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(e.g., in Australia, California, and Siberia 
recently), PM removal has become an 
ever more important human adapta-
tion strategy to a changing environment. 
Since most people spend more than 80% 
of their time indoors,[5] efficient indoor 
PM removal devices have become essen-
tial, and a high airflow rate is required in 
many scenarios.

Fibrous filtration is widely used for 
indoor ventilation systems. However, 
there is an intrinsic conflict between fil-
ters’ high filtration efficiency, low air 
resistance, and long service life (i.e., large 
dust-holding capacity while maintaining 
filtration efficiency and air resistance). 
High-efficiency air filtration usually has 
large air resistance, which costs up to 50% 
in acquiring the electricity to drive fans. 
Moreover, it has short service life since 
the air resistance builds up steeply from 
the beginning as the filter gets clogged 
by the PM dust loading.[6] For decades, 

considerable efforts have been made to develop novel filter 
materials such as nanofibers and electret fibers.[7–11] Nanofibers 
decrease the air resistance by introducing a slip-effect when the 
fiber diameter is smaller than the mean free path of air mole-
cules (≈65  nm).[10–12] Electret fibers enhance the filtration effi-
ciency by introducing an electrostatic effect through charging 
the fibers with corona plasma charging, triboelectrification, 

Airborne particulate matters (PM) pose serious health threats to the popula-
tion, and efficient filtration is needed for indoor and vehicular environments. 
However, there is an intrinsic conflict between filtration efficiency, air resist-
ance, and service life. In this study, a two-stage electrostatically assisted air 
(EAA) filtration device is designed and the efficiency-air resistance-filter life 
envelope is significantly improved by a thin coating of polydopamine (PDA) 
on the polyethylene terephthalate (PET) coarse filter by in situ dopamine 
polymerization. The 8 mm thick EAA PDA-140@PET filter has a high filtra-
tion efficiency of 99.48% for 0.3 µm particles, low air resistance of 9.5 Pa at a 
filtration velocity of 0.4 m s−1, and steady performance up to 30 d. Compared 
with the bare PET filter, the penetration rate for 0.3 µm particles is lowered 
by 20×. The coated PDA is of submicron thickness, 10−3 × the gap distance 
between filter fibers, so low air resistance could be maintained. The filter 
shows steadily high filtration efficiency and an acceptable increase of air 
resistance and holds nearly as many particles as its own weight in a 30 day 
long-term test. The working mechanism of the EAA coarse filter is investi-
gated, and the materials design criteria are proposed.

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/smll.202102051.

1. Introduction

Airborne particulate matters (PM) pose serious health threats 
to the population because they can reach the thoracic region 
and bloodstream, increasing the risk of dementia, respiratory 
and cardiovascular diseases, and mortality.[1–4] With increasing 
air pollution caused by industry, transportation, and wildfires 
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or electrospinning.[13–15] However, though frequently used in 
personal respirators, filters made of nanofibers still usually 
have relatively high air resistance and short service life when 
being applied in building ventilation systems.[16] And the ben-
efit of electret filters is limited when the electret charges are 
degraded by environmental aging.[17,18] Therefore, developing 
high-efficiency airborne PM filtration technology with minimal 
air resistance and long service life (weeks to months) remains 
a great challenge.

To overcome the challenge, continuous electrostatic charging 
of the airborne PM and/or the filter material was proposed as a 
promising method.[19–29] Most of these trials are however based 
on medium-high efficiency filters. These filters are either thin 
membranes to have limited dust-holding capacity or have equiv-
alently >50  Pa air resistance at 1 m s−1 filtration velocity. Tian 
and Mo developed an electrostatically assisted air (EAA) filtra-
tion technology by the synergistic effect of a corona charging 
field (electrodynamic) and a polarizing field (electrostatic).[20] 
An approach to improving the performance of EAA filtration 
is loading high dielectric constant inorganic particles on pol-
yurethane (PU) foams by adhesive.[30] However, this adhesive 
method requires base filters of large pores to avoid the adhesive 
blocking the airways. Since large pores would let certain parti-
cles bypass the collecting media, the highest filtration efficiency 
for 0.3–0.5  µm particles was less than 90%.[30] Furthermore, 
coating inorganic particles causes a significant decrease in filter 
flexibility.[31]

This work aims to improve the EAA filtration performance 
by modifying the coarse PET filter, which achieved the 
highest filtration efficiency in the previous study. The thick, 
coarse PET filters are expected to have a lower pressure drop 
and larger dust-holding capacity than that of thin dense fil-
ters. A key challenge is how to add electrostatic responsive 
material to PET bulk filter thoroughly, uniformly, and firmly. 
To achieve that, we proposed to coat polydopamine (PDA) 
on the PET coarse filter (PDA@PET) by an in situ dopa-
mine polymerization process. We demonstrated a novel EAA 
PDA@PET filter, which had attractive attributes of high fil-
tration efficiency, low air resistance, and long service life. We 
found that the in situ coated PDA increased the roughness 
of PET fiber surfaces, therefore promoted the particle-fiber 
adhesion and enhanced the filtration efficiency. The PDA 
clusters grew to the submicron scale, which was just one-
thousandth of the gap distance between filter fibers, so the 
low air resistance of the base filter could be maintained. In 
addition, PDA is found to exhibit superior electrostatic prop-
erties and dust-holding capacity to achieve high and steady 
electrostatic filtration efficiency. By controlling the surface 
microstructure of filters with an optimized amount of added 
precursor, we reported an EAA PDA-140@PET filter with a 
high filtration efficiency of 99.48% for 0.3  µm particles, as 
well as a low air resistance of 9.5  Pa at 0.4 m s−1 filtration 
velocity. Compared with the untreated bare PET filter, for 
0.3  µm particles, the penetration rate was lowered by 20 × 
and the quality factor (QF) was enhanced by 119%, respec-
tively. The filter showed steady high filtration efficiency (aver-
aging 98.63%, 99.04%, and 99.83% for 0.3, 0.5 and 1  µm 
particles) and an acceptable increase of air resistance (9.5 to 
17.4 Pa) in a 30 d long-term test.

