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ARTICLE INFO ABSTRACT

Keywords: Air pollution associated with particulate matter (PM) has become one of the most serious environmental
Particulate matter capture problems of the decade. Fibrous filters and electrostatic precipitators are usually employed to the indoor PM
Triboelectrification removal. In case of fibrous filter, if PM is smaller than the hole of filter, removal efficiency decreases considerably
E:‘ﬁg::iose whereas, electrostatic precipitator has fatal drawback of producing unwanted Os. In this study, triboelectric PM

capture system was introduced by utilizing integrated mechanical filtration attributed to structural characteristic
of electrospun ethylcellulose (EC) and the electrostatic filtration induced by the direct triboelectrification be-
tween electrospun EC and polytetrafluoroethylene (PTFE) spheres. The electrospun EC was reinforced by heating
above glass transition temperature (Tg) to improve mechanical strength. Further, the triboelectrification between
EC and PTFE achieved 100% PM removal efficiency and can eliminate the drawback of mechanical filtration
without production of any hazardous substances. The improvement of PM removal efficiency by the tribo-
electrification were +6.68%, +6.89% and +5.47%, corresponding to PM;, PMy 5 and PM; respectively. More
importantly, it was observed that the triboelectric contribution was much higher for small PM which benefits

PTFE spheres

overall system.

1. Introduction

Air contamination due to industrialization and urbanization has
largely affecting the environment and human health (Kim et al., 2013;
Brauer et al., 2012; Kinney, 2008). Among the major air pollutants, PM
has attracted much attention because of its catastrophic effect on human
health (WHO, 2013). Exposure to PM has led not only to respiratory and
cardiovascular diseases but also to lung cancer since it can penetrate the
respiratory system (Kim et al., 2015; Atkinson et al., 2010; Valavanidis
et al., 2008; Brook et al., 2004, 2010; Guaita et al., 2011; Halonen et al.,
2009)-(Kim et al., 2015; Atkinson et al., 2010; Valavanidis et al., 2008;
Brook et al., 2004, 2010; Guaita et al., 2011; Halonen et al., 2009). PM
which is a mixture of solid and liquid particles suspending in the air can
be categorized mainly in to three classes based on the particle size, i)
coarse particles (PM;() with an aerodynamic diameter less than 10 pm,
ii) fine particles (PMz 5) with an aerodynamic diameter less than 2.5 pm
and iii) ultrafine particles (PMy 1, UFPs, a particle among PM5 5) with an
aerodynamic diameter less than 0.1 pm. Moreover, based on the source,
PMs are further classified in to two subclasses i.e., primary PMs and
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secondary PMs which are emitted directly into the air and formed in the
atmosphere by the photochemical reaction between gaseous precursors
such as NOy, SO, NH3 and VOCs respectively (Trasande and Thurston,
2005; Juda-Rezler et al., 2011).

Considering these adverse effects on human health, PM removal
systems are recommended which largely utilized to promote indoor air
quality mainly working based on filtration methods (Cui et al., 2021; Lee
et al., 2020). There are two typical filtration technologies in the indoor
PM removal which are, fibrous filter such as HEPA filter (High efficiency
particulate air filter) and electrospun nanofiber. The PM is removed via
mechanical filtration induced by diffusion of PM and inertial impaction
and interception between fibrous structure and PM particles (Sen Wang
and Otani, 2013; Xiao et al., 2018). Although these technologies have
been widely accepted and commercially established, numerous draw-
backs have been listed. Fibrous filter has high efficiency to remove the
PM particles with particle size larger than the holes because of the
multilayer stacking. However, for UFPs which are much smaller than the
holes of multilayer filter, its removal efficiency decrease considerably
(Gu et al.,, 2017, 2018). In case of electrostatic precipitation, the PM
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removal occurs through electrostatic filtration generated by corona
discharge (Mizuno, 2000). It has advantages of low pressure drop and
high collection efficiency compared to fibrous counterparts (Poppen-
dieck et al., 2014). However, electrostatic precipitation has fatal draw-
back which inevitably generates ozone (O3) through ionization of air
that cause harmful effects on human health such as cancer (Chen and
Davidson, 2003; Bo et al., 2010).

