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Excessive particulate matter (PM) concentrations in the air can negatively impact the environment and
harm human health. Hence, this issue must be addressed immediately. In this study, we developed a
filtration membrane for PM; o and PM, s based on polyacrylonitrile/polysulfone/polytetrafluoroethylene
(PAN/PSU/PTFE) composite nanofibers using an electrospinning method. Numerous characterization
studies (i.e., scanning electron microscopy (SEM), water contact angle (WCA) measurement, Fourier-
transform infrared (FTIR) spectroscopy, tensile strength test, and thermogravimetric analysis (TGA)) were
conducted to determine the surface morphology, hydrophobicity level, chemical composition,
mechanical strength, and heat resistance of nanofibers, respectively. The fabricated PAN/PSU/PTFE
nanofibers possess smooth and continuous morphology with sizes ranging from 270 to 407 nm,
superhydrophobic surface characteristics (WCA > 153°), and temperature stability at 300 °C. Furthermore, in
terms of their performance as a PM filter, they demonstrate high filtration efficiency values of (99.2 + 0.2)%
and (99.3 + 0.2)% for PM;g and PM,s with a pressure drop of (415 + 5) Pa, resulting in quality factor (QF)
values of (11.7 + 0.6) x 107 Pa~t and (11.9 + 0.7) x 10~ Pa~%, respectively. In addition, the membrane still
maintains its performance after 4 months. All these results indicate the high potential of the proposed PAN/
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1. Introduction

Particulate matter (PM) is one of the most common air pollutants.
PM comes from various sources (e.g., vehicle emissions,"* forest
fires,>> power plants,® combustion,”® and industrial pro-
cesses” *"). Based on its size, PM is divided into several categories,
i.e., PMy 3 (diameter 0.3-1 pm), PM; o (diameter 0.3-1 um), PM, 5
(diameter 1-2.5 pm), PM,, (diameter 2.5-4 pm), and PM,,
(diameter 4-10 pum)."> The large concentration of PM in the air
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PSU/PTFE nanofiber membrane as a PM filter in harsh environments.

can negatively impact the environment, such as reducing
air quality,">'* affecting climate change,”'® damaging
ecosystems,'”'® and reducing eyesight. In addition, because
of its fine size, PM is not only able to enter bronchi and
alveoli,’”?° causing inflammation in the respiratory tract,*'
but can also lead to cardiovascular disease.">*"*® The estimated
mortality rate affected by air pollution, mostly by PM, 5 in 2010,
was 3.15 million people.”® Data from the World Health Organiza-
tion (WHO) in 2016 indicated that 95% of the world’s popula-
tion lives in places with PM levels exceeding the threshold
(10 ug-m™>).*” Moreover, the “Global State of the Air Report
2020” stated that in 2019, there were about 6.67 million pre-
mature deaths related to indoor and outdoor air pollution.>®
All these conditions have led to an urgent requirement to not only
develop real-time PM monitoring devices but also reduce PM
concentrations in the air.”*™*"

Various methods have been introduced to reduce PM levels
in the air, including using PM reducers (e.g., cyclone dust
collectors and filter bags) in PM-producing sites. Cyclone dust
collectors have been proven to enable PM reduction with high
efficiency, low energy consumption, and easy maintenance.*>*
Meanwhile, filter bags provide high removal efficiency against
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fine particles and high flexibility in their application.***°
However, both methods still have drawbacks. On the one hand,
cyclone dust collectors possess low efficiency against fine
particles and decreased efficiency at low airflow rates.>’=®
On the other hand, filter bags also have limitations such as
high cost, complex maintenance, and unsuitability to be used
in harsh environments with either extreme temperatures or
very high humidity.*

As an alternative PM filtration method, electrospun
nanofiber-based membranes have been widely developed and
used considering their advantageous properties (e.g., small
fiber diameters, fine pores, and high filtration efficiency
against PM*°*?). The electrospinning method is often used to
fabricate the nanofibers because of its simple setup preparation
and proven capability to yield nanofibers with good morpho-
logies.>*™** Moreover, nanofibers with high heat and moisture
resistance for harsh environment applications can be obtained
by simply modifying hydrophobic polymer nanofiber bases
with other materials having low mass degradation against
temperature, resulting in composite nanofiber membranes.
In previous studies, efforts have been made to compose such
composite nanofibers by blending heat and moisture-resistant
materials.?”*1*%:46

