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ABSTRACT

This study investigated the hydrophobic and PM,; filtration properties of blended needle-punched nonwovens with the treatment of silica-aerogel.
The treatment was done by padding. The BET, SEM and FTIR studies were used to investigate the influence of silica-aerogel on needle-punched
nonwovens such as surface properties and molecular interaction. All the treated samples showed super-hydrophobic properties with water
contact angle (WCA) of around 154.2 - 154.79°, filtration efficiency of 99.07 - 99.21%, pressure drop of 72.83 - 79.71 Pa and dust-holding
capacity of 3,459,520 - 3,472,060 particles/cm”. The findings demonstrated that silica-aerogel played a vital role in enhancing the hydrophobicity,
filtration efficiency, dust-holding capacity and fabric density of blended needle-punched nonwovens with statistically significant performance
(<0.05). There was no statistically significant difference in pressure drop, air permeability, porosity, and fabric thickness, which indicated
that the treated samples could perform without structure loss as compared to the untreated.
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1. Introduction

Air pollution has become a world serious issue because of its
bad impact on the environment and public health. Fine particulate
matter, especially PM, 5 (fine particulate matter with aerodynamic
diameter less than 2.5 pm), is a mix of harmful components (sulfate,
nitrate, carbon) that enter the bloodstream and contribute to mil-
lions of premature deaths worldwide [1-7]. Around a total of 7
million people deaths per year have been estimated and declared
due to ambient air pollution by the World Health Organization
(WHO) [8]. Air filters are essential for improving indoor air quality
by capturing particulate matter like dust, pollen, mold spores,
and harmful fine particles such as PM,;5, ensuring a healthier
living environment in residential, commercial, industrial, and auto-
mobile spaces [9-12].

Key performance characteristics that air filters should possess
include filtration efficiency, pressure drop, dust-holding capacity
stability and durability, resistance to moisture and chemicals, and
self-cleaning [10-14]. High filtration efficiency is essential for cap-
turing fine particulate matter like PM, 5, improving air quality,
while stability, durability, and resistance to moisture or chemicals
ensure long-term performance, reducing the need for frequent
replacements. A low-pressure drop, high dust-holding capacity,
and self-cleaning properties help to maintain airflow efficiency
and minimize maintenance in filtration systems. These character-
istics ensure air filters deliver effective, long-term solutions for
maintaining indoor air quality in a cost-effective and en-
ergy-efficient manner.

The use of textile filter material in air filtration is critical for
pollution management [5, 15-17]. Nonwoven fabrics are a vital
component in various industrial applications, including filtration,
due to their unique structure and properties. Among the many
methods of producing nonwoven fabrics, needle-punching is par-
ticularly notable for its ability [18-23]. Hydrophobic filters can
improve water-based particle capture in humid air while maintain-
ing filtration efficiency due to minimal pressure drop and reduced
clogging by moisture.

A superhydrophobic surface, characterized by a water contact
angle greater than 150° and a rolling angle less than 10°, is achieved
through micro-nano rough structures and low surface energy sub-
stances, applicable to various substrates including metals, in-
organics, and textiles [24-27]. Jinde et al. studied embedding non-
wovens fabrics with nanoporous amorphous silica and offered
promising avenues for the development of innovative, high-per-
formance fabrics with enhanced functional properties [28]. Talebi
et al. studied addition of nanoporous amorphous silica to the non-
woven induced significant changes in several key properties of
the fabric like fabric thickness, density, porosity and hydro-
phobicity [29]. Silica-aerogel treatment can effectively modify the
hydrophobicity of needle-punched nonwoven fabrics. Yang et al.
showed in their study that the addition of hexamethyldisilazane
(HMDS) into silica sols during the sol-gel process can enhance
the hydrophobic properties of coatings, increasing the contact angle
for water [30]. Przybylak et al. investigated the fabrication of super-
hydrophobic cotton fabrics through a simple chemical mod-
ification, measuring the water contact angle by drop profile tensi-
ometry and examining surface topography changes with scanning

electron microscopy, demonstrating that the fabrics maintained
their superhydrophobic properties even after multiple washings
[31].

Hao et al. highlighted the growing potential of silica nano-
particles as versatile modifiers for enhancing the crystalline proper-
ties, strength, and fluorescent capabilities of high-performance
polyester composites [32]. The impregnation of silica-aerogel onto
polyester fabric had a significant impact on its wettability and
soil release properties. Altay et al. showed that aerogel impregnated
fabrics provided superhydrophobic properties with a contact angle
of around 170°, indicating excellent water repellency [33]. The
findings of the research on synthesis of water-repellent coating
for polyester fabric approved that the sol-gel method offered advan-
tages such as uniform coverage, adhesion to the substrate, and
the ability to tailor surface properties like hydrophobicity and
resulted in a water contact angle of 136.2° [34]. Hu et al. enhanced
resistance to moisture, thermal insulation performance, and dura-
bility of SIAG/NNW composite material at high temperatures for
applications requiring both hydrophobicity and thermal insulation
properties by combining the hydrophobic and thermal properties
of silica-aerogel with the PPS needled nonwoven [35].

Arat et al. achieved integration of hydrophobic silica-aerogel
with polyacrylonitrile (PAN) nanofibers by synthesizing the aerogel
and incorporating it into the nanofiber structure, resulting in in-
creased surface roughness and hydrophobicity with a water contact
angle of 142° [36]. Lu et al. developed the self-assembled silica
aerogel-coated polylactic acid membrane, with its specific molec-
ular arrangement, effectively separates water-in-oil emulsions by
selectively allowing the passage of one phase while blocking the
other based on differences in hydrophilicity and pore size [37].
Another study synthesized a desirable silica aerogel/polypropylene
composite via a two-step sol-gel process by immersing a PP non-
woven fabric in silica sol [38].

In this research, polylactic acid (PLA), polyphenylene sulfide
(PPS), polyacrylonitrile (PAN), polypropylene (PP), and polyester
(PET) fibers were blended in equal proportions to produce nee-
dle-punched nonwoven samples. Each fiber was chosen for its
unique properties such as PAN for its high strength and thermal
stability, PET for its durability and resistance to various chemicals,
PLA for its biodegradability, PP for its lightweight and hydrophobic
nature, and PPS for its excellent chemical resistance and thermal
stability. The combination of these fibers aimed to leverage their
individual strengths to create a robust and versatile nonwoven
fabric. To further enhance the functionality of these nonwoven
samples, a silica-aerogel (SiGel) treatment was applied. This study
particularly focused on evaluating the changes in dust-holding
capacity, filtration efficiency, pressure drop, and water contact
angle before and after the silica-aerogel treatment. These properties
were crucial for applications such as air filtration, where material
performance was directly related to efficiency and durability. By
analyzing these properties before and after the silica-aerogel treat-
ment, this study aimed to understand how the addition of sili-
ca-aerogel influences the performance of needle-punched non-
woven fabrics. The results of this investigation provided valuable
insights into the potential of these materials for advanced filtration
applications, highlighting the benefits of combining different fiber
types and functional treatments to achieve desired properties.
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2. Experimental Work

2.1. Materials

Three kinds of needle-punched nonwoven samples with different
web arrangements and pre-needling (NO with cross-laid web ar-
rangement, N1 with parallel-laid web arrangement and N2 with
parallel-laid pre-needling web arrangement) were prepared at
Donghua University, Shanghai, China. All samples are made from
the blend of polylactic acid (PLA), polyphenylene sulfide (PPS),
polyacrylonitrile (PAN), polypropylene (PP), and polyester (PET)
fibers. The comprehensive details were presented in our previous
publication [22, 23]. Tetraethylorthosilicate (TEOS >99%), ethyl
alcohol (EtOH > 99.5%) and N, N-dimethyl-formamide (DMF >
99.0%) were purchased from Shanghai Mindel Biochemical
Technology Co.Ltd, Sinopharm Chemical Reagent Co.Ltd, and
MACKLIN, respectively. Hydrochloric acid (36-38%), ammonium
hydroxide (NH,OH 25%) and hexamethyldisilazane (HMDS >
99%) were purchased from Shanghai Titan Technology Co. Ltd.
All the chemicals and reagents were applied without any further
rectification.

