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Abstract

Designed to efficiently remove particulates and degrade microorganisms, active
filtration membranes enhance filtration efficiency while minimizing pressure drop and
maintaining airflow. The COVID-19 pandemic has heightened demand for high-efficiency
facemasks, driving the pursuit of new materials with enhanced filtration,
multifunctionality, and biodegradability. Among fabrication methods, electrospinning
stands out as a versatile and cost-effective technique for producing fibrous membranes
with high surface-to-volume ratio, porosity, and tuneable properties.

Herein, we report the development of electrospun membranes for active filtration
functionalized with titanium dioxide (TiO;) nanoparticles (NPs) to be used as
intermediate layers for facemasks. This research investigates the use of polyacrylonitrile
(PAN) and cellulose acetate (CA) for fibrous membrane fabrication, combining PAN’s
chemical stability and CA’s biocompatibility. TiO, NPs were synthesized and
characterized to functionalize the produced membranes by electrospraying, after the
confirmation of the antibacterial activity of the NPs. The functionalized membranes
were characterized through morphological, chemical, thermal, and mechanical analyses.
Besides, the porosity and filtration efficiency of the functionalized membranes were also
evaluated. PAN/CA/TiO> NPs membranes showed filtration efficiencies above 80% for 1
pm particles, showcasing their effectiveness in particulate removal. Facemask
prototypes were fabricated by integrating the PAN/CA/TiO2 NPs membranes between
two layers of cotton woven fabric. The prototypes were tested for air permeability and

thermal comfort, showing significant potential for practical applications.
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1. Introduction

Air filtration membranes with active filtration are made to effectively filter out
germs, aerosols, and particles. These membranes are essential for preserving indoor air
quality and safeguarding public health [1]. The ability of active filtration membranes to
actively degrade microorganisms while preserving other filtration membrane properties
like filtration efficiency, low pressure drop, and air flow penetration during the filtering
process is what makes them so important [2,3]. These membranes can achieve high
filtration effectiveness while maintaining high air permeability by using novel materials
and structures, like electrospun nanofibers, which helps to effectively purify the air [4,5].

Overall, active filtration membranes play a crucial role in various applications ranging
from air and water filtration to multi-layer protective systems. In recent years, the
development of facemasks with high filtration efficacy and the capacity to degrade
microorganisms has become a widely studied field, primarily as a result of the high
demand for these materials that has been induced by the COVID-19 pandemic [6]. This
is especially important in the post-pandemic context, as active degradation of pathogens
helps reduce the risk of recontamination and cross-infection during repeated handling
and prolonged mask use. The development of materials with enhanced biodegradability,
multifunctionality, and filtration efficiency is becoming more and more important.
Additionally, preventing bacteria from building up and penetrating through the mask
requires active destruction [5,7,8].

Electrospinning is one of the most used techniques to manufacture active layers of
nanofibers for facemask applications. Its versatility, wide range of spinnable materials,
and good cost-effectiveness ratio make it a promising technique for a large array of
applications [9]. Electrospun membranes are highly desirable for the development of
high-performance filters due to their small diameters, ranging from nanometers to
micrometers, high surface-to-volume ratio, high porosity, ease of surface
functionalization, and high flexibility in adjusting their size and shape [10]. Owing to their
high permeability and minimal weight, these fibrous membranes offer superior filtration

efficacy while preserving the wearer's comfort and breathability [11,12].



Adding to the advantages of electrospun membranes, filtration performance is
greatly influenced by the polymer selection. To date, the electrospinning method has
been used to create air filtration membranes using a variety of polymers.
Polyacrylonitrile (PAN) is a synthetic polymer commonly used in the production of
electrospun membranes due to its mechanical, thermal, and chemical stability. Several
electrospun PAN nanofibrous membranes have shown excellent air-dust filtration
effectiveness, surpassing over 99.99% efficiency for particles ranging from PMo3to PM3 5
(Particulate Matter). Additionally, PAN nanofiber membranes have shown high water
permeability, making them versatile for various filtration applications [13]. Cellulose
acetate (CA) is a natural polymer with high interest due to its biocompatibility,
biodegradability, and mechanical reinforcement properties [14]. Because of their special
qualities, which include high air permeability and appropriateness for air filtration
applications, especially in capturing aerosols and volatile organic compounds (VOCs), CA
membranes have been employed in air filtration [15]. The combination of these two
polymers can join promising properties for the development of filtration layers. While
both PAN and CA have been individually explored in electrospun membranes, combining
them into a single formulation allows for synergistic benefits by leveraging PAN’s
mechanical stability and filtration efficiency alongside CA’s biocompatibility and
biodegradability [16—18]. This combination may facilitate more effective interaction
with microorganisms, enhancing active degradation and broadening their potential for
practical facemask applications.

The functionalization of electrospun membranes with metal oxide nanoparticles
(NPs) is an excellent strategy to achieve an active filter layer. NPs can give these
materials new capabilities including the breakdown of chemical and biologically
hazardous substances because of their unique properties, nanoscale size, and high
surface area-to-volume ratio. [19]. Studies have shown that incorporating titanium
dioxide (TiO2) NPs into membranes can enhance their properties, especially air filtration
performance [20-22]. Furthermore, the addition of TiO, NPs has been preferred due to
its multifunctional properties, including thermal and physical resistance, antibacterial
and photocatalytic activity, which are beneficial for filtration purposes [23-25]. Among
the possible functionalization methodologies, electrospraying stands out for its ability

to deposit nanoparticles directly onto the fiber surface [26,27]. The nanoparticles'



surface localization is especially beneficial since it guarantees a more direct interface
between the NPs and the environment, improving the membrane's photocatalytic and
antibacterial efficacy without substantially changing its internal structure [22,28,29].

