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Separation membranes have gained attention as promising options for water and wastewater treatment due to their 
financial sustainability, and eco-friendliness. However, practical challenges have limited their application in water 
separation. To overcome these limitations, inorganic-organic hybrid membranes have been developed in this study. The 
present work deals with two attractive aspects: (i) economical, through the valorization of a local clay (Algerian 
kaolin), and (ii) environmental, which is based on the membrane selectivity for metal ions. The principal objective of 
this work is the development of enhanced nanocomposite membranes. It is achieved with low costs, based on cellulose 
triacetate (CTA) as a polymeric matrix modified by the addition of a lamellar filler, i.e. yellow clay obtained from Jijel, 
located in the east of Algeria, and plasticized by dioctyl phthalate (DOP). A further objective of this paper was the 
treatment of wastewater polluted by lead (Pb2+) and cadmium (Cd2+). The prepared membranes were characterized by 
various characterization techniques, including scanning electron microscopy (SEM), Fourier-transform infrared (FTIR) 
spectroscopy and thermogravimetric analysis (TGA). 
All synthetized membranes had an amorphous structure, with homogeneous pore morphology and distribution. 
Moreover, the presence of nanocomposite clay showed effective integration into the membrane matrix and led to a 
significant improvement in thermal resistance. These membranes were applied to treat a synthetic aqueous solution 
contaminated with heavy metals, namely Pb2+ and Cd2+. The results revealed a rejection rate higher than 50%, 
suggesting the potential effectiveness of a stable and environmentally sustainable polymer inclusion membrane system 
for water purification.  
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INTRODUCTION 

Protecting the environment from various types 
of pollution, linked mainly to the release of toxic 
heavy metals, requires the use of new, clean, 
efficient, sustainable and less expensive 
technologies. Water pollution control has become 
a priority even for developing countries. 
Currently, environmental research is focused on 
classic separation methods, such as ion exchange 
on resins,1 reverse osmosis,2 and desalination.3,4 
Most of the conventional separation and 
concentration processes used in hydrometallurgy, 
such  as  precipitation, ion exchange on resins, ore  

 
leaching or liquid–liquid extraction, are currently 
being reconsidered for their potential replacement 
by processes using synthetic membranes. 
Membrane separation techniques have drawn 
worldwide attention, and they are gradually used 
in industry. Membranes have been considered and 
formulated to accomplish a high level of 
efficiency and selectivity, while maintaining high 
mechanical strength and contamination resistance 
at low processing costs.5 Polymer inclusion 
membranes (PIMs) have been used for the 
extraction of numerous anionic and cationic 
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inorganic compounds,6 and small organic 
molecules.7-9 After mixing the base polymer, 
carrier, and plasticizer with a suitable solvent, the 
membrane matrix is obtained through a slow 
solvent evaporation process. The resulting 
polymer inclusion membrane is thin, flexible and 
forms a film.10 The base polymer used is very 
important in terms of the mechanical strength of 
the membrane. 

In order to recycle and reuse wastewater, one 
of the solutions that seem very promising is the 
implementation of membrane filtration systems 
capable of ensuring the disinfection of effluents. 
These systems often use organic membranes 
based on several polymers.11,12 Cellulose 
triacetate (CTA) is a basic polymer commonly 
used in the preparation of polymer inclusion 
membranes (PIMs). CTA is a polar polymer, with 
a number of acetyl and hydroxyl moieties that are 
capable of forming highly oriented hydrogen 
bonding, giving CTA a crystalline structure.13 
CTA membranes can be tailored for a wide range 
of permeability and flux performance. CTA-based 
materials are widely used in membrane 
technology because they are not prone to fouling. 
Thus, their porosity and water permeability 
increase over time, which helps preserve their 
long-term performance. Sugiura et al. were the 
first researchers who prepared polymer inclusion 
membranes using cellulose triacetate as the basic 
polymer.14-16 PIMs have been efficaciously used 
in some application areas, such as biochemistry, 
agronomy, chemistry, medicine, pharmaceuticals, 
water treatment and fine chemical separations, 
principally in nuclear industry.17–20 The selective 
separation of this kind of polymeric membranes is 
accomplished frequently by the presence of 
selective compounds, called carriers, in the 
membrane phase. Recently, our research group 
combined polymer inclusion membranes (PIMs) 
with semiconductors to improve the performance 
of metal ions transfer.21-36 It should be noted that 
the plasticizer acts as a binder between the 
different components of the membrane, giving the 
membrane greater flexibility. Furthermore, the 
addition of clay or nanoparticles improves the 
hydrophilic character of the membrane and 
greatly increases the retention of metallic ions by 
adsorption.  

