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ABSTRACT: Wastewater treatment has become a pressing challenge due to the 
generation of its large amount by daily life usage and industrial processes. To this regard, 
membrane technology has been a household name for such treatment. In this work, three 
inorganic additives, namely silicon dioxide (SiO2 ), titanium oxide (TiO2 ) and zinc oxide 
(ZnO) were selected and blended with polyethersulfone (PES) to prepare a PES-composite 
membrane using the phase inversion technique. The effects of various inorganic additives 
on performance of as-membranes for oil water emulsion separation were evaluated via the 
cross-flow ultrafiltration process. Membranes embedded with TiO2 nanoparticles (NPs) 
presents the highest permeate flux and pure water flux of 7.95 kg/m2.h and 21.68 kg/m2.h, 
respectively. Furthermore, it also presents the lowest fouling phenomenon among the 
membranes with relative flux reduction and flux recovery ratio of 63.33% and 48.57%, 
respectively.

Keywords: Inorganic additives, silicon dioxide, titanium oxide, zinc oxide, oil-in-water 
separation

1.	 INTRODUCTION

Membranes used in wastewater treatments have received an increased attention due 
to the process efficiency at removing turbidity, particles and microorganisms.1 The 
use of membrane has increased exponentially making it economically competitive 
with traditional water treatment methods.2 Various membrane materials such as 
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cellulose acetate (CA), polysulfone (Psf), polyethersulfone (PES), polyacrylonitrile 
(PAN), polyvinylidene fluoride (PVDF) and polyimide (PI) have been used in both 
water and wastewater treatments. PES is one of the most used polymeric materials 
in membrane applications. It is transparent, amorphous and a high-Tg (225°C) 
polymer with high chemical resistances, mechanical and thermal properties.3 These 
properties have encouraged its wide use in preparing membranes with varieties of 
pore sizes and surfaces. Compared with multiple membrane materials, one major 
usage of PES membranes is their high hydrophobicity, causing severe fouling 
when utilised for oily wastewater treatment.4 Fouling is caused by the adsorption 
of solute on the membrane surface and pores, which results in slow filtration rate, 
higher energy demand and unpredictable performance during separation.5,6 This 
causes limited industrial utilisation of the membrane. 

Nevertheless, several efforts have been proposed by fellow researchers in order to 
overcome this fouling problem.2,3,7,8 Thus, to reduce this hydrophobicity, various 
methods have been introduced such as blending and surface modification (via 
coating and grafting). Various additives such as the use of organic and inorganic 
materials plays a significant importance in these techniques. Many researchers have 
blended hydrophilic inorganic materials with polymer material to form composite 
membrane in order to obtain higher performance membrane. Change in composite 
membrane characteristics such as hydrophilicity, thermal, mechanical and 
antifouling is expected compared to neat membrane. Therefore, the incorporation 
of inorganic additives have found prominent space due their numerous advantages 
such as simplicity in the preparation technology and operating process.9 The 
addition of inorganic nanoparticles have been reported to improve pore formation, 
surface hydrophilicity and enhance antifouling properties.10 Basically, the use of 
inorganic additives can be carried out by introducing them in the dope solution 
(often known as blending) or coating the nanoparticles (NPs) on the surface of as-
membrane via surface attachments.11–13 

The former approach has proven to be versatile in recent times. The use of inorganic 
additives has been selected from a wide variety including TiO2, SiO2, ZnO, CNTs, 
Al2O3 and ZrO2, etc. In the preparation of mixed matrix membranes (MMM)’s for 
oily wastewater treatment, TiO2, ZnO and SiO2 NPs are widely used incorporated 
with TiO2 NPs in PES matrix to prepare PES nanofiltration (NF) membranes 
where they observed an improvement in the antifouling properties and water 
permeability.14 The prepared membrane with 4 wt% TiO2 showed an increase in 
the flux recovery ratio (FRR) from 56% to 91%. However, at a low content of TiO2 
(<4 wt%), there was significant reduction of biofouling effects which was a result 
of less aggregation observed under SEM. Meanwhile, high content of TiO2 causes 
the performance of membrane to decrease. Ahmad et al. observed some significant 
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improvement in antifouling properties as well as membrane properties upon the 
incorporation of ZnO into the PES matrix.15 Otitoju et al. incorporated SiO2 in the 
polymer matrix to prepare a PES/SiO2 composite membrane.16 They observed an 
increase in oil rejection, pure water flux and permeate flux from 95.77% to 97.48%, 
87.347 l m–2 h–1 to 91.949 l m–2 h–1, and 60 l m–2 h–1 to ~75 l m–2 h–1, respectively. 

