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Negative Voltage Electrospinning for the Production of
Highly Efficient PVDF Filters

Carlo Gotti, Monica Torsello, Riccardo Onesti, Gianmarco Tanganelli, Alberto Sensini,
Cristiana Boi, Davide Fabiani, Maria Letizia Focarete, and Andrea Zucchelli*

In recent years, the demand for filter media has increased dramatically, driven
by the need to manufacture personal protective equipment and for various
applications in the industrial and civil sectors. Nanofiber-based membranes
are proposed as potential alternatives to commercial filtration devices. This
study presents the design and implementation of an innovative pre-industrial
electrospinning setup, combining a negatively charged spinneret and a
positively charged counter-electrode, capable of producing polyvinylidene
fluoride (PVDF) nanofibers with an average diameter of 410 nm and
electrostatic surface potential values 3.7 times higher compared to a
conventional electrospinning process, eliminating the need for further
post-treatment. These properties are essential for improving mechanical and
electrostatic filtration of small particles, including infectious droplets. The
surface potential of the membranes is also long-lasting, as evidenced by tests
one year after manufacture. As a case-study, these filters are used to
manufacture surgical masks, reporting excellent performance in terms of
bacterial filtration efficiency (BFE) up to 99.9%, and breathability (29.8±4.5 Pa
cm−2) when compared to commercially available meltblown polypropylene
(PP) face masks, and also complied with the stringent European standard
(EN14683:2019) for type-II surgical masks. Furthermore, the pre-industrial
setup allows for increased production capacity of up to 42 000 m2 per year,
suitable for large-scale production.
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1. Introduction

During the early stages of the Covid-
19 pandemic, there was a global short-
age of personal protective equipment, in-
cluding face masks and respirators. The
demand for these essential tools to pre-
vent the transmission of Covid-19 exceeded
the available supply. Although the World
Health Organization declared the end of
the COVID-19 global health emergency
in May 2023, these years have demon-
strated the importance of having multiple
redundant strategies for the autonomous
production of essential protective equip-
ment in the event of an emergency. Cur-
rently, commercial air filters primarily con-
sist of randomly arranged polymer fibers
or glass fibers that passively trap particu-
late matter (PM) due to the porous struc-
ture of the fibrous membrane.[1] How-
ever, recent advances have focused on the
development of innovative membrane fil-
ters that utilize electrostatic mechanisms
to capture smaller PM, particularly in
the 0.2–0.5 μm range, where mechani-
cal filtration methods are less effective.[2]
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Traditional electrostatic filters are challenged by manufacturing
processes that result in irregular fiber and pore sizes.[3] In addi-
tion, the temporary electrostatic charge provided by corona dis-
charge or triboelectric charging treatments[4,5] diminishes over
time, limiting their effectiveness.[6,7] Disposable face masks and
respirators, widely used during the pandemic, contribute to
pollution[8] and offer limited comfort due to high air resistance.[9]

Nanofiber-based membranes, particularly those made of
polyvinyl alcohol (PVA),[10,11] polyacrylonitrile (PAN),[12,13]

polyurethane (PU),[14] polyamide (PA),[15,16] polysulfone
(PSU),[17] and more recently PVDF,[9,18–23] have gained at-
tention for their high filtration efficiency and breathability.[9,24–26]

Electrospinning, the technique used to prepare these nonwoven
micro- and nanofibrous materials, offers advantages such as
high porosity and surface-to-volume ratio.[27,28]

Moreover, due to its versatility, electrospinning has been in-
creasingly used in the development of advanced functional
filtration masks.[29] This technique facilitates the incorpora-
tion of additional compounds into the polymer solution, en-
abling the infusion of antibacterial and antiviral properties
into nanofibers, the implementation of self-sterilization mech-
anisms, and the incorporation of stimuli-responsive or energy-
harvesting properties.[30] In addition, electrospinning is proving
to be instrumental in enhancing conventional meltblown surgi-
cal masks through the addition of functionalized layers.[31] An
important feature of electrospun membranes is that they can
retain surface charges without additional treatments, providing
electrostatic behavior similar to electret filters.[24] The small fiber
diameter and pore size of nanofibrous membranes also enable
mechanical filtration, unaffected by charge decay, making them
superior to conventional microporous filters.[18]

