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ABSTRACT: In the present study, electrospun nanofibers of poly(3-hydrox-
ybutyrate-co-3-hydroxyvalerate) (PHBV), a biodegradable polyester, containing
natural deep eutectic solvents (NADES) were obtained and reported for the first
time, exhibiting an unreported 3D morphology and enhanced charge retention
properties. Choline chloride (ChCl)/urea/water in a molar ratio of 1:2:1 was used
as the NADES model system. Electrospun nanofibers were produced from a 10 wt
% solution of PHBV containing 26 wt % NADES with respect to the polymer and
were deposited on different substrates, that is, aluminum foil and non-woven
spunbond polypropylene (PP). The morphology and charge retention ability were
characterized under different conditions and on different substrates. The attained
fiber morphology for the NADES-containing mats showed an average fiber
diameter of around 300 nm, whereas the pure PHBV polymer under the same
conditions produced electrospun fibers of around 880 nm. However, the deposition
of PHBV/ChCl/urea/water fibers resulted in a surprising macroscopic rugose 3D surface morphology made of aligned nanofibers
when processed at 50% relative humidity (RH). The nanofiber grammages above which this 3D morphology, associated with
NADES-induced charge retention, formed was found to be dependent on the substrate used and RH. This morphology was not seen
at 20% RH nor when pure PHBV was produced. Charge stability studies revealed that PHBV/ChCl/urea/water nanofibers exhibited
lasting charge retention, especially when sandwiched between spunbond polypropylene textiles. Finally, such multilayer structures
containing a very thin double layer of PHBV/ChCl/urea/water fibers after corona treatment exhibited improved paraffin aerosol
penetration, which was ascribed to the combination of thinner fibers and their charge retention capacity. The here-developed
electrospun PHBYV fibers containing NADES demonstrated for the first time a new potential application as electret filter media.

1. INTRODUCTION efficiency and reliability.”” The charge retention capacity is
generally controlled by the electrical conductivity and the
energy level of localized trap sites® and may decay over time
under environmental conditions such as humidity, wetting, or
temperature.l’8 Hence, it is of paramount importance to
continue to develop research into new materials that can be
used for this application as filter media.

Spunbond polypropylene (PP) is widely used as a non-
woven material in medical masks and respirators due to its ease
of processing, much-needed mechanical strength, hydro-
phobicity, and lower air resistance.”'® However, they suffer
from poor filtration performance for fine particles when used
alone.'' In many citations relating to protective equipment,

Fibrous materials have become advantageous as filter media
due to their three-dimensional arrangement of fibers, large
surface-to-volume ratio, high porosity, small pore size, and high
barrier performance.1 On top of this, the addition of
electrostatic charges to the filter media further improves the
filtration efficiency by the electrostatic attraction of fine
particulates without increasing the pressure drop.” These
electrostatically charged fibrous materials, or fibrous electrets,
are dielectric materials exhibiting a quasi-permanent external
electrostatic field. Electrets contribute to the improvement in
the filtration efficiency with a minimum impact on breathing
resistance.” Thus, such materials are often used as high-
performance filters in products such as protective surgical
masks and respirators.”*

The filtration mechanism of fibrous electret materials is to a
significant extent attributed to the charged fibers attracting the
penetrating particles.” For this reason, the charge retention
capacity and electrostatic charge stability of the filter media are
crucial due to their direct link with their high filtration
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one approach to solve this drawback is to use spunbond non-
woven materials as the external mechanical support for the
core electrostatic filtration layer, typically made of meltblown
polypropylene, that can effectively filter finer particles. The
typical N95 respirator is a good example for this, consisting of
two or three piles of a dielectric material layer with a quasi-
permanent electrical charge (electrostatic filtration layer)
between two layers of spunbond polypropylene.'® However,
the polypropylene layers used in respirators are thick
petroleum-derived filtration materials, and new alternatives
with higher filtration efliciency per grammage are of interest, in
that they may potentially improve sustainability by both
reducing material consumption and having alternative end-of-
life scenarios such as organic recycling when made of
biodegradable polymers."

Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) is a
biobased and biodegradable copolymer composed of the
homopolymer poly(3-hydroxybutyrate) (PHB) with hydrox-
yvalerate (HV) units along the backbone.”>™"* PHBV has
become a very versatile polyester with application in different
sectors due to, depending on the HV molar content, its
balanced physical properties, excellent biocompatibility and
biodegradability characteristics, and industrial-scale produc-
tion."°”'® In addition, PHBV can be further modified with
other agents to improve and expand its industrial relevance and
application areas.'”*

The use of deep eutectic solvents (DES) is a promising
approach to modify the characteristics of PHBV. The term
“eutectic” describes a homogeneous mixture of two different
solid species, which at a unique molar ratio form a joint super-
lattice structure with extraordinary properties.”' DES consist of
an eutectic mixture of two (or more) components, namely a
hydrogen bond acceptor (HBA), such as quaternary
ammonium halide salts and metal chlorides, and a hydrogen
bond donor, such as alcohols, amides, and carboxylic acids,
which can self-associate to lead to a liquid temperature of their
mixture significantly lower than the pure equivalents.””
Moreover, a kind of DES called natural deep eutectic solvents
(NADES) exist, which are solely based on primary metabolites,
such as amino acids, organic acids, sugars, or choline
derivatives; this also make them fully represent green chemistry
principles.””*®> These new kinds of solvents (DES and
NADES) have risen in popularity due to their unique
physicochemical properties, such as negligible volatility, an
extensive variety of polarity, a liquid state far below 0 °C, high
solubilization and stabilization capacity for a broad range of
compounds, high extraction performance, and plasticization
properties.zz’m’25 Moreover, DES present advantages, such as
relatively low cost, biodegradability, biocompatibility, easy
production, and nontoxicity, and therefore represent an
alternative to organic or other toxic solvents.”®

