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ABSTRACT

This study describes the modification of a polyethersulfone (PES)-based membrane by embedding titanium di-
oxide (TiO,) nanoparticles. The prepared composite membranes are then characterized and applied for melechate
green dye (MG) filtration from water to asses its filtering capabilities. The effect of TiO, contents on the morphol-
ogy and filtration performance of the prepared composite membranes was evaluated by Fourier transform infrared
(FTIR), scanning electron microscopy (SEM) and atomic force microscopy (AFM) analysis. The blended mem-
branes displayed improved water permeability and dye rejection compared to the plain PES. The membrane char-
acterization results showed that compared to the plain PES membrane, the porosity of pure membrane increased
(from 15.1% to 34.7%) with increasing the percentage of the embedded TiO,. Then, the optical performance of the
prepared membranes was examined in a cross-flow filtration system to separate MG dye from water. The filtration
experiments showed that the composite PES/TiO, membrane of 1.5 wt.% TiO, has the best separation performance

(permeate flux of 45 L/m”.hr and dye removal efficiency of 80%)

Keywords: composite UF membrane, PES polymer, dye removal, TiO, nanoparticles, water flux.

INTRODUCTION

Industrial wastewater typically contains a diverse
array of organic and inorganic contaminants that re-
quire treatment prior to being discharged into the en-
vironment. The dyes are among the toxic pollutants
in the industrial wastewater. The effluents discharged
by various industries, including textile, wool, leather,
silk, paper, pulp, ink, cosmetics, pharmaceuticals,
and food, contain different dyes (Mahmood and
Waisi, 2021). The presence of color in wastewater is
the first contaminant identified and must be removed
before discharging into water bodies or land. Small
amounts of dyes significantly affect the visual impact
and aesthetic quality of lakes, rivers, and other wa-
ter bodies, with concentrations below one ppm for
specific colors, which also affects water transpar-
ency and the solubility of gases. Hence, it is impor-
tant to identify a successful method for wastewater
treatment to remove color from textile effluents

(Alkarbouly and Waisi, 2022a). Various methods,
including ion exchange, electrocoagulation, adsorp-
tion, and membrane separation, have been used to
eliminate dyes from wastewater (Mustafa and Al-
Nakib, 2013). Adsorption and membrane technolo-
gies have become increasingly common treatment
methods because of their notable separation efficien-
cy, absence of byproducts, ability to be regenerated,
straightforward operations, and relatively low manu-
facturing costs. The membrane operates as a barrier
between two phases, allowing the selective transport
of substances from one side to the other (Al-Okaidy
and Waisi, 2023). Polymeric membranes, such as
ultrafiltration (UF), microfiltration (MF), nanofil-
tration (NF), and reverse osmosis (RO), have been
created and extensively used to meet the demands
of separation and purification processes. The UF
membranes compared with RO, lower operating
pressure with acceptable efficiency. The UF mem-
branes are frequently prepared from different types
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of polymers, including polysulfone (PSU), cellulose
acetate (CA), polyacrylonitrile (PAN), polyvinyli-
dene fluoride (PVDF), and polyethersulfone (PES)
(Han et al., 2013; Waisi et al., 2020).

