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Cite This: ACS Omega 2023, 8, 38557−38565 Read Online

ACCESS Metrics & More Article Recommendations

ABSTRACT: Particles with diameters smaller than 2.5 μm (PM2.5)
can penetrate the respiratory system and have negative impacts on
human health. Filter media with a porous surface and nanofiber/
nanonet structure demonstrate superior filtration performance
compared to traditional nano- and microfiber-based filters. In this
study, nanostructured filters were produced using the electroblowing
method from solutions containing different ratios of poly(vinylidene
fluoride) (PVDF) and polyethylene glycol (PEG) polymers for the
first time. By increasing the water-soluble PEG ratio in PVDF/PEG
blend nanofibers and employing a water bath treatment to the
produced mat afterward, a more porous fibrous structure was
obtained with a lower average fiber diameter. Notably, the removal of
PEG from the PVDF/PEG (3−7) sample, which had the highest
PEG content, exhibited clustered nanofiber-/nanonet-like structures with average diameters of 170 and 50 nm at the points where
the fibers intersect. Although this process resulted in a slight decrease in the filtration efficiency (−1.3%), the significant reduction
observed in pressure drop led to a 3.2% increase in the quality factor (QF). Additionally, by exploiting the polarizability of PVDF
under an electric field, the filtration efficiency of the nanostructured PVDF filters enhanced with a ratio of 3.6% after corona
discharge treatment leading to a 60% improvement in the QF. As a result, the PVDF/PEG (3−7) sample presented an impressive
filtration efficiency of 99.57%, a pressure drop (ΔP) of 158 Pa, and a QF of 0.0345 Pa−1.

■ INTRODUCTION
The need for clean air is escalating due to population growth
and rapid industrial development.1 Air pollution, consisting of
solid particulate matter (PM), organic substances, and
epidemic diseases, poses a significant threat to human health.2

Inhaling PM particles can lead to various diseases, including
cancer, as they can penetrate the respiratory system.3 Personal
protective equipment, including air filters, plays a crucial role
in purifying inhaled air and removing PM, bacteria, and
viruses.4 Although traditional air filters composed of micro-
meter-scale fibers, such as melt-blown, spun-bond, and glass
fiber filters, are commonly used,5 the air filters must possess
nanosized pores to effectively remove fine PM and viruses.
Nanofibrous structures are well-suited for this purpose as they
offer a cost-effective means of production and have a suitable
pore structure.6

An ideal air filter should exhibit a high filtration efficiency
with a low-pressure drop (ΔP). However, in general, achieving
high filtration efficiency with small pores leads to increased ΔP.
Conversely, a filter with large pores results in low filtration
efficiency, too.7−9 To increase the submicron particle capture
efficiency of the traditional filters, electret properties can be

imparted to them using methods such as corona discharge,10,11

triboelectrification,12,13 hydrocharging,14 and thermal polar-
ization.15 Poly(vinylidene fluoride) (PVDF) is known as a
highly stable polymer with electret characteristics and is
commonly used in air filtration studies. In a study by Xiao et
al.,16 99.97% efficiency was reached at the expense of 137 Pa
pressure drop for filter mats composed of electrospun PVDF
nanofibers having an average diameter of 30.8 nm. In another
work,17 sodium dodecyl sulfate was added to control the
diameter and uniformity of electrospun PVDF nanofibrous
membranes, resulting in PVDF nanofibers with a diameter of
70 nm. Due to the synergistic combination of the slip effect
introduced by the nanoscale structure and the electret
properties provided by PVDF, a high PM0.3 filtration efficiency
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of 97.40% was achieved at a pressure drop of 51 Pa under an
airflow rate of 5.3 cm/s.

Another method to increase the efficiency and reduce the
ΔP is to use a combination of nano- and microfibers that
create bimodal networks.18,19 These bimodal networks with a
wide range of Knudsen numbers let the air flow with reduced
resistance.20,21 Bimodal fibers can be created by stacking layers
of fibers with different diameters or simultaneously producing
fibers of different diameters in a single layer. Zhang et al.22

fabricated a layered multimodal filter fabric which consisted of

stacked polysulfone microfibers (∼1 μm), polyacrylonitrile
(PAN) nanofibers (∼200 nm), and polyamide 6 (PA6)
nanowebbed layers (∼20 nm) via electrospinning. The
resulting fabric exhibited an impressive filtration efficiency of
99.992% and an ΔP of 118 Pa. Gungor et al.23 produced PA6
fibers with average fiber diameters (AFD) of 81.5 nm and 1.6
μm by a two-nozzle solution-blowing method using PA6
solutions prepared at different concentrations (7 and 20 wt %).
The resulting filters achieved a filtration efficiency of 98.891%
and an ΔP of 168 Pa. The production of bimodal filter

Figure 1. (a) 10 kX magnified SEM image of a neat PVDF nanofibrous mat (scale bar is 5 μm) and (b) its fiber distribution graph.

