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Sépa

Poly

Mét

Mem

*

Inor

161

163

http
l paper/Mémoire

competitive transport across polymeric membranes. Study of
mplexation and separation of ions
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ntroduction

The recent development of membrane technologies has
used a considerable increasing interest concerning
ymer inclusion membrane (PIM) and their applications
ifferent systems containing a mixture of metallic ions
omplexing aqueous media.

These materials have been introduced to perform some
transport properties and to increase stability compared to
liquid membrane systems. In order to reduce the amounts
of reactants and energy needed for separation and to
decrease the environmental and economic impact of LLX
separations, several membrane-based separation techni-
ques have been proposed in the past two decades [1–5].
Supported liquid membranes (SLM) have been extensively
studied since they offer high transport rates and good
selectivity, therefore, being a very interesting option to
overcome the LLX downsides [6–9]. Effort has been
directed towards the development of such membranes
and some promising materials and designs have been
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A B S T R A C T

The removal and separation of Cu(II), Zn(II) and Ni(II) from nitrate aqueous solutions were

studied by competitive transport across cellulose triacetate plasticized membranes

modified with polyelectrolytes: polyethyleneimine (PEI) and polyethyleneglycol (PEG).

Competitive transport of trace ions from aqueous solutions across polymer inclusion

membranes containing a mixture of the three polymers (cellulose triacetate as the support)

and tris(2-ethylhexyl-phosphate) (TEHP) as the plasticizer provide the selectivity order:

Cu(II) > Ni(II) > Zn(II). A long-term transport experiment was carried out to demonstrate

the durability of polymer inclusion membranes. A separation of bivalents cations (Cu2+,

Ni2+, Zn2+) and monovalent cations (K+ and Na+) is achieved.

� 2013 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

R É S U M É

L’élimination et la séparation des ions Cu(II), Zn(II) and Ni(II) ont été étudiées par transport

compétitif à travers les membranes de triacétate de cellulose plastifiées et modifiées par

des polyélectrolytes : polyéthylène-imine (PEI) et polyéthylène-glycol (PEG). Le transport

compétitif des ions en traces à travers les membranes polymères à inclusion contenant un

mélange de trois polymères (le triacétate de cellulose comme support) et le tris(2-

ethylhexyl-phosphate) (TEHP) comme plastifiant a donné lieu à l’ordre de sélectivité

suivant : Cu(II) > Ni(II) > Zn(II). Les expériences du transport d’ions métalliques ont été

réalisées afin de démontrer la durabilité des membranes polymères à inclusion. La

séparation des cations bivalents (Cu2+, Ni2+, Zn2+) et monovalent (K+ et Na+) a été réalisée.

� 2013 Académie des sciences. Publié par Elsevier Masson SAS. Tous droits réservés.
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described. Facilitated transport was first accomplished in
liquid membranes, in which two aqueous phases were
separated by an organic solvent containing carrier
molecules, such as crown ethers. An exhaustive review
of cation transport in liquid membranes has been written
by McBride et al. [10]. Diffusion of metal ions in liquid
membranes is governed by complex formation with the
carrier at the aqueous/organic interface so that selectiv-
ities are generally very high, whereas the fluxes in these
membranes are very low because they are limited by the
convection of the carrier in the organic phase. The biggest
disadvantages using liquid membranes are the low fluxes,
the leaching of carriers and poor physical stability. Metal
ion separations using new plasticized cellulose triacetate
(CTA), called a PIM, are currently receiving considerable
attention [11–16]. A comparison between SLM and PIM
performance has been reported by Ulewicz and Radzy-
minska-Lenarcik [12], where they show that Cu2+ can be
separated very effectively from other transition metal
cations as Zn2+, Co2+, and Ni2+ from different equimolar
mixtures of these ions using 1-hexyl-2-methylimidazole as
the ion carrier. Also, the stability of PIM and SLM doped
with 1-hexyl-2-methylimidazole was confirmed in repli-
cate experiments.

We found that PIM fluxes were four orders of
magnitude larger than those exhibited by the SLM. PIM
systems have been successfully designed for metal
extraction using solvating-type extractants, such as crown
ethers, TOPO and TBP [17–19].

The first approach combining facilitated carriers or
chelating capture of ions have been realized by the use of
crown ether noted hexaoxa diazabicyclo hexacosane
(2 2 2) and polyethyleneimine. Enhanced selectivity
toward copper ion has been observed [20]. This PIM
system with complexing properties has been examined in
our previous works [21], poly-4-vinylpyridine has been
incorporated in TCA–TEHP membrane, giving rise to the
separation of ions according to their hydrophilic and
hydrophobic balance and the protonation ratio of the
nitrogen group of polymer. This concept has been
extensively developed by our group when polyethylenei-
mine was used as the chelating agent at the interface of
membrane/aqueous solution. This polymer has been
chosen since it exhibits an interesting change in the
conformation according to pH and concentration in
solutions; this change is strongly dependent on the
medium’s pH and concentration, which cause interaction
between amine and ammonium groups of partially
protonated sites [22–24].

