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ABSTRACT: Ionizing radiation has been identified as an option for sterilization of disposable filtering facepiece
respirators in situations where the production of the respirators cannot keep up with demand. Gamma radiation
and high energy electrons penetrate deeply into the material and can be used to sterilize large batches of masks
within a short time period. In relation to reports that sterilization by ionizing radiation reduces filtration effi-
ciency of polypropylene membrane filters on account of static charge loss, we have demonstrated that both
gamma and electron beam irradiation can be used for sterilization, provided that the respirators are recharged

1. Introduction

As in the previous SARS epidemic in 2003, the current COVID-19
pandemic has also rapidly depleted the global supply of disposable
filtering facepiece respirators (FFRs). The production of new FFR cannot
keep up with the demand, leaving health professionals and other
workers in high-risk environments without adequate protection. Even
though the FFRs are designed for single use, the pandemic crisis made it
necessary to seek for emergency alternatives. Recycling of single use
personal protective equipment is one such option, but requires appro-
priate and efficient sterilization procedures. After sterilization the FFRs
must still provide adequate protection according to the criteria of the
used standard.

Several conventional sterilization methods have recently been tested
on FFRs, with vastly different success [1]. Dry heating below 100 °C,
steam treatment, ethylene oxide and vaporized hydrogen peroxide were
reported to be efficient by preserving the filtration characteristics of
FFRs, but with some shortcomings such as lengthy procedures and low
throughput [2]. Although UV-C irradiation does not affect the filtration
efficiency, there are concerns that its limited penetration in the material
does not offer complete in-depth sterilization, while sterilization using

liquids (i.e. alcohol, chlorine-based solutions, or soap) removes the
static charge, rendering the masks less efficient [3, p. 9]. Recharging the
mask after the sterilization with alcohol improves the filtration effi-
ciency to some extent, but it did not return to previous values [4].
Regardless of the sterilization strategy, it is necessary that the method
preserves the structural integrity and shape of the mask, in addition to
preserving the filtering efficiency. This excludes sterilization methods
such as using a microwave oven, which melts mask components. Reus-
ing the respirators after several days is in principle possible, as the
SARS-CoV-2 virus (which causes the COVID-19 disease) is deactivated in
that time, however, other pathogens may remain [5]. There have been
some attempts at using ionizing radiation for sterilization, either gamma
rays or electron beam, which are widely used for sterilization of medical
equipment on a large scale [6-8]. A dose of 20 kGy resulted in a sig-
nificant drop of the filtration efficiency, which was attributed to the
electric discharge of the filter material of the masks. At present, all
studies summarily dismiss the use of ionizing radiation as a promising
sterilization option.

According to literature [9] there are five basic particle removal
mechanisms. While large particles are mostly caught by the dense mesh
of fibres due to interception, impact, or the settling mechanism, particles
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below 500 nm in size, which also includes viruses with sizes between 50
nm and 200 nm [10], are mostly removed from the inspired air in the
mask through electrostatic attraction and diffusion. The static charge,
induced either by the corona discharge process [11], additives with
varying electrostatic potentials, or by the dipolar nature of the fibres,
creates a non-uniform electrical field that imposes a force on the parti-
cles which have a net charge or an induced dipole. These forces then
retard the progress of the particles, increasing the probability that they
impact a fibre due to diffusion and/or directly attract them to the surface
of the fibre. Such fibres, called electrets, are not used only in modern
FFRs, but also in other applications, such as filters, vacuum cleaners,
dust collectors, etc. By irradiating electrets with ionizing radiation, ions
and/or electrons are produced in the surrounding gas and are attracted
to the electret fibres and reduce the surface charge. Electrons and/or
electron holes, which are produced inside the electret during the irra-
diation, also contribute to the reduction of the surface charge [12,13].
Polypropylene, which is usually used in FFRs, obtains its surface charge
during the melt-blowing or melt-spinning process due to the trapping of
charge carriers at defects during the manufacturing process [14,15].
Alternatively, surface charge can be applied on finished respirators,
commonly with the corona-discharge method [16]. Corona-discharge is
an electrical discharge, which ionizes surrounding air around highly
charged conductors. The unfortunate similarity of the name of the
method (“corona™), with the corona virus is coincidental. Although
polypropylene is considered as a nonpolar polymer, a small dipole
moment was observed [17] which is however too small to contribute to
the filtration efficiency.