In recent times, electrospun polymer nanofibers linked with tribo-
electric nanogenerator (TENG) were introduced for PM capture to
effectively resolve the problems associated with mechanical filtration
technologies (Gu et al., 2017, 2018; Feng et al., 2017). Tribo-
electrification is a phenomenon in which material surface gets electri-
cally charged as a result of contact, collision or friction with another
material (Balestrin et al., 2014; Lacks and Mohan Sankaran, 2011). Also,
these nanogenerators have attracted much attention due to their ability
to generate electricity by utilizing wind, water, or external impact. Thus,
harvesting an external source of energy to run self-powered devices has
shaped new dimensions to boost sustainable development of environ-
ment applications. Recently, for PM removal applications, C. B. Han
et al., reported self-powered triboelectric filter utilizing PTFE pellets and
aluminum electrode induced by natural vibration of the tail pipe for PM
removal from the automobile exhaust (Han et al., 2015). Also, H. J. Yoo
at al., reported 3D-printed dust filter utilizing direct triboelectrification
between acrylonitrile butadiene styrene (ABS) and PTFE powders (Yoon
et al., 2019). Furthermore, promising applications have been reported
for PM removal in air filters such as face masks (Bai et al., 2018; Liu
et al., 2018).

Taking the que, in this study, we introduce PM capture system in-
tegrated with direct triboelectrification mechanical filtration. PM con-
ditions have been mimicked such as indoor concentrations and the PM
removal system has been developed to adopt to such conditions. The
current device aims to promote indoor air quality via PM capture.
Principally, ethylcellulose (EC) and polytetrafluoroethylene (PTFE)
were selected for the triboelctric PM capture system based on the
triboelectric series (Wang, 2013; Diaz and Felix-Navarro, 2004). EC is on
the top of the triboelectric series which means it has highest potential to
be positively charged. Whereas PTFE is on the bottom of the triboelectric
series and carry a greater potential to be negatively charged, thanks to
its inherent electronegativity. Electrostatic gradient between electro-
spun EC nanofiber and PTFE was induced via mechanical spinning
which anticipated to eliminate the drawback of mechanical filtration
including decrease of removal efficiency for smaller particles ranging
from nanoparticles to microparticles without producing any hazardous
substances such as ozone (O3) (Sen Wang, 2001).

2. Materials and methods

Electrospinning is a technically straightforward, useful, and effective
method that generates ultrathin polymer fibers uninterruptedly. In this
study, binary solvent containing tetrahydrofuran (THF, Daejung chem-
icals, Korea) and N,N-dimethylacetamide (DMA, Daejung chemicals,
Korea) were employed in order to conduct electrospinning of EC (10 cP,
Daejung chemicals, Korea) (Park et al., 2007; Wu et al., 2005). In brief,
certain amount of EC was dissolved in the binary solvent and stirred
overnight until a homogeneous solution was obtained. The homoge-
neous solution was then transferred into a polypropylene syringe with a
0.5 mm inner diameter metal needle tip. The flow rate of the homoge-
neous solution was controlled by the syringe pump (EP100, NanoNC).
The applied voltage was generated by power supply (HV power supply,
HV30, NanoNC). Nanofibers were collected on an aluminum foil
wrapped around drum-type collector (DC90, NanoNC) and on an
aluminum mesh (size: 197 mm (W) x 197 mm (L), hole: 2.3 mm (W) x
3.2 mm (L), thickness: 0.4 mm). When the electrospinning was con-
ducted on the aluminum mesh, the needle tip position was changed
toward each edge of aluminum mesh to achieve the uniform thickness of
nanofiber. Similarly, as a control group, a 10 wt% of polyacrylonitrile
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(PAN, average M,, 150,000, Sigma-Aldrich) solution was prepared by
using dimethylformamide (DMF, Daejung chemicals, Korea) as a solvent
and stirred overnight and electrospinning was carried using the similar
method described above.