For applications in the field of ion separation, glass
polymers with large free volumes and the development of
PIMs for industrial separation (hydrometallurgy) and
clean up and recycling of wastewaters are particularly
promising.

It should be emphasized that all the research on PIMs
carried out so far has been conducted on a laboratory scale
and the transition of this research to a pilot or full-scale
application presents a major challenge for the future. In
general, PIMs are highly resistant to carrier and plasticizer
leakage. This has probably prompted a recent investigation
focusing instead on the hydrolysis of base polymers under

extreme conditions. To date, all the research on PIMs has
been conducted on a laboratory scale.

One of our objectives is the manufacturing of mem-
branes with very high ion selectivity. Our aim consists of
establishing these processes in industrial applications in
close cooperation with other partners.

In this work, a plasticized CTA membrane containing
polyethyleneimine (PEI) and polyethyleneglycole (PEG)
has been elaborated. The polyelectrolyte + plasticizer
membrane was characterized using chemical techniques
as well as Fourier transform infra-red (FTIR), thermogravi-
metric analysis (TGA) and scanning electron microscopy
(SEM). As an application, the separation of bivalents
cations (Cu2+, Cd2+, Zn2+) and monovalent cations (K+ and
Na+) using PIMs is achieved.

2. Experimental

2.1. Reagents and apparatus

Metal cation [Cd(II), Cu(II), Zn(II), K(I) and Na(I)]
aqueous solutions were prepared by dilution of stock
solutions of the corresponding metal nitrate (0.01 M) with
distilled water. CTA (Aldrich), chloroform (Aldrich) and
tris(2-ethylhexyl-phosphate) (TEHP) (Merck, 99%), PEI and
PEG are Merck (high-purity) products, and were used as
received without further purification.

2.2. Membranes preparation

PIMs are prepared using the procedure described by
Sugiura et al. [25]. Briefly, 0.4 g of CTA and 0.1 g of each
polyelectrolyte (PEI and PEG) are dissolved in 40 mL of
chloroform and stirred for 4 h. Then, 0.2 mL of TEHP are
added and maintained for 2 h under vigorous stirring. The
solution is transferred to a circular glass container and let for
a slow evaporation during 24 h. The resulting membrane is
extracted by the addition of water and dried at 40 8C.

2.3. Analysis

The concentration of M2+ is determined by sampling at
different time intervals; aliquots (0.5 mL) from both the
feed and strip solutions are analyzed with an atomic
absorption spectrometer (Perkin-Elmer 2380). The mass
flux J (mol cm2 s�1) of M2+ through the PIM transferred
from the feed side to the strip one is determined by
applying the definition: J = An/SAt, where An represents
the variation in the mole number of M2+ in the receiving
solution during the reference time At, and S is the active
surface of the membrane. FTIR spectra are recorded with a
Perkin-Elmer spectrometer (Spectrum One). X-ray diffrac-
tions are determined with a Bruker D8 diffractometer
using the monochromatized Cu Ka radiation. TGA experi-
ments are done using a TA Instrument thermogravimeter
at a heating rate of 10 8C min�1.

2.4. Transport

The cell used for transport experiments consisted of
two compartments, made of Teflon with a maximum filling
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ume of 50 mL, separated by the PIM [19]. The feed
partment contains initially a mixture of metallic ions

+, Cd2+, Zn2+, K+, Na+ at a concentration of 10�2 M of
tal salt; the other compartment noted strip contains
illed water. The two compartments have the same

ume (50 mL). Each compartment was provided with a
tical mechanical stirrer at stirring speed 800 rpm,
ich was previously determined as high enough to

minimize the thickness of the boundary layer. The
experiments began when starting the stirring motors in
the two compartments of the cell. The exposed membrane
area was 9.61 cm2. All the experiments were performed in
a thermostat at 25 8C.

Transport of metallic ions obeys a facilitated transport.
This facilitated transport is obtained both by the presence
of PEI as a complexant agent and TEHP as the plasticized
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Fig. 1. FTIR Spectrum of (CTA + PEG + PEI + TEHP) membrane.
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and carrier. The role of TEHP as a carrier is inhibited in such
membrane due to the formation of a stable complex. The
metal ion is complexed at the interface feed-phase/
membrane and the complex formed diffuses through the
membrane phase to the interface membrane/strip phase
where the decomplexation of the metal ion is realized
under the condition of the presence of an extractant agent
in the strip compartment. In our cases, the use of pure
water did not allow the extraction of metal ions from the
PEI complex. Moreover, monovalent ions (Na+ and K+) are
well transported toward the membrane because no
complex formation was observed. Furthermore, it is well
known that the solubility of alkaline metals in the water is
higher than in the middle containing TEHP. Note that the
equilibrium is reached when a chemical potential gradient
(the driving force of the process) is established.

