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Abstract

Indonesia faces a severe air pollution crisis, with average PM2.5 concentrations exceeding WHO guidelines
by more than sevenfold and contributing to an estimated 13% of annual deaths nationwide. Emerging evidence
further links PM2.5 exposure to increased vulnerability to viral infections, including COVID-19 and influenza,
compounding the country's public health burden. Conventional personal protective equipment, predominantly
petroleum-based polypropylene masks, offers only short-lived electrostatic filtration and generates substantial
non-biodegradable waste, undermining both protective efficacy and environmental sustainability.
Electrospinning has emerged as a promising alternative, enabling the fabrication of nanofiber membranes with
diameters from 10 nm to the submicron scale that achieve high particulate filtration efficiency at low pressure
drop through mechanisms including interception, inertial impaction, Brownian diffusion, and electrostatic
capture. This review synthesizes recent advances across single- and multi-spinneret fabrication techniques,
bead-on-string architectures, and post-treatment strategies for optimizing filtration performance. It further
examines the development of biodegradable polymer membranes, upcycled waste-derived nanofibers, and
multifunctional designs incorporating antimicrobial, antiviral, and humidity-resistant properties tailored to
tropical urban conditions. These innovations collectively achieve filtration efficiencies exceeding 99% while
addressing plastic waste accumulation. This review proposes a practical roadmap toward sustainable,
multifunctional electrospun membranes capable of mitigating both urban air pollution and airborne pathogen
transmission in Indonesia's rapidly urbanizing tropical cities.
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1 Introduction

Air pollution is a major public health concern in
Southeast Asia, particularly in Indonesia.
The country's average PM2.5 concentration
is reported at 37.1 pg/m?3, exceeding the WHO Air
Quality Guideline, which is 5 pg/m*. PM2.5
exposure is also associated with adverse health
effects and increased vulnerability to respiratory
infections [1]-[8]. These conditions highlight the
need for effective and sustainable air-filtration
technologies.

Air pollution also presents a potential link to
airborne pathogen exposure. Studies in Greater
Jakarta have reported associations between long-
term PM2.5 exposure and COVID-19 mortality and
pediatric respiratory diseases [2]. Experimental
studies further indicate that PM2.5 exposure can
increase susceptibility to influenza infection [4].
Other research has explored the potential role of
particulate matter in transporting airborne
pathogens [6]-[8]. However, the interaction between
air pollution and pathogen transmission remains an
emerging research area.
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Conventional masks commonly use petroleum-
based polypropylene (PP). Their electrostatic
filtration performance can decrease over time. In
addition, single-use PP masks contribute to non-
biodegradable plastic waste [9]-[11]. The non-
woven membrane filter media can be manufactured
through different methods such as electrospinning,
template synthesis, interfacial polymerisation, and
self-assembly. Electrospinning is a highly promising
process for the production of nano-scale fibers with
high porosity and surface area for several specialised
fields [12], such as biomedical [13], [14] and the
environment [15], [16].

Electrospinning offers a more promising path
forward. The technique allows for the fabrication of
non-woven membranes with fiber diameters reaching
the true nanoscale, from 10 nanometers up to the
submicron range by carefully tuning the polymer
solution and processing parameters. At this scale,
something useful happens: the fluid dynamics at the
fiber-air interface change fundamentally, allowing
these membranes to achieve high particle filtration
efficiency at far lower pressure drops than
conventional materials can manage. In practical
terms, that means filtration that is both more effective
and more comfortable to breathe through, an
advantage simply unattainable with microscale fibers
[41, [12], [15], [17), [18].

This review summarizes recent advances in
electrospun nanofiber membranes for air filtration. It
focuses on fabrication methods, particle-capture
mechanisms, sustainable and  waste-derived
polymers, and multifunctional designs. Particular
attention is given to antimicrobial, antiviral, and
humidity-resistant =~ membranes  for  tropical
conditions. The review also discusses their potential
to address particulate pollution, airborne pathogen
exposure, and plastic-waste challenges in Indonesia.

2 Advanced Capture Physics at the Nanoscale
2.1 Dominant filtration mechanisms

There are two types of air filtering mechanisms:
steady-state and unsteady-state. In a steady-state
operation, both the pressure drop and the filtration
efficiency remain constant throughout the filtration
process. The features of the filter materials, the type of
particulate matter, and the airflow all affect this
process. However, because of the buildup of
particulate matter on the filter, the unsteady-state
process causes the filtering efficiency and pressure
drop to fluctuate over time. The unsteady-state process,
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Figure 1: The schematic of (a) the air filtration
mechanism of the single fiber, (b) the most
penetrating particle size (MPPS) graph of particulate
filtration efficiency effect for particles with different
diameters, and (c) the filtration effect based on
particle size [15], modified with permission from the
author, © Copyright 2019, William Andrew Applied
Science Publisher.

however, requires theories due to its complexity. Five
mechanisms—interception,  inertial  impaction,
Brownian diffusion, gravity effect, and electrostatic
effect will be used in this section to describe the
steady-state fiber filtration process, which can be
seen in Figure 1a [4].

2.1.1 Interception mechanism

The aerosol or particulate matter has a simplified
movement path. Unless there is an external push,
the particles follow the streamline without touching the
surface of the nanofiber filter materials. If the particles
move near the filter fiber, they would come into contact
with it. Van der Waals attraction would now pull them
to the fiber. This technique can often capture particles
with sizes ranging from 0.1 to 10 um (Figure 1c).
This filtration process is known as interception [17].

2.1.2 Inertial impaction mechanism

As the airflow passes through the nanofiber, the airflow
streamlines shift direction close to the fiber boundaries.
Particles larger than 0.3 to 1um (Figure 1c) have trouble
rapidly altering the direction of airflow along
the streamline due to inertia. After separating from
the streamline, the particles will be deposited onto
the nanofiber along their original path. This mechanism
has become the most popular way to achieve higher
airflow velocities and capture larger particles. This
technique will be more effective in capturing particulate
matter if the airflow velocity, particle size, and fiber
packing density are increased [15].
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2.1.3 Brownian diffusion mechanism

When particulate matter is smaller than 0.1pm,
Brownian diffusion takes place. Due to particle
collisions while travelling along erratic paths, these
particles display non-laminar flow. Brownian motion
is the term used to describe the random movement
that particles in a fluid show. Particle collisions with
nanofibers and subsequent deposition on the fibers
can also arise from this motion. When the airflow
velocity is low and the particle size is tiny, the
mechanism will be effective [4].

2.1.4 Electrostatic effect mechanism

When sub-micrometer particulate matter particles
contain a charge that is opposite to the nanofiber, the
electrostatic effect process takes place. The particles'
trajectory is altered by the electrostatic force, which
attracts them to the filter membrane's surface.
Concurrently, the electrostatic effect increases the
adherence of particles to the surface of the fibers.
Without increasing the pressure drop, the
electrostatic effect method can boost the filtering
efficiency [15].

2.1.5 The gravity of settling effect

When particulate matter particles are larger than
0.5um, gravity or settling takes place (Figure 1c). In
the presence of an airstream, gravity may create a
deviation from the initial route, and the nanofiber
identifies the particles. For the majority of nanofiber
filter membranes, the gravitational or sedimentation
effect is negligible. For high-efficiency air filters, this
effect has therefore had less bearing.

2.2 The transition regime and slip flow

The nanoscale fiber diameter greatly enhances the
material's specific surface area. As a result, the
filtration efficiency is significantly increased for
sub-micron particles with significant Brownian
diffusion.

In nanofiber media, the slip characteristic
allows it more straightforward to achieve less
airflow resistance. The laminar flow around
nanofibers has a Reynolds number (Re) that is much
less than 1, which suggests that creeping flow is
present in the flow. The Knudsen number can be
used to assess the flow of a fiber (Kn = A/D), where
D is the fiber's radius and A is the mean free path of
air molecules. In Figure 2, the gas flow regime can be

Kn = 0.0001 0.001 0.01 0.1 1 10, 100
— —

O 21276ym | 1276 ym~127.6 pm 1276 nm ~ 12764 nm | [<12.76 nm

|
; '
! Transition regime

)

Continuum flow | Slip-flow regime ! [Free-molecule flow

¥
i
|
*
i
' |

Re 2024
U=53cmis
Figure 2: The Knudsen number of the nanofibers

ranged from 0.1 to 10, indicating that they fall
within the transition regime [19], [20].

24e-3~0.24 2.4e-5~24e-3 <24e-5

divided into four types based on the Knudsen
number: free molecular flow, transition flow, slip
flow, and continuum flow. The nanofibers'
Knudsen numbers ranged from 0.1 to 10,
according to the data shown in Figure 2,
suggesting that they are in the transition phase
[19]-[21].

The MPPS (Most Penetrating Particle Size)
of the nanofiber is less than that of the microfiber.
Particles as small as 100 nm are captured by
microfibers via diffusion. Nevertheless, the
nanofiber will successfully confine the particle
through interception because of its identical
properties. In Figure 3, as the size of nanofibers
decreases relative to microfibers, the importance
of the interception effect increases. The low-
velocity area on the fiber's surface decreases in
proportion to the decrease in fiber diameter, while
the flow field velocity surrounding the fiber
becomes more homogeneous. As a result, there is

less air resistance or pressure drop in the
nanofiber [19], [20], [22].
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Figure 3: schematic of the filtration

Adapted with permission by the
© Copyright 2023, Elsevier.

authors,
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Table 1: Summary of electrospinning process for several application areas.

Materials Properties Application Area Ref.
PS/GO-APTES/Anti CD36 Immunosensing of CD36 as a marker for diabetes plasma Biomedical: Biosensor [13]
NiO/ZnO mesoporous Urine metabolism analysis of smoker Biomedical: Biosensor [14]
nanofiber membrane
PAN/PTA Permeation Flux 7.66x10* L/m?.h.bar Water Filtration [16]
Nylon-6 PFE= 98%; Pressure Drop= 69 Pa Air Filtration [24]
PP/Nylon-6 PFE= 99%; ressure Drop= 79 Pa Air Filtration [25]

3 High-Throughput and Specialized Fabrication
Techniques

3.1 Electrospinning

3.1.1 Fundamentals of electrospinning

Nanofiber membranes with diameters ranging from 10
nm to submicron-scale can be fabricated by electrostatic
spinning, also known as electrospinning, a highly
advanced and efficient production technique. Due to the
benefits of electrospinning, this technique can be
applied in several applications, such as biomedical,
water filtration, and air filtration (Table 1).

Four devices make up the basic electrospinning
setup: (1) a polymer reservoir for pumping the polymer
solution or melt; (2) a syringe pump attached to a
spinneret or metal needle; and (3) a high-voltage power
supply for creating the differential electric field between
the metal needle and membrane collector, as shown in
Figure 4. Following the revival of electrospinning in
1995, it was thought that the synthesis of nanofibers
involved a continual process of splitting in the
atomization zone. Ten years later. A high-frequency jet
and a curved bending area were seen in the unstable
atomization region [23]. This evidence indicates that the
polymer  nanofibers  are rapidly stretched  and
dried during the electrospinning process, which can be
divided into three distinct stages: the production of a
Taylor cone, the formation of a linear jet, and the
bending instability region.

Ground
—— Syringe Pump .

Rotating Collector

High Voltage (+)
.

Figure 4: The schematic of the electrospinning
process.

