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With the increasingly serious air pollution and the rampant coronavirus disease 2019 (COVID-19), preparing
high-performance air filter to achieve the effective personal protection has become a research hotspot. Elec-
trospun nanofibrous membrane has become the first choice of air filter because of its small diameter, high
specific surface area and porosity. However, improving the filtration performance of the filter only cannot meet
the personal needs: it should be given more functions based on high filtration performance to maximize the
personal benefits, called, multifunctional, which can also be easily realized by electrospinning technology, and
has attracted much attention. In this review, the filtration mechanism of high—performance electrospun air filter
is innovatively summarized from the perspective of membrane. On this basis, the specific preparation process,
advantages and disadvantages are analyzed in detail. Furthermore, other functions required for achieving
maximum personal protection benefits are introduced specifically, and the existing high-performance electro-
spun air filter with multiple functions are summarized. Finally, the challenges, limitations, and development
trends of manufacturing high-performance air filter with multiple functions for personal protection are

presented.

1. Introduction

In recent years, the global environment is deteriorating, and air
pollution is becoming more and more serious due to the development of
industrialization. Even worse, the coronavirus disease 2019 (COVID-19)
continues to erupt and mutate, seriously threatening public health
[1-3]. Air filter (i.e., membrane used for air filtration) is the key to
personal protection [4]. By filtering small particles in the air, respiratory
diseases can be avoided directly and effectively [5]. Therefore, the
development of high-performance air filter has always been a research
hotspot [6-8].

As an important equipment for personal protection, masks are widely
worn in daily life to prevent particles in the air, where the core filter
layer plays a major role in filtering [9,10]. Fibrous membranes have
most widely used in air filtration because of its small pore size, high
porosity and universality of materials, which are expected to be used as
the core filter layer of masks [11,12]. High filtration efficiency is an
important capability of air filter [13]. However, most preparation
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methods of fibrous filter cannot realize the filtration of ultrafine parti-
cles in low resistance due to the relatively large pores and fiber di-
ameters (e.g. synthesis, spin-bonding and melt blowing) [14].
Therefore, the core filter layer of traditional commercial mask (i.e.,
polypropylene (PP) melt-blown microfibrous membrane) is endowed
with electrostatic adsorption capacity by a high-voltage corona
discharge electret technology, so as to achieve a satisfactory filtration
performance [15]. Unfortunately, the materials available for the
melt-blown electret method are very limited, and the electrostatic
charge is easily dissipated due to moisture, resulting in a sharp decline in
filtration efficiency [16,17]. Hence, nanofibrous membrane with more
stable filtration performance have become a better choice for personal
protection [18]. Electrospinning is a general and low—cost method for
easily preparing nanofibrous membrane with large specific surface area,
small pore size, controllable fiber diameter (particularly, it can realize
the stable preparation of nanofibers below 100 nm), and relatively high
production rate [19]. Moreover, there are many kinds of materials
available for electrospinning, including various polymers, small
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molecules, ceramics and so on, which makes it possible to quickly pre-
pare nanofibers with various structures and functions [20-24]. Thus,
more and more electrospun nanofibrous membrane are manufactured to
realize high—performance air filtration and used for personal protection
[25-27].

In the last decade, electrospun nanofibrous membranes with high
filtration efficiency and low resistance have been widely studied because
they can match the protection and comfort of users simultaneously [28].
Generally, it can be realized through structural regulation and fibrous
modification [29]. Nowadays, with the continuous development of
related research, high filtration efficiency and low resistance air filtra-
tion has been deeply rooted in the hearts of the people: the first thing we
think of the high-performance electrospun nanofibrous membrane is its
high filtration efficiency and low resistance, that is, the existing high-
—performance air filter has been defaulted to possess high filtration ef-
ficiency and low resistance [30-32]. Nevertheless, extremely good
filtration performance is no longer the goal pursued by researchers:
evaluating the performance of air filter should be comprehensive [10].
For personal protection, the assessment of air filter should consider the
comprehensiveness of protection and higher comfort [6]. Therefore, on
the basis of high filtration efficiency and low resistance, the high-
—performance air filter for personal protection should be given more
functions [14]. In other words, high-performance filters for personal
protection are multifunctional. For example, the air filter with anti-
bacterial properties can prevent the harm of bacteria to the human body;
the adsorption capacity of volatile organic compounds (VOCs) will
protect the human body from being poisoned by inhaling harmful gases
(e.g., formaldehyde and sulfur dioxide (SO2)) [33-36]. Ultimately, air
filter integrating all functions that beneficial to personal protection is
needed, which will also maximize the benefits for personal protection
[37,38]. Multifunction coupling with high filtration performance is a
complex process, which requires deeply explored each mechanism. In
recent years, there have been many reviews on high-performance
electrospun air filter. For example, Ding’s group discussed the rela-
tionship of structure and electrostatic effect to filtration performance
[39]; Zhao’s group summarized several different types of electro-
spinning technology, the structure and characteristics of high-
—performance air filtration membranes, and some application scenarios
[5]; Huang’s group introduced high-performance air filter with
different structures and prepared by various bio-based materials, and
listed many functions and applications [13,14,30]. However, at present,
there is no in—-depth summary of high—performance electrospun air filter
used for personal protection, and the mechanism of air filtration was not
well summarized: all explanations were based on the analysis of single
fiber model, which could not reasonably explain the necessary condi-
tions for high efficiency and low resistance air filtration. Thus, in—depth
explanation of the mechanism of high—efficiency and low-resistance air
filtration, and analysis of strategies that can maximize the benefits of
personal protection (i.e., taking both protection and comfort into ac-
count) will help people better use masks to resist threats from various air
pollutants.

In this review, we summarized the high air filtration performance
mechanisms from the perspective of membrane, and other required
functions of electrospun nanofibrous air filter for maximizing the ben-
efits of personal protection. Firstly, the electrospinning process and
mechanisms of high-performance air filtration were introduced in
detail, and the existing strategies were deeply analyzed; then, other
functions of electrospun air filter required for personal protection were
listed; finally, the current problems and future developments of high-
—performance multifunctional electrospun air filter for personal pro-
tection were discussed.

2. Mechanisms of high filtration performance electrospun air
filter

For air filter, filtration capacity is the most important performance
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[40]. However, in exchange for high filtration efficiency with thick and
tight fibrous accumulation, it will make breathing difficult or even
suffocate [41]. Therefore, filtration with high efficiency and low resis-
tance has become the basic demand of high-performance electrospun air
filter for personal protection [42-44]. Next, the preparation process and
filtration performance of electrospun air filter will be introduced in
detail.

2.1. Electrospinning process

Electrospinning is a simple method to prepare nanofibrous mem-
branes, which mainly includes high-voltage power supply, syringe
pump, spinneret and collector [45]. Under high-voltage electrical field,
the polymer solution charged and deformed into suspended droplet
[46]. When the voltage applied at the end of the spinneret exceeds a
certain critical value, the droplet changes into a Taylor cone and jets
appeared [47]. Then the jets are stretched in violent whipping and so-
lidified into nanofibers at high speed [48].

The morphologies and properties of electrospun nanofibers and their
aggregates (i.e., nanofibrous membranes) can be easily controlled by
adjusting the properties of electrospinning solution (e.g., solute types,
polymer relative molecular mass, solvent, concentration, viscosity,
surface tension, and conductivity), process parameters (e.g., voltage,
supplied rate, and collecting distance), and environmental parameters
(e.g., temperature and humidity) [49]. Based on this, nanofibrous
membranes with various properties and functions are easily prepared
through electrospinning [50-52].

2.2. Filtration mechanism

The classical filtration theory simulates the air filter as an aggregate
composed of several single cylinders to study the filtration process [30].
Specifically, it is mainly divided into interception, inertial impaction,
Brownian diffusion, gravity deposition, and electrostatic absorption, as
shown in Fig. 1 [53]. Among them, electrostatic adsorption and Brow-
nian diffusion play a major role in ultrafine particle (<0.3 pm) filtration
[54]; interception and inertial impaction have great influence on par-
ticles larger than 0.3 pm [14]; gravity deposition is usually negligible
due to its weak force for small size particles [53]. Furthermore,
screening is supplemented as another major filtration function of fibrous
aggregate (i.e. fibrous membrane), which intercepts particles by the
pore formed by overlapping between fibers, or the filter cake formed by
deposited particles; it mainly intercepts particles smaller than the pore
size of the filter layer through physical interception [55].

The filtration process of fibrous filter is synergized by the above ef-
fects. The filtration efficiency (1) is expressed by Kuwabara model [56],
as following:

—40aT } o)

n=1-exp [ﬂD(l —a)
where, 6 is the filtration efficiency of single fiber, a is the fibrous volume
fraction, T is the thickness of air filter, and D is the average diameter of
fiber. According to the Kuwabara model, increasing the thickness of
filter and decreasing the diameter of fibers will improve the filtration
efficiency.

2.3. Pressure drop

The pressure drop is used to indicate the resistance of air flowing
through the fibrous filter, which is represented by the following formula
[571:

1
Ap = 64uvﬁal'5(1 +56a°)T 2

where, Ap is the resistance (i.e., pressure drop), 4 is the air viscosity and
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Fig. 1. Operative particle size in various interaction mechanisms [53].

v is the face velocity across the air filter.

Thicker filters and finer fibers are close accumulation, affecting the
passage of air flow, resulting in high resistance. Therefore, it is necessary
to adjust the structure and parameters of the fibrous filter, realizing the
optimized air flow field and lower resistance.