PVDF, an easily electrospinnable semicrystalline polymer with
various polymorphic structures, has excellent performance in
piezoelectric and energy-harvesting devices.[4,32] During electro-
spinning, the stretching of the polymer solution promotes the
𝛼-to-𝛽 phase conversion.[9] 𝛽-PVDF, which has an all-trans con-
formation and an asymmetric distribution of fluorine atoms, gen-
erates electric dipoles. Polarization is maximized and stabilized
with the polymer chains perpendicular to the dipole direction.[9]

The charge storage ability of PVDF fibers facilitates the capture
of fine particulate matter and aerosols, resulting in promising
filtration efficiencies in terms of PM or Particle Filtration Effi-
ciency (PFE) with aerosols loaded with different particle types and
sizes.[18–21,33–36] However, few studies have evaluated the BFE of
PVDF electrospun masks[37] according the European standard for
surgical masks (EN14683:2019).[38]

The crystallization process and the conversion to the 𝛽-phase
of the polymer are not the only factors that affect the electrical
properties of PVDF electrospun fibers.[9] Several studies have fo-
cused their attention on investigating the effects of polarity on the
formation of electrospun polymer fibers, and in particular, most
studies on polymer electrospinning employ positive voltage,
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while a few have explored negative voltage to enhance surface
charge.[39–42] The overall impact of negative voltage and its de-
pendence on polymer and solvent properties remains unclear.[43]

There is limited research on PVDF nanofibers obtained by neg-
ative voltage electrospinning for energy harvesting,[44] biologi-
cal scaffolds,[45] and nanogenerators/strain sensors.[46] No pre-
vious studies have examined the influence of polarity on elec-
trospun PVDF filters. Moreover, while several studies have de-
veloped electrospun filters for face masks,[1,47,48] there is limited
information on their application in medical devices. This is pri-
marily due to the fact that most studies have been conducted at
the laboratory scale, producing small samples, whereas product
validation based on regulatory standard requires large-scale pro-
duction with consistent quality.

This work reports the development of electrospun PVDF
nanofibrous membranes with enhanced filtration and breatha-
bility properties that meet the stringent European surgical mask
standard. The employment of a customized pre-industrial elec-
trospinning setup allowed the production of samples in large
quantities for regulatory testing. The influence of the electrospin-
ning polarity on the surface potential was investigated in order to
maximize filtration through the electrostatic mechanism. In ad-
dition, surface potential measurements were performed one year
after membrane production. The increased productivity achieved
by the custom electrospinning system facilitated the transition
from laboratory to industrial scale production, enabling testing
in accordance with current regulations.

2. Experimental Section

2.1. Materials

PVDF powder (Kynar 741, Arkema Technical Polymers–
Colombes (FR)) was kindly provided by GVS S.p.A. (Via Roma 50,
40 069, Zola Predosa, Bologna, Italy). N,N-Dimethylacetamide
(DMAc), and Acetone (AC) were purchased from Sigma–Aldrich
(Milan, Italy) and used without further purification. A spunbond
PP roll of tissue (width = 17.5 cm) was kindly provided by KVM
Engineering S.r.l.

2.2. Development of the Multi-needle Electrospinning Setup

To move from laboratory scale to pre-industrial production, a
new electrospinning machine was designed ad hoc in collabo-
ration with the Marchesini Group company (Figure 1). The ma-
chine was developed by converting and modifying a packaging
machine. The machine is divided into two main chambers: the
first (left side of Figure 1A) is dedicated to the handling, ten-
sioning, and final collection of the spunbonded fabric; the sec-
ond (right side of Figure 1A) houses the actual electrospinning
process. The structure consists of an anodized aluminum frame,
with both rooms enclosed by Plexiglas walls (Figure 1B), and a
fume hood was added to the process room to eliminate solvent
vapors.

