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A B S T R A C T   

Every year, ambient particulate matter (PM) causes more than one million deaths worldwide. Considering that 
people spend more than 80% of their time indoors, there is an urgent need for efficient air purification in the 
built environment. Electrostatic forces have been armed with fibrous filters to promote filtration efficiency and 
avoid large pressure drops leading to large energy consumption, noise problems, and frequent replacements. 
Here, we summarise the electrostatic-force-strengthened filtration studies with application potentials for indoor 
PM removal (studies for masks, industrial processes and pollution control are not included), and divide them into 
three categories according to whether the PM and fibers are charged. Among them, singly-fiber-charged filtra-
tion, especially electret filters fabricated by electrospinning, serves in the simplest structure. Synergistically 
charging both PM and fibers outperforms the singly particle- or fiber-charged filtration, as the PM-fiber 
Coulombic force is far beyond the dielectrophoresis force. We introduce the working principle for each tech-
nology, compare their initial and long-term performance for non-oily particles, oily particles, and bioaerosols, 
and provide specific research prospects for improving the performance of these technologies.   

1. Introduction 

With the rapid industrialization of developing countries, expansion 
of global transportation, occasional wildfire and respiratory disease 
epidemics such as COVID-19, airborne particulate matter (PM) pollution 
has become an ever more important issue. Airborne PM pollution has 
posed serious threats not only to the performance of industrial products, 
but also to the population health. Responsible for various dementia, 
respiratory and cardiovascular diseases [1–3], airborne PM pollution 
has become the greatest environmental risk factor for human health, 
contributing to more than 0.8 million premature deaths annually [4]. 
The mean global urban population-weighted PM2.5 (particulate matter 
with aerodynamic diameters less than 2.5 μm) concentration in 2019 
was 35 μg/m3 [5], far from the WHO air quality guideline value of 5 
μg/m3 [6]. Since people spend more than 80% of their time indoors [7], 
efficient PM removal devices for clean built environments have become 
essential. 

The importance of filters for built environments has been empha-

sized in heating, ventilation, and air conditioning (HVAC) systems in 
buildings and vehicles, portable air purifiers, and clean rooms [9]. These 
filters can be divided into three types by their performance and treated 
particles (Fig. 1): (1) middle-performance filters for air intake, (2) 
high-performance filters for indoor air quality, and (3) high-efficiency 
particulate air (HEPA) filters and ultra-low penetration air (ULPA) fil-
ters for clean rooms [8]. The performance here, namely the filtration 
efficiency η, can be expressed by Equation (1), when an air filter is 
composed of same-sized cylinder fibers which are arranged perpendic-
ular to the airflow and are packed uniformly [10]: 

η= 1 − exp
(

−
4 α L

π (1 − α)df
ηs

)

(1)  

where α is the fiber volume fraction in the filter, L is the thickness of the 
filter (m), and df is the fiber diameter (m). The three parameters (α, L, 
and df) can be obtained from the filter geometry. The main contribution 
to the filtration efficiency of a single fiber, ηs, are the effects of me-
chanical filtration and electrostatic filtration, as shown in Fig. 2. When 
assuming that the mechanical filtration and electrostatic filtration are 
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mutually independent with each other, ηs can be divided as [11]: 

ηs = ηs,M + ηs,E (2)  

where ηs,M and ηs,E represent the single-fiber filtration efficiencies by 
mechanical and electrostatic force, respectively. The mechanisms of 
mechanical filtration for PM in built environments mainly include 
diffusion, impaction, and interception, and the mechanisms of electro-
static filtration include Coulombic attraction and electrophoresis. When 
assuming that the Coulombic and dielectrophoretic attractions are 
mutually independent of each other, ηs,E can be divided as [11]: 

ηs,E = ηs,C + ηs,d (3)  

where ηs,C and ηs,d represent the single-fiber filtration efficiencies 
strengthened by Coulombic and dielectrophoretic force, respectively. 
When both PM and the fiber are charged, the PM would be filtrated due 
to the combination of Coulombic and dielectrophoretic attractions. 

When either the PM or the fiber is charged, the PM would be filtrated 
due to dielectrophoretic attraction. Wang summarized the expressions 
for various electrostatic forces acting on a PM around a fiber [12]. 

Besides filtration efficiency, the pressure drop is another important 
performance issue when considering the performance of a filter as the 
large pressure drop of a high-efficiency filter can cost up to 50% of the 
driving fan’s pressure head [14]. Since the pressure drop of a filter is 
positively related to the energy consumption of the driving fan, a high 
pressure drop means high energy cost for a filter. The pressure drop 
would grow even larger when the filter surface getting clogged by the 
captured PM [15], leading to a poor PM holding capacity that contribute 
to a short service life and frequent replacement of the filter [16–18]. 

To accomplish high-efficiency PM filtration with minimal pressure 
drop and maximum PM-holding capacity, applying an additional elec-
trostatic force to fibrous filtration has been proposed as a promising 
method. However, the effectiveness and potential of electrostatic-force- 

Nomenclature 

df fiber diameter 
L filter thickness 
P power consumption for PM and filter charging 
t testing time 
vair face air velocity 
W PM holding weight amount 

Greek symbols 
α fiber volume fraction in the filter 
Δp pressure drop 
εr relative dielectric constant 
η filtration efficiency of the filter 
ηs filtration efficiency of a single fiber 
ηs,C filtration efficiency of a single fiber strengthened by 

Coulombic force 
ηs,d filtration efficiency of a single fiber strengthened by 

dielectrophoretic force 
ηs,E electrostatic filtration efficiency of a single fiber 
ηi inactivation efficiency for bioaerosols 
ηs,M mechanical filtration efficiency of a single fiber 

Abbreviations 
AC activated carbon 
CA cellulose acetate 
CCD charged coupled device 
CNT carbon nanotubes 
CQF comprehensive quality factor 
DBS dibenzylidene sorbitol 
DEHS diethyl-hexyl-sebacate 
DOP dioctyl phthalate 
EAA filter electrostatically assisted air filter 
EEAF electrostatic enhanced air filter 
EEF electrically enhanced filter 
EEPF electrostatic enhanced pleated air filter 
ESP electrostatic precipitator 
FPU fluorinated polyurethane 
F–SiO2 fluorinated alkyl modified silica 
GO graphene oxide 
GPS γ-glycidoxypropyl trimethoxysilane 
HC heterocaking 
HEFS hybrid electrostatic filtration system 
HEPA filters high-efficiency particulate air filters 
HVAC heating, ventilation, and air conditioning 
IMA ion-mediated assembly 

I/O indoor/outdoor (concentration) 
MgSt magnesium stearate 
MOF metal-organic framework 
MPPS most penetrating particle size 
PA polyamide 
PAA poly(acrylic acid) 
PAN polyacrylonitrile 
PC polycarbonate 
PDA polydopamine 
PE polyethylene 
PEI polyetherimide 
PEO polyethylene oxide 
PHB polyhydroxybutyrate 
PI polyimide 
PLA polylactic acid 
PLLA poly(L-lactic acid) 
PM particulate matter 
PMx particulate matter with aerodynamic diameters less than x 

μm 
PMIA poly(m-phenylene isophthalamide) 
PMMA polymethyl methacrylate 
PP polypropylene 
ppi pores per inch 
PPS polyphenylene sulfide 
PS polystyrene 
PSA polysulfonamide 
PSL polystyrene latex 
PSU polysulfone 
PTFE polytetrafluoroethylene 
PU polyurethane 
PVA polyvinyl alcohol 
PVB polyvinyl butyral 
PVC polyvinyl chloride 
PVDF polyvinylidene fluoride 
PVP polyvinylpyrrolidone 
QF quality factor 
rGO reduced graphene oxide 
SEM scanning electron microscopy 
TENG triboelectric nanogenerator 
TPP triphenyl phosphate 
TrFE trifluoroethylene 
ULPA filters ultra-low penetration air filters 
UV ultraviolet 
ZIF zeolitic imidazolate framework  
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strengthened filtrations for PM removal in built environments have not 
been systematically summarized and predicted. In this work, we focus 
on the experimental research progress on electrostatic-force- 
strengthened PM filtration studies with application potentials for in-
door PM removal (studies for masks, industrial processes and pollution 
control are not included). To simplify the classification, we divided all 
electrostatic-force strengthened filtration technologies into three cate-
gories (Fig. 3): (1) singly charging the filters, (2) singly charging the PM, 
and (3) synergistically charging the PM and the filters. In this work, we 
introduce the working principle for each technology, compare their 
initial and long-term performance for non-oily particles, oily particles, 
and bioaerosols, and provide specific research prospects to improve the 
performance of these technologies further. 