In this study we investigated the sterilization options using gamma
rays and high energy electrons as well as the relation between the
irradiation, particle removal efficiency (PRE) and surface potential on
the respirators. In addition, structural changes in FFRs were examined
after irradiation with scanning electron microscopy (SEM) and dynam-
ical mechanical analysis (DMA), while possible chemical changes were
analyzed with X-ray photoelectron spectroscopy (XPS) and Raman
spectroscopy.

The aim of the present study was to investigate whether the FFRs
structural integrity and filtering efficiency can be maintained after
sterilization with ionizing radiation. It is important to note that we have
not studied the process of sterilization itself but irradiated the FFRs to
typical doses for sterilization, i.e. around 20 kGy [18].

2. Experimental
2.1. Sample preparation

3M Aura disposable respirator with a valve FFP3 mask and Shenzhen
Jingcai Gonginrien Managmen et Co. Ltd. KN95/FFP2 ear face mask,
both manufactured according to the EN 149:2001+A1:2009 standard
[19]. Pieces of filtration material of 4 cm x 4 cm were cut out of FFRs to
fit the inside the TRIGA Mark II Triangular Irradiation Channel where
the samples were exposed to gamma-ray radiation. The same method
was used when preparing the samples for electron beam irradiation.
Each filter was packaged into an airtight bag to prevent any contami-
nation. Special care was taken not to bend the filter or cause any other
damage that would result in a reduced filtration efficiency, decreased
surface charge and altered mechanical properties.

2.2. Particle removal efficiency

Each filter was placed in a special holder, which prevented any
leakages and ensured that the surface exposed to the particulate matter
was in all cases the same. The nanoparticle total concentration (TC) and
time-dependant size distribution was measured with a Scanning
Mobility Particle Sizer (SMPS model 3080 L85; TSI Co., Shoreview, MN,
USA) equipped with a desiccator, soft X-ray neutralizer, long differential
mobility analyzer (DMA), and a water condensation particle counter
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(WCPC; model 3785; TSI). The electrical mobility diameter of counted
nanoparticles was from 13 nm to 572.5 nm. The air flow at the inlet of
the SMPS was 4.1 1/min. The aerosol standard powder ISO 12103-1 Al
was dispersed in the sampling chamber during the measurements with a
Topas SAG 410 aerosol generator. The standard powder is without
surface charge, which was measured with the method described in
section 2.9.

Before each measurement, the test chamber was injected with
aerosol particles for 30 min, so that stationary conditions were obtained.
The particle size distribution inside an empty chamber under stationary
conditions is shown in Fig. 12S-A. The peak of the size distribution of
aerosol particles is between 40 nm and 50 nm. The time evolution of the
total concentration during a measurement is shown in Fig. 12S-B. Before
the test chamber is opened, the TC is almost constant, which shows a
high stability of the system. The particle removal efficiency (PRE) is
defined in equation 1 in the supporting information.

2.3. Raman spectroscopy

The samples were examined with Micro Raman spectroscopy using a
WITec Alpha 300 RS scanning confocal Raman microscope in back-
scattered geometry with a polarized Nd:YAG laser operating at the
wavelength of 532 nm. The laser beam was focused through a 20x/0.4
microscope objective. The power of the laser at the sample was
approximately 12 mW. Raman spectra were recorded on multiple iPP
fibres on different layers.

2.4. SEM

Scanning electron microscopy (SEM) images were obtained with a
Helios NanoLab 650 Focused Ion Beam-scanning electron microscope
(FIB) or a Jeol JSM-7600F scanning electron microscope. Each sample
was coated with approximately 10 nm of gold to prevent charging effects
during electron irradiation.

2.5. X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) analysis was carried out on a
TFA XPS spectrometer (Physical Electronics inc.). The analyzed area was
0.4 mm in diameter and about 3-5 nm in depth. Sample surface was
excited by X-ray radiation from a monochromatic Al source with the
photon energy of 1486.6 eV. The spectra were acquired with an energy
resolution of about 0.6 eV with an analyzer pass energy of 29 eV.

