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ABSTRACT: Ambient ultraﬁne particles (UFPs) cause severe
health threats, and UFPs can transport in indoor environments
through building envelopes. In building HVAC (heating, ventilation,
and air conditioning) systems, ﬁbrous ﬁltration has been extensively
used to resist particulate matter. However, there is an intrinsic
conﬂict between ﬁbrous ﬁlters’ high ﬁltration eﬃciency and low air
resistance. Herein, we designed a dielectric-coated ﬁber structure
and fabricated electrically responsive coarse ﬁlters to remove UFPs
by utilizing the Coulomb force between the charged particles and
the polarized ﬁbers. The electrical responsiveness endowed the ﬁlters
with an excellent performance for the removal of UFPs. With the
synergistic improvement of particle precharging and ﬁlter polarization, the UFPs’ removal eﬃciency of the coated ﬁlter increased
from ∼0% to the highest of 90.50%, with ultralow ∼13.0 Pa air resistance at 1 m/s face air velocity, which ensured a considerable
ﬁltration performance even under large face air velocity. Furthermore, the combination of MnO2 and polyurethane (PU) ﬁlters
performed with the ability to remove the unwanted ozone generated by particle precharging. The promising features give these ﬁlters
excellent potential for use in energy-eﬃcient electrostatic air-cleaning devices, thus achieving a healthy and sustainable environment.
KEYWORDS: Indoor air quality, EAA ﬁltration, Coulomb force, Ultraﬁne particles, Ozone removal
easily than larger PM18,19 and further enter the vascular space
to be digested directly into the blood, causing an even more
severe health threat.20 Human exposure to particles of outdoor
origin often occurs indoors due to the entry of UFPs into
buildings.21 UFPs penetrate into indoor environments by air
inﬁltration and ventilation through opening envelopes.22
Therefore, measures should be carried out to facilitate UFP
removal devices in buildings for the sake of human health.
Furthermore, when applied in the heating, ventilation, and air
conditioning (HVAC) systems in buildings for large-scale
puriﬁcation, the removal setups should still be eﬃcient under a
large airﬂow rate and face air velocity.
Fibrous ﬁltration is a noticeable method for airborne UFP
removal.23 Generally, there are ﬁve basic mechanisms for a
particle depositing onto a ﬁber in ﬁbrous ﬁltration:
interception, inertial impaction, diﬀusion, gravitational settling,

