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Electrospun nanofibers of polyvinylidene fluoride incorporated
with titanium nanotubes for purifying air with bacterial
contamination
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Abstract
Polyvinylidene fluoride (PVDF) blended with varying concentrations of titanium nanotubes (TNT) was electrospun to result in a
nanocomposite filter media. Sandwich structures were obtained by depositing the electrospun fibers between polypropylene (PP)
nonwoven sheets. The synthesized tubular TNT was confirmed for its morphology through a transmission electron microscope
(TEM). The prepared filter media was analyzed through a scanning electron microscope (SEM), X-ray diffraction (XRD),
Fourier infrared spectroscopy (FTIR), and thermogravimetric analysis (TGA). The effectiveness of the filter media was evaluated
through the zone of inhibition and antibacterial activity against E. coli and S. aureus. The Box-Behnken design is experimented
with three-level variables, namely areal density of substrate (GSM), electrospinning time (hours), and concentration of TNT
(wt%) for investigating the bacterial filtration efficiency through an Andersen sampler. Among other statistical tests (STATs),
PVDF + 15 wt% TNT has a bacterial filtration efficiency of 99.88% providing greater potentials upon application for clean air
management. It can be noted that the future application of this formulation could be efficient filtration of other microbes and
could be used in facemasks to industrial-scale air filters.
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Introduction

Air, widespreadwith bioaerosols ranging from airborne viruses,
bacteria, fungi, to pollens, ensues in various diseases including
allergies when inhaled. Low settling velocity andminute size of
the particles are the major reason for these particles to remain in
the atmosphere for a longer duration than other aerosols (Bush
and Portnoy 2001; Kang et al. 2016; Lee and Liao 2014).
Bioaerosols have their major contribution in hospitals, poultry
farming, waste recycling units involving composting,

biotechnology, tanning, etc. The aerosols formed are in the state
of suspension for hours which are then transmitted through heat
ventilation and air conditioning (HVAC) systems. In general,
aerosols can be transmitted through smoke, volatile and organic
particles, pollens, dust, etc. (Dhital and Rupakheti 2019; Felix
Swamidoss et al. 2019; Mohraz et al. 2019).

A study in 1983 suggested that nearly 34% of microbes in
the suburban area are attracted to living systems (Jones and
Cookson 1983). Recent advances in filtration show that the
advent of nanotechnology in air filters limits the spread of
aerosols in HVAC systems. Filtration systems are being de-
veloped among which wet scrubbers, electrostatic precipita-
tion, gravity precipitation, and cyclotrons provide high effi-
ciency towards particles less than 1 μm (Tabe 2014), where
these approaches are undertaken to either inactivate or elimi-
nate microbial interaction thereby preventing infections. Some
of the common attempts include the usage of an electric pre-
cipitator, sterilization through ultraviolet radiation, and anti-
bacterial filters (Kang et al. 2016).

Among these approaches, antibacterial filters have high
efficiency in air conditioning, air purifiers, ventilating systems
which can be applied in two proposed ways, (i) liquid dip
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process or (ii) aerosol-based process (Lin and Li 2002;
Mainelis et al. 2002). The liquid dip process involves the
submersion of the filter in an antibacterial liquid. However,
on application of the liquid dip process on high-efficiency
particulate air (HEPA) filters, several challenges are faced as
HEPA filters are prone to physical deformation and stress.
Further pore blockage through the medium may increase the
pressure drop of the prepared filter (Yu et al. 2008). The latter,
the aerosol-based process, involves the loading of the antibac-
terial components in the pristine filter thereby integration into
a uniform single filter. The mechanism of working is analo-
gous to the conventional air filters in which airborne particles
are collected on the filter medium where the promising crite-
rion in these filters is the solid antimicrobial coatings in pris-
tine air filters (Haase et al. 2017; Kang et al. 2016).

Fibrous aerosol filters have been extensively studied due to
their high filtration efficiency, uniformity, high surface area,
etc. However, the crisis of high energy consumption is of
prime concern as far as fibrous filters are considered, as the
major requirement in any air filter includes high filtration ef-
ficiency and low-pressure drop (Mohraz et al. 2019; Wang
et al. 2012). Filtration efficiency increases as the fiber size
decreases with respect to the number of fibers present per unit
area. Thus, nanofibers have been proven advantageous owing
to their low basic weight, small and uniform pore size, and
large surface volume ratio. However, due to the fragile struc-
ture of nanofibers, a substrate with suitable mechanical stabil-
ity is essential. In this regard, the application of nonwoven
polypropylene (PP) fabrics with appropriate fiber deposition
have been investigated for high filtration efficiency with a
low-pressure drop (Felix Swamidoss et al. 2019; Selvam and
Nallathambi 2015). Electrospinning is a highly active tech-
nique used for the formation of nanofibers. When the polymer
solution is filled in syringes and allowed to flow through the
needle, nanofibers are produced due to the high voltage ap-
plied between the tip of the needle and the ground collector
(Mollahosseini et al. 2012; Selvam and Nallathambi 2015).
The electrospinning apparatus consists of four main parts;
syringe holder, high voltage source, feed motor, and rotating
drum collector as seen in Fig. 1.

