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• Mechanisms for a two-zone electrostatic
air filtration were stated.
• Successively coating PDA and MnOx on
PET substrates regulated their surface
property.
• PM capture is promoted by the fibers’
surface coating and external electric
field.
• The filter possessed 96.1% filtration ef
ficiency for 0.3–0.5 µm particles at 0.5
m/s.
• The filter showed low air resistance and
96.8% initial ozone removal efficiency.
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Ambient particulate matter (PM) poses severe environmental health risks to the public globally, and efficient
filtration technologies are urgently needed for air ventilation. In this contribution, to overcome the efficiencyresistance trade-off for fibrous filtration, we introduced an electrostatic polydopamine-interface-mediated (ePIM) filter utilizing a combined effect of particle pre-charging and filter polarizing. After delineating the PM-fiber
interactions in electrostatic filtration, we designed a composite fiber structure and fabricated the filters by a twostep dip-coating. The surface topography and electrical potential of the polyester (PET) coarse substrates were
regulated by successively coating polydopamine (PDA) layers and manganese oxide clusters. By this means, an 8mm-thick Mn-P @ P-100 filter possessed improved efficiency of 96.05%, 97.60%, and 99.14% for 0.3–0.5 µm,
0.5–1 µm, and 1–3 µm particles, the ultralow air resistance of 10.4 Pa at a filtration velocity of 0.5 m/s, and
steady ozone removal property. Compared with the pristine PET substrates, the efficiency for 0.3–0.5 µm
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particles expanded 12 times. Compared with the pristine PET substrates, the efficiency for 0.3–0.5 µm particles
expanded 12 times. We expect e-PIM filters and the filtration prototype will be potential candidates as effective
and low-cost air cleaning devices for a sustainable and healthy environment.

1. Introduction

power supply in the filtration apparatus. The 30–400 nm-sized particles
were captured with a distinguishing removal efficiency of ~99.99%. In
another trial, Tian and Mo developed an electrostatically assisted air
(EAA) filtration technology through synergistic particle pre-charging
and filter polarizing (Tian and Mo, 2019). With the electrostatic rein
forcement, the filtration efficiency towards 0.3 µm particles for coarse
filters (usually with a large fiber distance, 1000 × larger than the sub
micron particle diameter) could be significantly improved to more than
90%.
With ultralow resistance at a large airflow rate and large dust holding
capacity, EAA filtration shows priority when applied in building venti
lation systems. EAA filters’ performance could be improved by loading
high dielectric constant coatings with adhesive (Gao et al., 2021; Tian
et al., 2020). However, the adhesion method showed unevenness,
requiring filter substrates with large pores in case of blocking the air
ways, leading to a limit of PM capturing efficiency. It can still be
improved by engineering and optimization for the filter materials.
Meanwhile, except for PM, ozone pollution showed a worsening trend
and was seen as a widespread environmental problem (Zhang et al.,
2019). It remains a challenge that hazardous ozone will generate in EAA
filtration when air breakdown in the corona discharge. An efficient PM
removal technology with low ozone generation will be needed.
Herein, we aim to improve the EAA filtration performance by
introducing electrostatic polydopamine-interface-mediated (e-PIM) fil
ters with tuned surface topography and electrical properties. We suc
cessfully coated polydopamine (PDA) and manganese oxide on the
polyester (PET) coarse filters. Beneficial from the tuned morphology, the
filter’s dielectric properties and surface potential were significantly
improved, providing the filters with better electrostatic PM capture ca
pacity in long-term operation with ultralow air resistance. Additionally,
the e-PIM filters also showed ozone removal capacity.