In this study, we propose a novel electrospun composite
nanofiber membrane by blending polyacrylonitrile (PAN) as the
nanofiber base with polysulfone (PSU) and polytetrafluoro-
ethylene (PTFE) that act as modifying materials to improve
hydrophobicity and decrease mass degradation against high
temperature, respectively. The high hydrophobicity of nanofi-
bers (even up to superhydrophobic levels) can help to reduce
moisture on the nanofiber, thus preventing the nanofiber from
being damaged due to water absorption. In addition, good
hydrophobicity has the potential to create anti-fouling and
anti-clogging properties in the nanofiber membrane,*”**® giving
it a longer lifetime. Besides, high-temperature resistance also
plays an important role, and it can make nanofiber-based
filtration membranes have the potential to be applied to high-
temperature PM-generating sources, such as vehicle exhaust
(30-80 °C)*”*>*° and coal-burning furnaces (70-180 °C).>' For
the fabricated nanofiber in this study, several characterization
studies (i.e., scanning electron microscopy (SEM), water contact
angle (WCA) measurement, Fourier-transform infrared (FTIR)
spectroscopy, tensile strength test, and thermogravimetric analy-
sis (TGA)) were carried out to determine surface morphology,
hydrophobicity level, chemical composition, mechanical strength,
and heat resistance of nanofibers, respectively. Besides those
basic material investigations, the fabricated PAN/PSU/PTFE nano-
fiber membranes were assessed in PM filtration tests to classify
their filtering capabilities and long-term durability. From this
research, the characteristics of the PAN/PSU/PTFE nanofiber,
including its PM; , and PM, 5 filtration efficiencies, were obtained,
although the conducted performance evaluations were still limited
to laboratory-scale testing. Further study should include the direct
assessment of the fabricated nanofiber in real environmental fields
containing a more complex mixture of different PMs (e.g., for
applications in industrial combustion or vehicles). In addition,
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the batch fabrication process still needs to be developed to meet
industry demands, where the reproducibility, homogeneity, and
upscaling of the nanofiber-based filtration membrane in mas-
sive quantities will be the main focus areas of the next research.

2. Materials and methods

2.1. Materials

Polyacrylonitrile (PAN) powder (M,, 150000 g mol %), poly-
sulfone (PSU) crystals (M,, 22000 g-mol '), N,N-dimethyl for-
mamide (DMF), polytetrafluoroethylene (PTFE) powder (mean
particle size of 6-9 um), and 1-methyl-2-pyrrolidone (NMP) were
all purchased from Sigma Aldrich, Singapore. As a PM source,
potassium chloride (KCl, M, 74.55 g-mol ') was purchased
from BDH Chemicals Ltd, UK. All materials were used without
any purification process.

2.2. Nanofiber fabrication

The 6 wt% PAN solution was obtained by dissolving 0.3 grams
of PAN powders into 5 mL of cosolvent solutions (DMF:
NMP, v:v, 4:1). The solution was stirred using a hot plate
stirrer at 60 °C with a rotating speed of 900 rpm for 1 hour to
obtain a homogeneous PAN solution. PSU crystals of 1 wt%
were added to the PAN solution (denoted as PAN/PSU) and
stirred with the same temperature and stirring speed for
2 hours. After the PAN/PSU solution was blended homoge-
neously, PTFE powders with different concentrations of
0.1 wt%, 0.3 wt%, and 0.5 wt% were added to it (denoted as
PAN/PSU/PTFE.1, PAN/PSU/PTFE.2, and PAN/PSU/PTFE.3,
respectively). The PAN/PSU/PTFE solution was then stirred at
60 °C at a rotating speed of 900 rpm for 3 hours until the
solution was mixed uniformly. An illustration of the solution
synthesis process is shown in Fig. 1a.

To fabricate the nanofibers, three different solutions
(i.e., PAN, PAN/PSU, and PAN/PSU/PTFE) were separately put
into a 10-ml syringe (Terumo, Japan). The syringe was placed
and mounted into an electrospinning machine (FM-ELS001,
Fumalife, Indonesia), where strong electric fields were gener-
ated between the syringe tip and the plate collector. The plate
collector was connected to the ground while the syringe tip was
supplied with a positive potential. The polymer solution was
electrospun with a voltage of 10 kv and a tip-to-collector
distance of 15 cm at room temperature of (28.4 + 0.1) °C
(measured with a SHT31 sensor, Sensirion AG, Switzerland)
for ~28 hours for a total volume of 20 mL of polymer solution
for each PM filtration testing membrane. An illustration of the
nanofiber fabrication process can be seen in Fig. 1b.

2.3. Nanofiber characterizations

The surface morphologies of all fabricated nanofibers (i.e., PAN,
PAN/PSU, and PAN/PSU/PTFE) were investigated using scanning
electron microscopy (SEM, JEOL JSM-6510), where their diameter
distributions and porosity were analyzed using ImageJ software
based on the captured SEM images. Water contact angle (WCA)
measurements were conducted to determine the wettability of the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Solution synthesis and electrospinning processes to fabricate composite nanofibers. (a) Three different solutions were prepared, ie.,
polyacrylonitrile (PAN), polyacrylonitrile/polysulfone (PAN/PSU), and polyacrylonitrile/polysulfone/polytetrafluoroethylene (PAN/PSU/PTFE). (b) These
solutions were transformed into nanofibers using an electrospinning machine. The parameters used in the electrospinner were a voltage of 10 kV and a

tip-to-collector distance of 15 cm.

nanofibers, and the WCA values were calculated using Image]
software from images of water droplets on nanofiber membrane
surfaces. Fourier-transform infrared (FTIR) spectroscopy (Thermo
Nicolet iS10) was used to determine the chemical compositions of
the fabricated bare PAN and composite (PAN/PSU and PAN/PSU/
PTFE) nanofibers, PSU crystals, and PTFE powders. The tensile
strengths of the fabricated nanofibers were measured using a
motorized pull tester (Imada MX2). The mass degradation with
increasing temperature of the fabricated nanofibers was observed
using thermogravimetric analysis (TGA, DTG-60 Shimadzu). The
filtration efficiency of nanofiber membranes against PM, , and
PM, ;5 and pressure drop were measured using a custom-built PM
filtration setup (Nano Filtrack, Universitas Gadjah Mada,
Indonesia).