2. Results

2.1. Design of EAA Coarse PET Filters Coated with PDA or PVDF

Figure  1a shows the schematic of the designed EAA filtra-
tion device and the details are included in the “Experimental 
Section”. In brief, there are two externally applied voltages used 
in the two-stage EAA device: U1 in stage I is for generating a 
corona discharge that allows a particle that flies through it to 
gain net charge eqp, where e is the elementary charge and qp 
has a distribution that depends on the particle characteristics 
including particle diameter dp, and U1. Then, this (qp, dp) par-
ticle flies into stage II, where together with the filter fibers, 
will be subjected to an E2 = U2/D2 polarizing electric field. D2, 
the distance between the two mesh electrodes in stage II, will 
be sufficiently long to prevent any dielectric breakdown dis-
charge (unlike stage I). E2 promotes 102 µm ranged interactions 
between the polymer fiber and the (qp, dp) particle, as well as 
between the particles (recall Faraday’s electric field-line experi-
ment on forming chains of dielectric particles),[30] so it becomes 
easier for the particles to find a fiber surface and attach to it, as 
well as to agglomerate with other particles and form “dust clus-
ters.”[30] Given that we would like to operate the filter in high 
air velocity mode, the dust clusters will be subjected to large 
shear forces, and may become resuspended if the few Å-ranged 
particle–polymer adhesion is not strong enough. Thus, surface 
engineering of filter fibers to enhance the long-duration adhe-
sion (up to weeks, and even when U1 and U2 are turned off) 
between the dust cluster and fiber surface is crucial, to prevent 
dust cluster resuspension and enhance dust-storage capacity. 
Furthermore, the coated fiber must be such that the 102  µm 
ranged dielectric attraction is not diminished, as this is the first 
step toward building dust agglomerate on the fiber surface.

Thus, we propose that the rational design principles for 
EAA filters with ultralow resistance at relatively high filtration 
velocity should be:

(a)	large open pores on the order of ≈102 µm to reduce air re-
sistance. This would enable air resistance below 10 Pa at an 
air filtration velocity of tens of cm s−1, with a ≈1  cm thick, 
200 g m−2 filter.

(b)	significant E2 that penetrates the ≈1 cm thick filter interior 
to cause “Faraday agglomeration” across such ≈102 µm pore 
distance, which we have previously demonstrated with mul-
tiple dust particles being observed to form chains, using in 
situ optical microscopy.[30] This also requires a strong die-
lectric response of the fiber in the range of diameter, e.g., 
≈101 µm.

(c)	a small and perhaps nonlinear electronic conductivity (I–V 
relation) of the fiber to have reasonable antistatic proper-
ty,[33,34] so while the monopolar charge qp of a dust particle 
enhances its long-range interaction with the fiber, such mo-
nopolar charge gets released over a timescale of minutes to 
hours, allowing this dust particle to later dielectrically bind 
with other dust particles, which originally carried the same-
signed charges.

(d)	fiber diameter on the order of ≈101 µm, with the expectation 
that it may become 2 × or 3 × thicker with dust coverings 
after long-term filtration operation. Ideally, we would like 
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the filter to be able to trap as much dust as its own weight, 
meaning ≈102 g m−2 dust-holding capacity. Given the den-
sity of the in situ formed dust layer must be quite low com-
pared to the polymer density (tap density of a powder), this 
implies more than 4 × nominal fiber volume expansion, an 
incredible dust-holding ability that we will demonstrate lat-
er in this paper.

(e)	few Å-ranged strong adhesion between a dust cluster/layer 
with the fiber surface, so once adhered, it will hold and the 
dust cluster/layer does not easily come off in shear flow. Both 
the chemistry and morphology of the surface matter in this 
aspect, as is well-known in adhesion mechanics. In addition, 
such adhesion strength could be sensitive to the particle char-
acteristics and humidity in the air.

Accordingly, to discover the most effective material for EAA 
filters, we started with the nonconductive PET coarse filter, 
which had achieved the highest single-pass filtration effi-
ciency and low air resistance in the previous study.[20] We chose 
≈102  µm coarse filter because conventional high-efficiency fil-
ters (like nanofibrous filters) with a high packing density have 
a very high air resistance, low dust-holding capacity, and early 
clogging.[17,35–37] We believe that coarse filters with large pores 
would promote in-depth filtration, maintaining a lower air 
resistance with the continued PM accumulation.

The methods for coating substrates with hetero-material 
have been developed for years, such as adhesion,[30] electrospin-
ning,[38] blow-spinning,[39] dip-coating,[40] calcination,[41] and 
physical vapor deposition.[42] Among them, we chose dip-coating 

Figure 1.  Filtration test apparatus and performance comparison. a) Schematic of experimental apparatus for the particulate matter filtration test of 
the two-stage EAA filter. b) Performance comparison of EAA PET filter, PVDF-120@PET filter, PDA-140@PET filter, and non-EAA commercial HVAC 
filters.[32] If the experiments were not conducted at 0.4 m s−1 face air velocity, we calculated the equivalent air resistance by assuming that air resistance 
was proportional to face air velocity.[6] Source data are provided in Table S1 (Supporting Information).
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to modify the PET coarse filters, as it has great advantages in 
coating uniformly on large coating areas and allowing for easy 
and quick large-scale industrial manufacture.[43] Noticing that it 
is difficult for inorganic matter and organic polymers to com-
bine firmly, we coated polymer on the PET coarse filter. One 
selected polymer is polyvinylidene fluoride (PVDF), a dipolar 
material demonstrated as an effective material to fabricate 
electret filters.[8,10,11,44] Nanofiber filters made of PVDF have 
achieved the highest filtration efficiency among polyacryloni-
trile (PAN), polyvinylpyrrolidone (PVP), polystyrene (PS), poly-
vinyl alcohol (PVA), polypropylene (PP), polyamide-6 (PA6), and 
polyurethane (PU).[7,10] The other selected polymer is polydopa-
mine (PDA), which is an environmentally friendly and versatile 
adhesive for surface modification. By simply dipping objects in 
an aqueous solution of dopamine, thin and surface-adherent 
PDA coating can be formed onto a wide variety of organic and 
inorganic materials by autopolymerization.[45] Moreover, it was 
realized in a facile and environmentally friendly process, which 
can be conducted in a basic environment without using or 
producing harmful products.[46] Though the basic polymeriza-
tion mechanism is not fully discussed here, PDA-based mate-
rials have rapidly advanced in recent years for applications in 
energy, biomedical science, sensing, and water treatment.[47] 
However, such promising materials have not been applied in 
air filtration. The molecular models of the different polymers 
are shown in Figure S1 (Supporting Information).
Figure 2a presents an overview of the preparation of PDA-

