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HIGHLIGHTS ABSTRACT

o Preparation of tungsten oxide (WO2.s9) NPs
immobilized PES matrix.

o Antifouling performance was evaluated
against tinzaparin sodium.

e Further enhancement was noticed after
exposing the membranes to UV irradiation.

One of the polymeric membranes' main limitations is their susceptibility to fouling,
lowering the membrane's performance with time. Therefore, incorporating
nanomaterials in polymer matrices has attracted great attention in wastewater
treatment applications. It's a promising approach for enhancing membrane
hydrophilicity and performance. Herein, ultrafiltration nanocomposite
membranes were synthesized by applying the phase inversion method through
immobilizing (0.1-0.4 wt.%) tungsten oxide (WOz2.s9) nanoparticles in a polyether
sulfone (PES) matrix. Membrane's anti-fouling performance was evaluated against
tinzaparin sodium. The data showed that the pure water flux improved with
increasing nanoparticle loading, reaching its optimum value of 54.9 kg/m? h at 0.4
wt.% WO:.s9 nanoparticles compared to the neat membrane's 30.42 kg/m2 h. The
results also demonstrated that the rejection efficiency and flux recovery ratio
(FRR) against tinzaparin sodium was enhanced, by 44.89% and 12.69%,
respectively, for the membranes modified with 0.4wt.% WO2. nanoparticles
loading compared to the neat PES membrane. The data also showed that after
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exposing the nanocomposite membranes to UV light irradiation (A=365 nm) and
intensity (1200mwW/cm?) for 1h, a further enhancement by 8.34% in FRR as
compared to the membranes with the same percentage of nanoparticles loading
without irradiation. It is concluded that the photocatalytic activity of WO:.s9
nanoparticles in the decomposition of organic molecules on/close to the membrane
surface was the impact that caused this improvement in membrane anti-fouling

property.

1. Introduction

With the rapid development of industry, larger amounts of wastewater are being produced, causing damaging effects on the
safety of usable water. Recently, membrane techniques have been taking a crucial role in water purification [1]. They have been
used extensively in various sectors, including wastewater treatment, water desalination, food, pharmaceutical, chemical,
biological, petrochemical processes, and many others. These techniques have proven to be a reliable and excellent alternative
to conventional treatment techniques in wastewater treatment [2-5]. They offer environmental safety, high separation efficiency,
low energy consumption, and easy maintenance compared to other conventional separation processes making them an
outstanding option for wastewater treatment, operating either alone or within a hybrid process [6-8]. Although membrane
techniques play an important role in wastewater treatment, fouling still limits their use in many applications. Due to the
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adsorption of organic pollutants, fouling reduces water transport across the membrane and deteriorates other functional properties
of the membrane surfaces, increasing energy consumption and shortening membrane life [9, 10].

The tradeoff between selectivity and permeability is another challenge. Enhancing one without compromising the other for
the currently used polymeric membranes is difficult. Integrating nanoparticles with polymeric matrices anticipates that
polymeric membranes can benefit from nanoparticles' superior properties to cope with some weaknesses, such as their propensity
for fouling [11]. Membranes performance and separation properties were found be to enhanced with incorporating nanoparticles
in/on polymeric matrices, such as zinc sulfide (ZnS) [12], titanium dioxide (TiO) [13], zinc oxide (ZnO) [14, 15], graphene
oxide (GO)[16], carbon nanotube (CNTSs), magnesium oxide (MgO), silicon dioxide (SiO2)[17], MWCNTSs, iron(l1l) oxide
(Fe203), and graphene oxide-silica (GO/SiO;) [18-21]. In recent years, photocatalytic membranes have drawn great attention in
water treatment due to their superior characteristics (e.g., anti-fouling and improved permeate quality). Nowadays,
photocatalytic technology has become one of the greens and most efficient processes for eliminating hazardous pollutants in
wastewater treatment. It is a green and environment-friendly process for contaminants removal [22, 23, 2]. The membrane has
been functionalized by incorporating nanoparticles deposited on the surface or embedded into the matrices to result in tailored
properties such as the ability to bind specific contaminants or catalyze degradation reactions. Membranes could perform the role
of a supporting matrix for the photocatalyst. If a proper membrane is used, it will function as a selective barrier for the species
to be degraded. Semiconductor nanoparticles are quite effective in wastewater purification. Some examples of semiconductor
nanoparticles are ZnO, ZnS, gallium nitride (GaN), gallium phosphide (GaP), cadmium sulfide (CdS), cadmium selenide (CdSe),
and cerium fluoride (CeFs) [21, 24-28]. Among these extraordinary photocatalytic nanomaterials are those made of WOs3, which
reported a stupendous performance as photocatalysts, gas sensors, and electrochromic devices. WOy X <3 nanomaterials have
gained considerable attention as a result of their abundance, high oxidation ability, and chemical stability at suitable pH values
[29, 30]. They are n-type semiconductors with band-gap energy between 2.4-3.0 eV [31, 32]. WOs is also recognized for its
nonstoichiometric properties, as the lattice can hold a considerable number of oxygen vacancies (WOs, WO2.9, WO, WO2.72,
and WOy). Since photocatalytic activity is fundamentally influenced by the recombination rate of the photo-generated electrons
and holes, many attempts have been made to minimize such limitations and enhance the separation and migration of these photo-
generated holes and electrons [29, 30, 33, 34]. Mohd Hir et al. (2017) [35] immobilized photocatalytic nanoparticles (ZnQ) into
a PES matrix. The photoactivity of the modified membranes increased in the degradation of methyl orange dye. Sing et al. [8]
noticed that the removal of ibuprofen (IBP) was increased in the PSF membrane modified with copper oxide (Cu,0) photocatalyst
under irradiation. Hydrophilicity and anti-fouling properties were higher for the modified membranes. Zakeritabar et al. (2020)
reported that the degradation efficiency of pharmaceutical contaminants revealed a greater rejection of the PSF/ CeF; membranes
under UV radiation than the neat PSF membrane. PSF/CeF3-0.75% membrane had a rejection value of higher than 97%, and
COD removal was higher than 65%, while they were 75% and 31%, respectively, for the neat PSF membrane [28].

