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ABSTRACT

PM._s filters with hydrophobicity and thermal resistance are preferable for automobile cabins, engine air intake, and
indoor applications, safeguarding against moisture ingress, microbial growth, and temperature fluctuations, and
ensuring optimal air quality. This study explored the effects of blending five fibres with different web arrangements
and fibre blend compositions on needle-punched dust-holding, hydrophobic, and thermal properties. Polyphenylene
sulfide (PPS), polypropylene (PP), polyester (PET), polylactic acid (PLA), and polyacrylonitrile (PAN) were blended in
different proportions to produce the samples. The method included opening, blending, carding, web laying, and
needle punching to produce eight samples with cross-laid, parallel-laid, and pre-needled parallel-laid web
configurations. Standard test methods were employed for the characterization. The results showed a dust holding
capacity of > 3,423,000 particles/cm? the highest WCA of 133.12°, and the highest thermal resistance of 0.24255
m?KW-1. Based on the ANOVA analysis, web arrangement and pre-needling did not have a significant impact on the
hydrophobicity of the samples. NO, N1, and N2 showed similar high water contact angles (~ 126°), indicating that the
hydrophobicity was more affected by the chemistry of the fibre blend than by the web structure. Turkey’s analysis of
other samples strengthened this idea. However, they had a substantial impact on the porosity, air permeability, dust-
holding capacity, and thermal properties at a P-value < 0.05. The findings provide insightful information regarding
the complex interactions among fibre content, web layout, and pre-needling to develop sophisticated needle-punched
PM: s filters.
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The utilization of multicomponent blends in the development of needle-punched nonwoven fabrics has
emerged as a promising approach for achieving enhanced hydrophobic and thermal functionalities.
Studies have shown that blending different fibres into nonwoven fabrics can lead to improved properties
[1-6]. Additionally, the use of multi-fibre blends in needle-punched nonwoven fabrics demonstrated
improved sound absorption properties, indicating their potential for acoustic product manufacturing [7,8].
Although needle-punched nonwovens offer effective PM; 5 filtration, their hydrophobic properties are
crucial for repelling water and certain liquid contaminants. Surface treatments such as fluoropolymers are
used to enhance hydrophobicity [9-12]. However, these surface treatments degrade over time or under
harsh conditions such as UV exposure or chemical attack. This compromises the filter's repellency and
overall performance. Certain fluoropolymer-based treatments also raise concerns regarding potential
environmental and health risks. Their production and disposal contribute to greenhouse gas emissions and
PFAS contamination. Studies have outlined the environmental and health concerns associated with
fluoropolymers, urging for safer alternatives [13-17].

The selection of fibres based on their specific hydrophobic and thermal properties can address specific
needs. The hydrophobic properties of polyacrylonitrile (PAN) play a major role in PMjs. PAN-based
nanofibre filters exhibit a low-pressure drop and excellent filtration efficiency. Examples of these filters
include PAN/PVP blend nanofibre filter media [18] and electreted polysulfonamide/polyacrylonitrile-
boehmite (PSA/PAN-B) composite nanofibre filters [19]. The hydrophobicity of PAN allows for the effective
capture of particulate matter through dipole-dipole intermolecular forces [20]. Additionally, the
hydrophobicity of PAN-based filters enables them to maintain high filtration efficiency, even under high-
humidity conditions [21]. Overall, the hydrophobic properties of PAN play a crucial role in enhancing the
capture efficiency and performance of PM;s filters in harsh environments.

PAN is a high-performance fibre with good heat-resistance properties. In a review [22], it was mentioned
that recycled oxidized PAN exhibited high residue formation with stability up to 1500 °C. This indicates that
PAN can withstand high temperatures without significant degradation, making it suitable for applications
in which heat resistance is important. In another study, the authors mentioned that PAN fibres can
influence the thermal stability of composites, as demonstrated by Thermogravimetric Analysis (TGA)
results, where PAN-based composites exhibited better thermal stability [23]. On the other hand, studies
[24] have shown that polyacrylonitrile (PAN) is a versatile polymer that is commonly used in the production
of electrospun webs to create superhydrophobic self-cleaning surfaces. PAN fibres have been extensively
studied [25] for their robustness, chemical resilience, and thermal endurance, particularly in the

development of protective membranes known for their multifunctional attributes, including
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superhydrophobicity, self-cleaning capabilities, UV resistance, and integration into self-powered systems.
PAN is a less hydrophobic polymer with good chemical resistance and is suitable for separation membranes
in contrast to the hydrophobic nature of polypropylene (PP) and polyphenylene sulfide (PPS) [26].

Huijing et al. developed a water-repellent and lipophilic composite needle-punched nonwoven fabric by
blending PET and polyolefin fibres, resulting in improved water-repellency and tensile strength [2]. The
combination of viscose and polyester fibres in nonwoven industrial wipes fabricated using the needle-
punching technique was studied, and it was found that a higher polyester fibre content led to a reduction
in the vertical wicking rate [27]. Huijing and Zhang discussed in their article the utilization of multi-fibre
blends, specifically blending PET fibre with polyolefin fibre, to enhance the water-repellency of needle-
punched nonwoven fabrics [28].

Tahir et al. evaluated the potential of bamboo/polyester-blended needle-punched nonwoven batts as
thermal insulators to investigate the effects of physical properties on thermal resistance and bursting
strength [29]. Incorporating hydrophobic and thermally resistant polyesters in the construction of needle-
punched PM;;s filters enhances their efficiency by providing both water resistance and resilience to
temperature variations. This dual functionality ensures the durability of the filter, making it effective under
diverse environmental conditions, while maintaining its filtration performance. Filter bags are made of
standard-grade polyester needle felt with a calendared surface finish to filter dust emissions in the PM3s
range [30]. A polyester filter medium was used for surface treatment to improve its ability to attract and
hold dust particles [31].