In this sense, electrospinning is an innovative technology
that can entrap different compounds into polymeric nano-
fibers.”” The electrospinning process involves the evaporation
of liquid polymeric solutions flowing out of a capillary nozzle
due to a high electrical potential, which while flying and
stretching toward the collector leads to the generation of dry
fibers at room temperature. This technology has revealed a
great potential to generate ultrathin fibrous mats made of a
wide range of polymeric materials with fiber diameters ranging
from a few microns to several nanometers™® with the capacity
to be used in filtering devices with high filtration efficiency.””
However, the entrapment of DES into nanofibers via the
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electrospinning technique is a fairly new research area, and
there are only a few related studies. For instance, Sousa et al.
revealed the electrospinning with DES for the first time,
reporting that the electrospinnability of agar was improved
with the incorporation of (2-hydroxyethyl)-
trimethylammonium chloride and urea at a 1:2 molar ratio.*’
In another study by Mano et al, the electrospinning of
poly(vinyl alcohol) (PVA) fibers with encapsulated choline
chloride/citric acid (1:1) was carried out, and the authors
suggested that the developed system could be promising for
drug delivery.”" In a follow-up study by the same authors, a
therapeutic deep-eutectic solvent (THEDES) made of choline
chloride/mandelic acid (1:2) was encapsulated in gelatin fibers
using the electrospinning technique.”> More recently in 2020,
Khatri et al. successfully electrospun zein nanofibers using DES
[choline chloride/furfuryl alcohol (2:1)].%

In this seminal paper, NADES-containing PHBV nanofibers
with charge retention capacity were reported for the first time
with potential interest in, among other areas, air filtration
applications. A surprising rugose morphology was attained, and
the parameters that affect this were ascertained. In this context,
the electrostatic charge stability was explored with surface
potential measurements under different relative humidity
(RH) conditions and different configurations. Lastly, the air
filtration capabilities of NADES-containing PHBV fibers,
exhibiting electret behavior, sandwiched between a model
spunbond polypropylene substrate were assessed.

2. MATERIALS AND METHODS

2.1. Materials. Commercial PHBV ENMAT Y1000P was
purchased from Tianan Biologic Materials (Ningbo, China).
According to the manufacturer, the density and the molecular
weight (MW) of the biopolymer resins were 1.23 g/cm® and
~2.8 X 10° g/mol, respectively, while the molar fraction of HV
in the copolymer was 2%. 2,2,2-Trifluoroethanol (TFE) with
>99% purity was purchased from Merck (Darmstadt,
Germany). Choline chloride (ChCl) and urea with purities
of >98% and >99%, respectively, and potassium chloride were
purchased from Sigma-Aldrich (St. Louis, MO, USA). As a
model substrate, a non-woven spunbond polypropylene
material of 17 g/m2 (PP, NVEVOLUTIA, Valencia, Spain)
was used. Distilled water with a conductivity of 2.55 uS/cm
was used throughout the study.

2.2. Preparation of NDES. The system ChCl/urea/water
was selected as a model NADES. Prior to use, choline chloride
was dried at 65 °C under vacuum (Vaciotem-T, JP Selecta,
Barcelona, Spain) for 24 h to remove any possible moisture.
The system ChCl/urea/water was prepared by weighing and
mixing the components in an appropriate molar ratio of 1:2:1.
The mixture was then heated under stirring at 80 °C until a
clear colorless liquid was obtained. The mixtures remained in
the liquid form after cooling to room temperature. Finally, the
prepared NADES was stored in a desiccator until further use.

2.3. Electrospinning. PHBV solutions were prepared by
dissolving 10 wt % of PHBV in TFE at 50 °C through gentle
stirring overnight. Thereafter, ChCl, urea, and water were
added in a 1:2:1 ratio to PHBV solutions to attain a final
NADES concentration of 26 wt % in PHBV fibers . The
resultant mixture was homogenized using a TX4 digital vortex
mixer from Velp (Usmate, Italy). Then, the ready-prepared
solutions were electrospun using a high-throughput Fluidnatek
LE-500 pilot line from Bioinicia S.L. (Valencia, Spain). The
equipment was set to lab mode configuration with a single
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Figure 1. Schematic illustration of prepared samples by electrospinning.
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stainless-steel needle (internal diameter of 0.7 mm) injector
placed vertically toward a grounded flat collector. The distance
between the needle and the collector was set at 15 cm. The
NADES-containing PHBV fibers were optimally produced
using a positive voltage of 17 kV and a flow rate of 0.5 mL/h
per needle. In the case of the optimal processing of the pure
PHBYV fibers, only the flow rate of 6 mL/h was different. For
both, a negatively polarized collector was used at —3 kV. The
electrospinning process was performed in an enclosed
chamber, being the ambient parameters controlled. Temper-
ature and humidity were set to 25 °C and 50% RH to simulate
the ambient conditions in the air-conditioned lab and to 35 °C
and 20% RH for dry conditions, respectively. Unless otherwise
stated, all the electrospinning processes were carried out in
ambient conditions (25 °C and 50% RH). The process
parameters were optimized to get a stable Taylor cone, which
ensures stable processing. Fibers were collected on different
substrates, namely, aluminum (Al) foil and non-woven
spunbond polypropylene (PP), within the range of 0.1—15
and 25 g of fibers per square meter (GSM) sample area. The
electrospinning process and sample preparation are illustrated
in Figure 1. A multilayer strategy was also studied. This
alternative configuration was obtained by placing another PP
layer on top of the electrospun PHBV/ChCl/urea/water
deposited on PP and compared with the multilayer strategy
made of pure PHBV fibers just deposited on PP.

