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Abstract: A crucial environmental public health risk is air pollution caused by organic contaminants,
bio-aerosols, and fine particulate matter (PM;5_19). A multi-purpose photocatalyst filter with pho-
tocatalytic nitrogen-doped titanium dioxide (PNT) incorporated into non-woven polymer fibers
(NWPF) with wide applications is focused on in detail in this work. Loading of PNT on NWPF is
carried out by the simple dip coating method. Para-xylene is selected as the target pollutant for the
removal of organic contaminants. Higher removal efficiency of p-xylene (94.2%) is achieved under
fluorescent daylight. The filtration efficiency of PNT is also evaluated to capture PM, 5_19, which is
increased with higher loading content of PNT. At a high air flow rate, the filtration efficiency of the
photocatalyst PNT/NWPF is 97.33%, whereas the efficiency of the pristine NWPF is 91.1%. Moreover,
the PNT/NWPF filter exhibits excellent antibacterial activity (99.9%) under visible light irradiation,
but the pristine NWPF filter has negligible destruction effects on pathogens. These results clearly
indicate that a PNT-coated NWPF filter would be an outstanding multi-purpose material for indoor
air purification systems.

Keywords: PNT nanospheres; PM; 5_19; dust capture; VOC removal; p-xylene; pathogen;
E. coli; disinfection

1. Introduction

The increased personal time (over 80%) consumed in indoor environments such as
residential buildings, the workplace, car, and shopping plazas has made indoor air quality
(IAQ) a significant global issue [1-3]. Indoor air quality (IAQ) is considered even worse
than that of outdoor air because toxic by-products are produced due to the combustion of
fuel from industry and are continuously emitted from construction materials and consumer
products [4]. Particulates, such as nitrogen oxides (NOXx), carcinogenic carbon oxides (CO
and COy), and volatile organic compounds (VOCs), are the main pollutants detected from
such sources [5]. Many VOCs are toxic, which leads to cancer, mutagenesis, and teratogenic
effects. Sick building syndrome (SBS), a chronic illness characterized by headache, dizziness,
dry skin, irritation (eye, nose, and throat), a dry cough, fatigue, and asthma attacks, may be
the result of long-standing exposure to (VOCs) [6-8].

Particularly in South Korea, around 70% of the emissions are from the industrial com-
plex sources. A survey of hazardous pollutant emissions in this specific geometrical zone
was surveyed from 2007 to 2016 [9]. As of 2016, a total of 57,247,000 kg of toxic chemical
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compounds were discharged from 3732 places of industry across the country, compared
with 47,688,000 kg in 2007. There was a 1.24-fold increase in business establishments and a
1.20-fold increase in emissions observed during the same period. Moreover, the majority of
the harmful chemical discharges are released into the atmosphere. The major pollutants
emitted are xylene and toluene, followed by ethyl acetate, ethyl benzene, and methyl ethyl
ketone [10]. In the Ulsan, Samho, Mipo, Jukdo, and Mipo regions, xylene displayed the
largest emissions, followed by ethyl benzene and toluene [11]. Further, in these zones,
the effect of these emissions affects the air quality present in both outdoor and indoor
environments such as homes, schools, public buildings, and health care centers.

The pollutant xylene is majorly emitted from the industrial zones and used in the
preparation of paint thinners or as solvent in the manufacturing of automobiles, plastic,
and rubber products, which easily evaporate into the atmosphere [12,13]. As a result of
exposure to xylene, one can experience irritation to the eyes, nose, and throat as well as
neurological effects. Toluene is also a toxic substance that can also be quickly absorbed
through lungs when inhaled, mainly because it also has a neurotoxic effect. These pollutants
are associated with the cause of allergens and development of various allergic diseases.

In order to minimize exposure to various contaminants, several strategies have to
be taken. Despite the highly polluted air which has been worsened by human activities,
air filtration has received much interest in preserving the desired environment [14]. The
contaminants in the air include fine particulate matter (PM, 5), toxic gaseous pollutants,
and harmful pathogens. So, it is a challenge to eliminate all sources of pollution in the
most effective and convenient way. In order to remove all these mentioned elements,
individual air filters (removal of VOC, dust, pathogens) for each specific purpose have
been widely used [15,16]. Photocatalysts are commonly utilized to remove toxic chemical
compounds effectively [17-19]. Metal oxides, such as titanium di-oxide (TiO;), immobilized
on solid substrates are activated under ultraviolet light, producing ROS species such as
hydroxyl and superoxide anion radicals that react with the chemicals and decompose
them into carbon dioxide and water [20]. However, using solid substrates is ineffective
because contaminants adsorbed on the solid substrates accumulate over time, causing
the photocatalyst poisoning to reduce the filter’s lifetime. The use of UV lights is also
challenging because of high-energy consumption and maintenance for its use [21]. TiO,
does not absorb visible light (>50% in the sunlight) because of its wide bandgap [22].

