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Introduction

The presence of atmospheric aerosols (solid and/or liquid par-
ticulates in a gas) has a variety of consequences on human
health,! climate, and visibility.? Several studies have found a
link between particulate matter inhalation and negative health
effects, the importance of which is mostly determined by
chemical composition, particle size, and exposure period.
Furthermore, long-term exposure to a polluted environment
has been associated with an increased risk of cardiovascular
disease and death. Because they influence cloud formation and
the global radiative balance, atmospheric aerosols significantly
impact climate.3

Aerosols pollute our environment disapprovingly—the
increased concentration of aerosols in the air quality demands
a productive technique to control pollution measures. This
project aims to abate/break the chemical structure of aerosols
for inactivation purposes. Therefore, the DBD techniques are
considered innovative techniques that have the tremendous
potential to inactivate/eliminate aerosols. The DBD tech-
nologies offer outstanding practical applications for aerosols
disinfection as air purifiers and can be used in hospitals,
industries, and factories where the risks of aerosols emissions
are dominant.

Atmospheric aerosols are made up of a complex mix of
components with different ranges in size,* emission sources,
physical properties, and chemical compositions.> Several stud-
ies have shown that atmospheric aerosols are enriched with
nitrate, ammonium, sulfates,®” organic elements, heavy metals,
sea salt, and black carbon.® These particulates also consist in
the form of compounds such as alkenes, methyl, carboxylic

acids, aldehydes, carbohydrates, lactones, ketones, esters,
ammonium sulfate as well as ammonium nitrates.”-12

Particulate Matter (PM) and Primary Biological Aerosol
(PBA) are the subsets of atmospheric aerosols.” PM is a major
determinant of indoor air quality and is defined as the sum of
all solid and liquid particles suspended in the air.!3 The ele-
ments that participate in the composition of PM include
Copper (Cu), Aluminum (Al), Chromium (Cr), Zinc (Zn),
Cadmium (Cd), Lead (Pb), Mercury (Hg), etc.’ Since the
industrial revolution, a significant rise in air pollution has been
observed on local, regional, and global levels. Heavy concentra-
tions of gaseous contaminants including ozone and nitrogen
oxides are lethal to people’s health* because they cause respira-
tory, allergic, and cardiovascular diseases.

PBA has been described as a major problem that poses a
threat to the environment and international health stand-
ards. Toxic elements, such as volatile organic compounds
(VOCs), heavy metals, and harmful gases, can be found in
bioaerosols.’> The main elemental composition includes
Sodium (Na), Calcium (Ca), Iron (Fe), Phosphorous (P), and
Potassium (K), etc.!16 Aerosols consist of different types of
biological aerosols, volatile organic compounds (VOCs), and
inorganic matters.

To reduce the exposure of airborne aerosolized microor-
ganisms, different types of masks have been used as Personal
Protective Equipment (PPE).1718 It is recommendable to
use face masks during the Severe Acute Respiratory
Syndrome Coronavirus pandemic,'” for protection from
infectious diseases caused by aerosols and pathogenic parti-
cles. The use of masks has been acting as the first-line
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defense against aerosolized pathogens. Masks or any type of
filters (Quartz filters, HEPA, ULPA) is useful to filtrate the
airborne particulates!®2021 but they do not inactivate the
aerosols.??

Many techniques have also been utilized to inert the activi-
ties of aerosolized particulates such as ozone-water (OW)
spray,? ultraviolet germicidal irradiation (UVGI),?* photocata-
Iytic oxidation,” and Plasma methods (arc plasma, DBD
plasma).12226 Plasma methods have a great potential to abate
and/or remove the aerosols (VOCs, PBA). Xiao et al2’ investi-
gated the abatement of VOCs by non-thermal plasma. Gao
et al?® used the atmospheric pressure plasmas for effective
abatement of PBA. Li et al * summarizes the various applica-
tions of DBD non-thermal plasma on the abatement of VOCs.
Timmermann et al,;3° checked the combined effect of DBD
with the ionic wind for indoor air purification. Prehn et al??
also investigated the plasma treatment and ionic wind effect for
inactivation of bacteria for air purification. Ionic wind extracted
from the DBD reactor is one of the effective methods to abate
and/or inactivate the aerosols. For this purpose, a system was
devised that uses non-thermal DBD plasma combined with
ionic wind to overcome the drawbacks of filter technology.3!

