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Abstract

Growing global concern over airborne particulate matter (PM..s) is driving the search for
advanced air filtration materials that can deliver high efficiency without the environmental and
economic drawbacks of conventional single-use filters. In this study, we developed and
assessed a composite filter medium intended for reusable applications. Using a high-
throughput, needleless electrospinning technique, we deposited a functional nanofibre layer of
polyamide 6 (PA6) and polyvinylidene fluoride (PVDF) onto a robust PET bicomponent
spunbond substrate. The aim was to systematically evaluate how this nanofibre coating

influences the filter’s morphology and aerodynamic performance.

Scanning Electron Microscopy (SEM) confirmed the successful formation of a uniform, defect-
free nanofibre web, with average fibre diameters ranging from 150 to 180 nm. Performance
testing revealed a marked change in the medium’s aerodynamic characteristics: the addition of
the nanofibre layer reduced air permeability by up to 73% and increased the pressure drop by
as much as 340% in multi-layer configurations, compared with the uncoated substrate. These
results clearly illustrate the inherent trade-off between improved particle capture—driven by

the dense nanofibre structure—and the accompanying rise in airflow resistance.

This work provides a valuable dataset and a sound basis for the design and optimisation of
next-generation filter media, where filtration efficiency, energy consumption and breathability

must be carefully balanced to meet the demands of advanced air purification systems.
1. Introduction

The growing problem of air pollution—particularly the widespread presence of fine particulate
matter (PMz.s)—has emerged as one of the most pressing environmental health challenges of

the 21st century. These microscopic particles, generated by industrial emissions, vehicle
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exhaust, and other human activities, are small enough to penetrate deep into the respiratory
system. Prolonged exposure is linked to a range of serious health effects, including
cardiovascular disease, respiratory disorders, and a reduction in overall life expectancy (Cohen
et al., 2017). Consequently, the need for high-performance air filtration technologies—capable
of effectively removing harmful pollutants from both ambient and indoor air—has never been
more urgent. Conventional systems, such as High-Efficiency Particulate Air (HEPA) filters,
have long been regarded as the benchmark for particle removal. Typically composed of
randomly oriented glass or polymer microfibres, these filters can deliver exceptionally high
capture efficiencies. However, this performance comes at a cost: the dense, thick structures
required to achieve such efficiency result in a significant pressure drop, thereby increasing the
energy demands of air-handling systems. In addition, most conventional filter media are
designed for single use, necessitating frequent replacement, incurring high operational costs,
and contributing to substantial environmental impacts through waste generation(Kumar et al.,
2023; P. Li et al., 2014; Singh et al., 2024; Zhu et al., 2017). This situation underscores the
urgent need for advanced filtration materials that can achieve an optimal balance between
efficiency, energy consumption, and sustainability. Addressing these demands, electrospun
nanofibre membranes have emerged as a highly promising next-generation filtration
technology. Electrospinning is a versatile and effective method for producing polymer fibres
with diameters typically ranging from 50 to 500 nm. The resulting nanofibre mats exhibit an
exceptionally high surface-area-to-volume ratio, small inter-fibre pore sizes, and high
porosity—properties that are particularly advantageous for capturing fine particulate matter
while maintaining relatively low airflow resistance(Bhardwaj et al., 2010). These intrinsic
properties enable nanofibre-based filters to capture fine particles with outstanding efficiency
through mechanisms such as interception and diffusion. Furthermore, the “slip flow” effect at
the nanofibre surface allows these materials to maintain high capture efficiency while
generating a comparatively moderate pressure drop. This characteristic not only improves
airflow but also offers the potential for substantial energy savings when compared with
conventional microfibre-based filters(Ahn et al., 2006). An especially effective approach
involves producing a composite filter medium by depositing a thin, functional nanofibre layer
onto a robust, low-cost conventional nonwoven substrate. This design combines the mechanical
strength and structural stability of the substrate with the enhanced filtration performance of the
nanofibre coating. The primary aim of this study is to fabricate such a composite medium using
a scalable, high-throughput needleless electrospinning technique. In particular, we explore the

coating of a polyethylene terephthalate (PET) bicomponent spunbond substrate with polyamide
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6 (PA6) and polyvinylidene fluoride (PVDF) nanofibres. The work focuses on systematically
evaluating the morphological and aerodynamic changes introduced by this modification. By
precisely characterising air permeability and pressure drop before and after coating, this
research delivers a quantitative assessment of the performance trade-offs involved in

developing next-generation, high-efficiency, and potentially reusable air filters.

