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Abstract: This research aims to fabricate hydrophobic electrospun air filters with ultra-high perfor-
mance against virions. In order to achieve this goal, constant basis weight electrospun poly(vinylidene
fluoride-co-hexafluoropropylene) (PVDF-HFP) with low-bead, high-bead, and ultra-high-bead fibre
structures were used to fabricate single and multilayer filters by controlling the Dimethylformamide
(DMF)-to-acetone ratio of the solvent. The water contact angle of the fabricated layers ranged from
131◦ for low-bead structures to 135◦ for ultra-high-bead structures, indicating their overall high
hydrophobicity. The size-resolved filtering efficiency and pressure drop tests on the fabricated filters
showed that low-bead structure for both single and multilayer filters and high-bead structure for
single-layer filters enhance the quality factor remarkably. The results showed that the single-layer
ultra-high-bead structure air filters had a filtering efficiency of 99.33%, superior to N95 air filters
(96.54%) and comparable to double N95 filters (99.86%). However, the electrospun air filter showed
a pressure drop of 169.3 Pa and a quality factor of 27.6 × 10−3 Pa−1compared to a pressure drop
of 388 Pa and quality factor of 16.9 × 10−3 Pa−1 for double N95 air filters. Therefore, it has a high
potential to be used as the filtration media in hospitals, long-term care centers, and masks to provide
superior protection against virions for healthcare providers and patients.

Keywords: electrospinning; nanofibre; beads; air filter; PVDF-HFP; filtration efficiency

1. Introduction

The COVID-19 pandemic revealed the weakness of protective equipment against
airborne viral infections [1]. The size of airborne viruses can be as small as 50–200 nm [2],
making them a challenge to block entirely with conventional face masks on the market. The
infectious dose for virions is estimated to be around several hundred particles [3]. Because
of the estimated low infectious dose, the efficiency of the face mask should be as high as
possible to protect users, especially healthcare workers, who may be exposed to the virus
for an extended period of time [4,5].

The melt-blown technique is usually used to make the mask air filters with fibre
diameters of 1–5 µm. The high production rate and ability to process most of the polymers
are the main advantages of this method [6]. However, this technique cannot produce
ultrafine (submicron and nano) fibres [7], and the fibres have almost a neutral charge.
Therefore, post-processes such as corona discharge, triboelectrification, or liquid contact are
required to charge the filters [8] to improve the filtering efficiency for the ultrafine particles
(<0.3 µm) [9].

Electrospinning is a promising method to fabricate high-efficiency air filters. In the
solution-based electrospinning method, a polymer solution is pumped through a spinneret
connected to a high-voltage power supply to charge the polymer solution at the spinneret.
When the accumulated charge of the formed droplet at the spinneret tip passes a critical
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value, the surface charge overcomes the droplet’s surface tension, leading to the ejection of
a solution jet [10]. The jet whips very rapidly and reduces the fibre diameter to submicron
size before deposition on the collector [11]. With this technique, highly porous nonwoven
charged filters can be produced from fibres from a few nm to 2 µm diameter [12,13]. Provid-
ing a large surface area-to-volume ratio can improve the filtering efficiency significantly [14].
The fibres are highly charged during the production process, and the residual charge can
remain on the surface of the fibres for a long time, which can boost the airborne particulate
capturing efficiency considerably [15].

Polymer fibres such as polyacrylonitrile (PAN) [16–18] and polyvinylidene fluoride
(PVDF) [19–22] have been electrospun as nonwoven air filters with excellent results. Among
the electrospun polymers for air filter applications, hydrophobic polymers are preferred
due to a reduced risk of water condensation and blocking of the filter pores. Notably,
the presence of water on the air filter surface can increase the discharging chance of
the accumulated surface charge, negatively impacting the air filter’s capturing efficiency
dramatically [8]. Therefore, air filters with higher hydrophobicity can preserve their
performance at higher humidity conditions for longer.

One of the most hydrophobic polymers is polyvinylidene fluoride (PVDF). The pres-
ence of fluorine atoms in the structure makes it more hydrophobic than most commercial
polymers. It also has exceptional properties such as high mechanical strength, good ther-
mal properties, and extraordinary chemical resistance, making it an excellent choice for
membrane application [23,24]. Thus, there have been successful reports on electrospun
PVDF for use as air filters [25,26].