PVDF is a semi crystalline polymer with unique
electroactive properties such as piezo, pyro, ferro, flexibility,
stability, lightweight, and superior thermal, biocompatible,
mechanical properties (Ahn et al. 2013; González et al.
2016; Kesavan et al. 2017; Metcalf et al. 2018). Further, the
antibacterial activity can be induced by the addition of inor-
ganic fillers such as silver, titanium, zinc oxide, etc. (Du et al.
2018; Kugarajah and Dharmalingam 2020; Shah et al. 2019).
The diverse potential application of titanium corresponding to
its chemical stability, high specific area, catalytic activity, and
metal support interactions including its superior performance
in both alkali and acidic environments has been a subject of
continuous interest (Saleh and Gupta 2012). Titanium

nanotubes can be synthesized through various methods such
as hydrothermal, anodization, sol-gel, and template-assisted
methods predominately using titanium dioxide (TiO2)
(Abdullah and Kamarudin 2017; Chouirfa et al. 2019; El
Saeed et al. 2015). The facilitation of each method depends
on the specific idealistic requirement. Among the above tech-
niques available, the hydrothermal method has been notable
due to its production of nanotubes in shorter diameters and
safer environment although utilized in elevated temperatures
and pressure (Bavykin et al. 2004; Dong et al. 2010;
Kugarajah and Dharmalingam 2020; Seo et al. 2001) where
the advantages of choosing the hydrothermal method include
its eco-friendly nature, simple and inexpensive fabrication
(Arruda et al. 2015).

In a report by Xu et al, titanium nanotubes with a diameter
of 8–10 nm were synthesized through a hydrothermal method
with an operational temperature of 110 °C for 20 h (Xu et al.
2005). Similarly, another study by Abida et al. suggests uni-
form TNT with an outer diameter of 6–13 nm and a length of
400 nm was obtained with an operational temperature of 130
°C for 20 h (Abida et al. 2011; Bhullar et al. 2019). In the
present study, the hydrothermal method was adopted for the
synthesis of TNT to obtain nanotubes of low diameter and due
to its antimicrobial activity against a broad range of microor-
ganisms (Bardhan et al. 2019; Bartlet et al. 2018; Bhullar et al.
2019; Gunputh et al. 2020; Molina-Reyes et al. 2020; Su et al.
2018; G. Wang et al. 2018) in addition to its inexpensive
nature and large surface area (Moongraksathum et al. 2019;
Tiyek et al. 2019).

Response surface methodology (RSM) is a statistical tool
ideal for experiment designing, optimization of parameters,
and evaluation resulting in simultaneous optimization and var-
iation (Sahu et al. 2018). It is an easy approach compared with
conventional methods, as it reduces time and produces opti-
mized outcomes in short specific runs. Box-Behnken is a
highly efficient three-level design extensively explored owing
to its precised outcomes in the determination of process pa-
rameters. Also, this method avoids extreme conditions by
neglecting the highest and lowest combination which further
eases the experiment maintaining the same statistical precision
(Bae and Shoda 2005; Ferreira et al. 2007).

In the present research, PVDF incorporated with TNT at
varying weight percentages were electrospun on polypropyl-
ene nonwoven sheets for the production of smooth nanofibers.
The nanofiber was characterized using sophisticated instru-
mentation methods such as SEM, TEM, XRD, FTIR, and
TGA to evaluate the surface morphology, physical, chemical,
and thermal characteristics of the nanocomposites. The pre-
pared antibacterial filter media was investigated for its activity
against gram-positive Bacillus subtilis and gram-negative
Escherichia coli. The Box-Behnken experimental design
was implemented to optimize the best suitable combination
for maximizing the bacterial filtration efficiency. The prepared
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filter can be applicable in hospitalized environments and as a
face mask which is both eco-friendly and cost-effective and
could be useful even in this pandemic situation of COVID-19
to filter the virus or trap the breath droplets.