Morphologies of each electrospun nanofiber were investigated by
using field emission scanning electron microscope (FE-SEM, SU-70,
Hitachi) and elemental compositions of nanofiber were characterized
by using energy dispersive X-ray spectroscopy (EDS, Energy X-MaxN,
Horiba). The thermal behavior of electrospun EC was investigated by
using thermo-gravimetric analyzer (TGA, TGA N-1000, SCINCO). TGA
experiment was carried out by heating the sample from 25 °C to 700 °C
at a ramping rate 10 °C/min under inert nitrogen (N3) atmosphere. The
glass transition temperature (Tg) of the electrospun EC was investigated
by differential scanning calorimetry (DSC, DSC 3, METTLER TOLEDO).
DSC analysis was conducted for 2 cycles of heating and cooling between
20 °C to 200 °C at rate of 10 °C/min under inert Ny atmosphere at Ny
flow rate of 50 ml/min. The surface functional groups were analyzed by
using fourier transform infrared spectroscopic method (FT-IR, Cary 630
FTIR, Agilent) using attenuated total reflectance (ATR) assembly.

PM removal tests were carried out in simulated indoor environment
generated in an acrylic box (W:800 mm, D: 550 mm, H: 500 mm,
thickness: 10 mm). The PM capture occurs in triboelectric layer (TL)
built by using hollow acrylic frames (197 mm (W) x 197 mm (L) x 8 mm
(H), thickness: 10 mm) which contains nanofiber concealed aluminum
mesh at the bottom with highly dispersed PTFE spheres (D = 3.18 mm,
GoodFellow, England) and then the top of the acrylic frame was covered
by another aluminum mesh and fixed by using an aluminum tape. The
TL was made such that sufficient gap exist between the two layers and
PTFE spheres could easily spin. The TL was then placed in the tribo-
electric PM capture system (220 mm (W) x 220 mm (L) x 170 mm (H),
thickness: 10 mm). In brief, the triboelectric PM capture system
comprised of TL and a fan which allows the circulation of PM/air in and
out of frame.

Further, the PM particles were generated by burning incense sticks
inside the acrylic box to create a simulated indoor environment. The
burning incense contains PM above 45 mg g! burned and It is identified
that incense sticks produces more PM particles than cigarettes and also
generates gaseous products such as CO, CO3, NO2 and SO2 and organic
compounds such as benzene, toluene, xylene, aldehydes and polycyclic
aromatic hydrocarbons (Lin et al., 2008). The experiments are further
explained in detail in the supporting information.

3. Results and discussion

Scheme 1(a) illustrates the schematic presentation of synthesis of
electrospun EC on aluminum mesh. In general, morphology of electro-
spun nanofiber is highly influenced by process parameters such as, so-
lution flow rate, applied voltage, needle tip-collector distance and
solution parameters such as solution concentration and solvent ratio
(Subbiah et al., 2005; Li and Xia, 2004; Deitzel et al., 2001)-(Subbiah
et al., 2005; Li and Xia, 2004; Deitzel et al., 2001). Prior to applying
electrospun nanofiber to filtration system, process parameters were
optimized to avoid the formation of beads which primarily results from
the agglomeration. If nanofiber contains beads in the fibrous structure,
filtration capability decreases considerably due to the reduction of sur-
face area. Subsequently, nanofiber loses mechanical properties. In pre-
sent study, various parameters were assessed to find an optimal
morphology of electrospun EC using drum type collector. At first, in
order to find the best EC concentration, a series of EC concentrations
including 13 wt%, 15 wt%, 17 wt% and 20 wt% were dissolved in a
mixed solvent containing THF and DMA with volume ratio of THF:DMA
= 2:8.