Therefore, the main objective of this work was to develop PAN/CA electrospun
membranes functionalized with TiO2 NPs for active filtration to be used as intermediate
layers for facemasks. To the best of the authors’ knowledge, this is the first study
reporting the development of PAN/CA electrospun membranes, functionalized with TiO;
NPs, integrated into real facemask prototypes. While previous works have focused on
material characterization, the novelty of this work includes the demonstration of the
practical feasibility of the material, included on ready-to-use facemask prototypes that
were characterized in terms of comfort properties.

The first part of this work focused on the development and optimization of defect-
free and uniform PAN/CA electrospun membranes. PAN and PAN/CA electrospun
membranes were characterized by Scanning Electron Microscopy (SEM), Attenuated
Total  Reflectance-Fourier  Transform  Infrared  Spectroscopy  (ATR-FTIR),
Thermogravimetric Analysis (TGA), and mechanical assays, to investigate the influence
of CA incorporation. TiO2 NPs were synthesized and characterized by Scanning
Transmission Electron Microscopy (STEM), ATR-FTIR and antibacterial tests.

Electrospraying was performed to functionalize the membranes with TiO, NPs.
Characterization of all the functionalized membranes was carried out by Ground State
Diffuse Reflectance (GSDR), SEM, Energy Dispersive Spectroscopy (EDS), and Water
Contact Angle (WCA), to study the suitability of the functionalization. The porosity and
the filtration efficiency of the membrane were also evaluated. In the end, the
PAN/CA/TiO; NPs membranes were used for developing facemask prototypes, with
cotton natural fiber serving as outer layers. The developed facemask prototypes were

evaluated in terms of air permeability and thermal comfort.

2. Materials and Methods

2.1. Materials
Polyacrylonitrile (PAN), My=150.000 g/mol, was purchased from Sigma-Aldrich, and
Cellulose Acetate (CA), My=100.000 g/mol, from Thermo Scientific. Dimethylformamide



(DMF) and Ethanol were obtained from Fisher Chemical. Titanium Butoxide (IV) was

acquired from Sigma-Aldrich. All reagents and solvents were used as received.

2.2.  Electrospun PAN and PAN/CA membranes

2.2.1. Preparation of PAN and PAN/CA solutions

PAN solutions with a total concentration of 10 % (w/v) were prepared by gradually
adding PAN pellets to a DMF solution at room temperature [30]. The solution was kept
under mechanical stirring until a homogeneous appearance was achieved. For PAN/CA
solutions, a CA concentration of 1 % (w/v)) was added gradually to the previously
prepared PAN polymeric solution. The final formulations were stored until further use

in the electrospinning process.

2.2.2. Optimization of the electrospinning process

All solutions were electrospun using a MECC NF-103 electrospinning equipment. The
polymer solution was introduced in a 24 mL syringe with a 0.61 mm diameter needle. A
static collector was used to collect the electrospun membranes. Humidity and
temperature values were kept stable at 50-60 % and 19-25 °C, respectively. The
optimized processing conditions that allowed stable jet formation and defect-free

nanofiber production are shown in Table 1.

Table 1: Optimized electrospinning process parameters to produce PAN and PAN/CA membranes.

Parameters Optimized values
Voltage 30 kv

Flow rate 0.5 mL/h
Needle-collector distance 150 mm

Needle diameter 0.61 mm
Deposition time 4h

Head Transverse Speed 50 mm/s

Head Transverse Distance 150 rpm

2.3. Functionalization of PAN/CA electrospun membranes with TiO, NPs

2.3.1. Synthesis of the TiO2 NPs

The synthesis of TiO2 NPs was performed as previously reported [31], by the gradual
addition of Ti(OBu)s to distilled water. The solution was kept under mechanical stirring
at 40 °C for 30 min. The precipitate was centrifuged, washed with water and

ethanol,dried for 2 days at room temperature, and then calcinated at 150 °C for 6h.



2.3.2. Functionalization of TiO, NPs into PAN/CA electrospun membranes

After the development of PAN/CA membranes by electrospinning, the produced
membranes were functionalized with the TiO, NPs by electrospraying. Briefly, an
ethanolic solution of TiO, NPs (3 % w/v) was used for electrospraying the previously
produced PAN/CA electrospun membranes on both sides of the membrane. The solution
of TiO2 NPs was transferred into a 24 mL syringe coupled to a needle with a diameter of
0.41 mm. Humidity and temperature values were kept stable at 50-60 % and 19-25 °C,
respectively. The final processing conditions used for the electrospraying of the TiO;

NPs are shown in Table 2.

Table 2: Electrospraying parameters for deposition of TiO, nanoparticles onto PAN/CA membranes.

Parameters Optimized values
Voltage 29 kv

Flow rate 1 mL/h
Needle-collector distance 300 mm

Needle diameter 0.41 mm
Deposition time 2h

Head Transverse Speed 50 mm/s

Head Transverse Distance 150 rpm

2.4. Sample characterization

2.4.1. Scanning Transmission Electron Microscopy (STEM)

Using a NOVA 200 Nano SEM from FEI Company (Hillsboro, OR, USA) with a scanning
transmitted electron microscopy detector, the morphology of the synthetized NPs was
studied by STEM. An ethanol suspension of the TiO, NPs was used to dip the STEM grids
used for the morphological characterization. The grids were then dried and used to

assess the morphology of the NPs.

