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a b s t r a c t
A novel composite ultrafiltration membrane Sm-Ti/Z 3 was developed by deposition of active layer 
made from 70% of TiO2/Smectite nanocomposite (Sm NC) and 30% commercial TiO2 nanoparti-
cles (Ti NP) on ceramic zeolite support previously prepared, using the layer-by-layer technique. 
The characteristics and the morphology of the membrane sintered at 900°C were determined by 
Brunauer–Emmett–Teller and scanning electron microscopy. A membrane without cracks and show-
ing homogeneous surface and good adhesion on the support was achieved. The characteristics of 
the membrane were a mean pore diameter of 16 nm and a water permeability of 95 L/h m2 bar. 
The application of this membrane to the purification of oily effluent shows good performance in 
terms of permeate flux and pollutants removal with almost total retention of chemical oxygen 
demand, oil and turbidity. In addition, Sm-Ti/Z 3 membrane displayed an important removal of 
the conductivity beyond 46%. This result is explained by the high elimination of heavy metals 
(>96%) such as copper, plumb and zinc. The performances of the new membrane suggest also its 
potential application for remediation of oily wastewater contaminated with heavy metals.
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1. Introduction

In the last years, the pollution of water was a major 
global problem due to the rapid increasing population and 
industrialization [1]. Among the pollutants released into 
the environment, oil has been detected in surface water, 
groundwater and urban wastewater. Usually, high quantity 
of industrial oil-contaminated wastewater is generated by 
pharmaceutical, metallurgical and petrochemical industries 
resulting in environmental pollution that causes danger to 
human health directly or indirectly through the food chain 
and generates ecological problems [2–4]. In particular, 
wastewater produced from the electroplating industry, gen-
erally contains a mixture of oil and heavy metals that need 
to be treated before it can be discharged to the environment.

Various methods have been investigated to treat waste-
water loaded in organic and mineral pollutants such as 
oil and heavy metals. Conventional purification methods 
such as air flotation [5,6], gravity separation and skimming 
[7], centrifugation [8], sand filtration [9], coagulation– 
flocculation [10], adsorption [2,11,12], or chemical desta-
bilization [13–15] have some disadvantages like high 
operation cost, corrosion, low efficiency and recontamina-
tion problems [16]. In addition, the majority of these meth-
ods cannot eliminate the micron and submicron sized oil 
droplets efficiently [17,18]. Therefore, the development of 
efficient methods to treat oily wastewater has great interest. 
Among the promising methods used for the purification of 
such wastewater, membrane processes such as microfiltra-
tion [1,19,20], ultrafiltration [21,22], nanofiltration [23,24] 



167W. Aloulou et al. / Desalination and Water Treatment 246 (2022) 166–173

or reverse osmosis [25] can be utilized to increase puri-
fication performances.

Membrane technology is usually used in wastewater 
treatment since it can be simply integrated and scaled up. 
In addition, this process has high removal efficiency and 
relatively low operating cost [24]. Especially, ceramic mem-
branes present particular advantages in the oil/water puri-
fication because of their excellent mechanical, chemical and 
thermal properties [26]. In general, ceramic membranes 
show a resistance to extreme backwashing and aggressive 
chemical cleaning during application. Nevertheless, the 
majority of commercial ceramic membranes is based on 
expensive high-purity ceramic materials, such as titania, alu-
mina, zirconia and need high sintering temperature which 
increases the ceramic membrane cost [27,28]. Consequently, 
the minerals ceramic membranes have attracted more 
attention to develop low cost ceramic membranes [29].

Several researchers have studied the efficiency of the 
ceramic membranes on the purification of the oily wastewa-
ter. In this context, Madaeni et al. [30] successfully removed 
oil from petrochemical effluent by microfiltration mem-
brane based on gamma-Al2O3. Wu et al. [31] treated oil/
water emulsion containing 200 mg/L oil in the presence of 
ethanol as additive and found that 95.3% of oil rejection was 
achieved using a microfiltration carbon membrane. On the 
other hand several membrane processes have been used by 
Aloulou et al. [26] for the purification of oily wastewater 
including microfiltration, ultrafiltration and air gap mem-
brane distillation processes. Almost total oil retention was 
observed with interesting permeate flux up to 100 L/h m2. In 
the same context, Hu et al. [20] tested a new alumina micro-
filtration membrane modified with graphen oxide for the 
separation of oily effluent and found that a maximum oil 
rejection of 98.1% was achieved when the steady permeate 
flux was reached.

