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� A true-nanoscale PLA nanofiber with
an average size of 37 ± 4 nm was
fabricated.

� The multi-scale structured nanofiber
membrane was designed by one-step
method, and the performance
parameters were optimized.

� The mask filter made of multi-scale
structured nanofiber membrane
showed high filtration efficiency and
breathability.

� The resultant mask filter has
biodegradability and would be a great
substitute for existing commercial
masks in the future.
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The usage of single-use face masks (SFMs) has increased since the outbreak of the coronavirus pandemic.
However, non-degradability and mismanagement of SFMs have raised serious environmental concerns.
Moreover, both melt-blown and nanofiber-based mask filters inevitably suffer from poor filtration perfor-
mance, like a continuous decrease in the removal efficiency for particulate matter (PM) and weak
breathability. Herein, we report a new method to create biodegradable and reusable fibrous mask filters.
The filter consists of a true nanoscale bio-based poly(lactic acid) (PLA) fiber (an average size of 37 ± 4 nm)
that is fabricated via electrospinning of an extremely dilute solution. Furthermore, we designed a multi-
scale structure with integrated features, such as low basis weight (0.91 g m�2), small pore size (0.73 lm),
and high porosity (91.72%), formed by electrospinning deposition of true nanoscale fibers on large pore of
3D scaffold nanofiber membranes. The resultant mask filter exhibited a high filtration efficiency (PM0.3–
99.996%) and low pressure drop (104 Pa) superior to the commercial N95 filter. Importantly, this filter
has a durable filtering efficiency for PM and natural biodegradability based on PLA. Therefore, this study
offers an innovative strategy for the preparation of PLA nanofibers and provides a new design for high-
performance nanofiber filters.

� 2021 Elsevier Inc. All rights reserved.
1. Introduction

The ongoing coronavirus disease (COVID-19) pandemic has led
to an increase in the usage of nonwoven single-use face masks
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(SFMs), with monthly estimated use of 129 billion face masks glob-
ally [1-4]. However, the extensive use and improper disposal of
face masks further aggravate plastic pollution on coasts and bea-
ches [5,6]. A report released by the marine conservation organiza-
tion, OceansAsia, had suggested that an estimated 1.56 billion face
masks entered marine environment in 2020 alone [7]. These masks
could take 450 years to completely decompose, slowly converting
to microplastics while negatively affecting marine wildlife and
might even entering human food chains [8–10].

A major contributor to this problem is the commonly used SFM,
which comprises undegradable petro-based polypropylene (PP)
melt-blown filter media [11]. This type of filter media can effec-
tively capture ultrafine particles through electrostatic adsorption
because it is charged after electret treatment. However, the
removal efficiency of SFMs decreases continuously because of the
weakening of electrostatic adsorption associated with charge dissi-
pation in moist human breath [12–14]. In addition, a short service
life and frequent mask changes, which further aggravates the
waste of environmental resources [15].

In contrast, nanofiber-based filter media has a reduced diame-
ter, high specific surface area, and high porosity [16–18]. Moreover,
it exhibits improved durability of filtration mainly through physi-
cal sieving, making it a promising candidate for air purification
[19–22]. In the early stage of this work [23], nanofiber electret
anti-haze window screens were fabricated by doping Si3N4 into
the PU nanofibers. They exhibited a removal efficiency of 79.36%
and a pressure drop of 25 Pa. However, despite improved filtration
performance, conventional nanofiber filters still require a high
thickness to improve further the removal efficiency for PM0.3 (par-
ticulate matters (PMs) with the most-penetration size of 300 nm).
Due to their pseudo-nanoscale diameter (usually > 100 nm), the air
resistance is compromised, leading to rough breathing when the
filters are used in masks or respirators [24–26]. Therefore, there
is growing interest in developing nanofiber filters with integrated
filtration performance by further reducing the fiber diameter
below 100 nm. Zhang et al. [27] created a poly(m-phenylene isoph-
thalamide) nanofiber/net air filter with a bimodal structure com-
posed of scaffold nanofibers and 2D nanonets with true
nanoscale diameters (~20 nm) via electrospinning/netting. The
composite membranes were capable of impeding the penetration
of 300–500 nm particles with a high removal efficiency of
99.999% and low pressure drop of 92 Pa. Zuo et al. [28] prepared
free-standing polyurethane (PU) nanofiber/net air filters, including
bonded nanofibers and 2D nanonets, with a diameter of ~ 20 nm by
integrating an electrospinning/netting technique and a facile peel-
off process from the designed substrates. The resultant filters
possessed > 99.97% filtration efficiency with ~ 40% transmittance
for PM0.3 filtration and purification capacity for real smoke PM2.5