Experimental Setup

The aim of this project is to abate/remove the ambient aerosols
by ionic wind extracted from DBD plasma. In order to collect
the aerosols from the ambient environment, surgical mask
(Waterlink Pakistan (Pvt) Ltd. Pakistan) and KN95 respirator
(H3 Traders, Pakistan) have been used as filter. These samples
have been chosen due to the difference in their materials, fiber
diameter, and the filtration capacity of the medium to trap the
ambient aerosols.3?

Experimentation

The pristine masks were placed at 70 m above the ground level
for 20days during January 2022. The reason for choosing the
winter season is that there is abundance of fog and smog which
we believe are the major sources of aerosols. The weather con-
ditions during January 2022 in Lahore, Pakistan were; tem-
perature ~10°C to 15°C, pressure 1016 to 1020 mbar, humidity
60% to 80%, and visibility 3 to 5km.

Figure 1 shows the micrographs of (a) pristine of surgical
mask, (b) air-exposed surgical mask, (c) pristine of KN95 res-
pirator, (d) air-exposed KN95 respirator. It is clear from the
figure that the aerosols have been trapped in both the filters (b
and d). For the abatement of collected aerosols with ionic wind,
a DBD plasma setup has been designed and fabricated. Air-
exposed samples were then irradiated with the ionic wind pro-
duced by the DBD plasma reactor.

A schematic configuration, real time image, and circuit
diagram of the DBD setup is presented in Figure 2.
The DBD reactor comprises of 2 electrodes made of

copper (180mm X 70mm X 5mm), a dielectric (ceramic;
180 mm X 70 mm X 2 mm) placed between 2 electrodes, and
a high-voltage AC power supply (homemade, 30kV, 50 Hz).
An AC input of 12 and 20kV is applied to upper electrode,
which is perforated. The perforation is done because ions
from plasma will be made to pass through this electrode.
The separation between the 2 electrodes is 2mm. An elec-
tric field is established in the discharge gap that equals or
exceeds the breakdown strength of the ambient air. Plasma
is formed in the form of micro-discharge filaments that car-
ries temperature ~39.045¢V, density 3.87 X 102°m=3, and
frequency 8.77 X 10" Hz evaluated by using Langmuir
Probe. Plasma includes excited species, collection of mole-
cules, EM radiations, free radicals, ions, and electrons. To
extract the ions from the plasma, another electrode was used
asanextractionelectrode (copper; 180 mm X 70 mm X 5 mm)
placed above the perforated electrode at a distance of 20 mm.
In order to extract the ions, the third electrode was nega-
tively biased (-15kV) DC.

The purpose of the extraction of ions (named as ionic
wind) from the plasma was to irradiate these ions on the air-
exposed surgical mask and KN95 respirator. Furthermore, the
impact of irradiation of ionic wind on the abatement of aero-
sols trapped in the filters (Figure 1b and d) has been explored.
The reason to choose the ionic wind rather than the plasma
itself to treat the pollutants is to avoid the ozone as the DBD
plasma produces more ozone concentration.3%33 Whereas
ions while traveling toward the extraction electrode, interact
with the air molecules and produce many active substances,
such as oxidizing species OH, O, NO-,, NO-;, NO-, O;, HO-,
O, etc. These species are considered the sources to abate the
aerosols.

Confirmation of ionic wind

In order to confirm the formation of ionic wind, a CR-39
track detectors were placed at the extraction electrode.
Plasma was formed and ions were made to fall on the CR-39.
After the exposure, CR-39 was etched in NaOH solution
(6.25N, 8hours, 70°C) and cleaned by sonication method.
The formation of the tracks was observed by optical micro-
scope. Figure 3 is the micrographs of CR-39 confirming the
development of ion tracks, which evidences of the ionic
wind.

Ionic wind irradiation on air-exposed surgical
mask and KN95 respirator

Furthermore, air-exposed samples (surgical mask & KN95 res-
pirator) were placed at the extraction electrode and irradiated
with the ionic wind. The choice for isolating ions from the
plasma channel is because of the large mass of the ions. They
transfer the momentum to the pollutants that rupture their
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Figure 1. Optical micrographs: (a) pristine surgical mask, (b) air-exposed surgical mask, (c) pristine KN95 respirator, and (d) air-exposed KN95 respirator.
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Figure 2. (a) Schematic representation, (b) real-time image, and (c) circuit diagram of dielectric barrier discharge plasma combined with ionic wind
extraction electrode.
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Figure 3. Optical micrograph of CR-39 showing the pattern of ionic wind.

chemical composition. Moreover, ions interact with the air
molecules and produce many active substances, such as oxidiz-
ing species and free radicals, etc. These species are also consid-
ered the sources to abate/remove the chemical structure of
aerosols. The experiment was carried out at 12 and 20kV of
AC voltage for a fixed irradiation period of 20 minutes. Herein,
the main objective was to investigate the effects of the input
voltage on the abatement of aerosols by the ionic wind.

