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Abstract: Air filtration has seen a sizable increase in the global market this past year due to the
COVID-19 pandemic. Nanofiber nonwoven mats are able to reach certain efficiencies with a low-
pressure drop, have a very high surface area to volume ratio, filter out submicron particulates, and
can customize the fiber material to better suit its purpose. Although electrospinning nonwoven mats
have been very well studied and documented there are not many papers that combine them. This
review touches on the various ways to manufacture nonwoven mats for use as an air filter, with an
emphasis on electrospinning, the mechanisms by which the fibrous nonwoven air filter stops particles
passing through, and ways that the nonwoven mats can be altered by morphology, structure, and
material parameters. Metallic, ceramic, and organic nanoparticle coatings, as well as electrospinning
solutions with these same materials and their properties and effects of air filtration, are explored.
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1. Introduction

Due to the COVID-19 pandemic, the air filter global market saw its largest increase of
6.6%, worth a total of 12.89 billion USD in 2020 [1]. Due to the pandemic, not only are higher
efficiency, lower pressure-drop face masks needed, but so are better air filtration systems
for hospitals, schools, offices, elevators, public transport, airplanes, etc. It is even suggested
that areas with higher pollution and lower wind speeds tend to have a higher infection
rate, including indoors, during the SARS-CoV-2 pandemic [2]. As small airborne droplets
are seen as a probable third route to COVID infections, proper ventilation, enhanced with
filtration, disinfection, and avoiding air recirculation is essential to reduce the transmission
rate.

Many techniques for air purification and filtration have been developed. Some of the
most common are plasma, ultraviolet (UV), high-efficiency particulate air (HEPA) filters,
activated carbon, ionic, electronic, and central air purifiers. Plasma air purification uses a
high voltage discharge to make electrons collide with air particles, which create ions and
radicals that remove particulates, bacteria and oxidize organic pollutants. However, due to
the energy consumptions and the creation of ozone molecules, plasma purifiers are limited
in their indoor use [3]. Even with different methods, the HEPA-activated carbon, electronic,
and central air purifiers all use some form of the air filter to assist in cleaning the air.
HEPA air filters have a most penetrating particle size of 0.15–0.2 micrometers [4], although
regarded as great filters they are made to remove particles larger than 0.2 micrometers.
This leaves some particles able to pass through them, such as volatile organic compounds
(VOC), bacteria, viruses, and mold, with SARS-CoV-2 virus size ranging from 0.02–0.5
micrometer falls within this range [5].

In this paper, air filters made of nonwoven mats are reviewed. Both woven and
nonwoven filters exist, each with its advantages and disadvantages. The pore sizes of
woven filters are easy to estimate. They are easy to construct for the desired filtration
efficiency and are easy to clean. Nonwoven filters have higher permeability, an overall
higher filtration efficiency, and no chance of yarn slippage, which is an issue in woven filters.
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Nonwoven filters have also shown the recent trends of being lower cost, an expansion in
their applications, better resistance to various temperatures, lower pressure drops at given
efficiencies, and more global usage [6].

Nonwoven mats can be manufactured through many processes, including spun bond,
melt-blown, or electrospinning. Spun bonded, and melt-blown nonwoven mats both have
larger fiber diameters than electrospinning. The spun-bond process yields fiber diameters
of 10–35 µm [7,8], and melt-blowing often yields fibers 1–5 µm but can be as small as 300–
500 nm [9]. However, electrospinning can make fibers in a large range of diameters, from
2 micrometers down to a few nanometers [10]. These fiber sizes allow for the filters to filter
out smaller particles and other airborne contaminants, such as viruses and bacteria. These
nanofibers made through electrospinning also have the added benefit of being electrically
charged without the need for a secondary process [11].

In this review paper, the focus will be on nonwoven mats used in air filtration. Different
materials for the manufacture of these mats will be covered, as well as processes for cleaning
and disinfecting the filters, the fiber morphology in respect to its effect on the efficiency
of the nonwoven mat, and the processes in which these nonwoven mats interact with the
particles that are being filtered.

2. Conventional Methods for the Fabrication of Nonwoven Fibrous Air Filters
2.1. Fabrication Techniques
2.1.1. Spunbond

The process of spunbond is one of the most popular methods for polymer fiber
production. In this method, the polymer is melted in the extrusion section. The molten
polymer then travels through a series of filters and pumps to remove any solid particles
that can interrupt the process and provide enough pressure for the next step. Afterward,
the molten polymer passes through the die (a bank of spinnerets) with a spin-hole of
250–1000 µm to provide continuous molten polymer jets. The jets move across the quench
chamber which is cooled down by flowing air. The airflow also stretches the fibers leading
to a reduction in diameter of the fibers to 10–35 µm. The fibers normally collect on a
conveyor belt where the nonwoven layer’s basis weight can be adjusted by the speed of
the belt as well as the throughput of the produced fibers (Figure 1). As the fibers on the
belt are loosely bonded together and can easily separate from the formed layer, a thermal,
mechanical, or chemical treatment is applied to improve the bonding of the fibers together.
Relatively thick fibers (10–35 µm) with a wide range of basis weight (typically 10–500 g/m2)
can be produced by this method [7,8].

The process enjoys an extremely high production rate and has relatively high energy
efficiency because it needs cold air for the downsizing of the fibers [12]. However, control-
ling the process is not straightforward, and is very sensitive to the processing condition.
For example, to produce polyethylene terephthalate (PET) fibers, the moisture level of the
pellets should not exceed 20–30 ppm; otherwise, the filaments become broken during the
process. The resin should also have excellent viscoelastic properties and be homogeneous
to tolerate a 5000 m/min production rate. Furthermore, the molten polymer should have
very low viscosity to pass through the small spin-hole without building up high pressure.
Such requirements narrow the window of polymer selection for the spunbond process.
The process is very well established to produce PP and PET fibers, but most of the polymers
cannot fulfill its process requirements [8].

Contrary to this, almost all polymers can be processed by the melt-blown technique.
Even the fibers of some natural polymers such as starch and cellulose can be produced
by this method [13]. The melt-blown process and equipment are similar to spunbond
when considering that companies that work on spunbond often prefer to invest in the melt-
blown method, too, and vice versa [14]. However, these two methods are quite different in
detail [8].
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Figure 1. The setup of the spunbond process (Reprinted with permission from [8]. Copyright 2016
Elsevier).

2.1.2. Melt-Blown

In the melt-blown process, the molten polymer is provided and passed through a bank
of spinnerets in a similar way to the spunbond process. However, instead of the cool air,
very hot, high-speed air is blown in the direction of the molten polymer jets (Figure 2). The
hot air, whose temperature is close to the melt temperature of the polymer, stretches the
jets and downsizes their diameters to 1–5µm in the final product. Applying the high-speed
hot air not only reduces the fiber size significantly but also causes the widely distributed
range of size in the formed nonwoven layer [8]. Since the filaments are still hot when they
are collected on the conveyor belt, they bond together spontaneously; therefore, unlike the
spunbond process, no additional treatment for the bonding is required [15]. Although melt-
blown is typically utilized to produce microfibers, some successful works also reported the
production of nanofibers in the range of 300–500 nm by this method [9,16,17].
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Since narrower fibers can be produced by melt-blown techniques, they can be used
for the filtration of submicron particles [8]. However, the process is not as energy efficient
as the spunbond process due to using hot air for downsizing the fibers [12]. The fibers
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also suffer from poor mechanical strength and low production rate in comparison to the
spunbond fibers [7].

