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Abstract
The filtration of airborne particulate matter (PM) and aerosols utilizing nonwoven fibrous materials has received significant 
research concern due to the continuing global pandemics, especially the outbreak of coronavirus disease (COVID-19), and 
particularly for face masks as a measure of personal protection. Although spun-bond or melt-blown nonwoven fabrics are 
among the pioneer materials in the development of polymer microfiber-based face masks or air filters on a large scale, rela-
tively new nonwoven manufacturing processes like electrospinning and solution blow spinning (SBS) are gaining momen-
tum among manufacturers of filter membranes. The high filtration performance of nanofiber face masks is due to their high 
surface area to volume ratio which increases the interaction between the nanofiber and PM and improves the electrostatic 
charge distribution of electret filters, allowing enhanced capture capability based on electrostatic deposition. Moreover, the 
small diameter of nanofibrous filters improves the breathability of the face mask by providing the slip effect, which in turn 
reduces the pressure drop through the membrane. This paper provides a comprehensive review of contemporary advances 
in nanofiber face masks, detailing the working mechanism involved, reviewing recent experimental studies, and discussing 
improvements in filtration efficiency for three main nanofibrous air filtration strategies, including mechanical and electrostatic 
filtration and antimicrobial functionality. Furthermore, prospective research is introduced which considers the synergistic 
combination effects of the three filtration mechanisms in designing a multifunctional nanofiber structure that can efficiently 
capture a wide range of PM with higher filtration efficiency and lower drops in pressure. New trends in the antimicrobial 
activity of smart material-based nanofibrous membranes in the fight against infectious airborne agents are also described.

1  Introduction

Anthropogenic air pollution has a considerable negative 
impact on public health. Particulate matter (PM) contains 
microscale airborne contaminants and is acknowledged to 

be a significant risk factor for early death [1]. The most well-
known sources of the negative health consequences of PM 
are toxicological effects brought about by direct inhalation. 
Toxic chemicals contained in PM which are often hazardous 
to cells and capable of causing cell death or organ failure 
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are metals, nitrates, and sulfates. Moreover, PM2.5 parti-
cles, which have aerodynamic dimensions less than 2.5 mm, 
can freely enter the circulatory system and increase the 
risk to health [2]. These harmful health effects of PM have 
increased awareness of the toxicological impacts of inhaling 
PM. Also, small particles that have high surface-to-volume 
ratios may adsorb aerosols containing viruses and have high 
surface-to-volume ratios, thereby further contributing to the 
spread of different viral infections [3]. The coronavirus dis-
ease (COVID-19) pandemic has recently focused attention 
on these PM-related concerns, and SARS-CoV-2 (severe 
acute respiratory syndrome coronavirus-2) viral RNA has 
been found on the surface of aerosols (≤ 5 µm) collected 
from public areas (Fig. 1) [4]. Moreover, according to eco-
logical research, even a small increase in chronic PM2.5 
exposure might cause a significant rise in COVID-19 mor-
tality [5].

Therefore, the control of air quality has become a vital 
component in maintaining sustainable public health. The 
most popular approach for air purification among many 
available options is PM filtration, which uses filtering mate-
rial to remove airborne particles. Membranes and fibrous 
materials are among the common candidates for use as air 
filters [7, 8]. These air filters are evaluated based on a vari-
ety of performance criteria, and one crucial measure that 
represents how effectively particles are removed is filtration 
efficiency. Another crucial indicator of how easily the air-
flow can pass the filtering media is the pressure drop which 
indicates the breathability of face masks. However, a trade-
off between these two criteria is a main issue in research 

on air filters and has led to research interest in developing 
nanofiber air filters to promote airflow while effectively 
capturing particulates based on either mechanical filtration, 
electrostatic charge, or antimicrobial functional air filters 
(Fig. 2).

In the mechanical filtration process, aerosol particle filtra-
tion depends on several factors, including nanofiber diam-
eter, airflow velocity, and PM particle size [9]. Particulate 
pollutants with varying particle sizes are filtered from the 
air stream by interception, Brownian diffusion, and inertial 
impaction [10]. These methods rely mainly on the design 
and structure of the air filter to physically capture PM by 
disrupting the smooth laminar airflow or streamlines pass-
ing through the material [11]. In the case of particles larger 
than 0.3 µm, both inertial and direct impact exert significant 
influence, while for particles of 0.1 µm, diffusion stands as 
the primary filtering mechanism. The particle size at which 
the separation membrane achieves its lowest efficiency is 
commonly referred to as the “most penetrating particle size,” 
which typically falls within the range of 0.3 µm or smaller 
[12].

Several studies have reported the efficiency of nanofiber 
membranes in improving the filtration performance of face 
masks by controlling their pore size [13–15]. The effective 
interconnection of the pores leads to enhancements in dif-
fusion, inertial effects, and interception as well. However, 
conventional nanofiber air filters still face certain challenges 
due to their small pore size and significant thickness, which 
result in high filtration efficiency but also lead to substantial 
pressure drops. This, in turn, leads to an overall reduction in 

Fig. 1   Proposed severe acute 
respiratory syndrome coronavi-
rus-2 (SARS-CoV-2) transmis-
sion routes [6] 
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filtration performance [16]. In contrast, electrostatic attrac-
tion primarily relies on electrostatic interactions between 
particles and the filtration media, without significantly 
affecting airflow [17–19]. Consequently, by optimizing the 
filter structure and enhancing the electrostatic interactions, 
it becomes possible to achieve a balance between filtration 
efficiency and pressure reduction, ultimately leading to 
improved filtration performance.

Electrostatic filtration has been widely reported in the 
literature achieved using different mechanisms including 
induction charging [20], triboelectric charging [21], or 
corona charging [22, 23]. Electret nanofiber membranes 
refer to materials that are electrically activated and can gen-
erate a quasi-permanent electric field on their own. Electret 
filters are created by introducing electric charges into the 
material or aligning electric dipoles within the dielectric 
material [24]. Numerous research studies have focused on 
the enhancement of air filter performance by elevating sur-
face potential and extending the lifespan of their electrical 
properties in order to improve the durability and lifetime of 
nanofiber face masks [25].

Additional crucial hazards for human health are patho-
genic organisms [26] in the form of viruses, fungi, or bac-
teria [27]. These organisms represent the major factor caus-
ing infectious diseases in humans and other animals. Recent 
statistics indicate that approximately one-quarter of annual 
global deaths can be attributed to these pathogenic agents 
[28]. According to the World Health Organization (WHO), 
respiratory illnesses arising from annual seasonal influenza 
lead to around 290,000 to 650,000 deaths each year [29]. 
Therefore, the need for antimicrobial face masks has become 
an urgent requirement for human health and represents an 

appealing alternative to conventional face masks which 
could help address some of the concerns associated with 
single-use face masks by providing real-time, in situ anti-
microbial protection [30, 31]. The feasibility of the use of 
nanofiber for functionalization and chemical modification, as 
well as the ability to incorporate natural antimicrobial poly-
mers in the spinning process, makes it a perfect candidate 
for the fabrication of usable, flexible, and highly efficient 
antimicrobial face masks [32, 33].

In this review, the advances made in nanofibrous face 
masks are summarized based on three distinct categories of 
mechanical filtration, electrostatic filtration, and antimicro-
bial functionality (Fig. 2). All new research approaches that 
aim to enhance the filtration performance of nanofibrous 
membranes based on these three filtration classifications 
are discussed in detail. The future prospects of the hybrid-
ized filtration effects in improving the durability, cyclabil-
ity, and lifetime performance of nanofibrous face masks are 
then considered. Combating airborne pathogens using func-
tionalized antimicrobial nanofiber either through the use of 
doping, coating, or mixed matrix composites to proactively 
deactivate pathogens is also discussed.

2 � Mechanical filtration

2.1 � Experimental work related to mechanical 
filtration

Applications of nanofibrous membranes have been exper-
imentally proven to improve particle filtration perfor-
mance compared to nonwoven microfibers [34]. Nanofiber 

Fig. 2   The advancement in 
nanomaterials for face masks
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membranes provide high surface area due to their high 
aspect ratio (length/diameter) and small pore sizes that con-
tribute to increasing particle-capture ability and high filtra-
tion efficiency [35]. Also, their low basis weight or packing 
density can lower pressure drops and air resistance [36]. In 
general, the filtration performance of a filter media in terms 
of mechanical filtration depends on various factors that can 
be categorized into two main groups: (I) filter structure, 
including membrane pore size and porosity, and (II) filtra-
tion conditions including humidity, temperature, PM source, 
and face velocity. To improve the filtration performance of 
nanofibrous mats, research in this field has mostly focused 
on filter structure, with various attempts to attain smaller 
pore sizes by reducing nanofiber diameter or increasing filter 
thickness while still maintaining high porosity to reduce the 
drop in pressure. This section discusses recent experimental 
studies related to mechanical air filtration and the modifica-
tion of nanofiber structures in order to attain higher filtration 
efficiency [37].

One of the most convenient methods in mechanical fil-
tration to improve air filtration performance is to control 
membrane pore size by altering the nanofiber diameter. 

Reducing the diameter has been experimentally proven to 
improve filtration efficiency and reduce pressure drops. An 
early experimental study by Skaria et al. found a substan-
tial decrease in airflow resistance of 82%, accompanied by 
a comparable filtration efficiency of 84% for nanofiber fil-
ters in contrast to commercial N95 respirators [38]. Most 
nanofiber air filters are produced by the electrospinning tech-
nique, where fiber diameter and pore size can be controlled 
by changing the concentrations of polymer used or adjusting 
process parameters such as voltage, working distance, and 
flow rate. A recent study by Bian et al. of the effect of nylon 
solution concentration in controlling the diameter of the 
nanofiber generated indicated that the filtration efficiency of 
PM2.5 was significantly enhanced with decreasing nanofiber 
diameter regardless of the face velocity applied (Fig. 3a) 
[39]. A denser nanofiber filter network with a small pore 
size of < 70 nm showed a higher PM removal efficiency of 
up to 96%. However, the dependence of removal efficiency 
became less sensitive at high spinning times of 3 or 4 h due 
to the dominance of layer thickness in capturing particles.

