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Nanofibers are gradually being widely used in air filtration due to their unique characteristics. However, the

mass production of nanofiber filter material faces several problems. Blow spinning is an emerging

technology, which have great potential for mass production of nanofibers. In this work, we have

successfully realized the continuous production of 500 mm wide nanofiber membranes by blow

spinning, which enables continuous preparation of multi-level nanofiber filter materials: PAN60 (filtration

efficiency is 63.2%, pressure drop is 18 Pa), PAN80 (filtration efficiency is 80.7%, pressure drop is 38 Pa),

PAN90 (filtration efficiency is 92.9%, pressure drop is 58 Pa) and PAN99 (filtration efficiency is 99.5%,

pressure drop is 123 Pa). In order to improve the stability performance of melt-blown filters, we provide

a strategy that combines nanofibers with a melt-blown filter. PAN nanofibers were sprayed directly on

the melt-blown filter by blow spinning. The composite filters have more stable filtration performance

and higher efficiency when intercepting particles with a diameter below 100 nm than melt-blown filters.
Air pollution has become the biggest ecological environment
problem, seriously affecting human health and life.1–3 One of
the most serious forms of air pollution is particulate matter
pollution. Air particulate matter pollution (PM) is a complex
mixture, which contains ne particulate matter and small
droplets. It generally comes from industrial and automotive
exhaust emissions and secondary generation of nitrogen oxides
in the atmosphere.4,5 In terms of particle size, PM is mainly
divided into PM10 and PM2.5. PM10 means that the air equiv-
alent particle size is less than 10 mm, and PM2.5 means that the
air equivalent particle size is less than 2.5 mm. PM2.5 carries
a large number of toxic compounds and poses a huge threat to
human health due to its small size, which can penetrate human
lungs and bronchi. Many studies demonstrate that prolonged
exposure to high concentrations of PM2.5 will increase the
incidence of many diseases such as lung cancer, cardiovascular
disease, asthma and so on.6,7 Nowadays, the use of fossil energy
in developing countries, such as coal, has caused a lot of PM2.5
pollution. It will exist in the atmosphere for several weeks, so
many areas are facing long-term severe haze weather. In haze
weather, high concentration of PM2.5 affects air quality and
people's travel, causing great psychological and physiological
trauma.8
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In order to reduce the harm of PM2.5 to people, masks, air
puriers and fresh air systems have been widely used. Filter
materials are crucial in these products. At present, three types of
lter materials are adopted, namely porous membrane, non-
woven ber lter material and nano-ber lter material. The
core performances of lter media are ltration effect and air
resistance, but these two performances are mutually restrictive.
Porous membrane lter material refers to many small pores on
the membrane matrix, such as ePTFE membrane.9–11 This kind
of material has low air ux due to its low porosity, and generally
has a very high ltration effect, but the air resistance of which is
very large. Non-woven ber lter material is widely used at
present, such as PP melt-blown lter. This kind of material has
high porosity and high air ux, but low ltration efficiency.12,13

In order to achieve high efficiency and low resistance, it is
necessary to improve the ltration efficiency with help of static
electricity technology.14–17 However, due to the easily dissipated
charge, the ltration efficiency of this lters decrease rapidly in
actual use. Nano-ber lter material is a new kind of lter
material with the development of nanotechnology in recent
years. Because such materials have small ber diameters, they
can produce nano-scale pores with high specic surface area
and high van der Waals forces.18–28 Chong et al. found that the
polar chemical groups on PAN nanobers have a great combi-
nation with PM2.5.18 Carbon nanotube lter material developed
by Li et al. showed good ltration performance.19 Many tech-
niques were used to make nanober lter materials. Such as
electrospinning, melt spinning, CVD, and the like. However,
each technology has its limitations. Electrospinning is widely
considered as the most promising industrialization
manufacturing technology of nanober, whose advantages have
RSC Adv., 2020, 10, 19615–19620 | 19615
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been proved through a large number of studies. By contrast,
several problems gradually reveal in industrial road due to the
high cost of the technology, low yield, and the conductive
requirements of the substrate, which make electrospinning
unable to adapt to the overall lter market demand, and greatly
limited in application.28 In the past, our group provide a new
strategy, blow spinning, that can quickly and efficiently prepare
nanobers without the need of a high-voltage electric eld.29–32

Our group independently developed a hand-held spinning
device that can directly spray nanobers on screens to effec-
tively intercept PM2.5.29 The small output of handheld spinning
equipment is only suitable for home use, and cannot meet large
demand for lter. Hand-held spinning device nanober screen
technology is only suitable for home applications. Industrial
continuous production technology based on blow spinning
technology is critical for large-scale application of nanobers in
air ltration. However, scale-up of blow spinning of nanober
air lters to the industrial level has not been demonstrated so
far.

