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a b s t r a c t 

Particulate matter (PM) poses a severe health threat to the public, and fibrous filtration is a powerful 

method for efficient PM removal. Arming the fibers with electrostatic effect is a gold rush to promote PM- 

fiber interaction, thus reaching high PM removal efficiency, decreasing airflow resistance, and achieving 

multifunctional applications simultaneously. In this study, we are to provide a comprehensive overview 

of electrostatic fibrous filters, including the principles, fabrication process, electrical properties, and ap- 

plications. Firstly, PM-fiber adhesion forces during the filtration were analyzed according to the electri- 

fied principle for the filters. Furthermore, electrostatic filters were classified into monopolar-charged and 

dipolar-induced filters in the dimension of charging characteristics. Compared with other PM removal 

techniques, the electrical properties, comprehensive performance, and applications for various electro- 

static filters are systematically stated and discussed. In the end, we highlighted that the electrostatic 

fibrous filters would be a competitive candidate for PM removal owing to their durability, versatility, 

and plasticity. We also discussed the importance of conducting rigorous filtration tests to report accurate 

performance for electrostatic filters. In an interdisciplinary view between environmental engineering and 

material engineering, we hope this work could provide a better understanding of the PM-fiber electro- 

static interactions and practical insights for designing next-generation air filters. 

© 2022 Elsevier Ltd. All rights reserved. 

1

t

h

h

m

e

4

P

t  

I

c

e  

d

a

b

v

e

P

v

p  

e

d

v

m

r

fl

fi

a

t

t

p

h

2

. Introduction 

Air pollution has already been a global issue drawing concen- 

rated public attention. With the expansion of transportation ex- 

aust, industrial emissions, and the over combustion of fossil fuel, 

azardous pollutants come into being and broadly exist in the at- 

osphere. Among airborne pollutants, particulate matter (PM) has 

merged as an imminent health threat to the public. More than 

 million people die early because of outdoor air pollution, and 

M 2.5 , which defines the fine particles with aerodynamic diame- 

ers of 2.5 μm or less, is determined to be the main culprits [1] .

t has been demonstrated that PM exposure poses negative health 

onsequences, leading to skin inflammation [ 2 , 3 ], respiratory dis- 

ases[ 4 , 5 ], cardiovascular diseases[ 6–8 ], cancer [9] , and even DNA

amage [10] . When the PM diameter is down to nanoscale, due to 

 larger surface area and a tinier size, nanoparticles penetrate the 

ronchi more easily than larger PM [ 11–13 ] and further enter the 
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ascular space to be digested directly into the blood, causing an 

ven more severe health threat [14] . In addition to the atmosphere, 

M can transport into indoor environments through building en- 

elopes, which leads to considerable indoor PM exposure because 

eople spend over 80% of their lifetime indoors[ 15 , 16 ]. As a result,

fficient PM removal technologies have become indispensable un- 

er various scenarios, such as individual protection, concentrated 

entilation system, or industrial/vehicular emission reductions. 

Fibrous filtration is a noticeable method for airborne PM re- 

oval. In general, fibrous filters are not sieves. The particles car- 

ied by airflow are trapped by mechanical filtration effects when 

owing through the fibrous media [17] . In mechanical filtration, 

lters with larger solidity, thickness, and finer fibers will achieve 

 more substantial mechanical effect, thus improving the collec- 

ion efficiency to PM. However, denser and thicker fibrous fil- 

ers accompany large resistance to airflow, costing considerable 

ower consumption of driving fans in ventilation system[ 18 , 19 ] 

r discomfort when utilized in individual respirators. Decided by 

he intrinsic characteristics of mechanical filtration, this conflict 

s challenging to overcome. Ko and co-authors provided solutions 

https://doi.org/10.1016/j.apmt.2022.101369
http://www.ScienceDirect.com
http://www.elsevier.com/locate/apmt
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y altering the physical characteristics of filters and introduc- 

ng macropores-adaptive personal respirators [20] . By utilizing the 

achine-learning algorithm and high-performed stretchable elas- 

omer fibers, the filters were enabled to achieve efficient personal 

rotection and comfort wearing experience under changing cir- 

umstances. 

In addition, the durability and lifetime of filters should be under 

valuation. The filters will gradually get clogged by the PM coating 

uring operation, so the air resistance rises steeply in the appli- 

ations [21] . As special filters like personal face masks, the filters 

hould even become efficient by hydrophilic treatment under long- 

ime exposure of high humidity [22] . That is, there is an intrin- 

ic conflict between filters’ high filtration efficiency, low air resis- 

ance, and long service life. Further, with the increasing demands 

or functional fibrous filters under specific scenarios (e.g., antiviral 

roperty in COVID-19 pandemic, chemicals separation in industrial 

missions, high transmittance for building envelope installation), 

raditional mechanical fibrous filters are of incompetence. 

Utilizing the electrostatic effect in fibrous filtration is a trial 

o potentially conquer the inherent limitation in the trade-off for 

brous filters. PM and/or fibers could be electrically fortified for 

lectrostatic attraction. On the one hand, electrostatic filters could 

chieve higher PM capture efficiency without lifting the air resis- 

ance. When capturing PM, the invisible electric field generated by 

he fibers could fill the large spatial “gap” between fibers, which 

auses a weak mechanical filtration effect, so the air permeability 

or the filters would be maintained. On the other hand, the elec- 

rical enhancement of fibers is a vital strategy to tune the surface 

roperties and structure by additives, which introduce additional 

nteraction with pollutants, providing new composite functions for 

he filter architecture. More importantly, with continuous inter- 

isciplinary evolution for materials chemistry and environmental 

echnology, the research on innovative electrostatic filters has been 

he gold rush of the air purification community. 

The single-fiber theoretical models for electrostatic filtration 

ave been addressed in a series of works [ 17 , 23–26 ]. Electric 

M-fiber adhesion forces include Coloumb force, dielectrophoretic 

orce, and image force, which are determined by the charging sta- 

us of particles and fibers. Following the basic theory, electrostatic 

ltration technologies have already been systematically reviewed 

rom different points of view. Ko and co-authors commented on 

he recent progress for the advanced filtration techniques [27] . 

hey regarded electrostatic effect as an interaction-based strat- 

gy and analyzed three electrostatic filters fabricated by induction 

harging, triboelectrification, and corona charging. Jung and Kim 

eviewed the recent developments of fiber-based particulate filters 

ocusing on the performance parameters and material properties 

28] . They defined electret filter as a superior filtration technique 

nd introduced the design strategies for advanced filter materials. 

enning et al. discussed the influence of the processing route and 

ts parameters on the resulting air filter properties [29] . The em- 

hasis for this work lay in the fabrication and the forming struc- 

ure of air filters. Moreover, many articles focused on the prepara- 

ion methods of filter materials [ 30–32 ] or specific kinds of func- 

ional materials[ 33–36 ], and air filtration is just recognized as one 

art of the applications. 

Based on the literature review, some questions about electro- 

tatic fibrous filters remain settled. Firstly, PM deposits on the 

bers electrically due to different forces determined by the filtra- 

ion apparatus, so the electrostatic PM capture mechanisms need 

o be categorized. However, the word “electrostatic force” was of- 

en indistinguishably used to state the principle for various filters. 

econdly, materials with outstanding electrical properties are pre- 

erred in fabricating electrostatic filters. These properties, which 

ct as the guidance for the design of filters, have not been system- 

tically summarized. Moreover, the performance of electrostatic 
2 
lters should be evaluated carefully because they might achieve 

igher efficiency at the cost of external electrical loadings. In fair- 

ess, proper indexes should be established to reveal the PM re- 

oval capacity. 

Herein, we made a literature review for electrostatic air filters 

bout their principles, fabricating process, and electrical proper- 

ies. PM-fiber forces during the filtration were analyzed accord- 

ng to the electrified principle for the filters. Further, we cate- 

orized those electrostatic filters into monopolar-charged filters 

nd dipolar-induced filters in view of the charging characteristics. 

n addition, we discussed the electrical properties, comprehensive 

erformance, and applications for various electrostatic filters and 

ompared them with other PM removal techniques. 

. Theoretical analysis 

.1. Filtration mechanisms for fibrous filters 

Fibrous filters have been extensively used for capturing aerosol 

articles. However, fibrous filters are not sieves in which only par- 

icles smaller than the pores can get through. It is elemental to 

nalyze the collection of a particle by an individual fiber in theo- 

etical research in filtration dynamics. Generally, there are five ba- 

ic mechanisms for a particle depositing onto a fiber in fibrous fil- 

ration: interception, inertial impaction, diffusion, gravitational set- 

ling, and electrostatic attraction [17] . The first four mechanisms 

re called mechanical collection mechanisms. Mechanical collec- 

ion mechanisms are particle-size dependent, and it appears to be 

inimum mechanical filtration efficiency ( ηs ) at a certain size frac- 

ion for the filter [37] . Besides, the overall filtration efficiency for 

brous filters, η, is correlated to the structural properties of filters 

38] : 

= 1 − exp 

[
−4 ηs αL 

πd f ( 1 − α) 

]
(1) 

here, ηs indicates the overall filtration efficiency of a single fiber; 

represents the fiber volume fraction in the filter; L refers to 

he thickness of the filter (m); d f is the diameter of fiber consti- 

uting the filter (m). Thus, fibrous filters are usually made denser 

nd thicker to achieve a stronger mechanical collection effect, im- 

roving the filtration efficiency. However, such high-efficiency air 

lters accompany large resistance to airflow, possibly costing up 

onsiderable consumption of the driven fans [ 18 , 19 ]. The resistance 

cross the fibrous filter, �p (Pa), could be theoretically expressed 

y [17] 

p = 64 μU 0 
1 

d f 
2 
α1 . 5 ·

(
1 + 56 α3 

)
L (2) 

here, μ refers to air viscosity (Pa •s); U 0 is the face velocity 

cross the filter (m/s). As a result, there is a pervasive conflict be- 

ween the high efficiency and low air resistance in mechanical fi- 

rous filters. Additionally, as time goes by, the filter will gradually 

et clogged by the PM coating, so the air resistance further rises 

teeply [21] . 

As mentioned above, when the filters are fabricated, the physi- 

al characteristics are settled, and the air resistance and efficiency 

ill be significant indexes for weighing their filtration perfor- 

ance. Although high-efficiency and low-resistance filters are pre- 

erred, these two opposite parameters cannot usually be achieved 

imultaneously. In practice, the quality factor ( QF, which will be 

escribed detailedly in Section 2.3.2 ) is investigated to unify the 

pposite properties for filters. That is, filters with higher efficiency 

nd lower resistance will stand out for their larger quality factor. 

hus, utilizing the electrostatic mechanism in fibrous filtration is 

 promising way to enhance the filtration efficiency without lift- 

ng the air resistance and further achieves a higher quality factor 
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Fig. 1. The schematic of electrostatic fibers. The particles tend to deposit on the (a) Monopolar-charged filters owing to the E molopolar (b) Dipolar-induced filters owing to the 

E dipolar. 
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f the filters. Electrostatic mechanisms appear when the particles 

re electrically attracted by the fibers owing to various electro- 

tatic forces. The presence of the invisible electric field in the filter 

edium fills the spatial “gap” between fibers to achieve an effi- 

ient filtration, and thus the air permeability would be maintained 

t the same time. There are diverse effects for triggering enhanced 

lectrostatic filtration, so it is significant to use mathematical mod- 

ls to describe different electrostatic forces between particles and 

bers. We reviewed different electrostatic forces in fibrous filtra- 

ion and illustrated these principles in the following section. 

.2. Electrostatic forces in fibrous filtration 

There are two ways to trigger electrostatic forces in filtra- 

ion: (1) charging the particles. Particles could be charged by ac- 

uiring net charges generated by corona discharge [39–41] , fric- 

ions [ 42 , 43 ] or plasma [44] , etc.; (2) constructing an electric

eld inside the filter. In all, the filters could carry net charges 

monopolar-charged filters in Section 3.1 ) or be dipolar-induced 

dipolar-induced filters in Section 3.2 ) to initiate the electric field 

uring filtration (see the schematic in Fig. 1 ). 

Different electrostatic forces will occur when the particle moves 

n the vicinity of individual electrostatic fiber, and they are sum- 

arized as follows. 

1) Coulomb force. When a charged particle moves into the electric 

field generated by the electrostatic fiber, the coulomb force, F C , 

on the particle could be expressed by 

F C = qE (3) 

here, q is the charge (C) on the particle; E is the electric field

ntensity generated by different electrostatic fiber (V/m). 

The intensity of the electric field, E , could be obtained from 

bers with different electrifications. When the fiber (is usually 

implified as a uniform cylinder theoretically, similarly below) is 

onopolar-charged and carries net charges [25] 

 monopolar = 

Q 

2 πε 0 r 
(4) 

here, Q is the net charges on a unit length of the fiber (C/m);

0 is the vacuum dielectric constant, 8.854 × 10 −12 F/m; r is the 

adial distance from the fiber center (m). 

