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Abstract
The global outbreak of COVID-19 results in the surge of disposable sanitary supplies, especially personal protective face 
masks. However, the charge dissipation of the electret meltblown nonwovens, which predominate in the commercial face 
mask filters, confines the durability and safety of commercial face masks. Furthermore, most of the face masks are made from 
nondegradable materials (such as PP) or part of their degradation products are toxic and contaminative to the environment. 
Herein, a type of face mask with biodegradable and highly effective PLA bi-layer complex fibrous membrane as filter core 
is reported. The prepared PLA complex membrane possesses a high-filtration efficiency of 99.1% for PM0.3 while providing 
a favorable pressure drop of 93.2 Pa. With the PLA complex membrane as the filter core, our face mask exhibits compara-
ble or even higher wearability to commercial face masks, which further manifests our designed PLA complex membrane a 
promising filter media for face masks.
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1  Introduction

As a physical separation barrier on the exhaled droplets, 
face masks have become one of the essential personal pro-
tective equipment in people's daily life since the outbreak 
of the new coronavirus (COVID-2019) epidemic [1, 2]. A 
face mask usually consists of spunbonded nonwovens being 
the supporting layer (due to their robust mechanic strength) 
and electret meltblown nonwovens as the crucial filter core 
(taking advantage of small fiber dimeters, interconnective 
pore structure, high porosity and electrostatic adsorption) 
[3, 4]. Besides, particular matter (PM) air pollution has been 
progressively worse with the quick growth of urbanization 
and industrialization; thus, has adversely harmed nature and 
human health, leading to increased mortality and morbidity 
[5, 6]. Personal protective face masks can effectively protect 
people from inhaling hazardous PMs.

Electret meltblown nonwovens are the crucial filter core 
of face masks. By virtue of electrostatic adsorption effect, 
electret meltblown nonwovens can easily achieve high-fil-
tration efficiency at low air resistance. Nevertheless, electret 

meltblown nonwovens are susceptible to harsh circumstance, 
such as high humidity and temperature, where charge dis-
sipation occurs, leading to a dramatic drop in filtration effi-
ciency [2, 7]. On the other hand, the surge in the usage of 
disposable face masks, most of which made from nondeg-
radative materials (such as PP and PE), and whose degrada-
tion products contains toxic substances, really burdens the 
self-purification of our earth [8–10].

Considering the unstable filtration efficiency of the elec-
tret meltblown nonwovens, many efforts have been taken 
from both academic and industry to explore fibrous filters 
without electret treatment. Nano-scaled fibers, which have 
variety of applications, can be manufactured through meth-
ods like electrospinning and blow spinning. Blow spinning 
is a new type of method developed from electrospinning 
and melt blown technology, which has variety of advantages 
like high-production efficiency and good safety [11, 12]. 
Although electrospinning was chosen for this study due to its 
well-established capability to produce high-quality, uniform 
nanofibers, which has been extensively studied and reported 
in many literatures. Electrospun fibers, with fiber diameter 
reaching to tens of nanometers, combined with diverse fiber 
morphology, have been an ever-increasing interest to the 
researchers as promising air filtration media [13–15]. By 
controlling the surface chemistry to enable strong PMs adhe-
sion and also the microstructure of the air filters to increase 
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the capture possibilities, Cui and coworkers [16] achieved 
transparent, high-effective air filters of ~ 90% transparency 
with > 95% removal of PM2.5 under extreme hazardous air-
quality conditions. Kang and coworkers [17] fabricated tree-
like structured PLA nanofiber membranes through govern-
ing solvent type and amount of additive. The obtained PLA 
nanofiber membrane has a filtration efficiency of 99.89% 
with resistance of about 96.08 Pa. Using a capacity-like elec-
tronetting technology, which is by controlling the ejection, 
deformation, and phase separation of charged droplets from 
a Taylor cone, Ding and coworkers [18] created ultralight, 
thin, rubbery, self-assembled nanonetworks with high-effi-
ciency and transparency as air filters. Huang and coworkers 
[19] produced eco-friendly curved-ribbon nanofiber mem-
brane with multihierarchical structure based on green one-
step electrospinning. The produced curved-ribbon nanofiber 
membrane exhibits high-filtration performance while main-
tain a low pressure drop.

