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Abstract

Air pollution containing particulate matter (PM) and volatile organic compounds has caused magnificent burdens on indi-
vidual health and global economy. Although advances in highly efficient or multifunctional nanofiber filters have been
achieved, many existing filters can only deal with one type of air pollutant, such as capturing PM or absorbing and detecting
toxic gas. Here, highly efficient, dual-functional, self-assembled electrospun nanofiber (SAEN) filters were developed for
simultaneous PM removal and onsite eye-readable formaldehyde sensing fabricated on a commercial fabric mask. With the
use of an electrolyte solution containing a formaldehyde-sensitive colorimetric agent as a collector during electrospinning,
the one-step fabrication of the dual-functional SAEN filter on commercial masks, such as a fabric mask and a daily dispos-
able mask, was achieved. The electrolyte solution also allowed the uniform deposition of electrospun nanofibers, thereby
achieving the high efficiency of PM filtration with an increased quality factor up to twice that of commercial masks. The
SAEN filter enabled onsite and eye-readable formaldehyde gas detection by changing its color from yellow to red under a
5 ppm concentrated formaldehyde gas atmosphere. The repetitive fabrication and detachment of the SAEN filter on a fabric
mask minimized the waste of the mask while maintaining high filtration efficiency by replenishing the SAEN filters and
reusing the fabric mask. Given the dual functionality of SAEN filters, this process could provide new insights into design-
ing and developing high performance and dual-functional electrospun nanofiber filters for various applications, including
individual protection and indoor purification applications.
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Introduction

Air pollution has steadily increased over the past decades
and has become a substantial burden on the global environ-
ment and the health of humankind beyond the environmental
concerns of cities and countries [1-6]. As a by-product of
rapid industrialization and population growth, particulate
matter (PM) and toxic gases are major sources of air pol-
lutants and have caused various cardiac and respiratory
diseases upon short- or long-term exposure [7-11]. Also
known as airborne solid/liquid droplets or aerosols, PM
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is defined as fine and ultrafine particles and is composed
of ionic, metal, and carbon mixtures [12-14]. Toxic gases
are invisible and colorless and are composed of exception-
ally complex gaseous substances such as CO, NO,, HCHO
(formaldehyde), and volatile organic compounds (VOCs)
[15, 16]. With technological advancement, various filtra-
tion equipment or sensing methods for PM and toxic gases
have been explored; however, individuals are still exposed
to these threats in daily life and work [17-22].

PM filtration is commonly performed with conventional
filters made of chemically synthesized or petroleum-based
materials [23]. Filtration is mainly accomplished through
physical PM size-based trapping mechanisms, including
sieving, blocking, diffusion, and electrostatic attraction
[24]. Among various methods to fabricate air filters, elec-
trospinning has been studied with great interest owing to its
intriguing ability to fabricate nanofiber filters with controlla-
ble permeability and high porosity and using various choices
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of materials [25-31]. With these beneficial properties,
various electrospun nanofiber filters have been developed
with improved PM removal efficiency, breathable pressure
drops, and lighter base weight compared with conventional
filters produced by other processes [32—39]. Owing to their
mechanical properties, nanofibers are fragile to be utilized
standalone as air filters. Hence, a nanofiber mat is frequently
used as air filter after being transferred to the frames or sub-
strates by transfer processes, including roll-to-roll trans-
fer [40, 41]. For the simplified fabrication of air filter, the
direct fabrication of an electrospun nanofiber mat onto an
electroconductive substrate, such as window screens, was
developed without the transfer [42—45]. As an extension of
the direct fabrication of a nanofiber filter on the conductive
substrate, the non-conductive substrate should be studied for
practical use because air filters are generally composed of
non-conductive materials, such as daily masks and industrial
air filters [46—438].

Traditional toxic gas removal is mainly performed with
an adsorption framework, such as a half- or full-face respira-
tor, to selectively absorb gases from air pollutants [49-51].
However, many gas absorbers have a limited allowable
gas concentration, and wearing a half- or full-face respira-
tor is uncomfortable in daily life [52, 53]. Thus, recogniz-
ing the state of toxic gas in daily life would greatly reduce
the potential risk of toxic gas [54]. Many researchers have
developed toxic gas sensing devices, including chromato-
graphic and colorimetric sensors, to alarm against the exist-
ence of toxic gases [55-57]. Chromatographical sensors
enable high-precision detection of toxic gases but require
high-cost equipment and a controlled environment for the
measurement [58—60]. Colorimetric sensors exhibit rapid
color changes by reacting with toxic gases without requiring
any expensive equipment, thus placing them in the spot-
light with their onsite eye-readable sensing ability [61-63].
Among various toxic gas sensors, nanofiber-based toxic gas
sensors have shown great promise in detecting toxic gases
with high-speed and superior precision owing to their high
reactive surface area [64—66]. Nanofiber filters have exhib-
ited excellent performance in treating one type of air pollut-
ant, including gas sensing and PM removal. With the wide
spread of complex air pollution, including combinations of
pathogens such as COVID-19 virus, PM, and toxic gases,
dual-functional air filters that can simultaneously capture
PM and detect gases are required from daily and industrial
points of view.

In this study, we suggested highly efficient, self-assem-
bled electrospun nanofiber (SAEN) filters for simultaneous
PM removal and eye-readable onsite formaldehyde detec-
tion. The premise of our design is a facile one-step fabrica-
tion of dual-functional nanofiber filters that could capture
PM and detect formaldehyde gas simultaneously by utilizing
an electrolyte solution containing a formaldehyde-sensitive

colorimetric agent. Given that the electrolyte solution can act
as a sacrificial collector in electrospinning [46], electrospun
nanofibers can be directly deposited onto a non-conductive
mesh collector and self-assembled in a uniform distribution
to be fabricated as a SAEN filter without post-processing or
transfer process. The SAEN filters exhibited higher PM,
filtration efficiency and similar pressure drops, leading to
higher quality factors than commercial masks. Meanwhile,
the repetitive fabrication and detachment of SAEN filters
showed the potential for waste reduction based on the lower
weight of SAEN filters compared to fabric or commercial
masks. Next, the eye-readable formaldehyde detection of the
dual-functional SAEN filter was confirmed with its gradual
color change of the SAEN filter from yellow to red under
formaldehyde gas, which is a representative indoor VOC.
This formaldehyde detection was simultaneously performed
with PM removal, and thus dual-functional SAEN filters for
PM capture and real-time eye-readable formaldehyde sens-
ing were successfully demonstrated.