filtration. In addition, Liu et al. [29] used a humidity-induced elec-
trospinning technology to fabricate polyacrylonitrile nanofiber/
nets with dual-network structures containing 2D ultrafine
(~20 nm) nanonets bonded with nanofiber scaffolds, which exhib-
ited high porosity (93.9%), high PM0.3 removal efficiency (>99.99%),
low air resistance (only < 0.11% of atmospheric pressure), and
promising purification of PM2.5. However, the application of
biodegradable true nanoscale fibers in air filter materials, such as
masks and respirators, has rarely been reported [30–32]. Moreover,
the preparation of environment-friendly bio-based and biodegrad-
able poly(lactic acid) (PLA) nanofibers < 50 nm has not been
reported yet [33,34].

Herein, we report a method to prepare a biodegradable, reusa-
ble, durable, breathable, and highly efficient face mask filter with a
multiscale structure based on green biodegradable PLA. The feature
of our design is that the true-nanoscale PLA fibers (TN-PLA) were
successfully fabricated for the first time via electrospinning tech-
nology. Further, we designed a multiscale structure formed by
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electrospinning deposition of TN-PLA on the large pores of 3D scaf-
fold nanofiber membranes (S-PLA). The multiscale structure was
optimized by tailoring the fiber density ratio of TN-PLA to S-PLA,
which possessed integrated features, such as small pore size, high
porosity, and narrow pore size distribution. The resultant face
mask filters exhibited comprehensive performance, including
robust PM0.3 removal capacity and low air resistance. More signif-
icantly, this filter has a durable recycling performance in filtration
PM and biodegradability.
2. Experimental part

2.1. Materials

PLA (Mr = 200000) was purchased from NatureWorks, Co., Ltd.,
USA. Tetrabutylammonium chloride (TBAC, C16H36ClN) was sup-
plied by Jiangsu Baoze Polymer Materials Co., Ltd., China. N, N-
dimethylformamide (DMF) (�99.0%), Dimethyl carbonate (DMC)
(�99.0%), alcohol (�99.0%), and sodium chloride (NaCl) were
obtained from Xilong Scientific Co., Ltd., China. All the chemicals
were analytically pure and used without further purification. Mos-
quito killing tablets were purchased from Jingzhou Yangchang
Daily Chemical Co., Ltd., China. PLA nonwoven fabric (20 g m�2)
was kindly supplied by Jiangxi Haorui Industrial Materials Co.,
Ltd., China. Commercial 3 M respirator were purchased from Min-
nesota Mining and Manufacturing Co. (3 M Co.), USA.

2.2. Preparation of PLA solutions

Precursor solutions were prepared using PLA, TBAC, DMC, and
DMF. To fabricate scaffold nanofibers, 0.5 wt% TBAC was dissolved
in DMC/ DMF (7/3) solvent and stirred for 3 h at 50 �C. Subse-
quently, PLA was added to the TBAC solution at concentrations of
9, 11, 13, and 15 wt% of the solution mass and stirred for 5 h at
70 �C. These solutions are denoted as PLA-0.5 T solutions. Similarly,
another type of solution was prepared using PLA, TBAC, and DMC/
DMF (5/5); the concentrations of PLA were 3, 5, 7, and 9 wt%,
respectively, whereas the TBAC was kept constant at 7 wt% to sig-
nificantly enhance the conductivity of the solutions. The resulting
solutions are denoted as PLA-7 T solutions.