coated PET (PDA@PET) filters. We indexed PDA@PET fil-
ters by different amounts of precursor addition. For example, 
PDA-140@PET denotes 140  mg dopamine (as a precursor) 
being added to the 60  mL solution during the in-situ polym-
erization process. Similarly, we obtained PVDF coated PET 
(PVDF@PET) filters. Details of the preparation process are in 
the “Experimental Section”.

2.2. Characterization of the Filters

Figure 2b,c and Figures S2–S4 (Supporting Information) show 
optical photographs and scanning electron microscopy (SEM) 
images of the bare PET filter, PVDF@PET, and PDA@PET 
filters, and pure PDA. Compared with the bare PET filter, 
the PDA clusters are generated and uniformly distributed  
on the surface of PET fibers. The larger the dopamine addition 
is, the more PDA clusters form on the fiber surfaces, rough-
ening the fiber surface and making the filters darker in color. 
The size of PDA cluster (<1 µm) is more than 10 times smaller 
than the fiber diameter (20–30 µm), and the fiber diameter is 
approximately 10 times smaller than the gap between fibers 
(≈200 µm). Figures S5 and S6 (Supporting Information) show 
the energy dispersive spectroscopy (EDS) elemental mappings 
of PVDF-120@PET and PDA-120@PET filters. Interestingly, 
being different from PDA in situ polymerization process, 
PVDF films form and distribute irregularly between the gaps 
among PET fibers.

As shown in the Fourier transform infrared (FTIR) spectra 
(Figure S7, Supporting Information), the characteristic band 
of 1504 cm−1 from the spectrum of pristine PDA, ascribed 
to CN stretching vibration,[48] was found on the spectra of 

PDA@PET filters. Meanwhile, pristine PVDF shows peaks at 
1180 and 1401 cm−1, which are consistent with symmetric and 
asymmetric CF2 stretching modes for β phase PVDF.[49] But 
the two peaks were not found on the spectra of PVDF@PET fil-
ters. The spectra of PDA and PVDF@PET filters are very close 
to the spectra of bare PET filter, indicating that the coatings do 
not change the main functional groups of the bulk filter mate-
rial. The X-ray diffraction (XRD) patterns in Figure S8 (Sup-
porting Information) reveals that the diffraction peaks of the 
bare PET filter are sharp and intense, indicating its crystalline 
nature. The coatings of PDA and PVDF do not change much of 
the bare PET's diffraction peaks, but make it more amorphous. 
Thermogravimetric analysis (TGA) and differential scanning 
calorimetry (DSC) results in Figures S9 and S10 (Supporting 
Information) illustrate that all PDA@PET and PVDF@PET 
filters are thermodynamically stable in the general building 
environment (<40 °C).

In EAA coarse filters, the U1, U2-dependent electrostatic fil-
tration efficiency is much higher than the mechanical filtration 
efficiency (U1 = U2 = 0).[20,23] Therefore, the electrical properties 
of filters, including the dipole moment, relative dielectric con-
stant, and initial surface potential, are important in enhancing 
the electrostatic filtration efficiency.[50] The dipole moments, 
which indicate the polymer's polarity, were calculated as 2.93, 
1.85, and 3.25 D for the repeating units of PET, PVDF, and PDA, 
respectively. The relative dielectric constants (εr), which indicate 
how easily each polymer can become polarized by an imposed 
electric field, were tested as 1.26, 6.86, and 5.74 at 1  MHz for 
the PET fiber, pure PVDF, and PDA. And εr of the coated filters 
was tested as 1.32 and 1.52 for PVDF-120@PET and PDA-120@
PET filters. By using an atomic force microscope (AFM), it was 
observed in Figures S11 and S12 (Supporting Information) that 
the PDA coated surface was rougher and exhibited greater abso-
lute surface potential value compared to the bare PET surface.

2.3. Influence of Coatings on Performance

As the minimum filtration efficiency is generally known to 
occur in the vicinity of 0.3  µm for most fibrous filters,[51] we 
first compared the filtration efficiency and penetration rate for 
0.3  µm particles of the filters. The single-pass filtration effi-
ciency of particles with a certain size of dp (µm) was calculated 
by:

( )
( ) ( )

( )
100%p

up p down p

up p

d
C d C d

C d
η = −
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




 × � (1)

where Cup and Cdown are the particle count (pcs) at the upstream 
and downstream of the filter, respectively. The penetration rate 
p(dp) is defined as 1-η(dp). We use the symbol η0.3 and p0.3 to 
denote η(dp = 0.3 µm) and p(dp = 0.3 µm).

As shown in Figure 3a, PET, PVDF-40@PET and PDA-40@
PET filters showed p0.3 of 99.28%, 97.99% and 94.64% when 
U1 = U2 = 0, that is, almost all particles escaped the filter. With 
U1 and U2 turned on, the filters’ p0.3 showed a sharp decline 
to 10.34%, 9.24%, and 1.77%, respectively. This result demon-
strates that electrostatic capture dominates in the overall filtra-
tion process of an EAA coarse filter. Moreover, coating PDA on 
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the PET filter showed superior performance than coating the 
PVDF with the same weight of precursors (40  mg). The EAA 
PDA-40@PET filter showed less than one-fifth p0.3 of that of 
the PVDF-40@PET filter. Similarly, as shown in Figure  3b, 
PVDF-120@PET and PDA-120@PET showed p0.3 of 95.51% 
and 94.22% with U1  = U2  = 0, indicating that the mechanical 
filtration efficiencies of the two filters are close. With U1, U2 
turned on, their p0.3 dropped to 7.02% and 0.76%, respectively, 
confirming the superior performance of EAA PDA-120@PET 
filter. Figure 3c shows η0.3 of PDA@PET filters with different 
precursor adding amounts. With the largest precursor adding 
amount, the PDA-200@PET filter achieved the highest η0.3 at 
99.61% with U1, U2 turned on.