Pharmaceutical residues released into the environment are a growing concern because of the significant effects on humans,
animals, and microbial communities. Pharmaceuticals can be only partly metabolized during therapeutic use, releasing residual
fractions into the sewer [36]. These residues have complex composition, with elevated concentrations of organic matter and salt
and high microbial toxicity. They are also hard to bio-degrade, which causes damage to the environment and requires their
removal [37]. Pharmaceuticals' presence in water comes from two sources: pharmaceutical industries and human utilization of
these compounds. Approximately half of the produced pharmaceutical wastewaters worldwide are discarded worldwide without
specific treatment [38]. In this work, nanocomposite ultrafiltration membranes were synthesized of PES matrix modified with
WO;.s9 nanoparticles at different concentrations. Tinzaparin sodium was used as a simulated fouled molecule with molecular
weight (approximately 6,500 Da) to test the anti-fouling property of the membranes. It was not considered an actual pollutant.

2. Materials and Methods

2.1 Materials

Polyethersulfone (PES, Ultrason E6020P) was donated as a polymer by BASF, Germany. Polyvinylpyrrolidone (PVP) (40
kDa), as a pore-forming agent, and Dimethyl sulfoxide (DMSOQ), as a solvent, were both purchased from Central Drug House,
India. Tungsten Oxide WO,g9 (W19 Oss), with an average particle size of 80-100 nm and purity of 99.9%, was obtained from
Hongwu International Group Ltd. Tinzaparin sodium (anti-thrombotic drug) was obtained from LEO Pharma, with a molecular
weight of approximately 6500 daltons, and used to evaluate the anti-fouling property of the membranes. The composition of
tinzaparin sodium injection is tinzaparin sodium, benzyl alcohol, sodium metabisulfite, sodium hydroxide, and water. The
bioavailability of tinzaparin ranges from 30% to 70% [39, 40].

2.2 Membrane Preparation

The nonsolvent induced phase separation method synthesized all neat, and WO2.89 NPs modified membranes. An
appropriate amount of PES polymer was initially dried at 60°C for 4h to eliminate the moisture content. Fixed amounts of 19
wt.% PES and 1wt.% PVP were dissolved in 80 wt.% DMSO solvent and stirred at room temperature using magnetic stirring
until a homogenous solution is achieved. A certain amount of WO,.g9 NPs was added to the mixture and stirred for another 4h,
followed by sonication using KQ320OOE Ultrasonic device at 200 rpm for 30 min with 40 kHz operating frequency at room
temperature. The applied ultrasonic power was 150W to obtain a homogenous dispersion. The content of the nano additives in
the mixture was varied (0.1, 0.2, 0.3, and 0.4 wt.%). The solution was then cast on a glass substrate with 200-micron clearance
gab via an automatic film applicator. The resultant film was immersed in a coagulation water bath at 30°C, and the humidity was
32%. Finally, the prepared membranes were rinsed thoroughly and kept in DI water for 24 hours to remove any solvent residuals.
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The membranes were then stored in 30wt.% glycerol solution ready for further characterization [16]. Pure water flux of the
membranes was measured at higher NPs loading. In contrast, a lower flux value was observed even less than the control
membrane. Thereby higher NPs loading wasn't used in the current work.