One of the special features of PVDF is poly(vinylidene fluoride)-co-hexafluoropropylene
(PVDF-HFP), which is very attractive for filtering applications. Containing amorphous
hexafluoropropylene (HFP) blocks, which provide high fluorine content, it enhances the
hydrophobicity of the polymer [23,27], is a nontoxic polymer that is safe for humans in
general circumstances, and has mechanical durability [28]. Therefore, it is suitable for air
filter applications.

There are several published reports on evaluating electrospun PVDF-HFP and its
composites with Ag and SiO2 for filtration applications. However, most of them are for
applications in water treatment [29–31], and some have modified PVDF-HFP by applying
post-treatment processes [32–35]. The filtration efficiencies of those electrospun PVDF-HFP
studies that are focused on air filtration are evaluated for the average particle sizes close
to 300 nm and above, and the effect of bead intensity and the filtering layers on their
performance is not evaluated. Chen et al. electrospun fluorinated poly(vinylidene fluoride-
co-hexafluoropropylene) (F-PVDF-HFP)/SiO2 nanofibrous fibres to fabricate highly hy-
drophobic transparent window screen air filters with 99.59% efficiency [32]. Cui et al. used
a polyacrylonitrile (PAN)@TiO2/poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-
HFP)@SiO2 nanofibrous (PTPSNF) and fabricated Janus multilayer membrane for harsh
environmental air filtration and oil/water separation with a filtration efficiency of 99.7%
PM0.3 removal [33]. Lee et al. co-deposited Poly vinylidene fluoride-hexafluoropropylene
(PVDF-HFP) and Polylactic acid (PLA) fibres using electrospinning and produced air filters
with 87% filtration efficiency [34]. K. S. Han et al. [35] used PVDF-TrFE and fabricated
highly efficient PM1.0 filtration. Without any post-treatment, the filter had an efficiency
of 99% for PM2.5 and around 84% for PM1.0. After polarization and triboelectrification
post-treatment, the filtering efficiency increased to 94.3% for PM1.0 at a high-quality factor
of 0.042 Pa−1.

The present study uses electrospinning to fabricate nonwoven PVDF-HFP layers for
ultra-high-efficiency air filter applications. This work is new since it investigates the effect
of the layered structure and the bead intensity in the PVDF-HFP filter layers (without post-
treatment processes) on their performance and analyzes the performance of the fabricated
filters for a wide range of 20 nm to 445 nm particle sizes. Using the wide range of particle
sizes showed high efficiency of the fabricated filters for the filtration of virions with particle
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sizes less than 100 nm, suitable for face masks and filtration of hospitals, long-term care
centers, and clean rooms.

2. Materials and Methods
2.1. Materials

Poly(vinylidene fluoride)-co-hexafluoropropylene (PVDF-HFP) with an average molec-
ular weight of 455,000 g/mol and N,N-Dimethylformamide (DMF, anhydrous, 99.8%),
were purchased from Sigma-Aldrich. Spunbond polypropylene (PP) with a base weight of
20 g/m2 was purchased from SharperTek.

2.2. Solution Preparation

Solvents with different volume percentages of acetone in DMF (0% to 100%) were
prepared for the solution preparation. Then, 20 wt% PVDF-HFP was added to the solvents.
The mixtures were stirred via a magnet stirrer for 24 h to generate a homogeneous solution
at room temperature. In cases where the polymer could not dissolve in the solvent, or the
viscosity of the solution was too high, they were not used for electrospinning.

2.3. Electrospinning

For electrospinning, a 20 mL plastic syringe was filled with the prepared polymer solu-
tion and connected to a 21-gauge stainless steel blunt needle via a Teflon tube. The syringe
was mounted on a syringe pump (NE-1002X) during the electrospinning process to adjust
the flow rate to 6 µL/min. The needle was passed through a fixture to connect to a power
supply (Gamma High Voltage Research, ES50P) to charge the polymer solution by applying
a 15 kV voltage during electrospinning. An aluminum rotating drum (D = 100 mm) covered
by aluminum foil was used as the current collector. The working distance was 200 mm, and
the drum rotated at 100 rpm during electrospinning. The electrospinning was performed
in a closed chamber to control the humidity (RH = 35 ± 2%).