The spunbond spool feeds a first mechanism, consisting of
three cylinders, called the dancer roller, whose function is to regu-
late and maintain constant tension on the fabric. The spunbond
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Figure 1. A) Multi-needle electrospinning setup for the production of filters. In the first chamber dedicated to the spunbond handling system, the
pristine spunbond roll (orange line) is pulled by the take-up roller, maintaining constant tension through a system of dancer rollers and a constant
speed via laser control. In the processing chamber, the spunbond passes in front of the counter electrode, getting coated with nanofibers (light blue
line) from the spinneret system, which is positioned at an adjustable distance. The spinneret is fed by the dispensing unit of the polymer solution,
consisting in six pumps. Both the spinneret and the counter electrode can be set at opposite and interchangeable potentials. The take-up roller collects
the spunbond coated with nanofibers, also pulling another protecting layer of spunbond from another pristine spool (green line) in order to produce
a 3-layered structure. B) Photograph of the machine; C) Example of a spinneret of the machine; D) schematic of the spinneret system: a blunt ended
needle is inserted in each slot: to keep the electric contact with each needle, a spring (connected to a cable) is pre-tensioned by a set screw against a
bearing ball which, in turn, press over the side of the metallic needle. The electric wires (yellow lines) connected to the springs are joined and connected
to the high-voltage power supply.
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then passes in front of a flat metal plate that acts as a counter-
electrode inside the process chamber. The spinneret system, lo-
cated at an adjustable distance in front of the counter-electrode,
consists of a rack with six spinnerets. The rack can oscillate hor-
izontally at an adjustable speed for a more uniform fiber depo-
sition. The spinnerets (Figure 1C) are custom-designed. Each
houses four commercially available blunt-ended needles (inner
diameter = 0.84 mm) within a 3D-printed PET frame. In addi-
tion, the electrical contact system is concealed within the frame
to avoid any solution leakage issues. Each needle chamber is
equipped with a metal spring that is electrically connected to the
high voltage by a cable and preloaded by a set screw (Figure 1D).
The spring pushes on a metal ball which is housed in the nee-
dle socket. When the latter is inserted, the ball is pressed against
the spring, ensuring electrical contact. Four PTFE tubes (inner
diameter = 2 mm) feed the needles. The tubes are connected to
a 4-way Y manifold, which is fed by a larger diameter tube. All
needles in each spinneret operate at the same electrostatic po-
tential. The spinnerets and the counter electrode plate are con-
nected to two separate high voltage power supplies (SLM70N300
and SLM70P300, Spellman, Hauppauge, NY, USA), one nega-
tive, the other positive. A rack outside the machine, consisting
of six different infusion pumps (NE-1000, New Era Pump Sys-
tems, Inc., Farmingdale, NY, USA), with 20 mL syringes, deliv-
ers the polymer solution to each spinneret. The entire machine is
housed in a dedicated room where the temperature and relative
humidity (RH) are maintained by a Mitsubishi air conditioner.
The nanofiber-coated spunbond exiting the process chamber is
collected by a motorized roller. During the collection phase, an
additional layer of PP spunbond is deposited on the nanofiber
side, resulting in a three-layer structure. A laser measures the ac-
cretion of the collection spool and adjusts the speed of the roller
to maintain a constant sliding speed of the fabric in the process
chamber. The collection spool can rotate to achieve a fabric slid-
ing speed of up to 60 cm min−1. Considering that approximately
17 cm of fabric is required to produce one face mask, the max-
imum productivity can be estimated at approximately 5000 face
masks per day. All of the above automatic systems are controlled
by a dedicated PLC with a touch screen interface. Prior to the fab-
rication of samples, the machine was extensively tested to verify
its continuous production capability and materials quality. The
process proved to be stable for several hours, with no clogging
of the spinneret and no need for operator intervention. One as-
pect that still needs to be implemented to achieve true continu-
ous production is the feed line. The laboratory-scale pumps cur-
rently in use contain syringes that can only store sufficient so-
lution for a few hours, depending on the flow rate. The reload-
ing phase is also the most delicate, as the probability of clogging
is significantly higher during this period. To achieve continuous
production, the feeding system by laboratory scale pumps can
be replaced by an industrial commercially available continuous
volumetric or peristaltic pump, which can feed directly from a
reservoir, avoiding interrupting the process for refilling syringes.

2.3. Production and Characterization of Electrospun Filters

According to the results of the preliminary solution optimization
presented in the Supporting Information (Table S1, Supporting

Information), a 18% w V−1 PVDF solution in DMAc/AC 50/50
was selected.