2.3 Characterization of Membranes

In the previous research, characterizations of the membranes were studied [41]. Cross section images were obtained from
SEM. It was found that the finger-like pores started to widen and elongate along the membranes' cross-section with increasing
NPs loading membrane. Also, roughness and mean pore size values were obtained from AFM. The data showed that the
roughness value decreased from 36.5 nm at the control membrane to 12 nm at 0.4 wt.% NPs loading membrane. Additionally,
the membrane’s mean pore size decreased from 107.7 nm at the control membrane to 74.4 nm at 0.4 wt.% NPs loading membrane.
The contact angle values of the membranes decreased with NPs addition, and the optimum value was 51.216° at 0.4wt.% NPs
loading compared to the neat membrane, which exhibited about 68.179%. The porosity of the synthesized membranes showed
an enhanced value (64.2%) with the highest NPs loading ratio (0.4 wt.%). The maximum tensile strength value was recorded at
0.4 wt.% nanocomposite membrane. The results are presented in Table 1.

2.4 Membranes Performance

2.4.1 Pure water flux

The performance of the membranes was measured using a cross-flow (CF) filtration system that was assembled manually.
The system comprises a cross-flow acrylic cell, two pressure gauges, a flow meter, a feed tank, a pump (model No.AQ-75GPD),
and a digital scale to measure permeate weight, as shown in Figure 1A. The testing was performed at 5 bar and room temperature,
and DI water was used throughout all the experiments. Pure water flux (PWF) was calculated as given in the following equation
[42]:

=W
1= )

J is the pure water flux of the membrane (kg/h m?), W is the permeate flux weight (kg), t is the experiment time (h), and A
is the active membrane area (m?). The cell was purchased from Sterlitech Company (CF016 module) with an active membrane
area of 20.6 cm?, maximum operating pressure of 27.6 bar, and a maximum operating temperature of 88 °C. The membrane
rejection was calculated using the following equation [20]:

Rejection%= <=2 x 100 % (2)
Cr

where Cr and C, represent the concentration of the feed and permeate (mg/L), respectively. To assess the anti-fouling
characteristics of the prepared membranes, the samples were placed in a container inside a dark chamber and covered by an
aluminum foil to prevent light interference. They were subjected to 100W UV light (A=365 nm) and intensity (1200mW/cm?)
for 1h. Figure 1B shows the membranes before and after irradiation. Then, the membrane flux was recorded again. Flux recovery
ratio (FRR) was calculated, as given by equation (3) [43], to assess the membranes' anti-fouling performance. J, and J; represent
pure water flux of fouled and cleaned membranes, respectively.

FRR = ;—2 x 100% 3)

1

Table 1:  Neat and modified membranes characteristics

NPs wt.% Roughness Mean pore Contact angle(®) Porosity (%) Tensile strength

(nm) size (nm) MPa
0 36.5 107.7 68.179 44.9 0.82
0.1 40 98.6 63.33475 58.7 0.833
0.2 21 92.6 61.785 60 1.6
0.3 23 75.5 61.583 62.5 1.663
0.4 12 74.4 51.21675 64.2 1.675
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2.4.2 Membranes' performance against tinzaparin sodium

The cross-flow filtration system was used to measure membrane performance against tinzaparin sodium. The testing was
performed at 5 bar and room temperature. Membrane flux was calculated using equation (1). Membrane performance was
evaluated through stages. After measuring pure water flux, tinzaparin sodium was added to the feed, fed into the filtration system,
and flux was measured for 30 minutes. To evaluate anti-fouling performance, the fouled membranes were exposed to UV light
for 1 hour, and flux was recorded for 30 min. The fouled membranes were placed in a container containing DI water inside a
dark chamber, as shown in Figure 1B, and covered with aluminum foil to prevent light interference. FRR% was calculated using
equation (3).

2.4.3 Membrane rejection against tinzaparin

Membrane rejection was evaluated using a tinzaparin sodium injection with a 1 ml dose of 10000 1U in the feed solution as
a simulated pollutant. The initial and final concentrations of tinzaparin were measured using the chemical oxygen demand (COD)
test, the Lovibond model. COD test describes the amount of oxygen required to break down pollutants chemically. The inspection
was performed at the Environmental Research Center/ University of Technology, Baghdad, Irag. First, membrane rejection was
calculated using equation (2). In this test, the samples were pipetted into vials that contained digestion solution (oxidant (mostly
potassium dichromate), sulfuric acid, and metal salts) of COD and were mixed thoroughly for half a minute. Then, the vials were
placed into a COD reactor (ET108) and heated at 150 °C. After 120 min, the heater was turned off, and the vials were placed at
ambient temperature. The samples were then placed in a spectrophotometer to measure their absorbance. Middle range vials
were used, with a detection range of 0-1500 mg/L.

