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a  b  s  t  r  a  c  t

The  carrier  activity  of  calix[4]arene  containing  imidazole  groups  towards  the  facilitated  transport  of
palladium(II)  through  dichloromethane  bulk  liquid  membrane  has  been  studied.  The  optimum  transport
conditions  were  established  by the  studies  on  the effect  of  pH, feed  concentration,  carrier  concentration,
receiver  phase  concentration  and  transport  time.  A solution  of  1 M  hydrochloric  acid  (HCl)  served  as
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receiving  phase  for  maximum  transport  of  the  metal  ion.  Maximum  transport  efficiency  was  observed
for  Pd(II)  ion  when  it was  present  in  the  concentration  of  10−3 M  and  the transport  efficiency  after  24 h
was  found  as  95%.

© 2012 Elsevier B.V. All rights reserved.
. Introduction

Recently, the development of an efficient technique for the
ecovery of valuable metals contained in industrial wastes has come
nder serious consideration due to the resource scarcity and some
azards of these metals might cause to the global environment of
he valuable metals. In most of wastes, target metals are often very
are compared to a primary source and thus their separation is
ery difficult. Therefore, it is necessary to develop an efficient and
ow expensive recovery process for such valuable metals [1].  The
olvent extraction process has already been industrially applied to
he recovery of precious metals [2,3]. However, the extraction rate
f precious metals is understood to be kinetically very slow, and
s a result a huge amount of extractant and interfacial area are
equired to operate the process efficiently. Palladium, a member of
he platinum group metals, is a noble metal with an increasing tech-
ological importance due to its wide application in electrical and
lectronics industry, jewellery, dentistry and autocatalysts, coating
gents and brazing alloys [4–6]. Palladium have very close prop-
rties. Only Pd(II) forms, however, hydrate in acidic solutions [7],
hich may  be bound by special carriers like the sulphur containing
acrocyclic compounds, e.g., T18C4 (thio-18-crown-6).

The Liquid membrane (LM) technology has been effectively used

o treat aqueous streams contaminated with metal ions. Among
M technologies bulk liquid membranes (BLM) are suitable for

∗ Corresponding author. Tel.: +90 332 2233897; fax: +90 332 2410635.
E-mail address: ilker0997@gmail.com (I. Akin).

304-3894/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2012.03.043
screening novel carrier-mediated transport systems on a laboratory
scale. In general, the mobile carrier contained in the liquid mem-
brane governs the efficiency and selectivity of the liquid membrane
transport and therefore a lot of novel carriers have been explored to
create selective separation systems [8].  In recent years, a remark-
able increase of the applications of liquid membranes in separation
processes is observed [9,10].  Hidalgo et al. used a supporting liquid
membrane (SLM) module impregnated with a Cyanex 471 solu-
tion for separation of Pd(II) from Pt-containing chloride solutions
as well as for the recovery of Pd(II) from waste catalysts [11].
Bulk liquid membrane (BLM) has been studied for preconcentration
and separation of palladium with different carriers. Abbaspour and
co-workers have reported that 3,4-dihydro-4,4-6-trimethyl-2(1H)-
pyrimidinethione (DTPT) ligand sulfur containing is an excellent
carrier for selective and efficient transport of Pd(II) [12]. Khaya-
tian et al. used ammonium–dibenzyldiaza-18-crown-6 complex as
a highly efficient carrier for the uphill transport of palladium as
PdCl42− complex ion through a chloroform bulk liquid membrane.
By using thiocyanate as a metal ion acceptor in the receiving phase,
the amount of palladium transported across the liquid membrane
after 120 min  was 92.2 ± 1.4% [13]. Also, Alizadeh et al. success-
fully applied to the transport of Pd(II) to a BLM with a cationic
surfactant hexadecylpyridinium bromide (HDPB) as carrier and the
results showed that transport efficiency of Pd(II) for the ten repli-
cate measurements after 110 min  was  97.9 ± 1.1% [1].
In the last decade, macrocyclic ligands have attracted much
attention as novel host compounds for ionic species [14]. In this
study, we have focused on the calixarenes, whose cavity can rec-
ognize the size of a guest molecule and the framework is available

dx.doi.org/10.1016/j.jhazmat.2012.03.043
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:ilker0997@gmail.com
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Fig. 1. Calix[4]arene imidazole derivative.

