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Electrospun polyacrylonitrile
fiborous membrane for dust
removal

Xingcheng Zhu and Kiwoong Kim*

Smart Fluid Mechanics Laboratory, Department of Mechanical Engineering, Hannam University,
Daejeon, South Korea

Particulate matter (PM) pollution has become a serious threat to human health.
Accordingly, an air filtration media that can efficiently remove particulate matter
should be developed immediately. Nanofibrous membrane filter prepared by
electrospinning technology has nanoscale diameter, high specific surface area,
and relatively high porosity, which are suitable for dust removal. This paper
explored the effects of electrospinning parameters on the microscopic
morphology, fiber diameter, and pore size of polyacrylonitrile (PAN)
nanofibrous membranes, including polymer solution concentration, applied
voltage, and tip-to-collector distance. Thereafter, filtration efficiencies of
electrospun PAN fibrous membrane and Polytetrafluoroethylene (PTFE),
Cellulose acetate (CA), Nylon commercial filter were compared by removing
smoke PMs. Results showed that fiber diameter and pore size increase with
increasing concentration but decrease with increasing distance. With an
increase in applied voltage, fiber diameter and pore size first decreased and
increased thereafter. Lastly, filtration experimental results showed that filtration
efficiency of electrospun PAN nanofibrous membranes was higher than that of
those commercial filter membranes for ultra fine dust (0.3—-0.5 pm).

KEYWORDS

electrospinning, PAN nanofiber, fiber diameter, pore size, smoke filtration efficiency,
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1 Introduction

Particulate matter (PM) pollution in the atmosphere has become a serious threat to
human health (Xiao et al., 2018). Air pollution is attributable to harmful particles and
gases emitted into the air. Air pollution includes carbon monoxide (CO), sulfur dioxide
(SO,), nitrogen oxides (NO,), volatile organic compounds (VOC), heavy metals, and
inhalable particulate matter (Kampa and Castanas, 2008; AYDIN and ILKILIC, 2017).

Severe PM pollution can particularly cause abominable effects on the human
respiratory tract, cardiovascular system, nervous system, and other organs and
systems, thereby substantially increasing the risk of diseases, such as heart disease,
stroke, cancer, and acute respiratory infections (Kampa and Castanas, 2008).
According to World Health Organization (WHO) statistics, environmental (outdoor)
air pollution in urban and rural areas was estimated to cause the premature death of
4.2 million people worldwide due to exposure to PM, 5 in 2016 (Croitoru and Sarraf, 2017;
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Su et al., 2019; Nazarenko et al., 2021). Therefore, air filtration
media that can efficiently remove particulate matter should be
developed (Wang et al., 2019).

To alleviate the serious negative effects caused by ultra-fine
PM, researchers have conducted numerous studies. Researchers
found that air filtration is currently one of the most effective and
direct methods. Existing air filtration technologies typically use
high-efficiency particulate air (HEPA) filters made of tiny
fiberglass to remove tiny particles from the atmosphere.
However, current nonwoven filter media cannot remove the
most penetrating particle sizes (i.e., between 0.1 um and
0.5 um) because pores formed by micron-sized fibers are
considerably large (Wang et al, 2016). However, the fibrous
membrane prepared by electrospinning technology can markedly
overcome the shortcomings of traditional filter media (Zhu et al,
2017).
(ie.,

Electrospinning nanoscaled
40-1,000 nm) fibers,

composed of electrospun fibers also has the advantages of

can produce

and nanofibrous membrane
high specific surface area, small aperture, high porosity, and
good pore uniformity (Gopal et al., 2006; Wang et al.,, 2016; Li
et al., 2021). Moreover, electrospinning can produce fibers with
controllable morphology and connectivity by precisely
controlling the process conditions (Nam et al, 2019).
Therefore, electrospun nanofibrous filters have a higher
potential than traditional filters for air filtration applications
(Wang et al., 2007; Deng et al., 2021).