Figure 2. SEM images of (a) PVDF/PEG (7−3), (b) PVDF/PEG (5−5), and (c) PVDF/PEG (3−7) samples (scale bars are 5) and their fiber
distribution graphs (BB: before bath, AB: after bath).
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structures is also possible by blowing the melt polymers at
different melting temperatures or blowing the melt polymers
with different melt flow index values. As an example, Deng et
al.20 obtained a multiscale micro-/nanofiber membrane based
on polypropylene and polystyrene by a one-step melt-blown
technique that exhibited a filtration efficiency of 99.87% and
ΔP of 37.73 Pa. As a new approach, recently, bioelectrets in
bimodal micro-/nanoscale PLA nanofibers were produced by a
parallel electrospinning method.24 The incorporation of
bioelectret bonelike nanocrystalline hydroxyapatite (HABE)
into PLA fibers created an orderly alignment under the applied
electric field and enhanced the charging capacity and surface
potential. Additionally, the filtration efficiency for PM0.3
particles at an airflow of 32 L/min was enhanced from 59.38
to 94.38% after adding 30 wt % HABE.

The nanofibers/nanonet structure is an alternative filter
structure for highly efficient filtration, particularly for < PM2.5.
These structures exhibit a kind of bimodal nature, with fiber
diameters clustering around <0.5 and <50 nm.25 The low ΔP,
characteristic of these structures, enhances both energy
efficiency and the longer-term use of the filters. The
electrospinning method stands out as a fundamental approach
to produce nanonets. By precisely controlling the solution and
process parameters, nanofiber-nanonet structures of PVDF,
PA, PAN, and PU have been produced, and among them,
PVDF-based bimodal filters demonstrated a remarkable
filtration efficiency of 99.998% due to their electret properties.8

The superior performance of PVDF was attributed to its
electret properties. Additionally, the addition of surfactants
(e.g., sodium dodecyl benzenesulfonate) to the PVDF solution
and optimization of the relative humidity of the environment
have been reported to facilitate the formation of PVDF
nanonets.26

In this study, the production of bimodal nanofiber/nanonet
filters was achieved using a polymer blend, where one of the
components is a sacrificial polymer. PVDF and polyethylene
glycol (PEG) (sacrificial) polymers were dissolved at different
weight ratios (70:30, 50:50, and 30:70 wt %) and shaped into
nanofiber mats via electroblowing (EB) for the first time.
Although PVDF and PEG polymers are commonly used
together in the production of porous membranes,27−31 we
aimed to produce high-quality air filters based on nanofibrous
mats via EB for the first time. The removal of PEG from the
bicomponent nanofiber structure through immersion of the
produced fibrous mats in a water bath enhanced the porosity
and reduced the diameter of the fibers. Additionally, the
fibrous structure changed to nanofibrous/nanonet structure
samples produced from the solution with the highest PEG
content. Specifically, in nanofiber/nanonet structures, we
observed an improvement in ΔP, reaching 64% while keeping
the filtration efficiency nearly the same. By applying corona
discharge treatment, we were able to enhance the filtration
efficiency and achieve improvements of up to 65% in the
quality factor (QF). These results can be considered a
revolution, particularly in the production of highly efficient
and low ΔP fibrous filters.

■ RESULTS AND DISCUSSION
Morphology of the Nanofibrous Filter Media. The

scanning electron microscopy (SEM) image and fiber diameter
distribution histogram of the PVDF fibrous sample are shown
in Figure 1. Accordingly, a structure characterized by dense
fibers having an AFD of 445 ± 123 nm without droplets was

observed. These observations suggest that the solution
concentration and solvent system are well-suited for the EB
technique.

