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ABSTRACT: The regeneration of ﬁltering facepiece respirators
(FFRs) is of critical importance because of the severe shortage
of FFRs during large-scale outbreaks of respiratory epidemics,
such as COVID-19. Comprehensive experiments regarding FFR
regeneration were performed in this study with model bacteria
to illustrate the decontamination performance of the regeneration processes. The results showed that it is dangerous to use a
contaminated FFR without any microbe inactivation treatment
because the bacteria can live for more than 8 h. The ﬁltration
eﬃciency and surface electrostatic potential of 75% ethanoltreated FFRs were signiﬁcantly reduced, and a most penetrating
particle size of 200 nm was observed. Steam and microwave
irradiation (MWI) showed promising decontamination performances, achieving 100% inactivation in 90 and 30 min, respectively. The ﬁltration eﬃciencies of steam-treated FFRs for 50 and
100 nm particles decreased from 98.86% and 99.51% to 97.58% and 98.79%, respectively. Ultraviolet irradiation (UVI)
eﬀectively inactivated the surface bacteria with a short treatment of 5 min and did not aﬀect the ﬁltration performance.
However, the UV dose reaching diﬀerent layers of the FFP2 mask sample gradually decreased from the outermost layer to the
innermost layer, while the model bacteria on the second and third layers could not be killed completely. UVI+MWI and steam
were recommended to eﬀectively decontaminate the used respirators and still maintain the respirators’ ﬁltration eﬃciency.
The present work provides a comprehensive evaluation for FFR regeneration in terms of the ﬁltration eﬃciencies for 50−500
nm particles, the electrostatic properties, mechanical properties, and decontamination eﬀects.
KEYWORDS: COVID-19, nanoparticles, mask regeneration, ﬁltration performance, charge decay
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amount of FFRs are required in aﬀected regions over a short
period. The World Health Organization (WHO) estimates
that 89 million medical masks are required every month and a
40% increase in manufacturing is required to ﬁll the huge gap
between demand and supply during the COVID-19
pandemic.7 Mask regeneration and alternative materials for
masks have thus attracted strong attention.8,9 Historically, the
Centers for Disease Control and Prevention (CDC), including

uring the COVID-19 pandemic, many studies have
focused on the detection, infection, and transmission
of the SARS-CoV-2 virus,1−4 as well as personal
protection equipment. Filtering facepiece respirators (FFRs)
are reliable personal protect equipment that reduce exposure
risk to airborne contaminants, such as pathogens, particulate
matter, and dust, and are widely used for healthcare in
hospitals during seasonal inﬂuenza and public health
emergencies, e.g., SARS in 2003 and COVID-19 in 2020.4−6
Under normal situations, FFRs are produced at a low volume
to meet speciﬁc requirements, e.g., hospital medical staﬀ and
workers with powders/dust/particles. However, during an
epidemic or pandemic outbreak, such as COVID-19, FFRs are
needed for patients, doctors, and a signiﬁcant fraction of the
general public to protect themselves in order to stop
transmission of the pathogen. In such situations, a massive
© 2020 American Chemical Society
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Figure 1. Experimental setup and procedure for FFR regeneration: (a) Bacterial loading and bacteria inactivation treatment. (b) Setup for
the particle ﬁltration test. (c) Setup for the bacteria penetration test. (d) Procedure of colony-forming-unit counting. L1, L2, and L3
represent the outermost layer, middle layer, and innermost layer, respectively.

activity, and damage to nucleic acids and membrane transport
capacity.16,17 Commonly used physical inactivation methods
include ultraviolet irradiation (UVI), microwave irradiation
(MWI), and steam. The inactivation mechanisms of UVI are
damage of the DNA and inhibition of the DNA repair
function.18 The ability of MWI and steam to inactivate
microbes is attributed to thermal eﬀects, which cause protein
dysfunction in microbes.19,20 So far, UVI,8,15,21−26 MWI,21
steam,8,24 hydrogen peroxide,21,22,27 ethylene oxide,21,22
NaOCl,21 and γ-rays28 have been considered for FFR
regeneration. Even though these microbe inactivation methods
have been used in various scenarios, their eﬃcacies still need to
be evaluated for FFR regeneration, since the microbes may
penetrate into the inner layers of the FFR.
The ﬁltration performance of FFRs depends on the physical
structure and electrostatic property of the melt-blown layer.
For chemical inactivation methods, the corrosion of chemicals
may damage the ﬁlter’s physical structure;29 organic solvents
such as ethanol may dissipate the charges of electret ﬁlters.30 In
addition, residual chemicals on FFRs may pose adverse health
impacts on wearers.21 For physical inactivation methods, the
mechanical and electrostatic properties of polymer ﬁlters may
be degraded by the thermal eﬀects of MWI and steam, as well
as the aging eﬀect of UVI.30−32 Since the COVID-19 outbreak
occurred, some general inactivation methods, such as UVI, EO,
and hydrogen peroxide, have been proven to have no
signiﬁcant eﬀects on the FFRs’ ﬁltration performance and
have been recommended for decontaminating FFRs.12,21,22,33
Nevertheless, those works were limited by the lack of
experiments regarding microbe inactivation. Moreover, the
standardized eﬃciency tests for ﬁlter media measure the
minimum eﬃciency at the most penetrating particle size
(MPPS).34 Measurement at the MPPS is designed to provide
information for the worst-case scenario. Many studies have
reported that the MPPS of N95-rated FFRs is below 100
nm.35−37 A mask used for ﬁghting SARS-CoV-2 should be
proven to be eﬃcient in both the size range of respiratory
droplets and virus-laden aerosols, which could be suspended in