FE-SEM images revealed that nanofiber gradually appeared, and
beads decreased with increase of EC concentration from 13 wt% to 20 wt
% (figure. S1(a)(i-iv)). Initially, with EC concentration of 13 wt%, only
beads were formed. Whereas, increasing concentration results in the
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Scheme 1. Conceptual presentation of a) fabrication of electrospun EC over aluminum mesh using electrospinning method, b-e) lab-made triboelectric-based PM-

removal system.

formation of fibrous structure. FE-SEM suggest that EC concentration of
20 wt% was optimal and could be adopted for further studies. Subse-
quently, solvent THF and DMA weight ratios were changed from THF:
DMA = 2:8, 4:6 & 5:5 using 20 wt% EC. The FE-SEM (figure. S1(b)(i-iii))
images shows that at THF:-DMA volume ratio of 5:5 shape better
morphology than the other counterparts. Tuning the EC and solvent
ratio, the formation of EC nanofiber was evidenced via sequence of
morphological changes including beads to beads-fiber interconnections
creating necklace-like morphology and at an optimized condition, the
beads disappear and results in the formation of well interconnected
nanofiber structures. A similar trend was obtained for change in the
applied voltage (figure. S1(c)(i-v)) which suggest that 16 kV is an op-
timum voltage to fabricate well interconnected nanofibers with no
beads. These optimization phases reveal that, EC concentration, solvent
ratio and applied voltage influence the morphology of nanofibers mainly
controlling the formation of beads. Consequently, the optimal solution
concentration of EC was fixed to 20 wt% dissolved in the mixed solvent
containing THF and DMA with the volume ratio of THF:DMA 5:5 and the
optimal applied voltage was 16 kV.

With the optimized conditions, the collector was changed to
aluminum mesh and the electrospinning was carried out. Unfortunately,
we have witnessed different morphologies collected on aluminum mesh
compared to drum-type collector. In the same conditions as that of tip-
collector distance and solution flow rate which were the optimized
conditions for drum collector, alumina mesh collector has shown for-
mation of larger fiber with bisected morphology. We assume that this
might be due to the accumulation of EC on the vertically aligned mesh-
type collector. Hence, tip-collector distance as a function of flow rate
was studied to avoid the formation of larger fibers with bisected
morphology and to achieve optimal morphology. As assumed, FE-SEM
images collected exposed that tip-collector distance indeed influenced
the morphology (Figure. S2 (a-c)). Among the selected tip-collector
distances (10 cm, 15 cm and 20 cm), 20 cm proved to be advanta-
geous which produce finely interconnected nanofibers with no beads or
bisections. Consequently, when aluminum mesh was used as collector,
the optimized solution condition including EC concentration of 20 wt%

dissolved in the mixed solvent with volume ratio THF:DMA = 5:5 was
prepared as solution mixture. The optimized operational conditions
involve tip-collector distance of 20 cm, applied voltage of 16 kV and
solution flow rate of 19 pL/min. Subsequently, the well aligned EC
nanofiber was achieved by applying these optimized parameters.

The as prepared nanofiber concealed aluminum mesh was utilized
for the construction of PM-removal system. Scheme 1(b-e) shows the
conceptual presentation and fabrication of triboelectric-based PM-cap-
ture system. The triboelectric PM-capture system mainly consists of fan
and the TL. The TL was assembled using bare aluminum mesh on the top,
electrospun EC concealed aluminum mesh on the bottom and in between
PTFE spheres were dispersed as seen from Scheme 1(c-e). The dispersed
PTFE spheres are only in contact with the bottom electrospun EC con-
cealed aluminum mesh and expected to move freely to generate the
triboelectrification.

