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ARTICLE INFO ABSTRACT

Article history: Particulate matter (PMO0.3) aerosols are the most penetrating particles, which pose a serious health threat to
Received 19 May 2023 humans. Therefore, mechanical filtration alone is insufficient to effectively filter 0.3 pm aerosols from a
Received in revised form 03 July 2023 polluted environment. Thus, the need for electrostatic filtration is undeniable. This study aims to investigate
Accepted 05 July 2023 the effect of incorporating 10 wt.% and 20 wt.% mass fractions of Polyvinylidene fluoride (PVDF) on the

filtration performance and mechanical properties of polypropylene (PP)-based melt-blown (MB) nonwoven
filter webs for air filtration applications. Morphological tests, fiber diameter measurements, filtration tests,
mechanical tests, contact angle tests, etc., were conducted for each filter web to characterize its properties.
The test results revealed that PP/PVDF fibrous webs exhibited thicker micro-fibers in the range of 1.0 to 1.32
um and rough surface morphologies (beads and droplets) compared to MB PP, which can be attributed to the
incorporation of PVDF. Consequently, the introduction of 10 wt.% and 20 wt.% PVDF into PP resulted in the

Auvailable online

Ezm(:c:z;ene creation of super-hydrophobic MB nonwover? webs, as. evidenced by their resistance to .Water droplets.

Polyvinylidene fluoride However, the study also demonstrated that the incorporation of 10 wt.% and 20 wt.% PVDF into PP reduced

Melt-blown the tensile strength of PP nonwoven filters by approximately 5.55% and 8.33%, respectively. Furthermore,

Filtration performance the addition of 20 wt.% PVDF into PP, along with corona charging, induced a quality factor (QF) of 0.11

Mechanical properties mmH20-1 for the 80PP-20PVDF sample. A similar QF was observed for corona-charged MB PP, which
exhibited a filtration efficiency of 99.01% against 0.3 um aerosol particles, at the expense of a pressure drop
of 427 Pa.

2023 JIENS All rights reserved.

1. INTRODUCTION

Micro/nanofibrous webs emerge as prominent filtering techniques for separating aerosol pollutants of various sizes
from polluted environments. These aerosols, in the form of solid and liquid droplets, including toxic PM particles,
pose a serious threat to human health [1]. Particles with diameters less than 2.5 um are particularly hazardous to
the respiratory system [2]. Therefore, there is a need for fibrous webs with high filtration performance to improve

the quality of inhaled air [3].

Various methods, including electrospinning (ES), solution blow spinning (SBS), centrifugal spinning (CS), and
melt-blowing, are used to produce polymeric micro/nanofibrous webs. While ES is low-cost and suitable for lab-

scale production [4], it has limitations and is not suitable for industrial-scale manufacturing [3-5]. On the other
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side, SBS and CS, driven by air pressure and centrifugal forces respectively, have higher production capacities

compared to ES [4, 5]. However, melt-blowing technology surpasses them in terms of production capacity.

Melt-blown nonwovens, known for their high surface area per unit weight, high porosities, and barrier
characteristics, are widely used for air filtration. During corona charging, these nonwovens can hold an abundant
amount of charges on the fiber periphery, creating a quasi-permanent electric field that attracts negatively charged
PM aerosols [6]. Polymers such as polyethylene (PE), polyamide (PA), polyurethane (PUR), poly (ethylene
terephthalate) (PET), polystyrene, and poly (butylene terephthalate) (PBT) are suitable polymers types for MB
applications [7]. Polypropylene (PP) is commonly used for melt-blown applications due to its versatility,

availability, and relatively low cost [8, 9].

Pu etal. [10], studied MB PP using a novel approach of electrostatic-assisted melt-blown technology. In the study,
it was found that the average fiber diameter (AFD) obtained from the electrostatic-assisted melt-blown techniques
was reduced approximately by 43.19%. Also, the new approach leads to a better filtration efficiency of 50.826%
in contrast to the conventional MB method (40.651%) against 0.3 pm aerosol. In another MB PP study, a QF of
1.69 x 10 Pa and a pressure drop of 173 Pa were found by Alberta et al. [11]. Although the filtration efficiency
of MB PP filter fabrics increased when thinner fibers were used during the filtration process, there are limitations

in the capacity of the device.