2.4. Characterizations. 2.4.1. Characterization of Elec-
trospinning Solutions. Electrospinning solutions were char-
acterized in terms of viscosity, surface tension, and
conductivity. The viscosity was measured using Fungilab
Visco Basic Plus (Barcelona, Spain). The surface tension was
measured using the Wilhelmy plate method in the Kriiss
GmbH EasyDyne K20 tensiometer (Hamburg, Germany). The
conductivity measurements were performed using Hanna
Instruments HI98192 conductivity probe (Gothenburg,
Sweden). All the measurements were carried out in triplicate
at room temperature.

2.4.2. Morphology. The morphology of the electrospun
fibers was examined by scanning electron microscopy (SEM).
The SEM micrographs were taken using a Hitachi S-4800
electron microscope (Tokyo, Japan), and for low magnification
pictures, the Philips ESEM XL30 electron microscope
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(Amsterdam, Netherlands) at an accelerating voltage of S kV
and a working distance of 8 mm. The samples were fixed to
holders using conductive double-sided adhesive tape and
sputtered with a mixture of gold-palladium for 2 min under
vacuum prior to observation. The average fiber diameter was
determined via the Image] Launcher software program [(NIH)
(Bethesda, MD, USA)] from the SEM micrographs in their
original magnifications. Fiber orientation was analyzed using
the Orientation] plugin to the Image] (NIH) software.”

2.4.3. EDX Analysis. The chemical composition of the
electrospun PHBV/ChCl/urea/water fibers was analyzed and
visualized using an energy-dispersive X-ray (EDX) detector
(Oxford Instruments, Oxfordshire, UK) coupled to a Philips
ESEM XL30 electron microscope (Amsterdam, Netherlands)
at an accelerating voltage of 20 kV.

2.4.4. Electrostatic Charge Measurements. The electro-
static charges on the samples were measured using an SMC
IZH10 electrostatic meter (Tokyo, Japan). For the measure-
ment, samples of 5 X 5 cm were placed on paper, and the
electrical potential (static voltage) was measured 1 cm away
from the sample surface. The equipment was set to the
maximum value reading mode, and at least 10 measurements
were done for each sample. The value presented is the average
and standard deviation of these 10 measurements.

2.4.5. Charge Stability under Different Storage Con-
ditions. The stability of the electrical charge under different
storage conditions was also studied. The storage conditions
selected for this study were different RHs since humidity is one
of the main parameters affecting charge stability,8 that is, 0, S0,
and 84% RH. To study the effect of humidity, the samples
were stored at 25 °C in the air-conditioned lab at 50% RH, and
in desiccators at 25 °C with silica gel for 0% RH, and with a
saturated solution of potassium chloride for ca. 84% RH. For
this experiment, all of the electrospun fibers were deposited on
PP at 1 GSM. The charge stability of the PHBV fibers
containing NADES was compared with the charge stability of
the pure PHBYV fibers, as well as neat PP as a control. Finally,
the charge stability on a multilayer system was also studied
only at the monitored lab ambient conditions, that is, 25 °C
and 50% RH. For this, another layer of non-woven PP was
placed on top of the electrospun PHBV/ChCl/urea/water
fibers deposited on non-woven PP at 1 GSM, and the same
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multilayer system for pure PHBV fibers was used as a control
group. Charge stability studies were performed as a function of
storage time of up to 7 days, and time 0 measurements were
taken immediately after the electrospinning process.

2.5. Filtration Performance. The filtration and breathing
resistance performance of the filter media developed were
measured using procedures gathered within the European
EN149:2001 + A1:2009 standard using a Filter Media Test Rig
PMFT 1000 M (Palas, Germany). The penetration test was
carried out with a paraffin oil aerosol with particle sizes
spanning from ca. 0.14 to 4 um, after 3 min of aerosol
exposure. The pressure drop of the samples, also named in this
work as breathing resistance, was measured by passing
compressed air through the filter at flow rates of 160 L/min,
simulating extreme exhalation within the above EN149
standard, and expressed in Pa. The dimension of the samples
measured was 100 cm?, and the testing conditions were 25 °C
and 50% RH.

2.6. Corona Treatment. To induce the generation of
charges on the nanofibers, the materials were treated using a
TANTEC series no. CGC/30N system. Corona treatment is
based on high-frequency discharges that create charges in the
material and increase its surface energy. The charging bar was
placed above the sample at a distance of approximately S cm
from the surface of the nanofibers at a voltage of 18—20 kV for
10 min after having placed the sample on a drum which was
rotating at a controlled speed of 100 rpm.

3. RESULTS AND DISCUSSION

3.1. Solution Characterization. It is well understood that
the morphology and electrospinnability of the materials are
highly dependent on the physical characteristics of the initial
polymeric solution, such as viscosity, surface tension, and
electrical conductivity.” The solution properties of pure
PHBV, ChCl/urea/water (NADES), and PHBV/ChCl/urea/
water solutions were reported in Table 1. As it can be seen