2. Strengthening electrostatic force by singly charging the filters 

2.1. Electret filters 

Electret filters are fibrous filters made of dielectric materials, which 
can carry quasi-permanent charges. They are fabricated by embedding 
electric charge or aligning electric dipoles within the dielectric materials 
[19]. The representative methods for preparing electret filters include 
(1) corona charging, (2) induction charging and (3) triboelectrification 
[20]. We summarized the performances of reviewed electret filters in 
Table 2. 

In corona charging, dielectric fibrous materials are placed between 
the emitting and the receiving electrodes (Fig. 4a). The emitting elec-
trode is often a fine wire or a point connected to a high voltage. The 
receiving electrode is often a plate or a cylinder connected to the ground. 
As a strong electric field builds up near the emitting electrode, the air 
around it becomes ionized. The resulting ions are driven towards the 
receiving electrode through the dielectric fibrous materials, on which 
the electrostatic charge is developed [85] (Fig. 4b). For melt-blown PP 
filters, Zhang et al. [21] found that the filtration efficiency was posi-
tively correlated to the glow intensity of the blue-colored corona until an 
electric spark appeared and destroyed the filter material (Fig. 4c and d). 
Thakur et al. [22,86] found that fiber diameter contributed maximum 
towards the filtration efficiency, followed by the grid voltage, filter basis 
weight, and charging voltage. Compared with conventional polymer 
fibers, those modified by charge enhancers (e.g., magnesium stearate 
[24]) show higher performance as the electret charge trapping is 
improved. 

Induction charging, also known as electrospinning, consists of one or 
several nozzles applied to high voltage, and grounded surfaces for col-
lecting the fibers. During the electrospinning, the liquid is charged and 
extruded from the nozzle, forms into a Taylor cone and ejects towards 
the grounded surfaces. The charged jet grows in a straight line and then 
whips because of electrical bending instability. As the jet stretches into 
finer diameters in the electric field, it solidifies quickly and finally de-
posits on the grounded collector (plate, syringe, mesh or roll-to-roll film, 
Fig. 5a–d) as electrospun filters [87]. 

The intrinsic chemical structure greatly influences electrospun fil-
ters’ filtration efficiency. However, different understandings exist on 
whether the dipole moment (molecule level) or the dielectric constant 
(substance level) determines the filtration efficiency. Liu et al. [77] 
established that PAN had the highest filtration efficiency (>99%) among 
PAN, PVP, PS, and PVA due to its high dipole moment (3.6 D) (Fig. 5e 
and f). Cai et al. [88] indicated that PVC filter showed the highest 
filtration efficiency due to its highest relative dielectric constant (εr =

3.4), followed by the PAN, PC, and PEI filters. However, the dipole 
moments of PVC, PAN, PC and PEI are 1.5, 3.6, 4.1 and 0.7 D, respec-
tively [37,89,90], drawing a different conclusion from Liu et al. [77]. 

A lot of nanomaterials were optimally blended to strengthen the 
surface potential and charge stability on electret fibers. Among them, 
SiO2 is most frequently used as an ingredient to promote mechanical 
properties and enhance the filtration efficiency of composite filters [39, 
62,70,92]. By modifying SiO2 nanoparticles with γ-glycidoxypropyl 
trimethoxysilane (GPS) to generate abundant stable interfacial charges, 
the electrospun PVDF/GPS@SiO2 membrane exhibits a remarkable high 
surface potential of 12.4 kV [34]. Besides frequently used metal oxides 
and mineral materials, recently, some new nanomaterials including 
metal-organic frameworks (MOFs) [44,93], carbon nanotubes (CNTs) 
[49] and 2D materials [32,45,76,81,82], has been used to modify air 
filters due to their large surface area and great electrical properties. As 
for large-scale fabrication, Xu et al. [79] developed a roll-to-roll method 
to transfer electrospun membranes from roughed metal foil (collector) 
to a screen substrate, which will accelerate the commercialization of 

Fig. 1. Target particles for built-environment filtrations. Reproduced 
from Ref. [8]. 

Fig. 2. Mechanism of airborne PM filtration via a mechanical and b electrostatic effects. Reproduced with permission from Ref. [13]. Copyright 2013 American 
Chemical Society. 
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transparent air filter screens. Those transparent screens can serve as 
windows to allow for natural ventilation and reduce the concentration of 
indoor PM2.5 from outside [94]. 

In triboelectrification, two materials frictionally contact each other, 
and electrostatic charge transfers from one material to another due to 
their different relative electron affinities (Fig. 5g). The triboelectric 
process can produce interfacial charge to create an electric field, which 
charges the PM and removes them from the air stream [95] (Fig. 5h and 
i). The benefits of charging fibers by triboelectrification include: 1) it 
could harvest the energy from the environment for self-powered PM 
removal without additional power supply. 2) No hazardous ozone pro-
duction during the charging process because no air discharge is needed. 
However, since triboelectrification occurs only at the hetero-interfaces 
and the produced charge can hardly penetrate thick filters, it is often 
used for thin membranes [84,96], applied as masks [91,97–99] and 
anti-haze screens (Fig. 5j) [66,84]. Although they can be self-powered 
by human breathing or natural ventilation, the driven energy for filter 
triboelectrification is from ventilation fans in building mechanical 
ventilation systems. Therefore, triboelectrification has not been widely 
studied for maintaining clean built environments. In a large-scale 
fabrication study, Wang et al. [83] obtained triboelectric air filters 
consisting of PTFE fibers modified by SiO2 nanoparticles and PPS fibers 
via carding and needle-punching methods. The filtration efficiency only 
degraded 6.4% for a 60-day continuous operation, resulting in a 
powerful PM-holding capacity of 227 g/m2. 

In summary, electret filters are the most intensively studied and 
applied among all electrostatic-force strengthened PM filtration 

technologies, since they are one-time charged and do not require extra 
components during usage. Results in Table 2 generally indicate that the 
filtration efficiencies of charged filters, in descending order, are 
contributed by induction (electrospun fibers), triboelectrification, and 
corona. A PSU/TiO2 electrospun filter showed as high as 99.997% 
filtration efficiency for 0.3–0.5 μm NaCl particles at 0.25 m/s air ve-
locity, with a low pressure drop of 45.3 Pa [57]. Such high efficiency is 
owing to the high quantity of charge embedded into every single fiber 
during the fiber fabrication process of electrospinning. Due to the 
repulsion of spin-jets with the same charge polarity, nano-sized fibers 
with low pressure drop can be produced. Therefore, electrospinning, an 
approach to produce electrostatic-force strengthened fibers within one 
step, has brought prosperous research with application potential. 

2.2. Continuously charging the filters 

Though electret filters are frequently used in HVAC systems, the 
charge on fibers may be shielded or neutralized by the collected particles 
or the pass-by air moisture, thus reducing the filtration efficiency of the 
electret filter [100–102]. To avoid this, continuously charging the filter 
is considered a solution. There are typically two ways for filter charging: 
contact and induced, the performances of which are summarized in 
Table 3. 

