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Abstract: Particulate matter (PM), composed of tiny solids and liquid droplets in polluted air,
poses a serious threat to human health. Traditional air filters usually cause secondary pollution
due to their poor degradability. Here, shellac, as an environmentally friendly natural organic
material, was successfully applied to fabricate biodegradable air filters. Since pure shellac fiber
shows poor mechanical properties and bad light transmittance, we then introduced a small amount
of polyvinylpyrrolidone (PVP) in the shellac solution to prepare highly efficient air filter membranes
by the electrospinning method. The prepared PVP-assisted shellac nanofiber membrane (P-Shellac
FME) demonstrated improved filtration efficiencies as high as 95% and 98% for PM; 5 and PM;y,
respectively. The P-Shellac FME also showed good stability, with filtration efficiencies still above
90% and 95% for PM; 5 and PMj even after six hours of air filtering under high PM concentrations.
The pressure drop going through the filter was only 101 Pa, which is also comparable to the value of
76 Pa obtained using commercial polypropylene nanofibers (PP nanofibers, peeled off from the surgical
mask), indicating good air permeability of P-Shellac FME. Additionally, P-Shellac FME also showed the
advantages of translucence, biodegradability, improved mechanical properties, and low cost. We believe
that the P-Shellac FME will make a significant contribution in the application of air filtration.
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1. Introduction

With the rapid development of our society, air pollution caused by human activities
results, including from coal burning, industrial production, and vehicle emissions [1-3].
Particulate matter (PM) in the air pollution, defined as a suspended mixture of minute solid
particles (comprising SO, NOyx, CO, heavy metals, and volatile organic compounds) and
liquid droplets [4-6], seriously affects our living environments and has a great impact on
human health [4,7-14]. In particular, PM; 5 and PM;o, whose particle sizes are less than or
equal to 2.5 um and 10 pm, can enter the human circulation system through the respiratory
tract, and cause damage to the lungs, heart, bronchus and other organs, and even lead to
cancer [8,15-18]. Figure 1a shows a clear and a hazy day in a famous scenic spot in Beijing,
where high PM concentration and poor visibility always appear. With the improvement of
people’s health consciousness, air filters are becoming quite necessary and indispensable.

Fibrous filters can be made from many materials, including cellulose, glass, polymers,
ceramics, or metals, which are economical and capable of efficiently removing PM from
gas streams. Many polymers, such as polyurethane (PU) [19], polyacrylonitrile (PAN) [20],
poly(lactic acid) (PLA) [21], polyvinyl chloride (PVC), polystyrene (EPS) [22], etc., have been
reported in fabricating nanofiber membranes used for air filtration. However, these highly
corrosion-resistant materials cannot be degraded naturally, and usually require subsequent
incineration treatment, causing secondary pollution in the ambient air [23,24]. Shellac, as
a natural purple resin, is mainly distributed in Southeast Asia, such as Yunnan Province
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of China and Thailand. Shellac is generally recognized as safe by the Food and Drug
Administration (FDA), and therefore can be applied as a food additive and raw material
in food coatings and film formulations, which indicates its good biodegradability [25-29].
In addition, the price is low, at only USD 20 for one kilogram. In this study, we explored
the application of shellac nanofibers in air filtration. The purified shellac is a yellow
powder (Figure 1b), and the molecular structure is shown in Figure 1c [30]. According
to the literature, shellac is characterized by high brittleness. However, the polar-polar
interaction between two polymers can overcome the brittleness when another polymer
with high polarity was introduced (Figure S1) [31]. Shellac nanofibers also have bad light
transmittance (Figure S2a). To take advantage of the shellac nanofibers’ biodegradability
and improve their mechanical properties and light transmittance, we introduced a small
amount of polar polyvinylpyrrolidone (PVP) into the shellac solution, and successfully
prepared a uniform PVP-assisted shellac nanofiber membrane (P-Shellac FME) on a metal
mesh (150 mesh) using electrospinning technology. The filtration efficiencies of PM; 5 and
PMq for P-Shellac were 95% and 98.1%, respectively, which is 35-40% higher than that the
efficiencies of a surgical mask. In a word, the P-Shellac FME is an efficient, biodegradable,
translucent, breathable air filter and has potential application prospect.
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Figure 1. (a) A photo of a famous scenic spot in Beijing, which shows a clear and a hazy day on
the left and right, respectively. (b) Refined shellac powder. (c) The chemical structure of shellac
(R =CHO/COOH/CH,0H; R’ = CH,OH/CHy).