When the fiber is dipolar-induced with a specific surface charge 

istribution and carries no net charges overall [ 23 , 24 ] 

 dipolar = 

σd f 
2 

4 ε 0 ( 1 + ε f ) r 2 
(5) 

here, σ is the surface charge density of the fiber (C/m 

2 ); εf is the 

elative dielectric constant of the fiber material. 
3 
Specifically, when the fiber is dipolar induced by an external 

teady polarizing field, E ∞ 

, E would then be calculated by [26] 

 polarized = E ∞ 

[
1 + 

(
ε f − 1 

ε f + 1 

) d 2 
f 

4 r 2 

]
(6) 

here, E ∞ 

is the external polarizing field intensity (V/m); d f is the 

ber diameter (m). 

Utilizing Coulomb force in electrostatic filtration will efficiently 

mprove filter performance compared to mechanical filtration. The 

harged particles will directly deposit on fiber surfaces due to the 

ortified Coulomb force rather than skim over it. Generally, these 

lters are equipped with particle prechargers or ionizers to con- 

truct Coulomb force, and the particle precharing and the filter 

lectrification would be synthesized for capturing PM. 

1) Dielectrophoretic force. When a neutral particle moves into the 

non-uniform electric field generated by the electrostatic fiber, it 

would be polarized to form a dipole [17] . On the near side of 

fibers, the particle would experience an attractive force, which 

is greater than the repulsive force on the other side. Thus, and 

the net force makes it migrate towards the fiber. The attractive 

force is addressed as dielectrophoretic force, F D 
23,25 

F D = 

πε 0 d 
3 
p 

4 

(
ε p − 1 

ε p + 2 

)
∇ | E | 2 (7) 

According to the formulas Eq. (4) and (5) , the electric field E 

n Eq. (7) could be substituted for different states of electrostatic 

bers. Thus, the corresponding dielectrophoretic force would be 

 D,monopolar = 

d 3 p 

8 πε 0 

(
ε p − 1 

ε p + 2 

)
Q 

2 

r 3 
(8) 

 D, dipolar = 

πd 3 p 

16 ε 0 

(
ε p − 1 

ε p + 2 

)
σ 2 d f 

4 

( 1 + ε f ) 
2 r 5 

(9) 

Dielectrophoretic force occurs in electrostatic filtration when 

he particles are neutral. As a result, the strength of dielec- 

rophoretic force is determined by the electrical properties of the 

articles. Particles with high polarity and dielectric constant will 

e dipolar induced easily in the filters’ electric field, thus being 

ttracted to the fiber surface. Also, for the electrostatic filters, it 

s fundamental to generate an extensive and strong electric field 

hen applying dielectrophoretic force to capture PM, thus improv- 

ng the filtration performance. 

1) Image force. When a charged particle moves adjacently to a 

neutral dielectric fiber without electrically charged or induced, 

the local electric field created by the particle still induces a 

dipole in the fiber at the close range [17] . The charged particles 

induce an equal and opposite charge in the fiber surface. Such 
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effect between particles and fibers is summarized as the image 

force ( F I ) [17] , which can be further calculated by Eq. (10) [25] 

F I = 

1 

16 πε 0 

(
ε f − 1 

ε f + 1 

)
q 2 (

r − d f 
2 

)2 
(10) 

Image force is the indirect effect between neutral particles and 

article-induced fibers. Image force will be weaker than dielec- 

rophoretic force when fibers are electrified specifically. 

.3. Performance for evaluating electrostatic fibrous filters 

.3.1. Efficiency and resistance 

Efficiency and air resistance are essential parameters to de- 

cribe the performance and cost of air filters. The most intu- 

tive parameter to evaluate the performance of a filter is single- 

ass efficiency. When the airflow, with aerosol particles, is flowing 

hrough the filter, the single-pass removal efficiency η of particles 

ith a certain size of d p ( μm) can be calculated by: 

( d p ) = 

(
C up ( d p ) − C down ( d p ) 

C up ( d p ) 

)
× 100% (11) 

here, C up ( d p ) and C down ( d p ) are the particle counts (pcs) or con-

entration of a certain diameter of d p ( μm) at the upstream and 

ownstream of the filter, respectively. 

Sometimes the single-pass removal efficiency of the filters 

ould reach a high level (nearly 100%), so the penetration rate p 

 d p ), defined as 1- η( d p ), is often used to distinguish the slight per-

ormance difference between ultra-high-efficient filters. For exam- 

le, for two filters with efficiencies of 99.9% and 99.99%, respec- 

ively, their penetration rates will be 0.1% and 0.01%, indicating a 

0-fold gap. 

Air resistance (pressure drop) is another factor in assessing the 

ir permeability of the filters, representing the costs in the fil- 

ration owing to the energy dissipation. According to Eq. (2) , the 

ir resistance for fibrous filters is correlated to the filters’ geo- 

etric parameters and the face air velocity across them. Thus, 

q. (2) could be modified as [ 17 , 21 ] 

p = 64 μU 0 
1 

d f 
2 
α1 . 5 ·

(
1 + 56 α3 

)
L = f (α, d f , L ) μU 0 (12) 

here, the pressure drop, �p (Pa), could be represented by the 

eometric parameters of the filters, dynamic air viscosity, and the 

ace velocity. Consequently, for a given air filter fabricated, the ge- 

metric parameters were fixed so the pressure drop would be pro- 

ortional to the face velocity. When comparing the performance 

or different air filters tested under ranging face velocities, the re- 

istance coefficient, β (Pa •s/m), could be defined as an intrinsic 

arameter for filters 

= 

�p 

U 0 

(13) 

A larger airflow rate across the filter leads to greater air re- 

istance, thus lifting the energy consumption during the filtration 

rocess. Filters with a lower resistance coefficient are expected to 

chieve a lower pressure drop under large airflow velocity. Es- 

ecially for electrostatic air filters, a lower resistance coefficient 

eans a stronger electrostatic effect when the filtration efficiency 

s fixed. Thus, the filters could perform better with a limited cost. 

Further, with the PM accumulating on the filter surface in the 

ltration, the initial efficiency and air resistance will change, lead- 

ng to a differentiated long-time performance. Lee et al. investi- 

ated the long-term performance of an electrostatic air filter with 

nitial efficiency of 92.9% (Arizona road dust, 1.96 μm in mass 

edian diameter) and initial air resistance of 118 Pa at 2.5 m/s 

ace velocity [45] . When the particle loadings increased to only 
4 
.0 0 02 g/m 

2 , the resistance would double to 255 Pa. Feng et al. de-

eloped an electrostatic air filter with 28% initial removal efficiency 

or 0.4 μm dioctyl phthalate (DOP) particles and 8 Pa air resis- 

ance (0.1 m/s face velocity)[ 46 , 47 ]. During the particle depositing 

mount increased to 0.8 and 1.61 g/m 

2 , the efficiency increased to 

4% and 61%, while the resistance increased to 50 Pa and 120 Pa, 

espectively. Tian et al. operated a 51-day filtration test for electro- 

tatic air filters and found the efficiency was steady, with average 

alues of 87.6% ∼97.1% for 0.3 ∼10 μm particles, respectively, while 

he pressure drop increased from 14.6 Pa to 63.1 Pa at a face air ve-

ocity of 1 m/s 48 . The PM 2.5 collecting amount reached 163.2 g/m 

2 

t the end of the period. Therefore, it indicates that when evalu- 

ting the filter performance, the long-term stability and durability 

hould be considered as well as the initial indexes. 

.3.2. Quality factor and comprehensive quality factors 

In general, higher particle removal efficiency corresponds to 

reater air resistance in fibrous filtration. For fibrous filters, there 

xists a conflict between efficiency and air resistance, so the qual- 

ty factor ( QF ) is usually calculated to assess their trade-off proper- 

ies [17] : 

F ( d p ) = 

− ln ( 1 − η( d p ) ) 

�p 
(14) 

here, QF ( d p ) represents the QF (Pa −1 ) for particles of a specific

iameter of d p ( μm), η( d p ) is the removal filtration efficiency of 

articles with a specific diameter of d p , �p is the air resistance 

Pa). It indicates clearly that filters with higher efficiency and lower 

ir resistance will perform a greater quality factor. 

The idea of using the electrostatic filters is to provide high par- 

icle removal efficiency with low air resistance, saving energy for 

he driven fans or reaching a comfortable user experience. How- 

ver, as for electrostatic filtration, filters and/or particles could 

e charged by external energy supply, leading to additional en- 

rgy consumption except for overcoming air resistance. Thus, the 

uality factor would be incomprehensive for evaluating the per- 

ormance in these situations. Several attempts have been made to 

ropose proper indexes to modify the quality factor. Feng et al. 

eveloped a novel quality factor QF’ to evaluate their corona dis- 

harged filter [ 47 , 49 ]: 

F ′ ( d p ) = 

− ln ( 1 − η( d p ) ) 

�p Q 
ηfan 

+ P 
(15) 

here, Q represents the airflow rate (m 

3 /s) in the filtration; ηfan 

ndicates the efficiency of fans in the building ventilation system; 

 is the discharge power (W) of the electricity supply. Considering 

he power supply, the modified QF will be more accurate to reflect 

he overall capacity of the electrostatic filters. Further, Tian et al. 

efined a comprehensive quality factor ( CQF ), which is consistent 

n units (Pa −1 ) with the traditional QF , to better evaluate the per-

ormance of electrostatic filtration devices 50 : 

QF ( d p ) = 

− ln ( 1 − η( d p ) ) 

�p + �p ′ = 

− ln ( 1 − η( d p ) ) 

�p + 

ηfan P 
U 0 

(16) 

here, �p ’ is the apparent pressure drop (Pa), which is equiva- 

ent to that of typical filters with a specific electricity fan energy 

onsumption of P (W); U 0 is the face velocity (m/s). CQF shares 

he same unit with QF and can be used to compare electrostatic 

brous filters with existing normal filters. 

In all, different types of electrostatic fibrous filters possess dif- 

erent forms of indexes to evaluate their performance. In the next 

ection, we will categorize electrostatic filters according to the 

harging/inducing status and describe their fabrication and perfor- 

ance in detail. 
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Fig. 2. The schematic diagram of (a) corona charging treatment and (b) triboelectrification treatment to electrostatic filters. 
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. Classifications for electrostatic fibrous filters 

.1. Monopolar-charged filters 

Monopolar (unipolar) charged filters are fabricated by introduc- 

ng net electric charges into the material substrates. The charges 

ould be either positive or negative to form monopolar electrets. 

he particles could deposit and eventually be captured due to the 

trong electrical attraction provided by the filters with net sur- 

ace/volume charges. Various methods have been utilized to em- 

ed electric charges into the filters. Generally, they could be split 

nto two categories: (1) applying electret treatments to introduce 

onopolar charges to filters and (2) fabricating filters with intrin- 

ic monopolar-charged materials. 

.1.1. Treated monopolar filters 

Neutral dielectric filters could be treated by external electric 

evices to acquire monopolar charges. In other words, charges 

re generated by the additional treatment. During the operation, 

he charges on the filter will possibly decay, so recycling charg- 

ng treatments are needed to fabricate these filters. For instance, 

orona discharge and triboelectrification are representative meth- 

ds to embed surface charges to the filters. 

Corona discharge can generate abundant charges, leading to 

he ionic wind in the air medium [51] . A principle of fabricat- 

ng electret filters by corona discharge is shown in Fig. 2 (a). The 

evice usually consists of a spiculate discharging electrode and a 

rounded plate, and the filter media will be put between these 

wo electrodes with different curvatures. Applying a direct current 

igh voltage between the electrodes will generate a non-uniform 

lectric field. If the field intensity exceeds a breakdown thresh- 

ld to initiate corona, the air nearby will be ionized into ions and 

lectrons [52] . Then, these two-fold charges will be accelerated by 

he electric field, and half of them (depending on the polarity of 

he voltage) will head to the ground and collide on the filter sur- 

ace. Thus, the filter media will be equipped with monopolar sur- 

ace charges and become electrets. Corona discharge is a simple 

rocess and therefore has been one of the most exploited tech- 

iques to fabricate commercial electret filters. Sim et al. demon- 

trated a corona discharge device including needle-like tungsten 

lectrodes and a cylindrical steel ground electrode to implant neg- 

tive monopolar ions to the commercial polyurethane filter [53] . 

he charged filter achieved about 30% improvement in the removal 

fficiency for the 20 ∼660 nm KCl aerosol compared to the initial 

ne, indicating that the charges on the fibers contributed to the 

lectrostatic effect for capturing particles. 

Further, the charge density could be augmented by adjusting 

he applied voltage and the electrodes distance of the corona dis- 

harge device [54] , thus maximizing the efficiency of the electret 

lters. Feng et al. developed a pin-filter medium-plate device to 
5 
nhance the filter medium’s filtration efficiency by discharge [47] . 

he filtration efficiency of glass-fiber and polypropylene filters for 

.4 μm particles was lifted to as high as 97% from 31% when 

he applied voltage was + 25 kV, and the pin-filter distance was 

00 cm at a face air velocity of 0.1 m/s. Besides, the monopolar- 

harged filters treated by corona discharge were also found effi- 

ient to remove bio-aerosols and bacteria clusters[ 53 , 55 , 56 ], be-

ause the charged electret filter media may inactivate the bacte- 

ia due to the electrostatic interaction between fiber surface and 

acteria without generating secondary pollution. 