Materials and methods

Materials

Polyvinylidene fluoride (PVDF) (MW = 35000 g/mol) and
TiO2 anatase (25nm) (MW = 79.86 g/mol) was purchased
from Sigma Aldrich, Bengaluru, India. Solvents such as
Methanol (MW = 32.04 g/mol) and Di Methyl Formamide
(DMF) (MW= 73.09 g/mol) and chemicals such as
Hydrochloric acid (HCl, 99.5% purity), Sodium Hydroxide
pellets (NaOH, 99.5% purity) were procured from SRL
Chemical, Chennai, India. Nutrient agar was procured from
Sigma Aldrich, Bengaluru, India. Escherichia coli (MTCC
443) and Staphylococcus aureus (MTCC 3750) were cultured
from the pre-culture purchased from Microbial Type Culture
Collection (MTCC), Chandigarh, India. All reagents and ma-
terials were supplied of analytical grade were used without
any further treatments. Double deionized (DI) water (with a
measured resistivity of 18.2 MΩ cm−1) was used, throughout
the experiments.

Methods

Synthesis of titanium nanotubes

The preparation of titanium nanotubes was conducted as re-
ported earlier (Elumalai et al. 2019; Kugarajah and
Dharmalingam 2020). The synthesis was initiated with
4.375 g of titanium dioxide (anatase, 25 nm) dissolved in
10 M NaOH. The solution was subjected to continuous

stirring for 30 mins followed by the dispersion of the resultant
in an ultrasonicator for the 30 min. The obtained product was
then poured into a Teflon lined autoclave and subjected for
24 h at 140 °C. The resultant was neutralized with 1M HCl
followed by an aqueous rinse to remove the excess NaOH.
Finally, pure TNT was obtained through vacuum filtration.

Preparation of solution for electrospinning

The synthesized TNT at various concentrations (5, 10, 15
wt%) were dispersed in DMF for about 2 h in an
ultrasonicator. Initially, a pilot study was performed to deter-
mine the concentration of TNT loading. From the results it
was observed that increasing the concentration to 20 wt% led
to bead formation due to the increase in viscosity of the solu-
tion thereby affecting the solution parameter during
electrospinning. Hence, the upper limit was set at 15 wt%.
To the dispersed solution, 1 g of PVDF was introduced and
magnetically stirred continuously for 2 h at 40 °C to avoid any
agglomeration resulting in a homogenous solution.

Electrospinning

For the fabrication of the electrospun nanofibers
electrospinning machine (PECO, India) was used. The pre-
pared homogenous solution was loaded in three syringes of
2 mL capacity and placed in the aperture of the holder; the tip
of the needle is connected to a high voltage power source. The
feed motor is connected to a system where the flow rate of the
solution through the syringe can be controlled; an aluminum
foil is covered over the rotating drum to attract the fibers
produced from the tip of the syringe due to high voltage.
The drum collector was used to maintain the uniformity of
the nanofiber. The operational parameters used in
electrospinning are; (i) 10 cm of distance between syringe
tip and rotating drum collector; (ii) 0.6 mm inner diameter of

Fig. 1 Schematic representation
of electrospinning setup
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needle; (iii) flow rate 1.5 mL/h; (iv) 25 kV of applied voltage
at 25 °C temperature and 45% humidity.

Instrumental characterization

SEM analysis, (JEM-5600 LV, Hitachi Ltd., Tokyo, Japan) of
the prepared nanofibers was studied to identify the surface mor-
phology and diameter. The tubular morphology of the synthe-
sized TNT was studied and confirmed through a transmission
electron microscope (TEM, TECNAI–T30, Stanford,
California, US) with 300 kV and 2 mm resolution. To identify
the crystallinity of the prepared nanocomposites, X-ray diffrac-
tion (XRD) (Panalytical X’Pert Pro diffractometer, Malvern
Panalytical, Malvern, UK) was performed for a scanning rate
of 2° per minute at the range between 5 and 70°. FTIR (Alpha
Brukar, India) spectroscopy was performed to detect the pres-
ence of functional groups in the prepared antibacterial filter
media. Pellets of the sample were prepared using KBr and
placed on a sample holder for both PVDF and PVDF nanocom-
posites and scanned for the spectra range between 4000 and 400
cm−1. To determine the thermal stability of the prepared sam-
ples TGA (NETZS3 STA 449F3 (TA Instruments, India)) was
performed with a scan range of 100 to 600 °C and a heating rate
of 20 °C/min. Further, air permeability, pressure drop and pore
size of the prepared filter media were studied at SITRA,
Coimbatore. A capillary flow porometer CFP-1200A, SITRA
and PSGTECHS COE Indutech Laboratory Coimbatore, was
used to determine the pore size and distribution in the filter
media. Air permeability tester TX3300, SITRA, Coimbatore,
was used to measure the flow of air in the prepared filter media,
according to ASTM D 737-96 standard with a pressure of
125 Pa (12.7 mm water gauge).