Table 1. Solution Properties of PHBV, ChCl/Urea/Water,
and PHBV/ChCl/Urea/Water Solutions

surface
tension conductivity
solutions viscosity (cP) (mN/m) (uS/cm)
pure PHBV §71.5 + 2.1 212 £ 0.1 4.00 + 0.02
ChCl/urea/water 474.0 + 3.3 68.1 + 0.1 4153 + 32
PHBV/ChCl/urea/water 4422 + 1.8 22.8 + 0.1 2595 + 31

from the table, the PHBV/ChCl/urea/water solution exhibited
a significantly higher electrical conductivity (2595 + 31 uS)
compared to the pure PHBV solution (4.00 + 0.02 uS). This
could be mainly attributed to the presence of NADES since the
conductivity of neat NADES (ChCl/urea/water) was found to
be 4153 + 32 uS, in agreement with data previously reported
by Du et al.’® In the case of surface tension, although the
surface tension of ChCl/urea/water was higher than the
surface tension of the pure PHBV solution, the incorporation
of NADES into the PHBV solution provoked only a slight
increase in surface tension up to 22.8 mN/m, which did not
affect the electrospinnability of the PHBV/ChCl/urea/water
solution. On the other hand, the average viscosity of pure
PHBYV solution decreased with the incorporation of NADES
from 571.5 to 442.2 cP (Table 1).
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3.2. Effect of NADES on the Morphology of PHBV
Fibers. Next, the electrospinnability of the PHBV/ChCl/
urea/water solution was evaluated, and the characteristics of
the obtained fibers were compared to those of pure PHBV
fibers. For the purpose of comparison, a fiber mat of 25 GSM
was produced using an Al foil substrate for both samples. The
SEM micrographs of the obtained electrospun fibers of both
materials are shown in Figure 2a,b, respectively. Pure PHBV

» =

Figure 2. SEM micrographs of 25 GSM of (a) electrospun pure
PHBYV on an Al foil, (b) electrospun PHBV/ChCl/urea/water on an
Al foil, (c) electrospun pure PHBV on PP, and (d) electrospun
PHBV/ChCl/urea/water on PP at 25 °C and 50% RH. Scale markers
are of 10 ym.

produced smooth and inter-fused fibers without the presence
of beads and with a mean fiber diameter of 884 + 259 nm
(Figure 2a). This result is in concordance with the
morphological results previously reported by Figueroa-Lopez
et al.'® and Melendez-Rodriguez et al.”” for the same polymer.
More interestingly, the incorporation of NADES (ChCl/urea/
water) into PHBV fibers resulted in a smooth, continuous,
more oriented (see below for the specific discussion), and
bead-free fiber morphology with an average fiber diameter of
303 + 62 nm (Figure 2b). This reduction in fiber diameter can
be explained by the higher conductivity of the PHBV/ChCl/
urea/water electrospinning solution, as shown in Table 1, since
a higher solution conductivity has been reported to lead to
smaller fiber diameters.>” For instance, Chen et al. obtained
thinner PHBV fibers from an electrospinning solution with
increased conductivity due to the addition of nanoparticles,
which was poly(IN,N-dimethylaminoethylmethacrylate grafted
onto cellulose nanocrystals.”® Khatri et al. also reported smaller
diameters when electrospinning zein nanofibers with choline
chloride/furfuryl alcohol (2:1) than with pure zein.*

Additionally, this effect of fiber diameter reduction was also
observed when depositing the fibers on a different substrate,
the selected model substrate material made of non-woven
spunbond PP in this case, being the obtained fiber diameters of
781 + 223 and 288 =+ 35 nm for pure PHBV and PHBV/
ChCl/urea/water fibers, respectively (Figure 2c,d).

In order to determine the presence and distribution of the
added NADES within the PHBYV fiber mats, fiber samples were
subjected to EDX analysis. As it can be seen from the Figure 3,
the EDX spectrum revealed the presence of C and O as major
elements (60.3 and 36.5 wt %, respectively), together with Cl
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Figure 3. EDX analysis: (a) EDX scan spectrum and (b) elemental mapping for Cl of 25 GSM electrospun PHBV/ChCl/urea/water fibers on an
Al foil. Scale marker is 100 ym.

Al Foil

Figure 4. Photographs of the produced PHBV/ChCl/urea/water samples on an Al foil (left) and PP (right) with rugose surfaces at different
grammages. All the samples were prepared at 25 °C and 50% RH

in smaller quantities (3.2 wt %), arising from ChCl/urea/ conditions (see Figure 4). From this figure, it can be observed
water. Furthermore, the elemental mapping of PHBV/ChCI/ that the electrospinning of PHBV/ChCl/urea/water on Al foil
urea/water fiber mats (Figure 3b), which were performed resulted in samples with a rugose surface morphology when the

selecting the element Cl, shows a relatively homogenous
distribution of the NADES, ChCl/urea/water, within the
PHBYV fibers. Thus, one can infer from these results that the
NADES, ChCl/urea/water, is homogeneously present within

deposited grammages were equal to or higher than 7.8 GSM.
However, when PP was used as a substrate, star-shaped
rugosities were also observed but even at the lowest

the PHBV fibers grammages used, which increased in size and visibility as the
However, the real surprising fundamental effect of adding grammage increased. Interestingly, the cited rugosity was not
NADES to the formulation was the macroscopic observation of observed when depositing the pure PHBV on any of the two
the creation of a certain rugosity on the deposited mat of substrates, even at grammages of 25 GSM, hence resulting in

nanofibers that was produced only under certain experimental the expected flat and homogeneous fiber mats.
3802 https://doi.org/10.1021/acsomega.2c05838
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Figure S. SEM micrographs and orientation frequency as a function of angle plots of different regions (a—e) of the electrospun PHBV/ChCl/urea/
water on PP. Areas of interest are shown on the optical image of the sample (top-left). Scale markers are of 50, 10, and 2 ym.

