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Since the COVID-19 pandemic, polypropylene melt-blown nonwovens (MBs) have been widely used in

disposable medical surgical masks and medical protective clothing, seriously threatening the

environment. As a bio-based biodegradable polymer, polylactic acid (PLA) has attracted great attention in

fabricating MBs. However, there are still issues with the undesirable spinnability of PLA and the limited

filtration and antibacterial performance of PLA MBs. Herein, a high-efficiency, low-resistance, and

antibacterial PLA filter is fabricated by melt-blown spinning and electret postprocessing technology. The

irradiation technique is used to tune PLA chain structure, improving its spinnability. Further, silica (SiO2)

nanoparticles are added to enhance the charge storage stability of PLA MBs. With a constant airflow rate

of 32 L min−1, the PLA-based MBs exhibit a high particulate filtration efficiency of 94.8 ± 1.5%, an

ultralow pressure drop of 14.1 ± 1.8 Pa, and an adequate bacterial filtration efficiency of 98 ± 1.2%,

meeting the medical protective equipment standard. In addition, the zinc oxide (ZnO) masterbatches are

doped into the blend and the antibacterial rate of PLA-based MBs against Escherichia coli and

Staphylococcus aureus is higher than 99%. This successful preparation and modification method paves

the way for the large-scale production of PLA MBs as promising candidates for high-efficacy and

antibacterial filters.
Introduction

With the COVID-19 epidemic attacking the world, melt-blown
nonwovens (MBs), as the core of masks, serve as the most
effective solution to protect ourselves from the spread of drop-
lets carrying the virus and aerogels in the air, becoming an
indispensable material.1,2 At present, the MBs on the market are
almost all made of polypropylene (PP) that is non-degradable
and difficult to recover, causing a great threat to the environ-
ment.3 As a bio-based biodegradable polymer, polylactic acid
(PLA) comes from renewable resources such as straw and starch
in crops and is easy to recycle or decompose, having an
advantage in disposable protective equipment.4,5 However, PLA
faces many problems inmelt-blown spinning progress, e.g. poor
spinnability, which signicantly affects the ltration perfor-
mance and mechanical properties of MBs.6 Meanwhile, due to
the absence of stable and effective electrets, limited charge
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storage capacity directly impairs the ltration performance of
PLA MBs.7 Moreover, the masks currently available on the
market essentially lack antibacterial and antiviral properties,
they can only intercept bacteria or viruses.8,9 How to improve the
melt-blown spinnability and further enhance the ltration
performance and antibacterial ability of PLA MBs has become
an important issue.

At present, there are some studies on regulating PLA melt-
blown spinning parameters to improve the structure and
ltration performance of MBs. Feng et al. optimized the ltra-
tion performance of PLA MBs by adjusting the collecting
distance in melt-blown processing.10 However, due to the melt
index and crystallization rate of PLA can't full the require-
ments of melt-blown processing, it is unable to radically
improve the diameter and distribution of PLA MBs ber. In
other words, the ltration performance of PLA MBs still needs
to be further improved.11 The molecular chain structure of PLA
is directly related to its melting index and crystallization rate.12

Yang et al. adopted a laser-assisted melt-blown (LAMB) tech-
nique to manufacture PP MBs, which can substantially alter the
viscosity of PP melt and enhance the ltration performance of
MBs.13 However, this method is too expensive for the industrial
production of MBs. In contrast, irradiation technology is risk-
free, environmentally friendly, and cost-effective. And it can
be directly adapted to conventional processing operations
RSC Adv., 2023, 13, 7857–7866 | 7857
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Fig. 1 Schematic diagram of irradiation and melt-blown spinning
process.
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established in the industry for immediate mass production.14,15

The irradiation technology mainly uses gamma ray and electron
beam (EB) produced by cobalt-60 as the source of radiation.16 As
reported previously, the number average molecular weight of
PLA decreased with the increase in irradiation dose, which is
caused by two degradation mechanisms of PLA exposed to
gamma rays in the air, namely, main chain breakage and
hydrogen abstraction chain breakage.17,18 Thus, the irradiation
technology provides feasibility for increasing themelt index and
improving the melt-blown spinnability of PLA.