This work focuses on the preparation and 
characterization of hybrid membranes by 
incorporating Algerian kaolin into the polymer 
solution of cellulose triacetate and a plasticizer 
using the phase inversion technique. The 

objective of this work is the valorization of a local 
clay, namely kaolin, by its incorporation into 
polymeric membranes designed for the treatment 
of water polluted by inorganic contaminants – 
heavy metals (lead and cadmium) –by both 
filtration and adsorption. Various characterization 
techniques, including scanning electron 
microscopy (SEM), Fourier-transform infrared 
spectroscopy (FTIR) and thermogravimetric 
analysis (TGA), were employed to evaluate the 
properties of the obtained hybrid membranes. The 
synthesized membranes were applied to treat a 
synthetic aqueous solution contaminated with 
heavy metals, namely lead (Pb2+) and cadmium 
(Cd2+) ions. The results demonstrated significant 
changes in the structural and performance 
characteristics of the membranes due to the 
addition of the adsorbent. 
 
EXPERIMENTAL  
Materials 

All reagents were used as received, without any 
further purification. CTA (pure) and chloroform (GC 
≥99%) were purchased from Fluka. Dioctyle phthalate 
(DOP), lead nitrates Pb(NO3)2 and cadmium nitrates 
Cd(NO3)2 were obtained from Carlo Erba. The clay 
(kaolin), used as a solid support was Algerian kaolinite 
extracted from Roussel in Jijel (Algeria). It was 
supplied by ENOF Chemical Ltd. Research Company 
for Non-Ferrous Matters, Algeria. The aqueous 
solutions containing heavy metals were prepared by 
dissolving the different reagents ((Pb(NO3)2 and 
Cd(NO3)2)) in deionized water. 
 
Membrane preparation method 

The membranes were prepared via phase inversion. 
In this method, CTA and kaolin were dissolved in 
CHCl3. Then, the plasticizer DOP was added under 
vigorous stirring for 3 hours (Fig. 1). The solution was 
then transferred into a circular glass container and 
degassed in an ultrasonic cleaner for 15 min to remove 
air bubbles to form a homogeneous and stable solution. 
After degassing, the casting solution was left for slow 
evaporation for 24 hours. The resulting membrane was 
extracted by the addition of distilled water. The 
membrane consists of 0.4 g of CTA and 0.2 mL of 
DOP, the average thickness of membrane is 90 µm, 
and specific surface area is 9.6 cm2, whereas the 
electrical resistance of the elaborated membrane is 5.2 
kΩ when in contact with pure water at pH ~7).  

It is important to note that for the development of 
the membranes, we used three methods: in the first 
case, kaolin was mixed directly with CTA at different 
percentages of the adsorbent (5%, 7% or 9%), then, the 
plasticizer DOP was added to the homogeneous 
solution containing CTA and kaolin. The second 
possibility was to add kaolin to the homogeneous 
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solution containing (CTA and DOP). The last 
possibility was to use a mixture of CTA, DOP and 
kaolin in the same solution. The different combinations 
between the polymer (CTA), plasticizer (DOP), and 

kaolin used for the preparation of the different 
membranes are reported in Table 1. 
 

Table 1 
Compositions of all synthesized polymeric membranes 

 
Polymeric membranes CTA (g) DOP (mL) Kaolin (g) 
M1 (65%CTA + 30%DOP) + 5% Kaolin 0.4 0.2 0.0363 
M2 (65%CTA + 5% Kaolin) + 30%DOP 0.4 0.2 0.0363 
M3 65%CTA + 30%DOP + 5% Kaolin 0.4 0.2 0.0363 
M4 (63%CTA + 7% Kaolin) + 30%DOP 0.4 0.2 0.0452 
M5 (61%CTA + 9% Kaolin) + 30%DOP 0.4 0.2 0.0600 

 

 
Figure 1: Preparation procedure of nanocomposite membranes  

 
Characterization techniques 

FTIR spectroscopy was used to observe the 
frequency changes of the functional groups. This 
technique was used to detect the presence of the 
different bonds of constituents used in the initial 
mixture and final polymeric membranes. The FTIR 
spectra were recorded with a Perkin-Elmer 
spectrometer (Spectrum One) (Perkin-Elmer Company, 
USA). The instrument was calibrated before analysis 
using 60 scans at a resolution of 2 cm-1 in the 
wavenumber range of 4000–400 cm-1.  

