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Abstract

Although recycled poly(ethylene terephthalate) (rPET) is an attractive, sustainable feedstock
for electrospinning, optimization of processing variables for filtration performance remains
limited. This study quantifies how polymer concentration, flow rate, and applied voltage
govern fiber morphology and key filtration metrics—collection efficiency (i), pressure drop
(AP), quality factor (Qy), and porosity—in rPET membranes. A fractional factorial design
was employed to model interactions and identify trade-offs in filtration performance. The
optimal condition was obtained at 16 wt.% PET, 1.2 mL-h~1, and 22 kV, yielding uniform
fibers with an average diameter of 328.6 nm and high filtration efficiencies (95.65-99.99%).
The permeability constants were 1.07 x 1072 m? (20 wt.% PET) and 1.15 x 10713 m?
(8 wt.% PET), indicating an increase in permeability with increasing polymer concentration
and fiber diameter. The 20 wt.% PET membrane delivered the highest Qy of 0.0646 Pa~!
with a low AP of 48.5 Pa at 4.8 cm-s™ !, reflecting a favorable balance between collection
and airflow resistance. In summary, higher PET concentrations reduce flow resistance and
improve Qy, whereas lower concentrations yield finer fibers and high 7 at the expense of
permeability. rPET nanofiber membranes, therefore, represent a sustainable and versatile
route to high-efficiency, lower-pressure-drop air filters for residential, industrial, and
commercial environments.

Keywords: electrospinning; recycled PET; nanofibers; air filtration; factorial design

1. Introduction

Rapid urbanization and industrial activity have intensified global concerns regarding
air pollution and its impacts on human health and environmental sustainability. Ambient
airborne pollutants—particularly fine and ultrafine particulate matter (PM)—are associated
with respiratory and cardiovascular disease and increased mortality [1,2]. By infiltrating
organ tissues, these particles trigger oxidative stress, inflammatory responses, and apop-
tosis [3]. The ultrafine fraction (PMO0.1) is especially harmful, exhibiting greater toxicity
than PM2.5 [4]. According to the World Health Organization, 99% of the global population
breathes air with pollutant levels above recommended limits, underscoring the urgent need
for advanced air-filtration technologies [5].

Conventional filtration systems, such as High-Efficiency Particulate Air (HEPA) filters,
are effective for removing fine particles; however, their relatively high pressure drops at
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typical face velocities increase energy consumption and operating costs. Furthermore, their
reliance on single-use, hard-to-recycle media poses additional sustainability challenges.
These limitations highlight the need for filtration membranes that combine high collec-
tion efficiency and low flow resistance while maintaining cost-effectiveness and credible
sustainability attributes [6-8].

Electrospun nanofibers have emerged as promising candidates for advanced air-
filtration applications due to their interconnected pore networks, low basis weight, high
surface area, and tunable morphology [9-11]. These characteristics enhance the capture of
nanometric particles (<100 nm), for which Brownian diffusion and electrostatic attraction
dominate over impaction and interception-based mechanisms [12-14]. Beyond filtration,
electrospun nanofibers have demonstrated versatility in energy storage devices [15], sen-
sors [16,17], catalysis [18], wound care [19,20], and clean-energy membrane systems [21],
highlighting the broad applicability of this fabrication method.

Electrospinning nanofiber production is governed by three sets of variables: (i) solution
properties—conductivity, surface tension, polymer concentration, viscosity, molecular
weight, and dielectric constant [22]; (ii) processing conditions—applied voltage, tip-to-
collector distance, and collector geometry; and (iii) environmental factors—temperature,
humidity, and airflow [23]. Together, these variables regulate jet stability, charge transport,
and solvent evaporation, thereby setting fiber morphology and diameter distribution—from
uniform or porous fibers to bead-containing (“beads-on-a-string”) structures.

A wide range of polymers can be applied to air-filtration membranes, including
polyester, polypropylene, polycarbonate, and polyacrylonitrile [24]. For instance, Lima
et al. [25] employed an ultra-fast (5 min) electrospinning of recycled polystyrene (PS) using
DL-limonene to produce nanofiber membranes that capture 99.97% of nanometric particles
at low pressure drops. Silva et al. [26] fabricated electrospun polyacrylonitrile (PAN) filters
doped with surfactants (CTAB, SDS, CPC), capturing over 99% of sub-250 nm aerosols
at 111-204 Pa pressure drops. These filters also exhibited strong biocidal activity, inacti-
vating Staphylococcus aureus (97.25 & 0.95%) and Escherichia coli (94.52 £ 2.37%), yielding
bifunctional filtration and antimicrobial action suited to sterile-air settings.

In this context, recycled poly(ethylene terephthalate) (rPET) emerges as a promis-
ing candidate material for air-filtration membranes due to its availability, mechanical
strength, and recyclability [27]. With billions of PET bottles discarded annually, their
reuse in electrospun membranes offers a sustainable and cost-effective alternative to virgin
materials, addressing both environmental and economic concerns [27,28]. Prior studies
have demonstrated the feasibility of electrospinning recycled PET for air filtration applica-
tions, reporting promising results in terms of filtration efficiency and permeability [29-31].
Siskova et al. [28] developed PET nanofibers for facial masks with 98% filtration efficiency,
though breathability was insufficient. Strain et al. [29] optimized PET fiber diameters for
smoke filtration, with 0.4 um fibers being the most effective. Du et al. [30] produced PET
nanofibers supported on PET with 87% PM2.5 filtration efficiency and superhydrophobic-
ity. Aydemir and Demirytirek [31] identified polymer concentration as the key parameter
influencing fiber diameter, while Bonfim et al. [32,33] demonstrated that reducing fiber
diameter improved both filtration efficiency (up to 99%) and mechanical resistance, making
PET filters suitable for various industrial and medical applications.

Recent studies have further advanced this field by incorporating recycled PET into
multifunctional nanofibrous membranes. Kijeriska-Gawronska et al. [34] developed electro-
spun mats from virgin and recycled PET enriched with silver nanoparticles (50-400 nm),
achieving >99% filtration efficiency for particles > 1 um and antibacterial activity against
Staphylococcus epidermidis with 66-86% bacterial growth reduction. Similarly, Hossain
et al. [35] fabricated nanofibrous membranes from recycled PET bottles with uniform fibers
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(average diameter 198.5 nm), tensile strength of 20 N, and air permeability of 8.59 L-min~!,

achieving 97.04% filtration efficiency for 0.3 pm particles.