This study aims to develop new ultrafiltration (UF) 
membrane by directly deposition of nanocomposites (NC) 
made from a mixture 70% of TiO2/Smectite nanocomposite 
(Sm NC) and 30% commercial TiO2 nanoparticles (Ti NP) 
on tubular zeolite support by layer-by-layer technique. The 
NC was selected as active layer for its low cost and anti-
fouling property [32].

The simultaneous high removal of heavy metals (>96%) 
and oil (>99%) from industrial oily wastewater by this 
new ceramic membrane represents the novelty of this work.

2. Experimental

2.1. Materials

The nanocomposite TiO2/smectite (Sm NC) (mean 
particle size in the range of 8–12 nm) was previously pre-
pared via colloidal route by incorporating titanium(IV) 
isopropoxide with in the organophilic smectite grains and 
was described in our previous study [33].

Commercial nanoparticles (Ti NP) of titanium diox-
ide (TiO2) of 22 nm, 95% anatase was purchased from 
Sigma-Aldrich.

Tubular zeolite support of 150 mm of length, 5 mm 
of inner diameter, with 0.55 µm pore size and 43.7% 
porosity was previously developed in our laboratory [34].

2.2. Membrane preparation and characterization

Three nanocomposites (NC) based on synthetic nano-
particles (Sm NC) and commercial nanoparticles (Ti NP) 
at different percentages were utilized for the preparation 
of three ultrafiltration membranes (UF): Sm-Ti/Z 1 (95% 
Sm NC – 5% Ti NP); Sm-Ti/Z 2 (85% Sm NC – 15% Ti NP); 
Sm-Ti/Z 3 (70% Sm NC – 30% Ti NP) via layer-by-layer 
deposition technique [32].

At first, the inner surface of the tube was cleaned 
with sand paper to create roughness for easier adhesion 
between the coating layer and the support. Then, the tube 
was rinsed with hot of distilled water to eliminate the 
dust particles. After air drying, it was kept in oven for 
24 h at 100°C for excess water removal. Then, 2 wt.% of 
NC powder was added to 30 wt.% of polyvinyl alcohol 
solution under constant magnetic stirring [32,33]. The sup-
port was coated using layer-by-layer method which was 
described in our previous study. After drying for 24 h at 
room temperature, the membrane was sintered at 900°C 
for 3 h according a heating rate of 2°C/min to simulta-
neously achieve consolidation of membrane structure 
and ensure the adhesion between different layers [33].

The membrane morphology and texture were checked 
by scanning electron microscopy (SEM) (Carl Zeiss 
MERLIN microscope, Germany). Pore size distribution of 
the filtration layer was determined from nitrogen adsorp-
tion/desorption isotherm (Micromeritics ASAP 2020, USA). 
Pore diameter was estimated via the BJH (Barrett-Joyner-
Halenda) model [35].

2.3. Performance of different membranes via  
ultrafiltration process

2.3.1. Permeability test and membrane regeneration

Permeability tests were performed using a home-made 
plant [36] at ambient temperature and at transmembrane 
pressure (TMP) ranged between 3 and 7 bar. Regeneration 
of the membrane was approved by back-flushing proce-
dure for 15 min, followed by basic (NaOH 2% at 80°C) and 
acidic (nitric acid 2% at 60°C) treatment for 20 min. After 
that, the membrane was rinsed with water until neutral pH. 
The success of the cleaning procedure was confirmed by 
measuring the water permeability after the cleaning cycle.