2. Material and Methods
2.1. Materials
2.1.1. Polymers

The primary polymers selected for fabricating the nanofibre membranes in this study were
polyamide 6 (PA6), supplied by BASF, and polyvinylidene fluoride (PVDF), sourced from
Arkema. This choice was intentional, based on their well-documented properties that are highly
advantageous for advanced air filtration applications. Several performance factors underpin
this selection, particularly in the context of developing high-efficiency, reusable filter media:
a) Filtration efficiency - Both PA6 and PVDF are highly compatible with the electrospinning
process, enabling the production of uniform nanofibres with sub-micron diameters. The
resulting high surface-area-to-volume ratio and dense fibrous network are critical for capturing
fine and ultrafine particulate matter (PMa.s and smaller) through enhanced interception and
diffusion mechanisms. Literature reports indicate that composite PA6/PVDF filters can achieve
efficiencies exceeding 99%, with PA6/PVDF-10 composite mats delivering 93% efficiency at
a pressure drop of 194 Pa. More recent studies have shown that PVDF-based filters can reach

efficiencies of up to 99.57% for fine particles(Sanyal 2025).

Mechanical and chemical robustness — For a filter to be genuinely reusable, it must endure
repeated cleaning cycles without significant loss of performance. PA6 provides excellent
mechanical strength and tensile properties, ensuring structural integrity and durability of the
nanofibre layer and reducing the risk of damage during handling or washing. PVDF offers
exceptional chemical inertness and thermal stability, allowing the filter medium to maintain its
performance even after exposure to cleaning agents or environmental stressors. When
combined, these materials produce composite filters with both superior mechanical resilience
and outstanding filtration performance. For example, PVDF/PA6 composite membranes have
been reported to achieve efficiencies as high as 99.5%, while maintaining manageable pressure
drops(Venkataraman, 2024) (Luo et al. 2024.) Airflow dynamics (breathability) — While high

filtration efficiency is essential, it must not come at the expense of excessive airflow resistance.
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Nanofibrous structures produced from PA6 and PVDF inherently exhibit high porosity, which
promotes optimal air permeability while sustaining effective particle capture. This balance
between breathability and efficiency is critical for both energy efficiency and user comfort.
Furthermore, surface modification techniques such as corona discharge treatment have been
shown to enhance the filtration quality factor of PVDF-based filters by up to 60%, without

compromising airflow performance.(Sanyal & Sinha-Ray, 2021).

2.1.2. Solvents

To prepare the polymer solutions for electrospinning, a suite of analytical-grade solvents was
used, including formic acid, acetic acid, dimethylacetamide (DMAc), and dimethylformamide
(DMF), all procured from certified suppliers in India. The choice of this solvent system was
critical to producing homogeneous polymer solutions with the optimal viscosity, surface
tension, and electrical conductivity required for stable and continuous electrospinning. For
PA6, a mixture of formic acid and acetic acid in a 4:1 weight ratio has been widely recognised
as an effective solvent system. In this formulation, formic acid acts as the primary solvent for
PA6, while acetic acid raises the boiling point of the mixture and enhances spinnability. This
combination has been shown to produce uniform nanofibres with average diameters as small
as 83.5 nm. Recent studies further confirm that PA6 solutions prepared in 85% formic acid
yield continuous, defect-free electrospun fibres, whereas alternative solvent systems frequently

lead to structural imperfections.(Chidchanok Mit-uppatham, et al.)

For PVDF, solvents such as DMF and DMAc—often blended with acetone—are widely
employed to produce spinnable solutions that yield uniform, defect-free fibres. Among these,
a DMF/acetone mixture in a 6:4 ratio has proven particularly effective in generating PVDF
nanofibres with controlled morphology and diameter. The choice of solvent has a pronounced
effect on fibre characteristics: for instance, DMAc/acetone systems typically produce fibres
with diameters of around 352.9 + 24 nm, whereas DMF/acetone systems result in larger
diameters of approximately 611.9 £ 27 nm. In addition, dimethyl sulfoxide (DMSO) has
recently emerged as a promising, low-toxicity alternative to traditional solvents for PVDF
electrospinning, offering potential benefits in terms of safety and environmental

impact(Motamedi et al., 2017a).