With the rapid development of electrospinning technology,
coaxial (Garcia-Mateos et al., 2019; Liu et al., 2021; Gao et al,,
2022), tri-axial (Wang et al.,, 2020; Zhao et al.,, 2021), modified
coaxial/tri-axial (Ning et al., 2021; Yu and Lv, 2022), side-by-side
(Qi et al, 2020; Xu et al, 2022a; Yu et al, 2022), other
complicated processes (Hu et al, 2012) has begun to appear,
but so far these techniques still have some drawbacks. For
example, in the structural design of the coaxial needle in the
coaxial electrospinning technology, the flow rate matching is a
relatively complicated matter. In addition, in the multi-needle
electrospinning technology, the arrangement of the needles and
the electric field interference between the needles are also the
main problems that need to be solved. Therefore, the mainstream
is still the single-fluid electrospinning process (Zhang et al., 2021;
Ling et al., 2022), which hold the greatest promise for producing
commercial fibrous products. According to the principle of the
electrospinning technique, high voltage (i.e., 0-30 kV) is applied
between the blunt needle and metal collecting plate to form a
stable high-voltage electric field. A polymer solution is pulled by
an electric field to form a stable continuous jet, which is deposited
and solidified on the metal collecting plate after flying for some
distance, eventually forming the fiber felt (Subbiah et al., 2005;
Bhardwaj and Kundu, 2010; Xue et al., 2019). Therefore, the
species and concentration of the polymer solution, applied
voltage, and distance between the tip and metal collecting
plate are closely related to the morphology and structure of
the nanofibrous membrane. Beyond this aspect, spinning time,
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flow rate, type of collecting plate, and ambient parameters, such
as temperature and humidity, also relatively affect the
electrospinning process (De Vrieze et al., 2009; Li and Wang,
2013; Aliabadi, 2017). As shown Figure 1, according to the air
filtration mechanism, air filters block the spread of particulate
matter in the air through interception, inertia, Brownian
diffusion, and electrostatic attraction (Zhu et al., 2017).
Hence, filtration performance is often inseparable from the
fiber diameter, pore size, and distribution structure of the
filter membrane (Zhu et al., 2017; Nam et al., 2019).

The
membranes for air filtration has been substantially developed (Liu
et al,, 2020). Park and Park (2005) prepared electrospun PA-6 nano-
mesh fiber under different conditions, studied the effect of applied
voltage and rotational speed of drum collector on the nanofiber

preparation technology of electrospun nanofiber

morphology and filtration performance, and found that electrospun
fibers were better than glass commercial high-efficiency air filter
media made of fibers with higher filtration performance. Qin and
Wang (2006) successfully prepared polyvinyl alcohol (PVA)
nanofibrous membrane by electrospinning technology and
measured its fiber diameter, aperture, filtration efficiency, and
pressure drop. The results showed that the smaller fiber diameter
and pore diameter are more conducive to improving filtration
efficiency but not conducive to air circulation. Srikrishnarka et al.
(2020) made electrospun fibers out of polyacrylonitrile (PAN),
polystyrene (PS), polyvinyl pyrrolidone (PVP), and PVA, thereby
showing high efficiency (i.e., 95%-100%) in filtering PM, s.

(PAN) has the
advantages of diverse structure, high stability and easy

Polyacrylonitrile membrane material
functionalization, which is an ideal and widely used separation
membrane material. It has been widely used in ion adsorption,
water treatment and other fields, and plays an important role (Xu
et al,, 2022b). In this study, PAN nanofibrous membranes were
prepared by single-fluid
investigated the effects of electrospinning parameters (e.g.,

electrospinning  technology and
solution concentration, applied voltage, and distance from tip
to collector) on morphological characteristics, such as fibrous
diameter and pore size. In addition, the filtration efficiency of
the electrospun fibrous membranes was compared with that of the
commercial filter membranes by removing smoke PM, 5.