2.4. PM filtration setup

Fig. 2 shows a schematic of the used PM filtration setup (Nano
Filtrack, Universitas Gadjah Mada, Indonesia). The airflow was
generated from an oil-less air compressor integrated with a
humidity control and filter regulator unit to remove moisture,
ensure air purity, and regulate air pressure and flow rate. The
air was directed to the aerosol generator, where the PM source
from KCl was generated. The aerosol generator comprised a 4.5-
liter box with two large fans to spread the KCI powder. There
were two valves connected to the aerosol generator. Valve 1
controlled airflow from the oil-less compressor to the aerosol
box, and valve 2 regulated airflow to the filtration test site (FTS).
A flowmeter was installed in the tube to the FTS to measure the

© 2024 The Author(s). Published by the Royal Society of Chemistry

airflow rate (liters per minute, 1 pm). The FTS was equipped
with different sensors, i.e., differential pressure and PM coun-
ter sensors. A differential pressure sensor measured the pres-
sure drop after passing through the nanofiber-based filtration
membrane. PM counter sensors measured the concentrations
of PM,;, and PM, s before and after passing through the
nanofiber-based filtration membrane. A high-efficiency parti-
culate air (HEPA) filter was installed at the end of the FTS to
prevent PM from dispersing into the air.

This study used an airflow of 30 Ipm and 1 gram of KCl as a
PM source for one filtration process. All data obtained from the
air filtration setup were stored on a personal computer (PC).
The filtration efficiency () of the fabricated nanofiber
membrane was calculated using eqn (1):

n= (1 —g> x 100% (1)

Co
where C, and C; are concentrations of the PM before and after
the filtration process.”**>>* To comprehensively assess the
overall performance of the fabricated nanofiber membranes
in PM filtration, the quality factor (QF) variable was determined

(eqn (2)):

In(1 —#n)
QF = AP 2)

where AP is the pressure drop.>**’

Different deposition methods can be used to trap PMs or
particles onto such collecting materials (e.g., filtering nanofiber

Mater. Adv., 2024, 5, 9731-9743 | 9733
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Fig. 2 Particulate matter (PM) filtration setup. The filtration test site (FTS) comprises different types of sensors, i.e., a differential pressure sensor to
measure the pressure difference of airflow after and before passing through the nanofiber-based filtration membrane and two PM counter sensors to
monitor the amount of PM; g and PM, 5 before and after the filtration process. During the filtration test, potassium chloride (KCl) powder is employed as a

PM source flown into the FTS.

membranes in this study), including inertial impaction,’®®’

electrostatic precipitation,”®*®" and thermophoretic separa-
tion.®”** Among them, our filtration test has adapted the
impaction method, in which we applied neither static electri-
city nor temperature gradient to the membrane. Here, corona
discharge is typically used to charge the particles/PMs to
enhance the sampling/removal efficiency,®*®® but was not
involved in our filtering nanofiber membrane. Thus, during
the filtration test, the flowing PMs were mainly impacted and
subsequently collected onto the tested nanofiber membrane
(see Fig. 2).

3. Results and discussion

3.1. Morphology of the PAN/PSU/PTFE nanofiber membrane

The surface morphologies of the fabricated nanofiber mem-
branes are analyzed from the SEM images (see Fig. 3a),
which were taken at two different magnifications (15 000x
and 5000, in the first and second rows, respectively). Here, the
PAN nanofiber has a smooth and continuous morphology,
which is in accordance with previous studies.®”””* The addition
of PSU into the PAN solution does not significantly change the
morphology of the PAN/PSU nanofiber. After adding 0.1 wt% of
PTFE into the PAN/PSU solution, the fabricated PAN/PSU/
PTFE.1 nanofiber seems to have a larger diameter, although
its morphology can be kept smooth and continuous. However,
the diameter of the PAN/PSU/PTFE nanofiber has briefly
decreased as the added PTFE concentration is set to be at
higher values (i.e., 0.3 wt% and 0.5 wt% for PAN/PSU/PTFE.2
and PAN/PSU/PTFE.3 samples, respectively).

9734 | Mater. Adv., 2024, 5, 9731-9743

Fig. 3b-f show the measured diameter distributions of all
fabricated nanofibers (i.e., PAN, PAN/PSU, PAN/PSU/PTFE.1,
PAN/PSU/PTFE.2, and PAN/PSU/PTFE.3), which are analyzed
using Image] software to validate the change in fiber diameter
after the addition of PSU and PTFE into PAN solution.
As depicted in Fig. 3b and c, the diameters of PAN and PAN/
PSU nanofibers are found to be similar (i.e., (306 £ 42) nm
and (292 + 46) nm, respectively). This result indicates an
insignificant influence of PSU dopants on PAN nanofiber
diameter. However, confirming its appearance in the SEM
image (Fig. 3d), the PAN/PSU/PTFE.1 nanofiber diameter
has been enlarged to be (407 £ 60) nm, which is larger than
that before the PTFE blending. The dispersion of PTFE powder
on the nanofiber is believed to be the root cause of the
increase in nanofiber diameter. However, interestingly, as
displayed in Fig. 3e and f, further increasing the PTFE concen-
tration can result in smaller diameters of PAN/PSU/PTFE.2
(i.e., (402 £+ 64) nm) and PAN/PSU/PTFE.3 (i.e., (270 £+ 57) nm)
nanofibers, respectively. Despite the changing diameters
of nanofibers after being blended with PSU and PTFE, their
sizes can still be maintained in the range of 270-407 nm
(see Fig. 3g).