the National Institute for Occupational Safety and Health
(NIOSH), issued FFR shortage warnings and developed
recommendations for FFRs’ reuse during the severe acute
respiratory syndrome (SARS 2003) and H1N1 (2009)
pandemics.10−12 Therefore, although FFRs are designed as
disposable products, the regeneration of used FFRs can still be
an important option to meet the tremendous shortages during
large-scale outbreaks of epidemics transmitted via the airborne
route.
The most commonly used N95-equivalent FFRs consist of
four layers.13 Moving from the outer layer to the inner layers
(Figure S1), a hydrophobic outermost layer is used to prevent
external moisture; the second layer is a support layer that
provides rigidity and designability; the third layer is a meltblown nonwoven polypropylene (PP) layer to capture
contaminant particles; and the innermost layer is another
hydrophobic layer that minimizes the internal moisture from
entering the respirator. The second and third layers stick
together and are considered to be the middle layer. The core of
an FFR is the middle layer, which provides a particle ﬁltration
function through mechanical ﬁltration mechanisms and
electrostatic attraction. In order to regenerate used FFRs,
proper pathogen inactivation methods should be adopted in
order to decrease the infection risk through contact with
contaminated FFRs. At the same time, the respirator ﬁltration
performance should also be maintained.10
During the regeneration process of FFRs, the main concerns
are the inactivation of the potential pathogens and maintaining
the FFRs’ ﬁltration performance. Microbe inactivation
methods include physical and chemical techniques. Ethylene
oxide (EO), vaporized hydrogen peroxide (HPV), and
inorganic hypochlorite are the most commonly applied
chemical inactivation methods. In particular, EO is a standard
inactivation method for medical devices,14 and HPV is
approved by the Food and Drug Administration (FDA) to
regenerate face masks as a response to the current pandemic.15
In principle, the mechanisms of chemical inactivation include
reactions with functional proteins, inhibition of enzyme
13162
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Figure 2. SEM images of the melt-blown layer of regenerated FFP2 circular samples and the average ﬁber diameter of at least 200 ﬁbers.

the air after the droplets dry out. Measuring the ﬁltration
eﬃciency for micron particles cannot evaluate the minimum
eﬃciency of the regenerated FFRs. Therefore, a particle
ﬁltration test for FFRs using nanoscale particles is crucial. In
addition, further studies regarding the electrostatic property
and pressure drop of regenerated FFRs are urgently needed to
support FFR regeneration work.
Model bacteria have been widely used to evaluate the
inactivation eﬃcacies of diﬀerent decontamination methods.
For example, under FDA guidelines, the HPV method recently
approved for mask regeneration was evaluated by using
Geobacillus stearothermophilus spores,38 and Escherichia coli
and Staphylococcus aureus were used to evaluate the widely
used EO method for medical devices.39 Suspensions of two
commonly used model bacteria (Escherichia coli and Bacillus
subtilis),40,41 which were used to mimic respiratory droplets
containing pathogens, were employed in the present study.
The bacteria inactivation eﬃciencies of MWI, UVI, a
combination of UVI and MWI (UVI+MWI), steam exposure,
and 75% ethanol were evaluated. The particle ﬁltration
eﬃciency was measured with particles in the range of 50−
500 nm, which covers the size of the SARS-CoV-2 virus and
the MPPSs of many commercial FFRs. Moreover, the
morphology, pressure drop, and surface potential of the
middle layer were measured to assess the ﬁltration performance of regenerated FFRs (Figure 1).