2 Experimental
2.1 Materials

Polyacrylonitrile powder (PAN, average Mw = 150,000), N,
N-Dimethylformamide (DMF, purity = 99%) were purchased
from Sigma Aldrich and used as received without further
purification. (filtration
efficiency was negligible) and Polytetrafluoroethylene (PTEFE),
Cellulose acetate (CA), Nylon commercial filter membranes were

PP non-woven fabric substrate

purchased from online stores.
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FIGURE 1

Four major types of particles filtration mechanisms.
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FIGURE 2
Schematic of the PAN solution preparation process.

DMF solvent

2.2 Preparation of polymer solution

Various PAN solutions were prepared. As shown in Figure 2,
PAN powders were dissolved into DMF solvent and placed on a
magnetic stirrer. After stirring at 60°C for 12 h, it was allowed to
stand at room temperature until the bubbles disappeared.
According to the preceding method, PAN solutions with mass
fractions of 7 wt%, and 10 wt% were prepared.

All prepared solutions were used for further electrospinning

process.

2.3 Electrospinning process

All nanofibrous membranes were fabricated by using
electrospinning equipment, as shown in Figure 3. The
electrospinning system was mainly composed of a high-
voltage power supply (AU-30P1-L (220 V), Korea), micro-
syringe pump (PC570-3,311), blunt needle, and plate collector
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(aluminum foil). A 20 ml plastic syringe was used to draw 10 ml
of polymer solution, and the syringe was fixed on a micro-syringe
pump by a clamp bar. Thereafter, a polymer solution was injected
into a 21G (inner diameter = 0.51 mm) blunt needle with a high
voltage of 10-15 kV applied to the tip. Flow rate was set to 1 ml/h,
and the distance from tip to plate collector was set to 10-15 cm.
Lastly, collected nanofibrous membranes were dried in a drying
oven at 60°C for 1h to remove the residual solvent. Ambient
temperature and humidity were 20 + 5°C and 30 £ 5%,
respectively.

2.4 Characterization

2.4.1 Morphology

To investigate the influence of concentration, voltage, and
distance on the microstructure of the PAN nanofibrous
membrane, the surface microscopic morphology of the
nanofibrous membrane was observed by field emission
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FIGURE 3
Schematic of the electrospinning equipment.

scanning electron microscope (FE-SEM, S-4800, Japan). The
single fiber diameter was measured by image analysis software
(Image]) and the average diameter was calculated. Thereafter,
fiber diameter distribution was estimated by using graphic
software (Origin 2018).

2.4.2 Pore size and distribution

The unique pore structure and pore connectivity of the
electrospinning nanofibrous membrane enable the effective
interception of particles in the air during the filtration
process, showing considerable application value. Therefore,
the influence of the pore structure of nanofibrous
membranes on its filtration effect should be explored. This
study calculated the pore size and distribution of nanofibrous
membranes using Image] (analysis particle) software to analyze
the FE-SEM image.

Compresor
32L/min

10.3389/fmats.2022.973660

2.4.3 Smoke PM; 5 filtration experiment

As shown in Figure 4, a two-bottle filtration unit was
designed and fabricated for smoke filtration experiments. In
the filtration experiment, PMs were generated by burning
incense in a glass bottle. Moreover, smoke PMs had a wide
size distribution, ranging from 0.3 pm to 2.5um, with the
majority of the particles being below 1um. The initial
concentration of smoke was controlled by burning the incense
for 30 s. A small air compressor was used to provide an airflow
rate of 32L/min. To ensure that incense completely passes
through the fiber membrane, air circulation time was set to
30 s. PAN nanofibrous membranes and PTFE commercial filters
were attracted between two pieces of PP non-woven fabric
substrate to ensure that the membrane samples were not
damaged by squeezing. Before and after filtration, a particle
counter (TSI 6306-V2) was used to count the total number of
particles contained in the two glass bottles. Filtration efficiency
(n) is defined as follows:

_ Cleft - Cright

x 100%
Clef t

where Cye and Cigp,¢ are the number of particles before and after
filtration, respectively.

Each filtration experiment was repeated thrice, and the
average and standard deviation of the experimental results
were calculated.