Despite these advances, there is still a lack of systematic optimization linking electro-
spinning parameters to fiber morphology and filtration performance in rfPET membranes.
Statistical design of experiments (DoE) has been applied to optimize poly(ethylene oxide)
(PEO) nanofibers [36] and to evaluate the air-filtration performance of poly(vinyl alcohol)
(PVA) and chitosan nanofibers [37,38]. This study employs a factorial design to optimize the
electrospinning of recycled poly(ethylene terephthalate), modulating polymer concentra-
tion, flow rate, and applied voltage to precisely control fiber morphology and, consequently,
collection efficiency and pressure drop. The factorial framework enables a comprehensive
analysis of main effects and interactions, elucidates the process—structure-performance re-
lationships, and yields membranes with tunable filtration profiles for applications ranging
from residential air purification to industrial environments [39-41]. By coupling sustain-
able materials with statistically guided manufacturing, we demonstrate high-performance,
versatile rPET membranes and contribute to next-generation air-filtration technologies for
industrial, commercial, and residential use.

2. Materials and Methods
2.1. Materials

Recycled poly(ethylene terephthalate) (PET) obtained from transparent PET bottles
was employed. The solvents used in the formulation of the solutions were trifluoroacetic
acid (TFA; Neon Comercial Ltda., Suzano, Brazil) and dichloromethane (DCM; Labsynth
Ltda., Diadema, Brazil). The electrospinning setup used 10 mL plastic syringes connected
to stainless-steel needles with an inner diameter of 0.7 mm.

2.2. Preparation of the Solution and Electrospinning

Polymer solutions of PET (8-20 wt.%) were prepared in trifluoroacetic acid/
dichloromethane (TFA/DCM, 70/30, v/v) [27]. Electrospinning was performed on a
setup comprising a high-voltage power supply (HSensor, Maringd, Brazil), a flat aluminum
plate collector, a metallic needle as the spinneret, and a syringe pump (HSensor, Maringé,
Brazil) to control the flow rate. For 8, 10, and 12 wt.% PET, the operating parameters
were 0.6 mL-h~! (flow), 16 kV (applied voltage), and 8 cm (tip-to-collector distance). For
14, 16, 18, and 20 wt.% PET, the parameters were 1.2 mL-h™1, 22 kV, and 12 cm. These
conditions were selected to minimize fiber diameter based on preliminary trials and prior
studies [28,30,32], which indicated that lower concentrations require lower voltage and
shorter distances to achieve stable jet formation and continuous fibers, while higher concen-
trations demand higher voltage and longer distances to promote adequate stretching and
solvent evaporation, minimizing bead formation and ensuring uniform fiber morphology.
Producing uniform and bead-free fibers is particularly important for air filtration appli-
cations, where consistent pore structure and interconnected porosity strongly influence
pressure drop and capture efficiency [39].

A 23 fractional factorial design was used to evaluate the effects of solution concentra-
tion, applied voltage, and flow rate on the average fiber diameter. Each factor was studied
at two levels with center points, as summarized in Table 1. The variables selected for the
factorial design (PET concentration, applied voltage, and flow rate) were chosen because
they are the primary electrospinning parameters known to directly influence the jet stability,
solvent evaporation, and stretching of the polymer jet during fiber formation. These factors
have been consistently reported in the literature as the main parameters controlling fiber di-
ameter, bead formation, and overall morphology in PET electrospinning systems [28,30,32].
The three concentration levels (16, 18, and 20% PET) were selected based on preliminary
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trials and previously published studies, which indicated that this concentration range
produces stable jets and continuous fibers without bead formation. Concentrations below
14% resulted in discontinuous jets and fibers with beads, while concentrations above 20%
led to excessively high viscosity, clogging, and difficulty maintaining stable flow. Therefore,
the 16-20% range represented the optimal window for obtaining thinner nanofibers suitable
for filtration applications.

Table 1. A 23 factorial design for the study of solution and process variables.

Levels
Variable
Bottom Central Top
PET Concentration (%) (m/v) 16 18 20
Applied Voltage (kV) 16 19 22
Flow Rate (mL-h~1) 0.6 0.9 1.2

Similarly, the voltage and flow rate levels were selected because they corresponded to
the stable electrospinning operating ranges previously identified for PET under the solvent
system used (TFA/DCM). Lower voltages and flow rates were insufficient to stretch the jet
at higher concentrations, whereas excessively high values led to splashing and non-uniform
fibers. The tip-to-collector distance was maintained at 12 cm, which was determined from
preliminary trials (8-15 cm) as the optimal spacing to minimize clogging and prevent
jet spraying.

The chosen levels allowed meaningful evaluation of how these processing variables in-
fluence fiber diameter within a stable electrospinning regime. The primary response was the
average fiber diameter, a parameter directly linked to filtration efficiency and permeability
in nanofiber media [39]. Diameter data were analyzed using Design-Expert® v7.0.0.

2.3. Characterization of Filter Media

The nanofiber membranes were characterized by scanning electron microscopy (SEM;
Philips XL-30 FEG, Eindhoven, The Netherlands). Fiber diameters were measured from
SEM micrographs using Image] 1.53e, following the procedure described by Bortolassi
et al. [42]. The average diameter and standard deviation were calculated for each sample.

The viscosity of PET solutions at different concentrations was measured at room
temperature using a Brookfield LV DV-II+ viscometer (AMETEK Brookfield, Middleboro,
MA, USA) equipped with an SC4-18 spindle (sample volume: 1 mL). The functional groups
of the electrospun fibers were characterized by Fourier-transform infrared spectroscopy
(FTIR; IRSpirit with QATR-S, Shimadzu, Kyoto, Japan).

Thermal properties were evaluated by differential scanning calorimetry (DSC; Jade
DSC, PerkinElmer, Waltham, MA, USA) and thermogravimetric analysis (TGA; TGA 4000,
PerkinElmer, Waltham, MA, USA). For DSC, 2—4 mg of each sample were heated from 25
to 300 °C at 10 °C-min~! under a nitrogen flow of 30 mL-min~!. For TGA, approximately
10 mg of each sample was heated from 25 to 800 °C at 20 °C-min~! under a nitrogen flow

of 20 mL-min~ 1.