To investigate the state of TL after mechanical agitation, few cycles
of spinning were carried out and the state of TL was examined. Un-
luckily, the as concealed EC over alumina mesh was deformed due to the
mechanical movement of PTFE spheres on its surface (Fig. 1(a)). This
indicated that though EC fibers are well fabricated over aluminum mesh,
they are mechanically fragile and undergoes easy deformation once the
external forces are exerted.

The as prepared electrospun EC had a weak mechanical property
such as fluffiness so it was easily scattered like a cotton candy by other
external impacts such as wind and contact with other materials. Thus,
when TL with as electrospun EC was fabricated, PTFE spheres and
nanofiber became entangled together. Also, it shows complete defor-
mation of EC which may result in the unsuccessful fabrication of the
overall PM capture system. Because of this phenomenon, mechanical
movement generating the triboelectrification was rapidly decreased. So,
the modification of electrospun EC was essential to enable tribo-
electrification. It was found that the mechanical properties of electro-
spun nabofibers can be improved without any destruction of its
nanofibrous morphology by heat treatment at a temperature above its
glass transition temperature (Tg) (Zhang et al., 2012; Ma et al., 2005;
Es-Saheb and Elzatahry, 2014). The glass transition is one of
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characteristics of the polymers which have certain degree of amorphous
portions. Ethylcellulose has a semi-crystalline structure that has crys-
talline domains within an amorphous content (Davidovich-Pinhas et al.,
2014).

Thermal behavior of electrospun ethyl cellulose was investigated to
determine the heat treatment temperature. Fig. 1(a) (inset) shows the
TG-DTA result of electrospun EC carried out in the temperature window
of 25-700 °C at a heating rate of 10 'C/min. The thermogram displays
that EC started to decompose above around 200 °C. Therefore, the heat
treatment must be carried out below 200 °C. Further, to figure out the

(@) (b)

-~
=

exact required temperature, DSC analysis was carried out (Fig. 1(a)).
DSC results showed that T of electrospun ethylcellulose was observed at
~128 °C during first heating process and ~125 °C during second heating
process. Based on these observations, electrospun ethylcellulose was
heated at 130 °C which is above T for 1 h in convection oven. During
the heat treatment process, the polymer chains of electrospun EC were
rearranged and when cooled down below Ty, it became hard gaining
mechanical strength. As expected, the heat-treated nanofiber retained
its morphology without undergoing any change (Fig. 1 (b)(i-ii)). By
resolving this issue, PTFE spheres and heat treated electrospun EC are
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again imbedded into TL filter system which shows no entanglement and
allows unimpeded movement of PTFE spheres and successfully pro-
moting triboelectrification.

After successful establishment of TL and the developing a PM capture
system, the PM capture studies were conducted for TL with EC and EC +
PTFE. In comparison, TL with PAN and PAN + PTFE were also evaluated
as a control. PAN is located in lower position than EC in the triboelectric
series which indicates that PAN has a much lesser tendency to be posi-
tively charged than EC when it contacts the PTFE spheres (Wang, 2013;
Diaz and Felix-Navarro, 2004). Also, EC is on the top of the triboelectric
series than nylon which is one of the well-known materials to become
positively charged. Fig. 2 shows the results of PM removal tests
including frame, EC, and EC + PTFE. Frame means the PM capture
system without TL. This helps to differentiate the contribution of
triboelectric effect, mechanical filtration, and the influence of the frame
of the system on PM capture. The maximum mass concentration
observed for each PM were 62.5, 1,270, 50,988 pg/m3 for PM; g, PMy s,
and PM;, respectively. In all the cases TL comprised of EC + PTFE
showed the better capability to remove the PMs than the TL with EC
(Fig. 2(a—c)). Fig. 2(d—f) shows the results of PM removal tests of TL
comprising PAN + PTFE and the TL with PAN. Clearly, the tribo-
electrification effect was almost absent in the TL with PAN + PTFE.
Further, cyclic tests were carried out to check reproducbity and stability
of the system. As seen from Fig. 2(g-i)), EC + PTFE shows excellent
stability.