Result and Discussion

To abate the trapped aerosolized particles, the surgical masks
and KIN95 respirator have been bombarded with the ionic wind
emitted from the DBD plasma reactor. Some mechanisms for
the abatement of aerosols by low-temperature and non-equi-
librium plasma have been explained and discussed. Physical
processes in the discharge stream caused by ionic wind play an
important role in abatement/inactivation purposes. On the
other hand, low-energy ions generate the free radicals, excited
atomic and molecular species that start up the chemical reac-
tions, which in turn, deactivate the targeted air pollutants by
decomposing their chemical structure. The pristine, air-
exposed, and ionic wind irradiated samples have been analyzed

by FTIR and LIBS techniques.

FTIR analyses

Fourier transform infrared spectroscopy (FTIR) has been
employed to identify the organic and inorganic functional
groups of ambient aerosols. The spectrum of a chemical sub-
stance obtained from the IR spectroscopy, is like a photograph
of a molecule. It is an easy approach to extract the structural
information of aerosols and the chemical changes, which is
occurred due to different ionic wind treatments. FTIR spectra
of the aerosols composition of untreated and ionic wind treated
were recorded. Spectra of the samples were obtained over
wavenumber between 4000 and 650 cm™ with 4 cmresolu-
tion by averaging 96 scans.

Surgical masks. Figure 4 exhibits the IR spectra obtained for
pristine (a), air-exposed (b), ionic wind irradiated surgical mask

at 12kV (¢), and ionic wind irradiated surgical mask at 20kV
(d). The pristine spectrum (4a) shows a broad band at the
wavenumbers from 3000 to 2800cm™, identified as a C-H
(alkanes) group. Another peak is dominated at the wavenum-
ber of 1500 to 1350cm™ and is recognized as C-H (alkanes)
group. The presence of C-H group is due the polypropylene,
which is the constituent material of the surgical mask. A bunch
of peaks observed at 1200 to 700cm™! belongs to C-O and
C=C (alkenes) group. The presence of C-O might be due to
the oxidation.3*

FTIR spectrum for the air-exposed sample in Figure 4b
exhibits the characteristic peaks associated with alkanes, fluoro
compounds, amines, ethers, sulfonates/sulfates, alkenes, and
halocompounds. Four spectral ranges have been recognized in
the air-exposed sample at 3000 to 2800, 1500 to 1300, 1300 to
1000, and 1000 to 700cm". The increase in the intensity of
absorbing bands within 3000 to 2800 cm™! peaking at approxi-
mately 2952, 2914, 2870, and 2840 cm™! corresponds to the
C-H (alkanes) group in the spectrum for the air-exposed sam-
ple. An additional weak peak appears at 2700 cm™! is assigned
as C-H group.

At 1500 to 1300cm™!, there exists 2 strong peaks. Several
plausible assignments are possible between the narrow
region at 1470 to 1350 cm™! comprising C-H (alkanes), C-F
(fluoro compounds), and S=O (sulfonates/sulfates) groups. At
1453 cm™1, methylene groups (CH,) have a particular bending
absorption. In addition, at 1375cm™', methyl groups (CHj,)
contain a characteristic bending absorption. A strong peak of
asymmetric stretching of sulfonyl chlorides also occurs at
1375cm. At the region from 1400 to 1300 cm™!, functional
groups of sulfonate, sulfones, sulfonamides, and sulfate are also
expected.® These identified groups are the main ingredients
that participate in the formation of photochemical smog.’

Some others peaks belonging to C-O and C-N groups have
also been observed in the region of 1300 to 1000 cm~'. There is
one peak of C-O group that is associated to the ethers. Esters
and alcohols give an absorbing peak in this region too. However,
this possibility is eliminated by observing the absence of the
O-H band.* Another functional group C-N is expected in this
region. The C-N group also occurs in the range between 1350
and 1000 cm™. Therefore, the functional group at 1162 cm™! is
assigned to C-N (amines) and/or C-O (ethers).

