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Abstract

Deteriorating air quality has increased the need for designing composite integrated
nanofibrous membranes, which are suitable for facemask technology providing
efficient solution against microbial propagation and particulate matter. Through
this research work, an aramid-based multilayered membrane is developed which
provides significantly increased mechanical stability when compared to easily col-
lapsing nanofibrous structures usually considered for air filtration applications. The
developed filter is tested for its bacterial filtration efficiency through an Andersen
sampler using Staphylococcus aureus as the challenge aerosol with mean particle
size of 3.0+0.3 pm. The Particulate Matter (with diameters ranging from 0.3 to
10 pm) filtration efficiency and Bacterial filtration efficiency of 99.41% and 99.51%
was achieved, respectively, indicating its potential for applications ranging from
facemasks (mainly for protection against airborne microorganisms) to industrial-
scale air filters. Our study indicated that the combination of silver nanoparticles
incorporated polyacrylonitrile nanofibers integrated with a layer of aramid based
coaxial nanofibers offer a new strategy to construct advanced multifunctional mem-
brane which could not only perform well as an antimicrobial filter but also remove
particulate matter in air effectively.
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Introduction

Polymer nanofibers with nanoparticles incorporated within have become an impor-
tant class of nanomaterial. The widely used commercial micro-sized fibrous filters
(e.g., spun-bond and melt blown nonwoven fabrics) suffer from various application
drawbacks (mainly their incapability to capture particles with aerodynamic diam-
eter <2.5 um) [1]. Benefitting from smaller pore size, decrease in fiber diameter
and large surface-to-volume ratio; electrospun nanofibrous membrane (NFM) has
already gained significant importance in air filtration applications [2-5]. When
these polymeric NFMs are tailored with various antibacterial agents they display
enhanced antibacterial activity and the microbial filtration efficiencies are greater
than 99%. They can be used as biocidal filter membrane to capture not only the par-
ticulate matter (PM) but also for capturing microbial contaminants [6—8]. When
compared to liquid dip process, where the filters are submerged in an antibacterial
liquid that result in pore blockage and an increase in pressure drop, these NFM inte-
grate the antibacterial agents into each nanofiber without clogging the pores [9, 10].

Considering various advantages of electrospun polymeric NFMs, several stud-
ies exist with regard to usage of organic solvents to reduce metallic salts. At the
same time organic solvents can be considered to effectively dissolve polymer. Etha-
nol has been the most popular solvent for synthesis of metal nanoparticles [11, 12].
Another interesting solvent that has proven to act as powerful reducing agent of sil-
ver (Ag) and gold nanoparticle synthesis is N,N-dimethylacetamide (DMAc) and
N,N-dimethylformamide (DMF) [13, 14]. Moreover, DMF has been considered as
one of the usual organic compound used as a solvent for electrospinning various
polymeric components. In other words, DMF plays a dual role; as a solvent for vari-
ous polymers and a powerful reducing agent. Consequently, polyacrylonitrile (PAN:
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an easy to electrospin polymer) or polyvinylidene fluoride (PVDF) have been widely
considered to develop composite NFM for aerosol and bacterial filtration [15, 16].

Apart from filtration efficiency and pressure drop of an air filter membrane, the
tensile strength is a major factor that cannot be overlooked. The weak mechani-
cal property and easily collapsing cavity structure of NFM can be addressed by
using high performance polymers like polysulfone or polyurethane or meta-ara-
mids [17-19]. Some polymers are not suitable to be used as materials for air filter
medium. Nanofibers developed using polystyrene (PS) are brittle and have weak ten-
sile properties. Similarly, nanofibers developed using Polyethylene oxide (PEO) and
polyvinyl alcohol (PVA) produce water-soluble membranes [20]. PAN has been the
most widely considered polymer to develop NFM for air filtration applications [21,
22]. They have low stiffness and very weak tensile properties. Hence, the developed
PAN-based membrane will exhibit easily collapsing cavity structure indicating prob-
lem in practical application. For this purpose, in this work, PAN and Ag based NFM
is integrated with a layer of uniaxially aligned meta-aramid based coaxial NFM,
which would help in maintaining the essential mechanical properties of developed
filter media.