Experimental
Materials

Gelatin powder from bovine skin (GEL, type B), polycap-
rolactone (PCL, M ~80,000), poly (vinylidene fluoride)
(PVDF, M, ~275,000), polystyrene (PS, M, ~280,000),
nylon 6/6 (NY) were selected as the solute of electrospin-
ning solution and denoted as NY, PCL/GEL, PVDF, and
PS, respectively. N, n-dimethylformamide (DMF, >99.9%),
2,2,2-trifluoroethanol (TFE, >99.0%), formic acid
(>98.0%), chloroform (>99.5%), methanol (>99.5%), and
acetone (>99.7%) were utilized for the solvent of electro-
spinning solution. All solutes and solvents were provided
from Sigma—Aldrich (USA). Tetrabutylammonium bromide
(TBAB, >99.0%) was also obtained from Sigma-Aldrich
(USA). Potassium chloride (KCI, >99.0%) and deionized
(DI) water were acquired from Duksan Chemical Co., Ltd.
(South Korea). Sylgard® 184 polydimethylsiloxane (PDMS)
silicone elastomer base monomer and hardener were bought
from Dow Corning (USA). All ingredients and materials
were utilized without further purification.

Preparation of Polymer Solutions
for the Electrospinning Process

PCL/GEL solution was prepared by stirring PCL and GEL
solution at a 1:1 mass ratio for 12 h with 10 puL of acetic
acid to obtain a homogeneous and transparent state of the
solution. PCL and GEL solutions were obtained by stirring
PCL pellets and GEL powder at a 10 w/v% in TFE solvent
for 12 h, respectively. NY pellets were dissolved in formic

@ Springer



1090

Advanced Fiber Materials (2023) 5:1088-1103

acid for 6 h to obtain 15 wt% NY solution. PVDF pellets
were added to a mixture of acetone and DMF (3:7 volume
ratio) with stirring for at least 12 h at 60 °C or higher to
produce a 25 wt% PVDF solution. PS pellets and DMF
solution with 0.05 w/v% of TBAB were mixed for 6 h to
generate a 15 w/v% PS solution.

One-Step Fabrication of Dual-Functional SAEN
Filters

A 3 mL plastic syringe with one of the four types of pol-
ymer solutions was placed in a NE-1000 syringe pump
(New Era Pump Systems, Inc., USA), which ejected the
polymer solutions through a 23-gauge metal needle with
an inner diameter of 0.337 mm at a flow rate of 0.4 mL h™".
Non-conductive mesh collectors, such as a fabric mesh or
polypropylene (PP) wiper, were treated using a plasma
equipment (CUTE, Femto Science, South Korea) with
a consistent plasma power of 100 W, an airflow rate of
20 ccm, and a plasma time of 180 s. The plasma-treated
non-conductive mesh collector was immersed in an elec-
trolyte solution for electrolyte-assisted electrospinning
[46]. For the direct fabrication of dual-functional SAEN
filters, the electrolyte solution was prepared by mixing
15 mL of DI water with 0.5 g of hydroxylamine sulfate,
0.01 g of methyl yellow, 2.5 mL of glycerin, and 32.5 mL
of methanol. For the complete immersion of the mask,
the solution was prepared using the mixing ratio of the
formaldehyde-sensitive solution. An electrolyte solution
of 0.3 mol KCI solution was also utilized to investigate
the influence of the electrolyte solution on the direct fab-
rication of a SAEN filter onto the non-conductive mesh
collector. The electrolyte-solution-socked mesh collector
on a polymethyl methacrylate plate was positioned 20 cm
directly under the metal needle. The HV30 power sup-
ply (NanoNC Co., Ltd., South Korea) delivered 21 kV
between the metal needle and the mesh collector for elec-
trospinning. Electrospun nanofibers were deposited on the
electrolyte-solution-socked mesh collector and formed into
a SAEN filter. The electrospinning time for each SAEN
filter made of PCL/GEL, NY, PVDF, and PS was set to 4,
5, 1, and 2 min, respectively. Except for electrospinning
time, other experimental conditions remained constant.
The SAEN filters made with different polymer solutions
of NY, PCL/GEL, PVDF, and PS solution were named
SAEN-NY, SAEN-PCL/GEL, SAEN-PVDF, and SAEN-
PS filters, respectively. The SAEN-NY filter was selected
for the fabrication of the dual-functional SAEN filter,
spontaneously immersed in the electrolyte solution dur-
ing electrospinning, and dried in a vacuum chamber for
1 h to remove excess electrolyte solution. Finally, a dual-
functional SAEN filter was obtained.
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Characterization of SAEN Filters

The morphology of SAEN filters was visualized by scan-
ning electron microscope (SEM), and the diameter of the
nanofibers was quantified from the SEM image by ImageJ.
The SAEN filters were immersed in the uncured PDMS mix-
ture of the PDMS monomer and hardener (10:1 mass ratio),
and the uncured PDMS mixture was cured in a dry oven at
50 °C for 12 h. The SAEN filters were embedded in PDMS
and cross-sectioned; the thickness of the SAEN filters was
measured based on the cross-sectional image captured by a
microscope (BX53, Olympus, Japan).