The morphology of the melt-blown layer of FFRs may be
changed by the thermal eﬀect of steam and microwaves, the
aging eﬀect of UV, and the swelling eﬀect of polymer in
ethanol. Thus, the morphology of test samples was evaluated in
terms of the ﬁbers’ diameters and the structure of the meltblown layer before and after regeneration, as shown in Figure
2. The ﬁbers’ diameters of FFP2 circular samples regenerated
by all bacteria inactivation methods had no statistically
signiﬁcant diﬀerences. The melting point of polypropylene is
∼160 °C, which is much greater than the temperatures of
steam and that generated by short-duration microwave
irradiation. Thus, the thermal eﬀect of steam and microwave
irradiation had no inﬂuence on the ﬁber’s diameter. The eﬀect
of UV on the materials strongly depended on the applied
dosage. PP was very stable even after UV treatment with
13 500 mJ/cm2,42 which was much larger than the maximum
applied dosage in this study (378 mJ/cm2), and no eﬀect on
the ﬁber morphology was observed in the present work.
Although it was hard for the ethanol-treated samples to return
to their original structure due to the formation of
intersegmental bonds with diﬀerent components,43 no change
in ﬁber diameter was observed for the ethanol-regenerated
FFP2 circular samples. Compared with the control sample and
the samples regenerated by other decontamination methods,
the randomly crossed ﬁbers transformed into agglutination
after ethanol treatment. Such ﬁber agglutination might be
caused by an increased ﬁber mobility during the immersion in
ethanol, and it was possible that agglutination also aﬀected the
pore size.
A drawback of the MWI was that damage occurred when the
FFRs were microwaved for a long duration or with a high
power output. After the entire FFP2 masks were exposed to
400 W for more than 10 min or to 700 W for 5 min, damage
occurred on the nose foam material (Figure S3). This result
indicated that the physical inactivation method related to the
thermal eﬀect may bring irreversible damage to the ﬁlter layer
or other components, such as the nose foam material, straps,
and nose bridge. In particular, metal materials were adopted as
part of the nose bridge by most FFRs brands and should be
removed when using the MWI methods. To avoid the damage
of FFRs via long-time exposure to microwaves, the duration of
a single treatment in our experiments did not exceed 5 min.

RESULTS AND DISCUSSION
The ﬁltration performances of newly cut circular mask samples
belonging to three categories with diﬀerent surface potentials
were tested (Figure S2 and Table S1). Only FFP2 masks with a
high surface potential (1900 V) demonstrated high ﬁltration
eﬃciencies (>99%) for 50−500 nm particles. The ﬁltration
eﬃciency further increased for particles larger than 500 nm due
to the stronger interception and inertial impaction. Therefore,
the N95 masks had even higher eﬃciencies for respiratory
droplets in the micrometer range. The circular surgical mask
samples had a ﬁltration eﬃciency of >80% for 50−500 nm
particles and an MPPS of approximately 100 nm. The
nonsurgical masks, with a very low surface potential (50 V),
had poor ﬁltration eﬃciency, and even wearing two of such
masks could not provide suﬃcient protection for the wearers.
13163
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Figure 3. Surface potential, pressure drop, and ﬁltration eﬃciency of the original and regenerated circular FFR samples: (a) pressure drop at
a velocity of 5.3 cm/s and the surface potential; (b and c) particle ﬁltration eﬃciencies of the FFP2 circular samples at a velocity of 5.3 cm/s.

transfer and charge neutralization.44−46 A previous study
indicated that charge detrapping was attributed to the swelling
of polymer ﬁbers in organic solvents, and the solubility of the
polymer ﬁlter in diﬀerent solvents was found to be a ratelimiting factor for charge release.30 If chemical decontamination methods are used for FFR regeneration, the solubility
between the FFR’s materials and the inactivation reagent
should be carefully examined.
Steam Inactivation Induced a Slight Decay of the
Surface Potential. Previous work reported that high
temperature and high humidity could induce a surface charge
decay on the electret ﬁlters.32 Therefore, a signiﬁcant negative
eﬀect of humidity on the surface potential was expected from
the steam inactivation method. However, only a slight decrease
of the surface potential was measured for all circular FFR
samples (Figure 3a). There were several reasons for this
unexpected result. In a thermally stimulated discharge (TSD)
test, the PP electret ﬁlter showed three discharge peaks at 30−
50, 100−130, and 165−170 °C, where the discharge intensity
increased with an increase in the temperature.47 In the present
work, the steam exposure was performed under normal
atmospheric pressure, and the temperature of the steam in
contact with the FFR sample was less than 100 °C. The slight
drop in the surface potential may be caused by the detrapping
of the interfacial charge at the ﬁrst discharge peak (30−50 °C).
On the other hand, condensed water on hydrophobic layers
was observed, which indicated that the outermost layer and
innermost layer protected the middle layer. Moreover, the
processing time was also an important factor. He et al. showed
that the surface potential of a PTFE electret ﬁlter dropped less
than 50% of its original value after aging at 100 °C for 48 h.48
Even though the inﬂuence of steam inactivation on the surface
potential was not signiﬁcant in this study, attention should be
given to the negative eﬀects of high temperature when using

