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Abstract Factors such as particle type and its loading have been previously studied in tailoring
the efficiency of particles-modified polymeric membranes for water treatment. However, the role of
particle sizes in membrane modification is often overlooked. Thus, in this work, two commercial
iron oxide (Fe304) particles (i.e., 50—-100 nm and <5 ym) were separately incorporated into 20 wt%
polyethersulfone (PES) dope solution via blending method followed by dry/wet spinning process to
produce hollow fiber membranes. Subsequently, a series of analytical instruments and filtration
assessment to study the impacts of Fe3O4 particle size on membrane properties. Results revealed
that the addition of smaller Fe3O4 particles into PES solution produced membrane with better
hydrophilicity (contact angle: 75.77°) and consequently higher pure water flux (PWF) (110.42
L/m2.h.bar) compared to the pristine PES membrane (82.60 L/m?.h.bar) and the membrane with
larger Fe3O4 particles (91.54 L/m2.h.bar). This is due to the better dispersion of smaller particles in
the solvent, which led to improved particle distribution on the PES membrane surface. Most
importantly, the membrane modified by smaller particles displayed the best separation
performance by rejecting 80.43% bovine serum albumin (BSA), and exhibited the highest
antifouling properties by recovering 86.03% of its flux after tested with foulant-contained solution.
As a comparison, the PES membrane with larger particles only showed 77.65% BSA rejection and
75.23% flux recovery rate.

Keywords: Hollow fiber, Membrane, Iron oxide, Wastewater, Antifouling performance.

Introduction

The rapid development of membrane technology for various water/wastewater treatment processes over
the past decades can be ascribed to its high separation efficiency, cost effectiveness, low system
footprint and low energy consumption [1, 2]. Ultrafiltration (UF) membranes have been commonly used
in large scale treatment processes due to its efficiency in removing suspended and dissolved particles
present in industrial wastewater [3]. However, membrane surface fouling remains as a key challenge
both in the past and in the present. To address this issue, different kinds of surface modification methods
have been proposed and studied by membrane scientists to tailor membrane surface characteristics and
one popular strategy is to use inorganic particles to enhance membrane matrix, forming composite
membrane with improved properties [4]. Such innovation that combines the intrinsic characteristics of
polymer matrix and unique properties of particles has drawn attention for the past decade. Particles that
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have been used to develop composite membranes include graphene oxide (GO) [5, 6], titanium oxide
(TiO2) [7, 8] and carbon nanotubes (CNTs) [9, 10].

Besides these particles, recent studies have reported on the viability of utilizing iron oxide (FesOa)
particles in modifying polymeric membrane matrix for enhanced permeability and rejection. Fe3O4
particles offer good characteristics such as good hydrophilicity, large surface area, easily available, low
toxicity and chemically stable [11-13]. The abundance of hydroxyl functional groups on its surface makes
it highly hydrophilic, which is the key feature in fabricating membrane with excellent filtration performance
and fouling resistance. Most importantly, the commercial Fe3O4 (~USD 1.63 per gram) [14] is much
cheaper compared to the carbon-based particles such as GO (up to USD 500 per gram) [15] and CNTs
(~USD 40 per gram) [16]. This makes the commercial Fe3O4 much more competitive and practical to be
used to modify membranes.

In a study conducted by Said et al. [17], it was reported that when 0.2 wt% Fe3O4 nanoparticles was
added into polysulfone (PSf)-based membrane, it improved both the pure water flux (from 40.47 to 57.04
L/m2.h.bar) and bovine serum albumin (BSA) rejection (from 91.14 to 96.43%) of the resultant
membrane. Koulivand et al. [18], on the other hand, found that antifouling properties of polyethersulfone
(PES) membrane was enhanced upon the incorporation of 0.5 wt% amine-modified Fe3O4 nanoparticles.
The resultant membrane was reported to exhibit ~40% reduction in water contact angle (corresponded
to improved hydrophilicity), which contributed to 34.16% enhancement in flux recovery rate compared to
neat PES membrane. The improvement between the Fe3O4-modified membrane surface and water
molecules made the membrane more resistance toward hydrophobic foulants.