According to the SEM images of the PVDF/PEG samples
given in Figure 2a−c, for the samples before water bath
treatment (Figure 2a1,b1,c1), the fiber diameters decreased
from 397 ± 122 to 200 ± 36 nm with increasing PEG ratio in
the solutions. Although, with higher PEG content, there was
also a noticeable decrease in the fiber diameter distribution
(standard deviation values), a significant increase in the density
of droplets was observed. These can be attributed to the
decrease in solution viscosity due to the increased amount of
low-molecular-weight PEG in the solution. In the EB system,
the shear forces created by air and electrostatic forces interact
with the viscoelastic forces of the polymer solution at the
nozzle tip. The interplay between these forces is vital in
determining whether a polymer jet forms or droplets form;
inadequate viscoelastic forces lead to droplet formation. As
given in Table 1, the viscosities of neat PVDF and PVDF/PEG

(3−7) solution were measured to be 273.7 and 57.4 mPa·s,
respectively. Considering that the viscosity of the polymer
solution used in EB should be around 100−5000 mPa·s from
our previous studies, increasing the density of the droplet in
the PVDF/PEG (3−7) sample was considered to be normal.

On the other hand, after the water bath treatment (Figure
2a2,b2,c2), the fibers became thinner as PEG was removed
from the structure, but the change in the fiber diameter
decreased with increasing PEG ratio. The percentage reduction
in the fiber diameter for each sample after the water bath
treatment was calculated to be 67% for PVDF/PEG (7−3),
27% for PVDF/PEG (5−5), and 18% for the PVDF/PEG (3−
7) samples. The PEG removal efficiency through the water
bath treatment was also reflected in the percentage mass
change of the samples provided in Table 2. Accordingly, the
weight loss was 12% for PVDF/PEG (7−3), while it was
elevated to 25% for PVDF/PEG (3−7).

The most interesting observation in this study is the
formation of nanonet-like structures, particularly when the
PEG concentration was 70 wt %, as shown in Figure 2c. These
nanonet-like structures, with diameters measured to be
approximately 45 nm, were concentrated in droplet regions
where the fibers coalesce, indicated by the red circles in Figure
2c1. As explained above, increasing PEG content intensified
droplet density, resulting in a high PEG content within the

Table 1. Viscosity of the Prepared Solutions

solution viscosity (mPa s)

PVDF 273.7
PVDF/PEG (7−3) 169.4
PVDF/PEG (5−5) 114.3
PVDF/PEG (3−7) 57.4

Table 2. Basis Weight of the Samples

weight (gsm)

samples as produced after bath % Δ after corona

PVDF 2.45 2.45
PVDF/PEG (7−3) 1.86 1.66 −12.0 1.66
PVDF/PEG (5−5) 1.95 1.59 −22.6 1.59
PVDF/PEG (3−7) 1.96 1.56 −25.6 1.56
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droplets. Therefore, the removal of PEG from the structure led
to the formation of a nanonet-like structure in these areas.

The high-magnification SEM images of the produced fibers
were examined to analyze their fiber and surface morphologies,
as shown in Figure 3. The pure PVDF sample consists of

smooth and cylindrical fibers, whereas the addition of PEG and
the subsequent water bath treatment resulted in the loss of
cylindrical morphology and smoothness. When the PEG
content reached 50 wt %, a nanonet-like structure started to
be observed, and the density of these structures reached a

Figure 3. High-magnification SEM images of (a) PVDF and water bath-treated (b) PVDF/PEG (7−3), (c) PVDF/PEG (5−5), and (d) PVDF/
PEG (3−7) fibers (scale bars are 2 μm) and (e) % change in fiber diameters compared to neat PVDF as a function of PEG content before and after
water bath treatment.

Table 3. Filtration Performance, ΔP, and QF of the Samples As Produced and after Water Bath Treatment

efficiency (%) ΔP (Pa) Knudsen number QF (1/Pa)

samples as produced after bath as produced after bath as produced after bath as produced after bath

PVDF 98.62 248.00 1.46 0.0173
PVDF/PEG (7−3) 98.34 97.98 204.00 188.00 1.64 2.75 0.0201 0.0208
PVDF/PEG (5−5) 97.97 96.91 198.00 172.00 2.09 2.66 0.0197 0.0202
PVDF/PEG (3−7) 97.42 96.08 176.00 151.00 3.24 3.83 0.0208 0.0215

