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ABSTRACT

Co-transport of metals (Hg2þ, Pb2þ, Naþ) from an aqueous

solution into an aqueous-receiving solution through a bulk liquid

membrane containing calix[4]arene nitrile derivatives as carriers

was investigated. Kinetic parameters were analyzed with

consecutive irreversible first-order reactions and the effect of

solvents such as CH2Cl2, CHCl3, and CCl4 was also examined.

The transport rates show that both nitrile derivatives are efficient

and selective for Hg(II) ions with respect to Naþ and Pb2þ ions

and the dinitrile derivative is found to be a better carrier than the

tetranitrile one. The membrane entrance- and exit rate-constants

depend on the solvent type and are found to be in the order

CH2Cl2 . CHCl3 . CCl4: A remarkable difference was also

observed of the same order for fluxes.
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INTRODUCTION

Recently, many attempts for metal separation and recovery by liquid

membranes have been afforded (1,2). It has been demonstrated that the transport

mediated by mobile carriers is one of the simplest method for selective removal

of an ion from aqueous solution of ionic species (3). Liquid membranes play an

important role in the separation processes (4). Their efficiency and economic

advantages designate them to be the optimal solution of some important problems

in science and technology, such as precious metal recovery (5), toxic product (6–

8) (metals, organic molecules) elimination from wastewaters, etc. Therefore,

scientific research in this field continues to be very active, despite some important

solution-awaiting technological problems, which at present prevent large-scale

applications of liquid membranes in the chemical industry.

The design and synthesis of calixarenes, an important class of macrocyclic ion

receptors, is very well documented in supramolecular chemistry (9–11). The highly

ordered structure of calixarenes offers not only boundless possibilities for chemical

modifications, but also makes them extremely useful in the study of molecular

recognition in supramolecular processes. Therefore, we have chosen the calix[4]arene

skeleton as a vehicle for modeling such phenomena in liquid membrane technique. In

the transport system, on one hand, carrier molecules dissolved in liquid membranes

have very specific and selective interacting power, on the other, the nature of solvent

molecules decisively influences the metal-ion transport phenomena (3). It was

reported that some solvent increases the transport efficiency, but some others decrease

or may even stop completely transport flux (12). The membrane composition on the

metal-ion transport efficiency was also important (13–15).

The aim of this work was to investigate the kinetic analysis and the

effectiveness of two nitrile derivatives of calix[4]arene (1 and 2 shown in Fig. 1)

as carriers for Hg2þ, Pb2þ, and Naþ ions and also to examine the solvent

efficiency on the process for ion transport through bulk liquid membrane.

EXPERIMENTAL

Materials

The chemical reagents used in these experiments were mercury (II) nitrate,

dichloromethane, chloroform, CCl4, (Merck, Co., Darmstadt, Germany, 99.8%),

sodium hydroxide, and picric acid, (Merck). The alkali picrates were prepared as

described elsewhere (16) by stepwise addition of a 2.0 £ 1022 M aqueous picric

acid solution to a 0.14 M aqueous solution of metal hydroxide until

neutralization, which was checked by pH control with a glass electrode. They

were then rapidly washed with ethanol and ether before being dried in vacuo for
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24 hr. Transition metal picrates were prepared by the addition of a 1 £ 1022 M

mercury (II) nitrate to a 2.5 £ 1025 M aqueous picric acid solution and shaken at

258C for 1 hr. The aqueous solutions were prepared using deionized water.

Synthesis of Carriers

The carriers 5,11,17,23-tetra-tert-butyl-25,27-dicyanomethoxy-26,28-

dihydroxy calix[4]arene 1, and 5,11,17,23-tetra-tert-butyl-25,26,27,28-tetracya-

nomethoxy calix[4]arene 2 used in the study were synthesized according to

literature methods (17).