Aecrosol sizes of 0.3 um are characterized by the most penetrating particles which cannot be fully filtered by
mechanical filtration [12]. To enhance the filtration efficiency of most penetrating small aerosols the need for an
electrostatic capturing mechanism along with mechanical filtration is inevitable. Thus, numerous types of research
have been done by blending PP with other polymers and electret additives to see their effects on the characteristics
of MB nonwoven filter webs. In 2018 Zhang et al. studied MB nonwoven filter webs in detail by preparing PP
blended with magnesium stearate (MgSt) as the charge enhancement [6]. The study showed a high filtration
efficiency of 99.22% and a low-pressure drop of 92 Pa were achieved with the help of the electret additive. In
another research work by Zhang et al. [13], corona-charged MB PP filters exhibit a high filtration efficiency of
99.65% and a pressure drop of 120 Pa. The MB study using Ag@ZIF-8 PP resulted in a filtration efficiency of 88
+ 2.2% and a pressure drop of 51 + 3.6 Pa against 0.3 um aerosols [14]. Brochocka et al. [15] studied improving
the filtration efficiency of MB PP filters with the effect of electret additives perlite beads (positive charge) and
amber (negative charge). An electret perlite-modified PP MB nonwovens exhibit a filtration efficiency of 99.56%
and a pressure drop of 290 Pa against sodium chloride aerosols. Previous studies have explored the use of PP and
various additives to enhance the filtration efficiency of melt-blown nonwoven filter webs. Some studies have
shown promising results by incorporating electret additives or optimizing the fiber web morphology [6, 13, 15].

However, achieving higher filtration efficiency with lower pressure drop remains a challenge.

Piezoelectric polymers such as polyvinylidene fluoride (PVVDF) can be used to fabricate melt-blown fibers that
exhibit self-polarized electret properties, thus enhancing aerosol filtration [16]. PVDF is known for its low cost,
excellent hydrophobicity, and good impact strength [17]. However, there is limited research on melt-blown
PP/PVDF filter webs, making it a promising alternative for efficiently filtering 0.3 pm aerosols from polluted

environments.
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In this study, the effect of different amounts of PVDF on the filtration performance and mechanical behavior of
melt-blown PP fibrous webs would be investigated. Additionally, the influence of corona charging on the filtration
capacity of PP and PP/PVDF filter webs with the addition of the electret additive zinc stearate (ZnSt) would be
examined. Various characterization tests were conducted to gain a better understanding of the behavior of the

fabricated filter webs.

I1. EXPERIMENTAL METHOD
2.1 Materials

Polypropylene granules with a melt flow index (MFI) of 1800 g/10 min were purchased from TEKNOMELT.
Whereas, Kynar® MG15 resin-PVDF powder with a density of 1.78 g/cm?® was purchased from ARKEMA.
Irgafos-168 powder was purchased from BASF. Maleic anhydride grafted polypropylene (PP-G-mA, MFI = 8 g/10

min) was supplied from DuPont. An electret additive zinc stearate was purchased from BASF.

2.2 Methods
2.2.1. Preparation of MB nonwoven filter webs

PVDF fine powders get dried in the vacuum furnace for 2 hrs at 80 °C. Then, as per the DOE presented in Table
1, each composition of MB samples was prepared by blending the dried PVDF powders with other granules.
Afterward, sample codes were assigned namely PP, 90PP-10PVDF, and 80PP-20PVDF. The blended
compositions for each sample were fed into the extruded compounder (Figure 1) with a twin screw speed of 9 rpm.
The compounding process was performed using the process parameter specified in Table 2. For each composition,
the extruded compounding process was performed successfully. Subsequently, the MILLER device is used for
cutting the compounded PP/PVDF samples into granules. The compounded granules of each sample were again
left to dry in a vacuum furnace at 80 °C for another 2 hr to completely remove the presence of any moisture. Later,
using the dried compounded granules the MB process for each sample is performed as indicated schematically in
Figure 2. Eventually, after the MB process PP, 90PP-10PVDF, and 80PP-20PVDF nonwoven fibrous webs were
fabricated. During the fibrous webs production process parameters including screw speed of 12 rpm, die tip-to-
collector distance (DCD) of 25 cm, die temperature of 275 °C, hot air pressure of 3 bar, and hot air temperature of

350 °C were used to produce all the nonwoven filter webs.