or the arrangement of the functional groups to create a specific
ffinity for a target guest molecule. Calixarenes represent one of
he most important macrocyclic host molecules in supramolecular
hemistry together with crown ethers and cyclodextrins. Chem-
cal modification of the calix[4]arene platform gives access to

 wide variety of multifunctional ligands suitable for selective
on complexation [15,16]. Their efficiency and economic advan-
ages designate them as the optimal solution for some important
roblems in science and technology, such as precious metal recov-
ry, toxic product elimination from waste waters, etc. The liquid
embrane transport effect is one of the typical supramolecular

hemistry characteristics of calixarenes [17,18].  Studies on the
ffects of calixarenes in liquid membrane transport are not only
ble to show the ability of calixarenes and their derivatives as fluid
arriers in transporting metal cations and the laws of that trans-
ort, but are also helpful in understanding the principles, driving
orce and main factors influencing the transport of metal cations.
he present study examines the effectiveness of 3 as a carrier and
xplores the effect of pH, solvent, stirring rate, transport time, car-
ier concentration, and temperature on the efficiency of transport
rocess.

. Experimental

.1. Chemicals

The chemical reagents used in bulk liquid membrane experi-
ents were, palladium(II) nitrate, hydrochloric acid, sulfuric acid,

itric acid, ethylenediaminetetraacetic acid, potassium chloride,
odium nitrate, sodium sulfate, dichloromethane, carbon tetra-
hloride, chloroform from Merck Co. (Darmstadt, Germany). The
d(NO3)2 solutions were prepared in B. Robinson buffer solution
t pH 2–8 [19]. Doubly distilled water was used throughout. The
arrier used in the study are presented in Fig. 1.

.2. Apparatus

The atomic absorption spectrometer (AAS) used for the mea-
urement of metal concentrations was a ContrAA 300 (Analytik
ena, Germany) in air-acetylene flame at wavelength of 247.642 nm.

 pH-meter (Orion) equipped with a combined glass–Ag/AgCl elec-

rode was used for pH measurements. The membrane phase was
tirred including a teflon-coated magnetic bar by magnetic stirrer
Daihan MSH-20D, Germany). A bulk type liquid membrane cell
Fig. 2) was used in all transport experiments.
Fig. 2. Bulk liquid membrane cell (a) feeding phase, (b) membrane phase, and (c)
receiving phase.

2.3. Procedure

Transport experiments were carried out at ambient temper-
ature. A cylindrical glass cell (inside diameter 3.5 cm)  holding a
glass tube (inside diameter 2.0 cm), thus separating the two  aque-
ous phases, was used. The feeding (source) phase contained 10 mL
of 10−3 M palladium(II) solution and 1 M KCl. The receiving phase
included 10 mL  of 1 M hydrochloric acid. A dichloromethane layer
(10 ml)  containing 10−3 M of calix[4]arene lay below these two
aqueous phases and bridged them. The organic layer with a thick-
ness of 1.6 cm was  stirred constantly by a teflon-coated magnetic
bar. Determination of the metal ion concentration in both aque-
ous phases was carried out by spectrometry. The limit of detection
calculated as the concentration that gives a reading equal to three-
times the standard deviation of a series of the procedural blank
signal (n = 5), was  found to be 0.005 mg/L.

2.4. Synthesis

The synthesis of 1–3 was depicted in Scheme 1. Compounds 1–3
were prepared according to the literature methods [20,21] and by
adapting known synthetic procedures, respectively.