Zone of inhibition

Zone of Inhibition (ZOI) is a vital test to investigate the inhib-
itory zones produced by prepared filter media against the test
bacterium using agar well diffusion method. About 2.8 g of
nutrient agar was dissolved in 100 mL of distilled water and
autoclaved for 20min at 121 °C and 15 lbs. The sterilized agar
was poured gradually into pre-sterilized petri dishes and was
allowed to solidify in a laminar hood. The prepared antibac-
terial filter media were seeded with a 24-h culture of bacterial
strains (E.coli-443 and S.aureus-3750). Wells were cut and
different concentration of PVDF + TNT (5, 10 and 15 wt%)
was added. The plates were then incubated at 37 °C for 24 h.
The antibacterial activity was assayed by measuring the diam-
eter of the inhibition zone formed around the wells.

Antibacterial activity

The antibacterial test was tested to evaluate the efficiency of
the developed filter media in accordance with our earlier

report (Felix Swamidoss et al. 2019). The experimental pro-
cedure is as follows: About 5 mL of sterilized nutrient broth
was prepared by standard protocols. Antibacterial activity was
measured for both control and test samples which were intro-
duced in Luria broth (LB) with 1 × 105 colonies forming unit
per mL (CFU/mL) which was incubated at 37 °C for colony
growth. The number of colonies was calculated for 7 h at
regular intervals. Antibacterial activity of the given sample
was determined using the following formula:

B−A
B

� 100 ¼ R% ð1Þ

where the reaction rate is denoted by R; A represents the CFU/
mL of the test sample and B represents the CFU/mL of the
control.

Experimental design

The Box-Behnken experimental design was adopted for the
present study owing to its advantage in precision from the
factor variables that are equidistant from the center points
for optimizing the parameters. The preparation of bacterial
filter media depends on the substrate utilized, the polymer
blend solution, and the electrospinning time. Thus, the Box-
Behnken design was set with three variables including areal
density, electrospinning time, and concentration of TNT as
seen in Table 1, which resulted in 15 statistical runs (STATs)

Bacterial filtration efficiency

To calculate the bacterial filtration efficiency, the prepared
filter medium was tested according to ASTM F 2101 using
S. aureus as test aerosol. Aerosols of particle size in the range
0.1–10 μm with a constant flow rate of 27.3 L/min were
pumped and loaded in a nebulizer under a face velocity of
20 cm/s. Before the test, the samples of S. aureus were kept
for about 4 h at 21 °C and 85% humidity by dissolving in
1.5% peptone water with a yield level of 2200 ± 500 CFU/
mL. To determine the filtration efficiency, Andersen sampler
was utilized as represented in Fig. 2 (Felix Swamidoss et al.
2019; King and McFarland 2012). Andersen Sampler works
under the principle of inertial impaction incorporated with six

Table 1 Process parameters obtained through the Box-Behnken design

Variables Process parameters Levels

− 1 0 + 1

X1 Areal density (grams per sq. meter (GSM)) 40 60 80

X2 Electrospinning time (hrs) 1 2 3

X3 TNT (wt%) 5 10 15
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staged perforated plate aerosol fractions with a range from 7 to
< 1 μm. The effect of bacteria transitory through the prepared
sampler was studied with the aid of pre-sterilized nutrient agar
plates upon which prepared filter was introduced on one half
under each perforated plate. As the bacterial aerosol passes
through the sampler, bacteria are imposed on the six stages
of agar plates for 48 h at 37 °C, which are further incubated.
Thus, by standard microbiological techniques for counting the
culturable organisms (CO) obtained in the agar plate or the
culturable particulates (CP) obtained in the perforated plate
where the prepared filter is placed, the colony-forming units
(CFU) of the test and control sample was determined accord-
ing to Eq. (2) wherein the determination of the aerosol size
distribution in terms of CO or CP was performed:

Ni

N
¼ ni ð2Þ

where Ni is the number of CP present in the first stage; N is
the number of CP present in all stages.

Further, the bacterial filtration efficiency (BFE) tests in
addition to the STATs were performed for both controls
(Polypropylene nonwoven sheet without PVDF) and with
sample (Polypropylene nonwoven with PVDF) was per-
formed. All experiments were performed in triplicate to ana-
lyze the efficiency of the obtained results. The bacterial filtra-
tion efficiency can be calculated by finding the difference in

the control sample (PP + PVDF) and the test sample (PVDF =
various wt% TNT).

