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ABSTRACT

Introduction: With the spread of the COVID-19 pandemic and the lack of adequate protection by existing
protective equipment, many researchers’ attention has turned to developing improved respiratory
protection equipment. Considering their special properties and nanoscale dimensions, electrospun
nanofibers are a suitable option for improving operational characteristics of substrates used in
conventional facemasks. This study aimed to optimize the electrospinning process of polyacrylonitrile
nanofibers (PAN) containing ZIF8 and use the optimized substrate in medical facemasks to increase their
protective performance.

Material and Methods: This study employed an environmentally friendly method to synthesize ZIF8 in
an aqueous environment. Then, PAN/ZIF8 polymer solutions were prepared in dimethylformamide. The
effects of electrospinning parameters, including electrospinning voltage, polymer solution concentration,
electrospinning distance, and polymer injection flow rate on diameter and uniformity of nanofibers were
investigated. Electrospinning conditions were optimized using response surface methodology (RSM)
and central composite design (CCD) to obtain desired values for response (dependent) variables. Finally,
optimized PAN/ZIF8 and PAN nanofibers were electrospun on spun-bond substrate. Base weight, average
diameter of fibers, filtration performance, pressure drop, and quality factor of fabricated substrates were
assessed.

Results: According to results, optimal conditions for electrospinning of PAN/ZIF8 polymeric solution for
polymer concentration (A), electrospinning voltage (B), electrospinning distance (C), and polymer injection
flow rate (D) were respectively 70 w/v%, 20 kV, 18 cm, and 0.4 ml/h. Moreover, despite lower base weight
of PAN/ZIF8 nanofiber mask, it displayed higher filtration performance (98.51%), lower pressure drop
(31.42 Pa), and higher quality factor (0.140 Pa ) in comparison to other studied masks.

Conclusion: Experimental models developed in this study provide acceptable values for filtration efficiency
and quality factor for filtration applications. Additionally, they serve as a guideline for subsequent
experiments to produce uniform and continuous nanofibers with desired diameter for future applications
in absorbent media (intermediate absorbent layers) of respirators.
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1. INTRODUCTION cost-effective. A key aspect of these efforts is their

Global COVID-19 outbreaks have led emphasis on the importance of using modern
researchers to develop respiratory protection methods and protective equipment. Currently, the
materials that offer better properties and are more most promising approach to prevent contamination

by nanoparticles and hazardous gases in the
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atmosphere is air filtration. Using electrospinning
and a variety of chemical compounds, researchers
aim to develop multifunctional filter media that
can simultaneously remove air contaminants.
Metal-organic frameworks (MOFs) have also
been noticed as adsorbents for atmospheric
pollutants due to their excellent properties, such
as open crystal structure, high availability, low
density, adjustable and predictable pore size, and
other surface properties. Among these materials,
ZIF8 has been extensively studied. This material
is characterized by MOFs unique properties
but also exhibits chemical stability and strong
mechanical strength and is easy to synthesize at
room temperature. A further distinction is that
ZIF8 possesses the property of a macromolecular
rotation gate, allowing it to adsorb materials with
larger pore diameters than its own. Combining
PAN and ZIF8 is expected to increase nanoparticle
filtration rates.

Therefore, our study presents the fabrication and
optimization of specific electrospinning parameters
for PAN/ZIF8 nanofibers for air filtration. Future
studies can use empirical models developed in
this study to fabricate uniform and continuous
nanofibers for air purification applications.

2. MATERIAL AND METHODS

Electrospinning parameters such as polymer
concentration, applied voltage, needle tip-
to-collector distance, and polymer flow rate
were optimized to achieve the desired fiber
diameter. Other electrospinning variables were
kept constant. Pilot studies were conducted to
determine the boundary values for the investigated
electrospinning parameters and to ensure the
formation of continuous fibers without breaking
into droplets.

The experimental design was created using
Design-Expert software (version 7) and Response
Surface Methodology (RSM) based on a central
composite design (CCD). This was done to evaluate
the effects of process conditions on fiber diameter
and uniformity of electrospun PAN/ZIFS8.