Fig. 3h shows the porosity measurement results of the
fabricated nanofibers using the adjusted threshold method of
Image] software. The porosity value of the nanofiber is highly
dependent on its diameter size. The smaller the nanofiber size,
the higher the porosity of the membrane. This statement is
supported by the obtained porosity measurement results. The
porosity of PAN nanofiber is 60.81% and increased to 60.93%
after adding PSU. However, once PTFE has also been involved
in the solution, the fabricated PAN/PSU/PTFE.1 nanofiber

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Morphology, size distribution, and porosity of the fabricated nanofiber membranes. (a) Scanning electron microscopy (SEM) images of
nanofibers with two different magnifications of 15000x (first row) and 5000x (second row). SEM images show that all fabricated nanofibers have a
smooth and continuous morphology. Diameter distributions of nanofibers analyzed using ImageJ software: (b) PAN, (c) PAN/PSU, (d) PAN/PSU/PTFE.1,
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the diameter measurement results of fabricated nanofibers. (h) Porosity of the fabricated nanofibers. The PAN/PSU/PTFE.3 nanofibers experience an

increase in porosity compared to

yields a lower porosity value of 52.71%, which is attributed to
the significant increase in its diameter. Meanwhile, for PAN/
PSU/PTFE.2 and PAN/PSU/PTFE.3 nanofibers, their porosities
are 57.69% and 65.26%, respectively. Compared to the other
fabricated nanofibers, the PAN/PSU/PTFE.3 nanofiber demon-
strates the highest porosity, which is affected by its smallest

diameter (see Fig. 3f).

PAN nanofibers.

3.2. Wettability of the PAN/PSU/PTFE nanofiber membrane

The wettability of the nanofiber membrane was determined by
measuring its water contact angle (WCA) value. Membrane
surfaces can be categorized as having hydrophilic, hydropho-
bic, and superhydrophobic characteristics when they possess
WCA values of <90°, 90°-150°, and >150°, respectively.72

Fig. 4a shows the WCA measurement results of the fabricated

© 2024 The Author(s). Published by the Royal Society of Chemistry
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PAN nanofiber obtains the highest tensile strength, while the other nanofiber variants (PAN/PSU and PAN/PSU/PTFE) exhibit similar tensile characteristics.
The thermogravimetric analysis (TGA) of (e) PAN and PAN/PSU nanofibers and (f) PAN/PSU/PTFE.1, PAN/PSU/PTFE.2, and PAN/PSU/PTFE.3 nanofibers. (g)
The mass percentage of fabricated nanofibers at ~300 °C. The test result shows that adding PTFE can increase the heat resistance of nanofibers up to a

temperature of ~300 °C.

nanofiber membranes. Data were collected three times (n = 3),
and the error value was taken from the standard deviation.
Here, the PAN nanofiber has a WCA of (14 + 1)°, indicating its
hydrophilic property. Such hydrophilic surfaces are less desir-
able in their application as PM filtration membranes because
they can easily bind water, which can reduce the lifetime of the
membranes. In addition, surfaces with hydrophilic properties
tend to suffer from rapid fouling and clogging.*”*®

After the addition of PSU, there is a significant increase in
WCA value to (160 + 4)°, which can be categorized as a super-
hydrophobic membrane. The increase in PAN/PSU nano-
fiber hydrophobicity is due to the nanofiber being affected by
the hydrophobic nature of PSU.”> Here, adding only a small
amount of PSU (1 wt%) to the polymer solution has sufficiently
transformed the original hydrophilic surface property of PAN
nanofibers to the superhydrophobic surface characteristic of
PAN/PSU.” After adding PTFE in various concentrations of
0.1 wt% (PAN/PSU/PTFE.1), 0.3 wt% (PAN/PSU/PTFE.2), and
0.5 wt% (PAN/PSU/PTFE.3), slight decreases in their WCA
values were found compared to that of the PAN/PSU nanofiber.
WCA values of (153 + 4)°, (158 + 1)°, and (155 + 3)° were measured
for PAN/PSU/PTFE.1, PAN/PSU/PTFE.2, and PAN/PSU/PTFE.3

9736 | Mater. Adv,, 2024, 5, 9731-9743

nanofibers, respectively. Again, although their WCA values have
been lowered to some extent, the PAN/PSU/PTFE nanofiber
membranes still demonstrate superhydrophobic characteris-
tics, which are significantly different compared to a hydrophilic
PAN nanofiber without PSU/PTFE blending (see Fig. 4b).

3.3. Chemical composition of the PAN/PSU/PTFE nanofiber
membrane

Fig. 4c shows the FTIR spectra of all the fabricated nanofibers
(i.e., PAN, PAN/PSU, PAN/PSU/PTFE.1, PAN/PSU/PTFE.2, and
PAN/PSU/PTFE.3), PSU crystals, and PTFE powders highlighting
their typical characteristic peaks. The PAN nanofiber is seen to
have peaks at 2925 cm™ ' and 2243 cm ™ *, suggesting the presence
of C-H stretching and C==N stretching, respectively.”* There is
also a peak at 1452 cm ™', which indicates the presence of C-H
bending.®® In PSU crystals, a typical peak at 1321 cm ™ signifies
the presence of S0 bending.”> PAN/PSU nanofibers are expected
to have a combination of peaks from PAN nanofibers and PSU
crystals. The FTIR spectrum of the PAN/PSU nanofiber shows that
there are peaks of C-H stretching, C=N stretching, C-H bend-
ing, and S=O0 bending,”* the same peaks found in PAN nanofiber
and PSU crystals. The spectrum of PTFE powders is also presented

© 2024 The Author(s). Published by the Royal Society of Chemistry
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to investigate the effect on the chemical composition of the PAN/
PSU nanofiber after adding PTFE powders. In the PTFE spectrum,
there are characteristic peaks at 1200 cm ' and 1145 cm %,
indicating the presence of C-F stretching,”®”” where these peaks
are also slightly visible in the PAN/PSU/PTFE nanofiber. From
these results, it can be validated that the PSU crystals and PTFE
powders have been successfully blended into PAN nanofibers.

