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Definition
Among the diﬀerent fabrication approaches of nanoﬁbrous membrane, electrospinning is considered
as the most favorable and eﬀective due to its advantages of controllable process, high production
eﬃciency, and low cost.

1. Introduction
For the material of air ﬁltration membrane, nanoﬁber has gained increasing interest from researchers due
to its wide applications in various disciplines such as ﬁlter medium, tissue engineering scaﬀolds,
composite materials, artiﬁcial blood vessels, biochips, drug delivery, nanosensors, optics, etc., Moreover,
its unique advantages of large speciﬁc surface area and ultra-ﬁne porosity make it a promising candidate
for air ﬁltration membrane material. Because of these eﬀects, the chemical and physical properties of
nanoﬁber are changed. Characteristics of electrospun nanoﬁbrous membranes, such as low Knudsen
number,

[1]

slip ﬂow eﬀect causing the decrease of pressure drop, [2] and the formation of garland leading

to better ﬁltration eﬃciency,

[3]

etc.

(a) Schematic diagram of processing steps for the fabrication of nanoﬁbers. (b) Main ﬁltration mechanism
of air ﬁlter. Elsevier B.V. (c) Schematics showing the fabrication of transparent air ﬁlter by electrospinning.
As a well-explored research ﬁeld of nanotechnology, there are already many reviews covering
electrospinning techniques and various applications of nanoﬁbrous membranes, including reviews by
Robert et al. Because of the swift development of electrospinning techniques, the research topic of
electrospun membranes as air ﬁltration medium is gaining focus. Despite these previous works, our
review, covering mainly the latest progress and contributions, servers as a renewal for this topic, provides
summarization and comparison of novel electrospinning techniques, electrospinning products with their
new applications, and our views on future trends and perspectives. In this review, we provide an overview
of electrospinning techniques, along with structures of electrospun air ﬁltration membranes, then,
functions and characteristics of ﬁltration membranes are summarized, and ﬁnally, we focus on some
applications of electrospun nanoﬁber air ﬁltration membranes.

2. Electrospinning Techniques
Electrospinning machines mainly consist of high-voltage DC power supplies, injection pumps, spinning
nozzles, and collecting devices. The process of fabricating nanoﬁbers is: a metal wire connects the needle
to the positive electrode of the high-voltage generator. It may also be a metal surface or other collecting
device such as a rotary drum to meet the conditions of diﬀerent experiments. Under a powerful electric
ﬁeld force, the polymer solution or melt (generally non-Newtonian ﬂuid) overcomes its surface tension
and viscoelastic force to generate charge, the mutual exclusion between charges, and the opposite
charge electrode’s compression to the surface charge, directly creating a force that is opposite to the
surface tension.
Divided by the state of the polymer used to fabricate nanoﬁber membranes, electrospinning can be
categorized into solution electrospinning and melt electrospinning
free electrospinning

[5].

[4],

the latter is also known as solvent-

The most conventional and most widely used solution electrospinning, or single

nozzle electrospinning, is relatively simple to set up and operate, but the low production rate and residue
of organic/toxic solvent in nanoﬁbers remain as the major challenges. The leading research progress of
needleless electrospinning and multi-needle electrospinning shows a trend of fast and up-scaling
production of electrospinning membranes, which solidiﬁes the foundation of their expanded applications
in air ﬁltration. Melt electrospinning reduces the usage of toxic solvents, thus it is considered as more

environmentally friendly than solvent electrospinning.
Due to the absence of needle-like spinnerets, needleless electrospinning is immune to the common
problem of clogging and low productivity faced by single needle electrospinning.