2.2. Sample Preparation

To create the silica-hydrogel via a two-stage sol-gel process [39]
(detailed in Fig. 1), TEOS was first hydrolyzed in acidified ethanol
(stage 1). 111.1 ml of TEOS was dissolved in 694.4 ml of ethanol
and stirred for 30 minutes. Then, an acid solution (27.8 ml HCI
in 83.3 ml water) was slowly added while stirring at 60°C for
60 minutes. Stage 2 involved gelation and pore formation. Next,
27.8 ml of NH,OH was added and stirred for 30 minutes. 27.8
ml of DMF was then added to create nanopores, followed by the
introduction of 27.8 ml of HMDS and a final stirring for 120 minutes
at 60°C, resulting in the formation of silica-hydrogel.

The needle-punched nonwoven samples were first equilibrated
at 20°C and 65% relative humidity for 24 hours (as detailed in
Fig. 1) [40]. Then, 35 cm X 35 cm squares were cut and fully
submerged in silica-hydrogel until saturated. Excess gel was re-
moved by hanging the samples for 8-10 minutes. To ensure proper
integration with the fabric structure, the wet-gelled samples were
held at 25°C for an additional 24 hours [41]. Finally, to transform
into silica aerogel and achieve better fixation with the samples,
a two-step drying process was applied: first, drying at 50°C for
5 hours, followed by curing at 100°C for an additional 5 hours.
Silica-aerogel modified samples are coded NO-SiGel, N1-SiGel and
N2-SiGel to represent samples after treatment.

Reproducibility of the silica-aerogel preparation process can
be a challenging aspect in ensuring consistent quality. Several
factors may affect the uniformity of the aerogels, leading to varia-
bility in their performance. The silica-aerogel preparation process
requires careful control of factors like pH, catalyst concentration,
and gelation rate, as minor deviations can cause inconsistencies
in pore size, density, and mechanical properties. Additionally,
variations during solvent exchange and supercritical drying can
affect the aerogel's texture and porosity, while batch-to-batch varia-
bility can arise in large-scale production due to differences in
raw material quality and processing conditions. To improve re-
producibility, refining each step of the process and employing
precise control systems is essential for minimizing variability and
ensuring consistent, high-quality silica-aerogels.
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Fig. 1. Preparation and integration of silica-aerogel with needle-punched
nonwoven samples.

2.3. Characterization

2.3.1. Standard test methods

The test method and the experimental procedures were performed
based on the standard test method. Before the test, all samples
were conditioned under a standard atmosphere at a temperature
of 20*20C and a relative humidity of 65% for 24 h.

2.3.2. SEM analysis

A Hitachi Flex-SEM (scanning electron microscopy) 1000 (SU1000)
was used to examine the morphology of the needle-punched fabric
fibers. To enhance image quality, all samples were sputter-coated
with a thin layer of gold before analysis.

2.3.3. FTIR test

The American Nicolet iN™ 5700 FT-IR (Fourier Transform
Infrared) spectrometer was used to analyze the chemical composi-
tion and confirm the uniformity of fiber distribution within the
nonwoven samples. The analysis employed Attenuated Total
Reflection (ATR) to obtain spectra across a wavenumber range
of 400-4000 cm™.

2.3.4. Thickness test

The thickness of the nonwoven samples was measured according
to the established standards GB/T 3820-1997 and ISO 5084:1996.
A high-precision thickness gauge was used, capable of measuring
the distance between the presser foot and a reference plate with
an accuracy of 0.01 mm.
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2.3.5. GSM test

Following ASTM D6242 standards, the needle-punched nonwoven
fabric's gram per square meter (GSM) was determined. This in-
volved cutting ten 10 cm X 10 cm samples from various locations
and measuring their mass using an electronic balance with 0.001
g accuracy. The final GSM value was obtained by averaging the
ten measurements.

2.3.6. Density test
Nonwoven fabric density, or bulk density, is the weight per unit
volume of the nonwoven fabric (kg/m®). It is determined by the
following Eq. (1):

D== (1)

where D is the fabric density (Kg/m®), GSM is gram per square
meter, and T is the thickness (mm).

2.3.7. BET specific surface test

Nitrogen gas adsorption measurements, employing the Brunauer-
Emmett-Teller (BET) method, were performed to determine the
specific surface area, pore diameter, and pore volume of the samples
[42-47]. The specific surface area of the needle-punched nonwoven
samples was determined using N;-adsorption experiments on an
ASAP2010 instrument (Micromeritics, USA). Before testing, the
samples were degassed at 150°C.

Porosity test

Porosity was determined by gravimetric analysis. Dry samples
were weighed and then immersed in water for 24 hours. After
removing excess water from the sample surface, they were weighed
again. The porosity, expressed as a percentage, was calculated
using Eq. (2) [39]. This equation represents the ratio of the water
absorbed (difference between wet and dry weight) to the initial
dry weight of the sample, averaged over ten measurements:

W, — W,
p=—_4 100
Wa (2)

where P is the porosity ratio in %, W, is the wet weight in
g, and Wy is the dry weight in g.

2.3.8. Air permeability test

The air permeability test, as per the relevant provisions of ASTM
D737-96, determined the velocity of airflow passing perpendicu-
larly through a test specimen under specific conditions. The test
was carried out using YG461E automatic air permeability tester,
with the test surface area set at 20 cm2. A pressure drop of 200
Pa was applied across the fabric test area during the test.

2.3.9. Filtration efficiency, pressure drop and dust-holding capacity
Air filtration performance was evaluated using a U-Test automatic
digital tester (Model: F003, Uti Intelligent Technology Co., Ltd.,
Suzhou, China) following the ISO 29463 assessment standard.
The tester introduced sodium chloride (NaCl) particles with a
size range of PM,; (aerodynamic diameter < 2.5 um) into the
filtration system at a constant airflow rate of 32 L/min, simulating
dust exposure. Tests were conducted under controlled conditions
of 20°C and 45% relative humidity. Fabric moisture content, follow-

ing ISO 939, was determined before testing. Filtration efficiency
and dust-holding capacity were then calculated using Eq. (3) and
(4) [22, 23, 48]:

=D

Fo =3¢ x100

(3)

thDCFLA'*xloo

(4)

where Fe is filtration efficiency (%), Dh is dust-holding capacity
(particles/m?), Dc is dust collected, Df is dust fed and FA is filter
area (m?).

2.3.10. Water contact angle test

An optical video contact angle instrument (Model KINO SL200KS)
was used to determine the water contact angle of the fabric samples.
A 10 ml water droplet was dispensed onto each sample, and the
contact angle was measured over 180 seconds to capture any dy-
namic changes. The average contact angle for each sample was
calculated based on measurements from five different areas. All
testing was conducted at a controlled temperature of 20 = 2°C.

2.3.11. Silica-aerogel add-on percentage

Following drying at 107°C for 60 minutes, both treated and un-
treated needle-punched nonwoven samples were analyzed to de-
termine the percentage of silica-aerogel added (add-on %). This
calculation was performed using Eq. (5) [49]:

=WeeWu 100

AT (5)
where A is add-on percentage, W, is the weight of untreated
samples in g, and W; is the weight of treated samples in g.

2.3.12. Statistical analysis

The statistical methods employed for analyzing the data, specifi-
cally ANOVA and Tukey tests, were crucial in determining the
significant differences between untreated and treated samples
across various properties (Fig. 6 and Table 2). ANOVA and Tukey
tests depended on several key assumptions to ensure valid results.
Firstly, normality was crucial, as ANOVA assumed that the data
from each group was normally distributed, especially when com-
paring means across multiple groups. Validation of this assumption
was carried out using graphical methods by histograms. Secondly,
homogeneity of variances was another essential assumption, which
means that the variance within each group should be approximately
equal. Levene's test is typically employed to assess this equality.
These necessary assumptions of normality and homogeneity of
variances were validated using appropriate tests confirming that
the data met the requirements for ANOVA.