Fig. 3 shows the quantification of PM capture efficiency differenti-
ated by using triboelectric effect, mechanical filtration, and removal by
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frame for TL with EC + PTFE and TL with.

PAN + PTEFE. As observed from Fig. 3(a), maximum increase of PM;
removal efficiency by the triboelectrification was +6.68% and Fig. 3(b)
shows that the maximum increase of PM; 5 removal efficiency by the
triboelectrification was +6.89%. Some of PM; and PMys can be
captured by mechanical filtration such as inertial impaction, intercep-
tion and brownian diffusion but they could pass the electrospun EC if the
pores of nanofiber are bigger than PM particle. However, it is believed
that in presence of triboelectrification induced between EC and PTFE,
PM; and PMjy5 can be more captured on the EC nanofiber or PTFE
surface by the electrostatic attractions. This clearly demonstrate that
triboelectric effect has played a key role in capture of smaller PM; o and
PM, 5 which otherwise could pass through the pores of EC. In Fig. 3(c),
the maximum increase of PM;o removal efficiency by the tribo-
electrification was +5.47%. The particle size of PM; is bigger than PM;
and PM; 5 so PM;( was relatively easy to be captured than PM; and
PM; 5 by the mechanical filtration. However, its removal efficiency can
further be enhanced by triboelectrification. On the other hand, in the
case of the control group, the triboelectrification effect in the PM cap-
ture was almost negligible amounts (Fig. 3(d-f)). Based on these ob-
servations, we have plotted correlation diagrams to clearly differentiate
the various factors controlling the PM removal efficiency. Fig. 3(g-i)
shows the comparison of removal efficiency enhancement between the
TL with EC + PTFE and the TL with PAN + PTFE. From the correlation
diagrams it is evident that, the TL with PAN shows better PM removal
efficiency than the TL with PAN + PTFE. In other words, there was no
apparent effect of triboelectrification in the control group. On the other
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hand, the triboelectrification between EC and PTFE showed the obvious
improvement of the removal efficiency in the PM capture. Moreover, it
showed that smaller the particle size of PM, higher the tribo-
electrification influences and thus enhances the PM capture capability.

Despite their capability to efficiently capture PM, cyclic stability
plays major role in establishing commercial platforms. In order to
evaluate the cyclic stability, EC + PTFE TL was tested for 15 cycles.
Figure S5 shows the 15 cyclic tests of the TL with EC + PTFE. During 15
cyclic tests, EC + PTFE has maintained 100% removal efficiency and
100% retainment in its cyclic stability exhibiting advantageous feature
of integrated PM removal system. The behaviors of PMs in the capture
process by the electrospun nanofiber are quite different because they
have different chemical compositions, morphologies and mechanical
properties (Hinds, 1998). In the case of rigid inorganic PMs, they are
attached to the surface of nanofiber by interception and inertial
impaction. However, in the case of soft PMs containing carbon com-
pounds and water produced from combustion exhaust, they strongly
wrap the surface of nanofiber and deform their shape during the capture
process instead of attaching like the inorganic PMs (Liu et al., 2015,
2019). As a fact, the TL exhibits the color transformation from the white
to the brownish yellow (figure S3).

Furthermore, to elucidate the mechanism of PM capture by electro-
spun EC, the FE-SEM analysis was carried out for samples after certain
interval of time. Fig. 3 shows the PM capture process of the electrospun
EC and the sequence morphological change after PM capture. Before the
PM capture, the morphology of the electrospun EC showed the regular
nanofiber structure and smooth surface (Fig. 4(a)).

