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Abstract−With the recent increase of concern on the health impact of air pollution, there has been growing interest
in filtration technologies that can effectively remove fine inhalable particles (PM2.5) in the air with diameters that are
generally 2.5µm or smaller. Among various technologies presented, nanofiber-based filters provide A simple, but effec-
tive route to rapidly capture these fine particulate matters. In this review, we briefly introduce the health hazards associ-
ated with PM2.5 and highlight the importance of air filtration technology with particular emphasis on nanofiber-based
filters prepared via electrospinning. Then, we summarize various fiber materials and additives utilized in electrospun
nanofibers to enhance the filtration efficacy. Furthermore, we highlight some of the recent advances in the materials
design of electrospun nanofiber filters for PM2.5 removal and discuss the current issues and future perspectives.
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INTRODUCTION

Concerns regarding air pollution and health hazards from fine
dust particles in the atmosphere are being steadily raised [1]. In
particular, Korea has been under siege by the worst haze problem
over the past few years caused by the fine particle pollutants in the
atmosphere, possibly due to the increase in the number of coal-based
power plants and diesel fuel operated vehicles in Korea, as well as
the sharp increase in fossil fuel usage in nearby developing coun-
tries such as China, leading to public awareness about the fine par-
ticles in the air and their impact on health [2,3].

Particulate matter (PM), by definition, is the sum of all solid par-
ticles, liquid droplets suspended in the air. Based on size, PM can
be divided into PM10 and PM2.5, in which the subscript denotes the
upper bound of the particulate diameter in micrometers [4]. The
particle diameter determines the aerodynamic properties and thus
governs how far they can get into the air passages of an individual’s
respiratory system. In fact, small particles can penetrate the pulmo-
nary alveoli and enter into the circulatory system, inducing severe
health problems [5,6]. Numerous studies have linked these ultra-
fine particle exposures to a variety of symptoms, especially to respira-
tory and cardiovascular diseases [7,8].

To reduce the risk of exposure and provide protection against these
ultra-fine particles (PM2.5), various air cleaners based on cyclones,
electrostatic precipitation, and scrubbers have been employed [9].
While these methods allow easy removal of larger particles, they
are ineffective for small particles (<10μm). For instance, electro-
static precipitation is highly efficient in PM10 removal, but the dust
removal effectiveness significantly diminishes as the particles size
becomes smaller due to their low electrostatic charge efficiency.
While high voltage pulse generators [10] have been exploited to

provide additional charge for these smaller particles and achieve
higher particle collection efficiency, they may produce ozone that
can trigger the formation of secondary particles by reacting with
the organic gases in the atmosphere [11,12].

Alternatively, filtration techniques by high efficiency particulate
air (HEPA) filters with PM removal efficiency of about 99.97% for
0.3μm airborne particles are widely applied for capturing ultra-fine
particles [13]. HEPA filters exhibit high filtration efficiency and
high-performance stability in various applications. However, the
thick media required to achieve high filtration efficiency in these
filters comprised of micro-scale fibers and pores often lead to either
high pressure drop or energy cost to compensate the resulting flow
resistance [14,15]. These drawbacks of conventional high perfor-
mance filters can be alleviated by preparing nanofiber-based filters
through electrospinning [16-21]. Electrospinning allows produc-
tion of nano-scale fibers with diameters in the range of 40 to 2,000
nm. Moreover, the filters prepared from electrospun nanofibers have
properties such as high surface-to-volume ratio, low pressure drop,
and controllable morphology and connectivity, making them attrac-
tive for achieving excellent filtering performance of PM2.5 at low cost
[22,23].

In this review, we first introduce the mechanism of dust removal
by these fibrous filters and briefly discuss the principles of electro-
spinning in preparing nanofiber filters. Then, we review the char-
acteristics of various types of electrospun nanofiber filters, focusing
on the recent advances in the materials design of electrospun nano-
fiber filters. Finally, conclusions will be briefly presented followed
by the current challenges and future perspectives.