3. Results and Discussion

3.1. Silica-Aerogel Add-on Percentage

Scanning electron microscopy (SEM) Shows how the silica-aerogel
bonded with the structure of the treated needle-punched nonwoven
samples as indicated by surface morphological view (Fig. 2: a,
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Fig. 2. SEM images of silica-aerogel treated needle-punched nonwoven samples; surface views (a, b, ¢) and cross-sectional views (d, e, f); FTIR
graphs of untreated and silica-aerogel treated needle-punched nonwoven samples (g).

b, ¢) and cross-sectional view (Fig. 2: d, e, f). The bonding between
the fibers and silica-aerogel in the treated samples, denoted as
NO-SiGel, N1-SiGel, and N2-SiGel, can occur through various
chemical interactions. Silica-aerogel, a highly porous form of sili-
con dioxide, possesses hydroxyl (OH) groups on silanol groups
(Si-OH) present on the surface of silica-aerogel, making it capable
of forming hydrogen bonds with polar functional groups (hydroxyl,
carbonyl, -NH, cyano groups (-CN)) present in the fibers (PAN,
PET, PLA). PP and PPS fibers, being less polar, primarily interact
with silica-aerogel through van der Waals forces and physical
entanglement rather than strong chemical bonds. However, some
levels of adhesion can still occur due to the surface roughness
and porosity of silica-aerogel, enhancing mechanical interlocking
between the fibers and the gel. Although individually weak, Van
der Waals forces can collectively contribute to adhesion between
fibers and the silica-aerogel. These forces are weak intermolecular
forces that arise from temporary fluctuations in electron distribution.

The add-on percentage of the silica-aerogel on NO-SiGel,
N1-SiGel and N2-SiGel is calculated based on the Eq. (5), and
resulted 22.51%, 27.71% and 32.60% respectively. The higher
amount of add-on percentage in the case of N2-SiGel is due to
its lower density and higher porosity. Overall, the bonding mecha-
nism between the fibers and silica-aerogel involves a combination
of hydrogen bonding, coordination interactions, and physical en-
tanglement, contributing to improved adhesion and bonding
strength in the treated nonwoven samples.

3.2. Effect of Silica-Aerogel Coating on the Molecular Structure

In the FTIR (Fourier Transform Infrared) Spectroscopy spectrum
of silica-aerogel compounds, the Si-O-Si stretching vibrations are
typically observed at wavelengths around 1000 to 1100 cm™ [50].
This range corresponds to the stretching vibrations of the sili-
con-oxygen-silicon (Si-O-Si) bonds in the silica-aerogel structure.
Si-OH stretching vibration is also usually observed in the range



Hanur Meku Yesuf et al.

of 800 to 950 cm™.The existence of Si-O-Si and Si-OH network
constructions in the treated samples induces constant material
distribution on the fabric surface, resulting in increased surface
area (Fig. 3 (d)), thus, enhancing the hydrophobic properties of
the treated samples [42, 51, 52]. These vibrations are characteristic
peaks in the FTIR spectrum and provide information about the
chemical bonds present in the silica-aerogel compound. Fig. 2
(g) presents the FTIR analysis results, highlighting the presence
of specific functional groups in all fabric samples. An absorption
peak around 1050 cm™ indicates the stretching and bending of
C-O bonds, which is observed in both untreated and treated samples.

The peaks at 1090 cm™ in untreated samples were attributed
to S-GsHs-S's C-S bond stretching [22]. However, after the sili-
ca-aerogel treatment, the peak at 1090 cm™ is modified, becoming
a high sharp peak. This is because silica-aerogel treatment facilitates
the condensation reaction between the silanol (Si-OH) groups from
the silica-aerogel and the hydroxyl groups from the polymers,
leading to the creation of Si-O-Si bonds at 1065 cm™. A new peak
at 835 to 840 cm™ is present only in the treated samples and
is attributed to the stretching vibration of Si-OH bonds. This con-
firms the successful formation of a nanoporous silica network
structure on the treated samples [53]. The absence of this peak in
the untreated samples differentiates their spectra at this specific
wavenumber. The presence of Si-O-Si bonds in the treated samples'
spectra is linked to their improved hydrophobic properties, as
reported elsewhere [54]. The reduction of certain peaks (e.g., around
1710 cm™) in the treated samples suggests chemical mod-
ifications consistent with the hydrophobization process using
hexamethyldisilazane. This process replaces hydrophilic groups
with hydrophobic groups, enhancing the water-repellent properties

of the material. Absorption bands near at 1250 cm™ and 2955
cm” correspond to the stretching and bending of C-H bonds.

3.3. BET Specific Surface Area (SSA) of Needle-Punched
Nonwoven Samples

The BET results provided in Fig. 3 (d) include data on the specific
surface area, pore diameter, and total pore volume for the untreated
and silica-aerogel treated samples. The significant increase in spe-
cific surface area upon silica-aerogel treatment suggests more avail-
able surface area for particle capture. Specifically, for NO to
NO-SiGel, the specific surface area increases from 2.333 to 4.200
m?/g; for N1 to N1-SiGel, it rises from 2.230 to 3.969 m?/g; and
for N2 to N2-SiGel, it enhances from 2.066 to 3.801 mz2/g. This
enhancement is critical for PM, 5 air filtration as it improves the
material's ability to trap fine particles, leading to higher filtration
efficiency. A larger surface area also contributes to better adsorption
of contaminants. The reduction in pore diameter upon treatment
indicates a more compact structure. Specifically, for NO to NO-SiGel,
the pore diameter decreases from 3.773 to 3.019 nm; for N1 to
N1-SiGel, it decreases from 4.194 to 3.271 nm; and for N2 to
N2-SiGel, it decreases from 4.453 to 3.740 nm. Smaller pores en-
hance the filtration efficiency by providing a tighter mesh for
trapping smaller particles, including PM2.5.d

The isotherm graphs in Fig. 3 (a, b and ¢) show N, adsorption-de-
sorption isotherm curves of samples with a hysteresis loop at
P/P0 > 0.5. The isotherm exhibits characteristics of type IV
hysteresis. The narrow, lower-pressure region suggests an open
pore structure, while the hysteresis loop at higher-pressure regions
indicates the presence of macropores. Therefore, it can be con-
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Fig. 4. Water contact angle and water droplets on the surfaces of silica-aerogel treated needle-punched nonwoven samples (a-c); dust-holding capacity,
filtration efficiency and pressure drop of Silica-aerogel treated needle-punched nonwoven samples (d).

cluded that the samples are mesoporous [44-47]. For the silica-aero-
gel treated samples, there is an increase in the adsorbed quantity
at STP across various pressures. This behaviour indicates enhanced
adsorption capacity. The slight increase in total pore volume sug-
gests that while the pores are becoming smaller, the overall volume
available for capturing particles is maintained or slightly increased.
This balance is crucial for maintaining filtration efficiency without
drastically increasing the pressure drop. The combined effects
of increased specific surface area, decreased pore diameter, and
stable total pore volume suggest that silica-aerogel treatment enhan-
ces the filtration efficiency of the nonwoven fabrics. The increased
surface area and reduced pore size create a more effective barrier
against PM, 5 particles.

3.4. Effect of Silica-Aerogel Treatment on Thickness, GSM,
Density, Porosity and Air Permeability

The addition of silica-aerogel to the nonwoven samples, denoted
as NO-SiGel, N1-SiGel, and N2-SiGel, induces significant changes

in several key properties of the fabric as indicated by surface
morphological view (Fig. 2: a, b, ¢) and cross-sectional view (Fig.
2: d, e, f). Firstly, silica-aerogel treatment leads to a slight decrease
in fabric thickness across all samples (-0.74%, -0.55% and -1.45%
respectively), indicating a compression of protruding fibers within
the fabric structure. This compression effect is accompanied by
a substantial increase in fabric weight (22.52%, 27.72% and 32.61%
respectively), as silica-aerogel adds mass to the fabric, resulting
in denser and heavier materials.