A study [32] on the performance of needle-punched nonwoven fabrics incorporating polylactide (PLA)
fibres, which are renowned for their biodegradability and sourced from renewable materials such as corn
starch or sugarcane, alongside Triumfetta cordifolia (TC) fibres, resulted in the favourable mechanical
performance of the nonwoven fabrics. Studies [33,34] have highlighted the emerging applications of PLA
polymers, particularly in enhancing filtration efficiency through triboelectric media and in various filter
applications, including the automotive and chemical industries, as well as single-use applications, owing
to the unique properties of PLA fibres, such as their electropositivity and suitability for disposable filters.
A study [35] demonstrated that jute/PLA composites exhibit promising tensile, flexural, and thermal
properties, suggesting their potential for application in diverse industries, including automotive, aviation,
construction, and home decor, owing to their favourable attributes of low density, cost-effectiveness, and
biodegradability. PLA can be either slightly hydrophilic (water-attracting) or hydrophobic. Generally, pure
PLA is considered less hydrophobic with a lower WCA [36].
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The effects of fabric weight, needling density, and blend proportion of nettle and polypropylene fibres on
oil sorption have also been investigated, indicating their potential for enhancing the hydrophobic
properties [37]. Another study reported that the thermal insulation properties of nonwoven fabrics made
from kapok/polypropylene blends with 70/30 blend ratios exhibited the highest thermal resistance [38].
Composite membranes made of polypropylene, polyvinyl alcohol, and metal-organic framework have a
high level of filtration effectiveness and are intended to efficiently filter out PM35[39]. In a recent study,
researchers investigated the impact of polypropylene nonwoven microfibre substrate thickness on the air
filtration performance of a polyacrylonitrile nanofibre material to clarify the connection between the
substrate thickness and the effectiveness of air filtration by the nanofibre membrane [40].

Zhao et al. fabricated a filter from aramid fibres enhanced by ultrafine PPS fibres. This enhancement
improves the filter performance in terms of thermal stability and chemical resistance [41]. The use of PTFE
and PPS materials in filters ensures high thermal and chemical resistance, making them suitable for various
applications where exposure to extreme temperatures or harsh chemicals is a concern [42]. A study [43]
demonstrated that modifying polyphenylene sulfide (PPS) nonwoven fabric with a polybenzoxazine
precursor coating enhances its thermal and oxidation resistance, resulting in improved tensile strength
and Young’s modulus, increased hydrophobicity, superior environmental stability, and enhanced filtration
performance.

Hydrophobic and thermal resistance are crucial properties for PM, s filters used in various applications,
including automobile cabin and engine filters as well as indoor filters [44, 45]. Automobile cabin filters [46-
49], are used to repel moisture, prevent microbial growth, and withstand diverse temperature fluctuations
experienced within vehicles. Similarly, engine air intake filters [50-52], played the same role against
moisture and oil vapour ingress and withstood the high temperatures encountered near the engine. These
properties also prevent clogging and ensure reliable filtration without degradation, safeguard against
engine damage, or reduce efficiency. In indoor filters [53-56], hydrophobicity prevents the growth of
mould and mildew by repelling moisture, thereby maintaining clean and breathable indoor air quality.
Furthermore, the thermal resistance in indoor filters enables them to withstand temperature variations,
particularly in industrial or commercial settings, ensuring consistent performance under diverse conditions.
Overall, above mentioned PM,s filters are durable, and efficient, and provide air quality in automotive
cabins, engine air intake systems, and indoor spaces. In this study, polyester (PET), polypropylene (PP),
polyacrylonitrile (PAN), polylactic acid (PLA), and polyphenylene sulfide (PPS) were not selected randomly;
rather, they were deliberately chosen from the numerous fibres utilized in the manufacturing of needle-

punched nonwoven fabrics. FTIR analysis of the sample nonwovens, referenced in our previous publication
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[1], confirmed the presence of all fibres within the sample structure. Hydrophobic and moisture-wicking
fibres like PP, PET, and PPS are blended to control the amount of moisture in the nonwoven filter and
minimise liquid buildup that can impair filtration efficiency. In the same instance, enhancing the thermal
insulation of nonwoven materials is accomplished by blending fibres with various thermal characteristics,
such as PPS, PAN, PET, and PLA. Low-heat-conductivity fibres such as PLA and PET are also blended to aid
in lower heat transfer through the needle-punched filter and to preserve a steadier temperature inside

the filtration system.

EXPERIMENTAL

Materials

The development of needle-punched nonwoven materials involved the incorporation of five distinct fibres,
polyphenylene sulfide (PPS), polylactic acid (PLA), polyester (PET), polypropylene (PP), and
polyacrylonitrile (PAN) staple fibres, each with an equal blending percentage. Suzhou Makeit Technology

Co. (Suzhou, China) was used as the fibre supplier. Table 1 provides an inventory of fibre specifics [1].

Table 1. Basic properties of fibres

Fibre type

Parameters Unit

PAN PET PLA PP PPS
Fibre Length mm 38 38 51 51 51
Fibre Fineness dtex 1.3 1.56 6.66 2.22 1.53
Fibre Strength cN/dtex 5.62 5.42 0.44 2.83 6.31
Elongation % 14.26 13.88 2.24 18.65 24.78
Density of fibre g/cm3 1.17 1.38 1.26 0.91 1.36

Sample Preparation

In this study, polyphenylene sulfide (PPS), polylactic acid (PLA), polyester (PET), polypropylene (PP), and
polyacrylonitrile (PAN) fibres were opened and blended in different proportions (Table 2). A schematic of
the blending, web-laying, pre-needling, and final needling processes is shown in Figure 1. The blended
fibres were processed using a carding machine with a constant feed roller, cylinder, and doffer speed. For
every web, the feed weight remained constant at 100 g. For every sample, six webs were made with equal
fibre blend percentages by weight; these webs were then laid down in three distinct ways immediately
after carding to create three distinct pieces of needle-punched nonwoven material. Sample NO had

alternating machine and cross-directional fibre web alignment, whereas samples N1 — N7 predominantly
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had machine-directional web alighment for increased homogeneity. Carding parameters, including feeder

speed, cylinder speed, and doffer speed, were consistent for sample preparation.

Table 2. Fibre blend compositions and web arrangement

Samples NO, N1, N2 N3 N4 N5 N6 N7
60% PAN 10% PAN 10% PAN 10% PAN 10% PAN
10% PET 60% PET 10% PET 10% PET 10% PET

Fibre blend composition [1] 10% PLA 10% PLA 60% PLA 10% PLA 10% PLA
10% PP 10% PP 10% PP 60% PP 10% PP
10% PPS 10% PPS 10% PPS 10% PPS 60% PPS

Web arrangement [1] Six webs laid down in a parallel-laid manner one on top of the other

______________________________________

Final needling parameters 5
* punch density (3200 punches/m?) i
« needle penetration depth (8 mm) -
« feeding speed (1 m/min) i
+ delivery speed (1m/min) i

i

+ needling frequency (150 punches per minute)

__________

Pre-needling parameters
* punch density (4800 punches/m?)
* needle penetration depth (5 mm)
» feeding speed (1 m/min)

* delivery speed (Im/min) ~ =----=------
needling frequency (200 punches per minute)

e e e e e

op=a

Carding parameters
» feeder speed (0.77 rpm)
* cylinder speed (280 rpm)
» doffer speed (7.01 rpm)

---------------------

Figure 1. Blending, web laying, pre-needling and final needling processes

The final webs underwent pre-needling and final needling punch processes to entangle the fibres. Pre-
needling was employed to create a preliminary 3D web and minimize the web thickness. The samples were
then passed through the main needle-punching loom, with sample N2 undergoing additional pre-needling
steps before web-laying for enhanced compression. For both pre-needling and final needling, parameters

such as punch density, needle penetration depth, feeding speed, delivery speed, and needling frequency
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were specified. Sample N2 underwent eight needling processes, whereas the other samples underwent

six needling processes. This information has been explained clearly in our previously published paper [1].
Characterization

Standard test methods

The test and experimental procedures were performed according to the standard test method. Before the
test, all the samples were conditioned under a standard atmosphere at a temperature of 20 + 2 °Cand a

relative humidity of 65% for 24 h.

