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Abstract

Background and aims: The present study aims to compare the filtration Keywords
performance of the neat hybrid electrospun nanofibers, consisting of Filtration
polyacrylonitrile (PAN) polymer and magnesium oxide (MgO) nanoparticles Nanofiber

and the plasma treated ones in removing fine particles from the air stream.

. Plasma-treated
Methods: The upper surface of the nanofibers, were processed by cold-plasma

with a radio frequency power supply (13.56 MHz with a power of 20 watts), Performance
argon gas and operating pressure of 0.2 torr. Initial efficiency tests for numerical
removal of particles have been done in accordance with standards ISO 29463 and
EN 779. Pressure drop and quality factors were determined for the fabricated
media. In order to confirm the presence of magnesium oxide nanoparticles
in the nanofibers, X-Ray Diffraction pattern (XRD) was prepared. Analysis
algorithms of SEM images, were used to calculate the porosity of filters, using
the MATLAB software.

Nanoparticle

Results: The mean initial efficiency of the neat and plasma-treated media was,

90.77 * 6.7 1. and. 7.3..66 + 8.86 /. for collecting particles from 10 to 1000 nm, Received: 2019/07/19
respectively. The initial mean pressure drop of the neat and treated media at

the test face velocity was, 78.22 + 3.11 pa and 22.00 + 2.33 pa, respectively, and Accepted : 2020/05/3
their mean quality factor for collecting 10 to 1000 nm particles was, 0.029 and

0.010 (Pascal/1), respectively.

Conclusion: By performing plasma treatment, collection efficiency of particles
decreased, but with a significant decrease in pressure drop, the neat media
ultimately presented a higher score of quality factor in comparison with the
treated ones.
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EXTENDED ABSTRACT

INTRODUCTION

Polymer nanofibers are increasingly used in
various fields, due to their large surface area per unit
of mass and their small sizes, which are often produced
by electrospinning techniques. Mixing the polymer
nanofibers with the metal oxide nanoparticles such as,
MgO and other oxides, has been considered by some
researchers for air purification applications. This is
due to the unique ability of these nanoparticles to
clean a wide variety of toxic gases, such as chemical
pollutants, biological pollutants (viruses, bacteria),
pesticides, and many more [1]. Hybrid nanofibers
(for example, a combination of polymers and
nanoparticles) can present multiple functions in the
simultaneous purification of aerosols, bioaersols, and
gaseous pollutants. The electrospun nanofiber mat
itself, is soft and brittle, on the other hand, due to the
high pressure drop across its surface, nanofiber mat
is not commonly used as an air filter media [2]. In
an effort to provide good structural support, without
altering the nanofiber properties and preventing this
pressure drop, the nanofiber composites have been
introduced. This means that, nanofibers are coated on
a rigid substrate to form a composite. However, one
of the major challenges in the composite structure, is
the good adhesion of the nanofibers to the substrate
and the satisfactory durability of the nanofibers
against bending and abrasion. Among the various
methods available for the surface treatment, as
a surface modification technique, Plasma treatment
has introduced itself as a clean and environmentally
friendly product, to overcome these problems [3]. In
addition, different types of surface modifications can
be easily designed by selecting the gas for the plasma
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production. Surface activation is achieved through
plasma treatment, by replacing or adding chemical
groups and so altering the surface’s properties. Studies
have shown, that by plasma, the polymer’s surface can
be made much more efficient and effective. Plasma
polymers are composed of various active species,
including free radicals and ions. The process is done
without generating any environmental pollution [4].
The present study, aims to compare the filtration
performance of the neat hybrid nanofibers consisting
of polyacrylonitrile (PAN) polymer, the magnesium
oxide (MgO) nanoparticles and plasma treated ones,
in removing fine particles from the air stream.