2.3. Fabrication of PLA fibrous membranes

The electrospinning process was conducted using a modular
electrospinning machine (Zhongxian New Material Co., China).
The prepared PLA-0.5 T solutions were loaded into six spinning
units and pumped out at a speed of 10 mm min�1. The PLA nano-
fiber membranes were prepared under a constant voltage of 25 kV
and a spinning distance of 18 cm. Subsequently, the resultant
nanofibers were deposited on the nonwoven substrate that cov-
ered the stainless receiver at a receiving speed of 0.08 m min�1.
Similarly, PLA nanofiber membranes were fabricated using the
PLA-7 T precursor solution at a spinning voltage of 25 kV, 18 cm
distance, and 5 mm min�1 feed rate. According to the following
morphology characterization, PLA-0.5 T with 11 wt% and PLA-7 T
with 3 wt% concentrations were selected to fabricate S-PLA and
TN-PLA, respectively. Subsequently, the fabricated S-PLA and TN-
PLA solutions were loaded into a certain number of spinning units.
The total number of spinning units was six. By tailoring the num-
ber of S-PLA and TN-PLA spinning units, various multiscale struc-
tured PLA nanofiber membranes with different spinning unit
ratios (0/6, 1/5, 2/4, 3/3, 4/2, 5/1, TN-PLA/S-PLA) were prepared
at the same receiving speed (0.08 m min�1). Membranes with dif-
ferent weights were designed by varying the receiving speed. The
receiving speed was 0.04–0.2 m min�1. The spinning experiment



L. Wang, Y. Gao, J. Xiong et al. Journal of Colloid and Interface Science 606 (2022) 961–970
was conducted at a constant temperature of 25 ± 3 �C and humidity
of 30 ± 3%.

2.4. Nanofiber membrane characterization

The viscosity and conductivity of the solution were measured
using a digital viscometer (RVAV-1, Shanghai Yueping Scientific
Instrument Co., Ltd., China) and a conductivity meter (DDS-307,
Hangzhou Qiwei Instrument Co., Ltd., China). Scanning electron
microscopy (SEM, PW-100–515, Shanghai Fona Scientific Instru-
ment Co., Ltd., China) was performed to observe the morphology
of the nanofiber membranes. The pore size and porosity of the
nanofiber membranes were investigated using a high-
performance automatic mercury porosimeter (Autopore IV 9500,
Micromeritics). The mechanical properties of the membranes were
investigated using an XLW (EC) type tensile strength tester, and
their thicknesses were tested using a CH-12.7-STSX digital thick-
ness tester. Hydrophilicity and hydrophobicity were investigated
using a contact angle tester (Dataphysics OCA 15EC, Germany).

2.5. Filtration performance test

The filtration performance of composite membranes for rigid
solid particles (NaCl) with a mass mean diameter of 300–500 nm
was evaluated using a TSI 8130 automated filter material detector
under different airflow rates. The PM2.5 recycling purification mea-
surement was performed using a self-designed device. Smoke was
Fig. 1. SEM images of the PLA nanofiber membranes obtained from so
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generated by burning mosquito killing tablets. The PM detectors
were provided by Beijing Air Housekeeper Technology Co., Ltd.
The filtration efficiency and air resistance of the PM were calcu-
lated using the following formulas [35,36]:

g ¼ Cin � Cout

Cin
� 100%

where Cin and Cout represent the particle concentrations upstream
and downstream of the filter, respectively.