2.4. Slip effect

Generally, electrospun nanofibrous air filter has lower resistance
compared to microfibrous one, which is attributed to the slip effect: the
airflow bypasses the nanofibers, reducing the resistance [58]. Four
states of air flow near a single fiber are judged by Knudsen number (Ky),
as following:

_2

K,
d

3
where, 1 is the mean free path of air molecules (about 66 nm), and d is
the fibrous diameter.

Specifically, When d>132 pm, K, < 0.001, the air flow is in a
continuous flow regime and completely impacts the fiber so that the
resistance produced; when 528 nm < d < 132 pm, 0.001 < K, < 0.25,
the airflow is in the slip flow regime, bypassing occurs, and the resis-
tance is reduced, which is called the slip effect; when 13.2 nm < d < 528
nm, 0.25 < K, < 10, the airflow is in an transition regime, the slip effect
is enhanced and the resistance is further reduced; when d < 13.2 nm, K,
> 10, the air flow is in the free molecular regime, and the slip effect is the
strongest [59]. The existence of fiber does not affect the streamline, and
there is almost no resistance, as shown in Fig. 2 [60]. Therefore, the

smaller the diameter of single fiber, the stronger the slip effect, and it is
expected to realize the air filtration process with low resistance [61,62].
Bao et al. verified the impact of slip effect on reducing pressure drop
based on experiments for the first time, which was by distinguishing the
influences of inhomogeneity at low-pressure conditions [63]. Nowa-
days, the contribution of slip effect to reducing the pressure drop of
fibrous membrane has been widely accepted [7,14,30].

Nevertheless, the stacking of fibers will affect the slip effect: when
the fibers are stacked too densely, the air flow has no place to bypass,
which will greatly reduce the slip effect [41]. Therefore, small fiber
diameter and sufficient fiber spacing are the key to achieve enhanced
slip effect.

Generally, porosity (¢) is used to characterize the fluffy degree of
fibrous accumulation, as following [64]:

0(%) =(1 —%) % 100% )

where, p, and p are the volume density and density of the material,
respectively.

The higher the porosity is, the fluffier the fibrous membrane is. In
general, nanofibrous membranes with high porosity often have strong
slip effect, because there is enough space between the fibers [65].

2.5. Filtration with high efficiency and low resistance

The comprehensive performance of air filter is evaluated by quality
factor (QF), as following [66]:
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Fig. 2. Theoretical diagram of slip effect of single fiber. Where, K, and D¢ stands for Knudsen Number and the diameter of fibers, respectively [60].
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When the filtration efficiency is higher and the air resistance is lower,
the QF is higher and the air filtration performance is better.

Currently, in the same case, electrospun air filter which QF is better
than commercial high efficiency particulate air filter (HEPA) can be
regarded owing high filtration performance [13]. Particularly, existing
studies have widely used specific conditions (i.e., for 0.3 pm NacCl par-
ticles under air flow of 32 L/min or velocity of 5.3 cm/s) to characterize
the filtration performance of electrospun air filter, under which their
QFs are generally higher than the commercial meltblown masks
[41,67-69].

For high filtration performance electrospun air filter, enhanced
filtration effects and low resistance are essential [70]. However, the
existing filtration theory based on single fiber cannot well explain the
high filtration performance reasons of electrospun nanofibrous mem-
brane. Therefore, we combine the filtration mechanism and air flow
field analysis to consider the filtration process of nanofibrous mem-
brane, then summarized the mechanisms based on existing literature.

Generally, the filtration of larger particles (>0.3 pm) can be easily
achieved through the interception and screening of the pore of nano-
fibrous membrane, but this is not very helpful to improve the overall
filtration efficiency [71]. On the contrary, improving the filtration ef-
ficiency of the most penetrating particles (<0.3 pm) will effectively
promote the overall filtration capacity of the air filter, which can be
achieved by strengthening the Brownian diffusion (i.e., the phenomenon
that particles break away from the air flow line and move irregularly, the
smaller the particle, the stronger the Brownian diffusion) and electro-
static absorption [72,73]. Among them, the electrostatic absorption is
not affected by the air flow field, and has a strong attraction for ultrafine
particles [57]. In addition, when particles are deposited on the fiber by

Enhanced electrostatic
adsorption

Improved slip effect
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Brownian diffusion, they may fall off due to the smoothness of the fiber
surface. Thus, improving the roughness of fibers (i.e., fibers with rough
structure) can increase the contact area between particles and fibers,
thus making particles more firmly intercepted on the surface of fiber,
which is another effective method to improve the filtration capacity
[74-77]. In this case, the air flow field is less negatively affected
compared to smooth fibers, thus the filtration performance improved.
These called improving the initiative of the fibers.

On the other hand, the particle filtration process also needs to
consider the influence of air flow field, because the slip effect widely
exists in electrospun nanofibrous membrane, its influence on particle
behavior cannot be ignored [58]. It has become a widespread consensus
that the slip effect makes the nanofibrous membrane more breathable
[59-61]. However, the airflow bypass may also make the particles
bypass the fiber, which may have an adverse impact on the filtration.
Jung et al. proved that the enhanced slip effect will make the air flow
field closer to the surface of fiber, thus the filtration efficiency caused by
Brownian diffusion is increased [78]. Therefore, the filtration efficiency
of ultrafine particles will not be weakened by the slip effect, because
they are not easy to follow the air streamline [54]. On the contrary,
Brownian diffusion enhanced by slip effect will also promote the
filtration of ultrafine particles. For larger particles, it is also easy to be
intercepted by the tortuous pores of the nanofibrous membrane in the
subsequent filtration process. In general, slip effect has a positive
contribution to the improvement of overall filtration efficiency, and its
contribution to high efficiency and low resistance air filtration has also
been supported by the literature [61]. It is worth noting that most of the
existing studies (as described in Section 3.2) attribute the reduction of
air resistance to the enhancement of slip effect, but do not involve its
contribution to the improvement of air filtration efficiency too much:
the research in this part is relatively scarce.

To sum up, high efficiency and low resistance air filtration process

Increased contact sites

| Synergistic effects

I

High-performance
elctrospun air filter

Q0 . .
o € ) )
c —— —
QP

0 & e e
Q © T o

o) [¢)
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Fig. 3. Three synergistic effects of fibrous membrane to enhance air filtration performance.
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requires synergistic effects among electrostatic adsorption, slip effect,
and contact sites between fibers and particles, as shown in Fig. 3.
Though it is still difficult to quantify the contribution of these three
mechanisms to air filtration.

3. Preparation of electrospun nanofibrous air filter with high
efficiency and low resistance

As mentioned earlier, enhanced electrostatic adsorption and slip ef-
fect, and high roughness of fibers are the three mechanisms to realize
high—efficiency and low-resistance air filtration. Next, the specific
mechanism and the realization method of electrospinning will be
introduced in detail.

3.1. Function of enhanced electrostatic adsorption

Generally, electrospun nanofibers will initially have significant
electrostatic adsorption capacity due to the influence of high voltage,
and these injected charges will gradually decay and disappear within 24
h [14]. In this case, such nanofibers are not considered to have enhanced
electrostatic adsorption. The situations discussed below ensure that the
nanofibers have stable electrostatic adsorption capacity.

Usually, fibrous filters improve the filtration efficiency by increasing
the density and thickness, but this will also increase the resistance
sharply [79]. Fortunately, electrostatic enhanced air filters can achieve
higher particle capture efficiency without increasing resistance [80].
Thus, the filtration performance of the air filter will be greatly improved.

3.1.1. Electret with space charge

In the electrospinning process, the charge will be spontaneously
embedded on the surface traps of the medium in the electric field, which
is called space charge [81]. When the medium has high dielectric con-
stant, the space charge can be well retained for a long time to form
monopolar electrets [82]. At present, space charge electret is realized by

@7
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adding electret particles (e.g., silicon dioxide (SiO3); titanium dioxide
(TiOy); barium titanate (BaTiOs); silicon nitride (SizNy4); attapulgite;
boehmite; polytetrafluoroethylene (PTFE); hydroxylapatite (HAP))
[79,83-89], electrospinning nonpolar fibers (e.g., PTFE; polystyrene
(PS) and polyvinyl chloride (PVC)) [90-92], and realizing interface
polarization between polar and nonpolar mediums [93,94].

By adding electret particles, electrospun air filters can easily achieve
enhanced electrostatic adsorption capacity. Li et al. developed electro-
spun electreted PEI fibrous air filter with high filtration performance by
introducing SiO, nanoparticle electrets for the first time, as shown in
Fig. 4(a). The air filtration performance of as—prepared membrane was
much better than that of commercial filter. The filtration efficiency for
300 nm aerosol particles was 99.992 %, the pressure drop was only 61
Pa, and the QF was 0.155 Pa . Furthermore, SiO nanoparticles could
capture more space charges, showing the highest surface potential and
the slowest attenuation, as shown in Fig. 4(b) [83]. The particle electret
air filter is easy to realize the strong electrostatic adsorption capacity
brought by high filling density [81]. However, the problem of agglom-
eration and uneven distribution of particles will also make the perfor-
mance of air filter unstable. Worse, the introduction of electret particles
also has the risk of nanotoxicity and desorption, which may endanger
human health [93].