Triboelectrification (TE) is another treatment to introduce 

onopolar charges to filters. TE is a united process of tribology 

nd interfacial charge transfer. The triboelectrically charges occur 

hen materials with different dielectric properties gather and are 

ubbed against each other. Opinions vary that the triboelectrically 

harge originates from ion transfer, electron transfer, or both of 

hem [ 57–59 ]. Wang et al. systematically reviewed the study of TE 

or dielectric-dielectric cases and concluded that electron transfer 

s the dominant mechanism among them [60] . When an electron 

onor comes into fraction contact with an electron acceptor, elec- 

rons will transfer, resulting in net monopolar charges on filters. 

Das et al. investigated the initial surface potential and its half- 

ecay time of different needle-punched nonwoven electrets and 

ound that the filters made from wool and polypropylene turned 

ut to be an excellent triboelectrically charged fibrous filter media 

or air filtration application [61] . The magnitude and duration of 

lectrical charge increased with a decrease in fiber diameter. Han 

nd Nah reported an electrically activated poly(vinylidene fluoride- 

o- trifluoroethylene) (PVDF-TrFE) air filter for PM 1.0 filtration [62] . 

he filter was dually activated by polarization and negative tribo- 

lectrically charged by Nylon microfiber brushes to enhance the 

M 1.0 filtering efficiency. Thus, the PM 1.0 filtering efficiency was 

ver 88% after polarization and 94% after triboelectrification. With 

he polarization and triboelectrification of the filter layer, the sur- 

ace potential of the air filter was significantly increased. Jin’s 

roup developed a needle-punched triboelectric air filter (N-TAF) 

odified with silica nanoparticles for efficient PM removal [63] . 

wing to the TE effect, many negative charges were generated dur- 

ng the carding and needle-punching fabricating progress of non- 

oven Polytetrafluoroethylene/Polyphenylene Sulfide filters, lead- 

ng to the highest removal efficiency of 89.4% for PM. Benefiting 

rom the addition of silica nanoparticles, the fibers were endowed 

ith grooves and substantial surface roughness, which contributed 

o the enhancement of TE. 

The triboelectric nanogenerator (TENG), firstly invented by 

honglin Wang’s group in 2012 [64] , provides a new perspective 

or utilizing the electrostatic effect in air filtration. TENG was de- 

igned to harvest mechanical energy from the environment like 

ind energy, water wave energy, or vibration energy to generate 

lectricity [ 65–67 ]. Moreover, TENG features a high electric field, 



Y. Gao, E. Tian, Y. Zhang et al. Applied Materials Today 26 (2022) 101369 

l

h

u

c

i

[

T

t

a

a

p

r

c

C

a

c

r

w

fi

o

v

o

l

a

i

r

t

a

a

o

i

i

l

e

t

o

t

w

v

t

e

i

i

p

p

s

t

t

a

d

a

e

w

0

e

m

t

p

a

m

f

m

w

3

t

t

p

c

a

t  

i

b

n

i

u

u

a

e

b

i  

T

t

T

t

t

i

i

a

w

b

a

a

c

T

m

c

9

p

p

t

M

t

i

a

s

m

b

r

[  

s

p

i

t

a

s

s

p

t

p

w

s

m

s

b

i

t

arge open-circuit voltage, flexibility, and low energy consumption, 

ence being a candidate for electrostatic filtration. TENG has been 

tilized to enhance the dielectric filters by monopolar positive 

harging. Researchers have reported various works, including poly- 

mide nanofiber filters [68] , washable PTFE/nylon multilayer filters 

69] , multi-layered antibacterial nanofiber filters [70] by combining 

ENG for enhancing their electrostatic filtration efficiency. 

However, there are potential drawbacks to monopolar charging 

reatments in applications. For instance, stronger corona charging 

chieved by higher external voltage will lead to the risk of unsafe 

ir breakdown and generate ozone [71] , especially at the charging 

in cusps, the roughness of the polarizing meshes, and the fab- 

ic surfaces. The ozone concentration will even climb up due to 

haring pins’ contamination when the particles accumulates [72] . 

onversely, triboelectric charging such as TENG does not ionize the 

ir, and therefore, no ozone will be generated. In addition, electret 

harges injected onto the filter surface by external treatment can 

apidly decay under ever-changing environment parameters, like 

et conditions and high temperature. Without the charges, the ef- 

ciency of the filters could quickly diminish. 

Effort s have been made to work out the above issues. On the 

ne hand, polymers with higher charge ability and stability are fa- 

ored to fabricate electret filters. The charge storage capacity relies 

n the quantity of the charge traps, which are located on molecu- 

ar structures with strong electronegative groups [73] or crystallite- 

morphous interfaces [74] . For example, the strong electronegativ- 

ty of fluorine atoms in polyvinylidene (PVDF) or polytetrafluo- 

oethylene (PTFE) leads to the dipole separation, thus enhancing 

he charge storage stability. Also, PTFE is regarded as the most neg- 

tive material in the triboelectric series, indicating that PTFE filters 

re more able to be negatively charged when being rubbed. More- 

ver, the charges can be immobilized at the crystallite-amorphous 

nterfaces or other structural defects in the polymer [75] , form- 

ng localized traps to enhance the charge storability for monopo- 

ar electret filters. Lin et al. presented a trap-induced monocharged 

lectret nanofibrous structure to concentrate charges in electret fil- 

ers [74] . Owing to the abundant traps originating from FEP (flu- 

rinated ethylene propylene)/PTFE interfaces with different crys- 

allinity, charges would be trapped in electret filters, and particles 

ould be captured efficiently [74] . 

On the other hand, functional modified ingredients can get in- 

olved to optimize the residue of the charges. It is reported that 

he surface friction charge density of materials can be effectively 

nhanced by forming micro/nano-structure roughness due to the 

ncreased surface areas, and the space charges will reside longer 

n deep traps [63] . In these works, silica nanoparticles [63] , MgSt 

owders [76] , and manganese dioxide [77] were loaded on the 

olymer filters to act as a surface anchor to fix the charges. Be- 

ides, the charge maintaining ability is also closely correlated with 

he moisture. Supposing that fibers can easily absorb water from 

he air, the water can then transport into the bulk, resulting in 

n increased electrical conductivity of the filters and accelerate the 

e-trapping of the charges. Once the water molecular further dis- 

ggregates in the electret field, the ions could even act as carri- 

rs to expedite the decay of charges [78] . Consequently, materials 

ith lower water adsorption rates like polyetherimide (PEI, only 

.2 ∼0.3%) are chosen to prolong service life for electret filters [79] , 

nsuring its excellent charges maintaining ability under extreme 

oisture. Regeneration can also prolong the service life for elec- 

rostatically charged filters, especially in special cases, such as the 

ersonal respirators shortage during COVID-19 epidemics. Wang 

nd Yue’s group found that ethanol may partially destroy the filter 

edia fibers and surface charges, and it was therefore not suitable 

or mask regeneration [80] . In contrast, ultraviolet irradiation (UVI) 

ight be recommended because it disinfected the surface bacteria 

ithout the decay of surface charge. 
6 
.1.2. Intrinsic monopolar filters 

Except for being treated by external charging devices, elec- 

ret filters themselves can also be fabricated by some unique ma- 

erials with intrinsic net ions or electrons, thus carrying quasi- 

ermanent monopolar charges. This type of filter can perform effi- 

ient filtration without being regenerated by electrification, which 

ttracted extensive research interest. Some bio-chemicals like pro- 

eins [ 81 , 82 ], chitosan [83] , and tannic acid [84] , were innovatively

ntroduced in air filtration materials. For one thing, these bio- 

ased filters exhibited excellent environmental friendliness and 

on-toxicity, and they can be degraded automatically without be- 

ng handled, providing a perspective in green and low-carbon man- 

facturing. For another and most importantly, chemical molecules 

sually carry functional ionic groups like amidogen, quaternary 

mmonium, or hydroxyl with positive charges because they can 

asily receive protons. This feature could benefit the combination 

etween the based fibers and the negatively charged components 

n air particulate matters such as SO 4 
2 −, NO 3 

−, Cl − and forth [83] .

herefore, these filters are attributed to monopolar-charged fil- 

ers, and electrostatic interaction could intensify their performance. 

he biochemical components in these filters even provided an- 

ivirus properties when used in protective equipment to prevent 

he spread of pathogenic viruses [84] . Besides, monopolar charges 

nitiated by bio-chemicals, ions, and groups can also electrostat- 

cally bind with bacteria or proteinaceous pathogens [85] , thus 

chieving a functional antibacterial filtration. 

Other ingredients used to fabricate monopolar-charged filters 

ere the metal ions chemicals and the metal-organic complexes 

ecause they all carry charges and provide versatile functions in 

ir filtration. As an emerging class of porous crystalline materi- 

ls, metal organic frameworks (MOFs) are constructed from metal- 

ontaining nodes (ions or clusters) and organic linkers [ 86 , 87 ]. 

hey combine the functional and structural merits of the inorganic 

etals and the organic complexes. MOFs were also exploited in re- 

ent years to fabricate air-cleaning filters (named as MOFilters) [88–

4] . The unbalanced metal ions and the defects of MOF structures 

rovide monopolar positive charges to filters, thus polarizing the 

articles with high polarity to enhance the electrostatic interac- 

ions during the PM capturing. Besides, the benefits for introducing 

OFs into filtration materials were already illustrated[ 90 , 91 , 93 ], 

hereinto including large amounts of open metal sites for bind- 

ng particles, tunable functional groups for capturing, and unbal- 

nced ions for attracting particles electrostatically. MOFilters have 

hown promise in versatile applying platforms. Except for PM re- 

oval, due to their functional and structural tunability, MOFs have 

een extensively utilized in gas storage [ 95–97 ], separation, pu- 

ification [ 97–100 ], pollutants catalysis [ 101–103 ], and adsorption 

 34 , 35 , 104 ]. The gas-phase functions and availability of MOFs in-

pired researchers to fabricate comprehensive filters in air cleaning 

rogress. 

However, the significant problem is that MOF crystals are frag- 

le and brittle, which could easily be destroyed into fragments in 

he fabrication. Further, the synthesis and growth of MOFs are usu- 

lly time-consuming and require multi-step fabrication. As a re- 

ult, robust progress to fabricating MOFilters rapidly and exten- 

ively in real application situations is a challenge. Chen et al. first 

resented a roll-to-roll hot pressing method for largescale produc- 

ion of MOFilters [90] . Three MOFs (ZIF-8, ZIF-67, and Ni-ZIF-8) 

owders were firmly loaded on various substrates (including non- 

oven fabric, foams, and meshes) by roll-to-roll hot pressing and 

queezing, indicating that it is a universally applicable method for 

aking MOFilters. Ma et al. prepared multilayer MOFilters by an in 

itu green deposition method [92] . MOFs were in situ synthesized 

y adding the metal ions and the complexes precursors accord- 

ngly, and Cellulose nanofiber (CNF) acted as a green crosslinker 

o disperse the functional MOFs crystals to form a filter medium 
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Fig. 3. Different kinds of monopolar-charged filters. (a) Schematic illustration of the in-situ green synthesis of Ag-MOFs@CNF@ZIF-8 composite MOFilter [92] . Reprinted from 

ref [92] , Copyright (2019), with permission from Elsevier. (b) Proposed capture mechanism of the MOFilter for air pollutants [93] . Inset is the SEM image of the surface of the 

MOF/polymer composite fiber. The intrinsic charges provided by the MOF structure contributed to the electrostatic adhesion for PM and other air pollutants. Adapted with 

permission from ref [93] Copyright (2016) American Chemical Society. (c) Schematic illustration of paradoxical effects towards bacteria on an ionized LAP(laponite)-Cu 2 + - 
coated fabric [85] . The target pollutants could be bound to LAP via the electrostatic interaction. Reprinted from ref [85] , Copyright (2021), with permission from Elsevier. 

(d) A working apparatus of the R-TENG (Rotating-TENG) enhanced polyimide (PI) nanofiber filters [68] . Schematic image showed the filtration mechanism of the filter, and 

the electrostatic zone was enhanced for capturing PM with the effect of R-TENG. Adapted with permission from ref [68] Copyright (2017) American Chemical Society. (e) 

Morphology and structure of a monocharged Hybrid Perfluorinated Electret Nanofibrous Membrane (HPFM) treated by corona charging [74] . Electrons were trapped by the 

fluorine atoms and the interfaces between low crystallinity FEP and high crystallinity PTFE. Adapted with permission from ref [74] Copyright (2021) American Chemical 

Society. 
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see the schematics in Fig. 3 (a)). Bian et al. developed a rapid and

calable one-step method for preparing MOF-based nanofiber fil- 

ers to reduce the fabrication cost by electrospinning [91] . They 

lended the metal ion chemicals and the precursors in different 

olvent systems with polymers and coalesced the binary solutions 

t the needles to spin nanofibers. The electrospun coaxial needle 

erved as a rapid and homogenous reaction field for the nucle- 

tion growth of MOFs. By this means, nanofibers with MOFs were 

ollected and utilized for nanoparticle removal due to a stronger 

lectrostatic collecting mechanism. 