METHODOLOGY

In order to fabricate the filter media containing
the nanofiber layer, the nozzle-based solution
electrospinning technique was applied. Materials
used to prepare the electrospinning solution included:
the polyacrylonitrile polymer (PAN), solvent N,
N-dimethyl formamide (DMF) and magnesium
oxide nanoparticles (MgO). They were purchased
from Polyacryle Co. (Isfahan, Iran), Merck Co.
(Darmstadt, Germany) and Merck Co., respectively.
The concentration of PAN / MgO solution was 16/.
wt. in 3: 1 ratio in DMF solvent. Nanofibers were
fabricated with nozzle solution electrospinning
machine (Nano-Meghyas R&D Co, Iran) in the
following conditions: Applied voltage: 20 kV, needle to
drum collector distance: 10 cm, ambient temperature:
20-25 °C, electrospinning duration: 30 minutes, flow
rate: 1 ml/h; Needle type: 18 gauge and the rotation
speed of the drum: 500-1000 rpm. All electrospinning
variables were selected based on the optimal
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Fig. 1. Schematic diagram of the filter test rig [8]
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models in the authors previous studies. During
the electrospinning process, the nanofibers were
deposited on a polypropylene spun bond substrate,
with a basis weight of 17 g/m? a filament diameter of
3.5 - 11.5 pm and a thickness of 100 um.

For the plasma treatment, the substrate coated
with PAN / MgO nanofiber layer was used. The
samples were placed on the central plate, as a
grounded negative electrode of a cold plasma device
(manufactured by the Atomic Energy Organization of
Iran) which acted as a cathode. The cathode electrode
(15 cm in diameter) was located 5 cm away from the
electrical-discharge electrode (10 cm in diameter
as the anode), which was connected to the radio
frequency (RF) generator. The surface of the samples
were treated for 10 minutes, under cold plasma with
the RF power supply (13.56 MHz with a power of 20
watts) with the argon gas and an operating pressure
0f 0.2 Tor.

Initial pressure drop and removal efficiency of
particles less than 1000 nm, was measured according
to the ISO 29463: 2011 standards [5] in the test rig
(Fig. 1), which was designed based on ASHREAS52.2:
2007[6]. The filter media was placed in a holder
(open cross-sectional area of 28.26 cm?) and then,
the required air flow was set based on the test face
velocity (10 cm/s). The filtration efficiency test was
performed by injecting KCL particles, in the size
ranges of 10 nm to 1000 nm in the test rig, by the
HCT-Atomizer 4810-South Korea, and counting the
filter media’s particle’s downstream and upstream
by the Nanoparticle Scanning Spectrometer (SNPS)
(HCT -SNPS-20N- South Korea ) and Optical Particle
Counter (OPC) (Grimm -1.109- Germany). Particles
were emitted from the atomizer of the diffusion dryer
(HCT-4920-South Korea) and neutralizer (HCT-
XRC03 -South Korea) to remove moisture from
the particles and neutralize their electrical charges,
respectively. In the test rig, High-Efficiency Particulate
Air filters (HEPA) were used to purify the inlet air and
dilute the particle’s concentration. Initial pressure drop
was measured by the differential digital manometer
and quality factors were determined for the produced
media. Temperature and relative humidity of the test
airflow were recorded. Seven samples were taken from
the upstream and six samples from the downstream
media (sampling time was two minutes and fifteen
seconds at a time) and the results were recorded in the
SNPS and OPC software systems. The results obtained
from the counting the upstream and downstream
were averaged and then the collection efficiency was
calculated. It should be noted that at least 4 samples
of each type of the media were tested for assessing the
filtration performance. The calculation of Coeflicient
of the Variation (CV) and uncertainty of the results,
was performed according to EN 779: 2012 standard
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[7]. All tests were performed in the temperature
ranges of 20 to 25 °C, relative humidity of 25 to 50 7.
and atmospheric pressure of about 1005 mbar. All the
calculations and the graph’s drawings were done with
the help of Microsoft Excel 2010 software.