The preparation of all-polymer nonpolar electret nanofibers is an
effective method to avoid above problems. Chen et al. constructed
multilevel structured thermoplastic polyurethanes/polystyrene/poly-
amide-6 (TPU/PS/PA-6) composite membrane. The synergistic effect of
mechanical filtration and strong electrostatic adsorption realized high-
—efficiency and low-resistance air filtration, in which PS electret layer
was the main filtration function layer, providing strong filtration ca-
pacity. The filtration efficiency for 0.3 pm NaCl particles was 99.99 %,
the air resistance was 54 Pa, and the QF was 0.17 Pa~! [68]. However, it
is difficult for nonpolar electret fibers to achieve high filtration effi-
ciency alone, because the deposition of fibers is difficult due to charge
repulsion [68].
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Fig. 4. (a) Schematic diagram of PEI/SiO, nanofibrous membrane, and the filtration efficiency of different membranes under different temperatures. (b) Surface
potential decay of different hybrid membranes at room temperature over time [83]. (¢) Schematic illustrating the contribution of PVDF on electret effect. (d) Surface
potentials of PS/PVDF electret fibers with different mass ratio. (e) Filtration efficiency and pressure drop of PS/PVDF membranes with different mass ratio [93].
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Fortunately, the all-polymer electret fiber preparation strategy
based on the combination of polar and non-polar medium can effec-
tively realize high-efficiency air filtration through interface polarization
[93]. That is due to the different electrical properties (i.e., permittivi-
ty and conductivity) of the two phases in the medium, resulting in the
accumulation of free charges on the two—phase interface under the ac-
tion of an electric field [86]. Li et al. prepared all-polymer hybrid PS and
polyvinylidene fluoride (PVDF) electret fibers by studying the comple-
mentarity of electrical response between electrospun polymers. The
different electron transport ability between PVDF and PS made the
charge accumulate in the interface region rather than transfer from one
to another. Therefore, an induced charge in the same direction as the
injected charge was generated in the PS, thereby enhancing the electret
effect, as shown in Fig. 4(d). The surface potential was increased by 36 %
through introducing 2 / 16 content of PVDF, as shown in Fig. 4 (e), thus
the filtration efficiency was 12 % higher than that of PS fiber only, as
shown in Fig. 4(f). Finally, the filtration efficiency was 99.752 %, the
resistance was 72 Pa, and the QF was 0.083 pa’l [93].

The space charge electret air filter has high filtration performance
because of the long-range intermolecular force, but the space charge is
also easy to dissipate due to the influence of the environment (e.g., high
temperature and humidity), and reduces the filtration performance
[95-97]. Moreover, the non-renewable charge is its fatal disadvantage,
which hinders the reuse [98].

3.1.2. Induced dipole charge

Polar materials with high dipole moment can spontaneously arrange
to form permanent dipoles under the influence of electric field, so as to
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induce dipole charge, which is more stable than space charge [99]. At
present, many materials have been electrospun into induced dipole
charge air filters, such as polyacrylonitrile (PAN), polybenzimidazole
(PBI), PVDF and so on [100-102]. Lee et al. reported electrospun PBI
nanofibrous membrane with high electric dipole moment (6.12 D), as
shown in Fig. 5(a). Compared with PA-6 electrospun air filter (3.31 D)
and PP commercial filter (0.35 D) with lower dipole moment, the surface
potential of PBI electrospun nanofibrous membrane (0.77 V) was more
than 1.5 times higher (PA-6 = 0.492 V and PP = -0.374 V), as shown in
Fig. 5(b). The filtration efficiency of PBI air filter was 98.5 %, the
pressure drop was 130 Pa, and the QF was 0.032 Pa~?, as shown in Fig. 5
(c), exhibiting three times the air filtration performance of commercial
masks because of stronger electrostatic adsorption [102].

Similarly, it still faces the problem of non-renewable charge. For this
reason, Ding et al. introduced photochromic spiropyran (SP) and con-
structed SP/PS nanofibrous air filter with spontaneous induced elec-
trostatic charge. Spontaneous polarization of photochromic molecules
under different wavelengths of light could induce surface charge in
electret material, the dipole moment could be increased from 5.4 D to
19. 54 D, as shown in Fig. 5(d). After washing, the surface potential of
SP/PS fabrics irradiated by ultraviolet light also showed higher surface
potential (~250 V) than PS and PP fabrics (before washing ~ 230 V,
after washing ~ 37.2 V), as shown in Fig. 5(e). Thus, after repeated
washing, the filtration efficiency of SP/PS fibrous membrane was always
maintained at more than 95 %, the resistance was less than 343.2 Pa,
while the filtration efficiency of PS was reduced to less than 90 %, as
shown in Fig. 5(f) [99]. Therefore, this strategy further broadens the
application of dipole induced electret. However, the limitation of
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Fig. 5. (a) Molecular structures and dipole moment of PBI (6.12 D), Nylon-6 (3.31 D), and PP (0.35 D). (b) Kelvin probe force microscopy images of surface potential
of PBI, Nylon-6 nanofiber filters, and three PP commercial filters. (c) Quality factors (QFs) of different filters [102]. (d) Interconversion between optimized molecular
structures of spiropyran (SP, left)/merocyanine (right) induced by different light irradiation. (e) Surface potential changes of SP/PS composite fabrics washed by
water under different lighting conditions. (f) Stability of filtration efficiency of fabrics after being washed by 75% ethanol and dried for 5 times [99].
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materials has a great obstacle to the promotion of this strategy (e.g.,
there are fewer choices of materials). Although the dipole charge elec-
tret has better electrical stability, its electrostatic adsorption perfor-
mance still has room to improve compared with the space charge
electret due to finite short-range intermolecular force [81].

3.1.3. Friction induced charge

Friction induced charge is formed by friction between materials with
different electronegativity, which called triboelectrification [103]. Its
biggest advantage is that the charge can be regenerated, avoiding the
problem of reduced air filtration performance due to charge dissipation.
According to the research of Wang et al., triboelectrification is the result
of electron transfer [104]. Theoretically, electron transfer will occur
between the two materials with electronegativity differences: the ma-
terials with strong electronegativity will be negatively charged and the
weak one will be positively charged [105]. At this time, the fiber will
carry a net charge to adsorb particles in the air [57]. Liu et al. prepared
the self-powered electrostatic adsorption mask (R-TENG) based on
triboelectric nanogenerator for the first time, which depended on fric-
tion between copper (Cu) and PVDF in contact and separation modes, as
shown in Fig. 6(a). For the particulates in sizes of 0.5 pm and below, the
removal efficiency of R-TENG decreased only from 98 to 88.9 wt% in
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240 min, while that of PVDF membrane decreased rapidly from 97.4 to
62.4 wt%, as shown in Fig. 6(b). At the same time, the surface potential
retention ability of R-TENG was better: when the test time increased
from O to 240 min, the potential decreased from —-600 to —-190 V and
remained stable, while that of PVDF membrane decreased from —-600 V
to 0, indicating that R-TENG had stronger electrostatic adsorption, as
shown in Fig. 6(c) [106]. Subsequently, our group simplified the
structure of friction induced charge air filter. Enhanced self-powered
electrostatic adsorption air filter was electrospun by compositing PA6
and PVC (PA6/PVC) nanofibrous membrane, where PA6 has weak
electronegativity and PVC has strong one, thus, PA6 showed positive
charge on the surface and PVC showed negative one, as shown in Fig. 6
(d).

With the increasing base weight of the PA6/PVC composite mem-
brane, the friction effect was enhanced, so that the voltage increased.
Compared with the uncharged membrane, the self-powered membrane
had a larger voltage value, as shown in Fig. 6(e). The QF of the self-
—powered membrane was 0.0974 Pa~!, which was 8.46 % higher than
that of the non-charged one, as shown in Fig. 6(f) [107]. Under the
action of air flow or flapping, the self-powered electrostatic adsorption
air filter can be easily charged to realize charge regeneration and reuse
of air filter [108]. However, its electrostatic adsorption capacity still
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Fig. 6. (a) Working principles of the R-TENG by periodic expiration and inspiration. (b) The removal efficiency of R-TENG for particles with different diameters in
240 min durability test. (c) Average surface potential change of the single PVDF membrane and R-TENG in 240 min filtration [106]. (d) Schematic diagram for the
air filtration process of the self-powered composite membrane. (e) The measured voltage on the two sides of the composite membranes of different combinations
under airflow velocity of 0.1 m/s. (f) The QF of the composite membranes under airflow velocity of 0.1 m/s [107].
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needs to be improved compared with electret filter. At the same time,
the stability of triboelectric charge should be improved to realize long-
—term electrostatic adsorption.

3.1.4. Functional group interaction

Functional group interactions can be formed from unique materials
with intrinsic net ions or electrons [109]. Electrospun nanofibrous air
filter based on functional group interaction can achieve high—efficiency
electrostatic adsorption without charging and regeneration, and is most
expected to achieve long-term air filtration [57]. Bio-based polymers
represented by protein and chitosan contain a large number of ionizable
amino and hydroxyl groups, which are conducive to combine with
negatively charged particles in the air, and enhance the filtration per-
formance based on electrostatic adsorption [26,110-113]. More
importantly, these polymers contain a large number of fully biode-
gradable functional groups, which can greatly reduce our dependence
on fossil energy and is instrumental in environmental protection [114].
Fu et al. fabricated zein blended gelatin electrospun nanofibrous mem-
brane realized good filtration performance of PMy 3 (i.e., particles with
diameter < 0.3 pm) with a filtration efficiency of 98.8 % under the
extremely low pressure drop of 38 Pa [115]. Zhang et al. demonstrated
the possible contribution of ionizable groups to air filtration by studying
the electrostatic potential on molecular van der Waals surface [116].
However, the content of bio-based polymers still needs to be well
regulated to achieve stronger electrostatic adsorption [111].