2.2. Applying a Fiber Charge

Both spunbond and melt-blown fibers are usually needed to charge up for the high-
performance filter application to improve the fine particle’s capturing efficiency. Methods
such as corona discharge [18], triboelectrification [19], or liquid contact [20] can be applied
for charging up the filters, which are produced by spunbond or melt-blown techniques.

2.2.1. Corona Discharge

In corona discharge, a very high voltage is applied between the electrodes (which
usually have an asymmetric shape such as pointy tips) and the filter surface (Figure 3).
The corona can be formed in one of two ways: positive corona and negative corona.
For the positive corona, the electrons emitted from the electrodes accelerate due to the high
electrical field and collide with the air molecules, which remove some electrons from them.
The remaining ions that are usually in the form of hydronium ions (H+(H2O)n) (provide
an air plasma while the separated electrons participate in a chain reaction (in a similar
way to the primary electrons) to generate more ions. On the other hand, for producing
negative corona, a photoelectron reaction should take place. The released electrons are then
absorbed by the air molecules, which usually have O−

2 bases such as O−
2 (H2O)n During

the corona formation, a thin layer of both electrons and ions develops at the vicinity of the
polymer surface, penetrates it, and traps in the polymer surface. The penetration depth
is usually just a few nanometers, but the charges can sometimes move inside the bulk
polymer and re-trap. One of the drawbacks of the corona discharge is the oxidation of the
polymer surface, leading to the hydrophilicity of the polymer, which should be avoided for
better filter performance. Furthermore, the electron injection can deteriorate the surface of
the polymer by generating functional and unsaturated groups as well as broken polymer
chains, which enhance the charge mobility and reduce the charge trapping ability of the
polymer surface, leading to increasing the decaying the generated surface charge. Therefore,
sometimes other methods for charging up the polymer surface are recommended [20].
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2.2.2. Triboelectrification

Tribolectrification is another method for charging the fibers which are developed
based on charge generation when two insulators are rubbing against each other. When two
insulators are rubbing together, the surface net charge of one becomes positive, and the
other one becomes negative. Usually, non-polar polymers such as PP, PAN, and PTFE tend
to become negative during this process, while polar polymers such as PA tend to become
positive. It is believed the inherent ability of electron-donating and acceptance in insulators
(the amount of electron’s chemical potential) play a key role in electron transferring, but
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some experiments provided evidence of ion exchange during the triboelectrification process.
For charging the PP fibers one of the methods is mixing PP fibers with acrylic and carding
PP to generate the charge. Another triboelectrification is hydroentanglement which is more
effective for fluorinated fibers due to their hydrophobicity. A water jet with a pressure of
10–500 psi or a water droplet stream is applied for charging up the fibers. The generated
charge by triboelectrification is very strong, but it is difficult to predict, and controlling the
process is not an easy task. Therefore, although the surface chemistry of the polymer does
not deteriorate, it is not a very powerful opponent against corona discharge [20].

2.2.3. Liquid Contact

One effective method for charge development of the fibers is liquid contact charging.
In this technique, the nonwoven fibers pass through a wet sponge-electrode (which is
connected to a power supply) and air-blower. Usually, a non-aqueous polar solvent such
as methanol, ethanol, or acetone is applied to wet the sponge which is in contact with
polymer fibers. The applied field on the sponge makes the fibers charge up (electrophore-
sis), and the charge will be remained after drying the solvent. The main benefit of this
method in comparison with the corona discharge is preserving the surface chemistry of the
fibers. Although a relatively high voltage is required for this process, it is far less than the
corona discharge, which does not generate air plasma and does not damage the polymer
surface [20].

Melt-blown fiber manufacturing is cost-effective for mass production but requires
a high start-up cost for the production line. However, the melt-blown process normally
yields fibers with diameters in the range of 2–5 µm, which thicker fibers yield filters with
lower efficiency for smaller particles (0.1–0.5 µm) [21] and a higher pressure drop [22].
There have been methods that achieve smaller fiber diameters, 0.3–0.5 µm, but it is difficult
to control the parameters [9].

3. Electrospinning

Electrospinning is another method for the fabrication of nonwoven filters. In the
electrospinning method, a high voltage (usually several kV) is applied to a polymer solution
(or molten polymer) to produce ultra-fine fibers (from 2 µm down to a few nanometers)
with a high surface area and surface charges. The fibers can be collected in the form of mats
with high porosity and very small pore sizes (Figure 4). Simplicity, cost-effectiveness, ability
to control the morphology in different scales, and flexibility to use almost any polymers
make it a powerful method for the fabrication of nanofibers [6,23–25].
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Large surface-to-volume ratio, ability to tailor pore’s structure, pore interconnectiv-
ity, tunable morphology, and large dust-holding capacity are some of the advantages of
electrospun fibers for air filter application [26,27]. Additionally, the fibers become highly
charged during the electrospinning process, and a relatively high residual charge remains
on the fibers [27,28]. Such residual charge can trap small and ultra-small particles without
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blocking the airflow stream. Therefore, the filtering efficiency improves without increasing
the pressure drop [26,29–32]. Although charging up of the filters’ fiber’s is a conventional
method for enhancing air filters’ performance and is widely used in the production of
N95 filters, it needs additional processes such as corona discharge, liquid contact charging
electrostatic charging, etc., for charging up the filters. In contrast, the electrospun fibers
inherently have high charge accumulation on their surface [20].

A drawback of electrospun filters is their lower than desired mechanical properties [21].
Although the mechanical properties of a single electrospun fiber can be relatively high due
to the orientation of the molecular chains during the electrospinning process, the overall
mat usually shows lower mechanical strength than a single fiber. The delamination of
the mat and disconnection at fiber junctions were considered as the main problems of
the low mechanical properties of the electrospun mat [33]. However, with some post-
processing, such as crosslinking, post-fabrication drawing and stretching, solvent welding,
heat treatment or annealing, etc. [34], the mechanical properties can be effectively altered
to fit the requirements.

One problem that arises in the solution-based electrospinning technique is the retained
solvents in the electrospun fibers. Depending on the solution the retained solvent can be
hazardous to people, and the nonwoven mats should undergo some process to remove
this excess solvent. Although this concern was not usually addressed by the air filter
researchers, it is crucial for the biomedical applications of electrospun fibers. Therefore,
some post-processing has been proposed by researchers in this field to tackle the residual
solvent problem. A. R. D’Amato et al. [35,36] examined four different methods, namely,
heating the nanofiber mats, submerging the mats in a lower boiling temperature solvent
(ethanol-water bath) for removing the solvents that have an affinity with either liquid and
then left to air dry, and placing the mats in a vacuum or desiccator with silica beads at
room temperature to evaporate the solvent. They realized submerging the fibers in a 70%
ethanol of deionized water solution was found to be the most effective method of solvent
removal, it also sterilized the fibers during treatment [36].