1. INTRODUCTION
Nowadays, there exists a growing demand for healthy indoor
air because investigations have found that people spend over
80% of their lifetime indoors.1,2 With the development of
transportation, industry, and the overcombustion of fossil fuel,
hazardous pollutants come into being, broadly exist in the
atmosphere, and then transport into indoor environments
through building envelopes. Moreover, pollutants released
from indoor sources are also worthy of attention. Indoor
airborne pollutants, especially particulate matter (PM), have
emerged as an imminent health threat to the public. It has been
demonstrated that PM exposure poses negative health
consequences, leading to skin inﬂammation,3,4 respiratory
diseases,5,6 cardiovascular diseases,7 cancer,8 and even DNA
damage.9 Research has determined that most ambient PM
(73%) is in the ultraﬁne fraction,10 which consists of particles
with an aerodynamic diameter of less than 100 nm. Ambient
ultraﬁne particles (UFPs) mainly come from urban traﬃc
emissions,11,12 industrial production emissions,13,14 combustion sources,15 and the nucleation by chemical reactions
between gaseous pollutants.13 Thus, UFPs are mainly
composed of organic compounds, potentially toxic elements,
nitrates, sulfates, and trace metals.16 Due to a larger surface
area and a tinier size,17 UFPs could penetrate the bronchi more
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and electrostatic attraction.24 The ﬁrst four mechanisms are
called mechanical collection eﬀects. However, the notable
problem is that there is an intrinsic conﬂict between ﬁbrous
ﬁlters’ high ﬁltration eﬃciency and low air resistance.
Researchers have usually fabricated denser and thicker ﬁbrous
ﬁlters to achieve a stronger mechanical collection eﬀect.
However, high-eﬃciency air ﬁlters accompany a large
resistance to airﬂow, possibly costing up to a quarter of
power consumption in large commercial HVAC systems.25,26
Additionally, as time goes by, the ﬁlter will gradually become
clogged by the PM coating, so the air resistance further rises
steeply.27 Fabricating nanoﬁber ﬁlters is an ideal way to reduce
air resistance.28−33 The possibility of particle capture increases
due to the larger surface area of ﬁbers on the nanometer scale,
ensuring eﬀective PM removal with a much thinner ﬁlter.
Besides, lower air resistance occurs when the nanoﬁber
diameter is comparable to or smaller than the mean free
path of air molecules, thus introducing a slip eﬀect.34,35
However, nanoﬁber ﬁlters are usually made into membranes,
which is not suitable for facilitation in building ventilation
systems. Besides, in these works, the performance toward UFPs
was not speciﬁcally mentioned.
Utilizing the electrostatic eﬀect is another choice for
capturing small airborne particles. A high capture eﬃciency
was achieved when using electrospun electret ﬁbers,36−39
electrostatic aerogel ﬁlters,40 triboelectrically activated ﬁbers,41,42 corona charged dielectric ﬁbers,43,44 ionizer assisted
ﬁltration,45 and so on. With the electrostatic enhancement,
most of these works are available to perform a lower airﬂow
resistance based on medium−high-eﬃciency ﬁlters. However,
the electret charges will degrade rapidly,46−48 leading to a
relatively short lifetime. Moreover, in these works, either ﬁlter
medium or particles carry charges to trigger a monopole
attraction rather than a dipole attraction between them, so the
particle capture eﬃciency could be limited.
Applying a continuous electrostatic force to both ﬁbers and
particles has been proposed as a promising method to
overcome the limitations of the above studies. Choi et al.
conducted a particle precharger before an Al-coated conductive ﬁbrous ﬁlter for an eﬃcient UFP removal.49 By the
electrostatic force between the charged ﬁbers and particles, the
particles 30−400 nm in size were captured with a distinguishing removal eﬃciency of ∼99.99%, and the initial air resistance
was 0.6 Pa at 0.025 m/s face air velocity. Sambudi et al. used a
unipolar corona charger to continuously charge the particles
and the electret ﬁlters, which can overcome the charge
degradation of ﬁlters.50 When fresh and neutralized electret
ﬁlters were used with the unipolar charger (electric ﬁeld: 1.9
kV/cm), the highest particle collection eﬃciency for 70 nm
particles was kept at 99.8% and 98.2%, respectively. Li et al.
reported active-poled ﬁltration with both the ﬁbers and
particulates being polarized under the external electric ﬁeld.51
At an airﬂow velocity of 0.21 m/s and a poling voltage of 2 kV,
the ﬁlters’ removal eﬃciency for PM2.5 reached 98.72%, and
the air resistance was 82 Pa. Tian and Mo demonstrated a new
strategy for the electrostatically assisted air (EAA) coarse ﬁlter.
In the EAA ﬁltration device, corona charging to the particles
and polarizing to the ﬁlters are synergized to realize a higher
ﬁltration eﬃciency. This structure increased the single-pass
ﬁltration eﬃciency for 0.3−0.5 μm particles of a polyethylene
terephthalate (PET) coarse ﬁlter from 0.4% to 99.0% with 21.0
Pa air resistance at 1.2 m/s ﬁltration velocity.52
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EAA ﬁltration is an eﬀective way to signiﬁcantly augment the
removal eﬃciency based on a low-eﬃciency coarse ﬁlter
without deteriorating air permeability when applied under a
large ﬂow rate, thus achieving high eﬃciency, low air
resistance, and large particle loading capacity at the same
time. However, stronger corona charging of the particle
achieved by a higher external voltage will lead to unsafe air
breakdown and generate ozone.53 In addition to that forming
in the ﬁltration devices, ambient ozone can also be a nonnegligible source for indoor pollutants and penetrate the
indoor environment by air exchange,54 causing health risk and
economic loss.55,56,58 As a result, electrically responsive ﬁlters
are expected to achieve a higher ﬁltration eﬃciency without
further lifting external voltages and ozone generation, so the
principle of EAA ﬁltration is worthy of discussion and
veriﬁcation. Besides, limited research has paid attention to
removing UFPs by utilizing the electrostatic eﬀect, so the EAA
performance to remove UFPs is also worth investigating.
Herein, we designed a dielectric-coated ﬁber structure and
fabricated electrically responsive coarse ﬁlters to remove UFPs
by utilizing the Coulomb force between the charged particles
and the polarized ﬁbers. A normalized factor E/E∞ was
proposed to measure the dielectric response for diﬀerent kinds
of ﬁbers under a certain external electric ﬁeld in a ﬁnite
element model. Further, we coated functional dielectric
materials (manganese dioxide and activated carbon) to the
polyurethane (PU) ﬁlters to improve the electrostatic ﬁltration
eﬃciency of UFPs and ozone simultaneously. PU substrates
are available commercial ﬁlters with excellent toughness,
chemical resistance for recycling use, and dielectric properties.
The electrically responsive coatings endowed the ﬁlters with an
excellent performance for the removal of UFPs, and the
combination of MnO2 and polyurethane (PU) ﬁlters
performed with the ability to remove the unwanted ozone
generated by particle precharging. The ﬁlters in the EAA
device also performed with low air resistance and energy
consumption under a large airﬂow rate and face air velocity
and thus has a good application prospect for achieving a
healthy and sustainable environment.

2. THEORETICAL ANALYSIS
In a normal coarse ﬁbrous ﬁltration, the gap between ﬁbers
(∼mm) is signiﬁcantly at least 1000× larger than the scale of
the particle diameter (∼μm), thus achieving low air resistance.
However, low air resistance means a limited mechanical
ﬁltration eﬀect to achieve high ﬁltration eﬃciency. Introducing
the electrostatic eﬀect between ﬁbers and particles should be a
solution to solve this problem.
In EAA ﬁltration, the polluted airﬂow will be ﬁrst charged by
the pin-to-plate module and then go through a polarizing
module.52 The dielectric ﬁbrous ﬁlter will be induced to charge
by the external polarizing electric ﬁeld, and the charged particle
will deposit onto a polarized ﬁber through the Coulomb force
between them. The Coulomb force Fc (N) could be calculated
by eqs 1 and 2.57
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(2)

where q is the charge (C) on the particle; Ei is the induced
electric ﬁeld intensity (V/m); Ep is the external polarizing ﬁeld
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Figure 1. Schematic of the (a) bare single ﬁber and (b) dielectric surface-coated single ﬁber in a polarizing electric ﬁeld when the charged particle
moves toward them.