2.4.1. Synthesis of 5,11,17,23-tetra
(tert-butyl)-25,26,27,28-tetra(4-propylimidazole
acetamide)-calix[4]arene (3)

A mixture of tetraester derivative of calix[4]arene (2) (1.31 g,
1.0 mmol) and 1-(3-aminopropyl)imidazole (0.51 g, 4.1 mmol) in
60 mL  of a 1:1 mixture of methanol:toluene was  refluxed for 3 days.
The solvents were removed by evaporation under reduced pres-
sure. The residue was dissolved in dichloromethane and washed
with water. The organic layer was dried over Na2SO4. The residue
was  precipitated with hexane to give pure 3 (80%) as a white solid.
Mp 244–250 ◦C. FT-IR: 1680 cm−1 (NHC O), 1H NMR  (400 MHz,
CDCl3): ı (ppm) 1.10 (s, 36H, C(CH3)3), 2.0 (p, 8H, NHCH2CH2), 3.15
(t, 8H, NHCH2CH2), 3.9 (t, 8H, NCHCH), 3.2 (d, 4H, ArCH2Ar), 4.4 (d,
4H, ArCH2Ar), 4.42 (s, 8H, OCH2), 6.8 (s, 8H, ArH), 6.90–7.10 (m,
8H, CH, imidazloly),  7.45 (s, 4H, CH, imidazloly),  8.15 (s, 4H, CONH).
Anal. calcd. for C76H100O8N12: C, 69.70; H, 7.70; N, 12.83. Found: C,
70.03; H, 7.72; N, 12.85.

3. Results and discussion
3.1. Optimization of conditions

The optimum transport conditions were established by the stud-
ies on the effect of pH, feed concentration, carrier concentration,
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Scheme 1. Schematic representation of synthesis of compounds 1–3.  Reagents and conditio
toluen:MeOH, reflux, 80%.
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ig. 3. Effect of pH of feed phase on transport. Conditions: feed phase (F.P.),
0  mL  of 1 × 10−3 M Pd(II) and 1 M KCl; liquid membrane phase, 10 mL  of 10−3 M
alix[4]arene; receiving phase (R.P.), 10 mL  of 1 M HCl; time of transport, 24 h.

eceiver phase concentration, stirring rate, effect of solvent and
ransport time.

.2. Effect of feed phase pH
The effect of the feed phase pH on the efficiency of metal trans-
ort was studied (Fig. 3). It is quite clear that the transport of Pd2+

ons is influenced by the pH of feed phase. The results revealed that
he palladium transport occurs at pH 1.0–4.0. At higher pH values,
ns:  (i) BrCH2CO2CH3, K2CO3, acetone, reflux, 90%; (ii) 1-(3-aminopropyl)imidazole,

there is a decrease in percentage of transport due to the formation
of palladium hydroxide complexes [1].  The optimum value in the
present study appears to be about pH 2 in which a high degree of
palladium transport is achievable.

3.3. Effect of carrier concentration

The carrier concentration of organic phase has a significant
effect on Pd(II) ion transport across the membrane. It is gen-
erally expected to increase with the carrier concentration. The
experiments were carried out at different initial carrier concen-
trations (1 × 10−4, 2 × 10−4, 5 × 10−4, 1 × 10−3 and 5 × 10−3 M) in
dichloromethane at 298 K and 300 rpm. As can be seen from Fig. 4,
the Pd(II) transport increases with increasing carrier concentra-
tion and when concentration of the carrier is 1 × 10−3 M,  the Pd(II)
transport reaches a balance.