Numerical Simulation

A direction of electric field expressed between the metal
needle and mesh collector systems was numerically cal-
culated by COMSOL Multiphysics v5.0 (USA) software.
The cross-sectional rendered image of the mesh collector,
which was assumed as a fabric mesh, was adopted for 2D
numeric simulation with or without the electrolyte solu-
tion. Other electrospinning parameters were designated as
the experimental conditions of electrospinning: (1) 20 cm
distance between the metal needle and the collector system
and (2) 21 kV electrical potential. The electrolyte solution
was absorbed by the mesh collector and modeled accord-
ing to the space charge density of the interstitial electrolyte
solution in the mesh collector. Mobile ions in the electrolyte
solution can be described by the Boltzmann equation, result-
ing in the space charge density p(x), as follows:

p(x) = —2ecosinh<kBLT(p(x)>, (1

where e is the electron charge (J), ¢, is the electrolyte con-
centration (mmol L), kg is the Boltzmann’s constant (J
K1), T'is the temperature (K), and ¢ is the electric potential
(V) [67]. The dielectric constant of the electrolyte solution
of 0.3 mol KCl solution was set as 80. The curved interface
between air and electrolyte solution with different contact
angles from 45° to 90° was examined to investigate the influ-
ence of air-electrolyte solution interfaces on electric field.
The direction of the electric field was displayed along the
reference line p(x) above the mesh collector.

Air Filtration Efficiency, Pressure Drop, and Air
Permeability Measurement

A schematic and an actual image of an experimental setup
for the air filtration test are presented in Fig. S1. An elec-
trospun nanofiber filter on the mesh collector was installed
in the middle of two glass chambers. PM counter sensors,
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which measure the PM density of the air in real time, were
installed on both sides of the chamber. Before the experi-
ment, the fan mounted on the left side of the chamber pro-
duced constant airflow, and PM was continuously produced
by burning incense from the right side to the left side of the
chamber. The generated PM has a broad size distribution of
over 300 nm to below 10 pm, and the majority are below
1 pm in size [68]. PM densities from the inlet and outlet of
the chamber system were measured by a PM counter sensor
module (Wuhan Cubic Optoelectronics Co. Ltd., PM2008)
with the simultaneous detection of PM 5, PM, ,, PM, 5,
PM; , and PM,,. PM, 5, PM, ,, and PM,, 5 were utilized to
measure the air filtration performance. Airflow was fixed
to 0.11 m s~! by controlling the power of the fan. Each air
filtration test was conducted for 5 min by each polymeric
nanofiber filter fabricated with or without the electrolyte
solution. Electrospun nanofiber filters fabricated with or
without the electrolyte solution on the fabric mesh or PP
wiper were placed in the middle neck of the custom cham-
ber system with 23 mm diameter to evaluate the filtration
efficiency and pressure drop during air filtration. A differ-
ential pressure manometer (DT-8890A, CEM Instruments,
China) was utilized to measure the pressure drop during the
test. Airflow was varied by 0.055, 0.165, and 0.22 m s 'to
examine the influence of airflow velocity on PM filtration
efficiency and pressure drop of each filter. Pressure drop
was also measured during the PM filtration test. Air perme-
ability was evaluated in accordance with ISO 9237 standard
via FX-3300 LabAir IV (TEXTEST AG, Switzerland) under
100 Pa applied pressure, 50% relative humidity (RH), and
room temperature of 25 °C with 5 cm? of KF94 mask, fabric
mesh or mask, and electrospun nanofiber filters fabricated
with or without the electrolyte solution.

Formaldehyde Detection with Dual-Functional SAEN
Filters

The dual-functional SAEN filter was placed in a 3.3 L test-
ing chamber with a room temperature of 25 °C and RH of
40-50%. The concentration of formaldehyde in the chamber
was calculated in ppm as follows:

22.4p,TV; X
c= (=t} x10°,
< 273M;V ) @

where C is the formaldehyde concentration, p,is the density
of liquid formaldehyde, T is the temperature in the chamber,
V;is the volume of liquid formaldehyde, M; is the molecular
weight of formaldehyde, and V is the chamber volume. Air
Quality sensor (PAQUAT, ~ 10 ppm, Wujing HighTech Co.,
Ltd) was utilized to detect the concentration of formalde-
hyde gas reached and maintained at 5 ppm in the chamber
within the short-term exposure limit of formaldehyde gas

concentration (2 ppm) in accordance with OSHA stand-
ards. In the formaldehyde detection test, the dual-functional
SAEN filter was exposed to formaldehyde gas for 30 min.
The formaldehyde gas reacted with hydroxylamine sulfate
in the SAEN filter, producing sulfuric acid that altered the
color of methyl yellow from yellow to red, which could be
identified by the naked eye. The reaction to this process is
represented as follows:

2HCHO + (NH,0H), » H,SO, — 2H,C = NOH + H,S0, + 2H,0,
3)
The color change of the dual-functional SAEN filter was
captured every 5 min from the original state by a DSLR
camera (EOS-M50, CANON, Japan) during experiments.
Captured images were verified qualitatively by visual inspec-
tion and quantitatively converted into RGB (red, green, and
blue) values by Image J. The different concentrations of
formaldehyde gas, such as 0, 100, 200, 500, 1,000, 2,000,
and 5,000 ppb, were adopted to explore the formaldehyde
reaction-dependent RGB color change furtherly. Finally, the
relationship between PM filtration and formaldehyde gas
detection of the dual-functional SAEN filter was verified
through PM filtration after reacting with a 5 ppm concen-
tration of formaldehyde gas per 5 min. The fabricated dual-
functional SAEN filters on commercial masks were secured
at room temperature and 40% of RH for 1, 2, and 3 weeks
and utilized for PM filtration and formaldehyde sensing to
investigate their service time.