Figure 4. (a) Filtration efficiency, (b) ΔP, and (c) QF of the samples before and after water bath treatment.
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maximum at a PEG content of 70 wt %. Since it was not
possible to produce fibers from a 100 wt % PEG solution due
to its low viscosity, there was no image for the neat PEG
sample. Figure 3e presents the percentage change in the AFD
of the PVDF−PEG samples before and after water bath
treatment compared to the reference PVDF as a function of
PEG addition. It is observed that as the PEG content increases,
the reduction in fiber diameter increases from 12 to 122%
because of lowered solution viscosity. The % reduction in fiber
diameter was 162% for the PVDF/PEG (3−7) after water bath
treatment.
Filtration Performance. The filtration efficiency (n), ΔP,

and QF values of the samples are listed in Table 3. Since the
neat PVDF mat exhibited a lower porosity associated with
thicker and denser fibers, the highest filtration efficiency was
obtained from this sample. Filtration efficiency was decreased
for all PVDF−PEG samples with increasing PEG content.
However, as shown in Figure 4a, the change is very small,
where it was a maximum of 1.23% for the PVDF/PEG (3−7).
The lowered efficiency can be explained by the finer fibrous
structure and increased porosity, which allow increased particle
passage through the sample. On the other hand, both PEG
addition and water bath treatment also improved the ΔP for all
samples. Compared with pure PVDF, as shown in Figure 4b,
the maximum improvement (64%) was obtained from PVDF/
PEG (3−7). The QF, which is inversely related to filtration
efficiency and ΔP, was calculated for all samples and is shown
in Figure 4c. Accordingly, there was an enhancement in the
QFs with increasing PEG content. Furthermore, when
comparing the samples before and after water bath treatment,
an improvement in QF for all samples was also observed
because of a greater reduction in ΔP. Among the samples, the
PVDF/PEG (3−7) sample, which had the lowest ΔP value,
demonstrated the highest QF with nearly 20%.

In Figure 5a, there is a direct relation found between AFD
and ΔP for the fibers before and after water bath treatment,
which is evident as the reduction in ΔP can be attributed to
the reduction in the fiber diameter. It is well-established that
finer fibers contribute to ΔP through the slip effect in air
filtration.32 This slip effect arises from the nonzero airflow
velocity at the surface of individual fibers, known as the slip
flow phenomenon. The flow regime of the gas can be
determined by relating the mean free path of air molecules to
the diameter of nanofibers, which is described by the Knudsen
number. There are four flow regimes based on Kn values:
continuum flow (Kn ≤ 0.001), slip flow (0.001 < Kn ≤ 0.1),
transition flow (0.1 < Kn ≤ 10), and free molecular flow (Kn >
10).33 The calculated Kn values for our samples are presented
in Table 3. Consequently, our samples exhibit a filtration
characteristic known as the transfer regime. Additionally, as
shown in Figure 5b, the decrease in the fiber diameters
enhances the air permeability of the samples, which can be
committed as an increase in the overall % porosity as a result of
finer fibers. In Figure 5a,b, there was a small difference in the
slopes of the linear fitting curves of ΔP and air permeability for
the samples before and after water bath treatment. This
difference could be a result of the further increased % porosity
of the samples after PEG removal. Overall, the decrease in fiber
diameters enhances the overall % porosity, leading to a positive
contribution to ΔP and air permeability along with the slip
effect.34

The filtration efficiency of a filter is influenced by various
mechanisms such as sieving, straining, interception, diffusion,
inertial impaction, and electrostatic capturing. Among these
mechanisms, the electrostatic effect plays a significant role and
exhibits a superior effect on efficiency.35 The effect of the
corona discharge process on the filtration performance of the
samples is listed in Figure 6a. Accordingly, while the corona

Figure 5. (a) Change of ΔP and (b) air permeability as a function of AFD.

Figure 6. Comparison of the (a) filtration efficiency and ΔP and (b) QF of the samples after water bath and corona discharge treatments.
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discharge process had a negligible effect on ΔP, it created a
remarkable improvement in the filtration efficiency. Since it is
well-known that the corona treatment does not induce any
significant changes in fiber morphology, the improvement in
filtration efficiency is merely induced by induced electric
charges on the fibers. Upon analysis of Figure 6b, it can be
observed that the QF increased by 10% in the PVDF, 23% in
the PVDF/PEG (7−3), 42% in the PVDF/PEG (5−5), and
60% in the PVDF/PEG (3−7) samples when they were
subjected to corona discharging. This improvement in the QF
across all samples is directly attributed to the enhancement in
filtration efficiency. When particles approach the charged filter
surface, they experience stronger electrostatic forces, leading to
increased penetration. This is supported by the measurement
of the electrostatic surface potential value of these samples
following the corona discharge process (Table 4). The PVDF/
PEG (3−7), composed of thinner PVDF fibers with a nanonet-
like structure, is believed to maximize the retention of charge.