Using the Scanning Electron Microscopy
(SEM) (Philips-XL 30-USA), the fiber morphology
studies and fiber diameter determinations were
performed. Elemental detection of the magnesium
oxide nanoparticles in PAN/MgO nanofiber media
was performed by Wavelength- dispersive X-ray
spectroscopy (WDX). The X-Ray Diffraction (XRD)
(STOE-STADIP ‘Germany) was also used, to
confirm the presence of magnesium oxide particles
in the nanofibers. SEM image analysis algorithms
were done through MathWorks software, Version 7
(MATLAB) to calculate the percentage of the media’s
porosity. Measurements of the media thickness was
done by using a digital caliper (ASIMETO- 307-56-3
6” ABS- Hong Kong).

RESULT

Table (1) reveales the results for the mean initial
efficiency, pressure drop and quality factors of the
filter media, for 80 to 250 nm particles (according
to the standard ISO 29463-3), as well as the mean
overall efficiency for the particles below 1 micron,
most penetrating particle size (MPPS) of the media
and their quality factors for 100 and 300 nm particles.
On average, the highest filtration efficiencies and the
lowest pressure drops were obtained from neat and
treated PAN/MgO media, respectively. However, the
highest quality factors belongs to treated media; the
efficiency of the particle collection was reduced by the
plasma treatment. Indeed, with a significant reduction
in the pressure drop of the treated media, it's quality
factors eventually became more significant than that
of neat media. The MPPS was 100 nm for both types
of the media. It should be noted that, the CV and
uncertainty results of less than 5-107. is considered as
an acceptable and reiable result.

Dimensional characteristics of the studied fibers
in neat and plasma-treated media, along with their
size distribution and the corresponding SEM images
are given in Table (2). In general, neat PAN / MgO
nanofibers had smaller fiber diameters and the plasma
treatment could lead to the increase in the fiber’s
diameter. The mean diameter of the substrate fibers
were 22.37 + 3.66 microns.

Structural characteristics of the neat and plasma-
treated media, including their morphology, thickness,
basis weight, and porosity are listed in Table (3). In
cases where the ratio of the standard deviation of the
fiber diameter to the mean diameter is less than 0.3,
the morphological type is considered as a uniform and
otherwise, a non-uniform. The studied media showed
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Table 1. Results of filtration performance of the studied media in removal of particles below 1 micron.

Particle size Media
Parameter
(nm) Neat Treated
Mean (+ SD) of initial efficiency (%) 82.75+2.64 53.43+2.12
80 Uncertainty (%) 2.76 2.21
Coefficient of variation (%) 3.19 3.96
Mean (+ SD) of initial efficiency (%) 81.60+2.61 51.57+1.76
100 Uncertainty (%) 2.73 1.84
Coefficient of variation (%) 3.19 3.41
Mean (+ SD) of initial efficiency (%) 83.07+2.35 53.51+1.52
125 Uncertainty (%) 2.46 1.59
Coefficient of variation (%) 2.82 2.84
Mean (+ SD) of initial efficiency (%) 83.54+2.11 56.45+1.87
160 Uncertainty (%) 2.21 1.96
Coefficient of variation (%) 2.52 3.31
Mean (+ SD) of initial efficiency (%) 86.87+1.47 63.30%1.16
200 Uncertainty (%) 1.82 1.21
Coefficient of variation (%) 2.00 1.83
Mean (+ SD) of initial efficiency (%) 88.36+1.01 67.37+0.58
250 Uncertainty (%) 1.05 0.84
Coefficient of variation (%) 1.14 0.86
Mean initial efficiency for 80 to 250 nm particles (%) 88.36+2.28 57.61+6.19
Mean initial penetration for 80 to 250 nm particles (%) 15.64 42.39
Mean initial pressure drop (Pa) 78.22+3.11 22.00+2.23
Mean quality factor for 80 to 250 nm particles (Pa-1) 0.0237 0.0390
Mean initial efficiency for particles 300 nm 90.80+1.26 72.15%2.16
Mean quality factor (Pa-1) for particles 300 nm 0.0637 0.0305
Mean quality factor (Pa-1) for particles 100 nm 0.0329 0.0216
Mean initial efficiency for particles below 1000 nm 90.37+6.07 73.60+8.86
Most penetrating particle size (nm) 101.8 101.8

Table 2. Dimensional characteristics of the neat PAN / MgO nanofibers and the plasma treated ones.