Figure 2. Schematic to fabricate the PU ﬁlters with surface coatings.

intensity (V/m); εf is the relative dielectric constant of the
ﬁber; df is the ﬁber diameter (m); and r is the distance between
the center-line of the ﬁber and the particle (m).
Meanwhile, when a charged particle moves adjacently to the
neutral dielectric ﬁber without applying an external polarization, the local electric ﬁeld created by the particle also
induces a dipole in the ﬁber. Such an eﬀect between particles
and ﬁbers is summarized as the image force,24 which is
determined by a dimensionless parameter NI.
ij ε − 1 yz
q2
zz
NI = jjj f
j ε + 1 zz 12π 2μU ε d 2d
0 0 f p
k f
{

Coulomb attractive force will form. For example, as shown in
Figure 1a, when a single bare ﬁber is polarized, the induced
electric ﬁeld will be circumscribed by the limited surface charge
density, so the charged particles will skim over the ﬁber easily.
Conversely, as shown in Figure 1b, when the bare ﬁber with a
dielectric surface coating is polarized, the induced electric ﬁeld
will be enhanced signiﬁcantly. Then, the charged particle will
directly deposit on the ﬁber surface due to the fortiﬁed
Coulomb force. In other words, the invisible induced electric
ﬁeld ﬁlled the spatial “gap” between ﬁbers in a coarse ﬁlter to
achieve an eﬃcient ﬁltration, and the air permeability would be
maintained at the same time. Moreover, if the coating materials
consist of a certain catalyst or absorbent, the modiﬁed ﬁlters
will be expected to remove ozone, the byproduct generated by
the external charging in EAA ﬁltration.

(3)

where εf is the relative dielectric constant of the ﬁber; q is the
charge (C) on the particle; μ is the air viscosity (N s/m2); U0
is the airﬂow face velocity (m/s); ε0 is the vacuum dielectric
constant (F/m); df is the ﬁber diameter (m); and dp is the
particle diameter (m).
The image force FI can be further calculated by eq 458
FI =

q2
1 ijj εf − 1 yzz
jjj
zzz
16πε0 k εf + 1 { r − d f
2

(

2

)

= NI

3. METHODS
3.1. Electrostatic Simulation. The induced electrical ﬁeld
intensity for ﬁbers with diﬀerent materials and structures under
an external polarizing ﬁeld was simulated using a commercial
ﬁnite element software solver, Ansys Electromagnetics Suite
19.2, developed by Ansoft Inc. The electrodes for polarizing
and the dielectric ﬁber were constructed to be a twodimensional model from an overhead view. According to
microscope observation, the cross-section of the single ﬁber
was simpliﬁed as a circle area of 100 μm in diameter. The ﬁber
was placed at the center of two 0.1 mm × 12 mm parallel
stainless-steel electrode plates. Voltage was applied to one of
the plates, and the other plate was connected to the ground.
The distance between the two plates was 12 mm, and the
simulating region was ﬁlled with an air medium.
In the simulation, we also designed a composite structure
including the ﬁber and the coating materials with diﬀerent εr
ranging from 5.1 to 1450 (see Figure 3). The coating materials
were located uniformly onto the ﬁber surface with a 10 μm

3πμU0df 2d p

(

4 r−

df 2
2

)

(4)

where ε0 is the vacuum dielectric constant, 8.854 × 10−12 F/m.
According to the computations presented in the Supporting
Information, when the ﬁber is polarized, the Coulomb force
will be the dominant factor in inﬂuencing the movement of
particles. Furthermore, εf is a crucial variable for enhancing
both the Coulomb force and the image force. Higher-εf ﬁbers
lead to a larger surface charge density when they are polarized,
thus attracting the charged particles in the airﬂow and
improving the eﬃciency of EAA ﬁltration. From the
perspective of materials, surface modiﬁcation is an eﬀective
way to alter the surface dielectric properties of the ﬁlter
medium without changing the original ﬁber structure. When
higher-εr materials are coated on the ﬁber surface, a stronger
1451
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Figure 3. Bare and surface-coated PU ﬁbers in the polarizing ﬁeld (4.17 × 105 V/m) simulated by Ansys Electronics 19.2.

Figure 4. (a) E/E∞ (bars) and particle migration velocity (scatters) of the PU and BaTiO3@PU ﬁber. (b) E/E∞ (bars) and particle migration
velocity (scatters) of the PU and PU with coatings of diﬀerent εr values at 5 μm from the ﬁber surface. The x-axis is the εr of the coating materials.
The error bar represents the upper limit and the lower limit of the migration velocity when the charge to mass ratio of the particle ranges from 80%
to 120% of the set value.