As mentioned above, it is a worthy of studying strategy to 
explore promising air filters by means of regulating the fiber 
structure of fibrous filters. Herein, we fabricate electrospun 
PLA fibers with porous and wrinkled structure via govern-
ing solvent system of the polymer precursor solution. The 
effect of solvent ratio of dichloromethane (DCM) and ethyl 
alcohol (EtOH) on fiber morphology is studied to achieve 
optimal porous and wrinkle structured PLA fibers. Further, 
the filtration performances of the obtained PLA fibrous 
membranes with different thicknesses and distinct fiber 
structures are evaluated to obtain an optimal combination 
of bi-layer fibrous membrane as the filter core. The optimal 
PLA complex membrane is assembled as the filter core with 
two layers of spunbonded nonwovens to make a face mask. 
The tensile strength, air permeability and moisture perme-
ability of the prepared face mask are tested to evaluate its 
wearable performances as a personal protective face mask. 
Moreover, the degradability of the PLA complex membrane 
is also demonstrated through enzymolysis experiment.

2 � Experimental

2.1 � Materials

Polylactic acid (PLA, 4032D) was purchased from the 
NatureWorks Company, USA. Dichloromethane (DCM) 
and anhydrous ethanol (EtOH) were from Sinopharm Group 
Chemical Reagent Co., Ltd., China. Proteinase K and PBS 
buffer solution were purchased from Fujian Lingjiang Bio-
technology Co., Ltd., China. All chemicals were used as 
received without any purification.

Polypropylene (PP) spunbonded nonwovens and Poly-
ethylene (PE) spunbonded nonwovens were obtained from 
Anhui Kangtai Nonwoven fabric Co., Ltd., China. N95 face 

masks were purchased from 3M China Co., Ltd. Surgical 
masks were supplied by Zhende medical Co., Ltd., China.

2.2 � Sample Preparation

6 wt.% PLA electrospinning solutions with binary solvent 
system of DCM/EtOH (6:4, 7:3, 8:2, w/w) were prepared 
in two steps. PLA granules were dissolved into DCM and 
the mixtures were stirred for 3 h, and EtOH was added into 
afterwards and stirred until a transparent solution formed.

PLA solution prepared was extruded into syringe con-
nected with a flat-tipped 22-gauge needle, and mounted on 
an infusion syringe pump with a fixed feed rate of 2 ml/h. 
The distance from the needle tip to the collector drum was 
kept at 15 cm. The applied voltage varies from 15 to 30 kV. 
The charged solution was then accelerated to the collector 
with a rotating speed of 60 r/min. The experiments were 
conducted at a 20 ± 5 ℃ temperature in a 50 ± 5% relative 
humidity.

The face masks were assembled by an industrial com-
puter sewing machine (S-7200C-303A-G10, Brother). The 
electrospun PLA membranes were placed between PE and 
PP spunbonded nonwovens, which were then sewed up to 
get face masks.

2.3 � Characterization

Samples of the as-spun PLA fibers were observed under 
Field Emission Scanning Electron Microscope (FE-SEM, 
SU8010, HITACHI) at an acceleration voltage of 5 kV after 
spluttered with platinum for 70 s. The average dimeter was 
calculated from 100 fibers measured by Image-Pro Plus soft-
ware through SEM images. The thicknesses of the samples 
were measured by a thickness gauge from Aice Instrument 
Co., Ltd., China.

LZC-K filter tester from Suzhou Huada Filter Instru-
ment and Equipment Co., Ltd., China was employed to 
evaluate the filtration performance of the samples. The 
NaCl aerosol particles with diameters of 0.26 − 10 μm 
and a geometric standard deviation of < 1.86 were gener-
ated using a QRJ-1 stomizer from 2 wt% NaCl solutions. 
And, these PM particles were charge neutralized before fed 
into the filter holder for filter testing. Air flow with NaCl 
aerosol particles passed through the samples at a flow rate 
of 32 L min−1 (i.e., 5.3 cm  s−1) in an effective testing 
area of 100 cm2. The concentration of NaCl aerogel parti-
cles can be adjusted by injecting air into the filter holder, 
while a particle counter can accurately identify particle 
size. Thus, the filtration efficiency of the samples was col-
lected by comparing the number of PM in the upstream 
and downstream of the particle airflow. In addition, their 
pressure drop across the upstream and downstream sides 
of the samples can be measured using respective electronic 
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pressure transducers. The quality factor (QF) was used as 
the figure of merit to evaluate the filtration performance, 
which was calculated using the following formula [3, 
20–22]:

With η representing the filtration efficiency and ΔP repre-
senting the pressure drop across the filter.