Meta-aramids like poly(m-phenylene isophthalamide) (PMIA) also known
commercially as Nomex are high performance polymers that can be considered
to develop NFM which would exhibit outstanding mechanical properties [23, 24].
However, electrospinning PMIA at a relative humidity greater than 50% results in
formation of nanofibers that get collected on a collector in bundles. Such mem-
branes when used as an air filter medium will exhibit poor filtration efficiency. As
a remediation, the property of PMIA can be enhanced by coaxial electrospinning,
where an easily spinnable polymer can be considered as the sheath layer and a hard-
to-spin polymer like PMIA as the core [25].

In this work, in situ Synthesis of Silver Nanoparticles (Ag NP) in PAN nanofiber
is carried out and the resulting finest PAN/Ag NPs-based antibacterial NFM is inte-
grated with PMIA/PAN-based uniaxially aligned NFM to develop a multilayered
filter with stable cavity structure for application in air filtration of particulate and
microbial contaminants.

Materials and methods

The PMIA (Nomex 450) was procured from Arvind Limited, Gujarat, India. PAN
(MW 150,000 g/mol) (CAS No: 25014-41-9) was obtained from Sigma-Aldrich,
N,N-dimethylacetamide (DMAc) extra pure 99% (CAS No. 127-19-5), N,N-dimeth-
ylformamide (DMF) extra pure 99% (CAS No. 68-12-2), lithium chloride (LiCl)
Anhydrous extra pure AR 99% (CAS No. 7447-41-8), Sodium Chloride (NaCl)
extra pure AR 99.9% (CAS No. 7647-14-5), Nutrient broth (Product code: 55427),
nutrient agar (Product code: 63971) and silver nitrate (AgNO;) extra pure 99.5%
(CAS No. 7761-88-8) were all obtained from SRL chemicals, India. Bacillus subtilis
(B. subtilis) and Escherichia coli (E. coli) were obtained from Microbial Type Cul-
ture Collection, India. All chemicals were of analytical grade and used as received
without further purification.
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Fig. 2 Preparation process of integrated nanofibrous composite membrane

In situ synthesis of Ag nanoparticles in PAN nanofibers

PAN/Ag NP-based nanofibers were prepared by dissolving different percentages
of AgNO; (3, 5,7,9, 11, 13, 15, 17 and 19 wt.% based on weight of PAN) with
PAN (8 wt.%) in 5 mL DMF, to form nine homogenous PAN/AgNOj; solutions.
The solutions were light-protected and stirred at around 60 °C for 2 h till a red-
dish-brown color confirming the reduction in silver ions, and subsequent forma-
tion of silver atoms as shown in Fig. 1 was noted. The PAN/Ag NP electrospun
NFM with different AgNO; wt.% as 3, 5,7, 9, 11, 13, 15, 17 and 19 were named
as S3, S5, S7, S9, S11, S13, S15, S17 and S19, respectively.

Preparation of multilayered electrospun nanofibrous membrane

To electrospin PAN (as shell)/PMIA (as core) based coaxial nanofibers, a homo-
geneous PMIA solution (8 wt.% concentration) was prepared by dissolving PMIA
fibers in ionic liquid DMACc/LiCl (1 wt.% LiCl). The solution was stirred at
80-100 °C for 12 h. Simultaneously, in a separate vial 8 wt.% PAN solution was
prepared by dissolving PAN in DMF. This PAN solution was stirred for around
3 h at room temperature.
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As shown in Fig. 2, a coaxial electrospinning set-up was used to eject PMIA
and PAN polymeric solution through a co-axial capillary. The nanofibers pro-
duced through coaxial-electrospinning is an innovative extension of traditional
electrospinning approach. The main deviation is at the spinneret, which com-
prises of a blunt-type stainless steel needle (a very small capillary) inserted con-
centrically inside a bigger capillary. The inner capillary (with 0.5 mm inner diam-
eter) and outer capillary (with 1.0 mm diameter) tubes are connected to respective
syringe pumps.

The nozzle tip-to-collector distance was 10 cm, and flow rates of inner PMIA
and outer PAN precursor solutions were 0.10 and 0.20 mL h~!, respectively. To
form a stable and uniform core-sheath structure, the spinning rate of core layer
solution was kept at lower flow rates than that of sheath layer solution. A high
voltage of 21 kV was applied to spinneret and the collecting drum was rotated
at 300-350 rpm. The PMIA/PAN-based coaxial nanofibers were collected on a
polypropylene (PP) spun bond non-woven mat, which was rolled over the rotating
cylindrical drum. All experiments were performed at about 30 °C in 60% relative
humidity.