Two peaks are also observed in the region between 1000 and
700 cm'. The C=C vibrations at this region appear as a weak
absorbing band. Bending absorption of C=C (alkenes) group
is observed at 998 and 991 cm'. At 850 to 700 cm™!, there may
exist some halocompounds such as C-Cl, C-Br, and/or C-I
bands. Two peaks at 842 and 805 cm™! have been observed and
assigned to C-Cl (halocompounds).?1036

The contribution of alkanes, sulfonates, sulfones, sulfon-
amides, ethers, fluoro compounds, amines, alkenes and
halocompounds confirms that the mask has trapped the
aerosolized particles.®%12 The presence of hydrocarbons
(CH group), oxides of sulfur and nitrogen particulates, and
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Figure 4. IR spectra of surgical mask: (a) pristine, (b) air-exposed, (c) air-exposed surgical mask irradiated with the ionic wind at 12kV, and (d) air-

exposed surgical mask irradiated with the ionic wind at 20kV.

chlorofluorocarbons, makes the air toxic. Identified com-
pounds also participate in the formation of VOCs (Toluene,
Acetone, Benzene, Xylene, diethylether, aliphatic hydrocar-
bon, chlorinated compounds such as P-chlorophenol,
P-cumene, aldehydes such as formaldehyde and acetalde-
hyde, and Dichloromethane, etc.,)*37-3? and biological acro-
sols’ development. 4041

South Asia is highly prone to the harmful impacts of
increasing aerosols amount due to population growth, fast
urbanization, increase in motorized traffic, and expanding
industrialization both inside and outside of metropolitan areas.
Both anthropogenic and natural sources are responsible for
producing aerosols. Natural aerosols like sea salt and dust
mainly arise from the southern dry regions as well as the nearby
ocean while anthropogenic aerosols mostly originate from
industrial and vehicular emissions.

Pakistan, located in the northwestern part of South Asia, is
also influenced by the growing aerosols concentration.
Nevertheless, only a few investigations have been performed on
long-term aerosols patterns in Pakistan, so far. Lahore, a highly
populated city of Pakistan, is an industrial city, including small
and medium industries. Sources of aerosols are the emission of

VOC:s from industry, soil or dust particulates, emissions from
vehicles and from the burning of crop residues in the nearby
areas.*> Many researchers have investigative studies on the aer-
osols data over Lahore.43-46

Ambient aerosols act as the seed for the formation of clouds
and fog. Nevertheless, excess concentration results in negative
effects on natural phenomena. Photochemical smog, air con-
tamination, and several impacts on the microphysics of clouds,
nitrogen, global carbon, and sulfur are caused due to the pres-
ence of aerosols.*® Many different compounds are included in
VOCs such as benzene, acetone, chlorinated hydrocarbons,
monocyclic aromatic hydrocarbons (MAHs)¥ and toluene,
xylene, and ethylbenze,*” etc., some of which may have negative
short- and long-term health impacts.

ITonic wind approaches are receiving increasing attention as
a means of degrading different kinds of gaseous contaminants.
The abatement of aerosols was carried out by ionic wind emit-
ted from a planer DBD plasma. Samples were treated at 12 and
20kV of AC voltage applied across the electrodes for a fixed
time duration of 20 minutes while the DC voltage at 15kV was
kept constant. Spectra of the air-exposed surgical masks irradi-
ated with ionic wind exhibit a significant reduction in peak
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intensities of all the functional groups as compared to the air
exposed samples (Figure 4¢ and d).

In Figure 4c, the ionic wind irradiated sample at an applied
voltage of 12kV and discharge current (~3 to 4mA) depicts the
reduction in the intensity of characteristics peaks correspond-
ing to alkanes, fluoro compounds, sulfonates/sulfates, amines,
and halocompounds as compared to air-exposed sample. A
decrease in the intensity at the 4 spectral ranges 3000 to 2800,
1500 to 1300, 1300 to 1000, and 1000 to 700 cm™! points out
that ionic wind damages the aerosols molecular chemistry. Ions
extracted from DBD plasma interact with many organic and
inorganic elements of aerosols through oxidation* and by
other chemical and physical mechanisms.3® The principles
behind the abatement of aerosols with ionic wind induced
from non-thermal plasma like DBDs may be explained by the
fact that the low energy ions (50-200¢V in our case) activate
surrounding ambient gas molecules. Different collision pro-
cesses subsequently start many reactions generating free radi-
cals such as O, NO, -, NO; -, NOe¢, O;, etc., for decomposing
pollutants/aerosols.*>*% Oxidation is the primary method for
decreasing exhausts including the dilute concentration of con-
taminants (NO, VOC) in the mixture of N, and O,. The
observed decrease in the absorption peaks is due to the change
in structure by ionic wind-induced chemical reactions.?*3%48