In contact charging, the conductive fibers take on charges of the 
same polarity as the applied power electrode and enhance their elec-
trostatic force towards airborne PM (Fig. 6a–c). The fibers themself can 
be conductive [105], or they can be coated with conductive materials 

Fig. 3. Categories of electrostatic-force strengthened filtration technologies. ESP: electrostatic precipitator.  

Table 1 
Meaning of the base color of each box in Tables 2 and 3. The deeper blue color indicates the 
filter is more suitable for the clean built environment. The indicators for filtration efficiency 
classification are obtained according to Minimum Efficiency Reporting Value (MERV) pa-
rameters in ANSI/ASHRAE Standard 52.2–2017. 
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[131]. The power supply of these conductive filters can be eco-friendly 
optimized as a triboelectric nanogenerator (TENG), which the Wang 
group first proposed in 2012 [132]. TENG is made from materials with 
excellent triboelectric properties and designed to harvest small-scale 
low-frequency mechanical energy from human motion and nature 
[133–136]. For PM removal potentially for built-environment applica-
tion, Gu et al. [108] connected the electrospun PI nanofibers collected 
on a stainless-steel net to a rotating TENG for fiber charging, realizing 
filtration efficiency enhancement from 27.1% to 83.6% for 76.4 nm PM. 
A rotating TENG-assisted multilayer PI nanofiber filter was further 
developed to remove ambient ultrafine PM and microorganisms [137]. 

In induced charging, an external electric field is applied to filters, 
making filter fibers generate induced charges to create a local non- 
uniform field around fibers. In the meantime, the external electric 
field and the local electric field generated by charged fibers would also 
polarize the neutral particles, thereby introducing induced charges and a 
dielectrophoretic force on particles [13] (Fig. 6d). Li et al. [107] 
deposited electrospun PAN nanofibers on a metal mesh and fixed 

another metal mesh on it, obtaining a sandwich-structured air filter 
(Fig. 6e). When applying a 2 kV DC voltage through the 13 μm thick 
filter, the PM2.5 filtration efficiency was enhanced from 84.41% to 
98.72%. Shaping the electrodes to a “W” form, Lee et al. [104] built an 
external electric field of 5 kV/cm through a pleated filter in an HVAC 
system to investigate the effect of PM loading on filtration performance 
(Fig. 6f). It was found that the initial filtration efficiency (in the depth 
filtration process) of the filter module was increased significantly by the 
electric field. In contrast, the ending filtration efficiency (in the surface 
filtration process) showed little improvement by the electric field. 
Further, the pressure drop increased less as PM loading in the presence 
of the electric field, resulting in a large PM holding capacity of the filter 
module. Besides, there have been other methods (via friction [98,103, 
106] and magnetoelectric effect [138]) to continuously charging the 
filters. 

In summary, continuously charging the filters enables the charge on 
particles and fibers to remain as long as the external power supply or 
electric field is on. In this way, the strengthened electrostatic force 

Table 2 
Performance of reviewed electret filters. The meaning of the base color of each box is illustrated in 
Table 1. The “~” means the value is an approximate one given by the reference article, obtained 
from the figures, indirect calculations or unit conversions [26,27,33,35,36,38,41,42,46–48,50–52, 
54,59,60,63–65,67,68,73,75,78,80]. 
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would be maintained as well as the filtration efficiency. For the initial 
performance, singly charging the filter shows maximum filtration effi-
ciency of ~99.5% for PM2.5 with a low pressure drop of ~52 Pa at 1 m/s 
air velocity. For more important long-term performance, we discussed 
them in Section 5.4. 

3. Strengthening electrostatic force by singly charging the PM 

Since PM in natural environments does not carry sufficient charge, 
the strengthened electrostatic force by singly charging the filters is not 
significant enough. Therefore, to achieve higher filtration efficiency or 
lower pressure drop, some researchers continuously charge the PM with 
ionizers and ESPs, the performances of which are summarized in 
Table 3. 

3.1. Ionizer-assisted filters 

Installing ionizers in front of filters is a simple method to enhance the 
filtration efficiency without increasing the pressure drop. A typical 
structure of ionizer-assisted filter is shown in Fig. 7a, where an array of 
carbon fiber ionizers helps PM get charged and a filter to collect PM. 
However, the operating environment significantly restricts the perfor-
mance of ionizer-assisted filters. The device can only produce a high 
efficiency under low relative humidity, low particle concentration and 
low air velocity [139]. Using commercial filters, the largest filtration 
efficiency enhancement was from 5% to 73% for 0.5 μm particles at 1.1 
m/s air velocity [111]. Woo et al. [140] investigated the influence of 
filter material on ionizer-assisted filtration using grapefruit seed extract 
coated PP, activated carbon fiber, and metal foam. The metal foam 

Table 3 
Performance of reviewed filters/filtration devices with continuously charging. The meaning of the base color of each box is illustrated in 
Table 1. The “~” means the value is an approximate one given by the reference article, obtained from the figures, indirect calculations or 
unit conversions [109,120,121]. 
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Fig. 4. Illustration for corona charged electret filters. a The prototype and b the mechanism of corona charging for electret filters [24]. Reproduced with permission 
from Ref. [24]. Copyright 2019 American Chemical Society. c Blue-colored glow phenomenon at 70–100 kV corona charging voltages [21]. d The photograph of the 
filter destroyed by an electric spark [21]. Reproduced with permission from Ref. [21]. Copyright 2018 Wiley-VCH. (For interpretation of the references to color in 
this figure legend, the reader is referred to the Web version of this article.) 
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showed the lowest pressure drop (<80 Pa at 0.05 m/s air velocity) and 
an increase in collection efficiencies for S. aureus aerosol (0.7 μm) from 
72% to 98% after turning on the ionizer [69]. 

3.2. ESP-assisted filters 

Another widely used PM charging method is via electrostatic 

precipitators (ESPs) [142,143]. The ESPs accomplish corona charging in 
the air using a high-voltage electrode with a small curvature radius, 
including wires and points. The airborne PM gets charged with the same 
polarity as the high-voltage electrode when it collides with the charged 
air molecules. The charged PM aggregates towards and deposits on an 
oppositely charged (or grounded) collecting electrode (Fig. 7b) [141]. 
Limited by the length and superficial area of collecting electrodes, the 

Fig. 5. Illustration for electret filters charged by 
electrospinning and triboelectrification. The sche-
matics of electrospinning using a plate [81], (Repro-
duced with permission from Ref. [81]. Copyright 
2019 American Chemical Society) b syringe [25], 
(Reproduced with permission from Ref. [25]. Copy-
right 2020 Elsevier) c roll-to-roll film [74], (Repro-
duced with permission from Ref. [74]. Copyright 
2019 IOP Publishing) and d mesh [77] as collecting 
electrodes. e Molecular model, formula, calculated 
dipole moments and f PM removal efficiency of 
different materials [77]. Reproduced with permission 
from Ref. [77]. Copyright 2015 Springer Nature. The 
schematics for g triboelectrification process and 
filtration mechanism of h uncharged and i charged 
filter [91]. Reproduced with permission from 
Ref. [91]. Copyright 2018 Wiley-VCH. j Photographs 
of anti-haze screen charged by triboelectrification 
with 80% transparency [66]. Reproduced with 
permission from Ref. [66]. Copyright 2019 
Wiley-VCH.   