There are three separate processes in the
electrospinning process. (1) The injection pump's
spinneret makes it easier for the polymer solution
to exit the syringe. Surface tension, thrust force,
and gravity all produce spherical droplets. (2)
Charges accumulate on the droplet's surface after
the powerful generator is turned on. The electric
field force causes the droplet to change from a
spherical to a conical shape. The droplet's surface
is impacted by the interaction between surface
tension and the gravitational Coulomb force.
When the Coulomb force exceeds the surface
tension, a cone known as the Taylor cone forms,
and a jet with a straight or linear trajectory is
released. (3) The quick evaporation of the jet's
menstruum causes instability in the linear jet
during the third stage. The creation of unstable
areas known as "bending instability," which
results in the development of polymer fibers, is
triggered by the interaction between the positive
charge and the surface electric field [4], [12].

3.1.2 Influence of the electrospinning process
parameters

System parameters of electrospinning

The concentration of the polymer solution,
viscosity, molecular weight, surface tension,
dielectric constant, and conductivity of the
polymer are the system factors that have a major
impact on the nanofiber. When the other
parameters remain constant, the polymer
solution's viscosity rises to a certain degree,
which is beneficial for creating a nanofiber with
the right morphology. Increased viscosity is also
a result of increased polymer concentrations in a
solution. Molecular weight also affects the
solution's viscosity. If the viscosity of the
polymer solution is too high or too low (bead-on-
string), the probability of beaded fiber production
increases. Furthermore, the viscosity of high
molecular weight polymer solutions causes them
to swiftly form linear nanofibers [18].
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Other polymer solution factors include the
solvent's volatility and solubility. The solvent can be
changed by choosing a single solvent and altering the
ratio of the combined solution. Furthermore,
electrical conductivity has a greater impact on the
synthesis of nanofibers. Excessive electrical
conductivity causes severe discharge, reduces the
uniformity of the fiber diameter distribution, and
causes the electrospinning process to fail. The
manufactured fiber beads are greatly diminished, and
a rise in fiber diameter may have an impact on the
increase in electrical conductivity. The dielectric
constant is commonly used to discuss the
composition of the solvent. Within a certain range,
the diameter of the nanofibers decreases as the
solvent dielectric constant increases. However, the
stability of the jet is affected by an excessively high
dielectric constant [17].

Process parameters of electrospinning

Process variables include high voltage, polymer
solution flow rate, spinneret-to-collector distance,
metal needle diameter (single or multi-needle), and
collector type. The electric field force, which is
controlled by the voltage (V), drives solvent
evaporation and the creation of polymer filaments.
Every electrostatic spinning process requires a
minimum starting voltage. The electric field force
and thrust force of the syringe pump are greater than
the surface tension and gravity of the droplet at the
end of the spinneret. It has been proposed that when
the electric field force equals the surface tension, a
linear jet may occur even when the droplet's gravity
and thrust are insignificant. When the voltage is
above the minimum pressure, the solvent will
evaporate very quickly, enabling the fiber to quickly
transform into a filament. As a result, the fiber gets
thinner. When a certain limit is surpassed, the
average diameter does not decrease. It increased
because the electric field did not expand, the voltage
was too high, and the polymer dried too soon after
forming a straight jet [26].

The flow rate of the polymer solution also
influences the creation of nanofibers. A thin fiber
may be produced with a low flow rate. However,
at a high flow rate, the fiber's diameter may
increase. On the other hand, when the flow rate is
too high, a bead forms in the fiber structure.
Another factor to take into account is the distance
between the tip and the collector. The strength of
the generated electric field and the advantage of
polymer solvent evaporation both increase with

distance from the collector in a particular range. As
a result, the fibers have better surface shape and a
smaller diameter. The increase in fiber diameter
caused by the increase in spinneret diameter was
mostly caused by an increase in viscosity [26].

Ambient parameters of electrospinning

Temperature and relative humidity are examples of
ambient parameters that have an impact on the
synthesis of nanofiber membranes. Increasing the
temperature can boost the volatilisation rate, lead to
quick solidification of the polymer solution, and
result in a finer fiber with a tiny diameter.
Conversely, an increase in relative humidity
influences the decrease in volatilisation and results in
the formation of a beaded fiber. Integrating the
solvent and polymer characteristics is necessary to
modify the environmental factors [17].

3.2 Electrospinning for air filtration application

It explains the latest advancements in nanofiber,
including single polymer, multi-polymer, integrated
nanoparticle, and multi-process nanofiber, to
enhance air filtering efficacy. Some of these
procedures provide an additional purpose in addition
to increasing the particulate matter's capture
efficiency. For example, it may be used at high
temperatures and humidity levels [3], [27], is
breathable [28], has good antibacterial qualities [29]-
[32], and is biodegradable [33]-[37].

Generally, electrospinning is used to fabricate
nanofibers, which consist of a single polymer
solution in a single spinneret (Figure 5). This process
is relatively simple. The polymer solution that is
prepared for the single process has spinnable
properties. Furthermore, the preparation of polymer
solution for single-process electrospinning can be
blended with other polymer solutions [38] or added
to nanoparticle solution [39]. For instance, the
fabrication of polyamide nanofiber using a single
spinneret with a concentration of 20 wt% of polymer
solution; the variation of flow rate from 0.4 to 1.2
mL/h and needle diameter 23 to 29 G as well; the
voltage 28 kV; and the gap distance between needle-
tip and collector of 10 cm resulted in uniform
nanofibers with fiber diameter 293 to 442 nm [40]. In
addition, the mixture of PVDF/PAN using a single
spinneret with a concentration of 15 wt% resulted in
ultrathin nanofibers with a diameter of 172 to 198 nm
and high air filtration efficiency (99.93%) as well
[38].
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Syringe pump
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Figure 5: The schematic of single spinneret
electrospinning.

The nanofiber membrane was created by Bui
et al., using DMAc and 2-butanone as solvents in
a PVDF polymer solution. Because of the pB-
phase's piezoelectric characteristics, the PVDF's 3-
phase production enhances the electrostatic
attraction between the nanofiber and particulate
matter. Consequently, the PVDF nanofiber has a
low pressure drop of 51 Pa and a high filtration
efficiency of 97.4% [41]. On the other hand,
introducing nanoparticles such as SiO> NPs also
improves electrostatic attraction. The PEI/SiO2
NPs composite nanofiber, created by Li ez al., has
a homogeneous structure and a fiber diameter of
about 600 nm. This nanofiber membrane has an air
resistance of 59.4 Pa, a high filtering efficiency of
roughly 99.92%, and a degradation rate of less than
10% for 200 minutes [42].

Recently, the problematic issue of airborne
viruses has led to the excessive utilisation of
membrane filters for personal protective
equipment fabricated from a non-degradable
polymer, such as polypropylene, which poses a
massive challenge for environmental issues,
especially causing secondary pollution to the
environment [43]-[46]. An environmental
problem can be resolved by using a biodegradable
polymer that breaks down over time. Wang et al.,
produced the multiscale nanofiber membrane
filter from polylactic acid (PLA) as a derivative
of starch and tetrabutylammonium chloride
(TBAC) as a salt. It resulted in true-nanoscale
PLA with a fiber diameter of about 151-253 nm,
a high filtration efficiency of 99.99%, and the
ability of the membrane to break down through
soil burial and enzymatic breakdown [33].

The other option to handle the secondary
environmental concern is to create a reusable or
washable nanofiber membrane. The reusable
nanofiber membrane filter was created by Ding et al.,
using a composite nanofiber made of polystyrene
(PS) and spiropyran (SP). A homogeneous nanofiber
with a diameter of about 500 nm was the end product.

In addition, the filtration effectiveness of its
membrane is greater than 95%, and it may be
cleaned and reused without diminishing the
filtering performance [47]. A full summary of
the utilisation of the electrospinning technique
for air filtration can be seen in Table 1.

3.3 Multi-Spinneret systems

Implementing the multi-spinneret electrospinning
technique enhances the nanofiber's characteristics
and speeds up the process of creating electrospun
nanofibers for air filtration. As shown in Figure 6b,
Robert et al., created coaxial nanofibers using the
PMIA PAN polymer solutions. The concentrations
of PAN and PMIA range from 8 to 12 weight
percent and 6 to 10 weight percent, respectively.
The tensile strength of PAN (2.14 MPa) is
increased to 13.8 MPa by using PMIA as a core-
shell. Additionally, the filtration efficiency
increases from 96.09 to 99.56% [48].
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Authors, © Copyright 2022, Taylor & Francis.

J. N. R. Suprihartini et al., “Combating Urban Air Pollution in Indonesia: Recent Advances in Electrospun Nanofiber Membranes for

High-Efficiency Particulate Matter Capture.”



Applied Science and Engineering Progress, Vol. 20, No. 4, 2027, 8377

The other type of multi-spinneret is side-by-side
electrospinning, as in Figure 6a. Gao. et al., used 6
wt% PLLA and 8 wt% PDLA polymer solutions and
incorporated them with Aluminum Chloride
Hexahydrate to fabricate side-by-side nanofiber with
two sizes of needle diameters 0.39- and 0.63-mm. The
process parameters, such as voltage, flow rate, the
distance between the needle tip and the roller drum
collector, and the rotating speed of the receiver, are 25
kV, 1 mL/h, 17 cm, and 400 rpm, respectively.
PLLA/PDLA-AICI; nanofibers from this
electrospinning process resulted in a uniform and
smooth structure that improved the filtration
performance from 94-98% with a pressure drop of less
than 30 Pa [49]. Table 2 provides a comprehensive
overview of the electrospinning process's spinneret
modification.

3.4 Needle-Less and bipolar electrode techniques
Munir et al, produced multilayer expanded

polystyrene (EPS) nanofiber for air (filtration
applications utilising the needle-less or nozzle-less

electrospinning technology in place of the needle as a
spinneret. In Figure 7, 20 weight percent of EPS was
dissolved ina 1:1 DMF: DL-limonene solvent. The roller
drum serves as a collector during the spinning process,
which uses high voltage, flow rate, gap distance, and
spinning duration of 15 kV, 0.3 mL/h, 20 cm, and 6 to 18
minutes, respectively. Compared to single-needle
electrospinning, this method produces 10 times as much
fiber. The needleless electrospinning method produces
polystyrene nanofibers with a fiber diameter of about 1040
nm, regular porosity fiber, and a filtration efficiency of 90—
94%. [57].

3.5 Post-Treatment and surface roughness

To enhance the function of the nanofiber filter
membrane, the researchers additionally executed a
further post-electrospinning treatment for the multi-
processor. For example, Gobi et al, work on PAN
nanofiber coated with polyamide: PEG and alkali-
treated to produce a web structure, with a filtering
efficiency of 36.54-78.56% [64], that can be seen in
Figure 8.

Table 2: Summary table of the application of electrospinning for air filtration application.