SEM Analysis

A Flex-SEM 1000 (SU1000, Hitachi Ltd. Japan) was used for scanning electron microscopy (SEM) to analyze
the morphology of the fibres and samples. For every fibre and needle-punched sample, a vacuum sputter

coater was used to apply a gold coating before examination.

Porosity

The porosity h of the needle-punched nonwoven fabric, defined as the ratio of open space to the total
volume of the porous material, was calculated from the measured fabric thickness and weight per unit
area. The porosity values of three samples of needle-punched nonwoven fabrics were calculated according
to ASTM C 830-00 Standard Test Methods for Apparent Porosity, Liquid Absorption, Apparent Specific

Gravity, and Bulk Density of Refractory Shapes by Vacuum Pressure using Equation (1) [57-59].

h=(1—%)*100 (1)

f

Where h is porosity, pw is the density of the fabric, and ps is the density of the fibre.

Air Permeability

The air permeability test, as per the relevant provisions of ASTM D737-96, determines the velocity of
airflow passing perpendicularly through a test specimen under specific conditions. These standardized
conditions ensured consistent and comparable measurements of air permeability for the various fabric
samples. Air permeability is defined as the rate of airflow through a designated area of the fabric measured

at a given pressure difference and over a specified time. The test was performed using a YG461E automatic
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air permeability tester, with the test surface area set at 20 cm?. A pressure drop of 200 Pa was applied

across the fabric test area during testing.

Dust Holding Capacity

An automatic digital tester called the U-Test (Model: FOO03, Uti Intelligent Technology Co., Ltd., Suzhou,
China) was used to measure the dust holding capacity. To induce dust, NaCl particles of PM, s were added
to the filtering system at a steady air pressure flow rate of 32 I/min, following the ISO 29463 evaluation
system. At 20 °C temperature and 45% relative humidity, the tests were assessed. Following this, Equation

(2) was used to determine the dust holding capacity [60].

_ DcxDg

Dy, x 100 2)

A
Where Dy is dust holding capacity (particles/cm?), D. is dust collected, Ds is dust fed, and Fa is filter area

(cm?).

Water Contact Angle

An optical video contact angle device (Model KINO SL200KS) was used to measure the water contact angle.
A 10-millilitre droplet of water was applied to the samples, and the water contact angle was measured for
180 s. Every sample showed an average of five distinct zones for every contact angle. The test temperature

was maintained at 20 °C.

Thermal Resistance

The thermal insulation characteristics of the needle-punched fabrics were assessed using a YG606E
thermal resistance tester (China). According to GB/T 11048-2008 standard, the testing plate was
maintained at a temperature of 35 °C. Each sample underwent three measurements, and the average
values were calculated. Thermal resistance, a measure of a material's ability to impede heat flow, was
substantiated by assessing the heat properties and extent of temperature variation within the material.
The higher fabric density and presence of entrapped air within the fabric structure contributed to the
increase in thermal resistance. The surface of the needle-punched fabric consisted of pores enclosed by

fibres. Thermal resistance is influenced by factors such as thermal conductivity and thickness of the
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needle-punched nonwoven fabric. The relationship between thermal resistance and thermal conductivity

is defined by Equation (3) [61,62].

T
R=< (3)

Where R is thermal resistance in m?KW™1, T is the fabric thickness in m, and A is thermal conductivity in

WmK™,

Differential scanning calorimetry (DSC)

DSC experiments were conducted to analyze the thermal properties of a needle-punched nonwoven PM; s
filter composed of Polyacrylonitrile (PAN), Polylactic acid (PLA), Polyester (PET), Polypropylene (PP), and
Polyphenylene Sulfide (PPS). The experiments utilized the PerkinElmer DSC 4000 machine. The nonwoven
samples were subjected to a controlled heating rate of 20 °C per minute, with the temperature range

extending from 5 °C to 400 °C.

Shrinkage or Dimensional Stability

Three random samples were obtained for each MD and CD (ISO 3005:2015). The samples measured 60
mm wide and 120 mm long. In the MD and CD, two lines were drawn perpendicular to each other. The
lengths of each line were 60 mm and 40 mm in the longer and shorter directions, respectively. Each sample
was kept in an oven for a full day at 150 °C. The following method was used to compute the after-shrinkage,
which was determined after the samples were conditioned for 24 h. The recorded values were used to

calculate the shrinkage percentage of the needle-punched nonwoven filter samples using Equation (4) [60].

Lp—

—2 x 100 4)
b

S=

Where S is shrinkage percentage (%), Lo is length before (mm), and L, is length after (mm).

RESULTS AND DISCUSSION

Scanning Electron Microscopy

As shown in Figure 2, scanning electron microscopy (SEM) revealed the surface morphological structures

of the fibres and needle-punched nonwoven samples. The variations in fibre length and fineness between
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fibres such as those measuring 38 mm and 51 mm in length and with fineness ranging from 1.3 to 6.66
dtex were shown in Figure 2 (a-e) and Table 1, significantly impact the properties of needle-punched
samples, particularly in terms of hydrophobicity, PM;s filtration efficiency, and thermal characteristics.
Longer fibres tend to offer better interlocking and entanglement within the nonwoven structure,
potentially enhancing mechanical strength and durability. Short fibres, acting as fillers, contribute to a
denser and more uniform fabric structure by filling the gaps between longer fibres, as shown in Figure 2
(f-h), indicated by white ellipses. This structural improvement resulted in reduced air permeability and

increased dust-holding capacity, demonstrating the crucial elements for effective PM, s filtration.