DP ¼ Pin � Pout

where DP is the pressure drop of the filter.
The quality factor (Qf) is often used as a representative tool to

directly reflect the overall filter performance. The formula is as fol-
lows [37,38]:

Qf ¼
�Inð1� gÞ

DP
2.6. Biodegradation test

Enzymatic degradation of the composite nanofiber membrane
was investigated using proteinase K. The degradation process
parameters were as follows: original pH of the solution was 9.0,
temperature was 60 �C, and proteinase K concentration was
0.4 mg ml�1. The weight of the filter was measured every 2 h. In
addition, soil burial degradation under natural conditions was car-
lutions with PLA concentration of (a) 3, (b) 5, (c) 7 and (d) 9 wt%.
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ried out on the Zhongyuan University of Technology campus. The
samples were dried in an oven at 50 �C and weighed before burial.
Several groups of samples were buried in the soil at a depth of
15 cm for 150 d. Soil temperature, humidity, and pH mainly
depend on natural degradation, and the microorganisms in the
degradation process originate from the microbial community in
natural soil. Weight loss during soil burial degradation was mea-
sured every 10 days. The soil was carefully and completely
removed using water, dried in an oven at 50 �C until constant
weight, and then weighed. The percentage of weight loss (WL) in
the degradation of a sample was calculated using the following
equation [39–41]:
WL ¼ Mb �Ma

Mb
� 100%
where Mb and Ma are the weights of the sample before and after
degradation, respectively.
Fig. 2. (a) Schematic diagram showing fabrication process of multi-scale structured nan
number of spinning unit ratio of (b) 0/6, (c) 1/5, (d) 2/4, (e) 3/3, (f) 4/2, (g) 5/1.

964
3. Results and discussion

3.1. Design of multiscale structured membranes

First, various coarse nanofibers with different concentrations of
PLA were fabricated, and their SEM images and representative
diameter distributions are shown in Figs. S1 and S2. The properties,
including the viscosity and conductivity of the spinning solution,
are shown in Fig. S3. The 11% PLA nanofibers with an average
diameter of 187 ± 13 nm had a uniform diameter distribution
and no beads, which were used as S-PLA.

Next, the spinning parameters of the ultrafine nanofibers were
optimized, and the morphologies and representative diameter dis-
tributions of the nanofibers with different PLA concentrations are
shown in Figs. 1 and S4. The properties of the spinning solutions
and representative diameter distributions are shown in Fig. S5.
The average diameter of the 9% PLA nanofibers was the largest
(105 ± 13 nm). Further decreasing the concentration to 3% resulted
in a significant reduction in the diameter of the uniform fibers to
37 ± 4 nm, and the nanofiber network composed of fine fibers pos-
ofiber membranes. SEM images of the multi-scale structured membranes with the
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sessed a complete structure. This is mainly because under the con-
dition of high conductivity and extremely dilute solution, numer-
ous charged droplets were ejected from the needle in the high-
pressure electrostatic field rather than the traditional electrospin-
ning jet mode. These charged droplets are rapidly elongated to
ultrafine fibers under the action of an electric field force, and the
network structure was constructed by stacking superfine nanofi-
bers. The formation process of the superfine fibers is shown in
Fig. 2a. Subsequently, we designed a multiscale structure formed
by TN-PLA electrospinning deposition on the large pores of 3D S-
PLA.

Various multiscale structured PLA nanofiber membranes (MSM-
PLA) were prepared by adjusting the number of spinning unit
ratios of TN-PLA to S-PLA (0/6, 1/5, 2/4, 3/3, 4/2, 5/1, 6 spinning
units in total). The SEM images of multiscale structured mem-
branes with different ratios are shown in Fig. 2b-f. The average
diameter of TN-PLA (37 ± 4 nm) was one order of magnitude lower
than that of the S-PLA (187 ± 13 nm). The TN-PLAs divided the
pores formed by the S-PLAs into numerous small pores, forming
an irregular grid. With an increase in TN-PLA, the network aperture
decreased. It is worth noting that when the ratio was 4/2 or 5/1,
there are many ‘‘small solid films” bonded to the nanofibers. This
indicates that a further increase in proportion of spinning units
of the TN-PLA would affect the pore structure of the MSM-PLA.