Figure S13 (Supporting Information) shows the air resist-
ance of PVDF@PET and PDA@PET filters with different pre-
cursor loading. The bare PET filter had a low air resistance of 
9.0 Pa at 0.4 m s−1 air filtration velocity. After dip-coating, the 
air resistance of PVDF-120@PET and PDA-120@PET filters 
increased to 10.8 and 9.8 Pa, respectively. PVDF@PET filters 

showed higher air resistance because PVDF films formed 
between the gaps among the PET fibers (as shown in Figures S4  
and S5, Supporting Information) and blocked the airflow 
pathway a bit more. By contrast, the air resistance of PDA@
PET filters was not affected by the submicron-thick layer 
of PDA, as shown in Figure  2c and Figure S6 (Supporting 
Information).

Generally, a high filtration efficiency η (or a low penetration 
rate p) is traded off by high air resistance, and therefore high 
energy consumption of the driving fan. To account for both fil-
tration efficiency and air resistance, we used the quality factor 
(QF) to evaluate the overall filter performance, defined as:

QF
ln 1

p

p
d

d

P

η )() )( (
≡

− −
∆

� (2)

where QF(dp) refers to QF (Pa−1) for particles with a spe-
cific diameter of dp (µm). We use the symbol QF0.3 to denote 
QF(dp = 0.3 µm).

Figure 2.  Preparation method and morphology of bare PET and PDA@PET filters. a) Schematics showing the preparation of PDA@PET filters by in 
situ polymerization coating. b) Digital images and c) SEM images of bare PET and PDA@PET filters with different precursor adding amount. Scale 
bars, 20 mm in (b) and 50 µm in (c).
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As shown  in Figure S14 (Supporting Information), EAA fil-
ters with U1, U2 on showed superior QF0.3 than the original fil-
ters (U1  = U2  = 0). For example, QF0.3 of the bare PET filter 
increased 313 times from 0.0008 to 0.252 Pa−1 by lifting U1 and 
U2 from 0 to +11.5 and +20 kV, respectively. Although coating 
PVDF resulted in a slightly increased η0.3, it also caused a 
larger air resistance. Consequently, the QF0.3 of EAA PVDF-
120@PET filter is 0.246 Pa−1, which was even lower than the 
EAA bare PET filter. By contrast, EAA PDA@PET filters 
showed the highest QF0.3 at 0.553 Pa−1 for EAA PDA-140@PET 
filter. This was because when the precursor (dopamine) adding 
amount increased from 40 to 200 mg, η0.3 of EAA PDA@PET 
filter increased from 98.23% to 99.61%, while the air resist-
ance increased from 9.3 to 11.5  Pa. Thus, EAA PDA@PET 
filter achieved relatively high filtration efficiency with relatively 
low air resistance and reached the best performance with an 
optimal precursor adding amount (140  mg). In the following 
sections, we chose EAA PDA-140@PET filter to study its per-
formance further.

2.4. Initial Performance of the EAA PDA-140@PET Filter

Both dp = 0.3 µm and larger particles should be considered for 
their single-pass filtration efficiency. For example, SARS-CoV-2 
was mainly found in droplet particles with two size ranges: 
0.25–1  µm and >2.5  µm.[52]  Thus, we further discussed the 
single-pass filtration efficiency distribution for dp = 0.3–10 µm 

particles. As shown in Figure  3d, the EAA filtration efficien-
cies of both bare PET and PDA-140@PET filters increased as 
particle size enlarged. But the filtration efficiency gap between 
the two filters became smaller as particle size enlarged. For 
example, for 0.3  µm particles, the EAA filtration efficiencies 
of bare and PDA-140@PET filter were 89.66% and 99.48%, 
respectively, while for 3  µm particles, 99.65% and 99.85%, 
respectively.

High efficiency at a high air filtration velocity is expected to 
meet the demand in building and vehicular ventilations. When 
evaluating the air resistance of a filter, the filtration velocity 
across the filter should be considered, as it is directly corre-
lated with the air resistance.[6] As shown in Figure 4a, with an 
increasing filtration velocity, the EAA filtration efficiencies of 
both bare PET and PDA-140@PET filters dropped. At 3.8 m s−1 
filtration velocity, the bare PET filter only showed 56.71% in 
η0.3. By contrast, the PDA-140@PET filter maintained 76.91% 
in η0.3 at 3.7 m s−1 filtration velocity. The air resistances of both 
bare PET and PDA-140@PET filters, as shown in Figure  4b, 
increased as filtration velocity grew. And the difference between 
the two filters in air resistance was small. For example, the air 
resistances of the bare PET filter and the PDA-140@PET filter 
were 220 and 215 Pa at 3.7–3.8 m s−1 filtration velocity, respec-
tively. In conclusion, PDA-140@PET filter showed the supe-
riority of an enhanced filtration efficiency with basically the 
same air resistance compared with the bare PET filter.

