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The transport behavior of Hg2þ from aqueous solution through a flat-sheet supported liquid membrane has been investigated by the use of
calix[4]arene derivatives (1 and 2) as carriers and Celgard 2400 and Celgard 2500 as the solid support. The effect of solvent type and anions

such as chloride and nitrate ions on the transport of Hg2þ was examined. A Danesi mass transfer model was used to calculate the per-
meability coefficients for each parameter studied. The highest values of permeability were obtained with 2-nitrophenyloctyl-ether
(NPOE) solvent and the influence was found to be in the order of NPOE . chloroform . xylene. The transport efficiency on the liquid

membrane transport was dependent on the type of solvent, anion, and carrier.
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1 Introduction

Several technologies can be used to remove these toxic metals
from liquid effluents, including precipitation, solvent extrac-
tion, ion exchange, etc. Among these, the liquid membrane
technique has turned out to be important for its use in separ-
ation, concentration or even analytical application. Though
this technology is still in the research or development stage,
it retains a worthy position in the field of membrane separ-
ations due to its advantages over conventional separation
operations.

The different types of liquid membranes are reviewed
in the literature (1, 2). Supported liquid membranes and
emulsion liquid membranes are the most commonly used.
Supported liquid membranes usually consist of an organic
solvent immobilized in the pores of a hydrophobic microfil-
tration membrane (3–7). This liquid membrane phase
contains a carrier which binds one or a class of components
in the feed phase transporting it (or they) in the stripping
phase through the membrane. Solute permeation is due to
the concentration gradient existing between the two sides of
the membrane (8).

The main advantage of supported liquid membranes in
comparison with traditional techniques is the high process

selectivity achieved when an appropriate carrier molecule is
employed (9–11).

Despite the increasing industrial use of mercury in the
world and its hazardous effects to human health (12), infor-
mation about the transport of this ion across liquid
membrane is quite sparse (13–18). Hence, the development
of new methods for selective removal of Hg2þ ions for
environmental remediation is a very important objective.

In this paper, the transport of Hg2þ by calix[4]arene deriva-
tives (1 and 2) as carriers through supported liquid membrane
have been investigated according to the Danesi mass transfer
model and the anion effects, the type of solvent such as
xylene, 2-nitrophenyloctyl-ether (NPOE) for (1) and (2)
carriers was examined.

2 Experimental

2.1 Materials

The carriers 2-20-bis[5,11,17,23-tetra-tert-butyl-26,27,28-
tris(cyanomethoxy)calix[4]arene] diethyl ether (1) and
calix[4]arene dinitrile-oligomer (2) used (Figure 1) in the
study were synthesized according to literature methods
(19, 20). Mercury (II) nitrate, mercury (II) chloride, chloro-
form and xylene were obtained from Merck Co., 2-nitrophe-
nyl octyl ether from Fluka and used without further
purification. The polymeric films Celgard 2400 (thickness:
25 mm porosity 41%) and Celgard 2500 (thickness: 25 mm,
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porosity 45%) were obtained Celgard Inc. (Samples were
kindly supplied by Oketek Co., Istanbul).

2.2 Transport Measurements

The transport experiments were carried out in a permeation
cell consisting of two identical cylindrical compartments
(half-cell volume: 30 ml) (Figure 2), previously described
(21). The supported liquid membranes consisted of a thin,
microporous polypropylene film (Celgard 2400; thickness:
25 mm, porosity 41%; Celgard 2500; thickness: 25 mm,

porosity 45%) immobilizing the solution of carriers in
organic solvents. Aqueous mercury (II) nitrate and mercury
(II) chloride solutions were used as the feed phase, and deio-
nized water was used as the stripping phase. The soaking
time of the Celgard 2400 and Celgard 2500 membranes is
24 h and the stirring speed is chosen as 300 rpm in the all trans-
port experiments. The measurements were performed at a
constant temperature of 25oC at least twice. The transported
Hg2þ in nitrate and chloride salt forms were determined by
monitoring the conductivity of the stripping phase as a
function of time (Philips PW 9527 conductivity meter). The
standard deviation in the transport measurements is about 15%.

3 Results and Discussion

The transport experiments were carried out with an apparatus
designed by Reinhoudt et al. (21) shown as in Figure 2. The

Fig. 1. The ligands used as carriers.

Fig. 2. Supported liquid membrane apparatus.

Fig. 3. Hg2þ transport experiment with calix[4]arenes 1 and 2 for
Celgard 2400 membrane. Feed solution: 0.01 M Hg-X (X ¼ NO3

2 ve
X ¼ Cl2), organic membrane: 1 and 2¼1023 M in NPOE, stripping

solution: Deionized water, VF ¼ VS ¼ 30 cm3, S ¼ 9.08 cm2,
1: 0.41.
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organic phase impregnated a microporous support of poly-
propylene placed between the aqueous phases. The mass of
organic phase incorporated in a membrane was determined
by weighing the membrane before and after impregnation.