Thus, MWI inactivation method processing times of 8, 10, 20,
and 30 min were the cumulative times for multiple MWI
treatment sessions.
For all the regenerated FFP2 circular samples, the porosity
had no discernible change compared with the control sample
(Table S2). Except for ethanol immersion, all other
decontamination methods had no obvious eﬀect on the
pressure drop at a velocity of 5.3 cm/s. The pressure drop of
ﬁbrous ﬁlters highly depends on the physical structure. As
explained before, the ﬁbers’ agglutination induced by ethanol
immersion was expected to decrease the pore size and resulted
in a slight increase in the pressure drop (Figure 3a).
UVI and MWI Had No Inﬂuence on the Surface
Potential (Figure 3a and Table 1). Both UVI and MWI
inactivated the microorganisms based on the radiation eﬀect,
which did not directly induce any signiﬁcant surface charge
decay. However, the radiation may indirectly aﬀect the charge
decay. UV irradiation can induce a number of oxidized
groups,42 which made the charges on the polymer surface
unstable and easy to transfer. The UV dose used in this work
was not suﬃcient to render the decay of the surface potential.
The high temperature accelerated the charge decay of the
electret air ﬁlter;32 thus heat accumulation during longduration MWI may cause degradation of the electrostatic
property. In the present study, MWI did not lead to charge
decay regardless of the total processing time because of the
short-duration irradiation setting.
Ethanol Signiﬁcantly Induced the Decay of the
Surface Potential. Ethanol showed the greatest negative
eﬀect on the surface potential among the tested methods
(Figure 3a). The surface potential of all circular FFR samples
decreased from 265−1545 V to ∼0 V after ethanol treatment
and drying. As an organic solvent, ethanol may lead to the
decay of surface potential through several ways, such as charge
13164
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Table 1. Average Surface Potential (AVG) of Regenerated Circular FFR Samples via the MWI, UVI, and Steam
Decontamination Methods and the p-Value of the t-Test
MWI
FFP 1
FFP 2
FFP 3
surgical masks

UVI

steam exposure

AVG (V)

uncertainty

p-value

AVG (V)

uncertainty

p-value

AVG (V)

uncertainty

p-value

868.4
1098
1347.6
265.2

82.8
286.8
147.1
83.5

0.055
0.058
0.142
0.494

1152.4
1413.8
1595.8
247.6

168.5
443.4
238.8
51.9

0.338
0.497
0.403
0.279

777.6
1067.4
1105.2
247.6

276.1
198.9
126.9
46.8

0.046
0.029
0.021
0.266

Figure 4. (a) Surviving bacteria under a natural drying situation after 8 h. (b) Distribution of bacteria on diﬀerent layers of FFP2 masks after
a 1 h penetration test.

autoclaves. As mentioned before, the PP electret ﬁlter
demonstrated a second discharge peak at 100−130 °C in the
TSD test. The work temperatures of the two basic types of
autoclaves (the gravity displacement autoclave and the highspeed prevacuum sterilizer) are in the range of 121−132 °C.49
Therefore, a more drastic charge decay of the PP electret ﬁlter
in autoclaves is likely.
Alteration of Filtration Eﬃciency at a Velocity of 5.3
cm/s Was Consistent with the Change in the Surface
Potential. It is known that N95 masks are one type of
electrostatic ﬁlter media.35 The charge decay of the electrostatic ﬁlter media comes with a decreased ﬁltration eﬃciency
and an increased MPPS.50 Because of the drastic degradation
of the electrostatic property, the ﬁltration eﬃciencies of
ethanol-treated FFP2 circular samples for particles in the range
of 50−500 nm decreased signiﬁcantly (Figure 3b). In addition,
an MPPS of 200 nm for the ethanol-treated FFP2 circular
samples was observed. The declined ﬁltration eﬃciency and
shifted MPPS increased the risk of infection when exposed to
airborne virus particles. For example, inﬂuenza A and SARSCoV-2 have aerodynamic sizes of 80−120 nm.51,52 The
ﬁltration eﬃciency of an FFP2 circular sample for 100 nm
particles decreased from 99.51% to 82.16% after being
decontaminated via ethanol treatment. Compared with the
original masks, it would be easier for inﬂuenza A and SARSCoV-2 to penetrate the regenerated masks.
For the regenerated FFP2 circular samples via steam
decontamination, the ﬁltration eﬃciencies for 50 and 100
nm particles decreased from 98.86% and 99.51% to 97.58%
and 98.79%, respectively (Figure 3c), which was attributed to
the slight decrease in the surface potential. According to the
analysis results of the Student’s t-test and one-way ANOVA
(analysis of variance) test, the ﬁltration eﬃciencies of the
steam-regenerated FFP2 samples for 50 and 100 nm particles
were statistically signiﬁcantly diﬀerent compared with those of
the control mask sample (Table S3). The steam decontamination may be suitable for the general public because only
slight eﬃciency decreases for 50 and 100 nm particles were