For this purpose, TiO; is doped with non-metals such as nitrogen, carbon, sulfur, or
with metals such as copper, silver, manganese, or zinc, which extends the absorption of light
in the visible light region [23-26]. Photocatalytic nitrogen-doped titanium dioxide (PNT),
especially, has been extensively investigated in various research works [27-30]. However,
the utilization of PNT in air filters has not been studied so far. In this study, PNT-coated
air filters were fabricated by simple coating technology. The capture of fine dust particles
(PM3y5-10), destruction of xylene, toxic volatile organic compound, and disinfection of
pathogen E. coli is evaluated using multi-purpose PNT-coated air filter which is active
under fluorescent light.

2. Results and Discussion
2.1. Characterization of PNT

Diffuse reflectance spectra of TiO, (P25) and nitrogen-doped TiO, samples are shown
in Figure 1a. Nitrogen doping extends the light absorption with two characteristic absorp-
tion edges with a notable red-shift in the visible region around 400 to 800 nm. The first is
due to electron shift from the valence band to the conduction band, while the second comes
from new energy levels in the forbidden band of P25 formed by N-doping. Moreover, the
Kubelka-Munk function is applied to compute the band gap of the samples [31]. Data on
[F(R)*E]'/? versus photon energy (hv) is shown in Figure 1b. The values of band gap energy
are found to be 3.22 eV and 2.82 eV for P25 TiO, and PNT, respectively. From this result,
it is clearly confirmed that PNT has high photocatalytic activity under visible light. The
XPS spectra of PNT nanoparticles are shown in Figure 1c—e for N1s, Ols, and Ti2p energy
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levels, respectively. In Figure 1c, it is has been clearly demonstrated that the core level of
the Nitrogen 1s peak in PNT occurred at 398.2 eV since the anionic nitrogen present in the
O-Ti-N linkage [32]. It is expected that either simple chemisorbed nitrogen or TiN appears
at < 397.5 eV, and NO or NO; species appear perhaps at 400 eV or even higher. On the
contrary, the N1s peak at 398.2 supports the hypothesis that nitrogen is associated into the
TiO; lattice as the N-Ti-O linkage indicates substitutional doping [33]. Figure 1d represents
the Ols spectra of PNT with a peak at 530.28 eV that indicates a Ti-O bond [34]. The PNT
sample however shows a broadening on the higher BE side at 531.5 eV. There might be
possibilities that PNT has a divergent type of oxygen owing to its characteristic covalent
nature. This is such that both oxygen and nitrogen elements are accessible in TiO, from
the same lattice units. The Ti2p spectrum of the PNT sample displayed two distinct energy
levels at 458.05 and 463.74 eV, which confirms the Ti2p3,, and Ti2p; /», which supports the
presence of the Ti** species as depicted in Figure le [35].Thus, a small shift in the binding
energy is observed for PNT compared with P25 [36] due to the interaction between nitrogen
and titanium. These results are further supported by FI-IR spectroscopy. Figure 1f presents
the FT-IR spectrum of P25 and PNT photocatalysts. The corresponding TiO, bands at
450-800 cm ™!, 1610 cm ™!, and 3250-3600 cm ! are present in both P25 and PNT. A broad
band at 450-800 cm ! is attributed to O-Ti-O vibrations, while broad bands at 1610 cm !
and 3250-3600 cm ! in PNT are caused due to the adsorption of water and the vibration
of the -OH stretching and bending group. As a result of the enlargement of prominent
bands of hydroxyl groups caused by the nitrogen incorporation onto TiO,, the catalyst
has the capacity to generate more highly reactive hydroxyl radicals during photocatalysis,
enhancing their performance. TiO, doping with nitrogen showed additional vibration
bands at 1232 cm ™! and 1160 cm ! corresponding to Ti-N vibrations.
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Figure 1. (a) UV-VIS diffuse reflectance spectra of P25 and PNT samples. (b) Band gap value of P25
and PNT samples. (c) XPS spectra of N1s, (d) XPS spectra of Ols, (e) XPS spectra of Ti2p, (f) FT-IR
spectra of P25 TiO, and PNT.