3. Results and discussion

3.1. FTIR

The membranes CTA + polyelectrolyte + plasticizer + -
carrier are characterized by FTIR. Fig. 1a shows the spectra
of (CTA + PEI + PEG + TEHP) membrane whose main fea-
tures are the absorption band located around 1747 cm�1,
attributed to stretching vibrations of the carbonyl group.
The bands centered at 1242 and 1035 cm�1 correspond to
the stretching modes of C–O single bonds. Less intense
bands at 2930 and 2880 cm�1 are attributed to C–H bonds
while the wide band in the region 3463 cm�1 is assigned to
O–H bond stretching modes. The main functions suscep-
tible to develop specific interactions of hydrogen bonding
type are the hydroxyl and the carbonyl ones. Fig. 1b shows
the spectrum of CTA, PEI, PEG and TEHP.

Table 1 collects the peak values and the corresponding
radicals of CTA, PEI, PEG, TEHP and (CTA + PEI + PEG + -
TEHP) membrane.

FTIR studies confirm the presence of plasticizer (TEHP),
PEG and PEI in the polymer matrix (CTA) and reveal no
signs of covalent bond formation between the polyelec-
trolyte, the plasticizer and the base membrane skeleton; it
is most likely that they are bound to one another by a form
of secondary bonding, such as hydrophobic, van der Waals

or hydrogen bonds. Further efforts will be directed to the
determination of the nature of the interactions between
polymer, plasticizer and carrier by the use of other
materials and analysis as well.

3.2. Characterisation by SEM

One important aspect of PIMs is the microstructure of
the membrane materials, which determines the distribu-
tion of polyelectrolytes in the polymer matrix and
ultimately affects the membrane transport efficiency.

SEM provides excellent qualitative information (dense
or porous membranes) and quantitative capability in

Table 1

Peak values and the corresponding radicals of (CTA + PEG + PEI + TEHP)

membrane.

Membrane or compound Peak values

(cm�1)

Corresponding

radicals

CTA membrane 3480–3550 O–H

1755 C5O

1561 COO�

1246 C–O–C asym

1054 C–O–C sym

TEHP (plasticizer) 2942 C–H

1276 P5O

1020 P–O–C

PEI (liquid polymer) 3408 N–H

2920 C–H

1462 C–N

PEG (solid polymer) 3435 O–H

1244 C–O asym

1107 C–O sym

CTA + PEG + PEI + TEHP

membrane

3463 O–H (TAC and PEG)

1748 C5O (CTA)

1574 COO� (CTA)

1462 C–N (PEI)

1285 P5O (TEHP)

1236 C–O–C asym

1035 C–O–C sym

PEI: polyethyleneimine; PEG: polyethyleneglycol; CTA: cellulose triace-

tate; TEHP: tris(2-ethylhexyl-phosphate).
Fig. 2. SEM images of (CTA + PEG + PEI + TEHP) membrane.
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asuring important subsurface features, such as porosity
 layer thickness.

The morphologies of (CTA + polyelectrolyte + plastici-
) membrane (Fig. 2a: surface, Fig. 2b: cross section)
rly confirm their dense nature. The observations show

 existence of two phases represented by white (a
ture of PEI, PEG and TEHP) and grey (CTA) contrast,

pectively, the pores are filled by the polyelectrolyte and
lasticizer molecule decomposes, yielding a thick and

 membrane. This explanation is based on our previous
rk [26].

 Characterisation by TGA

Fig. 3 shows the thermal behavior of (CTA + PEG + -
 + TEHP) membrane, which decomposes in a two-step
cess. The first mass loss (� 80%) occurring at 250–

 8C represents the main thermal degradation of the

polymeric chains. The second one starting at 350 8C is due
to the complete carbonization of the products to ash. This
result confirms that the synthesized membrane exhibits a
good thermal stability.

It must be noted that the boiling point of a plasticizer
(TEHP) is 220 8C, meaning that TEHP has probably
interacted with one of the three polymers (CTA, PEI or
PEG).

3.4. Characterisation by X-ray diffraction

XRD was used to determine the mechanism of transfer
of the ions between feed and strip phases. Two of the most
likely mechanistic possibilities are complex-diffusion
(amorphous structure) and fixed-site jumping (crystalline
structure). With this latter mechanism, the solute moves
through the membrane by jumping from one fixed-site to
another. The theory of fixed-site jumping has been
described by Cussler et al. [27] and Noble [28].