Fig. 6. Strengthening electrostatic force between the 
filter and the PM by continuously charging the filter. 
a The schematic, b experimental setup, and c photo-
graphs of PM filtration by charging metalized fibers 
[131] (Reproduced with permission from Ref. [131]. 
Copyright 2019 American Chemical Society). d the 
filtration mechanism and e the prototype of the filter 
continuously charged by induction [107] (Repro-
duced with permission from Ref. [107]. Copyright 
2018 American Chemical Society). f the W-shaped 
module for filter induced charging [104] (Repro-
duced with permission from Ref. [104]. Copyright 
2020 Elsevier).   
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ESP has low filtration efficiency for fine particles [142] and small PM 
holding capacity [144]. Therefore, the combination of ESP and fibrous 
filters has been proposed as a promising way to achieve persistent 
high-efficiency and large PM holding capacity. In fact, in many indus-
trial cases, adding a filter to the exhaust of an ESP is a conventional 
technology named hybrid electrostatic filtration [145–149]. 

For built-environment application, Feng et al. [110] systematically 
investigated the influence of factors (such as filter types, ESP applied 
voltage, and the distance between the ESP and the filter) on the filtration 
efficiency and ozone production of a hybrid electrostatic filtration sys-
tem (HEFS) (Fig. 7c). It was found that the HEFS’s performance was 
sensitive to filter type and applied voltage (Fig. 7d and e). Positive 
discharge produced less current and ozone than a negative one, although 
it also led to slightly less filtration efficiency. An optimal HEFS supplied 
with +8 kV produced ~40 ppb ozone at 1 m/s air duct velocity, while a 
single ESP supplied with +12 kV produced ~300 ppb ozone [110]. The 
HEFS was further examined for its SARS-CoV-2 aerosol removal per-
formance. Among UV + Filter, fibrous filter, HEFS and ESP, UV + Filter 
was the most reliable and safest technology, although it consumed the 
highest energy, followed by fibrous filters, HEFA and ESP [150]. The 
biggest obstacle to the ESP-assisted filter should be the by-product of 
ozone. Xiang et al. [151] and Day et al. [152] examined the performance 
of the combined use of an ESP and a HEPA filter in building ventilation 
systems and investigated its effects on cardiorespiratory health. When 
the supply air ozone level was above 18 ppb, the average indoor PM 
level would increase by 22000 pcs/cm3 [151]. 

4. Strengthening electrostatic force by charging both the filters 
and the PM 

When either particles or filters are charged, the electrostatic force 
between them is relatively weak and the enhancement of electrostatic 
filtration efficiencies is insufficient. Therefore, simultaneous charging of 
particles and fibers seems to be a good solution to obtain higher filtra-
tion efficiency or lower pressure drop. Particles are usually precharged 

by ionizers or corona discharge, while the filters are usually charged by 
contact or polarization. 

4.1. Charged conductive filters with PM precharged 

Charging PM and conductive filters are like transforming ESP’s col-
lecting electrodes from plates to conductive filters [153]. The trans-
formation makes charged particles go through rather than in parallel to 
the collecting electrodes, showing a higher probability of particle 
removal from air flow. Mermelstein et al. [117] optimized structure and 
pore size of stainless-steel filters to realize the best filtration efficiency of 
92% for 0.05–1 μm particles, while the pressure drop was around 299 Pa 
at 0.75 m/s air velocity. To reduce the pressure drop, Tian et al. [115] 
used metal (Ni, FeNi, Fe and Cu) foams as the collecting electrodes 
(Fig. 8a). Optimized by a proposed structural coefficient Ns,E, a 75-ppi Ni 
foam can remove 0.3–0.5 μm particles with an efficiency of 78.9% and a 
low pressure drop of 10.8 Pa at 0.5 m/s air velocity (Fig. 8b). Jung et al. 
[154] introduced reduced graphene oxide (rGO) to Cu mesh by 
ion-mediated assembly (IMA) and thermal reduction (Fig. 8d). With the 
assistance of an ionizer, the charged filter resulted in >99% filtration 
efficiency for PM2.5 after 5 cycles of cleaning and reuse (Fig. 8c,e). 

Besides metal filters, some researchers also coated polymer filters 
with metal to fabricate conductive filters [112–114,118,119,155,156]. 
With the assistance of an ionizer (Fig. 8f), the Al-coated filters showed a 
99.99% filtration efficiency for 0.03–0.4 μm particles, due to the strong 
electrostatic force between the charged fibers and particles (Fig. 8g) 
[113]. The Al-coated conductive fibrous filters with reinforced hydro-
phobicity and surface roughness also showed antimicrobial activity 
against airborne E. coli and S. epidermidis with efficiencies of ~94.8% 
and ~96.9%, respectively (Fig. 8h) [155]. For large-scale fabrication, 
Huang et al. [119] prepared a 7.5 m2 Ag nanowire nylon air filter in 20 
min via one-step ink coating, realizing 99.48% filtration efficiency for 
PM2.5 with a pressure drop of 14.43 Pa at 0.2 m/s air velocity. 

Fig. 7. Strengthening electrostatic force between the filter and the PM by singly charging the PM. The schematics for a an ionizer-assisted filter [139] (Reproduced 
with permission from Ref. [139]. Copyright 2015 American Chemical Society) b an ESP [141] and c an ESP-assisted filter [110]. Comparison of the modelled and 
measured filter efficiencies with different ESP charging voltages using d type 1 filter and e type 2 filter downstream [110]. Reproduced with permission from 
Ref. [110]. Copyright 2016 Elsevier. 

E. Tian et al.                                                                                                                                                                                                                                     



Building and Environment 228 (2023) 109782

14

4.2. Charged dielectric filters with PM precharged 

For conductive filters, most charged particles were captured by 
Coulombic interactions via surface filtration [113]. The electrostatic 
shielding limits these filters’ filtration efficiency and PM holding ca-
pacity because there is no electric force inside the conductive filter. 
Therefore, synergistic charging particles and dielectric (nonconductive) 
filters were proposed as an inspiring way to achieve high efficiency, low 
pressure drop, and large PM holding capacity simultaneously. 

Dielectric filters can be one-time charged as electret filters [69,130, 
157] (Fig. 9a). Kulmala et al. [69] installed a separate particle charging 
section upstream of electret filters in a building HVAC system. They 
found that the additional PM charging increased the filtration efficiency 
for 0.3–0.5 μm PM from 60% to 95%, resulting in the I/O ratio 
decreasing from 0.67 to 0.40. As the charge in electret filters may decay 
with time, continuously charging to dielectric filters by polarizing is 
considered a solution. Feng et al. [123] proposed an electrostatic 
enhanced air filter (EEAF) system which had a pin-filter medium--
grounded conductive plate structure (Fig. 9b, left). The pin connected to 
the high voltage would generate corona discharge where particles get 
charged. At the same time, an uneven electric field was generated be-
tween the charged pin and the grounded plate, penetrating and polar-
izing the filter medium. The filtration efficiency for 0.4 μm particles was 
enhanced to 97% with an applied voltage of 25 kV and a pin-filter dis-
tance of 100 cm at a face air velocity of 0.1 m/s. Feng et al. [158] further 
transformed the flat filter into a pleated filter (Fig. 9b, right), improving 
the filtration efficiency (20%) and saving energy consumption (75%). 
However, as both particles and the filter medium were charged in the 
electric field between high voltage and grounded electrodes, it was 
difficult to optimize the filtration performance by adjusting particle and 

filter charging separately. 
Lee et al. [124] separated the charging fields for particles and the 

filter by using a two-stage electrostatically augmented air filter, which 
consisted of an ESP precharger and an electrified filter collector. In the 
ESP precharger, particles got charged by positive corona in a 4.7 kV/cm 
electrical field. In the electrified filter collector, a folded filter was 
polarized by meshy metal separators in a 1.4 kV/cm electrical field. The 
filtration efficiency for 0.1–5 μm particles rose from 70.0% (without 
electric field) to 92.9% with the two-stage charging. This device had a 
relatively large and complex structure with a pressure drop of 12 mmAq 
(~118 Pa) at 2.5 m/s face air velocity. To make the structure more 
compact, Lachendro et al. [159] proposed an electrically enhanced filter 
(EEF), which incorporated a particle pre-charging electrode and a 
fibrous filter in an electric field. The EEF showed significant inactivation 
of all vegetative bacterial cells in 4 h but did not mention the particle 
filtration efficiency and pressure drop. 