2.4. Air Filtration Properties

Permeability and aerosol filtration efficiency were measured using the setup shown
in Figure 1. The system comprised an air compressor (Shulz, Joinville, Brazil), an air-
purification train (model 3074B, TSI Incorporated, Shoreview, MN, USA), a particle genera-
tor (model 3079A, TSI Incorporated, Shoreview, MN, USA) with diffusion dryer (model
3062, TSI Incorporated, Shoreview, MN, USA), a bipolar radioactive neutralizer (Kr-85/Am-
241; model 3054, TSI Incorporated, Shoreview, MN, USA), a filter holder, and a flow meter
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(GFM17, Aalborg Instruments, Orangeburg, NY, USA). Size-resolved efficiencies were ob-
tained with a Scanning Mobility Particle Sizer (SMPS) consisting of an electrostatic classifier
(model 3080, TSI Incorporated, Shoreview, MN, USA) and a differential mobility analyzer
column (DMA) coupled to an ultrafine condensation particle counter (model 3776, TSI Incor-
porated, Shoreview, MN, USA) [43]. In this setup, compressed air was purified through the
air-purification train and partially directed to the particle generator, where a sodium chlo-
ride (NaCl) solution (0.1 g-L~!) was atomized to produce a polydisperse aerosol containing
nanoparticles ranging from 6.4 to 232.9 nm (average diameter ~ 63.5 nm). The generated
droplets were dried in a diffusion dryer, forming solid NaCl particles that were subse-
quently charge-neutralized by a bipolar radioactive source. The resulting aerosol stream
passed through the filter holder, and particle concentrations were measured upstream and
downstream using the SMPS system.

Manometer Rotameter

I

) £ H NP )
- ) Aerosol eiballzenly ; T
( Diffusion Dryer O F|Iter£/|ed|a D
E Aerosol %
e .
Pure Air Particle |

NacCl Solution =

Valve 3-way Sampling

I
=
N

Generato

valve  probe SMPS

Figure 1. Schematic of the module used to determine the permeability and collection efficiency
of the filter media. Arrows indicate the airflow direction, and the symbols represent valves and
sampling probes.

Permeability was determined by flowing clean air (without particles) through the
setup shown in Figure 1. Clean air was flowed through the filter holder at superficial
velocities between 0.76 and 6.52 cm-s~! (effective filtration area: 5.2 cm?), and the pressure
drop (AP) was measured using a digital manometer (VelociCalc 9555-P, TSI Incorporated,
Shoreview, MN, USA). The intrinsic permeability (k;) was then calculated from Darcy’s
law (Equation (1)), assuming constant thickness (L) [43].

AP
=E o (1)

Lk
where AP is the pressure drop; L is the thickness of the filter media; u is the viscosity of
air (1.74 x 107> Pa-s); and v; is the superficial gas velocity. The filter media thicknesses
were measured using a high-precision digital thickness gauge (130.404 Digimess, Digimess
Instrumentos de Precisao Ltda., Sao Paulo, Brazil).
Collection efficiency (17) was measured by an electrical-mobility-based method, com-
paring upstream and downstream particle number concentrations across the filter me-

-1

dia (Equation (2)) [43], at a fixed face (superficial) velocity of 4.8 cm-s~! over a 5.2 cm?

effective area.
C —-C 7

c @
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where C; is the concentration of particulate material at the inlet of the filter media, and Cyis
the concentration of particles at the outlet of the filter media.

As previously mentioned, the major challenge in air filter production is the search for
and development of efficient filter media that minimize pressure drop. Based on this, the
quality factor (Qp) was calculated (Equation (3)), which relates the pressure drop (AP) to
the particle removal efficiency (1) [44].

_ i —y)

Qf - AP 3)

Theoretical porosity (¢:0) was estimated to quantify the void fraction between fibers
using the Davies (1953) relation (Equation (4)), which has been applied to experimental
datasets of nanofiber and microfiber media [45].

AP
T =% r% %16 x (1 — reo) 5 x (1 +56 % (1— <ptw)3) 4)

where r is the fiber radius, taken as the average radius measured from SEM images. As in
the permeability analysis, we used the linear relation between AP/L versus v; to compute ¢
for each sample.

In addjition to theoretical porosity, experimental porosity was determined as the ratio
of void volume to total volume. Samples were cut into 1 x 1 cm squares, weighed, and
their thickness measured. Two methods were used. The first followed Equation (5) [46],
where m is the sample mass, v its volume (thickness x area), and pppr the PET density

(1.38 g-cm_3).
Pexp OPET X ©

The second method was butyl alcohol uptake: samples were immersed in butyl alcohol
for 1 h, and experimental porosity was then calculated using Equation (6) [47].

MBuoH / PBuOH ©)
M g,on/ PBuoH) + (M 4/ OPET)

Pexp = (

where mp,op is the mass of butyl alcohol absorbed, i is the dry sample mass, and pp,0n
and ppgr are the densities of butyl alcohol (0.81 g-cm~3) and PET, respectively.

3. Results
3.1. Statistical Analysis

The statistical analysis was conducted to qualitatively assess the effects of each param-
eter on the fiber diameter. The contribution of each parameter and the interaction among
them on the response (average diameter) was estimated using Pareto’s diagram, obtained
through the Design-Expert® v7.0.0 software, and the results are presented in Table 2. This
contribution is given as a percentage.

Table 2. Percentage of contribution of the variables studied according to Pareto’s diagram.

Variable Contribution (%)
A}Eplied voltage 30.33
PET concentration 19.01
PET concentration/applied voltage 11.14
PET concentration/flow rate 3.32
Flow rate 0.17
Flow rate/applied voltage 0.05
PET concentration/flow rate/applied voltage 0.01
Curvature 35.24
Pure error 0.73
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The Pareto analysis (Table 2) indicates that the applied voltage was the dominant
parameter influencing the fiber diameter, followed by PET concentration, while the flow
rate had a negligible main effect. Increasing the applied voltage from 16 to 22 kV reduced
the average diameter from 518 to 363 nm (A ~ —155 nm), with a stronger drop at higher
PET (—249 nm at 20% vs. —61 nm at 16%), evidencing an A x C interaction. This suggests
that at higher viscosities (higher PET content), the system benefits more from additional
electrostatic drawing to overcome jet resistance. PET content enlarged fibers (16%—20%:
379—502 nm, A ~ +122 nm), which reflects the increase in solution viscosity and reduced
extensional deformation of the jet. Flow-rate effects were concentration-dependent: at 16%,
it rose from 0.6 to 1.2 mL-h~! for thinned fibers (398—360 nm, A ~ —39 nm), whereas
at 20%, it thickened them (470—533 nm, A ~ +63 nm), suggesting an A x B interaction
(jet stability /evaporation). Consistent with the response surface (Figure 2a), PET shows
a positive effect on diameter, while applied voltage shows a negative effect. The smallest
experimental diameter (327 £ 173 nm) occurred at 16% content, 1.2 mL-h~! flow rate, and
22 kV electric potential; center points (18%/0.9 mL-h~1/19 kV) yielded large diameters
(~600 % 24 nm), indicating curvature and favoring higher field and lower concentration.
Through Table 3, it was observed that the proposed model for the average diameter (o),
presented in Equation (7), is significant (p-value < 0.05), and the coefficient of determination
(R?) is 0.9878.