2.4.2. Scanning Electron Microscopy (SEM) and Energy Dispersive Spectroscopy
(EDS)

A FlexSEM 1000 Il (HITACHI) was used to assess the morphology of the electrospun
membranes by SEM. With a Quorum MiniQS sputter coater, a thin layer of gold (Au) was
applied on the surface of each sample. A 5 kV acceleration voltage was used to capture
secondary electron pictures. A coupled Bruker energy dispersive X-ray detector (EDS)

was used to assess the percentages of each atom.



2.4.3. Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy

(ATR-FTIR)

An IRAffinity-1S apparatus, SHIMADZU (Kyoto, Japan), fitted with an ATR accessory,
was used to analyze the chosen materials using ATR-FTIR spectroscopy. Each spectra
was obtained in the 400-4000 cm™ region using transmittance mode in a diamond ATR
cell by accumulating 45 scan cycles with a resolution of 4 cm™. To guarantee the

homogeneity of the analysis, several samples were examined at various sites.

2.4.4. Ground-State Diffuse Reflectance (GSDR)

The produced electrospun membranes were analyzed by GDSR, using a
Spectrophotometer UV-2600 (Shimadzu) equipped with an ISR_2600 Plus detector to
record the transmittance and reflectance spectra. The equipment was calibrated using
barium sulfate as reference (full reflectance). To guarantee the homogeneity of the
analysis, the samples were analyzed at various points. The reflectance spectra were
recorded in the 200 to 800 nm wavelength, and the remission function was calculated
accordingly with the Kubelka—Munk equation:

K_[QA-RJ (1)
S 2xR

Where K represents the absorption coefficient, S represents the dispersion

coefficient, and R represents the reflectance.

2.4.5. Thermogravimetric analysis (TGA)

Using TGA, the thermal stability of the membranes was verified. The primary
objective of this technique is to monitor the mass loss of a sample as a function of
temperature increase in the presence of a controlled atmosphere [32]. The thermal
behavior of the produced membranes was examined using STA 7200 SCANSCI
apparatus. Over a temperature range of 25 to 1000 °C, the TGA curve was generated in
a nitrogen environment at a steady heating rate of 10 °C/min. The samples were put in
a crucible that was attached to a microbalance in order to conduct the analysis. The
crucible was then heated under controlled conditions, and the mass losses were

monitored.



2.4.6. Mechanical tests

Tensile experiments were carried out to assess the mechanical characteristics of the
produced membranes. A Hounsfield Tinius Olsen, model H100KS, fitted with a 250 N
load cell and an HT400 Pneumatic Grip Controller, was used for these testing. The
samples were cut into strips with 70 mm length and 30 mm width. The crosshead speed
was set at 10 mm/min, and the initial grip separation was set at 50 mm. The ASTM 5035
Norm was followed. From the stress-strain curves, the tensile strength, elongation at
break, and Young's modulus were determined. For every sample, three replicates were

examined. The calculations for stress (o), strain (¢) and Young’s modulus (E) followed

equations 2 to 4.

a=i7 (2)
_AL (3)
e—LO
_ Ao (4)
E_Ae

Where F represents the applied force (N), A is the initial cross-sectional area of the
sample (mm?2), AL is the change in length (mm) and Lo is the initial sample length (mm).
Ao and Ae correspond to the variations in stress and strain within the elastic deformation

range.

2.4.7. Water Contact Angle Measurement (WCA)

WCA was used to evaluate the hydrophobicity of the different electrospun
membranes, using a Contact Angle System (dataphysics) coupled to a high-resolution
camera. 5 plL of distilled water was dispensed onto the sample's surface using a syringe.
Ten different places of each sample were measured, to guarantee the homogeneity of

the analysis, and the mean and the standard deviation values were calculated.

2.4.8. Evaluation of Antibacterial Activity

Antibacterial activity of the TiO, NPs was tested against both Gram-positive bacteria,
Staphylococcus aureus (ATCC 6538), and Gram-negative bacteria, Escherichia coli (ATCC
25922). Tryptic soy broth (TSB) medium was used for the cultivation of freshly growing

bacteria. Each bacterium grew overnight at 37 °C, then the cell suspension was adjusted



to a final concentration of approximately 1 x 10’ bacteria/mL. Using sterilized cotton
swabs, 100 pL of each cell suspension was spread on a Tryptic soy agar (TSA).
Subsequently, the agar medium was punched with 6 mm diameter wells and filled with
50 uL of 1% TiO, NPs and the plates were maintained at 37 °C for 24 h. The antibacterial
activity was determined by measuring the diameter of the growth inhibition zone (or

halo), in mm. Each test was performed in duplicate.
2.4.9. Porosity analysis

The porosity analysis was performed on a capillary flow gas-liquid porometer with
patented pressure step stability POROLUX™ Revo. The membrane was analyzed using as
wetting liquid Porefil (16.0 dyn/cm) and a shape factor of 1. Before the measurement,
the disc of @ = 13 mm diameter was cut from the membrane sheet. The sample disc was
then placed into the instrument and wetted with Porefil directly within the sample
holder to prevent wrinkling. A wet run was performed, followed by a dry run to obtain
the flow rate curves as a function of applied pressure. The measurements were carried

out in triplicate to enhance the reliability of the results.

