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ABSTRACT

Meltblowing of polypropylene (PP) without using toxic solvents is a feasible method for
mass-producing fibrous membranes for oil/water emulsion separation. However, the
oleophilicity of PP can lead to fouling due to significant oil adsorption, and the low integrity
of the PP fiber can cause the membrane structural failure during filtration operations. In this
work, polydimethylsiloxane (PDMS) and isopropyl alcohol (IPA) are employed to improve
the inter-fiber adhesion while maintaining the void structure that allows water permeation.
Hydrophilic TiO, nanoparticles are deposited on the meltblown PP membrane (MBPP) using
a suspension dispersion method, transforming the membrane into an underwater oleophobic
surface. The results show that the TiO.,/PDMS/IPA modified MBPP membrane is oleophilic
towards palm oil but oleophobic towards toluene under water. Because of the long chain and
high molecular weight of triglycerides in palm oil, they form stronger intermolecular
interactions with both the pristine and modified MBPP membrane surfaces. The underwater
oil contact angle (UWOCA) of MBPP membrane varies between 5.1 = 5° and 70.7 + 6.3°
when in contact with palm oil droplets. The UWOCA of toluene droplets increased from 67.4
+ 20.8° to 133.8 + 18.1° when the TiO; loading was increased from 0 to 0.2 wt%. The
optimal membrane with 0.2 wt% TiO, nanoparticles achieved the maximum flux at 25040 +
2403 L/m? h and the separation efficiency > 99% for the toluene/water emulsion system.
During the cyclic test, fouling from toluene adsorption occurred during cycle #3, but the
separation efficiency remained greater than 98% after five cycles.

Keywords: Underwater oleophobic, meltblown polypropylene, membrane, TiO, nanoparticles,
oil/water separation

1.0 INTRODUCTION

Oil spills are catastrophic
environmental disasters that can have
long-term  effects on ecological
diversity and the socioeconomic
system. Wind and water currents cause
oil pollution to spread [1, 2],
increasing cleaning costs. Furthermore,
this oily layer can prevent oxygen from
entering the water, causing severe
harm and even death for aquatic life
[3]. Oil spills can pollute drinking

water resources and endanger human
health [4, 5].

Membrane filtration systems are
well-known  for  having  fewer
mechanical parts, a simple flowsheet, a
small footprint, no chemical additions,
and easy startup and shutdown.
Membrane  filtration  has  been
identified as a promising technique for
oil/water separations [6-9]. Phase
inversion is a well-established method
for fabricating microstructure
membranes for various applications
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[10, 11] such as oil-water separation
[12, 13]. However, the microstructure
formed in the membranes using the
casting technique limits the membrane
permeability, lengthens the separation
processing time, and causes fouling.
Fibrous structure membranes have
recently received much attention in
oil/water separation because of their
higher water fluxes, oil rejections, and
fouling  resistances than  phase
inversion membranes [14, 15].
Electrospinning is a well-known and
widely used method for creating
fibrous membranes from homogeneous
solutions. A sol is formed by
dissolving a polymer in 80-90 wt%
solvent. During the electrospinning
process, a large volume of solvent is
released into the air, which has become
a major concern because the polymer
solvents typically used are toxic and
flammable, such as N-methyl-2-
pyrrolidone, dimethylformamide,
dimethylacetamide, and  dimethyl
sulfoxide [16, 17].

Meltblowing is a solvent-free
extrusion technique that generates
continuous nano/microfibers and forms
a random web. Polymer granules are
melted, then extruded through orifices
blown by hot and high-velocity air into
fine fibers, which are collected in the
form of a mat on a suitable collector
[18]. Meltblowing, unlike
electrospinning, can produce fibrous
membranes on a large scale because
the polymer granules are not dissolved
in any solvents during production.
Nonetheless, the types of polymers that
can be processed with meltblowing are
limited. Polypropylene (PP) is the most
viable polymer used to produce fibrous
membranes using the meltblowing
process [19]. The PP membrane has
excellent chemical, acid, alkali, and
solvent resistance [20]. Despite this,
the PP membrane is oleophilic,
meaning it is prone to organic
adsorption, pore blockage, and requires

frequent cleaning. To overcome this
limitation, the PP  membrane's
oleophilicity must be transformed to
oleophobicity in order to prevent pore
blockage caused by organic adsorption
while also exhibiting self-cleaning
properties. Several techniques have
been utilized to convert PP membranes
into oleophobic ones, such as
hydrolysis of 3-
aminopropyltriethoxysilane (APTES)
and self-polymerization of dopamine
simultaneously in an alkaline aqueous
solution [21], crosslinking with tannic
acid, dopamine, and polyethyleneimine
[22], construction of hierarchical
micro/nano structures via the reaction
of tea polyphenols and APTES [23],
and titanium dioxide (Ti0O7) coating by
atomic layer deposition [24].