o (um) = 0.44 + 0.061A + 0.0058B — 0.077C + 0.026AB — 0.047AC (7)

where A corresponds to the concentration of PET; B to the flow rate; C to the applied
voltage; AB to the interaction between the concentration of PET and the flow rate; and AC
to the interaction between the concentration of PET and the applied voltage.

‘ Prediction 0.9936 ‘

—
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Figure 2. Response surface plot for the average diameter as a function of PET concentration and
applied voltage (a) and a contour plot of desirability (b).

Table 3. ANOVA obtained for the response average diameter.

3:;;:;0212 Sum of Square ?:feg:gf,;f Mean Square F Statistics p-Value
Model 0.10 5 0.020 64.60 0.0006
A—PET content 0.030 1 0.030 95.99 0.0006
B—Flow rate 2.668 x 1074 1 2.668 x 1074 0.85 0.4075
C—Applied voltage 0.048 1 0.048 153.14 0.0002
AB 5.233 x 1073 1 5.233 x 1073 16.76 0.0149
AC 0.018 1 0.018 56.25 0.0017
Curvature 0.056 1 0.056 177.97 0.0002
Residual 1.249 x 1073 4 3.121 x 1074 - -
Lack of fit 9.593 x 1075 2 4.797 x 107° 0.083 0.9232
Pure error 1.153 x 1073 2 5.763 x 1074 - -
Total 0.16 10 - - -
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ANOVA confirmed global significance (F = 64.60, p = 0.0006), with applied voltage (C)
the strongest main effect (F = 153.14, p = 0.0002), followed by PET content (A) (F = 95.99,
p = 0.0006); flow rate (B) was not significant alone (F = 0.85, p = 0.4075). Interactions A x B
(F=16.76, p = 0.0149) and A x C (F = 56.25, p = 0.0017) were significant, curvature was
pronounced (F =177.97, p = 0.0002), and lack-of-fit was not (F = 0.083, p = 0.9232), supporting
model adequacy. The variable with the greatest influence on average diameter was applied
voltage (30.33%), followed by PET concentration (19.01%); flow rate contributed negligibly.
Desirability-based optimization using Design-Expert® v7.0.0, targeting the minimum fiber
diameter within the experimental range, identified 16% PET, 1.2 mL-h~ 1, and 22 kV as the
optimal conditions. The predicted diameter under these conditions was 0.33 pm, with an
overall desirability of D = 0.994 (Figure 2b), consistent with the experimental minimum.

3.2. Viscosity of Polymeric Solutions

The viscosity of the polymer solution is a key parameter in the electrospinning process,
as it dictates the level of polymer chain entanglement required to sustain a stable jet
during elongation and solvent evaporation. Consequently, viscosity directly influences
fiber diameter and morphology. Viscosities of PET solutions at different concentrations
were measured, and the results are shown in Figure 3.

200 7
150
o
[v]
o
£ T
2 100 4
w
(o]
[&]
2 =
>
50
0 . T : T : :
5 10 15 20

PET concentration (%)

Figure 3. Viscosity as a function of PET concentration in solution. Mean viscosity values (dots) with
+standard deviation (error bars).

As expected, increasing PET concentration led to higher solution viscosities, which
ranged from 32.35 to 198.5 mPa-s. Selatile et al. [48] reported viscosities of 280 and
180 mPa-s for 25% PET and 25% recycled PET, respectively. Mahalingam et al. [49] observed
25 mPa-s and 105 mPa-s for 10% and 20% PET solutions. Differences between the viscosities
measured in this study and literature values can be attributed mainly to the type of PET
used (virgin or recycled), the solvent and its composition, and the solution preparation
method, including stirring time and environmental conditions.

Solutions with low viscosity, where chain entanglement is insufficient to sustain jet
continuity, hinder electrospinning stability. Under these conditions, the jet is unable to
remain cohesive during stretching, resulting in discontinuous fibers or a high density
of beads, as observed in the SEM images of Figure 4a—c for 8%, 10%, and 12% PET so-
lutions. Conversely, as viscosity increases with higher PET concentration, the stronger
intermolecular entanglement stabilizes the jet, suppresses bead formation, and promotes
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the formation of continuous fibers. However, when the viscosity becomes excessively high,
jet stretching is restricted, which leads to thicker fibers and can even cause nozzle clogging
or incomplete solvent evaporation, ultimately impairing fiber uniformity [50]. In general,

higher solution viscosity correlates with larger fiber diameters, which is according to the
studies of Bhardwaj and Kundu [51] and Keirouz et al. [52].

Figure 4. SEM images of the produced fibers from PET concentrations of 8% (a), 10% (b), 12% (c),
14% (d), 16% (e), 18% (£), and 20% (g).

3.3. Morphology and Diameter of PET Filter Media

Electrospinning parameters must be carefully controlled to produce nanofibers suitable
for specific applications. Bead formation reduces fiber performance, weakening thermal
and mechanical properties [53]; thus, process conditions should minimize bead formation.

Figure 4a—g presents SEM images of membranes produced from PET solutions at
concentrations of 8, 10, 12, 14, 16, 18, and 20%, respectively. Whitish beads are visible in
membranes with low PET concentrations. Increasing PET concentration from 8% to 12%
reduces the number of beads along the fibers. Solutions with higher viscosities (Figure 3),
obtained at PET concentrations above 16%, produced membranes with more uniform fibers
and fewer beads. Fibers from solutions containing 8-12% PET displayed a high density of
beads, whereas fibers containing 16-20% PET exhibited minimal bead formation.