Similarly, an experimental study of the filtration per-
formance of polyethylene terephthalate (PET) nanofibrous 

Fig. 3   Relationship between PM2.5 removal efficiency and nanofiber diameter a [39], b [40], c [41], and d [42] 
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filters demonstrated a significant increase in filtration effi-
ciency from 41 to 99% when the nanofiber diameter was 
reduced from 3.25 to 0.67 µm (Fig. 3b) [40]. The reduction 
in nanofiber size was achieved by decreasing the PET con-
centration from 20 to 10 wt% and using a smaller needle size 
of 0.3 mm rather than 0.7 mm. Filter membranes comprising 
finer nanofiber exhibited a notable 97% reduction in pore 
size compared to larger diameters, which subsequently con-
tributed to enhanced mechanical filtration efficiency. Con-
sequently, this study proposed various approaches involving 
the manipulation of nanofiber diameter, morphology, and 
filter thickness so as to achieve more efficient filter media 
with low pressure reductions. These adjustments could be 
implemented through modifications of polymer concentra-
tion, needle size, and electrospinning parameters, includ-
ing the rotation speed of the collector and processing time. 
The effect of reducing polymer concentration on attaining 
finer nanofiber, smaller pore size, and consequently better 
filtration efficiency was also experimentally addressed by 
Wei et al. (Fig. 3c) [41]. This study also highlighted the 
significant role of narrower nanofiber diameter and pore size 
distribution in enhancing the mechanical filtration perfor-
mance of nanofibrous filter media resulting from reducing 
the polymer concentration. However, due to the decreased 
membrane pore size, the pressure drop negatively increased 
which caused greater air resistance and a lower quality fac-
tor. The effect of nanofiber diameter on the relationship 
between filtration efficiency and pressure drop is still not 
justified. The reduction in nanofiber diameter should theoret-
ically enhance the mechanical filtration efficiency since the 
filtration coefficients of inertial impaction, interception, and 
diffusion mechanisms increases with decreasing pore size. 
Meanwhile, following the slip effect, we could conclude that 
a smaller nanofiber diameter would also reduce the pressure 
drop. However, based on Davies’s equation (Eq. 5), decreas-
ing the nanofiber diameter results in a higher pressure drop. 
Based on both theoretical and experimental adaptions, Kim 
et al. [42] have claimed that, although the pressure drop 
increased, the quality factor was still enhanced at smaller 
nanofiber diameter due to a noticeable increase in filtration 
efficiency (Fig. 3d). Based on all of the relevant studies men-
tioned, it can generally be concluded that the use of finer 
nanofiber contributes to the high filtration efficiency of filter 
media, but the reduction in pressure drop has still been con-
troversial. Therefore, the employment of a bilayer system 
containing a micro-fibrous polypropylene (PP) substrate and 
a nanofibrous facial layer has been shown to contribute to a 
considerable enhancement in filtration efficiency compared 
to micro-fibrous bilayers, especially in the range of most 
penetrating particle size (MPPS) of 10–500 nm with only a 
moderate rise in pressure drop [43]. This led to a significant 
increase in quality factor up to 2.6 times higher than that of 
its micro-fiber counterpart. Similarly, a comparative study of 

a gauze mask incorporating nanofiber and other commercial 
micro-fiber face masks has indicated an effective filtration of 
nanofibrous filter for PM2.5 particles (90%) while preserv-
ing a relatively low pressure drop (0.41 kPa) compared to the 
ITO PM2.5 micro-fiber mask (82.8%/0.655 kPa) [44]. The 
high porosity of nanofiber with its small micro-pores is the 
main reason for the enhanced mechanical filtration perfor-
mance [38]. Moreover, a multi-structured bio-based polylac-
tic acid (PLA) nanofibrous membrane could maintain its nat-
ural biodegradability and high filtration efficiency > 99.99% 
for PM0.3 when exposed to a humid environment of 90% 
humidity up to 100 h [45].

However, although nanofibrous filters can provide high 
removal efficiency, an accompanying breathing obstruction 
in face masks is unavoidable. Breathability is mainly related 
to the pressure drop, which is a function of the basis weight 
of the membrane filter. Therefore, it is important to identify 
the optimal basis weight of the membrane in which both 
high filtration efficiency and low pressure drop or an optimal 
quality factor can be achieved [46]. One experimental study 
has found that an optimal quality factor of around 0.061 Pa−1 
for a TPU nanofiber membrane could be obtained at a basis 
weight of 6 g.m−2 [47]. This nanofiber net can achieve a 
removal efficiency of around 97% for both PM0.1 and PM2.5 
with a low pressure drop of ~ 58 Pa at an airflow rate of 
1.0 L·min1. Another experimental investigation indicated 
that the increasing packing density of the nanofibrous filter 
significantly reduced the MPPS from 140 to 90 nm, while 
the filter thickness had an unobvious effect on the filtration 
performance of polyethylene oxide (PEO) nanofiber with an 
average diameter of 208 nm [48] (Fig. 4).

Another multi-level polyacrylonitrile/graphene oxide 
(PAN/GO) nanofibrous membrane has been developed to 
remove ultrafine particles (100–600 nm), and the composite 
membrane exhibited excellent improvement in filtration per-
formance for PM0.3 compared to the neat PAN nanofibrous 
membrane [50]. Its high porosity, small pore size, and opti-
mal surface chemistry contributed to the outstanding per-
formance of this nest-like multi-level structured membrane 
(Fig. 5a). It was also claimed that the use of nanofiber led to 
the reduction of the drop in pressure due to the slip effect. 
Similarly, another modified structure in a PA6 nanofibrous 
membrane has also shown a significant enhancement in 
filtration performance [51]. It contains a 2D PA6 nanonet 
layer with Steiner tree structures embedded in a nonwoven 
PET scaffold substrate (Fig. 5b), resulting in a ripple-like 
membrane. The addition of PET filament helps to extend the 
frontal surface of the PA6 nanofibrous membrane by length-
ening its pleat span and pitch. This gives it a highly porous 
structure with extremely small pore size (0.6–0.7 µm) and 
low basic weight (0.9 g m−2), consequently contributing to 
low air resistance (37 Pa), high filtration efficiency (~ 99%), 
and a robust quality factor (> 99%). A further advance is that 
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this structure employs a polyacrylonitrile (PAN) nanofibrous 
scaffold substrate instead of conventional nonwoven fabric 
[52, 53]. 2D ultrafine PAN nanonets (20–30 nm) fabricated 
by electrospinning/netting are bonded with the scaffold, and 
the resulting membrane exhibited extremely high filtration 
efficiency up to > 99.99% for PM0.3 due to the diameter of 
the ultrafine nanofiber and small pore size (< 300 nm). Also, 
its high porosity (~ 93%), low filter thickness (~ 0.4 µm), 
ultra-light base weight (0.68 g m−2), and low packing density 
result in a low pressure drop of 73.5 Pa. Another adaptation 
is the use of a cross-plied structured membrane with carbon 
nanotubes (CNTs) [54]. Three cross-plied CNTs layers inte-
grated into nonwoven PP fabric (Fig. 5c) provide higher fil-
tration performance with a low particle penetration of 0.1% 
for PM0.3 and a comparable pressure drop of 200 Pa. The 
extremely small diameter and low packing density of CNTs 
were hypothesized to contribute to the superior filtration per-
formance of this kind of nanofibrous membrane compared to 
conventional nanofiber filters. However, any further increase 
in the number of CNTs layers (up to 7 layers) led to the filter 
exhibiting higher air resistance.

2.2 � Mechanisms of mechanical filtration

The physical or mechanical filtration mechanisms com-
prise inertial impaction, interception, and diffusion. The 
filtration mechanism is mostly a function of particle and 
nanofiber size and flow velocity [55]. As shown in Fig. 6a, 
the filtration efficiencies of both the impaction and inter-
ception mechanisms exhibit their highest values (> 99%) 
for medium-sized particles (1–10 µm), but these levels are 
dramatically reduced for particle sizes below that range. In 
contrast, variations in filtration efficiency in the diffusion 
filtration regime lead to the opposite trend, with excellent 
filtration performance for ultrafine particles (< 1 µm) but 
lower efficiency as particle size increases. This results in a 
typical U-shaped curve which indicates the least efficient 
filtration at a specific range of particle size (the bottom of 
the U-shaped curve) which represents the most penetrat-
ing particle size (MPPS) [56]. This value can be observed 
from Fig. 6a to be a particle size of 0.3 µm. The MPPS 
measure is commonly referenced in standard filtration tests 
due to its highest possibility to penetrate the filter media 

Fig. 4   Hybrid structured 
nanofiber-based filters: a SEM 
images of PMIA/SiO2-NFs 
nanofiber and b its schematic 
illustration of the PM2.5 
removal process (Reproduced 
with permission from [49], 
Copyright Elsevier 2018)

Fig. 5   Various types of hybrid 
structured nanofiber-based fil-
ters: a integrated PAN/GO filter 
[50], b a ripple-like membrane 
of PA-6 NF/PET [51], and c a 
cross-plied structured mem-
brane with CNTs (Reproduced 
with permission from [54], 
Copyright Elsevier, 2013)
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compared to other particle sizes. These different variations 
of filtration efficiency in mechanical filtration mechanisms 
are explained in the following subsections.

2.2.1 � Inertial impaction

Inertial impaction is the predominant filtration mechanism 
for large particles > 1 µm in diameter [58, 59]. This mecha-
nism occurs when a particle is not able to follow the stream-
line direction near a nanofiber due to its inertia. The parti-
cle, therefore, continues to move along its original path and 
contacts the elements of a filter (Fig. 3b). Inertial impaction 
depends on the flow velocity (u) and nanofiber size (df) and 
can be expressed by the dimensionless Stokes number [60]: 

where τ is the relaxation time of a particle (s), u is the flow 
velocity (m.s−1), and df is the diameter of the nanofiber (m). 
Inertial impaction is predominant when (St > 0.5). In other 
words, this mechanism is significant for large (or heavy) par-
ticles and/or small nanofibers at high flow velocities which 
generate high inertia in particles [61].

(1)St = �
u

df

2.2.2 � Interception

Interception occurs when particle size is further reduced to 
submicron level (0.1 to 1 µm) [62, 63] and can reach 0.6 µm 
[64]. When such small particles move along the streamline, 
they are captured by the nanofiber when the streamline 
approaches to a distance within one particle radius (Fig. 3b). 
In other words, the particles that move along the streamline 
close to the nanofiber at or below that distance are hindered 
by Van der Waal’s force [65]. Larger particles cannot contact 
the nanofiber owing to hydrodynamic repulsion. The single 
nanofiber interception collision coefficient (ER) can gener-
ally be expressed as

where dp is the particle diameter and df is the nanofiber 
diameter (both in m).

2.2.3 � Diffusion

Further reductions in particle size to below 0.3 µm result in 
the dominance of diffusion. Based on the kinetic theory of 

(2)ER =
dp + df

df
≈

dp

df

(

dp ≫ df
)

Fig. 6   a Collection effi-
ciency of various air filtration 
mechanisms as a function of 
particle size (Reproduced with 
permission from [57],Copyright 
Elsevier 2012). b Mechanisms 
of particulate matter filtration 
by nanofiber (Reproduced with 
permission from [11], Copy-
right Elsevier 2021)
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gases, air molecules tend to collide with each other, caus-
ing random motions on zigzagging paths between them, 
namely, Brownian motion [66]. Due to their interaction with 
air molecules, such small particles also exhibit Brownian 
motion, leading to a randomly suspended state. The zigzag-
ging motions of the small particles near the nanofiber lead 
to their diffusion down a concentration gradient and, conse-
quently, they adhere to the nanofiber surface (Fig. 3b). The 
diffusion coefficient can be identified based on the Stoke-
Einstein equation [67]:

where D is the diffusion coefficient (m2s−1); k is the diffusion 
coefficient for a particle in a free volume which is a function 
of the Boltzmann constant, J K−1; T is the absolute tempera-
ture (K), η is the viscosity of the solution (kg·m−1·s−1); and 
rp is the hydrodynamic radius of the particle (m). The diffu-
sion mechanism becomes noticeable as the particle size is 
reduced, especially at low face velocity [68]. Lower speeds 
lead to a longer residence period of the particles, increasing 
the probability of particle-fiber collisions [69].

2.3 � Theoretical work related to mechanical 
filtration

The advantages of the use of nanofibrous filter media com-
pared to micro-counterparts in improving filtration effi-
ciency can be explained theoretically based on the nature 
of the processes involved in mechanical filtration [43]. The 

(3)D =
kT

6��rp

theory of aerosol particles through a single fibrous filter 
indicates that a decrease in nanofiber diameter (df) will 
lead to an increase in the Stokes number (St) as well as 
the single-fiber interception collision efficiency (ER), as 
shown in Eqs. 1 and 2, respectively. As a result, improve-
ments are seen in inertial impaction and interception filtra-
tion efficiency. Furthermore, the coefficient of diffusion of 
particles is independent of nanofiber diameter, as shown 
in Eq. 3, but the particle size. However, a reduction in 
nanofiber diameter results in the decrease of the Peclet 
number (Pe), which is the ratio between convection and 
diffusion transport as shown in the following equation 
[70]:

where Pe is dimensionless and u is the face flow velocity 
(m.s−1), df is the nanofiber diameter (m), and D is the diffu-
sion coefficient (m2.s−1).