FILTRATION MECHANISMS

The performance of a filter to intercept particles in the air de-
pends on the characteristics of the filter as well as particle size, sur-
face charge, and the air flow velocity [24,25]. Thus, prior to discuss-
ing the electrospun fibers, we will briefly review classical filtration
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theory which has been elaborated in detail by others [26,27].
Based on the classical filtration theory, fiber-based particle filtra-

tion can be categorized into five mechanisms: sieving, interception,
inertial impaction, diffusion, and electrostatic interaction (Fig. 1(a)).
In sieving, particles larger than the gap between the fibers can be
trapped by the size mismatch. Conventional microfiber-based fil-
ters often rely on this size-mismatch to remove large particulate
matter (>PM2.5) in the air. On the other hand, when finer parti-
cles travel along with the air and approach the surface of the irreg-
ularly aligned fibers at low flow rates, the fibers can intercept the
aerosol particle upon contact due to van der Waals interaction. At
high air flow rates, however, particles initially intercepted on the
surface can be detached. This interception is the most important
PM removal mechanism for PM in the range of 0.1-1μm and the
removal efficiency scales with increase in particle size [28]. For larger
particles (>1μm) operated at high air flow velocities, the densely
packed nature of the fiber within the filter often causes these large
particles to deviate from the air flow line and attach to the fibers
due to inertial impaction [29]. However, for PM0.1 smaller than 0.1
μm in diameter, the particles exhibit significant random Brown-
ian motion, resulting in diffusion and deposition of particles [30].
In electrostatic interaction, charged aerosol particles can adhere to
oppositely charged fiber surface due to columbic interaction and
polarization forces. The additional contribution of electrostatic inter-
action allows particles to more firmly attach to the fiber surface and
enhance the removal efficiency without increase of pressure drop.
Hence, electrostatic interaction is often utilized to capture parti-
cles with size near 0.3μm or smaller which cannot be effectively
removed even with nanofiber filters.

Different filtration mechanisms dominate for varying particle
size, air flow rate, as well as the presence of surface charge. Among

these mechanisms, sieving is the simplest approach to remove PMs
by using a filter with spacing between the fibers that are smaller than
the PM size [31]. However, as the sieving continues, the PM removal
efficiency and flow resistance change over time due to PMs collected
in the spacing of the fiber network. While subsequent PMs can be
more easily captured in these particles accumulated fiber network
by a phenomenon known as depth filtration [32] in conventional
micro-scale fibers, long-term usage leads to high pressure drop
and decrease in filtration efficiency (Fig. 1(b)). Moreover, particle
deposition throughout the fiber network in depth loading makes
it difficult to rinse off the PMs in the clogged filter network with-
out damaging the filter, limiting the reuse of filters.

Unlike these conventional filters, filters comprised of nano-scale
fibers allow the collection of PM2.5 on the filter surface [33]. Due
to the surface filtration of particles in these nanofiber filters [34], the
pressure drop is less compared to conventional filters during filtra-
tion process and offer energy saving by reducing the energy required
to offset the pressure drop (Fig. 1(c)). Furthermore, the PM2.5 col-
lected can be easily removed as most of the particles are positioned
on the filter surface instead of the whole filter network. The ability
to effectively remove PM2.5 in the air and retain high PM removal
efficiency and low pressure drop even after long-term usage is one
of the hallmarks of nanofiber-based filters [35,36].

ELECTROSPINNING TECHNOLOGY

To prepare these nanofiber-based filters with excellent properties,
various techniques such as bi-component spinning, melt-blowing
spinning, flash spinning, and electrospinning methods have been
explored. Among these, electrospinning is one of most effective tech-
niques to fabricate nanofibers, as it offers a simple process, inex-

Fig. 1. (a) Schematics showing the five representative filtration mechanisms. (b)-(c) The comparison between (b) depth filtration and (c) sur-
face filtration of PMs (modified from www.adebiotech.org).
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pensive cost, as well as precise control over the compositions and
geometrical characteristics of the nanofibers [37].