2.2. Morphology and Photoluminescence Spectra of PNT
The surface morphology of the PNT nanoparticles is photographed by scanning

electron microscopy (SEM) in Figure 2a; the spherical-shaped nanoparticles are clearly
seen. Figure 2b depicts the HR-TEM image of the synthesized PNT nanoparticles. A lattice
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fringe of 0.350 nm and 0.240 nm was observed because of the anatase lattice plane (101)
of TiO; nanoparticles and 0.320 nm because of the rutile lattice plane (110) of pure TiO,
(Figure 2c,d). Photoluminescence (PL) spectra is an excellent tool to study how well charge
carriers trap, migrate, and transfer because the PL emissions result from the recombination
of free carriers [37]. TiO, absorbs incident photons with energy equal to or higher than the
band gap energy, producing photoinduced charge carriers (e~ h*). Further, PL emission
spectra are produced by the recombination of electrons and holes. Thus, a low PL intensity
specifies less charge recombination. The PL emission spectra for TiO; and PNT are shown
in Figure 2e. The faster recombination of photoinduced charge carriers in TiO, resulted in
a higher PL intensity. When nitrogen (N) is introduced to TiO,, the intensity is lowered.
Hence, the PL results confirm that N states serve as a hole reservoir for inducing excitations
and improving electron-hole separation [38].
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Figure 2. (a) SEM image of PNT on glass substrate, (b) HRTEM image of PNT, (c,d) lattice image of
PNT, (e) photoluminescence spectra of PNT.

2.3. Crystallinity of PNT/NWPF

An XRD analysis was performed on the prepared materials to determine their crystal
phase structure (Figure 3). PNT prepared from TiO, (P25) has both the anatase phase and
rutile phase (in accordance with JCPDS 21-1272 and JCPDS 21-1276 standard reference pat-
tern), which is consistent with the biphasic structure of commercial P25 [39]. Additionally,
there were no other characteristic peaks from impurities as indicated by the XRD patterns.
Further, PNT is coated on non-woven polymer fabric which is composed of double-layered
polymer-polyethylene terephthalate (PET) fiber and polypropylene. Among the double
layer, the photocatalyst PNT preferred selective coating on the polyethylene terephthalate
layer only because of its superior hydrophilic nature compared to polypropylene. Accord-
ing to the literature, the crystal faces of high crystal PET fibers have been assigned to the
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following numerous diffraction peaks positioned at 17.5°, 21.5°, and 26.1° values of 26
corresponding to 010, 110, and 100 crystal planes, respectively [40,41]. Meanwhile, the
lattice plane 110 appeared at 13.95° represents for the polypropylene layer [42]. After the
PNT coating on the non-woven polymer fabric, its XRD patterns indicated high intense
crystalline peaks at 25.47°, 27.54°, 38.05°, 48.26°, 54.15°, 62.88°, and 69.03° in both 1% and
2% photocatalyst-coated NWPF. There is not much difference in the intensities between 2%
and 5% PNT-coated NWPE. Using Scherrer’s formula, the crystallite size of synthesized
materials was calculated from the half-width of anatase peak (101). The mean crystallite
sizes of the 1%, 2%, and 5% PNT-coated NWPF are 13, 15, and 15.2 nm respectively.
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Figure 3. XRD pattern of PNT/NWPE.

2.4. Morphology of PNT Coated on NWPF

Figure 4 shows micrographs of the pristine and the visible light active photocatalyst-
coated NWPFs by SEM. Figure 4a shows the long and smooth surface of pristine non-woven
polymer fabric. After pretreatment, the wetting agent covers the surface of the NWPF
(Figure 4b) to increase the hydrophilicity of the NWPF surface. Figure 4c shows the
attachment of silica particles on the pretreated fabrics. SiO, in water forms a hydrolysable
alkoxy group which enhances hydrophilicity as well as the binding affinity of metal at the
interface [43]. Figure 4d—f indicate the visible active photocatalyst with various loading
amounts (1%, 2%, and 5% PNT) bound onto the non-woven fabric surface. Agglomerated
PNT was seen on the surface of fabrics due to dip coating. This issue can be solved by
different coating techniques such as spray and gravure coating techniques. However, the
fabrics covered with fine photocatalyst nanoparticles have a high surface area with unique
porosity, which improves the air filtration efficiency for removing dust, chemical, and
biological contaminants [44].

2.5. Coating Stability of PNT/NWPF

The different weights of PNT are coated on a 0.005 m? area of NWPF to study its
mechanical stability of the coating and maximum photocatalyst loading efficiency. The area
density with different loading amounts of photocatalyst are varied from 45.8, 64.0, and
90.1 g/m? in NWPF and labeled as sample-1, sample-2, and sample-3 in Table 1.

