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ABSTRACT: Nanofibers made of different materials have been
continuously studied and widely used as membranes due to their
simple fabrication techniques and tunable surface characteristics.
In this work, we developed polyacrylonitrile (PAN) nanofiber
membranes by the electrospinning method and blended them with
polysulfone (PSU) to obtain superhydrophobic surfaces on the
fiber structures. The scanning electron microscopy (SEM) images
show that the fabricated nanofibers have smooth and continuous
morphology. In addition, to observe the effect of the PSU-based
blending material, Fourier-transform infrared (FTIR) spectra of
the samples were acquired, providing chemical compositions of the
bare and PSU-blended PAN nanofibers. The fabricated PSU/PAN

Electrospinning
process

To fabricate
PAN/PSU nanofibers

n
(DMF:NMP, 4:1)

PAN/PSU
solution

3/5UD 10D3U0D 421bM Ul 3SDIJIU|

Stirring process
900 rpm
60
2 hours (after
addition)

composite nanofibers have a diameter range of 222—392 nm. In terms of the wettability, the measured water contact angle (WCA)
value of the PAN nanofibers was improved from (14 + 1)° to (156 % 6)°, (160 = 4)°, (156 £ 6)°, and (158 + 4)° after being
blended with PSU solutions having concentrations of 0.5, 1, 1.5, and 2 wt %, respectively. This result has proven that the PAN
nanofiber surfaces can be tuned from hydrophilic to superhydrophobic characteristics simply by introducing PSU into the PAN
solution prior to electrospinning, where a small PSU concentration of 0.5% has been sufficient to provide the desired effect. Owing
to its low-cost and highly efficient process, this strategy may be further explored for other types of polymer-based nanofibers.

Bl INTRODUCTION

Nanofibers have been widely used in several applications that
positively affect human life (e.g., in wound dressing,"” energy
storage,3’4 humidity and gas sensors,” ! drug delivery,12 water
filtration,"® and air filtration'*"”). In the case of nanofibers
used for air filtration, they demonstrate superior properties,
such as high mechanical strength, good air permeability, ease of
modifying properties, and high filtration efﬁciency.lé’17 The air
filtration efficiency level of nanofiber-based membranes
depends on several factors. One of the most important aspects
that can influence this efficiency level is their surface
hydrophobicity.'*~*° A highly hydrophobic membrane, which
usually comes from nonpolar material, is desired because it can
repel water. Hence, the condition of the membrane can be kept
dry, and its air filtration performance can be maintained at a
high efficiency level with a longer operating lifetime.

To create nanofiber-based membranes, various fabrication
methods can be applied, by either electrospinning or
nonelectrospinning techniques (e.g,, interfacial polymerization,
drawing, spinneret-based tunable engineered parameters,
template synthesis, phase separation, self-assembly, and
freeze-drying).”" Electrospinning, however, has become the
most favorable nanofiber fabrication method because of its
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simple process, low-cost instrument, easy parameter adjust-
ment, and scalable manufacturing in the industry.’”%**7>*
Furthermore, to yield smooth and continuous nanofibers, the
selection and preparation of the polymers as a base material
should be carried out carefully because their electrospinnability
strongly relies on the opted polymer characteristics. Here,
polymer molecular weight, which reflects the entanglement
number of polymer chains in solution, has become one of the
most important factors affecting solution viscosity. Thus, low
molecular weight polymers (e.g., poly(4-vinylpyridine)
(P4VP)) are not desirable to be used because they often
result in fibers with bead structures.”

Among the polymers that can be built as nanofibers by
means of electrospinning, polyacrylonitrile (PAN) has been a
popular base material due to its high molecular weight,
excellent mechanical strength, good thermal resistance,
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Figure 1. Fabrication processes of nanofibers and thin films. The synthesis processes of polyacrylonitrile (PAN), polysulfone (PSU), and
polysulfone-blended polyacrylonitrile (PAN/PSU) solutions were carried out at a temperature of 60 °C and a rotation speed of 900 rpm with
different times according to the homogeneity of the solution. The electrospinning method was used to produce nanofibers from PAN, PSU, and
PAN/PSU solutions, while the drop-casting method was used to produce PAN and PSU thin films.