In addition, inorganic matters containing ionizable ions and groups
represented by metal organic frameworks (MOFs) and graphene oxide
(GO) are another way to realize functional group interaction
[66,117-121]. MOF is composed of metal containing nodes (ions or
clusters) and organic connectors, which contain a large number of
ionizable metal ions for electrostatic adsorption [122]. Guo et al. pre-
pared an electrospun polyacrylic acid @zeolitic imidazolate frame-
work-8 (PAA@ZIF-8), where the positive charge of ZIF-8 improved the
adsorption of particles. The filtration efficiency of PM; 5 was 99.6 %, the
pressure drop was 146.3 Pa, and the QF was 0.034 Pa™!, which is higher
than that of commercial glass fiber [123]. Unfortunately, fragility and
complex preparation are the fatal disadvantages of MOFs [57]. GO has
rich functional groups and is easy to prepare with lower cost [66]. Li
et al. designed GO/PAN electrospun membrane and achieved high-
—performance filtration of PMy 5 owing to the rich functional groups of
GO. The filtration efficiency of PM; 5 was 99.97 % and the pressure drop
was 8 Pa, which was superior to commercial filters [124]. However,
these kinds of inorganic particles inevitably have the problem of easy
agglomeration, which affects the uniformity of distribution. Although
many crosslinkers (e.g., cellulose; PVA; PEO and PVP) [125-128] have
been introduced to reduce particle agglomeration and enhance fibrous
adhesion, its nanotoxicity is still debatable [79,93]. However, finding
suitable materials and realizing their efficient loading are places to be
explored continuously.

3.2. Function of improved slip effect

The enhanced slip effect makes the air flow pass more smoothly by
optimizing the flow field, which can be realized by constructing a fluffy
spatial structure and reduce the diameter of fibers.

3.2.1. Bead/Ball fibrous structure

The preparation of nanofibrous membrane containing bead or/and
spherical structure filler is an effective method to increase the spacing of
fibers [129-131]. By adjusting the solution parameters (i.e., surface
tension; viscosity and conductivity), different forms of fibers can be
prepared controllably, which can be controlled by the type and con-
centration of polymers [51]. The formation of bead/ball fiber in elec-
trospinning process is closely related to the solution parameters and
formed by the capillary breakup of jet [132]. In general, solutions with
high surface tension will resist Coulomb forces and tend to form bead/
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ball fibers; low solution viscosity cannot overcome the surface tension
due to the weaker entanglement between molecular chains, so it tends to
form bead/ball fibers; in addition, low conductivity systems tend to form
bead/ball fibers because of insufficient Coulomb force [133-135]. Gao
et al. prepared a three-dimensional (3D) PAN composite membrane
with high porosity and low resistance, which was composed of scaffold
nanofibers, microspheres and fine nanofibers by adjusting the solution
concentration, as shown in Fig. 7(a). The microsphere enlarged the gap
between the fibers, which greatly reduced the pressure drop. As shown
in Fig. 7(b), the fibrous membrane with microsphere embedment
(PAN-F10/S3, PAN-F10/S4, PAN-F10/S5 and PAN-F10/S6) showed
uniform pore distribution, and the average flow pore diameters were
2.51,1.46, 1.42 and 1.37 pm, respectively, which were larger than those
without microsphere embedment (1.17 pm). Therefore, at the same
gram weight (0.46 g/m?), the fibrous membranes with microspheres
showed lower pressure drop (109.7, 138.2, 152.7 and 164.3 Pa,
respectively) than those without microspheres (filtration efficiency was
96.3 % and pressure drop was 166.1 Pa), and because the PAN-F10/S5
and PAN-F10/S6 distributed 80 nm fine fibers, ensuring higher filtra-
tion efficiency and realizing better filtration performance (QF were
0.0231 Pa~! and 0.0222 Pa’l, respectively) than those without micro-
spheres (QF was 0.0185 Pa’l), as shown in Fig. 7(c). Finally, fibrous
membrane with microspheres showed a low pressure drop (126.7 Pa) for
NaCl aerosol particles while maintaining a high filtration efficiency
(99.99 %), which was much better than commercial glass fiber and
melt-blown PP filter [136]. Recently, simulation technology has also
been used to prove the feasibility of bead/ball structure to improve
filtration performance. Yousefi et al. proposed a physics—based modeling
technique to simulate the 3D microstructure of electrospun filter with
embedded spacer particles. The pure fibrous medium was much thinner
and the density was much higher compared with the particle embedded
one with the same basis weight so that the increased pressure was much
greater than the improved filtration efficiency. Thus, adding spacer
particles helped to improve the QF of the filter [137]. Bead/ball fibers
are spontaneously formed in-situ during electrospinning, which is a
simple method. Nevertheless, the density of bead/ball fiber should be
further adjusted to achieve better filtration performance. In addition,
because the formation of bead/ball fiber is very limited by the solution
parameters, it may be inhibited when additional solution components
are added, which is not conducive to the preparation of multifunctional
fibrous membrane [131].

3.2.2. Crimped fibrous structure

The preparation of crimped fiber is another effective method to in-
crease the fluffy degree and achieve high porosity, which is relying on its
unique spatial supporting. Li et al. reported a biomimetic and one-step
strategy to fabricate ultrafine and crimped wool-like PVDF nanofibrous
membrane, achieving high-performance air filtration. The key of
preparation was to control the exchange rate between water and solvent
molecules during jets flight. The charged jet will experience the bending
disturbance driven by Coulomb repulsion. The premature solidification
of the jet caused by water will promote the preparation of crimped fi-
bers. Finally, the porosity of that membrane was as high as 98.7 %,
which had never been achieved by one-step electrospinning. The
filtration efficiency was 99.952 %, resistance less than 0.05 % of at-
mospheric pressure, and the QF was 0.15 Pa~!, which was higher than
that of commercial melt-blown filter [89]. On this basis, our research
group further proved the contribution of crimped fibers to the enhanced
slip effect by simulating the air flow field around spiral fibers. The
pressure distribution between the layers of spiral nanofibers was more
uniform (Fig. 7(d)) than that of cylindrical fibers (Fig. 7(e)), showing a
uniformly distributed low pressure. In addition, due to the existence of
hollow gap in the spiral fiber, the air flow tended to be evenly distrib-
uted and the flow velocity decreased, as shown in Fig. 7(f) and (g).
Therefore, the crimped fibers can enhance the slip effect through the
optimized flow field. Ultimately, the QF of the prepared curled PVDF
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Fig. 7. (a) Preparation process of PAN three-dimensional composite membrane and its structure. (b) Pore size distribution; (c) filtration efficiency and pressure drop
of PAN nanofibrous membrane containing microspheres [136]. The static pressure distributions of the airflow inside: (d) spiral fibers and (e) straight fibers. The
velocity distributions of the airflow inside: (f) spiral fibers and (g) straight fibers. (h) The SEM image of spiral PVDF fibers [138].

nanofibers (Fig. 7(h)) was 12.77 % higher (0.0309 Pa’l) than that of
straight one (0.0274 Pa~!) [138]. The preparation process of crimped
fiber is relatively simple. However, the preparation conditions are
relatively harsh, which limits its further development.

3.2.3. Bimodal fibrous structure

Bimodal fibrous structure refers to the complex of two fibers with
significantly different diameters, where coarse fibers are used as sup-
porting skeleton to reduce pressure drop, and fine fibers are used as the
main filtration layer [29,70,139].

Multi-jet electrospinning is the most common method to construct
bimodal structure, which is prepared by electrospinning layer by layer
or co-electrospinning with different diameters of fibers [70,115,140].
Wang et al. designed a bimodal poly(lactic acid) (PLA) fibrous mem-
brane with micron diameter (PLA-P) and nano diameter (PLA-N), as
shown in Fig. 8(a). The filtration performance of PLA bimodal structure
(mass ratios of PLA-N: PLA-P = 1: 5) was better (QF up to 0.0299 pPa’l)
than that when they were used alone (QFs only PLA-N and only PLA-P
were 0.0276 and 0.0113 Pa!, respectively), as shown in Fig. 8(b).

Moreover, they proved that the bimodal filter with double-layer struc-
ture (DSM) has better filtration performance than the interlaced struc-
ture (ISM) due to the compensation of the inferior parts. The QF of ISM
was 0.0299 Pa~! and that of DSM was 0.0303 Pa*, and all of them were
better than that of commercial HEPA [141]. Our group fabricated PVDEF/
PAN bimodal nanofibrous membrane, and also proved that the com-
posite method of electrospinning layer by layer has better filtration
performance than co—electrospinning: the QF of the former was 0.0376
Pa~! and that of the latter was 0.0365 Pa~! under the same basis weight.
Furthermore, increasing the proportion of coarse PVDF fibers in bimodal
membrane with double-layer structure would further improve the
filtration performance, because too many fine PAN fibers would make
the pressure drop rise sharply, and the adverse impact exceeded the
contribution of improved filtration efficiency to performance. Finally,
the QF of the optimized bimodal fibrous membrane was 0.0398 Pa~!
[142]. Nevertheless, the fibrous diameter with the best slip effect of
bimodal fibrous membrane remained to be explored. For this purpose,
Quan et al. modeled the slip effect of a single nanofiber. The effect of
nanofibrous diameter on pressure drop was numerically simulated to
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determine unimodal and single layer fiber diameter with the best slip
effect under same fiber packing densities 8 %, as shown in Fig. 8(c)-(g).
The pressure drop at the top remained the same, so the lighter the
bottom color, the smaller the pressure drop. As the fiber diameter
decreased from 200 to 70 nm, the pressure drop decreased to 10.092 Pa.
However, when the fiber diameter further decreased from 70 nm to 50
nm, the pressure drop increased. This may be because the fiber diameter
of 70 nm was closest to the average free path of air molecules (66 nm), as
shown in Fig. 8(h). Then, the best bimodal fibers were determined (70
and 200 nm, respectively), which the filtration performance (QF =
0.065 Pa’l) was better than that of unimodal fibrous filters (QF = 0.058
Pa~1) [60]. Hence, the bimodal nanofibrous membrane constructed by
layer-by-layer electrospinning has better filtration performance and can
easily compound a variety of membranes with different functions, which
is helpful to the preparation of multifunctional, efficient and low resis-
tance fibrous membrane. However, the complex steps limit the
improvement of preparation efficiency. Thus, Zhou et al. demonstrated
one-step free surface electrospinning with large-scale productivity for
the first time as an air filter, which was consisted of a base fabric
unwinder and multiple sets of free surface electrospinning modules, and
prepared PAN membranes with coarse, medium and fine fibrous com-
posite layers. That filter showed excellent filtration efficiency (99.97 %)
and low resistance (106.8 Pa). More importantly, its output was 150
times that of the traditional single-needle electrospinning [143].