Three grades of the electrospun structure were prepared using solvents made of 60%
DMF-40% acetone for low-bead structure (PLB), 80% DMF-20% acetone for high-bead
structure (PHB), and 100% DMF solvents for ultra-high-bead structure (PUB).

A contact angle goniometer was used to determine the water contact angle on the
surface of the electrospun layers.

2.4. Filter Preparation

The single electrospun layer filters were fabricated by electrospinning aPVDF-HFP
layer on a layer of spun-bond PP substrate (melting point 160 ◦C), which was placed on top
of an aluminum foil on the collecting drum. Then, another spun-bond PP layer was added
on top of the electrospun PVDF-HFP layer (melting point 140 ◦C), and all three layers were
bonded using the hot spot welding process (Figure 1a). For the multi-layered structures,
three electrospun layers were deposited on a spun-bond polypropylene and sandwiched
with an additional spun-bond layer, as shown in Figure 1b.

Single and multilayer electrospun filters were fabricated to evaluate the effect of
the layers’ arrangement and fibre structure on the air filter performance. Therefore, two
single-layer filters with PLB and PHB structures were fabricated. One of the single layers
was fabricated using 60% DMF-40% acetone solvent and deposited on a PP spunbond
layer for 39 min and labelled PLB-39, as shown in Figure 1a. For the second single layer,
80% DMF-20% acetone solvent was used and deposited on a PP spunbond layer for
39 min and labelled PHB-39. Both of the single-layer depositions had basis weight of
0.913 ± 0.055 g/m2. The multilayer PVDF-HFP electrospun filters were deposited on three
separate spunbond PP layers for 13 min using 60% DMF-40% acetone solvent. Then, the
three layers were assembled as shown in Figure 1b and labelled as PLB-13-3L with a total
electrospun basis weight of 1.032 ± 0.090 g/m2. Therefore, the single and multilayer air
filters have almost the same basis weight. The filtering test results were compared with a
commercial N95 air filter, a double layer, and a PP spunbond substrate (P0).
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Figure 1. Schematic of air filter preparation process: (a) single-layered air filter; (b) multi-layered
air filter.

2.5. Characterization of Fabricated Electrospun Mats

The filtering efficiency and pressure drop of the fabricated air filters were conducted
at the Department of Physics and Atmospheric Science at Dalhousie University. The
details of the setup are published in [36]. The filter was held by a stainless steel assembly
(Pall 1209) to expose a circular section of 25 mm diameter to the NaCl aerosol. A flow of
NaCl aerosol was generated, neutralized, and passed the filter sample with a flow rate
of 2.2 L/min. The filtering efficiency was measured through sampling from the upstream
and downstream flows. The samples were evaluated by a Scanning Mobility Particle Size
(SMPS) Spectrometer consisting of a Condensation Particle Counter (TSI-3772) and an
Electrostatic Classifier (TSI-3082), which measured the particle size distribution of NaCl
aerosols. The particle size range of 20–450 nm was measured to analyze the fabricated
samples’ filtering performance. The following equation was used to calculate the filtering
efficiency for a specific particle size (ηs):

ηs =

(
cu − cd

cu

)
× 100% (1)

where cu and cd are the concentration of specific sizes of NaCl particles in upstream and
downstream flows, respectively.

For calculation of the overall efficiency, all the size-resolved particle concentration
measurements were integrated to obtain the total particle concentration in the size range of
20–450 nm for both upstream and downstream flows. Then, the overall efficiency η was
calculated from the following relation:

η =

(
Nu − Nd

Nu

)
× 100% (2)

where Nu and Nd are the total particle concentration in the range of 20–450 nm in upstream
and downstream flows, respectively.

The pressure drop (∆P) between the upstream and downstream flows was measured
by a differential manometer (Model 223BD-AAU;MKS). The formula used to calculate the
quality factor (QF) is as follows:

QF =
−ln(1 − η)

∆P
(3)
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All SEM samples were prepared from the center of the fabricated mats. The samples
were gold-coated before SEM examination.

ImageJ software (1.8.0) was used to measure fibre size, bead size, and bead density.

3. Results and Discussion
3.1. Characterization of Electrospun Fibres

For the electrospinning of PVDF-HFP, the recommended mixture of DMF–acetone
was used [37–44].

