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a b s t r a c t
In this paper work, polymer solutions of cellulose triacetate and dioctylephthalate mixed with 
polyelectrolytes: polyacrylic acid, polyvinylpyrrolidone and polyvinyl alcohol were used to make 
selective polymeric membranes by the phase inversion technique via immersion precipitation. 
The impact of a polyelectrolytes additive on the structure and performances of the membranes 
was studied. The achieved membranes were characterized by thermogravimetric analysis, Fourier-
transform infrared spectroscopy–attenuated total reflection, scanning electron microscopy and 
contact angle measurements. As the plasticizer molecules were hydrophobic, their location at the 
surface of the improved polymeric membranes is expected to adapt the contact angle. Overall, our 
results show that the addition of plasticizer to the new material results in homogeneous and hydro-
phobic membranes of which the physical properties were enhanced compared to the commercial 
membranes. In a second part, we have successfully synthesized new photo-electrodes: n-Sr2Fe2O5 
and p-CuFeO2 and their photo-electrochemical characterizations are recognized. The transport 
of cadmium ions (Cd2+) using combined membranes with semiconductors is studied as application.
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1. Introduction

Heavy metals (specifically cadmium) have accruing char-
acteristics in nature as they cannot be biodegraded [1]. In 
spite of its harmfulness, cadmium is used in different indus-
tries such as tinctures, electroplating, metallurgical products, 
etc. Most regularly, cadmium could attain the water system 
through industrial release. Consequently, its elimination 

from several effluents had attracted considerable attention 
from the scientific and technological points of view.

Cadmium can be eliminated from wastewater by using 
numerous physical and chemical techniques like adsorption, 
chemical settling, reverse osmosis and solvent extraction 
which are the most commonly used methods. Conventional 
methods for heavy metal removal also include chemical pre-
cipitation, electrolytic recovery, electrodialysis, ion-exchange 
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resin, liquid-liquid extraction and liquid membrane (LM) 
separation [2].

During the previous years, solvent extraction of cadmium 
from various aqueous media has involved specific interest 
and diverse components have been considered, including 
acidic, basic and neutral complexants and some of their mix-
tures [3–10]. Among these, LM has received considerable 
attention in the past three decades due to its characteristics 
such as simplicity of operation, energy and selectivity advan-
tages as well as low cost operation factors [11,12]. However, 
the principal handicaps with using liquid membranes are 
the low fluxes, the discharge of the carrier and insufficient 
physical stability. These problems as well as others have 
prohibited wide-scale application of liquid membranes in 
industrial separations [13,14].

Later, new generation of ion exchange membranes has 
been elaborated when the hydrophilic and hydrophobic equi-
librium is changed. Polymer inclusion membranes (PIMs) 
have been efficaciously used in some areas such as bio-
chemistry, agronomy, chemistry, medicine, pharmaceuticals, 
water treatment and fine chemical separations principally 
in nuclear industry [15–18]. The selective separation of this 
kind of polymeric membranes is accomplished frequently by 
the presence of selective compounds, called carriers, in the 
membrane phase. The carriers are responsible to facilitate 
the transport of the target component across the selective 
membrane. This phenomenon is termed facilitated transport 
and has been the subject of numerous articles [19–27].

On the other hand, numerous semiconductors have 
been magnificently used for solar energy conversion [28–30]. 
The electron-transfer reactions are essentially governed by 
local electrostatic potential gradients through the interfaces 
[31]. In the liquid junctions, the electric field developed 
in the space charge region hinders the recombination of 
charge carriers formed by light excitation [32]. The kinetic 
in such system is difficult to monitor and no detailed study 
has been reported before now [33].

In this paper, we have synthesized new polymer inclu-
sion membranes (PIMs) using cellulose triacetate (CTA) 
and three polyelectrolytes: polyacrylic acid noted (PAA), 
polyvinylpyrrolidone noted (PVP) or polyvinyl alcohol 
noted (PVA). All synthesized membranes are plasticized 
by dioctylephthalate (DOP). The synthesized membranes 
were characterized by Fourier-transform infrared spectros-
copy (FTIR), thermogravimetric analysis (TGA), scanning 
electron microscopy and contact angle. In a second part, we 
have elaborated two new semiconductors: n-Sr2Fe2O5 and 
p-CuFeO2 and their photo-electrochemical characterizations 
are undertaken. As application, the transport of Cd2+ using 
synthesized membranes coupled with the photo-electrodes is  
studied.