An electronic fabric strength tester (YG026MB, Wen-
zhou Fangyuan Instrument Co., Ltd., China) was employed 
to study the mechanical properties of the samples. Samples 
with dimension of 20 mm × 50 mm were mounted on the 
testing device with initial measurement distance of 30 mm 
and testing speed of 30 mm min−1.

An automatic ventilation meter (YG461G, Ningbo Tex-
tile Instrument Factory, China) was used at ambient tem-
perature to examine the air permeability of the samples. 
The tests were conducted under testing pressure of 200 Pa 
with testing area of 20 cm2.

The water vapor transmission rates (WVTR) of the sam-
ples were tested by a computerized fabric moisture perme-
ability meter (FX3180, TEXTEST, Switzerland) according 
to GB/T 12,704.1–2009.

The thermal stability of the sample was evaluated with 
the help of thermogravimetric analysis instrument (TGA 
8000, PerkinElmer).

The water contact angle (WCA) was measured by a con-
tact angle measuring instrument (OCA15EC, DataPhysics 
Instruments GmbH, Germany).

Proteinase K was used to investigate the enzymatic 
degradation of the sample. The sample was immersed in 
the 10 × PBS solution (pH = 9.0–9.5) with proteinase K 
concentration of 0.5 mg/ml at 60 ℃. The degradation pro-
cess was recorded by weighing the sample every 1 h and 
taking photos every 3 h. The percentage of weight loss 
(WL) during degradation was calculated using the follow-
ing formula [9]:

(1)QF =
−ln(1 − �)

ΔP

where Mb and Ma are the weights of the sample before and 
after degradation, respectively.

3 � Results and Discussion

3.1 � The Morphology of Electrospun PLA fibers

To improve the filtration performance of the electrospun 
fibers, we set about endowing fibers with special morpholo-
gies by introducing nonsolvent into solvent system, which is 
later confirmed to have a great impact on the obtained PLA 
fiber morphology. To elaborate, we governed the solvent 
mass ratio to observe the obtained PLA fibers. PLA was 
dissolved in three binary solvents with diverse mass ratios 
(DCM: EtOH) of 6:4, 7:3 and 8:2, separately. The solvent 
mass ratio of DCM: EtOH is abbreviated as D:E to be con-
ciseness in the following instruction. These three PLA poly-
mer solutions were then electrospun under the same applied 
voltage of 25 kV. The SEM images of the prepared PLA 
fibers are shown in Fig. 1. When D:E comes to 6:4, the fiber 
surface exhibits large amounts of pores and wrinkles, which 
we name as ‘PLA porous-wrinkled fiber’. When raise the 
D:E to 7:3, the fiber surface becomes comparatively even 
with a spot of wrinkles on it, and pores disappear. Further 
increasing the D:E to 8:2, only wrinkles exist in fiber sur-
face, similar to that of D:E of 7:3.

PLA is insoluble in EtOH, in other words, EtOH is a 
nonsolvent to PLA in binary solvent mentioned above. In 
the homogenous ternary solution system (i.e., polymer, 
solvent, and nonsolvent), DCM and EtOH evaporate at dif-
ferent speed due to diverse boiling points of DCM (39.8 
℃) and EtOH (78.5 ℃) at standard atmosphere pressure. 
During electrospinning, DCM evaporates faster than EtOH. 
The incoordinated evaporation between DCM and EtOH 
give rises to the uneven collapses of the solid skin under the 

(2)WL =
Mb −Ma

Mb

Fig. 1   SEM images of PLA fibrous membranes fabricated with D:E of a 6:4; b 7:3; c 8:2; the inserted images are the corresponding fiber diam-
eter distributions. Scale bars are 5 μm
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atmospheric pressure, which develop into wrinkles on the 
fiber surface when evaporation is completed. When boosting 
the proportion of nonsolvent (EtOH) to a certain value, non-
solvent remains in the system during solidification, where 
phase separation occurs, leading to nonsolvent-rich phases 
and polymer-rich phases. Pores form along with the evapora-
tion of nonsolvent, leaving the porous-wrinkled structures 
on the fiber surface [23].