The X-ray spectrum of the CTA + PEG + PEI + TEHP
membrane has been investigated (Fig. 4). The shape of
the spectra is classical for a polymer constituted of a
crystalline part and a vitreous one. The ratio of the areas of
the main peaks to that of the unresolved background gives
an approximate value of the percentage of both structures
of the polymeric membrane. When the plasticizer is added
to the CTA + PEG + PEI, the crystalline part of the three
polymers is not very affected, only the diffraction of the
amorphous part is changed [20].

3.5. Transport of metallic ions

3.5.1. Effect of the initial concentration of metal in a feed-

phase

Fig. 5 represents the variation of Ni(II), Zn(II) and Cu(II)
ions transferred percentages versus the initial concentra-
tion of the three ions.

The results show that the transport percentages are a
function of the feed initial concentration (transport

Fig. 3. TGA thermogram of (TAC + PEI + PEG + TEHP) membrane.
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percentages of metal ions increase sharply with increasing
the initial concentration of each metal in the source phase).
However, beyond 10�3 M, the transport percentages tend
to have maximal value and become independent of M2+

concentration. This is due to the saturation of the
membrane by the metal-carrier complex molecules and
the decomplexation at the strip interface is presumably the
rate-limiting step in such process. Fujimori [29] revealed
the existence of copper and nickel complex with PEI in the
stoichiometry 3.2 and 3.7 for PEI:Cu and PEI:Ni, respec-
tively. This is due to the geometry of complex (square
planar in the case of copper and octahedral for nickel).
These complexes are more stable than PEI:Zn. In Table 2
are given the overall formation constants of the three
complexes [30]. As it can be observed, the stabilities are
involved in the order: PEI:Cu > PEI:Ni > PEI:Zn.

3.6. Quantities of metallic ions transferred using dialysis

Fig. 6a and b present respectively the evolution of the
percentages of heavy and alkaline metals transferred to the
strip compartment as a function of time using fixed-site
membranes (CTA + PEG + PEI + TEHP). The saturation of the
concentration of nickel, zinc and copper ions in the strip
compartment with the time for the CTA-polyelectrolyte-
plasticizer membrane indicates that transport is very low
(only 5% of the ion transfer). This result confirms the
formation of metal ion/PEI complexes in the membrane.

3.7. Quantities of metallic ions fixed in the membrane

The effect of the quantity of metallic ions fixed in the
membrane has been studied. Fig. 7a and b represent
respectively the variation of the percentages of bivalents
and monovalents ions fixed in the membrane versus
transport time. These figures show that the concentration
of each metallic ion increases considerably with time.

The main results reveal that copper(II), nickel(II) and
zinc(II) were predominately more retained by the modified
membrane (containing PEI polyelectrolyte). It may be seen

Table 2

Overall stability constant for the PEI-metal complex.

PEI:Cu PEI:Ni PEI:Zn

logK 11.1 10.8 10.2

1,0 1,5 2,0 2,5 3,0 3,5 4,0

2,0

2,2

2,4

2,6

2,8

3,0

3,2

3,4
(a)

(b)

T
r
a
n
sf
e
r
ed
p
e
r
ce
n
ta
g
e
s
(%
)

Time (h)

Cu (II) transfered
Zn (II) transfered
Ni (II ) transfere d

1 2 3 4 5 6

0

10

20

30

40

50

60

70

80

90

100

T
r
a
n
sf
e
r
e
d
P
e
r
c
e
n
t a
g
e
s
(%
)

Time (h)

Na (I) transfere d
K (I) transfered

Fig. 6. (a): Evolution of the transferred percentages of Ni(II), Zn(II) and

Cu(II) in a strip phase versus time using (CTA + PEG + PEI + TEHP)

membrane; (b): evolution of the transferred percentages of Na(I) and

K(I) in a strip phase versus time using (CTA + PEG + PEI + TEHP)

1,0 1,5 2,0 2,5 3,0 3,5 4,0

0

10

20

30

40

50

60(a)

(b)

P
e
rc
e
n
ta
g
e
o
f
m
e
ta
l
fi
x
e
d

in
th
e
m
e
m
b
ra
n
e
(%
)

Time (h)

Cu (II)
Zn (II)
Ni (II )

1 2 3 4 5 6

0

2

4

6

8

10

12

14

16

P
e
rc
e
n
ta
g
e
o
f
m
e
ta
l
fi
x
e
d

in
th
e
m
e
m
b
ra
n
e
(%
)

Time (h)

Na (I)
K (I)

Fig. 7. (a): Evolution of the percentages of Ni(II), Zn(II) and Cu(II) fixed in

(CTA + PEG + PEI + TEHP) membrane versus time; (b): evolution of the

percentages of Na(I) and K(I) fixed in (CTA + PEG + PEI + TEHP) membrane

membrane. versus time.



tha
fina

trol
we
dep
pro
bee
me
bra
line
Cu 

hea

4. C

con
The
usi
the
me
lye
no 

cry
the
loss
deg
tha
stab
pre

par
mo
we
me
init
wh
tran
slig
low
(PE
diff
wa
fere
larl

and
alk
mu
ion

Ref

[1]

[2]

[3]

F. Smail et al. / C. R. Chimie 16 (2013) 605–612 611
t the copper(II) ion is mainly adsorbed by the PEI, the
l solution contains very small amounts of metallic ions.