Melt electrospinning could also be a good solution to this problem since it does
not require solvents in the polymer melt preparation. However, this process is more
complicated than the solution electrospinning method [37,38].

4. Mechanism of Filtering Process by a Nonwoven Fibrous Air Filter

There are two approaches for studying the filtering mechanism: steady-state and non-
steady-state. In the former, the accumulation of particles on the filter is neglected; therefore,
it is considered that the filtering efficiency and the pressure drop remain constant. Whereas
in the latter, the above-mentioned parameters (pressure drop and filter efficiency) change
over time due to particle deposition on the filter [21,26]. Although a non-steady-state is
more realistic, it is too complex for modeling. As a result, the filtering theories usually just
focus on steady-state conditions [21].

There are five different mechanisms for capturing particles by nonwoven fibrous filters:
interception, inertial impaction, Brownian diffusion, electrostatic, and gravity effect.

4.1. Interception Mechanism

If particles are moving very close to the fibers in the filter, they can be captured by the
fibers due to Van der Waals’s attraction between the particles and the fibers. This mechanism
is usually effective for 0.1 to 1 µm particles. Reducing the fiber size and increasing the
specific surface of the fibers enhance the capturing efficiency of the particles (Figure 5).
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4.2. Inertial Impaction

When airflow passes through barriers (fibers), the streamlines of the airflow change
their directions near the boundaries of the barriers. If the particles in the streamlines are
larger than 0.3 to 1 µm, they cannot readjust their direction with the streamline easily, and
they will be deposited on the fibers. Increasing airflow velocity and the particle size as well
as the packing density of the filter, improve inertial impaction for capturing the particles.

4.3. Diffusion Mechanism

The Brownian motion can randomly deviate the particles in the airflow from their
paths along streamlines which leads to the particles colliding with the fibers and capturing
them. Such a mechanism becomes effective when the airflow velocity is low and the
particles are very small, 0.1 micrometer [39].

4.4. Electrostatic Effect Mechanism

If the particles in the air stream have the opposite charge of the fibers, they will be
attracted by the fibers and deposit on them. This mechanism is successful in capturing the
submicron particles without increasing the pressure drop.

4.5. Gravity Effect Mechanism

For the large particles, gravity can deviate their original path from the airstream, and
the particles are absorbed by the fibers. However, this mechanism is not important for
high-performance air filters because it can be completely neglected when the size of the
particles is less than 0.5 µm [21].

5. Parameters for Filter Performance Evaluation

The air filter is fastened in an air chamber, covering the entirety of the space. A known
airflow is applied in the chamber, and the airflow is measured on either side of the filter
to find the pressure drop. Additionally, particulate matter can be applied to the airflow
chamber of various sizes, and a photometer can be used to measure the particulate matter
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on the opposite side of the filter to calculate its filtration efficiency [40]. The collection
efficiency of an air filter can be defined by the following equation:

η = (1 − Cdownstream
Cupstream

)× 100 (1)

where Cdownstream is the aerosol concentration passing the filter and Cupstream is the aerosol
concentration before passing the filter. The filtering efficiency depends on the size of the
aerosols (particles). If particles are very fine or very large, the fibrous filters represent better
collective efficiency than the mid-range particles. The mid-range size particles in which the
filter shows the least efficiency is called the most penetrating particle size (MPPS), and it has
differed from one filter to another. MPPS is usually within a range in which one capturing
mechanism switches to another one. For example, the diffusional mechanism mainly works
for the particle size less than 0.1 µm, and the interception mechanism is mostly effective
on 0.1–1 µm. Therefore, particles around 0.1 µm may have a higher probability of passing
through the filter (Figure 6). In practice, MPPS is usually between 150 to 500 nm, and it
is mainly considered 300 nm [41]. N95 respirators are the air filters that have collecting
efficiency for MPPS (ηMPPS) at least 95%. This standard guarantees that the mask shows
high collecting efficiency (more than 95%) for the smaller or large particles than MPPS [42].
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One of the helpful methods for enhancing the efficiency of the air filter is increasing
the thickness of the filter or filter basis weight. However, by increasing the basis weight, the
pressure drop also increases. In other words, by applying the thick filter, the breathability
of the filter is sacrificed. The question is how much pressure drop develops for certain
improvement of filtering efficiency by increasing the basis weight., and if we have two
different filters (different thickness, material, packing density, etc.), how we can compare
them. To answer these questions, quality factor (QF) has been defined as:

QF = − ln(1 − η)

∆P
(2)

where η is the filtering efficiency and ∆P is the pressure drop when the air passes through
the filter. Based on the definition, higher QF can be achieved by enhancement filtering
efficiency and reduction of the pressure drop. High QF shows better filter performance,
which means that by increasing the filter thickness, the impact of a higher filtering efficiency
is more than the effect of pressure drop [21]. The challenge is how to improve the filtering
efficiency while the pressure drop does not rise considerably, or rather, how to enhance
the QF.
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6. The Effect of Morphological, Structural and Materials Parameters on the
Performance of the Air Filters
6.1. Fiber Diameter

It has been widely reported that reduction of the fiber diameter can improve the
filtering efficiency significantly [43,44] due to higher surface area [22]. Moreover, reduction
of fiber size enhances the capturing performance for the smaller particles (300 nm or
less) [22].

Although a reduction in the size of the fibers to the range of nanofibers can improve
the filtering efficiency, especially for the fine aerosols, this strategy can increase the pressure
drop of the filter, too [44]. Therefore, some researchers proposed mixing nanofibers and
microfibers to provide air filters with high filtering efficiency while maintaining a low-
pressure drop value [45]. The pore size of the filter has an inverse effect on the efficiency
of the filter, and however, as the pore size decreases, the pressure drop also increases due
to the build-up of the cake layer happening more rapidly [46,47]. It was found that the
tortuosity of the filter does not have a significant relationship to the filtering efficiency, but
instead, the tortuosity depends on the particle size [48].

6.2. Fiber Roughness

Wang et al. [49] fabricated a hybrid filter by simultaneously spinning plain and com-
posite electrospun nanofibers (plain: polyacrylonitrile (PAN), composite (PAN + silica
nanoparticles). It was observed that increasing the surface roughness due to the presence of
silica particles improved the filtering efficiency (99.989%) at a relatively low-pressure drop
(117 Pa). They concluded that the rough fibers could generate more streamlines because
of increasing stagnation regions near the rough fibers. Therefore, the particles from the
streamlines and deposition on the fibers became more probable (Figure 7).

Fibers 2022, 9, x FOR PEER REVIEW 10 of 28 
 

6.2. Fiber Roughness 
Wang et al. [49] fabricated a hybrid filter by simultaneously spinning plain and com-

posite electrospun nanofibers (plain: polyacrylonitrile (PAN), composite (PAN + silica na-
noparticles). It was observed that increasing the surface roughness due to the presence of 
silica particles improved the filtering efficiency (99.989%) at a relatively low-pressure 
drop (117 Pa). They concluded that the rough fibers could generate more streamlines be-
cause of increasing stagnation regions near the rough fibers. Therefore, the particles from 
the streamlines and deposition on the fibers became more probable (Figure 7). 