ﬁlters can be washed for recycled use. Diﬀerent ﬁlters were
named by the porosity and the adhesive proportion of the gel
(see Table S4).
3.4. Characterization. The morphologies of the ﬁbers
were investigated by using a ﬁeld emission scanning electron
microscope (SEM, Merlin VP compact, Carl Zeiss AG)
coupled with energy dispersive X-ray spectra (EDS). The εr
values of the materials were obtained by using a precision
impedance analyzer (Agilent 4294A, Agilent Technologies,
Inc.), and the detailed process is shown in the Supporting
Information.
3.5. Performance Test. The ﬁltration performance tests
were conducted in an acrylic air duct with an inner diameter of
50 mm, as shown in Figure S2a. Ambient air with airborne
particles was driven through the module in the sequence of a
steady ﬂow plate, a pin-to-plate charging module, the
polarizing module including the ﬁlter to be tested, and an
axial ﬂow fan. The face air velocity across the ﬁlters was set at 1
m/s if it is not mentioned speciﬁcally. The detailed
experimental methods are presented in the Supporting
Information.

diameter. The εr values for diﬀerent coating materials are given
in Table S2.
3.2. Materials. Polyurethane (PU) ﬁlters (thickness, 8 mm;
porosity, 35 and 50 ppi) were purchased from Dongguan
Dongchi Sponge Products Co. Ltd. Manganese dioxide
(MnO2) powder and activated carbon (AC) powder were
obtained from Zhongshan Topg Ecology Tech Co. Ltd. The
ethyl vinyl acetate adhesive (EVA) and sodium carboxymethylcellulose (CMC-Na) were purchased from Meryer
Chemical Technology Co., Ltd.
3.3. Fabrication of the Filters. The fabrication progress
of the ﬁlters is as follows (see the overview in Figure 2). (1)
Sieve the powders of MnO2 and AC using 200-mesh sieves to
eliminate larger granules. (2) Prepare the coating adhesive gel
by mixing the sieved powders, ethyl vinyl acetate (EVA, as the
adhesive), and sodium carboxymethylcellulose (CMC-Na, as
the thickener) with diﬀerent mass ratios shown in Table S4.
(3) Stir the gel with the speed of 200 rpm for 10 min. (4) Pour
the gel made of diﬀerent proportions onto the PU ﬁlters and
then use a roll-to-roll device to squeeze the overﬂowing
coatings out of the substrate. The roll-to-roll distance was set
to 2 mm to ensure the same squeezing force on each ﬁlter. In
this way, the gel could be loaded uniformly on the ﬁlter
surface. (5) Dry the squeezed PU ﬁlters in an oven under 70
°C for 120 min. The coating gel is insoluble in water, so the

4. RESULTS AND DISCUSSION
4.1. Electrostatic Simulation. Polarization of the
dielectric medium will lead to the separation of negative and
1452
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Figure 5. SEM images of (a1−a3) Bare-35; (b1−b3) 35-M-3; and (c1−c3) 35-C-3. Codes for diﬀerent ﬁlters represent the bare 35 ppi PU ﬁlter,
35 ppi MnO2@PU ﬁlter, and 35 ppi AC@PU ﬁlter fabricated by diﬀerent proportions of adhesives. (See the detailed fabricating parameters in
Table S4.)

According to eq 2, in the dielectric single-ﬁber model, the
electric ﬁeld will not enhance steeply indeed along with the
increase of εr. In a particle ﬁltration process, experiment results
proved that the surface coating itself rather than the coating
materials was the crucial point to improve the ﬁltration
performance of the EAA ﬁlter,59 indicating that the surface
coatings of the ﬁber do not need an extremely large εr to
achieve high eﬃciency. Besides, materials with a large εr have
the potential to reveal a surface microdischarge due to an
overaccumulation of the charges under the polarized electric
ﬁeld, even causing hazardous ozone production.53 As a result,
the selection of the coating materials on the ﬁber surface to
strengthen EAA ﬁltration needs to be considered cautiously.
In EAA ﬁltration, charged particles will be accelerated by the
electrostatic attraction and move toward the dielectric ﬁber. In
this work, we simulated the assumed particle migration velocity
toward polarized PU ﬁbers with diﬀerent coatings (MnO2,
ZnO, TiO2, BaTiO3) based on the electrostatic simulation
results. The charge to mass ratio of particles was evaluated as 1
× 10−6 C/kg,60 and the initial velocity of particles from 20 μm
toward ﬁber surfaces was set as 0.8 mm/s according to
previous observations.59 The polarizing electric ﬁeld intensity
was 4.17 × 105 V/m when the potential diﬀerence between the
two plates was 5 kV. A detailed calculation procedure i s shown
in the Supporting Information.
As seen in Figure 4a, compared to the bare PU ﬁber,
particles will move to the BaTiO3@PU ﬁber at a higher
velocity (4.5 mm/s compared to 3.9 mm/s at a 2 μm distance
from the ﬁber surface), because of the local enhancement of
the E/E∞ (1.66 compared to 1.03). Due to the eﬀect of the