Since the base PET filter in this study is a coarse filter, 
PDA@PET filters have low air resistance, which is important 

Figure 3.  Filtration performance of bare PET, PVDF@PET, and PDA@PET filters. a,b) Penetration rates for 0.3 µm particles of bare PET, PVDF@PET, 
and PDA@PET filters with the EAA filter device’s U1, U2 on or off. c) Single-pass filtration efficiencies for 0.3 µm particles of PDA@PET filters with dif-
ferent precursor adding amount and U1, U2 on or off. d) Comparison of PET and PDA-140@PET filters in single-pass filtration efficiencies for 0.3–10 µm 
particles (U1, U2 on). All error bars in (a–d) are the standard deviations of six observations of the experiments.
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for energy saving. We compared the performance of EAA fil-
ters and commercial HVAC filters in Figure  1b. The detailed 
information for the commercial filters is listed in Table S1 
(Supporting Information). EAA PET and PVDF@PET filters 
have remarkably lower pressure drop than commercial HVAC 
filters when achieving similar filtration efficiency as theirs. 
The commercial HVAC filters which had the highest filtration 
efficiency for 0.3 µm particles of 96.5% cost 125.7 Pa air resist-
ance—which is >13  × that of the EAA PDA-140@PET filter's. 
Furthermore, EAA PDA-140 filter showed much higher filtra-
tion efficiency (η0.3  = 99.48%) with such remarkably lower air 
resistance (9.5 Pa at 0.4 m s−1 filtration velocity).

2.5. Long-Term Performance of the EAA PDA@PET Filter

As the filtration performance should sustain the continuous 
loading of pollutants in real applications, improving the 

long-term performance of filters (weeks and months) is impor-
tant for relieving environmental burdens and saving mainte-
nance cost of building ventilation systems. In this study, we 
measured the long-term performance of the EAA PDA-140@
PET filter for 30 d. We continuously ran the filtration apparatus 
for 8 h each day, and obtained the daily filtration efficiencies 
by an average of nine tests. The environmental and operating 
parameters, including air temperature, relative humidity, par-
ticle concentration, particle accumulating amount, and corona 
charging current, are available in Figure S15 and Table S2 (Sup-
porting Information). As shown in Figure  4c, the single-pass 
filtration efficiencies for 0.3, 0.5, and 1 µm particles remained 
at very high levels of averaging 98.63%, 99.04%, and 99.83%, 
respectively. The variation of filtration efficiency is caused 
by the fluctuation of air temperature, moisture, particle con-
centration, and accumulation.[19] It is shown in Figure S16 
(Supporting Information) that the PDA-140@PET filter is 
insensitive to moisture when the air moisture content is below 

Figure 4.  Filtration performance of EAA bare PET and PDA-140@PET filters. Comparison of EAA PET and PDA-140@PET filters in a) single-pass filtra-
tion efficiencies for 0.3 µm particles and b) air resistance at air filtration velocities from 0.4 to 4 m s−1. All error bars in (a,b) are the standard deviations 
of six observations of the experiments. c) Long-term single-pass filtration efficiencies of EAA PDA-140@PET filter for 0.3–1 µm particles. The error bars 
are the standard deviations of 27 observations of the experiments in each day.
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9.5  g kg−1 (equally 48% relative humidity at 25  °C, or 65% 
relative humidity at 20  °C). SEM images in Figure S17 (Sup-
porting Information) show the morphology of the PDA-140@
PET filter after the long-term testing. Particles tended to form 
dust clusters or layers on the fiber surface. Generally, particle 
accumulating on the filter fibers and blocking the airways limit 
the service life of the filter material by the build-up of air resist-
ance.[53] However, in the 30 d running, though the air resist-
ance of the PDA-140@PET filter increased from 9.5 to 17.4 Pa, 
it is still far lower than equally high-efficiency commercial fil-
ters (>100 Pa at equal air filtration velocity).[32] Compared with a 
commercial pleated electret filter which served the same period 
(Table S3, Supporting Information),[19] the EAA PDA-140@
PET filter showed higher average filtration efficiency and lower 
air resistance. In all, the EAA PDA-140@PET filter showed 
steady high filtration efficiency and an acceptable air resist-
ance increase in a 30 day long-term running period, thus gave a 
superior performance to ventilation filtrations.

We compared the long-term performance of the EAA 
PDA-20@PET and PDA-200 PET filter using high concentra-
tion (Figure S18, Supporting Information) feeding particles, 
to see whether the filters would fail. As shown in Figures S19 
and S20 (Supporting Information), although the two filters 
exhibited nearly the same η0.3 at the beginning (PDA-20@
PET filter: 94.80%, PDA-200@PET filter: 94.84%), the PDA-
200@PET filter ended up with higher η0.3 (94.79%) than the 
PDA-20 PET filter (89.69%). This indicated that PDA@PET 
fibers with larger coating amounts would have more rough sur-
faces and therefore exhibited the superior dust-holding capacity 
to adhere charged particles firmly. Figure  5a shows that after 
30 d running, massive dust layers accumulated on the filters 
(132.6 g m−2 for PDA-20@PET and 173.9 g m−2 for PDA-200@
PET filter), making the fibers become more than 2 × thicker 
in diameter with particle coverings. As the starting weight of 
the PDA-20@PET and PDA-200@PET filters were 171.6 and 
187.9  g m−2, the dust-holding amount was amazingly on the 
same order as the filter's own weight (dust loading 77 wt% and 
93 wt%, respectively), without sacrificing the high filtration effi-
ciency and ultralow resistance characteristics, over a period of 
30 d. We compared η0.3 of the PDA-20@PET and PDA-200@
PET filters in more conditions (i.e., U1/U2 being turned on or 
off, and charging pins/filter being “clean” or “dirty,” or no filter 
installed) in Table 1.