Consequently, the fabric density increases (24.11%, 29.28%,
35.18% respectively) proportionally with the addition of silica-aero-
gel, reflecting the tighter packing of fibers within the fabric
structure. Simultaneously, the porosity of the fabric increases
(2.239%, 1.32% and 1.29% respectively), indicating an increment
in pore volume due to the incorporation of silica-aerogel, which
itself is porous material [42, 51, 52]. Air permeability decreases
(-3.45%, -3.01% and -8.09% respectively) insignificantly in
NO-SiGel and N1-SiGel, indicating reduced airflow through the
fabric due to the decrease in pore diameters.

Table 1. Density, porosity, and air permeability of untreated and treated needle-punched nonwoven samples

Fabric Thickness

Fabric weight

Fabric density

Sample (mm) (GSM) (Kg m )
NO 3.85 467.36 121.34
NO-SiGel 3.82 572.61 150.60
Change in % -0.74 22.52 24.11
N1 4.17 379.29 90.96
N1-SiGel 4.15 484.45 117.59
Change in % -0.55 27.72 29.28
N2 4.63 386.52 83.40
N2-SiGel 4.57 512.55 112.75
Change in % -1.45 32.61 35.18

Porosity (%)

Air permeability

Silica-aerogel

(m*m*hr) Add-on %

89.99 1722.25

92.00 1662.8 22.51
2.23 -3.45

92.37 1784.61

93.59 1730.96 27.71
1.32 -3.01

93.12 1830.26

94.32 1682.22 32.60
1.29 -8.09
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These changes collectively contribute to enhancing the fabric's
effectiveness in PM, 5 filtration. Decreased porosity and increased
fabric density restrict the passage of fine particles, improving filtra-
tion efficiency. Additionally, reduced air permeability ensures that
air passing through the fabric is more thoroughly filtered, minimiz-
ing the likelihood of PM,5 particles bypassing the filtration system.
Therefore, the effects induced by silica-aerogel treatment on fabric
properties play a crucial role in enhancing PM;; filtration perform-
ance, making the nonwoven samples more suitable for air filtration
applications in environments where particulate matter pollution
is a concern.

3.5. Effect of Silica-Aerogel Treatment on Water Contact Angle

The silica-aerogel treatment significantly enhanced the super-
hydrophobic properties of the needle-punched nonwoven samples
NO, N1, and N2, as indicated in Fig. 4 (a, b and c) by the substantial
increase in their water contact angles (WCA). The untreated non-
woven fabrics were already somewhat hydrophobic. However, after
treating the samples with silica-aerogel, there was a significant
increase in the WCA of NO-SiGel 154.79°, N1-SiGel 154.3° and
N2-SiGel 154.2°, representing a 22.1%, 22.07% and 21.84%,
respectively. These increases elevated the samples into the super-
hydrophobic range, generally defined as having a WCA greater
than 150° [24-27]. The enhancement in hydrophobicity could be
attributed to the porous structure of silica-aerogel, which provided
additional surface modifications and increased the surface area
(Fig. 3 (d)), thereby reducing the adhesion of water molecules
[29, 42, 43, 51, 52]. These increased surface modifications, com-
bined with the inherent hydrophobicity of the samples, resulted
in a characteristic feature of superhydrophobic surfaces.

The varying add-on percentages of silica-aerogel correlated with
the increase in WCA. The consistent improvement across all sam-
ples suggested that the treatment was uniformly effective, regard-
less of the web arrangement or pre-needling process. The slight
variations in percentage changes indicated a robust enhancement
in hydrophobicity without significant dependence on the specific
initial structure of the nonwoven fabric. This improvement was
highly beneficial for applications, requiring superhydrophobic sur-
faces such as water-resistant textiles, filtration systems, and pro-
tective clothing, where preventing water absorption was crucial
[42, 51, 52].

3.6. Effect of Silica-Aerogel Treatment on Filtration, Pressure
Drop and Dust-Holding Capacity

The dust-holding capacity, filtration efficiency, and pressure drop
of needle-punched nonwoven samples are shown in Fig. 4 (d).
The treatment with silica-aerogel resulted in a 0.75% to 1.01%
increase in dust-holding capacity for all samples, indicating a
positive correlation with the add-on percentage of silica-aerogel.
This increase can be attributed to the porous structure of silica-aero-
gel, providing additional surface area for dust particles to adhere
to. Similarly, there was an improvement (0.8% to 1.01%) in filtration
efficiency across all samples, likely due to the finer pore size
created by the silica-aerogel, enhancing particle capture efficiency.
However, the silica-aerogel treatment caused an increase (5.16%
to 9.21%) in pressure drop for all samples, because the added
silica-aerogel restricts airflow through the filter media. This in-
crease in pressure drop corresponded to the increased resistance

to airflow caused by the additional material present in the samples.
Overall, while silica-aerogel treatment led to improvements in
dust-holding capacity and filtration efficiency, it also resulted in
increased pressure drop due to the increment in fabric density,
coupled with a decrement in porosity.

3.7. Relationship between Silica-Aerogel Add-on Percentage
Vs. Water Contact Angle

A linear fit analysis has been conducted to examine the relationship
between the silica-aerogel add-on percentage and the water contact
angle of needle-punched nonwoven samples. The resulting linear
Eq. (6) is presented in Fig. 5 (a). The substantial increase in the
water contact angle suggests that the addition of silica-aerogel
significantly enhances the hydrophobicity of the nonwoven
samples. The higher the water contact angle, the more hydrophobic
the surface becomes, indicating improved water repellency. The
R? value of 0.95 signifies that the linear model explains 95% of
the variability in the water contact angle based on the silica-aerogel
add-on percentage. This high level of explanatory power suggests
that the silica-aerogel add-on percentage is a major determinant
of the water contact angle, with minimal influence from other
variables:

y=127.23 x +0.96 (6)

where x is silica-aerogel add-on % and y is water contact angle.

The untreated samples NO, N1, and N2 have WCA of 126.77°,
126.47° and 126.56°, respectively. After treatment with silica-aero-
gel, WCA of NO-SiGel 154.79°, N1-SiGel 154.3° and N2-SiGel 154.2°,
representing a 22.51%, 27.71%, and 32.6% increase, respectively.
The linear fit analysis reveals a strong positive relationship between
the silica-aerogel add-on percentage and the water contact angle
of the needle-punched nonwoven samples. As the amount of sili-
ca-aerogel increases, the water contact angle increases markedly,
indicating enhanced hydrophobic properties. This finding in-
dicates the effectiveness of silica-aerogel treatment in improving
the water repellency of nonwoven materials, making them more
suitable for applications where moisture resistance is critical.

3.8. Relationship between Silica-Aerogel Add-on Percentage
Vs. Filtration Efficiency

A linear fit analysis has been conducted to investigate the relation-
ship between the silica-aerogel add-on percentage and the filtration
efficiency of needle-punched nonwoven samples. The derived line-
ar Eq. (7) is presented in Fig. 5 (b). The significant slope highlights
the substantial impact of silica-aerogel treatment on improving
the filtration efficiency of the samples. The R? value of 0.87 signifies
that the linear model explains 87% of the variability in the filtration
efficiency based on the silica-aerogel add-on percentage. This high
R? value indicates that the majority of the changes in filtration
efficiency can be attributed to variations in the silica-aerogel add-on
percentage, confirming the robustness and reliability of the linear
model:

y=98.24x+0.031 (7)

where x is silica-aerogel add-on % and y is filtration efficiency.
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silica-aerogel add-on % with dust-holding capacity.