3 Results and discussion

3.1 Effects of electrospinning parameters
on polyacrylonitrile fibrous membrane

3.1.1 Effects of solution concentration on
morphology

Concentration of polymer solution is one of the most
important parameters in the electrospinning process (Deitzel
et al,, 2001; Aliabadi, 2017). The reason is that a change in
concentration substantially affects the viscosity and surface

outlet [§°
. H
° °
° °
® 9

Filter

PMs membrane

FIGURE 4
Experimental setup for smoke PM; s filtration efficiency.
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FIGURE 5
FE-SEM image, diameter, and aperture distribution of PAN nanofibrous membrane under different concentrations. (A,B,C) 7 wt%; (D,E,F)
10 wt.

tension of the solution and affects the morphology of the fibrous
membrane thereafter (Fong et al., 1999; Deitzel et al., 2001).
Therefore, the effect of different concentrations of PAN
solution on the microstructure of fibrous membranes under
the same electrospinning condition was studied. To directly
the PAN fibrous
membrane, two types of fibrous membranes with different

observe surface morphology of the
PAN contents were prepared under the same electrospinning
condition, 7 wt% and 10 wt%, respectively. The reason is that
when the concentration was decreased from 7 wt% to 4 wt%, due
to the too low concentration of the solution, electrospinning
would be converted into electrospray, a wet membrane would be
formed in the collectors (Lv et al., 2021), and filamentous fibers
could not be formed. When the solution concentration was
increased from 10 wt% to 13 wt%, a smooth electrospinning
process was not allowed despite attempts to apply the
maximum experimental condition voltage (15kV). This is
because the high molecular weight and high concentration of
the solution will increase the viscosity of the solution to a higher
range, and the fluidity of the solution will be greatly reduced,
resulting in the inability to form an effective jet, or even the
formation of electrospray particles (Lv et al., 2021). The FE-SEM
with
concentrations of 7 wt% and 10 wt% are shown in Figure 5.
Figures 5A,D show that the PAN nanofibers are randomly
arranged and distributed, forming a complex pore structure. At a

images of electrospun PAN fibrous membranes
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concentration of 7 wt%, many fusiform or bead-like fibers were
formed. The possible reason is that although the 7 wt% solution
can be drawn into filamentous fibers, the degree of entanglement
between molecular chains when the solution is stretched in an
electric field due to the insufficient viscosity of the solution to
resist the solution shrinkage caused by surface tension low,
leading to the scission and agglomeration of molecular chains,
thereby forming fusiform or bead-like fibers (Fong et al., 1999;
Gao et al.,, 2017). When the solution concentration was increased
to 10 wt%, it was found that the fusiform or beaded fibers
disappeared completely, instead smooth fibers were formed.
This result implies that at higher solution concentrations, the
solution viscosity also increases, which is more favorable for the
formation of smooth fibers.

As the the
concentration of PAN solution was 7 wt%, the diameter of
PAN fibers prepared under the condition of 11 kV and 11 cm
was concentrated in the range of 150-250 nm, with an average

shown in distribution  diagram, when

diameter of 228 nm (Figure 5B) and average pore size of 0.96 pm
(Figure 5C). However, when the concentration of PAN solution
was increased to 10 wt%, the diameter of PAN fibers was
concentrated between 400 nm and 500 nm, with an average
diameter of 452nm (Figure 5E) and average pore size of
1.44 pym (Figure 5F). The possible main reason is that when
concentration increases from 7 wt% to 10 wt%, the viscosity of
PAN solution would substantially increase, and the entanglement
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FIGURE 6
FE-SEM image, diameter, and aperture distribution of PAN nanofibrous membrane under different voltage. (A,B,C) 11 kV; (D,E,F) 13 kV; (G,H,I)
15 kV.

between PAN molecular chains would become considerably
close. Under the same conditions, the tensile refinement of
the 10 wt% solution jet in the electric field was more difficult
than that of the 7 wt% solution. Thus, the diameter of PAN fiber
would increase with an increase in solution concentration. The
results indicated that when the concentration of the solution
increases, fiber diameter and pore size would increase. The
possible reason is that the coarse fibers can deposit only a few
fibers per unit area, reducing the probability for fibers to cross
each other, resulting in a sharp decrease in the number of pores
and an increase in pore size.