Polyethyleneimine is known as a suitable polyelec-
yte in aqueous solutions having chelating properties as

ll as good solubility and different conformation
ending on the viscosity of the medium. Chelating
perties have been studied elsewhere [30,31]; it has
n found using both potentiometric and spectrophoto-
tric methods that PEI/Cu(II) ability complexes using
nched form was ten times more important than the
ar form. Also, the stability constants obtained for PEI/
complexes were higher than those obtained for other
vy metals, such as Cd and Zn.

onclusion

A mixture of CTA and polyelectrolytes membrane
taining TEHP as plasticizer is successfully synthesized.
se polymers + plasticizer membranes are characterized

ng physical methods like FTIR, X-Ray diffraction,
rmal analysis and scanning electron microscopy. The
mbranes are constituted by the mixture of CTA + po-
lectrolyte + plasticizer with amorphous structure with
diffraction peak. It can be due to the absence of

stallization within the membrane. The degradation of
 membranes occurs via a two-step process whose main

 starts at 200 8C, which is due to the thermal
radation of the polymeric chains. This result confirms
t all the synthesized membranes exhibit a good thermal
ility. The SEM observation shows that the membranes

sent a dense and homogeneous structure.
The optimum value and the behavior of the main
ameters influencing the transport of bivalent and
novalent ions through new polymeric membranes
re determined. In transport experiments, the trans-
mbrane concentration increased with increasing the
ial metal concentration, reaching a limiting value
en the concentration was greater than 10�3 M. The
sport efficiency obtained with bivalents cations was

htly lower than those with monovalents cations. A
er diffusivity of (PEI/M2+) complexes with respect to
I/M+) complexes for all ions and a sequence of
usivity D(K+) > D(Na+) > D(Zn2+) > D(Ni2+) > D(Cu2+)
s obtained. The PEI-modified membrane has a pre-
ntial selectivity towards heavy metals and particu-
y the copper(II) ion.
Modified membrane were used in successive retentions

 allowed the separation of transition metals from
aline ones, or the separation of monovalent ions from
ltivalent ones or separation of less from more hydrated
s.

erences

 R. Shukla, G.N. Rao, Solvent extraction of metals with potassium
dihydro- bispyrazolyl-borate, Talanta 57 (2002) 633.

 A. Elbachiri, A. Hagege, M. Burgard, Recovery of silver nitrate by
transport across a liquid membrane containing dicycohexano 18 crown
6 as carrier, J. Membr. Sci. 121 (2) (1996) 159.

 Y. Yamini, N. Alizadeh, M. Shamsipur, Solid phase extraction and
determination of ultra trace amounts of mercury(II) using octadecyl

cold vapour atomic absorption spectrometry, Anal. Chim. Acta 355
(1997) 69.

[4] H.C. Visser, F. de Jong, D.N. Reinhouldt, Kinetics of carrier-mediated
alkali cation transport through supported liquid membranes: effect of
membrane solvent, co-transported anion and support, J. Membr. Sci.
107 (1995) 267.

[5] O. Arous, A. Gherrou, H. Kerdjoudj, Utilization of mono and bicyclic
polyethers as mobile carriers of silver, copper, and zinc through a
supported liquid membrane, Sep. Sci. Technol. 39 (2004) 1681.

[6] I. Van de Voorde, L. Pinoy, R.F. De Ketelaere, Recovery of nickel ions
by supported liquid membrane (SLM) extraction, J. Membr. Sci. 234
(2004) 157.

[7] J.D. Lamb, R.L. Bruening, R.M. Izatt, Y. Hirashima, P. Tse, J.J. Christensen,
Characterization of a supported liquid membrane for macrocyle-medi-
ated selective cation transport, J. Membr. Sci. 37 (1988) 13.

[8] J. Marchese, F. Valenzuela, C. Basualto, A. Acosta, Transport of molyb-
denum with alamine 336 using supported liquid membrane, Hydrme-
tallurgy 72 (2004) 309.

[9] P.K. Mohapatra, D.S. Lakshmi, D. Mohan, V.K. Manchanda, Selective
transport of cesium using a supported liquid membrane containing di-
i-butyl benzo 18 crown 6 as the carrier, J. Membr. Sci. 232 (2004)
133.