straightforward fabrication, and high flexibility in structure/
surface modification.”* > Moreover, typical diameters of
electrospun PAN nanofibers are smaller than 500 nm,>!
leading to their potential to have good air permeability and
high filtration efficiency for particles of <1 ym. Nonetheless, all
those advantageous properties also come with a drawback,
where unmodified or as-prepared PAN nanofibers typically
possess hydrophilic surface characteristics.”>** Thus, several
attempts have been made to increase their hydrophobicity
levels, which are mainly by modifying or coating their surfaces
(e.g., using fluoroamine compounds,” polytetrafluoroethylene
(PTFE),”?° and nanoparticle-doped polystyrene (PS)),
performing carbonization, and aligning their direction without
any additional surface treatment (e.g, extruding a PAN
solution through an anodic alumina template into a solidifying
solution).”” Although those approaches have successfully
demonstrated water contact angle (WCA) enhancements,
and the fabricated PAN nanofiber surfaces have been able to
be transformed from hydrophilic to hydrophobic or even
superhydrophobic characteristics, they still face several
challenges. First, fluoroamine and PTFE are among the listed
materials of per- and polyfluoroalkyl substances (PFAS), which
are a class of fluorinated organic chemicals considered as
contaminants of emerging concern produced by various
industries.”® These PFAS have been the focus of many
regulatory initiatives across Asia, the European Union (EU),
and the USA, where their use may be restricted in the near
future.*”** Second, besides adding more processing cost and
complexity, the carbonization process will result in more brittle
carbonized PAN nanofibers, lowering their robustness during
the air filtration process. Such nanofibers usually fail under
mechanical load at critical flaws.*"** Lastly, the homogeneity
of the aligned PAN nanofibers yielded by anodic alumina
template-based extrusion is difficult to control.”” Therefore,
the materials science research communities keep looking for

other alternative strategies to enhance the surface hydro-
phobicity of PAN nanofibers effectively.

In this work, a low-cost yet effective strategy to produce
superhydrophobic composite nanofiber membranes is pro-
posed, employing PAN and polysulfone (PSU) as base and
blending materials, respectively. PSU has been selected as a
surface-wetting modifier because of its hydrophobic nature,
which allows it to repel water droplets.*>™* The controllability
of morphology and wettability behavior of the PAN/PSU
nanofibrous mats having altered mixture ratios was inves-
tigated. Moreover, chemical compositions of fabricated PAN
nanofibers before and after adding different concentrations of
PSU into the solutions were analyzed to validate the presence
of PSU in PAN/PSU composite nanofibers. Finally, WCA
measurements were conducted to evaluate the hydrophobicity
enhancement of the fabricated membranes.

B MATERIALS AND METHODS

Reagents and Instruments. Polyacrylonitrile (PAN)
powder (Mw 150,000 g'mol™"), polysulfone (PSU) crystals
(Mw 22,000 g:mol™), and N,N-dimethylformamide (DMF)
were all purchased from Sigma-Aldrich, Singapore. The 1-
methyl-2-pyrrolidone (NMP) was a product of Merck,
Germany. All materials were used without any purification
process. The morphologies and chemical compositions of the
prepared nanofibers were investigated utilizing scanning
electron microscopy (SEM, JEOL JSM-6510) and Fourier-
transform infrared spectroscopy (FTIR, Thermo Nicolet iS10).
An electrospinning machine (FM-ELS001, Fumalife, Indone-
sia) was utilized to fabricate the nanofiber membrane. A water
contact angle (WCA) test instrument (Fumalife, Indonesia)
was employed to investigate the nanofiber membrane
wettability characteristics (i.e, WCA levels). Image] and
Avogadro software were used to measure the diameter of the
nanofiber and create a 3D illustration of the chemical structure,
respectively.
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Nanofiber Fabrication Process. PAN powder of 0.307 g
was dissolved into 5 mL of cosolvent solutions (DMF:NMP,
4:1) to obtain PAN solutions with a concentration of 6 wt %.
The materials were put into a 10 mL beaker glass and then
stirred using a hot plate stirrer with a rotation speed of 900
rpm and a temperature of 60 °C for 1 h. After the 6 wt % PAN
solutions had been homogeneous, PSU crystals were added
with various concentrations of 0.5, 1, 1.5, and 2 wt % to them,
which are denoted as PAN/PSU.V1, PAN/PSU.V2, PAN/
PSU.V3, and PAN/PSU.V4, respectively. The PAN/PSU
composite solutions were stirred with a rotation speed of
900 rpm and a temperature of 60 °C for 2 h. In addition to
PAN and PAN/PSU nanofibers, PSU nanofibers were also
fabricated. PSU crystals of 1.181 g were dissolved into 5 mL of
cosolvent solutions (DMF:NMP, 4:1) by a stirring process
using a hot plate stirrer with a rotation speed of 900 rpm and a
temperature of 60 °C for 4 h to obtain 20 wt % PSU solutions.
The concentrations of PAN and PSU in this research refer to
the reports of previous studies.*>*’