PP is a semi-rigid material with
outstanding chemical and electrical
properties. Nonetheless, during
membrane formation, the PP fibers
stack on top of one another, with poor
inter-fiber adhesion. Severe structural
fiber delamination, which causes fiber
peeling from the membrane matrix,
shortens membrane lifespan and limits
cyclic use. However, the literature did
not bridge this gap. This study
attempted to improve the integrity of
PP fibers by using
polydimethylsiloxane (PDMS), a weak
adhesive polymeric material. Strong
adhesive polymers can tightly bind the
fibers, reducing the volume of void
between the fibers and thus reducing
the water permeation flux. Aragjo et
al. [25] and Bor6k et al. [26] revealed
PDMS to be a cost-effective binder for
different composite substrates.
However, PDMS has a low surface
tension, which contributes to its
hydrophobicity and resistance to water
permeation. TiO2 nanoparticle
deposition can improve the
hydrophilicity and water permeation
flux of the membrane, as well as its
oleophobicity, due to the abundance of
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polar groups on the particle surface.
Because the PP fiber and PDMS are
anti-wetting, isopropyl alcohol (IPA) is
used to hydrophilize the PDMS and
combine it with the nanoparticles,
resulting in a homogeneous mixture.
On the other hand, most of the
previous modified PP membrane
studies tested the oil/water separation
with relatively small molecules of
hydrocarbon  oils [21-23]. The
influence of physical properties such as
molecular weight and structure on the
membrane surface wettability has
received little attention in the
literature. Therefore, the objective of
this study is to determine the effect of
TiO2 nanoparticles on the underwater
oleophobicity of a meltblown PP
(MBPP) membrane modified with
PDMS/IPA for toluene and palm oil,
which have different molecular sizes
and structures.

2.0 METHOD AND MATERIALS
2.1 Chemicals

Industrial-grade polypropylene (PP)
powder was purchased from Sun-
Allomer Ltd., Japan. Titanium dioxide
(Ti0O2), polydimethylsiloxane (PDMS),
isopropyl alcohol (IPA) and hexane
were purchased from Sigma-Aldrich.

Polymer powders

Hot air
Die block l

Gear pump T

Hot air

(a)

Collector

Buruh palm cooking oil was purchased
at a local supermarket.

2.2 Fabrication of MBPP
Membranes

PP fibers were produced using a Zetta
Co. Ltd., Japan, meltblowing facility
installed at Faculty of Engineering,
Universiti  Malaysia ~ Sabah. PP
powders were melted at 200-300°C,
and the resulting PP molten was blown
through a die with a 0.8-mm diameter
hole using compressed air at 450°C.
The MBPP membrane was collected
from a distance of 240 cm from the
die, as shown in Figure 1 (a). TiO:
nanoparticles were dispersed in
distilled water to form a suspension.
Suspensions containing 0.2 to 0.4 wt%
TiO; nanoparticles were prepared and
homogenized for 5 minutes each. This
range of nanoparticle loadings was
widely used for fibers coating [27].
The suspension with a specific TiO»
loading was then filtered through
MBPP membranes at a vacuum
pressure of 300 mmHg, as illustrated in
Figure 1 (c¢). The membrane was dried
at 60°C for 24 h before being
immersed in a PDMS/IPA/distilled
water mixture with a mass proportion
of 5 g/10 g/85 g. The membranes were
dried for three days at 60°C.

(b)

Figure 1 Fabrication and modification of MBPP membrane: (a) meltblowing of PP (b)
pristine MBPP membrane, and (c) suspension dispersion of TiO, nanoparticles through

vacuum filtration
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2.3 Characterization of MBPP
Membranes

2.3.1 Scanning Electron Microscopy
(SEM) Analysis

A scanning electron microscopy (SEM,
Hitachi S-3400) was used to observe
the surface morphology of MBPP
membranes at 15.0 kV with a scale of
500 pm. Prior to scanning, a thin gold
layer was applied to each membrane
sample.