observed. However, viruses may be resuspended from medical
equipment and the ﬂoor surface to form virus-laden aerosols,53
and aerosol transmission is a possible transmission pathway of
COVID-19.54 The slight eﬃciency decrease in steamdecontaminated masks may be of concern for medical staﬀ.
The regenerated FFP2 circular samples via UVI and MWI
decontamination methods only had a <0.5% eﬃciency drop for
50 nm particles, which was consistent with the unchanged
surface potential.
The surface potential cannot represent the electrostatic
charge throughout the entire ﬁlter medium. However, the
comparison of the surface potential levels of the original and
regenerated FFRs provided an indication for the change in the
electrostatic property and ﬁltration eﬃciency. Compared with
the aerosol ﬁltration test, the surface potential test requires
simpler instruments and oﬀers a faster test procedure. The
surface potential test could be used to evaluate regenerated
FFRs.
The number of live bacteria decreased with time under
natural drying condition (Figure S4). After 8 h, a number of
CFUs on the test samples were still observed for both E. coli
and B. subtilis (Figure 4a), which indicated a high risk for direct
reuse of contaminated FFRs without any bacteria inactivation
treatment. The aerosolized bacteria were mainly deposited on
the outermost layer of the FFP2 circular samples. A few
bacteria penetrated into the second layer, but no bacteria were
observed on the innermost layer or HEPA ﬁlter after the 1 h
penetration test (Figure 4b). The results indicated that the
bacteria hardly penetrated to the innermost layer after capture
on the masks. The sizes of E. coli and B. subtilis are 0.4−1.5 μm
in diameter. However, the ﬁltration eﬃciencies of the
outermost layer and the ﬁrst two layers for airborne 1000
nm particles were ∼13% and ∼57%, respectively (Figure S5),
which indicates that more bacteria would deposit on the
middle layer of the FFP2 during air ﬁltration processes. The
outermost layer of the FFP2 could be considered to be a
mechanical ﬁbrous ﬁlter with a low ﬁltration eﬃciency, which
was ∼36% for the 120 nm particles (Figure S5). The sizes of
13165
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Figure 5. Log reduction and inactivation rate of E. coli and B. subtilis as functions of the processing time using inactivation methods of (a, c)
microwave irradiation and (b, d) steam exposure.

layers during the air ﬁltration processes. Herein, the E. coli and
B. subtilis suspensions were directly sprayed on the second
layer and third layer; then the entire FFP2 circular samples
were reassembled and irradiated by UV light for 5 min. The
UV dose reaching diﬀerent layers of the FFP2 mask sample
gradually decreased from the outermost layer to the innermost
layer (Figure S7a). The E. coli and B. subtilis on the second and
third layers of the FFP2 circular samples could not be
completely inactivated (Figure S7b).
The results of previous studies24−26 together with our data
showing penetration into the middle layers by particles with
sizes similar to the viruses suggest that the UV dose required to
completely inactivate SARS-CoV-2 deposited on the masks
should take the mask depth into consideration. The use of UVI
alone for FFR regeneration may not disinfect the middle layer
of masks, and other auxiliary methods can be adopted to
compensate for this deﬁciency.
Inactivation Eﬃcacy of MWI for E. coli and B. subtilis
Depended on the Treatment Time. An inactivation rate of
∼100% (>4 log reduction) of E. coli and B. subtilis was
achieved when the exposure time was extended to 10 and 20
min under a 400 W output power (Figure 5a and c). In a
number of studies on the inactivation of solid materials
contaminated by E. coli and B. subtilis, the required output
powers for the same bacteria reduction were diﬀerent (Table
2). For example, the study by Zhang et al. indicated that a >4
log reduction of E. coli deposited on polyacrylonitrile ﬁlters was
observed when the ﬁlters were exposed to 500 W for 2.5 min.59
One of the factors is that the ability of a material to absorb and
convert microwave energy to heat was aﬀected by the water
content,60 and the heat loss increased with an increasing water
content. The bacteria-containing water droplets were dried by
a diﬀusion dryer in Zhang et al.59 By contrast, the water
content of the bacteria aerosol used in the present study was

coronaviruses are between 80 and 160 nm.4 The sizes of virusladen aerosols can be in a wide range.6,55 By applying the
precautionary principle in the case of highly dangerous viruses,
we consider the possible penetration of virus-laden aerosols
through the outermost layer and deposition on the middle
layer in the air ﬁltration processes, which may lead to
incomplete inactivation by some surface regeneration methods,
such as UVI.
UVI Presented a Signiﬁcant Inactivation Eﬃcacy on E.
coli and B. subtilis. According to previous studies, the UV
dosages required for ∼100% disinfection of various microorganisms were diﬀerent, i.e., roughly 444 and 120 mJ/cm2 for
E. coli and B. subtilis in water suspensions, respectively.56,57 In
our experiments, irradiation times of 5, 10, and 15 min
corresponded to 126, 252, and 378 mJ/cm2 dosages,
respectively. No surviving bacterium was observed after UVI
treatment for 5 min or longer (Figure S6a). The UV dosage
that achieved ∼100% disinfection of E. coli was lower than the
dosage used by Vermeulen et al.,56 which might be because the
UV inactivation method was used for water suspension of
bacteria in their work. It is known that part of the UV light is
reﬂected at the water surface.57 The ﬁltration performance was
maintained even when the UV dosage was increased to 378
mJ/cm2 (UV for 15 min). In fact, the ﬁltration performance of
N95 masks was not inﬂuenced, even when the UV dosage
increased to 20 J/cm2,23 and the UVI could inactivate viruses
similar to SARS-CoV-2 on N95 masks when the used dosage
was greater than 1 J/cm2.24−26 Signiﬁcantly more research is
still required to determine the UV dose to inactivate the actual
SARS-CoV-2 on the masks in use. A major limitation of UV
light is that it can only be used for inactivation on the surface
of FFRs.58 Due to the poor ﬁltration eﬃciency of the
outermost layer for particles in the range of 50−1000 nm,
large fractions of bioaerosol could penetrate to the middle
13166
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Table 2. Summary of the Inactivation of E. coli and B.
subtilis by MWI and Steam

research
ref 59

ref 63
present
study

inactivation
rate or log
reduction
(log or %)
>99.83%
(>4 log)
99.8% (2.8
log)
∼69%

microwave
power or
steam
temperature
(W or °C)

time
(min)