UVlight will be
exposed on the
membranes from here

Water container
containsfouled
membranesto be
exposed to UV light

Figure 1: A- Scheme of the UF membrane filtration system; B- Setup of the photocatalytic process

3. Results and Discussion

3.1 Membranes Performance Against Tinzaparin

Figure 2A shows the water flux values of neat and modified membranes at different processes; initial value, after adding
tinzaparin sodium to the feed, after cleaning with water, and after UV light irradiation. It was noticed that the addition of WO, g9
nanoparticles to the PES membrane matrix improved the water flux of the membranes, reaching its optimum flux value of 54.9
kg/m?h at 0.4 wt.% WO, g compared to 30.42 kg/m?h of the neat membrane. The enhancement in flux value can be ascribed to
the enhancement of the structural properties of the membrane, such as porosity, hydrophilicity, surface roughness, and pore size
distribution, as mentioned in previous research [41]. These results agree with earlier investigations [44, 45, 18]. Figure 2A
showed that the use of tinzaparin in the filtration system resulted in a reduction in permeate flux. Nevertheless, the membranes
modified with the NPs had higher flux than the neat membrane. However, with the addition of WO, g9 nanoparticles to the
membranes, the flux rate declined from 27.67 % at the neat membrane to about 18.9 % at the 0.4 wt.% nanoparticles modified
membrane. This can be explained by the possibility that the presence of WOg9 NPs within the membrane matrix enhanced
membrane hydrophilicity and lowered surface roughness, thereby lowering the membrane fouling. These results agree with other
authors' reports [46, 47]. The fouled membranes were backwashed with DI water to remove the loosely bonded molecules, after
which there was a slight improvement in the flux. Even though SEM and AFM characterizations weren't done to the fouled
membrane, the explanation of the presence of fouling on the membrane's surface was based on the observation of flux values
after using tinzaparin in the feed. The reduction in flux value when tinzaparin molecules were used in the feed indicated that
tinzaparin molecules were deposited on the membrane surface or within the pores during filtration and caused fouling.

Further improvement was observed in flux value after exposing the membranes to UV light irradiation. The improvement in
flux was more noticeable at higher nanoparticle loading, as shown in Figure 2B. The optimum flux value was 50.7 kg/h.m? at
the membrane modified with 0.4 wt.% NPs loading compared to 23.97 kg/h.m? at the neat membrane, showing an increment of
111.51%. The enhancement in the flux value can be attributed to the improvements in hydrophilicity and the photocatalytic
property of WO,.s9 NPs. Under irradiation with energy equal to or higher than the band-gap energy of the semiconductor, WO, g9
is excited to generate electrons and holes. OH, radicals formed from the redox reaction contribute to removing tinzaparin and
lowering fouling on the membrane surface, thereby enhancing the membrane's flux.
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Figure 2: Flux values of neat and modified membranes at different processes; A- Flux with tinzaparin solution in
the feed; B- Water flux before/after UV irradiation

These results are consistent with data reported by previous research [48,49]. In addition, the photo-generated electrons can
be trapped by the oxygen vacancies in the oxide, reducing the electron-hole recombination effect and enhancing the
photocatalytic activity of WO, g9 nanoparticles [50]. However, UV light irradiation had a low effect on the neat membrane flux.
This implies the low efficiency of the neat membrane in removing tinzaparin without photocatalytic nanoparticles.

3.2 Membrane Rejection Against Tinzaparin

Tinzaparin removal efficiency (R %) values of neat and modified membranes are presented in Figure 3. It was observed
that the rejection percentage of the membranes to tinzaparin was enhanced with increasing nanoparticle concentration. In
particular, the highest rejection efficiency was obtained with 0.4 wt.% NPs modified membrane, where 71% enhancement was
achieved compared to 49% at the neat membrane, which implies 44.89% enhancement. The results can be explained by the
enhancement in membrane hydrophilicity due to the presence of nanoparticles that minimized membrane fouling. Another
possibility is the reduction in surface roughness and mean surface pore size with increasing NPs loading, which restricts
tinzaparin passage through the membrane, thereby increasing the tinzaparin rejection rate. Our results agree with those of earlier
investigation [51, 52]
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Figure 3: Effects of WO2.s9 loading on membrane rejection
efficiency against tinzaparin sodium