3.4. Effect of feed concentration

The feed concentration of effect on Pd(II) ion transport across
the membrane. It is generally expected to decrease with the feed
concentration. The experiments were carried out at different ini-
tial feed concentrations 1 × 10−4, 2 × 10−4, 5 × 10−4, 1 × 10−3 and

5 × 10−3 M in dichloromethane at 298 K and 300 rpm. As shown in
Fig. 5, the best results have been obtained on the feed concentra-
tion of 1 × 10−3 M and this value for the optimum conditions were
employed.
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Fig. 4. Effect of concentration of calic[4]arene on transport. Conditions: feed phase
(F.P.), 10 mL  of 1 × 10−3 M Pd(II) and 1 M KCl; liquid membrane phase, 10 ml  of dif-
ferent concentrations of calix[4]arene; receiving phase (R.P.), 10 mL  of 1 M HCl; time
of  transport, 24 h.

Fig. 5. Effect of concentration of feeding phase on transport. Conditions: feed phase,
10  mL  of different concentrations Pd(II) and 1 M KCl; liquid membrane phase, 10 mL
of  1 × 10−3 M calix[4]arene; receiving phase, 10 mL  of 1 M HCl; time of transport,
24  h.
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ig. 6. Effect of time on Pd(II) transport. Conditions: feed phase, 10 mL  of 1 × 10−3 M
d(II) and 1 M KCl; liquid membrane phase, 10 mL of 1 × 10−3 M calix[4]arene;
eceiving phase, 10 mL  of 1 M HCl.

.5. Effect of time on transport and kinetic procedures
Fig. 6 shows the time dependence of palladium transport
hrough the liquid membrane under the optimal experimental con-
itions. It is quit obvious that the extraction of palladium from
terials 223– 224 (2012) 24– 30 27

the aqueous source phase into the organic membrane occurs very
rapidly, so that the extraction seems to be completed after approx-
imately 1 h. However, the release of palladium into the aqueous
receiving phase occurs at a slower rate. It was  confirmed that about
82% of palladium was transported from the source phase into the
receiving phase after 24 h, under the optimal conditions.

The transport experiments were carried out by using the bulk
liquid membrane apparatus as presented in Fig. 2. The membrane
phase (10 mL), containing the carrier in an organic solution, was
placed at the bottom of the cell with a 1.6 cm magnetic stirring bar
inside. The membrane phase was  stirred at 350 rpm magnetically.
An open glass cylinder was  inserted into the membrane. The feed-
ing phase (donor phase) (10 mL)  contained Pd(II) solution buffered
with B. Robinson buffer at pH 2 was added slowly inside cylin-
der. The receiver phase (acceptor phase) (10 mL)  containing 1 M
HCl buffered with B. Robinson buffer at pH 5 was placed outside
the cylinder. In experiments, variation of Pd(II) concentration with
time was directly determined in both feeding (Cd in M) and receiver
(Ca in M)  phases using AAS at regular time intervals for a 24 h
period. The corresponding change of palladium ion concentration
in the membrane phase was determined from the material balance
between the phases. For practical reason, dimensionless reduced
concentrations (R) were used:

Rd = Cd

Cd0
, Rm = Cm

Cd0
, Ra = Ca

Cd0
(1)

where Cd0 is the initial Pd(II) concentration in the feeding phase
while Cd, Cm and Ca represent the Pd(II) concentration in feeding,
membrane and receiver phases, respectively. The material bal-
ance with respect to the reduced concentrations can be expressed
as Rd + Rm + Ra = 1. When Rd, Rm and Ra values are inspected, the
results suggest that the Pd(II) ion transport obeys the kinetic laws
of two  consecutive irreversible first-order reaction according to the
kinetic scheme [22–25]:

Cd
k1−→Cm

k2−→Ca (2)

where k1 and k2 are pseudo-first-order apparent rate constants of
the extraction and reextraction, respectively. The change of car-
rier concentration and other factors affect feeding, membrane and
receiver phases Pd(II) ion concentration. This effect results a change
in k1 and k2 values. The kinetic scheme, Eq. (2),  for consecutive irre-
versible reactions can be described by the following rate equations
[22,26]:

dRd

dt
=  −k1Rd ≡ Jd (3)

dRm

dt
= k1Rd − k2Rm (4)

dRa

dt
= k2Rm ≡ Ja (5)

where J represents the flux. When k1 /= k2, integrating Eqs. (3)–(5)
gives the following expressions:

Rd = exp(−k1t) (6)

Rm = k1

k2 − k1
[exp(−k1t) − exp(−k2t)] (7)

Ra = 1 − 1
k2 − k1

[k2 exp(−k1t) − k1 exp(−k2t)] (8)

where k1 and k2 values are the apparent extraction and reextraction

rate constants, respectively. The kinetic parameters k1 and k2 were
obtained by fitting Eqs. (6)–(8) to the experimentally obtained data.
The observed experimental results reveal that Rd decreases expo-
nentially with time, accompanied by a simultaneous increase of Ra,
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Fig. 7. Time dependence of Rd, Rm and Ra for transport of Pd(II). Theoretical curves
calculated from Eqs. (6)–(8). Donor phase: 1 × 10−3 M Pd(II) solution buffered at
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Fig. 8. Solvent dependence of Rr for the transport of Pd(II). Feed phase: 1 × 10−3 M

T
T

H  2; acceptor phase: buffered at pH 5; membrane phase: 1 × 10−3 M carrier in
ichloromethane, at 350 rpm and 298 K (these values were the optimum conditions).

hereas Rm presents a maximum at intermediate times. The varia-
ion of Rd, Rm and Ra with time through liquid membrane is shown
n Fig. 7. The maximum values of Rm (when dRm/dt  = 0) and tmax

ay  be written as follows:

max
m =

(
k1

k2

)−k2/(k1−k2)

(9)

max = ln
(

k1

k2

)  (
1

k1 − k2

)
(10)

By considering the first-order time differentiation of Eqs. (6)–(8)
t t = tmax, one obtains the following equations:

dRd

dt

∣∣∣
max

= −k1

(
k1

k2

)−k1/(k1−k2)

≡ Jmax
d (11)

dRm

dt

∣∣∣
max

= 0 (12)

dRa

dt

∣∣∣
max

= k2

(
k1

k2

)−k1/(k1−k2)

≡ Jmax
a (13)

he system is in steady state, so the Pd(II) concentration in the
embrane (t = tmax) does not vary with time Eq. (12). Because the
aximum membrane entrance (Jmax

d ) and exit (Jmax
a ) fluxes are

qual but having opposite signs:

Jmax
d = +Jmax

a (14)

The actual numerical analysis was carried out by non-linear
urve fitting using a Sigma-Plot software program. The extraction
ate constant, k1, was obtained from Eq. (6) by using feding phase

ata, while the reextraction rate constant, k2, was determined from
he receiver phase data by using Eq. (8) or indirectly from the mem-
rane phase data calculated (k2) on the basis of Eq. (7).

able 1
he kinetic parameters for the transport of Pd(II) at different stirring speed.

Stirring Speed (rpm) k1 (×103 min−1) k2 (×103 min−1) tmax (min) 

100 1.54 0.22 1478.85 

150 2.0  0.28 1241.08 

200  2.46 0.54 956.20 

300 3.02 1.02 754.76 

350  3.28 1.86 512.86 
Pd(II) solution buffered at pH 2; receiving phase: buffered at pH 5; membrane phase:
1  × 10−3 M carrier in solvents, at 350 rpm and 298 K (these values were the optimum
conditions).

3.6. Effect of stirring rate

The influence of the stirring speed on palladium(II) transport
was  studied in order to optimize uniform mixing of the solution and
to minimize thickness of aqueous boundary layers. In the present
investigation, the stirring rate of the membrane phase was  car-
ried out at five different stirring rates: (100, 150, 200, 300 and
350 rpm) at 298 K when the carrier concentration was  1 × 10−3 M in
dichloromethane. The results are presented in Table 1 which indi-
cate that the stirring rate affects the transport rate of palladium(II)
through the liquid membrane it can be concluded that the rate of
transport of Pd(II) increased with increasing stirring speed. It is also
shown that tmax and Rmax

a decrease with the increase of stirring
speed.