Two of the most crucial parameters influencing the surface
potential values of fibrous mats are their pore structures and
electrical resistance of the fibrous mats. Accordingly, increasing
pore size leads to higher capacity, and increased porosity and
resistance result in higher surface potential.36 In our study,
thinner fibers were obtained with the addition of PEG, and
upon the removal of PEG, the fusion point regions
disappeared, causing the mat’s electrical resistance to increase.
Additionally, with the removal of PEG, further thinning of
fibers led to an increased pore size and porosity in the mat.
Therefore, as shown in Table 4, higher surface potential values
were obtained as the amount of PEG in the samples increased.

The differences in filtration performances are explained by
using the schematic given in Figure 7. Accordingly, in filter
samples composed solely of nanofibers, small-sized particles
easily pass through the gaps between the fibers compared to
PVDF−PEG samples, in which these gaps were filled with
either droplets or nanonet structures (Figure 7a). Although it
is expected to have a low filtration efficiency for neat PVDF
fibrous mats, this effect was not clearly visible since our
reference sample had a higher basis weight. Fibrous mats with
finer fibers produced from low-viscosity solutions containing a
higher PEG ratio have resulted in higher porosity and

increased slip effect, causing a lower filtration efficiency and
pressure drop. On the other hand, with the addition of PEG
higher than 50 wt %, the fusion points of the close fibers were
filled with the droplets, as shown in Figure 7b. Although the
filled areas are expected to block the particles in airflow and
increase the efficiency, the percentage of these areas to the
overall structure was very limited; therefore, the expected
enhancement could not be observed. As shown in Figure 7c,
the removal of the PEG in these regions through the water
bath treatment led to a nanonet-like structure behind and also
finer nanofibers resulting in higher permeability. While this led
to a minor loss in filtration efficiency, a significant improve-
ment in pressure drop was provided. Finally, in samples with
an even lower basis weight compared to the reference PVDF,
the nanonet structure increased the surface potential of fibers
after corona discharge treatments due to the increased total
surface area, providing a more effective particle capture and a
higher QF of up to 60% (Figure 7d).

■ CONCLUSIONS
In this study, we successfully produced nanofibrous mats using
the EB method from PVDF−PEG blend solutions. Although
increased PEG content resulted in droplets in the fibrous mats
due to lowered viscosity, finer fibers were obtained with
increasing PEG. Additionally, the removal of the PEG polymer
through the water bath treatment resulted in thinner and more
porous fibers. A nanonet-like structure with a clustered AFD of
less than 50 nm in the fusion points of the closest fibers was
obtained from the PVDF/PEG (3−7) sample after PEG
removal. Although there was a slight decrease in filtration
efficiency for the PVDF−PEG samples and after PEG removal,
the samples exhibited significantly improved ΔP characteristics
due to their porous surfaces and bimodal fiber diameters. To
enhance the filtration efficiency, corona discharge treatment
was applied to all samples, and the PVDF/PEG (3−7) sample
demonstrated the highest filtration efficiency of 99.57% and an
ΔP of 158 Pa, resulting in the highest QF of 0.0345.

■ EXPERIMENTAL SECTION
Materials and Methods. PVDF (Mw: 477,000 g/mol) and

PEG (Mw: 10,000 g/mol) powders were obtained from
Arkema Chemicals (Kynar Flex 2801-00) and Merck,
respectively. Dimethyl sulfoxide (DMSO, with a purity of
99.8%, Merck) and acetone (with a purity of 99.5%, ISOlab)
were used as solvents. Triton X-100 was used as a surfactant
and was obtained from Merck. The fibers were collected onto
13 g of polyester (PET) spun-bond fabrics supplied by Mogul
Company.

First, 18 wt % PEG and 18 wt % PVDF solutions were
separately prepared in an acetone/DMSO mixture with a ratio
of 30/70 wt by magnetic stirring at 70 °C for 8 h. Following

Table 4. Measured Electrostatic Surface Potential of the
Samples after Corona Discharge Treatment

samples electrostatic surface potential (V)

PVDF 256.67 ± 53.12
PVDF/PEG (7−3) 436.67 ± 41.10
PVDF/PEG (5−5) 703.33 ± 86.54
PVDF/PEG (3−7) 936.67 ± 134.74

Figure 7. Schematic presentation of the filtration mechanism and nanonet formation models for the samples: (a) only PVDF, (b) PEG−PVDF, (c)
after removal of PEG, and (d) after corona discharge treatment samples.
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that, the polymer solutions with PVDF/PEG ratios of 7:3, 5:5,
and 3:7 were obtained by mixing the previous solutions in
calculated amounts. To provide homogeneity, the solutions
were further stirred for 4 h at 70 °C.