The present work has successfully developed continuous
production system of a long-width (500 mm) nanober
membrane, which can continuously produce multi-level PAN
nanober lter. At the same time, it can be combined with any
substrate based on blow spinning. The specicity of the
composite has successfully developed a PAN nanober lter
compound with a meltblown electrostatic lter material, which
can achieve an initial PM2.5 efficiency of 95%, and maintain
Fig. 1 (a) Schematic illustration of the continuous production setup for b
image of a roll of nanofiber membranes. (d) Metal mesh before (left) and
after (right) nanofibers coating. (f) Various rolls of nanofiber composite
gauze and nanofiber/metal mesh. (from left to right).

19616 | RSC Adv., 2020, 10, 19615–19620
a ltration efficiency of 84.3% during the 20 day test period.
According to test analysis, we found that it has obvious advan-
tages when intercepting particle blow 100 nm than melt-blown
lter.

The biggest value of our work is to successfully realize the
continuous production of 500 mm wide nanober membrane
by blow spinning. The schematic of the setup used in the
continuous production is shown in Fig. 1a. Polymer solution
was suppled into the spinneret with corresponding speed. The
high-speed air was delivered to spinneret by air compressor.
The spinneret consisted of an array of concentric nozzles, whose
internal diameter is 0.15 mm. Fig. 1b shows the spinneret is
running. It can be observed that multiple liquid jet from the tip
of needles. As the solvent evaporates, the bers eventually form.
Fig. S1† demonstrate the actual production system. The rotating
mesh is use to collect nanobers. The nanober membranes
formed on the mesh by suction, which were collected directly
into rolls. Based on our previous research result, we choose PAN
polymer as the raw material of nanober.29 Fig. 1c shows
a 500 mm wide PAN nanober membrane that produced by our
setup under optimal process parameters, showing very good
uniformity and self-support. The thickness of the membrane
can be controlled by changing the different web speeds. Fig. S2†
shows nanober membrane having thicknesses of 5 � 0.7 mm,
11 � 1.1 mm, 36 � 3.4 mm and 110 � 5.4 mm, respectively. There
are not any holes in nanobers membrane, indicating the
manufacturing process is stable and uninterrupted. In addition
low spinning. (b) A digital image of multi-nozzles spinneret. (c) A digital
after (right) nanofibers coating. (e) Spunbond fabrics before (left) and
materials: nanofiber/spunbond fabrics, nanofiber/80 mesh polyester

This journal is © The Royal Society of Chemistry 2020
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to the preparation of self-support nanober membranes, our
technology was proved be easily implemented by directly
spraying bers on any substrate. The Fig. 1d shows the ber
spray on metal mesh. We write the word to show the difference
between the front and back of the spray ber. The le picture
shows the metal mesh before the ber spray. The nanober
words on the right is blurred, showing the nanober bond with
metal mesh. Nanobers can also be spray on spunbond fabrics
(Fig. 1e), and 80 mesh polyester gauze (Fig. S6†). Various
thicknesses of nanobers can be adopted to deposited on each
substrate on needs (Fig. S7†). Aer being sprayed with nano-
bers, the composite lter material can be continuously
collected into rolls. Fig. 1f demonstrate various rolls of nano-
ber composite materials.

Scan electron microscopy (SEM) was used to observe the
morphology of the nanobers. Fig. 2a shows that the nanobers
have no defects and the ber surface is very smooth. Under
a larger eld of view (Fig. 2b), the bers are interwoven and
distributing evenly. The map of ber diameter (Fig. 2c) indicate
that, the average diameter of the ber is 330 nm, and the ber
diameter is mostly in the range of 250–300 nm, accounting for
30% of the whole. The average pore size of the nanober scaf-
folds is 3.79 mm (Fig. S5†). SEM image (Fig. 2d) shows that the
nanobers are uniformly deposited on the metal mesh without
any huge pores. Fig. 2e shows the microscopic morphology of
the composite of nanobers and spunbond fabrics. The surface
of spunbond fabrics is rough, which do not inuence the
uniform distribution of bers. In fact, the process affects the
morphology of the bers. As Table S1† shows three process
parameters. Number 1 is the optimal process we use. However,
when the air pressure is increased, a lot of droplets are present
on ber (Fig. S3†). We speculate that the droplets are mainly
caused by the turbulence of the air ow increasing with the
increase of air pressure. When the ow rate increases, the ber
Fig. 2 (a) A SEM image of nanofibers. (b) A optical microscope image of n
mesh with nanofiber coating. (e) A SEM image of spunbond fabrics with

This journal is © The Royal Society of Chemistry 2020
bundle was observed in SEM image (Fig. S4†). The generation of
ber bundles is mainly because the solvent is less volatile as the
ow rate increases, and the interference between adjacent
needles is intensied, which makes uneven distribution of
ber.