2.1.3. Substrate Selection
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A polyethylene terephthalate (PET) bicomponent spunbond nonwoven fabric was selected as
the base substrate. The choice was guided by key parameters influencing both electrospinning
performance and the final characteristics of the composite filter medium. Internal volume and
surface resistivity were assessed to ensure efficient charge transfer during electrospinning,
enabling uniform nanofibre formation. Appropriate resistivity levels facilitate effective charge
dissipation and minimise fibre repulsion during deposition shows electrical properties(Heng et
al., 2015). Physical properties such as substrate’s basis weight (GSM), air permeability, and
baseline pressure drop were characterised to determine optimal processing configurations. The
PET bicomponent structure—comprising a PET core encased in a polyethylene (PE) sheath—
offers high mechanical strength and smooth handling, which are essential for industrial-scale
filtration applications. This bicomponent architecture also provides thermal bonding and heat
lamination capabilities, making it suitable not only for air filtration but also for packaging and
technical textile applications. Crucially, it delivers the structural stability required to support

the delicate nanofibre coating without compromising performance (Khawar et al., 2023)..
2.1.4. Needleless Electrospinning Apparatus and Procedure

The nanofibre coatings were fabricated using a custom-built, high-throughput needleless
electrospinning system, chosen over conventional needle-based methods for its superior
scalability and ability to produce large, uniform nanofibre mats—an essential requirement for
industrial filter media production. The system comprises several key components, each
precisely controlled to ensure consistent and reproducible nanofibre formation with the desired
morphological characteristics. This approach enables the efficient production of high-quality
coatings suitable for large-scale applications while maintaining the fine structural control

required for advanced filtration performance(Bokka, 2022; Sedar, 2025).
2.1.4.1.  Spinneret Design

At the heart of the needleless electrospinning system is the spinneret, which generates multiple
polymer jets simultaneously from a free liquid surface. The spinneret’s design is critical, as it
directly influences both the production rate and fibre uniformity. Drawing on insights from
recent reviews of high-throughput electrospinning technologies ((Yu et al., 2017)), our system
was engineered to support a range of spinneret configurations. For this study, a rotating cylinder
spinneret was selected as the primary configuration, offering a reliable balance between output
capacity and fibre quality. Rotating cylinder/disc spinneret — This configuration consists of a

rotating metal cylinder partially immersed in a reservoir of the polymer solution. A high
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electrical potential is applied to the cylinder, inducing charge accumulation at the surface of
the solution. As the cylinder rotates, it lifts a thin film of the solution upward, where the intense
electric field overcomes surface tension, leading to the formation of multiple Taylor cones and
the subsequent ejection of polymer jets. This approach is highly effective for large-scale
production of nanofibres, although it offers limited control over precise fibre alignment(Teo &
Ramakrishna, 2006). Other needleless electrospinning designs reported in the literature include
wire electrodes and free-surface configurations, both of which operate on the principle of

generating a large, charged surface area to maximise nanofibre yield.
2.1.4.2.  High Voltage Power Supply

A high-voltage DC power supply generates the electric field required for electrospinning, with
applied voltages typically in the range of 10-30 kV. This parameter is critical, as it directly
affects fibre initiation, formation, and morphology. The voltage must be carefully optimised: if
too low, it will be insufficient to overcome the surface tension of the polymer solution,
preventing jet initiation; if too high, it can cause electrical discharge, jet instability, and a wider

distribution of fibre diameters, often resulting in beaded or defective fibres(Deitzel et al., 2001).