Initially, the untreated samples (NO, N1, and N2) exhibit filtration
efficiencies of 98.41%, 98.12%, and 98.10%, respectively, with
no silica-aerogel add-on. Upon treatment with silica-aerogel, the
filtration efficiencies of the samples improved significantly.
Specifically, NO-SiGel with a 22.51% silica-aerogel add-on shows
an increased filtration efficiency of 99.21%. Similarly, N1-SiGel
with a 27.71% silica-aerogel add-on exhibits a filtration efficiency
of 99.11%, and N2-SiGel with a 32.60% silica-aerogel add-on ach-
ieves a filtration efficiency of 99.07%. The linear fit analysis reveals
a strong positive relationship between silica-aerogel add-on per-
centage and filtration efficiency. As the amount of silica-aerogel
increases, the filtration efficiency of the nonwoven fabrics improves
significantly. However, it is important to note that while there
is an overall improvement in filtration efficiency with higher sili-
ca-aerogel add-on percentages, the incremental gains in efficiency
tend to diminish slightly at higher add-on levels.

3.9. Relationship between Silica-Aerogel Add-on Percentage
Vs. Pressure Drop

A linear fit analysis has been performed to explore the relationship
between the silica-aerogel add-on percentage and the pressure
drop across needle-punched nonwoven samples. The resulting
linear Eq. (8) is presented in Fig. 5 (c). The R2 value of 0.21 indicates
that the linear model explains 21% of the variability in the pressure
drop based on the silica-aerogel add-on percentage. While this
is a low level of explanatory power, it suggests that other factors
might also influence the pressure drop in addition to the silica-aero-
gel add-on percentage:

y=70.71x+0.14 (8)

where x is silica-aerogel add-on % and y is pressure drop.

The untreated samples (NO, N1, and N2) showed pressure drops
of 75.8 Pa, 68.12 Pa, and 66.69 P, respectively. After silica-aerogel
treatment, a pressure drop of NO-SiGel with a 22.51% silica-aerogel
add-on increased to 79.71 Pa. N1-SiGel with a 27.71% silica-aerogel
add-on increased a pressure drop of 73.02 Pa, and N2-SiGel with
a 32.60% silica-aerogel add-on achieved 72.83 Pa. The linear fit
analysis reveals a moderate positive relationship between sili-
ca-aerogel add-on percentage and pressure drop. As the amount
of silica-aerogel increases, the pressure drop across the nonwoven
fabrics also increases, reflecting higher airflow resistance. This
finding highlights a trade-off when using silica-aerogel to enhance
certain properties of nonwoven materials, as it can lead to increased
pressure drop, which may affect the overall performance in filtra-
tion applications.

3.10. Relationship between Silica-Aerogel Add-on Percentage
Vs. Dust-Holding Capacity

A linear fit analysis has been conducted to explore the relationship
between the silica-aerogel add-on percentage and the dust-holding
capacity of needle-punched nonwoven samples. The resulting line-
ar Eq. (9) is present in Fig. 5 (d). The significant slope underscores
the profound impact that silica-aerogel treatment has on enhancing
the dust-holding capacity of the samples. The R? value of 0.72
signifies that the linear model explains 72% of the variability
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in the dust-holding capacity based on the silica-aerogel add-on
percentage. This high R? value confirms the reliability of the linear
model and highlights that the majority of the changes in dust-hold-
ing capacity can be attributed to variations in the silica-aerogel
add-on percentage:

y = 3,436,240x + 1043.51 9)

where x is silica-aerogel add-on % and y is dust-holding capacity

The untreated samples (NO, N1, and N2) have dust-holding
capacities of 3,446,120 particles/cm?, 3,433,000 particles/cm?, and
3,425,400 particles/cm?, respectively. After treatment with sili-
ca-aerogel, the dust-holding capacities for the treated samples
(NO-SiGel, N1-SiGel, and N2-SiGel) increase to 3,472,060 par-
ticles/cm?, 3,467,770 particles/cm?, and 3,459,520 particles/cm?,
respectively. The corresponding silica-aerogel add-on percentages
for these treated samples are 22.51%, 27.71%, and 32.6%,
respectively. The linear fit analysis demonstrates a robust positive
relationship between silica-aerogel add-on percentage and
dust-holding capacity. As the amount of silica-aerogel increases,
the fabric's ability to capture and retain dust particles significantly

Table 2. Statistical analysis of untreated and treated samples

improves. This finding suggests that silica-aerogel treatment is
highly effective in enhancing the filtration properties of nee-
dle-punched nonwoven fabrics, making them particularly useful
for applications requiring high dust-holding capacity.

3.11. Statistical Analysis

The statistical analysis of untreated and treated samples using
ANOVA and Tukey Test at a significance level of 0.05, based
on their Sig-value and P-value, as presented in Fig. 6 and Table
2, providing insights into the impact of silica-aerogel treatment
on various properties of the needle-punched nonwoven samples.
For the pressure drop, air permeability and porosity, the comparison
between untreated and treated samples NO vs. NO-SiGel and N1
vs. N1-SiGel do not show a significant difference. This suggests
that the addition of silica-aerogel does not substantially alter the
pressure drop for these specific samples. In contrast, for sample
N2, there is a significant difference in pressure drop, air perme-
ability, and porosity between untreated and treated samples (N2
vs. N2-SiGel), indicating that the silica-aerogel treatment had a
noticeable impact on this sample. Regarding fabric thickness, all
comparisons show no significant differences across untreated and

Means Comparison

Fabric properties Mean using Tukey Test 0.05 level significant test
Untreated Treated Factor Sig P-value Significance
NoO 1722.25 = NO-SiGel 1662.8 = NO-SiGel NO 0 0.09193000 Not Significant
Air permeability N1 1784.61 = N1-SiGel 1730.96 = N1-SiGel N1 0 0.14294000 Not Significant
N2 1830.26 = N2-SiGel 1682.22 N2-SiGel N2 1 0.00277000 Significant
NO 89.99 | NO-SiGel 92 NO-SiGel NO 1 0.00262000 Significant
Porosity N1 92.37 = N1-SiGel 93.59 = N1-SiGel N1 0 0.12662000 Not Significant
N2 93.12 = N2-SiGel 94.32 N2-SiGel N2 0 0.19553000 Not Significant
NoO 98.41 = NO-SiGel 99.21 NO-SiGel NO 1 0.00000000 Significant
Filtration efficiency N1 98.12 = N1-SiGel 99.11 = N1-SiGel N1 1 0.00000000 Significant
N2 98.1 | N2-SiGel 99.07 | N2-SiGel N2 1 0.00000000 Significant
NO 75.8 | NO-SiGel 79.71 NO-SiGel NO 0 0.05978000 Not Significant
Pressure drop N1 68.12 | N1-SiGel 73.02 = N1-SiGel N1 0 0.11617000 Not Significant
N2 66.69 = N2-SiGel 72.83 N2-SiGel N2 1 0.01880000 Significant
NoO 3,446,120 | NO-SiGel 3,472,060 | NO-SiGel NO 1 0.00000756 Significant
Dust-holding capacity N1 3,433,000 N1-SiGel 3,467,770 = N1-SiGel N1 1 0.00000003 Significant
N2 3,425,400 & N2-SiGel 3,459,520 | N2-SiGel N2 1 0.00000000 Significant
NO 121.34 | NO-SiGel 150.6 | NO-SiGel NO 1 0.00017904 Significant
Fabric density N1 90.96 = N1-SiGel 117.59 | N1-SiGel N1 1 0.00009874 Significant
N2 83.4  N2-SiGel 112.75 N2-SiGel N2 1 0.00000019 Significant
NO 3.85 = NO-SiGel 3.82 NO-SiGel NO 0 0.82918000 Not Significant
Fabric thickness N1 4.17 = N1-SiGel 4.15 | N1-SiGel N1 0 0.87328000 Not Significant
N2 4.63  N2-SiGel 4.57 | N2-SiGel N2 0 0.64773000 Not Significant
NO 467.36 | NO-SiGel 572.61 NO-SiGel NO 1 0.00000053 Significant
Fabric GSM N1 379.29 | N1-SiGel 484.45 | N1-SiGel N1 1 0.00000012 Significant
N2 386.52 = N2-SiGel 512.55 N2-SiGel N2 1 0.00000000 Significant
NoO 126.77 = NO-SiGel 154.79 = NO-SiGel NO 0 0.00000000 Significant
Water contact angle N1 126.47 = N1-SiGel 154.38 = N1-SiGel N1 0 0.00000000 Significant
N2 126.56 | N2-SiGel 154.2 N2-SiGel N2 0 0.00000000 Significant

e P-value < 0.05 indicates that at 0.05 level, the population means are significantly different.
e Sig equals 1 indicates that the difference of the means is significant at 0.05 level.
e Sig equals 0 indicates that the difference of the means is not significant at 0.05 level.