Although PES has been widely used as the base material for UF membrane synthesis [19, 20], the
membranes made of this material still suffer from the fouling owing to its hydrophobic nature and low
surface energy. This limitation reduces membrane fouling resistance which causes a decline in fluid
transport properties during operation. Hence, incorporating hydrophilic FesO4 nanoparticles could offer
a solution to tackle the hydrophobicity issue of PES membrane while providing other features such as
improved water production rate [21, 22]. It has been previously reported that excessive incorporation of
nanoparticles into the polymeric membrane matrix would adversely affect the structural integrity, leading
to not only poor removal rate (due to enlarged pore size) but also reduced mechanical properties. This
is due to the severe particle aggregation that can’t be prevented during membrane fabrication process
[23-25]. Thus, many studies recommended to introduce only small quantity of nanoparticles (0.1-0.5
wt%) to modify the membrane [12, 13, 18, 26].

Besides the quantity of particles used, another main factor that can result in the formation of different
membrane properties is the use of different particle sizes. In general, particles of smaller size are
favorable as it provides larger surface area for interfacial interactions between nanomaterial and
membrane matrix [27-29]. For example, Mollahosseini et al. [30] reported the membrane modified by
smaller silver particles (30 nm) exhibited better morphological structures (i.e., smoother surface and
existence of more finger-like structure) in comparison to the membrane modified by larger silver particles
(70 nm) and this subsequently showed better membrane permeability and antibacterial performance.
However, it must be pointed out that incorporating particles with size <100 nm into dope solution is
challenging due to strong van der Waals interaction that induces agglomeration between the particles.
This might compromise its positive features in the membrane [2].

Considering there is pros and cons of using particles of different sizes in modifying the membrane, this
study aims to provide better insight on the influence of particles sizes of Fe3Os (i.e., 50—100 nm and <5
pm) on the properties of PES hollow fiber membranes for water treatment. To the best of our knowledge,
the size effects of FesOs on membrane properties have yet been reported in the literature. With respect
to the price, the 5-um Fe304 costs approximately USD 1.08 per gram [31], i.e., 33.74% cheaper than that
of Fez04 of 50—100 nm (~USD 1.63 per gram). The membranes modified by two different Fe3O4 will be
investigated in this work with respect to physical/chemical structure and dispersibility before being
introduced into PES membrane matrix at fixed loading (0.1 wt%). It is followed by membrane filtration
performance assessment and antifouling study.
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Materials and methods

Materials

Commercial PES pellets (Ultrason®E) purchased from BASF SE, Germany were the main component
in the formation of hollow fiber membrane. N-methyl-2-pyrrolidone (NMP, Purity >99%) and
polyvinylpyrrolidone (PVP) (molecular weight: 90,000 g/mol) supplied by Sigma Aldrich, USA were used
as a solvent and pore former, respectively during dope solution preparation. FezOs particles with two
different sizes (50-100 nm and <5 pm) were obtained from Sigma Aldrich, USA and used to improve the
properties of hollow fiber membranes. Both particles are then labelled as 50-nm Fe304 and 5-um Fe3Os,
respectively. All the chemicals were used without further purification.

Characterization of Fe30O4 Particles

The morphology of FesO4 particles was observed using transmission electron microscope (TEM, JEOL,
JEM-ARM 200F). X-ray diffractometry (XRD) was conducted by using X-ray diffractometer (Rigaku,
SmartLab SE) to examine the phase composition of FezO4 particles. To detect all possible peaks, the
measurement was performed in the angular of 26 ranged 10° to 90°. Fourier transform infrared (FTIR)
spectroscopy was carried out using (Thermo Fisher Scientific, Nicolet 5700) to identify the functional
groups present in Fez04 particles. The sample for FTIR analysis was prepared by mixing 100 mg and 1
mg of potassium bromide (KBr) and compressing it to form a pellet. Brunauer-Emmett-Teller surface
analysis (BET, Quantachrome, NOVA 2200E) was conducted via adsorption/desorption measurement
of nitrogen gas at 130°C to determine the specific surface area of Fe3O4 particles. The dispersibility of
Fes0, particles in NMP solvent was examined based on the sedimentation speed of the particles in the
solvent that was observed in the period of 30 days. 0.01 mg/mL Fe3O. suspension was prepared followed
by sonication for 30 min. The settling condition of the respective particles was then monitored by
recording the turbidity of suspension at different time intervals using a turbidimeter (HACH, 2100Q).