500 W

2.5

E. coli

750 W

10

700 W

1.5

400 W

10

B.
subtilis
B.
subtilis
E. coli

>99.99%
(>4 log)
>99.99%
(>4 log)
100%a

400 W

20

85−90 °C

40

>99.9%

85−90 °C

110

ref 65

>8 logb

111 °C

60

111 °C

60

ref 66
present
study

3 log − 4
logb
2.64 logc
>99.99%
(>4 log)d
>99.99%
(>4 log)d

100 °C
90−100 °C

0.5
30

90−100 °C

90

ref 64

model
bacteria

B.
subtilis
B.
subtilis
B.
subtilis
E. coli
B.
subtilis
E. coli
E. coli
B.
subtilis

Article

MWI to complement the UVI inactivation method. UVI+MWI
exhibited excellent inactivation eﬀects. Almost 100% inactivation of E. coli and B. subtilis were observed under diﬀerent
combinations of 5 min UV + 4/8/12 min MWI (Figure S6b).
The inactivation method combining UVI and MWI is worth
considering in FFR regeneration.
No Surviving Bacteria Were Observed after 75%
Ethanol Treatment (Figure S6c). Ethanol inactivates
bacteria by denaturing proteins and dissolving the lipid
membrane and is widely used in healthcare settings.67,68
Experimental data have shown that alcohol-based inactivation
reagents (60% ethanol, 70% isopropanol, and alcohol-based
hand sanitizers) can inactivate viruses that are genetically
related to, and with similar physical properties to, SARS-CoV2.69
Suﬃcient Steam Exposure Time Can Achieve 100%
Inactivation of E. coli and B. subtilis. For the steam
inactivation method, inactivation rates of ∼100% (>4 log
reduction) for E. coli and B. subtilis were observed when the
steam exposure times were 30 and 90 min, respectively (Figure
5b and d). Previous research has reported that 50−85%
relative humidity (RH) enhanced the inactivation rates of
microbes.24,70,71 The RH of steam in the present study was
70−85%. Both the thermal eﬀect and high humidity
contributed to the bacteria inactivation eﬀects. A number of
previous studies regarding the steam inactivation for E. coli and
B. subtilis are shown in Table 2. Because diﬀerent heating
media and experimental parameters were used, it is not
appropriate to compare the results of previous studies directly
to the present study. However, the same trend observed in
both the present study and previous studies was that B. subtilis
bacteria were more resistant to steam exposure than E. coli.
This might be attributed to the thicker cell wall of Grampositive bacteria and the endospore produced by B. subtilis,
which provided additional protection against environmental
stresses.72 According to the latest study, a heating protocol at
92 °C for 15 min was eﬀective for SARS-CoV-2 inactivation;73
thus the steam inactivation method used in the present study
should be valid to similar viruses.

bacteria
loading
media
nanoﬁber
ﬁlter
nanoﬁber
ﬁlter
airborne
droplets
FFR masks
FFR masks
nonwoven
fabric
nonwoven
fabric
clinical solid
waste
clinical solid
waste
PVC
FFR masks
FFR masks

a

Assisted by formaldehyde. bWith a pressure of 8 psi. cNo pressure
parameter given. dAtmospheric pressure.

higher; thus the required output power for a >4 log reduction
of E. coli was higher. Another possible factor is that the actual
output powers of diﬀerent microwave oven brands may be
diﬀerent. Moreover, the diﬀerent properties of air ﬁlter
materials to reﬂect and absorb microwaves may cause diﬀerent
levels of heat accumulation, and heat is a major factor
determining pathogen inactivation eﬀects.61
As mentioned before, a limitation of the MWI inactivation
method was that a long-duration continuous operation would
damage the FFRs. At the same time, short-duration irradiation
indicated an ineﬃcient usage of the total processing time,
which prevented it from achieving a high disinfection eﬃcacy
and becoming a widely used method. However, the MWI had
the advantage of inactivating the bacteria deposited on the
middle layer of the FFRs with a thermal eﬀect and speciﬁc
microwave-induced intracellular changes.62 Therefore, shortduration MWI and UVI were likely to be complementary to
one another. The UVI and MWI inactivation methods were
limited by the penetration depth and operation time,
respectively. A potential solution is to use short-duration

CONCLUSIONS
As an important piece of personal protect equipment, FFRs
have been demanded in gigantic numbers over a short period
of time during the COVID-19 pandemic, and severe shortages
of FFRs have occurred in most of the COVID-19-infected
countries in the past few months. In the present work, we
combined ﬁltration tests and a microbial inactivation assessment to evaluate several respirator regeneration methods and
to develop detailed protocols in order to achieve the optimal
eﬀects of both an eﬃcient microbial decontamination and to