2.1.4.3.  Polymer Solution Flow Rate

In needleless electrospinning systems, maintaining a consistent supply of polymer solution to
the spinneret is essential for stable operation. The replenishment rate of the solution in the
reservoir directly influences both fibre diameter and process stability. A lower replenishment
rate generally promotes the formation of thinner fibres due to greater jet stretching; however,
if it is too low, the supply becomes insufficient, interrupting continuous fibre formation.
Conversely, a higher replenishment rate can enhance production throughput and yield thicker

fibres, but excessive rates may lead to dripping and process instability(Reneker & Yarin, 2008).
2.1.4.4. Nanofiber Collection Method

The final structure and properties of nanofibre filter media are strongly influenced by the
collection method. The collector serves as a grounded target on which solidified nanofibres are
deposited. While a simple stationary metal plate can be used to produce a randomly oriented
non-woven mat, this study employed a rotating drum collector. In this method, a cylindrical
drum rotates at a controlled speed, with its high surface velocity imparting a mechanical

drawing force on the incoming nanofibres prior to deposition. This results in partial fibre
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alignment parallel to the direction of rotation. The rotation speed and drum diameter are critical
parameters governing the degree of fibre orientation, packing density, and anisotropy in the

final nanofibre mat(Grasl et al., 2013).
2.1.4.5. Environmental Control

The electrospinning process is highly sensitive to ambient environmental conditions; therefore,
the entire setup was enclosed within a controlled chamber to maintain stable temperature and
humidity, ensuring process stability and reproducibility. Temperature: Ambient temperature
influences both the viscosity of the polymer solution and the solvent evaporation rate.
Maintaining a consistent temperature is essential for preserving uniform solution properties
and achieving predictable fibre formation. Humidity: Relative humidity affects solvent
evaporation and can significantly influence fibre morphology. Elevated humidity may slow
solvent evaporation, resulting in beaded fibres or incomplete solidification. For polymers
sensitive to moisture, precise humidity control is critical to avoid undesirable surface

morphologies or structural defects(Casasola et al., 2016).
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Fig.1. Needleless electrospinning technology schematic diagram
2.2. Experimental Procedure for Filter Media Fabrication and Evaluation

The development of the composite nanofiber filter media followed a systematic, multi-stage

approach aimed at maximizing performance, beginning with the selection of the most suitable
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base media and configuration, and subsequently applying and characterizing the functional

nanofiber coating to achieve the desired filtration properties.
2.2.1. Baseline Characterization and Selection of Substrate Media

The initial phase focused on selecting the most suitable substrate material to serve as the
mechanical support for the nanofiber layer. A range of PET bicomponent spunbond nonwoven
fabrics with varying GSM values were procured and comprehensively characterized to
establish baseline performance metrics, with air permeability (ASTM D737) and pressure drop
as the primary evaluation parameters. This screening identified substrates offering an optimal
balance of low airflow resistance and sufficient structural integrity. Based on the optimal GSM
range, the selected base media were prepared in single-layer and two-layer configurations,
which were then tested for air permeability and pressure drop to determine the most effective
layering strategy. The configuration demonstrating the most favorable aerodynamic

performance was subsequently selected for the nanofiber coating stage.
2.2.2. Application of Nanofiber Coating via Needleless Electrospinning

The optimized single-layer and two-layer substrate configurations were coated with PA6/PVDF
nanofibers using the needleless electrospinning apparatus described in Section 2.1. The process
parameters—including applied voltage, polymer solution concentration, and environmental
conditions—were meticulously controlled to ensure the deposition of a uniform, defect-free
nanofiber layer with the desired fiber diameter and morphology across the entire surface of the
substrate (Gibson et al., 2001). The primary objective of this step was to impart a high-

efficiency particulate capture capability to the base media.
2.2.3. Post-Treatment via Thermal Calendering

Following electrospinning, the nanofiber-coated samples underwent thermal calendering,
wherein they were passed between two heated rollers under controlled temperature and
pressure to enhance the durability and performance of the composite media. This post-
treatment step served to improve interfacial adhesion between the delicate nanofiber layer and
the substrate, thereby preventing delamination during handling or cleaning, and to consolidate
the nanofiber mat, improving its mechanical strength and stability. The process conditions were
carefully optimized to maximize bond strength while preserving the fibrous structure and

avoiding excessive increases in pressure drop.

2.2.4. Final Performance Characterization of Composite Filter Media
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The final, post-treated composite filter media, prepared in both single- and two-layer
configurations, underwent a concluding series of performance evaluations. Air permeability
and pressure drop measurements were repeated, enabling a direct, quantitative comparison with
the baseline data obtained from the uncoated substrates. This final characterization provided a
precise assessment of the nanofiber coating and post-treatment effects on the filter’s
aerodynamic performance, thereby validating the overall effectiveness of the fabrication

process.