 
Figure 7. Streamlines are forming around circular (a) and non-circular (b) cross-sections of a fiber. 
(left). SEM image of the fibers (right). (Reprinted with permission from [50]. Copyright 2014 Else-
vier.). 

6.3. Presence of Beads 
Although for most of the applications usually, beads are preferred to be avoided on 

the electrospun structure, there have been several reports on the improvement of the fil-
tration performance by beads formation on the fibrous structure [50–52]. Wang et al. [50] 
produced bead on string poly(lactic acid) (PLA) by adjusting the ratio of N, N-dimethyla-
cetamide (DMAC), and Dichloromethane (DCM). They realized when the bead area to the 
membrane area (BMR) increased and large beads were formed, the beads optimized the 
packing density of the membrane. As a result, the permeability of the air is enhanced, 
which means a lower pressure drop could be achieved. When the fiber diameter is de-
creased and the beads on the fibers are porous, the filtering efficiency was also improved. 
The optimum filter was shown outstanding filtering efficiency (99.997%) with a relatively 
low-pressure drop (165.3 Pa). 

Yun et al. [53] examined the effect of beads on filtration performance. They used pol-
yacrylonitrile (PAN) for the fabrication of beads-free fibers, polymethylmethacrylate 
(PMMA) for spinning beads on fibers, and PAN-PMMA for producing microsphere and 
composite structures. For fabrication bead structure, PMMA solution with very high con-
centration was applied for electrospinning, while for the composite microsphere fibers a 
periodic electrospinning/electrospray was utilized: one cycle of low concentration PMMA 
was electrosprayed followed by a cycle of electrospinning of PAN (and this procedure 

Figure 7. Streamlines are forming around circular (a) and non-circular (b) cross-sections of a fiber.
(left). SEM image of the fibers (right) (Reprinted with permission from [50]. Copyright 2014 Elsevier).

6.3. Presence of Beads

Although for most of the applications usually, beads are preferred to be avoided on the
electrospun structure, there have been several reports on the improvement of the filtration
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performance by beads formation on the fibrous structure [50–52]. Wang et al. [50] produced
bead on string poly(lactic acid) (PLA) by adjusting the ratio of N, N-dimethylacetamide
(DMAC), and Dichloromethane (DCM). They realized when the bead area to the membrane
area (BMR) increased and large beads were formed, the beads optimized the packing
density of the membrane. As a result, the permeability of the air is enhanced, which means
a lower pressure drop could be achieved. When the fiber diameter is decreased and the
beads on the fibers are porous, the filtering efficiency was also improved. The optimum
filter was shown outstanding filtering efficiency (99.997%) with a relatively low-pressure
drop (165.3 Pa).

Yun et al. [53] examined the effect of beads on filtration performance. They used
polyacrylonitrile (PAN) for the fabrication of beads-free fibers, polymethylmethacrylate
(PMMA) for spinning beads on fibers, and PAN-PMMA for producing microsphere and
composite structures. For fabrication bead structure, PMMA solution with very high
concentration was applied for electrospinning, while for the composite microsphere fibers a
periodic electrospinning/electrospray was utilized: one cycle of low concentration PMMA
was electrosprayed followed by a cycle of electrospinning of PAN (and this procedure was
repeated). Although they obtained excellent quality factors for all produced structures,
both beaded nanofibers and composite nanofiber microspheres showed superior quality
factors than the plain nanofibers (beaded nanofibers: 0.2351–0.3560 Pa−1, composite: 0.0947–
0.2068 Pa−1, and plain: 0.0511–0.1740 Pa−1). They suggested that electrospun nanofibers
can fuse and bundle together due to their high aspect ratio which may be led to forming high
penetrating voids in their structure and decrease the filtration performance. The presence of
beads or microspheres reduced the volume fraction and enhanced the effective surface area.

6.4. Charge Accumulation

One of the effective methods for improving the filtering efficiency of submicron parti-
cles without increasing the pressure drop is by charging the air filter [21]. This is because
the morphology of the nanofibers is usually intact by promoting charge accumulation while
the particle absorption by electrostatic effect mechanism is boosted. Therefore, air filters
are mostly made from electrets: dielectric materials which have a high capacity to retain
the electrical charge for a relatively long time [27,28]. Polymers such as polypropylene (PP)
(which has been widely used for the fabrication of face masks), polyacrylonitrile (PAN),
polyvinylidene fluoride (PVDF), polyimide, polyethylene, polycarbonates are exhibited
good electret nature [54,55]. It is noteworthy that the residual charge on the electrospun
nanofibers can be stored in several ways. One is the orientation of the permanent dipole
moments in the polymer or polarization of the mobile charges within the polymer’s chains.
This can cause dipole orientation which leads to electrostatic polarization in the fibers [28].
It has been reported polymers whose repeating units have higher dipole moments showed
superior filtering performance of submicron particles. It was observed that PAN (with
repeating unit dipole moment of 3.6D) has better filtering performance than PVP (2.3D),
PVA (1.2D), PS (0.7D), and PP (0.6D) [56]. It seemed increasing the dipole moment of the
repeating unit enhanced the dipole orientation of the polymer. Therefore, electrostatic
polarization was enhanced, and more charge could be retained in the polymer which
assisted the filtering performance.

Free charges can also be injected into the fibers during the electrospinning process by
different mechanisms such as corona charging. In semi-crystalline polymers, the charges
can be trapped in the crystal-amorphous interface and inside of spherulites. In amorphous
polymers, charges can be stored in specific structural domains such as heteroatoms and
aromatic rings. Therefore, crystallinity, as well as the polymer structure, can affect the
capacity of the charge storage, too.

One of the main problems of the electrospun electret air filter is the dissipation of the
trapping charges with time, especially under high humidity or temperature condition [41],
which deteriorates the filtering efficiency. The temperature was found to the more crucial
on dissipating charge (de-trapping) because molecular relaxation of the molecular chains is
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one of the main mechanisms of the charge de-trapping [28]. To address this problem, some
additives have been utilized to enhance the number of residual charges of the fibers and
preserve it more effectively [41]. The additives usually interact with the polymer chains
and restrict their movements, hindering the relaxation process [57].