Despite the great efforts and concentrated public attention on
reducing exposure worldwide, the health burden of airborne particulate
matter (PM) is increasing annually (GBD 2019 Risk Factors Collabora
tors, 2020). Ambient PM2.5 (fine particles with aerodynamic diameters
of 2.5 µm or less) is rich in hazardous heavy metals and organic pol
lutants, and it will induce cell necroptosis and pulmonary disorders
(Duan et al., 2020). Long-term exposure to PM2.5 even in a low con
centration was recently proved to be associated with disease mortality
(Stafoggia et al., 2022). Most people spend over 80% of their lifetime
indoors (Jones, 1999), and PM can transport into indoor environments
through building envelopes. To meet the challenge of the
air-quality-related emergency (COVID-19 pandemic, frequent wildfires,
or volcanic eruptions), efficient PM removal technologies have emerged
as indispensable demands.
Fibrous filtration is a well-tried method for airborne PM removal.
Particles will escape from the stream and deposit on the fiber surface,
interpreted by the combined effect of Brownian diffusion, interception,
and inertial impaction (Hinds, 1999). These effects are mechanically
dependent. In the design of conventional filters, improving efficiency is
the consequence of intensifying the mechanical capturing effect by
blocking airways, which increases the air resistance and decreases the
dust loading capacity as a trade-off, resulting in an adverse effect on
energy saving. Consequently, it is challenging yet critical to investigate
fibrous filters with high filtration efficiency, low air resistance, and long
service life.
To date, paces have never slowed down to demonstrate novelstructured air filters with the ever-lasting progress in performance.
When the fiber diameter is fabricated to the nanoscale level, making it
comparable to or smaller than the mean free path of air molecules (~65
nm), the filter will perform low air resistance by introducing slip effects
(Shou et al., 2014). Therefore, efforts have been carried out on efficient
filters with nanofibrous structures (X. Li et al., 2018; Shin et al., 2021;
Zhang et al., 2020). Though frequently applied in filtering facepiece
respirators (FFR), these membrane-like nanofibrous filters usually have
relatively high air resistance and limited dust loading capacity in
building ventilation systems. Besides, charging the airborne PM or the
filter material can improve the filtration efficiency of aerosol filters. For
example, fabricating electret filters can acquire considerable PM
removal efficiency (Dai et al., 2020; Han et al., 2019; Lin et al., 2021; Liu
et al., 2019). The shortcoming is that the electret charges may degrade in
high humidity or temperature (Jung and Kim, 2020). Besides, most are
based on medium-high efficiency filters, which still possess relatively
high air resistance.
Thus, applying a continuous electrostatic effect in both particles and
fibrous filters can probably maximize electrostatic PM capture for me
dium or coarse filters (Gao et al., 2022). Carbon-based aerogel can be a
competitive candidate in electrostatic filtration owing to its numerous
active sites (Ji et al., 2022). As the representative, Zhao et al. developed
a charged graphene aerogel filter for capturing charged PM under the
imposed electrostatic force (Zhao et al., 2020). The filter possessed
excellent non-oily PM2.5 removal efficiency of > 99.9%. The conductive
aerogel can also be derived from waste cotton, achieving > 99.91%
PM2.5 removal efficiency and excellent reusability (Xie et al., 2021).
Compared with others, these filters showed ultralow pressure drop,
reusability, and flame-retardancy, which is of priority for use in harsh
environments. Choi et al. demonstrated Al-coated conductive fibrous
filters for efficient nanoparticle removal (Choi et al., 2017). The nano
particles got charged by an ionizer and the filter was connected to a

2. Theoretical analysis
EAA filtration device is composed of two separated zones: Zone I for
particle pre-charging, and Zone II for filter polarizing. Each of them can
be manipulated individually by a high voltage input. In Zone I, a strong
electric field will be applied to a pin-to-plate electrode and initiate
corona at the cusp of the charging pin. Then, particles carried by the
airflow can acquire charges generated by corona discharge. In Zone II,
fibrous filters will be polarized by a uniform electric field. Due to the
dielectric effect, an induced electric field will occur with the uneven
charge distribution on the fiber surface (Łowkis and Motyl, 2001).
Coarse filters with large fiber diameter and fiber distance cannot capture
particles efficiently owing to weak mechanical effects. Thus, EAA
filtration technology can be an efficiency-multiplicator for them.
Specifically, when Zone I & II are both off (see in Fig. 1(a)), the
particles carried by the airflow will easily bypass the fiber — the dis
tance between fibers is much larger than the particle diameter. As the
particles do not have sufficient monopolar charges, the dipole-induced
and dipole-dipole interactions between PM and fibers are weak.
When Zone I is switched on, the particles will carry sufficient
charges, and the dielectric fiber is induced by the particles (Fig. 1(b)).
The PM-fiber interaction occurs as an ion-induced effect at this moment
and can be defined as image force, Fi(Hinds, 1999)
(
)
1
εf − 1
q2
Fi =
(1)
(
)2
16πε0 εf + 1
r − d2f
where, ε0 is the vacuum dielectric constant, 8.854 × 10-12 F/m; εf is the
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relative dielectric constant of the fiber; q is the charges on the particle
(C); r is the radial distance from the fiber center to the particle (m).
Although image force provides electrostatic PM-fiber attraction, it is an
inverse square function of the PM-fiber distance, so it just acts locally on
the fiber surface. As a result, owing to the large porosity in coarse filters,
quite a lot of particles still have no chance at all to approach the fiber.
Finally, when Zone I & II both work, the particles will be charged and
the fibers will be polarized. Owing to the existence of the external
polarizing field, the dipolar charge distribution of the dielectric fiber
will change, and an induced electric field will form. The theoretical
description of the induced field is given by
[
]
(
)
[
(
)]
εf − 1 df2
Einduced = E∞ 1 +
(2)
= E∞ 1 + F εf , r, df
εf + 1 4r2

(1) Acceleration stage. Particles first enter Zone II and are acceler
ated by the polarizing field. The driving factor is Coulomb force,
decided by the number of particle charges and the intensity of the
polarizing field;
(2) Capture stage. The accelerated particles will move adjacently to
the polarized fiber, and the dominating PM-fiber interaction
should be Coulomb force decided by the induced field originating
from the fiber. Even when Zone II is off, the fibers can be induced
by the charged particles, so the induced field and dipole-induced
interaction (image force) still exist.
(3) Adhesion stage. The particles hit the fibers, be captured, and
stuck to the fiber surface. A rougher surface provides more space
for particles to deposit, so larger surface roughness can poten
tially enlarge PM holding capacity of filters (Tian et al., 2021). As
a result, a rougher fiber surface will potentially contribute to
durable and efficient electrostatic filtration.

