(benzylamino etoxy)-26,
28-dihydroxycalix[4]arene 1 compound was used as a
carrier ligand in supported liquid membrane
experiments.

2.2. Experimental apparatus

The flat-sheet SLM apparatus was used in this
study. The membrane module was produced from
Teflon material as two different cells (Fig. 2). The
membrane was placed between two cell compartments
which were tightly clamped. The total volume of the
feeding and stripping solutions was 45 cm3 for each.
Digital magnetic stirrers (Yellow line MST basic,
Germany) were used to homogenize feeding and
stripping solutions.

2.3. Surface characterization

In order to characterize the SLM, AFM techniques
and contact angle measurements were used. AFM
images were obtained by using Veeco diCaliber
instrument. The speed of scanning was 2 kHz. Contact
mode of AFM in air was used to investigate the mem-
brane surface morphology.

The sessile drop method was used to measure the
contact angle of the Celgard 2500-carrier ligand (1)
membrane [34,35]. A 3.5 lL droplet of distilled water
was placed on the membrane surface by means of a
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Fig. 1. Chemical structure of carrier 1.
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Fig. 2. Supported liquid membrane apparatus.
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0.10 cm3 syringe and contact angle was measured by a
horizontal beam comparator (KSV CAM 200).

2.4. Experimental procedure

The transport experiments were carried out in a
permeation cell consisting of two identical cylindrical
compartments (half-cell volume: 45 cm3) (Fig. 2), pre-
viously described [36]. The supported liquid mem-
brane consisted of a thin, microporous polypropylene
film (Celgard 2500; thickness: 25 lm, porosity 55%)
immobilizing the solution of carrier 1 in organic sol-
vents. Aqueous 1.0� 10�3 M Pb(NO3)2 solution was
used as the feed phase and 1M HCl was used as the
stripping phase. The soaking time of the Celgard 2500
membrane is 24 h and the stirring speed is chosen as
600 rpm in the all transport experiments. The mea-
surements were performed at a constant temperature
of 25˚C at least twice and effective membrane area
was 9.08 cm2. Samples (1.0 cm3) were taken at regular
time intervals from the tanks of both the sides, and
Pb(II) concentrations in the feed and stripping phases
were analyzed by using an atomic absorption spectro-
photometer (Perkin Elmer AAnalyst 200 model). In
the SLM experiments, transport duration was 5 days.

In this study, the influences of the feed and strip-
ping phase concentrations, the solvent, and the carrier
concentration parameters are examined on the trans-
port efficiency.

The influence of the studied parameters on the
transport of Pb(II) was evaluated by means of perme-
ability coefficient (P). P which can be defined accord-
ing to Eq. (1) [34].

P ¼ e
100

dC

C

1

dt
V
A

ð1Þ

By integration of the Eq. (1), the following Eq. (2)
is obtained:

ln
Ci

C
¼ e

100

A

V
Pt ð2Þ

where P is the permeability coefficient (cm/s), Ci is
the initial concentration of Pb(II) in the feed phase,
and C is the concentration of Pb(II) in the feed phase
at time t (s). e is the porosity of supported liquid
membrane (55%), A is the effective membrane area
(9.08 cm2), V is the volume of the feed phase (cm3).

The knowledge of P values allows establishing the
initial membrane flux (Ji) according to Eq. (3).

Ji ¼ PCi ð3Þ

3. Results and discussion

3.1. Effect of Pb(II) concentration of feed phase

In order to assess the influence of the Pb(II) con-
centration on its transport through the SLM, the trans-
port experiments were carried out at four different
concentrations in the range of 1� 10�4–1� 10�3M.
Results are shown in Figs. 3, 4 and also in Table 1. It
is observed in Fig. 3 that during 5days of transfer
duration, upon increasing the concentration of Pb(II)
from 1� 10�4 to 1� 10�3 M in the feed phase, the per-
meability coefficient (P) increased from 0.5� 10�6 to
8.02� 10�6 cm/s.
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Fig. 3. Effect of feed phase concentration on the transport
of Pb(II). (Stripping phase: 1M HCl, membrane support:
Celgard 2500, membrane liquid: 1� 10�4 M carrier 1 in
kerosene, Stirring rate: 600 rpm).
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Fig. 4. Effect of feed phase concentration on the transport
of Pb(II) by using flux values. (Stripping phase: 1M HCl,
membrane support: Celgard 2500, membrane liquid:
1� 10�4 M carrier 1 in kerosene, Stirring rate: 600 rpm).
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The influence of the Pb(II) concentration on the
transport is evaluated by using flux values, which are
defined according to Eq. (3). The flux values were in
the range of 0.06� 10�12–8.02� 10�12mol/cm2 s for
different concentration of Pb(II) from 1� 10�4 to
1� 10�3M (Fig. 4). In transport studies, flux values
are so low, so the donor phase medium is diluted.
This phenomenon conforms to the other manuscripts
[31,37]. The obtained result is in accordance with the
expected trend because according to the Eq. (3) higher
concentration results in a higher flux. In other words,
as the Pb(II) concentration increases, the complexation
rate in feed phase-SLM interface increases too, and
related with this, the decomplexation rate in the SLM-
stripping phase interface increases.

3.2. Effect of HCl concentration on Pb(II) ion transport

In order to determine the effect of the concentra-
tion of HCl solution as the stripping phase on Pb(II)
ion transport, 0.1, 0.5, 0.8, 1.0, 1.2M HCl were used.
Fig. 5 shows the permeability values calculated
according to Eq. (2). In addition J and P values are
shown in Table 2.