Figure 8 shows the charge in the electret over time. With only PEI and no nanoparticles
used, the electret loses approximately 40% of its charge within the first hour. The use of
nanoparticles was able to increase the amount of time that the electret was able to hold
a charge [58]. Wang et al. [59] used PTFE nanoparticles as an additive to enhance the
residual charge in the electrospun PVDF nanofibers and reduce the charge dissipation
process. The interaction of fluorine atoms of PVDF nanofibers and PTFE nanoparticles
provided a strong negative induction effect. The high electronegativity of fluorine atoms in
the fluorocarbon segments of PVDF and PTFE produced heavily polarized dipoles even
before the fiber formation. Such interactions not only improved the charge accumulation in
the nanofibers but also restricted the movement of PVDF polymer chains (Figure 9), which
assisted in inhibiting the charge de-trapping process. It was found that adding 0.05 wt%
PTFE increased the charge accumulation and stability while adding more PTFE reduced
such effects due to PTFE agglomeration. By further adjustment of the applied electrical
field, the surface potential of the nanofibers reached 3.63 kV and decayed only 17.5% of
its original value after 300 min. The final filter exhibited very high filtering efficiency
(99.972%), low-pressure drop (57 Pa), and excellent quality factor (0.14 Pa−1).
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6.5. Hydrophobicity

Hydrophobicity is one of the key parameters for selecting the materials for air filters.
Increasing the hydrophobicity of a polymer air filter reduces the risk of condensing water
on the filter’s pores [60]. The presence of water can also deteriorate the performance of the
air filter by interaction with the chemical functional groups of the filters [58]. Furthermore,
condensation of a thin layer on the surface of the air filter decreases the resistivity of the
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filter because water (even distilled water) has higher conductivity in comparison with
electret polymers. Therefore, absorption of water on the polymer surface increases the
chance of discharging the stored surface charge of the electret air filter. As a result, not
only the resistivity of the polymer is an important factor for selecting material for air filters,
but also the capability of repealing moisture should be considered [19,20]. For example,
polypropylene (PP) has been considered as a good candidate for air filters not just be-
cause of its low cost [56], high durability, and electrical resistivity, but its relatively high
hydrophobicity was a crucial factor for this purpose [4,20,61].

Besides selecting materials, some researchers have tried to devise electrospun nanocom-
posite filters to achieve superhydrophobicity for improving the performance of the air filter
and sometimes achieving better self-cleaning capability [62]. Li et al. [58] fabricated electro-
spun nano-composite air filter by co-electrospinning of polyetherimide (PEI) and different
nanoparticles; namely, Boehmite, SiO2, Si3N4, and BaTiO3. They realized the PEI-SiO2
filter has a higher quality factor (0.2522 Pa−1) and long-time charge stability. Additionally,
the water contact angle was enhanced from 126◦ to 152◦ by increasing SiO2 concentration
from 0 to 6%. Further increase of SiO2 concentration deteriorated the filtering efficiency
as well as the water contact angle due to partial agglomeration of SiO2. Testing with
graphite powder also revealed the superior self-cleaning of PEI-6%SiO2 with respect to
polypropylene (PP). Furthermore, due to the high dipole orientation of SiO2 and PEI, the
filter preserved its remarkable performance even after heat treatment at 200 ◦C for 30 min
(filtering efficiency was 99.992% and pressure drop was 59.5–60.8 Pa). This capability can
be useful for sterilizing and reusing air filters during the shortage [63].

6.6. Stack Structure

It has been widely reported that using a multilayer structure instead of one thick
electrospun layer can reduce the pressure drop of the air filter significantly when the
other parameters (basis weight and total thickness) remain constant, resulting in a higher
quality factor [43,49,64–67]. Leung et al. [44] coated nonwoven substrates with electrospun
PEO nanofibers. While the substrate was made of thick fibers (mean fiber diameter:
14.7 µm), the PEO electrospun fibers were made of nanofibers (mean fiber diameter: 208 nm).
It should be mentioned that the substrate caused a small rise in the pressure drop (1.39 Pa).
By stacking up and controlling the electrospinning duration, they were able to make
multi-layered and mono-layered air filters with almost the same basis weight.

They realized that at constant basis weight and similar efficiency, far lower pressure
drop could be achieved for the multi-layered structure. For example, under the same basis
weight when twelve layers were applied, the pressure drop decreased 93.12 Pa while the
filtering efficiency slightly reduced from 91.37% to 82.60% [44]. They concluded that since
the multi-layering modified the packing density and thickness under the same basis weight,
the pressure drop could be decreased.

7. Electrospinning Techniques for Making Air Filters
7.1. Single Component Polymer Air Filters

The first report of using electrospun nanofibers for air filtration is in the early 1980s [21].
Since then, numerous works have been published in this field. Polymers such as PAN,
PVA, PA6, PA66, PU, PSU, PVDF, etc. have been used for the fabrication of air filters by
electrospinning successfully. While PVDF has been selected for its inherent hydropho-
bicity [65,66], PAN and PA6 are attractive for their robustness [26] and long lifespan [22].
For example, an electrospun PAN filter can be used in a hazardous area for 100 h with
95–100% efficiency [56].

The electrospun air filters are usually deposited on a porous substrate to facilitate
the handling [44]. Therefore, the term single component mostly means just one polymer
without additive is deposited on a substrate. Because such filters are made by only one
polymer, controlling the electrospinning process is easier, making it more attractive for large-
scale production. The main advantage of such membranes is not only a simpler production
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route but also recyclability. The electrospun air filter can use recycled material and itself be
recycled easily by dissolving the filter in an appropriate solvent. Then the polymer can be
extracted from the solution and used for electrospinning air filter again [22,52].

7.2. Multi-Component Air Filters

Zhao et al. [68] reported making a hybrid multi-layered polymer composite air filter
by electrospinning to improve the moisture–vapor transition rate (MVTR) and cleanability
of the air filter. They suggested four criteria to achieve their goal: (1) the air filter should
contain both hydrophilic and hydrophobic fibers to prevent increasing pressure drop due
to water condensation (the role of hydrophobic fibers) and improve MVTR (the role of
hydrophilic fibers), (2) hydrophilic groups of the hydrophobic fibers should be on the
surface of the fibers to absorb the moisture effectively, (3) the air filter should have a
gradient structure to provide an appropriate driving force for the water removal, (4) the
air filter should be strong enough to go through the cleaning process without sustaining
damage that affects its efficiency [61,69].

They added SiO2 nanoparticles with PAN to make hydrophilic composite fibers. PVDF
was also applied to produce hydrophobic fibers. They fabricated a mixture of hydrophilic
(PAN-SiO2)-hydrophobic (PVDF) fibers by multi-nozzle electrospinning to provide a hybrid
layer and sandwich it between hydrophobic and hydrophilic electrospun layers. The final
structure was a gradient composite fibrous membrane (Figure 10). Such gradient structure
can transport water from the face side and enhance the breathability of the respirator [68].
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They realized by increasing SiO2 concentration from 0.5 to 2 wt%, the diameter of
PAN-SiO2 nanofibers was decreased, and the wicking rate was enhanced from around
2.4 cm/s to 3.5 cm/s. Although a further increase of SiO2 concentration to 5% improved
the wicking rate to around 4.5 cm/s, the size of the composite PAN-SiO2 nanofibers was
increased due to the partial agglomeration of SiO2. Therefore, they kept a 2 wt% SiO2
concentration for the rest of their experiments. The gradient air filter represented an
outstanding performance with high filtering efficiency (99.99%), relatively low-pressure
drop (86 Pa), and high MVTR (13,612 gm−2d−1). They can also preserve their filtering
efficiency for a long time (Figure 11a). The only problem with the air filter was increasing
the pressure drop because of clogging the PM2.5 during the field test period in comparison
with the commercial one (Figure 11b,d). Although they did not mention the reason for the
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clogging in their work, the hydrophilic fibers (PAN-SiO2) might be enhanced by attaching
PM2.5 in the way of forming large particles which could clog the filter [68].
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7.3. Nanonets

A net structure produced during the electrospinning process with very fine inter-
connected fibers (mostly ~20 nm) and a small opening (usually <100 nm) is receiving a
lot of attention recently, and it seems it has a great potential application in the air filter
field [41]. This structure that is called “electrospinning/netting” (ESN), “nano-fiber/net”
(NFN), or just nanonet, was observed for the first time by Ding et al. in 2004 when they
attempted to electrospin Polyamide 6 (PA-6), calling it “fishnet-like nanonet.” However,
they did not publish their discovery till 2006 when a similar result has been achieved on
Polyacrylic acid (PAA). Since then, fabrication of NFN from a large variety of polymers
such as polyamide-6 (PA-6), polyacrylic acid (PAA), polyvinyl alcohol (PVA), polyurethane
(PU), poly(trimethylene terephthalate) (PTT), chitosan (CS), Gelatin, Silk have been re-
ported successfully although the mechanism of NFN formation is not clear yet. The most
acceptable mechanism is phase separation of charged droplets [70].