Notably, the fiber diameter varies with the increase of the 
D:E. Figure 1d displays the diameter distribution of the PLA 
fibers prepared from D:E of 6:4, 7:3, and 8:2, whose average 
diameters are 2.50 μm, 1.87 μm, and 0.96 μm, respectively. 
With the decrease of proportion of EtOH, the obtained fibers 
become thinner and have narrower distribution. It takes more 
time to complete evaporation and solidification during elec-
trospinning due to the increase of DCM in polymer solution, 
contributing to extended drawing of jet. Besides, agglomera-
tion appears easily at the spinneret when D:E is 8:2, which 
attributes to the fast phase separation between DCM and 
EtOH resulting from the small proportion of EtOH.

3.2 � Filtration Performance of the PLA Fibrous 
Membrane

The mechanism underlying the particle capture ability of 
our membrane, which comprises porous and wrinkled fib-
ers, is primarily based on mechanical filtration. This process 
mainly involves the physical phenomena of inertial impac-
tion, interception, and diffusion. Moreover, the fibrous mor-
phologies of the membrane, characterized by porous and 
wrinkled surfaces, amplify the inter-fiber friction with par-
ticulate matter (PM) owing to the presence of finer-scale 
roughness associated with the pores and wrinkles. In addi-
tion, the pore and wrinkle structures of the fibers feature 
deep grooves, which provide supplementary pathways for 
PM capture.

The particle capture mechanism of the porous and wrin-
kled fibers is schematic shown in Fig. 2.

3.2.1 � The Filtration Performance of Monolayer PLA Fibrous 
Membrane

The filtration performances of PLA fibrous membranes 
prepared with different solvent systems for NaCl PMs are 
displayed in Table 1. Although fibrous membranes prepared 
from D:E of 8:2 (D:E-8:2) exhibits the best quality factor, 
the occurrence of agglomeration around the spinneret during 
spinning process hinders from collecting sufficient amounts 
of fibers, which brings about its low filtration efficiency. The 
fibrous membrane prepared from D:E of 7:3 (D:E-7:3) exerts 
the highest filtration efficiency among three of them. The 
filtration efficiency of D:E-7:3 outperforms that of fibrous 
membrane prepared by D:E of 6:4 (D:E-6:4), which is attrib-
uted to the smaller diameter of D:E-7:3 (average diameter 
of 1.87 μm), while the average fiber diameter of D:E-6:4 is 
2.5 μm. The thicknesses of the testing fibrous membranes 
are 16 μm (D:E-6:4) and 15 μm (D:E-7:3), respectively, 
prepared with the same spinning time of 20 min. Under 
the circumstance of similar thickness, the pore size of the 
membrane diminishes with the decrease of fiber diameter, 
contributing to higher filtration efficiency [24]. On the other 
hand, smaller fibers caused minor pore sizes lead to an incre-
ment in pressure drop, which gives rise to the low quality 
factor of D:E-7:3 despite its highest filtration efficiency.

The thickness of PLA fibrous membrane is directly cor-
related to the spinning time. The filtration performances 
of PLA fibrous membranes prepared with unequal spin-
ning time on NaCl PM0.3 are tested, which are generalized 
in Tables 2 and 3, corresponding to D:E-6:4 and D:E-7:3, 

Fig. 2   A schematic explaining the filtration mechanism

Table 1   Filtration performance on NaCl PM0.3 of PLA fibrous mem-
branes prepared from diverse solvent mass ratios

Solvent mass ratio of 
DCM/EtOH

Filtration effi-
ciency (%)

Pressure drop 
(Pa)

Quality 
factor 
(Pa−1)