In all, we summarized the performance and the measuring con- 

itions, including PM sources, airflow rate (face air velocity), and 

fficiency in Table 1 . It should be noted that when the target PM 

ize was reported as a large segment (Such as PM 2.5 or PM 1.0 ), the

ize distributions should be provided in the original references to 

void misestimating because efficiency is correlated to the PM di- 

meter. 

.2. Dipolar-induced filters 

Distinguished from monopolar-charged filters, dipolar-induced 

lters are electric-neutral without net charges. Instead of net 

harges, dipolar-induced filters electrically interact with the parti- 

les by separating the balanced ions and electrons themselves. The 
7 
eterogeneity of the charge distribution endows the filters with 

urface charges locally, thus capturing the particles through elec- 

rostatic attraction. Filters could be dipolar-charged by conduction 

r induction by connecting with an external electric potential dif- 

erence. Additionally, filter materials with high polarity and strong 

ipole moment tend to be polarized spontaneously without ex- 

ernal initiation, emerging static dipolar charges, and forming an 

nduced electric field for enhancing PM capturing. In this section, 

e discussed the mechanisms, fabrications, and properties of dif- 

erent dipolar-induced electrostatic filters. Moreover, we went over 

 newly-developed technique: Electrostatic assisted air (EAA) filtra- 

ion, and discussed the principles and the material fabrications in 

his electrostatic responsive filtration technology. 

.2.1. Conductive filters 

Conduction originates from the orientated motion of ions, elec- 

rons, or electron holes. The migration of these charge carriers 

riven by static electric potential initiates direct currents and thus 

nducing steady electric fields around the conductors. If fibrous 

lters exhibit high electrical conductivity, they can be connected 

o the electric supply, be dipolar-charged by applying electric po- 

ential, and be given capacity for effective capturing of particles 

 119–123 ]. It is worth mentioning that when not charged by an 

xternal power supply, the filters will remain electrically neutral, 
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Table 1 

Performance for the reviewed monopolar-charged filters. 

Categories Name in Ref. PM type & Size 

Air resistance @ 

Face velocity Efficiency References 

Corona charged 

filters 

Antimicrobial electrostatic filter KCl 20 ∼660 nm 2.57 mmAq @ 

40 cm/s 

88.4% [53] 

S. epidermidis bioaerosols 

0.84 μm 

95.0% 

Corona charged polypropylene(PP)/MgSt filter NaCl 260 nm 67.3 Pa @14.2 cm/s 93.68% [76] 

Corona charged Multi-layered PP/MgSt melt-blown 

fibers 

NaCl 260 nm 82.32 Pa @ 

14.2 cm/s 

99.03% [105] 

Corona charged PVDF multi-layer filters NaCl 50–500 nm 23.3 Pa @ 5.3 cm/s 67.63% [106] 

Corona charged MnO 2 -PE/PP bicomponent filter NaCl 260 nm 6.05 Pa @ 

5.33 cm/s 

71.73% [77] 

Corona charged MnO 2 @Al 2 O 3 @PP air filter Burning cigarette PM 2.5 63.2 Pa @ 

14.1 cm/s 

99.96% [107] 

Charged PTFE needle felt filters (PNFF) NaCl 100 ∼500 nm 90 Pa @ 8.3 cm/s 89% 

(0.5 μm) 

[108] 

PE/PP Bicomponent Spunbond Air filter NaCl 260 nm 37.92 Pa @ 

5.3 cm/s 

98.94% [109] 

PP electret filter NaCl 1 ∼3 μm 68 Pa @ 0.1 m/s 63.49% [110] 

Novel-charged notched fibrous media NaCl 25 ∼400 nm 31.2 Pa @ 0.1 m/s 92.2% [111] 

PP melt-blown nonwoven NaCl 260 nm 123.2 Pa @ 

14.1 cm/s 

95.62% [112] 

Cyclic charged PP melt blown nonwovens NaCl 260 nm 125 Pa @ 

14.1 cm/s 

99.65% [113] 

melt-blown polylactic acid fabrics KCl 0.3 ∼0.5 μm 40.8 Pa @ 5.3 cm/s 88.5% [114] 

Trap-Induced dense monocharged Perfluorinated 

electret nanofibers 

PM 0.3 38.1 Pa @ 

5.33 cm/s 

99.712% [74] 

Electrostatic enhanced glass fiber/PP air filter (EEAF) dioctylphthalate (DOP) 

400 nm 

38 Pa @ 0.1 m/s ∼96.0% [47] 

Triboelectrified 

filters 

Triboelectrically charged SiO 2 @PTFE/PPS 

needle-punched filter 

NaCl 260 nm 55.4 Pa @ 5.3 cm/s 99.7% [63] 

18.6 Pa @ 5.3 cm/s 89.4% 

Triboelectrically charged PP fibers ISO 12,103 A2 Fine dust 

1 ∼120 μm 

20mmH 2 O @ 

30.1 cm/s 

99.97% [61] 

Triboelectric nanogenerator enhanced PI Filter Burning cigarette 33.4 nm ∼52 Pa @ 1 m/s 90.6% [68] 

Triboelectric nanogenerator Enhanced multi-layered 

PI Filter 

Burning cigarette 55.3 nm ∼6 Pa @ 12 L/min 94.1% [70] 

Tribo-charge enhanced hybrid air filter masks Ambient particles 

300 ∼400 nm 

107 Pa @ 0.15 m/s 88.68% [115] 

Washable multilayer nylon/PTFE triboelectric air filter Burning cigarette PM 0.5 ∼38 Pa @ 6 L/min 84.7% [69] 

Self-Powered PA6/PVC composite nanofibers NaCl 300 nm 67.5 Pa @ 0.1 m/s 98.75% [116] 

Self-Powered electrostatic adsorption face mask Burning cigarette 0.5 μm 57 Pa @ 0.1 m/s 99.4% [117] 

Electrically activated PVDF-TrFE filter KCl PM 1.0 63 Pa @ 0.35 m/s 94.3% [62] 

Intrinsic charged 

filters 

ZIF-67@PAN nanofiber filters 15 ∼98 nm 59 Pa @ 0.054 m/s 99.1% [91] 

ZIF-8@PAN MOFilters Al 2 O 3 PM 2.5 20 Pa @ 

50 mL/min 

88.33% [93] 

ZIF-8@Melaming foam Al 2 O 3 PM 2.5 30 Pa @ 0.2 m/s 99.5% [90] 

ZIF-8@Nonwoven fabric Al 2 O 3 PM 2.5 35 Pa @ 0.2 m/s 99.9% 

UiO-67@Cotton filter Burning incense PM 2.5 30 Pa @ 0.2 m/s 73.3% [88] 

CaCl 2 @MIL-101@Cotton filter Burning incense PM 2.5 ∼29.8 Pa @ 0.2 m/s 92.1% [89] 

Ag-MOFs@CNF@ZIF-8 filter Diethyl hexyl sebacate (DEHS) 

aerosol PM 2.5 

∼155 Pa @ 

5.3 cm/s 

∼95.0% [92] 

Zeolitic-imidazolate-framework filled hierarchical 

porous nanofiber membrane 

NaCl 300 nm 91 Pa @5.33 cm/s 99.9% [94] 

PM 2.5 99.921% 

UiO-66-NH 2 @CNTs/PTFE SiO 2 nanospheres with 

diameters of 0.3 μm 

120 Pa @ 

3.33 cm/s 

99.997% [118] 
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o the charge is dipolar. Thus, conductive filters are usually cou- 

led with a particle-precharging device because charged PM will 

e deposited into the filters via stronger Coulomb force. Hereby, 

he conductive filters can also be connected to the ground, and ac- 

ordingly, the charges carried by the particles will be received by 

he filter and then conducted to the ground, causing the filter to 

aintain the electrical neutrality and continue to attract PM [124] . 

Endowing electric conductivity to fibrous filters will be chal- 

enging because conventional air filters are generally made from 

etroleum polymers [ 125–127 ], which are always dielectric mate- 

ials and non-conductive. Surface engineering to metalized fibers 

ill effectively coat conductive metal chemicals onto fiber surfaces 

nd allow easy and quick large-scale industrial manufacture. Al is 

n ideal material in terms of its price and electrical conductivity, 

nd Al could be coated on fibers via solution-based processes. Lee 

nd co-authors innovatively introduced an Al-coated conductive fi- 

rous filter by immersing commercial polyester (PET) filters into Al 
8 
recursor ink [ 119 , 120 ]. The coated filters performed high-efficient 

M removal ( ∼99.99% for 30 ∼400 nm charged particles) by excel- 

ent conductivity. They further found that the Al-coated filter sur- 

ace would achieve bifunctionality of PM filtration and bacteria in- 

ctivation [121] . The main reasons include the electrostatic attrac- 

ion via high conductivity, the rougher surface, and the reinforced 

ydrophobicity of the Al coatings. 

Copper (Cu) is also a material with excellent conductivity. As 

n anode electrode material, Cu could be deposited uniformly 

n the substrate surface from solutions during an electrochem- 

cal reaction. Kim et al. demonstrated conductive Cu metalized 

bers by electroplating Cu films on the electrospun substrates 

 124 , 128 , 129 ].. Ionized particles with electrons were conducted to 

he ground owing to the superior conductivity of the filters, so 

he metalized filters could remain neutral for recycled use. Ex- 

ept for electrochemical deposition, Cu components can be chemi- 

ally synthesized directly into filters. Han, Kim, and co-authors in- 
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roduced Cu nanowires into Nylon mesh skeletons and fabricated 

opper Nanowire Air Filters (CNAF) for electrostatic PM capture 

130] . The filtration performance for submicron particles was up to 

3.4%, with a lower pressure drop than a commercial N95 mask. 

he oligodynamic effect and Joule-heating of conductive Cu net- 

orks further introduced antibacterial properties for the filters, 

aking them competitive candidates in current and future pan- 

emic situations. Silver is regarded as the most conductive metal 

nd could be introduced to modify conductive air filters [ 131 , 132 ].

hang et al. manufactured percolated silver nanowires and self- 

ssembled titanium dioxide nanoparticles onto the polyester fibers 

nd demonstrated an electrostatic strategy for particle removal and 

hotocatalytic formaldehyde decomposition [131] . These surface- 

unctionalized conductive filters presented remarkable filtration ca- 

abilities when connected to the applied voltage. Jeong et al. pre- 

ared an Ag-nanowire percolation network through a simple all- 

olution process for PM 2.5 removal [132] . The Ag nanowire was 

ynthesized by a modified polyol method and had a high aspect 

atio with length and diameter of 200 μm and 100 nm. Since the 

g nanowire networks have a v large surface-to-volume ratio and 

ood electrical conductivity, the proposed filter can remove PM 2.5 

ore actively by electrostatic attraction. 

Except for metallization, other materials were also utilized in 

onductive filter manufacturing. Graphene oxide (GO) is a carbona- 

eous material with good electrical conductivity. Jung et al. assem- 

led GO nanoplates into a porous network using an ion-mediated 

ssembly (IMA) method [122] . The metal substrate was dipped into 

O solution and with the assistance of the applied voltage, GO 

anoplates were attracted to the anode and adhered to the sur- 

ace. GO was then converted to reduced graphene oxide (rGO). The 

onductive rGO filters with porous structure and high surface area 

ould be connected to voltage apply and perform novel electro- 

tatic PM filtration. Ionic liquids (ILs), consisting entirely of ions, 

re extensively studied in electrochemistry due to their properties 

f high electric conductivity and electrochemical stability [133] . ILs 

an be combined with polymers, forming IL-Polymer (ILP) com- 

osites. The ILs will cause significant conductivity enhancement, 

o the ILP composites will induce a high electric field under low 

oltage. Tao’s group reported ILP composites filters for air filtration 

 123 , 134 ]. Due to the favorable electrochemical properties of ILP, 

he filters showed superior performance for electrostatically PM re- 

oval when connected to an ultralow voltage (3 Volts) power sup- 

ly. The conductive filter could even be self-powered by a small 

utton lithium cell, making it a potential application for wearable 

ir-cleaning devices and personal respirators [123] . 

To sum up, versatile conductive materials have provided a novel 

ision in developing electrostatic air filters. However, it remains a 

hallenge of the long-term operation and the dust loading capacity 

or conductive filters. As the particle accumulates on the surface or 

he fiber roughness, the conductivity of the medium deteriorates, 

nd the static electric field might be shielded. It is expected that 

 fast and large-scale fabrication process will be developed for re- 

ewable and recycled use in conductive air filters. 