Table 3. Summary of the Treatment Methods for the FFR Samples
treatment
microwave
UV

experimental conditions and parameters
household microwave oven (Wave 300, Mio Star, Switzerland) with a revolving glass carousel and an output power of 400 W; treatment time: 4 min
× 1 cycle, 4 min × 2 cycles, 5 min × 2 cycles, 5 min × 4 cycles, 5 min × 6 cycles; FFR circular samples were placed on a plastic Petri dish; the glass
carousel was cooled to room temperature before the next trial
FFR circular samples were treated with UV in a biosafety cabinet with a UV sterilization lamp (BVL 315.G, wavelength 254 nm, Vilber Lourmat,
France); treatment time: 5 min (126 mJ/cm2), 10 min (252 mJ/cm2), and 15 min (378 mJ/cm2)
UV: 5 min (126 mJ/cm2); microwave treatment time: 4 min × 1 cycle, 4 min × 2 cycles, 4 min × 3 cycles with an output power of 400 W

UV +
microwave
steam
FFR circular samples were steamed for 30, 60, and 90 min above boiling water; after the steam treatment, the samples were kept in a biosafety cabinet
and air-dried completely
ethanol
FFR circular samples were immersed in 75% ethanol for 2 min, then kept in a biosafety cabinet and air-dried completely
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Bacteria suspensions (100 μL, ∼106 cells) in water were aerosolized
using a nebulizer and sprayed on each FFR sample (Figure 1a). The
bacteria inactivation methods in the present work are summarized in
Table 3. As shown in Figure S8, the UV dose reaching diﬀerent layers
of the FFP2 mask sample was measured using a UV intensity meter
(model 308, OAI, San Jose, CA, USA).
Filtration Performance Test. The ﬁltration performance was
evaluated on cut-out circular pieces of the FFRs with a diameter of 4.5
cm in a ﬁlter holder. The ﬁtting around human faces was not taken
into account. In detail, the pressure drop, surface potential, and
particle ﬁltration eﬃciency of the circular FFR samples were tested.
All the tests were performed for both original and regenerated circular
FFR samples, and triplicate tests of each type FFR were performed.
The pressure drop was measured by a pressure transducer (OMEGA
PX409-10WDWUUSBH) under a face velocity of 5.3 cm/s. The
circular mask samples were put on a grounded metal platform, and the
surface potential was measured using an electrostatic voltmeter
(Figure S9). The probe of the electrostatic voltmeter was set at
approximately 5 mm above the test sample. The surface potentials of
the ﬁve positions on the sample were measured, and the measurement
was repeated for three diﬀerent pieces. During the handling and
processing, the charged layer (PP nonwoven layer) was protected by
the outermost and supporting layers.
As shown in Figure 1b, the particle ﬁltration test was performed
following the same experimental setup described in a previous study.42
Brieﬂy, polydisperse NaCl aerosols were generated by an atomizer
(TSI 3079A) and dried by a diﬀusion dryer. Particles with mobility
diameters of 50, 100, 200, 300, 400, and 500 nm were selected using a
diﬀerential mobility analyzer (DMA, TSI 3081L) and then neutralized
using a Kr-85 source. The particle concentrations upstream and
downstream, which were used to calculate the ﬁltration eﬃciencies of
the test samples, were measured by two condensation particle
counters (CPC TSI 3775). The particle ﬁltration test was performed
only on the FFP2 masks (N95 rated respirators) because they are the
most commonly used among the various types of FFRs. The
distribution of classiﬁed NaCl particles is shown in Figure S10. The
experimental methods of ﬁltration test were in accordance with ISO
21083-1.76 According to our previous work,75 a sheath to aerosol ﬂow
ratio (SAFR) above or equal to 5 in the DMA could be applied in
order to minimize the artifact contributed by the multiply charged
particles. An SAFR of 10 was used in the present study. Within the
velocity range speciﬁed by the standards,76,77 a face velocity of 5.3
cm/s was applied to the FFR samples during the ﬁltration test,
because it represented a moderate breathing rate (55 L/min) and is a
commonly used test velocity for fabric ﬁlters and personal protection
devices.34
Penetration Test of Captured Bacteria. The purpose of the
bacteria penetration test was to understand whether or not the
captured bacteria could penetrate into the inner layer of the FFR over
long-term usage. As shown in Figure 1c, the FFP2 sample was
clamped by a ﬁlter holder, and a 100 μL bacteria suspension (∼106
cells) in water was sprayed on it. Then the FFP2 sample was tested by
a particle-free airﬂow with a velocity of 5.3 cm/s over 1 h, and the
penetrated bioaerosol were collected using a high-eﬃciency
particulate air (HEPA) ﬁlter. The bacteria on diﬀerent layers of the
FFP2 sample and the HEPA ﬁlter were eluted with 10 mL of sterilized
water, and a 200 μL eluent was spread on the LB agar plates (15 g/L
agar, 10 g/L tryptone, 5 g/L yeast extract, and 5 g/L sodium chloride,
Figure 1d). After cultivation in an incubator at 37 °C and 50% RH for
24 h, the amount of CFU was counted.
Bacteria Inactivation Test of Contaminated Masks. For the
bacteria inactivation test, a 100 μL bacteria suspension (∼106 cells)
was directly loaded onto the FFP2 circular samples using the
nebulizer, and the ﬁve methods mentioned before were applied to
inactivate the bacteria-contaminated FFP2 circular samples. The
regenerated FFP2 and control samples were eluted with 10 and 100
mL of sterilized water, respectively; then 200 μL of eluent was spread
on the prepared LB agar plates (Figure 1d). The plates were
incubated in an incubator at 37 °C and 50% RH for 24 h, and the