Preparation of Hollow Fiber Membranes

Three different dope solutions were prepared in this work and the dope formulation was similar to the
study of Vatanpour et al. [32], except different type of nanoparticles was used. A control membrane
sample was prepared using the dope solution composed of 20 wt% PES, 79 wt% NMP and 1 wt% PVP.
The dope solution was prepared by adding PVP in NMP solvent. It was then subject to 5-h continuous
stirring at 300 rpm until a homogenous solution was obtained. Dried PES pellets were then added into
the dope solution gradually (to avoid agglomeration) and mechanically stirred for 24 h at 500 rpm until
completely dissolved. The process of preparing Fe3Os-contained dope solutions was very similar to the
control dope solution, except that 0.1 wt% Fe3O4 particles were added into prepared PVP/NMP mixture
(by reducing the weight of NMP by 0.1 wt%) followed by 30-min sonication at 50°C prior to polymer
pellets addition.

Prior to membrane fabrication, each dope solution was degassed to remove any trapped air bubbles.
The dope solution viscosity was determined using a viscometer (Cole Palmer, EW-98965-40) at 25°C.
Hollow fiber membranes were then fabricated using the prepared dope solutions at room conditions via
dry/wet spinning technique. The spinning parameters were kept constant throughout the spinning
process. The dope solution was extruded through an annular 630 stainless-steel spinneret with an orifice
diameter/inner diameter of 1.2 mm/0.8 mm at a speed of 6 mL/min, assisted by a gear pump to control
the dope extrusion rate. The bore fluid was delivered through the inner diameter of spinneret at 2.0
mL/min with the aid of a syringe pump. Then, the as-spun fibers were passed through 10-cm air gap
before being guided through coagulation bath at rate of 4 m/min. Tap water was used as the external
coagulant while pure water was utilized as the internal coagulant. The nascent hollow fiber membranes
were cut then immersed in a water bath for 24 h to completely remove residual solvent. Lastly, the
membranes were then treated with 10% glycerol solution overnight followed by air-drying.

Characterization of Hollow Fiber Membranes
The morphologies of fabricated hollow fiber membranes were examined using a field emission scanning
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electron microscope (FESEM, Hitachi, SU8020). The membrane sample was fractured in a liquid
nitrogen and sputter-coated with platinum prior to imaging. Energy dispersive X-ray (EDX) spectroscope
was also used along the FESEM analysis to detect iron (Fe) element and its distribution on the Fe3Oy4 -
modified membrane surface.

The hydrophilicity degree of hollow fiber membranes was determined using contact angle goniometer
(Dataphysics, OCA 15Pro) based on a sessile drop method. A droplet of water (0.5 yL) was produced
by a microsyringe and placed onto the outer surface of a fiber. The water contact angle was then
estimated by SCA20 software. The average of 15 measurements at different points of the sample surface
was then calculated and reported.

The bulk porosity of membrane was determined by soaking the fibers in deionized water for 24 h. After
removing the excessive water from the sample, the wet membrane weight was recorded. The sample
was subsequently dried for 24 h at 80°C and weighed again. The bulk porosity (€, %) was calculated
using Equation 1:

= S22 5 100 (1)

T I xAxd,,

where w1 and w: are the weight of wet and dry membrane samples, respectively. A is the effective area
of membrane (m?), dy is water density (g/cm?) and / is membrane thickness (m). The mean pore radius
(rm) of the membrane is determined by the Guerout-Elford-Ferry equation as expressed in Equation 2:

_ ,(2.9—1.75 £)x8ulQ
Tm = EXAXAP 2)

where p represents viscosity of water (mPa.s), AP is the transmembrane pressure (Pa) and Q is
permeate volume water per time (m?/s).