Sample-1, -2 and -3 represent the concentration of PNT (1, 2, and 5%) in solution,
respectively. A shaking test was performed on the photocatalyst/ NWPF with the SHO-2D
orbital shaker to determine the mechanical strength and stability of coating. After 48 h of
shaking with a maximum speed of 150 rpm, the difference in weight of the samples before
and after the shaking test was measured.
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Figure 4. SEM images of: (a) pristine NWPF, (b) pretreated NWPE, (c¢) SiO;-coated NWPE, (d) 1%
PNT-coated NWPF, (e) 2% PNT-coated NWPF, and (f) 5% PNT-coated NWPFE.

Table 1. Photocatalyst weight content on non-woven polymer fabric in detachment test.

Total Filter Weight after Coating
Visible Active Photocatalyst

Sample - - - - - - Weight Loss (%)
Area Density before Shaking Test Area Density Difference in Weight Loss
(g/m?) after Shaking Test (g/m?) (g/m?)
Sample-1 45.8 45.6 0.2 0.43
Sample-2 64 63.58 0.42 0.65
Sample-3 90.1 89.1 1 1.1

The weight loss of sample-1 and -2 after 48 h was not of significant weight (<0.7%).
For sample-3, noticeable weight loss (>1%) was observed. The existence of inorganic binder,
5i0,, promotes the photocatalyst molecules to be strongly bonded to the NWPF surface for
sample-1 and -2 [45,46]. Although the binder supports strong adherence, the weight loss
would occur when the loading amount of PNT exceeds the amount required for a specific
area of NWPF. The SiO,-binder-mediated dip-coating method, demonstrated in this study,
provides a facile but powerful strategy to increase the stability of coatings. Moreover, it does
not required high temperature and pressure and could be further extended to large-scale
coatings on various polymer fabrics [47].

2.6. Dust Capture Efficiency of PNT Decorated NWPF

Figure 5a shows the study of the dust collection process at various time sequences. The
pristine NWPF filter has a high filtration efficiency of 96.63%. After the addition of a wetting
agent, filtration efficiency rapidly decreases. This is due to the highly negatively charged
sodium lauryl sulfate species (C1,H50457) contact with the polypropylene (PP) group of
NWPF. There is a strong interaction between (C12H50457) and PP which exceeds the car-
bon species and the original PP. Then, the wetting-agent-treated NWPF has highly-negative
charge compared to the pristine NWPE. Yang et al. studied the filtration performance of
fibrous filters pretreated with several ionic surfactants [48]. It has been explained that
the decrease in filtration efficiency is due to the columbic and dielectrophoretic aerosol
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capture mechanism. The aerosol contains singly charged species as well as neutral species.
Aerosol penetration through the sodium lauryl sulfate—treated NWPF is lower than that
of pristine NWPF towards the both singly charged and neutral aerosols representing the
columbic capture mechanism and dielectrophoretic mechanism directing the performance
of the wetting-agent-treated NWPF. The columbic effect is dominant for the smaller aerosol
(<0.2 um) and the dielectrophoretic force works at larger aerosol sizes (>0.2 um). The di-
electrophoretic capture mechanism is predominant for NaCl (0.3 um). The neutral aerosols
get polarized because of the dielectrophoretic effect which causes charge imbalance and
reduces the filtration efficiency, but after coating 1% photocatalyst, the performance of dust
capture increased greatly to 91.11%, whereas when the velocity is increased very high to
1.3 ms™}, the filtration efficiency is remarkably decreased because of the fast penetration of
small, fine dust particles. At a high flow rate, the particles with high speed are difficult to
capture on the filter, which is controlled by various filtration mechanisms such as inertial
impaction, Brownian diffusion, interception, and gravitational settling. Fine particles with
a size greater than 2.5 um are effectively filtered through the mechanical filtration process.
However, this process is not feasible for particles that are less than 2.5 um. In addition to
mechanical filtration, the filtration efficiency of photocatalyst depends on the electrostatic
charge. Pretreated NWPF has a high negative charge due to the anionic wetting agent, and
it could not capture the large size particles, consistent with the reported work [49].

b
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Figure 5. (a) Fine dust filtration efficiency at different air velocities. (b) Effect of catalyst loading efficiency.

The undesired effect of the pretreated NWPF, caused by excess negative charge, is
recovered and even empowered by the loading of photocatalyst, as shown in Figure 5b.
When loading of the photocatalyst is increased, the particles are strongly polarized in the
fibers and the excess negative charge is neutralized, which are then adsorbed on the surface,
which, in turn, increases the filtration removal efficiency [50]. The quality factor value has
significant differences depending on the loading amount of photocatalyst, as shown in
Table 2.

Table 2. Summary of filtration efficiency, pressure drop, and quality factor of PNT/NWPF air filter.