3. Characterization and Performance Evaluation

3.1. Morphological Characterization

The primary aim of the morphological characterisation was to visually examine the nanofibre
structure and to quantitatively evaluate key physical parameters, including fibre diameter and

uniformity, as these have a direct and significant influence on filtration performance.
3.1.1. Scanning Electron Microscopy (SEM)

The surface morphology of the electrospun Polyamide 6 (PA6), Polyvinylidene fluoride
(PVDF), and composite nanofibre layers, along with the underlying PET bicomponent
substrate, was examined using a high-resolution Scanning Electron Microscope (SEM).
Sample preparation prior to imaging includes, small sections of the filter media were carefully
mounted onto aluminium stubs using double-sided conductive carbon tape. To prevent
electrostatic charging under the electron beam and to enhance image clarity, the samples were
sputter-coated with a thin layer (approximately 5—10 nm) of gold or platinum. This standard
procedure ensures high-resolution, well-defined images of the non-conductive polymer
fibres(Sirc et al., 2012). The SEM was operated at an accelerating voltage optimised for
delicate polymer structures (typically 5—15 kV). The resulting micrographs provided essential

qualitative insights into:
o Fibre uniformity: Evaluating the consistency of the nanofibre mat across the substrate.

o Fibre morphology: Identifying any defects such as beads, branching, or fused fibres,

which could impair performance.

o Surface coverage: Assessing the density and uniformity of the nanofibre coating on the

substrate.

3.2. Fiber Diameter Distribution
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A quantitative analysis of nanofibre diameter was performed to develop a statistical
understanding of fibre size, a critical factor influencing both filtration efficiency and pressure
drop. Measurement technique: High-magnification SEM images were analysed using the open-
source image analysis software ImageJ (or Fiji). For each sample type (PA6 and PVDF), a
statistically significant number of fibres (typically n > 100) were randomly selected from
multiple micrographs to ensure a representative dataset(Schneider et al., 2012). Data analysis:
The measured diameters were used to construct fibre diameter distribution histograms,
providing a visual representation of the size range and uniformity of the electrospun fibres.
Key statistical descriptors, including the mean fibre diameter and standard deviation, were

calculated to deliver a concise quantitative summary of the fibre morphology.
3.3. Performance Evaluation: Aerodynamic Properties

The aerodynamic performance of the fabricated filter media is a critical determinant of its
suitability for air purification applications. The two primary metrics evaluated were air
permeability, which indicates the ease with which air can pass through the material, and
pressure drop, which quantifies the resistance to airflow. These properties were meticulously

measured to assess the impact of the nanofiber coating on the substrate's performance
3.3.1. Air Permeability Testing

The air permeability of both the uncoated substrates and the final composite nanofibre media
was measured in strict accordance with ASTM D737-18, using a dedicated air permeability
tester. Circular specimens were clamped into the test head, and a constant pressure differential
of 125 Pa (equivalent to 12.7 mm of water) was applied across a defined test area of 38.5 cm?.
The instrument recorded the airflow rate (in L/min or ft*/min) required to maintain this pressure
drop. All samples were conditioned for at least 24 hours in a standard atmosphere of 21 £ 1 °C
and 65 £ 2 % relative humidity to ensure consistency and eliminate environmental influences.
Care was taken to mount specimens flat and without wrinkles or tension to avoid artefacts in
the results. Air permeability (P) was calculated by normalising the measured airflow rate by
the test area and expressed in units of L/m?/s or ft>/min/ft?, enabling direct comparison across
different samples. Although parameters such as temperature, humidity, and sample thickness
can affect measurements, strict adherence to the standard conditioning and testing protocols

minimised their impact, ensuring reliable and reproducible data(Motamedi et al., 2017b).