There are different requirements for ltration efficiency and
pressure drop in various situation of PM2.5 ltration. On
previous studies by our group, PAN nanober lter has shown
good performance on intercepting particle due to their high
polarity. In order to adapt to large-scale production of PAN
nanober lters, we abandoned the DMF solvent due to huge
health risks, and we use green DMSO as the solvent. We choose
standard MPPS particle ltration test to evaluate the perfor-
mance of lter. Fig. 3a shows the test results of different level of
lters: PAN60 (ltration efficiency is 63.2%, pressure drop is 18
Pa), PAN80 (ltration efficiency is 80.7%, pressure drop is 38
Pa), PAN90 (ltration efficiency is 92.9%, pressure drop is 58 Pa)
PAN99 (ltration efficiency is 99.5%, pressure drop is 123 Pa). In
mechanical tensile test, PAN nanober lter was broken aer
being elongated to 13.3%, and the maximum stress was
2.3 MPa. The inset image shows the state in which the ber
membrane is stretched to the maximum elongation. The
ltration stability of the lter material is a very important
evaluation index of ltration performance but easy to be
ignored in actual use. The traditional melt-blow lter material
usually adopts to charge in order to achieve high ltration
efficiency. However, the dissipation of static electricity will
seriously affect the performance of the lter. Fig. 3c shows that
the ltration efficiency of the melt-blown electrostatic lter
material gradually decreases with the storage time in the envi-
ronment of 25 �C. The ltration efficiency decreases from the
initial 84.3% to 65.4% on the 6th day, which is decreased by
18.9%, and the sample data is highly variable. PAN nanober
lter material remained stable in ltration efficiency during the
anofibers. (c) The map of nanofiber diameter. (d) A SEM image of metal
nanofiber coating.

RSC Adv., 2020, 10, 19615–19620 | 19617
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Fig. 3 (a) Filtration efficiency of multi-level PAN nanofiber filters. (b) The curves of tensile strength versus of strain for PAN nanofibers. (c) The
long-term performance of filtration efficiency of PAN nanofiber and melt-blown at 25 �C. (d) The long-term performance of filtration efficiency
of PAN nanofiber and melt-blown at 60 �C.
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20 day storage period. This is mainly because PAN nanobers
interfere with PM2.5 by relying on PAN polarity attraction and
nanober physical interception. These two mechanisms are not
interfered by environmental factors, resulting in long-term
guarantees. Fig. 3d shows that at 60 �C at a higher tempera-
ture, the melt-blown lter material continued to decrease over
time, and aer 20 days the ltration efficiency decreased to
57.9%, a decrease of 25.2%. By contrast, PAN nanobers remain
stable and show better environmental adaptability than melt
blown lters.

The melt-blown lter material has lower pressure drop
among other kinds of lter, which are usually used in civil eld
such as mask and air purier. In fact, when the lter fails in
actual situation, users will be exposed to PM2.5 without
knowing it and face health risks. However, melt-blown lter
cannot intercept PM2.5 without charge due to huge size pore of
ber scaffolds. Therefore, we provide a strategy that combine
nanobers with melt-blown lter. PAN nanobers were sprayed
directly on the melt-blown lter by blow spinning. The
composite lter can balance stability and low pressure drop.
Fig. 4a shows that the initial ltration efficiency of the melt-
blown lter material is 83.42%, the initial pressure drop is
21.7 Pa. Aer PAN nanobers coating, it was found that the
ltration efficiency of the composite lter reached 95.54%, and
the pressure drop increased slightly to 29.1 Pa. For testing the
efficiency of full-size particle scanning analysis, the PM parti-
cles used neutralized monodisperse solid NaCl nanoparticles,
which have a diameter from 30 to 600 nm. As shown in Fig. 4b, it
is found that the ltration efficiency of the particulate matter
under the all the NaCl particle (30–600 nm) is improved. In
particular, there is huge improvement on the ltration
19618 | RSC Adv., 2020, 10, 19615–19620
efficiency of composite lter for particles below 100 nm. The
combination of nanobers and melt-blown lter, which is also
the key to actual use has been evaluated. Aer adding average
47 g weight, nanober nally fall off with melt-blown, an
average bond stress of 80.3 Nm�2 (Fig. 4c). From the SEM image
of the cross section, PAN nanober layer was tightly packed on
the melt-blown lter material. It is presumed that the solvent
did not completely evaporate aer the ber fell on the substrate.
Aer the solvent was nally evaporated, the nanobers could
effectively adhere to the surface of substrate. As shown in Fig. 4d
and e, the environmental resistance of the composite lter is as
expected to increase. When testing at 25 �C, the initial efficiency
is 94.25%. Aer 20 days, the nal efficiency is 85.03%. There is
only a 9.2% decrease in ltration efficiency compared to the
initial efficiency. When testing at 60 �C, the initial efficiency is
95.13% and the nal efficiency is 79.49% aer 20 days. These
results indicate that composite lters havemore stable ltration
performance.