Additionally to the macroscopic effect on morphology, the sample with 8.08 GSM over PP, and the corresponding plots
addition of NADES provoked interesting microscopic effects as represent the orientation frequency of the fibers deposited at
shown in Figure S. It was observed that these macroscopic different angles for the areas of interest. The height and width
rugose areas were made of naturally aligned microscopic of the peak are measurements of the degree of the fiber
structures. Figure S displays the micrographs taken from alignment seen in the SEM images; thus, whereas shorter and
different areas of the electrospun PHBV/ChCl/urea/water broader peaks indicate a lower degree of alignment, higher and

3803 https://doi.org/10.1021/acsomega.2c05838

ACS Omega 2023, 8, 3798-3811


https://pubs.acs.org/doi/10.1021/acsomega.2c05838?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05838?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05838?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05838?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c05838?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

narrower peaks indicate a greater degree of alignment.’” As it
can be seen from the micrographs and plots, all areas exhibited
fiber alignment on non-woven PP. However, the orientation of
the alignment was found to be dependent on different regions
of the sample surface. The regions close to the “mountains” of
the star-shaped rugosity (Figure Sa—c) exhibited an
orientation with two distinct peaks indicating an orthogonal
fiber orientation. On the other hand, the flatter regions or
valleys (Figure Sd,e) displayed one-direction alignment,
showing only one dominant peak. In addition, similar results
were observed for the PHBV/ChCl/urea/water fibers
deposited on Al foil in terms of fiber alignment; however, no
particular trend was identified as the size of the characteristic
shapes causing rugosity were notably smaller (results not
shown).

Moreover, it was found out that the appearance of rugosity
in the fiber mat was also dependent on the ambient humidity
during the electrospinning process. Thus, Figure 6 shows, as an

Figure 6. Photograph (left) and SEM micrograph (right) of PHBV/
ChCl/urea/water fiber mats of 25 GSM electrospun at 35 °C and
20% RH.

example, the macroscopic photographs and SEM images taken
at 35 °C and 20% RH on the electrospun PHBV/ChCl/urea/
water fibers deposited on Al foil with grammages of 25 GSM.
As it can be seen from the images, flat and smooth electrospun
mats with an average fiber diameter of 556 + 90 nm without
any rugosity were obtained.

It was observed that rugous electrospun PHBV/ChCl/urea/
water fibers deposited on different substrates, that is Al foil and
PP, showed a charge retention behavior as a function of
grammage. Charges were measured 24 h after electrospinning.
As it can be seen from the observation of Figure 7, the charge
retention profile of the samples exhibited considerably different
trends depending on the substrate. The electrospun PHBV/
ChCl/urea/water fibers deposited on Al foil with grammages
lower than 5.5 did not exhibit any charge retention, whereas
after this point, an increase in residual charges was observed
with the increase in grammage. Moreover, PHBV fibers
containing NADES showed positive charge retention at any
grammages used when deposited on PP. The PP substrate was
also tested after exposure to the same electrospinning
conditions as the polymer solutions for up to 5 min and
provided a small but measurable charge retention, indicating
that the substrate can also get small residual charges in an
agreement with previous studies.”*' A sample of 25 GSM of
pure PHBV deposited on the PP substrate was also produced,
delaminated from the PP and tested for residual charges 24 h
after and showed no charges. Furthermore, the grammages at
which the residual charges were first observed in the samples
deposited on Al foil coincided with the grammages at which
the rugosity began to be detected, that is, 7.8 GSM in Figure 3.

To the best of our knowledge, the above-stated events of
rugosity, fiber alignment, and charge retention when electro-
spinning polymers containing NADES have not been reported
before. However, the formation of three-dimensional (3D)
features in electrospun fiber mats has been reported by
previous authors in different polymeric systems. Bonino et al.
reported the formation of 3D structures when electrospinning
an aqueous solution of polyethylene oxide and alginate.”* To
explain this phenomenon, they proposed a mechanism based
on fiber—fiber repulsions caused by the surface charges of a
negatively charged high charge density material, in their case
sodium alginate. The negatively charged groups of the alginate
were populated on or near the surface of the electrospun fibers
due to the attractive forces in the applied positive electric field.
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Figure 7. Charge retention capacity after 24 h of storage time of electrospun PHBV/ChCl/urea/water fibers deposited at 25 °C and 50% RH on an
Al foil and PP as a function of grammage. The charge retention of the PP substrate is also included as control.
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As a result, the fibers became predominantly negatively
charged surfaces and experienced repulsion forces between
adjacent fibers, causing them to protrude away from the
collector plate to form 3D structures. However, these authors
did not report any charge retention.

Another example is the work of Cai et al., who produced 3D
electrospun fiber mats from a solution consisting of sodium
dodecyl sulfate (SDS) containing zein solubilized in 70%
aqueous ethanol.”” They reported that the formation of 3D
structures was attractive and repulsion forces driven. Briefly,
the surface conductivity of the polymer increased due to the
population of SDS on the surface of the fibers, and when these
fibers stroke the oppositely charged collector (attractive
forces), they lose their opposite charges and become charged
with the collector’s charge, resulting in fibers being repelled
from the collector and the formation of the 3D structures.
However, it should be noted that the resulting structure had a
fluffy appearance, with no residual charges or alignment being
reported.

In regard to 3D structures having reported residual charges,
Vong et al. obtained 3D polystyrene fibers with phosphoric
acid as an additive.** It was reported that the obtained 3D
structures were obtained due to the attractive forces between
the positively charged injector and the negatively charged
fibers due to the polarization and charge inductions of the
collector. However, their 3D fiber mat was spongy, soft, and
made of randomly oriented fibers. Additionally, they reported
charge retention for 12 h, resulting in fibers being attracted by
a charged rod.