10

Nevertheless, the complex equipment will increase the cost of
preparation.

In recent years, one-step electrospinning strategies based on elec-
trospinning/netting and jet splitting have become effective methods to
prepare bimodal nanofibrous membranes, which are created by the
instability of the electrospinning jets [144]. They have attracted more
and more attention because of their high filtration performance, simple
fabrication steps, low cost, and scalable preparation [69].

Electrospinning/netting realizes the in-situ combination of coarse
skeleton fibers and ultrafine (about 20 nm) nanonets through the for-
mation and phase separation of charged droplets in the jets [145-147].
In the early days, nanofibrous membranes prepared by electrospinning/
netting technology generally had problems such as low coverage of
nanonet (<30 %) and poor process controllability (i.e., the formation of
nanonets was often random), which limited the improvement of their
filtration performance. Recently, Ding’s team proposed that the elec-
trospinning process has two jet modes of “jet” mode and “droplet” mode,
and calculated the critical thresholds of the two modes. When the charge
to mass ratio (e / m) of the jet exceeds the droplet threshold, the charged
droplet will be ejected together with common jets [148,149]. Generally,
high conductivity of solution (by adding metal salt solution), solute
differences, and extremely low humidity (<30 % RH) contribute to the
generation of nanonets [150]. Nowadays, nanofiber/net membranes
with 100 % nanonet coverage can be prepared controllably, which



Z. Shao et al.

further improves its filtration performance. Liu et el. developed an
innovative in-situ electret electrospinning/netting technology to con-
trol solution phase separation and crystal phase transition of PVDF,
where lithium chloride (LiCl) or tetrabutylammonium chloride (TBAC)
was used to enhance the conductivity in the system and promote the
formation of charged droplets, as shown in Fig. 9(a). Finally, the
nanonet coverage of the prepared PVDF nanofiber/net membrane
reached 100 %, and had real nano diameter, small pore size and strong
electret effect, as shown in Fig. 9(b) and (c). The air filtration efficiency
was 99.998 %, the pressure drop was 93 Pa and the QF was 0.11 Pa},
showing higher particle filtration performance [149].

Similarly, jet splitting can also generate bimodal structure, in which
coarse and fine nanofibers exist simultaneously. Li et al. first reported a
one-step simple method to prepare PVDF tree-like nanofibrous mem-
brane based on jet splitting by adding TBAC [151]. They observed that
the membrane contained trunk fibers (100 nm to 500 nm) and branch
fibers (5 nm to 100 nm), as shown in Fig. 9(d) and (e), and proved that
the high conductivity of the solution was the key to achieving jet split-
ting. In addition, they also used a high-speed camera to capture the jet
splitting phenomenon in the PVDF electrospinning process: the straight
stretch section of high conductivity solution jet was shorter, and some
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branch jets were continuously split from the outside of the curved sec-
tion and further subdivided into many branch fibers, as shown in Fig. 9
(f) and (g). When the charge density was higher than a certain threshold,
the Coulomb force overcome the surface tension and formed splitting
jets. Finally, the filtration efficiency of tree-like PVDF nanofibrous
membrane for 0.26 pm NaCl particles was 99.999 %, and the resistance
was 126.7 Pa, which was nearly to ultralow penetration air filters [152].
Balgis et al. studied the effect of polymer solution rheological properties
on the formation of cellulose/PVP bimodal nanofibers for the first time.
Due to the negative zeta potential, cellulose was attracted to the surface
of the positively charged jet and occupies most of its surface compo-
nents, which promoted the continuous and unstable jet splitting, as
shown in Fig. 9(h), resulting in the formation of two sizes of nanofibers:
the average diameter of coarse fibers and fine fibers were 249 and 61
nm, respectively, as shown in Fig. 9(i). On the contrary, the size distri-
bution of the nanofibers was not affected by the negative voltage, as
shown in Fig. 9(j) and (k). Ultimately, the QF of bimodal cellulose/PVP
composite nanofibrous membrane synthesized by one-step electro-
spinning was 0.117 Pa~!, which was 10 times that of commercial HEPA
filters. It is worth noting that the preparation of cellulose/PVP bimodal
nanofibers got rid of the decisive influence of high conductivity on jet

Air flow

/ ieving

surface of positively charged jet

COO- group of CNF was attracted on the

\ ! N 249 rnm
1 61 . Nnm

Polymer jet splitting
|

COO- group of CNF was repulsed from
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Polymer jet splitting

Fig. 9. (a) Schematic diagram of the electrospinning/netting. (b) SEM image of PVDF nanofiber/nets with 100% nanonet coverage. (c) Illustrating image of
nanofiber/nets filtration manners [149]. (d) Schematic diagram of tree-like fibers preparation by jet splitting. (¢) SEM image of tree-like PVDF nanofibers. Photo
images of electrospinning jets for (f) pure PVDF solution, and (g) PVDF/TBAC solution with high conductivity[151]. (h) Extreme jet splitting model, and (i) SEM
image of cellulose/PVP fibers with positive applied voltage. (j) Jet splitting model, and (k) SEM image of cellulose/PVP fibers with negative applied voltage [69].
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splitting behavior: there was no component in solution that can signif-
icantly promote conductivity, but enhanced jet splitting still occurred,
this provided more opportunities for jet splitting [69].

The challenge of one-step preparation of bimodal nanofibers based
on jet instability lies in: realize the stable and efficient preparation under
large load of various functional materials, because the splitting of jet or
the phase separation of charged droplets is likely to be restrained by the
introduction of functional materials (jet splitting or phase separation
process will be inhibited due to high solution viscosity) [153]. Above all,
it is undeniable that this simple preparation strategy has a powerful
magnetizing effect on realizing the batch preparation of high perfor-
mance electrospun air filter materials and promoting the electro-
spinning technology from laboratory to industrialization.

3.3. Function of increased contact sites
The improvement of fiber surface roughness is the key to increase the
contact sites between fibers and particles, which can be realized by

constructing nanofibers with different structures.

3.3.1. Porous fibrous structure
Electrospun porous nanofibers refer to the surface with a large

(%)
15

30

( c) 0.028 R
0.027 /.
1 0026 / N\ - 100.0
& /
< o0s
240 % oom 4 4995
£o003 -
2204 3 0.022 &
— 00214 -] 990 §'
z 15%  30% 4% 60% ]
< 200 o Mumidity (%) 2
£ _—— {o85%
L e
2 180 2
% - i
g . ~— H9s0Z
160+ [ —m— Pressure drop|
ﬁ N
140 [ Filtration efficiency ! 97.5
. 97.0

T
30% 45%
Humidity (%)

T
5%

(b) Sample humidity

Separation and Purification Technology 302 (2022) 122175

number of nano-scale porous structures (these structures can exist only
on the surface or throughout the fibers) [154]. Phase separation in
electrospinning process is an important reason for the formation of
porous fibers [155]. Wang et al. prepared a high filtration performance
nano/porous PLA composite fibrous by adjusting the relative humidity
(filtration efficiency = 99.999 %, pressure drop = 93.3 Pa). It was
proved that high relative humidity will promote the formation of porous
structure (Fig. 10(a)), because it allowed more water vapor in the air to
cause phase separation of the jet, in which the part penetrating into the
jet formed internal pores, while the part remaining on the surface of jet
formed surface pores. When the humidity increased from 15 % to 60 %,
the coverage of nanopores on the fiber surface increased from 1.85 % to
23.63 %, as shown in Fig. 10(b), thus, the pressure drop was decreased
from 228.7 to 143.8 Pa. Although the filtration efficiency decreased, the
pressure drop had decreased more, so the air filtration performance still
reached the maximum when the humidity was 45 % (QF = 0.0276
Pa~1), as shown in Fig. 10(c), which proved that the porous fiber could
achieve high-performance air filtration [141]. Furthermore, the addi-
tion of metal-organic framework (MOF) is also easy to lead to phase
separation due to the rapid evaporation of solvent [123].