It can be seen from Eq. 4 that a smaller nanofiber diam-
eter (df) leads to a reduction in Pe, and consequently the 
domination of the diffusion mechanism. Therefore, the 
use of nanofiber can be theoretically proven to enhance 
mechanical filtration efficiency [61]. A theoretical 
approach to the investigation of the filtration performance 
of electret fibrous filters in particulate respirators has indi-
cated a significant increase in both filtration efficiency and 
the quality factor due to the reduction in nanofiber diam-
eter (Fig. 7) [71]. At nanoscale, it has been claimed that 
electrostatic capture is improved due to the reduction in 

(4)Pe =
Convection

Diffusion
=

u.df

D

Fig. 7   Effect of nanofiber diam-
eter on aerosol penetration and 
filter quality [71] (Open access)
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nanofiber diameter from 525 to 82 nm when filtering air-
borne coronavirus in masks and respirators [62].

Furthermore, the benefits of reducing the diameter of 
nanofiber in filter media can also be expressed in terms of the 
pressure drop. It is well known that reducing the nanofiber 
diameter leads to an increase in the pressure drop, and the 
relationship between nanofiber size and pressure drop can 
be expressed by Davies’s equation [67]:

where ∆P is the pressure drop (Pa), µ is the viscosity (Pa. 
s), u is the flow velocity (m.s−1), α is the nanofiber packing 
density in the filter, and L represents the membrane thick-
ness (m). However, smaller sizes of nanofiber in the submi-
cron range lead to better efficiency at the same pressure drop 
compared to micron level and larger counterparts when con-
tinuum (or non-slip) flow is applied [72]. This phenomenon 
reflects the more dominant effect of reductions in nanofiber 
diameter compared to pressure drop in increasing filtration 
efficiency and consequently achieving a better quality fac-
tor [71].

Filtration theory assumes that there is no slip condition 
arises at the nanofiber surface and that a continuous flow is 
applied in the case of microscale or larger nanofibers. How-
ever, this assumption no longer applies when the nanofiber 
diameter is reduced to the nano-range and the effect of slip 
flow needs to be taken into consideration [73]. This phe-
nomenon can be explained in terms of the Knudsen layer. 
This kinetic layer is formed as airflows over a solid face 
which is a single fiber. When the nanofiber diameter is much 
larger than the thickness of the Knudsen layer, the effect of 
the latter is negligible, but it becomes significant when the 
nanofiber approaches the same order of magnitude of the 
mean free path of gas (λ). In other words, gas slippage needs 
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to be taken into account in this case, and, subsequently, the 
non-zero slip velocity (us) on the nanofiber surface becomes 
important (Fig. 8). This slip velocity reduces the drag force 
when the airflow passes over the nanofiber surface, hence 
leading to a lower drop in pressure compared to that over 
micro-fiber. In addition, the non-equilibrium Knudsen layer 
encompasses a large portion of the total nanoscale pore 
spaces in this slip flow regime. This means that more of the 
particles pass close to the nanofiber, hence leading to more 
particles becoming trapped on the nanofiber surface and bet-
ter filtration efficiency, especially for diffusion and intercep-
tion mechanisms involving submicron particles. Therefore, 
based on the air filtration theory, improvements in terms 
of filtration efficiency and pressure drop or quality factor 
can be attained with an increase in the Knudsen number 
[74–76]. The Knudsen number (Kn = 2λ/df) is employed in 
order to identify the boundary between different types of 
flow. A continuum flow appears at Kn < 0.001 but is trans-
formed into a slip flow as Kn increases over the threshold of 
0.001 < Kn < 0.1. The nanofiber diameter can be calculated 
based on these Kn numbers with the specific value of the 
mean free path of air molecules at room temperature (23 °C) 
and atmospheric pressure (1.013 × 105 Pa) at around 66 nm 
[77]. The characteristics of the flow around the nanofiber 
boundary can be identified using Kuwabara’s model [78] 
taking into consideration the slip effect.

2.4 � Efficiency of mechanical filtration

The deterioration in filtration performance in terms of fil-
tration efficiency and pressure drop in mechanical filtra-
tion is highly correlated with the flow velocity through 
the nanofibrous filter network [39]. Experimental research 
has indicated a reduction in the efficiency of polyamide 6 
(PA‐6) nanofiber membranes in the filtration of NaCl aero-
sol particles (PM2.5) at a standard airflow speed of 85 L/

Fig. 8   Slip effect in air filtration 
using nanofiber in reducing drag 
force [79] (Open access)
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min when the air velocity increases from 0.5 to 0.8 m/min 
[80]. Increasing flow velocity shortens the residence time of 
small particles within the filter structure, hence reducing the 
numbers of particle-fiber collisions and, consequently, diffu-
sion efficiency [48]. However, this reduction in filtration effi-
ciency was much lower for smaller nanofibers below 33 nm 
in diameter, which showed only a slight decline in efficiency 
from 99.62 to 86.05% compared to large nanofiber diameters 
of 120 nm that showed noticeably lower efficiency falling 
from 99.91 to 60.12%. Small pore size and high surface 
area are also significant factors in the mechanical filtration 
efficiency of nanofiber due to their influence in improving 
interception and diffusion mechanisms [39]. Another cru-
cial factor in mechanical filtration which is closely related 
to nanofiber diameter is the slip effect, since the slip flow 
regime in mechanical filtration leads to a significant reduc-
tion in the drag force of the air stream, and consequently 
lower values of pressure drop [76, 81].

Another effective means to lower the pressure drop is 
to modify the morphology of nanofibers by manipulat-
ing conditions in the production process such as flow rate, 
processing time, and solution concentration. One common 
approach is to change the morphology of the nanofiber to 
a “bead-on-string” structure [82–84]. One early study fab-
ricated PLA nanofibrous membranes using this approach 
[82]. By regulating solvent composition and PLA concen-
tration, the morphology in terms of diameter and bead size 
of the bead-on-string nanofiber can be controlled (Fig. 9a). 
The experimental results from this study showed the high 
filtration efficiency (> 99.9%) of this nanofibrous filter for 
260 nm sodium chloride (NaCl) aerosol particles, partly due 
to the small nanofiber diameter (~ 260 nm) and nanopores 
on the beads. Also, the presence of beads in this structure 
increases the porosity of the membrane, leading to the reduc-
tion of the pressure drop (165.3 Pa). However, the filtration 
performance of this kind of membrane deteriorates as face 

velocity increases, which can be explained by the effects of 
pore size, packing density, filler thickness, and nanofiber 
diameter. Therefore, a low face velocity (5.8 cm/s) was rec-
ommended so as to attain good filtration performance. The 
good filtration performance of bead-on-string nanofibrous 
membranes at low velocities has been confirmed in other 
studies using PAN nanofiber (Fig. 9b) [83]. Moreover, the 
integration of bead-on-string with other bead-free nanofi-
brous membranes has been indicated to provide better fil-
tration performance than that of a single layer of beaded 
nanofiber (Fig. 9c) [84]. This kind of bilayer structure pro-
vides higher filtration efficiency and a lower pressure drop 
compared to the single-layer beaded membrane. This is due 
to the higher filter thickness and lower packing density at 
the same basic weight. Also, the combination of the beaded 
layer at the bottom and the bead-free layer at the top causes 
changes in the dominance different filtration mechanisms 
when the air passes through each layer. Diffusion efficiency 
is improved through the top, bead-free layer due to its high 
thickness and low packing density, and whereas the bot-
tom layer with beads enhances the interception mechanism 
due to its smaller pore size. The bead-on-string structure 
was initially expected to generate high porosity and, con-
sequently, low pressure drops. However, the high-pressure 
drop provided by the beaded structure compared to its bead-
free counterpart contradicts such a claim in other experi-
mental studies [82]. The effect of the high packing density 
of the beaded structure is the main reason for this apparent 
discrepancy.

Despite the numerous publications on mechanical air 
filtration [11], it is still challenging to assert that mechani-
cal filtration alone is not adequate to achieve high filtration 
efficiency for PM < 0.3 without scarfing the pressure drop 
and quality factor [85]. Managing and enhancing the inter-
nal structure of the filter, including features such as pore 
size, porosity, nanofiber diameter, and membrane thickness, 

Fig. 9   Bead-on-string polymer nanofiber: a PLA (Reproduced with permission from [84], Copyright Elsevier, 2015) and b PAN (Reproduced 
with permission from [83], Copyright Elsevier, 2019)
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provides the possibility to engineer high-performance air 
filters [86]. Those parameters remain crucial design fac-
tors in air filters which attract considerable research atten-
tion due to their significant impact on the overall structure 
and performance of a filter. Furthermore, many studies of 
mechanical air filtration concentrate on collection efficiency 
and the pressure drop associated with clean filter materials 
during a stable phase. However, these studies offer limited 
insights when it comes to achieving higher efficiency and 
in the development of ultra-low particulate air filters. Only 
a few studies have addressed the long-term unsteady filter-
ing process during mechanical filtration, which is crucial 
for prolonged periods of filtration [87, 88]. Researchers 
have recently focused on the necessity for additional fil-
tration mechanisms to complement mechanical filtration, 
particularly for the filtration of small PM. One air purifica-
tion mechanism that has shown great promise in achieving 
higher efficiency while maintaining lower pressure drops and 
enhanced long-term performance is electrostatic filtration 
[21, 22, 89, 90].

3 � Electrostatic filtration

3.1 � Experimental work related to electrostatic 
filtration

Electrostatic capture filtration refers to the gathering of aero-
sol particles or pathogens within an electric field generated 
by the image force, charged coulomb force, and electric 
polarization [91]. Several studies have investigated fac-
tors influencing the purification capabilities of air filtration 
materials [92], and a recent study demonstrated advances 
in triboelectric nanogenerator (TENG) air filters in attain-
ing high PM removal efficiency [93]. These self-charging 
filters consist of polytetrafluoroethylene (PTFE) modified 
with silica nanoparticles (NPs) and a core–shell nanofiber 
made of polypropylene and polyethylene (PP/PE). During 
the spinning process, the composite membrane becomes 
bipolarly charged in  situ due to the triboelectric effect 
within the nanofiber matrix, and this significantly enhances 
the removal efficiency of PM up to 99.28% with a pressure 
drop of 26.46 Pa and quality factor of 0.19 Pa−1. A novel 
switch-based air filter has also been developed which is 
characterized by high transparency, the efficient removal 
of PM, and low air resistance [94]. This innovative filter 
utilizes a transparent nylon/chitosan nanofiber, which at a 
high airflow velocity of 1 m/s and with an applied voltage 
of 200 V achieved a filtration efficiency of 95% for PM2.5 
particles. The unique feature of this filter is its ability to 
function as a standard PM filter for low PM concentrations 
when in the OFF condition (DC field). Additionally, the fil-
ter membrane exhibits multifunctional properties beyond 

mere filtration. It exhibits high antibacterial activity and 
has the capability to adsorb substances such as ammonia 
and formaldehyde. Another novel approach has been used 
to introduce durable and highly efficient face masks featur-
ing a multi-structured PLA [95]. The design is distinctive 
due to the fabrication of electrospun fibrous membranes 
with an average nanofiber diameter of 130 nm which serve 
as the filter media. The hydrophobic PLA is spun into a 
biodegradable nonwoven PLA fabric with varying degrees 
of alignment, ranging from random to highly symmetrical 
arrangements. The entire structure shows high durability and 
tensile strength and remarkable electrostatic filtration effi-
ciency even in the presence of moisture. Meanwhile, a fully 
biodegradable piezoelectric membrane has been developed 
using polyvinyl alcohol (PVA) and glycine (GLY) via the 
electrospinning process [96]. The precise control of process 
parameters ensures that the glycine crystallizes into a highly 
piezoelectric β-phase during electrospinning, enabling the 
filter membrane’s piezoelectric responses. Face masks cre-
ated from the PVA-GLY membrane exhibited exceptional 
and stable filtration efficiency of 97% over 6 h of continuous 
filtration at high concentrations of PM0.3. Furthermore, in 
terms of biodegradability, the PVA-GLY masks were com-
pletely broken down within a few weeks. PLA and cyclodex-
trin (CD)/PLA nanofibers have also been manufactured via 
electrospinning and employed for the filtration of PM and 
volatile organic compounds (VOCs) [97], and it has been 
shown that the most effective air filter was 2.5 wt% CD/PLA, 
which displayed the highest filtration efficiencies in achiev-
ing 96% and 99% capture of PM2.5 and PM10, respectively 
(Fig. 10). This enhanced performance was attributed to the 
higher nanofiber surface area and porosity compared to 
pure PLA. Moreover, the optimum ratio of 2.5 wt% CD/
PLA demonstrated superior VOC entrapment, indicating the 
high efficiency and rapid entrapment of volatile compounds. 
In addition, the 2.5 wt% CD/PLA-based triboelectric nano-
generator exhibited the most significant electrical signals, 
reaching 245 V and 84.70 µA which represent a threefold 
enhancement in electrical output compared to pure PLA 
compositions. These findings suggest that the 2.5 wt% CD/
PLLA nanofiber can elevate surface charge density, thus 
facilitating enhanced PM capture via electrostatic interac-
tion (Fig. 10).