.2.2. Inductive filters 

Filters could also emerge inductive charges by polarization. 

ompared to conductive filters, inductive filters are charged by in- 

uction instead of directly connecting to the electrode. Under ei- 

her external stress, spontaneous polarization, or an external elec- 

ric field, the dipole moment of the materials results in positively 

nd negatively polarized charges on the opposite sides, establishing 

 polarization electric field across the polar filters [135] . The cor- 

esponding properties for polarized materials to be charged above 

ill possibly go to piezoelectric property [136] , ferroelectric prop- 

rty [ 137 , 138 ], and dielectric property [139] . 
9 
There are limited works specifically reporting the applica- 

ions of piezoelectric materials in the field of electrostatic air 

M filtration. Filtration can be seen as an interactive process 

etween the airflow and the filters, and the airflow resistance 

ould even stimulate piezoelectric filters to intensify their per- 

ormance. Zhang et al. pioneeringly constructed a self-sustained 

pider-web-inspired-network generator (SWING) filters by the in- 

ovative electro-spraying-netting technique [140] . In this work, 

igher wind speeds enabled aeolian vibration and stronger long- 

ange electrostatic force for PM capture. They chose piezoelectric 

olyvinylidene fluoride (PVDF) as raw material to achieve self- 

ustained electrostatic property for filters. The large proportion 

f β-phase PVDF filters, as a wind energy harvester, resulted in 

igh output potential (8.3 V) initiated by an exerted wind pressure 

150 Pa), which meant electrostatic filtration could be enhanced 

y high airflow velocity. At a high velocity of 0.2 m/s, the filters 

howed stable and high capture efficiencies for PM 0.3 ( > 99.75%), 

M 1 ( > 99.97%), and PM 2.5 ( > 99.99%), which were even higher than

hose at 0.025 m/s. Such mechanisms provided unique insights for 

he design of fibrous materials according to classical filtration man- 

ers. He et al. developed a multifunctional self-supporting smart 

ir filter (SSSAF) for multiple contaminants treatment or sens- 

ng, including aerosol particles, bacteria, and volatile organic com- 

ounds (VOCs) [141] . Especially, owing to the excellent piezoelec- 

ric voltage originating from the filtration airflow (seen in Fig. 4 ), 

SSAF could be applied to inhibit bacterial growth without addi- 

ional power input and show sensitive responses to pressure drop 

n the range of 0 ∼500 Pa. 

As for ferroelectric materials, many works concentrated on self- 

olarized polymers to fabricate efficient PM filters. After poling, 

he dipolar surface charges will residue on the ferroelectric ma- 

erials. For instance, β-phase and γ -phase Polyvinylidene fluo- 

ide (PVDF) chains demonstrate ferroelectric behavior and higher 

lectric dipole moment [ 62 , 142 ], so PVDF-related filters could be 

lectrically activated and be polarized spontaneously. A reported 

yndiotactic polystyrene (sPS)/PVDF hybrid aerogels prepared by 

hermo-reversible gelation were electrostatically active from the 

pontaneous polarity of the γ -crystalline phase PVDF [142] . The 

tatic charges on the filter surface reached as high as 1.40 kV, even 

aking the filter attracted to a piece of glass. Park et al. developed 

 ferroelectric Nylon-11 fibrous filter, demonstrating improved PM 

ltering efficiency due to their spontaneous polarization [143] . Af- 

er a high-voltage poling process, the surface charge density of 

ylon-11 film increased by about 60%, indicating its ferroelectric 

roperty. Gao et al. reported the filtration performance of ferro- 

lectric heterostructure in diisopropyl ammonium perchlorate (DI- 

AP) micron rods driven by sunlight [144] . The porous DIPAP mi- 

ron rods were fabricated by a freeze-drying method, and the pho- 

ovoltage effect could induct polarization to capture PM through 

he dipole-dipole effect. 

Zhang et al. proposed an interesting idea, inspired by the Schot- 

ky junction in photocatalysis, to guide the design of novel PM fil- 

ers(seen in Fig. 5 ) [225] . Schottky junctions define an interfacial 

tructure composed of a semiconductor to the metal [ 145 , 146 ]. The

lectron transfer would occur in the interfaces to balance the Fermi 

evel of the heterostructure [146] , and the space-charge polarization 

ould then induce an electric field. Thus, Schottky junction-based 

brous filters are potential electrostatic filtration materials. In 

his work, they fabricated the flexible Schottky-junctions nanofiber 

embrane by assembling rutile TiO 2 on carbonate nanofibers. The 

ighly-dispersed TiO 2 on the carbon fibers leads to the formation 

f abundant Schottky-junction interfaces, thereby significantly in- 

reasing the coverage density of polarization fields and improving 

 long-range adsorption effect on PM. 

Dielectric filters could also be polarized by the external electric 

eld. The dielectric property would influence the strength of polar- 
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Fig. 4. The conception and characterization of the self-sustained SWING filters [140] . (a) The optical images showing the natural spider web adhering to numerous tiny 

dust particles. (b) Schematic of the electro-spraying–netting technique. (c) Illustration of (left) the self-sustained electrostatic SWING filters due to airflow stimuli and (right) 

potential distribution for a single nanowire in 2D networks due to aeolian vibration. (d,e) SEM images of nanofiber/film (d) and NF-net (e) membranes. (f) High magnification 

SEM image of 2D NF-nets. (g) TEM images of the NF-nets and their nanostructures. (h) Comparisons of fiber diameters of PVDF nanofiber and NF-net filters. Reprinted with 

permission from ref [140] Copyright 2020 Wiley-VCH. 
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zed dipole charges. We will review these external-polarized filters 

n Section 3.2.3 . 

.2.3. External polarized filters 

Applying a continuous electrostatic force to both fibers and par- 

icles has been proposed as a promising method to overcome the 

imitations of dust loading capacity for conductive filters. Li et al. 

eported active-poled filtration with both the fibers and particu- 

ates being polarized under the external electric field [147] . Poly- 

crylonitrile (PAN) based nanofibers are sandwiched between two 

ayers of the metal networks. When applied 2 kV external voltage, 

he nanofibers and the neutral particulates are polarized. As a re- 

ult, electrostatic attraction effectively seized the particulates onto 

he nanofibers. The polarized nanofibers perform a more than 3- 

old enhancement of the dust holding capacity compared to the 

ormal nanofibers. 

Tian and Mo demonstrated a new strategy for electrostati- 

ally assisted air (EAA) coarse filters to simultaneously achieve 

igh efficiency, low air resistance, and large dust loading capac- 

ty [ 50 , 148 , 149 ]. In the EAA filtration device, corona charging to

he particles and polarizing to the filters are synergized to real- 

ze higher filtration efficiency. With the electrostatic enhancement, 

AA filtration is available to perform a lower airflow resistance 

asing on coarse filter substrates and higher efficiency. There are 

wo modules in the EAA filtration device along the airflow path- 

ay (seen in Fig. 6 ). Each module is driven by a high voltage di-

ect current (HVDC) power supply. The first is the charging module 

onsists of the charging pins and a metal screen. The strong elec- 

ric field intensity initiated at the charging pins causes a corona 

ischarge, producing large quantities of charges [52] , thereby ac- 

uired by the particles [150] . The second is the polarizing module. 

he high voltage could be applied between wire-to-screen elec- 

rodes [45] or parallel metal meshes [151] to build up an elec- 

ric field through the dielectric fabric filter and polarize it, so the 

bers have transferable induced charges on their surface [152] . 

hus, the charged particles are easily captured by polarized fibers 

wing to Coulomb force or Image force. This structure increased 

he single-pass filtration efficiency for 0.3 ∼0.5 μm particles of a 

olyethylene terephthalate (PET) coarse filter from 0.4 to 99.0% 

ith 21.0 Pa air resistance at 1.2 m/s filtration velocity [149] , and 
10 
 75 ppi Nickel foam filter from ∼0% to 78.9% with 10.8 Pa air re-

istance at 1.2 m/s 50 . 

From the perspective of the materials, the electrical property 

f filters acts as a key factor for the EAA filtration module. Rel- 

tive dielectric constant ( εr ), describing how easily the external 

eld could polarize the materials, determines the intensity of the 

nduced electric field and thus influences the magnitude of the re- 

eived Coulomb force of particles [153] . An essential aim for im- 

roving the efficiency of EAA filtration is to fabricate electrical re- 

ponsive dielectric filters under the polarizing field. Based on that, 

ielectric hetero-caking filters [151] , high- εr surface-coated filters 

154] , metal foam filters with embedded cross-linked dielectric 

anofibers [155] , and polydopamine-coated PET filters [156] were 

uccessively developed as a multifunctional filter medium for EAA 

ltration modules. These filters are designed according to the fil- 

ers surface engineering and are all highly responsive to the ex- 

ernal electric field, acquiring considerable PM removal efficiency 

ugment when polarized. The EAA technology is regarded as the 

fficiency multiplicator for various filters. 

Further, the induced activity of EAA filters will not be restrained 

y the particle loading during long-term operation despite the par- 

icle accumulation. It has been observed that when a charged par- 

icle migrated towards a polarized fiber, it would directly deposit 

n the fiber surface, and Coulomb force was to be the dominant 

ffect [151] . Once deposited, the particle would attach to the fiber 

urface and be a part of the fiber-particle binary system. The whole 

ystem would then be polarized again to form a dipole, thus at- 

racting the following charged particles. Tian et al. investigated the 

ong-term single-pass filtration efficiency for 0.3–10 μm ambient 

articles, air resistance, PM 2.5 collecting amount, and energy con- 

umption of an EAA coarse filter during a 51-day operation period 

48] . The efficiency varied steadily with average values of 87.6% ∼
7.1% for 0.3–10 μm particles, while the air resistance acceptably 

ncreased from 14.6 Pa to 63.1 Pa at a face air velocity of 1 m/s,

uggesting the efficient EAA filtration as an energy-saving method 

or PM removal in the view of its long-term performance. 

The idea of using the coarse filter in EAA filtration is to provide 

igh particle removal efficiency with low pressure drop, which can 

ave energy for the driven fans. Generally, the quality factor ( QF ), 

hich is extensively used for evaluating filters’ performance, filters 
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Fig. 5. A flexible Schottky-junction nanofiber membrane (NFM) [225] . The space-charge multilevel electrostatic fields were induced in the metal/semiconductor Schottky- 

junction of such TiO 2 /carbon nanofibers. The filtration efficiency of this NFM for the ultrafine PM 0.3 reaches 92.98%. Reprinted from ref [225] , Copyright (2020), with permis- 

sion from Elsevier. 
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ill be unfairly high for EAA filters because the charging and polar- 

zing electric power supplies also consume energy. Tian et al. de- 

ned a comprehensive evaluating method by calculating the power 

issipation ( P power ) in the EAA module [50] . P power (W/m 

2 ) can be

btained by 

 power = 

U c I c + U p I p 

A 

(17) 

Where U c and U p are the charging voltage and polarizing volt- 

ge (kV); I c and I p are the charging polarizing currents (mA), re- 

pectively; A is the cross-section area of the air duct (m 

2 ). Thus, 

he energy consumption of the power supply could be converted 

s an equivalent pressure drop, �p ’: 

p = 

ηfan P power 

U 0 

(18) 

here �p ’ is the apparent pressure drop (Pa), which is equiva- 

ent to that of a normal fabric fiber filter with a specific electricity 

an energy consumption of P (W); U 0 is the face velocity (m/s). 

QF shares the same unit with QF and is therefore convenient for 
11 
omparing electrostatic fibrous filters with normal filters; ηfan indi- 

ates the efficiency of fans in the building ventilation system. Such 

 method could also assess other electrostatic filters facilitated by 

xternal electricity supply. 

One of the drawbacks of EAA filtration is that strong corona 

harging of the particle achieved by higher external voltage will 

ead to unsafe air breakdown and generate ozone [71] . As a re- 

ult, electrical responsive filters are expected to achieve higher 

ltration efficiency without further lifting external voltages and 

zone generation. Correspondingly, it has been proved that EAA 

lters could be designed and fabricated with versatile usages, like 

zone removal, gas-phase volatile organic compounds (VOCs) re- 

oval [151] , and Semi-VOC removal [157] . Moreover, it remains 

 challenge to develop fabricating progress to control the surface 

orphology accurately and the structure-function relationship of 

he EAA filters, hence providing a unified and complete interpreta- 

ion for the electrostatic EAA mechanism. 

At the end of this section, we summarized the typical fabrica- 

ion methods for electrostatic filters in Table 2 . Also, the perfor- 

ance and the measuring conditions for dipolar-induced filters are 
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Fig. 6. A schematic illustration for EAA filtration. Owing to the synergistic effect of particle pre-charging and filter polarizing, EAA setup acts as an efficiency multiplicator 

for various filters with low initial efficiency and low air resistance, such as Nickel foams [50] , nanofibers (NFs) embedded Nickel foams [155] , heterocaking polyurethane (PU) 

foams [ 151 , 154 ], coarse polyester (PET) filters [ 4 8 , 14 9 ] and polydopamine (PDA) coated PET filters [156] . 

Table 2 

Typical fabrication methods for electrostatic filters. 