Figure 2 shows the SEM images of electrospun PVDF-HFP fibres at 40% to 100% DMF
concentrations. Figure 3 shows the fibre size distribution of the corresponding microstruc-
tures. As can be seen in Figure 2a,b, when 40% DMF-60% acetone and 50% DMF-50%
acetone were applied as the solvent, smooth bead-free fibres were obtained with a wide
range of size distribution (Figure 3a,b). However, under these conditions, the electrospin-
ning process was not stable and frequent clogging occurred. Therefore, bead-free structures
were not included in the filtration studies. By applying DMF concentrations of 60% or more,
beads appeared in the morphology of the nanofibres due to the increase in solution viscosity
(Figure 2c–e). The beads’ morphology changed from spindle-like at a concentration of 60%
DMF to a spherical and spindle-like combination at DMF concentrations higher than 80%
and 100%.

The presence of the beads usually influences the average fibre size [45,46]. Fibre
diameters containing beads were reported to be smaller than bead-free fibres because of the
capillary breakup [47]. As shown in Figure 2f, the average fibre size is not changed signifi-
cantly at DMF concentrations between 40% and 50%. However, when beads emerged in the
microstructure, the average size of the fibres was reduced. By increasing the DMF concen-
tration in the solvent, a narrower range of fibre size distribution was formed (Figure 3). For
example, the fibre diameter for 40% DMF solvent was between 150 and 1400 nm (Figure 3a).
At higher DMF concentrations, the range of fibre diameter was reduced (Figure 3b,e), and
at 100% DMF solvent, the fibres’ diameters were between 20 and 175 nm.

Figure 4 shows the bead size distributions and bead density for the electrospun
microstructures, which were produced from solutions containing 60% or more DMF in
their solvent. As seen in Figure 4d, the number of beads in the microstructures increased
by increasing the concentration of DMF. However, the size and size range of the beads
increased by increasing the DMF concentration from 60% to 80%, and then these two
parameters were decreased with a further increase of DMF to 100% (Figure 4a–c).
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The introduction of acetone to the solvent reduced the surface tension and the boiling
temperature of the solution at the same time [47]. While the former reduced the tendency
for bead formation, the latter increased the drying rate of the flying fibres. Therefore, large
beads had less chance to divide into smaller beads on a new string called secondary beads,
as shown in Figure 5 [48]. On the other hand, in the 100% DMF solution, the beads had
enough time to divide and form smaller beads on the string. Therefore, the number of
beads was increased, and the size of the beads and the fibre diameter were decreased. It is
noteworthy that beads in nanofibres have been considered defects for many applications.
However, in the case of air filter applications, they can be beneficial because they prevent
the high packing density of the nonwoven layers and reduce the pressure drop of the air
filters [49].
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Figure 5. The mechanism for dividing the primary to secondary beads [47].

Figure 6 shows the water contact angle on the electrospun PVDF-HFP layers to evalu-
ate their hydrophobicity. Figure 6a shows the effect of electrospinning time on the water
contact angle for electrospun PLB fibres. At zero time, the contact angle of 107◦ is measured
on the substrate PP layer. It shows that by applying PLB electrospun fibres for 13 min, the
contact angle increases to 129◦ and reaches 131◦ after 90 min of electrospinning. Figure 6b
shows the effect of bead content of the electrospun microstructure (PLB, PHB, and PUB)
on the water contact angle after 90 min of electrospinning. By increasing the bead content
of the electrospun layers, the water contact angle increases to a maximum of 135◦ for the
PUB structure. Then, the examined bead structures show a water contact angle between
131◦ and 135◦, which provides high hydrophobicity for the fabricated filters. Therefore,
when the contact angle was measured on the surface of the electrospun layer, the number
of fibres or time taken to produce the filter layer showed a small influence on the resultant
contact angle measured.
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3.2. Filtering Tests

Several techniques have been proposed to reduce air filter pressure drops and enhance
the quality factor. One of them is providing a multi-layered structure. It is reported that
applying a multi-layered structure reduced the pressure drop effectively, and the quality
factor of the air filter was improved remarkably [1,50]. Promoting the formation of beads is
another method to reduce pressure drop, which researchers have used widely [49,51,52].
These two strategies can modify the air filters’ packing density, enhancing their breathability.
However, it has not been reported which strategy can be more effective.