X200 500 pm

Figure 2. SEM images of fibres and needle-punched samples; fibre surface (top figures) and cross-sectional (bottom figures)
views: a) PAN, b) PET, c) PLA, d) PP, e) PPS; needle-punched nonwoven sample surface (top figures) and cross-sectional (bottom

figures) views: f) NO, g) N1, and h) N2

Short fibres also play a role in preventing larger particles from prematurely clogging the filter. Finer fibres
with smaller diameters contribute to an increased surface area and improved packing density, thereby
affecting properties such as hydrophobicity and filtration efficiency. Additionally, variations in fibre length
and fineness also influence the pore structure and surface morphology of the nonwoven material, as in

the top layers shown in Figure 2 (f-h), indicated by red shades, ultimately affecting its air permeability. In
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general, the deliberate blending of fibres with diverse lengths and fineness has emerged as a valuable
strategy for engineering needle-punched PM;s filter nonwovens with superior hydrophobic and thermal
properties, and optimal filtration performance by repelling water, capturing fine particles, and providing

thermal resistance.

Porosity, Air Permeability and Dust Holding Capacity

The porosity, air permeability, and dust-holding capacity of needle-punched nonwoven samples are shown
in Figure 3. NO (cross-laid web arranged) exhibited the lowest porosity (89.96%), consistent with its low
air permeability. The cross-web arrangement and high fabric density contributed to the fabric having fewer
voids. N1 (parallel-laid arrangement) showed a higher porosity (92.47%) than NO, in line with its higher air
permeability. The parallel arrangement and medium fabric density contributed to the more porous
structure. N2 (pre-needled and parallel-laid arranged) displayed slightly higher porosity (93.11%)
compared to N1, suggesting that pre-needling and parallel arrangement, even with relatively less fabric

density, resulted in a fabric structure with slightly increased porosity.

3,450,000 — # - Dust holding capacity [ 2400 r 100
3.446.119 - Afr permeability

—_ n —e— Porosity
“= 3,445,000 s

g . ™ ok 05

K 200 = |9

3 % £

2 =

T 3,440,000 - “\ .,_,,,_)#—f—;] : E -
: e

= T 9247 ™ E °\:
iy - . k2000 = |90 &
2 3,435.000 - 89.0 % = g
% & .96 % ﬁ E
3] - S =
%‘J 3,432,995 ~ N i %

= 3.430,000 P 3026 1800 & |85
N e —— & =

7 P 1,784.61 R =

= ~

2 3,425,000 1,722.25 -

3,425,400
- v T v T + 1600 - 80
NO NI N2
Samples

Figure 3. Air permeability, porosity and dust holding capacity of needle-punched nonwoven samples

NO exhibited the lowest air permeability (1,722.25 m3/m?/hr), suggesting that the cross-web arrangement
and high fabric density created a less porous structure, limiting the ease with which air could pass through.
N1 showed significantly higher air permeability (1,784.61 m3/m?/hr) compared to NO. The parallel
arrangement and medium fabric density contributed to a more open structure, allowing air to pass more

readily. N2 displayed the highest air permeability (1,830.26 m3/m2/hr) among the three samples,
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indicating that the pre-needling and parallel arrangement resulted in a fabric structure with high
permeability.

The substantial dust holding capacity (3,446,119 particles/cm?) of NO suggested that the combination of
the cross-web arrangement and higher fabric density allowed for effective dust retention. N1's substantial
dust holding capacity (3,432,995 particles/cm?) recommended efficient particle capture supported by a
balanced fibre composition and fabric structure. N2's substantial dust-holding capacity (3,425,400
particles/cm?) suggested effective dust retention.

Likewise, the commercial needle-punched PPS [60] (GSM 560 g/m?2) displayed a filtration effectiveness of
95.8%, along with a dust holding capability of 212 g/m?, a pressure drop of 7.5 bar, an air permeability of
105 I/m?/s, and thermal shrinkage of below 1%. Moreover, a commercial needle-punched PPS/PI [60] (560
g/m?) showed a filtration efficiency of 95.6%, dust holding capacity of 211 g/m?, pressure drop of 3.13 bar,
air permeability of 155 I/m?/s, and thermal shrinkage of less than 1%. The findings of our study closely
mirror these industry benchmarks. This study examined the porosity, air permeability, and filtration
characteristics of needle-punched nonwoven samples (NO, N1, and N2) with varying fibre arrangements
and blend compositions. The arrangement of fibres and pre-needling processes affected the air
permeability and porosity, with parallel arrangements resulting in higher values. On the other hand, higher
fabric density enhanced filtration efficiency and dust-holding capacity. The balanced combination of fabric
density, thickness, web arrangement, and fibre properties plays a crucial role in determining the dust-

holding capacity, emphasizing the need for a tailored approach to filtration requirements.

Water Contact Angle

The hydrophobic properties of needle-punched nonwoven samples are shown in Figure 4. The water
contact angles of the samples are presented in Figure 4 (a-c), and the actual water droplets on the surfaces
of the samples are shown in Figure 4 (d-f). NO exhibited a relatively higher water contact angle of 126.77°,
suggesting hydrophobic characteristics. The cross-web arrangement, higher fabric density, and lower
thickness contribute to the hydrophobic nature of the fabric. The higher fabric density and lower thickness
in NO potentially enhanced the hydrophobicity, providing a compact and less porous structure that resists
water penetration. N1 showed a slightly lower water contact angle of 126.47° compared to NO. The parallel
arrangement and moderate fabric density and thickness contributed to the balanced hydrophobicity. N2
demonstrated a moderate water contact angle of 126.56°, influenced by the pre-needling process, parallel
arrangement, and fabric characteristics. The lower fabric density and higher thickness in N2 combined

with pre-needling contributed to moderate hydrophobicity, indicating potential water-repellent properties.
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a) NO I b) NI 5 l ) N2
126.77° 126.47 126.56°
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Figure 4. Hydrophobic properties of needle-punched nonwoven samples: water contact angle of needle-punched nonwoven

samples (a-c), water droplets on the surfaces of needle-punched nonwoven samples (d-f)

The cross-web arrangement in NO contributed to a higher water contact angle, indicating better water
repellency. The parallel arrangement in N1 and N2 showed a slightly lower water contact angle, suggesting
different interactions with water. Water contact angle measurements indicated the hydrophobic nature of
needle-punched nonwoven fabrics. The combination of fabric density, thickness, web arrangement, and
fibre properties influences the water-repellency of fabrics. NO, with a cross-web arrangement and higher
fabric density, exhibited the highest water contact angle, suggesting superior water repellency. N1 and N2
exhibited slightly lower water contact angles, reflecting their respective arrangements and fabric
characteristics. The hydrophobicity observed in all samples could be advantageous in applications where
water resistance is desired.