This behavior is directly linked to polymer chain entanglement. At low concentrations,
insufficient entanglement weakens the viscoelastic resistance of the jet, allowing capillary
instabilities to dominate and resulting in bead-on-string morphologies [54]. As concentra-
tion increases, the higher viscosity strengthens jet cohesion and stabilizes elongational flow,
preventing breakup and enabling continuous fiber formation [51,55]. This transition from
bead-rich to uniform fibers is critical for filtration performance, as bead defects disrupt
membrane homogeneity, create irregular pore networks, and can increase pressure drop
while reducing capture efficiency. Therefore, the improved uniformity observed at 16-20%
PET is directly associated with better-defined pore structure, enhanced mechanical integrity,
and more favorable air-permeation behavior.

Using a rotating collector with a 10% PET solution prevented bead formation [29,31,32].
In contrast, when a flat plate collector was employed at the same concentration, beads
were clearly observed (Figure 4b). These results are consistent with the findings of Abbas
et al. [56] and Du et al. [30]. Thus, the type of collector plays a significant role in bead
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formation at low polymer concentrations. The rotation of the collector promotes more
uniform fiber deposition, providing a stable trajectory for fiber formation. Additionally,
the stretching effect induced by a rotating collector aligns fibers more regularly, reducing
irregularities that can lead to bead formation [57,58]. While a rotating collector promotes
uniform fiber alignment, a flat collector has advantages for producing randomly oriented
fibers, typically resulting in a more disordered deposition pattern [58,59]. This distinction
is relevant for filtration, since randomly oriented mats produce a tortuous pore network
that enhances interception and diffusion-based capture [9], whereas aligned mats are
advantageous when directional mechanical reinforcement is desired [60].

Analysis of SEM images revealed that solutions with PET concentrations above 12%
produced fibers without bead formation. Below this threshold, insufficient polymer chain
entanglement results in bead-on-string morphologies, reflecting unstable jet behavior. Du
et al. [30] reported similar results using a flat plate collector, showing that increasing PET
concentration to 14% led to more uniform fiber diameters and fewer beads. In our system,
concentrations of 16% and 20% PET yielded well-defined and bead-free fibers, consistent
with the viscosity increase observed in Figure 3.

Based on these morphological observations, a 23 fractional factorial design was im-
plemented to evaluate the effects of PET concentration, applied voltage, and solution flow
rate on the average fiber diameter. The design focused on 16% and 20% PET solutions,
as these concentrations fell within the regime where chain entanglement is sufficient to
sustain stable fiber formation and minimize bead formation. Average fiber diameters
obtained in experiments 1-11 are presented in Table 4, and representative SEM images with
corresponding diameter distributions are shown in Figure 5.

Table 4. Values of the parameters used in the experiments generated by the fractional factorial design 23.

PET Concentration

Applied Voltage Average Diameter

Experiments (%) Flow Rate (mL-h—1) (V) (am)
1 16 0.6 16 427 £ 231
2 20 0.6 16 590 £ 254
3 16 1.2 16 392 + 202
4 20 1.2 16 662 + 244
5 16 0.6 22 370 £ 170
6 20 0.6 22 350 £ 135
7 16 1.2 22 327 £ 173
8 20 1.2 22 404 + 165
9 18 0.9 19 590 £ 197
10 18 0.9 19 582 + 196
11 18 0.9 19 627 £123

The smallest average diameter (327 nm) was observed in experiment 7, corresponding
to 16% PET, 1.2 mL-h~!, and 22 kV. In contrast, the largest average diameter (661 nm) was
obtained in experiment 4, using 20% PET, 16 kV, and a flow rate of 1.2 mL-h~1. These trends
are consistent with the known relationship between viscosity and electrostatic drawing:
higher polymer concentrations increase viscosity, which tends to produce thicker fibers
unless higher electric forces are applied [61,62].

Environmental conditions (38-46% relative humidity and 20-25 °C) were monitored
but did not vary significantly enough to influence fiber morphology within the experimental
range and therefore were not included as independent variables.
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Figure 5. SEM images and histograms of diameter distribution of PET fibers collected during
electrospinning under the conditions of experiments 1 to 11 (Table 4). Bars represent the experimental
distribution and the line indicates the fitted normal distribution.

3.4. Characterization of PET Filter Media

Figure 6 shows the FTIR spectra of the membranes obtained from PET at concentrations
of 8,12, 14, 16, and 20%, as well as the PET bottle used to produce polymeric solutions. The
spectra exhibit the main characteristic bands of PET (2958 cm 1, 1716 em™1, 1242 em ™1,
1095 cm ™!, and 725 cm™1), as evidenced in the spectrum of the PET bottle [29].

The band at 2958 cm ™! corresponds to axial C-H vibrations in the aromatic structure
of the polymer. The bands at 1716 cm ™!, 1242 cm !, and 1095 cm ! are assigned to the
ester carbonyl stretching (C=0) of terephthalate, ester (C=0)-C stretching, and ester C-O
stretching (C=0/O-CH)y), respectively—typical PET features. At 725 cm™!, oscillating
C-H vibrations of aromatic rings are observed; similarly, the bands at 1016 cm ! and
1043 cm ! arise from in-plane C-H deformations (gauche conformation), with 1016 cm ™!
also reflecting interactions within the aromatic ring. A band at 1407 cm ™! corresponds to
in-plane C-H ring deformation, and at 872 cm~! a planar C-H vibration of the aromatic
ring is evident. Overall, the bands at 1716 and 1095 cm~! are characteristic of PET, while
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725/1016 cm~! can be associated with interactions within the aromatic rings alongside
C-H deformations [29,48,63].
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Figure 6. The FTIR spectra of the membranes obtained via electrospinning from PET solutions with
concentrations of 8%, 12%, 14%, 16%, and 20%, as well as the PET bottle.

Kijenska-Gawronska et al. [64] compared electrospun mats made from recycled PET
(rPET) and virgin PET (vPET), showing that both exhibited similar characteristic absorption
bands. This indicates that the fundamental chemical structure of PET is preserved during
recycling and electrospinning. Differences in band intensities are mainly due to variations
in ATR measurement depth and region. The spectra also confirm the absence of residual
solvents in the fibers. According to Strain et al. [29], for TFA, the C-F stretching bands
appear between 1250 and 1180 cm~!, while the symmetric and asymmetric stretching of
the C-Cl bond of DCM is located at 874 and 771 cm~!. These results demonstrate that rPET
maintains chemical integrity and stability, supporting its use for high-quality electrospun
materials with properties comparable to virgin PET.