Meanwhile, compared with the electret performance of
traditional PP MBs, PLA MBs have some disadvantages, such as
poor electret effect and fast surface charge attenuation, which
directly impair the ltration performance of PLA MBs.19 Many
studies have shown that adding electret in MBs can effectively
improve the ltration efficiency without increasing the pressure
drop.20 Electrets such as SiO2,21 titanium dioxide22 and
boehmite23 have been widely used in air lters due to their
advantages of charge storage capacity and stability. Corre-
spondingly, Cheng et al. added SiO2 to PLA MBs to obtain SiO2/
PLA composite MBs with excellent charge storage capacity and
ltration performance.24 Ding et al. fabricated a polyvinylidene
uoride (PVDF)/g-glycidoxypropyl trimethoxysilane (GPS)@SiO2

nanober membrane that exhibited a remarkable electret effect
with a surface potential of 12.4 kV.25 Yet, studies on the charge
stability and time-dependent attenuation of PLA MBs by SiO2 as
electret are still limited, although there is of great signicance
for the long service life of PLA MBs as disposable protective
materials.26

Additionally, in the era of the epidemic, the mask can
effectively intercept bacteria and prevent human from inhaling
bacteria in the air.27 However, commercial PP or PLA lters lack
antibacterial capability. According to reports, bacteria and
viruses can survive in a general surgical mask for more than 4
days within the inner layer and 7 days on the outer layer.28

Therefore, PLA MBs not only need to enhance high-efficiency
and low-resistance ltration performance but also need to
inactivate bacteria and viruses in time, inhibiting cross-
infection caused by disposing of masks and medical protec-
tive clothing.29 As a photocatalyst, zinc oxide (ZnO) is a common
and efficient antibacterial agent, which has been safely and
widely used in bers, lms, and other polymer matrixes.30,31 The
well-knownmechanism is that ZnOmay directly contact the cell
walls of microorganisms and release reactive oxygen species
through photocatalysis, resulting in the destruction of bacterial
cell integrity.32,33

In this study, we report a facile strategy to fabricate high-
efficiency and low-resistance and antibacterial PLA MBs via
irradiation technology and melt-blown spinning processing.
Firstly, it is inspired by the fact that irradiation can reduce the
viscosity of PLA and further improve its spinnability.13,14 We
studied the effects of different irradiation doses on the molec-
ular weight, viscosity and crystallinity of PLA. Then, by opti-
mizing the weight ratio of irradiated PLA and pristine PLA, the
composite MBs were successfully fabricated, and their struc-
tural properties, ltration performances and spinnability
enhancement mechanism were investigated. Finally, PLA-based
7858 | RSC Adv., 2023, 13, 7857–7866
MBs with high ltration efficiency, excellent electret properties,
and good antibacterial performance were fabricated by adding
electret (SiO2) and antibacterial agent (ZnO) to PLA melt. The
effect of SiO2 on the ltration performance and charge stability
of MBs and the effect of ZnO on the antibacterial properties of
MBs were further studied. PLA-based MBs prepared by this
method exhibit important application potential in the eld of
disposable protective equipment.
Experimental section
Experimental raw materials

The polylactic acid (PLA, L9024) resin (Total Corbion Company,
Thailand) had a viscosity-average molecular weight (Mv) of 8.26
× 104. The zinc oxide masterbatch (PLA content 83 wt%, ZnO
particle diameter about 100 nm) product was purchased from
Shanghai Aoling Textile New Material Co., Ltd, (SiO2 nano-
particles diameter about 20 nm, China), and the SiO2 electro-
static electret nanoparticles was purchased from Xinkui
Polymer New Materials Co., Ltd, China.
Irradiation modication of PLA

Before irradiation, PLA was vacuum dried (24 h, 80 °C). The g-
radiation processing was performed by a g-irradiator (Hongyi
Sifang Radiation New Technology Co., Ltd, China), using a 60Co
irradiation source in the air at room temperature at a dose rate
of 0.3 kGy h−1. Samples being subjected to g-doses of 50 and
100 kGy are named as PLAg50 and PLAg100, respectively.
Preparation of PLA melt-blown nonwovens

Initially, PLA, PLAg50, PLAg100, ZnO masterbatch and SiO2

nanoparticles were dried in a vacuum oven at 80 °C for 24 h, and
MBs were prepared by a melt-blown spinning machine
produced by Beijing Institute of Fashion Technology. The
schematic diagram of the melt-blown spinning process is
shown in Fig. 1. In the experiment, the temperatures of the
melt-blown spinning machine (Ts1, Ts2, Ts3, machine head,
metering pump and spinneret) were set at 180, 185, 185, 195,
© 2023 The Author(s). Published by the Royal Society of Chemistry
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195 and 195 °C, respectively. The materials were melted and
extruded, hot-air draed and self-bonded into web. The ob-
tained MBs were named as PLA MBs, IPLA20 MBs (20 wt%
PLAg50 and 80 wt% pristine PLA), IPLA50 MBs (50 wt% PLAg50
and 50 wt% pristine PLA), IPLA20-ZnO MBs (1 wt% ZnO mas-
terbatch) and IPLA20-ZnO–SiO2 MBs (1 wt% ZnO masterbatch
and 1 wt% SiO2 nanoparticles).
Characterization