At the initial step of the PM capture, PMs were captured to the
nanofiber by the mechanical filtration and the electrostatic attraction
attributed to the triboelectrification (Fig. 3(b)). The captured PMs were
then wrapped around the nanofiber and combined along the nanofiber
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and made the bulged morphology (Fig. 4(c—d)). When more smoke PMs
pass through the TL, PMs were attached on the nanofiber or the existing
PM and then made the bigger bulged shape. After considerable PM
capture, the captured PMs covered the nanofiber, so it made the nano-
fiber thicker as schematically shown in Fig. 4. At the same time as
observed from the corresponding diameter distribution of the nano-
fibers, thicker nanofiber diameters could be observed. These observa-
tions reveal that the interaction between EC and the PM are promoted
via triboelectrification which transforms the morphology. Contrarily,
PTFE spheres were also evaluated using FE-SEM after a certain interval
of time as that of EC. The surface of PTFE sphere was smooth and clean
before the PM capture (figure S4(a)). The PTFE surface got negatively
charged by the triboelectrification, so it had electrostatic attraction
capturing the PM (figure S4(b)). Soft PMs were attracted and attached
on the PTFE surface and then its shape deformed to the reticulate
morphology (figure S4(c). Based on these observations, mechanism of
PM removal in absence and presence of triboelctric effect has been
drawn as shown in Scheme 2(a&b). Scheme 2(a) depicts the mechanism
of PM removal via mechanical filtration without the triboelectrification.
The filtration layer comprised of only electorpsun EC has the mechanical
filtration attributed to the structural characteristics of electrospun
nanofiber such as interception, inertial impaction, and diffusion. But if
the hole of the electrospun nanofiber is bigger than PM, some of small
PM can penetrate which is an obvious reason for lower filtration effi-
ciency. Scheme 2(b) illustrates the PM capture mechanism integrated
with the triboelectrification. The electrospun EC and PTFE spheres are
contacted or collided each other under mechanical movement. As a
result, PTFE receives the electron from EC because of its high electro-
negativity and subsequently PTFE become negatively charged and EC
become positively charged. At this state of the TL, PMs can be more
effectively captured by both mechanical filtrations attributed to the
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structural characteristic of the electrospun nanofiber and electrostatic
filtration induced by triboelectrification.

Furthermore, FT-IR was conducted to confirm the change of the
surface functional group before and after the PM capture. In Fig. 5(a),
the pristine electrospun EC showed several peaks at 3488.7, 1274.7,
1051.2 and 916.9 cm! which are attributed to 0O-H, C-0, C-0O and C-O.
Additionally, two peaks observed at 2870 and 2974.4 cm! are attributed
to the symmetric and asymmetric stretching vibration of CHy group of
EC. Conversely, the sample after the PM capture showed the increase in
the intensity attributed to captured PM particles which is in line with the
obtained EDS results. Specifically, the intensity of the peak located at
1736 cm’® which is attributed to G=0 was increased due to the captured
PM. Consequently, the functional group which the captured PMs have
are C-H, C-O and C=O0. In order to analyze the composition of the
captured PMs, EDS analysis was carried out for samples before and after
PM capture.

The EDS result of the electrospun EC before and after PM capture
showed a little change in the element compositions of C and O (Fig. 5
(b&c)). Since, the PM is also composed of C and O, no recognizable
results were seen. Elemental mapping shows that in line with the
morphological changes, the deformed structures constitute of C and O.
However, the compositions of PAN nanofiber showed some changes
(Figure S5). Oxygen element appeared on the PAN nanofiber after the
PM capture (Figure S5(b)). From these results, the element compositions
of the captured PMs could be discovered that they consist of C and O.