The spinnerets were connected to a negative voltage (nega-
tive voltage electrospinning mode: NVES) and the counter elec-
trode to a positive voltage. Incremental flow rates (from 4 to
8.5 mL h−1, in steps of 0.5 mL h−1, corresponding to a flow rate
of 1 mL h−1 to 2.125 mL h−1 for each needle, Table S2, Sup-
porting Information) were chosen to obtain electrospun filters
with increasing values of nanofiber mass per unit area (gram-
mage). The voltages applied to the counter electrode and the nee-
dles were adjusted for each flow rate to achieve a stable elec-
trospinning process (Table S2, Supporting Information). The
distance between the counter electrode and needles was set at
21 cm. The spunbond speed was 30 cm min−1 and the spin-
nerets rack swing was 5 cm s−1. A total amount of 1.5 m of
spunbond fabric covered with PVDF nanofibers was collected
for each flow rate, corresponding to an electrospinning time of
5 min.

The grammage was calculated for each family of samples nor-
malizing the total amount of polymer deposited on the spunbond
during its passage across the counter-electrode to the surface area
of the spunbond. For each flow rate, three 200 × 175 mm sam-
ples were cut from the three-layer structure; the ultrafine PVDF
membranes were detached from the spunbonded PP layer, and
their mass was measured using an analytical balance (AS 60/220,
Radwag, Random, Poland).

To evaluate the effect of the spinneret polarity on the nanofiber
surface potential, an intermediate flow rate was selected and,
thanks to the flexibility of the setup, three other samples were
produced with different modalities: (i) NVES with the counter
electrode grounded, (ii) positive voltage electrospinning mode
(PVES) with the counter electrode set to a negative voltage, and
(iii) PVES with the counter electrode grounded (Table S3, Sup-
porting Information). The distance between the counter elec-
trode, the fabric speed, and the rack swing of the spinnerets
were kept the same as above. The sample nomenclature in-
cludes a number for the flow rate employed and two letters
indicating the polarity of the spinneret (first letter) and that
of the counter-electrode (second letter) (P: positive, N: neg-
ative, G: grounded). For example, 50NP indicates a sample
with a flow rate of 5.0 mL h−1, applying a negative poten-
tial to the spinneret and a positive potential to the counter
electrode.

The morphology of each sample was analyzed by scanning
electron microscopy (SEM, Phenom Pro-X, Thermo Fisher Scien-
tific, Waltham, MA, USA) on samples after gold sputtering. Fiber
diameter was calculated as the average of 100 measurements us-
ing ImageJ software.

2.4. Investigation on Electrospinning Polarity

A non-contact electrostatic voltmeter (model TREK 341B, sen-
sitivity +/−20 V) was used to determine the surface potential.
The measurement is based on a field nulling technique for non-
contact voltage measurement. The distance between the probe
and the surface was set at 4 mm. For each material, 100 data were
collected, and the mean and standard deviation of the surface po-
tential were calculated.
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2.5. Characterization of Assembled Face Masks

Face mask prototypes were tested according to the EN14683:2019
standard for surgical masks.[49] Pressure drop was measured on
circular specimen of 25 mm in diameter using an airflow of 8
L min−1 after conditioning for at least 4 h at 85% RH at room
temperature, as specified in the EN standard. The filtration per-
formance of prototype masks was evaluated as BFE according to
the EN standard. Circular samples of 80 mm in diameter were
first conditioned at 85% RH at room temperature for at least 4 h
and then placed in the BFE apparatus, where an airflow of 28.3 L
min−1 was applied. A Staphylococcus aureus solution at a known
concentration was nebulized onto the mask, using an atomizer, to
obtain the droplet size distribution in compliance with the stan-
dard.

3. Results and Discussion

3.1. Morphological Characterization of Electrospun Filters

SEM examination of mats produced with NVES and counter-
electrode connected to a positive voltage revealed randomly
oriented homogeneous, smooth, and bead-free nanofibers
(Figure 2A).

PVDF nanofibers were electrospun onto a layer of commercial
spunbonded PP (fiber diameter 19.7 ± 1.77 μm), and an addi-
tional layer of spunbonded PP was placed on the electrospun mat
for protective purposes. The resulting complete three-layer filter
is shown in Figure 2B. For comparison, a micrograph of the inter-
nal structure of a commercially available surgical protective mask
is shown in Figure 2G,H, in which the filtering layer is a nonwo-
ven fabric made by the melt-blowing technique (a meltblown PP
layer).[50] As can be seen by comparing Figure 2A,G, the melt-
blown fibers have a larger diameter (2.95 ± 2.04 μm) compared
to the electrospun nanofibers.