Table 1. Design of experiment (DOE) for MB fiber preparation

Sample Code PP PVDF Irgafos-168 ZnSt PP-G-mA
(wt.%) (wt.%) (wt.%) (wt.%) (wt.%)
PP 100 0 1 1 15
90PP-10PVDF 90 10 1 1 15
80PP-20PVDF 80 20 1 1 15

Table 2. The temperature profile of the twin screw compound extruder
Heating zone 1 2 3 4 5 6 7
Temperature (°C) 100 150 190 200 210 180 130
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Figure 2. Schematic drawing of the MB process

2.2.2. Corona charging

The corona charging apparatus schematically represented in Figure 3(a) consists of a high-voltage power supply,
two cylindrical rollers separated approximately by 1 mm, a manually rotating handle, and a grounding electrode.
Because of the high potential difference between the high-voltage power and the roller-shaped electrode, corona
discharge arises, causing the deposition of the positively charged ions on the electret MB fibrous webs. All single-
layer samples were charged via a voltage of 2 kV for a charging time of 30 sec. On the contrary, as shown in
Figure 3(b) all double-layer nonwoven samples were placed on a plate 5 cm away from the electrode represented

by pink color. And for each double-layer MB nonwoven, corona charging is taking place at a higher-voltage power

supply of 12.4 kV for 1 min.
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Figure 3. Schematic drawing for corona charging of (a) single-layer filter webs and (b) double-layer filter webs.

2.3 Characterization
2.3.1. Scanning electron microscope (SEM)

PP and PP/PVDF MB samples were coated with gold via a sputter coater (Quorum, Q150R ES Plus model) and
then, fiber morphologies were investigated via Zeiss Ultra Plus scanning electron microscope (SEM). Fiber
diameters were determined with the help of ImageJ software. During the fiber diameter determination, a total of
100 random fiber diameter measurements were taken from each sample. Subsequently, for each sample, the
measured 100-fiber diameter data would be exported to Origin software for determining the AFD based on the

Gaussian approach.

2.3.2. Air filtration

The filtration efficiency (n) and pressure drop (AP) of MB PP and PP/PVDF filter webs were measured by an
automated air filter tester (8130A model, TSI Inc.). Mathematically the filtration efficiency of filter webs was
determined by using Eqg. 1. On the other side, the filtration performance or QF of each MB filter web is theoretically
calculated via Eq. 2. All air filtration tests took place at a 95 I/min flow rate with the help of solid salt (NaCl)
particles with a diameter of 0.26 £ 0.07 um at a face velocity of 15.83 cm/s. The tests were conducted three times
on each filter sample with an effective area of 100 cm?to challenge PMq3 NaCl aerosol particles. Each sample's

filtration efficiency (), and pressure drop (AP) value is the average of the three individual tests.

Cdown (1)
Cup

n=1-

where, Cdown and Cup are the captured particles concentration at the downstream and upstream sides, respectively
[18].
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_11’1(1 — 1) (2)

F =
Q AP

where QF is the representation of the quality factor and AP is the short-hand form of pressure drop [19].

2.3.3. Air permeability

PP and PP/PVDF fibrous webs air permeability test was performed according to ISO standards with the help of
the Prowhite Airtest Il device. The test was performed at room temperature using a fiber filter measuring an area
of 38 cm? and at a constant applied air pressure load of 100 Pa. For each MB filter web air permeability test is
conducted five times and the mean of all five tests will be assigned as the air permeability value for each PP and
PP/PVDF sample. The air permeability of nonwoven webs is theoretically calculated based on the Darcy equation

(Eq. 3).

_ k,x AP

9= 51 (3)

where q is the representation of air permeability (m/s), kis the air permeability coefficient (m?), AP is the short-
hand form of pressure drop (Pa), L is samples thickness (m), and p is the viscosity of the flow (Pa.s) [20].

Moreover, the air permeability of porous materials can also be computed using Eq. 4.

1 AP (pf—pp) xd*> 2—InR,

X X X (@)
94 puxL On 2.4 —InR,

q:

where q represents air permeability (m/s), AP is pressure drop (Pa), u is flow viscosity (Pa.s), L is the thickness of
samples (m), pr and py, are fibers and nonwoven webs densities (kg/m®), d is the diameter of fiber (m), and Re is

the representation of Reynolds number [20].