In electrospinning, four major components are required to fab-
ricate nanofibers: a syringe pump, a high voltage power supply, a
spinneret, and a collector (Fig. 2(a)) [38]. With the use of a syringe
pump, polymer solution can be injected at a precisely controlled
rate. The high voltage power supply allows charging of the solution
by connecting to the tip of the syringe needle called spinneret as
well as the metallic collector that is grounded.

When the applied voltage exceeds the critical value to overcome
the surface tension of the solution, the charged fluid droplet forms
a Taylor cone (Fig. 2(b)). Then, from the head of the Taylor cone,
the ejected solution elongates in the form of a jet with the electric
field. This is followed by evaporation of the solvent and deposi-
tion of nanoscale polymeric fibers onto the metal collector, result-
ing in a non-woven fabric [39].

To acquire nanofibers with the desired composition, morphology,
and size through electrospinning, various electrospinning parame-
ters need to be considered [40]. In the materials design perspective,
the solution properties such as conductivity, surface tension, vola-
tility, and viscosity are most crucial in the electrospinning process.
When selecting a solvent to dissolve the polymeric material of inter-
est for electrospinning, a solvent with high conductivity is neces-
sary and often may require additional salts or mixing with other
conductive solvents [41]. Increasing the conductivity of the solu-
tion grants good transmission of the electromagnetic field to the
solvent, leading to strong electrostatic repulsion to overcome the
surface tension and thus formation of fibers. Moreover, the dielec-
tric constant (ε) of the solvent also affects the resulting fiber diam-
eter. Higher dielectric constant of the solvent enhances the effect of
electrostatic repulsion, enabling production of thinner fibers under
constant operating conditions. By contrast, thicker and reduced
number of jets are ejected even at high voltage for solvents with

low dielectric constant (ε<10) [42].
Regardless of conductivity, when the volatility of the solution is

too low, the solvent in the ejected jet has insufficient time to evap-
orate before depositing onto the collector, forming a wet fiber. On
the other hand, if the solution is too volatile, evaporation may occur
too quickly and become fibrous from the tip end, leading to unsta-
ble spinning.

Furthermore, the interaction between the polymer chain of inter-
est as well as the solvent may increase the viscosity of the solution.
For such highly viscous solution, it is difficult to uniformly dissolve
the polymer in the solution during preparation and to stretch the
polymer solution in the form of jet to make nanofibers during
electrospinning process. In such case, extremely high electrical
charge is needed to eject the solution from the tip of the spinneret.

Based on the effect of electrospinning process parameters de-
scribed so far, it may seem that polar solvent such as water with
high surface tension and low volatility cannot be used for prepar-
ing nanofibers. Indeed, the aqueous solution typically does not
completely evaporate prior to reaching the collector. Thus, the
ejected solution often falls in the form of droplets instead of a con-
tinuous jet. However, by mixing with other solvents that can lower
the surface tension of water, continuous jet can be formed to pre-
pare nanofibers [43,44]. More detailed description of other poly-
mer solutions investigated in electrospinning as well as processing
and ambient parameters in preparing nanofibers such as flow rate,
humidity, tip to collector distance, and temperature can be found
in other reviews [45-47].