3.2. Multiscale structured membranes characterization

To further demonstrate the impact of the spinning unit ratio on
the pore structure, the pore diameter distribution, average pore
diameter, and porosity of MSM-PLA with different ratios were
investigated systematically, as shown in Fig. 3a-b. These parame-
ters of porous membrane filters have a significant impact on the fil-
Fig. 3. (a) Pore size distribution, (b) average pore size and porosity, (c) mechanical prope
various number of spinning unit ratios of TN-PLA to S-PLA.
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tration performance [42,43]. Compared to the pure S-PLA
membrane (the ratio of 0/6), MSM-PLA containing TN-PLA showed
decreased pore size and narrower distribution; the pore size
reduced from 1.83 lm to 1.72 lm, 1.23 lm, 0.73 lm, 0.56 lm,
and 0.26 lm. When the ratio of TN-PLA to S-PLA changed from
0/6 to 1/5, 2/4, and 3/3, the porosity of the composite nanofiber
membrane increased from 86.2% to 86.93%, 88.64%, and 91.72%,
respectively. However, with further increases in the TN-PLA con-
tent from 3/3 to 4/2 and 5/1, the porosity decreased from 91.72%
to 90.82% and 89.53%, respectively. This may be attributed to the
highly dense packing of TN-PLA and the increase of small solid
films, which is in good agreement with the morphological
characteristics.

The mechanical properties of multiscale structured membranes
are the premise to ensure the stability of membrane filtration per-
formance during use. The results are shown in Figs. 3c and S6. The
tensile strength and Young’s modulus are positively correlated
with the content of TN-PLA, which is mainly due to the fewer
structural defects of finer fibers, the higher degree of orientation
of molecular chains along the fiber axis, and the reduction of stress
concentration attributed to the network structure formed by TN-
PLA in the pores of the scaffold fibers. The decrease in strain from
3/3 to 4/2 and 5/1 might be attributed to the decrease in the elon-
gation of multiscale structured membranes due to the increase in
the solid membrane. Among them, the membranes with a ratio
of 3/3 possessed the highest elongation at break (54.13%) and
had appropriate mechanical properties (tensile strength of
10.52 MPa, Young’s modulus of 173 MPa).

In addition to the above performance, for masks, appropriate
hydrophobicity can effectively prevent water vapor adsorption on
the filter, which maintains the material with high filtration effi-
ciency and low respiratory resistance [22]. Fig. 3d shows that the
rties and (d) water contact angle (WCA) of multi-scale structured membranes with
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water contact angle (WCA) of multiscale structured membranes
decreased significantly to 116.3�, compared to the WCA of 136.7�
for the pure S-PLA membrane (0/6). This might be ascribed to the
high content of TBAC (a type of salt with strong hygroscopicity)
in TN-PLA and the high specific surface area of TN-PLA. It is note-
worthy that the membranes had a proper contact angle of 126.6�
when the spinning unit ratio was 3/3. Moreover, the water droplet
on the membrane remained spherical for 8 h (Fig. S8), which indi-
cates the stable hydrophobicity of the 3/3 multiscale structured
membrane.

3.3. Air filtration performance of MSM-PLA

The filtration performance of various membranes was investi-
gated under an airflow velocity of 32 L/min according to the latest
Fig. 4. (a) Filtration performance and (b) quality factor of multi-scale structured membra
diagram of filtration mechanism of MSM-PLA with different ratios of TN-PLA to S-PLA inc
multi-scale structured membranes (3/3).
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standard (EN779:2012) for air filters. Fig. 4a shows the filtration
efficiency and air resistance for the most permeable (~300 nm)
rigid solid NaCl particles. Compared with the pure S-PLA mem-
brane with a lower Qf value (Fig. S7), all MSM-PLA with different
ratios exhibited improved filtration efficiency, which indicated
that a moderate increase in the proportion of TN-PLA was con-
ducive to enhancing the filtration capacity of the composite mem-
brane. With an increase in the TN-PLA content, the Qf value of
MSM-PLA increased from 0.059 Pa�1 to 0.097 Pa�1 for NaCl PM0.3