2. Materials and methods

2.1. Chemicals

All chemicals were of analytical reagent grade. CdCl2 
(99.99%), chloroform (CHCl3) (pure), cellulose triacetate 
(CTA) (pure), polyacrylic acid (PAA), polyvinylpyrrolidone 
(PVP) and polyvinyl alcohol (PVA) are analytical grade 
reagents acquired from Fluka. Dioctyl phthalate (RPE ≥ 99, 

5%) was product of CARLO ERBA. All reagents were used 
as received without any further purification. To prepare the 
aqueous solutions the different reagents were dissolved in 
deionized water.

2.2. Preparation of polymeric membranes

Polymer inclusion membranes were prepared using a 
new method and according to the previous study [34,35]. 
0.4 g of cellulose triacetate (CTA) and 0.2 g of polyelectro-
lyte were dissolved in 40 mL of chloroform and stirred for 
4 h. Then, 0.2 mL of DOP was added under vigorous stirring 
during 2 h. After a homogenous mixture was obtained, the 
miscible solution was transferred to circular glass contain-
ers and the solvent was slowly and completely evaporated 
in an oven at 60°C. The formed membrane was detached 
from the Petri glass by immersion in cold water.

2.3. Synthesis of Sr2Fe2O5 and CuFeO2 semi-conductors

The brownmillerite Sr2Fe2O5 was prepared by nitrate 
route from Fe(NO3)3 9H2O (Merck, 99.5%) and Sr(NO3)2 
(Merck, >99.5%). The stoichiometric mixture was dissolved 
in water and the solution is slowly evaporated on a sand 
bath. The powder was ground, pressed into pellets and 
heated at 750°C for 10 h, the compactness averages 75%. 
The delafossite CuFeO2 is synthesized by nitrate decompo-
sition; the detailed preparation procedure is given elsewhere 
[33]. The powder is ground, pressed into pellets and fired at 
950°C for 8 h (120°C/h) to have good mechanical properties. 
The end product exhibits a blue color and the compactness 
approximates 80%.

2.4. Analysis

FTIR spectra are recorded using a Perkin-Elmer spec-
trometer (Spectrum One). The apparatus was standardized 
before analysis with 60 scans at a resolution fixed to 2 cm–1 in 
the wavenumber range of 4,000–400 cm–1. TGA analyses were 
realized using a TGA Q500, TA Instrument, programmed 
from 50°C to 600°C at a rate of 10°C/min. All samples were 
purged with N2 gas at a flow rate of 60 mL min–1. The cad-
mium(II) concentrations in all compartments (alimentation 
and reception solutions) were determined at different time 
intervals (1 h) using the atomic absorption spectroscopy 
method (AAS) with a Perkin-Elmer spectrometer Analyst 
AA-700 model.

2.5. Membrane transport experiments

Ions transfer experimentations were carried out in 
a permeation cell consisting of three identical cylindri-
cal compartments (100 cm3 capacity). The synthesized 
membranes with an active area of 9.61 cm2 was inserted 
between three compartments, sealed with silicon, and 
tightly clamped. The same volume of aqueous solutions 
were injected into the three compartments as feed phase 
(A) and strip phases (B and C) respectively. The same vol-
ume of aqueous solutions were injected into the feed and 
strip phases respectively. All experiments were performed 
at the setting temperature. In order to study the transport 
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dynamics, 0.5 mL samples were collected from the two 
phases at pre-selected time (1 h) and analyzed by AAS.

3. Results and discussion

3.1. Characterization of the elaborated polymeric membranes 
by FTIR

The membranes CTA + polyelectrolyte + plasticizer were 
characterized by FTIR technique. Fig. 1 shows the FTIR spec-
tra of PVPM (CTA + PVP + DOP), PVAM (CTA + PVA + DOP) 
and PAAM (CTA + PAA + DOP) membranes.

The FTIR spectra of all synthesized membranes show 
several bands in (2,960–2,850 cm–1) region attributed to elon-
gation vibrations of the asymmetric and symmetric C–H 
bonds respectively. The main features of these spectra are 
the absorption band located around 1,752 cm–1, attributed 
to stretching vibrations of the carbonyl group (C=O) of 

CTA, DOP and PAA components. The PVPM membrane 
spectrum also revealed another band localized at around 
1,663 cm–1, characteristic of the carbonyl group of PVP poly-
mer. This peak initially present at 1,654 cm–1 in the pure com-
ponent shifted to higher wavenumbers in this membrane.

The presence of hydroxyl groups (O–H) of CTA, PVA 
and PAA polymers was confirmed by the wide band at 
3,476 cm–1. Bands detected at 1,225 and 1,041 cm–1 correspond 
respectively to the asymmetric and symmetric stretching 
modes of C–O–C single bonds of CTA and DOP.