There is no doubt that embedding inorganic additives in the polymer matric 
improves membrane performance and antifouling ability as depicted in literature, 
yet, their difference remains controversial. Addition of nanoparticles to PES 
membrane was believed able to improve hydrophilicity and antifouling properties 
of the membranes as compared to pure PES membrane. To give their differences 
in terms of performance and their antifouling effects for oily wastewater treatment, 
that this current work is important. Therefore, this work aims to gain useful insight 
into the influence of varying inorganic additives such as SiO2, ZnO and TiO2 in 
the PES matrix on the membrane performance. The membranes were prepared via 
phase inversion technique. The membranes were subsequently evaluated for oil-
in-water emulsion. 

2.	 EXPERIMENTAL

2.1	 Materials

PES (Mw of 58 kg mol–1) was obtained from BASF. Titanium dioxide (TiO2, 
99%), polyvinylpyrrolidone (MWCO 10 kDa), and tween 80 were provided by 
Sigma Aldrich. Ethanol (C2H5OH) and N-methyl-2-pyrrolidone (NMP, 99.5%) 
were provided by Merck, Malaysia. Zinc oxide (10–30 nm) and silicon dioxide 
(63–200 nm) was provided by United States Research Nanomaterials Inc. and 
Fluka, respectively. Crude oil was supplied by Petronas, Malaysia. Liquid nitrogen 
was provided by Wellgas, Malaysia. PES, TiO2, ZnO, SiO2 were dried at 75°C for 
~5 h prior to use.

2.2	 Membrane Preparation

The flat sheet membranes were prepared via phase inversion methods. In brief, the 
NPs (ZnO, TiO2 and SiO2) were added in NMP and stirred for 2 h at temperature of 
55oC with speed of 300 rpm. Subsequently, PVP and PES were added to the mixture 
and stirred continuously for about 15 h until full dissolution. Table 1 shows the 
formulation for the fabrication of the membranes. The homogenous mixture was 
later transferred into ultrasonic bath for at least 4 h to obtain a bubble-free solution. 
The dope solution was casted on a glass plate using a casting blade of 20 µm. 
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Thereafter, the as-membranes were immediately immersed into a coagulation bath 
(containing distilled water) for 24 h and the distilled water was changed every 4 h 
in order to completely remove all trapped solvents within the membranes. Finally, 
the membrane was dried in at room temperature prior to performance testing. 

Table 1:  Composition of prepared membranes

Membranes NMP (wt%) PVP (wt%) PES (wt%) TiO2 (wt%) SiO2 (wt%) ZnO (wt%)

P 80.25 2.5 17.25 – – –
Ti 79.5 2.5 17.25 0.75 – –
Si 79.5 2.5 17.25 – 0.75 –
Zn 79.5 2.5 17.25 – – 0.75

2.3	 Membrane Performance 

2.3.1	 Synthetic oil in water emulsion preparation

The preparation of synthetic crude oil-in-water emulsion was carried out by adding 
and dissolving 0.03 ml Tween and 0.14 ml crude oil in 999.83 ml deionised water 
to make a 100 mg l–1 crude oil-in-water emulsion. Their dispersion was carried out 
using the blender (Khind BL-1515, 300 W) for about 10 min. In order to release 
trapped air bubbles, the solution was subsequently sonicated for ~5 min.

2.3.2	 Ultrafiltration testing 

The membrane performance was tested using the cross-flow filtration setup. The 
filtration performance testing was conducted using membrane with an effective 
filtration area, feed flow rate, transmembrane pressure and filtration time of 34 cm2, 
400 ml min–1, 1.5 bar and 2 h, respectively. Prior to testing, membranes were 
compressed using distilled water at 2 bars for 30 min. Membrane flux (permeate 
flux, initial pure water flux and pure water flux after backflushing) using the below 
equation: 

F t A
V
)T

= ] g 	 (1)

where V, A, F and Δt are the permeate volume (kg), membrane effective area (m2), 
membrane flux (kg m–2 h–1) and filtration time (h), respectively. 