Results and Discussion

One-Step Fabrication of Dual-Functional
SAEN Filters for Simultaneous PM Removal
and Formaldehyde Sensing

Figure 1a demonstrates the respiratory configuration dur-
ing the use of a dual-function SAEN filter when exposed
to contaminated air containing PM and formaldehyde gas.
The dual-functional SAEN filter can effectively remove
PM in the air to allow fresh air intake through the human
respiratory system and simultaneously detect formalde-
hyde gas by altering its color from yellow to red. Figure 1b
shows the schematic of the overall fabrication of the dual-
functional SAEN filter onto non-conductive mesh collec-
tors for PM capturing and formaldehyde gas sensing. The
one-step fabrication of dual-functional SAEN filters on
non-conductive mesh collectors could be achieved by uti-
lizing an electrolyte solution containing a formaldehyde-
sensitive colorimetric agent as a conductive collector for
electrolyte-assisted electrospinning. Among various col-
lectors, a dual-functional SAEN filter on a commercial
daily air filter mask was used to demonstrate its potential
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Fig.1 a Schematic diagrams of dual-functional self-assembled elec-
trospun nanofiber (SAEN) filter for PM removal and formaldehyde
gas sensing from contaminated air. b One-step fabrication process of
dual-functional SAEN filter by direct electrospinning on a plasma-
treated commercial filter soaking in an electrolyte solution containing

as a daily wearable device. Commercial fabric (cotton)
and polymer (polypropylene, PP) masks were adopted as
commercial daily air filters. Before the direct fabrication
of the SAEN filter on a mask, plasma treatment was per-
formed to modify the wettability of the mask to be hydro-
philic. The plasma treatment generated uniform hydroxyl
groups (—OH) on the surface of the mask, thereby ren-
dering the surface hydrophilic regardless of its materials.
This hydrophilic surface facilitated the absorption of elec-
trolyte solution into the plasma-treated mask. Afterward,
the plasma-treated mask was soaked in the electrolyte
solution and subjected to direct electrospinning to fabri-
cate the SAEN filter onto the electrolyte solution-soaked
mask. Given that an electrolyte solution could act as the
sacrificial electroconductive collector [46], electrospun
nanofibers were deposited onto the surface of the electro-
lyte solution-soaked mask composed of the non-conduc-
tive fabric or polymer. The electrolyte solution covered
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the formaldehyde-sensitive colorimetric agent. The front view (c-(i))
and SEM image (c-(ii)) of a dual-functional SAEN filter on a fabric
mask. Scale bars are 5 cm (c-(i)) and 100 nm (c-(ii)), respectively.
The diameter population of nanofibers (d-(i)) and nanonets (d-(ii)) in
a dual-functional SAEN filter

the mask, and electrospun nanofibers were deposited and
self-assembled on the surface of the electrolyte solution by
the force balance between the electrostatic attraction force
and the surface tension of the electrolyte solution, thereby
forming a SAEN filter over the entire surface of the mask.
During electrolyte-assisted electrospinning, the electrolyte
solution containing a formaldehyde-sensitive colorimetric
agent enabled the formation of a self-assembled nanofiber
filter on the mask and simultaneously impregnated the
formaldehyde-sensitive colorimetric agent onto the SAEN
filters. After drying, the SAEN filter could capture PM and
detect trace amounts of formaldehyde gas by colorimetric
change.

The fabricated dual-functional SAEN filter is exhibited in
Fig. lc-(1). Given that the mask and the SAEN-NY filter were
immersed in the formaldehyde-sensitive colorimetric agent,
no difference in color was found between them. The red rec-
tangular region was enlarged to show the SEM image of a
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Fig.2 SEM images (a), diameter distributions (b), and thickness (c¢) of electrospun nanofiber filter fabricated with or without the electrolyte
solution on the fabric mesh with four different polymers (NY, PCL/GEL, PVDF, and PS). All scale bars are 100 um

dual-functional SAEN filter in Fig. 1¢c-(ii). Randomly oriented
NY nanofibers and spider-web-like structures called nanonets
were observed in the dual-functional SAEN filter. Figure 1d-(i)
and (ii) exhibit the diameter range of nanofibers and nanonets
with averages of 183 +39 and 27.4 + 11.2 nm, respectively.
Nanofiber filters with nanonets feature controllable permeabil-
ity, various choices of materials, and intriguing features (e.g.,
Steiner-tree network geometry and extremely small diam-
eter), which enable high performance or functional filtration
for ultrafine PM or viruses. Many researchers reported that
nanonets could possess high interconnectivity and additional
surface area, resulting in fast analyte diffusion [69—71]. Thus,
the nanofiber filters with nanonets could be alluring candidates
as air filters that can simultaneously capture PM and sense
gaseous materials.

Direct Electrospinning of SAEN Filters
onto a Non-Conductive Mesh Collector

The direct fabrication of electrospun nanofiber filters
on a non-conductive mesh collector with or without the
electrolyte solution was investigated. Figure 2a shows the
SEM images of the electrospun nanofiber filter fabricated
with or without the electrolyte solution. In the absence of
the electrolyte solution, the electrospun nanofiber filters
composed of PCL/GEL, NY, PVDF, and PS exhibited
non-uniform density and locally concentrated regions
of electrospun nanofibers (Fig. 2a). The non-uniform
density of electrospun nanofibers was attributed to the
microfibrous structure of the non-conductive mesh collec-
tor. Such microfibrous structures of the collector aggre-
gated the electrospun nanofibers to cause non-uniform
deposition, even with non-conductive collectors [72, 73].