10



Environmental Engineering Research 30(3) 240404

treated samples. This implies that the addition of silica-aerogel
did not affect the thickness of the fabric, maintaining its structural
integrity.

Several properties like fabric density, fabric GSM, filtration
efficiency, dust-holding capacity, and water contact angle display
significant differences between untreated and treated samples due
to silica-aerogel treatment. The significant differences in these
properties suggest that silica-aerogel treatment effectively modified
the functional characteristics of the nonwoven samples. Specifically,
the treatment improved the filtration efficiency and dust-holding
capacity, indicating enhanced performance in capturing and retain-
ing particles. The changes in air permeability and porosity reflect
the impact of silica-aerogel on the fabric's airflow and structural
openness.

Moreover, the increase in fabric density and GSM signifies a
denser and heavier fabric after treatment. The substantial change
in the water contact angle shows modifications in the surface
hydrophobicity of the needle-punched nonwoven samples.
Generally, the statistical analysis indicates the significant effect
of silica-aerogel treatment on the functional properties of the non-
woven samples, enhancing their performance in filtration and
particle retention.

3.12. Comparison with Other Super-Hydrophobic Materials
Used for PMys Filtration

Super-hydrophobic materials have gained attention as effective
solutions for PM, filtration, each offering distinct properties and
efficiencies. These materials are designed to enhance air filtration
performance by combining water-repellent surfaces with par-
ticle-capturing capabilities. In this study, needle-punched non-
wovens composed of blended fibers (PPS, PP, PET, PLA, and PAN)
achieved super-hydrophobic properties with water contact angle
(WCA) around 154.2 - 154.79°, filtration efficiency of 99.07 -
99.21%, pressure drop of 72.83 - 79.71 Pa and dust-holding capacity
of 3,459,520 - 3,472,060 particles/crnz. In comparison, Lu et al.
have demonstrated an electrospun PDMS/PMMA membrane supe-
rior hydrophobicity with a WCA of 161.6° and nearly 100% PM,5
purification efficiency, particularly excelling in high humidity con-
ditions [55]. Liu et al. have achieved cellulose nanofiber filters
modified with methyltrimethoxysilane (MTMS) a WCA of 152.4°
and filtration efficiencies of 99.75% for PM. s [56]. The results
from Xu et al. have indicated that the filtration efficiency for
PM, ;5 of the PMIA/PSA composite nanofibrous membranes, specifi-
cally in the ratios of (7/3) and (5/5), remains remarkably high
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at 99.9%, even after being subjected to treatment at 200°C for
a duration of 120 hours [57]. Zhao et al. have conducted a field
test in Shanghai, demonstrating that the air filter consistently
achieves a stable PM, 5 purification efficiency of 99.99% even dur-
ing high moisture vapor transmission rate (MVTR) conditions prev-
alent in haze events [58]. Chen et al. have found that the screen
made with 30 ml of CNFs dispersion attained a 96% removal
rate for PM, 5, surpassing the N95 mask's 76% under comparable
conditions [59].

3.13. Limitations and Future Works

Scaling up the production of silica-aerogel treated needle-punched
nonwovens for air filtration involves optimizing the manufacturing
process, including fiber blending, web arrangement, and sili-
ca-aerogel treatment, to ensure consistent quality across larger
batches. Automation and adaptation of equipment are essential
to handle larger volumes and maintain precise control, while secur-
ing a steady supply of raw materials and managing costs are crucial
for economic viability. Quality control measures must be estab-
lished to monitor performance characteristics throughout production.
Challenges in scaling up include ensuring reproducibility in sili-
ca-aerogel treatment, maintaining performance characteristics like
filtration efficiency and oil sorption, and complying with environ-
mental and regulatory standards. Limitations of current research
include evaluating the long-term durability of materials under
harsh conditions, assessing the cost of large-scale production, and
understanding material reusability. Future work should focus on
industrial-scale testing to address unforeseen manufacturing chal-
lenges, durability studies under various conditions, exploring alter-
native fiber blends for enhanced performance, and assessing the
environmental impact to ensure sustainability.

4. Conclusions

Air pollution is a major health threat due to fine particles like
PM2.5, which can enter the bloodstream and cause premature
deaths. Textile filter materials, particularly hydrophobic nee-
dle-punched nonwoven fabrics are crucial for air pollution control
due to their ability to capture harmful particles. The silica-aerogel
treatment resulted in add-on percentages of 22.51% for NO-SiGel,
27.71% for N1-SiGel, and 32.60% for N2-SiGel, with the highest
add-on percentage observed in N2-SiGel due to its lower density
and higher porosity. The integration of silica-aerogel into the non-
woven samples was achieved through a combination of hydrogen
bonding, coordination interactions, and physical entanglement,
leading to enhanced adhesion and bonding strength. This was
confirmed by FTIR analysis, which identified the characteristic
Si-O-Si stretching vibrations at wavelengths around 1000 to 1100
cm’, indicating the presence of silica-aerogel.

The silica-aerogel treatment significantly increased the water
contact angle (WCA) of the samples, elevating them into the super-
hydrophobic range (WCA greater than 150°). This substantial
change in WCA indicated a significant modification in the surface
hydrophobicity of the treated samples by increasing the surface
area up to 78-84%. The treatment also significantly improved the
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filtration performance of the nonwoven samples. The dust-holding
capacity increased by 0.75% to 1.01%, and the filtration efficiency
improved by 0.8% to 1.01% across all samples. However, this
improvement came with an increased pressure drop, ranging from
5.16% to 9.21%, attributed to the increased fabric density and
reduced pore diameter. The decreased pore diameters and in-
creased fabric density enhanced the filtration efficiency by restrict-
ing the passage of fine particles, while the reduced air permeability
ensured more thorough filtration of PM,; particles.

The statistical analysis indicated that silica-aerogel add-on per-
centage possessed a positive correlation with filtration efficiency,
pressure drop, dust-holding capacity, and hydrophobicity. These
results underlined the effectiveness of silica-aerogel treatment in
enhancing the functional properties of needle-punched nonwoven
samples, making them more suitable for applications requiring
high filtration efficiency and super-hydrophobicity. Generally, the
study justified that blended needle-punched nonwovens with sili-
ca-aerogel treatment are a promising solution for PM, 5 air filtration
due to their effectiveness and ability to handle humid environments
and reduce millions of deaths each year because of air pollution.

Acknowledgments

This work was partly supported by a grant (51973027) from
the National Natural Science Foundation of China, and the
International Cooperation Fund of Science and Technology
Commission of Shanghai Municipality (21130750100). This work
has also been supported by the Chang Jiang Scholars Program
and the Innovation Program of Shanghai Municipal Education
Commission (2019-01-07-00-03-E00023) to Prof. Xiaohong Qin.

Conflicts of Interest Statement

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to
influence the work reported in this paper.

Author Contributions

H.M.Y. (PhD student) conceptualized and conducted all sample
preparation, testing, data analysis, and wrote the manuscript. S.RI
(Assistant professor and chairman) conceptualized, visualized,
edited, and revised the manuscript. Q.X. (Professor) and Z.X.
(Professor) participated in conceptualization, validation, project
administration, funding acquisition, editing, and supervision.

References

1. Yang K, Hong X, Wang X, Zhu Y, Zuo P, Gao G. Characteristics
and risk assessment of atmospheric PM, 5 heavy metals pollution
near coal gangue sites in Huaibei, China. Environ. Eng. Res.
2024;29(5):230720-230720. https://doi.org/10.4491/eer.2023.720.

2. Bai W, Li F. PM,; concentration prediction using deep learning



Environmental Engineering Research 30(3) 240404

10.

11.

12.