The filtering performance is shown in Table 1 and Figure 7. Table 1 shows that the
efficiencies of PLB-13-3L and PLB-39 are almost the same (79.63 and 79.55%, respectively),
while PHB-39 has a slightly lower efficiency of 77.38%, and the P0 sample, which con-
tained no electrospun layers, has the efficiency of 12.97%. All three samples show similar
size-resolved filtering efficiency, as shown in Figure 7a. The SEM micrograph of P0 (the
spunbond layer), shown in Figure 8, also reveals that the fibres captured very few NaCl
particles. Large-size neutral fibres (16.68 ± 1.69 µm) caused a low filtering performance
(Figures 7a and 8). Therefore, the spunbond PP layer has a negligible influence on the
efficiency of the prepared samples.

Table 1. The filtering parameters (pressure drop, initial filtration efficiency, efficiency at Most
Penetrating Particle Size, and quality factor) of PLB-13-3L, PLB-39, PHB-39, P0, and N95 air filters.

Sample Pressure Drop (Pa) Initial Filtration
Efficiency (%) Efficiency at MPPS (%) Quality Factor (Pa−1)

PLB-13-3L 117.3 96.54 95.17 28.7 × 10−3

PLB-39 148.6 79.56 76.50 10.7 × 10−3

PHB-39 40.0 77.37 73.86 37.1 × 10−3

P0 8.0 12.97 7.26 17.4 × 10−3

N95 159.0 97.74 96.28 23.9 × 10−3

On the other hand, the difference in the pressure drop between the PLB-39, PLB-
13-3L, and PHB-39 samples is considerable (Figure 7b and Table 1). The PLB-39 sample
shows a high-pressure drop of 148.6 Pa and a quality factor of 10.6 × 10−3 Pa−1. Applying
the layered structure reduced the pressure drop, which increased the quality factor to
13.8 × 10−3 Pa−1. However, changing the microstructure of the electrospun fibres by
forming the beads (PHB-39) reduced the pressure drop to less than one-third of the PLB-39
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sample (40 Pa). Although such morphology shifting decreased the filtering efficiency
slightly, the quality factor increased to 37.1 × 10−3 Pa−1 due to the reduction in pressure
drop. The large beads in PHB-39 fibres modified the packing density of the deposited
electrospun layer, while inserting PP spunbond layers between the electrospun layers
could modify the stacking density only between the spunbond–electrospun interfaces.
Therefore, a highly beaded structure improves the air filter’s performance more effectively
than applying a layered structure.
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Figure 8. Back-scattered SEM micrograph of interaction between the PP spunbond fibres (P0) with
NaCl particle after the size-resolved filtering test.

Figure 9 shows the filtering efficiency of PLB, PHB, and PUB filters. The PHB-150 was
electrospun for 150 min (basis weight of 4.326 ± 0.183 g/m2) and each of the other samples
was electrospun for 90 min (with the electrospun basis weight of 2.40 ± 0.246 g/m2).
Figure 9a shows that both PHB-90 and PLB-90 have lower filtering efficiency than N95, and
PHB-90 shows slightly lower filtering efficiency than PLB-90. However, Figure 9b shows
that the pressure drop of PLB-90 is higher than PHB-90, which caused the quality factor of
PHB-90 to be considerably higher than PLB-90 (Table 2). For PUB-90, the filtering efficiency
increased to 99.32%, higher than PHB-90 (92.26%) and PLB-90 (94.2%). The pressure drop
of PUB-90 was closer to PLB-90, which was far higher than PHB-90 (Figure 9b).
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Table 2. The filtering parameters of PBH-90, PLB-90, PUB-90, PHB-150, N95, and double N95
(2 × N95) air filters.

Sample Pressure Drop (Pa) Initial Filtration
Efficiency (%) Efficiency at MPPS (%) Quality Factor (Pa−1)

N95 117.3 96.54 95.17 28.7 × 10−3

2×N95 388.0 99.86 99.65 16.9 × 10−3

PHB-90 110.7 92.26 90.50 21.3 × 10−3

PLB-90 170.6 94.21 92.50 15.2 × 10−3

PUB-90 169.3 99.33 98.91 27.6 × 10−3

PHB-150 206.6 99.61 99.36 26.9 × 10−3

The efficiency reduction of PHB-90 compared with PUB-90 and PLB-90 is due to the
bead structure of the samples. Figure 10 shows the absorption of NaCl particles with the
surface of the electrospun fibres after the filtering test and indicates that the beads captured
very few salt particles. Therefore, the beads’ presence could modify the filters’ packing
density and reduce the air pressure drop, but they did not contribute to capturing the
particles. Large spherical beads were developed in PHB samples, which simultaneously
reduced the packing density and fibre size. Since large beads consumed much material
without significantly contributing to particle absorption, they negatively impacted the
efficiency of the air filter.