The thermal property was investigated by means of differential
scanning calorimetry (PerkinElmer DSC, Q2000, USA). The
sample mass was about 6 mg with a continuous ow of nitrogen
at 50 mL min−1. Non-isothermal crystallization curve: sample
was rapidly heated to 200 °C, equilibrated for 3 minutes to
eliminate thermal history, cooled to 30 °C at the rate of 10 °
C min−1 (cooling curve), and then heated to 200 °C (second
heating). Isothermal crystallization curve: sample was quickly
heated to 200 °C, then cooled for 30 minutes to 130 °C, and
heated to 200 °C at a rate of 10°C min−1. Graded crystallisation
curve: the sample was heated to the rst target temperature at
a rate of 10 °C min−1, held at a constant temperature for 3
minutes, then cooled to 30 °C and warmed to the next target
temperature. The ramp-up and ramp-down steps were repeated,
where the target temperatures were 200 °C, 173 °C, 169 °C, 165 °
C, 161 °C and 200 °C, respectively. The Ubbelohde viscometer
(model 3–0.47, Shanghai Shenshi Company, China) was used to
test the viscosity of the sample. By gel permeation chromatog-
raphy (GPC), a set of Waters 1525 GPC chromatographs and
waters 2414 detector (USA) were used to detect the change of
molecular weight and molecular weight distribution of the
sample. Tensile testing of the MBs was carried out (provided by
Shenzhen Wance Experimental Equipment Co., Ltd, TSE202A,
China). The SEM image of the as-prepared MBs was photo-
graphed by JSM-7500F at an acceleration voltage of 5 kV. The
ber diameter was measured with Smile View soware. A non-
contact electric eld compensation electrometer (FRASER 715,
Fischer Electrostatic Elimination Equipment Co., Ltd, UK) was
used to measure the surface electrostatic value of MBs aer
electret postprocessing. The porosity and pore size distribution
of MBs were measured by the Auto Pore V9620 high-
performance automatic mercury porosimeter (Merrittik Corp,
USA). The pore size (r) was calculated using formula (1):34

r ¼ �2g cos q

P
(1)

where P is the pressure used by the mercury porosimeter, g is
the surface tension of Hg (480 dynes cm−1), and q is the contact
angle of mercury in the air (140°).
Air ltration performance test

An automatic lter material tester (TSI 3160 purchased from
American TSI Inc) was used to test the ltration efficiency and
pressure drop of MBs. The ltration efficiency and pressure
drop of MBs to dioctyl phthalate (DOP) aerosols with different
particle sizes were tested by controlling the airow rate of 32
© 2023 The Author(s). Published by the Royal Society of Chemistry
L min−1, and the ltration efficiency (h) was calculated using
formula (2):20

h ¼
�
1� Cd

Cu

�
� 100 (2)

where Cu and Cd represent the concentrations of aerosol
upstream and downstream, respectively. Calculate the average
value of ltration efficiency by measuring the values of at least
three samples. The quality factors (QF) were calculated using
formula (3):20

QF ¼
�
ln

1

ð1� hÞ
��

DP (3)

where h (%) is the ltration efficiency along the particulates and
DP is the pressure drop across the lter.

Bacterial ltration efficiency (BFE) of PLA-based MBs was
evaluated and adapted from the standard YY 0469-2011
"Medical Surgical Mask".35 Before the test, the sample was
placed in an environment with temperature of 22 °C and rela-
tive humidity of 27% for pretreatment for 4 h. Bacterial
suspension was prepared, and Staphylococcus aureus
(ATCC6538) was inoculated into a proper amount of trypsin
soybean broth, and cultured at 37 °C for 24 h. Then, the above
culture was diluted with 1.5% peptone to a concentration of
about 5 × 105 CFU mL−1. The gas ow rate through the sampler
was controlled at 28.3 L min−1, the time of delivering bacterial
suspension to the sprayer was set at 1 min, the air pressure and
the running time of the sampler were set at 2 min, and the
bacterial aerosol was collected on trypsin soybean agar. The
agar plate was incubated at 37 °C for 48 h, and then the colony-
forming units (positive holes) formed by bacterial aerosol
particles were counted, and the obtained values were used to
determine the average level of bacterial aerosol particles deliv-
ered to the test sample. Calculate the test results according to
formula (4):1

BFE ¼ C � T

C
� 100 (4)

among them, C is the average value of positive quality control
and T is the sum of test sample counts.