Photocatalyst Are:lg/]?lfzr;sity Filtratio::)/oE)fﬁciency Pres(s;:fll))rop Qua(lIi)tgf_l;;ictor
1% PNT/NWPF 45.8 95.4 78.36 0.0393
2% PNT/NWPF 64 97.6 96.62 0.0403
5% PNT/NWPF 90.1 99.3 128.12 0.0387
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The morphology of PNT/NWPF before and after the filtration test was examined
using SEM. The PNT nanoparticles deposited on NWPF are shown in Figure 6a. After the
continuous feed of incense smoke for 300 s, aggregated particulate matter captured on the
filter is shown (Figure 6b). The inlet image of Figure 6b shows captured PM of various
sizes. The data clearly shows that 2% PNT had a high optimal value of 0.0403 Pa~!, which
is feasible for commercial applications and also further study for VOC removal as a proof
of concept.

200um

Figure 6. SEM images of (a) 5% PNT/NWPF before PM filtration and (b) 5%PNT/NWPF after PM
filtration.

2.7. VOC Removal Efficiency of PNT/NWPF

The decomposition of gaseous indoor VOC is of major interest in the field of filtration,
especially for the IAQ. The photocatalytic breakdown of noxious VOC p-xylene into carbon
dioxide and water can be further demonstrated by the PNT-coated NWPF under normally
visible light irradiation. The inlet concentration of p-xylene that is passed through the
reactor remained constant at about 2 ppm, with a total airflow rate of 50 mL/min. Hu-
midity is maintained around 50-60%. The photocatalytic activity of PNT-coated NWPF
air filter for the removal of p-xylene pollutant is shown in Figure 7a. The concentration
of the contaminant in NWPF is slightly reduced due to the adsorption, and there is no
degradation in the presence or absence of light, but in the presence of visible light, the
p-xylene levels have reduced drastically on PNT-coated NWPEF, on the first single-pass of
gas into the reactor in 25 min. When the loading amount of the photocatalyst is increased
from 1 and 2%, the decomposition performance of the photocatalyst improved greatly.
The rate of decomposition increased from 62.1 to 86.5% in the average of 100 min. The
amount of photocatalyst loaded on NWPF is in the range of 45.8 to 64 g/m? for different
concentrations. When higher amount of PNT is loaded on NWPE, the efficiency of pho-
tocatalyst (5% PNT/NWPF) is greatly increased to 94.2% under normal visible daylight.
Limmongkona et al. also studied photocatalytic TiO,-coated air filters for the degradation
of p-xylene, where the loading of TiO, contents influences the decomposition of pollutant
p-xylene [51]. TiO, nanoparticles have a high surface area of 37.5 m?/g (Figure 7b) and
the surface roughness with unique pores (diameter 48A) which concomitantly contribute
to the pollutant capture. In addition, they strongly induce the photocatalytic oxidation
which effectively enhances the decomposition of adsorbed p-xylene through the capture
and decompose mechanism.
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Figure 7. (a) VOC removal efficiency of PNT/NWPF for p-xylene destruction. (b) N, adsorption-
desorption isotherm of PNT. (c) Effect of relative humidity on PNT/NWPF. (d) Reusability of PNT/NWPE.

The role of pristine NWPF is that it arrests only the dust particles on its surface [52].
However, PNT-coated NWPF can capture the dust particles and also enable it to decompose
the VOCs under visible light. When p-xylene is passed into the reactor with humid air into
the inlet chamber, the photocatalyst-coated NWPF is placed in the photoreactor. When
the VOC contacts the photocatalyst coated NWPF, the high efficient filter capture the
VOC on the photocatalyst surface. When the light is irradiated, the photocatalyst is
activated by the incident photons, and the electron-hole pair is produced, which generates
hydroxyl and superoxide anion radicals and degrades the p-xylene into carbon dioxide
and water [53]. Moreover, the high surface area of the photocatalyst provides an effective
platform for harvesting a large number of photos on the surface. In this study, the xylene
removal performance of 2% PNT/NWPF was compared with some other progressive
studies mentioned in Table 3.

Table 3. Photocatalytic activity of PNT/NWPF of current work and other reported literature data for
xylene pollutant decomposition.

Photocatalyst Pollutant Light Source Removal Efficiency (%) Reference
5% (wt) Degussa-TiOp
coated on high efficiency xylene 36 W UV lamp 49% [51]

particulate air filter (HEPA)
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Table 3. Cont.