positive charges, forming a local reinforcement of the electric
ﬁeld. As for a single cylindrical ﬁber (projected to a circle on a
two-dimensional plane), the induced enhancement in the
radial direction could be expressed by a normalized factor, E/
E∞, where E is the intensity of the induced ﬁeld, and E∞ is the
intensity of the external polarizing ﬁeld. As shown in Figure S1,
the induced ﬁeld intensity around the polarized ﬁber will be
enhanced (E/E∞ > 1) owing to the dielectric eﬀect.
Furthermore, the degree of the enhancement is determined
by the dielectric constant of the ﬁber, implying that, in the
EAA ﬁltration, ﬁlters with diﬀerent εr values could lead to
diﬀerences in the ﬁltration performance.
The composite structure consisting of the ﬁber and coating
materials emerged a much larger induced electric ﬁeld locally
(for instance, less than ∼20 μm to the ﬁber surface) compared
to the bare ﬁber (see Figures 3 and 4a). In the region where
the ﬁeld is enhanced, a stronger Coulomb force exists between
the charged particle and the polarized ﬁber, showing that the
surface coatings to the bare ﬁber will be an eﬀective way to
improve the performance of EAA ﬁltration.
However, as illustrated in Figure 4b, ﬁlters with higher-εr
coatings did not reveal a signiﬁcantly stronger electric ﬁeld
enhancement even in a short distance (5 μm from the ﬁber
surface), as the εr varied from 5.1 to 1450, from manganese
dioxide (MnO2) to the barium titanate (BaTiO3) in the
simulation. There are two possible reasons to account for this
phenomenon. (1) The scale of the coating material is much
tinier than the ﬁber substrate. Thus, in the local region for the
ﬁber scale, ﬁeld intensity would not appear as a qualitative
change despite the increasing εr of the coating materials. (2)
1453
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Figure 6. (a) Schematic of the EAA ﬁltration device. When the face velocity was set to 1 m/s: (b) UFP removal eﬃciency of the Bare-35, 35-M-3,
and 35-C-3 under diﬀerent charging voltage (Uc) and polarizing voltage (Up) values; (c) UFP removal eﬃciency of the Bare-50, 50-M-3, and 50-C3 under diﬀerent charging voltage (Uc) and polarizing voltage (Up) values; (d) air resistance of the ﬁlters; and (e) QFUFPs of the ﬁlters. The error
bars in parts b, c, and e are the standard deviations of six observations of the experiments.

coating dielectric materials to the surface of the coarse ﬁlter
will enhance the EAA ﬁltration performance.
4.2. Characterization. Figure 5 and Figures S3−S9 show
the optical photographs and scanning electron microscopy
(SEM) images of the Bare-35, Bare-50, MnO2@PU, and AC@
PU ﬁlters. Compared with the bare PU ﬁlter, the powdered
coatings were adhered to and uniformly distributed on the
surface of PU ﬁbers. Samples coated with the gel composed of
a larger adhesive proportion emerged with less powder on the
surface. The size of the MnO2 and AC coatings is
approximately 10 and 2 μm, while the ﬁber diameter is
100−150 μm. The gap between the ﬁbers is ∼1 mm as shown
in the images, indicating that the surface modiﬁcation will not
signiﬁcantly change the air permeability of the bare PU ﬁlters.
Figures S3−S9 reveal that diﬀerent coating powders/adhesive