Taking advantage of physicochemical properties of EC and PTFE, we
present simple wash with water to assess the reusability of the TL
comprised of the electrospun EC and PTFE spheres. Inherently, EC is
hydrophobic in nature so the captured PMs on the EC nanofiber can be
removed from the surface by washing with water. In addition, PTFE is
also hydrophobic polymer so the captured PMs on the surface can also be
removed by water. To confirm the structural integrity of the electrospun
EC, FT-IR analysis was carried out after water washing. As shown in
figure 5a, the result express similar peaks with no major changes as that
of the pristine electrospun EC which validate the structural integrity of
EC nanofiber. Electrospun EC has shown increased intensity of peaks
located at 2974.4, 2870, 1274.7, 1051.2 and 916.9 cm?, corresponding
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to C-H, C-H, C-O, C-O and C-O respectively, after PM capture. How-
ever, after water wash the intensity of these peaks has been decreased
which confirms that the captured PMs were almost removed well.
However, in line with SEM result, there was peak at 1736 em™ which is
attributed to C=0 which may be due to that residue present on the
stacked layers of the electrospun EC. Even though there was a little re-
sidual captured PM, Fig. 5(b) shows that the PMs were almost all
removed without any change of the nanofiber morphology. Further-
more, Fig. 5(c) confirms the absence of reticulate structures on the PTFE
which indicates the complete removal of surface attached PM particles.
However, there were some holes and cracks on the surface because of the
collision during the triboelectrification. After washing experiments, the
TL was again assembled by using the washed EC and PTFE spheres to
assess the PM capture capability (figure S6 (a-c)). The TL comprised of
EC + PTFE showed the better removal efficiency than the TL with EC
over all PMs, which validate the presence of triboelectrification effect.
Fig. 6(f-h) shows the quantification of the triboelectrification effect of
the TL with EC + PTFE in the PM capture after washing. The quantifi-
cation revealed that maximum increase of PM removal efficiency by
triboelectrification was +7.6%, +8.67%, and +3.97% for PM; o, PMs s,
and PM; respectively. Furthermore, TL with EC + PTFE after washing
maintained good removal capability for 15 cyclic tests (figure S7).

Furthermore, the pressure drop experiments were conducted using
electrospun EC filter under different wind velocities. Pressure drop ex-
periments are indicative of energy input for the gas in/out of the filter
which further determines the efficiency. Fig. 7(inset) shows the exper-
imental setup and Fig. 6 shows the pressure drop as a function of wind
velocity. The pressure drops of the electrospun EC were 65, 129,
230,329 and 382 Pa at the wind velocity of 0.1, 0.2, 0.3, 0.4 and 0.45 m/
s respectively, which were <0.38% of atmospheric pressure. Though,
with increase in the.

wind velocity, increase in the pressure drop was observed, the ob-
tained values are smaller than other PAN-based air filters (Liu et al.,
2015). The thermally reinforced EC shows stability over multiple cyclic
tests after washing as well for pressure drop tests which shows likely
benefits of present study. Nevertheless, the overall improved efficiency
attributed to synergistic mechanical filtration and triboelectric effects
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pressure drop analysis.).

using mechanical spinning. Triboelectric effect played key role in
removal of smaller PM with improved efficiency and kinetics whereas,
mechanical filtration could be able to filter larger PM. The order of
triboelectric effect contribution to enhance the removal found to be
PM; o > PM25 > PMjg.

4. Conclusions

In summary, we have successfully demonstrated the fabrication of
PM-removal system to utilize triboelectrification to capture PM-particles
simulating typical atmospheric conditions. The improved removal effi-
ciency is attributed to synergetic impact between mechanical filtration
credited to fibrous structure and triboelectrification fetched in by PTFE
spheres and electrospun EC. We have clearly shown simplest measure to
remove mechanical damage to electrospun EC and reinforced its me-
chanical strength via thermal treatment which shows excellent stability
for improved cyclic efficiency. Further, the triboelectrification between
EC and PTFE achieved 100% PM removal efficiency and can eliminate
the drawback of mechanical filtration without production of any haz-
ardous substances. More importantly, the PM-removal system shows
better performance towards smaller PM (PM; o and PMys). The tribo-
electrification contribution were found to be +6.68%, +6.89% and
+5.47%, corresponding to PM; o, PM; 5 and PMj respectively. Overall,
the present system shows promising results and with further improve-
ment in the PM-capture system, has greater potential for commercial
platform to promote indoor or outdoor air quality by harvesting simple
mechanical movement.
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