The set of filters with increasing grammage obtained by in-
creasing the flow rate exhibited a linear correlation between the
grammage and the flow rate applied (Figure 2C and Table S4,
Supporting Information). This finding is highly significant be-
cause it allows accurate prediction of nanofiber coverage on the
filter based on the chosen flow rate. The linear correlation in the
data validates the process efficiency, indicating minimal loss of
nanofibers during electrospinning and their successful deposi-
tion on the collector. Figure 2D and Table S4 (Supporting In-
formation) show the nanofiber diameters, represented by their
mean value and standard deviation, as a function of the flow
rate used to produce each sample. Despite the known depen-
dence between these two parameters,[51] no trend is discernible,
as confirmed by the morphological similarities of the nanofibers
produced at minimum (Figure 2E) and maximum flow rates
(Figure 2F).

The distribution of diameters has a high standard deviation,
suggesting that a possible correlation trend between nanofiber
diameter and flow rate may be hidden by the high experimental
variability. This high standard deviation, associated with a broad
fiber diameter distribution may be an advantage when consider-
ing the filtration performance of the membrane. Fibers of differ-
ent diameters could improve the filtration due to the variety of

pore dimensions, allowing for the separation of particles of dif-
ferent sizes.

The presence of fibers with different diameters in the same
filter is exploited, for example, in air filters with a bimodal
nanofiber diameter distribution in order to improve filtration
by creating small pores with thin fibers, while microfibers con-
tribute to improved airflow, breathability, and an increase in the
effective filter area for particle retention.[52–54]

In addition, the presence of some fibers with larger diameters
can increase the mechanical strength of the membrane, which is
particularly useful in applications where the membrane may be
subjected to high shear forces, as in the case of a protective mask,
which is often subject to improper manipulation.

The polarity of the electrospinning appeared to affect the diam-
eter of the nanofibers; using the same process parameters, NVES
produced nanofibers with a smaller diameter (50NP = 0.39 ±
0.22 μm) than PVES (50PN = 0.53 ± 0.20 μm). The samples fabri-
cated with the grounded counter electrode also showed the same
behavior (50NG = 0.56 ± 0.29 μm vs 50PG = 0.63 ± 0.22 μm).
Comparing the samples obtained with NVES (50NP and 50NG),
the average diameter is smaller in the first case. Connecting the
counter electrode to the opposite potential is known to be a good
strategy to enhance the electric field between the spinneret and
the counter electrode, leading to the formation of fibers with
smaller diameters. Therefore, all other conditions being equal,
the mat obtained by NVES and positively charged counter elec-
trode provided the nanofibers with a smaller diameter, an advan-
tageous feature for the construction of a filter that maximizes
the bacterial and viral blocking performances.[18] Considering all
of the above, the diameter of the nanofibers was calculated on
the entire population of electrospun samples fabricated by NVES
with counter electrode connected to a positive voltage, resulting
in 0.41 ± 0.19 μm.

3.2. Surface Potential Analysis of Electrospun Filters

The residual electret surface potential (SP) generated by electro-
spinning is essential to improve filtration performance. Small
respiratory droplets and particles sized between 0.2 and 0.5 μm
are best filtered by electrostatic filtration, while other mechanical
filtration methods, such as diffusion and interception, are less
effective.[2] In the literature, the relationship between the polarity
of the spinneret and the polarity of the surface potential is contra-
dictory. Previous experiments on poly(D,L-lactic acid) (PDLLA)
and poly(lactic-co-glycolic acid) (PLGA) have shown that PVES
leads to the formation of a positive surface potential on the mats
and NVES to a negative one.[40–42] However, in the case of PVES
of PVDF, both positive surface potential[18,55] and negative sur-
face potential[34,56] have been reported. In this work, the samples
produced with both NVES and PVES showed a negative surface
potential, but PVES resulted in a much smaller amplitude. The
investigation of nanofiber mats (Figure 3A and Table S5, Sup-
porting Information) showed that NVES yields about three times
higher absolute surface potential values than PVES (SP50NP =
−339 ± 108 V and SP50PN = −108 ± 186 V), as can be seen by
comparing filters produced with an equal potential difference,
but with the opposite polarity between the spinneret and counter
electrode. This result is consistent with the findings of previous
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Figure 2. SEM micrographs of A) electrospun filter (60NP sample); B) three-layer filter composed of spunbond (left) -electrospun mat (center) – spun-
bond structure (right) (60NP sample). C) Electrospun mats grammage as a function of the single needle flow rate; D) fiber diameter distribution of
samples produced with NVES as a function of the single needle flow rate; E) electrospun filter (40NP sample) produced with the lowest flowrate; F)
electrospun filter (85NP sample) produced with the highest flow rate; G) SEM micrographs of a commercial meltblown filtering layer; H) three-layer
filter spunbond (left)–meltblown (center) – comfort layer structure (right).
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Figure 3. A) Surface potential measurements of electrospun mats produced with different combinations of polarities applied to the spinneret and
the counter electrode; B) Investigation of the relationship between the surface potential and the nanofibers’ mean diameter; C) proposed behavior of
electrical charges in the two polarization modes of electrospinning process (electrons are represented by the blue points).