C−T
C

� �
*100 ¼ BFE% ð3Þ

where

C is the CFU/mL of the control
T is the CFU/mL of the test sample

Results and discussion

Morphological studies

Scanning electron microscopy (SEM) was studied to deter-
mine the morphology of the synthesized TNT. Figure 3a rep-
resents the successful conversion of TiO2 to TNT through
hydrothermal treatment. Further TNT established bundled ar-
rangement with tubular morphology similar to other reports
(Bavykin et al. 2004; Manfroi et al. 2014; Van Viet and Thi
2016), with an average diameter of 38–58 nm analyzed using
the ImageJ software (Kugarajah and Dharmalingam 2020;
Seo et al. 2001). Figure 3b and c represent the TEM images
confirming the tubular arrangement of the synthesized TNT at
different magnifications. From the images, the intact and hol-
low nature of the synthesized TNT was confirmed (Khaled

Fig. 2 Schematic representation of (i) setup for bacterial filtration efficiency tester and (ii) Petri dish displaying both CP and CO size distribution
measurements
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et al. 2007; Plodinec et al. 2014; Yuan and Su 2004).
Figure 3d represents the elemental composition of TNT
through EDAX analysis confirming the absence of other
impurities.

SEMmorphologies with varying concentrations (5, 10, and
15 wt%) of TNT are represented in Fig. 4. The average fiber
diameter of PVDF (Fig. 4a) was found to be 286 nm in agree-
ment with our earlier report (Felix Swamidoss et al. 2019).
With the incorporation of TNT in the base solution, the fiber
diameter was found to decrease with the increase in the con-
centration of TNT to 265, 234, and 193 nm as seen in Fig. 4b–
d thereby increasing the surface area. The decrease in fiber
diameter can be inferred to the increase in charge density of
the naïve polymer. The reduction in fiber diameter reducing
the pore size can also be attributed to the transportation of
fiber under the electric field which had a large impact on
elongation and stretching. The decreased pore size increases
the proportion of particle capture (Santos and Bedrikovetsky
2004; Selvam and Nallathambi 2015).

X-ray diffraction

The XRD diffractograms of the PVDF and PVDF + various
wt% of TNT nanofibers are depicted in Fig. 5(a–d). A char-
acteristic broad peak at the range between 2θ = 20–25° was
observed in all prepared filter media. The intensity of the
broad peak was found to decrease with the increase in TNT
concentration similar to a report by Shah et al. The reduction

in the peak intensity can be associated with the physical forces
between the polymer and filler thereby reducing the interac-
tions in between (Shah et al. 2019). The addition of TNT in the
polymer backbonewith uniform dispersion led to the variation
in the XRD profile. The hydrothermal treatment led to the
conversion of the crystalline phase of TNT into a monoclinic
phase which was further modified when incorporated in
PVDF which led to the decrease in crystallinity (Ingale et al.
2016; Nada et al. 2014; Padiyan and Raja 2012).

Fourier transform infrared spectroscopy

PVDF and PVDF+TNT (various wt%) nanofibers were ana-
lyzed to investigate the presence of functional groups through
FTIR analysis as seen in Fig. 6(a–d). Ideally, PVDFmay exist
in the semi-crystalline phase. In the spectrum of plain PVDF,
β phase peaks were observed in 563 and 840 cm−1which are
attributed to the C-F stretching vibrations. Other characteristic
absorption bands at 3019 and 1496 cm−1 corresponded to the
CH2 symmetric and asymmetric vibrations. A wagging vibra-
tion was also observed at 1383 cm−1. In addition to the above,
peaks at 880 and 841 cm−1 corresponded to C-F and C-C
stretching vibration of PVDF. The obtained results were in
accordance with earlier reports (Felix Swamidoss et al.
2019; Issa et al. 2017).

The chemical structure of the prepared blend exhibited
the characteristic peaks of PVDF. For example, peaks
such as 880 and 841 cm−2 were retained. A broad range

Fig. 3 a SEM image of TNT.
TEM image of TNT at b 0.5 μm
and c 20 nm. d EDAX of TNT
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of peaks around 500 to 900 cm−1 contributed to the Ti-O
stretching of the TNT skeleton. The peak around 2800–
3100 cm−1 may be attributed to stretching and bending
vibrations of the O-H present on the tubular structured
TNT. A band stretch around 1400–1500 cm−1 contributed

to the vibrations of hydroxyl and absorbed water mole-
cules. The obtained results were in accordance with earli-
er reports (Elumalai et al . 2019; Kugarajah and
Dharmalingam 2020; Shah et al. 2019).