maintain an acceptable ﬁltration performance. Table 3
summarizes the regeneration protocols in the present study.
Ethanol may partially destroy the ﬁlter media ﬁbers and surface
charge, and it is therefore not suitable for mask regeneration.
UVI mainly disinfects the surface bacteria. UVI+MWI may be
considered for mask regeneration, but the metal nosepieces
should be removed. Steam treatment can eﬃciently inactivate
the bacteria with a slight sacriﬁce of the surface potential and
ﬁltration performance. Therefore, it can also be recommended
for mask regeneration.
The ﬁltration eﬃciency of the regenerated FFP2 masks was
tested using 50−1000 nm particles, which covered the size of
the SARS-CoV-2 virus and the MPPSs of many commercial
FFRs. The eﬃciencies of the individual layers of the masks
were also measured, which indicated that signiﬁcant fractions
of the airborne submicron particles penetrated into the inner
layer of the FFP2. This suggested that the traditional surface
decontamination methods might not completely inactivate the
deposited pathogens. Furthermore, the surface potential was
measured for the original and regenerated FFRs and revealed
that the loss of electrostatic charges was the main reason for
the decreased ﬁltration eﬃciency of FFRs treated with ethanol.
This result demonstrated that the surface potential measurement could be used to screen the methods for FFR
regeneration. Additionally, two model bacteria were used to
study the decontamination eﬃciencies of the FFR regeneration
methods. Overall, the current work provided a multifaceted
evaluation for FFR regeneration in order to ﬁght COVID-19.
FFRs protect medical staﬀ from job-related risks of exposure
to infectious respiratory diseases, and their regeneration is a
backup option for healthcare institutions in emergency
situations. In any event, the eﬀects of inactivation methods
on the physical and ﬁltration properties of FFRs should be
carefully evaluated.

MATERIALS AND METHODS
Materials. Four types of FFRs, including particle ﬁltering face
masks (FFP1, FFP2, and FFP3 from UVEX, Switzerland) and surgical
face masks (Foliodress, EN 14683 type II), were used in this study.
The morphology of the FFRs was characterized via scanning electron
microscopy (SEM, Phenom ProX, Eindhoven, The Netherlands). The
porosity of the mask samples is deﬁned as 1 − ρ/ρ0, where ρ and ρ0
are the bulk density of the porous structures and the density of the
solid ﬁbers, respectively.74 The value of ρ was obtained by measuring
the mass and volume of the circular mask sample, and ρ0 was obtained
using a Gas Displacement Pycnometry System (Micromeritics,
AccuPyc II 1340). All experiments were performed with 4.5 cm
circular discs comprised of the mask material.
Microorganism Preparation. E. coli (K12, a Gram-negative
bacteria) and B. subtilis (B 4056, a Gram-positive bacteria), which are
widely used as the surrogates of airborne microorganisms,36 were
purchased from the Culture Collection of Switzerland (CCOS). E. coli
and B. subtilis suspensions were prepared with the following
procedures. First, the E. coli and B. subtilis were separately inoculated
in 50 mL of liquid Luria−Bertani (LB) broth (10 g/L tryptone, 5 g/L
yeast extract, and 5 g/L sodium chloride). Then the bacteria were
cultivated in an incubator at 37 °C and 50% RH for 24 h. Next, the
bacteria were separated from the LB liquid broth using a centrifuge.
The resulting bacteria were resuspended in sterilized water and
centrifuged again. Finally, the bacteria−water suspensions were
prepared for a bacteria inactivation test and a penetration test. The
obtained bacteria suspensions were shown with a concentration of
∼107 CFU/mL, which were analyzed by counting the colony-forming
units (CFUs) on an agar plate.
Bacteria Inactivation Methods. All the FFR samples were
presterilized via UV radiation in a biosafety cabinet for 20 min.
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Notes

colonies were counted. The inactivation rate and log reduction of the
bacteria were calculated by

N zy
ji
Inactivation rate = jjj1 − 1 zzz × 100%
j
z
N
0{
k

(1)

log reduction = log N0/N1

(2)
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where N1 is the CFU number for the bacteria on the regenerated FFR
samples and N0 is the CFU number for the bacteria on the control
sample.
Statistical Analysis. All samples were measured in triplicate, and
all data were analyzed using the Origin 2018 software. Student’s t-test
and one-way ANOVA were used for the surface potential, pressure
drop, ﬁltration eﬃciency, and bacteria survival rate results analysis. A
p-value of less than 0.05 indicated a statistically signiﬁcant diﬀerence
at a conﬁdence level of 95%.
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