3.3.2. Pressure Drop Measurement
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Pressure drop, also referred to as differential pressure, represents the resistance that the filter
media presents to airflow at a given face velocity. This parameter is critical, as it directly affects
the energy consumption of an air purification system. Pressure drop was measured using a
custom-built air filter test rig, following the principles set out in standards such as ASHRAE
52.2 and ISO 16890. While EN 779 provides a classification framework for filters, ISO 16890
offers a more comprehensive procedural guide, which was adopted for this study (Aruchamy
et al., n.d.). Testing was carried out by maintaining a constant airflow rate through the filter
specimen, corresponding to a face velocity representative of typical air purifier operation (e.g.,
0.1-1.5 m/s). The airflow was generated by a calibrated fan and precisely regulated using a
mass flow controller to ensure stability throughout the measurement. The pressure differential
between the upstream and downstream sides of the filter was measured using a high-precision
digital manometer, with an accuracy of £0.1 Pa across the measurement range. This ensured
highly reliable readings of the filter’s resistance. Pressure drop is strongly influenced by face
velocity, with resistance increasing as airflow speed rises. Other contributing factors include
the total filter surface area and the properties of the air (such as density and viscosity). All
measurements were conducted under controlled conditions to enable a direct and fair

comparison between the uncoated substrates and the nanofibre-coated media.

4. Results and Discussion
4.1. Morphological Analysis of Nanofiber Layers (SEM)

4.1.1. Visual Characterization

Scanning Electron Microscopy (SEM) was used to visualize the surface morphology of the

electrospun PA6 and PVDF nanofibers on the PET bicomponent substrate.
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Figure 1SEM micrographs of electrospun PA6 nanofibre media at different magnifications
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Figure 2 SEM micrographs of electrospun PVDF nanofibre media at varying magnifications

The SEM micrographs in Figure 1 and Figure 2 confirmed that the needleless electrospinning
process successfully yielded a uniform and densely packed nanofibre web for both Polyamide
6 (PA6) and Polyvinylidene fluoride (PVDF), fully covering the underlying substrate. At low
magnification, the PVDF nanofibres (Figure 2a, 2d) and PA6 nanofibres formed continuous,
well-distributed layers over the base media, with the coarser support fibres partially visible
beneath. Higher magnification views (Figure 2b) revealed an interconnected, random network
with smooth, bead-free morphology for both materials, indicating stable jet formation during
electrospinning. Ultra-high magnification analysis (Figure 2¢) demonstrated that the PVDF
fibres exhibited a narrow diameter distribution in the sub-micrometre range (~140-260 nm),

while PA6 fibres displayed similarly consistent diameters within their respective ranges,
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reflecting precise process control. This structural uniformity is essential for ensuring

reproducible air permeability and filtration efficiency.

The presence of the nanofibre coating significantly reduced the apparent pore size of the base
substrate, producing a tortuous airflow path critical for fine particulate capture. In both PA6-
and PVDF-coated media, the smooth surface morphology and uniform fibre deposition are
expected to minimise defects such as beading or fused junctions, which could otherwise
compromise filtration performance. The hierarchical structure—comprising a mechanically
robust microfibre substrate overlaid with an ultrafine nanofibre mat—combines strength with
enhanced filtration capability. Such architecture not only increases the surface area-to-volume
ratio but also facilitates effective interception, diffusion, and electrostatic capture mechanisms,
thereby improving the overall efficiency of airborne particle removal without imposing

excessive pressure drop.
4.1.2. Fiber Diameter Distribution

Quantitative analysis of the SEM micrographs was conducted using ImageJ image analysis
software(Schneider et al., 2012.) to determine the fiber diameter distributions for both
nanofiber types. For PA6 nanofibers, the mean diameter was measured at 150 + 30 nm, while
PVDF nanofibers exhibited a slightly larger average of 180 £ 40 nm. In both cases, the
relatively narrow standard deviations indicate a tight clustering of diameters around the mean,
reflecting the high degree of control maintained over the electrospinning parameters, including
polymer solution concentration, applied voltage, spinneret—collector distance, and

environmental humidity.

Achieving such uniform fiber dimensions is essential for consistent filter performance, as fiber
diameter strongly influences filtration efficiency, pressure drop, and the balance between
particle capture and air permeability (Huang et al., 2020). Specifically, nanofibers within the
sub-micrometer range offer a high specific surface area, which enhances interception and
diffusion-based capture of fine particles, while their narrow size distribution helps ensure
predictable and reproducible performance across filter batches. This level of morphological
control aligns with previous reports that link electrospinning precision to enhanced air filtration

efficiency without significantly increasing resistance to airflow (Cho et al., 2025).