ELECTROSPUN NANOFIBER-BASED FILTERS

Electrospun nanofibers exhibit excellent properties, including
high porosity, high surface-to-volume ratio, and uniform fiber size,
fulfilling the key requirements of an excellent filter for capturing

Fig. 2. Schematic illustration of (a) the experimental setup used for preparing electrospun nanofibers with various structures [38] and (b) the
compound Taylor cone formation: (Left) Surface charges on the sheath polymer solution, (middle) Viscous drag exertion on the core,
(right) Sheath-core compound Taylor cone formation [39].
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ultra-fine dusts [48]. The performance of these filters is mainly
determined by the structural properties of the electrospun nanofi-
bers. In particular, the structure of the fibrous membrane such as
fiber diameter, surface area, fiber basis weight and thickness has a
significant effect on the filtration efficiency as well as the associ-
ated pressure drop [49,50]. In addition to these structural proper-
ties, the filtration performance is also largely dependent on the
physical properties of the nanofiber filters as well as the particular
filtering factors such as particle size, air flow velocity, temperature,
and humidity [51]. In this section, we will focus on properties such
as structural, mechanical, optical, and thermal that are all related
to the functions of these newly developed electrospun nanofiber
filters. We will also discuss the recent progress made in the design
of electrospun nanofibers, summarizing various polymeric fiber mate-
rials and additives utilized to enhance the filtration performance.

STRUCTURAL PROPERTY OF NANOFIBER FILTERS

To date, a library of polymers has been exploited for electrospun
nano-fibrous filters [52,53]. However, filters comprised of a unitary
polymer usually do not fulfill all the properties required for achiev-
ing high filtration performance such as high filtration efficiency,
low pressure drop, high mechanical durability, and additional func-
tionalities required depending on the specific application.

To resolve this issue, many researchers have investigated com-
posite air filters in which two components with complementary
functions are incorporated in a filter membrane [54,55]. These dual
component nanofiber filters exhibit more than two characteristics
such as excellent PM2.5 removal efficiency, mechanical durability,
and multi-functionality within a single filter. While dual compo-
nent nanofibers are conventionally prepared by blending two poly-

Fig. 3. (a) Schematic showing the bi-phasic fiber morphologies with core-shell (left), Janus type (middle) and hierarchical structures (right).
(b) Fabrication of the core (TPP)-shell (Nylon-6) nanofibers by electrospinning [60]. (c) The centrifugal jet spinning process to pro-
duce Janus-type nanofibers [61]. (d) SEM images of the PCL/PEO nanofibers with various exposure times to acetone vapor [62].
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mers [56], introducing guest materials [57], and multi-layering of
nano-fibrous membranes [58], more advanced structural designs
are being currently exploited which can be classified into core-shell,
Janus-type and hierarchical structures (Fig. 3(a)). These designs
allow fabrication of nanofiber membranes with high filtration per-
formance as well as additional functionality without compromis-
ing the flow resistance [59].

For instance, Liu et al. developed a core-shell structured nanofi-
ber filter which exhibits excellent PM2.5 removal efficiency, low pres-
sure drop, and flame retardant property [60]. This core-shell structure
nanofiber filter comprises a flame retardant triphenyl phosphate
(TPP) core and a Nylon-6 shell as shown in Fig. 3(b). Due to the
presence of TPP serving as a radical scavenger, the PM2.5 collected
on the nanofiber filter can be eliminated by igniting without the
filter snapping at high temperature. Additionally, this nanofiber fil-
ter exhibits high optical transparency (80%), high removal effi-
ciency of PM2.5 (99.00%) and PM10 (99.50%), and low pressure
drop (0.25 kPa).

A Janus-type nanofiber allows access to two different materials
while retaining a reasonably large contact area. Khang et al. demon-
strated a bi-phasic Janus-type polymer nanofibers (BJPNF) with
highly aligned biphasic materials by centrifugal jet spinning (CJS)
with a dual-reservoir nozzle (Fig. 3(c)) [61]. The bi-phasic Janus-
type nanofibers comprised of polycaprolactone (PCL) and gelatin
were prepared by adjusting the polymer solution concentrations
and the rotation speed during fabrication to obtain large enough
capillary number for the formation of continuous fibers instead of
particles. These BJPNFs are potentially useful for applications that
require different properties on either side of the fiber.