[10] J.D.W. McBride, R.M. Izatt, J.D. Lamb, J.J. Christensen (Eds.), Inclusion
Compounds III, 571, Academic Press, London, 1984, p. 628.

[11] A. Nowik-Zajac, C. Kozlowski, A. Trochimczuk, Selective transport of
Ag+ and Cu2+ across plasticized membranes with calix[4] pyrrole [2]
thiophene, Desalination 294 (2012) 25–29.

[12] M. Ulewicz, E. Radzyminska-Lenarcik, Supported liquid (SLM) and
polymer inclusion (PIM) membranes pertraction of copper(II) from
aqueous nitrate solutions by 1-hexyl-2-methylimidazole, Sep. Sci.
Technol. 47 (2012) 1383–1389.

[13] B. Pospiech, Separation of silver(i) and copper(ii) from aqueous solu-
tions by transport through polymer inclusion membranes with cyanex
471X, Sep. Sci. Technol. 47 (2012) 1413–1419.

[14] E. Radzyminska-Lenarcik, M. Ulewicz, Selective transport of cu(ii)
across a polymer inclusion membrane with 1-alkylimidazole from
nitrate solutions, Sep. Sci. Technol. 47 (2012) 1113–1118.

[15] M. Ulewicz, U. Lesinska, M. Bochenska, W. Walkowiak, Facilitated
transport of zn(ii), cd(ii) and pb(ii) ions through polymer inclusion
membranes with calix[4]-crown-6 derivatives, Sep. Sci. Technol. 54
(2007) 299.

[16] C.V. Gherasim, M. Cristea, C.V. Grigoras, G. Bourceanu, New polymer
inclusion membrane. Preparation and characterization, DJNB 6 (2011)
1499–1508.

[17] O. Arous, M. Amara, H. Kerdjoudj, Selective transport of metal ions
using polymer inclusion membranes containing crown-ether and cryp-
tands, Arabian. J. Sci. Eng. 35 (2010) 79.

[18] N. Bayou, O. Arous, M. Amara, H. Kerdjoudj, Elaboration and charac-
terisation ofa plasticized cellulose triacetate membrane containing
trioctylphosphine oxyde (TOPO): application to the transport of urani-
um and molybdenum ions, C. R. Chim. 13 (11) (2010) 1370.

[19] O. Arous, F. Saad Saoud, M. Amara, H. Kerdjoudj, Efficient facilitated
transport of lead and cadmium across a plasticized triacetate mem-
brane mediated by D2EHPA and TOPO, Mater. Sci. Appl. 2 (2011) 615.

[20] O. Arous, M. Amara, H. Kerdjoudj, Synthesis and characterization of
cellulose triacetate and poly(ethylene imine) membranes containing a
polyether macrobicyclic: their application to the separation of cop-
per(II) and silver(I) ions, J. Appl. Polym. Sci. 93 (2004) 1401.

[21] M. Amara, O. Arous, F. Smail, H. Kerdjoudj, M. Trari, A. Bouguelia, An
assembled poly-4-vinyl pyridine and cellulose triacetate membrane
and Bi2S3 electrode for photoelectrochemical diffusion of metallic ions,
J. Hazard. Mater. 469 (2009) 195–202.

[22] M. Amara, H. Kerdjoudj, Modified membranes applied to metallic ion
separation and mineral acid concentration by electrodialysis, Sep. Purif.
Technol. 29 (2002) 79–87.

[23] M. Amara, H. Kerdjoudj, Modification of cation-exchange membrane
properties by electro-adsorption of polyethyleneimine, Desalination
155 (2003) 79–87.

[24] M. Amara, H. Kerdjoudj, Modification of the cation exchange resin
properties by impregnation in polyethyleneimine solutions. Applica-
tion to the separation of metallic ions, Talanta 60 (2003) 991–1001.

[25] M. Sugiura, M. Kikkawa, S. Urita, Carrier-mediated transport of rare
earth ions through cellulose triacetate membranes, J. Membr. Sci. 42
(1989) 47.

[26] O. Arous, H. Kerdjoudj, P. Seta, Comparison of carrier-facilitated silver
(I) and copper (II) ions transport mechanisms in a supported liquid
membrane and in a plasticized cellulose triacetate membrane, J.
Membr. Sci. 241 (2004) 177.