3.7. Effect of solvent

The experiments were also accomplished with three solvents:
CH2Cl2, CHCl3 and CCl4. From the results in Table 2, it can be seen
that the order of the amount of the Pd(II) released into the receiving
phase varies as: CCl4 � CHCl3 < CH2Cl2. The highest transport effi-
ciency was  obtained in CH2Cl2. CCl4 was found to be an unsuitable
solvent for the transport of Pd(II) as shown in Fig. 8. This result can
be attributed to the distinct difference in solvent polarity between
CH2Cl2 and CCl4. This result is in concordance with the previous
studies [22,25,27].

3.8. Suggested mechanism

The suggested mechanism for the transport of Pd(II) ion through
bulk liquid membrane, which operated in this study, is shown in
Fig. 9. The Pd(II) is transported from the feed phase to the received

phase via a liquid membrane in the presence of the carrier 3. After
complexation of the palladium nitrate ion pair with carrier on the
feed phase, the complex diffuses down its concentration gradient.
On the received phase, carrier ion pair complex is decomplexed

Rmax
a Jmax

d
(×103 min−1) Jmax

a (×103 min−1) %Transport

0.65 −0.65 0.65 34.08
0.63 −0.88 0.88 38.75
0.60 −1.02 1.02 48.42
0.56 −1.56 1.56 69.45
0.52 −1.82 1.82 82.20
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Table  2
The kinetic parameters for the transport of Pd(II) at different solvent.

Solvent k1 (×103 min−1) k2 (×103 min−1) tmax (min) Rmax
a Jmax

d
(×103 min−1) Jmax

a (×103 min−1) %Transport

CH2Cl2 4.24 1.812 350.14 0.53 −1.60 1.60 83.49
CHCl3 2.62 1.28 751.12 0.48 −0.78 0.78 63.76
CCl4 0.56 0.24 2016.40 0.30 −0.22 0.22 16.06

Fig. 9. Mechanism of transport of Pd(II) by u

Table 3
Amount of cation transported from various cation mixtures through the membrane.a

Cation Percentage transported
into receiving phase

Percentage remaining in
source phase

Mixture 1
Pd2+ 89 10
Co2+ 1 96
Zn2+ 0 97
Ni2+ 1 96
Cd2+ 2 95

Mixture 2
Pd2+ 92 7
Mn2+ 1 98
Fe3+ 0 100
Mg2+ 3 96

a Conditions: feed phase, 10 mL  of 1 × 10−3 M of each cation and 1 M potassium
c
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hloride; liquid membrane phase, 10 mL  of 10−3 M calic[4]arene; receiving phase,
0  mL  of 1 M hydrochloric acid; time of transport, 24 h.

nd palladium nitrate ion pair is released into the received phase.
he free carrier diffuses back across the liquid membrane and the
ycle starts again. The net result is the transport of Pd(II) from the
queous source phase to the aqueous receiving phase across the
ulk of the organic phase [27].

.9. Transport selectivity

The selectivity of the membrane system was studied at optimum
onditions by transporting 1 × 10−3 M of palladium and in the mix-
ure of such as Table 3 shows the percentage transport of palladium
on and other cations.

. Conclusion

In this study, in order to achieve efficiently transport rate,
e investigated various factors that affect the transport of

d(II) through BLM using 5,11,17,23-tetra (tert-butyl)-25,26,27,28-
etra(4-propylimidazole acetamide)-calix[4]arene derivative as a
arrier. The highest transport rate was found as 95% by using

−3 −3

 × 10 M carrier in the dichloromethane membrane, 1 × 10 M
d(NO3)2 solution at pH 2 and 5 in the feed and the receiving phases,
espectively. In the light of the experimental results obtained, it
as demonstrated that calix[4]arene derivative could be regarded

[

sing 3 through bulk liquid membrane.

as an effective agent used for transport of Pd(II) from acidic aqueous
solution.