2.3.2 Fourier Transform Infrared
Spectroscopy (FTIR) Analysis

The chemical composition and
functional groups of the MBPP
membranes were analysed using a
Fourier Transform Infrared
Spectroscopy (FTIR, Perkin Elmer
Frontier). The FTIR spectra were
collected using the LabSolutions IR
software, with a resolution of 4 cm™
and a spectral range of 400 to 4000
cm .

2.3.3 Contact Angle Analysis

A contact angle goniometer (Biolin
Scientific) was used to assess the
wetting properties of the surface
modified MBPP membranes. Water
contact angle was measured using the
sessile drop method. A 6 pL droplet of
water was dropped onto the membrane
surface under atmospheric conditions.
Following stabilisation, the water
contact angles on both sides of the
droplet were measured and averaged.
The oil contact angle was measured
underwater using the captive bubble
method. The membrane sample was
placed on the water surface in a
beaker, and the modified surface of the
membrane was positioned downward,
making direct contact with the water.

A 10 pL oil droplet was injected into
the water, which rose up and touched
the membrane surface. The oil contact
angles on both sides of the droplet
were measured and averaged as the
droplet became more stable. The
contact angles of each sample were
measured at least three times at room
temperature.

2.4 Separation Performance of
MBPP Membranes

The oil/water separation was carried
out using a dead-end filtration setup
operating at 450 mmHg vacuum
pressure. The oils that were tested were
toluene and palm oil. The oil was
mixed with water at a volume ratio of
1:99 and emulsified with 0.2 mg/mL
Tween 80. The emulsions were
vigorously stirred for 15 minutes. The
emulsion was then routed to the dead-
end filtration system, as illustrated in
Figure 2. The flux and separation
efficiency were determined using
Equations (1) and (2), respectively
[28].

=+ (1)

where V' is the volume of permeate, A
is the effective membrane area, and t is
the time of permeation.

o _ Loom,

my

)

where m is the mass of water in feed,
and m, is the mass of water in
permeate. An optimal membrane was
then tested for reusability, with five
cycles of filtration performed. Prior to
the next filtration cycle, the reused
membrane was rinsed with distilled
water.
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Figure 2 Dead-end filtration system for
oil/water separation

3.0 RESULTS AND DISCUSSION
3.1 Morphology

The loading of TiO> nanoparticles has
significantly altered the structure of the

MBPP membrane surface, as shown in
Figure 3.

Membranes with loadings of 0, 0.2,
0.3, and 0.4 wt% were identified as
MBPP@T-0 (pristine), MBPP@T-0.2,
MBPP@T-0.3, and MBPP@T-0.4,
respectively. It is clear that as the
nanoparticle content increases, the
membrane surface area with fibrous
structure decreases. The hydrophobic
MBPP membrane tends to repel
hydrophilic TiO2  nanoparticles,
preventing them from passing through
during the vacuum filtration. As a
result, as the nanoparticle loading
increases, the surface coverage
increases.

(d)

Figure 3 SEM images at 15.0 kV of potential with the scale at 500 um for (a) pristine
MBPP@T-0, (b) MBPP@T-0.2, (c) MBPP@T-0.3 and (d) MBPP@T-0.4 membranes with
different loading of TiO2 at 0, 0.2, 0.3 and 0.4 wt%, respectively
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3.2 Chemical Composition

The chemical compositions of pristine
and modified MBPP membranes were
investigated using FTIR, as illustrated
in Figure 4. In the spectrum of pristine
MBPP membrane, the spectra at 2928,
2916, 2874, and 2835 cm™' describe
the CH stretch [29]. Deformation
vibrations of the plane methylene
group have moderate absorption peaks
in the spectral range of 1445-1485 cm™
!, while methyl group vibrations are
designated in the range of 1430-1470
ecm! or 1365-1395 cm™' [30]. The
peaks in our spectrum are at 1454 cm™!
and 1371 cm!, respectively. The
transmittance peaks at 840, 1000, and
1170 cm™ indicate the vibrations of
terminal unsaturated CH: groups in

isotatic PP [29,30]. The spectra in our
work were obtained at 843, 970, and
1163 cm™!. The transmittance peaks at
2964 and 2837 cm’! indicate
symmetric and asymmetric stretching
vibrations of the CHjs groups in Si—
CH3 of PDMS [31]. The spectra at
1454 cm™ correspond to the vibration
of CH; on PP, implying that the
uncovered MBPP membrane surface.
The peak at 1375 cm™' can be
attributed to the vibrations of carboxyl
and methylene groups in TiO; [32].
Another band at 1259 and 1021 cm™,
respectively, indicated symmetric CH3
deformation and asymmetric Si—O-Si
stretching [33]. The peaks 660 and
791 cm™! in the range of 400-800 cm!
are attributed to anatase.