where E∞ and Einduced are the intensity of polarizing field and induced
field, respectively, V/m. The magnitude of the field will be decided by
E∞, the relative dielectric constant of the fiber, εf, and the PM-fiber
distance, r.
The space distribution of the induced field from a polarized single
fiber was qualitatively described in our previous work by a finite
element simulation (Gao et al., 2021). The local induced field will
originate from the dielectric fiber surface. Based on the analysis, we
drew a qualitative illustration schematic of this model in Fig. 1(c).
Supposing the charged particle will be accelerated by the polarizing field
(E∞) and the following induced field (Einduced), to firstly get close to the
fiber, and then deposit on the fiber surface to be captured. Here, the
PM-fiber interaction will be Coulomb force:
FC = qEinduced

Thus, following the hypothesis above, proper filters can be exploited
for efficient electrostatic particle removal.
3. Materials and methods
3.1. Preparations of the PDA@PET filters
Dopamine hydrochloride (Meryer Co. Ltd, C8H7(OH)2NH.2HCl), Tris
buffer (10 mM, Phygene Biotechnology Co. Ltd), potassium permanga
nate (Tongguang fine chemicals Co., KMnO4), isopropanol (Titan Sci
entific Co. Ltd, (CH3)2CHOH), and ethanol (Titan Scientific Co. Ltd,
(C2H5OH) were used as received. Commercial polyester (PET) fibrous
filters (8 mm thickness) were used as filter substrates.
PET filters were cut into pieces (50 mm diameter) and immersed in
isopropanol for one hour to remove impurities and residue charges on
the surface. Then, the filters were immersed in 10 mM Tris-buffer so
lution (pH=8.5) with magnetic stirring (300 r/min) for 30 min. After
these pre-treatments, dopamine hydrochloride was dissolved into the
solution for the self-polymerization of the dopamine on the PET surface.
The dip-coating process lasted for 24 h with continuing magnetic stir
ring (250 r/min). Finally, the PDA@PET filters were washed with
deionized water and ethanol, and dried in the oven at 70 ◦ C for 8 h.
These filters were named as PDA@PET-x, where x was denoted as the
concentration for the precursors (g/L).

(3)

Based on Eqs. (1)–(3), we used parameters obtained from our ex
periments and literature to calculate the electrostatic forces between PM
and a single fiber (Table S1). Fi and Fc were calculated to be 0.035 nN
and 0.054 nN, showing the interaction between charged particle and
fiber will increase by filter polarizing. Thus, the combined effect of Zone
I & II is expected to strengthen electrostatic filtration.
As mentioned above, when charged particles are moving towards the
electrostatic fibers, they will be driven by several forces, and certain
dominating interactions must exist. Tian et al. proposed a universal
model based on the monopole capture distance to account for the
electrostatic PM capturing mechanisms (Tian et al., 2021). Based on this
concept, in EAA filtration, the particle behaviors in Zone II can be
speculated as:

Fig. 1. The schematic illustration of EAA filtration with different working statuses of Zone I & II. Zone I & II work for the particle pre-charging and filter polarizing,
respectively.
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3.2. In-situ grafting for the manganese oxide on PDA@PET filters

charging and polarizing zones were displayed by their corresponding
power supplies.
The removal filtration efficiency η of particles with a certain size of
dp (μm) was calculated by Eq. (4).
( ( )
( ))
( )
Cup dp − Cdown dp
( )
× 100%
(4)
η dp =
Cup dp

The PDA@PET filters were immersed into KMnO4 solutions (20, 50,
100, and 200 mmol/L) at 75 ◦ C water bath for 8 h for the in situ gen
eration of manganese oxide. These filters were named as Mn-P @ P-x,
where x was denoted as the concentration for the KMnO4 precursors
(mM). Besides, the PET filters with pre-treatments were directly
immersed in 100 mM KMnO4 solution for comparison and were named
as Mn@P-100. All these prepared filters would be finally washed with
deionized water and ethanol, and dried in the oven at 70 ◦ C for 8 h. The
whole schematic of the fabrication process is shown in Fig. 2.

where Cup(dp) and Cdown(dp) are the particle counts (#/cm3) of a certain
diameter of dp (μm) at the upstream and downstream of the filter,
respectively. If not specifically stated, the standard deviation of the ef
ficiencies in this work was obtained by six single samplings. The pene
tration rate p(dp) is defined as 1-η(dp).
We used the quality factor (QF) to evaluate the overall filter per
formance, which is defined as:
( ))
(
( ) − ln 1 − η dp
QF dp =
(5)
ΔP

3.3. Performance test
3.3.1. EAA filtration setup
The schematic of the EAA filtration setup is shown in Fig. 3. Two high
voltage direct current (HVDC) power supplies (P30, Boer Co., Ltd.,
Suqian, China) served two zones, respectively. In Zone I, pin-to-ring
electrodes were connected to high voltage and performed corona
discharge. In Zone II, the filter was installed between two paralleled
copper mesh electrodes, and it attached to the surface of the last mesh
electrode. The intensity of the electric field in Zone I & II could be
adjusted independently by altering the voltages. The distances between
each electrode (the center of the ring, the tip of the 2 cm length pin
electrode, followed by another ring and two copper meshes) are 10, 40,
30, and 20 mm, respectively.

where QF(dp) refers to QF (Pa-1) for particles with a specific diameter of
dp (μm).
Analogized to air resistance, the electricity consumption can be
converted into E resistance, representing the electricity dissipation of the
filters (Tian et al., 2018):
Δp′ =

ηfan P

(6)