Acknowledgment

We thank the Selcuk University Research Foundation (SUBAP)
for the financial support of this work.

References

[1] N. Alizadeh, S. Salimi, A. Jabbari, Transport study of palladium through a bulk
liquid membrane using hexadecylpyridinium as carrier, Sep. Purif. Technol. 28
(2002) 173–180.

[2] A. Uheida, Y. Zhang, M.  Muhammed, Transport of palladium(II) through hollow
fiber supported liquid membrane facilitated by nonylthiourea, J. Membr. Sci.
241  (2004) 289–295.

[3] A.A. Amiri, A. Safavi, A.R. Hasaninejad, H. Shrghi, M. Shamsipur, Highly selec-
tive  transport of silver ion through a supported liquid membrane using
calix[4]pyrroles as suitable ion carriers, J. Membr. Sci. 325 (2008) 295–300.

[4] A. Wołowicz, Z. Hubicki, Effect of matrix and structure types of ion exchang-
ers  on palladium(II) sorption from acidic medium, Chem. Eng. J. 160 (2010)
660–670.

[5] F. Ichikawa, S. Urano, Separation of uranium and protactinium from thorium
by amine extraction, Bull. Chem. Soc. Jpn. 33 (1960) 569–575.

[6] E.M. Wise, Palladium Recovery, Properties and Uses, Academic Press, New York,
1968.

[7] T.Z. Sadyrbaeva, Separation of copper(II) from palladium(II) and platinum(IV)
by di(2 ethylhexyl) phosphoric acid-based liquid membranes during electro-
dialysis, J. Membr. Sci. 275 (2006) 195–201.

[8] T. Oshima, K. Inoue, S. Furusaki, M.  Goto, Liquid membrane transport of amino
acids by a calix[6]arene carboxylic acid derivative, J. Membr. Sci. 217 (2003)
87–97.

[9] M. Bayrakcı, S. Ertul, M.  Yilmaz, Synthesis of di-substituted calix[4]arene-based
receptors for extraction of chromate and arsenate anions, Tetrahedron 65
(2009) 7963–7968.

10] S. Shailesh, P.N. Pathak, P.K. Mohapatra, V.K. Manchanda, Transport studies
of  uranium across a supported liquid membrane containing N,N-di(2-
ethylhexyl)isobutyramide (D2EHIBA) as the carrier, J. Membr. Sci. 272 (2006)
143–151.

11] N. Hidalgo, A. Masana, M.  Valiente, H. Freiser, J. Sargon, The use of catalyzed
extraction in the separation of palladium (II) by supported liquid membranes
containing cyanex-471, in: Procs. ISEC’88, Moscow, 1988, p. 94.

12] A. Abbaspour, F. Tavakol, Highly selective transport of palladium through a
liquid membrane, Anal. Sci. 15 (1999) 1005–1008.

13] G. Khayatian, M.  Shamsipur, Highly selective and efficient membrane transport
of  palladium as PdCl24− ion using NH4+-dibenzyldiaza-18-crown-6 as carrier,
Sep. Purif. Technol. 16 (1999) 235–241.

14] R.M. Izatt, K. Pawlak, J.S. Bradshaw, R.L. Bruening, Thermodynamic and kinetic

data for macrocycle interactions with cations and anions, Chem. Rev. 91 (1991)
1721–2085.

15] T. Kakoi, T. Toh, F. Kubota, M.  Goto, S. Shinkai, F. Nakashio, Liquid–liquid extrac-
tion of metal ions with a cyclic ligand calixarene carboxyl derivative, Anal. Sci.
14  (1998) 501–506.