Figure 4d illustrates the spectrum for an ionic-wind irradiated
sample operated at 20kV and discharge current (3-4mA). In this
case, the peaks observed at the same wavenumber as those for
12kV appear to have much less intensity. The kinetic energy of
the electrons increases with higher voltage and more energy is
transferred from the electron to the neutral atom because of col-
lisions. The self-generated electric field is formed because of the
collection of localized low energy ions and localized high energy
electrons separately. Due to this electric field, high energy ions
and low energy electrons are trapped, resulting in the increased
collection of ions and electrons. The increase in collision between
ions and electrons gives rise to the plasma temperature. Figure 5
shows the schematic representation of self-generated electric field
in plasma. Furthermore, in order to extract ions from plasma,
while traveling from plasma to extraction electrode, electrons col-
lide with the other species, which will give rise to the temperature
too. Plasma’s temperature rises due to a strong self-generated
electric field and thus ejecting more ions. The ions effectively

dissociate the molecules for abatement purposes. The structure of
exposed aerosols is quickly damaged by the ionic wind bombard-
ment at higher (as compared to at 12kV) ion fluxes.

In conclusion, ionic wind treatment at an applied voltage of
20kV demonstrated encouraging results for the decomposition
of many aerosols constituents. Energetic ions produced by the
DBD channel react with the air molecules in the pathways. On
collisions, free radicals and more ions are generated and inter-
act with the captured aerosols. It is simple to understand that a
higher applied voltage causes higher ionic current pulses. It
happens because of a higher field being attained and more
powerful partial discharges being triggered which leads to the
abatement of aerosols.

KN95 respirator. Figure 6 presents the IR spectra of pristine
(a), air-exposed (b), and ionic wind irradiated at 20kV (c)
obtained for the KN95 respirator. FTIR spectrum for the pris-
tine filter in Figure 6a indicates the absorption band at 3000 to
2800cm! peaking at 2966 cm™! belonging to the C-H group.
In the range of 1500 to 650 cm™!, there are some prominent and
intense peaks, showing an absorption at 1408 cm™ assigned to
C-H, at 1260 and 1050 cm™ related to C-O group, and C=C at
780cm™. These absorption bands relate to polypropylene, a
polymer that is used in surgical mask.3*

Figure 6b presents the IR spectrum of air-exposed filter/
KN95 respirator. At 3200cm™!, a low intensity shoulder
appears that corresponds to the N-H band. A complete iden-
tification of compound classes has been performed by analyz-
ing the 4 characteristics regions with large absorbance peaks
at 3000 to 2800, 1800 to 1400, 1300 to 1000, and 1050 to
650cm. At 3000 to 2800cm™, strong absorbing band of
C-H (alkane) group has been found peaking at 2959, 2922,
and 2870cm!. This shows that the molecular structure of
trapped particles contains the large concentration of hydrocar-
bon such as methylene group/methane group. At 1800 to
650 cm™1, there exists a wide region having sharp and medium
peaks representing different functional groups. A strong
absorption peak appears at 1722 cm! that corresponds to the
C=0 (carbonyl) group. C=C has a weak absorption at approxi-
mately 1595, 1550, 1453, and 954 cm™. Nitro groups show 2
bands in the IR spectrum, which appears at 1513 cm™! and the
other peak at 1356 cm™1. Several compound classes such as
S=0 (sulfates/sulfones), C-O (ethers), C-N (amines), and
C-F (halocompounds) are in the range 1350 to 1200 cm=1.7-
In addition, a medium absorbing band appears in the spec-
trum at 1125 and 1066 cm-! that can be associated to C-N and
C-F groups. The bands observed at 745 and 696cm™ are
related to the C-Cl vibrations.10,5152

The intensity of the peaks that were existing in the pristine
sample has been increased in the case of air-exposed sample.
Furthermore, the additional peaks have been observed in the
air-exposed sample that shows the more vibrations of func-
tional groups due to the captured aerosols.
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Figure 6. IR spectra of KN95 respirator: (a) pristine, (b) air-exposed, and (c) air-exposed KN95 respirator irradiated with the ionic wind at 20kV.