4.2. Aerodynamic Performance

4.2.1. Air Permeability
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Air permeability was measured according to ASTM D737 to quantify the ease of airflow

through the media. The results for single-layer and two-layer configurations are presented

below.
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Figure 3 Air Permeability Performance of Nanofiber uncoated (a) and Coated (b)Substrates

Substrate Avg. Air Permeability of Avg. Air Permeability of Percent Reduction in
GSM Blank Substrate (L/m?/s) Coated Substrate (L/m?/s) Permeability (%)
80 1422 +165.7 795 £98.4 441
100 1343 £179.6 604 +61.1 55.0
120 1093 +46.2 383 +27.8 64.9

Table 1 Air Permeability Performance of Nanofiber uncoated and Coated Substrates

The results presented in Figure 3(a,b) and the corresponding quantitative data clearly indicate
that the application of electrospun nanofiber layers leads to a substantial reduction in air
permeability across all tested substrate grammages (GSM). For the uncoated substrates, the
average air permeability ranged from 1422 + 165.7 L/m?/s for 80 GSM to 1093 + 46.2 L/m?/s
for 120 GSM, reflecting the inherent differences in base media porosity. Upon deposition of
the nanofiber coating, permeability values dropped significantly—to 795 + 98.4 L/m?/s (80
GSM), 604 £+ 61.1 L/m*s (100 GSM), and 383 + 27.8 L/m?/s (120 GSM)—corresponding to
reductions of 44.1%, 55.0%, and 64.9%, respectively. This trend aligns with the understanding
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that higher GSM substrates inherently possess smaller pore structures, thereby amplifying the

impact of nanofiber deposition on airflow resistance (X. Li et al., 2025).
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Figure 4 Presents the effect of nanofiber coating on air permeability in two-layer filtration

Base Avg. Air Permeability of
Avg. Air Permeability of Percent Reduction in
Substrate o Coated Combination .
Blank Combination (L/m?/s) Permeability (%)
(GSM) (L/m?/s)
80 1248 +45.4 569 +13.2 54.4
100 1301 £72.8 559+ 14.5 57.0
120 969 + 58.0 262 +93.3 72.9

Table 2 effect of nanofiber coating on air permeability in two-layer filtration

Figure 4 presents the effect of nanofiber coating on air permeability in two-layer filtration

configurations. Panel (a) shows single-layer-coated base substrates of varying GSM (80, 100,

120), while panels (b—d) depict configurations where these substrates are paired with an

additional second support of different GSM (19, 30, 40, 50). For the two-layer configuration,

PAGE NO: 328




KRONIKA JOURNAL(ISSN NO-0023:4923) VOLUME 25 ISSUE 8 2025

the addition of the second support layer significantly influences air permeability reduction. The
base substrate alone (Figure 4a) exhibited percent reductions of 54.4%, 57.0%, and 72.9% for
80, 100, and 120 GSM respectively, indicating that thicker substrates inherently have lower
initial permeability and experience higher proportional reductions upon nanofiber coating. In
the two-layer system (Figures 4b—d), the air permeability dropped further compared to the
single-layer setup due to the combined flow resistance of both layers and the nanofiber mat.
However, as the GSM of the second support increased, the additional drop in permeability was
relatively modest, suggesting that beyond a certain thickness, the second layer’s contribution
to resistance plateaus. This behavior reflects the balance between substrate porosity, coating
density, and total layer thickness, where nanofiber coating remains the primary driver of

permeability reduction in thicker assemblies.

The observed permeability reduction can be attributed to the formation of a dense, microporous
nanofiber network over the substrate surface, as confirmed by SEM micrographs. This layer
effectively decreases the mean pore size and increases the tortuosity of the airflow path, thereby
enhancing the mechanical interception and diffusion of airborne particles(Podgorski et al.,
2006). The effect was more pronounced in the 120 GSM substrates, where the combination of
dense base media and the nanofiber layer produced the greatest reduction in permeability.
Similar findings have been reported in previous studies where nanofiber coatings improved
filtration efficiency at the expense of air permeability (Leung & Sun, 2020), underscoring the

trade-off between particle capture and pressure drop in fibrous filter media.
4.3. General Discussion and Practical Implications