6:4 70.30 29.0 0.0419
7:3 81.31 51.0 0.0329
8:2 51.48 15.8 0.0460

Table 2   Filtration performance on NaCl PM0.3 of D:E-6:4 prepared 
with different spinning times

Spinning 
time (min)

Basis weight
(g·m−2)

Filtration 
efficiency 
(%)

Pressure 
drop (Pa)

Quality 
factor 
(Pa−1)

20 1.36 70.30 29.0 0.0419
30 2.06 78.74 39.7 0.0390
40 2.61 89.86 49.2 0.0465
50 3.49 93.74 64.0 0.0433
60 4.12 96.64 67. 7 0.0501
70 4.79 98.89 101.7 0.0427
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respectively, where D:E-8:2 isn’t involved due to its easy 
agglomeration during spinning process. For simplicity, D:E-
6:4-t is used to refer to fibrous membrane prepared with 
spinning time of t min, so is D:E-7:3-t.

With the increase of spinning time, both filtration effi-
ciency and pressure drop increase. There is a sharp incre-
ment of pressure drop from D:E-6:4–60 to D:E-6:4–70, 
resultantly the quality factor declines despite its steady 
growth from D:E-6:4–20 to D:E-6:4–60. In case of D:E-7:3, 
the quality factor first grows gradually from D:E-7:3–10 to 
D:E-7:3–50, then drops off from D:E-7:3–50 to D:E-7:3–60, 
which is owing to the little-to-no increment in the filtration 
efficiency accompanied by the steady growth in pressure 
drop.

3.2.2 � The Filtration Performance of Bi‑Layer Complex PLA 
Fibrous Membrane

Both the filtration efficiency of D:E-6:3 and D:E-7:3 can 
hardly be improved by further increasing the membrane 
thickness without the sacrifice of pressure drop. According 
to the comprehensive filtration performance (i.e., quality 
factor), D:E-6:4–60 (D:E-7:3–50) is picked out to combine 
with D:E-7:3 (D:E-6:4) with diverse thicknesses to form bi-
layer complex membranes, whose filtration performances 
are explored then (Table 4).

A prominent improvement on filtration efficiency (up to 
99.97%) for NaCl PM0.3 is exhibited in the bi-layer complex 
membranes, as compared to monolayer PLA membranes (up 
to 98.89%). Meanwhile, there is a huge growth in pressure 
drop, up to 161.5 Pa−1, which is detrimental to being a filter 
core in facemask. To reduce the pressure drop to a satisfying 
degree, complex membranes consisting of D:E-6:4–40 and 
D:E-7:3 are inspected for the filtration performance. The 
PLA bi-layer complex membrane of D:E-6:4–40/D:E-7:3–10 
presents a high-filtration efficiency of 99.10% for PM0.3, 
99.26% for PM0.3–0.5, 100% for PM0.5–1, (Table S1 in Supple-
mentary Material), and favorable pressure drop of 93.2 Pa−1, 
so to speak, possesses an excellent comprehensive filtration 
performance (QF = 0.0505).

We further tested the filtration performance of the PLA 
bi-layer complex membrane (“D:E-6:4–40/D:E-7:3–10” is 
omitted here for conciseness, and the following descrip-
tions are managed likewise) under diverse air flow rates, 
the results are shown in Fig. 3a. No significant decline 
(only slight drop off from 99.89 to 99.10%) in filtration 
performance is observed when raising the air flow rate 
from 8 to 32 L min−1. A relatively large drop of filtration 
efficiency happens when increasing the air flow rate to 45 
L min−1, which is considered faster than the air flow rate of 
breathing. As shown in Fig. 3c, after 30 cycles of filtration 
tests, the PLA bi-layer complex membrane maintains a 
consistent filtration efficiency and exhibits a barely visible 
increase in pressure drop, demonstrating excellent cycling 
utilization.