Polyacrylonitrile (12 wt %) was dissolved
in dimethylformamide to prepare the polymer
solution. Different concentrations of ZIF8 zeolite
frames (with weight percentages of 30, 50, and
70) were then prepared. The electrospinning
conditions were determined according to the
experimental design and included needle tip-to-
collector distance (8-20 cm), polymer solution
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concentration (30, 50, and 70%), electrospinning
voltage (10-20 kV), and polymer solution flow rate
(0.3-1.0 mL/h). The solutions were transferred to a
5 mL syringe and nanofiber layers were collected
on aluminum foil for each experiment.

The morphology of the fibers was studied using
a scanning electron microscope (Philips XL-30
ESEM). The average diameter of the nanofibers was
analyzed using an image analyzer (Image] 1.44p
software) with 50 measurements of random fibers
taken from SEM images.

For the filtration test, a PAN/ZIF8 nanofiber
layer was prepared using the proposed optimal
conditions on a spun-bond substrate with a
thickness of about 90 um and a basis weight of 25
g/m2. This was compared with a surgical mask.
Additionally, a PAN nanofiber layer was coated on
the spun-bond substrate to investigate the effect of
ZIF8 and its filtration performance was evaluated.

3. RESULTS AND DISCUSSION

Table 1 presents the SEM images and fiber
morphology obtained from different experimental
runs. The minimum mean fiber diameter belongs
to STD 14 (concentration 30 wt%, applied voltage
10 kV, distance 8 cm, and injection flow rate: 0.3
mL/h). The maximum mean fiber diameter is
achieved in standard experiment 20 (STD 20) with
a concentration of 70 wt%. According to Table 1, the
highest CV% (uniformity) of nanofiber diameter
is achieved in experiment standard 30, while the
lowest CV% (uniformity) is found in experiment
standard 2.

Table 2 shows the individual influences of
concentration, applied voltage, electrospinning
distance, and injection flow rate on average fiber
diameter and CV% (uniformity) while holding
three other factors constant. Solution concentration
exhibits the strongest positive correlation with fiber
diameter and significantly affects fiber size more
than the other predictor variables (r = 0.614, P <
0.01). The injection flow rate parameter exhibits the
highest correlation with the average fiber diameter
of nanofibers (r = 0.527, P < 0.01). A significant
inverse relationship was observed between
electrospinning voltage and nanofiber diameter
(r = -0.449, P < 0.05). The polymer injection flow
rate showed a positive and significant correlation
with the uniformity of PAN/ZIF8 nanofibers (r =
0.248) and was negatively correlated with polymer
concentration (r = -0.399).

Filtration Performance Evaluation: Table
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Table 1: Design of experiment and average fiber diameter (nm) and uniformity (CV%) of filter media

Run Electrospinning Parameters Response Variables SEM images
A CV% of th,
Polymer Applied Electrospinning Injection v'erage 0o e
. i Fiber nanofiber
Concentration voltage distance flow rate Diameter diameter
wt % kv Lh™t
(wt %) kv) (em) (m ) (nm) (uniformity)
2 50 10 13 0.65 223.17 40.47
14 30 10 8 0.3 152.91 29.33
20 70 10 18 1 253.45 39.67
30 70 20 8 0.3 167.43 22.47

Table 2: Correlation coefficients between electrospinning parameters and response variables.

Response Variables

CV% of the nanofiber
diameter (uniformity)

Electrospinning Parameter
Mean diameter (nm)

Polymer concentration (wt %) 0.614** -0.399*
Applied voltage (kV) -0.449* -0.089
Electrospinning distance (cm) 0.043 -0.020
Polymer injection flow rate (ml. h™?1) 0.527** 0.248*

*Correlation is significant at the 0.01 level. **Correlation is significant at the 0.05 level.

Table 3: Filtration performance and characteristics of layers.