Transmittance (%)
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——MBPP@T-0.2
——MBPP@T-0.3
——MBPP@T-0.4
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Figure 4 FTIR spectrum of the pristine and modified MBPP membranes

3.2 Surface Wettability

The chemical structure of PP is
composed of strong C—H bonds and
does not contain hydrophilic groups, so
the pristine MBPP membrane is highly
hydrophobic. Figure 5 (a) shows that
the pristine MBPP membrane had a

water contact angle (WCA) of 116.7°.
The water droplet did not penetrate or
diffuse through the membrane. TiO>
nanoparticles have many reaction sites
and hydroxyl groups that are easily
hydrolyzed on their surface. Thus, the
deposition of TiO2 nanoparticles can
modify the MBPP membrane to
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become hydrophilic [34]. As shown in
Figure 5 (b—d), the WCA decreased
significantly, from approximately 77°
to 67°, as the corresponding TiO>
loading increased from 0.2 to 0.4 wt%,
demonstrating the transformation of
hydrophobicity to hydrophilicity. This
observation is similar to that reported
by Zou et al. [35]. When toluene and
palm oil droplets came into contact
with the surface of both pristine and
modified MBPP membranes, they

spread and penetrated immediately.
These results confirm the
superoleophilicity of both pristine and
modified MBPP membranes.
Furthermore, the modified MBPP
membranes exhibit amphiphilicity in
air, which is primarily due to the
lyophilic IPA. The amphiphilicity of
other modified membranes has also
been reported in the literature [21, 36].

116.7° § 771> ®

N .

(@) (b)

— A

745 ©

67.6° '

(c) (d)

Figure 5 WCA of (a) pristine MBPP@T-0, (b) MBPP@T-0.2, (c) MBPP@T-0.3 and (d)

MBPP@T-0.4 membranes

The instabilities of oil droplet
formation and attachment on the
membrane surface make the captive
bubble measurement method of
UWOCAs somewhat challenging, as
shown in Figure 6. To reduce the
measurement errors, at least 30
readings of UWOCAs taken at
different times were considered for
each membrane, and the average
values of UWOCAs with their standard
deviations were calculated, as shown
in Figure 7. The pristine membrane has
UWOCA values of 67.4 + 20.8° for
toluene and 5.1 + 5° for palm oil
droplets. This demonstrates that the
pristine MBPP membrane is oleophilic
under water. It's worth noting that
palm oil had a higher affinity for the
hydrophobic surface than toluene.
Palm oil is made up of non-polar
triglycerides with long chains, high
molecular weight, and more viscous,
which allows it to form stronger
intermolecular interactions with the
hydrophobic surface and enhanced

adsorption [37]. In other words, oils
with low viscosity and low molecular
weight, such as toluene, have a lower
affinity for the MBPP membrane
surface than oils with high viscosity
and molecular weight, such as palm
oil. When the membrane was modified
with TiO;, the surface became
oleophobic toward toluene while
remaining oleophilic toward palm oil
under  water, despite increased
UWOCAs. Compared to the PP
membrane coated with TiO; using the
atomic layer deposition method
reported by Li et al. [24], the
UWOCAs of the MBPP membranes
coated by suspension deposition in this
study were lower, i.e. less than 150°.
This is because not all of the fibers'
surfaces in the MBPP membranes were
coated with TiO2 nanoparticles, as
evidenced by the SEM images shown
in Figure 3. When the loading of TiO2
nanoparticles was increased, the
UWOCAs increased slightly at first
and then decreased, possibly due to
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TiO, nanoparticle  agglomeration, MBPP@T-0.2 membrane proved to be
which reduced the surface energy of the optimal membrane in the current
the membranes [38,39]. As a result, the study.
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Figure 6 UWOCA of the (a, e) pristine MBPP@T-0, (b, f) MBPP@T-0.2, (c, g) MBPP@T-
0.3 and (d, h) MBPP@T-0.4 membranes, for toluene droplets (a—d) and palm oil droplets (e—
h)
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Figure 7 UWOCAs of toluene and palm oil droplets on pristine and modified MBPP
membranes
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3.3 Oil/water Separation and
Reusability Experiments