3.4. Mechanical strength of the PAN/PSU/PTFE nanofiber
membrane

Tensile strength testing was conducted to determine the mechan-
ical strength of the fabricated nanofibers (see Fig. 4d). The PAN
nanofiber has a tensile strength of (5.2 + 0.4) MPa. After the
addition of PSU (PAN/PSU nanofiber), there is a decrease in tensile
strength to (3.7 £ 0.1) MPa. The decrease in tensile strength of the
nanofiber occurs due to the influence of PSU, which makes the
nanofiber break more easily. From the previous study, the tensile
strength of PSU was found to be lower than that of PAN.”®
However, the decrease is not too significant. In the PAN/PSU/
PTFE nanofiber, there is an increase in tensile strength when
compared to PAN/PSU nanofiber. The tensile strength values of
PAN/PSU/PTFE.1, PAN/PSU/PTFE.2, and PAN/PSU/PTFE.3 amo-
unted to (4.2 £ 0.3) MPa, (4.1 £+ 0.1) MPa, and (4.1 + 0.2) MPa,
respectively. From the test results, it can be seen that the addition
of PTFE to the nanofiber can increase its tensile strength. The
tensile strength value of the PAN/PSU/PTFE nanofiber membrane
was comparable to the previously reported PM filtration
membrane based on an electrospun nanofiber.”**!

3.5. Heat resistance of the PAN/PSU/PTFE nanofiber
membrane

Fig. 4e—g show the TGA results of the fabricated nanofibers. The
data show the residual weight percentage of the nanofiber
against increasing temperatures in the range of 25-600 °C.
Fig. 4e depicts the TGA test results of PAN and PAN/PSU
nanofibers to evaluate the effect of PSU addition on heat-
resistant properties. Several studies have shown that PAN and
PSU start to degrade in mass at ~300 °C%* and ~230 °C,*
respectively, indicating a possible decrease in the heat resis-
tance properties of the nanofiber when PSU is added. The TGA
results in Fig. 4e strengthen this statement. At 100 °C, the PAN
and PAN/PSU nanofibers have 97.3% and 96.6% residual
weight percentages, respectively. When the temperature was
increased to 200 °C and 300 °C, the residual weight percentages
of the PAN nanofiber were 94.7% and 93.3%, while those of the
PAN/PSU nanofiber became 94.0% and 92.7%. Increasing the
temperature to 600 °C has further lowered the remaining
weight percentages of both PAN and PAN/PSU nanofibers to
61.2% and 58.9%, respectively. These results prove that the
mass degradation of the PAN/PSU nanofiber is faster than that
of the PAN nanofiber, which is believed to be due to the effect
of the addition of PSU, which has a lower glass transition
temperature (7,) of about 185 °C.** Thus, even though the
addition of PSU can significantly increase the hydrophobicity
of the fabricated nanofiber, it has disadvantages in the heat
resistance of the fabricated nanofiber. Therefore, here, we have

© 2024 The Author(s). Published by the Royal Society of Chemistry
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added PTFE to solve this drawback, as a polymer that has a high
melting point of 330-342 °C.%>%¢

Fig. 4f shows the mass percentage of nanofiber after the
addition of PTFE (PAN/PSU/PTFE nanofiber) against increasing
temperature. At 100 °C, 200 °C, and 300 °C, the mass percen-
tages of the PAN/PSU/PTFE.1 nanofiber are 97.4%, 95%, and
93.5%, respectively, while those of the PAN/PSU/PTFE.2 nano-
fiber are 97.4%, 95.2%, and 93.5%, respectively. Having the
largest concentration of PTFE among other fabricated compo-
site nanofibers at those three respective temperatures, the PAN/
PSU/PTFE.3 nanofiber has slightly higher mass percentages of
97.6%, 95.4%, and 93.6%. Based on these results, it can be seen
that the higher the concentration of PTFE, the lower the mass
degradation of the nanofiber towards increasing temperature.
In other words, introducing higher PTFE concentration into the
nanofiber can achieve higher heat resistance. The increased
temperature resistance of the PAN/PSU/PTFE nanofiber is
believed to be due to the addition of PTFE to the nanofiber,
which has high heat resistance (i.e., temperature stability at
500 °C).*”®® The increased heat resistance of the fabricated
nanofibers after the addition of PTFE can be seen at 300 °C (see
Fig. 4g), which can already be categorized as a high temperature
and is higher than the temperature of the heat flow from
several PM sources, such as vehicle exhausts (30-80 °C)*”*%>°
and coal-burning furnaces (70-180 °C).>! At 300 °C, the mass
percentages of 93.3%, 92.7%, 93.5%, 93.5%, and 93.6% were
measured for PAN, PAN/PSU, PAN/PSU/PTFE.1, PAN/PSU/
PTFE.2, and PAN/PSU/PTFE.3 nanofibers, respectively. Here,
after the addition of PTFE, the heat resistance of the nanofiber
can be increased even higher than that of the PAN nanofiber
while maintaining its superhydrophobic surface characteristic.
Thus, the proposed PAN/PSU/PTFE nanofiber is not only super-
hydrophobic but also resistant to high temperatures.