Filtration Ref.
. Electrospinning Fiber . Performance )
Materials Methods Diameter (nm) Fiber Shape PFE Pressure
(%) Drop (Pa)
6 PLLA/ 8 PDLA Side-by-side 336-559 Smooth without beads 94 - 98 <30 [49]
PVA/CNCs Single spinneret 210-128 Uniform regular 99.99 110-230 [50]

1.6-2.2 wt% PLLA  Single Spinneret NA

Porous fiber 99.7 91 [51]

8, 10 wt% PAN Single Spinneret 100-550 Uniform regular 99.41 423.5 [52]

8to 16 wt% Single Spinneret ~ 52-314 Regular with accumulated 99.97 132-602 [53]

PAN/MgO nanoparticle

15 wt% Single Spinneret 172-198 Ultrathin fiber grain-like 99.93 105.2 [38]

PVDEF/PAN structure

20 wt% Ethyl Single Spinneret ~ NA Uniform regular ~99.99 NA [54]

cellulose/

PTFE

22 wt% TPU Single Spinneret  NA Uniform regular 99 28 [55]

10 wt% PAN/CNs  Single Spinneret ~ 471-760 Uniform with broad 90-98.2 94.14- [56]

diameter 599.8

20 wt% expanded Needle-less 1,040-8,940 Regular porous fiber 90-99.4 48.41- [57]

polystyrene 58.36

5to 10 wt% Coaxial 206-373 Uniform 99.5 49.03 [58]

PMIA/PAN nanofiber

12PAN/ 12 TPU/  Electrode-free - NA uniform 97.8- 48.4-58.4 [59]

11 PVA/ 12 PS bipolar 99.1

PLA Single Spinneret 137-274 Bead-on-string nanofiber 98 29.3 [60]

Zein Single Spinneret 350 Ribbon-like structure 97.6- NA [34]
99.8

Gelatin/ B- Single needle 130- 247 Web structure 99 125 [61]

cyclodextrin

PASS/Ag/ZnO Single spinneret 168-321 Uniform structure 99.41- 42-79 [62]
99.89

PS/CNC Multi-spinneret 1100-2500 uniform 96.6- 237-338 [63]
98.8
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a single-layer EPS membrane filter, and (c) the structure of a multilayer EPS membrane filter [57]. Adapted
with permission from the author, © Copyright 2022, Elsevier.

In a different study, Wong et al., used the
multi-spinneret electrospinning approach to create
the PS/CNC composite nanofiber, which was
deposited on an aluminum roller drum collector at
a voltage, flow rate, and gap distance of 2 kV, 10
mL/h, and 0.5 cm, respectively (Figure 9). A 10-
nozzle splitter with a syringe needle as the
spinneret was used in the procedure. The fiber's
diameter is reduced from 2.52 to 1.1 um when
Intense Pulse Light Treatment is added after
spinning.

The evaporation of remaining DMF solvent
causes the surface roughness of the nanofiber to
increase.  Furthermore, filtering efficiency
increases from 96.6 to >99% after treatment with
Intense Pulse Light (IPL) [63]. Table 2 provides an
overview of the electrospinning process used to
fabricate the as-spun nanofiber.

Collector
Syringe pump

=)  Alkaline
treatment

Power supply

Figure 8: The schematic of multi-process
electrospinning with polyamide coating and alkali
treatment [64]. Modified with permission from the
author, © Copyright 2022, RAPRA Technology Ltd.

3.6 Comparison of electrospinning strategies for air
filtration applications

Different electrospinning strategies offer distinct
advantages and limitations for air filtration. Single-
spinneret electrospinning offers a relatively simple
and flexible configuration, while polymer blending
and nanoparticle incorporation can be performed
within the same spinning solution to tailor filtration
and  functional  properties. = Multi-spinneret
approaches, including coaxial and side-by-side
electrospinning, provide greater control over fiber
architecture and enable the combination of different
materials; reported examples show filtration
efficiencies of 99.5% for coaxial nanofibers and
94-98% for side-by-side nanofibers, with the
latter maintaining a pressure drop below 30 Pa
[52], [53], [60]. These systems, however, require
more complex control of multiple polymer
streams or spinnerets than single-spinneret
configurations.

Needleless electrospinning provides a major
productivity advantage, producing approximately
ten times more fiber than single-needle
electrospinning, but the reported EPS fibers were
comparatively coarse (about 1,040-8,940 nm) and
showed filtration efficiencies of 90-99.4% [54].
Bipolar-electrode approaches can achieve high
filtration efficiency of 97.8-99.1% with a pressure
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Figure 9: The schematic of (a) synthesis of PS/CNC polymer solution, (b) the multi-needle electrospinning
of PS/CNC nanofiber, (c) the Fabrication of multi-process electrospinning with IPL treatment [63]. Adapted
with permission from the author, © Copyright 2021, American Chemical Society Publications.

drop of 48.4-58.4 Pa [61], while post-treatment
can further modify fiber diameter and surface
characteristics; for example, intense pulsed light
treatment reduced fiber diameter from 2.52 to 1.1
pm and increased filtration efficiency from 96.6
to above 99% [56]. Thus, selection of the
electrospinning strategy should consider the
balance = among  production rate, fiber
architecture, filtration efficiency, pressure drop,
material functionality, and process complexity,
rather than filtration efficiency alone.

4 Material Sustainability and The Mask Waste
Crisis

4.1 Biodegradable polymers

The development of sustainable air filtration media
has increasingly focused on polylactic acid (PLA)
derivatives due to their inherent biodegradability and
versatile functionalization potential. Pure PLLA
membranes fabricated via single-needle
electrospinning achieve a Particulate Filtration
Efficiency (PFE) of 99.21% while maintaining
biocidal activity, moisture resistance, and reusability.
The performance is further enhanced in PLA/PCL-
Ag/Zn composites, which utilize multi-process
electrospinning to create uniform, bead-free fibers
that demonstrate a bactericidal ratio of over 99%

against E. coli and S. aureus, coupled with a
complete decomposition profile in soil burial within
90 days [45], [65].

Natural biopolymers like PHB and Zein offer
tailored morphological characteristics that influence
both air permeability and environmental degradation
rates. PHB biopolymer fibers form interconnected
networks without bead formation, yielding a PFE of
95.85% at a relatively low pressure drop of
approximately 50 Pa. In contrast, Zein produces
unique ribbon-like flat and twisted structures that
significantly enhance capture efficiency to 99.76%,
while exhibiting one of the most rapid environmental
degradation profiles with a 90% decomposition rate
after only 42 hours [34], [66].

Finally, protein and polysaccharide-based
composites, specifically PVA/Konjac glucomannan
and Soy protein isolate/PVA, emphasize maximum
biological safety alongside high mechanical efficiency.
Membranes incorporating Konjac glucomannan deliver
a 99.99% PFE and distinct bacterial inhibition zones
against common pathogens. Similarly, Soy protein
isolate/PVA nanofibers achieve peak efficiencies up to
99.99% and complete decomposition within 40 days,
ensuring that the filter media itself does not contribute
to long-term environmental accumulation [37], [46].
The detailed summary can be seen in Table 3.

Taken together, these advances in biodegradable
electrospun nanofibrous membranes highlight a viable
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pathway for improving urban air quality in Indonesia, as
summarized in Table 3. Their capacity to achieve
efficient particulate matter removal while reducing the
environmental footprint of filtration systems aligns well
with the sustainability goals of densely populated
tropical cities facing persistent air pollution and waste
management challenges

4.2 Upcycling Indonesia’s plastic waste

Indonesia's systemic plastic waste crisis, characterized
by the annual generation of approximately 9.21 + 1.52
million tonnes, is exacerbated by a 59%
mismanagement rate where open burning (45%) and
direct environmental leakage predominate. The
persistence of these long carbon chains induces severe
ecological degradation and microplastic contamination,
posing significant threats to marine biodiversity and
public health [68], [69]. Strategically upcycling
prevalent post-consumer polymers, specifically
polyethylene terephthalate (PET), polystyrene (PS), and
polypropylene (PP), into electrospun nanofibers offers
a transformative circular economy pathway to mitigate
this surplus. These waste-derived architectures,
characterized by ultra-fine fiber diameters and high
surface areas, enable the fabrication of high-
performance air filtration media, providing a

addressing the nation's critical plastic waste surplus
[70]-[72].

Among these polymers, waste polystyrene has
demonstrated considerable potential as a precursor
for electrospun nanofiber filtration membranes. For
instance, waste  polystyrene  from  household
industries, such as food packaging, can be processed
via needleless electrospinning to fabricate
hydrophobic nanofiber membranes with a uniform
structure and a fiber diameter of approximately 500
nm, offering a filtration efficiency of around 94% and
preventing bacterial attachment [50].

Furthermore, the use of expanded polystyrene
at a 15 wt% concentration resulted in exceptional
PM2.5 removal performance, achieving a filtration
efficiency 0£99.99% and a quality factor of 0.15 Pa!,
demonstrating the strong potential of waste-derived
PS nanofibers for high-performance air filtration
applications. The surface morphology of these rPET
fibers was successfully controlled to create
hierarchically porous structures. These rPET fibrous
membranes demonstrate high capture capabilities for
both PM2.5 air pollutants and proteins, underscoring
their potential as an integrated high-efficiency
aerosol and virus filtering solution. Processing rPET
into these functional materials further enhances the
high specific surface area of the electrospun

sustainable technological solution for combating urban ~ membranes, providing more possibilities for
air pollution in Indonesia while simultaneously advanced engineered applications [73].
Table 3: The summary of biodegradable electrospun nanofiber for air filtration application.
Fiber Filtration Performance
Materials Diameter PFE AP Biodegradable Characteristics Ref.
(nm) %) (Pa)
Kill the bacteria, Good moisture resistance, reusable,
PLLA NA 99.21 ~91 and sterilizability. [65]
Biodegradable
Favorable cell ability,
Bactericidal ratio against E. coli and S. aureus are 99.33
E iﬁé giﬁ;‘zﬁg Zn“ 475-160 95-98.51 62-80 and 99.19%. [45]
Long-lasting durability (>12h)
99.411%, Decomposed soil burial for 90 days.
Zein ~200 99.76 109 Degradation rate 90% after 42h [34]
CA/TPU-LiCl 220-390 99.8 52 Reusable [33]
99.97- Completely decomposed in the soil after 150 days
PLA/TBAC 151-253 99.99 104 Completely degrade with enzyme proteinase K after 16h [67]
Shellac/PVP 439 95-98.1 133 Biodegradable [36]
. . Degradation rate 40% for 4h
Silk protein/PEO 300 =97 12 Can detect NH; gas and MeOH vapor [36]
Zn  encapsulated Degradation efficiency 98% after 20 min
PVA/Konjac >100 99.99 130 Inhibition zone against E. coli and S. aureus are 1.58 and ~ [46]
glucomannan 1.4 cm
.. 99.76- Completely decomposed after 40 days,
Soy protein isolate/PVA 152 - 88 9999 99 No bacteria found [37]
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4.3 Electrostatic effects

Nanofiber filter media have emerged as a superior
alternative to traditional air filtration materials due to
their high surface area and the slip-flow effect at the
nanoscale [74]. However, a significant challenge in
nanofibrous membranes is the inherent trade-off
between particle capture efficiency and airflow
resistance; as efficiency increases, the resulting high
packing density often leads to a substantial pressure
drop [74]-[76]. To address this, current research
focuses on nanoscale architecture, specifically the
bead-on-string (BoS) morphology, and the
enhancement of electrostatic effects [74], [75], [77].
These BoS structures are characterized by nanobeads
distributed along the fiber axis, which strategically
redistribute solid volume to lower air resistance while
maintaining high removal performance through
various mechanisms, including physical interception
and electrostatic attraction [74], [75].