Qualitative characteristics (dense or porous 
membranes) and quantitative characteristics, such as 
porosity and layer thickness, can be easily determined 
by SEM. The morphologies of the different 
membranes were determined by SEM analysis using a 
JEOL JSM 6301F FEG (JEOL Company, USA), with 
a voltage of 20 KV. Each sample was covered with 
platinum after being desiccated in a vacuum oven at 
low temperature. 

Thermogravimetric analysis is considered a simple 
and suitable method to evaluate the thermal stability of 
different materials. TGA allows observing the effects 
of thermal decomposition, evaporation, reduction, 
desorption, sublimation, oxidation and absorption. 
TGA analyses were realized using a TGA Q500, (TA 

Instrument Company, USA), automated from 50 to 600 
°C at a rate of 10 °C/min. All samples were purged 
with nitrogen gas at a flow rate of 60 mL/min. The 
sample weights were approximately 10 mg.  

The metal concentration was determined by 
sampling, at different time intervals, aliquots (0.5 mL) 
from both the feed and strip solutions, which were 
analyzed using the atomic absorption spectroscopy 
technique (AAS) with a Perkin-Elmer AAnalyst 700 
model (Perkin-Elmer Company, USA) for Pb2+ and 
Cd2+. 
 
Transport experiments 

The cell used for transport experiments consisted of 
two compartments, made of Teflon, with a maximum 
filling volume of 100 mL, separated by the polymeric 
membrane (Fig. 2). The feed compartment contained 
the metal solution at a concentration of 50 ppm of 
metal salt (pH ~ 6). The strip compartment contained 
distilled water. Both the feed and strip aqueous phases 
were stirred at 800 rpm using a magnetic stirrer. The 
membrane surface area was 9.61 cm2. Three 
independent experiments were realized to determine 
the metal ion concentration. The experimental standard 
deviation was determined to be ± 5%. 
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Figure 2: Dialysis cell scheme 

 
RESULTS AND DISCUSSION  
FTIR characterization 

Figure 3 shows the spectra of the CTA 
membrane plasticized by DOP and modified by 
the incorporation of 5% of Algerian kaolin in 
comparison with the spectra of CTA and kaolin.  

The main feature of the spectrum of kaolin is 
an absorption band located around 936 cm-1, 
attributed to the angular deformation of the Si–O–
Al group. The band at 651 cm-1 corresponds to the 
stretching mode of (Si–O) single bonds. The same 
figure also shows the presence of Al–O bands 
detected at 450 cm-1. The FTIR spectrum of CTA 
shows a band at 2947 cm-1 attributed to 
elongation vibrations of the asymmetric C-H 
bonds and a band at 2875 cm-1 characteristic of 
symmetric ones. The presence of carbonyl groups 
of the ester function was evidenced by the 
existence of a band located at around 1732 cm-1. 
We also noted that the CTA absorbed at around 
1166 and 1048 cm-1, corresponding to the 

asymmetric and symmetric elongation vibrations 
of (C-O-C) groups. 

The obtained results showed that all the 
maximum values observed in the spectrum of the 
CTA reference membrane, i.e. without plasticizer 
and kaolin, are present in the spectra of the 
modified membranes, in addition to those of the 
clay molecules that also involve the radicals 
detected in the 1000-400 cm-1 region. The main 
features of these spectra are an absorption band 
located around 1732 cm−1, which is attributed to 
stretching vibrations of the carbonyl group of the 
CTA polymer. The bands at 1228-1232 and 1035 
cm−1 correspond to the asymmetric and symmetric 
stretching modes of C–O–C single bonds, 
respectively. The less intense bands at 2947 and 
2880 cm−1 are attributed to C–H bonds and the 
wide band detected in the 3500–3300 cm−1 region 
is attributed to the O–H bond stretching modes of 
the CTA polymer.  
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Figure 3: FTIR spectra of the synthesized membranes 

compared to those of CTA and kaolin 
Figure 4: FTIR spectra of the synthesized membranes 

with different clay percentage 
 

We also noted a decrease in the intensity of the 
2962 and 2877 cm−1 bands and the displacement 

of the band at 1225 cm−1 toward larger 
wavenumbers (1232 cm−1). Four other bands 
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confirming the presence of the kaolin were 
detected in the same figure characteristic of the 
presence of Fe2O3 bonds detected at 470 cm−1. 
The wide band at 450 cm−1 is due to Al–O bonds 
and an absorption band located around 936 cm-1 is 
attributed to the angular deformation of the Si–O–
Al group. The band observed at about 552-651 
cm−1 is attributed to the vibration of Si–O bands. 