The polymer type is crucial in determining
filtration performance (permeate flux and rejec-
tion percentage) (Mohammed et al., 2023). Poly-
ether sulfone (PES) is widely used in membrane
manufacturing for water treatment because of its
physical and chemical properties, such as ease of
processable and appropriate thermal stability in
various environmental conditions (Mohammed et
al., 2020). The main disadvantage of PES-based
membranes is their low permeability due to the
created fouling on the membrane surface. Increas-
ing the membrane hydrophilicity is considered an
excellent method to decrease the fouling on the
membrane during filtration without sacrificing the
mechanical properties of the membrane (Luo et
al., 2009). One widely used strategy for increasing
membrane hydrophilicity and fouling resistance is
incorporating hydrophilic inorganic nanoparticles
and increasing the water permeability (Meng et al.,
2013). Several studies have demonstrated that the
inclusion of specific types of nanoparticles, such
as silica oxide (SiO,), can enhance the characteris-
tics of the membrane (Waisi et al., 2019), graphene
oxide (GO) (Saeedi-Jurkuyeh et al., 2020), ceric
oxide (CeO,) (Fang and Duranceau, 2013) and sil-
ver nanoparticle (AgNP) (Sile-Yuksel et al., 2014).
Integrating membrane processes and adsorption
techniques is a cutting-edge technology for water
and wastewater treatment (Hotda and Vankelecom,
2015). Titanium dioxide (TiO,) possesses distinct
characteristics that it is extensively used in remov-
ing several toxic dyes through adsorption and pho-
tocatalytic processes due to its stability. Charac-
teristics of the substance include biocompatibility,
high oxidizing power, non-toxicity, and affordabil-
ity (Hu et al., 2013). These characteristics make
it well-suited for implementation in wastewater
treatment, as it demonstrates a significant ability
to improve water permeability and reduce fouling.
Applying TiO, nanoparticles involves the deposi-
tion of TiO, onto the surface of a membrane and/or
its integration into the membrane’s structure (Par-
vizian et al., 2020; Khalaf and Hassan, 2021). In
the current study, PES/DMF precursor solution in-
cluding TiO, nanoparticles were successfully used
to create composite UF membranes using the phase
inversion approach. The casting solution included
the TiO, nanoparticles in different percentages.
The prepared UF membranes was characterized
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by Fourier transform infrared (FTIR), scanning
electron microscopy (SEM), and atomic force
microscopy (AFM) analysis. The produced com-
posite membranes were implied for MG dye sep-
aration from water using a cross-flow filtration
system to investigate the effect of the embedded
TiO, nanoparticles on the filtration performance
of the membrane.

THE EXPERIMENTAL MATERIALS

The materials

The solution for membrane casting is prepared
by implementing polyethersulfone, a polymer with
a molecular weight of 56,000, which is procured
from BASF Corporation in the United States. NN-
Dimethylformamide (DMF), with a minimum as-
say of 99%, was employed as a solvent sourced
from Amber Nath 421 501, India. The American
company Sky Springer specializes in nanomateri-
als and has provided titanium oxide nanoparticles
with a purity level of 99%. The malachite green
dye with the chemical formula C23H26N2Cl was
obtained from Sigma-Aldrich, USA.

Synthesis of PES/ TiO, composite membranes

The phase inversion technique yielded mixed
matrix ultrafiltration membranes of 16 wt.% PES/
DMF consisting of (1, 1.5, and 2 wt.%) TiO,
nanoparticles. Then the composite precursor
solution was subjected to magnetic agitation
for 6 hours at a temperature of 35 °C. Then,
the solution was undisturbed for 24 hours to
remove trapped gases. Then, the polymeric
casting solution was poured onto a clean glass
using a casting Gardner knife (Filmography:
film casting doctor blade) with a thickness of
150 pm. The following step was immersing the
glass and cast film in the coagulation medium
(deionized water). The formed membrane de-
tached from the glass surface to eliminate any
residual solvent and floated away. Before test-
ing, the membranes were immersed in deion-
ized water for at least 24 hours. The process
temperature remained consistent at 35 °C.

Membrane characterization

The ultrafiltration membrane’s composi-
tion was determined by analyzing the samples’
FTIR spectra, utilizing products manufactured by
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PerkinElmer in Australia. The surface roughness
of the membrane was assessed using a scanning
probe microscope (SPM AA300 Angstrom Ad-
vanced Inc., AFM, USA).

The membranes that had been manufactured
were divided into little square pieces and affixed
to a metal substrate. The membrane surface was
examined using a tapping mode, and all measure-
ments were conducted on dehydrated membrane
samples under normal atmospheric conditions.