Hierarchically structured nanofibers with additional nanoscale

sub features provide larger surface area and thus enhanced ultra-
fine dust removal efficiency. Recently, Huang et al. prepared a nano-
composite air filtration matrix comprising of poly (ε-caprolactone)/
polyethylene oxide (PCL/PEO) using an electrospinning technique
and subsequent solvent vapor annealing (SVA) with acetone vapor.
The SVA treatment induced formation of self-organized hierarchi-
cal nanostructures (lamella-like petal structure) as shown in Fig.
3(d), which enabled high PM2.5 removal efficiency even under heav-
ily polluted conditions [62].

PHYSICAL PROPERTY OF NANOFIBER FILTERS

We next highlight the physical property of the electrospun nanofi-
ber filters, including mechanical, optical, and thermal, which all
enable preparation of high-performance nano-fibrous membranes
with desirable functionalities.

MECHANICAL PROPERTY OF NANOFIBER FILTERS

It is essential for the electrospun nanofiber filters to have suffi-
cient mechanical strength to maintain the filter structure under
constant air pressure. To increase the mechanical strength of the
electrospun nanofibers, two different strategies have been explored:
one is to utilize polymers with high mechanical strength such as
polypropylene (PP) [63], and the other is to blend polymer of inter-
est with guest materials such as cross-linkers, carbon nanotubes
(CNT) or glass fibers.

Zhang et al. added poly (ethylene oxide) (PEO) to polyacryloni-
trile/polysulfone (PAN/PSU) fiber composite membranes, which
has high chemical stability and weatherability to fabricate filters with

Fig. 4. (a) Schematics illustrating the fabrication of nanofiber filter based on PAN, PEO and PSU. (b) SEM image of PEO reinforced PAN/
PSU fiber composite membranes. (c) Mechanical properties of the PEO reinforced PAN/PSU fiber composite membranes [64]. (d)
Schematic of the nanofiber fabrication process with aligned CNT sheets and (e) SEM image of 30% CNT hybrid nanofiber. (f) Stress-
strain curve of PAN/PEO nanofiber with different CNT ratios [65].
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excellent physical properties [64]. These nanofibers were fabricated
using a multi-jet electrospinning method in which PAN nanofi-
bers and PSU microfibers were uniformly aligned. The number of
fibers gradually increased while the overall pressure drop was low-
ered when the mixing ratio of PSU to PAN increased. The addi-
tion of PEO to copolymer increased the mechanical strength of
the PAN/PSU filter by providing interconnection between the fibers
(Fig. 4(a)-(b)). They also confirmed that increasing the concentra-
tion of PEO (0-2.5 wt%, as a bonding agent) led to formation of
physical bonding among the fibers, resulting in a dramatic increase
in the mechanical strength. The optimized filters exhibited high
tensile strength (8.2 MPa), stiffness (2.44 MJ/m3), and low pressure
drop (<8 Pa) (Fig. 4(c)) with high filtration efficiency (99.992%).

Yildiz et al. reported a series of hybrid filters in which PEO was
mixed with CNT in different ratios (0, 15, 30, 60, and 100% CNT
sheet) to prepare nanofiber filters that have excellent mechanical
and chemical properties as well as ultra-fine dust removal efficiency
similar to HEPA and ULPA filter (Fig. 4(d)-(e)) [65]. Note that the
hybrid filter fabricated under high temperature (70 oC) and high
pressure (2 MPa) condition exhibited uniform distribution of PEO
and CNT over a wide area for up to 30% of CNT content (Fig. 4(f)).
However, when the CNT content exceeded 30%, phase separation
between CNT and PEO-based nanofiber occurred, which dramat-
ically decreased the mechanical properties. This reveals that the
uniformity of the nanofiber is important for achieving enhanced
mechanical strength.