Photocatalyst

Pollutant Light Source Removal Efficiency (%) Reference

Blackened TiO,

UV+ Visible light

(365-375 nm + 470618 nm) 35.64% [54]

xylene

TiO,, Mn-doped TiO, on

Ceramic Honeycomb xylene UVUV hgh;m 39342 //0 [55]
substrate 24185 ?
) o 300 W UV light 58%
Deg“ﬁiﬁg 20.1% xylene 300 W LV, 58% [56]
2 500 W Halogen light 22%
1% (wt) PNT/NWPF 62.1%
2% (wt) PNT/NWPF xylene 24 W Fluorescent lamp 86.5% Current work
5% (wt) PNT/NWPF 94.2%

Most of the VOCs can be decomposed more efficiently with an increase in relative hu-
midity (RH) level. Thus, photocatalyst generates OH radicals under visible light irradiation
in order to participate in VOC oxidation [57]. Water molecules (H,O) can compete with
volatile organic pollutants for adsorption on active sites. The adsorption of water molecules
on the PNT surface prompts the formation of the surface hydroxyl groups through the disso-
ciation of water molecules at a certain level of relative humidity. However, at the same time,
moisture adsorption can form a layer of water molecules which prevents the adsorption of
VOCS onto the PNT surface [58]. Hence, photocatalytic degradation can also be influenced
by moisture content, but an optimal RH level is required for maximum photocatalytic
degradation. The effect of RH level on the degradation of p-xylene by 1%PNT/NWPF is
studied by varying the RH from 20 to 80%. As can be seen from Figure 7c, as humidity in-
creases, the removal efficiency of p-xylene increases rapidly, reaching a maximum removal
efficiency at specific RH level and then slowly decreases at higher RH levels. When the RH
increased from 20% to 60% gradually, excess hydroxyl radicals are produced that enhance
the decomposition rate from 62.1% to 87.7% [59], but after the saturated point, the further
increase in humidity decreases the performance of PNT/NWPF to 64.6% because when the
RH level is increased to 80%, excess hydroxyl radicals occupy the photocatalyst surface,
suppressing the adsorption of the pollutant p-xylene. In addition, water molecules may
reduce the intensity of light reaching the photocatalyst surface through the dispersion of
light [60-62].

The reusability of the photocatalyst is a significant factor for commercial applications.
The used 2%PNT/NWPF is heated at 65 °C to remove the traces of adsorbed gases and
flushed with air in the reactor for 15 min before recycle testing. The degradation of p-
xylene is maintained in the average of 80% even after three consecutive cycles (Figure 7d).
Based on these results, PNT/NWPF is proved to be an excellent air-purifying photocatalyst
material that maintains a high level of photocatalytic activity and durability over a long
period of time.

2.8. Antibacterial Activity of PNT/NWPF

The antibacterial ability of pristine and photocatalyst-coated non-woven polymer
fabrics has been investigated via the colony-forming-unit (CFU) counting method. Figure 8a
shows the E. coli colonies with the pristine non-woven polymer fabrics are much larger
than the initial concentration of the colonies. The concentration of E. coli on 2 h light
irradiation, increased from 1 x 10° to 3.1 x 10°. In contrast, photocatalyst-coated non-
woven polymer fabric had excellent antibacterial performance, showing 99.9% destruction
of bacteria (Figure 8b). The antibacterial mechanism of the photocatalyst/NWPF filter is
described by observing the TEM morphology of bacterial cells before and after treatment
with PNT/NWPF. Before activation with the photocatalyst, the surface of E. coli seemed
to be granular and smooth (Figure 8c). When a bacteria cell is exposed to photocatalyst
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under visible light for an extended period of time, it loses its smooth, tight surface texture.
After treatment with PNT/NWPF under visible light, disruption in the cell membrane
causing the leakage of cell contents leads to cell death (Figure 8d) [63]. In other words, the
photocatalyst absorbs the visible light making the electrons excited and jumps from the
valence band to its conduction band. The photo-generated electrons on the conduction
band react with oxygen and water to form hydroxyl and superoxide radicals [64]. The
reactive oxygen species (~O; and ‘OH) oxidize, which initially attacks the polyunsaturated
phospholipid outer layer and disintegrates the cytoplasmic membrane, leading to the
leakage of intracellular constituents such as proteins and lipids and causes the death of the
bacteria [65].

Figure 8. Bacterial disinfection image of (a) NWPF, (b) PNT/NWPF after 2 h treatment. TEM images
of E. coli, (c) before inactivation with PNT and (d) after inactivation with PNT.

3. Materials and Methods
3.1. Materials

Degussa P25 titanium dioxide, Ludox colloidal silica, and urea were purchased from
Sigma Aldrich. Sodium dodecyl sulfate was provided by Georgia chem. The analyti-
cal grade reagents such as ammonia and isopropyl alcohol were received from Daejung
chemicals. All the Gram-negative strain E. coli was provided by Real Biotech Corporation
(Taiwan). MilliQ) water was used for all experiments.