Soft oil particles (di(2-ethylhexyl) sebacate, DEHS PM) 
are employed to study the filtration performance of the afore-
mentioned PLA bi-layer complex membrane for oil particles. 
The results are demonstrated in Fig. 3b, where the PLA bi-
layer complex membrane exhibits high-filtration efficiency 
of 98.76% for DEHS PM0.3, 98.91% for DEHS PM0.3–0.5 and 
100% for DEHS PM0.5–1, while keeping the pressure drop 
at a low value of 98.83 Pa−1. In the removal process of soft 
oil particles (DEHS), the oil particles would move along 
the fiber and coalesce into large spherical particles or liquid 
films at the fiber intersections as the loading continuing, the 
resulting long-time agglomeration of DEHS PMs might pen-
etrate across the membranes and break into small droplets 
due to the high-speed airflow. In addition, the polarity effect 
of DEHS can reduce the adhesion between PMs and fibers 
[18]. These two points may account for the slightly inferior 
filtration efficiency of the PLA bi-layer complex membrane 
for DEHS PMs than for NaCl PMs.

Table 3   Filtration performance on NaCl PM0.3 of D:E-7:3 prepared 
with different spinning times

Spinning 
time (min)

Basis weight
(g·m−2)

Filtration 
efficiency 
(%)

Pressure 
drop (Pa)

Quality 
factor 
(Pa−1)

10 0.87 67.36 36.3 0.0308
20 1.60 81.31 51.0 0.0329
30 2.18 85.73 52.5 0.0371
40 2.92 97.71 97.0 0.0389
50 3.51 98.02 103.0 0.0395
60 4.38 98.28 117.8 0.0345

Table 4   Filtration performance (NaCl PM0.3) of PLA bi-layer com-
plex membranes consisting of D:E-6:4 and D:E-7:3

Complex membrane Filtration effi-
ciency (%)

Pressure 
drop (Pa)

Quality 
factor 
(Pa−1)

D:E-6:4–60/ D:E-7:3–10 99.71 109.7 0.0532
D:E-6:4–60/ D:E-7:3–20 99.68 122.8 0.0468
D:E-6:4–60/ D:E-7:3–30 99.72 128.5 0.0456
D:E-6:4–60/ D:E-7:3–40 99.91 136.2 0.0521
D:E-6:4–60/ D:E-7:3–50 99.97 161.5 0.0508
D:E-6:4–20/ D:E-7:3–50 99.71 118.5 0.0494
D:E-6:4–30/ D:E-7:3–50 99.82 135.7 0.0565
D:E-6:4–40/ D:E-7:3–50 99.84 150.2 0.0429
D:E-6:4–50/ D:E-7:3–50 99.93 165.3 0.0440
D:E-6:4–40/ D:E-7:3–10 99.10 93.2 0.0505
D:E-6:4–40/ D:E-7:3–20 99.26 104.7 0.0469
D:E-6:4–40/ D:E-7:3–30 99.28 107.5 0.0459
D:E-6:4–40/ D:E-7:3–40 99.68 120.5 0.0478
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3.3 � Wearability of the PLA Bi‑layer Complex 
Membrane for Face Masks

The PLA complex membrane is used as the filter core to 
prepare a face mask. Apart from the filter core, PP and 
hydrophilic PE spunbonded nonwovens are employed as 
the supporting parts, where PE as the inner layer close to 
the face and PP as the outer layer close to the environment. 
The assembled face mask is displayed in Fig. 4a. The indi-
vidual filtration performances of these two supporting layers 
are listed in Table S1 in the Supplementary Materials. For 
comparison, two commercial face masks, N95 face mask and 
surgical mask, are employed to assess the wearability of our 
face mask prepared in this work. Figure 4b shows the tensile 

strength of the aforementioned three face masks, where we 
can see our face mask can endure tensile force comparable 
to N95 face mask, and higher than the surgical masks. Air 
permeability, the velocity of air traversing a sample under 
a certain pressure, is concerned with the pressure drop of a 
fibrous membrane filter. Our face mask has an air perme-
ability comparable to the N95 face mask, as illustrated in 
Fig. 4c, given that our face mask has a high-filtration effi-
ciency of 99.10%. The PLA bi-layer complex membrane 
starts to decompose at 297℃ (see Figure S1 in supplemen-
tary materials), which ensures its durability as a face mask in 
high-temperature environments. Breathing produced water 
vapor can bring discomfort while wearing face mask, where 
the WVTR represents the transmission rate of the moisture 