2.6. Dynamic mechanical analysis

The measurements were performed with the Mettler Toledo DMA/
SDTA861°. The tension experiments were performed at 10 Hz with an
amplitude of 20 pm in the temperature range from —30 °C to 80 °C. For
each sample the experiment was performed three times. The thickness
and the diameter of each sample were measured before the experiment.
Before each temperature scan a linearity test was made on each sample
to determine the optimal displacement amplitude.

2.7. Gamma irradiation

The Jozef Stefan Institute TRIGA Mark II reactor is a typical TRIGA
pool-type research nuclear reactor, cooled by natural convection, with a
maximal steady-state thermal power of 250 kW. The reactor is equipped
with several irradiation channels, both in-core and ex-core with
differing experimental conditions. In shutdown conditions, the reactor is
a viable source for irradiations with gamma radiation, due to the fission
and activation products contained in the fuel and structural components
[20-22]. In this study, we used the Triangular Irradiation Channel (TIC),
occupying three fuel element positions in the reactor core, enabling ir-
radiations of samples with a lateral dimension of approximately 50 mm.
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The gamma dose delivered to the respirators was controlled by moni-
toring the dose rate as a function of time during the irradiations, using
an absolutely calibrated PTW Farmer ionization chamber. The ioniza-
tion chamber was irradiated simultaneously with the FFRs. A schematic
and optical image of the reactor is shown in Fig. 13S.

2.8. Electron beam irradiation

The electron beam irradiator (Komenda, Slovenia) comprises two
accelerators, providing irradiation in opposing vertical directions onto
two under beam conveyors connected in series. Accelerator 1 provides
radiation in a downward direction from above the conveyor system,
Accelerator 2 is located underneath the conveyor system, providing
radiation in an upward direction. The respirators irradiated to 10 kGy
and 20 kGy were processed using a single electron accelerator from
above and the respirators irradiated to 50 kGy were processed using one
accelerator from above and one from below, each delivering 25 kGy. The
delivered dose was measured using four termoiluminiscent detectors for
each dose that were placed in close proximity to the irradiated samples.
The accelerator specifications are shown in Table 3S.

2.9. Electrostatic properties

Electrostatic properties of samples were determined by measure-
ments of surface potential, which is related to the surface charge density.
A non-contact electrostatic voltmeter, model 542A (Trek, USA) was used
to follow the surface potential using a measurement probe positioned at
a distance of 20 mm from the sample surface. Complete filters consisting
of four layers were considered for these measurements. The variation of
the measured values of surface potential is mainly related to the het-
erogeneity of the analyzed masks. We analyzed three pieces of every FFR
and an average value of the surface potential was calculated. A device
for charge deposition (ZeroStat 3, Sigma Aldrich) was used to build up
negative and positive potentials. Recharging was performed on the FFRs
which were irradiated with gamma-rays and high energy electrons to the
dose of 20 kGy. After recharging, the FFRs were again analyzed for
filtration efficiency.

3. Results and discussion

The measured FFP2 and FFP3 respiratory masks were comprised of
four layers. Only one of the layers acts as filter for measured particle
diameters, with an overall particle removal efficiency (PRE) higher than
99% (Table 18). Other layers act as support for the filter and may filter
larger particles [23]. The PRE and surface potentials were measured
before and after irradiation with gamma rays or electron-beam on three
or four identical masks of each type. The non-irradiated masks had PRE
values of 99.5% and 100% for FFP2 and FFP3, respectively. Both types
of masks exhibited a negative surface potential before irradiation of
—0.4 kV (FFP2) and —0.6 kV (FFP3). After irradiation, a decrease in PRE
was observed, as well as the removal of almost all surface charge
(Table 1). The PRE dropped by approximately 15% for the FFP2 and
10% for the FFP3, with no noticeable difference between various doses
of ionizing radiation and methods of irradiation (Fig. 1 and 1S). The
surface charge was almost completely removed at all doses, with the
remained surface potential values between —190 V and +20 V. The
results are in agreement with the results of previous reports [6-8]
whereby the drop in PRE was attributed to the removal of surface
charge. The 5% difference between the PRE of FFP2 and FFP3 is
attributed to higher quality of the FFP3 filtering layer due to a different
manufacturing process. As it can be seen from Fig. 9S-D and 10S-F, the
FFP3 filtering layer has a larger amount of iPP fibres with smaller di-
ameters. As it is described in Ref. [9], when the surface potential is
removed, the main particle removal mechanism for particle diameters
bellow 500 nm is interception due to diffusion of particles, which in-
creases with the decreasing fibre diameter. The recharging yielded
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Table 1