@ Springer



1094

Advanced Fiber Materials (2023) 5:1088-1103

By contrast, electrospun nanofibers fabricated with the
electrolyte solution self-assembled on the surface of the
electrolyte solution, and thereby, a uniformly distributed
SAEN filter was exhibited on the non-conductive mesh
collector. As shown in Fig. 2b, the declining tendency
of diameter distribution of nanofibers did not show sig-
nificantly between electrospun nanofibers filters fabri-
cated with or without the electrolyte solution, rather the
smaller diameter of nanofiber filters is generally known
to enhance the surface-to-volume ratio, which provides
higher PM filtration efficiency by sieving and adhesion
for smaller PM. For the quantitative comparison, the
thickness of the SAEN filter and electrospun nanofiber
filter fabricated without the electrolyte solution were
measured along reference line m(x) indicated in Fig. 2a
(c). Interestingly, the thick regions of the electrospun
nanofiber filter fabricated without the electrolyte solution
coincided with the ridge of the fibrous structure of the
mesh collector. Furthermore, the thin regions of the elec-
trospun nanofiber filter fabricated without the electrolyte
solution were observed in the voids of the non-conductive
mesh. In contrast, all SAEN filters had a uniform thick-
ness regardless of the deposited location of SAEN filters.

For further analysis of the SAEN filters, the cross-
sectioned morphology of the SAEN filter and electrospun
nanofiber filter fabricated on the non-conductive mesh
collector without the electrolyte solution are shown in
Fig. 3. Electrospinning without the electrolyte solution
on the non-conductive mesh collector generated a non-
uniform electrospun nanofiber filter mainly on the fibrous
structure of the mesh collector (Fig. 3a-(i)). Meanwhile,
electrolyte-assisted electrospinning produced electrospun
nanofibers that were self-assembled on the surface of the
electrolyte solution and formed into a uniformly distrib-
uted SAEN filter on top of the mesh collector (Fig. 3a-
(i1)). For the study of thickness of the SAEN filter and
electrospun nanofiber filter fabricated without the elec-
trolyte solution, the cross-section image of each sample
embedded in PDMS are shown in Fig. 3b-(i) and (ii),

a
(i)
ﬂ)ve-ﬂ-\r . N R~ e i,
~ — \ - -
Electrospun Nanofiber Filter
(i)

3 =
SAEN Filter

Fig.3 A cross-sectioned morphology of the electrospun nanofiber fil-
ter fabricated without the electrolyte solution (a-(i)) and the SAEN
filter (a-(ii)) on the non-conductive mesh collector. PDMS-embedded
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respectively. As displayed in Fig. 3b-(i), the electrospun
nanofiber filter fabricated without the electrolyte solution
exhibited the locally thick regions. Meanwhile, Fig. 3b-
(ii) shows a uniformly distributed SAEN filter through-
out the non-conductive mesh collector. Considering the
various factors that are applied to electrospinning, the
polymer type would influence the deposition behavior of
electrospun nanofibers. However, the deposition behavior
of electrospun nanofibers was mainly governed by inertia
and electrostatic force, not the type of polymer. Thus,
with appropriate electrospinning conditions, including
concentration, flow rate, applied voltage, and distance,
for each polymer type, the SAEN filter could be success-
fully fabricated on the collector with uniform thickness.
These observations indicated that the SAEN filter would
possess a uniform thickness regardless of the polymer
type and the topography of the collector.

Numerical Simulation of Electrospinning
with or Without the Electrolyte Solution

Given that the deposition of electrospun nanofibers is gener-
ally determined by the electrostatic attraction between the
charge of electrospun nanofibers and the electric field, the
deposition of electrospun nanofibers on the mesh collector
system was investigated by the numerical simulation of the
electric field. Figure 4a-(i) illustrates the configuration of
the electrospinning process with the mesh collector system.
The assumption was that the mesh collector had a microfi-
brous structure, and electrolyte solution totally covered the
mesh collector. In practice, the electrolyte solution can wet
the fibers and exhibit sagging air-liquid interfaces due to
capillary forces. Considering that the contact angle and the
capillary force are varied according to the type of materi-
als and plasma treatment [76], curved air-electrolyte solu-
tion interfaces were estimated based on the different contact
angles from 45° to 90°. The direction and average intensity
of the electric field on the mesh collector were visualized by
the direction and size of the red arrow, respectively, along

cross-sectional image of the SAEN filter (b-(i)) and the electrospun
nanofiber filter fabricated without the electrolyte solution (b-(ii)).
Scale bars are 100 pm
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Fig.4 (a-(i)) The simulated direction of the electrostatic field for a
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45° (a-(vi)) along the reference line p(x). Inset of (a-(ii)): The mag-
nified electric field toward the mesh collector without the electrolyte

an imaginary line p(x). As shown in Fig. 4a-(ii) and (iii), the
electric field was concentrated toward the ridge of the micro-
fibrous structure of the mesh collector for the case without
the electrolyte solution but was evenly distributed toward
the whole region of the mesh collector for the case with the
electrolyte solution. Also, the average electric field intensity
(E,) for the mesh collector without the electrolyte solution
was much smaller than that of the mesh collector totally cov-
ered with the electrolyte solution. Owing to the polarization
of the non-conductive mesh collector, the electric field was
focused toward the ridge of the microfibrous structure for the
case without the electrolyte solution, as shown in Fig. 4a-
(i) [74, 75]. For the case of the electrolyte solution, the
electrolyte solution totally covered the non-conductive mesh
collector and generated a uniformly distributed electric field
toward the surface of the electrolyte solution, as shown in
Fig. 4a-(iii-vi). The presence of electrolyte solution dramati-
cally increased the uniformity of the direction and intensity
of the electric field toward the mesh collector. In Fig. 4b-(i)
and (ii), the direction and average intensity of these elec-
tric fields are compared with or without electrolyte solution
with different contact angles. The electric field was evenly
distributed along the reference line p(x) in the presence of
electrolyte solution rather than without electrolyte solution,
while a slight variation in the electric field was observed
between the electric field under different contact angles.

solution. The direction of the electric field (b-(i)) and average electric
field intensity (E)) (b-(ii)) to the mesh collector system with or with-
out the electrolyte solution with different contact angles along the ref-
erence line p(x). Inset of (b-(i)): The magnified image of the direction
of the electric field

Furthermore, using an electrolyte solution could increase the
average intensity of the electric field concentrated toward the
mesh collector. On the basis of these results, the electrospun
nanofibers would be uniformly deposited with the help of
the electrolyte solution, even though the mesh collector had
topographies of the microfibrous structure.