We have induced a coupled co-transport of Hg2þ ion and
nitrate and chloride anions, establishing a chemical gradient
between the feed and stripping solutions. According to the
mass transfer model described by Danesi (22), the per-
meability (P) is obtained using Equations (1) and (2).

Feed solution: ln
C

C0

� �
¼ �1

S

VB

PFt ð1Þ

Strip solution: ln 1
C0

C0

� �
¼ �1

S

VA

PSt ð2Þ

where C/C0: concentration of the cation, respectively in the
feed/stripping solution at time t; C0: initial concentration of

the cation in the feed solution; 1: porosity of supported
liquid membrane (%); S: membrane surface area (cm2); V:
volume of feed or stripping solution (cm3).

PF and PS were determined graphically from the slope
of plots ln(C/C0) and ln(1 2 C

0

/C0), respectively vs. t.
In ideal cases, PF is equal to PS.

In this study, supported liquid membrane transport works
for Hg(II) have been carried out by using Celgard 2400 and
Celgard 2500 model membranes and permeabilities have
been determined by using versatile metal salts (Hg(NO3)2,
HgCl2) and different solvents (xylene, chloroform and
2-nitrophenyl octyl ether).

Depending upon these results, plots of ln(1 2 C0/C0) vs.
time for the nitrate and chloride salts of the Hg2þ, together
with the relevant carrier 1 and 2 in NPOE solvent using
Celgard 2400 and Celgard 2500, solid support membranes
are presented in Figures 3 and 4. Both plots give a straight
line with slopes, which verify that the transport efficiency
depends upon the type of solid support. The values of perme-
abilities (P) are given in Table 1. The percentage permeability
of Celgard 2500 membrane (45%) is higher than that of
Celgard 2400 (41%). Though the thickness of Celgard 2400
is smaller than the Celgard 2500, the results show that the
values of permeabilities for Celgard 2500 model membrane
are higher than that of permeabilities for Celgard 2400
model membrane. Thus, it can be assumed that the per-
meability depends upon the nature of the membrane.

When compared with the chloride and nitrate forms, the
transport of Hg2þ was found to be higher in the chloride
form. These results can be ascribed to the low solubility of
(NO3

2) in organic phase by the polarity of co-transport ion
and it could also be explained by the fact that the radius of
chloride anion (0.168 nm) is smaller more than that of
nitrate anion (0.200 nm).

Fig. 4. Hg2þ transport experiment with calix[4]arenes 1 and 2 for
Celgard 2500 membrane. Feed solution: 0.01 M Hg-X (X ¼ NO3

2 ve
X ¼ Cl2), organic membrane: 1 and 2 ¼1023 M in NPOE, stripping

solution: Deionized water, VF ¼ VS ¼ 30 cm3, S ¼ 9.08 cm2,
1: 0.45.

Table 1. Permeabilities P for transport through supported liquid
membranes by calixarenes 1 and 2 for Celgard 2400 and Celgard
2500 membrane

P � 105 (cm . min21)

Ligand Ion pair Solvent
Celgrad

2400
Celgrad

2500

1 Hg(NO3)2 Xylene 0.87 0.92
Chloroform 1.08 1.31
NPOE 1.74 2.24

Xylene 8.88 16.18
1 HgCl2 Chloroform 10.18 21.78

NPOE 30.46 35.87
Xylene 0.51 0.53

2 Hg(NO3)2 Chloroform 0.67 0.92
NPOE 1.32 1.78
Xylene 7.35 10.43

2 HgCl2 Chloroform 9.62 12.99
NPOE 34.00 51.77
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When the different solvents were used for both of the
carriers, the values of permeabilities obtained were also
different It has been previously pointed out that the nature
of solvent has a great influence on the transport efficiency
through bulk liquid membranes (16, 17, 23, 24). The results
obtained for permeability with solvents are presented in
Table 1. It is apparent from the results that the permeability
values are remarkably different in different solvents and
found to be in the order of NPOE . chloroform . xylene.
In the case of xylene and chloroform, the values of permeabil-
ities are smaller than that of NPOE. Nitrophenyl alkyl ethers
(NPHE-hexyl; NPOE-octyl) were used because they lead to a
stable membrane due to their very low solubility in water
(25–28). Also, the polymeric support materials used are
very important in the stability of the membrane. The require-
ment for a good polymeric support are high porosity, small
pore size, good mechanical strength, chemical resistance,
thinness, hydrophobicity, and low cost.

4 Conclusions

These results showed the polarity of co-transportion resulted
in a decrease of the permeability values by the low solubility
of (NO3

2) in organic phase. From supported liquid membranes
experiments, the effects of various operating variables on
Hg2þ permeability were investigated. The transport efficiency
on the liquid membrane transport was dependent on the type
of solvent, the type of anion, the type of carrier.
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