Thus produced PAN/PMIA coaxial nanofibers were integrated with PAN/Ag
NP nanofibers to develop a multilayered filter with a stable cavity structure for
application in air filtration of particulate and microbial contaminants.
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Fig. 3 Experimental setup for aerosol filtration efficiency tester
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Filtration efficiency tester

As shown in Fig. 3, the experimental setup for measuring air filtration efficiency
(FE) of developed membrane was based on ASTM F2299. NaCl aerosols with size
ranging from 0.3 to 3 pm was generated as the challenge aerosol and it was passed
through P-120 nebulizer. The developed NFM placed between PP nonwoven (with
its inner circular diameter of 50 mm) was held together using a filter holder. Face
velocity was maintained at 5 cm/s throughout the filtration test process. Lasair III-
Particle Measuring System (a laser particle counter) was used to estimate the down-
stream and upstream particle count.
The FE is expressed as follows:

FE % = [ (Cupstream_cdownstream ) / Cupslream] x 100 ( 1 )

Where Cdownstream and Cupstream

upstream air, respectively.

are the aerosol concentrations of the downstream and

Zone inhibition test for antimicrobial activity

The antibacterial activity of developed filters with and without Ag NPs was tested
against Gram-positive Bacillus subtilis (B. subtilis) and Gram-negative Escherichia
coli (E. coli) according to AATCC90 test method. Nutrient agar was poured in a
petri dish and was kept under laminar airflow with UV germicidal lamp to prevent
contamination of experiments. 50 pL of microbial suspension (B. subtilis or E.coli)
containing approximately 1x 10® CFU/mL of the test organism was streaked uni-
formly over the solidified agar; over which neatly cut NFM as test samples along
with control (only PAN nanofibers with no Ag NP) were gently placed. The plates
were then incubated for 24 h at 37 °C. The same procedure was carried out for both
bacterial strains. The experiment was run in triplicate (n=3) and the results pro-
duced by zone of inhibition are shown in Table 1.

Bacterial filtration efficiency

The bacterial filtration efficiency was determined using Andersen sampler by testing
the prepared filter medium according to ASTM F 2101:2019 using: Staphylococcus
aureus (ATCC # 6538) as the test aerosol. The Anderson sampler essentially uses
a multi-stage (six staged) impaction to collect 6 aerosol fractions on the perforated
plate/growth medium, with air intake from the top. Six stage in the sense that the
particle size is cascaded in six different categories. For instance, the particles with
aerodynamic diameter larger than 7 pm flow from top to the first stage, the second
stage would have particles with aerodynamic diameter around 4 to 7 pm, and the
last category will be the smallest with size around 0.5-1.1 pm impacting the agar.
The flow rate during testing was 28.3 L/mm (1 ft*/min) and the mean particle size of
challenge aerosol was in the range 0.3 to 3.0 pm. The aerosol particles were pumped
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and loaded in a nebulizer under a face velocity of 20 cm/s. The samples of S. aureus
were kept for about 4 h at 21 °C and 85% relative humidity prior to testing, with
2260 CFU/mL as the yield level.

The sample was placed over a six-stage sampler through which the generated aer-
osol was passed. The bacterial aerosols impinge on the six stage agar plates, which
were later incubated for 48 h at 37+2 °C. After which the formed colonies were
counted. The bacterial filtration efficiency (BFE) was calculated as given in Eq. (2)
[11].

BFE % = £ =T

X 100 )

where C is the CFU/mL of control and 7 is the CFU/mL of the Test sample.

Characterization techniques

Scanning electron microscope (SEM) was employed to observe the morphology
and structure of nanofibers. High-resolution transmission electron microscopy (HR-
TEM: Jeol/JEM 2100, Sophisticated Test & Instrumentation Centre, Cochin, India)
operated at an accelerating voltage of 200 kV was used to study the morphology of
PMIA/PAN nanofibers with core—shell structure. Image analytical software (Image
J) was used to measure the diameters of nanofibers from SEM images. Air permea-
bility tester was used to analyze permeability and to measure rate of airflow passing
through the NFM according to ASTM D 737-04. The pore size of NFM was meas-
ured using a capillary flow porometer CFP-1200A (SITRA, Coimbatore, India).
Instron (INSTRON 3369-UTM, US) with 100 N load cell was used to investigate the
mechanical properties of membranes. The clamping distance was 20 mm and speed
level was at 5 mm min~!. The formation of Ag NP in PAN nanofibers was confirmed
through Fourier transform infrared spectroscopy (FTIR), ultraviolet—visible (UV)
spectroscopy (Hitachi U-2900), X-ray diffraction (XRD) and SEM with Energy-
Dispersive X-Ray Analysis (EDX). The existence of Ag NPs in the nanofiber was
further verified using X-ray photoelectron spectroscopy (XPS) (Thermo Scientific
K-Alpha surface analysis). The thermodynamic property of PAN and PAN/ Ag NP
NFM in order to quantify the silver incorporated inside fiber was evaluated using
thermo gravimetric analysis (TGA).