Beyond these structural advantages, the
integration of electrostatic effects transforms passive
sieving into active particle capture. During
electrospinning, high voltages in situ inject
substantial charges into the nanofibers, including
surface, volume, dipole, and interfacial charges,
which generate strong local electrostatic fields. These
fields attract charged particles via Coulombic forces
and polarize neutral particles for capture through

dielectrophoretic interaction. This active capture
mechanism is particularly effective for ultrafine
particles, as it can dramatically improve filtration
efficiency without increasing physical obstruction to
airflow. However, these electrostatic benefits are
often sensitive to environmental conditions, as high
relative humidity can lead to charge dissipation
through water vapor uptake, as summarized in Table
4 [75], [77].

5 Enhanced Functionalities for Urban Environments

5.1 Antimicrobial and antiviral properties

The growing demand for advanced air purification
has driven the development of multifunctional
electrospun nanofiber membranes that combine
high-efficiency particulate capture with biocidal
activity.  Using  polymer  matrices  with
antimicrobial agents such as silver nanoparticles,
metal oxides, and bio-based proteins, these
membranes can achieve high Bacterial Filtration
Efficiency (BFE) while maintaining relatively low
pressure drop [87], [91], [92]. The five capture
mechanisms described in Section 2.1 diffusion,
interception, inertial impaction, gravitational
settling, and electrostatic attraction—operate
differently depending on particle size. Bare
virions, typically 20-300 nm, lie near the

Table 4: Summarize electret nanofiber for air filtration application.

Fiber Surface Decay
Polymer System Diameter Fiber Shape PFE (%) AP (Pa) Potential % Decay  Time Ref.
(nm) (\%) (hour)

PU/ Si3Ng 350 Uniform 99 108 1800 56 168 [78]
PES/ BaTiO; 280 Uniform 99.99 67 NA <10 5 [79]
PA-6/ Boehmite 73-90 Protuding 96.8 48 109 NA NA [80]

structure
PEl/ SiO, 604 Uniform 99.992 61 NA <10 3.5 [42]
PVB/ SizNy 400- 600 Uniform 99.95 55 2080- 3.8 5 [81]

2140

P(VDF-TrFE)/ 280- 460 Uniform 96 182 -2000to  NA NA [82]
BaTiO; -8000
PLA/ Zn-TIO 264 Uniform with PMy3 133.7 5700 NA NA [83]

protuding 96.5

structure PM; 5

99.8

PU foams coated NA NA 90.5 ~13 NA NA NA [84]
Mr‘lOz
MnO,/PE/PP NA NA 71.73 6.02 14000 <5 720 [85]
PP/BaTiOs 1000-3000  uniform 99.97 95 NA NA NA [86]
PP/boehmite/ZnO 1500 uniform ~95 ~22 2500 ~12.5 168 [87]
PP/MgSt NA NA 99.2 13.93 4500 NA NA [88]
PI/PVP/ BaTiO; 380-525 Protuding ~99.1 <70 1900 ~12 120 [89]
PVDF-TrFE/Li- 430 Uniform porous 73.3 ~91 20 NA NA [90]
doped ZnO with wurtzite

crystal
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transition between Brownian diffusion and
interception, overlapping the most penetrating
particle size (MPPS) range. However, airborne
viruses are more commonly associated with
respiratory  droplets or droplet nuclei of
approximately 0.3—5 pum, where interception and
inertial impaction become more important.
Nanofibers can enhance interception because of
their small diameter and associated airflow effects,
but physical capture alone does not inactivate viable
pathogens [93].

Biocidal functionality is therefore essential for
dual-purpose filtration. Silver, ZnO, and CuO can
disrupt microbial membranes through ion release
and oxidative stress, while photocatalytic
materials such as TiO2 and ZnO generate Reactive
Oxygen Species (ROS). Bio-based agents,
including lysozyme and chitosan derivatives, can
damage microbial structures, whereas quaternary
ammonium compounds (QACs) disrupt microbial
membranes through electrostatic interactions.
Combining physical retention with biocidal
activity increases the likelihood that captured
pathogens are neutralized rather than merely
retained on the filter surface. This is particularly
important for virus-containing bioaerosols, where
prolonged retention under humid conditions may
increase the risk of pathogen persistence or
secondary release [30], [32], [92].

Table 5 summarizes representative electrospun
nanofiber membranes and demonstrates the
relationship between fiber morphology, filtration
performance, and antimicrobial activity. Ultra-fine

Table 5: Summary of electrospun nanofibers for
biological performance.

. Filtration
Materials Fslibzeér Performance  prpon)  Ref.
(nm) PFE AP ° :
(%) (Pa)
PVA/AgHE 59-
po 434 >95 330 ~100 [91]
PCL/HNTs-  169-
7m0 200 99.06 46 96-98 [32]
PMIA/PAN 13?46' 99 25 NA [60]
PVDF/Dye 047
Photosensiti ~ ~200  98-100 "o 99 [94]
zer )
PASS/Ag/Z  140-
0 334 99.9 79 95-7 [64]
PA6@AgE 90 99.99 31 97.4-99 [31]
Sericin/PVA 300-
(Clay 100 NA NA 97-99 [95]
PCL/Zein/Ag 275 97-99 57120 97-98 [92]

PA6@Ag nanofibers with an average diameter of
90 nm achieved 99.99% PFE with a pressure drop
of only 31 Pa [35], wherecas PVA/AgHEC fibers
with a diameter of 434 nm showed >95% PFE with
a higher pressure drop of 59-230 Pa [90]. Beaded
or knotted structures, such as PCL/HNTs-ZnO and
PASS/Ag/ZnO, can reduce packing density while
maintaining high PFE (>99%) and relatively low
pressure drops of 46-79 Pa[36], [62]. The
PVDF/Dye Photosensitizer membrane further
demonstrated 98.2-99.9% PFE at only 0.47-0.8
Pa, whereas PCL/Zein/AgNPs showed comparable
PFE (97.2-99.2%) but a substantially higher
pressure drop of 72-510 Pa[91], [93]. These
results illustrate the importance of controlling
fiber morphology and membrane structure to
balance filtration efficiency and airflow resistance.

Antimicrobial performance also varies with the
active agent and membrane architecture. Silver-
containing membranes, including PVA/AgHEC,
PA6@Ag, PASS/Ag/Zn0O, and PCL/Zein/AgNPs,
achieved BFE values of approximately 95.4—
100% [35], [62], [90], [93]. PCL/HNTs-ZnO
achieved 95.9-97.9% BFE, with halloysite
nanotubes helping to reduce ZnO
agglomeration [36]. Meanwhile, the PMIA/PAN
coaxial membrane demonstrated inhibition zones
of 15 and 18 mm, highlighting the diversity of
antimicrobial evaluation methods [58]. These
variations, from filtration efficiency and inhibition
zones to adsorption capacity, reinforce the need for
standardized testing under realistic urban and
tropical conditions.

5.2 Optimization for tropical climates

The optimization of nanofiber membranes for
tropical climates requires a specialized focus on high-
humidity stability and multi-gas filtration capabilities
to combat the unique environmental challenges of
these regions. Membranes utilizing PVA/citric
acid/sodium acetate demonstrate exceptional
performance in extreme humidity, maintaining high
filtration efficiency (99.93%) during humidification
at 85+£5%, a condition typical of tropical monsoons.
Furthermore, the integration of Metal-Organic
Frameworks (MOFs) into PVA matrices (PVA/MOF
basolite F300) addresses the prevalence of
malodorous urban gases by effectively removing
and, providing a dual-functional approach that pairs
high particulate matter removal (40-97% PFE) with
chemical gas neutralization [27], [96]. Therefore, the
development  of  multifunctional = nanofiber
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membranes, as summarized in Table 6, represents a
highly relevant technological pathway by integrating
high-efficiency PM2.5 filtration, VOC adsorption,
moisture management, and gas-removal
functionalities; these advanced membranes hold
significant potential to support sustainable air quality
improvement and reduce pollution-related health
risks in major Indonesian urban centers.

6 Industrial Applications and Commercialization
Challenges of Electrospun Nanofiber for Air Filtration
in Indonesia

In Indonesian urban settings, air filtration is applied
at several levels, including personal respiratory
protection, indoor air cleaning, building ventilation
and air-conditioning filtration, and industrial air-
pollution control devices. Recent national guidance
on indoor air quality identifies air purifiers,
sterilization systems, and other appropriate
technologies as practical options for indoor
environments, while Jakarta continues to expand air-
quality monitoring and emission-control measures.
These applications indicate that electrospun
nanofiber filters are more likely to be introduced as
high-performance filter media integrated into
existing systems rather than as a stand-alone
replacement for source-control measures [101].
Indonesia also has an established nonwoven
manufacturing base that can support the substrate
side of advanced filter production. The Ministry of
Industry's 2024 National Work Competency
Standard for the nonwoven industry explicitly
includes operation and setup of spunbond and
meltblown web lines, together with product-quality
testing such as thickness, basis weight, tensile
strength, and porosity. In parallel, a 2026 Indonesian
study demonstrated modification of commercial PP
melt-blown media with electrospun  Nylon-6
nanofibers and reported particulate filtration

efficiency above 95% for PMO0.3, showing a locally
relevant pathway for hybrid filter development.
However, laboratory-scale electrospinning capability
should not be equated with industrial-scale
production; process uniformity, solvent handling,
high-voltage safety, equipment productivity, and
quality assurance remain important implementation
requirements [24], [102].

From an economic perspective, a practical
route is to deposit a relatively thin electrospun active
layer onto an existing commercial nonwoven
substrate, which can reduce the amount of nanofiber
material required while retaining mechanical
support.  Nevertheless, commercialization in
Indonesia may be constrained by the capital cost of
scalable electrospinning equipment, energy and
solvent consumption, occupational safety controls,
the need for stable fiber deposition over large areas,
and the cost of filtration-performance testing and
certification. Additional barriers include
maintenance requirements, replacement intervals,
and the need to demonstrate that improvements in
filtration efficiency justify the associated pressure-
drop and manufacturing costs under local operating
conditions. These factors should be evaluated using
life-cycle cost and performance data rather than
filtration efficiency alone [102].

The policy environment in Indonesia primarily
emphasizes prevention and control of air pollution at
the  source, air-quality = monitoring, and
environmental management. PP No. 22/2021
establishes provisions for air-quality protection and
management, including pollution prevention and
response. At the regional level, Jakarta's air-pollution
strategy includes monitoring, control of mobile and
stationary  sources, vehicle-emission  testing,
industrial emission control, and development of low-
emission areas; the 2026 roadmap further expands
the low-emission-area approach across transport,
buildings, waste, energy, industry, and land-use

Table 6: Summary of nanofiber membrane filters with optimization for tropical climates.

Filtration Performance

Materials Fiber Size PFE AP Tropical Climates Function Ref.
() (%) (Pa)

PVA/citric acid/ sodium acetate 190240 999 128 ?;i";‘oilty [27]
PVA/MOF 166-451 40-97 10-120 Toxic gas removal [96]
PAN/Mt 207 98.7 46.8 Cu Adsorption capacity 227.27 [97]
Polyimide/MOF 470-860 NA NA Good adsorption of m-xylene [98]
Cellulose/ Zeolitic imidazolate 393 98-100 30.7 Low charge decay [99]
Zein 350 98-99.8 NA Breathable [28]
PA-6/Clay/TiO, 76-136 NA NA Good air and water vapor permeability [100]
Gelatin/B-cyclodextrin 130-247 99 125 Excellent adsorption of volatile pollutant  [63]
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sectors. Relevant product-performance standards
also exist, including SNI EN 1822-1:2019 for
EPA/HEPA/ULPA filters and SNI IEC 63086-
1:2023 for household and similar electrical air-
cleaning appliances. Therefore, future Indonesian
electrospun-filter deployment should be aligned with
existing environmental policy and tested against
applicable product-performance standards [5].