Kinetic Procedure

Co-transport experiments were conducted using a thermostated (Grants

Instruments, model W14, Cambridge, England) apparatus at 258C. Transport

experiments were carried out in a U-type cell. An organic solution (20 mL)

containing the carrier was placed at the bottom of the cell and two portions of

aqueous solutions (10 mL) were carefully added on top of them. Both surface

areas were 2.5 cm2. The organic phase was stirred at 500 rpm magnetically.

(Chiltern Scientific Inst. Ltd., model HS 31, U.K.).

The initial compositions of the phases consisted of the donor phase, which was

an aqueous metal picrate (2.5 £ 1025 M ) and membrane phase was made up by

dissolving carrier (calix[4]arene derivatives, Ccarrier ¼ 1023 M) in the organic

solvent. Acceptor phase consisted of double distilled water. Samples were taken

Figure 1. Structure of ligands used as carrier.
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from both water phases (acceptor and donor phases) at regular time intervals and the

metal picrate concentration was analyzed by a spectrophotometric method (18).

Each experimental result reported is the arithmetic mean for two independent

samples and volume change by spectrophotometric method ðerror , 1%Þ:

RESULTS AND DISCUSSION

All kinetic measurements were performed under exactly the same

experimental conditions. Two different membrane systems (dinitrile calixarene

and tetranitrile calixarene) involving three different solvents were investigated.

In the experiments, the variation of metal concentration with time was

directly measured in both donor (Cd) and acceptor phases (Ca). The corresponding

change of metal in the membrane phase was established from the material balance.

In general, the reduced concentrations are used for practical reasons as follows:

Rd ¼
Cd

Cd0

Rm ¼
Cm

Cd0

Ra ¼
Ca

Cd0

ð1Þ

where Cd0 is the initial metal concentration in the donor phase Cd, Cm, and Ca

represents the metal concentration in donor, membrane, and acceptor phases,

respectively. From this expression, the material balance can be established as

Rd þ Rm þ Ra ¼ 1: The variation of reduced concentration of Hg2þ ion with time

through liquid membrane in CH2Cl2 containing dinitrile derivative is shown in

Fig. 2. The obtained experimental results show that Rd decreases exponentially

with time accompanied by a simultaneous increase of Ra, whereas Rm presents at

maximum. From these results, the kinetic behavior for bulk liquid membrane

transport process can be described by consecutive irreversible first-order reactions

(12–15).

Cd
k1
�!Cm

k2
�!Ca

where Cd, Cm, and Ca represents the metal concentration in donor, membrane, and

acceptor phases, respectively, k1 and k2 are the apparent membrane entrance and exit

rate-constants, respectively. The kinetic scheme for consecutive irreversible

reactions may be described by the following rate equations:

dRd

dt
¼ 2k1Rd ; Jd ð2Þ

dRm

dt
¼ k1Rd 2 k2Rm ð3Þ

dRa

dt
¼ k2Rm ¼ Ja ð4Þ
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where J is the flux, when k1 – k2; and integrating the above differential equations

gives

Rd ¼ expð2k1tÞ ð5Þ

Rm ¼
k1

k2 2 k1

½expð2k1tÞ2 expð2k2tÞ� ð6Þ

Ra ¼ 1 2
k1

k2 2 k1

½k2expð2k1tÞ2 k1expð2k2tÞ� ð7Þ

The maximum values of Rm and tmax (when dRm=dt ¼ 0) can be written as

Rmax
m ¼

k1

k2

� �2k2=ðk12k2Þ

ð8Þ

tmax ¼
1

k1 2 k2

� �
ln

k1

k2

ð9Þ

Figure 2. Variation of reduced concentrations of Hg2þ ion in co-transport through liquid

membrane (T ¼ 298 ^ 0:1K; solvent is CH2Cl2).