fortiﬁed Coulomb force, the randomly diﬀused particles will be
accelerated when moving toward and eventually depositing on
the composite ﬁber, like a disoriented bug captured by a
powerful intangible tentacle. Tian et al. observed the particlecapturing behaviors through an in situ CCD (charged coupled
device) camera device, ﬁnding that the smoke particles would
quickly deposit on a polarized ﬁber with BaTiO3 coatings
compared to the unpolarized one. The particle migration
velocity increased from 0.6 to 4.1 mm/s, while the particles
were moving toward the ﬁber from ∼20 to ∼8 μm away.59 The
calculations match the observation results, implying that the
Coulomb force between the polarized ﬁber and the charged
particles is the dominating factor in deciding the particle
movement in the local region. As a result, it is promising that
1454
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polarizing voltage to the ﬁlter could further elevate the
eﬃciency by 5%, indicating an even stronger eﬀect from the
Coulomb force instead of the image force. In the theoretical
analysis, we raised that the polarization applied to the dielectric
medium would lead to local reinforcement of the electric ﬁeld,
thus accelerating the particle migration velocity toward the
ﬁbers. It is implied that the charging and polarizing eﬀect are
synthesized to strengthen the performance of the dielectric
coarse ﬁlters in EAA ﬁltration. Besides, it is worth mentioning
that the charged particles would attach to the polarized ﬁber
surface one after another and be a part of the ﬁber−particle
binary system. The whole system would then be polarized
again to form a dipole, thus attracting the following charged
particles rather than repelling them.59 It was also found that,
based on the existing research toward the removal of PM,65,66
EAA ﬁltration is even more eﬃcient for UFP fraction removal,
as the electrostatic eﬀect on capturing airborne particles
increases with a reduction of the particle size. Further, a higher
eﬃciency could be achieved by lowering the airﬂow velocity
(see Figure S18). We also compared the performance of the
coated ﬁlter with some similar electrostatic ﬁlters in the
Supporting Information. Detailed results can be seen in Table
S6.
Diﬀerent coating materials did not signiﬁcantly inﬂuence
ﬁltration performance. Overall, the PU ﬁlters coated with AC
performed slightly better compared to MnO2 in the UFP
removal, although the εr of AC (24.25) is much larger than
that of MnO2 (10.85). The coating amount did not
signiﬁcantly inﬂuence the ﬁltration performance, either.
Although the ﬁlters were coated with gels composed of
diﬀerent proportions of ingredients, the net loading amounts of
the powders on the ﬁlters were close to each other (see Table
S4). As for loaded ﬁlters fabricated with diﬀerent proportions
of powders and adhesives, the average eﬃciency for UFPs was
tested to be 90.50%, 87.08%, and 86.68% for 50-M-3, 50-M-4,
and 50-M-5, respectively, and 89.77%, 90.47%, and 90.30% for
50-C-3, 50-C-4, and 50-C-5, respectively, as seen in Figure
S16. All of the high-εr coated ﬁlters demonstrated a
dramatically lifting eﬃciency compared to bare substrates.
In addition to endowing an electrical responsiveness to the
ﬁlters, the coatings also altered the ﬁlter surface roughness to
improve the ﬁltration performance. According to Figure 5 and
Figures S3−S9, the MnO2 and AC powders formed peaks and
gaps on the coated ﬁlters, leading to a much rougher surface
than that of bare PU ﬁlters. If a charged particle moves close to
the ﬁber surface, the dominant factor is the electrostatic eﬀect,
and if the particle adheres on the ﬁber, the combined factor of
the van der Waals force and the electrostatic force from the
external electrostatic ﬁeld makes the particle attach ﬁrmly on
the surface. On one hand, the surface coating formed a micro-/
nanostructure roughness, which has been proved to enhance
the surface dipolar charge of the ﬁber eﬀectively.43,67 On the
other hand, rougher surfaces provided a stronger van der Waals
force for capturing particles.68−70 Thus, rough surfaces
performed with higher ﬁltration eﬃciencies through a binary
eﬀect of an electrostatic mechanism and mechanical mechanism.
4.3.2. Air Resistance and Quality Factors. The MnO2@PU
and the AC@PU ﬁlters can perform a considerable UFP
removal eﬃciency with an excellent airﬂow permeability. It was
noteworthy that, with the surface coatings on the lowresistance 35 ppi PU coarse ﬁlters, the air resistance merely
increased from 8.7 to 11.8 Pa (35-M-3) and 11.0 Pa (35-C-3)

mass ratios did not make much diﬀerence in the morphologies
of ﬁlters. Also, we weighed and calculated the net coating
amounts of the gel on the fabricated ﬁlters (as presented in
Table S4) and found no signiﬁcant diﬀerence, either.
Figure S10 shows the energy dispersive spectroscopy (EDS)
elemental mappings of Bare-35, MnO2@PU, and AC@PU
ﬁlters. MnO2 and AC were distributed uniformly on the ﬁber
surface. The Mn element appeared on the MnO2@PU
mapping image, and the surface contents of C and O elements
of MnO2@PU and AC@PU ﬁlters increased compared to
those of the bare PU. Figure S11 also presents the EDS
element spectrogram of the tested ﬁlters.
The relative dielectric constants (εr) of MnO2 and AC,
which indicate how easily the materials can become polarized
by an external electric ﬁeld, were tested as 10.85 and 24.25 at 1
MHz, respectively. Besides, as a mixture compounds, the εr of
the coconut-shell-based AC used in this work was reported in
the range 5−20 at 1 GHz61−63 (the value will be even larger at
1 MHz), which is much larger compared to the PU substrate
(εr = 1.1 at 1 MHz). As a result, it is reasonable that the MnO2
and AC coatings will be more responsive than the bare PU
under the external electric ﬁeld, and the coated ﬁlters will
achieve a higher electrostatic eﬀect in capturing airborne
particles.
4.3. Performance Test. 4.3.1. Performance for Particle
Removal. In this work, we deﬁned UFPs to represent the
particles with an aerodynamic diameter ranging from 11 to 115
nm to ﬁt the scanning range of the particle sizer. Moreover, the
particles with a diameter of 0.3−0.5 μm (specially denoted by
PM0.5−0.3 in this work) were also measured, as it is most
possible for the minimum ﬁltration eﬃciency to appear at the
0.3 μm fraction for the ﬁbrous ﬁlters.64 Figure S12 shows a
typical size distribution of the particles in the ambient air
during the test.
The removal ﬁltration eﬃciency η of particles with a certain
size of dp (μm) was calculated by
ij Cup(d p) − Cdown(d p) yz
zz × 100%
η(d p) = jjjj
zz
j
z
Cup(d p)
k
{