Post treatment to induce phase separation of electrospun fiber is
another common method to prepare porous structure. Wang et al.
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Fig. 10. (a) SEM image of PLA porous fibers. (b) Relationship between preparation humidity and fiber surface nanopore coverage. (c) Pressure drop, filtration
efficiency, and QF of fibrous membrane fabricated with different humidity [141]. (d) SEM image of ultrafine PTFE porous fibers [90]. (¢) SEM image of PLLA porous
fibers before and after ethanol treatment [154]. (f) SEM image of PAN fold fibers. QFs of: (g) 10 wt% TEOS and 12 wt% PAN membrane, and (h) 12 wt% TEOS/PAN

and glass fibers [74].
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fabricated ultrafine PTFE porous fibrous membrane (Fig. 10(d)) with
high filtration performance by high temperature and ethanol immersion
post-treatment (filtration efficiency = 99.72 %, pressure drop = 89.9
Pa). At a high temperature of 360 °C, PVP and PTFE melt together, and
then PVP was removed with ethanol to form a PTFE porous fibers [90].
Song et al. used ethanol to induce poly(z-lactic acid) (PLLA) recrystal-
lization to form porous fibers, as shown in Fig. 10(e). With the move-
ment of PLLA molecular chain during crystallization, the solvent was
extruded from the crystalline part of the fiber and phase separation
occurred. The filtration efficiency of the prepared PLLA porous fiber for
30-100 nm NaCl particles exceeded 99.9 %, the pressure drop was 110
Pa, and the QF was 0.05-0.75 Pa"!, better than commercial non-woven
filter [154].

Although there is no consensus on the effect of porous fiber surface
on air flow [156], it is certain that the rough surface of porous fiber will
increase the friction coefficient between fiber and particles, which is
conducive to particle capture and thus improving the filtration perfor-
mance [141].

3.3.2. Fold fibrous structure
The folded fiber morphology is caused by buckling instability [131].

PAA/PAN

! 9

.. Hydrogen bond
“, crosslinking

Green solvent
water wm)

Thermal
treatment

PVA/SAHHAP

'

&

Porous Pl
Nanofiber

Separation and Purification Technology 302 (2022) 122175

Different evaporation rates of mixed solvents are one of the reasons for
the formation of fold fibers. Attabi et al. dissolved PAN with tetraethyl
orthosilicate (TEOS) and N—N dimethylformamide (DMF) to prepare
fold PAN fibers (Fig. 10(f)). The different evaporation rates of TEOS and
DMF will cause phase separation, resulting in fiber folding. This fold
surface would increase the specific area of nanofibers, thus increasing
the surface area of adsorption and capture for particles. In addition, it
could also hinder the movement of particles in the air flow, or expand
the anti-skid surface and the stagnation area of the fiber surface, so as to
improve the adhesion between particles and the surface of fiber, which
will greatly improve the capture ability of large particles. With the in-
crease of fiber surface roughness, the filtration performance will also
increase. The filtration performance of fold PAN fibrous membrane (i.e.,
10 wt% TEOS, QF = 0.023 Pa™') was better than that of smooth one (i.e.,
12 wt% PAN, QF = 0.0196 Pa 1) and glass fiber commercial filter (QF =
0.021 Pa’l), as shown in Fig. 10(g),(h) [74].

Removing or migrating some components from fibers by post-
—treatment is another effective method to construct fold nanofibers. Fan
et al. treated polyimide (PI) / PAN composite fiber membrane at high
temperature of 480 °C to remove PAN, and then PI fold nanofibers were
formed, as shown in Fig. 11(a). Particles will reflect and escape on the
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Fig. 11. (a) Schematic illustration for fabrication of the wrinkled PI nanofibers. (b) SEM image of the wrinkled PI nanofibers. (c) Schematic illustration for filtration
mechanism of wrinkled filter. (d) QFs of different PI membranes for filtering different diameter particles under room temperature [155]. (e) Schematic illustration for
fabrication of the T-PVA/SA/HAP nanofibers [157]. (f) Micromorphology of PI-POSS@ZIF fibers with nanoprotrusions [158].

13



Z. Shao et al.

smooth fiber surface (PI-0); in contrast, nanofibers with rough surface
(P1-20, Fig. 11(b)) will greatly limit the elastic reflection of particles and
“stick” to the fiber surface directly or through reflection, which was not
easy to fall off due to inertia, as shown in Fig. 11(c). Finally, the filtration
efficiency of fold PI fibrous membrane for PMy3 was 99.99 %, the
pressure drop was only 43.25 Pa, and the QF was as high as 0.1228 Pa™?,
which was 3.93 times that of smooth PI fibrous membrane (0.0249
Pa’l), as shown in Fig. 11(d) [155]. Similarly, Deng et al. prepared
polyvinyl alcohol/sodium alginate/hydroxyapatite (T-PVA/SA/HAP)
electrospun nanofibers with a unique wrinkled helical structure by green
electrospinning and thermal treatment, as shown in Fig. 11(e). The
activation of PVA/SA polymer chain and the migration of HAP particles
was promoted, and realized the regeneration of hierarchical structure,
which increased the contact area between fibers and particles, thus
improved the filtration performance. The filtration efficiency for
0.3-2.5 pm particles was 99 %, and the pressure drop was 96.32 Pa
[157]. Similar to porous fibers, the influence of fold fibers on air fluid
has not been determined, but its contribution to the improvement of air
filtration performance cannot be erased.

3.3.3. Nanoprotrusion fibrous structure

Forming a large number of nanoprotrusions on fibers is an effective
way to increase the surface roughness of fibers, which can be fabricated
by particle doping through hydrogen bond or coordination bond, such as
MOFs, GO, zinc oxide (ZnO), SiO,, protein particles and so on
[40,139,158,159]. It is desirable to construct uniform and widely
distributed nanoprotrusion [14]. However, particle agglomeration is
inevitable. In order to solve this problem, a variety of methods have been
studied, including introducing dispersant, ultrasonic vibration for a
certain time, coaxial electrospinning, etc., all of which have achieved
good results [14,160]. Nevertheless, there is often a problem of particle
desorption caused by insufficient adhesion between nanoprotrusions
and smooth fibers. Therefore, Xie et al. added octa(amino-
—propylsilsesquioxane) (POSS-NH,) as a bridge to anchor ZIF-8 parti-
cles on PI fibers, and prepared PI fibrous membrane (PI-POSS@ZIF)
with a large number of uniformly distributed nanoprotrusions, as shown
in Fig. 11(f). POSS can enhance the binding energy of the interface, so
that ZIF-8 was more firmly attached to the smooth fiber. The removal
rate for PMy 3 was up to 99.28 %, the pressure drop was 49.21 Pa, and
the QF was 0.1002 Pa™* [158].

Indeed, the contribution of nanofibers with nanoprotrusion structure
to air filtration often comes more from the inherent function of the
introduced particle itself, the ability of nanoprotrusion fiber with rough
surface to particle filtration should not be ignored, as the same to fold
structure.

4. Design of multifunctional electrospun air filter

Nowadays, as people pay more and more attention to personal pro-
tection, the use frequency of air filter is getting higher and higher, and a
single high filtration performance can no longer meet the demand: more
attention has been paid to how to maximize the benefits of personal
protection and optimize the feeling of use [5,13,14]. The introduction of
functional materials and the design of special structures are common
methods for endowing electrospun air filter with various performances:
all this is based on the premise of meeting the high filtration capacity of
the air filter.

4.1. High dust holding capacity

Dust holding capacity refers to the mass of particles that can be
captured when the pressure drop reaches twice the initial value, which
may affect the comfort of user [4]. In the process of use, particles will
continuously deposit on the surface or inside of the air filter, thus
affecting the air circulation [161]. Therefore, large dust holding ca-
pacity can ensure comfortable personal protection for a long time, and it
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is no need to worry about changing filter in hazardous environments
[44]. Generally, the dust holding capacity of filter relying on surface
filtration is relatively small, while that depending on deep filtration is
greater, because the former is easy to cause blockage, the pressure drop
rises sharply; the latter relies on tortuous three-dimensional channels,
and it is not easy to jam [95]. Thus, designing the structure of air filter to
achieve better deep filtration is the key to improve the dust holding
capacity [162]. Gradient structure is an effective method to realize deep
filtration. Zhang et al. firstly reported a polysulfone (PSU)/PAN/PA-6
electrospun air filter with gradient reduced fiber diameter (1 pm/200
nm/20 nm) to realize durable and efficient filtration (filtration effi-
ciency for 0.3 pm NaCl particles was 99.992 % and pressure drop was
118 Pa). PSU, PAN and PA-6 membranes with different pore sizes are
respectively responsible for hierarchical filtration of large, medium and
small diameter particles, respectively, as shown in Fig. 12(a), realizing
the effect that one plus one is greater than two: higher filtration effi-
ciency with minimal pressure drop was achieved [67]. Next, Chen et al.
prepared TPU / PS / PA6 composite membrane with multilevel structure
(Fig. 12(b)) and evaluated its service life for the first time (filtration
efficiency for 0.3 pm NaCl particles was 99.99 % and pressure drop was
54 Pa). They found that the service life of the composite membrane was
better (15 min) when the larger diameter TPU was located upstream and
the smallest diameter PA6 was located downstream (10PA-6/60PS/
30TPU); while the service life was worse (9 min) when PA6 was located
upstream and TPU was located downstream (30TPU/60PS/10PA-6), as
shown in Fig. 12(c). For the latter, the PA6 layer in the upstream was
closely stacked, and the dust cake was easier to form on the surface and
significantly increased the pressure drop; the former had a larger cavity
structure, which was conducive to the transportation of particles in the
membrane and was not easy to be blocked, so as to improve the service
life. Moreover, when the electrospinning time of the PS layer was
increased from 30 to 90 min, the service life was improved from about 6
min to about 13 min, which was attributed to the larger cavity structure,
as shown in Fig. 12(d) [68].