Approaching the minimal pressure drop, Tian et al. [127] proposed a 
compact electrostatically assisted air (EAA) filtration module based on 
coarse filters. The strong and uneven electric field between the 
high-voltage wires and the grounded front screen caused corona 
discharge and charged the particles (Fig. 9c). The relatively weak elec-
tric field between the high-voltage wires and the grounded back screen 
polarized the filter fibers with untransferable charges on their surfaces. 
At an optimal charging voltage (+9 kV) and polarizing distance (4.5 
cm), the filtration efficiency of the compact EAA coarse filter for 0.3 μm 
particles increased from 4% to 69% with a constant pressure drop of 66 
Pa at 0.5 m/s. Though the efficiency was not satisfyingly high, it was 
found that filter materials of larger εr or larger tortuosity yielded higher 
filtration efficiencies. To realize a higher filtration efficiency, Tian and 
Mo developed a new EAA filter, in which particle precharging and filter 

Fig. 8. Strengthening the electrostatic force between the filter and the PM by charging conductive filters with PM precharged. The schematics for collecting charged 
PM by a a metal foam [115] (Reproduced with permission from Ref. [115]. Copyright 2018 Elsevier), c, e a rGO coated Cu mesh filter [154] (Reproduced with 
permission from Ref. [154]. Copyright 2018 Royal Society of Chemistry), and f two Al-coated PET fibrous filters [112]. b The relationship between the structural 
coefficient (Ns,E) and the theoretical and measured electrostatic filtration efficiencies of the metal foam [115]. Reproduced with permission from Ref. [115]. 
Copyright 2018 Elsevier. Photographs of d rGO coated Cu mesh filter [154] (Reproduced with permission from Ref. [154]. Copyright 2018 Royal Society of 
Chemistry), h recultivated E. coli and S. epidermidis colonies from raw and Al coated PET [155] (Reproduced with permission from Ref. [155]. Copyright 2018 
Elsevier). g Trajectories of neutral particles near an uncharged Al coated PET fiber (upper) and charged particles near a 10 kV charged Al coated PET fiber 
(down) [112]. 
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polarizing fields were independently controlled and optimized [128]. 
The device remarkably increased the filtration efficiency of a coarse 
filter from 0.4% to 99.0% with a 21.0 Pa pressure drop at 1.2 m/s 
filtration velocity. 

Subsequently, our group optimized and improved the EAA filtration 
module from particle precharging and filter polarizing aspects. Gu et al. 
[160] added a particle-free protection air circuit to the pin-to-plate 
discharger to prevent it from being polluted (Fig. 9e). The protected 
pins produced less ozone and had higher breakdown voltage than the 
unprotected pins, thus having better long-term performances. Mo et al. 
[129] pleated the polarizing electrodes and the filter between them to 
45◦, achieving high filtration efficiency for 0.3–0.5 μm particles 
(85.0–94.0%) and low pressure drop (5.9–26.4 Pa) at high air duct ve-
locity (1–3 m/s). Tian et al. [126] optimized the filter material by 
fabricating heterocaking (HC) filters with ultralow pressure drop 
(3.5–4.2 Pa at 1 m/s face air velocity). High-εr inorganic HCs, including 
MnO2, AC, ZnO, CuO and BaTiO3, were loaded on PU foams by adhesive. 
Observing via a CCD camera, Tian et al. revealed charged particles’ 
migration speed and trajectory towards a single polarized HC fiber 
(Fig. 9f and g). With catalyst and adsorbent loaded, the filters can 
remove not only particles but also ozone [125,126], formaldehyde 
[126] and phthalic acid esters [161]. However, to avoid adhesive 
blocking airways, this method required substrate filters of large pores, 

which allow some particles to bypass the collecting media. The highest 
filtration efficiency of the EAA HC filter for 0.3–0.5 μm particles was less 
than 90%. To add electrostatic responsive material to bulk fibrous filter 
thoroughly and firmly, Tian et al. [122] proposed to coat PET coarse 
filter with polydopamine (PDA) (Fig. 9h and i) by an in situ dopamine 
polymerization process. By modifying the surface εr and microstructure 
of fibers with an optimized amount of precursor, the PDA-coated PET 
filter reached the highest filtration efficiency (99.48% for 0.3 μm par-
ticles) with a maintained low pressure drop of 9.5 Pa at 0.4 m/s. The 
device design principles and materials selection criteria were delineated, 
giving a complete-process theoretical framework for this type of device 
(Fig. 9d). 

5. Performance for PM removal in built environments 

Key parameters for evaluating filters strengthened by the electro-
static force include single-pass filtration efficiency (η), pressure drop 
(Δp), power consumption (P), quality factor (QF), and comprehensive 
quality factor (CQF) [162]. At the same air velocity (vair), a filter/-
filtration module with higher η with lower Δp and P contributed to a 
higher QF and CQF, indicating a cost-efficient filter/filtration module. 

Fig. 9. Strengthening the electrostatic force between the filter and the PM by charging dielectric filters with PM precharged. The schematics for collecting charged 
PM by a a bundle of electret fiber [157] b polarized flat filter (EEAF) and polarized pleated filter (EEPF) [158] (Reproduced with permission from Ref. [158]. 
Copyright 2019 Elsevier). The schematics for c the compact electrostatically assisted air (cEAA) coarse filter [127] (Reproduced with permission from Ref. [127]. 
Copyright 2018 Elsevier) and d the interactions between a charged particle and an in situ polarized fiber in three regions [122]. (Reproduced with permission from 
Ref. [122]. Copyright 2021 Wiley-VCH). Photographs of e the particle-free protection air circuit for the pin-to-plate discharger [160], and f smoke particles 
depositing on the heterocaking (HC) fiber when +5 kV was applied [126]. g The PM migration speed towards the HC fiber at different positions [126]. Reproduced 
with permission from Ref. [126]. Copyright 2020 American Chemical Society. The SEM images of the h bare and i the PDA coated fibers [122]. Reproduced with 
permission from Ref. [122]. Copyright 2021 Wiley-VCH. 
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5.1. Non-oily PM removal 

Researchers usually use inorganic salt (NaCl and KCl) and natural 
particles (Arizona test dust and ambient particles) to examine filter 
filtration efficiency for non-oily PM. These PMs are usually polar and 
easily get charged. For electret filters, uncharged particles would deposit 
all around the fibers’ surface, forming chain-like agglomerates in rela-
tively irregular patterns as the electrostatic force weakens when 
particle-fiber distance increases (Fig. 10a). Charged particles formed 
chain-like agglomerated in a more concentrated area along the electric 
force line (Fig. 10b) [163]. 