In summary, we successfully realized the continuous
production of 500 mm wide nanober membrane by blow
spinning. This technology can continuous fabrication nanober
coating on each substrate. Base on this technology, we fabri-
cated multi-level PAN nanober lter, namely, PAN60 (ltration
efficiency: 63.2%, pressure drop: 18 Pa), PAN80 (ltration effi-
ciency: 80.7%, pressure drop 38 Pa), PAN90 (ltration efficiency:
92.9%, pressure drop: 58 Pa) PAN99 (ltration efficiency: 99.5%,
pressure drop: 123 Pa), which have good stability of ltration
performance in different situation. In order to improve the
stability performance of melt-blown lter, we provide a strategy
that combine nanobers with melt-blown lter. PAN nanobers
were sprayed directly on the melt-blown lter by blow spinning.
This journal is © The Royal Society of Chemistry 2020
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Fig. 4 (a) Filtration efficiency of melt-blown filter before and after nanofibers coating. (b) The filtration efficiency distribution for NaCl particles
with different sizes (30–600 nm). (c) The bond stress between nanofiber and melt-blown filter. Inset image: (upper right) the digital image of
experimental process; (bottom right) a SEM image of nanofiber/melt-blown surface. (d) The long-term performance of filtration efficiency of
composite filter at 25 �C. (e) The long-term performance of filtration efficiency of composite filter at 60 �C.
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The composite lter have more stable ltration performance
and higher efficiency when intercepting particle blow 100 nm
than melt-blown lter. We believe that the continuous
production technology of nanober by blow spinning offers
a new option to protect our environment and personal health
more effectively.

Experimental section
Solution preparation

For mass production experiments precursor solution was
prepared according to a typical process as follows. PAN (Mw ¼
15w, Dow) was rst dry at 60 �C for 2 h. To obtain a homogenous
solution, a 12 wt% polyacrylonitrile (PAN) polymer solution in
dimethyl sulfoxide (DMSO, Toray) was stirred under 80 �C for 6 h.

Setups and experimental procedures

The experimental multi-nozzle setup which are designed and
manufactured by our group is depicted in Fig. S1.† Polymer
solution is delivered from a syringe pump at rate 130 mL h�1 to
a reservoir attached to the nozzle. Air is supplied through the
airway at the pressure of 40–60 kPa. (the gas jet has velocity in
100–120 m s�1 range). The air is heated at 50 �C. Nanobers can
be deposited ontomesh to directly produce nanobermembrane
by suction. Different level of nanober lters can be obtained by
adjusting the speed of the mesh (40–250 m h�1). When different
substrates are put in mesh, nanobers can deposit on it. PAN
nanobers/melt-blown composite lter was roll-to-roll produced
through nanober coating on melt-blown lters.

Characterization

A eld-emission scanning electron microscope (let-1530, Zeiss)
was adopted to observe the microstructure of the samples. The
This journal is © The Royal Society of Chemistry 2020
diameter of bers was obtained by measuring the diameter of
200 bers. The ltration efficiency of lter was evaluated by
Automated lter testers (TSI8130A). The MPPS ltration testing,
the PM sources were generated from NaCl aerosol particles
which were produced by atomized aerosol generator (TSI-3076),
and the particle size distribution and concentration of NaCl
aerosol were measured by scanning mobility particle sizer (TSI-
3936). The procedure of binding force test was shown in
Fig. S8.† In order to minimize the test errors in ltration test, 5
samples was used to test. Tensile tests were performed using
a Zwick universal testing machine, Zwick Roell Z005.
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