Figure 7a presents the DSC curves for membranes with 8, 12, 14, 16, and 20% PET,
as well as the PET bottle used to prepare the solutions. From the DSC curves, the glass
transition temperature (Tg), melting temperature (Im), and cold crystallization temperature
(Tcc) were determined for each sample. The PET bottle exhibited a Tg of 78.5 °C, consistent
with literature values [27]. In the electrospun fibers, Tg was obscured by an endothermic
peak, but no significant deviation from the PET bottle value was observed, with only a
slight increase due to the higher amorphous content in the fibers (Table 5).

Table 5. Data obtained from the DSC curves and the degree of crystallinity for the PET bottle and the
membranes of 8%, 12%, 14%, 16%, and 20% PET.

Sample Tg (°C) Tm (°C) AHm (J-g~1) Tee (°C) AHcc (J-g1) Xe (%)
8% PET 83.31 248.06 44 .53 137.06 17.39 19.99
12% PET 81.84 246.02 37.59 133.23 15.80 16.05
14% PET 83.17 246.50 40.06 133.65 19.24 15.33
16% PET 81.30 245.82 38.35 129.29 19.47 13.90
20% PET 81.05 244.06 32.47 127.78 19.01 9.912
PET bottle 78.51 247.08 49.72 - 0 36.61
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Figure 7. DSC curves of the PET bottle (black curve) and electrospun membranes with PET con-
centrations of 8% (orange), 12% (green), 14% (pink), 16% (red), and 20% (blue). The main thermal
transitions are indicated: Tg—glass transition (~78.5 °C for the PET bottle), Tcc—cold crystallization,
and Tm—melting (a); TG curves of the PET bottle (black curve) and membranes obtained via electro-
spinning from PET solutions with concentrations of 8% (orange curve), 12% (green curve), 14% (pink
curve), 16% (red curve), and 20% (blue curve) (b).

The endothermic and exothermic peaks corresponded to Tm and AHm, and Tcc and
AHcc, respectively. These values for each sample are listed in Table 5. The degree of
crystallinity (x.) of the samples was calculated using Equation (8):

AH, — AH,.

0 x 100%
AH®,

xc(%) = (8)

where AH,, is the melting enthalpy, AH, is the crystallization enthalpy, and AH,,° is the
melting enthalpy for 100% crystalline PET. According to Veleirinho et al. [27], AH,,? for
PET is 135.8 J-g 1. The . values are summarized in Table 5.

Celik et al. [65] studied the thermal and mechanical properties of recycled PET (rPET)
compared with virgin PET (vPET). They reported Tg values for rPET ranging from 78.3 to
81.2 °C, slightly lower than those of vPET (69-115 °C), primarily due to the lower molecular
weight of rPET, which affects chain-end concentration and polymer free volume. This
highlights the importance of careful recycling to ensure rPET maintains quality comparable
to vPET for applications requiring high thermal resistance. Despite slight differences, rPET
meets quality standards when processed appropriately.

The values of Tm and Tcc fall within the range reported in the literature [48,66]. A
slight decrease in Tm was observed with increasing PET concentration, which can be
attributed to the formation of less perfect crystals [67]. This behavior is consistent with
previous reports on electrospun polymer fibers, where rapid solidification, larger fiber
diameters, and reduced chain alignment during jet stretching led to lower crystallinity
and, consequently, reduced melting temperature [67,68]. The variations observed in AHm
and AHcc across different PET concentrations are attributed to heterogeneities in fiber
morphology and internal structure induced by the electrospinning process. Rapid solvent
evaporation and uneven jet stretching lead to fibers with non-uniform diameters and
degrees of crystallinity, resulting in fluctuations in melting and crystallization enthalpies,
even for samples with similar PET content.

The degree of crystallinity (X.) decreased with increasing PET concentration in the
solution, from 19.99% for 8% PET to 9.91% for 20% PET. This trend indicates that higher
polymer concentrations lead to less chain alignment and organization during electrospin-
ning, resulting in fibers with lower crystallinity. The x. for the PET bottle was 36.61%,
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higher than the value of 21.2% found by Strain et al. [29] and higher than the values
found for the fibers. In a study, Viora et al. [69] conducted a comparative analysis of the
crystallization behavior of vPET and rPET, focusing on how the Tec influences their physico-
mechanical properties. The research involved analyzing three types of materials: vPET,
rPET, and a 50/50 blend of recycled and virgin PET (50rPET). The study demonstrates that
rPET exhibits a higher Tcc compared to vPET, which is attributed to the presence of shorter
polymer chains and contaminants that act as nucleating agents, promoting more efficient
crystallization. The alterations in Tcc can be attributed to these factors, as they influence
the polymer’s ability to crystallize during thermal processing.

Thermogravimetric analysis (Figure 7b) revealed a single major mass loss stage for all
samples, occurring between 350 and 550 °C, with Tonset around 430 °C. The corrected mass
loss percentages ranged from 88.43% to 96.79%, indicating that all membranes, regardless
of PET content, maintained thermal stability comparable to the PET bottle.

3.5. Performance of PET Filter Media

The performance of the filter media was evaluated based on two parameters: air
permeability and filtration efficiency for nanoscale particles. These parameters are essential
for assessing the effectiveness of filters in air purification, especially in retaining small-sized
particles. Membranes containing 8% and 12% PET were produced under conditions of
0.6 mL-h~! flow rate, 16 kV applied voltage, and 8 cm tip-to-collector distance. Meanwhile,
the membranes with 16 and 20% PET were produced under the conditions of 1.2 mL-h~!,
22 kV, and 12 cm, corresponding to the factorial design conditions that yielded the smallest
average fiber diameters, as smaller fibers are generally more efficient for filtration [32].

Random fiber orientation can be advantageous in air filtration [37,40]. Berry et al. [37]
reported that media with randomly arranged fibers exhibit higher permeability than or-
dered fiber mats. Cai et al. [40] showed that fiber orientation significantly affects particle col-
lection via interception and inertial impaction but has less impact on diffusion-dominated
capture. Nanoparticle capture is primarily governed by Brownian diffusion, which is more
effective in a network of randomly oriented fibers, as particles have more opportunities
to collide with fibers. Consequently, randomly oriented fibers create a tortuous path for
airflow, enhancing filtration efficiency, particularly for fine and ultrafine particles. This
highlights the benefits of using a flat plate collector in filter production.