This study used a scanning electron micro-
scope (SEM) from EO Elektronen-Optik-Ser-
vice GmbH in Germany, to examine the mem-
branes’ surface shape. Before the SEM obser-
vation, the membranes underwent the follow-
ing steps: cracking and platinum sputtering.
Subsequently, the dried sample of membranes
underwent SEM examinations at different
magnifications using a voltage of 5.00 kV. The
membrane’s porosity is a crucial characteristic
in several membrane applications, particularly
in relation to the separation efficiency of the
membranes (Mohammed et al., 2023).

To evaluate the porosity of flat sheet mem-
branes, the weight of each membrane sample was
determined, and then it was submerged in distilled
water for 1 hour. The sample’s weight was mea-
sured before and after being immersed in water,
known as the dry and wet weights. Using the grav-
imetric approach to measure the overall porosity
(¢), as represented by the following equation, the
porosity % of the flat sheet membranes was ascer-
tained (Sabeeh and Waisi, 2022):

wl —w2
CTAXTxd
where: A — stands for the square meter effective
area of the membrane, wl and w2 — for
the wet and dry membranes, d — for the
water density at 25 °C (998 kg/m?®), and
T — for the thickness of the membrane in
millimeters. For each test, the results from

three independent runs were considered.

x 100 (1)

Filtration performance test

The performnace of the prepared ultrafiltra-
tion membrane performance was evaluated in
color removal using cross flow filtration system.
The permeability and removal of dye via the
membrane were investigated at ambient temper-
ature and transmembrane pressures of 6 bar. The
permeate flux was calculated using Equation 2
(Alkarbouly and Waisi, 2022b).

%4
F=axt &Y
where: F'is the flow rate, V' is the penetrating wa-
ter rate, A is the effective area, and ¢ is the
observed time.

Equation (3) determines the rejection rate R (%).

Cf—Cp
= —Cf
where: Cf and Cp refer to the concentrations

(mg/L) in the feed and permeate solu-
tions, respectively.

R x 100 3)

The dye’s concentration was assessed by uti-
lizing a UV-visible spectrophotometer.

THE RESULTS DISCUSSION

Membrane characterization

FTIR analysis

The FTIR-ATR spectra of pure PES/DMF
membrane and PES:TiO, composite membranes
(0, 1, 1.5 and 2 wt.%) TiO, are shown in Figure
1 (a, b, c, and d), respectively. Pure PES/DMF
membrane structure consists of a benzene ring,
a sulfone, and an ether bond. Usually the peaks
at 1107-1240 cm™ are ascribed as the bands of
aromatic ethers and sulfonyl groups of PES. The
band at 717 cm™' is due to the C-S groups, while
the bands at 1375 cm™ and 1109 cm™ are attrib-
uted to the sulfone group. The peaks at 1462 cm™
and at 1472 cm™! are indicative of alkanes. The
spectrum revealed a broad band at 3000-3400
cm™'. This band is associated with OH stretching.
Also, the analysis of the spectrum of the embed-
ded TiO, in the PES membrane exhibits higher
intensity bands at 3200-3400 cm™ due to the
more OH vibrations that explained by the high
affinity of TiO, nano-particles entrapped on the
surface structure of the PES membrane to water.
The strengthening of OH bonds in the TiO, en-
trapped PES membrane is the main factor in the
settlement of TiO, nano-particles on the mem-
brane structure (Rahimpour et al., 2011; Zhou et
al., 2002; Copello et al., 2011).

In addition, the band around 893 cm™ repre-
sents the stretching vibration of short Ti-O bonds.
Moreover, the peak observed at 1,598.7 cm™! for
PES:TiO, membrane was found to be shifted
from the band given in the literature at 1,674
cm™. This shift can be ascribed to interactions
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Figure 1. FTIR-ATR spectra of (a) 0%, (b) 1%, (c) 1.5%, and (d) 2% composite UF membranes