3.2 � Mechanism of electrostatic filtration

Electrostatic filtration mechanisms operate based on the 
interaction of the electrostatic charges between particles and 
the filtering media. Two primary types of electrostatic force 
are involved in the capture of PM: coulombic and dielectro-
phoretic forces [98]. The nature of these forces depends on 
the charged states of the nanofiber and the particles. When 
particles and nanofiber possess unipolar or bipolar charges, 
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they attract each other through coulombic forces. In cases 
where either the particles or the nanofiber are in a neutral 
state, charging one polarizes the other, leading to attrac-
tion via dielectrophoretic forces. One crucial aspect of the 
electrostatic mechanism is that it does not affect the airflow, 
allowing for enhanced filtration efficiency without reduc-
ing air permeability. However, despite numerous theoreti-
cal models proposed for electrostatic filtration, the accurate 
prediction of capture behavior via electrostatic attraction 
remains challenging due to the complexity involved in quan-
tifying charge distributions at microscopic levels. Neverthe-
less, the dielectric constants of the nanofiber and particles 
play significant roles in determining charge distribution and 
particle capture efficiency in electrostatic mechanisms [99].

For particles below 0.2 µm in size, all physical filtration 
mechanisms are relatively inefficient. Therefore, the appli-
cation of electrostatic forces in these cases can enhance the 
collection efficiency of fibrous filters. Electrostatic filtration 

occurs when the particles and nanofiber are of opposite 
charge, causing electrostatic attraction or coulombic force 
between them [100] which leads to the electrostatic deposi-
tion of particles on the nanofiber surface (Fig. 3b) [101].

The single-fiber efficiency of the coulombic force caused 
by a uniformly electret-charged nanofiber is given by [102]

where Q is the charge on a nanofiber per length unit 
(coulomb/m), q is the particle charge (C), n is the number 
of elementary charges on each particle, Cc is the Cunning-
ham slip correction factor, ɛ0 is the permittivity of free space 
(8.854 × 10−12 F/m), u is the air velocity (m.s−1), µ repre-
sents the viscosity of air, and dp and df are the diameters 
(m) of the particle and nanofiber, respectively. The intensity 
of the electric field denoted as E (V/m) may be determined 
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Fig. 10   Removal efficiency of PM2.5 and PM10 (a), quality factor of 
CD/PLLA nanofiber at different CD concentrations (b), electrostatic 
filtration mechanism through the CD/PLA nanofiber membrane (C), 

and schematic drawing for the chemical interaction between CD and 
PLA molecular chains [97] (Open access)
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by a theoretical simplification assuming that the fiber can 
be treated as a uniformly shaped cylinder, particularly in 
the case where it is monopolar charged and possesses a net 
charge [103, 104], then

Therefore, Eq. 6 can be expressed as a function of cou-
lombic force and Stokes drag force (Fd = 3πµdpu) [103]:

The first electrical air filter, which was introduced 
by Hansen in 1930 [105], applied this method. The filter 
employed charged particles of resin scattered over the sur-
face of a fibrous wool pad. Due to frictional charging during 
the manufacturing process, the highly charged resin parti-
cles could attract dust particles due to electrostatic forces. 
These particles can maintain long-lasting electret charging 
due to the high electrical resistivity of epoxy. Similar to dif-
fusion, the electrostatic filtration rate is enhanced at low face 
velocity and small particle size [106]. These provide small 
values of inertia and long residence times for particles to 
be attracted to the fibrous filter [107]. One of the obvious 
advantages of the application of electrostatic filtration over 
other mechanical filtration mechanisms is its large contribu-
tion to total filtration efficiency while still maintaining a low 
pressure drop [108–110].

3.3 � Theoretical work related to electrostatic 
filtration

Several theoretical analyses have recently been reported 
which focus on deepening our understanding of electrostatic 
filtration mechanisms or seeking to improve the efficiency of 
electrostatic filtration through specific alterations in mem-
brane design. A simulation study based on lattice Boltz-
mann combined with a discrete element method (DEM) was 
employed to simulate the transport and deposition of parti-
cles through virtual 3D electret filters [111]. The study com-
pared polyvinyl chloride (PVC), polyacrylonitrile (PAN), 
polycarbonate (PC), and polyethyleneimine (PEI) in terms 
of their filtration performance and long-term stability. The 
computational data supported the experimental results which 
showed better outcomes for the PVC electret filter, followed 
by PAN, PC, and PEI. The study highlighted the fact that 
the dielectric properties of polymer materials significantly 
shape the interaction between particles and nanofiber sur-
faces, as well as the charge storage abilities of electrospun 
electret filters. It was observed that a higher polymer per-
mittivity resulted in larger adhesion energy between PM 
and nanofiber, leading to an increase in charge density and 
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subsequently better PM collection performance. This reflects 
the influential role of polymer permittivity in shaping the 
effectiveness of these electret filters in capturing particu-
late matter. Another computational modeling technique was 
designed to simulate the 3D mixed structure of polyurethane 
(PU) electrospun fibrous media embedded with polystyrene 
(PS) filler within their matrix [112]. The model took into 
consideration various inputs such as nanofiber diameter, 
accumulation velocity, basis weight, and the bending prop-
erties of the nanofiber in the presence of PS spacer particles. 
The morphological structure of electrospun nanofiber was 
also utilized to obtain higher filtration efficiency for aerosol 
particles within a diameter range of 20 nm to 5 µm at a face 
velocity of 10 cm/s. The results suggested that the incor-
poration of spacer particles into a fibrous filter can signifi-
cantly both improve its filtration efficiency and reduce the 
pressure drop. A micro-electrostatic filter featuring a novel 
cylindrical structure has also been designed numerically to 
combat indoor pathogenic microbial aerosol pollution [113]. 
Simulation results comparing the new cylindrical filter and 
a conventional plate filter indicated that the cylindrical 
structure outperformed the electrostatic filter under vari-
ous conditions. For instance, at air velocities ranging from 
1.5 to 2.5 m/s, the filtration performance of the cylindrical 
membrane filter for PM0.1 particles was approximately 20 to 
30% higher than that of the plate structure, reaching a maxi-
mum value of 29.76%. Furthermore, the pressure drop with 
the cylindrical micro-electrostatic structure was determined 
to be only half that with the combined plate-type conven-
tional filter, suggesting significant energy-saving potential 
associated with the cartridge structure. The quality factor 
further demonstrated the superior filtration performance 
of the cylindrical filter, proving that the implementation of 
cylindrical micro-electrostatic filters in HVAC systems may 
be able to enhance indoor air quality and reduce the health 
risks associated with pathogenic aerosols.

Computational models have been employed to determine 
the effects of coulombic forces on the filtration efficiency 
of aerosol particles [114]. A software-coupling method 
was developed to create a 3D random nanofiber model to 
describe the microstructure of fibrous filters, and models 
encompassing flow, particle behavior, and the electric field 
were established which assumed uniform nanofiber poten-
tial and neglected the non-uniformity of particle charge 
distribution. The study investigated variations in filtration 
efficiency and pressure drop based on influential factors 
such as nanofiber diameter and potential, particle charge-
to-mass ratio (Q/M ratio), solid volume fraction (SVF), and 
face velocity. The results indicated that filtration efficiency 
increased with particle size but was notably influenced by 
the particle Q/M ratio. The scale of the pressure drop exhib-
ited an almost linear increase with SVF, while high SVF did 
not significantly enhance filtration efficiency for particles. 
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Additionally, the use of nanofibers of smaller diameter 
resulted in greater filtration efficiency.

3.4 � Efficiency of electrostatic filtration

As discussed in Sect. 2.4, mechanical filtration depends 
mainly on the porous structure of the nanofibrous membrane. 
Increases in filter thickness, packing density, and basic 
weight, and reductions in pore size are commonly employed 
to attain high filtration efficiency. However, the breathability 
associated with the pressure drop of filter media may be sac-
rificed. This is an inevitable phenomenon with mechanical 
filtration. Despite efforts to modify the structure of nanofi-
brous membranes to alleviate the conflict between filtration 
efficiency and breathability, improvements in the quality fac-
tor of nanofibrous membranes have been still controversial. 
Therefore, the application of electrostatic filtration to fabri-
cate electret membranes in this case may be more effective 
due to its distinct filtration mechanism [115]. Electrostatic 
filtration provides an active filtration mechanism compared 
to the passive nature of mechanical filtration, with electro-
static force based on coulombic interaction and an induced 
polarization that can effectively capture particles in a large 
attraction distance due to intermolecular electrostatic inter-
action [116]. This filtration mechanism is not dependent 
upon aspects of filter structure such as thickness or packing 
density, and hence, its use does not negatively affect the 
breathability of filter media [117] (Fig. 11). Electrostatic 
can be applied on fabricating electret membranes by using 

temporary charging methods, for example corona charging 
and in situ charging, or constant charging with triboelectric 
[118] or piezoelectric nanogenerators [119].

3.4.1 � Pre‑charged electret air filters

Electret filters can generate a quasi-permanent electric 
field when electrically activated, hence generating electro-
static force to capture particles. Electrical activation can be 
accomplished by embedding external charges for corona 
charging or aligning electric dipoles within electret materials 
for in situ charging. Surface potential and its stability over 
time reflect the electrostatic performance of electret mem-
branes, and these indicators vary between different electret 
polymers and processing methods. Therefore, researchers 
have focused on improving the processes involved and find-
ing suitable electret polymers in order to attain high surface 
potential with stable electrostatic filtration performance.

Corona charging  In corona charging, a high voltage is 
employed to provide an external electrical field between 
asymmetric electrodes such as a point/wire and a plate/cyl-
inder [120]. This electrical field generates corona charges 
through air ionization according to the intensity of the 
electric field. These corona charges are then embedded in 
the nanofiber through contact media by aerodynamic force 
and/or the surrounding ionized air. The first media can be 
achieved by applying corona charges before the solidifi-
cation of the nanofiber, where charging is not affected by 

Fig. 11   Recent advances in 
electrostatic air filtration
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filter thickness. In the second media, charges are applied 
directly to the fibrous membrane (solidified nanofiber), 
and the distribution of charges depends on filter thickness 
[121]. Figure 12 shows a schematic of a common corona 
charging setup used in the electrostatic charging of electret 
membranes. The high voltage creates a strong electrical field 
around the point electrode, ionizing the air, and subsequently 
creating ions. These ions are accelerated by the electrical 
field and collide with the electret membrane, resulting in 
the generation of its surface potential. The insertion of an 
additional grid electrode allows the control of surface poten-
tial and charge uniformity. Therefore, this three-electrode 
system is called a corona triode [122]. Corona charging is 
generally considered to be a simple method to provide elec-
trostatic filtration for commercial electret filters and has been 
commonly applied in this field. However, the retention of 
charge stored in dielectric materials is a main drawback of 
this charging technology, since the charge can easily dis-
sipate in conditions of high humidity [123, 124].