13.

14.

15.

in internet of things air monitoring system. Environ. Eng. Res.
2023;28(1):210456-210450. https://doi.org/10.4491/eer.2021.456.

. Fang Y, Gu K. Exploring coupling effect between urban heat

island effect and PM, 5 concentrations from the perspective
of spatial environment. Environ. Eng. Res. 2022;27(2):200559-
200550. https://doi.org/10.4491/eer.2020.559.

. Shende P, Qureshi A. Burden of diseases in fifty-three urban

agglomerations of India due to particulate matter (PM2.5)
exposure. Environ. Eng. Res. 2022;27(3):210042-210040.
https://doi.org/10.4491/eer.2021.042.

. Sharma S, Bakht A, Jahanzaib M, et al. Improvement of indoor

air quality using a smart gate that can lessen viral aerosol
(MS2 virus) and particulate matter (PM): Experimental findings.
Environ. Eng. Res. 2024;29(2):230269-230260. https://do-
i.org/10.4491/eer.2023.269.

. Nag I. Development of an engineered face mask with optimized

nanoparticle layering for filtration of air pollutants and viral
pathogens. Environ. Eng. Res. 2023;28(6):230003-230000.
https://doi.org/10.4491/eer.2023.003.

. Kang S, Ren G, Lee T, Jo Y. Correlation between carbonaceous

materials and fine particulate matters in urban school
classrooms. Environ. Eng. Res. 2024;29(4):230516-230510.
https://doi.org/10.4491/eer.2023.516.

. Russo F, Castro-Mu?oz R, Santoro S, Galiano F, Figoli A. A

review on electrospun membranes for potential air filtration
application. J. Environ. Chem. Eng. 2022;10(5):108452. https:/do-
i.0rg/10.1016/j.jece.2022.108452.

. Choi H, Seo JH, Weon S. Visualizing indoor ozone exposures

via o-dianisidine based colorimetric passive sampler. J. Hazard.
Mater. 2023;460:132510. https://doi.org/10.1016/j.jhazmat.2023.
132510.

Marchetti A, Pilehvar S, Pernia DL, et al. Indoor environmental
quality index for conservation environments: The importance
of including particulate matter. Build. Environ. 2017;126:
132-146. https://doi.org/10.1016/j.buildenv.2017.09.022.

Yun H, Seo JH, Yang J. Development of Particle Filters
for Portable Air Purifiers by Combining Melt?Blown and
Polytetrafluoroethylene to Improve Durability and Performance.
Indoor Air. 2024;2024(1):5055615. https://doi.org/10.1155/2024/
5055615.

Heo K], Noh JW, Lee BU, Kim Y, Jung JH. Comparison of
filtration performance of commercially available automotive
cabin air filters against various airborne pollutants. Build.
Environ. 2019;161:106272. https://doi.org/10.1016/j.buildenv.
2019.106272.

Zhang X, Wang Y, Liu W, Jin X. Needle-punched electret air
filters (NEAFs) with high filtration efficiency, low filtration
resistance, and superior dust holding capacity. Sep. Purif.
Technol. 2022;282:120146. https://doi.org/10.1016/j.seppur.
2021.120146.

Chong JJ, Poon HM. Effects of the filter media pack config-
urations on the air filtration performance. IOP Conf. Ser.: Earth
Environ. Sci. 2024;1372(1):012073. https://dx.doi.org/10.1088/
1755-1315/1372/1/012073.

Beckman IP, Berry G, Cho H, Riveros G. Alternative High-
Performance Fibers for Nonwoven HEPA Filter Media. Aerosol

13

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Sci. Eng. 2022:1-23. https://doi.org/10.1007/s41810-022-00161-6.
Mamun A, Blachowicz T, Sabantina L. Electrospun nanofiber
mats for filtering applications-Technology, structure and
materials. Polymers. 2021;13(9):1368. https://doi.org/10.3390/
polym13091368.

Sikka MP, Mondal M. A critical review on cleanroom filtration.
Res. J. Text. Apparel. 2022;26(4):452-467. https://doi.org/10.1108/
RJTA-02-2021-0020.

Boominathan S, Bhuvaneshwari M, Sangeetha K, Pachiyappan
K, Devaki E. Influence of fiber blending on thermal and acoustic
properties nonwoven material. J. Nat. Fibers. 2022;19(15):
11193-11203. https://doi.org/10.1080/15440478.2021.2021123.
Egan ], Salmon S. Strategies and progress in synthetic textile
fiber biodegradability. SN Appl. Sci. 2022;4:1-36. https://do-
i.0rg/10.1007/s42452-021-04851-7.

Mohd Tahir AA-h, Abdul Rashid AH, Nasir SH, Ahmad M,
Nor Anuwar AA. Thermal resistance and bursting strength
analysis of multilayer needle-punched bamboo/polyester non-
woven batt. J. Text. Inst. 2023;114(7):974-985. https://doi.org/
10.1080/00405000.2022.2105069.

Thenmozhi R, Thilagavathi G. Investigations on Kapok/
Polypropylene Needle Punched Nonwoven for Thermal
Resistance Applications. J. Nat. Fibers. 2023;20(1):2146247.
https://doi.org/10.1080/15440478.2022.2146247.

Yesuf HM, Memon H, Islam SR, et al. Blend of Fibres to Improve
the Mechanical Properties of Needle-Punched Nonwovens for
PM, 5 Air Filtration. Text. leather rev. 2024;7:235-264. https:/
/doi.org/10.31881/TLR.2024.004.

Yesuf HM, Islam SR, Semanie DM, Jhatial AK, Zhang X, X
Q. Fibre Blend and Web Arrangement for Optimized Dust-
Holding, Hydrophobic, and Thermal Properties of Needle
Punched Nonwovens. Text. leather rev. 2024;7:988-1020.
https://doi.org/10.31881/TLR.2024.047.

Wang W, Feng L, Song B, et al. Fabrication and application
of superhydrophobic nonwovens: a review. Mater. Today
Chem. 2022;26:101227. https://doi.org/10.1016/j.mtchem.2022.
101227.

Wang P, Li C, Zhang D. Recent advances in chemical durability
and mechanical stability of superhydrophobic materials:
Multi-strategy design and strengthening. J. mater. sci. technol.
2022;129:40-69. https://doi.org/10.1016/j.jmst.2022.01.045.
Parvate S, Dixit P, Chattopadhyay S. Superhydrophobic Surfaces:
Insights from Theory and Experiment. J. Phys. Chem. B.
2020;124(8):1323-1360. https://doi.org/10.1021/acs.jpcb.9b08567.
Shahid M, Maiti S, Adivarekar RV, Liu S. Biomaterial based
fabrication of superhydrophobic textiles - A review. Mater.
Today Chem. 2022;24:100940. https://doi.org/10.1016/j.mtchem.
2022.100940.

Jinde P, Naik R, Rakshit A. Characterization and synthesis
of polyester and viscose nonwovens fabrics embedded with
nanoporous amorphous silica. J. Text. Inst. 2019;110(7):972-
979. https://doi.org/10.1080/00405000.2018.1534305.

Talebi Z, Soltani P, Habibi N, Latifi F. Silica aerogel/polyester
blankets for efficient sound absorption in buildings. Constr.
Build. Mater. 2019;220:76-89. https://doi.org/10.1016/j.conbuildmat.
2019.06.031.



Hanur Meku Yesuf et al.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Yang J, Pu Y, He H, Cao R, Miao D, Ning X. Superhydrophobic
cotton nonwoven fabrics through atmospheric plasma treat-
ment for applications in self-cleaning and oil-water separation.
Cellulose. 2019;26(12):7507-7522. https://doi.org/10.1007/s10570-
019-02590-y.

Przybylak M, Maciejewski H, Dutkiewicz A, D?bek I, Nowicki
M. Fabrication of superhydrophobic cotton fabrics by a simple
chemical modification. Cellulose. 2016;23(3):2185-2197.
https://doi.org/10.1007/s10570-016-0940-z.