Results and discussion
Membrane morphology and structure

Figure 4 shows the SEM images for PAN nanofibers with all the different wt.%
of Ag NP. The fiber diameter analyzed from SEM images and the average diam-
eter is represented as histogram in Fig. 4. The average diameter of pristine PAN
nanofiber is noted to be 195 nm. The diameter of PAN/Ag NP fiber with AgNO;
concentration 3, 5, 7, 9, 11, and 13 wt.% decreased with an increase in Ag NP
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Fig.4 SEM images of the electrospun PAN nanofibers (8 wt.%) with Ag nanoparticles (3, 5,7, 9, 11, 13,
15, 17 and 19 wt.% with respect to PAN) and their respective diameter distribution histogram

concentration in PAN solution. However, for PAN/Ag NP fiber with AgNO; con-
centration 15, 17 and 19 wt.% the diameter was increasing. The trend of reduc-
tion in fiber diameter is an indication of increase in charge density in polymeric
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Fig.4 (continued)

solution with an increase in Ag NP concentration. An increase in charge density
in electrospinning solution will inflict a strong elongation force to the ejected
polymeric jet while they travel from nozzle to collector under electrical field.
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Fig.5 The energy-dispersive spectrum (EDX) collected on the PAN/Ag NPs nanofibers

This results in a decrease in fiber diameter. However, with an increase in Ag
wt.% over 13 wt.%, there is an increase in fiber diameter which is ascribed to the
agglomeration of Ag NP over nanofibers.

Furthermore, the elemental composition of the Ag NPs-embedded PAN NFM
was characterized using energy-dispersive X- ray spectroscopy (EDX) as shown
in Fig. 5. This result confirmed the presence of Ag NPs in developed PAN NFM.
Figure 6b—e shows the mapping of elements (Ag NP, C and O) on PAN/Ag NP
NFM. The Ag NPs are distributed throughout the surface of nanofibers. Fig-
ure 6f shows the HR SEM image of Ag NP formed in PAN polymeric solution.
The average particle size was noted to be 32.47 +42.57 nm.
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Fig.6 a HR SEM of PAN/Ag NP NFM; b-e Elemental mapping of the PAN/Ag NP NFM showing the
distribution of all the elements, Ag NP, C, and O, respectively; f HR SEM image of the Ag NP formed in
PAN polymeric solution

XRD and UV analysis of PAN/Ag NP nanofibers

Generally, Ag NP synthesis from AgNO; requires a strong reducing agent and a sta-
bilizing agent. Stabilizing agent is essential to prevent agglomeration of the nano-
particles formed. In this work, DMF acted as a reducing agent in the formation of
Ag NP and as a solvent for PAN. PAN acted as the stabilizing agent by preventing
agglomeration and enabled a good dispersion of Ag NP in solution.

XRD diffraction pattern is analyzed to study the structural and crystalline behav-
iors of Ag NP on PAN NFM. The XRD patterns of various concentrations of Ag
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Fig.7 a XRD spectra of PAN nanofibers with Ag nanoparticles (5, 7, 9, 15 and 17 wt.%); b UV-visible
spectroscopy of 9 samples with various Ag NP concentration in PAN solution

Wavelength (nm)

NP-embedded PAN nanofibers are presented in Fig. 7a. (111), (200), (220) and
(311) are the Bragg’s reflections of fcc structure of Ag and is indicated by the char-
acteristic peaks at 2theta=38, 44.5, 65.6, and 78.5, respectively. With an increase in
concentration of Ag NP in PAN NFM matrix, the diffraction peak intensity becomes
stronger. This also indicates that with incorporation of Ag NP, there is evident crys-
tallization of PAN NFM.