The observed trends align closely with established fibrous filtration theory. Electrospun
nanofibers, with their diameters in the sub-micrometer to nanometer range, form a dense web
with extremely small pore sizes and a very high specific surface area(Podgorski et al., 2006).
This morphology enhances filtration efficiency by increasing the probability of particle capture
through mechanisms such as interception, Brownian diffusion, and inertial impaction (Ahn et
al., 2006)). In particular, for particles below ~0.3 pm, Brownian diffusion is dominant, while
for larger particles, interception and impaction contribute significantly. However, this improved
particle capture comes at the expense of airflow resistance. The addition of the nanofiber layer
reduces the mean pore size and increases path tortuosity, leading to a decrease in permeability
and an increase in pressure drop, in agreement with Darcy’s law and Kozeny—Carman

relationships for flow through porous media (Qin & Wang, 2006). The inverse relationship
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between air permeability and pressure drop, observed in our results, is well-documented in

filtration literature (Owens et al., n.d.).

In HVAC systems, elevated pressure drop translates into higher fan energy consumption (Y. Li
& O’Neill, 2018). Therefore, filters must meet ISO 16890 or MERYV rating requirements while
maintaining minimal airflow resistance. Our data indicate that nanofiber coatings can achieve
substantial performance gains with only a moderate pressure penalty, making them suitable for
energy-conscious systems. In respiratory protection devices, user comfort depends heavily on
low breathing resistance. Previous studies have shown that electrospun nanofiber layers can
improve particle capture in N95-type respirators while keeping inhalation resistance within

regulatory limits(Landim et al., 2023).

Our experimental methodology ensured statistical reliability: measurements were replicated
(n=6 for single-layer, n=4 for two-layer) across different sample regions to account for local

structural variability. The percentage change was calculated using the standard formulas:
e Percent Reduction: [ (Value Blank - Value Coated) / Value Blank | * 100
e Percent Increase: [ (Value Coated - Value Blank) / Value Blank ] * 100

The relatively low standard deviations observed in both single- and two-layer configurations
indicate consistent nanofiber deposition and reproducible filtration performance, similar to
the reproducibility metrics reported in other electrospinning-based filter studies (Kasoju &

Ye, 2021)).
5. Conclusion

This study has successfully demonstrated the fabrication and thorough evaluation of a high-
performance composite air-filter medium, produced by coating a PET bicomponent spunbond
substrate with polyamide-6 (PA6) and polyvinylidene fluoride (PVDF) nanofibres using a
scalable needleless electrospinning technique. The work offers valuable insights into how the

engineered microstructure of a filter influences its aerodynamic behaviour.

The principal findings involve a uniform, defect-free nanofibre layer with tightly controlled
fibre diameters (averaging 150—180 nm) was deposited onto the nonwoven substrate. Scanning
electron microscopy confirmed the formation of a dense, microporous surface structure, ideally
suited for enhanced particulate capture. As anticipated, the addition of the nanofibre coating

led to substantial reductions in air permeability (44—73 %) and corresponding increases in
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pressure drop (ranging from 79 % to over 340 % in multi-layer configurations). These changes
arise directly from the denser fibre packing and reduced pore size of the coated media. Further,
the results clearly confirm the well-established compromise in fibrous filter design namely, that
the microstructural features needed for high filtration efficiency (fine fibres and high packing
density) inevitably lead to greater airflow resistance. This work quantifies the magnitude of
these effects across substrates of varying weights and layer configurations, providing a robust
dataset for future engineering applications. In summary, nanofibre coatings represent a highly
effective means of upgrading conventional nonwoven media into high-performance filtration
materials, offering particle removal capabilities far exceeding those of the base substrate.
Nevertheless, this improvement is accompanied by reduced breathability and increased energy

demand, as evidenced by the higher pressure drops measured.

The practical challenge, therefore, lies in optimising the nanofibre layer’s thickness, density,
and fibre diameter to meet the required filtration standard (e.g. HEPA or MERV) while
maintaining an acceptable pressure drop for the intended application—whether in energy-
efficient HVAC systems or in respirators where user comfort is paramount. This study provides
a strong experimental foundation and detailed performance data to guide such optimisation in

next-generation air-filter development.
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