Categories Sub-categories Typical fabrications/Electrifications References 

Monopolar- 

charged 

filters 

Corona-charged 

filters 

Corona charging [ 47 , 53 , 55 , 56 ] 

Triboelectrified 

filters 

Needle-punching [ 61 , 63 ] 

Triboelectrifying [62] 

TENG-enhancing [ 68 , 70 ] 

Intrinsic 

monopolar filters 

Roll-to-roll hot pressing [90] 

One-step synthesizing [91] 

In-situ depositing [92] 

Dipolar- 

induced 

filters 

Conductive filters Dip-coating [119–121] 

Electroplating [124] 

Metal nanowires embedding [130–132] 

Ion-mediated assembling (IMA) [122] 

Inductive filters Electro-spraying-netting [140] 

Thermo-reversible gelating [142] 

Freeze-drying [144] 

EAA filters Roll-to-roll squeezing & loading [ 151 , 154 ] 

Dielectric nanofibers embedding [155] 

Dip-coating [156] 

l  

w  

d

m

3

b

h

u

w

a

g

e

p

a

o

o

t

[

r

a

t

s

b

t

i

a

s

w  

E

t

a

p

m

[

t

t

n

isted in Table 3 . It should be noted that when the target PM size

as reported as a large segment (Such as PM 2.5 or PM 1.0 ), the size

istributions should be provided in the original references to avoid 

isestimating because efficiency is correlated to the PM diameter. 

.3. Electrospun fibrous filters 

As a special electrostatic filtration material, the electrospun fi- 

rous filter has stimulated broad interest and become a research 

otspot in recent years. The progress of electrospinning can man- 

facture electret filters with monopolar or dipolar charges so that 

e will review related works individually in this section. 

The typical setup of electrospinning apparatus is composed of 

 spinneret (or spinneret arrays, driven by a syringe pump), a 

rounded collecting late, and a high voltage power supply. Before 

lectrospinning, polymers are dissolved in some solvents to form a 

olymer solution. The high voltage is applied between the nozzle 

nd the collecting plate to inject charges into a polymer solution 

r melt. The electrostatic force will overwhelm the surface tension 

f the liquid, and the charged solution jet will be stretched. Even- 

ually, an unstable whipping occurs in the space as a Taylor cone 
12 
158] between the nozzle and collector, leading to solvent evapo- 

ation and leaving a polymer behind. 

Electrospinning applications for preparing air filtration materi- 

ls have advantages in terms of filters’ mechanical structure elec- 

rostatic properties. Electrospinning is a facile method to con- 

truct nanoarchitecture in the filter medium. The diameter of fi- 

rous electrospun filters could be determined and controlled by 

he processing parameters, including the applied voltage, the feed- 

ng flow rate, and the collecting distance [30] . When the fiber di- 

meter is fabricated to nanoscale level, making it comparable or 

maller to the mean free path of air molecules (65 nm), the filter 

ill have low air resistance by introducing a slip-effect [ 159 , 160 ].

lectrospinning also provides a platform for fabricating air fil- 

ers with high-powered materials. For example, polydimethylsilox- 

ne (PDMS), a functional moiety with improved wettability and 

hysicochemical stability, can tailor the particle filtration perfor- 

ance, and electrospinning is seen as a proper way to fabricate it 

 31 , 161 , 162 ]. 

Besides, electrospinning can achieve in-situ charging along with 

he formation of fibers, leading to the one-step production of elec- 

ret fibers [ 163–165 ]. Herein we attempt to categorize electrospin- 

ing to fabricate efficient fibrous filters for electrostatic filtration. 
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Table 3 

Performance for the reviewed dipolar-induced filters. 

Categories Filters PM type & Size Air resistance@Face velocity Efficiency 

Applied voltage/Field 

intensity References 

Conductive filters Al-coated polyester filter KCl 30 ∼400 nm 10.3 Pa @ 0.20 m/s 

4.9 Pa @ 0.10 m/s 

99.84% 10 kV [119–121] 

Metalized mircofiber air filter Cu powders 0.5 ∼1.5 μm ∼68.9 Pa @ 100 L/min 88.6% Unknown [124] 

Ionic liquid-polymer@MF filter 

[C4mim][OAC]-PVP 

Smoke PM 2.5 26 Pa @ 0.3 m/s 99.59% 3 V [123] 

Hierarchical Ag nanowire network 

filter 

Burning incense PM 2.5 10.34 Pa @ 0.11 m/s 99.99% 10 V [132] 

Electrical Ag NW/TiO 2 NP-polyester 

fabric 

Burning incense PM 2.5 11 Pa @ 0.05 m/s 99.0% 1kV [131] 

Reduced GO filter Burning incense PM 2.5 5 Pa @ 1.1 m/s 95% 5 V [122] 

Inductive filters sPS/PVDF hybrid aerogel filter NaCl 25 ∼150 nm ∼366 Pa @0.5 m/s 99.999% None [142] 

Electrically activated PVDF-TrFE filter KCl PM 1.0 63 Pa @ 0.35 m/s 87.6% 2 kV/cm polarizing [62] 

Self-polarized Nylon-11 nanofiber 

filter 

KCl PM 1.0 ∼290 Pa @0.35 m/s ∼80% None [143] 

Self-polarized Nylon-6 nanofiber filter DOP PM 1.0 ∼208 Pa @0.35 m/s ∼70% 

Multilevel polarization-fields 

enhanced Schottky-junction nanofiber 

filter 

Burning cigarette PM 2.5 63 Pa @20 L/min 99.92% None [225] 

PM 1.0 63 Pa @20 L/min 99.62% 

0.3 μm 63 Pa @20 L/min 92.68% With UV vislight 

irradiation 

In situ active poling nanofiber 

networks 

Burning cigarette PM 2.5 82 Pa @ 0.21 m/s 98.41% 2 kV poling voltage [147] 

Electrostatic 

assisted air (EAA) 

filters 

Coarse PET filter Ambient PM 0.3–0.5 21.0 Pa@1.2 m/s 99.0% 12.5 kV/cm (particle 

charging 5.9 kV/cm) 

[149] 

Electrostatically assisted metal 

foam(EAMF) filter 75 ppi nickel foam 

Ambient PM 0.3–0.5 10.8 Pa @0.5 m/s 78.9% 15 kV/cm (particle 

charging −9 kV) 

[50] 

EAMF with air-blown cross-linked 

electrospun nanofibers 

Ambient PM 0.3–0.5 21 Pa@1 m/s 83.1% 30 kV/cm (particle 

charging −9 kV) 

[155] 

Electrostatically assisted heterocaking 

(EAHC) multifunctional filter 

Ambient PM 0.3–0.5 3.8 Pa @1.1 m/s 84.2% 8.75 kV/cm (particle 

charging + 9 kV) 

[151] 

Electrostatically assisted 

dielectric-coated (EADC) filter 

Ambient PM 11 ∼115 nm 13.0 Pa @ 1.0 m/s 90.50% 10 kV/cm (particle 

charging + 10 kV) 

[154] 

Electrostatically assisted 

polydopamine-coated PET filter 

KCl PM 0.3–0.5 9.5 Pa @ 0.4 m/s 99.48% 10 kV/cm (particle 

charging + 11.5 kV) 

[156] 
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pecifically, during the spinning process, the suspended fibers be- 

ween the electrodes will be strongly polarized by the applied 

igh voltage, and tremendous inductive dipolar charges will gen- 

rate and be in situ injected into the solution, thus being volume 

r surface charges along with the solidification of the nanofibers 

 83 , 165 ]. This charging mechanism was categorized as monopo- 

ar charging in Section 3.2 . In addition, the unipolar charges are 

ore easily formed during electrospinning, and the charges will 

emain in the solidified fiber as residual net charges [166] . There- 

ore, like corona discharge, electrospinning can also be regarded 

s a monopolar charging method. Except for electrospinning, some 

pecial spinning methods could also be used to fabricate electro- 

tatic filters, such as solution blow spinning (SBS) [167] , force spin- 

ing (FS) [168] , and electro-blowing spinning (EBS) [169] . Among 

hem, SBS is free of voltage and suitable for large-scale fabrication, 

nd these features make it a promising method for industrial ap- 

lications [170] . The fibers could be mildly charged by friction with 

he air in these spinning processes. 

Concerning fabricating electrospun filters, polymers with higher 

olarity would be easily induced and be dipoles by the high volt- 

ge and exhibit strengthened electrostatic force to capture parti- 

les, therefore being preferred as the raw materials in prepara- 

ion[ 171–176 ]. In other words, electrospinning could be seen as a 

echnique for fabricating dipolar-induced filters due to the long- 

ived quasi-permanent polarization charges generated and stored 

n the bulk of the filters (seen in Fig. 7 (a)). It has been demon-

trated in these works that the dipole moment of the repeated 

nits in these polymers would be a crucial feature to estimate the 

lters’ PM filtration performance, and they have been summarized 

n the following section. Meanwhile, researchers have shown that 

ombining the complementary polarity of binary polymers with 

pposite charges would improve the dipolar electret effect, produc- 

ng efficient dual-system electrospun filters [ 177 , 178 ]. Wang et al. 
13 
emonstrated that by combining PVDF/PTFE into composite filters, 

he in-situ charges generated during electrospinning would occur 

nd accumulate in the interface of PVDF and PTFE due to their dif- 

erence in electronic transport capacity [165] . Li et al. found that 

he induced charges at the interfacial zones between PVDF and 

S, together with the charges injected in electrospinning, would 

nhance the electret effect in PS/PVDF hybrid electrospun filters 

177] . It has also been verified that electrospun PAN fibers and 

S fibers could be positively and negatively charged, respectively, 

orming an assembled system to provide enhanced electrostatic 

apturing for PM [178] . 

The geometric parameters, performance, and the measuring 

onditions for electrospun filters are listed in Table 4 . It should 

e noted that when the target PM size was reported as a large 

egment (Such as PM 2.5 or PM 1.0 ), the size distributions should be 

rovided in the original references to avoid misestimating because 

fficiency is correlated to the PM diameter. 

. Electrical properties for electrostatic air PM filters 

According to the theoretical analysis in Section 2.2 , the electro- 

tatic forces between the fibers and the particles are closely as- 

ociated with the fibers’ electrical properties. Accordingly, there is 

 need to summarize the electrical properties among the reported 

ltration materials and then give general and macroscopic instruc- 

ions for the design of filters. 

On the one hand, chemicals with superior electrical properties 

o carry charges or be induced are preferable for constructing fi- 

rous filter networks. Modification by functional materials has also 

een extensively used to intensify the electrical performance of the 

lter substrates. The local electrical properties like dipole moment, 

lectrostatic potential (ESP), or dielectric property, which are in the 

evel of atoms or molecules, are always involved in appraising the 
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Table 4 

Performance for reviewed electrospun filters. 

Code in Ref. 

Fiber diameter 

( μm) Thickness (mm) Solidity/Gram weight PM type & Size 

Face velocity 

(m/s) 

Air resistance 

(Pa) Efficiency References 

8 wt% PAN/DMF-800 rpm-as spun 0.2794 – 9.11 gsm (g/m 

2 ) KCl 300 ∼500 nm 0.05 333.5 99.35% [179] 

8 wt% PAN/DMF-800 rpm-hot pressed 0.2905 – 6.26 gsm KCl 300 ∼500 nm 0.05 336.5 99.51% 

8 wt% PAN/DMF-stationary-hot pressed 0.3992 – 22.26 gsm KCl 300 ∼500 nm 0.05 1243 99.41% 

10 wt% PAN/DMF-300 rpm-as spun 0.2675 – 5.58 gsm KCl 300 ∼500 nm 0.05 282 99.61% 

0.75% PAN/ZnO-Mt 0.247 – 0.143 NaCl 

300 ∼500 nm 

4 L/min 197 99.40% [180] 

4–24% −0.05-Nylon 0.1232 μm 0.00146 0.27 Burning incense 

PM 2.5 

0.05 – 98.61% [181] 

PVC 0.272 0.01052 1.32 gsm KCl 300 nm 0.05 23.1 58.60% [182] 

PAN 0.267 0.0112 1.29 gsm KCl 300 nm 0.05 24.6 54.1% 

PC 0.259 0.0098 1.43 gsm KCl 300 nm 0.05 27.7 49.50% 

PEI 0.268 0.0101 1.44 gsm KCl 300 nm 0.05 25.5 37.90% 

PS/PAN/PS 0.32 (PAN) 0.0167 (PAN) 35.36 gsm NaCl 300 nm 0.053 54 99.96% [183] 

Cellulose acetate (CA) 0.3 0.04 0.13 NaCl 40 ∼270 nm 0.45 2450 99.95% [184] 

GO@PVDF NFMs 0.991 – – NaCl 300 nm 0.0533 28.17 95.19% [185] 

NaCl PM 2.5 95.41% 

TPU 0.81 – – Burning incense 

PM 2.5 

0.04 10 98.92% [186] 

ESM(ElectroSpun Membrane) PVA:0.55 ∼0.65; 