Keeping in view the results obtained in the case of surgical
mask, the air-exposed KIN95 respirator was irradiated only by
the ionic wind produced at 20kV, since 20kV was favorable
to abate the chemical composition of aerosols effectively. As
compared to the ambient sample, the spectrum of the ion
irradiated KN95 respirator revealed a reduction in the afore-
mentioned peaks (Figure 6¢). Absorbance band peaking at
1722 and 1453 cm™!, which was nominated as C=0O and C=C
respectively, shows a reduction in intensity. A medium absorb-
ing intensity of C-N and C-F appears at 1244 and 1177 cm™.
A slight shift in the position at 1125 and 1036 cm™! of absorb-
ing peaks and reduction in intensity has been observed that
indicates the presence of C-N group. Less vibrations of func-
tional groups and reduction in the intensity of chemical bonds
as compared to the ambient samples suggests that the ionic
wind has successfully abated the molecular chemistry of aero-
sols. Because of strong electric fields, generation of ions as
well as the collisional processes between ionic wind and sur-
rounding air molecules generate free radicals, which are
responsible to destabilize and decompose the aerosols due to
their high reactivity.?”

Many classes of oxygen, hydrogen, carbon and nitrogen-
containing compounds have been detected in almost all the air-
exposed spectra for both the cases surgical mask and KN95
respirator. These classes include the organic compounds such
as alkanes, carboxylic acid, amines, esters, nitrocompounds,
ethers, halocompounds, and alkenes. In addition to organic
compounds, there were some inorganic compounds like sul-
fates, nitrates, and sulfuric acids present, as suggested by spec-
trum information. The purpose of this project was to abate
these toxic compounds by irradiation of ions extracted from the
DBD plasma. Most of the organic and inorganic compounds
has been eradicated/removed after ionic wind irradiation.

Moreover, to cross-check the reduction in aerosols against
the ion-flux, Laser induced breakdown spectroscopy has also
been employed.

Laser induced breakdown spectroscopy (LIBS)

analyses

In order to further explore the elemental detection of aerosols
deposited on filters and their abatement after the ionic wind
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Figure 7. LIBS spectra of surgical mask: (a) pristine, (b) air-exposed, (c) air-exposed surgical mask irradiated with the ionic wind at 12kV, and (d)

air-exposed surgical mask irradiated with the ionic wind at 20kV.

irradiation, LIBS technique has been employed. Detection of
metals and metalloids in volatile organic compounds (VOCs)
or primary biological aerosols (PBA) that comes from anthro-
pogenic sources and through vehicles emission easily figure out
by LIBS technique.*?

Surgical mask. Figure 7 represents the LIBS single-shot spec-
tra of the surgical mask. Figure 7a illustrates the LIBS spec-
trum of pristine surgical mask, presents the several emission
lines between 600 and 800nm. Emission lines of elements
such as of Cu appears at 644.6 nm, Na at 668.90nm, and C at
696.94 and 713.1 nm have more intense peaks as compared to
Ca at 608.667nm, H at 672.13nm, and O at 701.60,
727.74nm. The surgical masks are made from the synthetic
material, polypropylene (C;Hy)n. Therefore, presence of C and
H elements represents the constituent of the filter material.>
Elements such as Cu, Ca, Na have also been observed in the
pristine spectrum, which shows antibacterial and antiviral
properties to polypropylene.>>¢

Identification of C, H, and O has also been observed in the
FTIR pristine spectrum of surgical mask. By employing the

LIBS technique, additional elements have been detected that
participate in the manufacturing process of surgical masks.
Figure 7b displays a spectrum of air-exposed surgical mask.
This spectrum shows the high concentration of metallic/semi
metallic components like Fe, C, Mn, Cd, Ca, Cl, Si, Mg, S, Pb,
Hg, and K in addition to the elements that were present in the
pristine surgical mask. Because masks are made of polypropyl-
ene, therefore C, H, and O signals is distributed in the entire
samples (pristine, air-exposed, ionic wind irradiation). The
emission lines were found to be the most intense related to Fe
(604.94nm), C (713.06 nm), Ca (744.63nm), K (774.10 nm),
Zn (775.79nm), Cl (783.25nm), S (792.97nm), and Hg
(792.97 nm), identified by National Institute of Standards and
Technology (NIST) atomic spectra database lines data.
Identification of metallic components in large proportion sug-
gests the deposition of aerosols over the surgical mask/filter
which are main constituents of the ambient aerosols.5”
Aerosols cause air pollution, smog, and different effects on
the cloud’s microphysics, sulfur, nitrogen, and global carbon
in both direct and indirect ways. Large concentration of heavy
metals in ambient air coming from industrialized and highly
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urbanized areas participate in the formation of PM,.
Elements such as Pb, Cl, and Ca suggest the impact of traffic
emissions, incinerator emissions, and fossil fuel combustion.
The presence of Pb is also associated to the industrial pro-
cesses/man-made activities such as non-ferrous metal indus-
tries. S appears in the air samples is attributed due to the
photochemical smog as well as combustion of diesel and fuel
oil. Identified elements such as C, Mn, Cl, Fe, Ca, and K is
also related to the biological aerosols.”3-%0 The presence of
elements like O, S, C, Zn, Pb, and Fe are found as constitu-
ents of photochemical smog.®1-63 Furthermore, elements such
as Ca, Mg, Fe, Mn, Si, and K presents the elemental trace of
biological aerosols, and metallic elements like Cd, Ca, Cr, Pb,
Si, K, Fe, Zn, and Hg are considered the trace of PM.#

FTIR results also confirms the detected elements such as C,
H, S, O, Cl but by employing LIBS technique, additional
information regarding elemental detection can be determined.