Antibacterial assays against E. coli and S. aureus

Antibacterial experiments were performed with two typical
bacteria, Gram-negative Escherichia coli (ATCC 8099) and Gram-
positive Staphylococcus aureus (ATCC 6538). Different strains of
bacteria were cultured in soybean peptone broth at 37 °C for
24 h, and the broth was diluted 20 times with water. The
concentration of the cultured bacterial solution was adjusted to
1 × 108 CFU mL−1, which was used as the test bacterial solu-
tion. The control sample is white cotton cloth. Before the anti-
bacterial test, all the samples were cut to 18 × 18 mm2, weighed
0.4 g, and sterilized at 115 °C for 15 min, while retaining the
characteristics of the samples. According to GB/T 20944.2
Textiles – Evaluation for Mntibacterial Mctivity—Part 2:
Absorption Method, SCDLP liquid culture medium was added
to the test bacteria solution, the bottle cap was closed tightly,
and the bacteria were eluted by shaking 5 times (5 s each time)
RSC Adv., 2023, 13, 7857–7866 | 7859
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at 37 °C for 18 h. The eluted 10-fold diluted solution is injected
into a plate, and then about 15 mL of counting medium at 45 °C
is added. Aer sealing, the plate is placed at room temperature,
and aer the medium solidies, the plate is inverted and
cultured at 37 °C for 18 h. According to the number of colonies
(CFU) on the plate, use formula (5) to calculate the antibacterial
rate:1

Antibacterial rate % ¼ B� A

B
� 100 (5)

where B and A are the colony-forming units of the control group
and the sample, respectively.
Results and discussion
Characterization of irradiated PLA

The mechanism of molecular weight (Mn) change of PLA caused
by different doses of irradiation was studied by gel permeation
chromatography. As shown in Fig. 2a and Table 1, the Mn of
pristine PLA, PLAg50 and PLAg100 was 44 046, 32 137 and 24
491, respectively. This apparent drop in Mn with increasing
doses of irradiation is due to the random chain scission rather
than cross-linking.36 Additionally, the literature pointed out
that when the radiation dose is low, the large initial decrease in
molecular weight is a consequence of long polymer backbone
chains broken into chain segments. At higher radiation doses
Fig. 2 Effect of irradiation on the structure of PLA. (a) GPC diagram, (b)
secondary heating diagram.

7860 | RSC Adv., 2023, 13, 7857–7866
(>100 kGy), hydrogen abstraction becomes the key mechanism
of radiation-induced chain scission.34 The chain damage caused
by this effect will inhibit the movement and crystallization of
the PLA chain.18 Viscosity will certainly decrease when PLA
molecular weight drops, which is good for melt ow and curing
moulding of PLA melt during melt-blown spinning processes.38

As depicted in Fig. 2b, the viscosity of PLA considerably dropped
from 0.926 to 0.688 and 0.543 Pa s−1, respectively, as the irra-
diation dose rose from 0 to 50 and 100 kGy. The above shows
that irradiation caused a decrease in the molecular weight and
viscosity of PLA.

In order to explore the effect of radiation dose on the prop-
erties of PLA chain, we tested the graded crystallization of the
sample by DSC, as shown in Fig. 2c. The DSC plots of PLA and
PLAg50 had only one melting peak at 178 and 173 °C, respec-
tively. While PLAg100 had two melting peaks and the melting
temperatures further reduced to 171 and 167 °C. This evidence
shows that the 100 kGy irradiation dose caused the decrease in
PLA molecular weight and excessive chain scission. In contrast,
PLAg50 had a higher melting temperature and only one melting
peak, and the chain scission induced by irradiation is
moderate.39

DSC secondary heating curves of PLA and irradiated PLA are
shown in Fig. 2d, and the corresponding thermal parameters
are shown in Table 1. The glass transition temperature (Tg) of
PLA, PLAg50 and PLAg100 was 59.6, 55.7 and 56.9 °C,
viscosity diagram, (c) DSC grading crystallization diagram and (d) DSC

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Molecular weight, viscosity and DSC data of PLA and irradiated PLA

Mn Mw Viscosity Cooling Xc1 (%)
Second heating
Tg (°C)

Second heating
Xc2 (%)

Isothermal
Xc3 (%)

PLA 44046 88972 0.926 2.5 59.6 16.9 36.9
PLAg50 32173 61654 0.688 8.6 55.7 23.2 44.0
PLAg100 24491 46092 0.543 7.2 56.9 21.1 42.7
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respectively. The PLAg50 showed the lowest Tg, which indicates
that the chain of PLAg50 could migrate at a lower temperature.
The corresponding cold crystallization temperature was also the
lowest (93.8 °C). The outstanding chain migration ability of
PLAg50 made the crystallinity up to 23.2%. This is due to the
PLA chain broke into smaller fragments that migrate and crys-
tallize at a lower temperature under g-ray irradiation.37 The
cooling and isothermal crystallization curves of PLA, PLAg50,
and PLAg100 are shown in Fig. S1 and S2.† Clearly, the crys-
tallinity of PLAg50 was the highest during the process of cooling
and isothermal crystallization, and the maximum values are
8.5% and 44%, respectively. Thus, the lowest Tg and the highest
crystallinity of PLAg50 indicated outstanding chain migration
capacity and crystallization ability. Due to excessive irradiation
dose, the main chain of PLAg100 was oxidized and scission.40