PAN fibres exhibited hydrophobic properties, contributing to their water repellency. The molecular
structure of PAN, which contains carbon and nitrogen atoms, results in a hydrophobic surface. The
polyester and PP polymer structure inherently resisted water absorption, making the polyester and PP-
based fabric water-repellent. In particular, the non-polar nature of polypropylene contributed to its water-
repellent characteristics and was resistant to wetting. PPS exhibits excellent resistance to chemicals, high
temperatures, and moisture. The inclusion of PPS in the fibre blend contributed to the overall
hydrophobicity of the fabric, potentially influencing properties such as water repellency and resistance to

moisture absorption. Blending these fibres in equal proportions allowed for a combination of their
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hydrophobic characteristics. The resulting needle-punched nonwoven fabric benefited from the collective
hydrophobicity of PAN, PET, PP, and PPS, providing resistance to water absorption and enhancing water

repellency.

Thermal Properties

Thermal Resistance

Comprehensive insights into the thermal behaviour of the materials with fabric density, porosity and air
permeability of samples NO, N1, and N2, are presented in Table 3. Sample NO, with a cross-web
arrangement and the highest fabric density (121.34 Kgm?) exhibited the highest thermal resistance
(0.21053 m2KW™). The dense arrangement contributed to effective thermal insulation, which is a crucial
factor for retaining heat and maintaining filtration efficiency.

Sample N1, with a parallel arrangement and a lower fabric density of 90.96 Kgm™ showed an intermediate
thermal resistance (0.20820 m2KW™). The parallel arrangement and lower fabric density maintained a
balance between the thermal performance and filtration efficiency. Sample N2, pre-needled and parallel
arranged with the lowest fabric density of 83.40 Kgm™3 exhibited the lowest thermal resistance (0.19914
m2KW™") among the three samples. The pre-needling process and lower fabric density contributed to a
lower thermal resistance, which may have implications for heat dissipation in filter applications. N2 also
possessed the highest porosity of 93.11%. As the porosity increased, the density of the material decreased
because the void spaces displaced the solid materials. At a lower density, there was less resistance to the

flow of heat, which meant that the material became more conducive to heat flow.

Table 3. Thermal resistance properties of needle-punched nonwoven samples

Sample Fabric density Air permeability Porosity (%) Thermal resistance
(Kg m™3) (m3/m?/hr) (m2KW-1)

NO 121.34 1,722.25 89.96 0.21053

N1 90.96 1,784.61 92.47 0.20820

N2 83.40 1,830.26 93.11 0.19914

Polyphenylene sulfide (PPS), polypropylene (PP), polyester (PET), polylactic acid (PLA), and
polyacrylonitrile (PAN) fibres play a crucial role in influencing the fabric properties, including thermal
conductivity and resistance. Equal proportions of these fibres were blended to obtain a uniform

distribution of thermal resistance across the material. The interactions between the fibres affected the
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pathways for heat flow and the overall resistance to thermal transfer. Polyester (PET), known for its
versatility and strength, shows thermal resistance that aligns with its application in textiles and other
materials. Polylactic acid (PLA), which is derived from renewable resources, often exhibits thermal
resistance that is appropriate for use in biodegradable and environmentally friendly materials.
Polyacrylonitrile (PAN) is a synthetic polymer that typically exhibits moderate thermal resistance.
Polyphenylene sulfide (PPS), which is known for its high-temperature stability, displays excellent thermal

resistance, permitting it to withstand harsh environments.

Differential Scanning Calorimetry (DSC) Analysis

Differential scanning calorimetry (DSC) experiments were conducted on a needle-punched nonwoven
PM, s filter composed of PAN, PLA, PET, PP, and PPS, at a heating rate of 20°C/min and a temperature range
from 5 to 400 °C. The DSC graph shown in Figure 5 reveals distinct peaks corresponding to the thermal
behaviour of each component. Insights gained from the DSC analysis included the confirmation of the
presence of all five fibres (PLA, PP, PET, PAN, and PPS) in the three samples NO, N1, and N2 needle-punched
nonwoven materials, aligned with the expected blend composition. The DSC analysis of the needle-
punched nonwoven PMj;;s filter samples (NO, N1, and N2) with distinct web arrangements (cross-laid,
parallel-laid, and pre-needled parallel-laid) revealed remarkably similar thermal characteristics. The
observed peaks, including the melting temperatures of the individual fibres (PAN, PLA, PET, PP, and PPS),
were consistent across all three samples. This uniformity in thermal behaviour suggests that the different
web arrangements had a minimal impact on the thermal transitions of the fibres within the needle-
punched nonwovens.

The consistency in peak shapes and temperatures indicated that the web arrangement, whether cross-
laid, parallel-laid, or pre-needled parallel-laid, did not significantly alter the molecular interactions or
blending of fibres at the thermal level. Equal proportions of PAN, PLA, PET, PP, and PPS fibres in each
sample combined with the needle-punching process appeared to homogenize the thermal characteristics,
leading to similar DSC profiles. While the web arrangement played a crucial role in the mechanical and
physical properties of needle-punched nonwoven fabrics, the DSC results suggested that it might not exert
a pronounced influence on the thermal transitions of individual fibres in this specific needle-punched
nonwoven fabric. This finding emphasizes the robustness of the needle-punching process in creating a

uniform distribution of fibres and thermal properties, irrespective of the initial web arrangement.
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Figure 5. DSC results of needle-punched nonwoven samples

The distinct melting peaks reveal a clear separation of the thermal transitions for each fibre. Notably, PLA
and PP displayed endothermic peaks with a melting temperature (Tm) range of—160-163 °C. PET showed
an endothermic peak at Tm 250.50 °C, while PAN showed a higher Tm at 275.44 °C. PPS exhibited the
highest Tm among all the components, with an endothermic peak at 325.23 °C. Moreover, an incident
degradation was observed at 367.49 °C. These endothermic peaks signify heat absorption during
processes, such as melting or glass transition. DSC analysis of the needle-punched nonwoven PM; s filter
revealed numerous different endothermic peaks. The broad peak in the range of 160-170 °C is attributed
to the melting of PLA and PP fibres, given their overlapping melting temperature ranges. The smaller peak
at approximately 250 °C aligns with the melting temperature range of PET. The shoulder peak at 275 °C s
indicative of the melting of PAN, while the broad peak at approximately 325 °C corresponds to the highest
melting fibre, PPS, in the blend.