The detected elements in aerosols including all heavy metals
are considered harmful. Chronic exposure to such air-toxics
has many negative health effects, as they buildup in the body
tissues. Long-term contact with salts or oxides can result in
acute or long-term poisonings, tumors, disorders of the cardio-
vascular, and nervous systems as well as some elements weaken
human immunity.®* Atmospheric aerosols significantly influ-
ence the climate and atmospheric chemistry. Aerosols have an
impact on the planet’s radiation balance, which has effects on
the climate. PM directly scatter or absorb the sunlight, or indi-
rectly by contributing atomic nuclei to the formation of cloud
droplets and ice particles, which alters the reflectivity and lifes-
pan of the cloud.®® Therefore, it is necessary to break/abate
their molecular structure for inactivation purposes. The air-
exposed masks were then irradiated with the ionic wind
extracted from the DBD plasma. As, it is observed in the FTIR
results, applied voltages of AC at 12 and 20kV showed the
significant impact on the abatement of aerosols. Ions and radi-
cal groups attack the nitrogen and oxygen molecules directly in
the air. It destroy N, and O, to form oxidizing agents and
nitrogenous by-products, which effectively abate the molecular
structure of aerosols.

Figure 7c illustrates a spectrum of the ionic wind irradiated
sample at 12kV of AC. The spectrum shows a significant
reduction in the atomic emission lines as compared to air-
exposed samples. Emission lines from Pb, Cd, Ca, Cl, Si, K,
Zn, and Mg have been vanished, as they were present in the
air-exposed sample. Since, the C (696.93 nm) signal is a con-
stituent of the surgical mask and its signal appears in all of the
cases. However, it is more intense in the ionic wind irradiated
sample at 12kV. Emission line of C is quite intense rather to
the other detected elements, suggests that the captured aero-
sols have enriched with the organic content. Increase in the
intensity levels of Cu (644.66nm), Na (669.078 nm), Mn
(721.99nm), O (727.75nm), and Si (757.84nm) have been
observed due to the abated molecular structure of aerosols by

ionic wind irradiation. As it is discussed above in the results of
FTIR spectroscopy that ions generated at the higher voltages
creates more oxidizing agents and nitrogen oxides. These
active species interact with the targeted sample and damage
their molecular structure. To further lessen the elements, air-
exposed samples were exposed once again with ionic wind at
20kV of AC.

Figure 7d displays a spectrum for the ionic wind irradiated
sample at 20kV, which shows the further reduction in the
intensity of elements such as Cu (644.80 nm), Na (668.9 nm),
C (699.94nm,713.11nm), O (727.74nm), and Si (757.84nm),
which appeared in the spectrum of ionic-wind irradiated at
12kV.The reason behind the less atomic emission is that at the
higher voltages such as 20kV, generates more oxidizing agents,
nitrogenous by-products and chemical reactions, which effec-
tively abate the molecular composition of aerosols. In addition,
the intensity and number of current pluses increases at higher
voltages that easily remove the aerosols. The chemical bonds of
aerosols’ molecules are easily destroyed due to the strong elec-
tric field and many actives species. This means that aerosols are
more fully decomposed.

Although, some of the toxics elements in aerosols are found
by FTIR analysis. However, LIBS is a more powerful tech-
nique for analyzing the elemental detection. Additional ele-
ments such as Zn, Pb, K, Cd, Cl, Cu, Na (constituent of
aerosolized particles) have been observed in the LIBS spectra.
Thus, ionic wind extracted from DBD Plasma deactivation
kinetics has reduced the original concentration of aerosols, as
predicted by the less emission lines/elemental detection by
employing LIBS techniques.