Fig. 4 SEM images of a PVDF, b PVDF + 5 wt% TNT, c PVDF + 10 wt% TNT, and d PVDF + 15 wt% TNT

Fig. 5 XRD patterns of (a) PVDF, (b) PVDF + 5 wt% TNT, (c) PVDF +
10 wt% TNT, and (d) PVDF + 15 wt% TNT

Fig. 6 FTIR spectra of (a) PVDF, (b) PVDF + 5 wt% TNT, (c) PVDF +
10 wt% TNT, and (d) PVDF + 15 wt% TNT
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Thermal gravimetric analysis

The thermal stability of nanofibers was tested to ensure its
stability during utilization at various applications and for
further reuse (Bai et al. 2012; Felix Swamidoss et al.
2019). TGA thermograms of electrospun PVDF and
PVDF with varying TNT wt% are depicted in Fig. 7(a–
d). From the figure, it was inferred that the thermogram of
PVDF (Fig. 7(a)) was stable up to 350 °C whereas upon
addition of various concentrations of TNT (wt%) the pre-
pared filter media were susceptible to changes as seen in
Fig. 7. Figure 7(a) shows that pristine electrospun PVDF
exhibited a single step degradation, where HF present in
the polymer backbone evaporated resulting in CH=CF-
CH=CF conjugations (Zucolotto et al. 2004).

From Fig. 7(b–d), it was observed that electrospun
nanocomposite fibers exhibited a similar trend as pristine
polymers. However, the stability of the filter media was
found to increase. The shift can be elaborated due to the
enhanced interactions between PVDF and TNT as report-
ed earlier (Shah et al. 2019). It was observed that the
degradation temperature (Td) shifted from 350 °C (plain
PVDF) to 410 °C (PVDF + 5 wt% TNT). Minimal mass
losses at the initial stages were also inferred indicating the
cleavage of the hydroxyl bonds in TNT. The weight loss
was observed to be shifted to 465.8 °C for PVDF +
10 wt% TNT and 465 °C for PVDF + 15 wt% TNT
corresponding to the addition of TNT wt% in electrospun
PVDF. The enhanced thermal properties of TNT led to the
delay of PVDF main chain decomposition thereby im-
proving the thermal stability of the prepared filter media
(Hanaor and Sorrell 2011).

Zone of inhibition

Zone of inhibition for the prepared filter was tested against
E. coli and S. aureus for PVDF+TNT (various wt%) where
pristine PVDFwas applied as the control. The experiment was
run in triplicate and the average results produced by the zone
of inhibition were accorded in Fig. 8a, b. It was observed that a
minimal zone was obtained for pure PVDF owing to its inbuilt
electrostatic property on both gram-positive and negative spe-
cies. Upon TNT addition, the clear zones of inhibition were
obtained in accordance with earlier reports (Bartlet et al. 2018;
Chouirfa et al. 2019; Li et al. 2013; G.Wang et al. 2018; Zhao
et al. 2013). The bactericidal activity increased with increasing
concentration of TNT which was due to the characteristic
antibacterial property of TNT (Fig. 8c). The antimicrobial
components present in the TNT diffuse out into the medium
and interacts with the test organisms. The mechanism of anti-
bacterial activity can be justified as follows: TNT binds with
the negatively charged bacterial cell wall, which leads to a
structural modification resulting in bacterial cell wall degra-
dation, thereby inhibiting bacterial growth (Li et al. 2013).
The resulting zones of inhibition formed were random as there
was a confluent lawn of growth. The diameter of zone of
inhibition was measured in millimeters which showed that
the increasing TNT concentration increased the antibacterial
activity.

The antibacterial activity of pure PVDF and PVDF-TNT
with respect to colonies forming unit at regular intervals were
investigated within 7 h which are represented in Fig. 9 (i) and
(ii). In accordance with the zone of inhibition, PVDF pro-
duced minimal antibacterial activity. With an increase in
TNT concentration, the antibacterial activity increased as
shown in Fig. 9 (i, ii). From the graph, it was evident that
15 wt% of the TNT blend showed maximum antibacterial
activity due to higher TNT loading within the respective
period.

Bacterial filtration efficiency

The prepared filter media was tested for its bacterial filtration
efficiency with S. aureus as the test aerosol under ASTM F
2101 standard protocol using an Anderson sampler and the
results of BFE are tabulated through Box-Behnken experi-
mental design is represented in Table 2. When air containing
bacteria passes through the six staged sampler, bacteria either
retain/penetrate through the medium with respect to the sieve
size in each stage of the sampler; thus, the CO or CP was
calculated through Eq. (2). The bacterial filtration efficiency
was calculated by substituting the results of Eq. (2) on Eq. (3).
The maximum BFE of 99.88 % was obtained for PVDF +
15 wt% TNT. The obtained efficiency can be inferred to the
high concentration of TNT, reduced fiber diameter enabling
better particle capture. The contribution of each parameter