3 ous M

[

[

[

[

[

[

[

[

[

[

[26] M. Szpakowska, O.B. Naggy, Membrane material effect on copper coupled trans-
port  through liquid membranes, J. Membr. Sci. 64 (1991) 129–143.

[27] M. Ersoz, Transport of mercury through liquid membranes contain-
0 I. Akin et al. / Journal of Hazard

16]  S. Memon, N. Memon, S. Memon, Y. Latif, An efficient calix[4]arene based silica
sorbent for the removal of endosulfan from water, J. Hazard. Mater. 186 (2011)
1696–1703.

17] J.M. Lehn, Supramolecular chemistry-scope and perspectives molecules, super-
molecules, and molecular devices (Nobel lecture), Angew. Chem. Int. Ed. Engl.
27  (1988) 89–112.

18] Z.F. Ye, Y.P. Wang, Y.S. Liu, Z.L. Jiang, X. Shen, L.G. Zhu, X.F. Shi, Transport of Na+,
K+ ions in a bubbling pseudo-emulsion liquid membrane system with p-tert-
butyl calixarenes as carriers, J. Membr. Sci. 163 (1999) 367–372.

19] S. Bozkurt, A. Karakucuk, A. Sirit, M.  Yilmaz, Synthesis of two calix[4]arene
diamide derivatives for extraction of chromium(VI), Tetrahedron 61 (2005)
10443–10448.

20] C.D. Gutsche, M.  Iqbal, p-Tert-butylcalix[4]arene, Org. Synth. 68 (1990)
234–237.
21] F. Arneud-Neu, E.M. Collins, M.  Deasy, G. Ferguson, S.J. Harris, B. Kaitner,
A.J. Lough, M.A. McKervey, E. Marques, B.L. Ruhl, M.J.S. Weill, E.M. Seward,
Synthesis, X-ray crystal structures, and cation-binding properties of alkyl cal-
ixaryl esters and ketones, a new family of macrocyclic molecular receptors, J.
Am.  Chem. Soc. 111 (1989) 8681–8691.
aterials 223– 224 (2012) 24– 30

22] S. Alpaydin, M.  Yilmaz, M.  Ersoz, Kinetic study of Hg(II) transport through a
bulk liquid membrane containing ester derivative of bis-calix[4]arene, Sep. Sci.
Technol. 39 (2004) 2189–2206.

23] D. He, M.  Ma,  Z. Zhao, Transport of cadmium ions a liquid membrane containing
amine extractants as carriers, J. Membr. Sci. 169 (2000) 53–59.

24] D. He, M.  Ma,  Kinetics of cadmium(II) transport through a liquid mem-
brane containing tricapryl amine in xylene, Sep. Sci. Technol. 35 (2000)
1573.

25] A.O. Saf, S. Alpaydin, A. Sirit, Transport kinetics of chromium(VI) ions through
a  bulk liquid membrane containing p-tert-butyl calix[4]arene 3-morpholino
propyl diamide derivative, J. Membr. Sci. 283 (2006) 448–455.
ing calixarene carriers, Adv. Colloid Interface Sci. 134–135 (2007)
96–104.


	Calix[4]arene derivative bearing imidazole groups as carrier for the transport of palladium by using bulk liquid membrane
	1 Introduction
	2 Experimental
	2.1 Chemicals
	2.2 Apparatus
	2.3 Procedure
	2.4 Synthesis
	2.4.1 Synthesis of 5,11,17,23-tetra (tert-butyl)-25,26,27,28-tetra(4-propylimidazole acetamide)-calix[4]arene (3)


	3 Results and discussion
	3.1 Optimization of conditions
	3.2 Effect of feed phase pH
	3.3 Effect of carrier concentration
	3.4 Effect of feed concentration
	3.5 Effect of time on transport and kinetic procedures
	3.6 Effect of stirring rate
	3.7 Effect of solvent
	3.8 Suggested mechanism
	3.9 Transport selectivity

	4 Conclusion
	Acknowledgment
	References