(Fig. 4b), mainly because the combination of increased porosity
and decreased pore size would help reduce the airflow resistance
and improve the particle trapping ability [44] (Fig. 4c). When spin-
ning units ratio was 3/3, the composite membrane had the highest
Qf value of 0.097 Pa�1, with high filtration efficiency of 99.996%,
and maintaining low air resistance of 104 Pa. It is noteworthy that
nes with different number of spinning unit ratios of TN-PLA to S-PLA. (c) Schematic
luding (i) 0/6, (ii) 3/3, (iii) 5/1. d) Filtration performance and (e) quality factor of the



Fig. 5. (a) Time-dependent enzymatic degradation images of the MSM-PLA (3/3, 15 mg) and (b) the corresponding weight loss as a function of time. (c) Images showing the
soil burial degradation of the MSM-PLA (3/3, 40 mg) under natural conditions and (d) the corresponding weight loss as a function of time.
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with a further increase in the TN-PLA content, despite the
improved filtration efficiency, the significant increase in pressure
drop brought about the decreased Qf value from 0.097 Pa�1 to
0.082 Pa�1, which is mainly because of the dense stacking of TN-
PLA. The increase in the number of solid film-bonded fibers
increased the drag force of the MSM-PLA to the airflow (Fig. 4c).

We further evaluated the practical applicability of the 3/3multi-
scale structured membrane by testing the filtration efficiency and
pressure drop for NaCl PM0.3 under different wind speeds. As shown
in Fig. 4d-e, as the airflow rate increased from 32 L min�1 to 90 L
min�1, the NaCl PM0.3 filtration efficiency was almost unchanged
and only decreased from 99.996% to 99.967%, while maintaining a
high Qf of 0.026 Pa�1, which indicates the excellent filtration stabil-
ity of the membrane. This is mainly attributed to the robust inter-
ception capacity endowed by the stable multi-scale structure.
Fig. 6. Sustainable life cycle of MSM-PLA mask filter media.
3.4. Biodegradability of MSM-PLA

Based on the above analysis, it can be concluded that the
obtained MSM-PLA with a spinning unit ratio of 3/3 possesses an
excellent integrated performance, and it is more suitable for
high-performance mask applications.

More importantly, in comparison to the filter elements of com-
mercial masks or respirators, the obtained MSM-PLA was made
entirely of green biodegradable PLA. Its biodegradability was
demonstrated through an enzymolysis experiment and outdoor
soil burial. As shown in Fig. 5a, with the extension of time, the
PLA multiscale structured membrane became thinner, and the let-
tering below became clearer. After 16 h, the PLA nanofiber mem-
967
brane was completely decomposed by proteinase K at a
temperature of 60 �C (Fig. 5b). The Fig. 5c-d show that after
150 days of outdoor soil burial, the WL of the multi-scale struc-
tured membrane was 100%, which could be attributed to the larger



Fig. 7. (a) Filtration performance and (b) quality factor of the MSM-PLA (3/3) with various base weights. (c) Filtration performance of the MSM-PLA (3/3) under different
relative humidity and (d) the long-term filtration stability of the MSM-PLA (3/3) under 90% humidity. (e) Filtration efficiency of MSM-PLA mask filter media and 3 M
respirator after 10 cycles of soaking in water. (f) Durable PM2.5 removal performance under continuous hazardous level of PM2.5 pollution.
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interface between water and microorganisms in the soil due to the
large surface area of the nanofibers.

Moreover, PLA as a raw material is made from starch extracted
from plants, such as corn, wheat, cassava, and so on [33,34]. In
addition, through photosynthesis, the CO2 and H2O produced by
PLA degradation can be utilized by plants, which is a recyclable
and sustainable process [45,46] (Fig. 6). Therefore, the use of PLA
raw materials is expected to alleviate environmental pollution
and resource waste caused by the existing discarded masks, thus
paving the way for applying green sustainable masks and is of
great significance to the healthy development of the environment.
3.5. Air filtration performance of MSM-PLA mask filter media

As shown in Fig. 6, the three-layer mask filter media was pre-
pared by an ultrasonic composite process, including PLA nonwoven
fabric as the inner and outer layers, and multiscale structured
membrane as the intermediate layer.