Figure 7b shows the UV-visible spectra for PAN solution with 3, 5, 7, 9, 11, 13,
15, 17 and 19 wt.% of Ag NP. UV-Vis spectroscopy was used to determine the for-
mation of Ag NP in the PAN/DMF solution. The electronic transitions of Ag+ion
and metallic Ag (0) produce a characteristic absorption band situated around 200 nm
and 250-330 nm, respectively [26]. Due to the discrete energy levels of electrons
caused by the quantum size effect, nanometallic particles in general demonstrate
high optical absorbance. Ag NP exhibits a strong absorption band centered from 410
to 420 nm. Despite the fact that the exact position of maximum absorption depends
on dielectric constant and the shape of Ag NPs, spectra here is used to determine
the formation of Ag NP in PAN/DMF polymeric solution. Figure 7b shows drastic
changes in the absorption spectrum of a PAN solution with an increase in AgNO;
wt.%. For samples (S3-S15), the peaks are centered at about 410-420 nm and there
was an increase in intensity (indicates the increased formation of Ag NP) with
increase in AgNO; wt.% in PAN/DMF solution. However, from Fig. 7b it is evident
that samples S17 and S19 have peaks located below 400 nm, which indicates aggre-
gation of nanoparticles.

FTIR spectra of PAN/Ag NP

The FTIR spectra of electrospun pristine PAN nanofibers and PAN nanofibers with
two different concentration of Ag NP (7, 13 wt.%) are shown in Fig. 8. For pristine
PAN nanofibers, the characteristics peaks at 2927-2853.03 cm™!, 1451.01 ecm™,
1363.14 cm™!, 1237.94 cm™ can be assigned to aliphatic CH group (CH, CH2, and
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Fig.8 FTIR spectra of the PAN
nanofiber and PAN nanofibers
with Ag NPs (7 and 13 wt.%)

Transmittance

—PAN

—— PAN/AGT% / 1
1363

——PANIAg13% 2%

0.8 1451
"4000 3500 3000 2500 2000 1500 1000 500
Wavenumber(cm'1)

CH3) vibrations. The presence of amide groups in PAN can be shown through a
weak peak at 1625.97 cm™!, while another peak around 1660 cm™! can be ascribed
to C=0 bond, which is an indication of trace DMF present in PAN nanofibers by
virtue of incomplete solvent evaporation. The absorption peak at 2245.72 cm™!
and 3500 cm™! can be ascribed to C=N (nitrile group) and stretching vibration of
hydroxyl group respectively. These peaks have appeared in all three-sample spectra.
However, it can be noted that the position of the characteristic peak at 2927.68 cm™!
in case of PAN/Ag NP 7 and 13% have shifted to lower values. Apparently this is due
to an interaction between PAN molecules and Ag NP. Significantly, we can observe
a new set of peak emerging for PAN/Ag NP 7 and 13% at 829 cm™!, which can
be attributed to N-O stretching and bending vibration of nitrate ions from AgNO,
(residual silver salt on PAN nanofibers). Also, in Fig. 8 there is an evident rise of
the band at 3400-3500 cm™!, which can be ascribed to the newly formed hydroxyl
groups on PAN nanofibers. Presumably, with the incorporation of Ag NP onto PAN
nanofibers, moisture absorption would have been promoted over the highly reactive
Ag NP surface. This validates the rising hydroxyl peak with the Ag NP based PAN
nanofibers. After Ag NPs developed on the surface of nanofibers; some moisture
would have gotten absorbed on the highly reactive surfaces of Ag NPs. The exist-
ence of absorbed water validated the rising hydroxyl peaks in the case of PAN/Ag
NPs. This indicates the successful formation of Ag NPs on PAN nanofibers.

More significantly, it must be noted that there is no evident shift in peak
2245 cm™! corresponding to C=N nitrile group, implying no possibility for forma-
tion of coordination bonds between PAN and silver [27]. However, in the presence
of silver ions the nitrile groups in PAN might have been polymerized, thus decreas-
ing the number of C=N present in the PAN chain as shown in Fig. 9.

X-ray photoelectron spectroscopy of PAN and PAN/Ag NP nanofibrous membrane
XPS spectra were examined in order to verify further the in situ production of

Ag NP in PAN NFM. Wide scan spectra in the binding energy range 200-800 eV
with Ag 3d XPS spectra are displayed in Fig. 10. After in situ reduction of Ag, the
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Fig. 10 XPS spectra of electrospun PAN and PAN/Ag NP NFM a wide-scan spectra; b Ag3d doublet
peaks assigned to binding energies 3ds;, and 3d;,,

existence of doublet peaks in the Ag 3d spectra for PAN/Ag NP NFM, together with
peaks of C 1s, N 1s, and O 1s, demonstrates that silver was successfully absorbed
into the PAN nanofibers. Ag NPs produced in PAN NFM have doublet peaks at
372.7 eV and 366.5 eV, respectively, with 6.2 eV gap between core levels, indicating
the presence of oxidized species of Ag.