The absence of significant exothermic peaks in the DSC curve indicates good thermal stability of the
material. However, a notable exothermic peak was observed at 367.49 °C, signifying the onset of thermal
degradation of the blended nonwoven material. The lower intensity of the PAN peak, compared to those
of PLA/PP and PET, was attributed to its higher melting temperature, resulting in slower heat absorption
at the chosen heating rate of 20 °C/min. The observed thermal stability was encouraging, with no

exothermic peaks observed until a relatively high degradation temperature.
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Shrinkage or Dimensional Stability

The fabric shrinkage in the cross direction (CD) was reported to be 0% for NO, N1, and N2, as shown in
Figure 6. The needle-punched nonwoven samples for the PM;; filter exhibited consistent dimensional
stability across all three arrangements (NO, N1, and N2), as indicated by the zero per cent shrinkage in
both directions. This uniformity in shrinkage suggests that the web arrangements, whether cross-laid,
parallel-laid, or pre-needled parallel-laid, did not significantly affect the dimensional stability of the

samples.
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Figure 6. Shrinkage of needle-punched nonwoven samples

The uniform dimensional stability of the samples was maintained by blending equal proportions of
polyphenylene sulfide (PPS), polypropylene (PP), polyester (PET), polylactic acid (PLA), and
polyacrylonitrile (PAN) fibres. PAN and PET had higher shrinkage tendencies than PLA and PP, while PPS is
known for its excellent heat resistance and minimal shrinkage. However, owing to the equal blend, the
shrinkage can be optimized throughout the sample fabrics. In general, the lack of shrinking highlights the
appropriateness of the needle-punched nonwoven samples for PM; s filter applications by guaranteeing

that they will retain their original size and form while in use.
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Relationship between Fabric Density, Air Permeability and Porosity

The linear fit relationship between density, air permeability, and density with the porosity of needle-
punched nonwoven samples is presented in Figure 7 (a) and Table 4. The linear fit analysis between the
fabric density (x) and air permeability (y) yielded Equation (5). This equation proposes that as the fabric
density increases, the air permeability decreases, with a coefficient of -2.6. The coefficient of
determination (R?) for this linear fit was 0.885, indicating that approximately 88.5% of the variability in air
permeability can be explained by the change in fabric density. The linear fit analysis between the fabric
density (x) and porosity (y) yielded Equation (6). This equation indicates that as the fabric density increases,
the porosity decreases, with a coefficient of -0.08. The coefficient of determination (R?) for this linear fit
was 1, indicating a perfect fit, in which 100% of the variability in porosity was explained by altering the

fabric density.
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Figure 7. Relationship between properties of needle-punched nonwoven samples: a) linear fit of fabric density with air

permeability and porosity, b) linear fit of porosity with air permeability and dust holding capacity

Table 4. Linear fit of properties of needle-punched nonwoven samples

X y AdjustedR?  y=bx+a Equation
Fabric density Air permeability 0.885 y =2086.39x - 2.6 (5)
Fabric density Porosity 1 y =99.99x - 0.08 (6)
Porosity Air permeability 0.885 y=-1126.8x + 31.64 (7)
Porosity Dust holding capacity 0.937 y =4,004,280x — 6199.7 (8)
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Relationship between Porosity, Air Permeability and Dust Holding Capacity

The linear fit relationship between porosity and air permeability and between porosity and the dust-
holding capacity of needle-punched nonwoven samples is shown in Figure 7 (b) and Table 4. The linear fit
analysis between the porosity (x) and air permeability (y) is indicated by equation (7). This equation
proposes that as the porosity increases, the air permeability also increases, with a coefficient of 31.64.
The coefficient of determination (R?) for this linear fit was 0.885, indicating that approximately 88.5% of
the variability in air permeability can be explained by the variation in porosity. The linear fit analysis
between porosity (x) and dust-holding capacity (y) is presented in equation (8). This equation suggests
that as porosity increases, the dust holding capacity decreases, with a coefficient of -6199.7. The
coefficient of determination (R?) for this linear fit was 0.937, indicating that approximately 93.7% of the

variability in the dust-holding capacity can be explained by altering the porosity.

Effects of Fibre Composition and Properties on Hydrophobicity, Thermal Resistance and Dust-holding

Capacity

The hydrophobic properties of needle-punched nonwoven samples are shown in Figure 8. Sample N6
(Figure 8 (d and i)), which had the highest water WCA of 133.12°, was composed of 60% PP fibres. PP fibres
are recognized for their inherent hydrophobic nature, which can be attributed to the nonpolar structure
of PP and the presence of methyl groups. Therefore, the high percentage of PP fibres in N6, combined with
its hydrophobic properties, significantly contributes to its outstanding water repellency [37]. Sample N7
(Figure 8 e and j) closely followed a WCA of 132.40° and consisted of 60% PPS fibres. The hydrophobic
nature of PPS can be attributed to its aromatic ring structure present in its molecular composition. This
structure created a robust barrier against water, further enhancing the hydrophobic behaviour of the fibres.
Consequently, the significant proportion of PPS fibres in N7, combined with their inherent hydrophobicity,
resulted in good water repellency [41-43].

Sample N4 (Figure 8 (b and g)) exhibited a WCA of 125.04° and was composed of 60% PET fibres. PET fibres
possess moderate hydrophobic properties, which explain the relatively high WCA observed in this sample.
The hydrophobicity of PET can be attributed to its nonpolar molecular structure, which hinders water
absorption. Hence, the substantial presence of PET fibres in N4, combined with their inherent
hydrophobicity, significantly contributes to the water repellency of the sample [2,27,28]. Sample N3
(Figure 8 (a and f)) demonstrated a WCA of 120.90° and was comprised of 60% PAN fibres. PAN is
considered moderately hydrophobic, primarily due to the presence of cyanoethyl groups in its molecular

structure, which generates a slight repulsion towards water [18-21].
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Sample N5 (Figure 8 (c & h)) displays the lowest WCA of 117.42° and consists of 60% PLA fibres. PLA fibres
are well known for their biodegradability and typically demonstrate lower hydrophobicity compared to
other synthetic fibres. This characteristic contributed to the lowest water contact angle observed for this
sample. PLA's hydrophilic nature of PLA stems from the presence of polar functional groups, including
hydroxyl (—OH) groups, within its molecular structure. These polar groups have an affinity for water
molecules, making PLA fibres more prone to moisture absorption and less hydrophobic than the other
fibres. While PLA can exhibit slight hydrophilic or hydrophobic behaviour, pure PLA is generally considered

less hydrophobic, resulting in a lower water contact angle [36].