The thermal stability of hollow fiber membranes was carried out by using thermogravimetric analyzer (TA
Instruments, TGA-Q500). 5 mg of membrane sample was subjected to heating at a constant rate of
10°C/min until the temperature hits 800°C under nitrogen gas atmosphere to obtain the thermal
degradation profile of membranes. Using a universal testing machine (Instron, Instron 5567), the
mechanical properties of prepared membranes were characterized by pulling the tensile load at a
constant rate until it fractured. The sample gauge length and gauge speed were fixed at 50 mm and 10
mm/min, respectively. Five measurements were performed to yield the average value of each sample.

The pure water flux and BSA rejection of fabricated membranes were determined by using a lab-scale
crossflow filtration system. The pure water permeation flux (PWF) of the membranes were acquired with
pure water as feed. Each membrane module contained 5 units of hollow fibers with a length of
approximately 10 cm. Prior to any measurement, each membrane was compacted at 2 bar until a steady
flux was achieved. After that, the pressure was lowered to 1 bar and measurement was started to record.
The initial pure water flux (Jwy) was determined using Equation 3:

@)

_ Q@
Jw  Axt

where Q is the volume of permeated water (L), A is the effective membrane area (m?) and ¢ is the
permeation time (h).

The protein separation of membrane was studied using 1.0 g/L of BSA solution in which the protein

fluxes were recorded at1 bar until the flux reached a constant value (Jp). The recorded flux decline (Rrp)
during protein filtration was determined using Equation 4:

Rep = (1 —22) x 100 (4)
Jw1
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UV-vis spectrophotometer (HACH, DR5000) was used to study the quality of the collected permeate.
The protein rejection (R) can be calculated using Equation 5:

R =(1-25)x100 (5)
f

where C, is the permeate concentration (mg/L) and Cs s the protein feed concentration (mg/L), After the
protein rejection analysis, the membrane was cleaned with distilled water for 15 min. The pure water flux
(Jw2) of the clean membrane was calculated. To determine the antifouling performance of the hollow fiber
membranes, the flux recovery rate (FRR), reversible (R;) and irreversible (R;;) fouling were determined
using the equations as follows:

FRR =2%2 % 100 (6)
Jw1
R, =227r » 100 )
Jw1
R, = Jwi=Jwe x 100 (8)
Jw1

Results and discussion

Characteristics of Fe3O4 Particles

Figure 1 shows the TEM images of FeszO, particles of two different sizes, i.e., 5 ym and 50 nm. The
micrographs show that 5-ym Fe304 exhibited hexagonal shape with particle size ranges from 100 to 130
nm, while 50-nm Fe30, displayed the typical spherical structure with average size of <24 nm. Our results
showed that the particle size as specified by the producer for the 5-uym FesO, is in fact much smaller
under the TEM observation, but these particles are still larger compared to the 50-nm Fe3O4 sold by the
same producer. The TEM images also revealed that the 50-nm Fe3O4 nanoparticle appeared to be more
distinctive and well-defined compared to the 5-um Fe3O4. The large clump demonstrated by 5-um Fe3O4
is mainly due to the overlapping among particles and this makes distinct particles rather difficult to spot.
The BET analysis revealed that the specific surface area of 5-uym and 50-nm FesO: is significantly
different. The 50-nm FezO4 showed 39.99 m?/g, which is about 6 times higher compared to the 5-um
Fes04 of 7.12 m?/g. The surface area of 50-nm Fe3;0y4 is within the range of 20-50 m?/g specified by the
manufacturer. Its small crystallite size renders higher exposed surface area, leading to higher particle
surface area than that of 5-ym Fe3Oa.

The phase composition of Fe3O4 particles was analyzed using XRD analysis and the results are shown
in Figure 2a. The peaks were identified based on the Joint Committee on Powder Diffraction Standards
(JCPDS) database as reported previously [33-35]. The XRD spectra revealed that the cubic spinel phase
of both Fe304 particles were consistent with the JCPDS 01-1111. The diffraction peaks at 26 of 18.28°,
30.09°, 35.46°, 37.07°, 43.09°, 53.40°, 56.99°, 62.60° and 73.91° were respectively assigned to lattice
planer orientations of (111), (220), (311), (222), (400), (422), (511), (440) and (533). The higher peak
intensity displayed by 50-nm Fe3O, is due to its stronger crystalline structure compared to the 5-um
Fes0s. This is because the peak intensity is determined by the interference of the individual atoms on
the nanoparticle crystal planes [36, 37]. However, different size of Fe3O4 does not change the crystallinity
of particles.