PVA:0.25 ∼0.35 

0.02 – real polluted air 

environment 

300 nm 

0.42 418 99.9961% [187] 

R/Z-PET/nano-PLA PLA:0.77 – 9 gsm NaCl 260 nm 0.053 201.11 99.992% [188] 

PVDF/GPS1@SiO 2 0.138 – 0.225 NaCl 300 nm 0.0533 16 88.828% [164] 

PAN-F10/S5 0.139 – 0.15/1.08 

gsm 

NaCl 260 nm 0.053 126.7 99.99% [189] 

NaCl PM 2.5 99.24% 

P@M-2 0.116 – – Burning incense 

PM 2.5 

0.0531 42 99.7% [190] 

NGP1 0.62 – 20 gsm NaCl 20 ∼300 nm 1.26 1297.7 98.487% [163] 

PVB/Si3N4-FPU-2 0.4 – 15.32 gsm NaCl 300 ∼500 nm 0.053 60.5 99.991% [191] 

PVA 0.21 0.052 – Burning incense 

PM 2.5 

32 L/min 175 70.81% [192] 

PVDF 0.59 0.043 Burning incense 

PM 2.5 

32 L/min 145 83.01% 

PAN 0.5 0.04 Burning incense 

PM 2.5 

32 L/min 162 93.02% 

Cu//Tb SBS-NFs 1.2 – – NaCl PM 0.3 0.053 60.7 90.3% [193] 

SiO2@PI Hybrid Membranes 0.157 – – dioctyl sebacate (DEHS) 

PM 0.3 

0.28 260 94.378% [194] 

Three-layer Composite Filter 0.85 – – NaCl 

400 ∼500 nm 

0.1 136 94.83% [195] 

PEI-SNP-6 0.604 – 0.171/5.64 gsm NaCl 300 nm 32 L/min 61 99.992% [196] 

TPU-12 0.17 – 0.5 gsm aerosol particles 

PM 2.5 

2.0 m 

3 /h 10 99.654 [197] 

PA-56 NFN Membrane(18wt% + HCOOH/CH3COOH of 3/1 solvent) – – 0.1865/0.63 gsm NaCl 300 ∼500 nm 0.053 46 99.317% [198] 

PAN-75 0.2 – – Burning incense PM 2.5 0.21 206 98.11% [171] 

PAN-85 0.2 0.21 133 96.12% 

PVDF/Fe3O 4 –1 0.243 – 0.155/2.06 gsm Burning incense PM 0.3 12 L/min 16 99.98% [199] 

PU-Si3N 4 –3 0.35 – 1.22 gsm – 32 L/min 25 79.36% [200] 

( continued on next page ) 
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Table 4 ( continued ) 

Code in Ref. Fiber diameter 

( μm) 

Thickness (mm) Solidity/Gram weight PM type & Size Face velocity 

(m/s) 

Air resistance 

(Pa) 

Efficiency References 

PVDF nanofiber/net 100% coverage 0.3 – 0.075/1.05 gsm NaCl PM 0.3 0.0533 93 99.998% [172] 

TPP@Nylon-6 – Burning incense PM 2.5 0.5 253 99.06% [201] 

Polyacrylonitrile/poly(acrylic acid) Nanofibrous Membranes 0.366 – 0.0764 NaCl 300 ∼500 nm 0.053 160 99.994% [202] 

Polylactide/polyhydroxybutyrate (PLA/PHB) – – – NaCl 300 nm 0.053 160 98.5% [203] 

Hierarchical Porous Poly(L-lactic acid) Nanofibrous Membrane 5.5 0.01725 0.213 NaCl 100 nm 0.078 20 99.74% [204] 

PAN/ATP-20 – – 1.57 gsm DOP 20 ∼400 nm 32 L/min 64 97.1% [205] 

PVDF/PTFE-5 0.38 – 0.5 NaCl 300 ∼500 nm 0.053 57 99.972% [165] 

Double layer structured PLA-N/PLA-P 1/5 – – – NaCl 260 nm 0.141 300.1 99.989% [206] 

NM5–10 0.2736 – 0.129/5.21 gsm NaCl 260 nm 0.058 165.3 99.997% [207] 

Nylon-6 electrospun membranes 0.1 – – Burning incense 

PM 2.5 

0.21 271 99.56% [208] 

PSA/PAN-0.5B 0.2002 – 1 gsm Burning incense 

300 nm 

2 45.16 99.52% [209] 

PA-6/PAN/PA-6 – – 0.136/0.699 gsm NaCl 300 ∼500 nm 0.053 117.5 99.9998% [210] 

PAN-BNPs-5 0.34 – 1 gsm Burning incense 

PM 2.5 

0.02 58 99.962% [211] 

PVA/CNC-20–8 0.1276 – – Burning incense 

PM 2.5 

0.2 91.7 99.1% [212] 

Spider-Web-Inspired Filters – – 0.95 

gsm 

NaCl PM 0.3 0.0533 88.5 99.995% [140] 

NaCl PM 2.5 ∼100% 

1
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Fig. 7. A self-polarized electret filter fabricated by high-voltage electrospinning/netting[172]. (a) Schematic diagram displaying the in situ charging strategy of high-voltage 

electrospinning/netting (ES/N). After applying high voltage, the solution was quickly polarized and then evolved into 2D nanonets with numerous volume and surface charges. 

(b) FE-SEM image showing the microscopic structure of electret PVDF nanofiber/nets. (c) Dipole moment vectors and ESP mapped electron densities for α-PVDF and β-PVDF. 

(d) Comparisons of surface potential between PVDF nanofiber and nanofiber/net membranes. Reprinted with permission from ref [172] Copyright 2020 Wiley-VCH. 
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vailability for fabricating electrostatic filters. On the other hand, 

nce manufactured, the properties of the overall filters can also 

e characterized. Natural properties like surface potential or con- 

uctivity can describe the characteristics of corresponding mecha- 

isms for electrostatic filters, categorized in Sections 3.1 to 3.3 . 

It is noted that although these properties were characterized or 

easured in the corresponding research to account for their works, 

he common influence of materials’ electrical properties in air fil- 

ration is still under debate. In this section, we aim to summarize 

nd analyze these electrical properties applied in different electro- 

tatic filters and hope to provide practical insights into the design 

f air filters. 

.1. Polarity 

In materials chemistry, most chemical molecules have portions 

ecause they are relatively electron-rich (negative) or electron- 

oor (positive). This ununiform distribution of electric charges re- 

ects the polarity of the whole molecules. The centers of negative 

nd positive charges can be regarded as a dipole. 

The dipole moment is a vector quantity multiplied by the mag- 

itude of charges and the distance between the charge centers. 

he dipole moment is an essential characteristic of filter fibers, 

hich provides a valuable perspective toward understanding PM 

apture. Ambient PM is mainly composed of organic compounds, 

otentially toxic elements, nitrates, sulfates, and trace metals, so 

he polar functional groups such as C 

–N, C 

–O, and C = O ex-

st on the outer surface of PM. In air filtration materials, a large 

ipole moment leads to stronger dipole-dipole and induced-dipole 

ntermolecular forces, thus enhancing the electrical bonding be- 

ween the PM and the fibrous filters. It has been investigated that 

olecules with high dipole moments could help capture polar air- 

orne particles [ 171 , 172 , 175 , 213 ]. 
16 
In most of the reported works, the filters were made of poly- 

ers, so the dipole moment of the least repeated unit was theo- 

etically calculated by the ground-state density functional theory 

DFT). Some reported filters based on polymers with high dipole 

oment were summarized in the Supporting Information. 

Another character to depict the electrical polarity of the 

olecules is the electrostatic potential, V ( r ). Molecules consist of 

toms, and the atomic system is made of nuclei and electrons. The 

istribution of V ( r ) in a system describes the electric potential gen- 

rated by the charging system. The magnitude of the potential V ( r ) 

s the same as the interaction energy of the system with a unit 

ositive point charge placed at r , e.g., a proton. In contrast to the 

ipole moment, V ( r ) is a three-dimensional local property, which 

an be evaluated at any point r in the space of the system. The 

brous materials with in-built ionizable groups or electronegative 

hemical bonds have high absolute V ( r ) values [ 93 , 172 , 214 ], mak-

ng the materials interact with PM under a strong electrostatic ef- 

ect. Thus, influencing the motion of PM and achieving intensified 

apturing capacity. 

Although the influence of materials properties on filtration 

s still under debate, polarity is still considered a key factor 

hen constructing electrostatic filter architecture. Surface interac- 

ive mechanisms between PM and target fibrous filters still need 

o be illustrated to design the electrostatic air filters. 

.2. Dielectric properties 

Dielectric properties reflect the responsiveness when the fil- 

ers are under an external electric field. As mentioned in 

ections 3.2.2 and 3.2.3 , filters could be polarized by a direct- 

urrent electric field to initiate inductive charges for attracting PM. 

heoretically, when the dielectric medium is polarized between 

wo parallel polar plates with a surface charge of Q , the relative 
0 
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ielectric property of the medium, εr , could be defined as 

 r = 

Q 0 + Q 

Q 0 

(19) 

here, Q is the induced charges, C. Materials with a larger rel- 

tive dielectric constant are expected to perform a stronger in- 

uced electric field when polarized. In electret filters, charges are 

tored in bulk or on the surface of the fibers. Cai et al. revealed

hat the polymer dielectric constant is an influential factor shaping 

he charge storage capacities, thus leading to larger PM-fiber ad- 

esion energy and a better filtration performance [182] . They also 

ompared the filtration efficiency of electrospun filters with simi- 

ar structures and found higher relative dielectric constant, rather 

han higher dipole moment, was necessary for filters to perform 

etter filtration efficiency in some cases. As for dipolar-induced 

lters, Tian and Mo developed an approach to improving the fil- 

ration performance of polarized polyurethane (PU) filters towards 

harged particles by loading high dielectric constant inorganic par- 

icles on them [151] . By in situ observation using a charged cou- 

led device (CCD) and computational fluid dynamics (CFD) simu- 

ation, it has been demonstrated that the induced field intensity 

round polarized higher- εr -coated fibers would be enhanced [154] . 

hus, charged particles would move to and eventually deposit on 

he fiber at a higher migration velocity owing to the effect of the 

ortified Coulomb force. 

.3. Surface potential 

Polarity and dielectric properties are inherent natures for 

olecules or chemical materials, guiding the selections for ingre- 

ients to fabricate electrostatic filters. In contrast, surface poten- 

ial (SP) is a holistic characteristic to reveal the charge intensity 

f the electrostatic filters. The charges on the fiber surface ex- 

rted an electric field in the adjacent space, so the correspond- 

ng spatial electrical potential could be probed as a representative 

o characterize the magnitude of the PM-fiber electrostatic adhe- 

ion. It is worth mentioning that the unit of SP is the same as 

oltage. For the characterization of PM filters, there are mainly 

wo measurement forms of surface potential: Using electrostatic 

oltmeter (ESVM) indirectly or noncontact Kelvin probe force mi- 

roscopy (KPFM) directly. Generally, ESVM could be placed right 

bove the testing samples to obtain the local surface potential val- 

es. KPFM can directly image the SP distribution on a nanometer 

cale by scanning. This high-resolution mapping of SP enables ac- 

urate positioning of the edge sites for PM deposition on the fibers. 

Fig. 8 shows some reported SP values for the electrostatic fil- 

ers. All the SP were initial highest values in the corresponding 

orks. Traditional electret methods like corona charging and tribo- 

lectrification effectively introduce unipolar charges to filters, thus 

chieving considerable SP values. In addition, it indicates that elec- 

rospinning could also work as an in-situ electret method to con- 

truct electrostatic filters. 

.4. Conductivity 

In Section 3.2.1 , we have summarized a series of works focus- 

ng on the filters directly connected to the electrode to enhance 

heir electrostatic filtration [ 119–124 , 128 , 129 , 131 , 132 ]. As for these

onductive filters, electrical conductivity is necessary to distinguish 

heir electrostatic properties in the application. Two benefits will 

merge thereupon with higher conductivity. Firstly, as the fibrous 

lter is a good conductor, the fibers can be charged directly by an 

pplied electric potential, and a strong electric field can be cre- 

ted around fibers. Higher conductivity means a higher density 

f charge carriers flowing in the circuit, thus accompanying for- 

ified induced field and higher PM-fiber electrostatic force. More- 

ver, when faced with charged particles, highly conductive filters 
17 
ould be connected to the ground to maintain the electrical neu- 

rality for the filters and continue to attract PM rather than re- 

el them. As the basic fibrous filters made of polymers are always 

on-conductive, endowing conductivity to fibers has become the 

esearch niche in materials engineering. Various fabricating meth- 

ds have been mentioned in Section 3.2.1 . 

As for conductive fibrous filters, the long-term loading perfor- 

ance of PM filtration should be seriously considered. After the 

ccumulation of PM on the conductive surface, the fiber conduc- 

ivity would decrease, and the induced electric field would take 

isks to be shielded. The architectures and the surface morphology 

f the conductive fibers should be designed carefully to achieve 

igh PM adhesion efficiency, large dust holding capacity, and long 

ervice life at the same time. 