3.2. Characterization of the elaborated polymeric membranes 
by TGA

Fig. 2 shows the weight loss thermograms TGA, and the 
corresponding first derivatives d(TGA) curves of pure poly-
mers CTA, PVP, PVA and PAA, obtained by conventional 
TGA.

As it can be seen from this figure, after a slight loss of 
weight at a range of temperature of 25°C–250°C, due to the 
elimination of water molecules absorbed by the hydrophilic 
groups of the used polymers, the degradation process of 
CTA, PVP and PAA contains a single step of degradation 
while the PVA degrades in two main stages.

The dTG thermogram of PAA exhibits also an addi-
tional peak at about 243°C attributed to the formation of 
anhydrides after elimination of water molecules from PAA 
polymeric chains. This phenomenon was confirmed in the 
literature [36–38]. The main stage of degradation of PAA 
occurs at a temperature range of [301°C–465°C], where this 
polymer loses 89% of its initial mass giving a small residue 
of 1%. The Tmax, determined from the maximum of the peak 
of the first derivative curve as a function of the tempera-
ture d(TGA), is noted at about 399°C. This step of degra-
dation is attributed to the decomposition of the previously 
formed polyanhydride.

A significant weight loss of about 85 wt.% was observed 
for CTA from 300°C to 433°C. This step of degradation with 
a residue of 12 wt.%, is attributed to the elimination of all 
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Fig. 1. FTIR spectra of different synthesized membranes.
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the acetate groups and the formation of pyranose ring in 
the CTA polymer. The onset temperature of degradation 
(Tonset), determined by drawing tangents, is about 355°C 
while the degradation temperature at maximum rate Tmax is 
observed at 372°C for this polymer.

The single stage of degradation of PVP occurs at a tem-
perature range of [312°C–465°C] with a weight loss of 84% 
and a residue of 10 wt.%. The Tonset and the Tmax were about 
395°C and 421°C, respectively.

The thermal degradation behaviour of PVA shows an 
important weight loss of about 73% at a temperature range 
of [190°C–330°C]. This stage with Tonset of 251°C and Tmax of 
270°C, is due to partial dehydration of PVA chains leading 
to polyene formation followed by polyene decomposition. In 
the last stage between 359°C and 501°C, the mass loss was 
about 15% and the residual percentage of the weight was 
equal to 8%. This step of degradation is attributed to the 
carbonization process.

Fig. 3 exhibits the weight loss thermograms TGA and 
the corresponding derivatives d(TGA) curves of syn-
thesized membranes PVPM (CTA + PVP + DOP), PVAM 
(CTA + PVA + DOP) and PAAM (CTA + PAA + DOP).

From these thermograms we can note that, PVPM and 
PAAM membranes degrade in three main stages while the 
PVAM one exhibits four main steps of degradation.

During the first one that occurred over a temperature 
range of 112°C–215°C, the PVPM membrane lost about 
11 wt.% of its initial mass with a Tmax at 194°C and a Tonset 
at 173°C. This stage of degradation is probably due to the 
evaporation of the plasticizer DOP which is characterised 
by an ebullition temperature of 220°C. After that, this mem-
brane displayed another weight loss of 16% in a tempera-
ture domain of [219°C–318°C] with Tmax at 279°C. This step 
of degradation is probably attributed to the evaporation of 
the remaining plasticizer (DOP) hydrogen bonded with a 
small amount of CTA polymer. Finally, PVPM membrane 
thermogram exhibits the most important weight loss of 
about 58% with Tmax at 379°C. This step is characteristic of 

the degradation of the two inter-associated polymers (CTA 
and PVP).

The degradation process of the membrane PVAM 
(CTA + PVA + DOP) follows four main stages. This mem-
brane exhibits a thermal stability up to 105°C. A mass 
loss of about 8 wt.% was recorded during the first step of 
degradation which extends over a temperature range of 
103°C–194°C with a Tmax of around 168°C and Tonset of 144°C. 
This stage is attributed to the evaporation of a part of the 
plasticizer DOP. During the second stage of degradation, 
ranging from 198°C to 256°C, the membrane PVAM lost 11% 
of its mass with a Tmax at 230°C. This weight loss is charac-
teristic of the degradation of the remaining DOP hydrogen 
bonded with the CTA and the PVA polymers. The third 
degradation stage of this membrane with a Tmax of 277°C is 
attributed to the degradation of PVA polymer. This step is 
easily detectable in the thermogram of pure PVA. Finally the 
most important weight loss of this membrane of about 62%, 
recorded at Tmax of 359°C is due to the degradation of the 
two inter-associated polymers (CTA and PVA).