[27] E.L. Cussler, A. Rutherford, A. Brown, On the limits of facilitated diffu-

sion, J. Membr. Sci. 43 (1989) 149.
silica membrane disks modified by hexathia- 8-crown-6 tetraone and

http://refhub.elsevier.com/S1631-0748(13)00121-5/sbref0005
http://refhub.elsevier.com/S1631-0748(13)00121-5/sbref0005
http://refhub.elsevier.com/S1631-0748(13)00121-5/sbref0010
http://refhub.elsevier.com/S1631-0748(13)00121-5/sbref0010
http://refhub.elsevier.com/S1631-0748(13)00121-5/sbref0010
http://refhub.elsevier.com/S1631-0748(13)00121-5/sbref0015
http://refhub.elsevier.com/S1631-0748(13)00121-5/sbref0015
http://refhub.elsevier.com/S1631-0748(13)00121-5/sbref0015
http://refhub.elsevier.com/S1631-0748(13)00121-5/sbref0015
http://refhub.elsevier.com/S1631-0748(13)00121-5/sbref0015
http://refhub.elsevier.com/S1631-0748(13)00121-5/sbref0020
http://refhub.elsevier.com/S1631-0748(13)00121-5/sbref0020
http://refhub.elsevier.com/S1631-0748(13)00121-5/sbref0020
http://refhub.elsevier.com/S1631-0748(13)00121-5/sbref0020
http://refhub.elsevier.com/S1631-0748(13)00121-5/sbref0025
http://refhub.elsevier.com/S1631-0748(13)00121-5/sbref0025
http://refhub.elsevier.com/S1631-0748(13)00121-5/sbref0025
http://refhub.elsevier.com/S1631-0748(13)00121-5/sbref0030
http://refhub.elsevier.com/S1631-0748(13)00121-5/sbref0030
http://refhub.elsevier.com/S1631-0748(13)00121-5/sbref0030
http://refhub.elsevier.com/S1631-0748(13)00121-5/sbref0035
http://refhub.elsevier.com/S1631-0748(13)00121-5/sbref0035
http://refhub.elsevier.com/S1631-0748(13)00121-5/sbref0035
http://refhub.elsevier.com/S1631-0748(13)00121-5/sbref0040
http://refhub.elsevier.com/S1631-0748(13)00121-5/sbref0040
http://refhub.elsevier.com/S1631-0748(13)00121-5/sbref0040
http://refhub.elsevier.com/S1631-0748(13)00121-5/sbref0045
http://refhub.elsevier.com/S1631-0748(13)00121-5/sbref0045
http://refhub.elsevier.com/S1631-0748(13)00121-5/sbref0045
http://refhub.elsevier.com/S1631-0748(13)00121-5/sbref0045
http://refhub.elsevier.com/S1631-0748(13)00121-5/sbref0050
http://refhub.elsevier.com/S1631-0748(13)00121-5/sbref0050
http://refhub.elsevier.com/S1631-0748(13)00121-5/sbref0050
http://refhub.elsevier.com/S1631-0748(13)00121-5/sbref0055
http://refhub.elsevier.com/S1631-0748(13)00121-5/sbref0055
http://refhub.elsevier.com/S1631-0748(13)00121-5/sbref0055
http://refhub.elsevier.com/S1631-0748(13)00121-5/sbref0055
http://refhub.elsevier.com/S1631-0748(13)00121-5/sbref0055
http://refhub.elsevier.com/S1631-0748(13)00121-5/sbref0060
http://refhub.elsevier.com/S1631-0748(13)00121-5/sbref0060
http://refhub.elsevier.com/S1631-0748(13)00121-5/sbref0060
http://refhub.elsevier.com/S1631-0748(13)00121-5/sbref0060
http://refhub.elsevier.com/S1631-0748(13)00121-5/sbref0065
http://refhub.elsevier.com/S1631-0748(13)00121-5/sbref0065
http://refhub.elsevier.com/S1631-0748(13)00121-5/sbref0065
http://refhub.elsevier.com/S1631-0748(13)00121-5/sbref0070
http://refhub.elsevier.com/S1631-0748(13)00121-5/sbref0070
http://refhub.elsevier.com/S1631-0748(13)00121-5/sbref0070
http://refhub.elsevier.com/S1631-0748(13)00121-5/sbref0075
http://refhub.elsevier.com/S1631-0748(13)00121-5/sbref0075
http://refhub.elsevier.com/S1631-0748(13)00121-5/sbref0075
http://refhub.elsevier.com/S1631-0748(13)00121-5/sbref0075
http://refhub.elsevier.com/S1631-0748(13)00121-5/sbref0080
http://refhub.elsevier.com/S1631-0748(13)00121-5/sbref0080
http://refhub.elsevier.com/S1631-0748(13)00121-5/sbref0080
http://refhub.elsevier.com/S1631-0748(13)00121-5/sbref0085
http://refhub.elsevier.com/S1631-0748(13)00121-5/sbref0085
http://refhub.elsevier.com/S1631-0748(13)00121-5/sbref0085
http://refhub.elsevier.com/S1631-0748(13)00121-5/sbref0090
http://refhub.elsevier.com/S1631-0748(13)00121-5/sbref0090
http://refhub.elsevier.com/S1631-0748(13)00121-5/sbref0090
http://refhub.elsevier.com/S1631-0748(13)00121-5/sbref0090
http://refhub.elsevier.com/S1631-0748(13)00121-5/sbref0095
http://refhub.elsevier.com/S1631-0748(13)00121-5/sbref0095
http://refhub.elsevier.com/S1631-0748(13)00121-5/sbref0095
http://refhub.elsevier.com/S1631-0748(13)00121-5/sbref0100
http://refhub.elsevier.com/S1631-0748(13)00121-5/sbref0100
http://refhub.elsevier.com/S1631-0748(13)00121-5/sbref0100
http://refhub.elsevier.com/S1631-0748(13)00121-5/sbref0100
http://refhub.elsevier.com/S1631-0748(13)00121-5/sbref0105
http://refhub.elsevier.com/S1631-0748(13)00121-5/sbref0105
http://refhub.elsevier.com/S1631-0748(13)00121-5/sbref0105
http://refhub.elsevier.com/S1631-0748(13)00121-5/sbref0105
http://refhub.elsevier.com/S1631-0748(13)00121-5/sbref0110
http://refhub.elsevier.com/S1631-0748(13)00121-5/sbref0110
http://refhub.elsevier.com/S1631-0748(13)00121-5/sbref0110
http://refhub.elsevier.com/S1631-0748(13)00121-5/sbref0115
http://refhub.elsevier.com/S1631-0748(13)00121-5/sbref0115
http://refhub.elsevier.com/S1631-0748(13)00121-5/sbref0115
http://refhub.elsevier.com/S1631-0748(13)00121-5/sbref0120
http://refhub.elsevier.com/S1631-0748(13)00121-5/sbref0120
http://refhub.elsevier.com/S1631-0748(13)00121-5/sbref0120
http://refhub.elsevier.com/S1631-0748(13)00121-5/sbref0125
http://refhub.elsevier.com/S1631-0748(13)00121-5/sbref0125
http://refhub.elsevier.com/S1631-0748(13)00121-5/sbref0125
http://refhub.elsevier.com/S1631-0748(13)00121-5/sbref0130
http://refhub.elsevier.com/S1631-0748(13)00121-5/sbref0130
http://refhub.elsevier.com/S1631-0748(13)00121-5/sbref0130
http://refhub.elsevier.com/S1631-0748(13)00121-5/sbref0130
http://refhub.elsevier.com/S1631-0748(13)00121-5/sbref0135
http://refhub.elsevier.com/S1631-0748(13)00121-5/sbref0135