KN95 respirator. Figure 8 shows the LIBS spectra obtained in
the different cases for KN95 respirator. Figure 8a illustrates the
elemental peaks obtained for pristine KN95 respirator/filter.
Emission lines from Na at 604.80nm, Cu at 644.66nm, O at
701.00nm, and 727.75nm, H at 672.13nm, and C at 696.94,
713.1, and 772.12nm, shows the elemental constituent of the
respirator.’*5¢ Figure 8b shows the LIBS spectrum of the air-
exposed KNO95 respirator. According to the graph, new addi-
tional atomic emission lines of N, Fe, Si, C, T4, S, and Pb are
present in rather high content. Additionally, this spectrum
shows that Na, Cu, C, H and O emission lines, which are pre-
sent in all of the spectra. These elements are the constituents of
KIN95 respirator/filter. Emission line at 618.67 nm relates to N,
638.67 and 760.07nm belong to Fe, at 666.756 to Si, at
732.12nm to T1i, at 744.63 to S, and at 782.90 nm relates to Pb,
according to National Institute of Standards and Technology
(NIST) atomic spectra database lines data. Detection of new
elements in the air-exposed sample suggests that they are arises
from the captured aerosols. Elemental detection shows that the
aerosols are composed of these heavy metals. The release of
such air toxics have negative effects on human respiratory sys-
tem*! as well as contaminate the air quality.%® In order to abate
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Figure 8. LIBS spectra of KN95 respirator: (a) pristine, (b) air-exposed, and (c) air-exposed KN95 respirator irradiated with the ionic wind at 20kV.

the molecular structure, ionic wind has been applied to the
aerosols captured by the filter (KN95 respirator). Irradiation
exposure at 20kV for 20 minutes has been provided as it is
found (in the case of surgical mask) that the higher voltage is
significant for the abatement of aerosols. Figure 8c shows the
LIBS spectrum of ionic-wind irradiated at 20kV. Emission
lines corresponds to the elements such as N, Fe, T4, Si, and Pb
have been eliminated after the ions bombardment. A large
number of active species is generated through the plasma-acti-
vated ions, which break the chemical bonds as well as decom-
pose the molecular structure of aerosols.

The adaptable method of Laser Induced Breakdown
Spectroscopy (LIBS) allows for quick multi-elemental detec-
tion analyses. The identification of the chemical composition
by LIBS is because each element has its unique spectral
emission signals, measured in LIBS range (600-800nm).
The composition of ambient aerosols and its abated elemen-
tal detection has been observed by quantifying the major ele-
ments in filter samples through the laser induced breakdown
spectroscopy.””¢” Elements such as C, O, and H that forms

the organic matter and/or water, were identified. The investi-
gation demonstrated that S, Ca, Hg, Cl1,Ti, Fe, Mg, K, Si, Pb,
Cd, and Na were the main metallic/semimetallic components
in aerosols along with H and C associated with organic mat-
ter, inorganic salts, elemental carbon and/or water. Ionic wind
methods of DBD plasma is a suitable candidate that elimi-
nate/abate the chemical structure of aerosols. High-voltage
electrical discharges directly generate many active groups that
destabilizes the molecular structure of aerosols. The ozone
and nitrogenous byproducts produced from the ionic wind,
break the molecular chemistry of aerosols very easily. It is
observed in all cases that the LIBS pattern of the samples
after the treatment have less atomic emission than those of
samples before treatment.

On the behalf of the results from FTIR and LIBS, mostly
organic content was found in the ambient filter and a very few
amount of inorganic matter. After the ionic wind treatment,
less concentration of metallic and/or metalloids elements have
been found, which suggests the successful results of the ionic
wind on the abatement of ambient aerosols.
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Conclusion

In conclusion, an efficient method to abate/remove/eradicate
the ambient aerosols has been explored. Ionic wind extracted
from the DBD plasma was used to abate the molecular compo-
sition of aerosols. For this purpose, acrosols were trapped from
the ambient environment using the medical mask (surgical and
KN95). Air-exposed samples have been irradiated with ionic
wind at 12 and 20kV of AC voltage by keeping the constant
exposure period of 20 minutes. There is a notable reduction in
the strength of functional groups in the ions-irradiated sample
as compared to air-exposed regardless of the operating poten-
tial. However, the reduction is more prominent in the case of
ions irradiated at 20kV of applied voltage. Moreover, the
intensity of atomic emission lines of aerosols decreased when
samples were exposed to the ionic wind. This investigation has
shown the optimal condition for lowering the majority of
chemical components at 20kV for a fixed time of 20 minutes.
DBD plasma-activated ionic wind is an efficient way for the
remediation/abatement/eradication of aerosols/contaminated
air. It can be installed in the industries and factories where the
chances of emission of aerosols are higher.
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