Comparatively, the melting temperature (Tm) of PLA, PLAg50
and PLAg100 was 172, 168.8 and 168.1 °C, respectively, indi-
cating that the PLAg50 was more conducive to obtain sufficient
melt uidity at a lower processing temperature. Therefore,
PLAg50 is a good candidate for melt-blown spinning
processing.
Morphology and structure analysis of irradiated PLA MBs

The geometric structure of MBs, including ber diameter,
porosity and pore size, had an important effect on the ltration
performance.41 Fig. 3a–c presents the SEM image and ber
diameter distribution of the PLA MBs, PLAg50 MBs and
PLAg100 MBs. The bers in PLA MBs are intertwined, with an
average diameter of 7.36 mm (Fig. 3a). In addition, as the
decrease of viscosity, the average ber diameter of irradiated
PLA MBs decreased obviously to 3.57 and 3.32 mm, which was
consistent with the results of the previous literature.42 Never-
theless, the ber diameter distribution of PLAg50 MBs was
irregular, and some bers are even broken. The ber
morphology and diameter distribution of PLAg100 MBs were
more undesirable, as shown in Fig. 3c. The possible reason is
that the chain structures of PLAg50 and PLAg100 were
destroyed by irradiation, and PLA with different lengths of
chain can't be spun uniformly in the melt-blown spinning
process, resulting in an uneven ber diameter distribution.18

Furthermore, when the ber diameter of MBs is less than 2 mm,
it is difficult to wind.

From the above, the irradiated PLA cannot be directly used
alone for melt-blown spinning processing because its viscosity
is too low and its chain is irregular. On the other hand, owing to
pure PLA's high viscosity, it had poor melt uidity and produced
coarse-grained bers, which were not conducive to air ltration
© 2023 The Author(s). Published by the Royal Society of Chemistry
performance. Therefore, in order to improve the spinnability of
PLA, we designed to blend PLA with PLAg50 in a certain
proportion to prepare PLA MBs (named as IPLA MBs) with
optimal ber diameter and distribution.

Fig. 3d and e exhibits the morphology of IPLA20 MBs and
IPLA50 MBs, respectively. The average ber diameter of IPLA20
MBs reduced to 5.21 mm, without any obvious fracture or phase
separation. The cause may be adding a proper amount of low
viscosity PLAg50 (20 wt%) can efficiently facilitate the melt ow
of the blend, enhancing spinnability and lowering the ber
diameter of the resultant MBs.43 Although the IPLA50 MBs have
the smallest average ber diameter of 3.51 mm, the number of
ber with a diameter of <2 mm accounts for up to 30%, signif-
icantly more than 0% of PLA MBs and 12% of IPLA20 MBs
(Fig. 3e). IPLA 50 MBs have a poor spinning and winding state,
which leads to uneven ber diameter and distribution.

Compared to PLA MBs, the mechanical characteristics of
IPLA20 MBs slightly declined. As shown in Fig. 3f, the breaking
strength only dropped from 0.35 MPa to 0.32 MPa. However, the
breaking strength of IPLA50 MBs is only 0.13 MPa. This further
shows that the mechanical properties of MBs will reduce by
adding irradiated PLA. But the mechanical decline of IPLA 20
MBs is relatively gentle, which meets the requirements of pro-
cessing and application.

The pore size and distribution of PLA MBs and IPLA20 MBs
are shown in Fig. 3g and h, respectively. Obviously, the porosity
of PLA MBs was 79.9% and the average pore size was 20.1 mm.
Due to the reduction in ber diameter, the porosity of IPLA20
MBs increased to 89.81% and the average pore diameter
increased to 42.7 mm. In fact, under the same processing
condition, the smaller ber diameter of the MBs, the higher
porosity and the larger pore size of the MBs.44 But the basis
weight of MBs also affects the average pore diameter and the
ltration performance further. In this work, we increased the
basis weight to 35 g m−2 to adjust the average pore diameter
when used to capture particulates in the air.
Functional modication of PLA MBs