For another, as for non-conductive dielectric filters with electret 

harges, higher conductivity will, in turn, lead to the acceleration 

f the charge de-trapping, causing a declining efficiency in the fil- 

er’s service life (see in Section 3.1.1 ). Therefore, it should be noted 

gain that the electrical properties of filtration materials should be 

nalyzed carefully according to the filtration apparatus. 

. Discussion 

Fundamental understanding of electrostatic filtration and filters’

easurement. Air filtration is an interdisciplinary research field. 

ith the rapid development of material and environmental sci- 

nce, many novel filtration materials have been produced as media 

o enhance filtration efficiency. However, it takes risks that when 

onducting improper laboratory-scale experiments, the filters’ 

erformance, including efficiency, air resistance, and dust holding 

apacity, will be mistakenly reported. 

Firstly, according to the standard drafted by the American 

ociety of Heating, Refrigerating and Air-Conditioning Engineers 

ASHRAE) [215] , the fractional counting efficiency towards PM with 

ertain diameters could be adopted to present the filters’ perfor- 

ance. At the same time, when providing experimental meth- 

ds, the characteristics for target PM, including statistical size dis- 

ributions (Number Mean Diameter, Mass Mean Diameter, et al.), 

ources, and charging status, should be described clearly [17] . Fur- 

her, appropriate sampling instruments should be utilized to en- 

ure the detection of a full-size segment of particles, especially 

hen the target pollutants are to be PM 2.5 or PM 10 . To avoid mis- 

nderstanding, the controlled face air velocity (or airflow rate), ef- 

ective filtering area, and resistance should be reported simultane- 

usly. Lastly, a proper experimental setup should be built to en- 

ure sampling accuracy. An aerosol neutralizer is recommended to 

uarantee the Boltzmann distribution of the carrying charges when 

perating electrostatic filtration. Regarding these principles as the 

rst priority, the analysis and discussion towards electrostatic fil- 

ers could be correctly understood. 

Performance and costs for different categories of electrostatic 

lters. Fig. 9 shows the filtration efficiency for particles (adjacent 

o 0.3 ∼0.5 μm sized) in 66 selected electrostatic filters. We 

ategorized them as monopolar-charged filters (corona charged, 

riboelectrified, and intrinsic charged filters), dipolar-induced 

lters (conductive/inductive charged, and polarized filters), and 

lectrospun filters referred to Section 3 . Also, we used the cor- 

esponding resistance coefficient, β (Pa •s/m), to compare the 

erformance for different air filters tested under ranging face 

elocities. 

Electrospun filters reached an over-average performance in the 

ision of this review. Nanofiber-based filters are superior in air fil- 

ration performance owing to their high porosity and good inter- 

onnectivity. Besides, electrostatic surface charges and functional 

roups on the side chains could be introduced by electrospinning, 
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Fig. 8. The initial surface potential values for reviewed electrospun, corona charged, and triboelectrified filters. The reference numbers on the x-axis correspond with the 

Nos. in Table. S1. 

Fig. 9. (a) The filtration efficiency and resistance coefficient for the reviewed electrostatic filters. The emerged scatters correspond to the performance of the electrostatic 

filters in Table S3 & S4. The target PM size was adjacent to 0.3 ∼0.5 μm according to different reported works and different experimental conditions. (b) The filtration 

efficiency and resistance coefficient for the reviewed electrostatic filters. The bars are divided into groups by the efficiency sections, and 66 filters were included in this 

figure. The reference numbers correspond with the Nos. in Table S3 & S4 in the Supporting Information. 
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Table 5 

Applications and specific features for different electrostatic filters. These works specifically mentioned some highlighted features except for high efficiency 

and low air resistance. 

Applications References Features 

Individual respirators [ 115 , 117 , 123 ] Self-powered, portable, long service life 

[79] Generating electricity, monitoring respiratory rate 

[216] Reusability and durability, antibacterial 

[69] Washable, long service life 

Indoor environment 

protection 

[ 62 , 122 ] Reusability by washing, low air resistance 

[ 48 , 50 , 148 , 149 , 156 ] Large dust-holding capacity, high efficiency under large airflow rate in the ventilation system 

[ 62 , 171 , 172 , 176 ] light transmittance 

Multifunctional 

purification 

[129] Dye degradation effect 

[ 53 , 70 , 85 , 121 , 141 ] Antibacterial effect 

[ 77 , 107 , 151 , 217 ] Removal of formaldehyde, ozone, or other air pollutants 

[157] Removal of SVOCs 

[ 91 , 119 , 154 ] Removal of ultrafine particles (UFPs) 

Vehicles exhaust treatment [175] High-Temperature Stability 

[213] Surface activity to hazardous chemicals 

Industrial dust filtration [201] flame retardation 

[155] Fast fabricating, fire resistance 

[218] Efficient for oil droplets 

m

m

f

i

s

g

a

i

m

a

c

c

h

t

i

t

c

p

p

A

s

b

t

p

t  

p

n

t

u

h

c

h

f

a

m

i

w

s

c

t

p

Fig. 10. The filtration efficiency towards PM 0.3 ∼0.5 and the resistance coefficients 

for the 66 electrostatic fibrous filters in Fig. 9 (a) and commercial non-electret filter 

products from the references [219] . 
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aking the penetration rate decrease to even nearly 0.001%, to 

aximize the interaction between target PM and the fibers. 

Intrinsic filters outperformed by embedding charges through 

unctional molecules or groups, such as metal organic frameworks, 

onic liquids, and amino acids. These filters are always skilfully de- 

igned and synthesized by developing advanced chemicals and en- 

ineering surface dynamics, providing a new vision for traditional 

ir filtration technologies. In most of the works, corona charg- 

ng and triboelectrified filters were monopolar-charged basing on 

edium-high efficiency filters, which were available to perform 

 lower airflow resistance. However, the initial efficiency lifting 

aused by the electret charges took risks to decrease. Such barriers 

ould be overcome by the design of the charged medium, and we 

ave discussed the topic in Section 3.1.1 . 

Fig. 9 reveals that the performances of dipolar-induced fil- 

ers stand out with lower air resistance. It is shown that dipolar- 

nduced filters also performed considerable efficiency, although 

he dielectrophoretic force was commonly considered weaker than 

oulomb force [17] . As for dipolar-induced filters, most of the re- 

orted works were equipped with external applied electrical sup- 

lies to enhance the electrostatic effect of filters for capturing PM. 

s a result, when using the traditional parameters (such as pres- 

ure drop and efficiency) to evaluate them, their performance may 

e overweighed because the electrical power also contributed to 

he filtration, and they could be part of energy dissipation like 

ressure drop. However, for example, the electric-power dissipa- 

ion of EAA filters in Section 3.2.3 was only 50% ∼60% of the fan

ower [154] , so the power consumption would be acceptable and 

ot lead to an unreasonable evaluation of the filters’ performance. 

Practicability and applications for electrostatic filters. Due to 

he increasing air pollution risks, air filters have been extensively 

tilized in building ventilation systems, personal protection, ve- 

icle exhaust removal, or other scenarios. Electrostatic filters are 

onceptually designed to overcome the intrinsic conflict between 

igh filtration efficiency and low air resistance. However, except 

or the initial performance, the whole life cycle indexes, such 

s the dust loading capacity, lifetime, regeneration ability, or 

ulti-functionalization, are even more concerned about the actual 

nstallation. It has been demonstrated that electrostatic filters 

ere investigated to deal with different applications. We have 

ummarized these versatile filters in Table 5 . 

Comparisons with other PM removal techniques. The basis for 

onstructing electrostatic fibrous filters is to use the optimal elec- 

rostatic effect in PM removal mechanisms. Fig. 10 compares the 

erformance of electrostatic fibrous filters and commercial non- 

o

19 
lectret filters. It can be speculated that the electrostatic filters 

ight reach a higher extreme performance at a similar cost and 

aintain a considerable efficiency at a relatively lower cost. 

In addition to fibrous filtration, another important technology 

or controlling the emission of PM is the electrostatic precipitator 

ESP). ESP collects PM by corona charging. In ESP devices, parti- 

les will be charged and deposit on the collecting plates manip- 

lated by the Coulomb force. Without fabric filters in the mod- 

le, ESP units could achieve lower air pressure drop and high cap- 

uring efficiency for fine particles [ 220–222 ]. Compared with ESP, 

brous filtration modules occupy a smaller space and perform a 

arger dust holding capacity because ESP units become inefficient 

nce the dust accumulates and covers the electrodes [220] . 

As illustrated in the above sections, the filtration process could 

e regarded as a binary interaction between the PM and the filters. 

SP achieves high removal efficiency by handling PM’s charging 

tatus, thus utilizing the electrostatic effect to enhance filtration 

erformance. The filters could also be regulated and endowed with 

lectrical responsibility to capture PM ambitiously. Aguilar and co- 

uthors reported a hybrid filter combining ESP and fabric filters 

223] , in which the fabric filters were put downstream of ESP mod- 

les. When particles came out of ESP without being collected, the 

lectrical charges on the particles were still responsible for the im- 

ge force that promoted the increase in the collection efficiency 

f fibers. Thus, by comparing these PM removal techniques, the 
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ssence of electrostatic filtration could be further understood from 

 new vision. 

Future perspectives. Based on this study, some additional re- 

uirements remain to be satisfied to overcome the existing limi- 

ations of current works. The bullet points are listed below. 

• The long-term service capacity. Some researchers paid much at- 

tention to the initial performance of the filters, so the dura- 

bility of filters was often neglected. Dust holding capacity and 

regeneration ability are essential parameters when the filters 

are installed and applied in actual scenarios. There are two 

commonly-used regeneration methods for filters: dry-cleaning 

and wet-cleaning [224] . If filters have large dust holding ca- 

pacities and could be easily renewed, the running cost of air 

filtration will be preferred to decrease. For example, the elec- 

trostatic heterocaking filters developed by Tian et al. performed 

washable properties while the electrostatic improvement would 

not be influenced after washing [151] . Polyetherimide Filters 

with low water adsorption rates developed by Cheng et al. were 

enabled to prolong service life for electret filters [79] , display- 

ing excellent charges maintaining ability under extreme mois- 

ture. Therefore, as for electrostatic filters, future research inter- 

est might also lie in maintaining electrical charges and electro- 

static availability during vibration, pulse-jet cleaning, or hand- 

washing. It may be associated with material properties like me- 

chanical strength, conductivity, or wettability. 
• Multifunction. PM themselves are composed of a series of 

chemicals with various physical and chemical properties. Ex- 

cept for PM, airborne gaseous pollutants such as VOC, SVOC, or 

ozone also cause severe health risks to human beings. Besides, 

the COVID-19 pandemic has also aroused public attention in 

promoting indoor air quality and ventilation. Thus, with the as- 

sistance of electrostatic responsiveness, the electrostatic filters 

are expected to be broad-spectrum and versatile when dealing 

with different pollutants such as chemicals or bio-aerosols. 
• Performance under extreme environment. Reported electro- 

static filters have shown outstanding performance in various 

extreme scenarios, for instance, under high temperature or hu- 

midity, large airflow rate, or high concentration of inlet pollu- 

tants. It is believed that innovative air filters will come out as a 

service for diverse situations. 
• Large-scale preparations. Here are some bottlenecks that need 

to be solved for the practical applications of electrostatic filters. 

Most of the reported filters were fabricated at laboratory scales, 

and many challenges exist in moving to industrial-scale produc- 

tion. Besides, increasing attention to sustainability should re- 

flect in the production and use of electrostatic filters. Fast fab- 

ricating and eco-friendly methods should be developed to syn- 

thesize the filters following green chemistry principles. 

. Conclusive remarks 

Over the past two decades or so, efficient air-cleaning tech- 

iques towards PM have been rapidly developed with the expand- 

ng demands for human health and environmental protection. Uti- 

izing electrostatic effect in fibrous filters is labeled as an emerg- 

ng and promising method for capturing PM efficiently, economi- 

ally, and expansively. Most of the advances were made possible 

y better understanding the PM filtration mechanism and better 

ontrol of the material engineering. In this review, we illustrated 

he basic concepts for filtration mechanisms and analyzed the PM- 

ber electrostatic forces. Originated from that, we firstly categorize 

hose electrostatic filters according to the charging characteristics. 

he preparation, characterization, and application of these innova- 

ive filters were reviewed in detail. Afterward, the electrical prop- 

rties of filter materials were systematically summarized. 
20 
Furthermore, we discussed the importance of conducting rigor- 

us filtration tests to report accurate performance for electrostatic 

lters. The comprehensive performance and applications for elec- 

rostatic filters were compared with other PM removal techniques. 

t should be concluded that the electrostatic fibrous filters will be 

 competitive candidate for PM removal owing to their durability, 

ersatility, and plasticity. To the end, in the interdisciplinary view 

etween environmental engineering and material engineering, we 

ope this study could provide a better understanding of the PM- 

ber electrostatic interactions and practical insights for the design 

f next-generation air filters. 
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