In our opinion, neither the previous mechanisms nor the
features reported explain completely our observations.
According to our hypothesis, the here-observed rugosity
could be related to the measured residual charges, shown in
Figure 7. The accumulation of positive residual charges must
be associated with the presence of NADES and their
polarization ability under external electrical fields, such as
during the electrospinning process, which leads to an increase
in molecular dipole moment, as well as ion—dipole and
dipole—dipole interaction energies of DES species.”” As a
result of the polarization in a positively charged electrical field,
the DES molecules were thou§ht to create permanent dipoles
with a net positive charge.*"” " As demonstrated in Figure 3,
NADES were homogeneously distributed along the fiber,
which was also supported by SEM observations of the
cryofracture of the fibers (Figure 8b). As shown in the figure,
the fibers exhibited a rough surface and a porous structure
within the fibers. This surface roughness structure was not
observed in the pure PHBV fibers. The cited morphology must
then be attributed to NADES domains, whereas the voids
observed inside the fibers indicate NADES being entrapped,
which could promote charge accumulation since the polymer
could act as a rigid insulating interface*”" preventing charge
dissipation.

For the formation of the here-observed rugosity, we
hypothesized that the base layer of fibers was able to only
partially dissipate its charges when reaching the substrate
connected to the negatively polarized collector. For this reason,
as grammage increased, the accumulated charge increased,
preventing charges from the following layer of fibers to be
dissipated through the negatively polarized collector and
causing fibers to protrude from the surface of the mat, as a
consequence of interfiber repulsion, forming the observed
rugose morphology. As the peak height increases, the electrical
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Figure 8. SEM micrographs: (a) characteristic cellular rugosity
morphology, (b) cross-section and surface morphology of fibers
obtained from the rugose area, (c) tip of a peak and ridges on the
rugose area, and (d) cross-section of a rugose mat. Images were taken
for a 14.9 GSM electrospun PHBV/ChCl/urea/water fiber sample on
PP at 25 °C and 50% RH. Scale markers are 200, 3, 100, and 300 ym
for (a—d), respectively.

field between the needle and the mountain peak also changes,
causing localized regions of a higher repulsion electric field,
which leads to subsequent fibers to land in the vicinity of the
peaks. Furthermore, some other formations evolve as layers of
fiber connect the neighboring peaks, creating ridges around the
peaks, forming the morphologies shown in Figure 8a.

As demonstrated in Figure 4, deposition of 7.8 GSM of
PHBV/ChCl/urea/water fibers on a conductive Al foil
substrate was required to observe rugosity, most likely due
to the higher conductivity of Al foil. However, when the less
conductive PP was used as the substrate, the charge dissipation
was more difficult already from the lowest grammages as
discussed above, causing the rugosity to appear even at GSM as
low as 0.88. A similar trend can also be observed in terms of
charge retention properties as a function of GSM and substrate
(see Figure 7).

As stated before, the rugose structures were only obtained
for electrospinning of PHBV/ChCl/urea/water at the
controlled ambient conditions, where the RH was 50%. It
has been previously reported in a review paper by Mailley et al.
that RH is a critical variable to modify the morphology of the
formed electrospun mats.>’ Thus, it was reported that
hydrophobic polymers are prone to rapid solidification under
high humidity. This is because the presence of water in the jet
acts as an anti-solvent for the hydrophobic polymer and causes
rapid solidification due to precipitation.51 Hence, we
hypothesized in this study that such an effect of rapid fiber
solidification can also occur in the hydrophobic PHBV fibers.
When the jet solidifies rapidly, some of the NADES are
retained charged inside the fibers. Additionally, rapidly
solidified fibers could provide enough strength to support a
3D configuration.”” Another factor of humidity is its ability to
promote polarization. At high humidity, a great number of
water molecules get polarized, and thus, enhances nanofiber
dipole formation, consequently leading to a high net
capacitance of the fiber mats.>

Under dry conditions (20% RH, 35 °C), electrospun
PHBV/ChCl/urea/water fiber mats exhibited no rugosity
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Figure 9. Residual charges as a function of storage time of 1 GSM of (a) electrospun PHBV/ChCl/urea/water on PP, electrospun pure PHBV
fibers on PP, and the substrate PP at 25 °C, 50% RH; (b) electrospun PHBV/ChCl/urea/water fibers on PP at 25 °C and under different RH

conditions of 0, 50, and 84%.

even at grammages of 25 GSM (see left Figure S). Under these
conditions, the solidification of the polymer is not so fast,
resulting in wetter fibers with higher charge dissipation ability,
which in turn result in conventional flat fiber 2D mat
structures.

Another interesting feature that we noticed is the fact that
above a certain grammage, top layer fibers of the peaks and
ridges seemed merged (Figure 8c). This indicates that when
peaks and/or ridges have enough height, subsequent fibers
tend to land on these structures somewhat wet. This might be
due to changes in whipping instabilities caused by the localized
high electric field originating from the peaks and ridges.”* In
addition to the described observations, Figure 8d also shows
that a low density of fiber packing, caused by the repulsion
forces between the different adjacent fiber layers, has taken
place.

Finally, all macroscopic rugose areas exhibited natural fiber
alignment along the peaks and ridges, as shown in Figure §,
since the rugose surface of mats could provoke changes in the
electric field in the vicinity of the collector, resulting in a
patterned distribution of the electric field over the patterned
structure of the rugose substrate that promotes the in situ fiber
alignment.>™>" The electrostatic repulsions between the
upcoming and deposited fibers can further promote the fiber
alignment.”® In addition, the fibers suspended across the gap
can remain highly charged after deposition due to the lack of
contact with the collector. As expected, fiber alignment was
only observed for the electrospinning of PHBV/ChCl/urea/
water, pure PHBV fibers did not exhibit any rugosity or fiber
alignment.

3.3. Electrostatic Charge Stability under Different
Storage Conditions. In additional experiments and in
filtration applications where typically low GSM coating of
nanofibers are often used,””*’ the electrostatic charge stability
of 1 GSM of electrospun PHBV/ChCl/urea/water fibers
deposited on top of PP was investigated under different storage
conditions, and the results are displayed in Figure 9ab, in
comparison with the control materials (pure PHBV fibers on
the PP substrate and the substrate of PP).