U0

where, Δp’ is the E resistance (Pa), which is relevant to the power of
electricity supply, P (W); the filtration face velocity, U0 (m/s), and the
fan efficiency, ηfan(defined as 0.71 in this study, which is the common
value in ventilation system based on the literature (Feng et al., 2016)).
We used the comprehensive quality factor (CQF) (Tian et al., 2018),
which is consistent in units (Pa-1) with the traditional QF, to better
evaluate the performance of electrostatic filters:
( ))
( ))
(
(
( ) − ln 1 − η dp
− ln 1 − η dp
CQF dp =
=
(7)
P
Δp + Δp′
Δp + ηfan
U

3.3.2. Filtration test
The filtration test was conducted in a 50-mm-diameter acrylic duct.
The airflow was driven through the duct after a commercial HEPA filter
in case of the entrance for ambient particles, a particle nebulizer (MRE 6Jet, BGI Inc., USA) for generating feeding particles, a steady flow plate,
EAA filtration setup, another commercial HEPA filter, and the driving
fan. NaCl solution (0.9 wt%) was filled in the nebulizer and a peristaltic
pump (550D, Fujiwara Co. Ltd, China) was used to supply 2 L/min clean
air to the nebulizer. The conductive tube was used to minimize the
particle loss in the transport. The filtration test was conducted at
20.8–23.1 ◦ C, with a relative humidity of 35.6–38.9%. We also used
ambient particles and burning cigarettes as other target PM to test the
filtration performance when Zone I & II are both off (Table S2).

0

The ozone concentration (ppb, part per billion) was measured using
an ozone monitor (Model 205, 2B Tech., USA), which displayed a single
sampling result every 10 s. The standard deviation of ozone concentra
tion was obtained by eight single samplings. In the EAA setup, ozone will
generate during the discharge mainly in Zone I. The net ozone increase
Cnet in the EAA setup could be obtained by

3.3.3. Performance measurement
The number concentrations of 0.3–3 µm particles were measured by
two optical particle counters (Aerotrak 9306, TSI Inc., Shoreview, USA)
upstream and downstream of the filter. The data were recorded every
1 min for a single sampling. The standard deviation of the efficiencies
was obtained by six single samplings for each particle counter. The air
resistance across the filter was measured by a differential gauge (DPCALC 5825, TSI Inc., USA). The filtration face velocity was measured by
a thermo-anemometer (435–1, Testo SE & Co. KGaA, Germany) at the
air duct exhaust. The supplying voltages and the loop currents of the

Cnet = C2 − Cbackg.

(8)

where C2 and Cbackg. are the measured ozone concentration (ppb) at
downstream of Zone II and at the airflow inlet.
The single-pass efficiency of the filters for ozone, ηozone, was calcu
lated by

Fig. 2. Schematics showing the preparation of Mn-P @ P filters by self-polymerization of dopamine and in situ grafting of manganese oxide.
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Fig. 3. The experimental setup in the filtration test.

(

ηozone =

C2 − C1
C1

)

Here we chose the polyester (PET) coarse filters as the substrates. The
gram weight for these 8-mm-thick raw materials is only 159 g/m2, and
the ~mm fiber distance is nearly 100 × larger than the submicron PM
diameter. Distinguished from nanofibrous membranes, the PET filters
with 8-mm thickness and large pore size also performed better dust
holding capacity and promoted in-depth filtration to avoid clogging with
particle accumulation (Roh et al., 2019).

(9)

× 100%

where C1 is the measured ozone concentration (ppb) at the end of Zone I
(namely, the upstream of Zone II).
The net ozone reduction of the device in a given hour t, ΔMozone,t
(mg), was calculated as:
(
)
ΔMozone,t = 1.8AU0 C2,t − C1,t + C2,t+1 − C1,t+1 × ρozone
(10)

4.1.2. Comprehensive electrical performance, including dielectric
properties, polarity, and surface potential
The relative dielectric constant (εr) of PET is only to be 1.26, indi
cating its weak response to external fields. Considering that PET is an
organic polymer matter, we speculate that it is possible to coat electroactive chemicals on the PET surface with the assistance of selfpolymerization., As a mussel-inspired material (Lee et al., 2007), poly
dopamine (PDA) is environmental-friendly, possessing strong adhesive
properties and various functional groups (Cheng et al., 2019; Liu et al.,
2014). More importantly, PDA performed excellent electrical properties.
The dipole moment, which expresses the charge distribution and po
larity for the monomer of polymer, was calculated to be 3.25 D (Debye,
the unit of dipole moment) for PDA (Tian et al., 2021). The relative
dielectric constant of PDA was tested to be 5.74 at 1 MHz, which also
stands out when compared with PET substrates. Therefore, we chose to
coat PDA on the PET surface to fabricate PDA@PET filters. Furthermore,
PDA coatings will not cause the pore jam of the substrate, maintaining
its original skeleton and structure.