OPTICAL PROPERTY OF NANOFIBER FILTER

Filters with high PM2.5 capture efficiency and good optical trans-
parency offer a facile route to exchange outdoor air as well as suffi-
cient transmission of light without the concern of additional intake

of ultra-fine dust from outside.
Electrospinning allows fabrication of filters with nanofibers that

have high PM2.5 capture efficiency as well as outstanding optical
properties compared to microfiber filters [66]. Liu et al. proposed
the application of PAN based nanofiber filters with excellent trans-
parency and high filtration efficiency on the windows of a build-
ing [67]. These PAN based nanofiber filters exhibited high PM2.5

removal efficiency (96.12%), low pressure change. Additionally, the
filters had excellent optical transparency (about 85%) compared to
a conventional air filter (15%) as well as polystyrene (PS), polyvi-
nyl alcohol (PVA), and polyvinylpyrrolidone (PVP) based nanofi-
ber filters as shown in Fig. 5(a)-(c).

NANOFIBER FILTERS WITH HIGH THERMAL 
STABILITY

In general, electrospun nanofiber filters are designed to operate
at room temperature and cannot endure elevated temperatures,
limiting their application for capturing PM2.5 in high temperature
conditions such as coal plant and manufactory.

To filter ultra-fine dusts in a high temperature environment, fil-
ters that retain mechanical stability in high temperature are needed
[33]. Wang et al. fabricated yttria-stabilized ZrO2 (YSZ) filters that
have high heat resistance and excellent PM2.5 removal ability by
using Ti(OBu)4/PVP based solution and high temperature gas sup-
ply (Fig. 6(a)) [68]. Specifically, YSZ filters are made by thermally
treating nanofiber filter precursor composed of PVP at 800 oC (air)
for 200min. The resulting 3D porous filter consisting of YSZ nanofi-
ber was stiff in a broad range of temperature condition and had
low mass density (20 mg/cm3) (Fig. 6(b), (c)). They also exhibited
99.4% PM2.5 capturing ability and low pressure drop (ΔP=57 Pa)
at an air flow rate of 4.8 cm/s and 99.97% PM2.5 removal efficiency

Fig. 5. (a) Photograph images of PAN filters with different level of optical transparency. (b) PM2.5 removal and (c) PM10-2.5 collection efficien-
cies of PAN, PVP, PS, and PVA filters at different level of transmittances [67].



Electrospun nanofiber filters for highly efficient PM2.5 capture 1571

Korean J. Chem. Eng.(Vol. 36, No. 10)

Fig. 6. (a) Schematic demonstrating the TiO2 nanofiber filter prepared from a solution blowing process. (b) Photograph image of a Ti
(OBu)4/PVP sponge (c) TiO2 filter placed on top of a green foxtail revealing the lightness of the filter. (d) Treatment with a torch indi-
cating good heat resistance of the filter. (e) SEM image of the TiO2 filter in (e) low magnification and in (f) high magnification. (g)
TEM image of the TiO2 nanofiber [68].

Fig. 7. (a) Photograph image showing the charging of the filter by rubbing. (b) Plot comparing the removal efficiency of the charged and
uncharged state for various particle sizes. (c) Comparison between the PM removal efficiency of charged filter and commercial mask
[71]. (d)-(f) Schematics and optical microscope images showing the fabrication of transparent air filter (d) by direct-spinning on a
conductive mesh, and (e) by transferring electrospun nanofiber film onto a plastic mesh, and (f) by transferring of freestanding elec-
trospun nanofiber film [74].
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at 10 cm/s. Furthermore, these filters had PM2.5 capturing ability of
98.3% even at elevated temperatures (750 oC) (Fig. 6(d)-(g)).