In Figure 2b, the FTIR spectra shows a strong peak at 590 cm that is associated to the Fe-O functional
group, while the broad peak between 3100 and 3600 cm™ is corresponded to the stretching of O-H
group. These peaks indicated the presence of the functional groups in both Fe3O4 particles [17, 38]. The
broader O-H peak possessed by 50-nm Fe3O4 compared to 5-uym FesO, indicated that smaller particle
has higher amount of hydroxyl groups than the bigger particle, making it more hydrophilic. Additionally,
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the peak found at 1621 cm™' for 50-nm Fe;O4 can be associated to surface-adsorbed water on particle
surface, which further increase its degree of hydrophilicity [39, 40].
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Figure 1.TEM micrographs of (a,b) 5-um Fe3O04 and (c,d) 50-nm Fe30, at scale bar of 200 nm and 20
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Figure 2. Characteristics of FezO4 particles, (a) XRD spectra and (b) FTIR spectra
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To further understand the distribution of Fe3O4 particles during membrane fabrication process, the
dispersion behavior of both Fe304 particles sizes in organic solvent was observed for 30 days. As shown
in Figure 3a, the 50-nm Fe304 exhibited greater stability in solvent compared to the larger Fe3O4 (5 pm).
The higher the turbidity value the better the dispersibility of particles in solvent. Particle with poor
dispersion would settle and precipitate faster which results in an almost transparent liquid supernatant.
The visual comparison in Figure 3bi and 3bii showed that bigger Fe;O4 particle were less homogenous
in comparison to smaller Fe3O, particles as it has much higher sedimentation rate in the solvent. This is
due to its larger size and heavier agglomeration clumps that promotes rapid precipitation, leading to poor
stability in solvent. Smaller FezO4 (50 nm) achieved better compatibility owing to the abundant -OH
groups on its surface that improves its suspension stability in solvent. This is in line which previous works
carried out by Goh et al. [41] and Gois et al. [42] where hydrophilic particle would facilitate stronger
interaction between the particle and organic solvent, subsequently enhances its capability to disperse in
solvent. This characteristic is very beneficial in producing particle-modified membranes with better
characteristics.

1000
(a) m Fey0, (5um)
¢ Fe,O, (50 nm)
800 o
.
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Figure 3. Dispersion stability performance of 5-um and 50-nm Fe3O4 in NMP solvent in terms of (a)
turbidity profile and (b) visual comparison (i) before and (ii) after 30 days

Membrane Morphology

Based on the FESEM images shown in Figure 4, all hollow fiber membranes were observed to have the
common asymmetric structure. The addition of PVP that acted as pore former, forming finger-like porous
sublayer at the membrane outer layer. Neat PES membrane has larger macrovoids formed at the middle
layer compared to the Fe3O4-modified PES membranes. The presence of Fe3;O4 particles suppressed
the formation of macrovoids, resulting in a more compact structure. The addition of particles was found
to increase the viscosity of dope solution (see Table 1) which delayed the exchange rate of solvent and
non-solvent in the phase inversion process. This produced the membranes with less macrovoids but
more finger-like structures at the inner layer. Such mechanism also favored the formation of membrane
with thinner walls, which is advantageous in increasing membrane water permeation due to reduced
water transport resistance [3, 43].

The size of finger-like structures was more elongated with the incorporation of 50-nm Fe30s into PES
membrane in comparison to the membrane with 5-uym Fe304. PES membrane modified by smaller Fe304
also exhibited more porous structure with better interconnected pores in the sub-layer. This is due to
higher hydrophilicity of smaller FesO4 (50 nm) that could promote solvent/non-solvent exchange rate.
The addition of Fe3O4 into polymeric matrix was found to develop the membranes with rougher surface
and this is due to the deposition of fillers on membrane surface. Compared to the PES membrane
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incorporated with 5-um Fe30s, the membrane with 50-nm Fe304 displayed smoother surface and better
distribution of particles. As 5-um Fe3O4 is bigger in size, it has higher tendency to form larger nodular
shapes that result in the valleys development on the membrane surface. Smaller particle size has higher
affinity with polymer matrix owing to its larger specific surface area that can interact better with polymeric
chains, hence resulting in membrane with smoother surface [8, 28, 30].