As it can be seen from Figure 9a, all samples exhibited some
residual charges at time 0, including the PP substrate and the
pure PHBV fibers deposited on PP. In this study, it was
previously discussed that pure PHBV fibers did not show any
charge retention when deposited on conductive Al foil, and
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this was also the case when delaminated from the PP substrate.
The fact that somewhat higher charges were recorded during
the first days of storage in the pure PHBYV fibers compared to
the neat PP substrate could arise from the pure PHBV fibers
acting as an extra layer to handicap charge dissipation from the
PP. Charges on PP are known to dissipate over time at ambient
conditions,”*’ yet this process can be reduced by the addition
on top and below of additional layers.®'

In Figure 9a, it becomes clear that PHBV/ChCl/urea/water
fibers exhibited an approximately 50% higher charge at time 0
compared to the initial charges of electrospun pure PHBV
fibers and neat PP. This is ascribed to the electrostatic charge
retention contribution of the NADES itself, as discussed above.
As previously demonstrated in Figure 7 and discussed above,
the incorporation of NADES into PHBV fibers resulted in
charged fibers. After 24 h, a rapid charge decay was seen for all
the samples, indicating that the higher initial charge is
dissipated at the 50% RH from the surface or shallow trap
sites of the samples.”*> Among all the samples in Figure 9a,
non-woven neat PP exhibited the fastest and highest charge
loss, almost reached 0 kV on the fifth day, and displayed no
residual charges on the sixth and seventh days. Furthermore, a
similar trend was observed for the electrospun pure PHBV
fibers. However, electrospun PHBV/ChCl/urea/water fibers
showed a retained residual charge plateau after day five. This
could be explained again by the persistent charges localized
within the deeper trap sites of the PHBV/ChCl/urea/water
fibers, even at 1 GSM.

Figure 9b shows the electrostatic performance of electrospun
PHBV/ChCl/urea/water fibers under different conditions of
0% RH, 50% RH, and 84% RH for 7 days of storage time. As it
can be seen from the figure, the fibers exhibited a similar trend
at 50% RH and 84% RH conditions. However, at 0% RH, a
drastic difference appeared, showing persistently high charges
within the electrospun PHBV/ChCl/urea/water fibers. This is
explained by the well-known charge-dissipating effect of
humidity. When the environment is humid, water molecules
may sorb and diffuse within the fibers, acting as a carrier of the
trapped charges, which increase the charge migration and
accelerate the decay."®*

To protect the electrostatic stability of the materials from
the environment’s humidity, a multilayer configuration was
used.®’ To do this, the electrospun PHBV/ChCl/urea/water
fiber mat deposited on a non-woven PP was protected by
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placing another similar layer of PP on top of the electrospun
fibers, and the pure PHBV fibers were used again as a control
(see schematics in Figure 1). As demonstrated in Figure 10,

—=a— PHBV/ChCl:Urea:Water (Protected, 50 %RH)
0.94 —e— Pure PHBV (Protected, 50 %RH)

Residual Charges (kV)

Time (Day)

Figure 10. Evolution of the residual charges as a function of storage
time for the multilayer approach of 1 GSM electrospun PHBV/ChCl/
urea/water fibers sandwiched between PP layers and for the
multilayer approach of 1 GSM electrospun pure PHBV fibers
sandwiched between PP layers at 25 °C and 50% RH.

the multilayer approach resulted in a steady charge retention
profile for 7 days. More importantly, the electrostatic charge
retention of PHBV/ChCl/urea/water fibers was noticeably
higher than that of the pure PHBV fibers, showing almost
twice higher than that of the control for 7 days. Hence, this is
again attributed to the charge-accumulation contribution of the
NADES.

3.4. Assessing PHBV/ChCl/Urea/Water Electrospun
Fibers in Filtration. Electrospun fibers have attracted a
large attention in the area of filtration since the technology
provides a high filtration efficiency at very low material
grammages, which allows the use of very little material to
generate highly efficient filter materials.”* The interesting
characteristics of the developed nanofibers with charge
retention properties may lead to an increase in filtration
efficiency while unaltering pressure drop. For this reason, and
based on our own previous research, the nanofibers were
deposited over PP and configured in a multilayer structure with
the optimum material configuration for filtration strategies.””
As described in Figure 11a, this multilayer structure consisted
of two layers of PP of 17 GSM on the exterior and interior, and
two symmetric layers in the middle of electrospun PHBV/
ChCl/urea/water totaling 0.3 GSM, and a similar structure but
based on a pure PHBV fiber layer without NADES as a control.

The performance of the air filters is closely related to the
structural factors of the nanofiber membrane, such as fiber
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Figure 11. (a) Schematic illustration of the multilayer approach formed by two layers of PP of 17 GSM sandwiching two layers of pure PHBV or
PHBV/ChCl/urea/water fibers (PP/0.15/0.15/PP). (b) Pressure drop and filtration efficiency measured 1 day after electrospinning for the
multilayer structure composed of pure PHBV, PHBV/ChCl/urea/water, and corona-treated PHBV/ChCl/urea/water samples. Pressure drop was
measured with an air flow rate of 160 L/min. (c) Residual charges of PHBV/ChCl/urea/water fibers 1 day after electrospinning and after corona
treatment. Charges were measured in half of the sandwich (PP/nanofibers 0.15).
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morphology and diameter, porosity, grammage, orientation,
and so forth,® as well as charge retention in the case of electret
fibers, which enables an electrostatic role of particle capturing
to the overall filtration performance.” Figure 11b shows that
the multilayer structure of the control PHBV sample exhibited
a paraffin aerosol filtration efficiency of 50.56 + 2.33% with a
pressure drop of 80.83 + 1.09 Pa. For the same grammage, the
results were significantly different for the PHBV-containing
NADES sample (PHBV/ChCl/urea/water), having a paraffin
aerosol filtration efficiency of 79.19 + 1.89% and a pressure
drop of 307.57 & 2.22 Pa. As discussed in Section 2.2, PHBV/
ChCl/urea/water fibers showed a fiber diameter of approx-
imately 290 nm, whereas pure PHBV fibers had an average
fiber diameter of ca. 780 nm with inter-fused fiber morphology.
Thus, compared to pure PHBV, a higher filtration efficiency for
PHBV/ChCl/urea/water was expected since the addition of
NADES resulted in a lower fiber diameter, which in turn
means a lower pore size,”® and higher residual charges, which
eventually led to higher filtration efficiencies and pressure drop
in the NADES-containing filter.”®”