PM Filtration Efficiency, Pressure Drop, and Air
Permeability of SAEN Filters

Figure 5a shows a schematic of air filtration with an electro-
spun nanofiber filter and SAEN filter onto the fabric mask
in contaminated air. Based on previous observations and
simulation results, large pores or voids were observed on the
electrospun nanofiber filters fabricated without electrolyte
solution (Fig. 5b). In contrast, the SAEN filter was found
to be uniformly formed throughout cotton fibers (Fig. 5c).
Figure 5b, c display the air filtration mechanism of electro-
spun nanofiber filter with or without electrolyte solution,
respectively. PM can be filtered through adhesion and siev-
ing due to inertial deposition, blocking, electrostatic deposi-
tion, and diffusion [24]. However, the electrospun nanofiber
filter fabricated without electrolyte solution can pass PM
due to the existence of large pores or voids. On the other
hand, the SAEN filter, possessing uniform thickness, could
effectively filter PM by sieving and adhesion. Furthermore,
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and the mechanism of the slip effect of airflow by nanonets (d)

considering that the SAEN-NY filter exhibited nanonets
with their extremely small diameter (~20 nm) that is smaller
than the mean free path of air molecules (~66 nm), nanonets
could enhance the slip effect of air, leading to a decrease in
pressure drop (Fig. 5d) [41].

Figure 6a shows the PM, s filtration efficiency of the
SAEN filter and electrospun nanofiber filter fabricated
without the electrolyte solution. Given that the filtration
efficiency increases with the thickness of the electrospun
nanofiber filter, a thick electrospun nanofiber filter is effec-
tive in terms of filtration. Thus, electrospinning time was
empirically determined for the SAEN filter to reach its PM, 5
filtration efficiency comparable with that of a KF94 mask. In
Fig. 6a, the SAEN filters demonstrated superior PM, s filtra-
tion efficiency over the fabric mesh. In addition, the PM, 5
filtration efficiency of the SAEN filter was higher than that
of the electrospun nanofiber filters fabricated without the
electrolyte solution over at least a 3—15% increase with the
same electrospinning time. These enhanced PM, s filtration
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of the SAEN filters were similar to or higher (>97.99%) than
that of KF94 mask (97.86%). As another critical factor of air
filtration filters, pressure drops were also measured during
the air filtration test. The measured pressure drops of the
SAEN filter and the electrospun nanofiber filter fabricated
without the electrolyte solution are presented in Fig. 6b. The
absence of the electrolyte solution in the fabrication of the
electrospun nanofiber filter did not significantly affect the
pressure drops, and all measured pressure drops were similar
or lower than that of the KF94 mask. Quality factor (QF),
a measure of air filtration performance based on filtration
efficiency and pressure drop, was calculated as follows:
_ —InP

QF = -~ @)

where P is the ratio of the penetration rate of PM, and
Ap is the pressure drop across the filter media. Here, P is
equivalent to 1—E, where E is the PM filtration efficiency
of the filter media. A large QF value represents the high
performance of the filter. Figure 6¢ compares the QF
values by PM, s filtration efficiency of the electrospun
nanofiber filter fabricated with or without the electrolyte
solution. The calculated QF values were 0.1323 +£0.0114,
0.1213+0.0112, 0.1053 +0.0064, and 0.0794 +0.0041 Pa~!
for SAEN-NY, SAEN-PCL/GEL, SAEN-PVDF, and SAEN-
PS filter on the fabric mesh, respectively. These values
were similar to or larger than the QF range of KF94 mask
(0.0989-0.1189 Pa~!). Especially, the SAEN-NY filter
showed the highest QF among other SAEN filters or KF94
mask. Data of P and Ap for the calculation of QF was shown
in Table S1.

Air permeability is another essential factor in the per-
formance of numerous devices, including medical patches,
clothing, and air filters. Since electrospun nanofiber filters
and SAEN filters were deposited onto the fabric mesh, their
air permeability was lower than that of fabric mesh, as shown
in Fig. 6d. The air permeability of SAEN-NY, SAEN-PCL/
GEL, SAEN-PVDF, SAEN-PS filters were 10.09 +0.96,
9.73+2.49, 14.83+1.20, and 11.63+2.51 cm s™!, respec-
tively. Considering that the air permeability of KF94 mask
was 10.16 +0.55 cm s~ ', all SAEN filters possessed similar
or higher air permeability than KF94 mask. Furthermore,
airflow also plays a significant role in the PM filtration effi-
ciency, pressure drop, and QF of air filters. Generally, as
airflow velocity increases, the filtration efficiency decreases,
and pressure drop increases. In Fig. 6e, PM, ; filtration effi-
ciency and pressure drop of electrospun nanofiber filters and
SAEN filters made of four different polymers followed a
general tendency of pressure drop according to the velocity
change of airflow. However, since the change of pressure
drop has a greater effect on QF than the filtration efficiency,
QF values of SAEN filters could be decreased as the velocity
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four different SAEN filters and electrospun nanofiber filters fabri-

of airflow increases, as shown in Fig. S2. The morphology
of SAEN filters before and after air filtration is illustrated
in Fig. 6f. As expected from the self-assembled structure
of SAEN filters with similar or higher PM, s filtration effi-
ciency compared with commercial masks, each SAEN filter
could capture PM, 5 and below by adhesion and sieving with
self-assembled electrospun nanofibers. Given its high PM, 5
filtration efficiency and QF with considerable air permeabil-
ity compared with the KF94 mask, the SAEN filter appeared
effective as a filter.