The successful integration of FesO4 particles in PES membranes was observed based on the EDX
mapping of Fe element as shown in Figure 4. The PES/50-nm Fe3Os membrane displayed uniform
distribution throughout membrane surface compared to the PES/5-uym Fe3O4 membrane. This can be
attributed to the use of low nanoparticle loading (0.1 wt%) that minimizes severe nanoparticle aggregates
[29]. The higher hydrophilicity possessed by 50-nm Fes3O4 also greatly its interfacial adhesion and
homogeneity with PES matrix, leading to an improvement in particle dispersion

|||||\|w|. 2|.1m

1 1 | U]
"200um S 8.4mm X500 SE(UL) 4/4/2021 11:34 100um

49 2.00um § / 8.3 X (UL) 111:40 100um

2pum

Figure 4. FESEM micrographs showing (i) membrane surface morphology (Inset: water contact angle), (ii) cross-section structure and
(iii) EDX-Fe mapping for (a) PES, (b) PES/5-uym Fe304 and (c) PES/50-nm Fe3Os membranes
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Membrane Contact Angle, Porosity and Pore Size

The water contact angle of membranes as shown in the inset in Figure 4 showed the following order,
i.e., PES membrane (78.66°) > PES/5-um Fe304 (76.28°) > PES/50-nm Fe304 (75.77°). As can be seen,
the introduction of Fes3O, particles could reduce the hydrophobic nature of PES membranes by
decreasing water contact angle in which the membrane with smaller Fe3O, displayed higher degree of
hydrophilicity compared to larger Fe3sO4. The lowest contact angle exhibited by the PES/50-nm Fe304
membrane is credited to its higher hydroxyl groups presented on its surface (see Figure 2b) and uniform
dispersibility over membrane surface that boost membrane affinity towards water (see Figure 4ciii).
Compared to the neat PES membrane, the contact angle of the Fe3O4-modified membranes is only
slightly improved. This is due to increased surface roughness caused by particle addition that
subsequently affects the water contact angle measurement due to the Wenzel/Cassie effect [44].

The porosity and pore size results as presented in Table 1 indicate that the incorporation of Fe3O4
positively influence the overall structural characteristics. The porosity of pristine PES membrane was
increased from 39.46% to 44.69% and 50.33% upon the addition of 5-um Fe3O4 and 50-nm Fe3Os4,
respectively. The average pore size of FesOs-modified PES membranes is 2 times higher than the
pristine PES membrane. As 50-nm Fe304 is much more hydrophilic than 5-um FesOs, the introduction of
the smaller particle into dope solution results in faster demixing process. This developed the membrane
with higher porosity and larger pore size as compared to the PES/5-uym Fe3zOs4 and pristine PES
membrane.

Table 1. Properties of hollow fiber membranes and dope solution.

Membrane OD/ID [mm] Wall thickness Dope solution viscosity Porosity [%]  Average pore size
[mm] [mPa.s] [nm]

PES 0.87/0.59 0.141 5233 39.46+0.8 26+1.2

PES/5-um Fe304 0.89/0.65 0.120 6859 446917 50+1.3

PES/50-nm Fe304 0.90/0.68 0.106 7284 50.33+1.4 58+1.2

Membrane Structural, Thermal and Mechanical Properties

The FTIR spectra shown in Figure 5a presented the effects of Fe3O4incorporation into PES membranes.
The absorption bands found at 1244, 1488, and 1580 cm-" are associated with aromatic ether stretching,
C-C bond stretching and benzene ring stretching of PES organic structure, respectively. Meanwhile, the
stretching bands observed at 3100-3700 cm™' and 1656 cm- can be attributed to O-H stretching and H-
O-H bending vibration, respectively. The successful incorporation of Fe3O4 particles into PES polymer
matrix is indicated by the presence of the characteristic peak at 588 cm™" as previously reported [33, 45].
As the amount of Fe3O4 incorporated is relatively small (0.1 wt%), it does not significantly alter the
membrane’s peaks. However, slightly higher peak intensities can be observed at 3200 cm™ for the
Fesz0s-modified membranes, indicating greater membrane hydrophilicity.