[6]

reported the

fabrication of ultraﬁne polyamide 6 (PA-6) nanoﬁber membranes via needleless electrospinning process,
during which the relative humidity condition and electrode type were both controlled. Compared with
needle electrospinning, this wire loop spinneret generates a stronger electric ﬁeld, and the production
rate of nanoﬁber membranes was 0.48 g·h−1. According to the advanced research mentioned above, it is
apparent that needleless electrospinning is a promising way to lift the production rate of nanoﬁber
membranes, compared with its needle electrospinning rival.
The

mechanism

of

multi-needle

electrospinning

is

similar

to

the

conventional

single

needle

electrospinning, and like needleless electrospinning, multi-needle electrospinning system usually includes
a specially designed spinneret with a unique structure, which contains several nozzles working
simultaneously. To tackle the problem of nonuniform electric ﬁeld of the needle tip caused by the overly
intensive arrangement of needles, Zhu et al. With the introduction of sheath gas, the resultant
productivity reached 0.618–0.712 g·h−1, which was 30–50 times as that of the conventional
electrospinning. Multi-needle electrospinning exhibits even better production rate than the needleless
electrospinning, making the scale-up of nanoﬁber membranes fabrication possible.
Polymer is directly heated for the formation of ﬁbers in melt electrospinning and the produced ﬁbers have
fewer defects and better mechanical properties besides higher yield
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. Five polyamide and polyoleﬁn-

based polymers were tested, and a wide range of ﬁber morphologies and high dispersion of ﬁber
diameter were observed.

[8]

produced poly(ether-block-amide)(PEBA) ﬁbers by melt electrospinning, and

studied the eﬀect of parameters on ﬁber diameter. At the highest and lowest drum speed, align ﬁber and
crosslinking ﬁber were formed respectively.
Compared with the most common single needle electrospinning, other electrospinning techniques
mentioned in this chapter, including needleless, multi-needle, and solvent-free electrospinning, have
unique merits suitable for diﬀerent fabrication demands, and drawbacks that need to be considered. The
relatively easy maintenance of needleless electrospinning set-up is another advantage, which can save
the time and ﬁnance cost in the production process. Unlike needleless electrospinning, there is less
evaporation during the multi-needle electrospinning process, which results in the higher production rate
than needleless electrospinning. Similar to the needleless electrospinning, without the application of
nozzles, the control diﬃculty still exists in melt electrospinning.

3. Applications in Air Filtration
Electrospun polymer membranes have already been proved highly eﬀective against PM2.5 pollution. The
unique features of high ﬁltration eﬃciency and low pressure drop together guarantee the extensive
application in the ﬁeld of air ﬁltration of PM2.5. The ﬁltration performance is further enhanced by the
development of electrospinning process, structures, and materials, making the electrospun membranes
highly adaptable in individual protection both outdoor and indoor.
The application of outdoor protection is concentrated on high-eﬃciency ﬁltration masks. In addition to
high ﬁltration eﬃciency, low pressure drop is another key factor which is decisive to the actual usage of
electrospun membranes, because as a piece of protective garment, masks should exhibit good air
permeability and breathability. Moreover, these masks provide protection for individuals even in harsh
conditions owing to their special advantages such as high porosity, high mechanical strength, and multifunctions like thermostability, antibacterial activity.
Compared with commercial masks, this air ﬁltration mat exhibited higher ﬁltration eﬃciency under thick
haze. The fabricated NFM1.5 mask displayed high ﬁltration eﬃciency of 99.99%, low pressure drop of 67
Pa, and low basis weight of 4.32 g/m2. More importantly, due to its ultralight basis weight and high

porosity, NFM1.5 mask had a distinct radiative cooling eﬀect, which guaranteed the wearing comfort
while providing better protection than commercial face masks.

[9]

fabricated nanoﬁbrous protective

masks from PAN and MC by electrospinning, and these masks displayed strong antimicrobial eﬃcacies
against both S. aureus and E. coli O157:HH7.
Application of electrospun multifunctional nanoﬁbrous ﬁltration masks, serving as an eﬀective physical
protection, is a key strategy to prevent viral infection
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. During the electrospinning process, vinyl

alcohol and PVA/SAP were simultaneously coated onto face masks, resulting in their virus protection and
comfort properties. In addition to electrospun masks, antimicrobial materials could be made into
protective clothing, which had potential in providing extra and extensive protection.