Article

(5)
−3

where Cup(dp) and Cdown(dp) are the particle counts (cm ) of
a certain diameter of dp (μm) in a sampling period upstream
and downstream of the ﬁlter, respectively.
Figure 6b,c and Figure S14a,b show the removal eﬃciency
for UFPs and PM0.5−0.3 of diﬀerent ﬁlters, while the charging
voltage (Uc) and the polarizing voltage (Up) were set at
diﬀerent values in the EAA device. Obviously, when no electric
ﬁeld was applied, all ﬁlters occupied nearly ∼0% removal
eﬃciency for ultraﬁne particles due to their considerable pore
size (∼mm) compared to the particle diameters (∼μm).
Further, with the existence and the increase of the charging
voltage, the particles were charged in stepwise degrees, and the
eﬃciency was accordingly enhanced. When a charged particle
migrated to the neutral ﬁbers, the ﬁber surface would be
induced to carry an opposite charge, hence forming an image
force between the particle and the ﬁber. In this scenario, the
scale of the image force is determined by the dielectric
constant of the ﬁber, so the ﬁlters with higher-εr coatings
performed with a better removal eﬃciency compared to the
bare PU ﬁlters. For instance, under a charging voltage of 10 kV,
the average UFP removal eﬃciency of the ﬁlter 35-C-3 was
84.43%, obtaining a 173% enhancement based on the bare 35
ppi PU ﬁber (∼48.60%). On top of that, only applying a
1455
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Figure 7. (a) Ozone concentration (ppb) at diﬀerent sampling positions (Uc = 10.0 kV, Up = 20.0 kV). (b) Net ozone production of the ﬁlters. The
error bars are the standard deviations of 60 min of monitoring, and the recording period of the ozone monitor was 10 s.

The results showed that the power consumption of the electric
power in EAA ﬁltration was lower than that of the driven fans.
Detailed calculations can be obtained in Table S5.
4.3.3. Performance for Ozone Removal. Some concerns
remain to be addressed in that EAA ﬁltration has the potential
to generate ozone because of the air breakdown driven by the
high-voltage corona discharge, especially at the charging pin
cusps, the roughness of the polarizing meshes, and the fabric
surfaces.53 In the fabrication, the ﬁlters with surface coatings of
MnO2 (act as a catalyst) and AC (act as an absorbent) were
enabled to remove ozone.
Figure 7a presents the ozone concentration at three
sampling positions when Uc and Up were set at 10 and 20
kV, respectively. When using the bare-35 PU ﬁbers, the average
ambient inlet ozone was 24.7 ppb (part per billion), and
downstream of the charging module and the polarizing
module, the average concentration was up to 84.7 and 95.6
ppb, respectively, indicating that the charging pin and the
polarizing module were both able to generate ozone by the
discharge. By installing the ﬁlters fabricated in this work, the
net ozone production of the whole EAA devices decreased.
The concentration at the downstream decreased to 11.0, 17.8,
44.3, and 38.3 ppb, performing a single pass eﬃciency of
82.5%, 77.4%, 40.4%, and 52.2% for 35-M-3, 50-M-3, 35-C-3,
and 50-C-3, respectively. Figure 7b shows the net ozone
production for the ﬁlters investigated. As for the ﬁbers coated
with MnO2, the net ozone production even decreased to minus
values, suggesting that these ﬁlters were even capable of
removing the ambient ozone.

under a 1 m/s face velocity. As for the denser 50 ppi substrate,
the highest air resistance just reached 13.0 Pa for the 50-M-5
ﬁlter. Although some ﬁlters were coated with gels composed of
diﬀerent proportions of ingredients (for example, 35-M-3, 35M-4, and 35-M-5), their air resistances were close to each
other, in the range 11.7−11.9 Pa. According to the surface
morphologies observed by SEM (Figure 5 and Figures S3−
S9), the scale of the coating materials is much tinier than the
ﬁber substrate, so the loaded thin ﬁlms attaching on the surface
will not signiﬁcantly alter the air permeability for the coarse
ﬁlter. The detailed results are summarized in Figure 6d.
Generally, for ﬁbrous ﬁlters, there exists a conﬂict between
the eﬃciency and air resistance, so the quality factor (QF) is
usually calculated to assess their trade-oﬀ properties:
QF(d p) =

−ln(1 − η(d p))
ΔP

(6)

where QF represents the QF (Pa−1) for particles of a certain
diameter of dp (μm), η(dp) is the removal ﬁltration eﬃciency
of particles with a certain size of dp, and ΔP is the air resistance
(Pa).
We use QFUFPs to represent the quality factor toward the
UFP removal and QF0.5−0.3 to represent the quality factor
toward the 0.3−0.5 μm particle removal. EAA ﬁltration is an
eﬀective method to improve the quality factor of the coarse
ﬁlters. For example, the QFUFPs of the bare 35 ppi PU ﬁlters
increased from 0.0037 to 0.0879 Pa−1 thanks to the
electrostatic enhancement when applying a 10 kV charging
voltage and 20 kV polarizing voltage. Moreover, as shown in
Figure 6e, ﬁlters with higher-εr coatings exhibited an even
more remarkable QFUFPs. For example, compared to the 35 ppi
bare PU, the QFUFPs of the 35-C-4 ﬁlter enlarged by 52 times
from 0.0037 to 0.1906 Pa−1, due to both the electrostatic eﬀect
and the coatings. Overall, the QFUFPs values of the 50 ppi ﬁlters
were lower than those of the 35 ppi ﬁlters, owing to a larger air
resistance and relatively less eﬃciency lifting. The corresponding results for QF0.5−0.3 are presented in the Supporting
Information.
Further, the idea of using the coarse ﬁlter in EAA ﬁltration is
to provide a high particle removal eﬃciency with low pressure
drop, which can save energy for the driven fans. However, the
charging and polarizing electric power supply also consumed
energy. We calculated the fan power (Pfan) and the power
dissipation (Ppower) of this work in the Supporting Information.