Permeability constants (k1) were determined using Darcy’s equation (Equation (4)), as
filtration velocities were low. Airflow rates ranged from 0.3 to 6.4 cm-s~!, and the pressure
drop (AP) was measured at each flow rate (Figure 8) for PET concentrations of 8%, 12%,
16%, and 20%. The permeability constant (k1) for the filter media is shown in Table 6. The
permeability increased with PET concentration—and thus with fiber diameter. Consistent
with this trend, Park and Park [70] reported that the air permeability of electrospun nylon
6,6 membranes decreases as fiber size is reduced. The magnitude of k; agrees with literature
values [33,71]; for example, Bortolassi et al. [42] reported k1 = (7.28-9.62) x 10~ 13 for HEPA
filters, higher than that of the 20% PET media.

Comparing the permeability of the filter media from 8 to 16%, it is noted that the filter
media produced with higher PET concentrations showed practically the same collection
efficiency as the filter media with lower concentrations, but with higher permeability and
lower pressure drop. Thus, the filter media with 16% PET can be considered the one with
the lowest energy consumption compared to the others. The 16% PET filter exhibited a
higher pressure drop than the 20% PET, indicating that increasing polymer concentration
yields media with lower AP—and thus lower airflow resistance, a similar result to that
found by Abuzade et al. [72].

https:/ /doi.org/10.3390 /nanomanufacturing6010004


https://doi.org/10.3390/nanomanufacturing6010004

Nanomanufacturing 2026, 6, 4 15 of 21
(a) (b)
1400
1 o swPET 108
12004 & 12%PET
o 16% PET
1 =& 20%PET 90 1
1000 —
S 2
o 800+ 3 80
S 4 &
a 1 5
o 600+ £
2 a w70
% 1 (] =]
e
L 4004 S =
a a & - 8% PET
1 2 60 4 A 12% PET
200 = o © 16% PET o
° @ 20% PET
[} B ]
0 ] T B |E T T T 50 —T T
0 1 2 3 4 5 6 7 10 100 300

Superficial Velocity (cm-s'ﬂ)

Particle Diameter (nm)

Figure 8. (a) Relationship between pressure drop and superficial velocity for nanofiber filter media
fabricated with varying PET concentrations. (b) Grade efficiency of the filters as a function of
particle diameter.

Table 6. Pressure drops (AP) (at face velocity of 4.8 cm-s1), permeability constant (k;), efficiency,

and quality factors (Qf) of the developed filter media at different PET concentrations.

PET Concentration (%) Pressure Drop (Pa) k1 (m?) Efficiency (%) Quality Factor (Pa—1)
8 91244+ 0.9 1.15 x 10713 99.99 + 0.00 0.0043
12 538.7 £ 1.9 1.63 x 10713 99.95 + 0.01 0.0063
16 2234+ 0.8 319 x 10713 99.77 + 0.04 0.0272
20 485+ 04 1.07 x 10712 95.65 + 0.03 0.0646

Studies in the literature, as reported by Xia et al. [12], indicate a range of pressure drops
from 80.5 to 346.0 Pa for 20% PET. These results were obtained considering a superficial
velocity range of 5 to 20 cm-s~!. Bonfim et al. [32] obtained pressure drop values of 76.1,
212.5, and 13.5 Pa for filter media with 10%, 12%, and 20% recycled PET, respectively, at an
air flow rate of 4.8 cm-s~!, using the following parameters: rotating collector, flow rate of
0.8 mL-h~!, distance of 10 cm, and 20 kV of electrical field potential. Ng et al. [73] produced
10% recycled PET filter media with a pressure drop of 39.2 Pa at 13 cm-s !, using a rotating
collector, 0.6 mL-h~! flow rate, 19 cm tip-to-collector distance, and 20 kV.

At a comparable face velocity of 4.8 cm-s~!, the 20% PET membrane outperformed
these references, with AP = 48.5 Pa, demonstrating effective parameter optimization. Higher
pressure drops in lower-concentration membranes can be attributed to the larger number
of beads, which obstruct airflow. Specifically, at 4.8 cm-s~1, the 8% and 12% PET media had
AP below the HEPA range (269418 Pa) [42]; the 16% PET filter media was near the lower
end of HEPA values (223.4 Pa), while the 20% PET filter media exhibited a significantly
lower AP (48.5 Pa).

The overall filtration efficiency for nanoparticle capture was nearly 100% for the 16%
PET filter. In contrast, the 20% PET filter, having larger fiber diameters, exhibited slightly
lower efficiency due to the reduced effectiveness of diffusion-driven capture mechanisms,
highlighting the critical role of fiber diameter in nanoscale particle retention. As reported by
Park and Park [70], smaller fiber diameters increase the membrane’s specific surface area,
enhancing particle capture. Additionally, slip flows around fine fibers improve interception
and inertial impaction, further boosting filtration performance [41]. In this work, filters
with low bead content (16% and 20% PET) performed similarly in efficiency, while 8% and
12% PET filters still exceeded HEPA standards, with efficiencies above 99.95% [71].
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Literature reports support the use of PET nanofibers for air filtration. Using flat plate
collectors, Sigkova et al. [28] obtained filters from 10% recycled PET, achieving 99.95% and
98.28% efficiency for 0.6 pm and 120 nm particles, respectively. Du et al. [30] electrospun
14% PET onto a PET screen, reaching 87% efficiency for particles < 2.5 pm with 20 min of
spinning. With rotary collectors, Bonfim et al. [32] obtained 99% efficiency for 7-300 nm
particles using 10-12% PET, while Hossain et al. [35] reported 97.04% efficiency for 0.3 um
particles with 20% PET membranes.

Considering quality factors relative to HEPA filters (0.010 and 0.011 Pa~?) [74], the 16%
and 20% PET membranes showed higher values, 0.027 Pa~! and 0.065 Pa~!, respectively.
Thus, the 20% PET filter showed the highest quality factor. Although the other filters have
better filtration efficiency than a 20% PET sample, their quality factors are lower. This fact
can be explained by the higher pressure drop presented in the filtration tests of the 8%,
12%, and 16% PET filters, highlighting the importance of evaluating both efficiency and
airflow resistance in filter performance. Bonfim et al. [32] obtained the same quality factor
value (0.06 Pa~!) for a fiber with 10% PET. Although the quality factor is the same, the
diameters and arrangements of the fibers differ because the conditions used, such as the
type of collector, are not the same. Considering the same polymer concentration, 10% PET,
Ng et al. [73] produced filter media with a quality factor of 0.019 Pa~!. Bortolassi et al. [71]
also obtained filter media with similar quality factors (0.04 Pa~! and 0.06 Pa~!) for a flow
rate of 1500 cm? - min for PAN nanofibers. Xia et al. [12] presented a summary of studies in
the literature regarding quality factors obtained for different polymeric nanofibers. The
highest values were found for polysulfone (PSU) membranes, with 0.26 Pa~!, while the
lowest values were observed for polyimide (PI), with 0.01 Pa~!. These values are related to
air velocity and filtration efficiency, considering a specific range of particle diameters.