2.4.10. Filtration assays

The filtration tests were performed in a cylindrical acrylic chamber (@ = 194 mm x
length = 400 mm) developed for the controlled release of particles and mounted inside
a 1 m3 negative pressure flexible isolator (Solocontainment™, Cheshire, UK).
Polystyrene beads (@ = 1 um, COUNT-CAL™ Count Precision Size Standards Thermo
Fisher) were aerosolized using a medical nebulizer (OMRON C28P) with a flow rate of
0.5 mL/min to obtain a final number of particles between 1 x 108 and 4 x 10° inside the
aerosolization compartment of the acrylic chamber. The number of particles were
measured in real time using a laser particle counter (APEX R4 airborne particle counter,
LighthouseTM, Fremont, CA, USA) installed above the aerosolization compartment of
the chamber. The testing membranes were mounted in a leak tight sample port
positioned above the aerosolization compartment and inside the counting compartment
of the acrylic chamber, where the inlet of the laser particle counter was installed.
Polystyrene particles released inside the aerosolization compartment were aspirated

through the sample port at a rate of 28.2 L/min and measured three times during 20 s



for a total of 60 s. The acrylic chamber was cleaned between tests using a HEPA vacuum
cleaner (KARCHERTM A2204, Winnenden, Germany), and the cutoff value to consider
the chamber clean for tests was below 4000 particles. The residual number of particles
inside the acrylic chamber were counted through a blank measurement between

cleaning procedures and sample loading.

2.5. Prototype development

Different facemask prototypes were developed using two layers of cotton woven
fabric and the selected PAN/CA/TiO; NPs electrospun membrane, namely: (i) Cotton +
Cotton; (ii) Cotton + PAN/CA/TiO, NPs electrospun membrane + Cotton and (iii) Cotton
+ 2 x PAN/CA/TiO2 NPs electrospun membrane + Cotton.

2.5.1. Air Permeability

The FX3300 Air Permeability Tester Il (TexTest instrument, Wanliang, Dongguan,
China) was used to measure the rate of airflow through a 20 cm? area passage at a
pressure of 200 Pa for one minute to determine the air permeability of the electrospun
membranes and the facemask prototypes. The air permeability, k, was calculated

accordingly with the equation 5 [33]:

L
(mTZ)xtxA

1000

(5)

L
Where (mTZ) represents the rate of air flow, t represents the time in seconds, and A

represents the sample area.

2.5.2. Thermal Management

A Thermal Imaging Camera Testo 885 was used to assess the thermal comfort of the
different facemask prototypes. Two conditions, namely during inhalation and
exhalation, were assessed. Following a period of early stabilization, temperature
variations in the nose and mouth were measured using thermal imaging. The camera's

temperature range was specified as 20-40 °C.



3. Results and discussion
3.1. Electrospun PAN and PAN/CA Membranes

This work focused on the development of active filtration electrospun membranes
based on PAN due to its high chemical resistance and filtration efficiency. A 10% (w/v)
PAN solution in DMF was electrospun to produce a defect-free membrane, using
optimized parameters: a 150 mm needle-to-collector distance, 0.5 mL/h flow rate, 30
kV applied voltage, and a deposition time of 4 hours. CA was added to the optimized
PAN formulation (1 % (w/v)) [34]. To assess the effect of the CA addition on the
morphology, chemical, and mechanical properties of the produced fibers, the conditions
of the electrospinning process were kept the same as those used on PAN deposition.
The developed electrospun PAN and PAN/CA membranes were characterized by SEM,
ATR-FTIR and tensile tests.

SEM analysis was performed to evaluate the surface morphology and diameters of
the developed electrospun fibers. Figure 1 shows the SEM images of the fibers produced
by electrospinning using PAN and PAN/CA, as well as the corresponding frequency
distribution of fiber diameter. As can be seen, defect-free PAN and PAN/CA fibers were
successfully produced. SEM characterization of the PAN membranes revealed diameters
of the produced fibers between 0.6 and 1.3 um (Figure 1a). It can be seen that the
addition of CA slightly increased the diameter of the fibers, from an average value of
0.869 um to an average value of 1.21 um, as previously reported in the literature (Figure
1b) [35]. Moreover, the addition of CA resulted in a more homogeneous distribution of

the fibers.
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Figure 1: Morphological and chemical characterization of electrospun membranes: (a) SEM analysis of PAN fibers at
20 and 10 um and respective fiber diameter distribution histograms; (b) SEM analysis of PAN/CA fibers at 20 and 10
um and respective fiber diameter distribution histograms; (c) ATR-FTIR spectra of PAN and PAN/CA membranes.

ATR-FTIR analysis was performed to confirm the chemical composition of PAN and
PAN/CA electrospun membranes. Figure 1c shows the ATR-FTIR spectra for the two
membranes. The spectrum of the PAN membranes reveals the characteristic bands of
this polymer. The sharp peaks at 2924 cm™ and 2243 cm™ correspond to C-H stretching
and nitrile group stretching (C=N), respectively. A weak peak at 1624 cm™ is related to
C=N, 1454 cm™ is related to C-H bending, while 1362 and 1242 cm™ are related to
aliphatic CH groups (CH, CH;, CHs) [36,37]. Comparison with the PAN/CA spectrum
shows the presence of CA with the appearance of polymer's characteristic sharp peaks
at 1238 (C-O stretching) and 1747 cm™ (C=0 stretching) [38]. Additionally, the reduced
intensity of the nitrile peak at 2243 cm™ supports the presence of intermolecular

interactions—such as hydrogen bonding—between PAN and CA, highlighting a key



difference from previous studies where no chemical interaction between the two
polymers was reported [35].