The SAEN filters were further characterized using
small PM sized below 1.0 um or 0.5 um. As exhibited in
Fig. 7a, the PM, ,, filtration efficiency of all SAEN filters
was within the range of that of KF94 mask. In Fig. 7b, the
SAEN-NY filter showed 20% higher PMj 5 filtration effi-
ciency than KF94 mask and was more effective than other
SAEN filters in terms of PM, 5 filtration. Considering that
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cated without the electrolyte solution compared to fabric mesh and
the KF94 mask. f Magnified SEM images of PM non-filtered and PM
filtered SAEN filters made of four different polymers. All scale bars
are 10 um

PM, , and PM,, 5 were simultaneously counted with PM, s
by PM sensors, the pressure drop would have been the
same during the measurement of PM, 5, PM, ,, and PM; 5,
as shown in Fig. 7b. Thereby, QF could be calculated by
PM, , and PM 5 filtration efficiency because QF is the
function expressed by the filtration efficiency and the pres-
sure drop. The assumption was that the QF of all SAEN fil-
ters was similar to or higher than that of KF94 mask under
the same experimental environment, indicating that the
performance of all SAEN filters was comparable with or
more effective than that of KF94 mask. Given that daily air
filter masks are widely consumed because of pathogens,
such as COVID-19, or increasingly serious air pollution, a
tremendous amount of these materials have been discarded
due to challenges of reuse or recycling, significantly harm-
ing the environment. Here, the repetitive fabrication and
detachment of the SAEN filter on a single fabric mask was
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a b efficiency (99.19+0.11%) and had a similar performance to
N el B e the SAEN-NY filter on the fabric mesh, indicating that the
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Fig.7 PM, (a) and PM, 5 (b) filtration efficiency of SAEN filters
and electrospun nanofiber filters fabricated without the electrolyte
solution. ¢ PM, 5 filtration efficiency of the SAEN filter under the
repetitive cycle of fabrication, use, and detachment. Inset of ¢: the
image of the repetitive cycle of the fabrication, use, and detachment
of the SAEN filter on a single fabric filter. Scale bars are 5 cm. d
Base weight of the mask, the SAEN filter, and the SAEN filter with
a fabric mask

studied as a solution for mask waste reduction. The SAEN
filter, which played a critical role in the air filtration, was
repetitively fabricated and detached after being used. Gen-
erally, deposited nanofibers cannot retain their shape and
morphology when reunited after detachment from the col-
lector, making it difficult to reuse the SAEN filter after
separation. However, the separated fabric mask for the
mechanical support of the SAEN filter could be reused
fabric mask for the mechanical support of the SAEN filter
could be reused, as shown in the inset of Fig. 7c. Air fil-
tration tests of the repetitively fabricated SAEN filters on
a fabric mask revealed their effective PM, s filtration effi-
ciency comparable with that of KF94 mask (Fig. 7c). Fur-
thermore, the detached SAEN filter weighed only around
0.08 g, which is 1% of the mass of KF94 mask (Fig. 7d).
In consideration of the waste of commercial masks, SAEN
filters are expected to reduce the waste generated by dis-
posable masks in daily life.

With PP wiper adopted as another substrate, the PM, 5
filtration efficiency was compared between SAEN filters
and electrospun nanofiber filters fabricated without the
electrolyte solution to confirm the applicability of SAEN
filter fabrication to other substrates (Fig. S3). The PM, 5
efficiency of SAEN-NY, SAEN-PCL/GEL, and SAEN-PS
filter increased by 18%, 14%, and 28%, respectively, com-
pared with that of electrospun nanofiber filters fabricated
without the electrolyte solution even on PP wipers. Moreo-
ver, the SAEN-NY filter showed the highest PM, s filtration
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nanofiber filter fabricated without the electrolyte solution.
In general, thin parts of electrospun nanofiber filters could
diminish filtration efficiency. The electrospun nanofiber filter
fabricated onto the non-conductive mesh collector without
the electrolyte solution had many locally thin parts with
small numbers of nanofibers and thus could allow most air-
flow to pass through them. Thus, the PM in the airflow pass-
ing through relatively thin parts was not sufficiently filtered
through sieving and adhesion, leading to the low filtration
efficiency of the electrospun nanofiber filter. By contrast,
a constant velocity profile, which is close to the initial set-
ting speed, was observed through the SAEN filter in Fig.
S4a-(ii). Comparison between the velocity of the electrospun
nanofiber filter fabricated without the electrolyte solution
and SAEN filter is shown in Fig. S4b. On the basis of PM, 5
filtration experiments and simulation results, the SAEN filter
could perform more stable PM filtration than the electrospun
nanofiber filter fabricated without the electrolyte solution.

Colorimetric Formaldehyde Sensing
by Dual-Functional SAEN Filter

Another major cause of air pollution is VOCs, which can
cause mild pain or even death depending on the type of
compound and the amount of exposure. Half-face or full-
face respirators with high VOC removal rates, similar to
95% PM, s filtration efficiency from disposable masks, have
been widely employed. However, their usage is inconvenient
for daily life because the VOC absorption function is only
achieved when the respirators are equipped properly. In addi-
tion, respirators or gas absorbers have been limited to higher
VOC concentrations than allowable gas concentrations.
Given that small amounts of VOC could harm people, indi-
viduals would already be exposed to the potential risk when
they could not recognize the high levels of VOCs. In this
regard, VOC gas sensing and alarming would be an effec-
tive way to determine the existence of the VOC and avoid
the danger of the VOC. In this study, the dual-functional
SAEN filter on the mask would detect formaldehyde gas
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Fig.8 a Schematic diagram of formaldehyde gas sensing with the
dual-functional SAEN filter on the mask. b Yellow-to-red color
changing of the dual-functional SAEN filter through exposure to for-
maldehyde gas. The scale bar is 5 cm. The RGB values from captured
images (c¢) and photographs (d) presented the yellow to red color
change of the dual-functional SAEN filter upon exposure to 5 ppm
formaldehyde gas for 30 min

and notify the existence of the formaldehyde gas according
to its eye-readable color change. Among VOCs, formalde-
hyde, a representative indoor VOC, is colorless and indistin-
guishable from the naked eye and is generally emitted from
wooden floors, decorative paints, furniture, and cosmetics.
Long-term exposure to formaldehyde would cause serious
health problems, including skin rashes, shortness of breath,
wheezing and changes in lung function, and even underlying
death [77, 78]. Although nanofiber-based VOC gas sensors
have been reported, the sequential process of electrospinning
and chemical treatment is required to achieve VOC gas sens-
ing functionalities [66, 79].