In order to enhance the air ltration performance and anti-
bacterial properties of PLA MBs, we introduced the functional
modiers ZnO (an antibacterial agent) and SiO2 (an electret)
into the blended melt of 80 wt% PLA and 20 wt% PLAg50. The
SEM images of IPLA20-ZnO MBs and IPLA20-ZnO–SiO2 MBs are
shown in Fig. 4a and b, respectively. Compared to IPLA20 MBs,
bers of IPLA20-ZnO MBs have a smooth surface, while IPLA20-
ZnO–SiO2 bers have a slightly rougher surface with a few
agglomerates. The ber diameter of IPLA20-ZnO MBs and
RSC Adv., 2023, 13, 7857–7866 | 7861
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Fig. 3 Properties of irradiated PLA and PLA blend MBs. SEM images of (a) PLA MBs, (b) PLAg50 MBs, (c) PLAg100 MBs, (d) IPLA20 MBs and (e)
IPLA50 MBs. (f) Stress–strain curve. Pore size and distributions of (g) PLA MBs and (h) IPLA20 MBs.
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IPLA20-ZnO–SiO2 MBs decreased to 5.13 mm and 4.95 mm,
respectively. It was obvious that ZnO and SiO2 could be added to
PLA bers to effectively reduce their diameter. According to Li
et al.,32 ZnO can accelerate heat absorption and promote the
crystallization of PLA. Therefore, during melt-blown spinning
process, the existence of ZnO and agglomerated SiO2 was
conducive to the curing of PLA ber and reducing ber diam-
eter. The literature also noted that metal oxides could quicken
heat absorption, reduce the viscosity of PLA, and accelerate the
migration of PLA chain andmelt ow.45 This is equivalent to the
application of irradiation technology to lower the viscosity of
PLA, hence lowering the ber diameter and enhancing the
ltration performance of PLA MBs.

The average pore size of IPLA20 MBs, IPLA20-ZnO MBs and
IPLA20-ZnO–SiO2 MBs was 42.7, 38.1 and 27.3 mm, respectively
(Fig. 4c and d). The porosity of three kinds of MBs was 89.81%,
88.13% and 74.69%, respectively. The decrease in the average
pore size and porosity may be attributed to the presence of ZnO
and SiO2, leading to an increase in self-bonding spots between
bers in the MBs network during melt-blown spinning process.
Low porosity and small pores created a long and challenging
path for air penetration,46 endowing MBs with high ltration
efficiency. In addition, the higher number of self-bonding spots
7862 | RSC Adv., 2023, 13, 7857–7866
in the MBs leads to a tighter bond between the bers and
consequently to an increase in the stretching stress of MBs.

Electret technology is an important postprocessing in melt-
blown spinning process. The electret will be charged under
a high-voltage electrostatic eld to store considerable charge
and improve electrostatic adsorption between MBs and partic-
ulates.47 Fig. 4e shows the changes in ltration efficiency and
pressure drop of MBs before and aer electret postprocessing at
a xed particulate size of 0.3 mm and an airow rate of 32
L min−1. Without electret postprocessing, the physical inter-
ception effect of MBs was mainly sieving interception, which
was dependent on the structural properties of MBs themselves,
such as ber diameter, pore size and porosity.42 As shown in
Fig. 4e, the ltration efficiency of PLA MBs, IPLA20 MBs,
IPLA20-ZnO MBs and IPLA20-ZnO–SiO2 MBs without electret
postprocessing was 36.5%, 42.6%, 49.3% and 50.1%, respec-
tively. Compared with the PLA MBs, the ltration efficiency of
the IPLA20 MBs has been improved, which is mainly due to the
addition of the irradiation component which improved the
spinnability of PLA and reduced the ber diameter of MBs. Due
to the incorporation of ZnO and SiO2 decreased the ber
diameter, pore size and porosity of MBs, the ltration efficiency
of IPLA20-ZnO MBs and IPLA20-ZnO–SiO2 MBs was improved.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Performance analysis of functionally modified MBs. SEM images of (a) IPLA20-ZnO MBs and (b) IPLA20-ZnO–SiO2 MBs. Pore size
distribution of (c) IPLA20-ZnO MBs and (d) IPLA20-ZnO–SiO2 MBs. The filtration performance of MBs with (e) 0.3 mm particulate size and (f)
different particulate sizes after electret postprocessing. (g) The change of surface static electret postprocessing with time. (h) The filtration
efficiency of MBs with electret postprocessing for different particulate sizes after storage 7 days and 200 days.
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Aer electret postprocessing, the electrostatic adsorption of the
MBs was more obvious except for sieving interception, which
was mainly due to the strong electrostatic force of charged
MBs.48 Therefore, as shown in Fig. 4e, the ltration efficiency of
the MBs was greatly improved to 76.5%, 85.8%, 88.6% and
© 2023 The Author(s). Published by the Royal Society of Chemistry
94.8%. With the addition of SiO2 electret, the increasement of
ltration efficiency of IPLA20-ZnO–SiO2 MBs was much higher
than that of PLAMBs, IPLA20MBs, and IPLA20-ZnOMBs, which
proved that SiO2 electret has good charge storage capacity. In
addition, the ltration efficiency of IPLA20-ZnO–SiO2 MBs
RSC Adv., 2023, 13, 7857–7866 | 7863
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reached 94.8% aer electret postprocessing, totally meeting the
ltration efficiency requirements of personal protective
equipment.