of TiO, with the sulfone group and ether bond
in polyethersulfone structure (Mohamed Shaban
et al., 2015). The broad peak around 3500 to
3700 cm™ is augmented the presence of signifi-
cant amount of OH groups of TiO, nanoparticles
on membrane surface (Cheshomi, Pakizeh and
Namvar-Mahboub, 2018). Scanning electron
microscopy images (Figure 2) displays the SEM
pictures of the surface morphology of the pure
polyether sulfone membrane and its compos-
ites with embedded TiO,. The results indicated
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that the clean pure PES based membrane has no
clear defection or pores on the surface, its poros-
ity was just 30%. Adding the TiO, nanoparticles
within the membrane matrix results a distinct
asymmetric and porous structure, including a
significantly semi-dense skin layer, micro voids,
and porous, as shown in Figure 2b, c, and d.
The surface porosity of the PES:TiO, composite
membrane increased with embedding 1 and 1.5
wt.% TiO, nanoparticles to 33% and 40%. The
clear impact of TiO, on the surface morphology
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Figure 2. The SEM images of the surface of (a) pure, (b) 1%, (c) 1.5%, (d) 2% composite UF membranes

can be explained by the hydrophilic properties
of TiO, that can influence the kinetics of the
phase separation process, allowing different
morphologies to be developed (Luo et al., 2009;
Li et al., 2009). This morphology results from
the strong attraction between the nonsolvent
(water) and the solvent DMF, rapidly separating
the phases. Including hydrophilic nanoparticles,
such as TiO,, within the PES layer solution leads
to an enhancement in the speed at which mass is
exchanged between the underlying layer and the
coagulation solution during the phase inversion
procedure. This enhancement proves to be ben-
eficial as it promotes the rise in the permeability
of the membrane. Thus, it plays an important
role in forming large voids and increasing the
overall porosity level (Razmjou et al., 2011). the
presence of TiO, nanoparticles in the casting so-
lution leads to a delay in the mixing of the liquid
during the phase inversion process, hence caus-
ing an enlargement of the membrane’s pore size
(Kakar et al., 2015; Ahmad et al., 2017). Further
increasing in the TiO, nanoparticles showed a
slight decrease in the porosity to 37% due to the
particles aggregation and the nonuniform distri-
bution of particles within the membrane matrix,
as shown in Figure 2d.

Atomic force microscopy images

According to Figure 3, the pure PES/DMF
membrane exhibits a rough surface due to the sev-
eral large peaks and valleys (Ra = 24.81 and Rz
= 112.3). Adding the nanoparticles in the mixed
matrix membranes alters the surface morphol-
ogy of the membranes. The addition of 1 wt.%
TiO, nanoparticles to the PES casting solution
results in the formation of membranes with sig-
nificantly more uneven surfaces compared to
the pure PES based membranes (Ra = 32.28 and
Rz = 147.5). This phenomenon can be attrib-
uted to the dimensions of the TiO, aggregates
that have developed on the surface of the mem-
brane. Upon blending a higher amount of TiO,
(1.5%) nanoparticles, the high peaks and valleys
were replaced with small ones, leading to the
formation of a smoother membrane surface (Ra
= 29.54 and Rz = 146.0). The hydroxyl groups
of TiO, active surface can modify the surface
characteristics of nanoparticles that are embed-
ded in the membrane. Several factors can mod-
ify the surface properties, including the forma-
tion of chain wrinkles, electrostatic interactions
among polymer chains, compactness or bending,
and variations in the surface area (Esmaeili et
al., 2010). Increasing the TiO, nanoparticles to
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Figure 3. 3D of the AFM images of the PES composite membranes:
(a) pure, (b) 1%, (c) 1.5%, (d) 2% composite UF membranes

2%, accumulation of grain spread throughout
the membrane surface occurred and resulted in
increasing the roughness measure (Sotto et al.,
2012; Rajesh et al., 2011).

Performance test

Effect of TiO, nanoparticles on the permeability

Figure 4 illustrates the effect of the incor-
porated TiO, within the PES based membrane
on the water flux during the MG dye filtration.
The pure 16% PES/DMF membrane showed a
high flow resistance and did not allow the water
to pass through due to the small pores volume.