2.3.4. Basis weight measurement

The weight of 10 cm x 10 cm square-shaped MB fibrous webs was measured by KERN ACJ 220-4M. The basis
weight for PP, 90PP-10PVDF, and 80PP-20PVDF samples was determined by dividing the weight of fibrous webs

by their effective area as expressed in Eq. 5.

Mass of samples
BW =

®)

Effective area

where BW is the designation of samples basis weight.
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On the other hand, solidity also known as packing density affects air permeability. Basis weight, the thickness of
the filter web, and the density of the fiber material are the major factors that govern solidity. Theoretically, the
solidity value of PP, 90PP-10PVDF, and 80PP-20PVDF webs are calculated using the formula given in Eq. 6 [21].

. BW
Solidity = X p (6)

where t represents the thickness of filter webs and the density of the material, fiber webs are made designated by

P.

2.3.5. Filter web thickness measurement

The thickness of each MB filter web was measured at three different points using LOY KA digital micrometer with

a 1 um measurement resolution. And the mean value was computed and assigned for each sample.

2.3.6. Water contact angle (WCA) measurement

To investigate the surface hydrophobicity of filter samples contact angle measurements (Theta Lite) against a drop
of nearly 0.0062 ml of pure water at room temperature and pressures were measured by the sessile drop method.
For this analysis, samples were prepared with a dimension of 10 mm % 40 mm. Then, three contact angle data at

different locations on one surface were averaged to get a reliable value for each sample.

2.3.7. Mechanical properties

The mechanical properties of MB fibrous webs with a dimension of 5 cm x 25 cm were investigated according to
DIN EN ISO 7198 standard via INSTRON tensile testing device. The test is conducted three times for each MB
sample and a mean value was assigned for each PP and PP/PVDF fibrous web. During the test, tensile strength,

elongation modulus, and strains were examined under a fiber gauge length of 200 mm and speed of 2 mm/min.

I11. RESULTS AND DISCUSSIONS
3.1. SEM morphologies and fiber diameters

In MB technology high-speed hot air stretches the molten polymer to form fine fibers with high porosity. In this
study, all nonwoven filter samples were produced under the same MB processing parameters. Figure 4 indicates
the MB web morphologies and fiber diameters of PP and PP/PVVDF micro/nanofibrous examined under SEM.
Although the presence of beads was tremendously high, droplet-free MB filter webs were fabricated for PP (Figure
4(a)). These beads are attributed to the effect of high turbulence of air during MB production [22]. For other
nonwoven filters such as 90PP-10PVDF and 80PP-20PVDF randomly distributed fibers with a relatively small
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number of droplets were fabricated. But, there were more beaded morphologies were also noticed in 80PP-
20PVDF. On the other hand, fibrous webs of AFD 0.62 + 0.03 um were examined for melt-spun PP. From the
literature survey, it was investigated that by adjusting the MB process parameters such as low screw speed (i.e.,
low feed rate) and low hot air pressure it can be possible to produce thinner fibers [23]. However, thicker fibers in
micro-scale of 1.0 £ 0.03 um and 1.32 + 0.07 pm were observed for 90PP-10PVDF and 80PP-20PVDF,
respectively. This tells that fiber diameter increases with the increment addition of the content of PVDF into PP.
This is attributed to the increment in the viscosity of molten PP/PVDF polymer as compared to PP. Furthermore,
fiber diameter distribution for MB samples was considerably influenced by MB process parameters. Also, the
amount of blended material PVDF into the host polymer (PP) had a significant effect on fiber diameter distribution.
So, PP blended with 10 wt.% PVDF produces narrow fiber distribution with lower fiber diameter as illustrated in
Figure 4(b). On the contrary, as indicated in SEM images of Figure 4(c) 20 wt.% PVDF incorporated into PP
produces MB webs with higher fiber diameter and wider fiber distribution.
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Figure 4. Fiber morphologies of MB fibrous webs
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3.2. Basis weight and air permeability