Recent studies reinforce the versatility of rPET in air filtration. Lima et al. [75] produced
hybrid media from recycled PET and polystyrene (rPET + rPS) and, in line with our findings,
showed that increasing the rPET fraction enhanced nanoparticle (6.38-232.9 nm) capture
while keeping AP far below HEPA values. Shu et al. [76] electrospun luminescent PET
nano-woven filters under dual high-voltage fields, incorporating a rare-earth complex
so the membrane functioned as both filter and sensor; their dual-scale network achieved
82% porosity, 106 Pa pressure drop, and 99% removal from PM5.0 down to PMO0.3. Deng
et al. [77] proposed a 3D “fluffy” gradient architecture by depositing nano-PLA fibers onto
recycled, curved R-PET microfiber webs (linear, S-shaped, and zigzag) and, without using
electret PP, optimized PET curvature and PLA basis weight to balance efficiency and airflow;
with NaCl aerosol (260 nm, 5.3 cm-s~!), the zigzag R-PET + nano-PLA mat reached 99.99%
efficiency at 200 Pa and the highest quality factor (0.047 Pa~!), because the curved 3D
scaffold created slip-flow paths while the nanofiber layer trapped the fine particles. These
examples emphasize that fiber morphology, arrangement, and multi-scale architecture can
be strategically engineered to optimize both filtration efficiency and air permeability.

3.6. Porosity Analysis

Porosity was theoretically determined using the Davies relation (Equation (4)) and
experimentally via two independent methods (Equations (5) and (6)). Table 7 reports
the results from all three formulations—expressed as percentages (i.e., ¢ x 100%)—for
electrospun fibers prepared with different PET concentrations.

Theoretical porosity ranged from 96.47% to 98.73%, whereas experimental porosity
ranged from 75.98% to 92.52% across the two methods. The mean deviation of experimental
porosity (Equation (5)) from the theoretical value was 5%, 6%, 3%, and 3% for the 8%, 12%,
16%, and 20% PET membranes, respectively. Using Equation (6), the corresponding mean
deviations were 11%, 8%, 2%, and 2% for 8%, 12%, 16%, and 20% PET, respectively.
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Table 7. Theoretical and experimental porosity (%) of electrospun PET fibers determined by the
Davies relation and two experimental methods.

PET Concentration (%)

Theoretical Porosity (%) !  Experimental Porosity (%) 2 Experimental Porosity (%) 3

8
12
16
20

98.73 + 0.01 88.64 + 0.01 75.98 + 0.05
98.18 + 0.01 86.12 + 0.01 81.53 + 0.01
95.96 + 0.04 89.86 + 0.01 91.52 £ 0.00
96.47 + 0.02 90.35 + 0.01 92.52 + 0.01

! Obtained by Equation (4) (Davies). 2 Obtained by Equation (5) (sample weight). * Obtained by Equation (6)
(butyric alcohol absorption).

Among the PET membranes, the 20% PET filter media showed the highest experimen-
tal porosity across both measurement methods. The theoretically calculated porosity range
is consistent with literature reports for electrospun nanofibers using the same equation [45].

Analyzing the data in Table 7, increasing PET concentration decreases theoretical
porosity, as expected: thinner fibers tend to yield a larger void fraction and more homo-
geneous pore structures, thus increasing porosity. However, this trend contrasts with the
experimental results, in which lowering the PET concentration is associated with a decrease
in porosity. This discrepancy highlights the limitations of relying solely on theoretical mod-
els, which do not fully capture the complex microstructure of electrospun mats, particularly
when bead formation and fiber diameter heterogeneity are present.

As noted earlier, increasing PET concentration correlates with higher permeability
and lower pressure drop in the filter media. Accordingly, porosity would be expected
to be greater in filters with higher permeability—i.e., at higher polymer concentrations.
This expectation is confirmed by the experimental values obtained by both methodolo-
gies, indicating that the Davies relation did not adequately represent the 8% and 12%
PET membranes. A plausible explanation is that the Davies equation places dispropor-
tionate weight on fiber radius while underweighting pressure-drop effects, leading to
misinterpretation—especially when it ignores bead diameters present in fibers produced at
lower polymer concentrations.

Overall, these results emphasize that experimental assessment of porosity is essen-
tial for accurately characterizing electrospun filter media. The findings also suggest
that optimizing polymer concentration not only influences fiber morphology but also
directly affects the effective void space, which is critical for filtration performance and
fluid transport properties. This reinforces the practical importance of considering both
morphological heterogeneity and theoretical limitations when designing high-efficiency
nanofibrous membranes.

4. Conclusions

This study concluded that filter media can be produced more efficiently by optimizing
operational settings from electrospinning a recyclable PET solution. The concentration of
PET and the applied voltage were identified as the key variables influencing the average
diameter of the fibers produced. Nanofibers with minimal bead formation were observed
at higher PET concentrations (16% and 20%). The smallest average diameter of 330 nm was
achieved with a 16% PET concentration, a flow rate of 1.2 mL-h~!, and an applied voltage
of 22 kV.

Porosity measurements revealed that increasing PET concentration enhanced the
experimental void fraction, correlating with higher air permeability and lower pressure
drop. Although higher PET concentration resulted in larger average fiber diameters, it also
improved permeability while slightly reducing nanoparticle collection efficiency. Notably,
nanofibers with 20% PET exhibited a low-pressure drop of 48.5 Pa, while those with 16%
PET had a pressure drop of 223 Pa, both of which are lower than the values reported for
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HEPA filters under similar conditions. In this way, even using more PET concentration to
produce nanofibers with better air filtration performance is not a burden since the source of
the polymer is solid waste generated abundantly.

We expect the findings in this article to assist in the design of more efficient and
sustainable air filtration devices. They provide insights into developing filters that have
been optimized for indoor environments to effectively capture nanoparticles, thereby
enhancing the health and well-being of people who are exposed to air pollution.
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