The basis weight of nanofiber membranes is one of the critical
factors affecting the filtration efficiency of the mask. MSM-PLA
(3/3) with different base weights was obtained by adjusting the
receiving speed, denoted as P1-P8. Their filtration performance is
968
presented in Fig. 7a-b. The filtration efficiency of P3 (0.68 g m�2)
can easily achieve > 99%. Combined with the true nanoscale diam-
eter and multi-scale structure, a slight increase in the base weight
can greatly enhance the removal efficiency, which is attributed to
the reduction in pore size. P5 (0.91 g m�2) can remove the NaCl
PM0.3 with a filtration efficiency of 99.996%, while maintaining a
low pressure drop of 104 Pa and the highest quality factor of
0.097 Pa�1. More importantly, at the similar filtration efficiency,
the weight of the MSM-PLA is less than one third times that of
the existing nanofiber filters and far lower than that of commercial
PP melt-blown microfiber mat, which greatly saves resources and
improves economic benefits. Furthermore, the comparison of Qf

value from other electrospun nanofiber filters were summarized
in Fig. S9. Compared with most of earlier studies, the MSM-PLA
exhibited better comprehensive filtration performance [21,29,47–
54].

In addition, considering the complexity of the outdoor humid
atmosphere, the filtration performance of the filter under different
environmental humidities was evaluated (Fig. 7c). Even at an
extreme humidity of 90% (higher than the real haze environment)
[29], the filters still maintained a high filtration efficiency
of > 99.99% after 100 h (Fig. 7d), indicating good environmental
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stability. Furthermore, the durable recycling performance of the fil-
ter was investigated, which is related to whether people can obtain
long-term protection from PM pollution and virus transmission.
The filter and 3 M respirator were soaked in water and dried in
an oven. The process was repeated 10 times. As shown in Fig. 7e,
it can be found that after several cycles, the filtration efficiency
of 3 Mmask quickly drops to 80%, and finally to 73%, while the effi-
ciency of the filter remained over 95% after 10 cycles. Similarly, to
verify the actual use of purification for the PM, we simulated the
purification process of the filter under heavy haze conditions
(PM2.5 concentration of > 500 lg m�3) caused by burning the mos-
quito killing tablets. Fig. 7f shows that after 10 cycles, one purifica-
tion cycles from > 500 lg m�3 to < 40 lg m�3 almost remained
unchanged. From the above experiments, it can be proved that
the obtained the MSM-PLA mask filter media has an efficient inter-
ception performance and durable filtration stability.

4. Conclusion

A true nanoscale PLA nanofiber with an average size of
37 ± 4 nmwas successfully fabricated based on an extremely dilute
solution with high conductivity via electrospinning technology. A
nanofiber membrane with a multiscale structure was designed
and optimized to achieve a small pore size (0.73 lm), high porosity
(91.72%), and narrow pore size distribution. It also exhibits excel-
lent mechanical and hydrophobic properties. Compared to com-
mercial 3 M masks, the multiscale structured membrane mask
filter shows higher filtration efficiency (PM0.3–99.996%), which is
more breathable (air resistance of 104 Pa) while maintaining a
low basis weight (0.91 g m�2). In addition, after exposure to an
outdoor humid environment for 100 h, the prepared mask had a
robust filtration efficiency (humidity 90%, filtration
efficiency > 99.99%). Through the long-term recycling performance
test, the filtration efficiency was much higher than that of commer-
cial 3 M masks (multiscale structured mask filter > 95%). More
importantly, unlike commercial masks, the resulting filter has
biodegradable properties, and the multiscale structured nanofiber
membranes completely degrades after 150 days of outdoor soil
burial. This study proposes a new method for the preparation of
PLA nanofibers, and we believe that this filter would be a great sub-
stitute for existing commercial masks in the future.
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