7 Commercialization and Scale-Up

The transition from laboratory electrospinning to
commercial air-filter production requires a shift from
single-point material optimization toward continuous,
reproducible manufacturing. Multi-needle, needleless,
bipolar-electrode, and roll-to-roll or rotating-collector
configurations can increase production rate and
improve the feasibility of coating larger substrates, but
scale-up introduces additional requirements for fiber-
uniformity control, solvent evaporation, collector
management, electrical safety, web handling, and
process monitoring. Recent reviews identify
industrialized electrospinning and scalable nanofiber
architectures as important directions for air-filtration
technology [50].

For commercialization, performance should be
specified at the product level rather than only at the
material level. Key qualification parameters include
particulate filtration efficiency, pressure drop, quality
factor, mechanical adhesion of the nanofiber layer to its
substrate, electrostatic-charge stability, resistance to
humidity, loading-induced performance decay, and
service life. These properties should be evaluated under
standardized test conditions and, where appropriate,
field conditions representative of Indonesian urban
environments. Product formats such as replacement
HVAC media, portable-air-cleaner filters, industrial
prefilters or final filters, and respiratory-protection
layers may provide different routes to market, each
requiring different mechanical, airflow, safety, and
certification requirements. [36], [70], [72]

A staged scale-up strategy is therefore
recommended: laboratory validation, pilot-scale
continuous production, long-duration testing, prototype
integration, third-party performance certification, and
finally industrial production with statistical process
control. Hybrid designs that use commercial melt-
blown or other nonwoven substrates as structural
support and electrospun nanofibers as the high-
efficiency active layer are particularly suitable for this
pathway because they can leverage existing converting
and nonwoven infrastructure while limiting the

electrospinning step to the functional surface. The
economic assessment should include equipment
depreciation, energy, solvent recovery, substrate cost,
labor, quality control, certification, filter lifetime, and
end-of-life management. [65], [70], [71]

8 Research Gaps and Future Technological
Challenges

Despite rapid progress, several research gaps remain
before electrospun nanofiber filters can be broadly
deployed in real air-filtration systems. Published
studies frequently use different face velocities,
relative humidity, particle-size distributions, loading
histories, and testing protocols, making direct
comparison difficult. Long-term retention of
electrostatic charge, humidity-induced performance
loss, mechanical durability, adhesion to substrates,
and behavior during particle loading are also
insufficiently  standardized. = Recent  reviews
specifically identify persistent under-reporting of
relative humidity, face velocity, and durability
protocols as limitations in the literature. [70], [72]

Future research should therefore move toward
integrated performance and sustainability targets:
high submicron filtration with low pressure drop,
durable charge retention, humidity tolerance,
mechanical robustness, scalable deposition, low-
toxicity or solvent-efficient processing, and
controlled end-of-life pathways. Greater attention is
also needed to multifunctional filtration for
bioaerosols and gas-phase pollutants, while verifying
long-term safety and minimizing nanoparticle or
additive release. For Indonesia, field validation using
urban aerosol conditions, comparative life-cycle cost
and environmental assessment, local supply-chain
analysis, and conformity with Indonesian standards
would help bridge the gap between laboratory
demonstrations and deployable products. The
combination of advanced materials such as dielectric
or piezoelectric nanoparticles with locally available
PP melt-blown substrates represents a promising
research direction, but its benefit should be
demonstrated through reproducible long-term testing
and techno-economic evaluation rather than filtration
efficiency alone. [65], [66], [36], [70], [72]

Al-assisted membrane design and machine
learning optimization represent promising directions
for accelerating this development. Machine learning
models could be used to relate polymer type, solvent
composition, solution properties, applied voltage,
flow rate, collector conditions, fiber diameter,
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porosity, and surface charge to filtration
performance. Such models could support rapid
identification of promising material combinations
and processing conditions. Al-assisted optimization
could also help balance filtration efficiency, pressure
drop, mechanical stability, humidity resistance, and
production cost. However, reliable models will
require  standardized and sufficiently large
experimental datasets. Data quality and validation
under independent experimental conditions will
therefore remain essential.

Another  important  direction  is green
electrospinning. Conventional electrospinning may
involve volatile organic solvents, high energy
consumption, and solvent-recovery requirements.
Future studies should prioritize safer solvents,
aqueous or bio-based solvent systems, lower-energy
processing, solvent recovery, and efficient material
utilization. The use of biodegradable polymers and
waste-derived feedstocks should be evaluated
together with processing impacts rather than
considered solely on the basis of material origin.
Recent studies emphasize that solvent selection and
membrane fabrication can substantially influence the

overall environmental profile of electrospun
materials [70], [71].
Life-cycle assessment (LCA) should

consequently become an integral part of membrane
development. Environmental performance should be
evaluated from raw-material production and
electrospinning  through  use,  replacement,
regeneration, recycling, and final disposal. Important
indicators include energy demand, greenhouse-gas
emissions, solvent consumption, material recovery,
waste generation, and filter service life. Recent LCA
research on waste-derived electrospun air filters
demonstrates that process scale-up and regeneration
can substantially influence the overall environmental
impact [73]. For Indonesia, LCA should also
consider local energy sources, transportation, waste-
management systems, and the availability of recycled
or bio-based feedstocks.

Future filtration systems may also evolve from
passive filters toward smart and self-cleaning
membranes. Smart membranes could incorporate
sensing or responsive functions to monitor particle
loading, humidity, pressure drop, or filter condition.
Self-cleaning or regenerative systems could reduce
the accumulation of particles and extend service life.
Possible approaches include electrostatic
regeneration, triboelectric or piezoelectric effects,
photocatalytic surfaces, and responsive surface
structures. These technologies should be assessed not

only for their cleaning efficiency but also for energy
demand, durability, particle-release risks, and long-
term stability. Recent research has highlighted the
potential of self-powered and intelligent electrospun
filtration systems as an emerging direction for next-
generation air filtration [74].

Finally, industrial commercialization remains a
major  research  challenge.  Laboratory-scale
electrospinning must be translated into reproducible,
continuous, and economically viable manufacturing.
Multi-needle, needleless, and roll-to-roll systems can
increase production capacity, but scale-up requires
control of fiber uniformity, solvent evaporation, web
handling,  electrical  safety, and  process
monitoring [70], [72]. A practical commercialization
pathway should include laboratory validation, pilot-
scale production, long-duration testing, prototype
integration, third-party performance certification,
and industrial production with statistical process
control. Hybrid structures that deposit a thin
electrospun active layer onto established nonwoven
substrates may provide a practical route because they
can utilize existing manufacturing infrastructure.

For Indonesia, commercialization should also

consider local raw materials, waste-derived
polymers, energy and solvent requirements,
production costs, product certification, supply-chain
availability, @ and  end-of-life = management.

Performance should be assessed under realistic
tropical conditions rather than based only on short
laboratory tests. Key indicators should include
filtration efficiency, pressure drop, quality factor,
charge stability, humidity resistance, service life,
cost per unit area, energy consumption, and
environmental impact. Addressing these research
gaps will help transform electrospun nanofiber
membranes from high-performance laboratory
materials into sustainable, intelligent, scalable, and
locally manufacturable air-filtration products.

9 Conclusion

Electrospun nanofiber membranes demonstrate strong
potential for sustainable air filtration in Indonesia,
combining high filtration efficiency, low pressure
drop, antimicrobial functionality, and the use of
biodegradable or waste-derived materials. To translate
these advances into practical applications, three
priorities should be pursued: (1) validate long-term
performance under realistic tropical conditions,
including humidity, particle loading, durability, and
pathogen filtration; (2) scale wup sustainable
manufacturing, particularly using biodegradable
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polymers and post-consumer plastics with optimized
electrospinning processes and life-cycle assessment;
and (3) advance multifunctional and self-regenerating
membranes  toward  commercialization through
humidity-resistant, antimicrobial, and self-powered
electrostatic ~ designs, supported by pilot-scale
production and industry collaboration.

Acknowledgments
Not applicable.
Author Contributions

Januar Nur Rohmah Suprihartini: conceptualization,
literature search, data curation, writing an original
draft, reviewing and editing, validation. Candra
Irawan: conceptualization, literature search, writing.
Bima Yatna Anugerah Ramadhani: writing, writing
and editing, data curation, validation. All authors
have read and agreed to the published version of the
manuscript.

Conflicts Of Interest
The authors declare no conflict of interest.

Declaration of Generative AI And Al-Assisted
Technologies in the Writing Process

During the preparation of this work, the authors did
not use any Al or Al-assisted technologies.

References
[1] N. Ganes. “2023 IQAir World Air
Quality Report.” IQAir. [Online.]

Available: https://www.iqair.com/newsr
oom/waqr-2023-pr

[2] B. Haryanto, I. Trihandini, F. Nugraha, and F.
Kurniasari, “Indirect effects of PM» s exposure
on COVID-19 mortality in Greater Jakarta,
Indonesia: An ecological study,” Annals of
Global Health, vol. 90, no. 1, 2024, Art. no. 34,
doi: 10.5334/a0gh.4411.

[3] C.Zhou et al., “Electrospun polyetherimide/zeolitic
imidazolate framework nanofibrous membranes for
enhanced air filtration performance under high
temperature and high humidity conditions,”
Chemical Engineering Journal, vol. 433, Apr. 2022,
Art. no. 134069, doi: 10.1016/j.cej.2021.134069.

[4] Y. Zhou, Y. Liu, M. Zhang, Z. Feng, D.-G.
Yu, and K. Wang, “Electrospun nanofiber

(3]

(7]

(8]

[10]

[11]

[12]

membranes for air filtration: a review,”
Nanomaterials, vol. 12, no. 7, 2022, Art. no.
1077, doi: 10.3390/nano12071077.

B. Haryanto, B. Jalaludin, Al. Asyary, N.
Roestandy, and F. Nugraha, “Associations
between ambient PM; s levels and children's
pneumonia and asthma during the COVID-19
pandemic in greater Jakarta (Jabodetabek),”
Annals of Global Health, vol. 91, no. 1, 2025,
Art. no. 10, doi: 10.5334/a0gh.4623.

Y. Wang et al, “Potential mechanisms
mediating PM, s-induced alterations of H3N2
influenza virus infection and cytokine
production in human bronchial epithelial
cells,” Ecotoxicology and Environmental
Safety, vol. 259, Jul. 2023, Art. no. 115069,
doi: 10.1016/j.ecoenv.2023.115069.

F. E. Hermanto, A. P. Prasetyo, R. D. P. Astuti,
E. G. Ningsih, A. N. Sari, and 1. Prakoso,
“Toward comprehensive airborne pathogen
control in Indonesia’s tropical setting,”
Aerobiologia, vol. 41, pp. 719-742, Dec. 2025,
doi: 10.1007/s10453-025-09881-x.

A. U. Abidin, A. L. Munawaroh, A. Rosinta, A.
T. Sulistiyani, I. Ardianta, and F. M. Iresha,
“Environmental health risks and impacts of
PM, 5 exposure on human health in residential
areas, Bantul, Yogyakarta, Indonesia,”
Toxicology Reports,vol. 14, Jun. 2025, Art. no.
101949, doi: 10.1016/j.toxrep.2025.101949.
M. Idrees, A. Akbar, A. M. Mohamed, D.
Fathi, and F. Saeed, ‘“Recycling of waste
facial masks as a construction material, a step
towards sustainability,” Materials, vol. 15, no.
5, 2022, Art. no. 1810, doi:
10.3390/mal5051810.