3. Discussion

In conventional filters, improving filtration efficiency is the 
result of enhancing mechanical filtration by blocking airways, 
which increases the air resistance as a trade-off and gives an 
adverse effect on energy saving, as well as on the dust-holding 
capacity. Electret filters have also been widely used to enhance 
the overall filtration efficiency without increasing air resist-
ance by introducing an electrostatic effect to the particle cap-
ture process. For electret filters with high filtration efficiency 
and long-serving life, materials with high surface potential and 
superior dust-holding capacity are preferred. The two characters 
are related to the fiber electrical properties, including dielectric 
constant,[54,55] conductivity,[56,57] and the spatial distribution of 

dipoles and free charges.[57–60] The influence of materials prop-
erties is still under debate. For example, Liu et al. reported that 
polymers with higher dipole moment would have higher particle 
filtration efficiency since they can have stronger dipole–dipole 
and induced-dipole intermolecular forces toward the polar func-
tional groups presented at the outer surface of the particles.[7] 
Cai et al. compared the filtration efficiency of electrospun filters 
with similar structure and found that a higher relative dielectric 
would lead to higher filtration efficiency, while the polymer with 
a higher dipole moment not necessarily has higher filtration 
efficiency in all cases.[61] But the electret–dust interaction is rela-
tively weak as it is an electric dipole-induced dipole interaction 
when the dust particle does not have monopolar charge, so the 
particle capture distance RC is not very large (perhaps few µm), 
restricting the effective pore size. Empirically, existing electret 
filters have high resistance due to small pore size approximately 
few µm, and poor dust-holding capacity.

Our EAA coarse filter has fiber diameters ≈101 µm and large 
pore size ≈102 µm, which gives the ultralow resistance, but very 
poor mechanical filtration efficiency when U1 = U2 = 0. How-
ever, the filtration efficiency rises to an excellent level when U1 
and U2 are turned on (Table  1). We see huge improvements 
even with U2  = 0 and just U1 on, with efficiency up to ≈90% 
(depending on whether the stage-I corona charge pins / stage-II 
filter is “clean” or “dirty,” i.e., already covered with dust or not; 
and often “dirty” is better than “clean”). This means if qp(U1) > 0,  
even with E2  = 0, there is sufficient electrical interaction to 
cause a charged particle to get close to a fiber within few-Å 
distance and adhere. We call this the monopole capture 
(MC) effect, that is, a charge monopole qp(U1) > 0 strong 
enough to increase a dust particle's capture cross-section 
with a fiber greatly. We believe this is because if qp(U1) = 
0, a charge-neutral suspended particle will largely follow 
the air streamlines in laminar flow (the Reynolds number 
Re  = 0.4 m s−1  × 100  µm/1.5 × 10−5 m2 s−1  = 2.7), and since 
the air streamlines avoid the fiber surface, it is unlikely for a 
charge-neutral particle to come close enough (within few-Å 
distance) to get adhered. But once qp(U1) > 0, there is mono-
pole-induced dipole electrostatic interaction with additional 
force FE = qp(U1)Elocal that causes the particle trajectory to break 
away from the air streamlines, and be attracted to some sur-
faces. Even with U2 = 0, the range of Elocal can be on the order 
of ≈ 101 µm, i.e., the fiber diameter, since the interaction force 
between a monopole and its induced dipole moment on a fiber 
would scale inversely to the third power of the distance normal-
ized by the fiber diameter. We call this the “monopole capture 
distance,” RMC(U2 = 0; qp), if without U2. Once the E2 = U2/D2 
polarizing electric field is turned on, RMC(U2; qp) can increase 
further as the range of Elocal is further increased. Indeed, far 
away (more than ≈101 µm distance) from any fiber, the mono-
pole would still be accelerated by qp(U1)E2 and accumulate 
momentum, which is crucial for it to break away from the air 
streamlines later to impact a fiber surface, like a car running too 
fast could break from a curvy road and hit trees. Thus, with U2  
going from 0 to 20 kV,  we expect RMC(U2; qp) to potentially 
go from ≈101 to ≈102 µm. The efficacy of such ≈101 to ≈102 µm 
ranged electrostatic capture has been demonstrated by in situ 
optical microscopy.[30] RMC would also depend on the coating 
material and dielectric/pyroelectric/electret heterogeneity, as 
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these factors could modify Elocal when ≈101  µm away (see in 
Figure 5b).

Not every particle that hits a fiber surface would stick, how-
ever. In surface science, there is the important concept of 

“sticking probability,” originally defined for molecules. The 
dust particle needs to dissipate its kinetic energy and come 
to a full stop on the fiber surface, despite the air shear flow—
otherwise, the particle could bounce back to the stream. And 

Figure 5.  a) Digital images of PDA-20@PET and PDA-200@PET filters before and after 30 d running. b) Schematic of enhancing filtration efficiency of 
air coarse filter by electrostatic and adhesion effect in three regions.
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since the surface sites may be covered by other particles that 
may carry the same-signed residual charge, there is a chance of 
monopole-monopole repulsion that destabilizes the adhesion. 
It is conceivable that a particle could hit multiple fibers before 
coming to a stop; it is also conceivable that a particle or par-
ticle cluster already stationary on a fiber could get fragmented 
and resuspended. Most will get recaptured again while a small 
fraction escapes the filter. Generally speaking, polymer fibers 
can have the antistatic property that causes monopole charge 
leaking. Without draining away the monopole charges from 
connected fibers to the ground electrode, there will inevitably 
be Coulomb explosion (electrostatic energy divergence) in the 
filter with the accumulation of charged dust particles—one 
can compute the capacitance of the entire stage-II filter with 
respect to stage-I, and conclude that monopole charge leaking 
from stage-II filter material back to stage I (can be through the 
ground currents) must occur on the timescale of minutes in 
order to prevent large electrostatic potential build-up between 
them, in our two-stage electrostatic filtration device. Monopole 
charge leaking would enhance the sticking probability, and sta-
bilize dust clusters and agglomerates seen in Figure 5a. Indeed, 
after 30 d, there are so much dust agglomerations that the filter 
has changed color, and the fibers have thickened to 4× the orig-
inal volume as seen in optical and SEM images due to the 
loose packing of the accumulated dust. While increasing the 
air resistance moderately, the dust-coated “dirty” filter seems 
to attract and retain fresh dusts as well as, or sometimes even 
better than, the “clean” filter (Table 1), which is surprising and 
impossible to achieve without the antistatic monopole charge 
leakage mechanism.