2

where A is the cross-sectional area of the air duct, m ; ρozone is the
density of ozone, 1.96 kg/m3.
3.4. Characterization
The surface morphologies were investigated by using a field emission
scanning electron microscope (FE-SEM, Merlin VP compact, Carl Zeiss
AG) coupled with energy dispersive X-ray spectra (EDS). Using the SEM
images, 80 fibers for each filter were randomly selected to obtain fiber
diameter distributions by using ImageJ Software (V1.8.0.112). The
surface topography and surface potential of the single fiber over an area
of 5 × 5 µm2 were depicted by using an atomic force microscope (AFM,
Bruker Dimension Icon) under the noncontact mode Kelvin probe force
microscope (KPFM). Before the scanning, the filters were pre-treated by
immersing in the ethanol and using ultrasonic dispersion. Then, a single
fiber (approximately 30 µm in diameter) was carefully peeled off for
scanning. The Fourier-transform infrared (FT-IR) spectrometer (Bruker
Vertex 70 instrument) of all the samples was performed in the wavenumber range 600–4000 cm-1. The X-ray photoelectron spectroscopy
(XPS, Thermo Scientific ESCAlab 250X, consisting of monochromatic Al
Kα as the X-ray source) measurements were carried out to detect the
chemical states for the synthesized filters.

4.1.3. Tuned surface topography
As the particle adheres to the fiber, the surface morphologies will
influence the PM deposition. On the one hand, a rougher surface pro
vides space to store particles, enabling a larger holding capacity for longterm PM capture. On the other hand, the micro/nanostructure rough
ness has been proved to effectively enhance the surface dipolar charge of
fiber, and the electrostatic filtration efficiency would be enhanced
(Wang et al., 2019).
Here, we decided to dope manganese oxide on the PDA surface, and
further improved its surface roughness and dielectric property. Manga
nese oxide coatings can improve the surface potential for fibers. The
dielectric constant of manganese oxide was tested to be 10.85 at 1 MHz
(Gao et al., 2021), which further improved the electrical response of the

4. Results and discussion
4.1. Structure design of the e-PIM filters
4.1.1. Large porosity and fiber diameter
Coarse filters with macro or even millimeter-scale fiber distance can
achieve permeability. Though their mechanical filtration effect is weak,
it is expected that the electrostatic effect will contribute dramatically.
5
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polarized filters. Besides, manganese-based filters are promising to
remove ozone (Cao et al., 2021), which is the leading byproduct during
discharge. By chelating between metal ions and oxygen or nitrogen
atoms, PDA could bind to nearly all kinds of transition metals—It can be
a mediator in our composite filters.

EDS element mappings of PDA@PET-3 filters. The scanning of nitrogen
also indicates the existence of PDA. Considering that PDA should pro
vide enough sites for the generation of manganese oxide, we chose
PDA@PET-3 in the following synthesis.
Fig. 4(e–g) shows the Mn-P @ P filters via dip-coating with different
concentrations of KMnO4 precursors, and Fig. 4(h) shows the EDS
manganese mappings of the Mn-P @ P-100 filter. The manganese oxide
covered the PDA surface, formed layers, and even clusters. Also, the
coatings led to a mild increase in the fiber mean diameter (see Fig. 4
(m)). When increasing the precursor concentration to fabricate MnP @ P-100, the doped clusters tuned a rough and uneven topography
forming on the PDA@PET filters. In addition, as illustrated in Fig. S1, the
existence of PDA also promoted the cluster generations on the fiber
surface compared with directly coating manganese oxide on the PET
fibers. Besides, Fig. S2–S4 show the SEM images for PET, PDA@PET, and
Mn-P @ P filters with lower magnification. The PDA and MnOx coatings
are firmly distributed on the fiber surface to prevent fall-off and sec
ondary pollution in the filtration.
By using an atomic force microscope, it is observed in Fig. 4(i–l) that
the surface of Mn-P @ P-100 filter, embedded with manganese oxide

4.2. Characterizations for the filters
Fig. 4(a–c) shows the digital and SEM images of the PET filter and
PDA@PET-x filters. The fiber diameter of the PET substrate is ~30 µm,
which is approximately 10 times smaller than the gap between fibers
(~300 µm). When coated with PDA, it can be observed from digital
images that the pristine white PET filter turned brownish-black, origi
nating from an oxidative copolymer with covalent bonding in the
polymerization of dopamine (Liu et al., 2014). It could also be observed
in Video S1 that the colorless solution gradually turned pink, and then
went brown and black, indicating the formation of PDA. The PDA layers
are distributed uniformly on the PET surface. With the increase of the
dopamine precursor addition, PDA gradually formed layers and covered
the PET fibers, slightly roughing the fiber surface. Fig. 4(d) shows the

Fig. 4. Characterization surface morphology of the filters. (a–h) Digital images and SEM images of PET, PDA@PET-x, and Mn-P @ P-x filters with different
precursor adding amounts. Scale bars, 20 mm for digital images and 20 µm for SEM images. (i–j) The surface topography mapping and (k–l) the surface potential
mapping for a 5 × 5 µm2 region on a single fiber of PET and Mn-P @ P-100 filters. (m) The fiber diameter distributions of PET, PDA@PET-3, and Mn-P @ P100 filters.
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based on the PDA layer, is rougher and exhibits a greater surface po
tential value than that of the pristine PET surface. The mean surface
roughness of the PET fiber and Mn-P @ P-100 fiber is 11.4 nm and
68.6 nm, respectively, so the Mn-P @ P-100 filter will provide more
spaces for the submicron PM to attach.
The reaction to form PDA coatings can be confirmed by the FT-IR
spectra. As shown in the spectra of PDA@PET (Fig. S5), a band at
around 3300 cm-1 presented, which can be assigned to the stretching of
N-H bonds (Zhao et al., 2019). The bands also revealed peaks at around
– C stretching vibration of the aromatic ring,
1600 cm-1 ascribed to the C–
indicating the existence of indoline structures in the PDA coatings
(Dreyer et al., 2012). Besides, The spectra of PDA@PET and
Mn-P @ P-100 filters are very close to the spectra of pristine PET filter,
indicating that the coatings do not alter the main functional groups of
the bulk filter substrate.
Furthermore, XPS measurement was employed to check the surface
chemical state information. In all, the nitrogen and manganese peaks
were specifically detected in Mn-P @ P-100 sample, indicating the
successful synthesis of PDA and manganese oxide (Fig. 5(b)). The high-