2. Materials and Methods
2.1. Materials

Shellac (99% refined bleached dewaxed shellac, food grade) was obtained from the
Chu Xiong Des Shellac Co. Ltd. (Yunnan, China), which meets the Chinese standard
GB-2760. PVP (M.W. = 1,300,000 g/mol), was bought from Shanghai Aladdin Bio-Chem
Technology Co. Ltd. Polypropylene nanofiber membrane (PP FME) was peeled off from a
surgical mask, which we bought from a supermarket. Ethanol (anhydrous, 99.7%) was obtained
from Shanghai Titan Scientific Co. Ltd. All chemicals were used without further purification.

2.2. Preparation of Shellac/PVP/P-Shellac Solution

Firstly, shellac and PVP powder were separately dissolved in ethanol to prepare shellac
(40% w/w) and PVP (8% w/w) solutions. Secondly, P-Shellac solution was prepared through
mixing the two solutions by a weight ratio of 3:1 (40% w/w shellac to 8% w/w PVP). Thirdly,
the mixed solution was stirred at 50 °C for 12 h to achieve a uniform P-Shellac solution.
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2.3. Equipment for Measurement and Characterization

The concentration of PM was tested using a Dust analyzer (PGM-300 KREVOR, China),
and the pressure drop (AP) before and after the air filter was measured by an electronic
pressure meter (SD20 SUMMIT, Korea). The morphology of the nanofiber membrane
was characterized by scanning electron microscopy (S-8010, Hitachi, Japan). Nano Measurer
software was used to estimate the diameter distribution for 100 randomly selected nanofibers
for each type of FME. Fourier Transform Infrared spectroscopy (FTIR) was performed by
using a Nicolet IS50 instrument (Thermal Fisher Scientific Inc., Madison, USA).

3. Results

The prepared solutions were filled into a 5 mL syringe with a feeding rate of 1.0 mL/h.
The applied voltage on the syringe was 15 kV and the distance between syringe tip and
the collector was 13 cm. The nanofiber membranes were then collected on a stainless-steel
mesh (150 mesh), as shown in Figure 2. The time for electrospinning was 10 min for each
kind of FME. The temperature was maintained at 25 °C and the relative humidity was
controlled at 40-60%.

Electrostatic spinning

Precursor Solution

Figure 2. Schematic diagram for fabricating P-Shellac air filter by electrospinning method.

Figure 3a—c show the scanning electron microscopy (SEM) and diameter statistics of
nanofibers fabricated from pure shellac, pure PVP and P-Shellac, respectively. The pure
shellac nanofibers exhibited rough edges and a broad diameter distribution with the range
of 400-1000 nm with a mean diameter of around 650 nm (Figure 3a), while PVP nanofibers
had a smooth surface and a more uniform diameter in the range of 250-350 nm with a mean
diameter of around 270 nm (Figure 3b). In comparison to pure shellac nanofibers, P-Shellac
nanofibers possessed a smoother surface and a more uniform diameter, mainly (about 73%)
distributed in the range of 200-500 nm with a mean diameter of around 439 nm (Figure 3c).
The standard deviations of the mean diameters at different positions in the FME were less
than 10 nm for all the three FME. The P-Shellac FME became translucent, while the shellac
FME exhibited a white color (Figure S2). At the same time, the mechanical properties of
P-Shellac nanofibers were obviously improved, as indicated by the tensile stress—strain
curves (Figure S3). When we drew lines on the surface of the nanofiber membranes with
tweezers, there was a clean scratch on the P-Shellac FME, but much shellac powder could
be seen on the pure shellac FME (Figure S1).



Appl. Sci. 2021, 11, 11094 40f9

| Mean=650 (um) |

400 600 800 1000 1200 1400
Distr.(nm)

[Mean=438.73

— P\ P

400 500 600 700
Distr.(nm)

e Shellac

e P_Shellac FME
4000 3500 3000 2500 2000 1500 l1000 500
Wavenumbers (¢cm )

Transmittance / % >~

Figure 3. SEM images of nanofibers made from pure shellac (a), pure PVP (b), and P-Shellac (c). The
insets in (a—c) are the diameter statistics of the nanofibers. (d) FTIR of three kinds of nanofibers.

The results of the FTIR characterization of pure shellac nanofibers, pure PVP nanofibers,
and P-Shellac nanofibers are shown in Figure 3d. Firstly, for pure shellac nanofibers, the
peaks at 3420 ecm—1 1716 em™ !, and 1255 cm ™! were due to -OH, C=0 and C-O stretch-
ing vibration, respectively. For pure PVP nanofibers, the characteristic peaks appearing
at around 3449 cm~! were ascribed to the -OH stretching vibration [32], while stronger
absorption peaks at 1655 cm ™!, 1420 cm ! were ascribed to C=0 and C-N stretching vi-
bration, respectively. Compared with pure shellac, the mechanical properties of P-Shellac
nanofibers were greatly improved, owing to the hydrogen bond formed between PVP (-OH,
C-N and C=0) and shellac (C=0, C-O, -OH), as shown in Figure S1. The addition of PVP
in the P-shellac nanofibers should contribute to improved surface smoothness, diameter
distribution, and mechanical properties.