3.2. Preparation of PNT

About 0.5 g of titanium dioxide (Degussa P25) is added to 45 mL distilled water in a
round-bottomed flask, and 5 mL of 2.5% ammonium hydroxide solution is added dropwise
under slow stirring. Then, urea (0.1 M) dissolved in water/IPA mixture (1:1) and added
to the above solution gradually and stirred for 15 min. The mixture is evaporated for 2 h,
cooled, and oven-dried at 50 °C overnight. The powder is ground well and calcined at
400 °C for 3 h. The final product photocatalyst nitrogen-doped titanium dioxide (PNT)
nanoparticles is obtained. Different concentrations of PNT (1%, 2%, and 5% wt) is prepared
in hot water and is sonicated for 15 min and used for coating on NWPF substrate.
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3.3. Fabrication of PNT/NWPF Air Filter

Pretreatment of NWPF substrate: NWPF of grade H13 was received from Easy Rental
Networks Ltd., (Seoul, Republic of Korea). The hydrophilicity of NWPF for PNT coating
was enhanced after pretreatment process [66]. To improve the hydrophilicity of NWPE,
surfactant 0.01 M Sodium dodecyl sulfate (SDS) was used as wetting agent, where the
NWPF was immersed in SDS solution, air-dried, and baked at 50 °C for 30 min.

Coating procedure: NWPF was immersed in 0.1% silica stabilizer /binder for 10 min,
air-dried, and baked for another 15 min. Silica binder helps for strong adherence coating
of PNT and also has a high porous structure. This pretreated NWPF was dipped in PNT
suspension for 10 min, air-dried, and further oven-dried at 50 °C. The loading of PNT is
increased by number of dipping times.

3.4. Dust Capture (PMy 5-19) Experiment

The experimental setup for analyzing the particulate fine matter is shown in Figure 9.
For the generation of fine particles, incense is burned, which contains high particle density.
The smoke generated from incense has a fine particulate matter with a wide distribution
from <300 nm to >10 pm, with a minimum mass concentration of 5000 pg/ cm?. The
generated particulate matter is filled into the inlet chamber (optical particle sizer, Model-
3330, TSI). The photocatalyst air filter is placed between two chambers (inlet and outlet).
The concentration of PM, 5_1¢ concentration is measured at both inlet and outlet chamber
with respect to time and measured through a laser PM counter device (Wuhan Cubic
Optoelectronics Co. Ltd., PM2005 (Wuhan, China)). Anemometer is used to analyze the
capture efficiency of particulate matter under different air flow rates. The removal efficiency
of the filters is calculated with the following.

N = ([Cintet— Coutlet]/ [Crntet]) x 100

where 11 is the PM; 5 ¢ capture efficiency, ‘Cpyjet” , and ‘Coyglet” are the mass concentrations
of particulates at inlet and outlet chambers. Pressure drop (Ap) is measured using pressure
gauge (Manometer, Bluewind Lab (Choa Chu Kang, Singapore)). In order to be effective
commercial air filter material, the filter should have a high filtration efficiency and a low
pressure drop. The quality factor (QF) incorporates both of these aforementioned factors
into a single parameter. Quality factor [QF = —In(1 —n)/Ap] is also determined to evaluate
the filtration capacity of air filters based on their removal efficiency.

[PM Counter]

(-)Ve lonizer

1 !

Smoke Inlet Outlet

Figure 9. Schematic diagram of PM filtration equipment.

3.5. Experiment for Photocatalytic Oxidation

In accordance with the ISO standard 22197-1, the fixed-bed photoreactor is devel-
oped with unique changes. The body of the vessel is made of stainless steel of dimension
390 x 90 x 40 mm (CHEMRE SYSTEM, Republic of Korea), which reduced pollutant ad-
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sorption within the reactor. On the top cover of the reactor vessel, an optical GE 214 quartz
glass is mounted with ultra-low resistance to UV light. Before and after each experimental
cycle a leak test is conducted. The photocatalytic oxidation (PCO) experimental set-up
schematic diagram is shown in Figure 10. To test various and different concentration of
samples simultaneously under the same reaction conditions, two parallel reactors are used.
Three wavelength covering (400-700 nm) 24 W fluorescent light tubes widely used for
residential applications is employed.