Usually during the electrospinning process, if the electrospinning parameters are not well
adjusted, the Taylor cone will not be fully stable and both electrospinning/electrospraying
can be taken place [24], which has been called the formation of unspun droplets [71],
parasite electrospraying [28], or micro-sized charged droplet formation [70]. Applying a
high electrical field to the highly charged droplets ejected from the Taylor cone as well as
the drag force between the surrounding air and the charged droplets can deform them to
the small liquid films (Figure 12). The Coulombic repulsion due to the high accumulated
surface charge on the droplets overcame the surface tension and viscoelastic forces leading
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to expanding more film, which in turn generated more drag and more deformation. The
transformation of the droplets to the large disk-like films increases the drying rate, which
makes phase separation of the polymer-rich and solvent-rich domains. By evaporation,
the solvent-rich domains empty parts of the net form while the polymer-rich becomes the
nanofibers of the NFN [70].
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from [71]. Copyright 2013 Elsevier).

This theory successfully explains why the electrospun fibers and nanonets can be
detected in the microstructure simultaneously and why nanonets do not cover the whole
microstructure. However, this theory cannot explain the coherency of the nanonet with the
other fibers in the way they seemed to branch from the electrospun fibers [72]. A strong
hydrogen bond between nylon-6 and methoxy poly(ethylene glycol) (MPEG) oligomers
has also been reported, and it was observed the amount of nanonet formation was related
to the concentration of MPEG). Again, it is hard to explain this phenomenon by the phase
separation theory [73]. Therefore, other theories such as “ions initiated splitting up of the
electrospun fiber”, “intermolecular hydrogen bonding”, and “intertwine among branching
jets” have been proposed [70]. However, the “phase separation of charged droplets” is still
very popular among researchers, and they usually use it to explain their results.

Production of nanonet is not as straightforward as electrospun fibers. Nanonets just
form at certain electrospinning conditions such as very high applied voltage and using a
very highly conductive solution. However, tuning the electrospinning parameters does
not guarantee the formation of nanonets. In other words, if a polymer is electrospinnable,
it does not mean nanonets can also be produced from this polymer even with controlling the
electrospinning conditions precisely. When it becomes possible to produce nanonets from
a polymer, the next step is controlling the nanonet microstructure by adjustment of NFN
parameters. Usually, the diameter of the fibers in the net, opening (pore-width), coverage
rate, and density (arrange density in a plan and stacking density) can be controlled by
tailoring the NFN condition [70,74].

It is noteworthy that the parameters affected in the nanonet formation have a relatively
narrow range for variation, and beyond the range, the formation of nanonets could be
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impeded. For example, the nanonet formation is normally promoted by increasing the
conductivity of the solution. In other words, the coverage rate is enhanced by raising the
conductivity. For PA6, it was observed that although the addition of salt to the solution
caused nanonet formation when the concentration of salt increased from 1.5 wt% to 2.5 wt%,
the nanonets disappeared from the microstructure and instead, porous micro-balls emerged
among the nanofibers [72].

Offering extremely small fibers in the structure of nanonets makes them attractive
for the air filter application because they exhibit very high filtering efficiency [75–77]. The
ability to make very lightweight air filters [58] with high dust holding capacity [26] are
desirable properties for this application. Additionally, the ability to control the coverage
rate and stacking density of multi-layered nanonets provides the chance to make a balance
between improvement of filtering efficiency and increasing the pressure drop. However,
the pressure drop of the fabricated air filter by NFN has still been, in most cases, high
(usually more than 100 Pa) [26].

8. Antimicrobial Air Filter

The application of antimicrobial membranes is more developed for water treatment
membranes. Since they are in the water micro-organisms can grow on them to form biofilms
which may cover the membrane surface (Figure 13) and reduce their functionality as well
as increase the pressure drop of the membranes leading to raising the operational cost [78].
Therefore, some techniques which have been used for the antimicrobial water treatment
application were utilized for the air filters, too, or they have potential applications for
producing antimicrobial air filters.

In the air filter field, the accumulation of pathogens on the membranes can cause a
secondary bio-aerosol hazardous source that might infect the user, which can be avoided
(at least to some extend) if the air filter shows antimicrobial properties [79]. Additionally,
antimicrobial air filters can improve the capturing efficiency of pathogens, which enhances
the protection level against hazardous micro-organisms [80,81].
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Antimicrobial air filters mostly inhibit the pathogens by two mechanisms: (1) Captur-
ing them by the electrostatic interaction between the antimicrobial agent and the micro-
organism membrane’s charge. Ionization of prototropic groups such as carboxyl and amino
groups usually develops a net negative charge at the surface of the micro-organisms at
pH close to 7 [83]. This assists the antimicrobial agents which have positive charges or
domains to attract and capture them [21], (2) Destroy the micro-organism membrane or
its biomolecules which are essentials for the living of the micro-organism such as proteins,
DNA, and RNA [84]. Usually, three strategies have been applied to make antimicro-
bial filters: (1) Using polymers with inherent antimicrobial properties, (2) Introducing
nanoparticles that have an antimicrobial effect on the membrane. This can be achieved by
blending the nanoparticles to the polymer before making the filter or coating the polymeric
membrane with the nanoparticles [85–87], (3) coating the filter with the bio-antibacterial
molecules [78,88,89].
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8.1. Antimicrobial Polymers

Some polymers such as Chitosan (CS) and Polymethyl acrylate (PMA) have inherent
antibacterial/antiviral properties usually due to their positively charged domain structure
which capture and disrupt the membrane of micro-organisms. Among them, CS and
some of its derivatives enjoy advantages such as relatively good antimicrobial activity,
biodegradability, and non-toxicity which attract a lot of attention recently [77]. Both
antibacterial and antifungal have been reported for CS, which makes it suitable for the
food, agriculture, and pharmaceutical industry. The CS antibacterial properties may come
from the protonated anion groups in their main structure. These protonated anion groups
can interact with the phosphoryl groups of the phospholipids via electrostatic forces [90].