Afterwards, Su et al. fabricated multilayer poly(arylene sulfide sul-
fone) (M—PASS) electrospun nanofibrous membrane with coarse fibers
(C-PASS), fine fibers (F-PASS) and bead fibers (B-PASS), as shown in
Fig. 12(e) (filtration efficiency for 0.3-2.5 pm particles was 99.97 % and
pressure drop was 44.3 Pa), which further proved the contribution of
enlarged cavity structure to the improvement of dust holding capacity.
The PASS fiber with bead structure had the highest dust holding capacity
(24.7 £ 0.6 g/mz) compared with other straight PASS fibers (17.1 + 0.2
and 18.1 + 0.4 g/mz) because the existence of bead like structure
enlarged the cavity structure in the fibrous membrane and the space
between fibers; the dust holding capacity was related to the porosity of
the fibrous membrane: the higher the porosity, the better the dust
holding capacity, as shown in Fig. 12(f) [163]. The preparation of high
dust holding capacity fibers by simplified steps is the goal to be explored
in the future.

4.2. Water vapor transfer

During the use of the air filter, the exhaled water vapor may cause
uncomfortable feelings: for hydrophobic materials, low water vapor
transmission rate will lead to a sense of moisture, while for hydrophilic
materials, the moisture will be absorbed to form a liquid film and make
the air resistance rise rapidly. The purpose of water vapor transmission
system is to achieve efficient directional transmission of water droplet
and vapor, thus avoid the rising air resistance and wet-sticky feeling
caused by exhaled water vapor to realize comfortable use [164]. Con-
structing hydrophobic/hydrophilic gradient structure (i.e., Janus
membrane) is an effective method to realize directional water droplet or
vapor transport, which has been widely used in wound dressing, pro-
tective clothing, oil-water separation and so on [165-168]. Water vapor
will spontaneously transfer from hydrophobic surface to hydrophilic
surface due to different wettabilities [169]. Zhao et al. prepared air filter
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with water vapor transfer function for the first time, which was
composed of hydrophobic PVDF nanofibers, PVDF/PAN contained SiO5
(PAN-SiO3) composite nanofibers, and super-hydrophilic PAN-SiOy
nanofibers, as shown in Fig. 13(a). High dipole moment and fine
diameter of PAN fibers greatly increased air filtration performance
(filtration efficiency for PMy 5 was 99.99 % and pressure drop was 86
Pa). They found that the strong hydrophilicity of nanomaterials would
accelerate the adsorption-desorption process of water molecules, as
shown in Fig. 13(b), so as to improve the evaporation rate, and the fine
fiber diameter also promoted water evaporation due to an enlargement
of the surface area, as shown in Fig. 13(c), the finer the diameter, the
higher the water evaporation rate. Furthermore, the membrane with
gradient structure (from hydrophobic to hydrophilic) could effectively
transport water vapor: the vapor transmission time from hydrophobic
side to hydrophilic side (30 min, M2) was much shorter than that from
hydrophilic side to hydrophobic side (47 min, M1), as shown in Fig. 13
(d). Finally, the water vapor transmission rate of the prepared PVDF/
PAN nanofibrous membrane was 13.612 gm2d"!, which was better than
the commercial samples (about 10.8 gm2d~!) under the same pressure
drop [170].

Subsequently, more and more scholars have prepared air filter with
better filtration performance and water vapor or water droplet trans-
portation [164,171,172]. However, the mechanism of water vapor
directional transport has not been well explained; the influence of hy-
drophilic/hydrophobic layer thickness on water vapor transmission ef-
fect has not been deeply explored; and the stability of hydrophilic/
hydrophobic structure needs to be improved (e.g., in the process of use,
the composite layer is inevitably prone to delamination, which will
affect water transport) [167].

4.3. Antibacterial activity

Particles in the air often contain a large number of bacteria, which
will pose potential risks to human health [6,31,173]. Therefore, the
endowment of antibacterial properties of air filters has become a
research hotspot, which can prevent people from being injured by bac-
teria [32,174,175]. At present, most antibacterial materials are mainly
based on the adsorption and lysis of cations on the negatively charged
cell membrane and cell wall of bacteria, such as nanoparticles of metals
and their oxides (TiOj, silver (Ag), ZnO, SiOj, MOFs), and some
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polymers (chitosan (CS) and N-halamine) [6,31,32,173-176]. In addi-
tion, the polymers which extracted from some natural herbs have also
been proved to achieve antibacterial function by targeting specific
groups of bacteria, such as sophora flavescens and curcumin (Cur)
[177-179]. In contrast, metal and its oxide nanoparticles have better
antibacterial properties because of their easier ionization characteris-
tics. Xiao et al. prepared tree-like bimodal PVDF nanofibers containing
silver nanoparticles, as shown in Fig. 14(a), with antibacterial rates of
more than 99.6 % against Staphylococcus aureus and Escherichia coli, and
high filtration performance (filtration efficiency was 99.95 %-99.97 %
and pressure drop was 137.5 Pa) [180]. Nevertheless, the introduction
of nanoparticles may bring nanotoxicity. Although Li et al. have proved
that their TiO nanoparticles can adhere to fibers stably, further clinical
experiments were still needed to verify the safety [173]. In short, the
potential nanotoxicity limits the further application of nanoparticles in
antibacterial personal protection. Constructing all-polymer nanofibrous
membrane is a good strategy to avoid nanotoxicity. Zhang et al. fabri-
cated multilayer bimodal nanofibrous membrane composed of PVA, CS
and N-halamine (PVA/CS/N-halamine), as shown in Fig. 14(b), which
showed an obvious inhibitory region against Escherichia coli and Staph-
ylococcus aureus, and relatively good air filtration performance (filtra-
tion efficiency for 300-500 nm NaCl particles was 99.3 %, pressure drop
was 183 Pa, and QF was 0.027 Pa"!, as shown in Fig. 14(c)) [176].
However, such filtration performance is hard to be satisfactory because
the introduction of natural antibacterial agents will often limit electro-
spinnability and decrease filtration performance. To this end, based on
PAG6 / PVP system with low binding energy, our group introduced CS and
Cur to realize enhanced jet splitting and efficient loading of antibacterial
agents, as shown in Fig. 14(d), preparing bimodal nanofibers loaded
with a large number of ultrafine nanofibers (PA6/PVP@CS@Cur), as
shown in Fig. 14(e), and realizing higher performance air filtration
(filtration efficiency for 0.3 pm NaCl particles was 99.83 %, pressure
drop was 54 Pa, and QF was 0.118 Pa™!), which showed more stable
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filtering performance than commercial masks: the filtration efficiency of
PA6/PVP@CS@Cur membrane decreased from 99.84 % to about 99 %,
while that of commercial mask decreased from 98 % to 92 %, as shown
in Fig. 14(f). The synergistic effect of CS and Cur further promoted the
antibacterial properties (antibacterial activities against Escherichia coli
and Staphylococcus aureus were 99.5 % and 98.9 %, as shown in Fig. 14
(g)) [153]. However, the introduction of natural antibacterial agents
into electrospinning air filter is still challenging, and more strategies
should be developed to meet the diversified preparation of antibacterial
high—performance air filter.

4.4. Gaseous pollutants absorption

Gaseous pollutants are pollutants that exist in molecular state under
normal conditions, such as sulfur oxides, nitrogen oxides and VOCs
[118]. Most of them have uncomfortable smell, toxicity, irritation,
teratogenicity and carcinogenicity, which will cause great harm to
human health [181]. Endowing the air filter with gaseous pollutants
adsorption capacity will prevent the human body from being harmed by
VOCs. However, general commercial masks have little adsorption ca-
pacity for gaseous pollutants, and ordinary electrospun nanofibers are
also powerless because there is almost no interaction between them and
gas molecules [182]. The introduction of components that can interact
with gas pollutant molecules into electrospun fibers will greatly improve
the gaseous pollutants adsorption capacity of the prepared filter, such as
activated carbon, p—cyclodextrin (f-CD), gelatin and MOFs [181,182].
The high specific surface area of adsorbents and exposure to gas as much
as possible are the key to improve the gaseous pollutants adsorption
capacity. MOF is a kind of crystalline porous materials with periodic
network structure formed by self-assembly between metal ions or
clusters and organic ligands. It is famous for high specific surface area
and is widely used for VOC adsorption [118]. Hu et al. prepared ZIF-67
loaded graded porous PS nanofibrous membrane, in which ZIF-67
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aimed to create interconnected mesoporous and macroporous struc-
tures, as shown in Fig. 15(a), promoting SO, exposure to the pores of
ZIF-67, thereby enhancing adsorption performance, as shown in Fig. 15
(b). The excellent SO, adsorption capacity of 1362 mg/g was achieved at
room temperature and 55 % RH. In addition, the introduction of ZIF-67
enhanced the electrostatic adsorption and achieved efficient filtration
performance: filtration efficiency for 0.3 pm particles was 99.921 % and
pressure drop was 91 Pa [183]. Nevertheless, electrospun fibers usually
have smooth surfaces and lack active groups, which makes it difficult to
anchor MOFs. For this reason, Fan et al. focused on strengthening the
interface structure and manufactured PI hybrid filter through multiple
hydrogen bond self-assembly: octa(amino-propylsilsesquioxane)
(POSS-NH;) was used as a bridge to anchor amino-functionalized
zeolitic imidazolate framework-8 (NH,-ZIF-8) and PI fibers, as shown
in Fig. 15(c). Thus, the stable load of ZIF-8 was realized: the grafted
particles on the fiber surface did not fall off after purging the prepared
fiber membrane with a manually made nitrogen purging device for 60
min. After loading ZIF-8 with enhanced hydrogen bond (PI-POSS@ZIF),
the adsorption capacities of formaldehyde, benzene, toluene and aniline
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were 89.95, 245.31, 185.68 and 207.49 mg/g, respectively, improved
significantly, as shown in Fig. 15(d). The enhanced electrostatic effect of
ZIF-8 also improves the filtration performance (filtration efficiency for
PM 3 was 99.28 % and pressure drop was 49.21 Pa) [158]. However,
the preparation of MOF is complex and it is easy to agglomerate; more
importantly, the introduction of MOF will inevitably bring nanotoxicity,
which will also limit its further use for personal protection.