The basis weight, solidity, and air permeability of single-and-double-layer filter samples were presented in Figures
5(a) and 5(b), respectively. As shown in Figure 5(a) the basis weight for single-layer PP, 90PP-10PVDF, and
80PP-20PVDF was measured as 58.47, 38.96, and 49.62 g/m?, respectively. Similarly, a basis weight value in the
range between 77.98 to 116.94 g/m? was measured for double-layer filter webs as depicted below in Figure 5(b).
Compared to MB PP filter webs, PP/PVDF samples blended with 10 and 20 wt.% PVDF showed better air
permeability properties. Among single-layer filter webs the highest air permeability of 101.8 mm/s was
investigated for the 90PP-10PVDF nonwoven filter, but the lowest is for PP with 81 mm/s. This shows that there
exists an indirect relationship between basis weight and air permeability. Looking at Figure 5(a), adding 10 wt.%
PVDF into PP results in a 33.37% reduction of basis weight conversely 25.68% improvements were noted in air
permeability. Furthermore, the study observed that there were no significant differences were noticed in the air
permeability values for filter webs before and after electrification treatment via corona charging. Likewise, a
resemble results were noted in the study of Yang et al. [17]. In their study, it was found that filter webs before and
after electrification treatment have relatively similar air permeability values. Thickness, density, and fiber
diameters are other structural parameters of nonwoven webs which influences filter air permeability. Also, in the
literature, it was revealed porosity is another factor that changes the air permeability of MB PP/PVDF nonwoven
webs. However, weight is the dominant factor in the determination of air permeability compared to thickness, fiber
diameter, and density of fibrous webs [24]. In the study, it was also noted that corona charging had insignificant

influence on the air permeability of MB webs.

Similarly, the air permeability test for double-layer filters gives in the range of 16.2 to 39.2 mm/s. The decrement
in air permeability values for double-layer MB samples was related to their thickness value in contrast to single-
layer filters. Thus, the study showed filter webs thickness had also an influence on their air permeability behavior.
The thickness of single-layer nonwoven webs such as PP, 90PP-10PVDF, and 80PP-20PVDF measured as 0.22,
0.72, and 0.74 mm, respectively. On the other hand, thickness values of 0.286, 0.899, and 0.970 mm were reported
for double-layer PP, 90PP-10PVDF, and 80PP-20PVDF, respectively. For instance, when filter web thickness was
increased from 0.72 to 0.899 mm between single and double layers of 90PP-10PVDF this resulted in an
approximately 72.1% reduction in air permeability. Air permeability decrement as a result of increment in filter
webs thickness was also noticed in the study of air permeability of Polyester nonwoven fabrics [20]. Generally,
due to the less torturous path encountered lower thickness nonwoven webs result in higher air permeability [25].
It was indicated in Figure 5(b) adding 20 wt.% PVDF into PP causes a decrement in basis weight (15.12%)
however, the air permeability was enhanced by (142%). The fiber collection time is also another factor that affects
fibrous web parameters namely basis weight and thickness but here during fiber production; the collection time
for all samples was identical. Basis weight, web thickness, and density of fiber material are the main factors of
solidity. An increment in basis weight results in simultaneous enhancement in filter webs solidity but a

considerable decrement in air permeability.
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Figure 5. Basis weight and air permeability of (a) single-layer and (b) double-layer MB fibrous webs (where the “+” and “-” signs ahead of

the number indicate percentage increment and decrement, respectively)

3.3. Filtration Efficiency of MB filter webs

The filtration efficiency test is conducted in single-layer PP, 90PP-10PVDF, and 80PP-20PVVDF nonwoven MB
filter samples as illustrated in Figure 6(a). Here for each MB sample, the test was performed before and after
corona charging. So, from Figure 6(a) it was seen that maximum filtration efficiency of 83.88% and 85.28% were
investigated for the PP filter web without corona and after corona charging, respectively. In addition, the maximum
pressure drop was also observed for this MB PP sample. This might be due to the effect of beaded morphologies
plays a crucial role in enhancing the air resistance properties of the MB PP sample. The highest basis weight for
PP samples shows the highest filtration efficiency and pressure drop. The increment in filtration efficiency and
pressure drop as a result of enhancement in basis weight was also observed in the study of Liu et al. [26]. On the
other side, introducing PVDF into PP-based fibrous webs had considerable effects on reducing the filtration
efficiency of PP/PVDF nonwoven filters. Thus, the lowest filtration efficiency of 48.64% was noted for the sample
(80PP-20PVDF) produced from the addition of a maximum amount of PVDF (20 wt.%). This might be due to the
presence of thicker fiber diameters observed in SEM images and also morphological defects (i.e., droplets and
beads) resulting from the addition of PVDF. The reduction in filtration efficiency due to the presence of many
thicker fibers was reported in previous research works and hence, this result is supported by past findings. For
instance, Eticha et al. showed that the addition of thermoplastic polyurethane (TPU) into electrically assisted
solution blow spun PVDF nonwovens results in the reduction of the filtration efficiency of PVDF nanofibrous