Chitosan, however, suffers from poor mechanical strength and low solubility on most
of the solvents. To tackle this problem CS is usually blended or coated with other polymers.
Some modifications to the polymer structure of the CS have also been developed to improve
the solubility and antibacterial properties. For example, quaternized chitosan (QCh) has
better antibacterial properties than plain CS [78], or sulfonated CS shows better solubility
in the water and exhibits high antibacterial activity against E. coli [90]. It has also been
reported that one of the sulfated derivatives of CS (sulfated chitooligosaccharide) can
inhibit HIV-1, which may have potential application for medicine to control HIV [91].
Additionally, it was observed that N-[(2-hydroxy-3- trimethylammonium)propyl] chitosan
chloride (HTCC) could inhibit some of the coronaviruses by attachment to the Spike
protein of the coronaviruses [92]. Even there is a report on the effectiveness of HTCC
on inhibition of the new coronavirus or SARS-CoV-2 [93]. It should be mentioned that
electrospun modified chitosan was utilized successfully for both water treatment [94–98]
and air filtration [99–101].

8.2. Composting Antimicrobial Nanoparticles

Compositing nanoparticles (NP) with polymers by electrospinning is another approach
for making antibacterial air filters. Nanoparticles of metals (e.g., copper and silver), metal
oxides (e.g., ZnO, CuO, TiO2), metal salts (e.g., CuSO4), metal hydroxides (e.g., Cu(OH)2,
Ca(OH)2, Mg(OH)2), polymers (e.g., Poly(4-vinyl pyridine) or P-4VP), and carbon nan-
otubes (CNTs) have been examined for their antibacterial properties. They sometimes
blended with the polymers via in-situ (blending the NP precursor (s) with polymer fol-
lowed by nucleation) or ex-situ (blending the available NP with the polymers) techniques.
Although the in-situ method is usually more complicated for controlling the process, the
final product mostly enjoys more uniform particle distribution in the fibers. This can be
seen in experiments performed by Mu et al. and Wang et al. [30,102]. In an ex-situ case,
if the polymer solution has a lower viscosity, the NP can come to the polymer surface easier,
leading the membrane to exhibit more antibacterial activity [78].

On the other hand, sometimes nanoparticles are coated on the membrane surface to
achieve higher antibacterial performance [78]. Physical methods such as dip-coating, layer-
by-layer (LBL) coating, spray coating, nebulization process, and electrospray [79], as well
as chemical methods such as grafting [78], have been utilized to decorate the membrane
with antibacterial NP.

8.2.1. Metallic Nanoparticles

Both silver and copper nanoparticles and their compounds (metal oxide, metal hydrate,
etc.) have been well known for their antibacterial/antiviral properties [79]. The antibacterial
effect of silver has been known since 1000 BCE in the healthy additives in Chinese and
Indian medicines. However, it was discovered recently that reducing the size of silver to
the nano range can improve the antibacterial properties of silver significantly. Research
shows that silver can react with the sulfur in some of the protein on the bacteria membrane
cell leading to disinfection of the bacteria. The released silver ion from silver nanoparticles
can also diffuse into the cell and interact with the phosphorus in the backbone of DNA
molecules. Moreover, silver ions can react with phosphor-containing proteins and inhibit



Fibers 2022, 10, 15 18 of 27

them (Figure 14). Additionally, it has been reported if the size of silver NP became less than
10 nm, they can make pores on the bacteria cell membrane, which can cause the discharge
of the cytoplasm and kill the bacteria without interaction with the cells’ proteins and the
genetic molecules. It is noteworthy that the size and the shape of silver NP can influence
their antibacterial effect. If the size of the nanoparticles is less than 20 nm, the silver NP
shows greater attraction to the sulfur-containing proteins which enhance the antibacterial
activity dramatically. The truncated triangular shape of silver nanoplates shows higher
antibacterial activity in comparison with spherical and rod-shaped NP [84].
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Although silver nanoparticles are well known for their antibacterial properties, it has
been observed that they can also be effective on viral disinfection [103,104]. 11 nm silver
particles were synthesized and used as a coating on an air filter. The coating increased
the anti-viral ability of the filter. However, with larger dust loading, the filtration and
pressure drop increased as the anti-viral ability decreased. This is likely due to the dust
on the silver nanoparticles stopping contact between the virus particles and the silver
coating [59,105,106].

Although silver nanoparticles are very effective for the disinfection of bacteria, there
are some health and environmental concerns associated with their use. Argyria is a disease
that changes the color of the skin to dark bluish and is caused by exposure to silver.
The threshold concentration for argyria is usually much higher than the amount of silver
used for disinfection, but it raises the concern of toxicity for the antibacterial application.
The negative impact of silver NP on aquatic species is another concern of their wider
application [84]. A study completed by Gliga et al. has also revealed the possibility of
considerable toxicity to human lung cells [107], potentially limiting their application for
air filters.

Like silver, copper can disinfect both viruses and bacteria and can be woven into
micro/nanofibers [108,109]. Bulk copper has been exhibited excellent antimicrobial activity
against a relatively wide range of pathogens such as bacteria, fungi, and viruses [110].
It has also been reported that after exposure to a copper surface to SARS-CoV-2, no active
SARS-CoV-2 can be detected after four hours [111]. Copper NP also proves great activity in
the disinfection of micro-organisms (no matter their types) [110].

Copper may bond to thiol or other peptide groups of the micro-organism’s proteins
which disrupt the enzyme structure. It has been reported that copper can deactivate the
membrane respiratory enzymes of E. coli [112]. Copper can also attack the cell membrane
via lipid peroxidation [113]. Furthermore, copper ions can diffuse into the cell, attack
the genetic molecules, and make them lose their functionalities. For example, copper (II)
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can compete with the hydrogen bond of DNA double strands and denature its reversibil-
ity [112].

Some research shows excellent improvement against biofilm formation in ventilation and
air-conditioning (HVAC) systems if they are made of copper instead of aluminum [113,114].

Although copper is a necessary mineral for regular body function overexposure to
copper can come with some severe side effects. Common side effects of copper toxicity are
headaches, diarrhea, inflammation, and can result in kidney failure. Copper nano-toxicity is
also an issue that is being studied. It is found that the nano-toxicity of copper impacts males
more heavily than females. It can cause spleen, liver, kidney, and respiratory damage [115].
The most common way for copper toxicity to occur is through food or water consumption,
but trace amounts of copper can also be found in the air.

8.2.2. Metal Oxide Nanoparticles

Zinc oxide (ZnO) nanoparticles are one of the most important inorganic antimicrobial
agents that have been suggested for the prevention of biofilm formation. Its effectiveness
on a wide variety of bacteria and fungi [116,117] and low toxicity of ZnO NP make them
attractive to use extensively in the food, textile, and medicine industry [115,116]. Although
the exact antimicrobial mechanism of ZnO is not clear yet, it has been suggested that ZnO
generates reactive oxygen species (ROS) such as H2O2 in the presence of water which
can disrupt the cell membrane [117,118]. Furthermore, they can damage the bacteria cell
membrane leading to leakage of the membrane, causing cell death [117].

ZnO is being used in the fight against the SARS-CoV-2 virus mainly as a disinfectant
spray. It was found that at a very low concentration, IC50 = 526 ng/mL, and it can cause
oxidative stress to the SARS-CoV-2 virus which causes severe damage to the virus’ cellular
membrane, which is necessary for fighting the SARS-CoV-2 virus. [119,120]

Titanium dioxide (TiO2) is one of the effective ceramic materials that exhibit antimi-
crobial activity. Since the first report of antimicrobial activity of TiO2 in 1985 by Matsunaga
et al. [121], it attracts much attention due to its low toxicity as well as high physical and
chemical activity [122]. Titanium dioxide has three different allotropes: rutile, anatase, and
brookite, but anatase is mostly used for extraordinary photocatalyst activity. Although a
variety of micro-organisms can be disinfected by titanium dioxide, it is more effective on
viruses and bacteria than fungus.