Strong adhesion FAd between the fiber and particle cluster 
is needed for long-term stability/storage of the dust layer on 
fiber. In some sense, U1, U2, and the fibers are just “catalysts” 
and nucleation sites for the fine-grained dusts to agglomerate 
to reduce their capillary energy. Adhesion is a molecular-scale 
phenomenon (down to few Å) that depends on both the sur-
face chemistry and fine morphology. It also depends on air 
moisture and particulate characters. We have already outlined 
the rational design principles of EAA filter in Section 2.1. Here 
we would like to reiterate the desirable material properties of 
the coated fibers. Generally speaking, the antistatic electronic 
conduction of polymers can be highly nonlinear, that is, a 
nonlinear electrical I–V relation and non-single exponential 
dependence of the static charge with time,[33,34] since electronic 

charge hopping on insulators can require large threshold volt-
ages. So we believe a good fiber/coating combination should 
have the following materials properties: 1) a suitable non-
linear electronic I–V (antistatic) relation, to improve dust-dust 
agglomeration after stage-I monopolar charging, 2) robust sur-
face adhesion that is insensitive to moisture below 9.5 g kg−1, 
so it works consistently in both dry/wet air conditions, 3) a 
rough surface morphology for increasing dust “sticking prob-
ability” by slowing down the particles that do hit, anchoring 
the dust clusters/layers, and enhancing dust storage capacity, 
and 4) a large dielectric/pyroelectric/electret response, so it 
enhances the monopole capture distance RMC(U2; qp). We see 
from our experimental results that RMC(U2  = 0; qp  > 0) >> 
RCRMC(U2  = 0; qp  = 0) is the main “trick” for our two-stage 
EAA device to work, so monopolar charging in stage I is abso-
lutely necessary.

4. Conclusion

In summary, as shown in Figure 5b, we divide the stage-II pro-
cesses of the EAA coarse filtration into three regions, according 
to the position of particles.

1)	 When particles are out of RMC, we call they are in the accel-
erating region with device-scale (≈100 mm). The particles are 
relatively far away from fibers and cannot distinguish the 
surface properties of fibers. Therefore, electrostatic force  
FE  = qpE2 would drive and accelerate the charged particles  
towards the fiber surface.

2)	 When particles are approaching the fiber surfaces within 
RMC, we call they are in the capture region with fiber-scale 
(101–102  µm). Particles in this region would be forced by 
FE = qpElocal to hit and get captured by the fiber surface. RMC 
would depend on qp, U2, the fiber material and dielectric/py-
roelectric/electret heterogeneity.

3)	 When particles reach the fiber surfaces, they are in the ad-
hesion region with molecular-scale (≈100 Å) distance. In this 
region, particles may stick to the fiber or resuspend to the air. 
Filter fibers having reasonable anti-static properties, robust 
surface adhesion force to dusts and rough surface morphol-
ogy would hold charged particles firmly, release their charge 
over a timescale of minutes, and achieve a stably high filtra-
tion efficiency in long-term performance.

Table 1.  Single-pass filtration efficiencies of EAA PDA@PET filters for 0.3 µm particles when stage-I corona charging pins/stage-II filter is “clean” or 
“dirty,” or no filter installed in stage II. We use the symbol PDA20 and PDA200 to denote PDA-20@PET and PDA-200@PET filter, respectively. Clean 
and dirty charging pins were shown in Figure S21 (Supporting Information), while clean and dirty filters were shown in Figure 5a.

U1/U2 [kV] 0/0 0/+20 +12/0 +12/+20

Charging pin, filter status PDA20 PDA200 PDA20 PDA200 PDA20 PDA200 PDA20 PDA200

Clean, none 0.28% 0.13% 8.48% 7.77% 73.16% 76.15% 74.91% 77.83%

Clean, clean 15.82% 9.65% 23.80% 16.99% 77.00% 85.30% 94.80% 94.84%

Clean, dirty 33.28% 35.13% 46.31% 43.81% 90.59% 92.85% 93.53% 94.08%

Dirty, none 0.14% 0.33% 3.63% 5.03% 48.97% 40.92% 51.47% 43.97%

Dirty, clean 1.43% 0.75% 14.72% 13.76% 53.96% 53.91% 61.29% 66.35%

Dirty, dirty 40.13% 43.62% 49.33% 48.07% 85.54% 91.54% 89.69% 94.79%
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Therefore, the benefits of coating PDA on PET filter include: 
1) the dopamine in situ polymerization process coats the PET 
fibers with uniform submicron PDA layers, which do not block 
the airways and thus do not increase the very low air resist-
ance of the PET coarse filter. 2) PDA has a larger dielectric con-
stant, dipole moment, and surface potential than PET, which 
makes PDA@PET filters show better electrostatic response in 
the polarizing field of the EAA filtration device. EAA PDA@
PET filters would generate a large number of electric dipoles 
on their surface, and thus capture particles with high electro-
static filtration efficiency. 3) The in situ coated PDA increases 
the roughness of the PET fiber surfaces and enhances the 
mechanical filtration efficiency, and then enlarges the surface 
trap density, strengthens the induced charge accumulation,[62,63] 
enhancing the particle holding capacity and the electrostatic fil-
tration efficiency.

In all, we developed an EAA PDA@PET filter that possesses 
enhanced filtration efficiency without increasing the low air 
resistance of coarse PET filters. Owing to the externally applied 
electric fields, particles were charged and the PDA@PET fibers 
were polarized, leading to significantly promoted filtration per-
formance. By controlling the surface microstructure of the 
filters with an optimized precursor adding amount, the EAA 
PDA-140@PET filter showed the best performance (highest 
QF0.3 = 0.553 Pa−1) among all trials with high η0.3 of 99.48%, as 
well as low air resistance of 9.5 Pa at 0.4 m s−1 filtration velocity. 
Compared with the untreated bare PET filter, p0.3 was lowered 
20× and QF0.3 was enhanced by 119%. With the occurrence of 
pandemic outbreaks such as COVID-19, the role of air purifying 
technologies became essential to the public. The raw materials of 
PDA@PET filters in this study are commercially available coarse 
filters, and the fabrication process of the PDA@PET filters is 
simple, which is easy to industrialize. Moreover, with its low air 
resistance (<10 Pa), EAA PDA@PET filter can be directly applied 
to air supply outlets or the ventilation ducts without adding a 
driven fan. As Figure S22 (Supporting Information) showed a 
284 mm × 200 mm sheet PDA-140@PET filter was constructed, 
which can be used for building and vehicular ventilation systems.