Thermogravimetric analysis of PAN and PAN/Ag NP nanofibrous membrane

TGA of PAN NFM, PAN/ Ag NP NFM developed with using 3, 9 and 15 wt-% of
AgNOj;, namely C3, C9 and C15 samples were carried out at a heating rate of 20 °C/
min, with temperature sweep ranging from 0 to 700 °C under nitrogen atmosphere.
Figure 11 shows the obtained TGA curves for all 4 NFMs. Due to moisture and
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Fig. 11 TGA of PAN, PAN/Ag
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solvent loss, there is little weight loss around 100-250 °C. The primary mass loss
began about 300 °C, due to the polymeric nanofibrous membrane pyrolysis. Above
350 °C, the curve for PAN dips significantly, indicating that the sample is degrading
quickly. However, it can be noted that for the samples C3, C9 and C15, the incorpo-
rated silver nanoparticles helped to marginally improve the thermal stability of PAN
nanofibrous membranes.

The incorporated Ag NP in PAN NFM is calculated using Eq. (3). This method
compares the final charred residue of both unmodified and modified PAN NFM, uti-
lizing the difference in mass loss at 700 °C.

Incorporated Ag NP (mmol/g) = (Wres% /Mw AgN03> % 1000 (3)

where, W, corresponds to percentage of residual Ag at 700 °C for each of the
samples (C3, C9 and C15), and Mw 5,03 is the molar mass of AgNO;. The incor-
porated AgNP in PAN NFM according to the formula given in Eq. (3) is obtained as
0.19, 0.72, and 1.46 mmol/g for C3, C9 and C15, respectively. The result shows that
Ag NP loading increased with increasing the AgNO; concentration in PAN poly-
meric solution.

Anti-microbial property of PAN/Ag NP nanofibrous membrane

Zone of inhibition for electrospun PAN/Ag NP (various wt.%) NFM was tested
against E. coli and B. subtilis, where pristine PAN was applied as the control.
As shown in Fig. 12, it can be observed that no zone was formed around pure
PAN towards both gram-positive and negative species. The in situ addition of Ag
NP to PAN NFM imparted a clear zone of inhibition around the membranes. An
increase in Ag NP concentration in PAN solution resulted in gradual increase in
bactericidal activity, which is attributed to the antibacterial property of Ag NP.
The bacterial growth is inhibited with bacterial cell wall degradation, when the
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Fig. 12 Zone of inhibition of prepared PAN/Ag NP against a B. subtilis and b E.coli

test organisms (especially its negatively charged bacterial cell wall) interact with
the antimicrobial components of Ag NP.

Integrated NFM placed between PP-nonwoven were developed after testing the
PAN/Ag NP samples (S1-S9) for their antimicrobial activity. From Fig. 12 and
Table 1, it is evident that 13, 15, and 17-wt.% of Ag NP exhibited good antibacte-
rial activity and tensile strength when compared to rest of the samples. Hence,
S13, S15 and S17 were integrated with PAN/PMIA based uniaxially aligned
NFM to form three separate NFMs namely NFM1, NFM 2 and NFM 3.

Mean Diameter = 230.94 nm
1" SD =102.54 nm
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Fig. 13 a TEM; and b SEM images of electrospun coaxial PMIA/PAN nanofibers

@ Springer



10280 Polymer Bulletin (2023) 80:10263-10287

Morphology of PAN/PMIA based coaxial nanofibrous membrane

The TEM and SEM images of electrospun PMIA/PAN coaxial nanofibers collected
on PP non-woven is shown in Fig. 13. In the TEM image, the core—shell structure
is evident with core PMIA as the darker area and shell PAN as the lighter area. The
contrast connecting core and shell is quite notable; implying the immiscibility of
two polymeric solutions considered for coaxial electrospinning or could be due to
the fast electrospinning that prevented mixing of solutions. Nevertheless, the choice
of polymer and solvent system is very important while electrospinning coaxial
nanofibers. This is due to the fact that core polymeric solution should not precipi-
tate and clog the spinneret nozzle when in contact with shell polymeric solution and
vice-versa. The SEM image reveals the uniaxial alignment of PMIA/PAN coaxial
nanofibers with average fiber diameter of 230.94 +102.54 nm.