2.3.2. Effluent characterization

The oily effluent was collected from an electroplat-
ing industry located in Sfax (Tunisia). Raw and treated 
wastewaters were analyzed for the determination of the 
physicochemical characteristics to evaluate the pollutants 
removal. Conductivity and pH measurements were done 
by a conductometer (ISTEK EC-400L, USA) and a pH- 
meter (ISTEK pH-220L, Japan), respectively. Turbidity was 
measured using a turbidimeter (Hach RATIO 2100A, USA) 
in accordance with standard method 2130B. Chemical oxy-
gen demand (COD) was estimated by colorimetric method 
(Fisher Bioblock Scientific reactor COD 10119, Japan). The 
content of high metals and the oil removal were determined 
respectively by atomic absorption spectroscopy (AAS) 
(Perkin Elmer A Analyst 200) and UV-spectrophotometer 
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at λ = 363 nm. The pollutants retention R through the mem-
brane was calculated according to the following equation:
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where Cf and Cp represent the concentration of pollutants 
in the feed and in the permeate, respectively. The viscos-
ity of the raw effluent before and after heating process 
was measured by a rotary viscosimeter Tve-05 (LAMY).

2.3.3. Fouling study

The membrane fouling resistance ability was evalu-
ated by the determination of the permeate flux decay ratio 
(FDR) in the absence and the presence of heating:
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−
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where Jw is the water flux of the new membrane and Js is 
the stabilized permeate flux during the UF using oily effluent.

3. Results and discussion

3.1. Membranes characterization

3.1.1. Membrane morphology

Surface and cross-section morphologies, given by SEM, 
for the different NC ultrafiltration membranes sintered at 
900°C/3h, Sm-Ti/Z 1, Sm-Ti/Z 2 and Sm-Ti/Z 3, are shown 
in Fig. 2. It can be clearly observed that all membranes 
have homogenous surface with the absence of any cracks. 
The photos of the cross-section shown in Fig. 1a, c, and e 
related respectively to Sm-Ti/Z 1, Sm-Ti/Z 2 and Sm-Ti/Z 3, 
prove the good adhesion between the ultrafiltration layer 
and the support.

For all membranes, it is clear that the slip allows a suf-
ficient flow of the suspension in the support without deep 
infiltration, which favorite the formation of an ultrafiltra-
tion layer. The thickness of the obtained active layer for 
the three membranes was 0.88, 1.8 and 3 µm for UF1, UF2 
and UF3, respectively (Fig. 1b, d and f).

Based on UF membranes characteristics achieved by 
SEM analysis and the results found in previous works for 
the development of membrane made from Sm NC doped 
with Ti NP over silty marls support, proving that the small-
est pore size was observed with the composition of 30% 
Ti NP [32], Sm-Ti/Z 3 membrane with a content of 30% (Ti 
NP) was selected as the most suitable for this study.

3.1.2. Pore size determination

Ultrafiltration membrane pore size was determined 
using N2 adsorption/desorption isotherm at 77 K (Fig. 2a). 
Results show that the new membrane exhibits a type IV 
adsorption isotherm according to IUPAC, which is associated 
with mesoporous structure.

Fig. 2b presents the pore size distribution of the Sm- 
Ti/Z 3 ultrafiltration membrane sintered at 900°C/3 h.  

The mean pore diameter was centered at 16 nm. This value 
confirms again the ultrafiltration domain.

3.1.3. Determination of the water permeability

The permeability of the Sm-Ti/Z 3 ultrafiltration mem-
brane was determined using distilled water (Fig. 3). It can be 
noticed that the water flux increases linearly with increasing 
the applied TMP, according to Darcy’s law [37]. The mem-
brane permeability was found as 95 L/h m2 bar.

3.2. Performance during purification of oily wastewater

3.2.1. Application to ultrafiltration treatment

The performance of the new Sm-Ti/Z 3 membrane applied 
to the oily effluent purification was determined at a TMP of 
3 bar and two temperatures of 25°C and 60°C. The evolution 
of the permeate flux with time achieved during 90 min of 
filtration shows a progressive decrease of the permeate flux 
during the first hour for both temperatures and then a stabi-
lization at 50 L/h m2 at 25°C and 146 L/h m2 at 60°C (Fig. 4).