Except for the nature of MBs, the ltration efficiency usually
depends on the size of the target particulates.48 Fig. 4f shows
the ltration efficiency of MBs towards different particulate
sizes aer electret postprocessing. It is demonstrated that the
ltration efficiency of IPLA20 MBs, IPLA20-ZnO and IPLA20-
ZnO–SiO2 MBs steadily increased as the particulate sizes rose,
which is consistent with the trend in the literature.11 As re-
ported by Chmielewska et al.,49 when the particulate size is
smaller than 0.3 mm, the physical sieving effect is dominant,
and the ltration efficiency increases as the particle size
increases. At the same time, due to the pore size of IPLA20-
ZnO–SiO2 MBs is small, the ltration efficiency at different
particulate sizes was higher than that of IPLA20 MBs.
Furthermore, aer electret postprocessing, the electrostatic
adsorption effect of IPLA20-ZnO–SiO2 MBs on capturing the
ne particulates is stronger than that of IPLA20-ZnO MBs, due
to the presence of electret SiO2.

The variations in pressure drop for particulate ltering are
shown in Fig. S3.† As can be seen, the pressure drop of MBs was
maintained between 12 and 15 Pa and substantially smaller
than that of the PP MBs, providing much better comfort.50

Furthermore, aer electret postprocessing, the pressure drop of
MBs at different particulate sizes remains almost unchanged,
due to the fact that electret postprocessing has no inuence on
the structure of MBs.51 Quality factor (QF) can effectively reect
the comprehensive ltration performance of lters.52 In
Fig. S4,† the QF values of IPLA20 MBs and IPLA20-ZnO–SiO2

MBs also increased with the increase in particulate size. And the
maximum value of IPLA20-ZnO–SiO2 MBs was 0.2 Pa−1, higher
than 0.15 Pa−1 of IPLA20 MBs, indicating that IPLA20-ZnO–SiO2

MBs have excellent ltration performance due to the assistance
of electret SiO2.

The surface electrostatic value measured immediately aer
electret postprocessing reected the ability of MBs to directly
store charge. The amount of surface static electricity measured
Fig. 5 (a) Colony number diagram and antibacterial rate of MBs after 18 h
(c) IPLA20-ZnO MBs, and (d) IPLA20-ZnO–SiO2 MBs.

7864 | RSC Adv., 2023, 13, 7857–7866
at different intervals reected the material's ability to keep
electrostatic charge, which was the ability to withstand the
attenuation of electric quantity.41 The change in surface elec-
trostatic value of MBs with time is shown in Fig. 4g. The instant
surface electrostatic value of IPLA20-ZnO–SiO2MBs was 9.58 kV,
which is obviously greater than 6.04 kV of IPLA20 MBs and 6.59
kV of IPLA20-ZnO MBs. During the storage period of 30 days
under darkness at room temperature, the surface electrostatic
value of MBs showed a decreasing trend with time. The surface
electrostatic value of IPLA20 MBs and IPLA20-ZnO MBs almost
decreased to 0 kV, while that of IPLA20-ZnO–SiO2 MBs still
maintained above 3 kV, indicating that the addition of electret
SiO2 made the PLA MBs have excellent charge storage ability
and resistance to charge decay. Aer placing of 7 days and 200
days, the ltration efficiency of IPLA20 MBs and IPLA20-ZnO–
SiO2 MBs with electret postprocessing is shown in Fig. 4h. The
ltration efficiency of IPLA20-ZnO–SiO2 MBs was stable aer
storage 200 days (81.4%) and was higher than that of IPLA20
MBs (77.4%). This is consistent with the result that the residual
electrostatic charge level of IPLA20-ZnO–SiO2 MBs is signi-
cantly higher than that of IPLA20 MBs, which further demon-
strates that the prepared MBs had a long service life by
incorporating SiO2 electret.