Average surface potential (SP) and particle removal efficiency (PRE) of FFP2 and
FFP3 FFRs at different irradiation doses [24]. The quoted uncertainties represent
the observed standard deviation. There is only one measurement of recharged
FFRs presented in the table due to different SP values of each recharged FFRs.
* - filters that were recharged with a negative surface potential, ** - filters that
were recharged with a positive surface potential.

Dose (kGy)  Surface Potential (kV) Particle removal efficiency
(%)
Gamma E-beam Gamma E-beam

0 -0.4+0.1 995 * gg

FFP2 10 |SP| < 0.1 |SP| < 0.1 83.4 +£0.8 84 +2
20 |SP| < 0.1 [SP| < 0.1 87 + 10 82+2
50 -0.2+0.2 |SP| 0.1 87 £1 86 + 4
20* -23+03 -23+03 994 98.7
20%* 2.1+0.2 2.1+0.2 98.5 97.9
0 -0.6 + 0.2 100" 3_85

FFP3 10 |SP| < 0.1 [SP| < 0.1 90 + 2 92 +1
20 |SP| < 0.1 |SP| < 0.1 91 +2 9141
50 |SP| < 0.1 |SP| < 0.1 91 +2 91+3
20* -28+03 -22+03 971 99.7
20%* 1.9+ 0.2 1.9+ 0.2 98.7 99.7
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Fig. 1. Particle removal efficiency (PRE) as a function of the dose. Error bars
represent the standard deviation. * - filters that were recharged with a negative
surface potential, ** - filters that were recharged with a positive sur-
face potential.

surface potential values of —2 kV to —3 kV for negative recharging and
around +2 kV for positive recharging. Recharging increased the PRE in
both filters, close to the values measured before irradiation (Table 1).

Fig. 2 shows the PRE values as a function of particle diameter for
non-irradiated, gamma and e-beam irradiated FFRs at 20 kGy and the
improved filtration efficiency of the recharged samples. The non-
irradiated FFRs show adequate filtering efficiency for all measured
particle sizes. Both types of irradiation decreased the PRE of the FFP3
FFRs up to 18% for particles larger than 25 nm, while in the case of FFP2
FFRs the PRE was reduced for 28% and 35% for e-beam and gamma-rays
irradiated FFRs, respectively. The deviation of both curves is clearly
visible for particles larger than 80 nm. After recharging, the overall PRE
significantly increased for both types of FFRs irradiated by both
methods. For particles below 80 nm in diameter, the filtering efficiency
returns practically back to 100%, while for particles between 200 nm
and 600 nm, the PRE is still lower compared to the non-irradiated filter,
as seen in Fig. 2 and reported in Table S2. This is probably due to
incomplete recharging of the filtrating layer, as the charge is applied
only to the surface of the mask. As it is known, PRE is the lowest for
particles between 50 nm and 500 nm [9]. In this range the particles are
too large for diffusion to be an efficient removal mechanism, and too
small for direct impaction or interception.