On the other hand, beads significantly reduced the average fibre size, increasing the
available surface and enhancing Van der Waals’s force simultaneously. As a result, the
formed fibres could be more effective at the absorption of small particles [52]. It seemed
for PHB samples. The former effect overcame the latter in comparison with PLB and
PUB samples.

For PLB samples, both sizes of beads and their numbers were relatively small
(Figures 2a and 4a,d). Although the average fibre size of PLB is larger than PHB (Figure 2f),
most of the polymer is available in fibre, which can absorb NaCl particles effectively but
offers lower breathability (high-pressure drop).

In PUB samples, large beads were divided into smaller secondary beads based on the
schematic in Figure 5, and each division formed a small string. As a result, some parts of
the large beads were consumed to form new fibres. Additionally, the average fibre size was
reduced significantly (Figure 2f). Therefore, the filtering efficiency of PUB is enhanced. The
presence of numerous small beads in the PUB structure also reduced the pressure drop of
the air filters. As a result, the quality factor of the air filter improved significantly.
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Increasing the electrospinning time from 90 min to 150 min could improve the fil-
tering efficiency of the PHB filter to 99.61%, which was slightly higher than PUB-90
(99.32%). However, the pressure drop of PHB-150 (206 Pa) was higher than PUB-90
(169 Pa), leading to a slightly lower quality factor (26.9 × 10−3 Pa−1) for PHB-150 com-
pared with 28.7 × 10−3 Pa−1 for PUB-90. Since PUB-90 requires less electrospinning time
(higher production rate) and offers a better quality factor, it will be more appropriate for
large-scale production.

Standard N95 air filters were also tested as the reference in this study. In all cases, their
MPPS was 30–40 nm, less than the reported size for SARS-CoV-2 virions (60–150 nm) [53].
It is noteworthy that the size of bioaerosols is almost always larger than the virions [1].
Also, the overall efficiencies of tested N95 air filters were more than 95%, and in most
cases, their MPPS was 95.5%. However, the MPPS for PUB-90 and PHB-150 (electrospun
samples) were slightly higher (50–60 nm), and their filtering efficiencies at their MPPS were
98.91% and 99.36%, respectively, as shown in Figure 11 and Table 2. Therefore, PUB-90 and
PHB-150 could provide superior filtering efficiency compared to N95 air filters.
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Comparison between the interaction of NaCl particles with the N95 sample and both
electrospun filters (PUB-90 and PHB-150) reveals that most of the NaCl particles were
absorbed on the surface of the electrospun filters. However, a small fraction of them was
absorbed on the surface of the N95 masks (Figure 10). Therefore, the electrospun samples
show surface filtration, which is typical for nanofibres, whereas the N95 filter shows in-
depth filtration. As a result, the electrospun samples can continue to remove the particles
effectively for a longer time [54].

4. Conclusions

Electrospun PVDF-HFP was used to fabricate air filters and investigate the effect of
fibre bead content and layered structure on the filtering performance. The main conclusions
are summarized as follows:

1. Bead-free, low-bead, high-bead and ultra-high-bead PVDF-HFP electrospun fibres
were produced by changing the DMF to acetone ratio in the polymer solvent. At DMF
concentrations above 50%, beads appeared in the electrospun fibres. Increasing the
DMF concentration increased the bead density but decreased the fibre size;

2. Applying electrospun PVDF-HFP layers on a PP spunbond substrate enhanced the
hydrophobicity;

3. Both the multi-layered design and a higher density of beads on the fibres decrease the
pressure drop across the filter, thereby improving the air filter quality factor;

4. The optimum performance was achieved by the PUB-90 air filter with an overall
efficiency of 99.33% and a quality factor of 27.6 × 10−3 Pa−1, superior to the N95 air
filter compared to double N95.
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