3.1.2 Effects of applied voltage on morphology

Voltage applied to the needle is also one of the most
important parameters in the electrospinning process (Jacobs
et al., 2010). Voltage applied determines the intensity of the
electric field. If voltage is considerably small to overcome the
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surface tension of the solution, the Taylor cone and jet cannot be
formed, or the jet cannot be fully stretched owing to the weak
electric field strength, thereby forming thick fibers. If voltage is
high, then charge in the droplet will be excessively accelerated,
resulting in the jet injection rate being greater than the solution
feeding rate and unable to form a Taylor cone, or the jet does not
have enough time to be fully stretched to form coarser fibers
under the same distance. To investigate the influence of applied
voltage on the morphology of the membrane, PAN nanofibrous
membranes with 10 wt% concentration were prepared at 11, 13,
and 15kV under the condition that other parameters were
unchanged. Microscopic morphologies of fiber membranes are
shown (Figures 6A,D,G).

As shown in Figure 6, when applied voltage was 11 kV, the
average diameter of the fibers was 452 nm (Figure 6B), and the
fiber diameters were concentrated between 400 nm and 500 nm,
with an average pore size of 1.44 pm (Figure 6C). When voltage
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FIGURE 7
FE-SEM image, diameter, and aperture distribution of PAN
(G,H,I) 15 cm.

was increased to 13kV, fiber diameter decreased slightly to
395nm (Figure 6E), pore size also decreased to 1.29 pm
(Figure 6F), and fiber diameter was mainly distributed between
350 nm and 450 nm. The possible reason is that when voltage
increases, electric field strength also increases. Hence, the electric
field pulling force on the jet also increases, resulting in the
formation of considerably fine fibers. When applied voltage was
increased to 15kV, fiber diameter increased to 730 nm
(Figure 6H), pore size also increased to 1.77 um (Figure 6I),
and diameter was concentrated between 650 nm and 750 nm.
The possible reason is that voltage was considerably high, and the
electric field strength increases accordingly, increasing the amount
of jets injection, or the injection rate was significantly fast, which
substantially reduced stretching time and degree of refinement of
the jets in the electric field. Eventually, fiber with markedly thick
diameter was formed. Therefore, pore size is positively correlated
to fiber diameter.
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nanofibrous membrane under different distances. (A,B,C) 11 cm; (D,E,F) 13 cm;

3.1.3 Effects of distance from tip to collector on
morphology

Distance between the tip and collector is also one of the
important parameters in electrospinning (Hekmati et al., 2013).
Distance determines the strength of the electric field, and the
flight distance of jets (Levitt et al., 2018). Relatively weak electric
field strength and force will be generated at a long distance,
resulting in insufficient tensile force to refine the jet, thereby
leading to thick fibers. By contrast, a markedly strong electric
field will be formed at a short distance, and the jet is accelerated at
a short distance so that it is not fully stretched. To more
intuitively explore the effect of spinning distance on the
morphology of PAN fiber PAN fibrous
membranes with a concentration of 10 wt% were prepared at

membranes,
distances of 11, 13, and 15 cm with other parameters unchanged.

Microscopic morphologies of the fiber membrane at different
distances are shown (Figures 7A,D,G).
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FIGURE 8

FE-SEM images of four membranes used in air filtration experiments. (A) Electrospun PAN membrane; (B) PEFE filter membrane (C) Cellulose

acetate filter membrane; (D) Nylon filter membrane.
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FIGURE 9