In this study, the one-step fabrication of a dual-functional
SAEN filter for both PM removal and colorimetric formal-
dehyde gas sensing was achieved by conducting electrospin-
ning with the electrolyte solution possessing a formalde-
hyde-sensitive colorimetric agent as a collector (Fig. 8a).
The colorimetric formaldehyde gas sensing function of the
dual-functional SAEN filter can be explained as follows.
First, the hydroxylamine in the dual-functional SAEN filter
reacts with formaldehyde gas in the air, forming an acid and
decreasing pH. Second, the change in the pH alters the color
from yellow to red due to the presence of methyl yellow in
the dual-functional SAEN filter, and this change could be
detected by the naked eye (Fig. 8b). For the quantitative
evaluation of the color change of the dual-functional SAEN
filter, the RGB values of the image of the dual-functional
SAEN filter with respect to exposure time are shown in

Fig. 8c. Red and blue values were almost fixed at around 255
and 105, respectively, but the green value decreased when
the exposure time of formaldehyde gas increased. Hence
the color of the dual-functional SAEN filter changed from
yellow to red. The time-lapse image of the dual-functional
SAEN filter under formaldehyde gas is shown in Fig. 8d.
The exposure to formaldehyde gas induced the substantial
color change of the dual-functional SAEN filter from yellow
to red, demonstrating onsite and eye-readable formaldehyde
detection.

The effectiveness of the dual-functional SAEN filter was
further evaluated with different concentrations of formalde-
hyde gas and times after fabrication, as shown in Fig. 9a, b.
As the formaldehyde gas concentration increased, the red
and blue values were kept constant, and the green values
decreased, which demonstrated the possibility of measuring
the exact concentration of the formaldehyde gas by evalu-
ating color change (Fig. 9a). After storing the fabricated
dual-functional SAEN filters for 1, 2, and 3 weeks, dual-
functional SAEN filters showed similar color change for
30 min at a 5 ppm concentration of formaldehyde gas, and
thus the dual-functional SAEN filter could be effective for
detecting formaldehyde gas without significant performance
change for at least 3 weeks (Fig. 9b). In Fig. 9c, the mor-
phology of dual-functional SAEN filter after PM filtration,
the formaldehyde gas reaction, and a sequential combina-
tion of the two processes was exhibited to demonstrate the
morphology change of the dual-functional SAEN filter. SEM
images of four cases confirmed the morphology changes of
the SAEN filter when adding the formaldehyde gas reaction.
Furthermore, PM, s filtration efficiency, pressure drop, qual-
ity factor, and color change of dual-functional SAEN filters
with different exposure times were evaluated, as displayed
in Fig. 9d. The PM, ; filtration efficiency and pressure drop
slightly changed due to the morphological change by formal-
dehyde gas reaction, which can contribute to enlarging the
surface area to sieving and adhesion for PM and suppress-
ing the airflow causing the decrease of pressure drop. As a
result, the QF value also slightly changed due to the relation-
ship between PM, s filtration efficiency and pressure drop
for QF calculation. However, QF values of dual-functional
SAEN filter after formaldehyde gas detection were slightly
degraded and maintained a high value compared to a KF94
mask.

On the basis of all experimental and simulated results,
the fabricated dual-functional SAEN filters are effective for
simultaneous PM filtration and sensing formaldehyde gas
in practical use. This fabrication process could be applied
for highly efficient and practical applications that deal with
complex air pollution.
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and time after fabrication (1, 2, and 3 weeks) (b). ¢ SEM images of
dual-functional SAEN filter after PM filtration, after formaldehyde

Conclusion

In summary, a one-step fabrication of dual-functional SAEN
filters for PM filtration, and detection of formaldehyde gas
was demonstrated as a facile strategy. SAEN filters were
directly deposited onto the non-conductive mesh collector
with uniform deposition and exhibited high PM, s filtration
efficiency. In addition, the SAEN filter could facilitate the
permeation of airflow similar to the commercial masks,
resulting in a high QF, and could be fabricated with uniform
deposition even onto the PP wiper with high PM, s filtration
efficiency. Small PM below 1.0 or 0.5 um was also captured
by the SAEN filter, resulting in its higher PM, ; and PM,, 5
filtration efficiency than the commercial mask. Meanwhile,
a repeated cycle of the fabrication, use, and detachment
of the SAEN filter on a single fabric mask was developed
by discarding only the SAEN filter and reusing the fabric
mask. As a result, the waste was dramatically reduced com-
pared with that when using a commercial air filter mask.
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gas reaction, and after a combination of the two processes. All scale
bars are 1 um. d PM, s filtration efficiency, pressure drop, quality fac-
tor, and color change of dual-functional SAEN filters with different
exposure times

The PM, s filtration efficiency of the SAEN filter on a single
fabric mask was higher than that of commercial masks but
did not decrease with repeated fabrication and detachment.
Finally, during electrospinning, the formaldehyde-sensitive
agents were impregnated into the SAEN filter. Thus, the
dual-functional SAEN filter was fabricated for PM removal
and formaldehyde gas sensing. Gradual colorimetric change
in response to formaldehyde gas was detected on the site in
an eye-readable manner. Owing to the severity and com-
plexity of air pollution and the diversification of its causes,
this one-step fabrication of dual-functional SAEN filters
would provide numerous opportunities for various applica-
tions in individual respiratory protection and indoor facility
purification.
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