M. Voorn, G. Tembo, S. Kumar, H. Oliver-
Jischke, and P. Teska, “Polypropylene wiping
cloths contaminated with S. aureus and P.
aeruginosa transfer significantly less to
uncontaminated surfaces compared to
microfiber and cotton,” Antimicrobial
Stewardship & Healthcare Epidemiology,
vol. 6, no. 1, 2026, Art. no. el45, doi:
10.1017/ash.2026.10360.

T. Hiller, M. Azimian, L. Bonten, and B. Marx,
“Effect and durability of electret charging on
filtration performance of meltblown polylactid
acid nonwovens,” Journal of Engineered
Fibers and Fabrics, vol. 21, 2026, doi:
10.1177/15589250261416520.

A. K. Figen, “History, basics, and parameters
of electrospinning technique,” Electrospun

J. N. R. Suprihartini et al., “Combating Urban Air Pollution in Indonesia: Recent Advances in Electrospun Nanofiber Membranes for

High-Efficiency Particulate Matter Capture.”



17

Applied Science and Engineering Progress, Vol. 20, No. 4, 2027, 8377

[13]

[14]

[15]

[16]

[17]

[19]

(21]

[22]

Materials and Their Allied Applications,
2020, doi: 10.1002/9781119655039.ch2.

S. Er and D. O. Demirkol, “Graphene oxide
incorporated polystyrene electrospun nanofibers
for immunosensing of CD36 as a marker of
diabetic plasma,” Bioelectrochemistry, vol. 145,
Jun. 2022, Art. no. 108083, doi:
10.1016/j.bioelechem.2022.108083.

H. Lin et al, “Mesoporous NiO@ZnO
nanofiber membranes via single-nozzle
electrospinning for urine metabolism analysis
of smokers,” Analyst, vol. 147, no. 8, pp. 1688-
1694, Apr. 2022, doi: 10.1039/d2an00033d.

S. Zhang et al., “Chapter 12 - Electrospun
nanofibers for air filtration,” Electrospinning:
Nanofabrication and Applications, pp. 365-
389, 2019, doi: 10.1016/B978-0-323-51270-
1.00012-1.

X. Yang, X. Li, Y. Hu, J. Cheng, and Y. Chen,
“A high flux electrochemical filtration system
based on electrospun carbon nanofiber
membrane  for  efficient tetracycline
degradation,” Water, vol. 14, no. 6,2022, Art.
no. 910, doi: 10.3390/w14060910.

I. A. Borojeni, G. Gajewski, and R. A. Riahi,
“Application of electrospun nonwoven fibers
in air filters,” Fibers, vol. 10, no. 2, 2022, Art.
no. 15, doi: 10.3390/fib10020015.

M. Zhu et al, “Electrospun nanofibers
membranes for effective air filtration,”
Macromolecular Materials and Engineering,
vol. 302, no. 1, Jan. 2017, Art. no. 1600353,
doi: 10.1002/mame.201600353.

X. Zhang, J. Liu, and C. Liu, “A novel slip-
velocity model to simulate the filtration
performance of nanofiber media,” Process
Safety and Environmental Protection, vol.
174, pp. 548-560, Jun. 2023, doi:
10.1016/j.psep.2023.04.034.

X. Zhao, S. Wang, X. Yin, J. Yu, and B. Ding,
“Slip-Effect functional air filter for efficient
purification of PMzs,” Scientific Reports, vol. 6,
2016, Art. no. 35472, doi: 10.1038/srep35472.
W. W.-F. Leung and C.-H. Hung, “Pressure
drop of a nanofiber filter with Knudsen
number about unity to investigate flow slip,”
Separation and Purification Technology, vol.
380, Feb. 2026, Art. no. 135131, doi:
10.1016/j.seppur.2025.135131.

B. Le et al., “Exploring advances in nanofiber-
based face masks: a comprehensive review of
mechanical, electrostatic, and antimicrobial
functionality filtration for the removal of

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

(31]

airborne particulate matter and pathogens,”
Emergent Materials, vol. 7, pp. 765-800, Jun.
2024, doi: 10.1007/s42247-023-00622-9.

D. H. Reneker and I. Chun, ‘“Nanometre
diameter fibres of polymer, produced by
electrospinning,” Nanotechnology, vol. 7, no.
3, 1996, doi: 10.1088/0957-4484/7/3/009.

J. N. R. Suprihartini, S. A. Rachmawati, and
S. O. Eridheni, “Membran electrospun
nanofiber Nylon-6: Sintesis, Karakterisasi,
dan Aplikasi Filtrasi Udara Berkelanjutan
untuk Kawasan Perkotaan Indonesia,” Jurnal
Teknologi Terapan, vol. 12, no. 1, pp. 61-71,
2026, doi: 10.31884/jtt.v12i1.1263.

J. N. R. Suprihartini, S. O. Eridheni, and S. A.
Rachmawati, “Filtration perfomance of
commercial PP melt-blown modified with
electrospun Nylon-6 nanofiber for Indonesia
urban air,” Jurnal Pendidikan Teknik Mesin,
vol. 14, no. 1, pp. 108-118, 2026, doi:
10.23887/jptm.v14i1.112577.

P. K. Bhattacharjee and G. C. Rutledge, “5.12
electrospinning and polymer nanofibers:
process  fundamentals,”  Comprehensive
Biomaterials II, vol. 5, pp. 200-216, 2017,
doi: 10.1016/B978-0-08-100691-7.00165-8.
G.Kim, S.J. Doh, Y. Kim, H. J. Oh, G. D. Lee,
and J. N. Im, “Electrospun polyvinyl alcohol
composite nonwovens for air filtration
materials in the humidity environment,” Fibers
and Polymers, vol. 23, pp. 690-698, Mar. 2022,
doi: 10.1007/s12221-022-3418-7.

C. Ding et al., “A Super-breathable “Woven-
like” Protein Nanofabric,” ACS Applied Bio
Materials, vol. 3, no. 5, pp. 2958-2964, May
2020, doi: 10.1021/acsabm.0c00008.

C. Tian et al., “Antibacterial and antiviral N-
halamine nanofibrous membranes with
nanonet  structure  for  bioprotective

applications,” Composites Communications,
vol. 24, Apr. 2021, Art. no. 100668, doi:
10.1016/j.c0c0.2021.100668.

R. He et al., “Tailoring moisture electroactive
Ag/Zn(@cotton coupled with electrospun
PVDEF/PS nanofibers for antimicrobial face
masks,” Journal of Hazardous Materials, vol.
428, Apr. 2022, Art. no. 128239, doi:
10.1016/j.jhazmat.2022.128239.

Y. Ju et al, “Bumpy structured nanofibrous
membrane as a highly efficient air filter with
antibacterial and antiviral property,” Science of The
Total Environment, vol. 777, Jul. 2021, Art. no.
145768, doi: 10.1016/j.scitotenv.2021.145768.

J. N. R. Suprihartini et al., “Combating Urban Air Pollution in Indonesia: Recent Advances in Electrospun Nanofiber Membranes for
High-Efficiency Particulate Matter Capture.”



18

Applied Science and Engineering Progress, Vol. 4, No. 20, 2027, 8377

[32]

[33]

[34]

[35]

[36]

[38]

[39]

[40]

G. Tian, Z. Huang, H. Wang, C. Cui, and Y.
Zhang, “Polycaprolactone nanofiber membrane
modified with halloysite and ZnO for anti-
bacterial and air filtration,” Applied Clay
Science, vol. 223, Jun. 2022, Art. no. 106512,
doi: 10.1016/j.clay.2022.106512.

J. Wang et al., “Biodegradable and reusable
cellulose-based nanofiber membrane
preparation for mask filter by electrospinning,”
Membranes, vol. 12, no. 1, 2022, Art. no. 23,
doi: 10.3390/membranes12010023.

J. Hu, Z. Xiong, Y. Liu, and J. Lin, “A
biodegradable composite filter made from
electrospun zein fibers underlaid on the cellulose
paper towel,” International Journal of Biological
Macromolecules, vol. 204, pp. 419-428, Apr.
2022, doi: 10.1016/j.ijbiomac.2022.02.029.
S.Lu, C.Li,R. Liu, and A. Lv, “PVP-Assisted
shellac nanofiber membrane as highly
efficient, eco-friendly, translucent air filter,”
Applied Sciences, vol. 11, no. 23, 2021, Art.
no. 11094, doi: 10.3390/app112311094.

K. Min, S. Kim, and S. Kim, “Silk protein
nanofibers for highly efficient, eco-friendly,
optically translucent, and multifunctional air
filters,” Scientific Reports, vol. 8, 2018, Art.
no. 9598, doi: 10.1038/s41598-018-27917-w.
Q. Fang, M. Zhu, S. Yu, G. Sui, and X. Yang,
“Studies on soy protein isolate/polyvinyl alcohol
hybrid nanofiber membranes as multi-functional
eco-friendly filtration materials,” Materials
Science and Engineering: B, vol. 214, pp. 1-10,
Dec. 2016, doi: 10.1016/j.mseb.2016.08.004.

S. Lei, L. Wang, R. Wang, X. Qin, and J. Yu,
“Controllable  diameter of electrospun
nanofibers based on the velocity of whipping
jets for high-efficiency air filtration,” Science
China Technological Sciences, vol. 65, pp.
481-489, Feb. 2022, doi: 10.1007/s11431-
021-1967-4.

S. Hartati et al., “Synthesis of electrospun
PAN/TiO»/Ag nanofibers membrane as
potential  air  filtration media  with
photocatalytic activity,” ACS Omega, vol. 7,
no. 12, pp. 10516-10525, Mar. 2022, doi:
10.1021/acsomega.2c00015.

V. Pais, C. Mota, J. Bessa, J. G. Dias, F.
Cunha, and R. Fangueiro, “Study of the
filtration performance of multilayer and
multiscale fibrous structures,” Materials, vol.
14, no. 23, 2021, Art. no. 7147, doi:
10.3390/mal4237147.

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

T. T. Bui, M. K. Shin, S. Y. Jee, D. X. Long,
J. Hong, and M.-G. Kim, “Ferroelectric PVDF
nanofiber membrane for high-efficiency
PMO0.3 air filtration with low air flow
resistance,” Colloids and Surfaces A:
Physicochemical and Engineering Aspects,
vol. 640, May 2022, Art. no. 128418, doi:
10.1016/j.colsurfa.2022.128418.

X. Li et al., “Electreted polyetherimide—silica
fibrous membranes for enhanced filtration of
fine particles,” Journal of Colloid and
Interface Science, vol. 439, pp. 12-20, Feb.
2015, doi: 10.1016/j.jcis.2014.10.014.

Y. Deng, T. Lu, J. Cui, S. K. Samal, R. Xiong,
and C. Huang, “Bio-based electrospun
nanofiber as building blocks for a novel eco-
friendly air filtration membrane: A review,”
Separation and Purification Technology, vol.
277, Dec. 2021, Art. no. 119623, doi:
10.1016/j.seppur.2021.119623.