As shown in Tables 2 and 3, simultaneous high filtration efficiency 
and low pressure drop can hardly achieve at large air velocity. As 
filtration performance is only comparable when filters/devices are 
tested at close air face velocity and for PM with similar size [164], we 
consider two conditions with plenty of results: at (1) ~0.053 m/s 
(Fig. 10e) and (2) 1–1.2 m/s air velocity (Fig. 10f and g) for PM with a 
diameter in the range of 0.2–0.5 μm. It seems electret filters charged by 
electrospinning show the best performance among all electret filters 
owing to their low pressure drop when achieving high filtration effi-
ciency. One reason for this may be that the extensive research in elec-
trospinning has advanced the electrospun fibers’ properties. Another 
reason may be the electrospun fibers’ intrinsic electrostatic and struc-
tural properties. Gao et al. [165] compared the electret mechanisms, 
charge degradation kinetics and filtration lifetime of corona-charged 
and electrospun filters by exposing them to isopropanol vapor and 
high-humidity air. It was found that electrospun filters have a longer 
charge retention time compared to corona-charged filters and form 
volume charges in traps with deep energy levels during electrospinning. 
When comparing the corona and triboelectrically charged electret fil-
ters, Kerner et al. [29] found that the filters charged by different 
methods showed similar deposition characteristics when loading parti-
cles in a bipolar equilibrium charge state. However, different charge 
distributions led to significant differences in the fractional deposition 
efficiency up to 15%, even if the amount of charge and the area ratio of 
positive and negative charges were the same. Prawatya et al. [166] drew 
a different conclusion that the electric potential at the surface of tribo-
electrically charged polymers is less uniform, but decays slower than 
that of corona charged samples. More studies are needed to confirm the 
optimal charging methods for various electret fibrous filters and achieve 
stable and efficient PM filtration. Besides, structural characteristics 
including fiber diameter, filter thickness, and packing density [164], 
fiber/pore size distribution [40,43], and fiber orientation [53] could 
also significantly influence filtration performance. 

When challenged with high air velocity, however, electrospun elec-
tret filters would show high pressure drop (~200 Pa at ~1.1 m/s air 
velocity) due to their small gaps (~1 μm, Fig. 10c) between fibers for 
airflow path. By contrast, EAA filters using coarse filters with large fiber 
gaps (~200 μm, Fig. 10d) demonstrated one to two orders of magnitude 
lower pressure drop than electrospun filters with similar filtration effi-
ciency. It is because both particles and filters will be electrified in EAA 
filtration, and the Coulombic force between them will surpass dielec-
trophoresis force, which is the dominating interaction between neutral 
particles and electrospun filters. Gao et al. [125] calculated and proved 
that in a single-fiber model, the PM-fiber Coulombic force is 105 × larger 
than the dielectrophoresis force. A most overlooked issue for EAA filters 
and other electrostatic filtration devices is the additional power they 
consume for the PM and filter charging. To avoid this, we used CQF to 
fairly compare the overall performance of electrospun and EAA filters. 
The only difference between QF and CQF is that CQF assumes the extra 
power consumption of charging particles and filters for efficiency 
improving as the equivalent resistance of the filter [115]. As shown in 
Fig. 10g, EAA filters still achieved a higher CQF than electrospun filters 
when filtration efficiency, pressure drop and energy consumption for 
charging were all considered. Therefore, EAA filters offer a practical trail 
for high-air-velocity (>1 m/s) ventilating systems for a safe, healthy, 

energy-saving built environment. More studies on air filtration tech-
nologies strengthened by electrostatic force are encouraged for 
high-air-velocity filtration for wider applications. 

5.2. Oily PM removal 

Researchers usually use organic and smoke particles to examine filter 
filtration efficiency for oily PM. These PMs are usually nonpolar and 
harder than non-oily PMs to get charged. The fibers would capture the 
solid-phase oily PM in a similar way that non-oily PM is being captured. 
However, some liquid-phased oily PM (droplet) would behave differ-
ently. The wetting droplets with small contact angles would move, 
agglomerate, and form axisymmetric conformations on fibers (Fig.11a 
and c). On the contrary, the non-wetting droplets with large contact 
angles would form a non-axisymmetric conformation (Fig. 11b and d) 
[167]. Therefore, electrostatic force strengthened filtration for oily PM 
removal usually showed a lower filtration efficiency and a higher pres-
sure drop than for non-oily PM removal [56]. 

As shown in Tables 2 and 3, when considering filtration performance 
tested at close air face velocity and for PM with a similar size, we 
consider results tested at ~0.2 m/s for PM2.5 (Fig. 11e). It seems the 
conductive filter assisted with an ionizer show the best performance 
among the selected results owing to their low pressure drop when 
achieving high filtration efficiency. Despite this, most literature did not 
mention the filtration device’s additional power consumption to charge 
the PM and the fibers. In the limited studies that gave energy con-
sumption results, singly charging the PM by an ESP consumed less en-
ergy (15.2 W/m2 [110]), but simultaneously charging the particles by a 
corona discharge and charging the conductive fibers by contact 
consumed more energy (~161 [117] to ~226 W/m2 [116]). 

Not only energy consumption but also filtration efficiencies for 
smaller particles should be more considered. For example, an ionizer- 
assisted PE filter showed ~86.0% filtration efficiency for 1 μm PSL 
particles, but the efficiency decreased to ~73.4% for 0.5 μm particles 
[111]. Smaller particles, including ultrafine PM with an aerodynamic 
diameter of less than 0.1 μm, account for more than 73% of ambient PM 
in quantity [168]. Due to their larger surface area and smaller size, 
submicron and ultrafine PM can easily enter deeper into the body and 
pose a more serious health risk [169]. Therefore, more studies are 
encouraged to improve the filtration efficiency for smaller particles in 
the future. 

5.3. Bioaerosol removal and inactivation 

Recently, the outbreak of various infectious diseases has led to an 
increasing concern about bioaerosol removal and inactivation. Escher-
ichia coli (E. coli), Staphylococcus aureus (S. aureus), and Staphylococcus 
epidermidis (S. epidermidis) are mostly used to examine filter removal and 
inactivation efficiency for bacteria. These bioaerosols are usually larger 
than inorganic and manufactured particles (>0.7 μm), and therefore are 
more easily removed by filtration. As shown in Table 4, the filtration 
efficiencies of electrostatic force strengthened filters were over 93.3% 
for bioaerosols. However, the purification of bioaerosols should go 
beyond filtration. For the more important process of inactivation, the 
efficiencies for different bioaerosols are quite different. For example, 
when charged by corona, nearly all bacteria (Bacillus subtilis, Mycobac-
terium parafortuitum, and Pseudomonas aeruginosa) died after being 
captured by the polarized filter, but the spores of Bacillus subtilis all 
survived [159]. 

In addition to bacteria, viruses have smaller sizes (~100 nm) and 
their removal and inactivation are becoming increasingly important. For 
example, SARS-CoV-2, having the ~80-nm-diameter lumen [170], has 
been confirmed to transport through aerosols and droplets produced by 
humans [171]. Though UV light, heating, and chemical sterilizers have 
been proven to inactivate viruses [172–174], there are few experimental 
results for filtering viruses due to limited access to high-level biosafety 
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laboratories. In the future, experimental studies are encouraged to verify 
the effectiveness of electrostatic-force strengthened filtration against 
various respiratory infectious viruses. 

5.4. Long-term performance 

Filtration efficiency degradation is a crucial problem, which limits 
the application of PM filtration strengthened by electrostatic force. To 
prompt into practice, it is important to provide the lifelong performance 
(Table 5) and influencing factors. 

For electret filters, the charges on fibers dissipate over time, so their 
efficiency decreases during the operating time. For example, the filtra-
tion efficiency of an electrospun PVDF/PTFE filter decreased from 

94.24% to ~83.3% only after 5 h [37]. Even without operating, a 7-day 
storage can degrade the filtration efficiency of electret PLA fabrics from 
88.5% to ~81%, and the efficiency can drop to ~67% after a 200-day 
storage [30]. The influencing factors for charge and filtration effi-
ciency degradation lie in the conductivity of loading particles [28], 
charging method [165], air temperature and humidity [23,177]. Elec-
tret filters may increase filtration efficiency, but at the expense of steeply 
increased pressure drop when they get clogged by the loaded PM. For 
example, a 5-min NaCl PM loading increased the filtration efficiency of a 
PI/aramid filter from 94.83% to ~99.8%, but also increased the pressure 
drop from 136 to ~400 Pa [61]. 