Tabti et al. [125] under optimal conditions, the resulting 
surface charge density reached approximately 26 µC/m2, but 
exhibited rapid decline in less than 30 min. Additionally, 
elevating the temperature to 75 °C was observed to induce 
a charge dissipation of 20% within the same 30-min time-
frame. Meanwhile, combining a DC with a pulse in corona 
charging provides a higher charge density compared to the 
use of DC or pulse charging alone, as indicated by Nifuku 
et al. [126]. These authors also claimed that adding SiO2 
and TiO2 as charge enhancers improved the surface charge 
density, resulting in the high filtration efficiency of PP fil-
ters (99.32%). The improvement of the electret property 
of fibrous polymer filters by embedding charge enhancer 
particles was also addressed by Zhang et al. [124]. Here, 
the addition of magnesium stearate (MgSt) to electret non-
woven PP membranes modified the crystal structure of the 
nanofiber, hence improving its electret properties and, con-
sequently, the filtration performance of the fibrous filters, 

giving filtration efficiency of 97.96%, a low pressure drop of 
84.28 Pa, and a high quality factor (QF) of 0.046 Pa−1 after 
corona charging (Fig. 13a). Similarly, Kulmala et al. [37] 
showed how the filtration efficiency of normal medical face 
masks can be significantly improved by applying corona dis-
charging for particles provided by a simple battery-operated 
charger (Fig. 13b).

However, along with the use of nanofibers to obtain 
higher filtration performance in air filtration applications, 
and especially in medical face masks, electrospinning has 
been employed to fabricate electret nanofibers by controlling 
the voltage applied and charging distance. Sun and Leung 
[127] applied corona discharge for their PVDF nanofibrous 
electret filters with a nanofiber diameter < 500 nm and found 
that a high surface potential of 115.2 V was obtained by 
using a high charging voltage of 20 kV and a short charging 
distance of 30 mm. This was due to the higher rate of ioniza-
tion of air molecules, resulting in more ions deposited onto 
the surface of the filters [125, 128]. Moreover, this study 
used multiple-layer filters with lower nanofiber density, 
which could provide higher efficiency for both mechanical 
and electrostatic filtration as well as a smaller pressure drop 
compared to single-layer filters with high nanofiber density 
(Fig. 14a). In terms of mechanical filtration, stacking up 
multiple layers provided sufficient space for the aerosol flow 
to slow down as it collided with the upstream face of each 
layer. This reduction in the speed of the particles benefit-
ted the diffusion mechanism, hence increasing mechanical 
filtration efficiency. Furthermore, the use of multiple layers 
with low nanofiber density resulted in higher porosity, which 
consequently led to a lower pressure drop. In electrostatic fil-
tration, the stacking of multiple layers benefitted charge effi-
ciency due to the existence of less interference between adja-
cent nanofibers compared to the situation with a single layer 
and denser nanofiber, consequently leading to higher electro-
static filtration efficiency. The achievement of high perfor-
mance in filtering airborne novel coronavirus (COVID-19) 
and nano-aerosols by reducing filter basis weight and stack-
ing more filter layers was further investigated in subsequent 
research [62] which also addressed the effect of nanofiber 
diameter on filtration performance. Nanofibers with smaller 
diameter provided improved mechanical filtration, including 
by diffusion and interception, and a modest improvement 
in electrostatic capture. The significant improvement in fil-
tration performance was due to the higher charge density 
acquired by smaller nanofibers, hence inducing a stronger 
dipole moment to attract more neutral PM as it approached 
the charged nanofiber. This dielectrophoretic interaction 
also provided better filtration performance for the electret 
nanofiber compared to uncharged counterparts (Fig. 14b).

In situ charging by electrospinning  In situ charging is a 
method that applies charges so as to align the dipoles of 

Fig. 12   Schematic diagram of a corona triode setup for electrostatic 
charging electret membranes
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polymer solutions in which their molecular bonds are loose. 
Fiber spinning is driven by electrostatic force and the use of 
polarized nanofiber which is subsequently produced after 
solvent evaporation. Therefore, the spinning and charging 
of the nanofiber can be combined in one process. The most 
common type of in situ charging process is electrospinning. 
Due to the principle of in situ charging, the electrostatic 
filtration performance of electret nanofibrous membranes 
strongly depends on the dipole moment and subsequently 
surface potential, which varies between different electret 
polymers due to differences in their chemical structures. One 
study has investigated the filtration efficiency of different 
electret polymer membranes, including PAN, polyvinylpyr-
rolidone (PVP), PS, and PVA, taking into consideration the 
effect of their different dipole moments [129]. The results 
indicate that the best PM capture (> 99%) was exhibited by 

the PAN nanofiber due to its dipole moment (3.6 D) being 
higher than those of the other materials.

Similarly, Li et al. [130] have demonstrated the impor-
tance of polarity or dipole moment in affecting the filtra-
tion efficiency of polymer nanofibrous membranes, which 
is due to the electrostatic interaction between the charged 
nanofiber and particles. PC exhibited the highest percent-
age PM removal compared to PVA and PS membranes 
owing to its higher dipole moment. Additionally, reduced 
nanofiber diameter as well as increased membrane thickness 
also improved mechanical filtration, hence contributing to 
the overall enhancement of filtration by the PC nanofibrous 
filter and the combination of high surface area (mechanical 
filtration) and high polarity (electrostatic filtration) provided 
a PC nanofibrous membrane with close to 100% filtration 
efficiency. Liu et al. [131] have used similar adaptations to 

Fig. 13   The role of corona charging in improving filtration performance of melt-blown fibrous filters: a PP/MgSt melt-blown nanofiber [124] 
(Open access) and b type II face masks in normal conditions and with particle charging [37] (Open access)
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produce high-performance PM0.3 air filters using PVDF 
nanofibrous membranes. They applied an electret electro-
spinning/netting technique to fabricate PVDF nanofiber/nets 
in which interlinked 1D ultrafine nanowires (~ 21 nm) were 
distributed between scaffold nanofiber. This structure pro-
vided small pore sizes and a high surface area for the mem-
branes, hence improving mechanical filtration efficiency. 
Also, the nanonets exhibited a higher degree of self-polar-
ization or dipole arrangement under high-voltage charge 
compared to simple nanofiber structures. Consequently, a 
greater level of transformation from the nonpolar α-phase 
to the strongly polar β-phase was triggered which, in turn, 
increased the spontaneous polarization per unit cell in the 
nanonet structure. This resulted in the high surface charge 
density and larger dipole moment of the PVDF nanonets, 
which subsequently possessed a surface potential (6.8 kV) 
double that of the PVDF nanofiber. Such a high surface 
potential of the PVDF nanofiber/nets combined with low 
packing density also led to better filtration performance 
in terms of both efficiency and pressure drop compared to 
those of PAN, PA6, and PU counterparts. Furthermore, the 

ferroelectricity property of polymers provided a self-polari-
zation effect for the electrospun polymer nanofiber, resulting 
in good filtration performance of electret membranes such 
as Nylon 11 [132]. Other similar research on oriented dipole 
electret filters using polymer nanofibers of material such 
as polybenzimidazole (PBI) [133] and PU [134] has also 
highlighted the important role of the dipole moment of the 
nanofibrous membranes in enhancing electrostatic filtration.

However, in situ charging using electrospinning to fab-
ricate electret membranes also has the major disadvantage 
of rapid charge dissipation [135], as with corona charging. 
Therefore, the addition of NPs as charge storage enhancers is 
required to enhance charge stability. For example, X. Li et al. 
found that, when doped with silica (SiO2) NPs with perma-
nent dipole orientation, polyetherimide (PEI) electrospun 
nanofiber can maintain high stability in the surface potential 
of the electret membrane over long periods (Fig. 15a) [136]. 
This study doped PEI electrospun nanofiber with different 
NPs, including SiO2, Si3N4, BaTiO3, and boehmite. The 
PEI/SiO2 nanofibrous filter exhibited excellent filtration per-
formance compared to the other composite filtering media, 

Fig. 14   Electret nanofibrous 
membrane with corona charging 
fabricated by electrospinning: 
a effect of filter weight density 
and number of layers [127] 
(Open access) and b effect of 
nanofiber size on filtration per-
formance [62] (Open access)
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with its best filtration properties at 99.992% and 61 Pa of 
FE and pressure drop, respectively. Meanwhile, other NPs 
such as PTFE enhance polarization when doped with PVDF 
nanofiber [137]. This is due to the abundant fluorocarbon 
segments with strong electronegativities in both PVDF and 
PTFE which increase the numbers of oriented dipoles under 
high-voltage charges. The interfacial polarization charges 
at the PVDF-PTFE interface also prevent decay in surface 
potential, hence maintaining high charge stability. Another 
possible adaptation is to create a hybrid electret nanofiber 
containing two different electret polymers. For example, Y. 
Li et al. [138] attempted to improve the electret effect by 
creating a dual-system charge within nanofiber of PS/PVDF, 
exploiting their complementary dielectric properties. The 
distinct electronic transport capabilities between PS and 
PVDF accumulated charges at their interface zone and hin-
dered them from transferring the PM (Fig. 15b). The hybrid 
PS/PVDF nanofibrous membrane exhibited better filtration 
efficiency (99.752%), low air resistance (72 Pa), and a long 
retention time compared to those found in related studies 
(Fig. 15c) [137, 139–141]. In addition, in situ charging using 
electrospinning has been found to provide longer charge 
retention times and better stability of filtration performance 

compared to corona charging due to the surface charges gen-
erated during the process (Fig. 15d, e) [142].

3.4.2 � Self‑charged electret air filters

As discussed above, both corona charging and electrospin-
ning are temporary charging methods to apply electrostatic 
filtration for nanofibrous membranes. Although the charge 
stability of an electret filter can be improved by using 
advanced processes, electret materials, or doping with NPs 
as charge enhancers, the dissipation of electrostatic charge 
over time is still inevitable [143]. Therefore, an electret 
membrane with a constant charge supply might be a solution 
to achieve stable electrostatic filtration. Recent studies have 
attempted to employ triboelectric nanogenerators (TENGs) 
and piezoelectric nanogenerators (PENGs) to harvest energy 
from human respiration and friction to recharge the filters 
and therefore to maintain the electrostatic filtration effects 
in electret membranes for longer [144–146].