Considering our previous work [28], it is clear that the tip-to-collector distance
is one of the most important parameters since it influences diameter of electrospun
fibers and has a significant impact on whipping path of jet thus influencing fiber
deposition pattern as well. This would change the filtration and tensile properties of
nanofibrous membrane to a large extend. Compared to our previous work (where the
average fiber diameter of PAN/PMIA coaxial nanofibers were around 300 nm when
the distance of 20 cm was kept between nozzle tip and the collector) the present
work exhibited lower fiber diameters of approximately 230.94+102.54 nm [28].
While we discuss this, one important fact to be noted is that a minimum nozzle-
collector distance is essential to give enough time for drying of solvent from the
ejected polymeric jet before it can be collected on collector and solidify. The dis-
tance should not be too short or too far in order to avoid bead formation. Although
compared with other processing conditions, the nozzle tip-to-collector distance is
less significant in determining fiber diameter and other properties; in the present
work while electrospinning PMIA/PAN coaxial nanofibers we found a huge impact
of the distance on produced NFM. The NFM produced with a reduced tip-to-collec-
tor distance (10 cm) had a great impact on the tensile strength (as shown in Table 2)
because of the fiber deposition pattern.

Mechanical properties of PAN and PAN/PMIA based integrated nanofibrous
membrane

From Table 1, we can see that the average breaking strength of pristine PAN and
PAN/Ag NFM is around 1.91+0.11 to 3.84+0.46 MPa. The average breaking
strength of the PAN/Ag NP NFM when integrated with coaxial PMIA/PAN fibrous
membrane were effectively enhanced from ~3 MPa to 13.76 +0.47 MPa (for NFM2)
owing to the inherent reinforcing ability of PMIA polymer considered for electro-
spinning. The results show that under initial tensile force, the NFM showcases a
nonlinear elastic deformation as single nanofibers oriented along stress direction
breaks under the action of tensile force until NFM itself breaks and returns to a
zero strain state. Lu Zhang et al. explored a simple and effective method to fabricate
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Fig. 14 a, b Filtration efficiency of developed membranes with respect to aerosol size; ¢, d their respec-
tive tensile strength; e The PAN/Ag NP based integrated NFM after filtration; f bacterial filtration effi-
ciency of PP nonwoven, Pristine PAN NFM, PAN/PMIA coaxial NFM, and NFM 2. The error bars rep-
resent standard deviation in each efficiency value reported (n=3)

multilayered PVA/Chitosan and PVA/ N-halamine biopolymer nanofibrous compos-
ite membrane with antibacterial property for air filtration. Those membranes dis-
played tensile strength of 6.1 MPa [37].
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Besides, we have investigated PAN nanofibers with different concentration loads
of Ag NPs. It was analyzed that pristine PAN nanofibers had the breaking strength
of 1.914 MPa while for PAN/Ag NPs nanofibers the breaking strength increased ini-
tially. However, the strength decreased after a certain increase in Ag NP concentra-
tion as shown in Fig. 14c, d. With appropriate increase in concentration of AgNO,
content, the intensification in tensile property is evident, which is again possibly
related to excellent crystallinity of Ag NP. From Fig. 7a, with an increase in embed-
ded Ag NPs in PAN nanofibers, the crystallinity of nanofibers increased as well.
According to Ming He et al., the interfacial interaction between nanoparticle and the
nanofibrous matrix increased with an increase in Ag NP content. Therefore, during
the tensile deformation, there could have been a transfer of load from nanofibrous
matrix to the dispersed Ag NPs to a certain degree. While the Ag NP content in
polymer matrix increased after a certain concentration level, it could be due to the
aggregation of abundant Ag NPs over and within the nanofiber matrix causing some
amount of destruction in regularity of nanofibers (hindering proper orientation of
polymer molecules). Hence a decrease in tensile property and elongation-at-break
can be observed as in Fig. 14d [29].