The solutions from the synthesis processes were put into a
10 cc:mL ™" syringe with a 25 G X 1” needle. The syringe was
then placed into the electrospinning machine for the nanofiber
fabrication process, where the needle was used as the positive
pole while the ground was connected to the plate collector.
The parameters used in the electrospinning machine were a
voltage of 10 kV and a tip-to-collector distance of 15 cm. The
electrospinning process was carried out at an ambient
temperature of (29.4 + 0.1) °C. This temperature range was
measured using a temperature sensor of SHT31 from Sensirion
AG, Switzerland, during the nanofiber fabrication process. The
illustration of the nanofiber fabrication process can be seen in
Figure 1.

Thin Film Fabrication Process. PAN, PSU, and PAN/
PSU thin films were provided in the study for comparison
purposes with the nanofiber samples. The thin films were
prepared using the drop-casting method, where the used
solutions were 6 wt % PAN, 6 wt % PAN with PSU blended in
various concentrations (i.e., 0.5, 1, 1.5, and 2 wt %) and 20 wt
% PSU with the same synthesis process as the previous section
(ie., the nanofiber fabrication process). All solutions were
dropped as much as 100 yL on a Petri dish using a
micropipette and dried overnight to obtain PAN and PSU
thin films (see Figure 1).

B RESULTS AND DISCUSSION

Morphology and Size Analysis of Nanofibers. After
synthesizing all the samples (i.e, PAN, PAN/PSU, and PSU
nanofiber membranes, and PAN and PSU thin films), their
morphologies were investigated using SEM, especially for the
PAN and PAN/PSU nanofibers, to evaluate the possible
structural modifications on surfaces and diameters of PAN
nanofibers affected by the PSU additions (see Figure 2). PAN
nanofibers have a smooth and continuous structure, as in the
previous report’® (see Figure 2a). After adding PSU with
various concentrations (0.5, 1, 1.5, and 2 wt %, denoted as
PAN/PSU.V1, PAN/PSU.V2, PAN/PSU.V3, and PAN/
PSU.V4) on PAN nanofibers, the fabricated composite
nanofibers do not undergo significant changes in their
morphologies (see Figure 2b). Here, all the PAN/PSU
nanofiber variants remain in similar sizes, and their continuity
can be kept smooth during the electrospinning process. In
addition to PAN and PAN/PSU nanofibers, SEM images of
PSU nanofibers are also provided in Figure 2c. PSU nanofibers

PAN/PSUV3 PAN/PSUVA

Figure 2. Scanning electron microscopy (SEM) images of various
nanofibers (PAN, PSU, and PAN/PSU) and thin films (PAN and
PSU). (a) PAN nanofibers. (b) Four different PAN/PSU composite
nanofibers (i.e, PAN/PSU.V1, PAN/PSU.V2, PAN/PSU.V3, and
PAN/PSU.V4 nanofibers) resulting from additions of PSU concen-
tration of 0.5, 1, 1.5, and 2 wt %, respectively. (c¢) PSU nanofibers.
The first and second rows of the nanofiber images were taken at
magnifications of 15,000X and 5,000 , respectively. Thin films made
of (d) PAN and (e) PSU. The thin film images were taken at (d)
5,000% and (e) 1,000X magnification levels.

have almost the same morphology as PAN and PAN/PSU
nanofibers (i.e, smooth and continuous). However, they
possess a much larger diameter. Figure 2 panels d and e show
the SEM images of the PAN and PSU thin films. The PAN
thin film looks to have a rough morphology. Meanwhile, the
PSU thin film appears to have a smoother and flatter texture
with some pores on its surface.