This trend might be related to the accumulation of the 
rejected pollutants on the membrane surface. The foul-
ing study for Sm-Ti/Z 3 membrane used for oily removal 
was evaluated by determining the FDR fouling parameter. 
Generally, the lower FDR values given by the percentage 
flux decays during the filtration are more favorable [38]. 
Therefore, the heating process was most beneficial for the 
purification of oily effluent in relation to the obtained val-
ues, where FDR decreased from 84.48% at 25°C to 54.69% 
at 60°C (Fig. 5). The enhancement of permeate flux by 
65.75% when the temperature increased from 25°C to 60°C 
is attributed to the decrease in the viscosity of the effluent 
from 2.84 × 10–3 Pa·s at 25°C to 1.5 × 10–3 Pa·s at 60°C lead-
ing to an improvement in matter transfer. Therefore, the 
suitable temperature for the purification of oily effluent was 
selected as 60°C. It is worthy to notice that this temperature 
corresponds to that of the raw oily effluent produced during 
the activity of the company (between 60°C and 70°C).

Table 1 gives the main characteristics of the raw and 
treated effluents. The performance of the membrane was 
monitored by measuring the retention rate of the different 
pollutants in terms of conductivity, turbidity, COD and oil 
content. Fig. 6 shows a COD retention of 93% and almost total 
retention in turbidity and oil at a pressure of 3bar. In addi-
tion, a decrease in conductivity around 45% was observed.

To better explore the reduction of the conductivity, the 
estimation of the content in high metals before and after 
treatment was evaluated (Table 2). It can be noticed that high 
retention of copper, plumb and zinc, exceeding 96% was 
observed. This result is similar to that obtained by Puasa 
et al. [10] using coagulation–flocculation process where 
99% of heavy metals retention was observed.

3.2.2. Fouling behavior

The membrane fouling is caused in general by organic 
or inorganic compounds, bacteria, colloids, or suspended 
solids. Fouling could decrease the permeate flux and affect 
the retention of numerous compounds. It can be reversible 
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or irreversible. Reversible fouling can be eliminated by sim-
ple water rinsing or varying some experimental parameters, 
whereas irreversible fouling is difficult to remove and need 
chemical cleaning [39].

Previous work has shown that a decrease in the permeate 
flux can reach up to 18% and 26%–46% due to the pres-
ence of reversible and irreversible fouling, respectively [40]. 
The total resistance (RT) is the sum of three contributions:

R R R RT m= + +   irrev rev  (3)

where Rm represents the inherent hydraulic resistance of a 
clean membrane. Rrev results from the concentration polariza-
tion and deposition of retained substances on the membrane 
surface. Rirrev results from the contributions of the fouling 
(adsorption onto the membrane pores and surface).

A specific cleaning is needed to found the initial perfor-
mances of the membrane. In our case, the different resis-
tance values of the Sm-Ti/Z 3 membrane are illustrated in 
Table 3. It can be observed that Rirrev is higher than Rrev and 
therefore the permeate flux decline is mainly due to the 
membrane pore fouling and gel formation at the membrane 
surface which prevent the passage of the oil particles and 
high metals through the membrane.

3.2.3. Membrane regeneration

The application of the Sm-Ti/Z 3 membrane to the puri-
fication of wastewater is often limited by the inevitable 
fouling, which decreases the membrane performances. The 
fouling phenomenon is due generally to the hydrophilic– 
hydrophobic interactions between permeates and mem-
brane surface [41]. The hydrophobic membrane fouling 

Fig. 1. SEM micrographs of different membranes sintered at 900°C: surface (a, c and e) and cross-section (b, d and f).
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results from the absence of hydrogen bonding an interac-
tion at the membrane interfaces level and was caused by 
adsorption. To surmount this obstacle, numerous efforts 

have been made related to membrane regeneration and 
results have shown that the cost of ultrafiltration is raised 
by cleaning process to remove fouling substances [42,43]. 
Thus, a number of experiments of cleaning process were 
realized in order to regenerate the membrane, using 
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Fig. 2. Nitrogen adsorption–desorption of Sm-Ti/Z 3 membrane: isotherm (a) and pore size distribution (b).