Comparison of filtration efficiencies of electrospun PAN
nanofibrous membranes and commercial filter membranes for
smoke PMs.
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Figure 7 shows that when spinning distance was 11 cm,
average diameter of the fibers was 395nm (Figure 7B),
average pore size was 1.29 um (Figure 7C), and fiber
diameters were concentrated between 350 nm and 450 nm.
When distance increased to 13 cm, fiber diameter decreased
slightly to 374 nm (Figure 7E), pore size also decreased to
1.14 um (Figure 7F), and fiber diameter was mainly
distributed between 350 nm and 400 nm. When distance
increased to 15cm, fibers with diameter of 335nm
(Figure 7H) and pore diameter of 1.09 pm (Figure 7I) were
obtained, and diameters were concentrated between 300 nm
and 350 nm. The results indicated that when the spinning
distance was short, a relatively strong electric field would be
formed under the condition of constant voltage. Moreover,
the jets would be accelerated to the collector at a short
distance and strong electric field. Consequently, the jets
cannot be sufficiently stretched. However, when spinning
distance increased, the jets can fly farther in the electric field,
thereby intensifying the degree of fiber refinement and
resulting in finer fibers. Lastly, pore size has been
demonstrated to be positively related to fiber diameter.
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3.2 Comparison with
polytetrafluoroethylene commercial filter
membrane

To compare the difference in filtration efficiency between
electrospun  PAN  nanofibrous membranes and commercial
filtration membranes, three commercial filtration membranes
(PTFE, Cellulose acetate and Nylon) which are widely used in dust
removal and water treatment fields, were selected for comparison.

Figure 8 shows the FE-SEM images of the four membranes
used in the air filtration experiments, respectively. Figure 8A
shows an electrospun PAN fibrous membrane, Figure 8B shows a
PTEE filter membrane, Figure 8C shows a Cellulose acetate filter
membrane, and Figure 8D shows a Nylon filter membrane.

Under the same conditions, the PM, 5 filtration experiment was
carried out using the smoke filter equipment built in the laboratory.
The experimental results are shown in Figure 9. The filtration
efficiency of PTFE and Nylon filter membrane for PM,; is only
89.43% and 91.30%, respectively, but the filtration efficiency of
electrospun PAN fibrous membrane and CA filter membrane for
PMy; is as high as 95.85% and 96.83%, higher than PTFE and
Nylon filter membrane. In addition, the filtration efficiencies of the
four filtration membranes for PM, 5 were 99.66%, 98.78%, 96.83%,
and 97.89%, respectively, among which the PAN fibrous membrane
had the highest filtration efficiency. And in the filtration efficiency of
PM, 5 or more, PAN fibrous membrane also ranks first. Therefore,
on the whole, the filtration efficiency of the electrospun PAN fibrous
membrane for ultrafiltration particles is much higher than that of
several commercial filtration membranes. This result may be
attributed to the electrospun PAN fibrous membranes with
nanoscale fibrous diameter and three-dimensionally distributed
pore structures. The nanoscale fiber diameter increases the
specific surface area of the PAN fibrous membrane and the
contact area between PMs and fibers, thereby improving the
PMs retention capacity of the fibers. Moreover, the three-
dimensionally distributed pores can form interconnected
channels in the membrane, which is beneficial to prolong the air
circulation in the membrane, thereby improving the filtration
efficiency.

4 Conclusion

To explore the effects of electrospinning parameters on the
morphology of fibrous membranes, three important parameters
were selected: solution concentration, applied voltage, and distance
from tip to collector. PAN nanofibrous membranes were fabricated
with finer and uniformly distributed diameters and interconnected
pores by electrospinning. Filtration efficiency of the electrospun PAN
fibrous membranes was compared with that of PTFE, Cellulose
acetate, and Nylon commercial filter membranes through a smoke
filtration experiment. The results show that electrospinning
parameters have an important effect on fibrous membrane, and
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fiber diameter and pore size increase with solution concentration and
decrease with distance from tip to collector. Note that fiber diameter
initially decreases and increases thereafter as applied voltage increases.
Compared with the commercial filter membrane, the electrospun
fibrous membrane has a nanoscale diameter, and pore channel that
can prolong airflow. These aspects are of immense significance for the
improvement of filtration efficiency.
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