The electric field of the surface potential acts on aerosol particles by
means of Coulomb forces or by dielectrophoretic forces. In the former,
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Fig. 2. Particle removal efficiency (PRE) as a function of particle diameter for: A) FFP2 and B) FFP3 FFRs. Non-irradiated FFRs (blue line) are compared with FFRs
after exposure to 20 kGy gamma radiation (Gamma) and electron beam radiation (E-beam) before and after recharging with the negative charge. (For interpretation
of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

the opposite charges are attracted and similar charges are repelled,
while in the latter the electric field induces an electric dipole in a
dielectric particle. The spatial charges composing a dipole inside an
aerosol particle are equal in magnitude, but due to the spatial variation
of the electric field, the attractive force always prevails over the repul-
sive force. The dielectrophoretic forces have a shorter range and are
smaller in magnitude compared to Coulomb forces with similar charge
configurations [25,26]. Consequently, the PRE for neutral particles is
lower than for charged particles [27]. As it turns out, most of the aerosol
particles found in the environment possess electrostatic charge. The
study of positively and negatively charged aerosol particles has shown
only a weak dependency on particle removal efficiency between the two
while using a charged filter [27]. In our study, the FFRs were recharged
with a positive and negative charge, and the obtained PRE are similar in
value in both cases.

A careful analysis shows that during the experiment the PRE varies
with time. First, for all non-recharged filters, the PRE increased with
time (on a timescale of 30 min), Fig. 2S. The reason is likely the accu-
mulation of aerosol particles on the filters, which clog the mask and
increase the filtering. The effect is most pronounced for particles larger
50 nm, Figs. 3S and 4S. In contrast, for recharged masks, the effect was
the opposite, PRE decreased with time, indicating a loss of charge
(perhaps due to recombination of reapplied charge due to charged dust
particles). The overall PRE for the FFP2 FFRs did not drop significantly,
while for the gamma ray irradiated FFP3 FFRs, the PRE decreased by
4%. As for the e-beam irradiated FFP3 FFRs, the PRE did not decrease
with time, indicating that the filter performs as well as a non-irradiated
one and negligible amount of charge is lost. It can be concluded that
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Fig. 3.

recharging the FFRs after irradiation/sterilization with ionizing radia-
tion could be used in times when there is a shortage of FFRs. As the
sterilization dose is applied within seconds/hours and the high
throughput of modern electron beam/gamma ray sterilization facilities
this method could be readily used during an emergency.

To evaluate any mechanical, morphological, and chemical changes
on the irradiated masks, Raman spectroscopy, X-ray photoelectron
spectroscopy (XPS), scanning electron microscopy (SEM), and dynamic
mechanical analysis (DMA) were used.

Raman spectroscopy revealed that all layers in both FFP2 and FFP3
filters are made of isostatic polypropylene (iPP), Figs. 3 and 5S. Multiple
spectra were taken on each layer, showing that the intensity varies
within the layers. This is due to different iPP molecular chain orienta-
tions with respect to the laser polarization [28]. The peak at 1153 cm ™!
suggests that all layers also contain some amorphous phase. Raman
spectra of the irradiated filters are compared with the non-irradiated
ones in Fig. 3. No peaks are missing and no peak shifts were observed,
confirming that the iPP retains its crystal structure even after
gamma-ray or e-beam irradiation [29,30]. Although some studies
showed [31,32] that gamma-ray irradiation forms hydroxyl (OH) and
carbonyl (C=0) groups on polymers such as iPP, we did not observe any
peaks corresponding to these groups at any dose [33].

XPS spectra of carbon C 1s and oxygen O 1s on all filters were ac-
quired in order to obtain insight into the surface chemistry of iPP filters
before and after radiation exposure. Typical carbon C 1s spectra for FFP2
and FFP3 FFRs after 10 kGy exposure to gamma and e-beam radiation
are shown in Fig. 4. The peaks in the spectra are located at the binding
energy of 284.8 eV. The peaks are symmetrical, narrow (FWHM of 1.2
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Raman spectra of non-irradiated and irradiated filter layers at 50 kGy with gamma-ray and e-beam for A) FFP2 and B) FFP3 FFRs [24].
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Fig. 4. XPS spectra of carbon C 1s from surfaces of filters in (a) FFP2 and (b) FFP3 FFRs before and after 10 kGy exposures to gamma and e-beam radiation [24].