Furthermore, to determine nanofiber diameter size distribu-
tions, the acquired SEM images of PAN, PAN/PSU, and PSU
nanofibers were processed and analyzed using Image] software
(see Figure 3a—f). Based on the measurement results, the
diameter of the PAN nanofibers is (308 + 43) nm (see Figure
3a). Only a slight fiber size change was found in PAN/PSU
nanofibers, where the composite nanofiber variants of PAN/
PSU.V1, PAN/PSU.V2, PAN/PSU.V3, and PAN/PSU.V4
possessed diameters of (222 + 32), (301 + 63), (392 +
79), and (290 + 60) nm, respectively (see Figure 3b—e).
Considering the standard deviations measured from those
fibers, it is indicated that although the PSU concentration has
been changed, it does not influence the structure and size of
the nanofibers significantly, and it also indicates that their
continuity can be maintained. All four composite membranes
(PAN/PSU.V1—PAN/PSU.V4) still possessed an average
diameter of (301 + 70) nm. Figure 3f shows the size
distribution of PSU nanofibers, which indicates a larger
diameter of (917 + 214) nm. The high standard deviation
value of the measurement indicates that the PSU nanofiber has
shortcomings in maintaining size uniformity. For filtration
membranes, a smaller nanofiber diameter is more advanta-
geous.””*” Thus, PAN/PSU nanofibers provide more desirable
characteristics than PSU nanofibers. Moreover, according to
SEM images of all fabricated nanofibers, PAN/PSU nanofibers
have a smooth morphology and good continuity for all
variations. Differences in nanofiber size distribution are
depicted in Figure 3g. Nonetheless, again, the nanofiber
diameter can be tuned by adjusting the electrospinning
parameters (e.g,, collector speed solid continual cylinder,
working voltage, and tip-to-collector distance).

Chemical Analysis of Nanofibers. After confirming the
structural characteristics of the PAN and PAN/PSU composite
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Figure 3. Size distributions of PAN, PSU, and PAN/PSU nanofiber membranes. Measured size distributions of (a) PAN, (b) PAN/PSU.V], (c)
PAN/PSU.V2, (d) PAN/PSU.V3, (e) PAN/PSU.V4, and (f) PSU nanofibers. (g) Evaluation of the measured diameters of different nanofibers.
The nanofiber diameters were determined using ImageJ based on the SEM images shown in Figure 2.

nanofibers using SEM, we performed FTIR spectroscopy to
analyze their chemical compositions (see Figure 4). In

PSU crystal
——PAN/PSU.V1

PAN/PSU.V2 —— PAN/PSU.V4
PAN/PSU.V3 ——PAN

=0 bending —_, M ¢ ¢ ¢

Polysulfone (PSU)
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Transmittance (%)
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Figure 4. Fourier-transform infrared (FTIR) spectra and illustration
of possible bonding of the prepared PAN/PSU composite nanofibers.
In addition to four PAN/PSU nanofiber variants (i.e., PAN/PSU.V1,
PAN/PSU.V2, PAN/PSU.V3, and PAN/PSU.V4 nanofibers), both
bare PAN nanofibers and PSU crystals were also characterized in
terms of their FTIR spectra. A single covalent bond (¢ bond) occurs
in PAN/PSU composite nanofibers.

addition, an additional sample of bare PSU crystals was also
prepared and characterized to ensure that the characteristics of
PSU additions could be seen in the PAN/PSU composite
nanofibers.