5. CONCLUSIONS
In this work, we proposed a single-ﬁber simulation model to
evaluate the performance of ﬁbers with diﬀerent dielectric
properties in EAA ﬁltration, and further to give instructions to
the design of the ﬁber structure. We proposed a normalized
factor E/E∞ to measure the local reinforcement of the electric
ﬁeld. By coating higher-εr materials onto the bare ﬁber surface,
the induced ﬁeld intensity around polarized ﬁbers will be
enhanced, so charged particles will move to and eventually
deposit on the ﬁber owing to the eﬀect of the fortiﬁed
Coulomb force. Compared to the bare PU ﬁber, particles will
move to the high-εr-coated ﬁber at a higher velocity (4.5 mm/s
compared to 3.9 mm/s at a 2 μm distance from the ﬁber
surface), because of the local enhancement of the E/E∞ (1.66
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(9) Calderón-Garcidueñas, L.; Herrera-Soto, A.; Jury, N.; Maher, B.
A.; González-Maciel, A.; Reynoso-Robles, R.; Ruiz-Rudolph, P.; van
Zundert, B.; Varela-Nallar, L. Reduced repressive epigenetic marks,
increased DNA damage and Alzheimer’s disease hallmarks in the
brain of humans and mice exposed to particulate urban air pollution.
Environ. Res. 2020, 183, 109226.
(10) Peters, A.; Wichmann, H. E.; Tuch, T.; Heinrich, J.; Heyder, J.
Respiratory effects are associated with the number of ultrafine
particles. Am. J. Respir. Crit. Care Med. 1997, 155 (4), 1376−83.
(11) Guo, S.; Hu, M.; Peng, J.; Wu, Z.; Zamora, M. L.; Shang, D.;
Du, Z.; Zheng, J.; Fang, X.; Tang, R.; Wu, Y.; Zeng, L.; Shuai, S.;
Zhang, W.; Wang, Y.; Ji, Y.; Li, Y.; Zhang, A. L.; Wang, W.; Zhang, F.;
Zhao, J.; Gong, X.; Wang, C.; Molina, M. J.; Zhang, R. Remarkable
nucleation and growth of ultrafine particles from vehicular exhaust.
Proc. Natl. Acad. Sci. U. S. A. 2020, 117 (7), 3427.
(12) Wahlina, P.; Palmgren, F.; Van Dingenen, R. Experimental
studies of ultrafine particles in streets and the relationship to traffic.
Atmos. Environ. 2001, 35, 63−69.
(13) Lv, Y.; Chen, X.; Wei, S.; Zhu, R.; Wang, B.; Chen, B.; Kong,
M.; Zhang, J. Sources, concentrations, and transport models of
ultrafine particles near highways: a Literature Review. Building and
Environment 2020, 186, 107325.
(14) Silva, L. F. O.; Hower, J. C.; Izquierdo, M.; Querol, X. Complex
nanominerals and ultrafine particles assemblages in phosphogypsum
of the fertilizer industry and implications on human exposure. Sci.
Total Environ. 2010, 408 (21), 5117−5122.
(15) Shi, J. P.; Evans, D. E.; Khan, A. A.; Harrison, R. M. Sources
and concentration of nanoparticles (<10nm diameter) in the urban
atmosphere. Atmos. Environ. 2001, 35 (7), 1193−1202.
(16) Moreno-Ríos, A. L.; Tejeda-Benítez, L. P.; Bustillo-Lecompte,
C. F. Sources, characteristics, toxicity, and control of ultrafine
particles: An overview. Geosci. Front. 2021, 101147.
(17) Wierzbicka, A.; Nilsson, P. T.; Rissler, J.; Sallsten, G.; Xu, Y.;
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compared to 1.03). Based on that, we coated MnO2 and AC
onto the bare polyurethane (PU) ﬁlters by adhesion to
simultaneously improve the electrostatic ﬁltration eﬃciency for
UFPs and the removal performance for ozone. By adhering
higher-εr coatings and applying charging and polarizing electric
ﬁelds to a coarse PU ﬁlter, the highest removal eﬃciency for
UFPs was dramatically improved from ∼0% to 90.8% under 1
m/s face velocity. A higher eﬃciency could be achieved by
further lowering the airﬂow velocity. The ﬁlters were found
capable to remove the unwanted ozone from the EAA
ﬁltration, or even eﬀective to remove the ambient ozone.
Meanwhile, these eﬃcient ﬁlters also achieved an outstanding
air permeability, owing to the ultralow air resistance of ∼10 Pa
at a large ﬁltration velocity at 1 m/s. We expect this work to
have good application prospects for low-cost and energyeﬃcient electrostatic air-cleaning devices, thus achieving a
clean, healthy, and sustainable environment.
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