Fig. 7 TGA curve of (a) PVDF, (b) PVDF + 5 wt% TNT, (c) PVDF +
10 wt% TNT, and (d) PVDF + 15 wt% TNT
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selected in the study was explored by investigating the influ-
ence of the areal density of the substrate, electrospinning time,
and the concentration of TNT on bacterial filtration efficiency
through contour plots and surface plots as shown in Fig. 10.
Further, the ANOVA table as seen in Table S1 suggests the
interaction between the selected parameters through which an

empirical equation as seen in Table 2 was obtained. In addi-
tion, Table 2 also shows the BFE of the areal density without
the addition of the prepared filter media to elaborate on the
enhanced antibacterial effect. Further, major characteristics
such as pore size, air permeability, and the pressure drop ob-
tained for various combinations were tabulated. It was

Fig. 8 Zone of inhibition (ZOI) of prepared nanocomposites against a E. coli and b S. aureus. c Mechanism of TNT against bacteria

Fig. 9 (i) Antibacterial activities against E. coli and (ii) Antibacterial activities against B. subtilis
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observed that the pore size and air permeability reduced with
the increase in TNT wt% and electrospinning time which at-
tributed to the increase in packing density of the fibers. From
Table 2, it was observed that STAT 12 possessed the mini-
mum pore size of 1.91 μm with reduced air permeability of
91.35 cm3/cm2/s with an increased pressure drop (6.94 mm of
H2O) compared with STAT 1 which had a pore size of 7.03
μm, air permeability of 136.11 cm3/cm2/s, and decreased
pressure drop of 2.73 mm of H2O. From the obtained results,
it was observed that the air permeability was directly propor-
tional to pore size, whereas the pressure drop was inversely
proportional to the pore size. From Table 2, it was inferred that
the BFE was found to increase with an increase in the concen-
tration of TNT (wt%) suggesting that even a minimal dosage
of TNT had a major impact on filtration efficiency. The ob-
tained result was in correlation to other reports with silver as
an antibacterial agent (Felix Swamidoss et al. 2019; Selvam
and Nallathambi 2015).

Increasing individual factors increase the BFE; howev-
er, the order of increase was found to vary depending on
discrete variables in the order of concentration of TNT,

electrospinning time, and areal density of the substrate.
From Table 2, it was observed that STAT 12 produced
the maximum filtration efficiency of 99.88% with 60
GSM, 3 h of electrospinning, and 15 wt% of TNT where-
as STAT 10 showed 88.74% with 60 GSM, 3 h of
electrospinning, and 5 wt% TNT. It was observed that a
filtration efficiency of about +20 % was observed when
the TNT concentration was 15 wt% as shown in Fig. 10
(i–vi). However, it was also observed that the areal den-
sity did not have a comparatively major impact on effi-
ciency. The impact of TNT concentration can be further
justified through the plots (Fig. 10 (ii, iii)).

The effect of electrospinning time on BFE can be elaborat-
ed through the obtained contour plot and surface plots as
shown in Fig. 10. From Table 2, it was observed that a max-
imum BFE of 79.35% (STAT 9) was obtained with 1 hr of
electrospinning time and 5 wt% TNT whereas a BFE of
90.75% (STAT 11) was obtained with 1 hr electrospinning
time and 15 wt% TNT. When the electrospinning time was
further increased to 3 h a maximum BFE of 99.88% was
obtained as shown in the surface plots.

Table 2 Bacterial filtration efficiency produced through the experimental runs

S.
no.

Sample
ID

Areal density
(GSM)

Electrospinning
time (hrs)

TNT
(wt%)

Filtration
efficiency (%)

Air permeability
(cm3/cm2/s)

Pore size
(μm)

Porosity
(%)

Pressure drop
(mm of H2O)