For the PAN nanofibers, two characteristic peaks at 2924
and 2243 cm™! were observed, indicating the presence of C—H
and C=N stretching, respectively.”' Besides them, a C—H
bending peak was also seen at 1452 cm™'.>* Meanwhile, for the
PSU crystals, although a C—H stretching peak was also
observed at 2925 cm™!,>*** similar to that of PAN nanofibers,
a different characteristic_ qpeak at 1321 cm™' was found,
indicating S=O bending.™

Considering those peaks at bare PAN nanofibers and bare
PSU crystals, the appearing characteristic peaks of PAN/PSU
nanofibers were expected to be a combination of peaks from
both bare PAN nanofibers and bare PSU crystals. Indeed, they
have been evident from the presence of C—H and C=N
stretching peaks at 2926 and 2243 cm™!, respectively. In
addition, the effect of PSU addition on the PAN/PSU
nanofibers was also observed in the S=O bending peak at
1322 cm™, which did not appear in the PAN nanofibers (see
Figure 4). This S=O bending peak became higher when the
PSU concentration was increased. Hence, the strongest FTIR
spectroscopy signal was depicted by the PAN/PSU.V4 sample
with a PSU concentration of 2 wt %.

29843

In the PAN/PSU composite, the reaction possibly comes
from the carbon atom (C) in the nitrile group (—CN) of PAN
and engages in a nucleophilic attack on the sulfur atom (S) in
the sulfonyl group (SO,) of PSU.***” This process is predicted
to break the carbon—nitrogen bonds in the nitrile group and
the sulfur—oxygen bonds in the sulfonyl group. This reaction
leads to a new covalent bond, with the copolymer exhibiting a
chemical structure that integrates repeating units from PAN
and PSU. The specific type of bond formed is expected to be a
single covalent bond (o bond) (see Figure 4).

Water Contact Angle Analysis. The final assessment
carried out for the fabricated nanofibers (i.e., PAN, PAN/PSU,
and PSU nanofibers) and thin films (i.e., PAN, PAN/PSU, and
PSU thin films) was WCA analysis. This WCA characterization
is a widely used test to determine the level of hydrophilicity
and hydrophobicity of a coating or material.”> WCA
measurements were performed three times (n = 3), where
the standard deviation (SD) value was used as the error value.
Figure Sa shows the result of the WCA analysis of PAN
nanofiber. It is obvious that prior to any blending treatment,
the PAN nanofiber surface has hydrophilic properties with a
WCA value of (14 + 1)°. A similar WCA value was obtained
by the PAN thin film, which is (13 + 1)° (see Figure Sb). After
the addition of PSU, the WCA values of the composite
nanofibers increased significantly up to (156 + 6)°, (160 +
4)°, (156 + 6)°, and (158 + 4)° for PAN/PSU.V1, PAN/
PSU.V2, PAN/PSU.V3, and PAN/PSU.V4 nanofibers, respec-
tively (see Figure Sc). The increase in WCA occurs because
the nanofibers obtained an additional property from PSU,
which is hydrophobic. Here, the bare PSU nanofibers possess a
WCA of (163 + 2)° (see Figure S5d). Interestingly, the
wettability conversion from a hydrophilic surface (WCA ~
14°) in bare PAN condition to a superhydrophobic surface
(WCA > 150°) in PAN/PSU composite structures could be
obtained even at the lowest tested PSU concentration of 0.5 wt
%.

In such nanofibrous mats, two essential features are typically
responsible for the obtained superhydrophobicity (high
WCA), which are the low surface energy and rough surface
morphology (surface roughness/smoothness) of the fiber
surfaces.’” %" Here, unblended PAN nanofibers exhibited
poor hydrophobicity because of their polar functional groups
(e.g., amide linkage and hydroxyl groups in the PAN chains).”
From SEM images in Figure 2, their morphology and surface
are smooth without any bead structures. Thus, surface
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Figure S. Water contact angle (WCA) analysis of the nanofibers (PAN, PSU, and PAN/PSU) and thin films (PAN, PAN/PSU, and PSU). (a)
PAN nanofiber and (b) PAN thin film have a low WCA of <14.2°, indicating their hydrophilic properties. (c) After the addition of PSU to the
nanofiber (i.e, PAN/PSU.V1, PAN/PSU.V2, PAN/PSU.V3, and PAN/PSU.V4), the nanofiber experiences an increase in WCA until it reaches the
superhydrophobic level (>156°). (d) PSU nanofiber has superhydrophobic characteristics. (e) PSU thin film shows a low WCA, indicating the
superiority of the nanofiber structure compared to the thin film. (f) WCA of PAN/PSU thin film (<28°). A summary of the measured WCA values

for all fabricated (g) nanofibers and (h) thin films.