TRANSPORT OF METALS 2205

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
3
2
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



By considering the first-order time differentiation (5–9) at tmax, one obtains the

following equations

dRd

dt

����
max

¼ 2k1

k1

k2

� �2k1=ðk12k2Þ

; Jmax
d ð10Þ

dRm

dt

����
max

¼ 0

dRa

dt

����
max

¼ k2

k1

k2

� �2k2=ðk12k2Þ

; Jmax
a ð11Þ

2
dRd

dt
¼

dRa

dt

����
���� ð12Þ

The numerical analysis was realized by nonlinear curve fitting using

SIGMA-PLOT software program. Accordingly, k1 rate constant was obtained from

Eq. (5) and k2 rate constant was determined by using Eq. (7) keeping k1 constant

in curve-fitting program. For the membrane systems (dinitrile calixarene and

tetranitrile calixarene), with three different solvents, the membrane entrance- (k1)

and the exit rate- (k2) constants together with Rmax
m ; tmax, Jmax

d ; and Jmax
a values

measured for Hg2þ, the results are presented in Table 1.

The good agreement between the theoretical curves and the experimental

points for Hg2þ ion transport in both carriers are shown in Figs. 3 and 4 (as shown

with dashed line). The results suggest that the Hg2þ ions transport can be

described by the kinetic laws of two consecutive irreversible first-order reactions

in the present case.

Table 1. The Kinetic Parameters of Hg2þ when Different Solvents were Used as

Membrane

Ligand Solvent

k1 £ 103

(min21)

k2 £ 103

(min21) Rmax
m

tmax

(min)

Jmax
d £ 103

(min21)

Jmax
a £ 103

(min21)

Dinitrile CH2Cl2 4.7 22.0 0.15 89.2 23.3 3.3

CHCl3 2.5 12.48 0.13 161.1 21.62 1.62

CCl4 1.6 3.56 0.23 407.9 20.83 0.83

Tetranitrile CH2Cl2 3.5 16.54 0.14 119.1 22.32 2.32

CHCl3 1.6 12.4 0.095 189.6 21.18 1.18

CCl4 0.3 0.81 0.21 1944.8 20.17 0.17
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The nature of the membrane material and solvent system may have also a great

influence on the efficiency of metal-ion transport. In order to check this point,

appropriate experimental conditions have been set up for two different carrier

systems using solvents such as dichloromethane, chloroform, and CCl4. The results

are shown in Figs. 3 and 4. It can be seen that Ra values are affected by membrane-

solvent system. The transport efficiency of Hg2þ transport was observed to be the

highest with CH2Cl2 solvents. Dichloromethane solvent appeared to be the most

efficient one in the transport processes with respect to chloroform and carbon

tetrachloride solvents. When the kinetic parameters were compared for solvents and

the type of carrier system, the membrane entrance- and exit rate- constants strongly

depended on solvents and seemed to be similar for ligands as shown in Table 2. In all

these cases, it has been found that k2 . k1:As it is seen, the membrane entrance- (k1)

and exit rate- (k2) constants, tmax, Rmax values, and Jmax
a values are remarkably

different for the solvents. For the membrane systems, it can be seen that all the

kinetic parameters that were dependent on the solvent type, were different and were

always higher for dinitrile carrier. On the other hand, the obtained kinetic parameters

were influenced by the type of solvent and the ligand carrier.

Figure 3. Time variation of reduced concentrations of Hg2þ in the acceptor phase during

co-transport through liquid membrane using dinitrile derivative in different solvents. (The

symbols represent the experimental points, the dashed lines are obtained from the curve-

fitting program; T ¼ 298 ^ 0:1K).
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For the systems investigated (Table 1), all the kinetic experiments were

performed under the same conditions. Taking into account total fluxes obtained

when Hg2þ ions were transported through carrier molecules, transport efficiency of

dichloromethane solvent is higher than that of CHCl3 and CCl4 for the two carrier

systems. These results are in agreement with Ref. (12) in which the efficiency of

dichloromethane according to Ra values was higher than that of CHCl3 and CCl4.