Tensile tests were also conducted to analyze the different mechanical properties of
PAN and PAN/CA membranes. Table 3 shows the values of tensile strength, maximum
stress deformation, breaking point, strain, and Young’s modulus. The PAN sample
exhibits a tensile strength of 0.208 MPa and a maximum strain of 11.2 %, while the
PAN/CA sample demonstrates a significantly higher tensile strength of 0.599 MPa and a
maximum strain of 14.4%. These improvements are particularly relevant for membrane
applications, as higher tensile strength indicates a greater ability of the material to
withstand applied forces without breaking, which is essential for structural integrity
during operation. Similarly, the increase in maximum strain suggests that the PAN/CA
membrane can sustain larger deformations before failure, contributing to greater
durability and flexibility under mechanical stress. In practical terms, this means the
membrane is less likely to rupture or degrade when subjected to physical handling or
pressure differentials during use. Furthermore, Young's Modulus indicates a higher
stiffness for PAN/CA (20.66 x 10~ GPa) compared to PAN (5.77 x 10> GPa), showing a
358% increase. A previous study showed that PAN/CA electrospun membranes with a
CA content higher than 50% showed lower tensile strength and Young’s moduli when
compared with pure PAN membrane [35]. However, this study showed that lower CA
content was able to improve both strength and stiffness of pure PAN. The results herein
reported suggest that 10% PAN / 1% CA membrane generally has better mechanical
performance compared to the PAN membrane, particularly in terms of strength and
stiffness, indicating that the addition of a smaller amount of CA improved the

mechanical properties of the produced PAN structures.

Table 3: Mechanical properties of electrospun PAN and PAN/CA membranes, including tensile strength, elongation
at break, and Young’s modulus.

sample Tensile Strength Maximum Strain Young’s Modulus R2
P (MPa) (%) (GPa)
PAN membrane 0.208 £ 0.087 11.2+44 (5.77 £2.39) x 10 0.976 £ 0.037
PAN/CA membrane 0.599 £ 0.068 14.4+25 (20.66 + 7.65) x 107 0.991 £ 0.008

Overall, the incorporation of CA into the PAN matrix significantly improves the

membrane’s mechanical properties and promotes a more homogeneous fiber



distribution, making it better suited for applications that demand greater strength,

flexibility, and structural reliability.

3.2. Functionalization of PAN/CA electrospun membranes with TiO2 NPs

The synthesis of TiO, NPs was performed by a straightforward, sustainable
precipitation method previously reported by the group [31]. The synthesized TiO; NPs
were analyzed by STEM and ATR-FTIR to confirm their morphology and purity. STEM
characterization (Figure 2a and 2b) shows that the produced NPs present a spherical
morphology. The formation of agglomerates, commonly observed for this type of
nanoparticle, is consistent with findings reported in the literature [39]. The mean
calculated diameter was found to be 43 nm, similar to previous reports [31]. ATR-FTIR
analysis (Figure 2c) was also performed for the synthesized TiO, NPs. The spectrum
shows the characteristic Ti-O stretching vibration band at around 400 cm™, considered
the fingerprint region for TiO,, therefore confirming the purity of the NPs [40]. Overall,
the synthesized TiO, NPs exhibited the expected morphological and chemical
characteristics, confirming that they were successfully and reliably produced with high
quality.

The synthesized TiO, NPs were also evaluated for their antibacterial activity to assess
their potential to functionalize PAN/CA electrospun membranes into active filtration
membranes, with the ability to degrade/inactivate microorganisms. The antibacterial
properties of TiO2 NPs activity have been widely reported, due to the generation of
reactive oxygen species (ROS), which induce oxidative stress leading to cell membrane
damage and microbial death [31,41,42]. In this study, the NPs were analyzed by the zone
of inhibition test, revealing a halo of 15-15.5 mm in the presence of the Gram-positive
bacteria Staphylococcus aureus, as shown in Figure 2d. This finding demonstrates the

antibacterial activity of the synthesized TiO; NPs against S. aureus bacteria.
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Figure 2: Characterization of synthesized TiO, nanoparticles: (a, b) STEM images at 25,000x and 50,000x

magnification; (c) ATR-FTIR spectrum; (d) Zone of inhibition test against S. aureus.

The functionalization of the PAN/CA electrospun membrane with TiO2 NPs was
performed via electrospraying, ensuring their availability on the membrane surface to
serve as an active filtration layer, unlike previous studies reported in the literature [18].
An ethanolic solution of TiO2 NPs (3% w/v) was electrosprayed on both sides of the
previously developed PAN/CA membrane. Electrospraying conditions were optimized,
and the ideal conditions were found to be as described in Table 2. PAN/CA/TiO> NPs
membrane was then characterized to assess the suitability of the functionalization

method and the functional properties of the membrane for active filtration applications.

3.3. Characterization of PAN/CA/TiO; NPs electrospun membranes

The PAN/CA electrospun membranes functionalized with TiO, NPs were
characterized to assess whether the functionalization was successful. ATR-FTIR analysis
was not conclusive for confirming the integration of TiO, NPs into the membrane, as the
characteristic Ti—O stretching bands (400-500 cm™) overlap with the absorption bands

of PAN in the same spectral region (Figure S1).



Therefore, Ground-State Diffuse Reflectance was wused to assess the
functionalization success. Figure 3a shows the GSDR spectra of PAN/CA and
PAN/CA/TiO; NPs electrospun membranes. It is possible to observe that the spectrum
of PAN/CA shows a clean spectrum between 250 and 800 nm. On the other hand,
PAN/CA/TiO2 NPs spectra reveals the appearance of a broad absorption band at around
300 nm, characteristic of TiO NPs [43].

This was confirmed by the SEM/EDS analysis, in which it was possible to detect the
presence of TiO2 NPs in the surface of PAN/CA membrane. Figure 3b represents SEM
images PAN/CA/TiO2 NPs membrane, as well as the EDS graph revealing the titanium
and oxygen percentage. SEM images reveal the presence and the homogeneous
distribution of TiO2 NPs in the fibers surface, as well as their attachment to the PAN/CA
electrospun membranes. EDS analysis reveals the presence of a strong peak at around
4.5 keV, related to the presence of titanium, besides carbon and oxygen peaks from the
PAN/CA membrane and gold peaks from the coating. The percentage of titanium was

measured in different places and was found to be 2.89 + 0.24 %.