PM holding weight amount (W) is more practically meaningful than 
testing time (t) when considering the service life of a filter. As shown in 

Fig. 10. Accumulations of an uncharged and b charged 
PM on a single electret fiber [163]. Reproduced with 
permission from Ref. [163]. Copyright 2001 Elsevier. SEM 
images of c electrospun nanofibers [71] (Reproduced with 
permission from Ref. [71]. Copyright 2019 American 
Chemical Society) and d microfibers in coarse filters [128] 
(Reproduced with permission from Ref. [128]. Copyright 
2019 Elsevier). Filtration efficiency for PM with a diameter 
in the range of 0.2–0.5 μm and pressure drop of e electret 
filters tested at ~0.053 m/s air velocity and f filters tested 
at 1–1.2 m/s air velocity. g Comprehensive quality factor 
(CQF) for PM with a diameter in the range of 0.2–0.5 μm 
for filters tested at 1–1.2 m/s. The data in e–g were 
selected from Tables 2 and 3.   

Fig. 11. The schematics of the capture, movement, 
agglomeration, and growth of a wetting and b non- 
wetting droplets on PI nanofibers [167]. The 
real-time images of the coalescence of adjacent c 
wetting and d non-wetting droplets on PI nanofibers. 
Reproduced with permission from Ref. [167]. Copy-
right 2018 American Chemical Society. e Filtration 
efficiency for PM2.5 and pressure drop of filters 
strengthened by electrostatic force and tested at ~0.2 
m/s air velocity. The data were selected from Tables 2 
and 3.   
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Table 5, the filters charged by induction showed a larger W than un-
charged ones, mainly for two reasons: 1) at the beginning, the charged 
filters have higher filtration efficiency with the same pressure drop, thus 
enable larger W when tested for the same period of time [107]. 2) The 
introduction of electrostatic force changes the deposition pattern of 
particles and slows down the status transition from depth filtration to 
surface filtration, enabling a slower increase in pressure drop to ensure a 
larger W at the same ending pressure drop [104]. However, the W of 
electrostatic strengthened filters can be low, depending on the filter 
structure. For example, the pressure drop of a membrane-like electret 
filters could increase from 42 to 250 Pa when W grew from 0 to 0.42 
g/m2 [76], or increase from ~38 to 1000 Pa when W grew from 0 to 
10.87 g/m2 [24]. In HVAC systems, filters with such low W and large 
ending pressure drop will need frequent replacement. Cotton-like coarse 
filters, however, have larger pores than those of membrane-like electret 
filters and can maintain low pressure drops during long-term filtration. 
Being loaded with ~130 g/m2 PM2.5 in Beijing, the EAA coarse filter 
accumulatively consumed 56 kWh/m2 of electricity, only 55% of that 
was consumed by a commercially obtained electret filter [178]. Shi et al. 
pushed the testing period record of electrostatic filtration to 216 days, 
using conventional filters with upstream ionizer on or off. However, the 
filter only showed high filtration efficiency of 90% for 0.3–0.5 μm par-
ticles in the 1–26 days, and the average efficiency decreased to 73% in 
the 27–116 days and further to 51% in the 117–216 days [139]. 

Although long-term performance is critical in determining whether 
the PM filtration technologies can be applied in the built environment, 
the comprehensive long-term performance of the electrostatic-force 
strengthened filtration is not fully reported (e.g., many key parameters 
in Table 5 are not reported). Studies in Table 5 are marked with asterisk 
if 1) testing time is less than 100 h and the PM holding weight amount is 
less than 10 g/m2 or unknown, indicating that the lifetime experiment 
may not be sufficient for built-environmental application; 2) the ending 
filtration efficiency is 10% (absolute value) less than the beginning 
filtration efficiency or 3) the pressure drop increased over 300%, indi-
cating the long-term performance should be improved. Among the re-
ported results, only a few technologies without asterisk marking achieve 
high efficiency, low pressure drop, and large PM holding capacity 
filtration at high air velocities. That electrostatic-force strengthened 
filtration with large PM holding amount, stably high efficiency and low 
pressure drop is well worth investigating in the future. 

6. Summary and perspectives 

6.1. Comparison of different technologies 

In this study, we summarized the working principle and performance 
of electrostatic-force strengthened filtration technologies. Regarding 
whether the PM or the filters are charged, three categories of technology 

are characterized: (1) singly charging the filters (including one-time 
charged electret filters and continuously charged ones), (2) singly 
charging only the PM, and (3) synergistically charging the PM and the 
filters. In Fig. 12, a well-performance filter should have a high filtration 
efficiency and low pressure drop at high face air velocity. 

Electret air filters, one-time charged before usage, have attracted 
much attention these years. Though numerous trials have been con-
ducted to improve the charge density on fibers, the key issue of 
restraining charge dissipation for stably high filtration efficiency is still 
challenging. Electrospinning is the most widely studied and most 
effective among all charging methods for electret filters (Fig. 12), while 
triboelectrification is the simplest one but is rarely reported in appli-
cations requiring large air flowrate and large PM holding capacities, 
such as HVAC filtration and air purifiers. 

When singly charging the PM before reaching the filter, the filtration 
efficiency would significantly increase because of the enhanced dielec-
trophoresis force. Therefore, relatively high filtration efficiency with 
low pressure drop at large air velocity can be realized (Fig. 12). How-
ever, the PM charging process may produce hazardous ozone, which 
would increase the risk of respiratory, cardiovascular, and circulatory 
disease and even mortality [180–182]. Therefore, particulate charging 
devices should be used with caution in filtration technologies for 
occupied spaces, unless ozone and other by-product production can be 
kept below the standard limits. 

When both the PM and the filter material are charged, the electro-
static force between them is significantly greater than either the PM or 
the filter is singly charged, offering the great potential to move towards 
the aim performance (Fig. 12). Among them, one promising way to 
obtain high filtration efficiency, minimal air resistance, and long service 
life (months to years) is precharging PM via corona discharge and 
polarizing dielectric coarse filters afterward. The strong Coulombic force 
between the PM and the fibers made the PM easily captured by the fibers 
with large gaps. Meanwhile, the thick, fluffy and highly porous coarse 
filters made the air easily pass by, ensuring an ultralow pressure drop at 
high filtration velocity. 

It is worth emphasizing that filtration performance is only compa-
rable when filters/devices are tested at close air face velocity and for the 
same type of PM with close size distribution (Fig. 12 with PM type and 
size ignored is only for reference). Besides filtration efficiency, pressure 
drop and air velocity, other parameters, including power consumption 
for charging, filter thickness, porosity, and fiber diameter, also deter-
mine the filter’s long-term performance and cost. However, most 
research did not mention the additional power that electrostatic filtra-
tion devices consumed for PM and filter charging. In this way, a larger 
QF in which only filtration efficiency and pressure drop are considered 
may not guarantee better performance. To this end, we strongly 
recommend using consistent measurement and performance evaluation 
criteria for electrostatic-force strengthened particulate filtration [183]. 

Table 4 
Performance of reviewed filters for bioaerosol removal. ηi: inactivation efficiency. The “~” means the value is an approximate one given by the reference article, 
obtained from the figures, indirect calculations or unit conversions.  