RECENT TRENDS IN ELECTROSPUN NANOFIBER 
TECHNOLOGY

Recent advances in electrospun nanofiber technology have enabled
production of nanofiber filters with high filtration performance and
multiple functionalities. Despite these encouraging achievements,
challenges remain to be resolved to realize the broader applicabil-
ity of these electrospun nanofibers for air filtration applications.
These challenges include reusability and the mass production of
electrospun nanofiber filters, which are currently under active investi-
gation by many researchers [69-71]. For instance, Bai et al., devel-
oped a reusable multilayer triboelectric air filter (TAF) by using
polytetrafluoroethylene (PTFE) and nylon fibers [72]. Compared
to conventional electrostatic dust collectors that remove fine dust
through high voltage power supply, TAF can be easily recharged
by wiping the filters (Fig. 7(a)). Upon charging, TAF exhibits removal
efficiency of higher than 96% for PM2.5 and 84.7% for PM0.5 (Fig.
7(b)). Notably, the ultra-fine dust removal efficiency increases by
3.22-times for PM2.5 and 1.39-times for PM0.5 compared to the un-
charged state. Moreover, PM2.5 removal efficiency remained simi-
lar even after five washing cycles and in a high humidity condi-
tion (Fig. 7(c)). This proves that TAF is applicable for commercial
face masks as the filter is washable and are highly effective in re-
moval of PM2.5.

To date, various electrospinning methods have been explored
for mass production of nanofiber filters [73]. Xu et al. proposed a
new method to mass produce electrospun nanofiber by utilizing
fast transfer from a metal foil to a mesh substrate (Fig. 7(d)-(f))
[74]. The nanofiber filter produced from this method exhibited
high transparency (73%), superior ultra-fine dust removal (about
99.97%). Importantly, the characteristics of the nanofiber were simi-
lar, while the production rate was ten-times faster than the con-
ventional electrospinning method. This clearly suggests that further
development of such new methods will enable mass production of
various types of electrospun nanofiber filters.

CONCLUDING REMARKS AND PERSPECTIVES

Providing a practical solution to air pollution, particularly for
capturing fine inhalable particles (PM2.5) in the air, is becoming
urgent, critical, and challenging for our daily life and sustainable
future. Among various strategies presented, electrospun nanofiber-
based filtration system holds great promise in resolving this prob-
lem due to its excellent PM2.5 capture ability offered by the small
fiber diameter, high surface-to-volume ratio, low pressure drop,
and controllable morphology, composition, and connectivity of
the resulting nanofiber membranes.

In this review, we summarized the development of electrospun
nanofiber filters with high filtration performance by starting from
a brief description of the filtration mechanism and the basic prin-
ciples of electrospinning process, to the structural and physical prop-
erties of the electrospun nanofiber filters. Specifically, we reviewed
the recently explored polymeric fiber materials and additives that

can enhance the filtration efficiency and provide additional func-
tionality while maintaining their mechanical stability.

Although significant improvement has been made in the past
few decades in the field of electrospinning, further development is
required before these electrospun fibrous filters can be used in prac-
tical application. For example, in a real application, the mechanical
durability should be given serious consideration, as small damage or
splitting of the membrane can lead to dramatic failure in the filtra-
tion performance, restricting their use in air filtration applications.
Thus, further efforts should be devoted to exploring new poly-
meric materials and additives that can enhance the mechanical
properties of the nanofibers while retaining the versatility of the
electrospinning technique. Moreover, further investigation on the
structural design of the nanofibers may also provide a route to
prepare more advanced filtration systems. For instance, the addi-
tional compartment offered by the core-shell structure fiber may
allow fabrication of nanofiber filters with the core component pro-
viding high mechanical durability, while the outside component
offers additional functionality such as reusability and antibacterial
properties. This additional functionality can be achieved by either
coaxial electrospinning of two separate polymer solutions or by
chemical modification of a premade electrospun nanofiber filter
including plasma treatment, surface polymerization, UV induced
crosslinking/polymerization, and chemical immobilization of small
molecules. Another important issue involves manufacture-associ-
ated problems such as cost, residual organic solvent, and production
efficiency, which are an on-going challenge. Although these chal-
lenges still remain to be resolved, we anticipate that further advance-
ment of this field will lead to providing a cost-effective, energy-saving
solution to reduce PM2.5 in the air by filtration.
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