——PAN/CAmembrane
——PAN/CAITIO, NPs membrane

=
~

Remission Function F(R)

T T T
400 500 600 700
Wavelength (nm)

)

Weigth loss (%)
DTG (%/°C)

] /J (A\:\‘>\\
0.0 o =

100 200 300 400 500 600
Temperature (°C) Temperature (°C)

Figure 3: Characterization of functionalized PAN/CA membranes: (a) GSDR spectra of PAN/CA and PAN/CA/TiO, NPs;
(b) SEM analysis of PAN/CA/TiO, NPs; (c) TGA spectra of PAN, PAN/CA, and PAN/CA/TiO, NPs; (d) DTG curve for of
PAN, PAN/CA, and PAN/CA/TiO, NPs.

TGA was performed to evaluate the thermal stability and degradation behavior



of PAN, blended PAN/CA membranes, and PAN/CA/TiO2 NPs membranes. Figure 3c
reveals the TGA and DTG curves for the 3 membranes. All the samples show small mass
losses between 80 and 120 °C, as a result of residual solvent evaporation. Regarding the
main degradation processes, these are shown between 290 and 450 °C.

For the pristine PAN membrane, the main degradation occurs in a sharp
temperature range between 290 and 310 °C which is related to the nanofibers' pyrolysis
and breakdown of nitrile groups, typical of PAN [44]. Smaller degradation processes are
seen up until 450 °C. Specifically, a secondary major degradation process is visible in the
DTG curve of PAN between 350 and 400 °C, which can be associated with late-stage
degradation and cyclization products of PAN [45]. The addition of CA to the polymer
solution did not have a significant impact on the thermal properties, since the
degradation of CA normally occurs between 320 and 350 °C [46]. Nevertheless, a
broadening of the main degradation peak can be observed, and the weakening of the
peak between 350 and 400 °C suggests that the presence of CA dilutes or modifies the
PAN network formation, thereby suppressing late-stage PAN degradation. This further
confirms the findings from the FTIR analysis, which indicated the presence of
intermolecular interactions between PAN and CA.

The functionalization with TiO, NPs does not significantly change the thermal
decomposition behavior of the PAN/CA membrane. The PAN/CA/TiO; NPs membrane
retains a higher mass percentage at 600 °C, as evidenced by its increased char yield of
37.48 %, compared to 33.20 % for PAN/CA. Considering that the TiO2 NPs have residues
of 100 % at 600 °C, the TGA analysis allows to estimate the percentage of TiO, NPs in
the PAN/CA membrane, by using Equation 1. This value was found to be approximately

6.41 %, confirming the successful deposition of the NPs into the membrane’s surface.

In order to study the hydrophobicity of the developed membranes’, the WCA was
evaluated. This parameter is particularly important, since filtration layers shall be
hydrophobic to avoid the presence of virus droplets inside the layer [47]. The results
obtained are exhibited in Table 4. A surface is classified as hydrophilic if its WCA value is
less than 90° and hydrophobic if it is greater than 90°. If the WCA is greater than 150°,
the surface could be regarded as superhydrophobic [48]. Analysis of the contact angle

with water showed that the produced PAN-based membranes, with and without CA, are



hydrophobic. PAN’s known hydrophobicity is explained by its strong chain crystallinity,
resulting in limited water penetration [49]. penetrate or hydrogen-bond with the tightly
packed PAN chains. The addition of the CA didn't change the contact angle of the
membranes, keeping their repellency. The acetyl groups make CA more hydrophobic
than pure cellulose and the small percentage of CA used allows for maintaining the
hydrophobicity of the membrane. Furthermore, the introduction of TiO, NPs also does
not affect the hydrophobic character of PAN/CA membranes. Although TiO, can show
hydrophilic behaviour due to the formation of surface hydroxyl groups that increase its
surface energy and can hydrogen-bond with water [50], TiO, NPs often exhibit
hydrophobic behavior because, in aggregated form, they create micro/nanoscale
roughness on the membrane surface that amplifies hydrophobicity through the Cassie-
Baxter effect [51]. As a result, their presence in small amounts does not significantly
increase the membrane’s surface energy or introduce hydrophilic groups capable of

lowering the water contact angle [52].

Table 4: Water contact angle measurements of PAN, PAN/CA, and PAN/CA/TiO, NPs electrospun membranes.

Sample Water Contact Angle Classification
PAN 132+4°
PAN/CA 131+4° Hydrophobic
PAN/CA/TiO, NPs 128+ 14°

The porosity of the PAN/CA/TiO2 NPs electrospun membrane was analyzed by
capillary flow porometry. Table 5 shows the bubble point pore size, the mean flow pore
(MFP) size, the smallest pore size, and the total pore area of the functionalized
membrane. The MFP size was found to be 11.09 um, indicating the presence of
macropores that contribute to fast air and fluid flow, which is advantageous for
applications in filtration and breathability. Moreover, a bubble point pore size of 15.53
pum and a smallest pore size of 10.56 um suggest a relatively narrow pore size
distribution, which is desirable for maintaining selectivity while preserving permeability.
Furthermore, the pore size values fall within the ideal range for particulate filtration
(0.1-20 um), aligning with previous findings where PAN-based electrospun membranes
have been tailored for fine dust and pathogen filtration [41,53]. The total pore area of

54.71% confirms that the membrane possesses a highly porous structure. Porosity



values above 50% are typically associated with effective air permeability and low-
pressure drops, critical parameters for membranes intended for respiratory or
environmental filtration applications [54]. The result herein obtained here indicates that
the electrospraying of TiO, NPs did not significantly compromise pore interconnectivity
or surface porosity. Overall, the combination of high porosity, controlled pore size
distribution, and nanoscale surface functionalization suggests that the PAN/CA/TiO2 NPs
membrane is a promising candidate for applications requiring both mechanical

breathability and selective barrier performance.