studies on electrospinning polarity, albeit carried out on differ-
ent polymers.[39–42] The spunbond was also tested and showed a
negative mean potential (SPSPUNBOND = −74 ± 55 V). The slightly
negative surface potential of the latter is probably due to the accu-
mulation of electrostatic charge from the friction of the spunbond
on itself, which is supplied in the form of rolls of fabric.

To exclude that the surface potential of the mats was influenced
by the voltage applied to the counter electrode, the mats produced
with the grounded counter electrode were also tested. As shown
in Figure 3A and Table S4 (Supporting Information), there is no
substantial difference between the 50PN and the 50PG samples
(SP50PN = −108 ± 186 V, SP50PG = −126 ± 94 V) and between
the 50NP and 50NG samples (SP50NP = −339 ± 108 V, SP50NG =
−312 ± 115 V). Furthermore, the surface potential of the mats

does not seem to be related to the diameter of the nanofibers.
As shown in Figure 3B, the critical discriminator in determin-
ing the surface potential value is the polarity of the spinneret.
Thus, a possible explanation for the different amplitudes of the
surface potential obtained with the two electrospinning modal-
ities is sketched in Figure 3C: the electrospinning process in-
volves ionization of the air in the proximity of the needle and
the strong electronegativity of the fluorine atoms in PVDF effi-
ciently traps negative charges.[24,55] In the case of PVES, the posi-
tively charged needle also attracts electrons, reducing the number
of electrons available for the nanofiber. Conversely, in the case
of NVES, the needle not only serves as an electron source, but
also arranges the ionized charges to facilitate the interaction be-
tween the free electrons and the polymer jet of the newly formed

Macromol. Mater. Eng. 2024, 2300442 2300442 (7 of 11) © 2024 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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nanofiber. These electrons are then captured by the fluorine
atoms.

With respect to the results obtained via NVES, increasing the
grammage of the filter (increasing the process flow rate) also in-
creases the surface potential (SP50NP = −339 ± 108 V, SP85NP
= −447 ± 111 V). This can be attributed to both an increased
amount of material under the probe and a tendency to enhance
𝛽-PVDF formation by increasing flow rates and potential during
electrospinning.[57] The absolute values of surface potential ob-
tained here with NVES are overall increased compared to previ-
ous work based on the PVES of PVDF electrets.[18,34,55,56] In ad-
dition, other research studies report laborious strategies to in-
crease the surface potential, such as using the corona discharge
technique,[48] triboelectrification,[32] or adding nanoparticles as
charge enhancers.[18] On the contrary, in this work, the negative
voltage electrospinning process itself enhances the surface poten-
tial, reducing the steps required to obtain highly charged filters,
making them easier to manufacture, and increasing the produc-
tivity of the overall process.

It is also critical to consider the aging of these filters when
comparing surface potential values, that is, the time elapsed since
they were manufactured, as the induced charge is known to de-
cay over time.[58,59] The surface potential data presented in this
paper were collected 24 h after manufacture, a time when other
studies have suggested that the transient with the most signifi-
cant charge decay has ended.[58,59] Charge decay with time was
also investigated. The surface potential of the 50NP sample was
measured 12 months after production with a value of SP50NPaged
= −260 ± 102 V, demonstrating good retention of surface poten-
tial despite some decay (sample one day after fabrication: SP50NP
= −339 ± 108 V).