The impacts of Fe3O4 incorporation into PES membranes are further determined through thermal
analysis as presented in Figure 5b. All PES membranes were observed to experience three regions of
weight loss. The first weight loss occurred at 50-120°C was due to loss of residual adsorbed water and
solvent in the membranes. The next region (220-430°C) could be attributed to the degradation of polymer
side chains. The third region at 580-1000°C was corresponded to the polymer backbone decomposition.
The complete membrane degradation can be seen as the weight of the membranes remained constant
beyond 850°C. The thermal stability of PES membranes was significantly enhanced as the onset
decomposition temperature of Fe3Os-modified membranes was found to be higher than that of pristine
PES membrane. The improvement in terms of thermal behavior can be ascribed to better compatibility
between polymer matrix and Fe3;O4 particles as the polymer chain showed higher resistance towards
thermal degradation [22, 46].

The changes in mechanical properties of PES membranes before and after modification using Fe3O4
particles were evaluated in terms of stress-strain curves as shown in Figure 5¢c. Wang et al. [47] and
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Zhang et al. [48] have previously observed the positive impacts of Fe3O4 particles incorporation on the
mechanical strength of PES membrane. In this work, the pristine PES membrane recorded the lowest
tensile strength (1.98 MPa), whereas the PES/5-uym Fe3Os and PES/50-nm Fe3zOs membranes
demonstrated 2.12 and 2.40 MPa, respectively. The improvement in membrane elasticity and rigidity can
be attributed to the presence of Fe3O4 that acts as cross-linking point between PES polymer chains.

The addition of Fe3O4 particles also resulted in stronger interfacial shear stress between fillers and
polymer matrix, which can be observed based on the enhancement in membrane flexibility with respect
to Young’'s modulus and elongation percentage, as presented in Figure 5d. The pristine PES membrane
demonstrated the lowest Young’s modulus and percent elongation with 106.82 MPa and 1.76%,
respectively, while the PES/5-um Fe3Os membrane showed 110.42 MPa and 1.92%. The highest
Young’s modulus (118.81 MPa) and elongation break (2.02%) was recorded when 50-nm Fe3O4 was
incorporated within the PES membrane. Although the membrane mechanical strength does not influence
membrane filtration performance directly (due to low operating pressure of UF process), it is an equally
important membrane properties as it guarantees membrane long duration UF performance [22, 26].
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Figure 5. Properties of PES membranes in terms of (a) FTIR spectra, (b) TGA curves, (c) stress-strain curves and (d) Young’s
modulus and elongation at break
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Membrane Filtration and Antifouling Performances

Figure 6a presents the water flux and BSA rejection of different membranes. It can be observed that the
PES/50-nm Fe3O4 membrane exhibited the highest PWF (110.42 L/m?.h.bar) followed by PES/5-um
Fes04 (91.54 L/m?2.h.bar) and pristine PES membrane (82.60 L/m?.h.bar). The water flux profile indicates
the importance of Fe3O4 and its size in improving membrane permeability. The incorporation of smaller
Fesz0, was better in enhancing the membrane water permeability mainly due to the improved membrane
overall porosity and pore size. The morphological structure change and increased membrane
hydrophilicity also greatly influenced water passage across the membrane. With respect to the BSA
rejection, PES/50-nm Fe3O4 membrane recorded BSA removal of 80.43% compared to 71.92% and
77.65% shown by the pristine PES and PES/5-ym Fe3O4 membrane, respectively. The enhancement in
surface hydrophilicity led to an increase in solute rejection, as membrane with higher wettability is able
to prevent the adhesion of hydrophobic BSA molecules onto membrane surface.