3.3 Flux Recovery Ratio of the Membranes

Figure 4 illustrates the flux recovery ratio (FRR) of the neat and modified membranes without and under UV irradiation. It
was noticed that FRR was improved from 75.66% at the neat PES membrane to 85.26% at 0.4 wt.% nanoparticles loading
membrane, implying an increment of 12.69%. The results can be explained by the improved surface hydrophilicity of the
membranes modified with WO, gy nanoparticles that may lead to the formation of a water molecule layer on the membrane
surface, thereby reducing foulants. Besides, membrane fouling was also affected by surface roughness. A smoother surface
membrane results in lower fouling, thereby enhancing flux recovery. Therefore, it can be concluded that NPs addition reduced
the fouling capacity, which agrees with reports by other groups [44, 53].

Exposing the samples to irradiation has promoted further improvement in FRR, as displayed in Figure 4. The FRR was
noticed to increase with nanoparticle loading. The maximum flux value was 92.38 % at the membrane modified with 0.4wt.%
nanoparticles content in comparison to 78.79% at the neat PES membrane. The FRR of the irradiated 0.4 wt.% NPs modified
membrane increased by 8.34% compared to the membranes modified with the same percentage of NPs loading without
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irradiation. This can be explained by the improved photocatalytic activity of WO, .gg nanoparticles; reactive radicals generated
under irradiation of WO,g9 decompose the tinzaparin sodium on the membrane surface, thereby enhancing anti-fouling
characteristics of the modified membranes and improving the flux value. These results demonstrate consistency with previously
published data [54, 52]. The higher flux values of NPs modified membranes were obtained when clean membranes were used.
When fouled membranes were used, the flux value of the fouled membrane exposed to UV light was compared to the flux values
without UV light exposure. It was found that the improvement in the flux value was noticeable in the UV light irradiated fouled
membrane as compared to flux values of the membranes rinsed with water only 2].

96 1 [ —=— Before UV irradiation
94 After UV irradiation for 1h

92 H

90
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86
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84 - P ol
82 -
80 —

78 - -

76 - -—

74 T T T T T
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WO, g4 concentration wt. %

Figure 4: FRR of the neat and modified membranes with and
without UV light irradiation

3.4 Proposed Interaction Mechanism

The proposed interaction mechanism between tinzaparin solution and the membrane is shown in Figure 5. Even though
membrane and tungsten oxide surface charges were not yet measured, the explanation was based on analyzing the molecules'
functional groups and their possible interaction with tinzaparin. It suggests that tinzaparin can be adsorbed on the surface through
O-H and N-H bonds. Since both O-H and N-H bonds are partial positive, they are attracted to the partial negative bonds in both
polyether sulfone and tungsten oxide, S=O and W=0, respectively. Therefore, during filtration with tinzaparin molecules in the
feed solution, the molecules adsorb on the surface, causing a reduction in the flux by blocking some of the pores on the surface
and within the membrane. The reduction in flux was noticed to be lower at the modified membranes than at the neat membrane;
this was due to the presence of hydrophilic WO, ge nanoparticles that reduced membrane fouling. Also, during the photocatalytic
process, the reactive radicals will react with the adsorbed molecules and remove them, enhancing membrane hydrophilicity.

Tinzaparin
n=11 25 R=HorSO,Na,R'=H or SO,Na or COCH,
R,;=H, and R;= COONa orR,= COONaand R,=H

O FON | Ghon

I Polyether sulfone(PES) I

\

Oxygen
atom

Tungsten
atom

Figure 5: Proposed interaction mechanism of the membranes with tinzaparin
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4. Conclusion

In the current study, ultra-filtration nanocomposite membranes were synthesized by modifying the PES matrix with WO g9
nanoparticles. Anti-fouling performance of the membranes was evaluated against tinzaparin sodium. The results showed that the
rejection efficiency and FRR of the membrane against tinzaparin were improved for the membrane modified with nanoparticles
and reached optimum values of 71% and 85.26%, respectively, at 0.4wt% NPs loading. Furthermore, the nanocomposite-
modified membrane had a higher FRR than that of the unmodified membrane after being exposed to irradiation. In particular,
the FRR of 0.4 wt.% NPs modified membrane increased by about 8.34% compared to the membrane with the same percentage
of NPs loading without irradiation. It is concluded that the photocatalytic activity of WO, gg nanoparticles in the decomposition
of organic molecules on/close to the membrane surface was the impact that caused this improvement.
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