There is a clear effect of air filtration for P-Shellac FME, as shown in Figure 4. Two
transparent bottles were put together mouth to mouth, with P-Shellac FME between the
two bottles. PM fog was collected from burning incense, whose particle size, chemical
composition including CO, NO,, SO,, and organic compounds attached to the PM were
quite similar to those found on hazy days [33]. The top bottle was filled with PM fog,
while there was only clean air in the bottom bottle. After 20 min, the bottom bottle with
P-Shellac FME was still clear, and the PM fog remained only in the upper bottle (Figure 4a).
By contrast, the bottom bottle without P-Shellac FME became foggy (Figure 4b). The
translucent P-Shellac FME turned yellow after PM filtration (Figure 4c,d), indicating its
good filtration efficiency. We found that P-Shellac FME has quite good hydrophilicity with
a water contact angle of only 13 degrees (Figure S4), which is between PVP (10.7 degrees)
and shellac (22 degrees). Hence, the wettability of nanofiber membrane is good and the
air pollutants easily spread on the nanofibers, which could be one of the reasons for high
filtration efficiency [34,35].



Appl. Sci. 2021, 11, 11094

50f9

Figure 4. A simple filtration setup with (a) and without (b) P-Shellac FME between the top and
bottom bottles. The top bottle was filled with PM fog. Optical images of P-Shellac FME before (c)
and after (d) PM filtration.

To exactly evaluate air filtration efficiency, we designed a setup especially for air
filtration in our lab as shown in Figure 5a. Polluted air (mainly PM,5 and PM;g) was
produced by burning incense in a closed acrylic box. Suction pump and dust analyzer (PGM)
was used to control the rate of air flow and measure the concentration of PM, respectively.
Dust analyzer 1 (PGM-1) was connected to collection bottle 1 (CB1’) with unfiltered air, while
dust analyzer 2 (PGM-2) was connected to collection bottle 2 (CB2) filled with filtered air.
Filtration efficiency was calculated according to the following equation:

E(%) = Crav-2 0 1)
CrgM-1

where Cpgm-2 is the concentration of PM; 5 and PMjy measured by PGM-2, and Cpgp-1
is the concentration of PM,5 and PM;p measured by PGM-1. We first measured the
concentration of PM in collection bottle 1 (CB1’) after incense burning for 6 h. In addition,
the average concentrations of PM; 5 and PM; of PM fog were 2150 ug/ m?3 and 5600 ug/ m3,
respectively (Figure S5). We then measured the concentrations of PM; 5 and PMj in
collection bottle 2 after air filtration lasting 3 h. The filtration efficiency of commercial PP
was also introduced for comparison.
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Figure 5. (a) Schematic of air filter setup and (b) pressure drop measurement.

The filtration efficiencies of PM, 5 for FMEs made from PVP, shellac, P-Shellac and PP
were 73%, 93.1%, 95% and 55.2%, respectively. The filtration efficiencies of PM;q for FMEs
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made from PVP, shellac, P-Shellac and PP were 84.5%, 96.3%, 98.1% and 72.7%, respectively.
Among the four kinds of nanofiber membranes, P-Shellac FME gave the highest filtration
efficiency for both PM; 5 and PM;g, much higher than PP and PVP, and a little higher than
shellac (Figure 6a, Table 1). The nanofiber structure of P-Shellac and pure shellac with
varying diameters should be the main reason for the high filtration performance, in which
the large-diameter nanofibers with large pores play a supporting role, and they will be
further divided into smaller pores by small-diameter nanofibers. The BET analysis showed
that P-Shellac FME have the largest surface area, at 67.9 m?/g, and the most mesoporous
structure, much higher than the other two FMEs (Table S1 and Figure S6). The hierarchical
pore structure thus could improve the filtration efficiency, delay PM aggregation, and
finally result in a large pollutant carrying capacity.
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Figure 6. (a) Filtration efficiency and (b) pressure drop of four nanofiber filters. In particular, PP is
peeled off from a surgical mask.

Table 1. Performance summary of air filters.

Air Filter Epmz.s (%) Epmio (%) AP (Pa) QFpm25 (Pa—1) QFpm1o (Pa—1)
PVP 73 84.5 114 0.0115 0.016

Shellac 93.1 96.3 133 0.0201 0.0247
P-Shellac 95 98.1 101 0.029 0.0392

PP . 55.2 72.7 76 0.01 0.0171
(commercial)

E = PM filtration efficiency; AP = pressure drop; QF = quality factor.