TENGs were first introduced by Fan et  al. [147] for 
potential application in harvesting energy from different 
sources such as human activity, mechanical vibration, and 

Fig. 15   In situ charging for electret nanofibrous filters: a Filtra-
tion performance of different NPs electret PEI membranes [136]. b 
Schematic illustrating the contribution of PVDF on electret effect. c 
Comparison of filtration performances (Reproduced with permission 
from [137, 139–141] [138], Copyright Elsevier, 2020). d Schematic 

description of charge types in corona-charged and electrospun mem-
branes. e Normalized surface potential decay of relevant hybrid mem-
branes at room temperature (Reproduced with permission from [136], 
Copyright Elsevier, 2020)
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ocean waves. Two polymer sheets with different triboelec-
tric properties were stacked to generate charge due to fric-
tion between their surfaces when subjected to mechanical 
deformation. Recently, some researchers have focused on the 
application of TENGs for self-powered electret face masks 
[148–150]. Integrating TENGs into nanofibrous membranes 
in face masks can lead to the higher stability of surface 
potential, hence maintaining the high filtration performance 
of filters over time. A concept of self-powered electrostatic 
adsorption face mask (SEA-FM) proposed by Liu et al. [151] 
has shown high filtration efficiency (86.9% for ultrafine 
particles) (Fig. 16a) and stably remained for 240 min and 
a 30-day interval. The continuous supply of electrostatic 
charge resulted in the stable retention of the surface poten-
tial of the PVDF-ESNF membrane, while the surface poten-
tial of the membrane without R-TENG decayed over time 
(Fig. 16b). This face mask was based on a poly(vinylidene 
fluoride) electrospun nanofiber film (PVDF-ESNF) and a 
TENG driven by respiration (R-TENG) (Fig. 16c). Another 
design of a self-powered triboelectric face mask proposed 
by Ghatak et al. [152] used three stacking electret polymeric 
membranes (latex rubber-PU-latex rubber) as a TENG (TE) 
and one outer conductive layer (EL) (Fig. 16d). The mechan-
ical deformation from different sources such as respiration, 
rubbing, or relevant facial gestures was able to produce suf-
ficient charge to activate the electrocution layer (EL). The 
electrical field generated from these charges can provide 
sufficient electrocution to deactivate the exterior proteins of 
viral particles. In addition, a recent study of self-powered 
electret face masks using TENG has confirmed that elec-
trospun PVDF/PS nanofibrous membranes (Fig. 16e) can 
not only attain a better filtering effect (> 95.3% PM from 
0.3 to 10 µm) compared to PP melt-blown nonwoven filters 
in commercial masks (from 88.9%) (Fig. 16f) but were also 
recharged by the TENG provided from friction. Therefore, 
this kind of filter exhibits good recoverability of filtration 
performance along with a longer lifecycle.

PENGs were first proposed in 2006 [154] for the 
harvesting of energy employing piezoelectricity from 
nanoscale mechanical processes such as human motions. 
Owing to their many advantages, including small dimen-
sions and simple structure and operation, PENGs have 
high potential in applications such as in power supply 
for portable electronic devices or self-powered systems 
[155]. The use of piezoelectric materials such as PVDF 
nanofiber to fabricate electret filters of face masks has 
recently become popular, and a multi-layer piezoelectric 
nanofibrous membrane could be employed as a PENG to 
provide a constant charge supply to maintain stable elec-
trostatic filtration.

The integration of PENGs into face masks has been 
proven to generate sufficient energy to supply attached sen-
sors or active antimicrobial devices. A hybrid piezoelec-
tric nanogenerator (hPENG) based on a PVDF nanofibrous 
membrane was proposed by Mariello et al. [156] and has 
been integrated into surgical face masks as a wearable 
energy harvester (Fig. 17a). This nanogenerator is able to 
collect energy from both piezoelectricity and the tribo-
electricity generated by facial motions such as during the 
breathing cycle and when adjusting a mask, which induce 
deformation and friction (Fig. 17b). The strong electro-
static behavior of the membranes reflects the ultrasensitive 
mechanoelectrical transduction properties of this PENG. 
The operation of the device also exhibits high stability 
and resistance in wet and warm environments. Based on 
the operating principles of hybrid PENGs, Kang et al. 
[157] have demonstrated an electrostatic air filter mem-
brane applied in face masks based on piezoelectric PVDF 
nanofiber stacked with nylon mesh substrates. The PVDF 
nanofiber-nylon mesh multilayer structure can fulfil the 
self-charging function of electret membranes from two 
power supplies: triboelectricity from the PVDF-nylon 
frictional contact and piezoelectricity from membrane 
deformation during human respiration (Fig. 17c). In other 
words, this structure can be considered a hybrid piezoe-
lectric-triboelectric nanogenerator and as a self-charged 
electrostatic filter has shown remarkable filtration perfor-
mance with a higher quality factor compared to discharged 
masks for various PM sizes (from 0.3 to 2.5 µm) regardless 
of the number of layers (Fig. 17d).

4 � Antimicrobial filtration functionality

4.1 � Experimental work

With the recent advances in filtration using nanofibers, as 
mentioned in Sects. 3.1 and 3.2, face masks and respirators 
can effectively capture ultrafine airborne and droplet-borne 
pathogens. However, aerosols containing viruses and bac-
teria captured inside filter membranes or on the outer layers 
of masks can result in self-inoculation, since mask filters 
provide no antimicrobial function. Pathogenic microbes 
such as the SARS-CoV-2 virus can remain infectious on 
mask surfaces for more than 6 days [158], hence making 
masks fomites and causing secondary transmission or cross-
infection. Contact with infectious masks for even short peri-
ods can lead to the transfer of pathogenic microbes onto the 
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hands, and, for example, 32% of influenza A viral cells pre-
sent may be transferred within 5 s [159]. Therefore, the inte-
gration of an antimicrobial function into masks can enhance 
their lifecycle and reusability in addition to providing safer 
disposal and reducing contamination. Many antimicrobial 

agents have been applied via the doping of nanofiber, such 
as with metal-based NPs and organic compounds. This sec-
tion reviews some common antimicrobial substances and 
explains their biocidal mechanisms.

Fig. 16   Self-charged electret air filters by triboelectric nanogenera-
tors: a Corresponding removal efficiency of the PVDF-ESNF and 
R-TENG. b Average surface potential change of the single PVDF-
ESNF and the PVDF-ESNF implanted in the R-TENG in 240-min 
filtration. c Working principles of R-TENG self-powered face mask 
by periodic expiration and inspiration ( Reproduced with permission 
from [151], Copyright American Chemical Society, 2018). d Sche-
matic representation of the proposed triboelectric multilayers com-

prising self-powered mask. The inner three layers (from face side) act 
as TE filter, and the outer layer is the EL made with conducting mesh 
(Reproduced with permission from [152], Copyright Elsevier, 2021). 
e Schematic diagram of PVDF/PS electrospinning membranes prepa-
ration process. f The comparison of filtration performance between 
melt-blown PP nonwoven and electrospun PVDF/PS electret mem-
brane (Reproduced with permission from [153], Copyright Elsevier, 
2023)
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4.1.1 � Metal‑based NPs

Metal-based NPs have recently been applied to provide an 
antimicrobial function for mask filters owing to their physi-
ochemical properties that can inactivate pathogens [160]. 
The biocidal function of metal-based NPs is based on four 
mechanisms: (i) by attachment to viruses and disrupting 
their penetration of host cells; (ii) where the metal ions 
damage microbial functions by binding and precipitating 
thiol groups (SH) in proteins, or phosphate groups (PO4-) 
in deoxyribonucleic acid (DNA) and adenosine triphosphate 
(ATP); (iii) via photocatalytic activity which produces reac-
tive oxygen species (ROS) causing oxidative stress to viruses 
and bacteria; and (iv) by activation of the immune response 
of infected cells against the virus. The antiviral mechanisms 
of some common metal-based NPs are shown in Fig. 18.

Gold NPs (Au-NPs) generate a blocking site to block 
viruses from penetrating into host cells and have been 
claimed to reduce measles virus infection by 92% after 6 h 

of interaction by inhibiting viral attachment to host cells 
[162]. Also, Au-NPs coated with mercaptoethyl sulfonate 
(Au-MES NPs) can efficiently block the penetration of her-
pes simplex virus type 1 (HSV-1) [163]. The advantages of 
using Au-NPs for antimicrobial activity include their stabil-
ity, biocompatibility, and bioconjugation [164]. However, 
their application in antiviral face masks would be impracti-
cal due to their high cost.

In comparison with Au-NPs, silver (Ag) NPs cost less and 
have been widely applied as a powerful antimicrobial agent. 
Ag NPs, including those containing silver oxide (Ag2O) and 
silver monoxide (AgO), exhibit broad-spectrum antimicro-
bial activity due to their ability to damage the SH groups of 
microbe proteins. Inactivation is the main biocidal mecha-
nism of these antimicrobial substances [165], which have 
been widely applied in medical equipment, textiles, and 
wound dressing [166, 167]. Silver nanoparticle–based yarn 
produced by Yan et al. [168] exhibited antimicrobial activity 
against various bacteria such as Bacillus, Staphylococcus, 

Fig. 16   (continued)
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Chlamydia, Escherichia, and Pseudomonas, and it main-
tained its effectiveness after being washed 100 times. Tang 
et al. [169] have found that silk nanofiber coated with Ag 
NPs exhibited significant antibacterial performance against 
Escherichia coli that similar to that of silver nanoparti-
cle–treated wool fabrics [170]. The ion release rate of Ag 
NPs depends on their particle size, which can therefore affect 
their antimicrobial performance [171]. Some researchers 

have successfully fabricated Ag NPs with average particle 
sizes of 33 nm [172] and 7.1 nm [173], thereby providing 
much more efficient interaction with viruses due to their 
large specific surface area. One investigation by El-Sheekh 
et al. [174] used Ag2O|AgO NPs with sizes ranging from 
14.42 to 48.97 nm and achieved a 90% reduction in the 
cytopathic effect (CPE) of herpes simplex virus (HSV-1). 
Hiragond et al. [175] coated commercial face masks with 

Fig. 17   Self-charged electret air filters by piezoelectric nanogenera-
tors: a The applicability of the hybrid PENG underneath the surgical 
face mask. b Representation of the interactions between piezoelectric 
and triboelectric charges during the deformation of the composite 
electrospun bilayer (Reproduced with permission from [156], Copy-

right 2021 American Chemical Society). c Schematic for filter charg-
ing via bending and fluttering by air blowing, mimicking human res-
piration. d Quality factor comparison between mask charging by air 
blowing and discharged mask [157] (Open access)
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a small amount (100 ppm) of Ag NPs (Fig. 19) which were 
found to have significantly improve the antibacterial per-
formance of the treated masks against Escherichia coli and 
Staphylococcus aureus bacteria.

Copper and its compounds also have biocidal properties, 
and their main antimicrobial mechanism is to produce ROS 
through Cu(I) oxidation. Therefore, these substances have 
been incorporated into fabrics to provide an antimicrobial 
function [177, 178]. Borkow et al. [176] impregnated both 
the exterior and interior layers of N95 face masks with 
copper oxide (Cu2O and CuO) (Fig. 19e). These particles 
provided the face masks with potent anti-influenza biocidal 
properties without affecting their mechanical filtration per-
formance or causing skin irritation or poisoning through 
inhalation. The impregnated masks achieved 99.85% fil-
tration of human influenza A (H1N1) and avian influenza 
(H9N2) viruses, without any viral titres recovering within 

30 min. The masks also met the requirements of European 
EN 14683:2005 and NIOSH N95 standards regarding tests 
of bacterial filtration efficacy, differential pressure, latex par-
ticle challenge, and resistance to penetration by synthetic 
blood. Additionally, the production cost of these masks was 
comparable with that of commercial N95 face masks.