3.6. PM,, and PM, ; filtration performance of the
PAN/PSU/PTFE nanofiber membrane

The filtration performance of the fabricated nanofiber mem-
branes was tested against PM; , and PM, ;. Fig. 5a shows the
efficiency of the fabricated nanofiber membranes against PM; .
The resulting filtration efficiency values are (98.3 £ 0.6)%, (99.3 £
0.2)%, (98.5 + 0.3)%, (99.2 + 0.2)%, and (98.2 + 1.5)% for PAN,
PAN/PSU, PAN/PSU/PTFE.1, PAN/PSU/PTFE.2, and PAN/PSU/
PTFE.3 nanofibers, respectively. When tested on PM,s, as
shown in Fig. 5b, they obtain similar filtration efficiency values,
which are (98.8 £ 0.1)%, (99.4 & 0.2)%, (98.6 + 0.3)%, (99.3 +
0.2)%, and (98.3 + 1.5)%, respectively. Overall, the efficiency
of the fabricated nanofibers towards PM, 5 is greater than that
towards PM;,, as shown in Fig. 5c. The higher efficiency
towards PM, s occurs because PM, s has a larger size than
PM, o, making it more difficult for PM, 5 to pass through the
nanofiber membrane. Besides the filtration efficiency against
PM, pressure drop (AP) is also one of the important parameters
in PM filtration. A high-pressure drop indicates the mem-
brane has high air resistance, resulting in poor air circulation.
Therefore, a low-pressure drop is expected when designing a
PM filtration membrane. From the conducted filtration tests,

Mater. Adv., 2024, 5, 9731-9743 | 9737
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overall efficiency of the fabricated nanofibers is higher than 98%. (c) A comparison of the PM filtration efficiency of PM; g and PM; 5. PM, 5 tends to have a

higher efficiency because its size is larger than PM; o, making it more difficult to pass through the nanofiber membranes. (d) The pressure drop of the
fabricated nanofibers. The PAN nanofiber has the highest pressure drop of (2200 + 24) Pa, while the others have pressure drop values of < 895 Pa. The

quality factor (QF) of () PMy o and (f) PM,s. The highest QF was obtained for PAN/PSU/PTFE.2.

results and PM filtration test performance. Based on these

pressure drop values of (2200 + 24) Pa, (453 + 7) Pa, (895 + 13)

values, for PM, , and PM, 5, the highest QF value belongs to

the PAN/PSU/PTFE.2 nanofiber. These values indicate that the

Pa, (415 + 5) Pa, and (408 £ 9) Pa were found for PAN, PAN/

PSU, PAN/PSU/PTFE.1, PAN/PSU/PTFE.2, and PAN/PSU/PTFE.3

best overall performance in the filtration test performed is

exhibited by PAN/PSU/PTFE.2. The best QF value can be

nanofibers, respectively (see Fig. 5d). Here, the PAN nanofiber
has the highest pressure drop among the other fabricated

nanofibers. This phenomenon indicates that the air resistance

obtained by the PAN/PSU/PTFE.2 nanofiber because it pos-

sesses both high filtration efficiencies (99.2% and 99.3% for

of the PAN nanofiber is much higher than that of other
fabricated nanofibers (PAN/PSU and PAN/PSU/PTFE nanofibers).
The increase in pressure drop is prone to the hydrophobicity level
of the membrane. As shown in Fig. 4a, the PAN nanofiber has a
hydrophilic surface that tends to clog in high humidity because
water steam cannot pass through the membrane. Meanwhile,
water steam can easily penetrate the pores of the PAN/PSU and

PM,;, and PM,;, respectively) and a low-pressure drop of

415 Pa. All in all, blending of PSU crystals and PTFE powders
into PAN nanofibers has been proven to be a synergistic

strategy to not only result in a superhydrophobic surface and
high-temperature resistant structure but also improve the PM
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filtration performance of the yielded membranes. Thus, the

PAN/PSU/PTFE membranes and subsequently pass through proposed composite nanofiber membranes can potentially

them.*”

have anti-fouling properties and be used for applications in

Fig. 5e and f show the quality factor (QF) of the fabricated harsh environments.

nanofibers against PM; o and PM, s, respectively. The QF values

are summarized in Table 1,

the durability of the PAN/PSU/

’