3.3. Performance Analysis of Assembled Masks

Materials developed for medical devices must meet strict reg-
ulations. In the case of surgical face masks, the current stan-
dard in Europe is EN14683:2019,[38] which details all the tests
required to certify a medical device. According to EN14683, all
tests must be performed on the finished product or on pieces
cut from the product. For this reason, thanks to the collabora-
tion with KVM Engineering, wearable and fully assembled sur-
gical mask prototypes were produced on a pneumatically oper-
ated automatic machine. Samples produced in the NVES mode
with the counter electrode set to a positive potential were selected
for their higher surface potential and smaller nanofiber diame-
ter. As shown in the inset of Figure 4A, the masks were three-
layered, with a central nanofiber layer surrounded by two layers
of blue PP spunbond. Irritation and sensitivity tests were con-
ducted by a third-party laboratory following a previously reported
protocol,[60] to assess the safety of the materials according to the
ISO10993:2018 standard (see Supporting Information). The pro-
totypes were found to comply with current regulations for face
mask materials.

It should be noted that materials produced at the laboratory
scale and in academic laboratories are not commonly tested ac-
cording to standards. This is primarily due to the challenges as-
sociated with producing samples of sufficient size and quantity
as well as the high cost and limited availability of the neces-

sary instrumentation and conditions required to perform such
tests. Although several studies have been conducted on materi-
als designed for facemask applications,[61,62] the characterization
of the breathability and filtration efficiency of these filters has
mostly been performed using homemade apparatus or without
adherence to the standard. Therefore, the interpretation of the
results could be difficult, and the comparison of proposed ma-
terials could be challenging.[63] The novel electrospun face mask
materials produced in this work were tested according to the cur-
rent standard.

The implementation of the pre-industrial multi-needle electro-
spinning setup enabled the fast and easy production of samples
of sufficient area and uniformity to be characterized, with a pro-
duction capacity of more than 5000 masks per day. Moreover,
an application-oriented evaluation of the novel materials was car-
ried out in order to have a complete set of information that can
be easily used in the perspective of industrial production. The
EN14683:2019 standard specifies the breathability requirements
(upper limit: 40 Pa cm−2 for Type I and Type II masks, 60 Pa cm−2

for Type IIR masks) for face masks. As previously described, elec-
trospun face mask materials are composed of three layers, with
the middle layer being the actual electrospun filter layer. The ex-
ternal layers are made of spunbond PP, and their contribution
to the respiratory resistance was found to be negligible (4.11 ±
0.40 Pa cm−2) (see breathability values for the different samples
in Figure 4B and Table S6, Supporting Information).

Since the main discriminator between samples is the flow rate
imposed on the spinneret, it is reasonable to expect that sam-
ples produced at a higher-flow rate will be characterized by a
thicker nanofibrous layer (and thus a higher grammage) and con-
sequently a higher pressure drop and thus higher breathing re-
sistance. This relationship is shown in Figure 4B, where it can
be seen that grammage values below 2.10 g cm−2 correspond
to breathability values that comply with the EN14683:2019 limit
for Type I and II face masks. In addition, all other samples with
higher grammages displayed breathability values within the lim-
its specified for Type IIR masks. Type IIR masks are required to
pass an additional test to evaluate their resistance to a synthetic
blood splash. To pass the splash test, the outer PP spunbond layer
of Type IIR face masks is usually modified with a hydrophobic
coating. The support material available for this work was not sur-
face treated to be splash resistant, that is, with a waterproof coat-
ing; therefore, Type IIR is not be considered further.

Regarding the BFE tests, the standard requires Type I surgi-
cal masks to have a filtration efficiency equal to, or greater than
95%, while Type II masks are required to provide a minimum
filtration efficiency of 98%. The BFE of the prototype mask pro-
duced with the lowest flow rate, that is, with the lowest gram-
mage, was already above the threshold specified by the standard,
namely 96.5% (Figure 4C,D). Facemasks produced with this fil-
ter already provide strong protection and are extremely comfort-
able, showing a low resistance to air permeation during breath-
ing (breathability = 23.1 ± 1.74 Pa cm−2). By increasing the filter
grammage above 1.35 g cm−2, the filters showed a BFE above
98%, suitable for Type II masks. The sample with a grammage
of 1.52 g cm−2 showed a BFE of 99.6%, while the sample with
a grammage of 1.82 g cm−2, showed a maximum filtration effi-
ciency with a BFE of 99.9%. Considering the behavior of BFE as a
function of grammage and the expectation of similar results for

Macromol. Mater. Eng. 2024, 2300442 2300442 (8 of 11) © 2024 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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Figure 4. A) Assembled surgical mask with nanofibrous filtering layer. First inset: the three-layer structure, second inset: a detail of the nonwoven mat;
B) breathability values of the different samples as a function of the mats grammage; C) BFE values of the different samples as a function of the mats
grammage; D) BFE as a function of breathability: red areas do not meet regulatory standard, light green meets both breathability and BFE Type I masks
standard requirements, dark green meets both breathability and BFE Type II masks standard requirement.