\{r‘

- Purified Air Tank 12 13
- VOC Tank

- Pressure gauge

MFC

Connecting Valve

- Humidification chamber
- Gas mixer

- Hygrothermometer

4 9- Sampling port

6 © 10- PCO reactor

11- Fluorescent light

12- GC-MS

13- Analyzer

3

ONOU D WN R

Figure 10. Schematic diagram of PCO reactor.

The fluorescent light tube is mounted with fixed distance of 3 cm to the surface of the
reactor. Synthetic purified air as the carrier gas to transport pollutant p-xylene and water
vapor (humidification device) into the mixing compartment with varying mixing ratios are
regulated by the volumetric flow meter. Gaseous pollutant p-xylene (50 ppm/100 bar N»)
was purchased from Seoul Specialty Gas Co Ltd (Seoul, Republic of Korea). Following
a normal protocol, the PCO studies are conducted out. First, under the absence of light
conditions, the test gas combined with humidity continuously circulated through the
reactor until the test sample reached steady state condition, which further is analyzed by
attaining equal pollutant concentrations at the reactor inlet (Cye) and outlet (Coygier). The
degradation efficacy of VIS-PCO of p-xylene is determined by:

% of Pollutant degradation = [1 — (p-xylene Coyget/ p-Xylene Crpjer)] x 100

3.6. Antibacterial Application of PNT/NWPF

Typically, the PNT/NWPF filter (with size 2.5 cm x 2.5 cm X 1.0 cm) is immersed in a
bottle containing a mixture of 20 mL PBS and 200 uL pathogen solution (1.4 x 10° CFU mL™1).
The mixture is shaken and incubated at 37 °C and 230 rpm. The fluorescent light is kept at
a distance of 35 cm from the test sample. As the reaction continued, the sample is pipetted
out after 2 h and distributed in sterilized glass tubes containing a 10 mL saline solution by
a ten-fold serial dilution method. Then, 100 uL of the solution are plated on a plate count
agar medium and incubated at 37 °C for 48 h. Subsequently, the live cells are counted to
obtain the results for the disinfection performance. In a similar way, NWPF is also tested
under same conditions to evaluate its disinfection. Each experiment is repeated three times.

(Conc g — Conc)

Destruction Efficiency = C
onc g

)

where “Concy” (CFU/ mL) presents E. coli concentration in the absence of photocatalyst and
“Conc” stand for concentration of microorganisms in presence of photocatalyst after 2 h.
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3.7. Materials Characterization

Absorption spectra was obtained for PNT nanoparticles using Diffuse Reflectance UV-
VIS-NIR Spectrophotometer (Shimadzu SolidSpec-3700). Morphology of photocatalyst coated
NWPF was analyzed by scanning electron microscope (SEM, Hitachi S-4800). Crystallinity of
PNT/NWPF analysis was conducted using high-resolution X-ray diffractometer (X'Pert PRO
MPD) with Cu radiation. The average crystallite size is calculated using Scherrer formula
[D = kA/Wcos6] in which k is the numerical constant (k = 0.93), A is CuKx wavelength
(A = 1.5406 A). The elemental analysis is carried out using X-ray photoelectron spectroscopy
(Thermo VG K Alpha+), and the atomic weight (%) of doped nitrogen in the PNT was 2.6%.
Nitrogen adsorption/desorption measurement was performed to analyze the surface area
of photocatalyst PNT using Micrometrics instrument (ASAP 2420). TEM analysis for the
bacteria samples was photographed by HR-TEM (JEOL-JSM 1200EX, Tokyo, Japan).

4. Conclusions

PNT is prepared as an efficient visible photocatalyst by modifying titanium dioxide
(Degussa P25) with urea as nitrogen precursor by simple thermal condensation method.
Using the dip-coating procedure, PNT is decorated on NWPF. The agglomerated PNT
nanoparticles is seen in SEM images. The role of silica binder on PNT/NWPF ensures the
strong stability of coating, which is highlighted from the detachment test results. The high
dust capture efficiency of the PNT-coated fabrics is evaluated. For the feasibility of coating,
non-woven polymer fabric is pretreated with a wetting agent. So, the filtration efficiency
is decreased due to charge effect. This is compensated by the higher loading amount
of photocatalyst PNT. The major emitting pollutant from the industrial sectors in South
Korea is xylene, which was selected as the pollutant model for testing the photocatalytic
activity of PNT. The filter composed of PNT/NWPF showed 5.5 times greater activity than
P25 and could efficiently degrade para-xylene under normal visible light irradiation, thus
developing an air filter (PNT-coated NWPF) which has multi-functional purpose. Based on
this study, a conceptual air purifier containing a multi-functional filter such as PNT/NWPF,
active under normal white fluorescent daylight, can be designed, which will pave the way
for a better future in indoor air purification applications.
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