An EB device (AeroSpinner, Areka Ltd.) was utilized to
produce all nanofibrous webs. In Scheme 1, the schematic of
the device is given. The device consists of a compressed air
tank connected to a regulator, a high-voltage power supply, a
syringe pump, a coaxial spinning nozzle placed on a
homogenizer shaft to provide a homogeneous accumulation
of the fibers, and a vacuum-assisted rotating collector with a
surface area of 30*20 cm2.

All samples were produced at a feeding rate of 10 mL/h,
under 1 bar air pressure and 30 kV electric field, with a
collector nozzle distance of 30 cm. During production, both
the collector and homogenizer rotation speeds were fixed at 40
rpm. The production continued until the collected fibers
reached approximately the same basis weight (gsm) value. The
final gsm value of the samples is given in Table 2. To compare
the effect of blending polymer solutions on the morphology of
nanofibrous webs, a reference neat PVDF sample was
produced from 18 wt % PVDF solution. Although we tried
to produce a reference neat PEG sample, we were not
successful due to its low viscosity.

A water−2 wt % Triton X-100 bath was prepared to remove
PEG components from the blend filter structures, and the
samples were placed in the bath, as shown in Scheme 2, on a
magnetic stirrer and left for 4 h. The water bath was heated
during the treatment on the hot plate set at 100 °C. PEG is a
hydrophilic polymer that can dissolve quickly in water. It was
presumed that PEG components present on the surface of the
fibers would dissolve easily in the presence of only water.
However, to facilitate the dissolution of the PEG components

mixed with hydrophobic PVDF, a surfactant was added to the
bath.

Corona charging was performed using a negative corona
discharge device (Chargemaster 5, Simco-Ion). For the corona
application, the device’s electrode was positioned approx-
imately 4 cm above a rotating drum. Nanofiber samples were
placed on the drum, which was rotating at a speed of 23 rpm,
and charged for 5 min under a charging voltage of 20 kV.
Characterization. The viscosities of all prepared solutions

were measured with a rotational viscometer (Fungilab, α
Series) before fiber production and are presented in Table 1.
The morphologies of the fibrous structures were examined
using a scanning electron microscope (TESCAN VEGA 3).
Prior to SEM analysis, a 10 nm-thick gold/palladium coating
was sputtered onto the samples to ensure conductivity. AFDs
and standard deviations were calculated using measurements
taken from SEM images at magnifications of 5 and 20 kX and
from the fibers excluding the nanonet structures.

An automatic filter testing device (8130A model, TSI Inc.)
was used to evaluate the filtration performance of the samples
in terms of ΔP and filtration efficiency [η]. Solid salt particles
with a diameter of 0.26 ± 0.07 μm were generated from a
NaCl solution (2% by weight). Nanofibrous mats with an
effective area of 100 cm2 were tested against NaCl aerosols at a
face velocity of 15.83 cm/s. Filtration efficiency (η) was
calculated using eq 1

= C C1 /down up (1)

where Cdown represents the downstream particle concentration
and Cup is the upstream particle concentration. The
mathematical expression of the QF, which evaluates the
quality of the filter sample by considering both filtration
efficiency and ΔP, is given in eq 2

=QF
P

ln(1 )
(2)

The Knudsen number (Kn) is used to describe the molecular
movements of air molecules near the surface of fibers and can
be calculated by using eq 3. Here, λ represents the mean free
path of the gas molecules, which is equal to 65 nm at a
temperature of 298 K and a pressure of 1 atm. df represents the
diameter of the fibers.32

=K
d
2

n
f (3)

Scheme 1. Schematic Presentation of the EB Device

Scheme 2. Schematic Presentation of the Bath Treatment of
the PVDF/PEG Blend Nanofibrous Mats
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The FMX-004 electrostatic field meter device (Simco-Ion)
was utilized to measure the surface potential of the samples
after corona charging. Measurements were taken from different
regions of the samples to determine the average value of the
surface potential.
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