Despite its good performance
PTFE nanofiber membrane needs to be tested to determine its

along with the characterization test

Table1l A comparison of the key parameters for all the nanofibers fabricated in this study. The comparison includes material characteristics and the PM

filtration test performance of PAN, PAN/PSU, and PAN/PSU/PTFE nanofibers
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performance over a long period. Fig. 6 shows the performance
of the PAN/PSU/PTFE.2 nanofiber after 4 months. In terms of
removal efficiency (see Fig. 6a), the performance of the PAN/PSU/
PTFE.2 nanofiber did not change significantly for both PM; , and
PM, 5 of (99.1 £ 0.2)% and (99.2 £+ 0.2)%, respectively. These
results indicate that the filtration performance of the membrane
is well maintained. In another important parameter, namely
pressure drop, the PAN/PSU/PTFE.2 nanofiber experienced a
slight increase from (415 + 5) Pa to (424 + 3) Pa (see Fig. 6b).
This higher pressure drop can be attributed to the influence of the
already deposited PMs on the membrane from the previous
filtration test. These trapped particles partially blocked the air
pathways. The increase in pressure drop causes a decrease in the
QF of the PAN/PSU/PTFE.2 nanofiber against PM; , and PM, s.
The QF values became (11.0 + 0.4) 10" % Pa ' and (11.3 + 0.5)
1073 Pa~" for PM, , and PM, s, respectively. Despite the decrease
in QF obtained, the value did not drop significantly, making it
evident that it has good durability.

When compared to other PM filtration membranes from
several recently reported studies, the fabricated PAN/PSU/PTFE.2
nanofiber has a competitive performance (see Table 2). This is
because the high efficiency value of the fabricated PAN/PSU/
PTFE.2 nanofiber, despite its high-pressure drop, gives it a less-
than-optimal QF. This fabricated PAN/PSU/PTFE.2 nanofiber
membrane managed to achieve high filtration efficiency values
of (99.2 £ 0.2)% for PM; 4 and (99.3 £ 0.2)% for PM, 5, which are
comparable to the research results of Xing et al., who reported an
efficiency of 99.9989% for PM, ; on a polylactic acid (PLA)-based
membrane.®® However, there is a drawback in the pressure drop
of the PAN/PSU/PTFE.2 nanofiber, which reached a value of
(415 £ 5) Pa, which is higher than that of Xing et al., who only
recorded a pressure drop of 90.35 Pa. This higher pressure drop is
believed to be caused by the differences in membrane thickness
or pore size, which can restrict airflow even though the filtration
efficiency remains very high. When compared to the results of
Amalia et al.,”® which used polyvinyl chloride (PVC) waste as the
base material for nanofiber membranes, our nanofiber is still
superior in terms of filtration efficiency. Their PM, s filtration
efficiency only reached a value of 94.35%, which is still lower than
that of our PAN/PSU/PTFE.2 nanofiber (>99%). However, the
advantage of their membrane lies in the much lower pressure
drop of 119.12 Pa, which indicates a trade-off between high
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filtration efficiency and air permeability in the PVC waste-based
nanofiber membrane. In this case, although the PAN/PSU/PTFE.2
nanofiber has a higher pressure drop, the achieved filtration
efficiency is significantly superior. In terms of QF, the PAN/PSU/
PTFE.2 nanofiber showed a good performance, with QF values of
(11.7 £+ 0.6) x 107® Pa~" for PM,;, and (11.9 £ 0.7) x 10> Pa~'
for PM, 5. Despite the higher pressure drop, this membrane still
exhibited a good balance between filtration efficiency and resis-
tance to airflow. In comparison, the poly(vinylidene fluoride-co-
hexafluoropropylene) PVDF-HFP-based membrane produced by
Kim et al. has a QF of 0.0266 Pa~",** which is comparable to the
PAN/PSU/PTFE.2 nanofiber. The study by Chen et al. also showed
outstanding filtration efficiency against nano-aerosols by using
polyimide/polyethersulfone (PI/PES) nanofiber, with the highest
value of 99.74% for PM 50-500 nm, yet with a very low pressure
drop of only 0.98 Pa, showing great potential for applications such
as face masks, where breathing comfort is an important factor.”?
Although the fabricated PAN/PSU/PTFE.2 nanofiber membrane
has a comparable efficiency, the higher pressure drop could be
a constraint in applications such as face masks, although it is
still very competitive for use in industrial PM filtration systems.
The PAN/PSU/PTFE.2 nanofiber also has a high filtration effi-
ciency, especially against PM, 5, which is comparable to some
nanofibers in previous studies, such as a polyimide (PI) nano-
fiber membrane with carbon woven fabrics® and polyacrylo-
nitrile-reinforced polyimide (PANNF/PI).>* In addition, the
PAN/PSU/PTFE.2 nanofiber can also be categorized as heat-
resistant like the oxidized grooved and secondary pore struc-
ture poly aryl thioether sulfone (O-GPPASS) aerogel® and
polyvinylidene fluoride (PVDF) nanofiber®® in previous studies.

Thus, although the fabricated PAN/PSU/PTFE.2 nanofiber in
this study has performed well as a PM filtration membrane,
especially against PM, , and PM, s, future research is highly
recommended to overcome its shortcomings and answer the
remaining questions. Several action items include the adjust-
ment of nanofiber porosity and thickness to reduce the pres-
sure drop and increase the QF value, the durability test
to ensure the long-term use of the membrane (>4 months),
the direct measurements of a nanofiber in a real environ-
mental field comprising various PMs to evaluate its potential
use in real applications, and the batch electrospinning pro-
cess development to support the scale-up of the proposed
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Fig. 6 Durability of the fabricated PAN/PSU/PTFE.2 as a PM filtration membrane. The investigated parameters to assess the membrane durability
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Table 2 PM filtration membrane performance comparison. Filtration efficiency, pressure drop, quality factor, and heat resistance are the performances
highlighted in this table