F. Smail et al. / C. R. Chimie 16 (2013) 605–612612
[28] R.D. Noble, Generalized microscopic mechanism of facilitated transport
in fixed site carrier membranes, J. Membr. Sci. 75 (1992) 121.

[29] K. Fujimori, Complexation of polyethylenimine with copper (II) and Ni
(II) ions in 0.5 M KNO3 solution, J. Polym. Sci. Chem. 23 (1985) 169–174.

[30] V.H. Thiele, K.H. Gronau, Kupfer and nickel komplexe von polyethyle-
nimin, Makromol. Chem. 59 (1963) 207.

[31] S. Kobayashi, K. Hiroishi, M. Tokunoh, T. Saegusa, Chelating properties of
linear andbranched poly(ethylenimines), Macromolecules 20 (1987) 1496.

http://refhub.elsevier.com/S1631-0748(13)00121-5/sbref0140
http://refhub.elsevier.com/S1631-0748(13)00121-5/sbref0140
http://refhub.elsevier.com/S1631-0748(13)00121-5/sbref0145
http://refhub.elsevier.com/S1631-0748(13)00121-5/sbref0145
http://refhub.elsevier.com/S1631-0748(13)00121-5/sbref0145
http://refhub.elsevier.com/S1631-0748(13)00121-5/sbref0150
http://refhub.elsevier.com/S1631-0748(13)00121-5/sbref0150
http://refhub.elsevier.com/S1631-0748(13)00121-5/sbref0155
http://refhub.elsevier.com/S1631-0748(13)00121-5/sbref0155

	A competitive transport across polymeric membranes. Study of complexation and separation of ions
	Introduction
	Experimental
	Reagents and apparatus
	Membranes preparation
	Analysis
	Transport

	Results and discussion
	FTIR
	Characterisation by SEM
	Characterisation by TGA
	Characterisation by X-ray diffraction
	Transport of metallic ions
	Effect of the initial concentration of metal in a feed-phase

	Quantities of metallic ions transferred using dialysis
	Quantities of metallic ions fixed in the membrane

	Conclusion
	References