A. S. Luyt and S. S. Malik, “16 - Can
biodegradable plastics solve plastic solid
waste accumulation?,” Plastics to Energy, pp.
403-423, 2019, doi: 10.1016/B978-0-12-
813140-4.00016-9.

Y. Cheng, J. Li, M. Chen, S. Zhang, R. He, and N.
Wang,  “Environmentally  friendly  and
antimicrobial bilayer structured fabrics with
integrated interception and sterilization for
personal protective mask,” Separation and
Purification Technology, vol. 294, Aug. 2022, Art.
no. 121165, doi: 10.1016/j.seppur.2022.121165.
D. Lv et al, “Ecofriendly electrospun
membranes loaded with  visible-light-
responding nanoparticles for multifunctional
usages: highly efficient air filtration, dye
scavenging, and bactericidal activity,” ACS
Applied Materials & Interfaces, vol. 11, no.
13, pp. 12880-12889, Apr. 2019, doi:
10.1021/acsami.9b01508.

S.Ding, Y. Cao, F. Huang, Y. Wang, J. Li, and S.
Chen, “Spontaneous polarization induced
electrostatic charge in washable electret
composite fabrics for reusable air-filtering
application,”  Composites  Science  and
Technology, vol. 217, Jan. 2022, Art. no. 109093,
doi: 10.1016/j.compscitech.2021.109093.

B. Robert and G. Nallathambi, “Tailoring
mechanically robust nanofibrous membrane
for PMys3 filtration and evaluating their
behavior using response surface Box—
Behnken design,” Separation Science and

J. N. R. Suprihartini et al., “Combating Urban Air Pollution in Indonesia: Recent Advances in Electrospun Nanofiber Membranes for
High-Efficiency Particulate Matter Capture.”



19

Applied Science and Engineering Progress, Vol. 20, No. 4, 2027, 8377

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

Technology, vol. 57, no. 16, pp. 2583-2595,
2022, doi: 10.1080/01496395.2022.2075757.
D. Gao, R. Zhao, X. Yang, F. Chen, and X.
Ning, “Bicomponent PLA  nanofiber
nonwovens as highly efficient filtration media
for particulate pollutants and pathogens,”
Membranes, vol. 11, no. 11, 2021, Art. no.
819, doi: 10.3390/membranes11110819.

Q. Zhang, Q. Li, T. M. Young, D. P. Harper,
and S. Wang, “A novel method for fabricating
an electrospun poly(vinyl alcohol)/cellulose
nanocrystals composite nanofibrous filter
with low air resistance for high-efficiency
filtration of particulate matter,” ACS
Sustainable Chemistry & Engineering, vol. 7,
no. 9, pp. 8706-8714, May 2019, doi:
10.1021/acssuschemeng.9b00605.

J. Song et al., “Hierarchical porous poly(t-
lactic acid) nanofibrous membrane for
ultrafine particulate aerosol filtration,” ACS
Applied Materials & Interfaces, vol. 11, no.
49, pp. 46261-46268, Dec. 2019, doi:
10.1021/acsami.9b18083.

R. Al-Attabi, L. F. Dumée, J. A. Schiitz, and
Y. Morsi, “Pore engineering towards highly
efficient electrospun nanofibrous membranes
for aerosol particle removal,” Science of The
Total Environment, vol. 625, pp. 706-715, Jun.
2018, doi: 10.1016/j.scitotenv.2017.12.342.

S. F. Dehghan et al, “Optimization of
electrospinning parameters for polyacrylonitrile-
MgO nanofibers applied in air filtration,” Journal
of the Air & Waste Management Association, vol.
66, no. 9, pp. 912-921, 2016, doi:
10.1080/10962247.2016.1162228.

H. Gao, W. He, Y .-B. Zhao, D. M. Opris, G. Xu,
and J. Wang, “Electret mechanisms and kinetics
of electrospun nanofiber membranes and
lifetime in filtration applications in comparison
with corona-charged membranes,” Journal of
Membrane Science, vol. 600, Apr. 2020, Art. no.
117879, doi: 10.1016/j.memsci.2020.117879.
F. Zuo et al., “Free-Standing polyurethane
nanofiber/nets air filters for effective PM
capture,” Small, vol. 13, no. 46, Dec. 2017, Art.
no. 1702139, doi: 10.1002/smll.201702139.
R. P. de O. Santos, J. Hao, E. Frollini, H. S.
Junior, and G. C. Rutledge, “Aerosol filtration
performance of electrospun membranes
comprising polyacrylonitrile and cellulose
nanocrystals,” Journal of Membrane Science,
vol. 650, May 2022, Art. no. 120392, doi:
10.1016/j.memsci.2022.120392.

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

M. M. Munir, M. Adrian, M. Burhanuddin, and
F. Iskandar, “Fabrication and structure
optimization of expanded polystyrene (EPS)
waste fiber for high-performance air filtration,”
Powder Technology, vol. 402, Apr. 2022, Art. no.
117357, doi: 10.1016/j.powtec.2022.117357.

B. Robert and G. Nallathambi, “Highly
oriented poly(m-phenyleneisophthalamide)/
polyacrylonitrile based coaxial nanofibers
integrated with electrospun polyacrylonitrile-
silver nanoparticle: Application in air
filtration of particulate and microbial
contaminants,” Journal of Applied Polymer
Science, vol. 139, no. 23, Jun. 2022, Art. no.
52294, doi: 10.1002/app.52294.

X. Wang et al., “Highly efficient transparent air
filter prepared by collecting-electrode-free
bipolar electrospinning apparatus,” Journal of
Hazardous Materials, vol. 385, Mar. 2020, Art.
no. 121535, doi: 10.1016/j.jhazmat.2019.121535.
W. Han et al, “Green-solvent-processable
biodegradable poly(lactic acid) nanofibrous
membranes with bead-on-string structure for
effective air filtration: “Kill two birds with one
stone”,” Nano Energy, vol. 97, Jun. 2022, Art. no.
107237, doi: 10.1016/j.nanoen.2022.107237.

V. Kadam, Y. B. Truong, J. Schutz, I. L.
Kyratzis, R. Padhye, and L. Wang,
“Gelatin/p—Cyclodextrin Bio—Nanofibers as
respiratory filter media for filtration of
aerosols and volatile organic compounds at
low air resistance,” Journal of Hazardous
Materials, vol. 403, Feb. 2021, Art. no.
123841, doi: 10.1016/j.jhazmat.2020.123841.
Q. Su et al, “Electrospun composite
membrane based on polyarylene sulfide
sulfone/Ag/ZnO nanofibers for antibacterial
effective PMy s filtration,” Journal of Applied
Polymer Science, vol. 139, no. 8, Feb. 2022,
Art. no. 51693, doi: 10.1002/app.51693.

D. Wong, S. Hartery, E. Keltie, R. Chang, J. S.
Kim, and S. S. Park, “Electrospun polystyrene
and acid-treated cellulose nanocrystals with
intense pulsed light treatment for N95-
equivalent filters,” ACS Applied Polymer
Materials, vol. 3, no. 10, pp. 4949-4958, Oct.
2021, doi: 10.1021/acsapm.1c00722.

N. Gobi, V. Priyanka, and G. Monnisha,
“Surface modified polyacrylonitrile/polyamide
nanofibre composite for air filtration,”
Polymers and Polymer Composites, vol. 30,
2022, doi: 10.1177/09673911221095998.

J. N. R. Suprihartini et al., “Combating Urban Air Pollution in Indonesia: Recent Advances in Electrospun Nanofiber Membranes for
High-Efficiency Particulate Matter Capture.”



20

Applied Science and Engineering Progress, Vol. 4, No. 20, 2027, 8377

[65]

[66]

[67]

[68]

[69]

[70]

[72]

T. T. Le et al., “Piezoelectric nanofiber
membrane for reusable, stable, and highly
functional face mask filter with long-term
biodegradability,” Advanced  Functional
Materials, vol. 32, no. 20, May 2022, Art. no.
2113040, doi: 10.1002/adfm.202113040.

D. Verma et al., “High performance filtration
membranes from electrospun poly (3-
hydroxybutyrate)-based fiber membranes for
fine particulate protection,” Environmental
Research, vol. 231, Aug. 2023, Art. no.
116144, doi: 10.1016/j.envres.2023.116144.
L. Wang et al., “Biodegradable and high-
performance multiscale structured nanofiber
membrane as mask filter media via poly(lactic
acid) electrospinning,” Journal of Colloid and
Interface Science, vol. 606, pp. 961-970, Jan.
2022, doi: 10.1016/j.jcis.2021.08.079.

B. Saha, A. Sathyan, P. Singh, A. S. Kalamdhad,
and M. Khwairakpam, ‘Prerequisite of
electrohydrolysis pretreatment on lignocellulose
terrestrial weed (Ageratum conyzoides) to
enhance the methane production and continuous
reactor study,” Materials Science for Energy
Technologies, vol. 3, pp. 896-904, 2020, doi:
10.1016/j.mset.2020.10.006.

B. Saha, A. S. Kalamdhad, and M.
Khwairakpam, “Efficiency of electrohydrolysis
pretreatment on terrestrial weed (Parthenium
hysterophorus) to cut down the hydrolysis stage
during the anaerobic digestion process and
continuous reactor study,” Energy Reports, vol. 7,
pp- 3547-3555, Now. 2021, doi:
10.1016/j.egyr.2021.06.023.

A. H. Ramadan, E. Sembiring, B. Rahardyan,
and H. Kardhana, “Mapping mismanaged
plastic waste in Indonesia: subdistrict-level
analysis through material flow from sources to
the environment,” Scientific Reports, vol. 16,
2026, Art. no. 13341, doi: 10.1038/s41598-
026-41849-w.

M. Nizar, E. Erdiwansyah, B. Bahagia, I.
Irhamni, S. Nofaris, and S. Afifah, “Toward a
community-based plastic waste management
framework to enhance sustainable tourism in
small island destinations: a case study of
Sabang Island, Indonesia,”  Marine
Development, vol. 4, 2026, Art. no. 12, doi:
10.1007/s44312-026-00081-w.

Kusmiyati, Hasan, and S. Isworo,
“Opportunities and challenges in plastic waste
management strategies in Boyolali, Indonesia,”
Nature Environment and Pollution Technology,

(73]

[74]

[75]

[76]

(78]

[79]

[80]

(81]

vol. 24, no. 3, 2025, Art. no. D1732, doi:
10.46488/NEPT.2025.v24i03.D1732.

J. Song, Q. Zhao, C. Meng, J. Meng, Z. Chen,
and J. Li, “Hierarchical porous recycled PET
nanofibers for high-efficiency aerosols and
virus capturing,” ACS Applied Materials &
Interfaces, vol. 13, no. 41, pp. 49380-49389,
Oct. 2021, doi: 10.1021/acsami.1c17157.

X. Zhang, J. Xu, and J. Liu, “Nanoscale
architecture: enhancing the performance of
nanofiber air filters with bead-on-string
structures,” Separation and Purification
Technology, vol. 360, Jul. 2025, Art. no.
131004, doi: 10.1016/j.seppur.2024.131004.
J. J. Huang, Y. Tian, R. Wang, M. Tian, and
Y. Liao, “Fabrication of bead-on-string
polyacrylonitrile nanofibrous air filters with
superior filtration efficiency and ultralow
pressure drop,” Separation and Purification
Technology, vol. 237, Apr. 2020, Art. no.
116377, doi: 10.1016/j.seppur.2019.116377.
Z. Sun, Y. Ju, Y. Xiong, and L. Dong, “Bead-
on-String-Like nanofibrous membrane for high-
efficiency, low-pressure drop air filters with
antimicrobial properties,” ACS Applied Polymer
Materials, vol. 6, no. 11, pp. 6766-6775, Jun.
2024, doi: 10.1021/acsapm.4c00988.