resolution O 1 s XPS spectra is shown in Fig. 5(c). The band peaks at
532.9 eV and 531.5 eV are assigned to the C-O and O-H structure,
respectively, contributing to two main states of O species in pristine PET
filters. In the synthesis of PDA, part of the phenolic hydroxyl groups
were consumed and aerobically oxidized to carbonyls (d’Ischia et al.,
2009; Dreyer et al., 2012), leading to a lower proportion of hydroxyl in
the detection. As for the Mn-P @ P-100 filter, a new fitting peak at
529.9 eV originated from lattice oxygen (OL) occurs, proving the exis
tence of manganese oxide (Wang et al., 2020). The intensity of the hy
droxyl peak increases owing to the generation of surface hydroxyl in the
shape of Mn-OH units (Y. Li et al., 2018). Furthermore, in Fig. 5(d), the
high-resolution N 1s spectrum of PDA@PET-3 filters shows two peaks at
399.7 eV and 401.8 eV, attributed to the substituted amine and amine
groups from indolic compounds of PDA(Gao et al., 2013). The main
chemical state of nitrogen went to the substituted amine. The Mn 2p
spectrum of Mn-P @ P-100 filter Fig. 5(e) displayed split peaks at
654.2 eV and 642.5 eV with a difference of 11.7 eV, which is coherent
with the previous reports of manganese oxide components (Hou et al.,
2017; Y. Li et al., 2018; Z. Wang et al., 2021). After fitting the bands, it is

Fig. 5. The preparation process and XPS spectra of the filters. (a) The PDA coatings formed on the PET surface through the oxidation and polymerization of
dopamine and manganese oxide (MnOx) embeddings were coated on the fiber surface with the reduction of PDA layers. (b) The full-scan XPS spectra and (c) highresolution O 1 s XPS spectra of PET, PDA@PET, and Mn-P @ P-100 filters. (d) The high-resolution N 1 s XPS spectra of PDA@PET-3 filters. (e) The high-resolution
Mn 2p XPS spectra of Mn-P @ P-100 filters.
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found that the dominating oxidation states are Mn3+ and Mn4+, occu
pying more than 80% of the total Mn chemical states.

18 kV), the filters’ η0.3 showed a great promotion to 80.6% and 91.8%
for PET and Mn-P @ P-100 filters at 1 m/s filtration velocity. At 0.5 m/s
filtration velocity, the η0.3 for Mn-P @ P-100 filter increased to 96.1%.
Considering their initial η0.3 are quite low, the results demonstrated that
electrostatic capture dominated the filtration process. When Zone II was
switched on, the interaction between particles and fibers would be
Coulomb force. Therefore, owing to the existence of a polarizing field
and the greater local field created by the fibers, the filtration efficiency
of Mn-P @ P-100 filter would be further augmented. The penetration
rate p0.3 at 0.5 m/s filtration velocity declined to 3.9% from 81.8% for
Mn-P @ P-100 filter when Zone I and Zone II were switched on. It is
lowered by approximately 21 times, indicating considerable
improvement.

4.3. Particle removal performance
In this work, we focus on testing the filtration efficiency of the filters
for submicron 0.3–0.5 µm particles to compare them with other filters in
the literature. We used the symbol η0.3 and p0.3 to denote η(dp = 0.3 µm)
and p(dp = 0.3 µm). Further, for convenience, we used PDA@PET to
represent PDA@PET-3 in the following discussion. The photogragh of
the experimental setup is shown in Fig. S6.
4.3.1. Influence on the pre-charging charging voltage, Uc
Fig. 6(b) presents the filtration efficiency of the filters at different Uc,
where Up was set at 18 kV with 1 m/s filtration velocity. With the
adjustment of Uc from 0 to 5 kV, the efficiency lifting for the filters was
not evident because the voltage was not adequate to trigger corona for
charging. The efficiency significantly rose when Uc was upregulated
from 5 kV to 10 kV. The PDA@PET filters and Mn-P @ P-100 filters
performed enhanced η0.3 compared to the pristine PET filters, which is in
line with the design of e-PIM filters.

