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Abstract
Electrospun nanofibers present well-design membranes for filtration
applications. In this study, the synthesis of polyacrylonitrile

(PAN)/polyvinylidene fluoride (PVDF) bicomponent nanofibers was reported
for air filtration application. Polymer concentration effect on the morphology of
PAN/PVDF nanofibers was investigated and 10, 20, 30, and 40 wt% PVDF were
examined. PVDF amount influences the morphology, diameter, and thermal
stability of the fibers. Morphological results revealed that beadless PAN/PVDF
nanofiber was obtained and the diameter of the PAN/PVDF nanofibers
decreased with the increasing amount of PVDF. However, at 30 wt% beads

inylidene fluoride; formation on the fibers was begun to observe. Optimum conditions to obtain
Nanofiber; uniform and beadless PAN/PVDF nanofibers were determined as 20 wt% PVDF
Electrospinning; concentration. The air permeability tests of PAN/PVDF nanofibers containing 20
Membrane; wt% PVDF indicated that these nanofibrous membranes are appropriate
Air filter materials for air filtration applications.

© 2022 MIM Research Group. All rights reserved.

1. Introduction

The electrospinning technique provides a convenient approach to produce continuous
fibers with a diameter range of nano to micro-scale [1]. Electrospun nanofibers (NFs) are
important nanomaterials with their large high porosity, specific surface area, small pore
size, and well-connected pore structure [2]. Some of the potential application areas of the
electrospun NFs are filtration membranes [3], drug delivery [4], tissue engineering [5, 6],
catalysts [7], actuators [8], food packaging [9], etc.

In literature, electrospun nanofibrous membranes are reported among the attractive filter
materials due to their high molecular orientation, excellent tensile strength [10], and
thermal stability [11]. Filtration performances of nanofibrous membranes are higher
compared to the traditional filtration materials such as glass fibers, spun-bonded fibers,
and melt-blown fibers [12, 13]. In literature, various electrospun polymers have been
examined as air filter membranes [13-15] and face masks [16, 17]. Polyacrylonitrile (PAN)
which is a synthetic polymer having a semi-crystalline structure, is thermally stable and
degrades over 300 °C [18]. PAN electrospun NFs are among the various materials which
are widely utilized for filtration due to their unique thermal stability, superior mechanical
properties, and good solvent resistance [19]. Bortolassi et al. studied antibacterial PAN
nanofibrous membrane to remove air pollutants [15]. Three different particles were
incorporated into PAN NFs: TiOz, ZnO, and Ag, and the highest filtration efficiency was
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observed TiO: included PAN NFs with the smallest fiber diameter. PAN electrospun
membranes were also examined for airborne fine-particle filtration by Al-Attabi et al [20].
Filtration efficiency and pressure drop of membranes were calculated from measurement
of penetration through the membranes using KCI aerosol particles in the diameter range
of 300 nm to 12 pm and separation efficiencies in the range of 73.8-99.78% was obtained
for PAN NFs with an average diameter of 858 nm. This study indicated that electrospun
membranes were appropriate materials for air filtration with their filtration stability at
high air-flow rates.

PAN is a versatile polymer with high carbon content and it has been studied with many
different polymers in the literature. Poly(methyl methacrylate) (PMMA) is widely
acknowledged as a polymer with good elongation performance and it is one of the
polymers used as a co-polymer of PAN in the electrospinning process [21]. PMMA finds use
in transparent ait filter applications, but amorphous PMMA chains will irreversibly slide
with one another during deformation and cause poor mechanical performance [22].

As a semi-crystalline polymer, PVDF is commonly used in ultrafiltration and microfiltration
applications due to its excellent chemical resistance, thermal stability, high strength, and
flexibility. Besides its advantages, the hydrophobic behavior of PVDF limits its applications.
Therefore, to solve this problem, PVDF should be blended with a hydrophilic copolymer
such as PAN, polyvinyl alcohol (PVA), poly(methyl methacrylate (PMMA) [23,24].

PAN/PVDF bicomponent NFs were utilized for different applications such as COz capture
[25], water filtration [26], adsorbent [27] for removing the dye in literature because of
their appropriate structures to develop narrow microporous membranes [28]. Wang et al.
studied hot pressed PAN/PVDF electrospun nanofibers for water ultrafiltration [26], they
utilized DMF /aceton mixture to prepare PAN/PVDF solution.

In this study, we investigated the synthesis of PAN/PVDF bicomponent NFs by
electrospinning method with different PVDF weight concentrations to develop beadless
and low diameter PAN/PVDF nanofibrous membranes. The results showed that with
increasing PVDF amount, the average diameter of NFs decreased, however, beads
formation was observed on NFs at higher PVDF amounts. Therefore, the optimum PVDF
ratio was found as 20 wt% for PAN/PVDF NFs with beadless and regular morphology.
These nanofibrous membranes were tested for air permeability and found as a potential
air filtration material.