The final class of antimicrobial agents in this group is 
photocatalyst-based NPs. These substances produce ROS to 
inactivate microbes through light-catalyzed redox reactions 
[179]. Titanium oxide (TiO2) and zinc oxide (ZnO) are two 
common photocatalysts, and TiO2 NPs have been shown to 
be able to destroy the lipid membranes of the Newcastle dis-
ease virus (NDV) and inhibit its penetration into host cells 
[180]. Generally, TiO2 NPs exhibit antimicrobial responses 
to various critical bacteria and viruses, including S. aureus, 
E. coli, Bacillus subtilis, Pseudomonas aeruginosa, Staph-
ylococcus aureus, Legionella pneumophila, Streptococcus 

Fig. 18   Antiviral mechanisms of inorganic materials. a Antimicrobial 
contact killing mechanisms for copper include membrane degrada-
tion, genotoxicity, and potentially ROS. b Four prominent routes of 
antimicrobial action for silver include adhesions to cell membrane (i), 
penetration into cell and nucleus (ii), cellular toxicity and ROS gen-
eration (iii), and modulation of cell signaling (iv). c Actions of zinc 
throughout the cell and proposed mechanisms for antiviral properties 
include free virus inactivation (1), inhibition of viral uncoating (2), 

viral genome transcription (3), and viral protein translation and poly-
protein processing (4). d Photocatalytic process by which TiO2 NPs 
and TiO2 compounds produce reactive oxygen species to cause dis-
turbance of lipid membranes and damage to genetic information, ulti-
mately resulting in bacterial cell death or viral inactivation (Repro-
duced with permission from [161], Copyright American Chemical 
Society 2020)
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mutans, vesicular stomatitis virus, and bovine coronavirus 
[181]. A commercial washable mask with ZnO-coated poly-
ester fabric (inner layer) reduced E. coli and S. aureus infec-
tion by 98% after 1 h of exposure. However, photocatalyst-
impregnated masks need to be exposed to sufficient light to 
attain effective antimicrobial activity, and this is a serious 
drawback of these antimicrobial agents.

4.1.2 � Organic compounds and polymeric coatings

Some natural organic compounds extracted from plants 
have been shown to have antimicrobial properties. Those of 
such substances which are less toxic towards humans com-
pared to NPs or other chemical antimicrobial agents have 
high potential for application in face masks. A commercial 
antimicrobial face mask containing melt-blown PP filters 
coated with mangosteen extracts has shown good antibacte-
rial performances against multidrug-resistant tuberculosis, 
S. aureus, and E. coli [182], and their non-cytotoxicity and 
biocompatibility have also been cited. Wang et al. [183] 
developed antibacterial face masks containing filter cloths 

made from cotton, polyester fibers, and nonwoven fabric 
soaked with herbal microcapsules of substances extracted 
from Scutellaria baicalensis (SB) and treated with plasma. 
These impregnated masks exhibited excellent performance 
against E. coli and S. aureus bacteria with antibacterial effi-
ciency above 99%, even after washing 100 times. The bioac-
tive components baicalein and baicalin are responsible for 
the antibacterial activity of herbal microcapsules. Other anti-
microbial organic compounds have been also applied in the 
fabrication of face masks, such as plant oil extracted from 
Plectranthus amboinicus leaves [184], amino acid–grafted 
enzymatic hydrolysis lignin [185], and catechin polyphenols 
[186].

Regarding polymeric antiviral materials, viruses with 
an intrinsic negative charge are drawn to positive polyca-
tions in polymers such as polyethylenimine (PEI) which 
interfere with their structural or genetic components 
resulting in full viral disintegration [187, 188]. This type 
of antiviral coating, which is normally applied by “paint-
ing,” has been claimed to possess the ability to perma-
nently transmit antiviral and antibacterial qualities even 

Fig. 19   Antimicrobial face masks using metal-based NPs: Antimi-
crobial activity with comparison of reference sample (untreated face 
mask cloth), A50 and A100 with the inhibition zone test for a Gram-
positive bacteria (S. aureus), b Gram-negative bacteria (E. coli), c 
graph of comparison of zone of inhibition (mm2) of all samples, d 

representative dual antimicrobial mechanism of Ag NPs embedded 
face mask (Reproduced with permission from [175], Copyright Else-
vier, 2018), and e anti-influenza copper oxide containing respiratory 
face mask [176] (Open access)
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after being subjected to repeated washing [189]. Another 
antimicrobial mechanism of polymeric materials is to 
convey antiviral properties by immobilizing polycations 
[190, 191]. The titres of viruses have been decreased by 
immobilized hydrophobic PEI- and dendrimer-based 
polycations. According to research on the interaction of 
the bacteriophage PRD1 with PEI-coated glass slides, 
positive charges and hydrophobicity cause a considerable 
decline in the viral titre when compared to untreated glass 
[190]. Generally, the viral titre was decreased even when 
only polycations were employed (minimum hydrophobic-
ity); however, its combination with acetylated surfaces 
and positive charges of PEI was more efficient [190]. 
Coating polyethylene with N-alkylated PEIs also exhib-
its antiviral effects for non-enveloped viruses [191]. In 
addition, studies have shown that polyelectrolyte-based 
techniques can be applied in filtering membranes for 
antiviral purposes [188]. Several layers of PEI have been 
produced using a covalent layer-by-layer deposition tech-
nique, with terephthalaldehyde serving as the cross-link-
ing agent. In another approach, antiviral characteristics 
were added to glass and plastic surfaces by coating them 
with quaternary ammonium compounds (QACs). A thin 
coating of the QAC polymer was combined with acetone, 
applied on glass, and allowed to dry to create a positively 
charged film [192]. This antiviral surface showed a reduc-
tion in the viral infectivity of influenza A (H1N1) after 
2 min. However, even though QACs are frequently used 
as antimicrobial materials, their application for medical 
face masks is severely limited due to toxicity and degra-
dations in performance caused by weak or non-bonded 
attachment to the filter surface [193, 194], as well as the 
complexity, ineffectiveness, and unscalability of surface 
modification using plasma treatment [195] in addition to 
the low monomeric stability of polymeric antibacterial 
materials containing pendant QAC [196]. To overcome 
these limitations, Kumaran et al. [197] reported the devel-
opment of universal, antiviral, and antibacterial QACs, 
namely, terpyridine methylammonium chloride (LTMAC) 
and adenine hexyl ammonium chloride (LAHAC). These 
can be dip-/spray-coated over conventional mask fabrics 
to perform the antimicrobial function (Fig.  20a), and 
method involves the chemical modification of biocompat-
ible lignin molecules with various hydroxyl and carboxyl 
groups, allowing for a variety of conjugation techniques 
including the creation of a photopolymerizable coating 
and functionalization with antimicrobials. Performance 
testing resulted in large amounts of HCoV-OC43 virus 
(Fig. 20b) and Klebsiella pneumoniae bacteria (Fig. 20c) 
being eliminated when exposed to spun-bond PP fabric 
coated with LTMAC and LAHAC.

4.1.3 � Graphene

Graphene and its derivatives have been identified as micro-
bial agents [198] owing to their outstanding photothermal 
and photocatalytic properties [199]. Also, the 2D structure 
with atomic-scale thickness can itself cause physical dam-
age to bacterial cells [200], and the large surface area of 
graphene materials provides efficient interaction with the 
charged residue of virions, hence blocking microorganisms 
[201]. Therefore, graphene has high potential for appli-
cation in the fabrication of antimicrobial masks. Zhong 
et al. [202] assessed the superhydrophobic and photother-
mal performances of graphene-deposited commercial face 
masks. The superhydrophobic surfaces were found to pre-
vent droplet penetration through the mask layers, while 
photothermal generated high temperatures for the masks 
under solar illumination that can sterilize viruses. Gra-
phene and its derivatives have been also combined with 
other antimicrobial agents to synergistically enhance anti-
microbial efficacy [203]. For example, Zhong et al. [204] 
proposed the deposition of graphene and silver NPs onto 
the N95 respirator surface. This combination enhanced 
photothermal absorption with a plasmonic effect from Ag 
NPs and superhydrophobic surfaces. In addition, releasing 
of silver ion also inactivated microbes (Fig. 21).

4.2 � Mechanism of antimicrobial filtration 
functionality

Nanofiber filters are known for their enhanced antimi-
crobial efficiency compared to conventional filters. With 
pore diameters typically ranging between 1 and 10 nm, 
nanofiber filters accomplish the efficient removal of vari-
ous bacteria, viruses, and organic contaminants [205]. 
Consequently, while particulate filtration mechanisms can 
effectively filter ambient microbial aerosols and droplets, 
recent research has focused on the development of anti-
microbial and antiviral filters. Three main strategies have 
been employed in the fabrication of antimicrobial filters: 
(i) using polymers which possess antimicrobial proper-
ties, (ii) incorporating NPs with antimicrobial effects into 
the nanofiber matrix, and (iii) coating the filter with bio-
antimicrobial molecules. Antimicrobial fibers often rely 
on the bactericidal effects of integrated agents that dis-
rupt cell membranes in order to achieve their antimicrobial 
action. The incorporation of these agents helps to com-
bat the growth and presence of harmful microorganisms. 
Antimicrobial agents operate by disrupting or inhibiting 
the vital processes of pathogens, including the synthesis 
of proteins, cell walls, and nucleic acid as well as other 
metabolic processes (Fig. 22).
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Through various mechanisms, these antimicrobial agents 
can effectively kill pathogens by neutralizing their ability to 
grow and cause infections [206]. The antimicrobial agents 
serve three crucial roles in antimicrobial face masks: (i) 
boosting antimicrobial effectiveness due to the presence of 
metal NPs, metallic salts, and quaternary ammonium com-
pounds; (ii) enhancing the self-cleaning attribute through 

the use of hydrophobic carbon-based nanomaterials such as 
graphene and CNTs; and (iii) stabilizing the surface electro-
static charges of the antimicrobial filter using triboelectric 
nanogenerators. Various methods, such as electrospinning, 
melt blowing, polymerization, chemical grafting, dipping, or 
spray coating, can be employed to treat filter materials with 
antimicrobial agents [207].

Fig. 20   Antiviral and antibacterial performance of the LTMAC- 
and LAHAC-coated face mask fabrics: a TEM micrographs of 
the HCoV-OC43 (viral stock as a positive control (left) and virus 
exposed to spun-bond PP fabrics with HYD LTMAC (middle) and 
HYD LAHAC (right)) coatings, after 30 min of incubation and TEM 

micrographs of the K. pneumoniae (bacterial stock as a positive 
control (left) and virus exposed to spun-bond PP fabrics with HYD 
LTMAC (middle) and HYD LAHAC (right) coatings, after 30  min 
of incubation) (Reproduced with permission from [197], Copyright 
2021 American Chemical Society)



791Emergent Materials (2024) 7:765–800	

4.3 � Theoretical work related to antimicrobial 
filtration functionality

Pathogenic microorganisms such as bacteria and viruses can 
be transmitted from an infectious source to an individual 
during breathing, coughing, or sneezing. Several studies 
have investigated quantitative models for the bacterial fil-
tration efficiency (BFE) and viral filtration efficiency (VFE) 
of medical face masks. Djeghdir et al. proposed a model 
to statistically analyze the penetration of small pathogens 
(100 nm–1 µm) through different types of medical and non-
medical face masks [208]. The statistical analysis revealed 
no significant difference (p > 0.05) in BFE and VFE between 
the masks, while for a slightly larger aerodynamic aerosol 
size of 2–3 µm, a strong correlation between BFE and VFE 
was observed with r = 0.983. However, the experimental 
tests showed that the medical masks scored significantly 

much higher for antimicrobial resistance with values of BFE 
and VFE of 98% compared to the non-medical filters which 
had an efficiency of only 65%.