Filtration performance of PAN/Ag NP and PAN/PMIA based integrated
nanofibrous membrane

According to standards of CNS 14774-2018 specification for medical facemasks,
the bacterial filtration efficiency (BFE) must be >95%. As given in Table 1, all the
developed integrated NFM (NFM1, NFM2, NFM3) shows BFE >95%, which indi-
cate its high desirability for practical applications. Moreover, particulate filtration
efficiency (PFE) and BFE of a filter are very important factors to be considered for
practical applications [30]. Pore size of the developed filter membrane is a major
factor in determining air permeation, pressure drop and finally filtration efficiency of
the media. In this work as shown in Fig. 14, the 90 min electrospun PAN nanofibers
display pore size ranging from 1 to 3 pm. Thus, pressure drop values and filtration
efficiency will be low when compared to integrated NFM. When PAN/ Ag NP NFM
is integrated with uniaxially aligned PMIA/PAN based coaxial nanofibers, there is
a decrease in pore size, which was favorable to entrap particulate matter and the
microbes with size below 2 pm. Due to smaller pore size, the filtration efficiency
of integrated NFM (NFM1, NFM2, NFM3) is significantly higher. From Fig. 13a,
b it can be noted that pure PAN and PAN/Ag samples (S1-S9) show good overall
filtration efficiency, however filtration efficiency toward 0.3 um particle is <95%.
When the PAN/Ag NP-based samples were integrated with PAN/PMIA NFM, the
membranes (NFM, NFM2, NFM3) could filter 0.3 pm particles with excellent filtra-
tion efficiency of 99%. This is the result of smaller cavity structures created when
integrating fibrous membranes together forming multiple layers.

The smaller pore size of integrated NFM is attributed to an increase in the pack-
ing density of nanofibers. Moreover, the multi-layering provides a stable cavity
structure for multilevel physical sieving. Air permeability factor depends on the
pore size of NFM. Hence, bigger the pore size, higher is the air permeability for a
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filter and lower is the pressure drop. However, higher pore size will result in a filter
medium displaying lower filtration efficiency. Here in this work, the filter was con-
structed in such a way that PP nonwoven and PMIA/PAN NFM did not contribute
much to an increase in the pressure drop. While the layers are integrated together,
the pore size is reduced to induce higher filtration efficiency at a low-pressure drop,
which is again within the acceptable pressure drop limits. In fact, according to EN
14683:2019 (European standard for medical facemasks), the pressure drop that
determines the breathability of a filter should be around 40-60 Pa.

Other than filtration performances, the stability of NFMs after filtration is one of
the important parameters to be checked after its use as a filter medium. Figure 14e
shows the SEM image of NFM after filtering the NaCl aerosol particles (indicated
by spherical particles in the SEM image). We can observe that the structural integ-
rity of the delicate nanofibrous membrane is retained well even after filtration. This
shows that the developed NFM is satisfactorily stable.

Table 2 showcases a comparison to the present work with certain earlier reported
NFM used for bacterial filtration application. It can be seen that Ag NP based NFM
have been developed previously considering the superior and long lasting antimicro-
bial activity of silver nanoparticle in any polymer matrix. However, a hierarchically
bi-layered integrated NFM (a layer of PAN/Ag NP and a layer of uniaxial aligned
PAN/PMIA based coaxial NFM) as discussed here in this work can evidently resolve
the typical bottleneck problem owing to a membrane’s multi-functionality and its
ability to achieve high filtration efficiency at a low pressure drop while retaining
the vital tensile characteristics of the NFM. The majority of earlier research shows
noticeably high filtration efficiency, however they either show larger pressure drop
or have low tensile property or would not have successfully integrated multi-func-
tionality into one membrane.

Conclusion

In this work, a multifunctional composite NFM was designed by stacking up PMIA/
PAN coaxial NFM with PAN/Ag NP membrane through electrospinning process.
The results show that Ag NP was highly dispersed on the surface of PAN nanofibers
and when integrated to PAN/PMIA NFM, did not only endow the filter medium with
high bacterial filtration efficiency but also further improved particulate filtration effi-
ciency of the composite membrane. PMIA was chosen due to its rigidity. Incorpora-
tion of PMIA in the core of PAN NFM through coaxial electrospinning enabled the
resultant composite membrane to display promising mechanical strength.

In fact, coaxial NFM developed through coaxial electrospinning has exploited the
properties of two different polymers, and the as-prepared uniaxially aligned PMIA/
PAN nanofibers integrated with a layer of randomly oriented PAN/Ag NP nanofib-
ers displayed intriguing mechanical strength of 13.76 MPa, which is very high when
compared to PAN/Ag NP NFM (~3 MPa). This integrated structure also contributed
to providing a stable cavity structure to adsorb not only PM, ;_, 5 with 99.41% effi-
ciency but also the microbes effectively (BFE=99.51%).
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