After 2 h of water flux measurement, the feed was replaced with the crude oil 
solution and the permeate flux result was also obtained using Equation 1 whereas 
the oil rejection efficiency was obtained using Equation 2:
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where Cp, R, and Co refer to oil concentration in permeate, oil rejection percentage, 
and oil concentration in the feed, respectively. Oil concentration in the permeate and 
feed were measured at a wavelength of 225 nm using the UV-Vis spectrophotometer 
(Spectroquant Pharo 300, Merck).

At the end of the oil separation performance, the membranes were subsequently 
backflushed using distilled water for 30 min and feed flow rate of 1000 ml min–1.  
Thereafter, a new pure water flux (F1) was obtained and calculated using 
Equation  1. Finally, the antifouling parameters including flux recovery ratio  
(FRR) as well as relative flux reduction (RFR) were calculated using the equations 
below:
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where F2, F1 and PF are pure water flux after backflushing, initial pure water flux, 
and permeate flux (units in kg m–2 h–1), respectively. Basically, high FRR and low 
RFR signify better anti-fouling properties.

3.	 RESULTS AND DISCUSSIONS 

3.1	 Membrane Performance

3.1.1	 Membrane ultrafiltration performance 

Figure 1 presents the initial pure water flux (F1) and permeate flux (PF) for  
all prepared membranes (P, Ti, Si and Zn). Based on the figure, membrane 
incorporated with TiO2 (Ti) presents the highest PF and F1 of 7.95 kg m–2 h–1 and 
21.68 kg m–2 h–1, respectively. Pure water flux and permeate flux show a similar 
trend which increases in the order of P<Zn<Si<Ti. As observed, all composite 
membranes have PF and F1 which were higher than the pristine membrane (P). 
Incorporation of inorganic additive was able to enhance the permeability of 
membrane. This also has been noted in several works in literatures.17–20 In these 
works, such phenomenon were attributed due to surface hydrophilicity and free 
volume on the surface of membrane which provides more site for the water 
adsorption.21
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Figure 1:  Pure water flux and permeate flux of membranes.

3.1.2	 Antifouling performance

One of the major threats in membrane separation is membrane fouling which 
is caused by accumulation of oil layers on the membrane surface. Therefore, 
FRR and RFR were used as parameters to test the antifouling capability of the 
as-membranes and their results are presented in Figure 2. The higher the value 
of FRR, the lower the fouling is for the respective membrane. As observed, all 
composite membranes show better antifouling properties as compared to pristine 
membrane. The membrane incorporated with TiO2 (Ti) presents the lowest RFR 
with 48.57%, respectively. This result also proved that the addition of inorganic 
additives has a great potential to improve the antifouling properties of membranes 
which is similar to other literatures.22 On the other hand, RFR values were opposite 
to FRR value. Low RFR value means less fouling occur. In this study, the lowest 
RFR was 63.33% belonging to TiO2 (Ti) while the highest RFR was 80.86% which 
was resulted by neat PES membrane (P). Obviously, inorganic nanoparticles play 
a role in reducing fouling.

3.1.3	 Rejection performance

Figure 3 represents the separation efficiency for oily waste water for membranes 
(P, Ti, Si and Zn). In comparison with the pristine membrane of 83.4%, all 
composite membranes exhibit higher oil rejection in the range of 87.62% to 
90.97%. The highest oil rejection was achieved by membrane Si, followed by Zn 
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and Ti, respectively. Despite having the highest water permeability among other 
composite membranes for membrane incorporated with TiO2, this membrane had 
the lowest oil rejection (higher than the pristine membrane). The reason might be 
due to the passage of some oil droplets with higher passage of water molecules.23
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Figure 2:  RFR and FRR of membranes.
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Figure 3:  Oil rejection performance of membranes.
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4.	 CONCLUSION

In this work, various membranes were prepared by doping with three inorganic 
additives in the PES matrix via the phase inversion technique and their differences 
in performance (in terms of water permeability, oil separation efficiencies as well 
as their anti-fouling properties) were evaluated for crude oil-in-water emulsion. Oil 
rejection for the composite membranes ranges from 87.62% to 92.67% as against 
83.4% of the pristine membrane. Result also shows that all composite membranes 
show higher water permeability and oil rejection as compared to the pristine 
membrane. Among all other composite membranes, membranes incorporated with 
TiO2 (Ti) show superiority in terms of water fluxes and anti-fouling properties. 
Overall, the results in this work indicated that the addition of TiO2 offer a better 
performance efficiency, making the nanoparticle a potential to mitigate fouling 
phenomenon in membrane-based separation processes.
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