4.3.3. Influence of filtration velocity
The air resistances of both pristine PET and Mn-P @ P-100 filters
increased as filtration velocity grew, and the difference between the two
filters in air resistance was small. For example, as shown in Fig. 7(a), the
air resistances of the pristine PET filter and the Mn-P @ P-100 filter were
only 9.7 and 10.4 Pa at 0.5 m/s face velocity, respectively. When the
face velocity was up to as large as 3.0 m/s, their air resistances increased
to 158.8 Pa and 171.9 Pa. It is worth mentioning that by constructing
the polydopamine-interface-mediated structure on the PET fibers, the
air resistance of e-PIM filters will not increase significantly compared
with the substrates.
High efficiency at a high air filtration velocity is expected to meet the
demand for concentrated building ventilation system. Due to the
filtration theory, particles will be less likely to be captured by the fibers
when the filtration velocity increases, so greater efficiency with large
airflow will be hard to achieve. As illustrated in Fig. 7(b), with an
increasing filtration face velocity, the EAA filtration efficiencies of the
filters dropped, and the e-PIM filter also showed improved efficiency
with ranged filtration velocity compared to the pristine one. When Uc
and Up were set at 10 and 18 kV, respectively, the η0.3 of Mn-P @ P filter
reached 83.42% at 2 m/s filtration velocity. For comparison, the η0.3 of
pristine PET filter was only 70.52% at 2 m/s, so the fabricating of e-PIM
filters is rewarding. We provided the detailed outcomes for the filtration
performance of the filters with different filtration velocities in Table S3.
The η0.3 of filters fabricated by precursor with different concentra
tions are shown in Fig. S7(a). It is proved that an optimized precursor
concentration when fabricating Mn-P @ P-100 filter also contributed to
the fortified filtration performance. Besides, the Mn@P-100 filter, which

4.3.2. Influence on the working status of Zone I & II
The status on or off for each zone could be represented by Uc and Up,
assigned at zero or their highest driven voltages, 10 and 18 kV. Fig. 6(c)
presents the efficiency with different working statuses of Zone I & II.
When Zone I & II were both off (no electric field), the initial η0.3 at 1 m/s
filtration velocity was only 4.9%, 11.7%, and 14.1% for PET, PDA@PET,
and Mn-P @ P-100 filters. Namely, the particle capturing effect was
weak due to the large pore size and fiber distance. Since the gap between
fibers was ~300 µm, when airflow gets through, it was unlikely for a
particle without sufficient charges to get close to the fiber and easily be
captured. Then, when Zone I was on, η0.3 for PET and Mn-P @ P-100
filters lifted to 69.8% and 77.2%. Noticing that the filters had not been
polarized yet, the dominating interaction between charged particles and
filters should be image force, and the fabricating of Mn-P @ P-100 filter
expanded the capacity for capturing charged particles. The rougher
surface and larger surface potential further platformed sufficient
induced-dipole electrical interaction to these adjacent charged particles,
and finally captured them. That is, the e-PIM filters are better “electri
cally responsive”.
Further, when applied Uc and Up simultaneously (Uc/Up =10/

Fig. 6. Filtration efficiency for the filters with different applied voltages. (a) The prototype of the EAA filtration. (b) η0.3 of the filters with different Uc, when Up
was set at 18 kV. (c) η0.3 of the filters with different working statuses of Zone I & II.
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Fig. 7. (a) Air resistances of the filters with different face velocities. (b) η0.3 of the filters with different face velocities when Zone I & II were both switched on.

was fabricated by directly coating manganese oxide without the PDA
mediation, did not possess significantly enhanced efficiency yet. Fig. S7
(b) shows the filtration efficiency for pristine PET filter and Mn-P @ P100 filter towards particles with different diameters, revealing efficient
PM removal covering sub-micron and micro diameter fractions. Fig. S8
(a–d) displayed the long-term performance of Mn-P @ P-100 filters.
After washing, the surface morphologies of fibers would be maintained,
and the efficiency remained stable. The filters also performed durability
in Fig. S8(e). Besides, in long-term operation, the electrostatic device
was proved insensitive to moisture in usual air humidity for indoor air
environments (Tian et al., 2021). The size distribution of the PM during
the filtration test is shown in Fig. S9.

The resistance coefficient, filtration efficiency, and the quality factor
of these filters are shown in Fig. 8(a) and (b). Commercial non-electret
filters (blue scatters) usually remove PM mechanically, consuming
larger resistance owing to larger packing density. By utilizing the elec
trostatic effect, the electret filters (red scatters) performed outstanding
PM removal efficiency. Due to the temporary and insufficient electro
static effect, efficient electret filters still perform a strong mechanical
effect to remove particles, costing considerable air resistance. If particles
are charged and filters are conducted or polarized externally as well, the
continuous electrostatic attraction between them endows the filters with
higher removal efficiency and longer service lifetime. Therefore, these
induced filters (gray scatters) can base on coarse substrates with lower
packing density, decreasing the air resistance. Specifically, although the
efficiency of e-PIM filters was measured at a relatively large face velocity
compared with others (see Table S4 and S5), the e-PIM filters showed
enhanced filtration efficiency with low air resistance for PM removal.

4.3.4. Quality factor
At 0.5 m/s face velocity, the QF towards 0.3–0.5 µm (QF0.3) of pris
tine PET and e-PIM filters is shown in Table 1. With the electrostatic
effect, the QF0.3 of the pristine PET filter multiplied approximately
23.0 × from 0.008 Pa-1 to 0.196 Pa-1. Meanwhile, fabricating the MnP @ P-100 filter increased the QF0.3 further to 0.311 Pa-1, indicating the
overall filtration performance of e-PIM filter augmented greatly
compared to that of the pristine one. The QF and CQF values of MnP @ P-100 filter with different face velocities and applied voltages are
shown in Fig. S10.