B-CD is a low—cost cyclic oligosaccharide with conical structure,
which can capture a variety of gas molecules, such as formaldehyde,
aniline and styrene [184]. By mixing with traditional electrospun
polymers, all-polymer p-CD nanofibrous membrane can be prepared,
which can avoid nanotoxicity. The drawback is that the adsorption
performance of p-CD alone for VOC is insufficient. Thus, Kadam et al.
electrospun geltain/—CD nanofibrous membrane to improve the
adsorption capacity of VOCs, as shown in Fig. 15(e). Gelatin was a
low—cost and widely available protein biopolymer with many functional
groups. Composite geltain/p-CD nanofibrous membrane would exert
their respective functional groups to enhance VOCs adsorption capacity:
it had excellent adsorption properties for p—xylene (287 mg/g), benzene



Z. Shao et al.

@

Jg%/\\ﬁ . D

Mesopore

=~
Macropore

-’/]‘7‘ ~ o~
g3
Z.PS HPNFMs Micropore
PAA-POSS solution
((‘) PAA-POSS PI-POSS PI-POSS@ZIF
mat mq( hybrid mat

Separation and Purification Technology 302 (2022) 122175

» SO,
Adsorption

ZIF-67 PM2.5 Capture
(d) 300
= Aniline -
250} Benzene
[ Toluene =
200t | [ i
150 +

100} l

o 11.1, 1

Adsorption Capacity (mg/g

Fig. 15. (a) Structure of PS/ZIF-67 porous nanofibers. (b) Filtration and SO, adsorption process of PS/ZIF-67 fibers [183]. (c¢) Fabrication process of PI-POSS@ZIF
membrane. (d) Adsorption capacity of different membranes [158]. (e) Schematic illustration for the fabrication process of gelatin/p-cyclodextrin nanofibers [182].

(242 mg/g) and formaldehyde (0.75 mg/g). The filtration efficiency for
0.3 pm particles was 97 %, the pressure drop was 148 Pa and the QF was
0.029 Pa~! [182]. Obviously, the air filtration performance of these
kinds of all-polymer nanofibrous membranes still needs to be further
improved.

4.5. High-performance electrospun air filter with multiple functions

Endowing high efficiency electrospun air filter with multiple func-
tions is the research focus in the future. On the premise of meeting the
performance of high efficiency and low resistance air filtration, the
realization of more performances and good coupling are expected. The
existing research on electrospun multifunctional air filters are shown in
Table 1. Apparently, few studies have successfully coupled multiple
functions (greater than two functions). Among them, the antibacterial
performance and gaseous pollutants absorption often depend on the
introduced functional material itself, while the dust holding capacity
and water vapor transport depend more on the structure of the air filter.
Therefore, in the case of meeting the first two functions at the same time,
the load of realizing the latter two functions will be more expected to
realize the integration of all functions, which still needs further
exploration.
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5. Conclusions and perspectives

With the increasingly serious air pollution and the constant threat of
viruses transmitted from aerosols, the demand for air filter used for
personal protection is becoming more and more urgent. Electrospun air
filter can achieve high efficiency and low resistance air filtration
because of its small diameter, highly interconnected through holes and
adjustable structure. However, it is inappropriate to blindly pursuing the
excessive improvement of filtration performance: giving more functions
to the air filter will greatly increase the profits for personal protection,
which can be realized more easily and simply through electrospinning.
This review focuses on the mechanism of high efficiency and low
resistance air filtration from the perspective of membrane; electrospun
preparation method and its characteristic; the realization of various
functions for maximizing personal protection benefits, in the hope of
providing guidance for the preparation of high-performance air filter
with multiple functions to realize better personal protection.

Although much progress has been made in multifunctional electro-
spun air filter for personal protection, there are still many challenges: (I)
The mechanical properties of existing electrospun filter are often
insufficient, which will affect its filtration performance, long-term use
and reuse capacity, and bring a burden to the environment. (II) The
preparation of electrospun filter using degradable materials and green
solvents will also reduce the burden of the environment, but these
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Table 1
Existing high-performance electrospun air filters with multiple functions.
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functions materials filtration mechanism PMs air velocity efficiency resistance QF (Pa-1) ref
(pm) (default to cm/ (%) (default to Pa)
s)
high dust holding capacity =~ PSU/PAN/PA-6 enhanced electrostatic adsorption 0.3 5.3 99.992 118 0.080 [67]
only & improved slip effect
TPU/PS/PA-6 enhanced electrostatic adsorption 0.3 5.3 99.99 54 0.170 [68]
& improved slip effect
PAN enhanced electrostatic adsorption 0.3 5.3 99.99 92 0.100 [143]
& improved slip effect
PA-6/PMIA improved slip effect 0.3-0.5 5.3 99.995 101 0.098 [41]
PA-56 improved slip effect 0.3-0.5 5.3 99.995 111 0.089 [185]
water vapor transfer only PAN/PEI enhanced electrostatic adsorption 0.3 5.3 99.3 64 0.109 [172]
& improved slip effect & increased
contact sites
PVDF/PAN@SiO, enhanced electrostatic adsorption 0.3 not mentioned 99.96 86 0.091 [170]
& improved slip effect & increased
contact sites
antibacterial activity only =~ TiO,/CS/PVA enhanced electrostatic adsorption 2.5 80 95.2 127.5 0.024 [175]
& increased contact sites
PAN/PVP/CNT enhanced electrostatic adsorption 0.3 5.3 99.994 49 0.198 [186]
& improved slip effect
PCL/zein/Ag enhanced electrostatic adsorption 0.3 20 L/min 97.19 350 0.010 [187]
& improved slip effect & increased
contact sites
PVA/PEO/CNF/ enhanced electrostatic adsorption 0.075 not mentioned 98.7 83.4 L/min not [173]
TiOy & improved slip effect & increased mentioned
contact sites
PVA/CS/ enhanced electrostatic adsorption 0.3 32 L/min 99.3 183 0.027 [176]
N-halamine & improved slip effect
PVDF/Ag enhanced electrostatic adsorption 0.3 85 L/min 99.95 137.5 0.055 [180]
& improved slip effect & increased
contact sites
ZnO@PVA/KGM enhanced electrostatic adsorption 0.3 32 L/min 99.99 130 0.071 [159]
& improved slip effect & increased
contact sites
PVA/PAA/SiOy/ enhanced electrostatic adsorption 0.3 32 L/min 98.85 132 0.034 [174]
Ag & increased contact sites
PA6/ enhanced electrostatic adsorption 0.3 5.3 99.83 54 0.118 [153]
PVP@CS@Cur & improved slip effect
PLA/PCL/Ag/Zn enhanced electrostatic adsorption 0.3 33 L/min 99.93 100 0.073 [6]
& improved slip effect & increased
contact sites
PVDF/ZIF-8 enhanced electrostatic adsorption 0.3 35 L/min 99.9 71 0.097 [32]
& improved slip effect & increased
contact sites
PVDE/PS/Zn/Ag enhanced electrostatic adsorption 0.3 85 L/min 99.1 79.2 0.059 [31]
& improved slip effect & increased
contact sites
gaseous pollutants PAN/B-CD enhanced electrostatic adsorption 0.3 32 L/min 95 112 0.026 [184]
absorption only PI-POSS@ZIF-8 enhanced electrostatic adsorption 0.3 5.3 99.28 49.21 0.100 [158]
& increased contact sites
ZIF-67/PS enhanced electrostatic adsorption 0.3 5.3 99.921 91 0.078 [183]
& increased contact sites
Gelatin/p-CD enhanced electrostatic adsorption 0.3 6 97 148 0.029 [182]
water vapor transfer & PAN/B-CD/PCL/ enhanced electrostatic adsorption 0.01-10 not mentioned 99.99 156.5 0.059 [164]
gaseous pollutants ZnO & improved slip effect & increased
absorption contact sites
PS/PAN@ZIF-8 enhanced electrostatic adsorption 0.3 5.3 99.973 80.1 0.103 [171]
& improved slip effect & increased
contact sites
antibacterial activity & PET/PE/ enhanced electrostatic adsorption 0.3 5.3 90.26 62.74 0.037 [125]
gaseous pollutants PVP@ZIF-8 & increased contact sites

absorption

materials often have insufficient electrospun properties, and the filtra-
tion performance of the prepared filter is difficult to guarantee. (III) The
exploration and in-depth study of more performances based on existing
research will further increase the protection benefits, such as ultraviolet
absorption, thermal radiation, etc. (IV) The realization of multifunc-
tional often requires more preparation processes, thus, exploring the
optimized electrospinning strategy to realize the most simplified prep-
aration (i.e., one-step preparation) will better support the batch prep-
aration and industrial production of multifunctional electrospun air
filter. (V) Effectively predicting the service life of high—performance air

filter (including the service life of filter performance and other func-
tions) will avoid the danger caused by the attenuation of protection
performance, or the discomfort caused by the attenuation of other
functional capabilities [188]. Therefore, the development of new
computing methods for future materials and equipment based on arti-
ficial intelligence (AI) will solve this problem. At present, there are
performance predictions for lithium batteries and supercapacitors based
on Al calculation methods, but there is less research on performance
prediction for air filter [189-192].
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