Palm oil significantly adsorbs on
MBPP membrane surfaces due to
underwater oleophilicity (UWOCA <
90°) caused by large molecules and
long chain triglycerides. As a result,
permeation of the palm oil through the
MBPP membranes occurred during the
filtration, and milky permeates were
observed as shown in Figure 8. (a).
Similarly, Figure 8 (b) shows that
toluene permeation was observed
through the pristine MBPP membrane,
which is also due to its underwater
oleophilic properties. However, the
toluene was successfully separated
from water using the underwater
oleophobic modified MBPP
membranes, i.e., 90° < UWOCA <
150°. When the TiO; nanoparticle
loading was increased from 0.2 to 0.4
wt%, the water permeation flux
decreased significantly during the
toluene/water emulsion  separation
process. The MBPP@T-0.2 membrane
had the highest flux, while the
MBPP@T-0.3 and MBPP@T-0.4
membranes had lower flux, possibly
due to nanoparticle agglomeration,
which resulted in a smaller pore size.
This was also consistent with previous
data from the current study and the
literature [38,39]. Additionally, the
membrane thickness increased when
the  TiO, nanoparticle loading
increased, which escalated the water
flow resistance [35]. A digital
micrometer was used to measure
membrane thickness. The pristine
MBPP@T-O0, MBPP@T-0.2,
MBPP@T-0.3, and MBPP@T-0.4

membranes had thicknesses of 88.1,
90.6, 96.0, and 97.5 pm. Nevertheless,
the separation efficiency of the
toluene/water emulsion was more than
99%, as shown in Figure 9 (a).

The reusability of a membrane is
critical for treating actual oily
wastewater. In this study, the optimal
membrane, MBPP@T-0.2, was tested
for five cycles of toluene/water
emulsion separation, as shown in
Figure 9 (b). The flux and separation
efficiency were measured during each
cycle. Unlike the superhydrophilic
modified PP membranes fabricated in
the literatures [21,23], where the water
droplets could rapidly permeate
through the membranes within a few
seconds, the water droplet stayed on
the MBPP@T-0.2 membrane surface
and was difficult to permeate, as
shown in Figure 5 (b). As a result, a
lower water permeation flux was
observed, particularly during cycle #1,
because water took longer time to fill
and wet the newly formed membrane
pores. When the wetted membrane
from cycle #1 was reused, the water
flux in cycle #2 increased significantly.
However, the water fluxes began to
decrease slightly from cycle #3,
possibly due to the continuous
adhesion and adsorption of toluene
during the cyclic tests, which led to
membrane fouling and difficult to be
removed by simple water washing
[22,23,40]. Despite this, the oil
rejection was excellent throughout the
cyclic tests, surpassing 98% of
separation efficiency.
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Figure 8 Separation of (a) palm oil/water emulsion and (b) toluene/water emulsion.
Permeates collected by (i) pristine MBPP@T-0, (ii) MBPP@T-0.2, (iii) MBPP@T-0.3 and
(iv) MBPP@T-0.4 membranes
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Figure 9 (a) The flux and separation efficiency of MBPP@T-0.2, MBPP@T-0.3 and
MBPP@T-0.4 membranes for toluene/water emulsion. (b) The reusability of mbpp@T-0.2
Membrane for toluene/water emulsion separation
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4.0 CONCLUSIONS

This study investigates
TiO2/PDMS/IPA  modified MBPP
membranes for the separation of
toluene or palm oil from water. The
wettability of the MBPP membrane
can be altered by the deposition of
TiO, nanoparticles via  vacuum
filtration. Because of the hydrophobic
MBPP membrane's ability to retain
hydrophilic TiO2 nanoparticles, the
nanoparticles cover the membrane
surface, and the coverage increases as
the nanoparticle load increases. As a
result, the WCA of the MBPP
membrane decreased from 116.7 to
67.6° as the nanoparticle loading
increased from 0 to 0.4 wt%. Within
this nanoparticle loading range, the
MBPP membrane changed from
hydrophobic to hydrophilic. The long
chain and large molecular size of palm
oil resulted in significant underwater
oleophilicity, or adsorption rather than
repellence, towards the modified
MBPP membranes. Both pristine and
modified MBPP membranes are
superoleophilic toward toluene and
palm oil. The modified MBPP
membranes were amphiphilic in air.
The MBPP@T-0.2 membrane
achieved a maximum UWOCA of
133.8 + 18.1°, a water permeation flux
of 25040 + 2403 L/m?> h, and a
separation efficiency of over 98% after
five filtration cycles. Fouling caused
by toluene adsorption occurred during
cyclic filtration, and the simple water
washing method is insufficient to
completely remove the foulant.
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