Ultimately, the results obtained show that the 
interconnected chains of the polymer with the 
plasticizer and kaolin are independent of the 
preparation method.  

The FTIR spectra of the elaborated 
membranes using 5%, 7% and 9% of kaolin are 
illustrated in Figure 4. As can be seen, it is rather 
difficult to discern any difference among them. 
Nevertheless, the presence of all the functional 
groups of the different constituents (polymers, 
plasticizer, and kaolin) is noted for each 

membrane.  
 
Thermal analysis  

Figures 5–7 show the thermal behaviors of the 
membranes prepared in this study by different 
elaboration methods. All the membranes 
exhibited thermal stability until 180 °C. Their 
thermal degradation occurs in two main steps. 
During the first one, which occurred over a 
temperature range of 150–250 °C, the membrane 
lost about 31–42 wt% of its initial mass, with a 
Tmax at about 243–258 °C. This important weight 
loss is probably due to the degradation of the 
plasticizer DOP. In the second stage of 
degradation of the membrane, which occurred 
between 300 and 380 °C, a weight loss of about 
50–56 wt% was recorded, with Tmax at 350 °C. 
This stage is attributed to the degradation of CTA 
polymeric chains.  
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Figure 5: Thermogravimetric (TGA and dTG) curves 
of the synthesized membrane (CTA + DOP) + 5% 

Kaolin 

 
Figure 6: Thermogravimetric (TGA and dTG) curves 
of the synthesized membrane (CTA + 5% Kaolin) + 

DOP 
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Figure 7: Thermogravimetric (TGA and dTG) curves 
of the synthesized membrane (CTA + DOP + 5% 

Kaolin) 

 
Figure 8: Thermogravimetric (TGA and dTG) curves 
of the synthesized membrane (CTA + 7% Kaolin) + 

DOP 
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Figure 9: Thermogravimetric (TGA and dTG) curves of the synthesized membrane (CTA+ 9% Kaolin) + DOP 
 

 
The TGA and dTGA thermograms of the (63% 

CTA + 30% DOP + 7% Kaolin) and (61% CTA + 
30% DOP + 9% Kaolin) membranes, shown in 
Figures 8 and 9, respectively, illustrate that the 
process of degradation of these two membranes 
occurred into two main stages. During the first 
one, in a temperature range 180–280 °C, the 
membrane lost about 38 to 42 wt% of its initial 
mass, with a Tmax at 243 to 258 °C, and Tonset of 
204 and 214 °C. A more important weight loss 
was recorded during the second stage of 
degradation (50 wt%), between 348 and 350 °C, 

with a Tmax at 350 °C. We note that the kaolin 
retards the degradation process, as shown by the 
shift of the thermogravimetric parameters to 
higher temperatures, when the kaolin was added 
to CTA and DOP plasticizer (Tonset of 214 °C for 
7% and 203 °C for 5%).  

The thermogravimetric parameters recoded for 
the synthesized membranes are summarized in 
Table 2. Finally, the TGA results obtained show 
clearly that all synthesized membranes exhibited 
good thermal stability, which was independent of 
the elaboration method.  

 
Table 2 

Values of some thermogravimetric parameters of the synthesized membranes 
 

Membrane Tonset 
(°C) 

Tmax 
(°C) 

Weight loss 
(wt%) 

Residue 
(%) 

M1 (CTA + DOP) + 5% Kaolin 193 247 
350 

39 
56 05 

M2 (CTA + 5% Kaolin) + DOP 203 248 
355 

37 
51 12 

M3 CTA + DOP + 5% Kaolin 208 252 
350 

38 
50 12 

M4 (CTA + 7% Kaolin) + DOP 214 258 
350 

42 
50 08 

M5 (CTA + 9% Kaolin) + DOP 204 243 
346 

38 
50 12 

 
Contact angle measurements 

A comparison of the hydrophobicity of the 
synthesized composite membranes by measuring 
their water contact angles is shown in Table 3. 
Compared with the CTA + DOP + Kaolin control 
membrane (60.0° ± 0.2°), the water contact angles 
of the composite membranes were found to 
decrease noticeably (55.5° and 53.1°), when the 
quantities of clay increase (7% and 9%), 

respectively. Lower water contact angles 
correspond to more hydrophilic surfaces. The 
improved hydrophilicity of the synthesized 
composite membranes can be attributed to the 
presence of hydrophilic clay, arising from the 
hydroxyl functional groups on its surface. At the 
same time, a decrease in the average contact 
angles indicates successful incorporation of the 
clay into the polymer matrix. 
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Table 3 
Contact angles of all synthesized membranes 