The degradation process of the last membrane PAAM 
(CTA + PAA + DOP) occurs in three main steps. The first 
one, attributed to the evaporation of a part of the plasti-
cizer DOP and to the elimination of water molecules 
from PAA chains, extends over a temperature range from 
110°C–203°C. During this stage of degradation, the mem-
brane lost 20 wt.% of its initial mass with Tmax at around 
187°C and Tonset at 166°C.

The second and the third steps of degradation with 
weight loss of 13% and 57% respectively and Tmax of 253°C 
and 360°C respectively are attributed to the evaporation 
of DOP and the degradation of the two inter-associated 
polymers.

Based on the values of Tonset of elaborated membranes, 
all the membranes exhibited a thermal stability until 144°C 
(Tonset of PVPM = 173°C, Tonset of PVPA = 144°C and Tonset of 
PAAM = 166°C). This temperature is much higher than that 
required in the membrane processes. It is also clear that the 
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Fig. 3. Thermogravimetric analysis (TGA) and d(TGA) curves of synthesized membranes.
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PVPM membrane is the most thermally stable one with Tonset 
of 173°C.

3.3. Transport of cadmium ions using a synthetic membranes

The nature of the illumination source is studied using 
Sr2Fe2O5 and CuFeO2 as polarized electrodes in the extrem-
ities of each membrane. The dependence of the ionic mem-
brane nature has been studied using two supports of different 
chemical and physical characteristics; (CTA + PVP + DOP) 
as cationic membrane and (CTA + PVA + DOP) as anionic 
membrane. We used also n-Sr2Fe2O5 and p-CuFeO2 in short 
circuited configuration to ensure creation of electrical field 
as transference gradient forces. The photo-electrodeposition 
catalyzes the diffusion process as evidenced from the Cd2+ 
concentrations. Consequently, the equilibrium strongly lies 
to the right hand, that is, the Cd deposition according to 
the Le Chatelier principle. This system is applied after the 

separation and transport across a polymer inclusion mem-
brane (PIM) modified by the semiconductors (Fig. 4).

Figs. 5 and 6 give the variation of Cd2+ concentration in 
feed and strip compartments vs. the nature of the illumina-
tion source.

Figs. 5 and 6 show that the quantities of Cd2+ ions 
decrease strongly in the feed compartment by passing from 
the cationic membrane thus confirming that the transport of 
metallic ions is an active transport, where charges number 
of the polyelectrolyte plays an important role in the process. 
We note also a plateau region is reached after 5 h with a per-
centage of 31% using a solar illumination source. Such result 
shows that among 69% of Cd2+ transferred to the cathodic 
compartment, with 48% free and 21% have undergone a 
reduction to metallic state.

In the case of LED lamp source, nearly the same per-
centage (40%) of no transferred cadmium is obtained after 
6 h of illumination. This indicates that 60% of cadmium ions 

Fig. 4. Photo-electrodialysis cell: (anode) Sr2Fe2O5; (cathode) CuFeO2.

0 5 10 15 20 25

30

35

40

45

50

55)
mpp( 

mui
mda

C fo noitartnecno
C

Time (Hour)

(a)

1 2 3 4 5

25

30

35

40

45

50

55)
mpp( 

mui
mda

C fo noitartnecno
C

Time (Hour)

(b)

Fig. 5. Evolution of the concentration of cadmium in the feed phase vs. time using (a) LED lamp illumination and (b) solar 
illumination, [Cd2+]0 = 80 ppm.
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were transferred toward the feed compartment (35% free 
and 25% reduced into Cd0).

4. Conclusion

The present paper combined the electrochemical reac-
tions caused by solar energy with polymeric membranes 
process for metallic ions elimination. Cellulose triacetate 
membranes modified by poly-electrolytes and containing 
dioctylephthalate (DOP) as plasticizer have been success-
fully elaborated. These polymers + plasticizer + polyelec-
trolyte membranes were characterized using FTIR, TGA 
and XRD analysis. Our approach was to use n/p semicon-
ductors in a short circuited configuration to generate an 
electrical field as transference gradient force. This system 
was applied to the light-driven reduction of cadmium, 
after the separation and transport across a polymer inclu-
sion membrane (PIM) in combination with semiconductors 
(n-Sr2Fe2O5 and p-CuFeO2). The results showed that the Cd2+ 
photo-electrodeposition was significantly increased when 
using modified PIMs by photo-electrode. It has also been 
shown an increase of the diffusion flux when the electrode 
was activated by solar illumination.
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