Figure 8. Hydrophobic properties of samples with different fibre composition: WCA of needle-punched nonwoven samples (a-e),

water droplets on the surfaces of samples (f-j)

The thermal resistance properties of needle-punched nonwoven samples are shown in Table 5, namely
N3, N4, N5, N6, and N7, which are influenced by various factors such as fibre fineness, inherent thermal
resistance properties, composition, and fabric density. N7 is characterized by the highest thermal
resistance (0.24255 Wm™K"") among the samples owing to its fabric density and 60% PPS fibre proportion.
N3 also exhibited a higher thermal resistance (0.23236 Wm™K™") because of its denser structure and 60%
PAN fibre composition. In contrast, N4 demonstrated thermal resistance (0.19569 Wm™K™") despite its
relatively high fabric density. This sample comprised 60% PET fibres, offering a slightly lower inherent
resistance compared to PAN and PPS. N5 with thermal resistance (0.18418 Wm™K™), consists mainly of
60% coarser PLA fibres, which likely impacts its thermal performance. With a fabric density of 81.70 Kg/m3,

N5 exhibited lower air entrapment, further reducing its thermal resistance. N6, which had the lowest
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thermal resistance (0.17490 Wm™K™), contained 60% PP fibres known for their moderate thermal
resistance. Additionally, its fabric density of 86.42 Kg/m3 is relatively low, potentially low air entrapment
and contributing to its lower thermal resistance.

PAN, PPS, and PET fibres inherently offer good thermal resistance [22-25,29,41-43], whereas PP and PLA
exhibit moderate resistance. Finer fibres, characterized by lower dtex values, generally create a more
tortuous path for heat transfer, potentially enhancing thermal resistance. In addition, a higher fabric
density signifies a greater amount of trapped air within the nonwoven structure, leading to improved
thermal insulation. Samples with higher fabric density and a higher percentage of fibres with inherently
higher thermal resistance tended to exhibit superior thermal insulation, while those with lower fabric

density and a higher proportion of fibres with lower resistance demonstrated lower thermal resistance

values.
Table 5. Tested properties of needle-punched nonwoven samples with different blend composition ratios

Samples N3 N4 N5 N6 N7
Thickness (mm) 3.50 3.68 4.75 4.46 3.61
GSM 393.04 391.13 388.30 385.30 394.64
Fabric density (Kg/m3) 112.44 106.27 81.70 86.42 109.36
Porosity (%) 90.75 91.26 93.28 92.89 91.01
Air permeability (m3/m2/hr) 1,749.22 1,773.38 1,916.46 1,829.87 1,761.97
Pressure drop (Pa) 74.05 70.85 61.25 64.48 72.89
Dust holding capacity (particles/cm?) 3,439,773 3,434,771 3,423,000 3,427,579 3,437,779
Thermal resistance (Wm™K™) 0.23236 0.19569 0.18418 0.17490 0.24255

The dust-holding and pressure drop of the needle-punched nonwoven samples with different proportions
are presented in Table 5. Among the samples, N3 stood out because of its high fabric density and a
significant portion of PAN fibres (60%). PAN fibres with finer linear densities contributed to the compact
structure of this sample. The combination of other fibres in N3 created diverse surface properties, which
enhanced the retention of dust particles. The relatively high dust-holding capacity of 3,439,773
particles/cm? at a pressure drop of 74.05 pa suggests that the blend of fibre types and the higher fabric
density were effective in capturing and retaining dust. N4, despite having a slightly lower fabric density
than N3, maintained a relatively high dust-holding capacity of 3,434,771 particles/cm? at a pressure drop
of 70.85 pa. This sample was dominated by PET fibres (60%), with relatively higher fineness and shorter
length, contributing to the ability of the sample to retain dust particles within the fabric structure. N5, on

the other hand, had the lowest fabric density among the samples because of the high percentage of PLA
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fibres (60%), which were relatively coarser and longer. However, it exhibited a comparable dust-holding
capacity of 3,423,000 particles/cm? at a relatively low-pressure drop of 61.25 pa. The blending of other
fibres with PLA and the rough surface of the PLA fibres (Figure 2 (c)) effectively trapped dust particles, and
the lower fabric density allowed for a lower pressure drop.

N6 had a fabric density that was slightly higher than that of N5 and a higher percentage of PP fibres (60%).
PP fibres are lightweight and hydrophobic, which contributes to their high thickness. This could explain
the dust-holding capacity of 3,427,579 particles/cm? at a moderate pressure drop of 64.48 pa compared
to others. Lastly, N7 had a higher fabric density composed of a higher percentage of PPS fibres (60%). PPS
fibres are known for their high thermal stability and chemical resistance, which could contribute to the
fabric's ability to retain dust particles. The dust-holding capacity of N7 was 3,437,779 particles/cm? at a
pressure drop of 72.89 pa. Fibre properties like surface roughness and electrostatic charge, which can
significantly impact dust adhesion will be the future work. For example, fibres with a rougher surface or
inherent static charge might hold dust more effectively. Nevertheless, the study demonstrated the
influence of fabric density, fibre types, and their proportions in the blend on the dust-holding capacity of
the needle-punched nonwoven samples. The test results and studies [20,30,31,33,34,41] showed that the
specific properties of each fibre type also played a significant role in determining the effectiveness of dust

retention.

Statistical Analysis

The performance analysis of three needle-punched samples (NO, N1, and N2) was conducted to evaluate
their characteristics, considering both web arrangement and fibre properties. Table 6 displayed the results
in porosity, air permeability, dust-holding capacity, water contact angle and thermal resistance. NO,
characterized by a cross-laid web arrangement, demonstrated statistically significant differences (p-value
< 0.05) in various parameters compared to N1 and N2. The cross-laid web structure likely influenced
porosity, air permeability, dust-holding capacity, and thermal resistance. N1, with a parallel-laid
arrangement, exhibited distinct performance characteristics, indicating the impact of the arrangement on
the filtration media. N2, being pre-needled and parallel-laid, showed its unique set of properties,

contributing to the overall comparison.
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Table 6. Statistical analysis of needle-punched nonwoven samples

Tukey Test
S/N  Tested Properties NO N1 N2 P-value Sig Sig Sig
NO-N1  NO-N2  N1-N2

1 Porosity (%) 89.96 92.47 93.11 0.024 0 1 0
Air permeability

2 1722.25 1784.61 1830.26 0.015 0 1 0
(m3/m?/hr)
Dust holding capacity

3 3,446,119 3,432,995 3,425,400 0.000 1 1 0
(particles/cm?)