mats due to the increment in fibers diameter [18].
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Furthermore, together with mechanical filtration to enhance filtering of the most penetrating particle size of 0.3
um corona charging technology was adopted on both single-layer (Figure 6(a)) and double-layer (Figure 6(b))
nonwovens. As demonstrated in both Figure 6(a) and 6(b) corona charged samples have shown better filtration
efficiency than the uncharged filter webs. This is probably due to charged fibers capturing both charged and neutral
aerosol particles with the help of electrostatic force [6]. While considering double-layer fibrous webs before the
corona and after corona charging (Figure 6(b)) have exhibited higher filtering efficiency compared to single-layer
MB webs (Figure 6(a). This might be due to the increment in the thickness of filter samples. Also, it might be
related to because of the higher-voltage power supply and more charging time as compared to single-layer filters.
Moreover, in double-layer MB samples, the electret nature of fibers was higher since more charges will be created
and stored on the MB webs. Thus, a higher coulomb attraction force is created between charged aerosols and
charged fibers, and the electrostatic capturing mechanism will be conducted. On top of that, for neutral aerosols
the electric field created by the electret fibers will going to charge the neutral PMg 3 aerosols, and filtering action
is executed via an electrostatic filtration mechanism. It was also observed that for each corona-charged and
uncharged sample, the pressure drop remained relatively the same. This indicates that corona charging does not

have remarkable effects on the morphologies of MB nonwoven webs.,
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Figure 6. Filtration properties of MB filter webs
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3.4. Filtration performance of MB filter webs

The filtration performance of both single and double-layer MB nonwoven samples PP, 90PP-10PVDF, and 80PP-
20PVDF was depicted below in Figure 7. The lowest QF has been noticed for all non-corona-charged MB samples.
In addition, as shown in Figure 7(a) blending of PP by a low amount (10 wt.%) of PVVDF and without any charging
causes a slight improvement in the QF of filter webs than uncharged PP filter samples. But, as the PVDF content
increased to 20 wt.% the QF behaves a slight decrement compared to 90PP-10PVDF. This might be related to
fiber morphologies (presence of more beads and droplets) responsible for the rising of filters air resistance behavior
and an increment in fiber diameter lowers filtration efficiency, the combination of these two scenarios together
leads to QF reduction. On the contrary, non-corona charged double-layer MB nonwovens (Figure 7(b)) show the
addition of 10 and 20 wt.% PVDF into PP brings about higher QF as compared to PP filters. According to Figure
7(b), corona-charged samples have better QF as compared to uncharged nonwovens. Hence, as indicated in Figure
7(b) the study founds the maximum QF for double-layer corona-charged 80PP-20PVDF samples of 0.11 mmH,0
Lat a lower pressure drop of 93.3 Pa. Although corona-charged double-layer PP filter webs have similar QF to
double-layer corona-charged 80PP-20PVDF filter sample, it was seen that the measured pressure drop (427 Pa)
was remarkably high.

Furthermore, looking at Figures 7(a) and 7(b), generally, the QF value of PP, 90PP-10PVDF, and 80PP-20PVDF
is improved by blending PP with 10 and 20 wt.% PVDF contents. Before and after corona charging the QF values
for each sample displayed by the bar graph behaves a similar increment trend as represented in Figure 7(b), which

shows that the electrostatic force enhances the filtration efficiency without affecting filter webs pressure drop.
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Figure 7. Filtration performance of (a) single-layer filter webs and (b) double-layer filter webs (where the “+” sign ahead of numbers indicates
percentage increment)
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3.5. Contact angle measurements