When theMBs is used as amask lter material, bacteria such
as E. coli and S. aureus should be intercepted by MBs,53 pro-
tecting humans from infection by the environment and others.
Therefore, the bacterial ltration ability of MBs was also
important for safety. The bacterial ltration test of IPLA20-ZnO–
SiO2 MBs is carried out according to the Chinese standard of
YY0469-2011 (detailed in Air ltration performance test). The
average BFE was 98.5%, which was higher than the requirement
of BFE in Chinese standard, as well as the standard in European
ASTM F2101-19 and American BS EN 14683: 2019.54 Therefore,
the IPLA20-ZnO–SiO2 MBs as a mask lter material can effec-
tively prevent pathogenic microorganisms, body uids and
particulate matter into human mouth and nose. It was of great
signicance to provide effective, safe, and green masks for
human in the epidemic era of COVID-19.
ours of culture by E. coli and S. aureus, Colony status of (b) IPLA20MBs,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Antibacterial property analysis of MBs

In order to measure the antibacterial properties of MBs, two
typical bacteria, Gram-negative E. coli and Gram-positive S.
aureus were used to contaminate MBs for 18 h. Fig. 5a show
that aer 18 hours of growth at a colony concentration of 2.0
× 105 CFU mL−1, the number of viable E. coli and S. aureus in
IPLA20 MBs grew to 2.3 × 107 CFU mL−1 and 2.0 × 107 CFU
mL−1, respectively. Compared with the viable count of the
standard cloth, the antibacterial rate of IPLA20 MBs on E. coli
and S. aureus was 0% and 54%, respectively. According to the
standard of GB/T 20944.2 Textiles – Evaluation for Antibacte-
rial Activity—Part 2: Absorption Method, IPLA20MBs has no
antibacterial ability. The clear colonies in Fig. 5b further
demonstrated that IPLA20 MBs do not meet the antibacterial
standard that the antibacterial rate against S. aureus and E.
coli should be greater than 99%. The colonies in IPLA20-ZnO
MBs and IPLA20-ZnO–SiO2 MBs are depicted in Fig. 5c and
d, respectively. The colony count of S. aureus and E. coli
dropped to 1.0 × 102 CFU mL−1, and the antibacterial rate
exceeded 99%. This shows that MBs containing ZnO have
a signicant antibacterial impact on S. aureus and E. coli.
There are two explanations of the antibacterial mechanism of
ZnO: (1) releasing Zn2+ ions that contact or enter cells to cause
cell death, (2) generating reactive oxygenated species (ROS)
and low-concentration H2O2 through photocatalysis, which
leads to the denaturation and death of proteins, DNA, and fats
in bacteria.32,33 In general, adding ZnO to MBs is a simple and
effective industrialized method for large-scale application in
disposable masks, protective clothing and other medical
equipment.
Conclusions

To sum up, we successfully designed an irradiation modied
PLA with excellent spinnability of melt-blown spinning and
a green IPLA20-ZnO–SiO2MBs that has high ltration efficiency,
low pressure drop and antibacterial properties. Firstly, the
chain structure of PLA was modied by irradiation technology,
and irradiated PLA with low molecular weight, high crystal-
linity, and low viscosity was produced. Then, the IPLA20-ZnO–
SiO2 MBs was fabricated by adding electret SiO2 and antibac-
terial agent ZnO into PLA melt during the melt-blowing spin-
ning process. Finally, the IPLA20-ZnO–SiO2 MBs possessed high
ltration efficiency up to 94.8%, low pressure drop of 14 Pa and
satised QF value of 0.2 Pa−1 at an airow rate of 32 L min−1

and particulate size of 0.3 mm. Meanwhile, the bacterial ltra-
tion efficiency was higher than 99%. Furthermore, this material
exhibited excellent charge storage ability and stability and
maintained outstanding ltration performance even aer
storing for 200 days, ensuring its long-term storage and service.
In addition, the antibacterial rate of IPLA20-ZnO–SiO2 MBs
against S. aureus and E. coli reached up to 99%, respectively. In
general, we anticipate that the PLA-based melt-blown nonwo-
vens will have tremendous potential for the application of
disposable medical surgical masks and medical protective
clothing.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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PeerJ, 2020, 8, 10259–10278.

10 J. Feng, Mater. Lett., 2017, 189, 180–183.
11 F. Zhu, J. Su, Y. Zhao, M. Hussain, S. Yasin, B. Yu and J. Han,

Text. Res. J., 2019, 89, 4173–4185.
12 Y. Huang, H. Brünig, R. Boldt, M. T. Müller and S. Wießner,

Eur. Polym. J., 2022, 162, 110895–110903.
13 C. Yang, X. Jiang, X. Gao, H. Wang, L. Li, N. Hussain, J. Xie,

Z. Cheng, Z. Li, J. Yan, M. Zhong, L. Zhao and H. Wu, Nano
Lett., 2022, 22, 7212–7219.

14 X. Xia, X. Shi, W. Liu, S. He, C. Zhu and H. Liu, Iran. Polym. J.,
2020, 29, 581–590.
RSC Adv., 2023, 13, 7857–7866 | 7865

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra08274h


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
M

ar
ch

 2
02

3.
 D

ow
nl

oa
de

d 
on

 7
/1

9/
20

25
 1

:4
9:

33
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
15 C. Vasile, D. Paml, T. Zaharescu, R. P. Dumitriu,
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