The same research group then investigated the impact of 
washing parameters, including wash cycles, wash tempera-
ture, and use of detergent, on the long-term performance of 
medical and non-medical face masks [209]. The evaluation 
of BFE was conducted as follows: an aerosol stream loaded 
with S. aureus Gram-positive bacteria produced through 
automated nebulizer. The mean particle size (MPS) of bac-
teria [µm] was 3.0 ± 0.3 µm, and the BFE was calculated as 
follows:

(9)MPS =

∑6

i=1
(Pi × Ci)

∑6

i=1
(Ci)

Fig. 21   Plasmonic and superhydrophobic self-decontaminating N95 
respirators containing graphene and silver NPs. b Illustration of the 
405-nm laser diode decontamination. The inset figure illustrates the 

plasmonic heating of the silver NPs (Reproduced with permission 
from [204], Copyright 2020 American Chemical Society)

Fig. 22   Schematic drawing for 
antimicrobial face masks action 
mechanism to kill or eliminate 
pathogens [205] (Open access)
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where Pi is 50% of the impactor cutoff diameter (ranging 
from 0.65 to 7 µm) and Ci is the number of colony-forming 
units (CFUs) grown at the i-th stage of positive runs (with-
out a mask). By applying this formula over six runs, the BFE 
is then calculated as

where C is the mean of the positive CFUs runs and T is the 
total CFUs of the six stages count plates.

Although the value of BFE for medical face masks was 
higher than that for non-medical masks, the resistance of the 
latter to washing was much better with almost no change in 
BFE after washing with detergent.

4.4 � Efficiency of antimicrobial filtration 
functionality

The reusability and long-term antimicrobial filtration 
efficiency of nanofiber face masks have recently been 
enhanced due to the use of three innovative technologies 
[32, 210–213]. The first approach involves the functionaliza-
tion of nonwoven fabrics by coating with salt (NaCl, KCl, 
K2SO4,) [205], which capitalizes on the unique property of 
salt to dissolve upon contact with viruses and then recrys-
tallize upon drying. The resulting antipathogenic activity 
based on recrystallization capability has been successfully 
demonstrated using sodium chloride (NaCl) to treat filter 
membranes, resulting in highly effective antimicrobial filtra-
tion systems [214, 215]. An innovative salt-coated nanofi-
brous membrane was first introduced for pathogen filtration 
under harsh environmental conditions [213]. The salt-func-
tionalized membranes demonstrated a substantial increase 
in filtration efficiency compared to bare membranes, with 
differences of up to 48%. Remarkably, even the thickest salt 
filters tested maintained high breathability, surpassing com-
mercial surgical masks by over 60%. In addition to enhanced 
filtration, the salt-functionalized filters exhibited the rapid 
inactivation of both Gram-positive and Gram-negative bac-
teria, with CFU reductions observed within just 5 min. Fur-
thermore, in vivo testing revealed structural damage to bac-
teria due to salt recrystallization, confirming the efficiency 
of salt-functionalized filters in real-world conditions. A 
noteworthy aspect of salt-functionalized membranes is the 
resilience of the salt coatings under harsh environmental 
conditions, including at 37 °C and varying relative humid-
ity levels of 70–90%. This indicates the robust nature of the 
pathogen inactivation capability, ensuring consistent perfor-
mance even in challenging scenarios.

(10)BFC =
C − T

C × 100

The second technique is based on coating the 
nanofiber with photoactive/photocatalytic materials, 
such as metal NPs, graphene, or carbon materials, which 
imparts photothermal and photocatalytic activity to the 
masks [32, 216–218]. This technology utilizes solar 
radiation to elevate temperature and dissipate heat, 
effectively killing pathogens [219, 220]. Furthermore, the 
antibacterial coating serves a dual purpose by preventing 
bacterial colonization on the surfaces of the material and 
functioning as a barrier to permeation. Several studies 
have reported the efficiency of zinc oxide (ZnO) as a 
photocatalyst material for bacterial inactivation [221]. 
The creation of self-cleaning nanofiber involving the 
functionalization of silicone-based (polydimethylsiloxane, 
PDMS) fibrous membranes with a photocatalyst was 
recently reported [222]. The PDMS nanofiber was 
coated with ZnO NPs using either colloid-electrospinning 
or post-functionalization procedures. Nanofiber 
enhanced with ZnO NPs exhibits the ability to degrade 
a photosensitive dye and demonstrates antibacterial 
properties against both Gram-positive and Gram-negative 
bacteria. This antimicrobial effect was attributed to the 
generation of reactive oxygen species upon exposure to 
UV light. Additionally, the functionalized PDMS/ZnO 
membrane exhibited 65% filtration efficiency against 
PM1.0.

The third technique focuses on embedding metal NPs 
and metal–organic frameworks (MOFs) in the filter 
matrix. A recent study has shown that incorporating 
zinc ions into polyamide fabrics and utilizing copper/
zeolitic imidazolate framework Cu/ZIF-8 core–shell 
nanowire filters enhance the effectiveness of reusable 
face masks. These innovations demonstrate the ability to 
deactivate both bacteria and viruses, contributing to the 
development of more efficient and sustainable protective 
face masks. A few other studies have explored silicon- 
and polyamide-based filter materials for respiratory 
applications. For example, an Si-based, replaceable, 
f lexible, and nanoporous polymeric membrane was 
manufactured by electrospinning [223], and the polymeric 
membrane not only effectively filters microorganisms 
but also possesses self-cleaning properties, enhancing 
its longevity and usability. A novel, highly efficient, 
renewable, and antibacterial N-halamine nanofibrous 
membrane for respirators based on polyamide has also 
been developed using an approach which involved a 
one-step facile chlorination process [224]. The resulting 
filter can be easily renewed and reused, contributing to 
the sustainability of respiratory protection measures. 
These technological advances signal the potential for 
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the development of reusable antimicrobial masks using 
diverse mechanisms, ensuring both pathogen inactivation 
and environmental responsibility.

5 � Future work

5.1 � Synergistic combination of mechanical 
and electrostatic filtration and antimicrobial 
functionality

Researchers are actively exploring the integration of 
mechanical and electrostatic filtration principles along 
with antimicrobial functionality to leverage the strengths 
of each method. The goal is to design multifunctional 
nanofiber structures capable of efficiently capturing parti-
cles through both physical and electrostatic mechanisms in 
addition to their potential for the inactivation of pathogens 
[95, 225–229]. This innovative approach aims to enhance 
overall filtration efficiency and to broaden the range of par-
ticle sizes that face masks can effectively capture, where 
the combination of these principles may allow the devel-
opment of more effective and versatile filtration systems. 
In one study, aligned PLA electrospun nanofiber mem-
branes have been fabricated to investigate the effect of 
degree of alignment on both mechanical and electrostatic 
filtration [95]. It was found that increasing the alignment 
degree up to a certain threshold resulted in smaller pore 
sizes within the nanofiber. This contrasted with randomly 
aligned nanofiber which had larger pores and lower filtra-
tion efficiency. Additionally, changes in the geometry of 
the PLA nanofiber were found to influence the surface 
potential of the membrane. Aligned nanofiber exhibited a 
maximum surface potential of 71 V, contributing to high 
electrostatic removal efficiency. These findings suggest 
that the alignment of nanofiber significantly impacts both 
the mechanical and electrostatic properties of the mem-
brane, ultimately leading to enhanced efficiency in remov-
ing particles through the combination of mechanical and 
electrostatic filtration mechanisms. The emerging concepts 
of “smart” and “multifunctional” face masks are gaining 
traction given advances in current face mask technologies. 
Such masks are designed to incorporate features of supe-
rhydrophobicity, reusability, and antiviral/antibacterial 
ability. Accordingly, several research studies have intro-
duced multifunctional face masks which represent hybrid 
mechanical, electrostatic, and antimicrobial filtration pro-
cesses. An electropolarized poly(vinylidene fluoride-trif-
luoroethylene) (PVDF-TrFE) nanofiber membrane deco-
rated with Li-doped ZnO nanorods has been manufactured 
to enhance the filtering capability and antibacterial activity 
of an ultrathin air filter [226]. The filter was electropolar-
ized to increase its coulombic interaction with PM and 

S. aureus, and an impressive removal efficiency of up to 
90% for PM1.0 was demonstrated along with a remarkable 
sterilization rate of 99.5% against S. aureus. Mechanical 
and antimicrobial filtration have been also been achieved 
using multifunctional free-standing nanoarchitecture 
networks with an average diameter of 20 nm [229]. The 
ULTRA NET filters had an optimal pore structure and 
exceptionally low thickness of approximately 350 nm and 
achieved a high removal efficiency of 99.98% with a very 
low pressure drop of 0.07% for PM0.3. Furthermore, the 
extremely small pores of this filter exhibited mechanical 
sieving protection against S. aureus with an inactivation 
efficiency of > 99.5%. Meanwhile, a TENG functional and 
eco-friendly polymeric nanofiber face mask composed 
of a polybutylene adipate terephthalate (PBAT) matrix 
blended with cetyltrimethylammonium bromide (CTAB) 
and montmorillonite (MMT) clay exhibited outstanding 
filtration performance, reaching 98.3% for PM0.3 with a 
noticeably low pressure drop of 40 Pa [230]. Additionally, 
it achieved levels of antibacterial performance of 99.8% 
against S. aureus, 99.79% against influenza, and 99.99% 
against human coronavirus.

5.2 � Breakthroughs in antimicrobial functionality

The development of surfaces with antiviral properties is 
essential to minimize the risk of the transmission of dis-
ease through surface contact. While some viruses become 
inactive quickly on surfaces, others can remain viable for 
extended periods, thus posing a significant transmission risk. 
There is a pressing need for cost-effective and sustainable 
technological solutions to prevent virus activation on face 
mask surfaces and to contribute to overall risk control [210].

Various methods have been utilized to create antiviral 
face masks based on doping with antiviral agents or coating 
with functional materials. For example, Wang et al. engi-
neered a biocatalytic composite of polydopamine (PDA) 
matrix coated with perhydrolase (AcT) [231]. When applied 
to different surfaces, this AcT–PDA coating significantly 
reduced the infectivity of a SARS-CoV-2 pseudo-virus 
within minutes. Another approach involved a polyester 
nanofiber coating with a poly(dimethyl amino methyl) 
styrene-co-1H,1H,2H,2H-perfluorodecyl acrylate (PDP), 
which exhibited strong antiviral activity and biocompatibil-
ity [146]. The positive surface potential of the PDP-coated 
fabric facilitated electrostatic interaction with negatively 
charged bacteria and viruses, leading to microbial inactiva-
tion. Moreover, the oleophobic nature and hydrophobicity 
of the PDP layer prevented the attachment of moisture and 
contaminants to the membrane surface.

A water-borne spray coating comprised of polystyrene 
and macroCTA nanoworms has demonstrated a notewor-
thy capacity to deactivate influenza and SARS-CoV-2 
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by breaking down viral RNA within 30 min [220]. This 
nanoscale coating performed conformational alterations 
upon binding to viral droplets leading to rupturing of the 
viral membrane. Moreover, the incorporation of a covalently 
attached fluorescent polygalactose to the nanoworm surface 
was functionalized as a novel approach for the reapplication 
of the coated layer in order to sustain a consistently high 
level of antiviral effectiveness on the fabric surface.

NPs, including silver, copper, and various antimicro-
bial agents, are being integrated into nanofiber matrices to 
develop surfaces that actively neutralize pathogens [232]. 
Furthermore, there is an ongoing exploration of responsive 
materials which are capable of delivering the controlled 
release of antimicrobial agents, thereby ensuring prolonged 
and efficient protection [31, 233]. Silver nanowires elec-
trospray coated onto polyacrylonitrile (PAN) nanofiber 
membrane have demonstrated outstanding antiviral deac-
tivation against bacteriophage MS2 [234]. Similarly, Chen 
et al. explored the potential of graphene oxide/silver (GO/
Ag) nanocomposites to kill feline coronavirus (FCoV), 
which is a positive-stranded RNA virus that could infect 
cats worldwide [235]. The authors concluded that the higher 
percentage inhibition of FCoV was achieved at higher con-
centrations of GO and GO/Ag. This implies that Ag-based 
nanocoating, including Ag nanowires and GO/Ag nanocom-
posites, has the potential to enhance antiviral efficiency on 
various surfaces, including those of face masks.
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