Figure 4. Time variation of reduced concentrations of Hg2þ in the acceptor phase during

co-transport through liquid membrane using tetranitrile derivative in different solvents.

(The symbols represent the experimental points, the dashed lines are obtained from the

curve-fitting program; T ¼ 298 ^ 0:1KÞ:

Table 2. Physicochemical Characteristics of Solvents (12)

Solvent e0 nD m h Vm

CH2Cl2 9.08 1.424 1.959 0.437 64.2

CHCl3 4.81 1.446 1.354 0.58 96.5

CCl4 2.24 1.466 0 0.969 96.5

e0, dielectric constant (208C); nD, refractive index; m, dipole

moment; h, viscosity; Vm, molar volume.

ALPOGUZ ET AL.2208

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
3
2
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



These observations suggest that viscosity plays a role in metal transport. It is seen

from Table 2 that the transport efficiency is sensitive to the viscosity of the solvents

and the viscosity values are in the order CH2Cl2 . CHCl3 . CCl4: The viscosity

value of CHCl2 compared to CCl4 is smaller, about two-fold and its transport

efficiency is higher about three-fold or higher. These results show the importance of

the nature of membrane solvent in establishing transport efficiency.

The nature of the solvent of the membrane phase influences the distribution

equilibrium at the interfaces between the membrane and aqueous solution. It has

been reported that the solvent polarity is important in solvent extraction and the

relative cation is selectively quite often sensitive to the polarity change (19,20).

There was a larger effect of solvent type on transport, whereas a minimal effect of

solvent type on membrane selectivity was observed (21). As shown in Table 2,

the solvent type also has an effect on selectivity.

For comparing the selectivity of Hg2þ ion with alkali and divalent cations,

experiments were carried out with Naþ and Pb2þ ions by using chloroform solvent

under the same experimental conditions. Time variation of reduced concentration

of metals in the acceptor phase during the co-transport through liquid membrane

Figure 5. Time variation of reduced concentrations of metals in the acceptor phases

during the co-transport through liquid membrane for dinitrile carrier. ðT ¼ 298 ^ 0:1KÞ:
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for dinitrile and tetranitrile derivatives are shown in Figs. 5 and 6, respectively.

The obtained kinetic parameters are given in Table 3. Table 3 shows that both

carrier studied are efficient and selective for Hg2þ ions with respect to Naþ and

Pb2þ ions. Their efficiency, ranges from 1.18 ðJmax
a Þ for the system tetranitrile to

1.62 for the system dinitrile, which is inferior. The dinitrile derivative is a better

carrier than the tetranitrile. It should be noted, however, that the two nitrile

derivatives are less efficient for Naþ and Pb2þ ions. Dinitrile is a remarkable

carrier in view of its selectively for Hg2þ ions.

It was pointed out that a ligand is a selective carrier when the most

efficiently bound cation is also the one which is carried the fastest (21). On the

other hand, it will be a selective receptor when the best-bound cation is the one

most slowly transported. According to these definitions, dinitrile derivative is

considered as a selective carrier even in the presence of other alkali or divalent

cations: Hg2þ will be selectively transported.

Figure 6. Time variation of reduced concentrations of metals in the acceptor phases

during the co-transport through liquid membrane for tetranitrile carrier. ðT ¼

298 ^ 0:1KÞ:
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CONCLUSION

The results obtained show that all the chemical kinetic parameters are

influenced by the type of carrier as well as solvent. This seems to confirm that the

nature of the membrane material and solvent affects mainly the initial state of

diffusion. Taking into account the fluxes of metals transported through the

calix[4]arene derivativized liquid membranes, the transport efficiency seems to

be higher for dinitrile compound compared with the tetranitrile one. The

efficiency and reproducibility of transport depend on carrier and solvent type.

The structure of the carrier, the nature of cation, and the nature of the solvent have

been proved to influence the transport efficiency.
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