Table 5: Porosity parameters of PAN/CA/TiO, NPs membranes, including mean flow pore size (MFP), smallest and
largest pore sizes, and total pore area percentage.

PAN/CA/TiO, NPs

Bubble point pore size (um) 15.530
MFP size (um) 11.090
Smallest pore size (um) 10.560
Total pore area (%) 54.71

3.4. Filtration Efficiency

Filtration efficiency is one of the most critical parameters in membrane
performance. Higher filtration efficiency is often associated with thicker membranes, as
increased thickness enhances the capture of particles within the fibrous network.
However, a careful balance between maximizing filtration and keeping the membrane’s
breathability must be attended, since the latter is a critical factor in applications like air
purification and facemasks. This balance is particularly significant for membranes
functionalized with NPs, where surface modifications can further impact airflow and
particle capture. The incorporation of TiO, NPs not only provides the membrane with
antibacterial activity, but also contributes to particle retention through increased
electrostatic interactions, which indirectly support long-term performance by
preventing fouling and degradation. The uniform distribution of these NPs across the
membrane surface leads to improved filtration performance.

In the filtration assays, polystyrene beads (@ = 1 um) were aerosolized through
the sample port at a rate of 28.2 L/min and measured three times during 20 s for a total
of 60 s. Table 6 shows the results of the filtration efficiency of PAN/CA/TiO2 NPs

membrane. The positive control showed a value of 11.07 x 10° particles during the



analysis. The PAN/CA/TiO; NPs membrane was tested in triplicate with the same
conditions. The functionalized membranes demonstrated an average filtration efficiency
of 82.3 %, showcasing their effectiveness in particulate removal. The performance is
comparable to previous studies, where TiO,-functionalized electrospun membranes

typically exhibit filtration efficiencies in the range of 70-95% [55-58].

Table 6: Filtration efficiency of PAN/CA/ TiO, NPs membrane.

Sample Number of Particles / 10° Filtration efficiency / %
Control 11.07 £0.32
PAN/CA/TiO, NPs 1.96 £ 0.69 82.3+6.2

When evaluated against CWA 17553:2020, the European Workshop Agreement for
community face coverings, the filtration efficiency of 82.3% exceeds the minimum
requirement of 70% for particles around 3 um. Although the test in this study utilized
smaller particles (1 um), the results demonstrate that the membrane surpasses the
standard for community face coverings, suggesting its potential to meet or exceed
performance expectations for broader particle size ranges [59]. These findings suggest
that the TiO,-functionalized PAN/CA membranes show potential to be applied as an

active filtration layer on community facemask prototypes.

3.5. Prototype development

With the aim of obtaining novel sustainable facemasks with enhanced active
filtration ability, natural fiber-based woven fabric (cotton) was used as the outer layers
of the facemask prototype, due to its good mechanical strength, low cost,
biocompatibility, and breathability. The selected PAN/CA/TiO2 NPs electrospun
membrane was introduced as an inner layer. Facemask prototypes with one and two
layers of the PAN/CA/TiO2 NPs electrospun membrane were developed, as well as the

control without the membrane (Figure 4).
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Figure 4: Schematic and photographic representation of facemask prototype comprising cotton outer layers and

electrospun PAN/CA/TiO, NPs intermediate layer.

The air permeability of the facemask prototype was assessed and compared to the
control (cotton + cotton prototype) and the PAN/CA/TiO, NPs electrospun membrane.
The results are displayed in Table 7. The air permeability value obtained for PAN/CA
electrospun membrane was 63.9 L/min. With the addition of TiO, NPs, a slight decrease
in breathability is seen (52.3 L/min). Regarding the facemask prototypes, the control
prototype (cotton + cotton) reveals a value of 34.4 L/min, while the introduction of one
layer of the PAN/CA/TiO2 NPs electrospun membrane does not decrease this value
significantly (32.5 L/min). Furthermore, the introduction of two layers of the membrane
results in a higher decrease in the air permeability (24.1 L/min); however, all values are
significantly above the breathability reference value (8 L/min) [33,60]. These results

correlate with the membranes’ balance of filtration performance and breathability.

Table 7: Air permeability of PAN/CA membrane, PAN/CA/TiO, NPs membrane, control facemask prototype (cotton +
cotton), facemask prototypes with 1 and 2 layers of PAN/CA/TiO, NPs membrane.

Sample Air permeability (L/min)
PAN/CA 63.9+5.1
PAN/CA/TiO; NPs 52.3+5.2
Cotton + cotton 344+58
Cotton + 1 layer PAN/CA/TiO; NPs + cotton 32.5+9.6
Cotton + 2 layers PAN/CA/TiO, NPs + cotton 24.1+5.8

Thermal management was also assessed for the facemask prototypes using a

thermal camera recording the facial temperature in two different locations (nose and



mouth) during inhalation and exhalation. Images with no mask and with a surgical mask
were also included for comparison. Figure 5 reveals the thermal images taken during
inhalation and exhalation for the mentioned prototypes, and Table 8 shows the
recorded facial temperatures.
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Figure 5: Thermal management images during inhalation and exhalation for a user wearing: no mask; a surgical mask;
a control facemask prototype (cotton + cotton); facemask prototype with 1 layer of PAN/CA/TiO, NPs electrospun
membrane; facemask prototype with 2 layers of PAN/CA/TiO, NPs electrospun membrane.