[11]

developed a roll-

to-roll method to fabricate masks based on fast transfer of electrospun nanoﬁber ﬁlm from roughed metal
foil to a receiving mesh substrate.
Photographs of the mask preparation process with 05GOPAN membrane as a wearable air ﬁlter.
Photographs and SEM images (insets) showing the ﬁlter eﬀect of 05GOPAN membrane after ﬁltration of
diﬀerent times. Elsevier B.V. (b) Thermal images of bare face and faces covered with NMF1.5 and two
commercial face masks. Elsevier Inc. (d) Schematic representation of the design of the nanoﬁbrous
respirator face mask; (i) depicts the respirator ﬁlter containing multilayers of CuONPs/GO@PLA and
CuONPs/GO@CA nanoﬁbers.
The indoor air quality, as one of the most important living conditions, is of residents’ concern because like
outdoor PM pollution, the indoor air pollution is also a threat to public health because of the long time of
exposure. Unlike the outdoor application of ﬁltration masks, which are mostly worn outside, the indoor air
ﬁltration mainly relies on air ﬁlters to screen the PM oﬀ the household or other indoor settings. There are
already several air ﬁlters in service
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, but the novel electrospun nanoﬁber membranes with exceptional

ﬁltration eﬃciency can easily outperform their commercial rivals.
As for the advanced electrospun ﬁlters, Han et al. [13] reported an electrically activated ultrathin PVDFTrFE nanoﬁber air ﬁlter with high PM1.0 ﬁltration eﬃciency of 94%. This nanoﬁber ﬁlter also exhibited
good light transmittance of 65%, which allows it to be installed on the window frames of houses as an
economically aﬀordable way to prevent indoor air pollution instead of applying expensive air circulation
systems (Figure 13a). [14] produced composite electrospun membrane electret ﬁlter using PAN and
SiO2NPs between nonwoven fabrics, and the fabricated membrane with SiO2 showed better ﬁltration
performance than commercial ﬁlter medium.
Another source of PM that possibly exists in the household is the industrial dust emitted from 3D printing,
as 3D printers are becoming increasingly accessible.

[15]

expanded the application scenarios of

electrospun ﬁlters to industrial emissions like 3D printing. The electrospinning process was optimized
using design of experiment (DOE), and bead-free PAN nanoﬁbers with diameter of <100 nm was formed.
The fabricated membranes were used to ﬁlter PM2.5 emissions from FDM 3D printing and the PAN
membrane with diameter of 77 nm showed a ﬁltration eﬃciency of 81.16% (Figure 1).

Figure 1. (a) Photographs of the PVDF-TrFE nanoﬁber ﬁlters with diﬀerent light transmittances (T): 80%,
65%, and 50%. Adapted with permission from ref. (b) Schematic of particles ﬁltration experiment during
3D printing. Reprinted with permission from ref.
The most common applications of electrospun ﬁltration membranes can be roughly concluded as outdoor
protection and indoor protection, namely ﬁltration masks and indoor air ﬁlters. As a wearable protection
against air pollution, the application of ﬁltration masks shows a trend toward good wearing comfort, extra
functions that can oﬀer protection even in harsh conditions, while the indoor air ﬁlters, which often serve
as guards around the household, demand good transmittance, high durability, and low cost.
Despite the above eye-catching progress, there are still problems and challenges to be solved and tackled
in the future for these electrospun membranes to become oﬀ-the-shelf productions. To solve this problem,
the spectrum of electrospinning materials needs to be enlarged. Green and biodegradable materials
introduced in Section 4.4 are ideal candidates for the environment-friendly disposal of these nanoﬁbrous
masks and ﬁlters. Furthermore, research on electrospinning using recycled materials needs to be done, as
domestic plastic waste can be a promising source for the recycled polymers

[16].
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