As it can be seen in Fig. 5, the maximum perme-
ability value was obtained for 1.0M HCl. However,
the permeability values showed a tendency to
decrease at lower or higher concentrations of HCl. In
literature, it was reported that increasing stripping
phase concentration facilitates to achieving an opti-
mum permeability value [7,38,39]. The reason for this
may be explained that as the concentration of the sol-
ute increases, the solution reaches saturation value
and therefore solubility decreases.

3.3. Effect of solvents on Pb(II) ion transport

When the different solvents were used carrier 1,
the values of permeabilities obtained were also differ-
ent. It has been previously pointed out that the nature
of solvent has a great influence on the transport effi-
ciency through bulk liquid membranes [40–43]. The

calculated permeability values are given in Fig. 6. In
addition J and P values are shown in Table 3.

It is apparent from the results that the permeability
values are remarkably different in different solvents
and found in the order of 2-NPOE>kero-
sene > xylene > toluene. In the case of xylene and tolu-
ene, the values of permeabilities are smaller than that
of 2-NPOE and kerosene. Nitrophenyl alkyl ethers
(NPHE-hexyl; NPOE-octyl) were used because they
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Fig. 5. Effect of stripping phase concentration on the
transport of Pb(II). (Feed phase: 1� 10�3 M Pb(NO3)2,
membrane support: Celgard 2500, membrane liquid:
1� 10�4 M carrier 1 in kerosene, Stirring rate: 600 rpm).

Table 1
P and J values for the transport of Pb(II) ion through SLM
by using different feed phase concentrations

Concentration
(mol/L)

P� 106

(cm/s)
J� 1012

(mol/cm2s)

1.0� 10�4 0.5 0.05

5.0� 10�4 3.74 1.87

7.5� 10�4 5.45 4.09

10.0� 10�4 8.02 8.02

Table 2
P and J values for the transport of Pb(II) ion through SLM
by using different stripping phase concentrations

Concentration
(mol/L)

P� 106

(cm/s)
J� 1012

(mol/cm2s)

0.1 1.60 1.60

0.5 2.30 2.30

0.8 5.90 5.90

1.0 8.02 8.02

1.2 7.52 7.52

Table 3
P and J values for the transport of Pb(II) ion through SLM
by using different organic solvents

Solvent P� 106 (cm/s) J� 1012 (mol/cm2s)

2-NPOE 16.30 16.30

Kerosene 8.02 8.02

Xylene 2.07 2.07

Toluene 1.45 1.45
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lead to a stable membrane due to their very low solu-
bility in water [44–46,28]. But their disadvantage is
only their high-cost. Therefore, we used kerosene as a
membrane solvent in our SLM studies.

Also, the polymeric support materials used are
very important in the stability of the membrane. The
requirement for a good polymeric support are high
porosity, small pore size, good mechanical strength,
chemical resistance, thinness, hydrophobicity, and low
cost.

3.4. Characterization of the SLM

AFM technique and contact angle measurements
were used to characterize the surface morphology of
the prepared Celgard 2500-carrier 1 SLM. The AFM
pictures of SLM formed with Celgard 2500 and Cel-
gard 2500+ carrier 1 are shown in Fig. 7. As can be
seen in Fig. 7a and b, prepared Celgard 2500+ carrier
1 SLM is more porous than Celgard 2500 membrane.
This difference between the Celgard 2500 membrane
and prepared Celgard 2500+ carrier 1 SLM was due to
the inclusion of the carrier 1.

Contact angle measurement is used to investigate
the hydrophilicity of the material surfaces [34]. In the
present study, contact angle measurement taken at
room temperature for SLM containing Celgard 2500
+ carrier 1 in 2-NPOE was found to be 86.3˚. If the
solid surface is hydrophilic, the contact angle will be
less than 90˚ [47]. Therefore, prepared Celgard 2500-
carrier 1 SLM is hydrophilic.

4. Conclusions

The Pb(II) ions can be effectively transported
through supported liquid membranes containing calix
[4]arene derivative 1. The efficiency of the methods
depends on various parameters, i.e. concentration of
feed phase, concentration of stripping phase, and the
type of solvent. A Danesi mass transfer model was
used to calculate the permeability coefficients for each
parameter studied. As the Pb(II) concentration
increases, the complexation rate in donor/membrane
interface increase, and depending on this, the decom-
plexation rate in the membrane/acceptor interface
increase. It is apparent from the results that the
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Fig. 6. Effect of different solvents on the transport of Pb
(II). (Feed phase: 1� 10�3 M Pb(NO3)2, Stripping phase:
1M HCl, membrane support: Celgard 2500, membrane
liquid: 1� 10�4 M carrier 1 in different solvents, Stirring
rate: 600 rpm).

Fig. 7. AFM images of Celgard 2500 membrane (a) and
SLM containing Celgard 2500+ carrier 1 in 2-NPOE (b).
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permeability values are remarkably different in differ-
ent solvents and found in the order of 2-NPOE>kero-
sene> xylene > toluene. Also, AFM technique and
contact angle measurements were used to characterize
the surface morphology of the prepared Celgard 2500-
carrier 1 SLM. As a result of the characterization stud-
ies, the difference between the surface at Celgard 2500
membrane was due to the inclusion of the carrier 1
and the prepared Celgard 2500-carrier 1 SLM is
hydrophilic.
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