Fig. 3   Filtration performance of PLA bi-layer complex membrane (D:E-6:4–40/D:E-7:3–10) a on NaCl PM0.3, tested under diverse air flow 
rates; b on DEHS PMs; c cycling filtration performance of the PLA bi-layer complex membrane

Fig. 4   a Photo of the assem-
bled face mask with the PLA 
bi-layer complex membrane as 
the filter core; b the compari-
son of tensile strength between 
commercial face masks and the 
face mask in this work; c the air 
permeability of the above face 
masks; d the WVTR test results 
of the above face masks
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traversing the face mask to evaluate the wearability on one 
hand. The higher the WVTR, the faster the moisture is trans-
ferred out of the face mask, which can effectively mitigate 
the discomfort while wearing face mask. Notably our face 
mask exhibits a high WVTR, comparable to surgical face 
mask, while maintaining an excellent filtration efficiency. It 
is known that fiber membranes with poor water resistance 
can result in the deficiency of filtration performance under 
high humidity [25]. The PLA bi-layer complex membrane 
has a water contact angle (WCA) of 135° (see Figure S2 in 
supplementary materials), which ensures its filtration perfor-
mance in humid environments. On the other hand, the great 
hydrophobicity enables the face mask to effectively prevent 
droplet penetration, which is crucial in reducing the risk 
of virus transmission as respiratory diseases are commonly 
spread through droplet transmission.

3.4 � Biodegradability of the PLA Bi‑layer Complex 
Membrane for Face Masks

The degradability of PLA complex membrane is investi-
gated. Due to the long degradation lifetime of PLA, enzy-
molysis experiment is employed at a high temperature of 
60℃ to accelerate the PLA complex membrane degradation. 
As shown in Fig. 5a, as time goes on, the PLA complex 

membrane splits into fragments that diminish gradually 
until almost completely degraded. The PLA complex mem-
brane is completely decomposed by proteinase K after 9 h 
(Fig. 5b). Figure 5c shows that the PLA complex membrane 
is partially degraded after 30 days outdoor soil burial. These 
outcomes confirm our membrane's biodegradability in a 
probable real-world setting. It is worth noting that the deg-
radation products of PLA, such as CO2 and H2O, are all eco-
friendly substances, which are harmless to the environment. 
Furthermore, the produced CO2 and H2O can be utilized by 
plants, which helps replenish the carbon cycle. The use of 
PLA as feedstock and the degradation of their products are 
expected to alleviate the environment pollution caused by 
other disposable hygiene products.

4 � Conclusions

In summary, we have reported a biodegradable and highly 
effective PLA bi-layer complex fibrous membrane as filter 
core for face mask. Electrospun PLA fibrous membrane 
with porous-winkled structure is obtained via controlling 
the solvent system. Another electrospun PLA fibrous mem-
brane without porous-wrinkled structure but having smaller 
fiber diameter and wrinkled surfaces is prepared as well. 

Fig. 5   a Time-dependent enzymatic degradation images of the PLA complex membrane and b the corresponding weight loss as a function of 
time; c images demonstrating the soil burial degradation of the PLA complex membrane
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These two distinct PLA fibrous membranes are combined 
to achieve filtration performance outperform every single 
one. The resultant PLA bi-layer complex membrane exhibits 
a high-filtration efficiency for NaCl PMs, which is 99.10%, 
99.26%, and 100% for PM0.3, PM0.3–0.5 and PM0.5–1, respec-
tively, and favorable pressure drop of 93.2 Pa−1. In case of 
DEHS PMs, the filtration efficiency is 98.76%, 98.91% and 
100%for PM0.3, PM0.3–0.5 and PM0.5–1, respectively, with a 
low pressure drop of 98.83 Pa−1. The assembled face mask 
exhibits comparable or even higher wearability (including 
tensile strength, air permeability and water vapor transmis-
sion) to two kinds of commercial face masks. The PLA com-
plex membrane is demonstrated to be degradable through 
enzymolysis experiment, which indicating it a promising 
filter media for personal protective face masks, which is 
expected to alleviate environmental burdens to a certain 
extent.
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