Fig. 3. Water permeability of Sm-Ti/Z 3 membrane.

Fig. 5. Calculated flux decay ratios (FDR) with and without 
heating.

Fig. 4. Permeate flux vs. time at different temperatures using 
Sm-Ti/Z 3 membrane.

Fig. 6. Retention of different parameters by Sm-Ti/Z 3 membrane 
at 3 bar.
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alternatively distillated water, basic solution of NaOH 
(pH ≈ 8.3), and acidic solution of HNO3 (pH ≈ 3.5). The effi-
ciency of the regeneration is confirmed when similar per-
meability of both regenerated and unused membrane was 
achieved. Fig. 7 shows the evolution of the permeate flux 
with the TMP of unused and regenerated Sm-Ti/Z 3 mem-
brane. It is clear that both permeability values are very close. 
This result confirms again the high quality of the prepared  
membrane.

4. Conclusions

In this work, composite UF ceramic membrane were 
prepared by deposition of a mixture of TiO2/Smectite 
nanocomposite (Sm NC) and commercial TiO2 nanopar-
ticles (Ti NP) on zeolite support using the layer-by-layer 
method. The best membrane with a percentage of 70% Sm 
NC and 30% Ti NP shows a homogenous surface and good 
adhesion on the support with a filtration layer thickness 
of 3 µm and a mean pore diameter of 16 nm. The applica-
tion of Sm-Ti/Z 3 membrane to the purification of the oily 
effluent contaminated with heavy metal from electroplat-
ing industry exhibited a high performances at 60°C with 
a stabilized permeate flux at 146 L/h m2 and almost total 
retention in terms of turbidity, COD, heavy metals and oil. 
In particular, an important retention of copper, zinc and 
plumb of more than 96% was achieved. The efficiency of 
the membrane regeneration was confirmed by the obtention 
of similar permabilities of both regenerated and unused  
membranes.
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Table 3
Resistance values of the ultrafiltration membranes

Sample RT × 1012 (m–1) Rm × 1012 (m–1) Rrev × 1012 (m–1) Rirrev × 1012 (m–1)

Sm-Ti/Z 3 membrane 14.5 ± 0.5 2.98 ± 0.1 4.8 ± 0.1 6.5 ± 0.1

Table 2
Retention of high metal before and after treatment using Sm-Ti/Z 3 membrane

Parameters Raw effluent (mg/L) Permeate Sm-Ti/Z 3 membrane (mg/L) Limits* (mg/L)

Copper 2.631 ± 0.02 0.095 ± 0.002 (TR: 96%) 2
Iron 0.117 ± 0.001 0.117 ± 0.001 10
Plumb 17.05 ± 0.02 0.029 ± 0.002 (TR: 99.82%) 1
Nickel <0.1 ± 0.001 <0.1 ± 0.001 1
Zinc 4.115 ± 0.02 0.102 ± 0.002 (TR: 97.51%) 5
Chromium <0.02 ± 0.001 <0.02 ± 0.001 1.5

*: Limits set by Tunisian Environmental Legislation

Table 1
Composition of the raw and treated effluents using Sm-Ti/Z 3 membrane

pH Conductivity 
(ms/cm)

Oil content 
(mg/L)

COD 
(mg/L)

Turbidity 
(NTU)

Flux 
(L/h m2 bar)

Raw effluent 6.6 ± 0.2 4.97 ± 0.4 40,000 ± 500 6,570 ± 200 3,810 ± 100 –
Permeate Sm-Ti/Z 3 membrane (T = 25°C, P = 3 bar) 7.95 ± 0.2 2.8 ± 0.4 192 ± 10 460 ± 50 65 ± 2 50 ± 2
Permeate Sm-Ti/Z 3 membrane (T = 60°C, P = 3 bar) 7.93 ± 0.2 2.6 ± 0.4 180 ± 10 360 ± 50 2 ± 0.2 146 ± 5

Fig. 7. Permeate flux vs. pressure of unused and regenerated 
membranes: Sm-Ti/Z 3.
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