4 Water contact angle (°) 126.77 126.47 126.56 0.664 0 0 0
Thermal resistance

5 0.21053 0.20820 0.19914 0.027 0 1 0
(m2KwW-1)

. 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 O indicates that the difference of the means is not significant at 0.05 level.

The selection of fibres, including polyphenylene sulfide (PPS), polypropylene (PP), polyester (PET),
polylactic acid (PLA), and polyacrylonitrile (PAN), being blended in equal proportions, played a vital role in
determining the final performance of each sample. These fibre properties likely provided the observed
variations in porosity, air permeability, dust-holding capacity, and thermal resistance among the samples.
Notably, the water contact angle exhibited no statistically significant differences, indicating that the water
repellency of the samples remained consistent across the different web arrangements. The water contact
angle had no statistically significant results (p = 0.664) at the level of 0.05. The lack of significant difference
in water contact angle suggested that it was primarily influenced by the fibre blend's chemistry rather than
the web arrangement. Overall, the study provided valuable insights into how the combination of web
arrangement and specific fibre properties influenced the performance of needle-punched samples in

various key parameters for filtration applications.
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Figure 9. Mean comparison plot Turkey analysis: a) fabric density, b) water contact angle, c) thermal resistance, d) dust-holding

capacity

The Tukey analysis conducted on the data in Figure 9 revealed several significant findings regarding the
properties of the needle-punched nonwoven samples, which have the same web arrangement with
different fibre blend compositions. Firstly, for hydrophobicity and thermal resistance, the mean difference
between almost all interactions with the samples was significantly different. This indicated that variations
in these properties were likely influenced by inherent fibre properties and the blending ratio of the fibres
within the samples. The significant differences observed suggest that specific combinations of fibre types
and proportions have a substantial impact on the hydrophobicity and thermal resistance of nonwoven
materials. Secondly, concerning fabric density, the analysis indicated that the mean difference between
the majority of interactions within samples, which exhibited significant differences in fibre fineness, was
also significant. This suggests that fabric density is closely related to fibre fineness, with variations in the

thickness of individual fibres affecting the overall density of the fabric. The significant differences observed
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in fabric density among samples with different fibre fineness highlight the importance of considering both
factors in determining the structural characteristics of the nonwoven materials. Lastly, the Tukey analysis
revealed significant mean differences in dust-holding capacity between four interactions within samples
that exhibited significant differences in fabric density. This suggested that dust-holding capacity was
influenced by both fibre fineness and fabric density. The variations in dust-holding capacity among samples
with different fabric densities indicated that the arrangement and density of fibres within the nonwoven
structure played a crucial role in determining its ability to retain dust particles. Overall, the analysis helped
to elucidate the factors contributing to the overall performance and functionality of the nonwoven

materials, thus informing future research and development efforts in this area.

CONCLUSION

In this article, the air filtration, hydrophobic and thermal properties of needle-punched nonwovens
produced by blending PAN, PET, PLA, PP, and PPS with different web arrangements were investigated.
This was a novel approach for PMsfiltration on five fibres blended needle-punched structures. The cross-
laid web arrangement of sample NO resulted in the lowest porosity (89.96%), air permeability (1722.25
m3/m?2/hr) and high dust holding capacity of 3,372,082 particles/cm? due to its high fabric density and
compact structure. Sample N2, which underwent pre-needling and parallel-laid arrangement, displayed
the highest porosity (93.11%) and air permeability (1830.26 m3/m?/hr) due to its lower fabric density.
Sample N3, 60% PAN fibres with finer linear density led to a high dust holding capacity of 3,368,490
particles/cm2. In contrast, N5, 60% PLA fibres with coarser linear density and lowest fabric density,
exhibited a comparable dust holding capacity of 3,336,951 particles/cm?.

Water contact angles observed among NO, N1 and N3 were consistent at around 126.5° for all samples,
suggesting similar water-repellency properties. On the other hand, Sample N6, composed of 60%
Polypropylene (PP) fibres, had the highest WCA of 133.12°. This is because inherent hydrophobic nature
of PP due to its non-polar structure and methyl groups. In contrast, Sample N5 with 60% Polylactic acid
(PLA) fibres, had the lowest WCA of 117.42°, due to PLA's hydrophilic nature from its polar functional
groups. The results showed that inherent fibre hydrophobicity and proportion of bled of fibres have
effects on the hydrophobicity of samples than web arrangement and density of fabric. When fibres
blended in equal proportion, Sample NO, characterized by a cross-web arrangement and the highest fabric
density, exhibited the highest thermal resistance (0.21053 m2-K/W). N7 is characterized by the highest
thermal resistance among the samples (0.24255 Wm™K™) and is composed of 60% PPS fibres. N6 (with

the lowest thermal resistance of 0.17490 Wm~"K™") contains 60% PP fibres. Samples with higher fabric

https://doi.org/10.31881/TLR.2024.047 1012


https://doi.org/10.31881/TLR.2024.047

YESUF HM et al. TEXTILE & LEATHER REVIEW | 2024 | 7 | 988-1020

density and a higher percentage of fibres with inherently higher thermal resistance, such as PAN and PPS,
tended to exhibit superior thermal insulation, while those with lower fabric density and a higher
proportion of fibres with lower resistance, such as PP and PLA, demonstrated lower thermal resistance
values.

As fabric density increased, air permeability decreased with a coefficient of -2.6, and porosity decreased
with a coefficient of -0.8. These relationships had high coefficients of determination (adjusted R? of 0.885
and 1.0, respectively), indicating that the changes in fabric density could explain a large proportion of the
variability in air permeability and porosity. The sample with a cross-laid web arrangement (NO)
demonstrated statistically significant differences in various parameters, including porosity, air
permeability, dust holding capacity, and thermal resistance, compared to the samples with parallel-laid
arrangements (N1 and N2). This suggested that the web arrangement played a crucial role in the filtration
media's performance. The selection of fibres, including PPS, PP, PET, PLA, and PAN, blended in equal
proportions, also contributed to the observed variations in the samples' properties. These fibre properties
likely influenced the porosity, air permeability, dust holding capacity, thermal resistance and mechanical
properties. The water contact angle did not show any statistically significant differences among the
samples which were blended in equal fibres proportion, indicating that the water repellency was primarily
influenced by the fibre blend's chemistry rather than the web arrangement. The hydrophobicity of
samples N5 and N6 strengthen this conclusion. Hence, hydrophobicity and thermal resistance properties
played a vital role for PM;s filters in automobile cabins, engines, and indoor applications, as they could

prevent moisture ingress and microbial growth, and ensure stability against temperature fluctuations.
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