It can be seen that surgical masks reveal lower temperatures during inhalation (nose
—27.8 °C; mouth — 28.3 °C) and exhalation (nose — 28.0 °C; mouth — 28.8 °C). The control
facemask prototype (cotton + cotton) reveals higher exhalation temperatures (nose —
32.4 °C; mouth — 33.4 °C). Regarding inhalation, the increase in the temperature is
reduced, with the temperature values recorded close to the ones obtained for the
surgical mask. The introduction of one and two layers of PAN/CA/TiO2 NPs electrospun
membrane shows no significant differences in the temperature values recorded during
inhalation. The value recorded on the mouth zone for Cotton + 2 layers PAN/CA/TiO;

NPs + Cotton during inhalation (27.8 °C) is even lower than the one obtained for the



surgical mask. Regarding the analysis during exhalation, both prototypes show

temperature values higher than those obtained for the surgical mask. Nevertheless, the

results are lower than the ones obtained for the control prototype, showing enhanced

thermal comfort of these prototypes when compared with the Cotton + Cotton

prototype.

Table 8: Recorded temperatures in two different zones (nose and mouth) during inhalation and exhalation for a user

wearing: no mask; a surgical mask; a control facemask prototype (cotton + cotton); facemask prototype with 1 layer
of PAN/CA/TiO, NPs electrospun membrane; facemask prototype with 2 layers of PAN/CA/TiO, NPs electrospun

membrane.

Temperature (°C)

Inhalation Exhalation
Type of membrane Nose Mouth Nose Mouth
Surgical mask 27.8 28.3 28.0 28.8
Cotton + Cotton 29.7 29.2 324 334
Cotton + 1 layer PAN/CA/TiO; NPs + cotton 28.7 28.3 29.7 31.7
Cotton + 2 layers PAN/CA/TiO; NPs + cotton 29.0 27.8 31.0 30.5




4. Conclusions

This work reports the development of PAN/CA membranes by electrospinning,
followed by their surface functionalization with TiO, NPs by electrospraying, designed
to act as active filtration layers in facemasks. Defect-free PAN and PAN/CA electrospun
membranes were produced and characterized. The incorporation of 1% CA resulted in
membranes with enhanced mechanical stability and a more homogeneous distribution
of the fibers. Furthermore, ATR-FTIR analysis confirmed intermolecular interactions
between PAN and CA.

TiO2 NPs were successfully synthesized, revealing a spherical shape, high purity, and
antibacterial activity against Staphylococcus aureus with a zone of inhibition halo
between 15 and 15.5 mm. The functionalization of the membranes with TiO2 NPs was
carried out by electrospraying. GSDR and SEM/EDS analyses validated the presence of
TiO2 NPs on the surface of the PAN/CA/TiO, NPs electrosprayed membranes. TGA
showed a 6.41% percentage of TiO, NPs in the PAN/CA membrane, while further
confirming the chemical interactions between PAN and CA. WCA analysis showed no
significant differences in membrane hydrophobicity following the TiO; deposition by
electrospraying, while porosity analysis showed a mean pore size value of 11.09 um and
a total pore area of 54.71 %. These values, aligned with a narrow pore size distribution,
indicate that the developed membrane falls into the ideal range for particulate filtration
while maintaining effective air permeability.

Filtration assays using aerosolized polystyrene beads (@ = 1 um) revealed that the
functionalized PAN/CA/TiO, membranes achieved an average filtration efficiency of
82.3%, demonstrating their strong potential for effective particulate removal and
aligning with values typically reported for TiO,-functionalized electrospun membranes.
A balance between filtration efficiency and comfort properties is crucial for active
filtration layers and, therefore, facemask prototypes were developed using two layers
of cotton woven fabric as inner and outer layers, and PAN/CA/TiO, NPs membranes as
intermediate layers. The prototypes were tested for air permeability, with all the
facemask prototypes showing an air permeability value significantly above the
breathability reference value (8 L/min). Thermal management was also assessed,
showing suitable thermal comfort for the prototypes with the introduction of

PAN/CA/TiO; NPs membrane layers.



Overall, the developed PAN/CA electrospun membranes, functionalized with TiO»
NPs, show promise as intermediate layers in facemasks, enhancing user protection. The
prototypes herein developed show adequate filtration efficiency (above the minimum
requirement of 70% for particles around 3 um, established by CWA 17553:2020) and
microorganism degradation ability, while keeping compliance with standards for
breathability and thermal comfort. To further evaluate the antimicrobial activity, a
broader antimicrobial evaluation will be carried out for the final membranes including
the TiO, NPs. Nevertheless, the facemask prototypes herein reported are ready-to-use
prototypes that can be employed as community facemasks, complying with the required
filtration standards for this type of mask.

From a socio-economic point of view, the development of electropspun PAN/CA
membranes into facemasks is a cost-effective pathway to develop personal protective
equipment complying with the standards. This approach is affordable (€0.05-
€0.35/layer, considering the cost of reagents, solvents, consumables, and energy costs)
while also compatible with scalable processes. The use of cotton woven fabric as outer
layers and cellulose acetate for the composition of the electrospun layer will also lower
the environmental impact of community facemasks, reducing the need for non-
degradable plastics and mitigating waste management challenges associated with

conventional masks.
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Highlights:

Polyacrylonitrile (PAN) and cellulose acetate (CA) were combined to develop an
electrospun membrane.

Electrospraying was used to functionalize the membrane with titanium dioxide (TiO2)
nanoparticles (NPs).

PAN/CA/TiO2 NPs membranes showed filtration efficiency above 80% for 1 um particles.
Facemask prototypes were developed using cotton and PAN/CA/TiO; NPs layers.

Air permeability and thermal imaging endorsed the comfort properties of the prototypes.
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