 
Membrane Contact angle (°) 
M1 (65%CTA + 30%DOP) + 5%K 61.59 ± 0.2 
M2 (65%CTA + 5% K) + 30%DOP 60.07 ± 0.2 
M3 (65%CTA + 5% K + 30%DOP) in the same mixture 56.58 ± 0.2 
M4 (63%CTA + 7%K) + 30%DOP 55.54 ± 0.2 
M5 (61%CTA + 9%K) + 30%DOP 53.18 ± 0.2 

 

  
(CTA + DOP) + 5% Kaolin (CTA + 5% Kaolin) + DOP 

  
(CTA + 5% Kaolin + DOP) (CTA + 7% Kaolin) + DOP 

 
(CTA + 9% Kaolin) + DOP 

Figure 10: Scanning electron microscopy images of the synthesized composite membranes 
 
SEM characterization  

One important aspect of PIMs is the 
microstructure of the membrane materials, which 
determines the distribution of the kaolin in the 
polymer matrix and ultimately affects the 
membrane transport efficiency. Figure 10 shows 
the morphology of the differently prepared 
membranes. 

Surface images of hybrid membranes reveal 
no visible pores, and a smooth dense surface. 
Nanoparticles ranging from 200 to 500 nm in size 
are clearly observed over the membrane surface. 
However, the surface morphology became much 
rougher in the case of the incorporation of 9% of 
clay, compared to that of the nanocomposite 
membrane filled with 5% of clay, which 
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potentially increases the membrane surface area 
and thereby enhances the water flux. The FTIR 
spectra showed the presence of silica bands, 
which are characteristic of clay, thus confirming 
the presence of clay in the membrane.  
 
Application of elaborated membranes for 
water purification 

Figure 11 presents the percentage of retention 
of Pb2+ and Cd2+ fixed in the membrane. The 
initial concentration of the metallic ions in the 
feed phase was fixed to 50 ppm. The transport has 
been achieved using the five membranes prepared 
in this work, containing CTA, DOP and Kaolin. 
This figure shows clearly that the retention of lead 
is significantly higher than that of cadmium using 
all synthesized composite membranes. We clearly 
see that membrane 4 (CTA + 7% Kaolin) + DOP) 
proved a good performance by fixing 56.8% of 

lead. This result confirms the affinity between the 
components of the membranes (polymer, 
plasticizer and inorganic adsorbent agent) towards 
the metallic ions (Pb2+) and proves that the 
addition of the clay (kaolin) facilitated the 
fixation of lead ions. This result confirms also 
that the best method to synthesize this kind of 
composite membranes is to mix the polymer with 
clay in the first stage, and after that, to add the 
plasticizer. It is important to note that the 
adsorption of Pb (II) and Cd (II) ions onto 
kaolinite clay decreased with increasing 
percentage of the adsorbent (7% to 9%). The 
surface of the kaolinite clay sample contains some 
active sites, which may become positively 
charged by the fixation of Pb2+ and Cd2+. This 
increases the competition between H+ and the 
metal ions for available adsorption sites. This 
result is in accordance with the literature.37,38 

 

 
Figure 11: Percentage of retention of lead and cadmium ions onto all synthesized composite membranes 

 
CONCLUSION 

This study presents the polymer–clay 
combination as a powerful sorption material for 
water purification from inorganic contaminants 
both by filtration and by adsorption. A novel 
composite membrane was synthesized using a 
mixture of polymer, plasticizer and Algerian clay. 
Composites membranes were successfully 
elaborated by solution casting, followed by 
solvent evaporation using cellulose triacetate as 
polymer matrix. All the synthesized membranes 
were characterized by physical methods, like 
Fourier transform infrared spectroscopy, thermal 
analysis, scanning electron microscopy and 
contact angle measurement. FTIR spectroscopy 
confirmed the coexistence of all the components 
of each membrane. The degradation of the 

membranes occurred via a two-step process, with 
the main loss starting at 190 °C, due to the 
thermal degradation of the plasticizer. This result 
confirmed that all the synthesized membranes 
exhibited good thermal stability. The SEM 
observation of the membranes revealed a dense 
and homogeneous structure. The kaolin promotes 
the membrane hydrophilicity, decreasing the 
contact angle. It was also concluded that the 
combination of clay and polymeric membrane is 
very efficient to eliminate heavy metals and 
increase considerably their rejection. Finally, the 
polymer–clay combination was found to be most 
economical, and total elimination of heavy metals 
can be obtained after two or three cycles of 
purification. 
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