2. Material and Method
2.1. Materials

PAN (MW=150.000), PVDF (MW ~180.000, Mn~ 71.000) and N,N-dimethylformamide
(DMF) were purchased from Sigma-Aldrich to produce bicomponent PAN/PVDF
electrospun NFs.

2.2, Preparation of Electrospun PAN/PVDF NFs

For each solution, 0.41 g total polymer (PAN+PVDF) (8wt%) was dissolved in 5 ml DMF as
a solvent. Firstly, PAN was dissolved in DMF by stirring for 1h at 60 °C on a magnetic stirrer,
and then PVDF amounting to 10, 20, 30, and 40 wt% of the total polymer mass was inserted
and subsequently, it was stirred for 3 h at 60 °C to obtain PAN/PVDF solutions.

The resultant PAN/PVDF solutions were filled into a 5 ml syringe connected to a high
voltage supply capable of applying 40 kV for electrospinning process. For all experiments,
the applied voltage was 15 kV and the flow rate of solution was kept at 1.5 pl/h. The Al foil
covered collector was placed at a distance of 25 cm from the tip of the needle.
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2.3. Characterization of Electrospun PAN/PVDF NFs

The morphology and diameter of PAN/PVDF NFs were characterized by Scanning electron
microscopy (SEM, LEO 1430 VP). Prior to SEM examination, PAN/PVDF NFs on Al foil were
cut in the scale of 1x1 cm-scale, and then samples were sputter-coated with gold to avoid
charge accumulations. Coated samples were fixed onto metallic stubs with double-sided
carbon tape and analyzed with a secondary-electron detector at an acceleration voltage of
20 kV. The thickness of nanofibrous films was measured by using cross-sectional SEM
images of membranes.

Fourier-Transform Infrared Spectroscopy (FT-IR) characterizations of PAN/PVDF NFs
were carried out between 450 and 4000 cm-! wavenumbers with Perkin Elmer UATR
Spectrum Two FT-IR. The resolution of FT-IR was 4 cm. The number of scans collected
was 4.

The thermal behavior of NFs was characterized by thermogravimetric analysis (TGA,
Hitachi STA 7300) in the temperature range of 25-600 °C in a N2 atmosphere at a heating
rate of 10 °C /min.

The air permeability of the PAN/PVDF membrane was measured by an air permeability
tester (Unitronics) at 25 °C and for a 50 mm diameter circular area. Air was sent to the
sample with 100 Pa pressure for each test.

3. Results and Discussion

The morphology of electrospun PAN/PVDF bicomponent NF membranes was analyzed
with SEM. SEM images indicated that as-collected PAN and PAN/PVDF electrospun
nanofibres were morphologically uniform with a cylindrical shape (Fig. 1). Increasing
PVDF content resulted in NFs with smaller diameters. The average diameter of electrospun
neat PAN NFs was 348 nm (Table 1). After 10 wt% addition of PVDF, it decreased to 252
nm. The average NF diameter was measured as 246, 243, and 148 nm for 20%, 30%, and
40% PVDF ratios, respectively. Hakkah et al. also observed a decrease in fiber diameter
with increasing PVDF concentration due to the decrease in solution viscosity [29]. PVDF
Atlow PVDF concentration, the surface morphology of NFs was smooth. NFs were straight
and randomly oriented and beadless formation was achieved up to 30 wt% PVDF content.
Irregularities and beads were observed with increasing PVDF content they were clearly
visible in Fig. 1. Therefore, the optimum PVDF concentration in PAN/PVDF electrospinning
solutions was found to be 20 wt%. Dimethylformamide (DMF) was successfully used as a
solvent for electrospinning processing of poly(acrylonitrile) [30] and in literature,
generally, DMF was utilized to prepare PAN/PVDF electrospinning solutions[31,32].
However, Yalcinkaya et al. dissolved PVDF in dimethylacetamide (DMAc)/Acetone (4/1)
mixture and PAN in DMF as a solvent [33]. Then, mixtures of two solutions were prepared
using the 12% wt. PVDF and 8% wt. PAN at different weight ratios of PVDF/PAN. Contrary
to our results, their results indicated that PVDF addition caused an increase in diameters
of PAN nanofibers. This difference is due to the solvent difference in the PAN/PVDF
solution.
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Fig. 1 SEM images of PAN/PVDF nanofibers containing different amounts of
PVDF and average diameter vs. PVDF amount graph

Table 1. PAN/PVDF Bicomponent NFs with different PVDF weight concentrations and
their average diameter values.