Since the GSM deposited were rather low, to avoid a too-
high pressure drop and to check how a higher charge could
affect the filtration performance, a corona post-treatment was
applied to the material with NADES. Figure 11c shows the
residual charges of the PHBV/ChCl/urea/water sample
measured one day after electrospinning (+0.25 + 0.05 kV)
and after corona treatment (—0.53 + 0.09 kV). The PHBV
fibers containing NADES exhibited significantly improved
charge retention capacity after the corona treatment. For the
case of the pure PHBV fibers, there were smaller differences in
residual charges, being before the corona treatment of +0.15 =+
0.02 kV and after the corona treatment of —0.16 + 0.02 kV. As
a result, the corona treatment further increased the filtration
efficiency of the PHBV/ChCl/urea/water sample by approx-
imately 7% with only a small increase in pressure drop (Figure
11b).

Air filter media are generally made of chemically synthesized
or petroleum-based raw materials, such as polypropylene.'”
Meantime, researchers are still endeavoring for the design and
development of innovative biobased organic recyclable nano-
fiber filtration membranes to fabricate highly eflicient filtration
systems with potentially lower carbon footprint.'>***” Addi-
tionally, many attempts have been made to functionalize
conventional synthetic or natural polymers through specific
additives to enhance their filtration performance or function-
ality; however, these additives can be expensive.lz’é8 Hence,
the development of filtration membranes made of a natural
microbial biopolymer having excellent biocompatibility and
biodegradability characteristics, and making it a strong
candidate to be used in air filtering applications by
incorporating cheap and green NADES, is expected to add
significant value to the vibrant field of air filtration applications.
Herein, it was demonstrated for the first time that NADES,
which has numerous and unexplored potential applications,
could play a new application role in improving filtration
efficiency for biopolymers such as PHBV.

4. CONCLUSIONS

Pure and NADES-loaded PHBV fibers were prepared by
electrospinning, and solution characterizations were performed
in terms of viscosity, surface tension, and conductivity. Data
suggested that the incorporation of NADES caused an increase
in solution conductivity of approximately 650-fold. The
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morphology of the here-prepared electrospun fibers containing
NADES was examined by SEM and macroscopically. SEM
images showed that straight, bead-free morphology with fiber
diameters in the nanoscale (approximately 300 nm) were
produced. The chemical composition of PHBV/ChCl/urea/
water fibers was analyzed by EDX, and it was seen that ChCl/
urea/water was homogeneously distributed within the PHBV
fibers. Macroscopically, the incorporation of NADES into
PHBV fibers resulted in an unreported 3D rugose surface of
the prepared mats when electrospun at 50% RH. A repulsion
force-driven mechanism due to NADES polarization ability
was proposed for the formation of the rugose 3D fiber mats.
Charge measurements showed that PHBV/ChCl/urea/water
fibers exhibited the capacity to retain electrical charges on
conductive Al foil starting at grammages above 5.5 GSM and
on the less-conductive PP at the lowest grammages studied.
Fibers on the rugose area were deposited in an aligned manner.
The 3D rugose morphology was not seen in the PHBV/ChCl/
urea/water fibers when this material was electrospun at 20%
RH, suggesting that the effect is connected with rapid fiber
solidification, thought to occur at higher RHs. The 3D rugose
morphology was also not seen in the pure PHBYV fibers. Charge
stability studies were performed for 1 GSM electrospun
PHBV/ChCl/urea/water fibers on PP under different RH
storage conditions. According to the results, PHBV/ChCl/
urea/water fibers on PP showed a plateau of retained charges
under ambient conditions, 25 °C and 50% RH, after 5 days,
whereas the residual charges recorded on neat PP and pure
PHBYV fibers on PP disappeared completely after S days. Also,
the studies performed under different RHs showed that the
residual charges decayed more easily at medium (50% RH)
and high RH conditions (80% RH), compared to dry
conditions (0% RH). Finally, to prevent or slow the charge
decay on the fibers, a multilayer approach was developed by
adding an extra layer of PP. The results showed that the best
electrostatic performance was found for protected electrospun
PHBV/ChCl/urea/water fibers, with the highest electrical
potential of 0.80 + 0.04 kV at time 0 and 1 GSM and the
lowest residual charge reduction of 38.6% after 7 days of
storage time under ambient conditions. The use of a multilayer
structure in which a double layer totaling 0.3 GMS of PHBV/
ChCl/urea/water fibers was used showed a significant
improvement in filtration efficiency, which was increased
from 50.56 + 2.33% to 79.19 + 1.89% by the addition of
NADES into PHBV fibers. This was improved further after
corona charging treatment by approximately 7% with only a
small increase in pressure drop. According to these results, the
here-developed NADES-containing PHBV fibers with charge
retention capacity can be considered as a very interesting and
promising new electret material for air filtration and potentially
for other applications such as in tissue engineering, for
retaining and controlled release of drugs, for power harvesting,
and as sensors, microphones, transducers, field-effect tran-
sistors, and so forth.
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