For each MB filter web sample, the hydrophobicity/hydrophilicity tests were conducted, and their water contact
angle values were indicated in Figure 8. Contact angle values of 127.16 + 1.52°, 133.53 + 1.52°, and 134.22 +
0.96° were measured for PP, 90PP-10PVDF, and 80PP-20PVDF samples, respectively. As per the results, a
hydrophobic surface was noticed for all samples. Further, the addition of 10 and 20 wt.% PVDF contents into PP
improves the surface hydrophobic character of MB PP nonwoven webs. This is because of the intrinsic
hydrophobic characteristics of PVDF [27, 28]. Therefore, the hydrophobic properties of fibrous webs increased
with PVDF addition to the PP morphology, and hence, the contact angles increased. In addition to the
hydrophobicity of the blended polymer, the surface roughness of filter webs is also another factor that affects the
WCA. As shown in SEM images, the introduction of 20 wt.% PVDF results in a large number of beads on the
PP/PVDF surface of MB filter webs. So, compared to MB 90PP-10PVDF, SEM images revealed the surface
roughness is greater for 80PP-20PVDF, and hence, the surface experience better hydrophobicity properties. This
result was in complete agreement with Li et al. [29]. In their study, the addition of PVDF layers into PP shows
superior hydrophobicity behavior. A contact angle of 96.96 ° was noted for PP nanofibrous layers, but the WCA
value between 100 to 140.5 ° was noted for PVDF-coated PP nanofibrous layers.
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Figure 8. MB filter samples with their contact angle values (where the “+” sign ahead of numbers indicates percentage increment)

3.6. Mechanical properties

Figure 9 shows the mechanical properties of single-layer MB PP, 90PP-10PVDF, and 80PP-20PVDF fibrous webs.
As can be seen in Figure 9(a), the tensile strength slightly decreases with the increment of P\VDF content. On the
contrary, the addition of 10 wt.% and 20 wt.% PVDF contents into PP notably affect the elastic modulus of the
MB PP sample. The maximum tensile strength and elastic modulus were determined for PP with 0.18 + 0.05 MPa
and 2.68 + 1.08 MPa, respectively. As the mass fraction of PVDF added to PP is 20 wt.%, the tensile strength and
elastic modulus become 0.165 + 0.06 MPa and 1.29 + 0.43 MPa, respectively. The decrement in tensile strength

might be attributed to the formation of weak bonds between fibers. Similar mechanical properties were observed
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in the studies of PPS/PVDF by Xing et al. [30]. In their study, it was shown that until the content of PVVDF reaches
40 wt.% the tensile strength and tensile modulus of PPS/PVDF initially increase for low content of PVDF and then
gradually decrease. When the tensile load escalates the nonwoven filter webs begin to fracture gradually as a result
of random entanglements of fiber. Strain at break of PP/PVDF MB samples was indicated in Figure 9(b).
Incorporation of PVDF (10 and 20 wt.%) into PP reduced the tensile strength and elastic modulus of PP and
increased its strain at break. These results were in complete agreement with previous studies by Khakestani et al.
[31].
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Figure 9. Mechanical properties of MB filter webs (a) tensile and elastic modulus and (b) strain value

IV. CONCLUSIONS

The fabrication of PP and PP/PVVDF nonwoven filter webs using MB technology was successfully achieved. SEM
analysis revealed that introducing 20 wt.% PVDF into PP resulted in the production of thicker micro-scale fibers,
increased bead formation, and a relatively lower number of droplets compared to the 10 wt.% PVDF composition.
The addition of PVDF had a significant advantage in reducing the basis weight of the filter webs, leading to

improved air permeability in PP/PVVDF samples compared to pure PP filter webs. The piezoelectric properties of
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PVDF polymers likely played a crucial role in enhancing the electret characteristics of PP/PVDF filter webs by
improving their charge storage capacity after corona charging. Moreover, the incorporation of zinc stearate electret
additive in the MB PP and PP/PVDF fibers further enhanced the electrostatic attraction properties of the filter
webs. This enhancement was evident in the filtration efficiency results, where the corona-charged PP double-layer
filter web exhibited the highest filtration efficiency of 99.01% with a pressure drop of 427 Pa. Corona charging
had a remarkable impact on improving PMO0.3 aerosol filtration through electrostatic attraction, while not
significantly affecting the pressure drops. However, relatively higher pressure drops were observed for the MB
samples in this study. On the other hand, the addition of 20 wt.% PVDF significantly improved the hydrophobicity
of PP/PVVDF nonwovens. Nevertheless, mechanical tests revealed a slight decrease in the tensile and elongation
modulus properties of PP-based fibrous webs with the addition of 10 wt.% and 20 wt.% PVDF.
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