Target PM filtration Pressure Quality factor Heat
Nanofiber material PM size efficiency drop (Pa) (Pa™) resistant (°C) Ref.
Polylactic acid (PLA) PMy 3 99.9989% 90.35 0.126 — 89
Polyvinyl chloride (PVC) PM, 5, PM 94.35% (PM, 5), 119.12 0.0245 — 90

94.60% (PM,_3)

Poly(vinylidene fluoride-co- — 99.95% ~284.39 0.0266 — 91
hexafluoropropylene) (PVDF-HFP)
Polyimide/polyethersulfone (PI/PES) 50-500 nm 99.74% 0.98 3.27 — 92
Polyimide (PI) nanofiber membrane PM, 5 99.99% 251.86 — — 93
with carbon woven fabrics
Oxidized grooved and secondary pore PM, ;3 99.7% 17.2 Pa 0.362 330 95
structure poly aryl thioether sulfone
(O-GPPASS) aerogel
Polyacrylonitrile-reinforced PM, 5, PM;, 97.2% (PM, 5), 86.6 0.0396 (PM,5), — 94
polyimide (PANNEF/PT) 99.4% (PM;) 0.0567 (PMy,)
Polyvinylidene fluoride (PVDF) PMy 3 97.40% 51 Pa 0.07 120 °C 96

composite nanofiber production with high reproducibility and
homogeneity.

3.7. Filtration mechanisms

The effectiveness of the PAN/PSU/PTFE nanofiber in capturing
PM is possible due to several mechanisms that occur between
the nanofiber membrane and PM (i.e., interception, inertial
impaction, and Brownian diffusion), as illustrated in Fig. 7.
Interception occurs because PM flowing with the airflow tends
to come into direct contact with the nanofiber and is trapped
due to van der Waals forces.”””® This mechanism tends to
occur in PM with a size of 0.1-1 um.*® Inertial impaction occurs
in PM with a larger size of 1-10 pm."°°"'%* The tendency of the
airflow to move at high speed and follow the porosity of the
nanofiber causes PMs of large sizes to be unable to follow the
movement of the airflow.'” PM will then collide directly with
the nanofiber and be trapped on its surface.'’"%* In contrast
to inertial impaction, Brownian diffusion occurs in PM with
a tiny size smaller than 0.1 um.’®% This is because the fine
PM, which flows with the airflow, tends to move with random
movements generated by Brownian motion, causing it to come

Interception

. T
-~ Cross-sectional
.- nanofiber

Brlr'ownian'diffusion
Fig. 7 PM filtration mechanism. Common filtration mechanisms that
occur between a nanofiber and PM include interception (PM size of
0.1-1 um), inertial impaction (PM size of 1-10 um), and Brownian diffusion
(PM size of < 0.1 um).
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into contact and subsequently be trapped on the nanofiber
surfaces."”’

Besides those three mechanisms (i.e., interception, inertial
impaction, and Brownian diffusion), another method, the so-
called electrostatic effect, is often used in filtration systems.
However, this condition only applies when an electric potential
is applied to the membrane so that the PM will be attracted and
subsequently trapped onto the nanofiber due to the difference
in charge between them.'®® In our case, we did not apply
static electricity to the membrane. Thus, this electrostatic effect
is not considered a governing mechanism in our PM filtration
process.

4. Conclusions

The fabricated electrospun PAN/PSU/PTFE composite nano-
fibers have been successfully developed as high-potential
PM,, and PM,; filtration membranes. They have diameters
of (402 + 64) nm with smooth and continuous morphology and
superhydrophobic surface characteristics (WCA = (158 + 1)°).
From the obtained FTIR spectra, both PSU and PTFE have been
confirmed to be present in the PAN/PSU/PTFE composite
nanofiber membrane, which is indicated by their characteristic
peaks in the fabricated nanofiber. Besides having a high tensile
strength of (4.1 £ 0.1) MPa, the fabricated composite nanofiber
membrane can maintain a mass percentage of 93.5% at 300 °C
during thermogravimetric analysis (TGA) testing, which
indicates its high heat resistance. In the PM filtration perfor-
mance testing, the PAN/PSU/PTFE nanofiber membrane has
yielded filtration efficiency values of (99.2 & 0.2)% and (99.3 +
0.2)% for PM; , and PM, 5, respectively. Having a pressure drop
of (415 + 5) Pa, these efficiency values can be respectively
translated into QF values of (11.7 & 0.6) x 10™° Pa™' and
(11.9 £ 0.7) x 10* Pa~". In addition, its performance can be
maintained after 4 months. Thus, the PAN/PSU/PTFE nanofiber
not only has good PM, , and PM, ; filtration performances but
is also superhydrophobic and high-temperature resistant.
It has been proven that a synergistic strategy (i.e., blending of
PSU crystals and PTFE powders into PAN nanofibers) can be

© 2024 The Author(s). Published by the Royal Society of Chemistry
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applied to not only create a superhydrophobic surface and high-
temperature resistant structure of the nanofiber membrane but
also improve its PM filtration performance. Thus, the proposed
composite nanofiber membranes can potentially be used for
applications in harsh environments. Further research should
focus on finding an alternative material to PTFE because it is
considered a polymer among per- and polyfluoroalkyl substance
(PFAS) materials, which are most likely to be banned in the near
future in several countries. In addition, performance testing of
fabricated nanofibers directly in the field will be the main focus in
the future to unfold their potential to be used in real filtering
applications.
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