4.5. Characteristics of power supply and ozone monitoring
4.5.1. The electric dissipation of the power supply
In the EAA filtration apparatus, the applied high voltages lifted the
filtration efficiency and caused energy dissipation simultaneously.
Fig. S11(a) shows the volt-ampere characteristics of the high voltage
power supply for particle pre-charging. Although kilovolt-scale voltages
were applied, the circuit currents were small. For example, the current
remained 3 μA under 9 kV and 7 μA under 10 kV, so the power (voltage
times current) was still under control.
The equivalent resistances (including two parts, the air resistance,
and E resistance) of Mn-P @ P-100 filter with different filtration face
velocities are displayed in Fig. S11(b). As the face velocity increased, the
energy consumption for the driven fan increased, and the electric con
sumption remained. At 1 m/s face velocity, the electric power dissipa
tion was 88.0% of the fan power; The proportion decreased to 17.1% at
2 m/s face velocity. Filters are much lower than the commercial
medium-high filters, and the electrical dissipation is still controllable.

4.4. Comparison with other studies
We compared the overall performance of the e-PIM filters with
commercial filter products and several electrostatic filters, whose effi
ciencies were tested towards particles with ~0.3–0.5 µm diameter. As
their performance was tested at different face velocities, assuming that
the air resistance is proportional to face velocity (U0) (Xia et al., 2018),
we defined and calculated the resistance coefficient, β (Pa⋅s/m), to unify
their resistance level
β=

Δp
U0

(11)

4.5.2. Ozone removal properties
We tested the net ozone generation with different charging voltages
in the EAA setup in Fig. 9(a). With the enhancement of the corona
charging, more ozone would be generated. At 10 kV strong charging
voltage, 93.6 ppb ozone would be released. When the initial ozone
concentration at upstream of the Mn-P @ P-100 filter was 114.1 ppb, it
significantly decreased to 3.7 ppb at downstream, so the filter showed
96.8% initial one-pass efficiency for ozone reduction. We compared the
ozone removal efficiency between different filtration apparatuses and
electrostatic filters based on corona charging in Fig. 9(b). The EAA e-PIM

Table 1
η0.3, Δp, and QF0.3 of the pristine PET and Mn-P @ P-100 (representing e-PIM
filters) with different working statuses of Zone I & II. The filtration face velocity
was 0.5 m/s.
Filters
Pristine PET
Mn-P @ P-100

Δp (Pa)
9.7
10.4

Zone I & II: Off

Zone I & II: On

η0.3 (%)

QF0.3 (Pa-1)

η0.3 (%)

QF0.3 (Pa-1)

7.91
18.19

0.008
0.019

85.03
96.05

0.196
0.311
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Fig. 8. (a) The efficiency (towards ~0.3–0.5 µm particles) and resistance coefficient (b) The efficiency (towards ~0.3–0.5 µm particles) and air resistance of
different filtration apparatus, including electret filters (red scatters, 1 (Sim et al., 2015), 2 (Liu et al., 2019), 3 (Lin et al., 2021), 4 (Cheng et al., 2017), 5 (Wang et al.,
2019), 6 (L. Wang et al., 2021)), induced coarse filters (gray scatters, 7 (Choi et al., 2017), 8 (Mo et al., 2022), 9 (Tian et al., 2018), 10 (Xia et al., 2021), 11 (Tian
et al., 2020)), commercial non-electret filters (blue scatters, from (Hollingsworth and Vose) and Mn-P @ P-100 filter (yellow star) in this work.
Fig. 9. (a) Net ozone generation with different charging
voltage (Uc), with no filter in the filtration setup at 0.5 m/s
face velocity, and Zone II was off. The error bars were
calculated from 8 continuous observations. (b) The com
parisons of ozone removal efficiency and net ozone gen
eration between different filtration apparatus and filters
based on corona charging: 1 (Feng et al., 2016), 2 (Feng
and Cao, 2019), 3 (Tian and Mo, 2019), 4 (Tian et al.,
2020), 5 (Gao et al., 2021). (c) 8-h monitoring of ozone
removal performance of Mn-P @ P-100 filter with Uc
= 9 kV. The error bars were calculated from 8 continuous
observations.

filters exhibited a considerable initial performance in controlling ozone
generation. Fig. S12 also indicates that the Mn-P @ P filters displayed
stable ozone reduction capacity during the 56-hour operation.
The increasing charging voltage has a trade-off between ozone pro
duction and gained PM removal efficiency. The trade-off between effi
ciency and ozone generation with different Uc is shown in Fig. S13.
When the voltage increased from 9 to 10 kV, although the filtration

efficiency only improved from 88.0% to 91.8% at 1 m/s filtration ve
locity, the ozone generation increased dramatically from 50.0 to 70.4
ppb. Fig. 9(c) shows the variations of ozone generation with 9-kV
charging voltages in 8-h monitoring. After 8 h, the ozone downstream
reached only 46.8 ppb. However, with 10 kV charging, the ozone
downstream after 8 h reached 70.3 ppb downstream (Fig. S14).
Considering the ozone limit according to the Indoor Air Quality
10
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Standard of China (GB/T 18883–2002), ~80 ppb for 1-hour mean
concentrations, we recommended a relatively lower charging voltage to
maintain higher PM removal efficiency and reduce ozone generation,
especially in the long-term operation to decrease the ozone exposure
risk.

& Technology Commission (No. Z191100009119007).
Appendix A. Supporting information
Supplementary material related to this article can be found online at
doi:10.1016/j.jhazmat.2022.129821.
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