Ref. Filter/PM charging method Filter material Bioaerosol type PM size (μm) η ηi Δp (Pa) vair (m/s) P (W/m2) 

[31] Electret/- PU/S.flavescens S. epidermidis ~0.84 95.0% ~99% ~7.84 0.133 - 
[175] Electret/- chitosan/PA E. coli - - 97.2% - - - 
[72] Electret/- PET/silk E. coli - - 94.55% - - - 

S. aureus 94.62% 
[55] Electret/- PS S. aureus ~3 99.8% - 67.4 0.118 - 

Electret/- 99.5% 64.2 
93.3% 63 

[176] -/Ionizer Glass E. coli - - 89.8% - - - 
[140] Contact/Ionizer Ni S. aureus 0.7 98% ~96% ~78.5 ~0.052 ~79.1 
[155] Contact/Ionizer PET/Al E. coli ~0.89a 99.4% 99.2% ~6 0.034 - 

S. epidermidis 99.6% 98.8% 
[159] Induced/Corona PE/PP M. parafortuitum - - 99.6% - 1.37 ~2.33 

B. subtilis spores ~0% ~1.19  

a geometric mean diameter. 
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6.2. Research prospects 

Over the last decade, much effort has been devoted to enhancing 
filtration efficiency and reducing the pressure drop of filtration tech-
nologies through the exploitation of nanofibers and electrospun fibers. 
However, they were usually tested at low air velocity (e.g., <0.1 m/s), or 
their pressure drops at large air velocity (e.g., >1 m/s) were usually 
larger than 100 Pa, which should be improved for built-environment 

applications. 
Although the filtration efficiency of synergistically charging the PM 

and the filter has achieved 99% for 0.3–0.5 μm PM at 1.2 m/s air velocity 
with a low pressure drop of 21.0 Pa, there are still some problems worth 
investigating. For example, avoiding electrostatic accumulation and 
unstable corona discharge is important for long-term performance. As 
different particulate matter and fibers vary in their ability to get 
charged, the effectiveness of electrostatic force strengthened filtration in 

Table 5 
Long-term performance of reviewed filters. t: testing time, ηbegin and ηend: single-pass filtration efficiency at beginning and end of the testing period, Δpbegin and Δpend: 
pressure drop at beginning and end of testing period. The Ref. columns were marked with * if 1) t < 100 h and W < 10 g/m2 (or unknown W), 2) ηbegin – ηend > 10%, and 
3) (Δpend – Δpbegin)/Δpbegin >300%. The “~” means the value is an approximate one given by the reference article, obtained from the figures, indirect calculations or 
unit conversions.  

Ref. Filter/PM charging 
method 

Filter 
material 

L 
(mm) 

t (h) W (g/ 
m2) 

PM type PM size 
(μm) 

ηbegin ηend Δpbegin 

(Pa) 
Δpend 

(Pa) 
vair (m/ 
s) 

[165] 
* 

Electret/- PMMA - 40 - NaCl MPPS 97.02% 93.35% - - 0.05 
40 98.33% 86.08% 

[24]* Electret/- PP/PE/MgSt - 2160 - NaCl 0.26a 98.94% 94.90% - - 0.167 
72.5 
min 

10.87 - - 37.92 1000 

[28]* Electret/- PTFE 1.2 380 s - NaCl 0.5 ~89% ~85% 90 130 0.083 
1000 s Soot ~89% ~89% 

[30]* Electret/- PLA - 168b - KCl 0.3–0.5 84% ~82% 27.2 - 0.053 
67% ~57% 8.5 
88.5% ~81% 40.8 

4800b 84% ~69% 27.2 
67% ~50% 8.5 
88.5% ~67% 40.8 

[43]* Electret/- PS/PAN - 24c - NaCl 0.3 99.96% 97.51% 54 - 0.053 
[58]* Electret/- PVB/Si3N4/ 

FPU 
- 5 - NaCl 0.3–0.5 99.99% 99.96% 60.5 63.5 0.053 

[44]* Electret/- PAN/MOF - 20 - NaCl PM2.5 ~88.4% ~94.2% 60.7 - 0.053 
PM10 ~84.9% ~99.9% 

[49]* Electret/- PS/PAN/ 
CNT 

- ~780 s 89.2 NaCl 0.3 96.37% - 35 ~2000 ~0.013 

[61]* Electret/- PI/aramid - 5 min - NaCl 0.4–0.5 94.83% ~99.8% 136 ~400 0.1 
[37]* Electret/- PVDF/PTFE - 5 - NaCl 0.3–0.5 94.24% ~83.3% 18 - 0.053 

99.97% ~94.2% 57 
[32]* Electret/- PVDF - 1 - Burning 

incense 
PM2.5 93.74% ~96.14% 24 ~29 0.053 

GO/PVDF 99.31% ~99.94% 35 ~53 
[76]* Electret/- PAN/ 

Ti3C2Tx 

- 1 0.42 Burning 
incense 

PM2.5 99.7% ~99.7% 42 250 0.053 

[179] 
* 

Electret/- PAN/ 
boehmite 

- 48 - Burning 
incense 

PM2.5 99.96% ~99.93% 58 - 0.02 

[81]* Electret/- PAN 0.1 100 - Burning 
incense 

PM2.5 95.1% 84.0% 183 536 0.2 
PAN/GO 99.6% 99.1% 117 387 

[74]* Electret/- PU - 12 - Burning 
cigarette 

PM2.5 98.92% >92% 10 - ~0.041 

[83] Electret/- PTFE/PPS/ 
SiO2 

- 1440 227 NaCl 0.26a 89.4% 83.0% 18.6 - 0.053 

[104] − /− PET/PP 300d - 28.4 Arizona test 
dust 

4 85.2% ~99.8% ~120 375 2.5 
Induced/- 35.7 98.5% ~99.8% ~133 

[107] 
* 

− /− PAN 0.013 48 2.41 Burning 
cigarette 

PM2.5 86.85% 73.56% 82 - 0.21 
Induced/- 8.43 98.15% 90.18% 

[116] Contact/ESP Stainless 
steel 

0.5 1–2 33 Silica 0.5 ~97.9% ~98.7% - ~+986 0.5 

[112] 
* 

Contact/Ionizer PE/Al 0.25 25 ~39.1 KCl 0.03–0.4 >99.97% ~99.75% 1.5 26.4 0.025 

[114] 
* 

Contact/Ionizer ZIF-8/Cu/ 
PAN 

0.004 15e - Cu <1.5 93% 87% - - 0.425 

[124] 
* 

Induced/ESP - 90d - 2 Arizona test 
dust 

7.6a 92.9% >99% ~118 ~255 2.5 

[123] 
* 

Induced/Corona PE 0.4 - 1.61 Arizona test 
dust 

0.4 ~28.2% ~61.5% 8 120 0.1 

[158] Induced/Corona PP/glass 2 
(50d) 

384 - Ambient 0.3–0.5 60% 77% ~40 ~60 0.6 

[127] Induced/Corona PET 10 458 - Ambient 0.1–1 ~35% ~35% 14.3 31.5 1 
[122] Induced/Corona PDA/PET 8 240 132.6 KCl 0.3–0.5 94.80% 89.69% - - 0.4 

173.9 94.84% 94.79%  

a mass median diameter. 
b storage time. 
c working at 90% RH. 
d pleating height. 
e 150 cycles of 3 min on and 3 min off. 
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different application scenarios can vary considerably. The energy- 
efficient air cleaning technologies for some special PMs, such as bio-
aerosols (especially viruses and allergens), oil droplets, metal particles 
and microplastic particles, are still worth investigating. Besides, as 
electrostatic filtration efficiency is strongly influenced by air velocity, it 
remains a challenge to simultaneously achieve high filtration efficiency 
and low pressure drop at high air velocity. 

Moreover, electrostatic force strengthened filtration is still limited by 
the need for external power supplies, electrodes, and potential ozone 
generation. Electret filters, which are one-time charged at the stage of 
manufacture, have the advantages of being simple, convenient, and safe 
for human-occupied spaces. The challenges for electret filters are how to 
avoid filtration degradation due to charge decay and how to fabricate 
them at low cost and high productivity to facilitate their scale-up 
application in high-velocity air filtration. 
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