Hao T, Wang Y, Liu Z, et al. Emerging Applications of Silica
Nanoparticles as Multifunctional Modifiers for High
Performance Polyester Composites. Nanomaterials. 2021;11(11):
2810. https://doi.org/10.3390/nano11112810.

Altay P, Atakan R, ?zcan G. Silica Aerogel Application to
Polyester Fabric for Outdoor Clothing. Fibers Polym. 2021;
22(4):1025-1032. https://doi.org/10.1007/s12221-021-0420-4.
Za'im NNM, Yusop HM, Ismail WNW. Synthesis of water-re-
pellent coating for polyester fabric. Fibers Polym. 2021;5
(5):747-754. http://dx.doi.org/10.28991/esj-2021-01309.

Hu J, Qian Y, Liu T, Wu T, Zhang G, Zhang W. Preparation
of needled nonwoven enhanced silica aerogel for thermal
insulation. Case Stud. Therm. Eng. 2023;45:103025. https://do-
i.0rg/10.1016/j.csite.2023.103025.

Arat R, Baskan H, Ozcan G, Altay P. Hydrophobic silica-aerogel
integrated polyacrylonitrile nanofibers. J. Ind. Text. 2022;
51(3):4740S-47568S. https://doi.org/10.1177/1528083720939670.
Lu G, Lang X, Yu Z, Yang L, Yang M, Zhang Z. Self-assembled
silica aerogel-coated polylactic acid membrane for water-in-oil
emulsion separation. J. Sol-Gel Sci. Technol. 2023;105(3):
694-700. https://doi.org/10.1007/s10971-023-06045-6.

Kazi Md Hasanul Hoque ZH, Afsana Sharmin, Wenbin Ge.
Preparation and characterization of polypropylene nonwoven
fabric incorporated silica aerogel composite dried in ambient
pressure drying method. North American Acad. Res.
2021;4(3):57-67. https://doi.org/10.5281/zenodo.4601626.
Islam SR, Yu W, Naveed T. Influence of silica aerogels on
fabric structural feature for thermal isolation properties of
weft-knitted spacer fabrics. J. Eng. Fibers Fabr. 2019;14:155892
5019866446. https://doi.org/10.1177/1558925019866446.
Islam SR, Patoary MK, Farooq A, et al. 3D Weft-knitted spacer
fabrics (WKSFs) coated with silica aerogels as oil intercepting
sorbents for use in static and dynamic water tests. Ind. Crops
Prod. 2022;186:115169. https://doi.org/10.1016/j.indcrop.2022.
115169.

Rashedul Islam S, Weidong Y, Jinhua J, Abu Nasir Rakib M.
Mechanical Properties of Weft-Knitted Spacer Fabrics
Integrated with Silica Aerogels. J. Donghua Univ. 2019;36(6).
http://doi.org/10.19884/j.1672-5220.2019.06.006.

Islam SR, Patoary MK, Estifanos HD, et al. Hydrophobic and
oleophilic 3D weft-knitted spacer fabrics coated by silica aero-
gels with five different concentrations. J. Ind. Text. 2022; 52:
15280837221118063. https://doi.org/10.1177/15280837221118063.
Thakkar SV, Pinna A, Carbonaro CM, et al. Performance of
oil sorbents based on reduced graphene oxide-silica composite
aerogels. J. Environ. Chem. Eng. 2020;8(1):103632. https://do-
i.org/10.1016/j.jece.2019.103632.

14

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Abebe B, Murthy HA, Amare E. Summary on adsorption and
photocatalysis for pollutant remediation: mini review. JEAS.
2018;8(4):225-255. https://doi.org/10.4236/jeas.2018.84012
Mukhtar A, Mellon N, Saqgib S, Lee S-P, Bustam MA. Extension
of BET theory to CO 2 adsorption isotherms for ultra-micro-
porosity of covalent organic polymers. SN Appl. Sci. 2020;2:1-4.
https://doi.org/10.1007/s42452-020-2968-9.

Merija KS, Mani RK, Sujatha RA, Little Flower NA. Adsorption
of hexavalent chromium from water using graphene oxide/zinc
molybdate nanocomposite: Study of kinetics and adsorption
isotherms. Front. Energy Res. 2023;11:1139604. https://do-
i.org/10.3389/fenrg.2023.1139604.

Ng KC, Burhan M, Shahzad MW, Ismail AB. A Universal
Isotherm Model to Capture Adsorption Uptake and Energy
Distribution of Porous Heterogeneous Surface. Sci. Rep.
2017;7(1):10634. https://doi.org/10.1038/s41598-017-11156-6.
Maduna L. Development of spunlaced nonwoven filters from
PAN, PPS and PI fibres for industrial use [dissertation]. South
Africa: Nelson Mandela University; 2018.

Islam SR, Patoary MK, Yousif AHD, et al. SiO2 aerogels (SAs)
coating on the surface of 3D weft-knitted spacer fabrics (WKSFs)
used as sorbent in oil spill cleanup. J. Water Process Eng.
2023;51:103451. https://doi.org/10.1016/j.jwpe.2022.103451.
Islam SR, Wang W, Junjie P, Jiang J, Shao H, Chen N. Study
on thermal, mechanical, and wettability properties of three-di-
mensional weft-knitted spacer fabrics with various silica aero-
gels coating. Text. Res. J. 2023;93(15-16):3611-3629. https:/do-
i.org/10.1177/00405175231161777.

Alassod A, Islam SR, Khalaji MS, Tusiime R, Huang W, Xu
G. Polypropylene/Lignin/POSS Nanocomposites: Thermal and
Wettability Properties, Application in Water Remediation.
Materials. 2021;14(14):3950. https://doi.org/10.3390/ma14143950.
Islam SR, Alassod A, Naveed T, Dawit H, Ahmed K, Jiang
J. The study of hydrophobicity and oleophilicity of 3D weft-knit-
ted spacer fabrics integrated with silica aerogels. J. Ind. Text.
2022;51(5_suppl):8804S-88258S. https://doi.org/10.1177/15280
837211029048.

Loccufier E, Geltmeyer ], Daelemans L, D'hooge DR, De Buysser
K, De Clerck K. Silica nanofibrous membranes for the separation
of heterogeneous azeotropes. Adv. Funct. Mater. 2018;28(44):
1804138. https://doi.org/10.1002/adfm.201804138.

Islam SR, Yousif AHD, Estifanos HD, et al. Using various concen-
trations of SiO2 aerogel for oil wicking, spreading, and inter-
ception tests of 3D weft-knitted spacer fabrics. J. Text. Inst.
2023;114(8):1146-1156. https://doi.org/10.1080/00405000.202.2.
2110027.

Lu N, Hu Z, Wang F, et al. Superwetting Electrospun
PDMS/PMMA Membrane for PM, 5 Capture and Microdroplet
Transfer. Langmuir. 2021;37(44):12972-12980. https://doi.org/
10.1021/acs.langmuir.1c02038.

Liu T, Cai C, Ma R, et al. Super-hydrophobic Cellulose Nanofiber
Air Filter with Highly Efficient Filtration and Humidity
Resistance. ACS Appl. Mater. Interfaces. 2021;13(20):24032-
24041. https://doi.org/10.1021/acsami.1c04258.

Tian X, Zhang F, Xin B, et al. Electrospun meta-aramid/poly-
sulfone-amide nanocomposite membranes for the filtration of



Environmental Engineering Research 30(3) 240404

industrial PM,; particles. Nanotechnology. 2020;31(5): 59. Chen L, Guo Y, Peng X. Hydrophobic and porous cellulose
055702. https://dx.doi.org/10.1088/1361-6528/ab442c. nanofibrous screen for efficient particulate matter (PM2.5)

58. Zhao X, Li Y, Hua T, et al. Cleanable Air Filter Transferring blocking. J. Phys. D: Appl. Phys. 2017;50(40):405304. https://dx.do-
Moisture and Effectively Capturing PM2.5. Small. 2017;13(11): i.0rg/10.1088/1361-6463/aa82af.

1603306. https://doi.org/10.1002/smll.201603306.

15