Table 1. Characterization of membrane surface roughness
parameters and porosity

s [ oomss | ean i
Pure PES/DMF 24.81 112.3
1% nano TiO, 32.28 147.5
1.5% nano TiO, 29.54 146.0
2% nano TiO, 46.83 250.2
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Embedding 1 wt.% TiO, nanoparticles within
the PES membrane matrix was not enough to
allow the water to pass through the composite
membrane. However, increasing the embedded
TiO, to 1.5 wt.% enhanced the permeate water
flow to 48 LMH under a transmembrane pres-
sure of 6 bar. This enhancement with increasing
the TiO, nanoparticles can be related to the for-
mation of a larger quantity of linked holes and
less resistance to water flow. The addition of
TiO, nanoparticles improved the ability of the
membrane to allow substances to pass through
by increasing its openness, enlarging the size of
its openings, and promoting the creation of spe-
cific large empty spaces inside the outer layer.
In addition, the presence of hydroxyl groups on
the surface of TiO, nanoparticles increases the
hydrophilicity of the membrane (Saberi et al.,
2018); Al-Furaiji et al., 2022). Further increase
in the embedded TiO, nanoparticle to 2 wt.% re-
sulted in significant declining in the water flux
to 23 LMH which can be related to the blocking
some of the pores within the membrane by the
clumped TiO, nanoparticles.
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Figure 4. The effect of embedded TiO, within PES based membrane on the water flux during the MG
dye filtration. The transmembrane pressure of 6 bars and MG dye initial concentration of 10 mg/L
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Figure 5. The effect of embedding TiO, within PES based membrane on the dye rejection during the
MG dye filtration, transmembrane pressure of 6 bars and MG dye initial concentration of 10 mg/L

The effect of TiO, NPs on the
rejection performance

Figure 5 shows the effect of the added TiO,
within the PES based membrane on the MG dye
rejection during the filtration process. Both of
pure PES based membrane and that included 1
wt.% TiO, membranes did not allow the water to
pass through so the rejection percentage could not
be calculated. While the PES:TiO, membrane of
1.5 wt.% TiO, shows a high rejection percentage
80% of MG dyes because of its developed porous
structure. The increased hydrophilicity and lower
surface roughness of the 1.5 wt.% TiO, membrane
probably led to less foulant absorption and supe-
rior rejection. Additionally, it is widely known that
membranes with greater hydrophilicity are less
likely to become fouled (Shoparwe et al., 2018;
Al-Bayati et al., 2023; Ahmad et al., 2018). The
further increasing in the added TiO, concentra-
tion to 2 wt.% resulted in increasing the rejection

percentage which can be illustrated by the blocked
pores on the composite membrane surface due to
the agglomeration of TiO,, as shown previously in
the SEM images.

CONCLUSIONS

The PES based membranes and its compos-
ite with different concentrations of TiO, nanopar-
ticles (1, 1.5 and 2 wt.%) were prepared by phase
inversion method then were applied in MG dye
separation using a cross-flow filtration system to
investigate their filtration performance. SEM pic-
tures showed significant differences in the com-
posite membranes’ shape and less dense struc-
ture compared to the pristine membrane. These
changes were especially apparent on the mem-
brane surface, increasing porosity as the nanopar-
ticle concentration rose. AFM images show that
composite membrane surface roughness increases
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owing to nanoparticle aggregation. The compos-
ite membranes’ pure water permeability improved
with increasing TiO, concentrations up to 1 wt.%.
Adding 1.5 and 2 wt.% TiO, had increased the
permeability of water due to the increase in po-
rosity. The composite membranes, including 0
and 1 wt.% TiO, showed a slightly reduced in
the rejection rates compared to the 1.5 wt.% and
2 wt.% membranes. The composite membrane,
with a TiO, concentration of 1.5 wt.% and 2 wt.%,
showed a very significant rejection rate. Specifi-
cally, it achieved a rejection rate of 80 and 95%,
respectively, for the Malachite Green dye under a
pressure of 6 bar. The composite membrane con-
taining 1.5 wt.% TiO, is considered to be an ideal
choice for the removal of dyes.
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