PAN (wt.%) PVDF (wt.%) Ave. Diameter (nm)
100 0 348
90 10 252
80 20 246
70 30 243
60 40 148

The structural properties of PAN/PVDF NFs containing different amounts of PVDF were
characterized with FT-IR spectroscopy. The characteristic peaks of PAN around 2943 cm™?,
2240 cm, 1735 cm-1, and 1664 cm~! were observed in Fig.2, assigned to the stretching
vibrations of the -CH, -C=N, -C=0, and -C=N groups, respectively [34]. The peak at 1454
cm'and 1068 cm-1 corresponded to the C=C and C-H. The characteristic peak of the nitrile
groups stretching at 2240 cm! decreased dramatically with the increase of PVDF amount
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similar to the reported in the literature [35]. For the samples containing a higher amount
of PVDF NFs, the peak at 1405 and 1185 cm™ is related to the symmetrical stretching of
the —-CF2 group, which is a characteristic peak of PVDF and confirmed the PVDF existence
in the PAN polymer mixture. C-F stretching vibration of the amorphous phase was also
observed in FT-IR spectra of PAN/PVDF NFs at 880 cm™! [36].

——40 wt.% PVDF

——30wt.% PVDF

— 20 wt % PVDF

K

Intensity (a.u.)

—— 10 wt.% PVDF
——0 wt.% PVDF

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Fig. 2 FT-IR spectra of PAN/PVDF nanofibrous membranes containing different
amounts of PVDF

Thermal analysis of PAN/PVDF nanofibrous membranes was carried out with TGA under
Nz atmosphere. A degradation step corresponded to the removal of water was observed at
TGA graphs of PAN and PAN/PVDF NFs (Fig. 3) in the temperature range of 50-130 °C.
Besides, the majority of the degradation of pure PAN NFs were carried out between 310-
450 °C [37] while the decomposition temperatures of pure PVDF NFs in nitrogen
atmosphere were at 450-480 °C [35]. The decomposition temperature of PAN/PVDF
membranes containing different amounts of PVDF was found between the decomposition
temperatures of PAN and PVDF and the degradation temperature of bicomponent
nanofibres increased when the PVDF content increased in nanofibrous membranes. As a
result, PVDF incorporation enhanced the thermal stability of PAN NFs.

100 -0 wt.% PVDF
% —— 10 wt.% PVDF
20 wt.% PVDF]|
e 30 wt.% PVDF]
80 l——40 wt.% PVDF
£ 70
%
2 60
=
50
40
30

100 200 300 400 500 600
Temperature (°C)

Fig. 3 TGA graphs of PAN/PVDF nanofibrous membranes containing different amounts
of PVDF

227



Yardimci et al. / Research on Engineering Structures & Materials 8(2) (2022) 223-231

According to SEM, FT-IR, and TGA results, 20 wt% PVDF concentration was found to be the
optimum concentration for regular and beadless NF formation. Therefore, air permeability
tests were performed for PAN/PVDF nanofibrous membranes containing 20 and 30 wt%
PVDF concentrations and the membrane containing 20 wt% PVDF concentration gave an
average air permeability value of 981/m2 /s while the membrane containing 30 wt% PVDF
concentration showed an average air permeability value of 143 1/m2/s under 100 Pa
pressure. In literature, air permeability values of multi-layer PVDF-hexa-fluoropropylene
(HPF) nanofibrous membranes under 100 Pa pressure were measured between 52.16-
27.2 [38]. Their results indicated high air permeability, they proposed these nanofibrous
multi-layer membranes for wound dressing and membrane distillation applications. In our
study, obtained air permeability is higher than that obtained for PVDF/HPF NFs. Our
results indicated that PAN/PVDF nanofibrous membranes produced in this study were
suitable to utilize as air filter material with their high air permeability and good
morphology.

4. Conclusions

In this study, beadless, regular and straight PAN and PAN/PVDF NFs were produced by the
electrospinning method. These nanofibrous membranes were proposed for air filtration
applications. The results indicated that the average diameter of the PAN/PVDF NFs
decreased by increasing PVDF concentration in the electrospinning solution. High PVDF
content caused bead formation and disordered NFs formation. Disordered sites and beads
prevent a regular film formation and so weaken the mechanical properties of the obtained
membrane. Therefore, for PAN/PVDF membranes 20 wt% PVDF was found to be the
optimum amount for regular morphology based on SEM results.

The characteristic peaks of PAN were observed in FT-IR spectra, nitrile groups stretching
decreased with the increasing amount of PVDF. For the samples containing a higher
amount of PVDF, the symmetrical stretching of the —CFz group increased, which confirmed
the PVDF existence in the NFs. When the thermal properties of NFs were analyzed, the
decomposition of the membranes was carried out between the decomposition
temperatures of PAN and PVDF. The degradation temperature increased with the
increasing amount of PVDF in nanofibrous membranes. As a result, an enhancement of
thermal stability was observed after PVDF incorporation.

Air permeability tests were applied to PAN/PVDF nanofibrous membrane containing 20
and 30 wt% PVDF and obtained average air permeability values indicated that electrospun
nanofibrous PAN/PVDF membranes are appropriate to utilize in air filtration with their
excellent morphological properties and air permeability results.
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