Media Descriptive Statistics Histogram chart SEM image
Mean fiber
diameter 221.38
(nm)
Standard
deviation 65.56
= v L
Coefficient
. 0.77 T @w e 20500 e
of variation Fiber dismetar distribution (nm)
Mean fiber -
diameter 295.07
(nm)
Standard
deviation 72.62
(nm)
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L 1.08 oo T ]
of variation Fiber diameter distribution (mm)

Mean fiber o] —
diameter 22.37
(nm)
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deviation 3.66
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Table 3. Structural characteristics of the neat PAN / MgO nanofibers and plasma treated ones.

Thickness of media  Basis weight of media

Media Morpholo Porosity (%)
P 2 (mm) (gsm) ty
Neat Beaded* 0.115 17.58 41
Treated Beaded 0.115 17.58 48

* Morphology of beaded fibers is obtained directly from SEM images.

slight differences, in the thickness and basis weight,
while they had different conditions for porosity.
According to the XRD pattern, three reflection
peaks corresponding to the pure MgO crystals
appeared at 20 = 36.8°, 20 = 42.8° and 20 = 62.2¢,
suggesting that the nanofibers contain pure MgO.

CONCLUSION

In terms of morphology, the neat PAN / MgO
nanofibers had lower porosity and a higher packing
density compared to the plasma-treated ones, which
increased the air flow resistance of the media, reduced
it’s air permeability, and increased the pressure drop.
Increased pressure drop of the neat PAN / MgO
nanofibers compared to the treated ones, can also be
due to the smaller diameter of their fibers. The plasma
treatment, reduced the particle collection efficiency of
the media. However, the quality factors of the treated
media were generally higher than the neat one. The
higher collection efficiency of the neat media can be
attributed to their smaller diameter, higher packing
density, and their beaded morphology. According to
the classic filtration theory, the efficiency is directly
related to the thickness and packing density of the
media, and is inversely related to the fiber diameter
and the porosity. Fibers with the smaller diameters
have higher surface areas, higher packing densities
and larger pore sizes, which results in an increased
filtration capacity of the media. On the other hand, the
fibers which are larger in diameter, are usually bulkier,
more porous, and have a higher air permeability and a
lower pressure drop.

Conventional microfiber media, have a
minimum particle collection efficiency of 100 to 500
nanometers, called the Most Penetrating Particle
Size (MPPS). Their efficiency can be increased by
the use of nanofibers. For different types of media,
the results of the MPPS showed that, the mean for
the two different types of the media is the same;
101.8 nm .Various studies indicate that, lowering
the fiber diameter and increasing the basis weight,
causes the MPPS to move to a smaller size range,
which is probably due to the obtained results. The
mean difference in the fiber diameter, in both
the neat and treated media, was not significant
enough to cause a change in MPPS. In conclusion,
the highest percentage of the filtration efficiency
and the lowest pressure drop, were obtained from
the neat and plasma-treated PAN / MgO media,
respectively. However, the treated media had
the highest quality factor. By performing plasma
treatment, collection efficiency of the particles
decreased, but with a significant decrease in
the pressure drop, the treated media ultimately
presented a higher score in quality factor than the
neat one. Therefore, the plasma treatment can be
a good option for surface modification of the filter
media, although the definitive conclusion depends
on additional tests such as, mechanical resistance of
the media, adhesion of the layer and so on.
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