5. Experimental Section
Preparation of PDA and PDA@PET Filter: Commercial PET fibrous 

filters (50  mm diameter and 8  mm thickness) were impregnated into 
60  mL of 10  × 10-3 m Tris-buffer aqueous solution (pH = 8.5) with 
stirring for 0.5 h. Different amounts (20, 40, 60, 80, 100, 120, 140, 
160, 180, and 200  mg) of dopamine hydrochloride (Sigma-Aldrich, 
(HO)2C6H3CH2CH2NH2 · HCl) were added into the solutions above. In 
situ polymerization process of dopamine was continued for 24 h with 
thoroughly stirring. Finally, the PDA@PET filters were obtained after 
being washed thoroughly by water and ethanol and being dried in an 
oven at 60 °C for 12 h. Video S1 (Supporting Information) shows the 
preparation process of a 284 × 200 mm2 sheet PDA-140@PET filter, 
which is compatible to large manufacturing.

To obtain pure PDA for characterization, 200  mg dopamine 
hydrochloride was added into 60 mL of 10 × 10–3 m Tris-buffer aqueous 
solution (pH = 8.5) with stirring for 24 h. PDA was obtained by 
centrifuging after being washed thoroughly with water and ethanol, and 
being dried in an oven at 60 °C for 12 h.

Preparation of PVDF@PET Filter: Firstly, 120  mg PVDF (MTI 
Corporation, (C2H2F2)n) was added into 20 mL N-methyl pyrrolidone 
(Sigma-Aldrich, C5H9NO) and was completely dissolved at 60 °C. Then, 

the commercial PET filter above was impregnated into the prepared 
solution for 12 h. Finally, the PVDF@PET filter was obtained after being 
dried in an oven at 60 °C for 12 h.

EAA Filtration Device: The working principle for the EAA filtration 
device has been described in the previous studies.[20,23,30] As shown 
in Figure  1a, in brief, two high voltage power supplies (73030P, Boer 
Co., Ltd., Suqian, China) work for two stages: stage I is for particle 
precharging and stage II is for particle and filter polarizing. In the 
precharging stage, the pin electrode (ELCT2-20A, Fujikura Ltd., Tokyo, 
Japan) performs corona discharge when supplied with adequate voltage, 
and charged particles flowing by. In the polarizing stage, the mesh 
electrodes create an electric field through the filter which is installed 
between them, and polarize the filter. The gaps between each electrode 
(the center of the circle-pored metal plate, the tip of the 2 cm length 
pin electrode, followed by another circle-pored metal plate and 2 metal 
meshes) are 10, 40, 30, and 20 mm, respectively. The filter clings to the 
surface of the last mesh electrode. The charging and polarizing voltages 
were optimally set at +11.5 and +20 kV, respectively, to create strong and 
safe electric fields.

Filtration Test: The filtration tests were conducted in an acrylic air 
duct (inner diameter: 50 mm), as shown in Figure  1a. The ambient air 
was driven through the module after a commercial HEPA filter, which 
removed ambient particles from airflow, a duct fan (ECMF-100-R, 
TerraBloom Inc., Chino, USA), a Collison Nebulizer (MRE 6-Jet, BGI 
Inc., Waltham, USA), which generated feeding particles, a steady flow 
plate, and the EAA filtration device. For particle generation, 10 wt% 
KCl solution was used to fill the nebulizer, and used a peristaltic pump 
(JBT-A, JIHPUMP Co., Ltd., Chongqing, China) to supply 1 L min−1 
clean air to the nebulizer. In all, KCl aerosol was generated as feeding 
particles, and the particle size distribution is available in Figure S15 
(Supporting Information). The number concentrations of 0.3–10  µm 
particles were measured by an optical particle counter (Aerotrak 9306, 
TSI Inc., Shoreview, USA). The concentrations were recorded every 1 min 
for two times upstream the filter and then two times downstream. The 
air resistance across the filter was measured by a differential gauge  
(475-1-FM, Dwyer Instruments, Inc., Michigan, USA). The air 
temperature, relative humidity, and filtration velocity were measured by 
a thermo-anemometer (Extech 45158, FLIR Systems Inc., Nashua, USA) 
at the air duct exhaust. The supplying voltages and the loop currents of 
the charging and polarizing zones were recorded by their corresponding 
power supplies.

Characterization: Fourier-transform infrared (FT-IR) spectrometer 
(Bruker Vertex70 instrument) of all the samples was performed in 
the wave-number range 400–4000 cm−1. X-ray diffraction (XRD) was 
conducted using a Bruker D8 Advance diffractometer in an angle range 
of 10–80° (2θ) using Cu Kα radiation (λ = 1.5418 Å). The morphologies 
of the fibbers were investigated by using a field emission scanning 
electron microscope (SEM, Hitachi S4800) coupled with energy 
dispersive X-ray spectra (EDS). Thermogravimetric analysis (TGA) and 
differential thermal gravimetric analysis (DTA) were conducted on a 
NETZSCH STA449F3 thermal analyzer from room temperature to 600 °C 
at a heating rate of 5 °C min−1 in N2 atmosphere. The PDA films were 
pressed into pellets under a pressure of 20 MPa to obtain the topography 
and surface potential map by using an atomic force microscope (AFM, 
Bruker DIMENSION ICON). The relative dielectric constants of the 
materials were obtained by using a precision impedance analyzer 
(Agilent 4294A, Agilent Technologies, Inc.) and the detailed process was 
shown in Supporting Information.

Simulation: The theoretical dipole moments and molecular electrostatic 
potential of the single molecules were calculated by the ground-state 
density functional theory (DFT) using B3LYP hybrid functionals with 6-31G 
basis set incorporated in the Gaussian 03 program.[64]

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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