roughness improvement of the PAN material was simply
coming from its modification from planar to 3D nanofiber
structures. It has been known that the hydrophobicity of solid
surfaces can be enhanced by physically increasing their
roughness (e.g., creating 3D nanostructures like nanoparticles,
nanofibers, nanorods, or nanopillarséz_és), so that the air can
be trapped inside the nanoscopic surface textures. This has
been proven in the WCA result comparison between the
nanofiber and thin film forms of both PAN and PSU, where
the nanofiber yields higher WCA (see Figure Sa)b and Figure
5d,e). In addition, this phenomenon can also be found in
PAN/PSU thin films, which have a WCA of <28°. A summary
of the measured WCA values for various nanofiber and thin
film samples can be seen in Figure 5g/h, respectively.

In the case of the PAN/PSU nanofiber, the fraction of
liquid—solid contact can be dramatically decreased, yielding
high liquid repellency.”®” Nonetheless, in reality, when the
nanofiber membranes are used as particle filters, they can
potentially be exposed to harsh environments (e.g., raining
storms). Here, the water pressure influenced by the external
factors (e.g., droplet impact) can be greater than the critical
pressure at the air—liquid interface, resulting in a transition
from the Cassie—Baxter nonwetting state to the Wenzel
wetting state, where water is steeped into the surface textures
and cannot overcome the energy barrier to return to the
nonwetting state. %

Again, besides morphology enhancement, surface chemistry
modification by PSU dopants plays a critical role in the
resulting superhydrophobicity of PAN/PSU composite nano-
fibers since it changes their surface energy. As we did not do
any further treatment of the received PSU (see Materials and

Methods section), the original nature of hydrophobicity
affecting low surface energy of PSU can be kept in the
PAN/PSU mixture solution before and after electrospinning. It
should be mentioned that, in other studies, the hydrophobicity
of such PSU can be converted to hydrophilicity, e.g., by oxygen
plasma’® and bovine serum albumin (BSA) solution”'
treatments. However, in our case, these additional treatments
are not required, keeping the low-cost preparation process of
the PAN/PSU composite nanofiber membranes. Moreover,
PSU is a nonpolar active group, which has a low affinity for
water. Low affinity for water makes it very difficult for PSU to
interact with water. When PSU is mixed into PAN, and a
composite solution is formed, the nature of PSU, which has a
low affinity for water, makes the composite solution have the
same properties. Thus, PAN/PSU also has a high level of
hydrophobicity (based on WCA in Figure S).

B CONCLUSIONS

Superhydrophobic polysulfone-blended polyacrylonitrile
(PAN/PSU) composite nanofiber membranes have been
fabricated in this study using an electrospinning technique.
Scanning electron microscopy (SEM) results determine that
the bare PAN nanofibers have a smooth and continuous
structure with a diameter of (308 + 43) nm and do not
undergo significant changes in morphology and size after
adding PSU. Fourier-transform infrared (FTIR) spectra show a
change in chemical composition after the addition of PSU; the
absorption peaks of the PAN/PSU nanofibers were observed,
as found in both the spectra of PAN nanofibers and PSU
crystals, indicating that the blending process of these two
polymers was successful. The hydrophobicity of the nanofibers,
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an important property concerning air filtration performance,
was determined based on the analysis of the water contact
angle (WCA). The PAN/PSU composite nanofibers can yield
a WCA value of >156°, demonstrating their superhydrophobic
characteristics, which are similar to that of PSU nanofibers
(ie, (163 + 2)°). Therefore, the fabricated nanofibers are
expected to have high potential to be applied as an air filtration
membrane. However, the particle filtration performance of the
PAN/PSU nanofiber membranes still needs to be evaluated in
the next study to validate their practical applications.
Moreover, the currently fabricated membranes are still limited
to the use of a standard lab-scale needle-based electrospinning,
which cannot implement a typical industrial-scale roll-to-roll
electrospinning process. Thus, the employed PAN and PSU
concentrations, as well as other processing recipe parameters
shown in this study, require adjustment when this polymer
blending strategy is transferred to industry to unlock its full
high potential for manufacturing real membrane products.
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