The mechanism of antimicrobial activity of titanium dioxide is not clear, yet. For the
titanium dioxide powder, it is considered that the micro-organisms should attach to the
Titanium dioxide particles first, but for the titanium dioxide polymer composite, this part
may not be a key step for the disinfection [123]. It is also proposed that exposure to UV
light can provide enough electron-hole which promote producing ROS such as hydrogen
peroxide [118] as well as oxide (such as superoxide) spices under visible light (which
has a mild effect on antimicrobial activity) for the second step [123–125]. Similar to zinc
oxide these species can disinfect the micro-organisms by damaging the cell membranes.
Furthermore, they can damage DNA and other macro-molecules which cause cell death.
The excitement energy, the size, and the surface of the titanium dioxide particles, type of
micro-organism. Temperature, etc. are some of the factors that can control the antimicrobial
activity of titanium dioxide [124], but it has been reported that the membrane damage can
take place in less than 20 min [118].

The main limitation of using titanium dioxide is its wide bandgap which needs only
UV radiation to activate the photocatalytic oxidation leading to low photocatalytic efficiency
and high electron-hole recombination rate. To tackle this problem, different dopants such
as Cu, Ag, Zn, Y (or a combination of Zn and Y) have been used to make it effective under
visible light or even without the light [122].

Disinfecting air, water, and surfaces with the photocatalytic reaction of LED-TiO2 have
been proven useful against many micro-organisms, including human coronavirus, and
SARS coronavirus. It was found that the TiO2 photocatalytic reaction for 20 min inactivated



Fibers 2022, 10, 15 20 of 27

99.9% of SARS-CoV-2 in aerosols and for 120 min it inactivated 99.9% of SARS-CoV-2 in
liquids [126,127].

8.2.3. Carbon Nanostructure

Carbon nanostructures such as carbon nanotubes (single-wall, multi-wall), fullerene,
and graphene (pristine graphene, graphene oxide, reduced graphene oxide) have also
exhibited antimicrobial activity. The exact mechanism for their antibacterial properties is
not fully understood, but ROS production is one of the proposed mechanisms that have
been considered for almost all of them, especially for fullerene (Figure 15) [128]. Besides
that, other mechanisms have been proposed for each carbon nanostructure. For example,
for fullerene, mechanisms such as intervening in the respiratory chain, destroying the cell
membrane, and intercalation with the membrane lipid have also been considered. One of
the proposed mechanisms for CNT is a perturbation of the cell membrane and releasing
its intracellular content [105]. For graphene-based nano carbons, their sharp edge, as well
as their high hydrophobicity, can cause membrane distortion leading to the death of the
micro-organism [128–130].
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Single-walled carbon nanotubes (SWCNT) can be used to detect SARS-CoV-2. The
SWCNT is functionalized with ACE2, which is a host protein that has a high binding affinity
for the SARS-Cov_2 virus spike protein. [131] Carbon-based nanomaterials (CBN), being
antimicrobial, can physically interact with the SARS-CoV-2 virus and through membrane
distortion, which also works on the virus even if it is resistant to other treatments [131].

8.3. Bio-Antimicrobial Molecules

Recently, natural antimicrobial products have been examined to be introduced into
air filters to improve their antimicrobial performance. Having high antimicrobial activity,
less toxicity, being more environmentally friendly, and biodegradability are some of their
advantages over inorganic additives (such as Cu and Ag) [78,79]. Additives such as
Euscaphis japonica, GSE, Propolis, and Sericin have been tested successfully for producing
antimicrobial air filters [79]. Antimicrobial peptides (AMPs) and bacteriolytic enzymes
are two classes of the natural molecules produced by living cells to protect them against
micro-organisms’ threads, and they have a lot of potential applications, including the use
in antimicrobial air filters [78]. In this paper, antimicrobial peptides (AMPs) are discussed
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as an example. However, other types of bio-antimicrobial molecules also have potential
applications in antimicrobial air filters.

Antimicrobial peptides (AMPs) are relatively small biological molecules to serve as
the front defense line of the living species [132]. They are categorized as small polypeptides
(30–60 aa), with high-temperature stability (100 ◦C, 15 min), no impact on eukaryotic
cells [133], and they can work under a wide pH range. They are effective for disinfecting a
wide variety of micro-organisms, including bacteria (Gram-positive, Gram-negative, Gram-
positive and negative), viruses, fungi, and parasites (such as protozoan). Even some studies
have been reported for the anti-cancer activities of AMPs [133]. It should be mentioned that
some classes of AMPs, for example, β-defensins, indolicidin, cecropin A, and magainin,
can disinfect bacteria, fungi, viruses, and parasites at the same time. In a word, one AMP
can kill a variety of different kinds of micro-organisms [134].

The AMP-mediated killing process can act completely very quickly (even in the range
of a few seconds) after connecting to the micro-organism’s membrane [135]. The net charge
of AMPs is positive, which assists them in attracting and attaching to the micro-organisms’
cell membrane that is usually negative [136]. The binding process then usually becomes
enhanced by adapting their amphipathic structure to the cell membrane. After this point,
the mechanism for disrupting the cell membrane is not clear yet [135]. However, four
mechanisms, namely, Toroidal pore, Carpet-like, Barrel-stave, and Aggregate, have been
proposed to explain how AMPs can make holes or channels in the cell membrane, which
causes to interrupt the cell function and kill the cell (Figure 16) [133]. Describing the four
proposed mechanisms is beyond the scope of this article, but there are several valuable
resources (e.g., [133,137]) that the reader can refer to them to become familiar with these
mechanisms. It should also be mentioned that the mechanisms explain how the AMPs
interact and disinfect the lipid membrane micro-organisms. For the envelope viruses,
AMPs (or rather antiviral peptides) integrate into the viral envelope or the host cells to
deactivate the viruses [135].
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Figure 16. AMP’s mode of action (A) Carpet model: attaching of AMPs on the surface of the
membrane and destroying the cell membrane like a “detergent.” (B) Barrel stave model: AMPs
aggregate with each other, diffuse into the cell membrane, and form a channel. (C) Toroidal pore
model: accumulation of AMPs vertically embeds in the cell membrane, which leads to bending to
make a ring hole [138].

Although the main applications or potential applications of AMPs are in the phar-
maceutical industry (especially for targeting the antibiotic resistance bacteria) and food
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industry (to substitute with chemical food preservatives) [133], some research has been
completed on their use as antimicrobial air filters [139].

It is noteworthy that most of the antimicrobial natural product air filters have been
tested under controlled experimental conditions, which may reach a different result in
practice. Additionally, the durability of these products is questionable because they are
vulnerable to degradation owing to the natural oxidation process [79]. If these two problems
are addressed, they can be used in the structure of air filters in the future to improve their
anti-microbial properties.
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