Macromol. Mater. Eng. 2024, 2300442 2300442 (9 of 11) © 2024 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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Table 1. Breathability of commercial[49] and electrospun nanofibers masks compared to the EN14683 standard.

Mask Type BFE standard
requirement

Breathability standard
requirement

Breathability commercial
masks

Breathability electrospun masks
(this work)

[%] [Pa cm−2] [Pa cm−2] [Pa cm−2]

Type I mask ≥ 95 ≤40 32.9 ± 4.3 23.1 ± 1.7

Type II mask ≥ 98 ≤40 35.0 ± 4.1 29.8 ± 4.5

materials obtained with higher flow rates, BFE tests on higher
grammage samples were deemed as unnecessary and were not
performed.

Typically, surgical masks consist of several layers, with the fil-
tering layer being a meltblown PP. Replacing this layer with dif-
ferent materials is challenging, especially considering the restric-
tive requirements of standard such as EN14683.

A previous study by Boi et al.[49] found that out of 435 surgi-
cal mask prototypes using different technologies for the filtering
layer, only 8 met the criteria for Type I regulations and 20 for Type
II regulations. Notably, all of the certified prototypes used melt-
blown PP as the filtering layer. The average breathability values
for these prototypes are listed in Table 1. It is noteworthy that the
breathability values obtained for electrospun masks in this study
are significantly lower than those obtained for commercial masks
(23.1 ± 1.7 vs 32.9 ± 4.3 Pa cm−2 for Type I, and 29.8 ± 4.5 vs 35.0
± 4.1 Pa cm−2 for Type II). Thus, the electrospun facemasks not
only proved to be a viable alternative to PP meltblown in terms of
manufacturing process and materials used but also offered sig-
nificant advantages in terms of breathability and wearer comfort
while maintaining extremely high filtration standard (Figure 4D).

4. Conclusion

In this study, the successful design, construction, and implemen-
tation of a customized pre-industrial multi-needle setup allowed
for the electrospinning of uniform nonwoven filters, charater-
ized by nanofibers with small diameters and high surface po-
tential, essential attributes for effective filtration of fine particles.
These membranes exhibited enhanced filtration and breathabil-
ity capabilities, meeting the stringent requirement of the Euro-
pean standard for surgical masks (EN14683:2019). The use of the
negative voltage electrospinning technique allowed the simulta-
neous production of nanofibers with a small diameter (0.41 ±
0.19 μm), optimizing mechanical filtration, and high surface po-
tential values (up to−447± 111 V), maximizing filtration through
the electrostatic mechanism. The bacterial filtration efficiencies
obtained were extremely high (up to 99.9%), well above Euro-
pean standard. At the same time, the proposed masks demon-
strated a significant improvement in breathability (up to 29.8 ±
4.5 Pa cm−2 for Type II standard masks) compared to the most
recent measurements of surgical masks available on the market.
The preservation of the nanofiber surface potential over time was
confirmed by measurements taken one year after production, in-
dicating excellent charge retention and the maintenance of in-
creased filtration performance over time. The electrospun surgi-
cal masks proposed in this study represent a major advancement
over commercial face masks made with meltblown PP, offering
substantial improvements in breathability and end-user comfort

while maintaining extremely high filtration standard. The mate-
rials used have been shown to be safe based on specific irritation
and sensitivity tests. Substantial increases in throughput com-
pared to laboratory-scale processes have enabled the production
of samples in quantities and sizes suitable for testing according to
standard regulations for a fairer and more direct comparison with
the performance of commercial and promising new filters. With
a production capacity of more than 5000 masks per day, which
can be easily increased, it moves completely out of the laboratory
environment and becomes a product already suitable for large-
scale production, which is still unusual for the electrospinning
technology, even after decades of intensive research.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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