Filt
Electrospinning Number of . = Thickness Pressure Filtration Quality factor
Sample name . . Weight o .
duration (min) layers (g/m2) (mm) Drop (Pa) efficiency(%) (Pal)
Medi: 2.21 163.42 3142+
eca 20 SB-SBN-SB 871£048  0.1401 +0.005
PAN/ZIF8 17.06 8321 2.83
2.20 346.14 49.82 +
Media PAN 20 SB-SBN-SB 90.21 £ 0.79 0.0481 + 0.001
17.10 8295 4.19
Threel Spon-bond 17.12 8178 ——
ree ayer - Meltblown | 24.83 3251 SO 64.53+321  0.0183 +0.001
Surgical mask 4.48
Spon-bond 17.07 8359
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3 shows that the filtration performance of the
PAN/ZIF8 nanofiber layer coated on a spun-
bond substrate (polypropylene) was evaluated at
a velocity of 9.8 m/s and a particle range between
10 and 1000 nm and compared with a three-layer
surgical mask. A three-layer PAN/ZIF8 coating on
a spun-bond substrate showed improved filtration
performance (98.71 vs. 64.53%) and lower pressure
drops (31.42 vs. 57/17).

According to the results of Design Expert
statistical software, the optimal conditions for
electrospinning the polymer PAN/ZIF8 are:
electrospinning solution concentration of 70% w/v
(A), applied voltage of 20 kV (B), electrospinning
distance of 18 cm (C), and injection flow rate of 0.4
mL/h (D).

Optimization of the obtained responses can
be performed using Design-Expert software.
This involves measuring several combinations of
input parameters to achieve the desired response
conditions. Since nanofiber diameter is a significant
parameter for filtration efficiency and pressure drop
of filtering media, the mean diameter and CV% of
diameter (uniformity) were chosen as minimum
values based on the desired objectives of this study.

The information obtained from the model
suggests a correct and significant relationship
between PAN/ZIF8 polymer concentration,
polymer injection flow rate, and diameter of
the produced nanofibers. A higher polymer
concentration leads to higher viscosity of the
liquid, reducing the strength of the magnetic field
in the Taylor cone and causing the fabrication of
nanofibers with a larger diameter. There is also a
significant inverse relationship between an increase
in applied electrospinning voltage and a decrease
in nanofiber diameter. This downward trend in
nanofiber diameter can be attributed to an increase
in suction speed of the polymer, leading to the
production of nanofibers with a smaller diameter.

In terms of polymer injection flow, a similar
pattern was observed where nanofiber diameter
increased with an increase in injection rate. This
increase in polymer injection rate may cause
a larger volume of polymer to accumulate in
the Taylor cone, resulting in a larger volume
of polymer moving towards the collector and
ultimately  increasing  nanofiber  diameter.
The results demonstrate a significant indirect
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relationship between polymer concentration and
CV% of diameter (uniformity). Previous studies
have shown that enhancing electrostatic force in
polymer jets improves uniformity of electrospun
nanofibers. A significant direct relationship was
found between polymer injection rate and CV%
of diameter (uniformity), leading to production of
nanofibers with higher CV% and lower uniformity
when polymer injection rate is increased. This can
be explained by an increase in charge density and
resulting decrease in polymer injection rate in the
syringe head.

After fabrication, filtration efficiency of PAN/
ZIF8 electrospun nanofiber filter media was
measured using the recommended optimized
method. Despite their lower basis weight, filtration
efficiency of PAN/ZIF8 substrates was compared
to that of other three-layer medical masks. PAN/
ZIF8 substrates had higher filtration efficiency,
lower pressure drop, and higher quality factor.
During nanoparticle filtration process, PAN/ZIF8
nanofiber layer achieves higher filtration efficiency
and lower pressure drop by creating smooth flow
between fibers that reduces airflow resistance
between fibers.

4. CONCLUSIONS

Our findings on optimizing the electrospinning
process of PAN/ZIF8 substrates allow us to adjust
the variables in the electrospinning process and
filtration substrates, resulting in promoted fibrous
filter media. Furthermore, the experimental models
developed in this study can provide guidance
for further experiments to produce uniform
and continuous nanofibers with the desired
diameter for future applications in industrial
filtration, specifically personal respirators. The
results showed that the produced substrates have
high filtration performance and can be used
in respiratory protection equipment, offering
enhanced protection compared to typical masks
used to combat COVID-19.
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