Y. Li, X. Yin, J. Yu, and B. Ding, “Electrospun
nanofibers for high-performance air filtration,”
Composites Communications, vol. 15, pp. 6-19,
Oct. 2019, doi: 10.1016/j.c0c0.2019.06.003.

F. Liu et al., “Preparation of a polyurethane
electret nanofiber membrane and its air-
filtration performance,” Journal of Colloid
and Interface Science, vol. 557, pp. 318-327,
Dec. 2019, doi: 10.1016/j.jcis.2019.08.099.
N. Wang, M. Cai, X. Yang, and Y. Yang,
“Electret nanofibrous membrane with enhanced
filtration performance and wearing comfortability
for face mask,” Journal of Colloid and Interface
Science, vol. 530, pp. 695-703, Nov. 2018, doi:
10.1016/}.jcis.2018.07.021.

B. Y. Yeom, E. Shim, and B. Pourdeyhimi,
“Boehmite  nanoparticles incorporated
electrospun nylon-6 nanofiber web for new
electret filter media,” Macromolecular
Research, vol. 18, pp. 884-890, Sep. 2010,
doi: 10.1007/s13233-010-0910-5.

P. Jiang et al., “Moisture and oily molecules
stable nanofibrous electret membranes for
effectively capturing PM,s,” Composites
Communications, vol. 6, pp. 34-40, Dec.
2017, doi: 10.1016/j.coc0.2017.08.004.

J. N. R. Suprihartini et al., “Combating Urban Air Pollution in Indonesia: Recent Advances in Electrospun Nanofiber Membranes for
High-Efficiency Particulate Matter Capture.”



21

Applied Science and Engineering Progress, Vol. 20, No. 4, 2027, 8377

[83]

(84]

[85]

[86]

[88]

[89]

[90]

C. Su et al, “P(VDF-TrFE)/BaTiO;
nanofibrous membrane with enhanced
piezoelectricity for high PMy3 filtration and
reusable face masks,” ACS Applied Materials
& Interfaces, vol. 15, no. 4, pp. 5845-5855,
Feb. 2023, doi: 10.1021/acsami.2¢c19569.

L. Ke et al., “Electroactive, antibacterial, and
biodegradable poly(lactic acid) nanofibrous air
filters for healthcare,” ACS Applied Materials
& Interfaces, vol. 15, no. 27, pp. 32463-32474,
Jul. 2023, doi: 10.1021/acsami.3c05834.

Y. Gao, E. Tian, and J. Mo, “Electrically
responsive coarse filters endowed by high-
dielectric-constant surface coatings toward
efficient removal of ultrafine particles and
ozone,” ACS ES&T Engineering, vol. 1, no.
10, pp. 1449-1459, Oct. 2021, doi:
10.1021/acsestengg.1c00186.

Z. Dai et al., “Multifunctional polyethylene
(PE)/polypropylene (PP) bicomponent fiber
filter with anchored nanocrystalline MnO, for
effective air purification,” Journal of Materials
Chemistry A, vol. 6, no. 30, pp. 14856-14866,
Aug. 2018, doi: 10.1039/c8ta03683¢.

A. Kilic, E. Shim, and B. Pourdeyhimi,
“Electrostatic capture efficiency enhancement
of polypropylene electret filters with barium
titanate,” Aerosol Science and Technology,
vol. 49, no. 8, pp. 666-673, 2015, doi:
10.1080/02786826.2015.1061649.

M.-C. Han et al., “High-performance electret
and antibacterial polypropylene meltblown
nonwoven materials doped with boehmite and
ZnO nanoparticles for air filtration,” Fibers
and Polymers, vol. 23, pp. 1947-1955, Jul.
2022, doi: 10.1007/s12221-022-4786-8.

X. Zhang, Y. Wang, W. Liu, and X. Jin,
“Needle-punched electret air filters (NEAFs)
with high filtration efficiency, low filtration
resistance, and superior dust holding
capacity,” Separation and Purification
Technology, vol. 282, Feb. 2022, Art. no.
120146, doi: 10.1016/j.seppur.2021.120146.
B. Kim et al, “High-performance electrospun
particulate matter (PM) filters embedded with self-
polarizable tetragonal BaTiO; nanoparticles,”
Chemical Engineering Journal, vol. 450, Dec. 2022,
Art. no. 138340, doi: 10.1016/j.cej.2022.138340.
C. G. Kim, S. Lee, M. Kim, V. A. Cao, S. Y.
Kim, and J. Nah, “Synergistic enhancement of
filtering  efficiency and  antibacterial
performance of a nanofiber air filter decorated
with electropolarized lithium-doped ZnO

[91]

[92]

(93]

[94]

[95]

[96]

[97]

(98]

nanorods,” ACS Applied Materials &
Interfaces, vol. 15, no. 17, pp. 20977-20986,
May 2023, doi: 10.1021/acsami.3c00744.

M. Blosi et al., “Polyvinyl alcohol/silver
electrospun nanofibers: Biocidal filter media
capturing virus-size particles,” Journal of
Applied Polymer Science, vol. 138, no. 46,
Dec. 2021, Art. no. 51380, doi:
10.1002/app.51380.

Y. Liu, S. Li, W. Lan, M. A. Hossen, W. Qin,
and K. Lee, “Electrospun antibacterial and
antiviral poly(e-caprolactone)/zein/Ag bead-
on-string membranes and its application in air
filtration,” Materials Today Advances, vol.
12, Dec. 2021, Art. no. 100173, doi:
10.1016/j.mtadv.2021.100173.

F. Wang, Y. Si, J. Yu, and B. Ding, “Tailoring
nanonets-engineered superflexible nanofibrous
aerogels with hierarchical cage-like architecture
enables renewable antimicrobial air filtration,”
Advanced Functional Materials, vol. 31, no. 49,
Dec. 2021, Art. no. 2107223, doi:
10.1002/adfm.202107223.

H. Shen et al., “Photosensitized electrospun
nanofibrous filters for capturing and killing
airborne coronaviruses under visible light
irradiation,”  Environmental Science &
Technology, vol. 56, no. 7, pp. 4295-4304,
Apr. 2022, doi: 10.1021/acs.est.2c00885.

R. Purwar, K. S. Goutham, and C. M.
Srivastava, “Electrospun Sericin/PVA/Clay
nanofibrous mats for antimicrobial air
filtration mask,” Fibers and Polymers, vol.
17, pp. 1206-1216, Aug. 2016, doi:
10.1007/s12221-016-6345-7.

D. Kim et al., “Rational process design for facile
fabrication of dual functional hybrid membrane
of MOF and electrospun nanofiber towards high
removal efficiency of PM,s and toxic gases,”
Macromolecular Rapid Communications, vol.
43, no. 4, Feb. 2022, Art. no. 2100648, doi:
10.1002/marc.202100648.

P. Bansal, R. Batra, R. Yadav, and R. Purwar,
“Electrospun polyacrylonitrile nanofibrous
membranes supported with montmorillonite
for efficient PM2.5 filtration and adsorption
of Cu (II) ions,” Journal of Applied Polymer
Science, vol. 139, no. 5, Feb. 2022, Art. no.
51582, doi: 10.1002/app.51582.

F. Topuz, M. A. Abdulhamid, R. Hardian, T.
Holtzl, and G. Szekely, “Nanofibrous membranes
comprising intrinsically microporous polyimides
with embedded metal-organic frameworks for

J. N. R. Suprihartini et al., “Combating Urban Air Pollution in Indonesia: Recent Advances in Electrospun Nanofiber Membranes for
High-Efficiency Particulate Matter Capture.”



22

Applied Science and Engineering Progress, Vol. 4, No. 20, 2027, 8377

[99]

capturing volatile organic compounds,” Journal

of Hazardous Materials, vol. 424, Feb. 2022, Art.
no. 127347, doi: 10.1016/j.jhazmat.2021.127347.
P. Sukchai, S. Wanwong, and J.
Wootthikanokkhan, “Electrospun cellulose
air filter coated with zeolitic imidazolate
frameworks (ZIFs) for efficient particulate
matter removal: effect of coated ZIFs on
filtration performance,” Fibers and Polymers,
vol. 23, pp. 1206-1216, May 2022, doi:
10.1007/s12221-022-4403-x.

[100] D. Aydin-Aytekin, E. Gezmis-Yavuz, E.

Buyukada-Kesici, C. E. Cansoy, K. Alp, and
D. Y. Koseoglu-Imer, “Fabrication and
characterization of multifunctional nanoclay
and TiO, embedded polyamide electrospun
nanofibers and their applications at indoor air

[101] Kemenkes.

filtration,” Materials Science and
Engineering: B, vol. 279, May 2022, Art. no.
115675, doi: 10.1016/j.mseb.2022.115675.
“Pedoman  Katalog  Opsi
Teknologi Tepat Guna (TTG) Penyehatan
Kualitas Udara Dalam Ruang.” Ministry of
Health of the Republic of Indonesia. [Online. ]
Available: https://kemkes.go.id/id/pedoman-
katalog-opsi-teknologi-tepat-guna-
penyehatan-kualitas-udara-dalam-ruang

[102] Kemenperin. “SKKNI Industri NonWoven;

Kepmenperin Nomor 132 Tahun 2024.”
Ministry of Industry of the Republic of
Indonesia. [Online. ] Available:
https://skkni.kemnaker.go.id/skkni/dokume
n?page=3&limit=20&year=2024

J. N. R. Suprihartini et al., “Combating Urban Air Pollution in Indonesia: Recent Advances in Electrospun Nanofiber Membranes for
High-Efficiency Particulate Matter Capture.”



	1 Introduction
	2 Advanced Capture Physics at the Nanoscale
	2.1 Dominant filtration mechanisms
	2.1.1 Interception mechanism
	2.1.2 Inertial impaction mechanism
	2.1.3 Brownian diffusion mechanism
	2.1.4 Electrostatic effect mechanism
	2.1.5 The gravity of settling effect

	2.2 The transition regime and slip flow

	3   High-Throughput and Specialized Fabrication Techniques
	3.1.1 Fundamentals of electrospinning
	3.1.2 Influence of the electrospinning process parameters
	3.2 Electrospinning for air filtration application
	3.3 Multi-Spinneret systems
	3.4 Needle-Less and bipolar electrode techniques
	3.6 Comparison of electrospinning strategies for air filtration applications

	4 Material Sustainability and The Mask Waste Crisis
	4.1 Biodegradable polymers
	4.2 Upcycling Indonesia’s plastic waste
	4.3 Electrostatic effects

	5 Enhanced Functionalities for Urban Environments
	5.1 Antimicrobial and antiviral properties
	5.2 Optimization for tropical climates

	6 Industrial Applications and Commercialization Challenges of Electrospun Nanofiber for Air Filtration in Indonesia
	7 Commercialization and Scale-Up
	8 Research Gaps and Future Technological Challenges
	9 Conclusion
	Acknowledgments
	Author Contributions
	Conflicts Of Interest
	Declaration of Generative AI And AI-Assisted Technologies in the Writing Process
	References