Rank

1 STATT14 60 2 10 92.98 122.75 5.53 73.2 5.72 5

2 STAT15 60 2 10 92.94 118.96 5.11 73.3 4.61 7

3 STAT8 80 2 15 98.70 98.25 2.51 72.3 6.52 2

4 STAT10 60 3 5 88.74 103.63 4.29 64.7 5.87 10

5 STAT1 40 1 10 82.21 136.11 7.03 87.9 2.73 14

6 STAT7 40 2 15 93.99 126.13 5.34 75.1 4.12 4

7 STAT3 40 3 10 91.40 105.71 4.11 69.8 5.73 8

8 STAT4 80 3 10 96.85 93.05 2.71 65.9 6.72 3

9 STAT9 60 1 5 79.35 137.08 6.73 79.8 3.12 15

10 STAT5 40 2 5 83.14 127.62 6.15 77.5 2.94 13

11 STAT13 60 2 10 92.96 119.01 5.15 73.2 4.32 6

12 STAT11 60 1 15 90.75 133.58 6.91 81.1 2.87 9

13 STAT6 80 2 5 87.05 109.62 3.49 76.3 3.62 11

14 STAT2 80 1 10 86.43 134.53 6.53 81.5 3.35 12

15 STAT12 60 3 15 99.88 91.35 1.91 63.5 6.94 1

16 STAT 16 40 GSM PP nonwoven sheet 42.10 109.71 11.56 95.7 5.12 18

17 STAT 17 60 GSM PP nonwoven sheet 44.78 105.63 11.01 93.1 6.12 17

18 STAT 18 80 GSM PP nonwoven sheet 46.31 105.05 9.15 91.4 6.31 16

Std. dev. 0.413 R2 99.83

Mean 90.44 Adjusted R2 99.53

Predicted R2 97.36

Bacterial
filtration
efficiency
(BFE)

= 42.67 + 0.4710 areal density (GSM) + 13.584 electrospinning time (hrs) + 1.754 TNT
(wt%) − 0.003388 areal density (GSM)*areal density (GSM) − 2.403 electrospinning time (hrs)*electrospinning time

(hrs) − 0.03590 TNT (wt%) * TNT (wt%) + 0.01537 areal density (GSM)*electrospinning time (hrs) + 0.00193
areal density (GSM)* TNT (wt%) − 0.0130 electrospinning time (hrs) * TNT (wt%)
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The overall responses obtained through the experimented
design are tabulated below in the ANOVA Table S1. The
model F-value of 1005 implies the model was significant
confirming the suitability of the obtained equation. It is also
observed that the p values are less than 0.001, indicating that
the parameters were significant. Figure S1 represented the
graphical representation of actual versus predicted values.
Nonlinear relationships between parameters are essential to
evaluate the predominance of individual factors.

In summary, it was observed that the efficiency of the an-
tibacterial filter mainly depends on the TNT wt% and
electrospinning time. Based on the filtration efficiency the
experimental levels were ranked and shown in Table 2 and
STAT 12 shows the highest efficiency of 99.88%, which was
higher compared with certain earlier reported research as seen
in Table 3. The parameters of STAT 12 were used to obtain

the correlation factor R2 as 99.83. Overall, it was seen that
PVDF + 15 wt% TNT with 3 h of electrospinning time and
60 GSM of substrate possessed a bacterial filtration efficiency
of 99.88%with good antibacterial property against both gram-
positive and negative organisms.

Conclusion

A novel antibacterial filter comprising electrospun PVDF and
TNT was explored for antibacterial filtration. The successful
conversion of TiO2 into TNTwas confirmed through TEM for
its tubular morphology. The prepared nanofibers were charac-
terized by SEM, FTIR, XRD, and TGA analysis. The Box-
Behnken experimental design was adopted to optimize the
best possible result and the outcome was investigated through

Fig. 10 Contour and Surface plots obtained for the input parameters against BFE

Table 3 Certain earlier reported
electrospun filter media for
bacterial filtration

S.
no.

Electrospun filter media BFE
(%)

Reference

1 Poly acrylonitrile/Ag 99 (Karthick and Gobi 2017)

2 Poly vinyl alcohol (PVA)/poly (acrylic acid) PAA 98 (Zhu et al. 2018)

3 Multifunctional TiO2/poly acrylonitrile 96.75 (Chen et al. 2019)

4 Poly(vinyl alcohol-co-ethylene)
(EVOH)/dimethylol-5,5-dimethylhydantoin
(DMDMH)

99.5 (Liang et al. 2019)

5 PVA/chitosan/3-allyl-5,5-dimethylhydantoin
(ADMH)

99.3 (Zhang et al. 2020)

6 PAN/ Ag 99 (Selvam and Nallathambi
2015)

7 PVDF + 15 wt% Ag 99.86 (Felix Swamidoss et al.
2019)

8 PVDF + 15 wt% TNT 99.88 In this study
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15 experimental runs. Antibacterial and zone of inhibition
studies revealed that the prepared filter media was highly ef-
ficient against both gram-positive and gram-negative strains.
From the surface and contour plots it was observed that even
when minimal TNT concentration and electrospinning time
was provided, a major impact on the bacterial filtration effi-
ciency was observed compared with the areal density. In this
study, it was found that 15 wt% of the filler proved for the
highest bacterial filter efficiency of 99.88% with 3 h of
electrospinning time and 60 GSM of the nonwoven sheet.
The present study opens a pathway for a novel combination
of highly effective filter media which can be applied in the
production of facemasks.
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