Besides filtration efficiency, air permeability is another important feature for air filters.
Pressure drop measurement was then carried out as demonstrated in Figure 5b. At an
air flow rate of 0.25 m/s, the pressure drops (AP) of FMEs for PVP, shellac, P-Shellac and
PP were measured to be 114 Pa, 133 Pa, 101 Pa and 76 Pa, respectively (Figure 6b), which
exhibited only 0.11%, 0.13%, 0.1% and 0.07% pressure drops with reference to atmospheric
pressure (101,325 Pa). It was found that all the three FMEs have comparable air permeability
to commercial filter PP. The filtration performance of FME is evaluated by a quality factor
(QF) [36], which is defined as: ( )

—In(1-E

QF = — = @
where E is the filtration efficiency of PM and AP represents the pressure drop. P-Shellac
FME showed much higher QF (Pa—1) for PM, 5 and PMyg (0.029, 0.0392) than that of
PVP (0.0115, 0.016) and shellac FME (0.0201, 0.0247), which indicates that the hydrogen
bond formed in the mixture P-Shellac could improve the filter performance (Table 1). The
QFs of PM; 5 and PM for FEMs fabricated from PVP, shellac and P-Shellac were all higher
than that of the commercial PP air filters (0.01, 0.0171).

4. Discussion

We then investigated the filtration mechanism of P-Shellac FME (Figure 7). To explore
the filtration process in the FEM, the PM filtration by P-Shellac nanofibers at different times
(Oh,0.5h,1h,2h, 3 h, 6 h) was characterized by SEM. Before air filtration started, the
surface and edge of the P-Shellac nanofibers were smooth (Figure 7a). PM particles were
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randomly captured and adhered tightly to the nanofiber surface when polluted air flowed
through the P-Shellac nanofiber network (Figure 7b,c). While the air filtration was taking
place, PM particles gradually aggregated (Figure 7d), wrapped (Figure 7e), and diffused
uniformly (Figure 7f) on the surface of nanofibers. The nanofiber surface became smooth
again, although the diameter increased, which maintained the interspace of nanofibers and
caused them to still possess good air permeability after 6 h of air filtration (Figure 7g). We
also studied the reasons for the induction of interception and deposition of PM. In view of the
molecular structure of P-Shellac, there are large quantities of hydroxyl and ester groups in
shellac and larger dipole moment (around 2.3 D) in PVP [37]. The generated strong dipole—
dipole and induced-dipole intermolecular forces could obviously increase the adsorption
ability of P-Shellac FME [38]. FTIR characterization of three FMEs after air filtration showed
that each of the three -OH, C=0 and C-O stretching vibrations became weak, indicating the
existence of an interaction between PM and nanofiber membranes (Figure S7).

120
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Figure 7. (a—f) SEM images of P-Shellac nanofiber membranes under a continuous flow of smoke
at different times (O h, 0.5h, 1 h, 2 h, 3 h and 6 h). (g) Schematic diagram of the air filtration and
aggregation of PM particles on P-Shellac FME. (h) Filtration efficiency and pressure drop for P-Shellac
FME filtered at different times.

The filtration efficiency and air permeability of P-Shellac FME has good long-term
stability (Figure 7h). Under high PM concentrations, air filtration lasted continuous six
hours, the filtration efficiency of PMj, 5 and PMjg could still be maintained at above 90%
and 95%, respectively. Moreover, the pressure drop presented negligible change, imply-
ing that the P-Shellac FME could keep good air permeability even under long-term and
high-concentration PM filtration. Hence, P-Shellac FME showed superior comprehensive
performance as an air filter.

5. Conclusions

In summary, we successfully fabricated P-Shellac FME by a facile electrospinning
method. The obtained P-Shellac FME exhibited excellent filtration performance for both
PM, 5 and PM;g, and was much higher than that of commercial materials. Owing to its
special chemical structure, P-Shellac FME not only showed high filtration efficiency up to
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95% and 98% for PM; 5 and PMj, but also possessed decent air permeability and translu-
cence. Moreover, P-Shellac FME has the characteristic of biodegradability, avoiding the
secondary pollution during the decomposing process of traditional nanofiber filters. We
believe that the high filtration performance, good air permeability, nice stability, translu-
cence, biodegradability and low price of shellac give the P-Shellac FME great potential in
real applications.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/app112311094/s1, Figure S1: Optical images of P-shellac FME and shellac fiber membrane
scratched by a tweezer, Figure S2: Optical images of pure shellac nanofiber membrane and translucent
P-Shellac FME, Figure S3: The tensile stress—strain curves, Figure S4: Contact angles, Figure S5: The
concentrations of PMjy and PMj 5 in CB1’, Figure S6: BET analysis, Table S1: BET analysis summary,
Figure S7: FTIR of three FMEs after air filtration.
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