Figure 6b shows the antifouling performance of PES membranes determined by three-steps filtration
process, with BSA as the protein foulant. The membranes recorded stable initial flux during the first 30
min of filtration with pure water as feed. The fluxes decreased rapidly when the feed solution was
changed to BSA solution and this was mainly due to the concentration polarization and solute deposition
on the membrane surface that created additional transport resistance. After cleaning with pure water,
the membrane fluxes were able to be recovered to a certain extent, revealing that the flux decline is
governed by reversible fouling.

As shown in Figure 6¢, despite being able to recover 73.49% of water flux after BSA solution filtration,
the flux of pristine PES membrane was still lower compared to the FezOs-modified PES membranes that
have higher degree of surface hydrophilicity. The PES/5-uym Fe3z04 and PES/50-nm Fe3O4 membranes
recorded FRR of 75.23% and 86.03%, respectively. These findings indicated that the incorporation of
hydrophilic particles into PES membrane matrix improved not only the membrane flux, but also its
antifouling properties against BSA. The highest FRR achieved by PES/50-nm Fe3O4 membrane was
mainly due to its lowest water contact angle and much better distribution of particles. These acted as a
barrier against protein deposition onto PES membrane surface [29, 30]. Despite the high surface
roughness of the modified PES membranes, the improved surface hydrophilicity outweighed the negative
issue of rough surface in improving membrane antifouling ability [49].

The fouling potential of the membranes was further analyzed and their reversible fouling (R), irreversible
fouling (Rir) and total fouling rate (R) are presented in Figure 6d. The low value of R; (11.76%), Ri
(13.97%), and R (25.74%) exhibited by the PES/50-nm Fe3O4 membrane further confirmed its better
antifouling performance than those of PES/5-uym Fe3Os membrane (13.76%, 24.77% and 38.53%,
respectively) and the pristine PES membrane (31.93%, 26.51% and 58.43%, respectively). The
reduction in fouling tendencies in the PES/50-nm Fe304 membrane can be associated to its lowest water
contact angle, greatest hydrophilicity as well as uniformed particles distribution within polymer matrix,
resulting in membrane with enhanced permeability and fouling resistant without the expense of its
rejection performance.
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Figure 6. Membrane performance in terms of (a) PWF and BSA rejection and (b) Flux versus time during three steps filtration, (c) flux
recovery rate (FRR) and (d) reversible, irreversible and total fouling rate

Conclusion

In this work, we performed a study to access if the Fe;O4 of different particle sizes did play a role in
influencing the surface chemistry and morphology of PES hollow fiber membranes and thus their
separation performance and antifouling properties. The results revealed that the smaller Fe304 (50 nm)
exhibited higher hydrophilicity and larger specific surface area compared to the larger Fe304 (5 ym) and
these features are important in developing composite membrane for water treatment. In addition, the 50-
nm Fe3;O4 was found to disperse better in dope solution and could distribute evenly on the surface of
membranes, forming a membrane with better structure integrity and improved mechanical and thermal
properties. With respect to filtration performance, the PES/50-nm Fe3zOs membrane showed the best
results in terms of pure water flux (110.42 L/m2.h.bar) and BSA rejection (80.43%). As a comparison, the
PES/5-ym Fe3O4 membrane only attained 91.54 L/m2.h.bar and 77.65%. The pristine PES membrane
meanwhile showed the lowest performance (82.60 L/m?.h.bar 71.92%). This can be ascribed to positive
role of 50-nm Fe304 in developing the membrane with the lowest contact angle, improved surface
hydrophilicity and enhanced porosity. The improved surface chemistry of PES/50-nm Fe3O4 membrane
also made it to have the highest FRR compared to the two other membranes, indicating improvement in
antifouling properties. The findings of this study clearly demonstrated that the particle size of Fe304 does
matter during nanocomposite membrane fabrication. Small Fe3O, particles are found to have higher
amount of hydroxyl groups than the big particles, making it more hydrophilic and beneficial to the
membrane in terms of water flux and antifouling properties. More importantly, FesO4 particles are
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significantly cheaper compared to carbon-based nanoparticles and thus could offer practical solution in
modifying polymeric membrane properties for water applications. In our next communication, we will
report the impacts of different functionalization on the surface of Fe3s04 nanoparticles and how the surface
modified FezO4 nanoparticles could further enhance membrane performance for water treatment.
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