eV), which is characteristic for C-C/C-H bonds present in the iPP
polymer [34]. No additional peaks at the binding energy of 286 eV or
higher were detected, which might be related to C-O, C-OH, O-C=0
bonds formed on the surface during radiation exposure or adsorption of
another species. There is minor broadening of the C 1s spectra at the low
binding energy side which may be related to the charging of the iPP
fabrics during XPS analysis. We should note that small oxygen O 1s
peaks at 532 eV in XPS spectra were present on some iPP samples
indicating the presence of oxygen-based molecules on the surface. The
surface concentration of oxygen was calculated to be between 0 at. %
and 0.3 at. % for fresh FFP2 and FFP3 samples and between 0.3 at. % and
0.7 at. % for all exposed samples. Due to the very low presence of oxygen
and the absence of additional types of C-bonds on fibres, we assume that
no chemical changes occurred on surface of filters during exposure.
Therefore, the reduction of charge on filter materials after gamma and
e-beam radiation is not related to changes in surface chemistry.

SEM images of non-irradiated layers reveal that both FFRs have
supporting layers from iPP fibres with the diameters ranging from 10 pm
up to 100 pm (Figs. 9S and 10S) while the layers with the highest PRE
have substantially thinner fibres, ranging from 500 nm up to 10 pm
(Fig. 5-A). Comparing SEM images before and after radiation we
observed no substantial morphological changes in fibre structure. Some
broken fibres were observed in the irradiated samples. However, the
broken fibres are few and far between, therefore we cannot claim that
the damage was caused solely by radiation but could as well be a
consequence of handling and sample preparation. The changes of the
mechanical properties are likely due to chemical changes (chain scis-
soring [30]) and cannot as such be seen from SEM images.

It is possible to conclude that irradiations did not cause substantial
changes in fibres morphology. Particle accumulation on a single iPP

fibre of a FFP3 FFR after the exposure to the aerosol during the PRE
measurement is shown in Fig. 5-B.

Mechanical properties were analyzed with a DMA where the
measured storage and loss moduli represent the elastic and viscous re-
sponses of the material, respectively. The storage moduli of the filtering
layer of FFP2 and FFP3 FFRs are shown in Fig. 6. As the storage modulus
of the FFP2 filtration layer is in the range of a few 100 MPa, the storage
modulus of the FFP3 filtration layer is in the range of a few 10 MPa. It
can be seen that in both cases the storage moduli decrease with tem-
perature due to the increased segmental mobility of the polymer chains
as one would expect for iPP [35]. The decrease in the storage moduli
occurs between 0 °C and 20 °C, which is associated with the beta
relaxation (glass-rubber transition) of amorphous polypropylene
[35-37]. In the case of FFP2 FFRs the storage moduli of the gamma-ray
irradiated samples decrease with increasing dose due to chain scissoring
[30]. The 50 kGy sample could not be measured as it was so brittle that it
disintegrated upon extraction from the surrounding layers. Also, all
e-beam irradiated samples have a lower storage modulus than the
non-irradiated one, with the 20 kGy sample having a slightly higher
overall storage modulus than the 10 kGy. The 50 kGy sample could still
be measured but the storage modulus decreased by almost 75%. The loss
modulus also decreases with temperature and has no apparent peak at
the glass-rubber transition which is reflected in a monotone Tan delta
plot, Fig. 8S. The same observations regarding the storage and loss
modulus apply also for the FFP3 filtration layer.

4. Conclusions

The acute shortages of personal protection equipment during the
COVID-19 forced health workers and other workers using FFRs to

Fig. 5. A) SEM images of the filtrating layer of non-irradiated FFP3 FFRs; B) Particle accumulation on an iPP fibre in a FFP3 FFR after exposure to aerosol powder.
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Fig. 6. Storage modulus of A) FFP2 and B) FFP3 FFRs before and after the irradiation with gamma-rays or electron-beam.

explore various strategies of recycling single-use respirators. In this
study we investigated the sterilization of FFP2 and FFP3 respirators
using ionizing radiation, namely gamma and electron beam irradiation.
We performed a structural, chemical, mechanical and filtration analysis
with the aim to provide an overview of the effects of the irradiation on
the material and on the respirator filtration characteristics.

Our results demonstrate that both types of irradiation remove the
surface charge from the filtering layer of the respirators, which results in
a decrease of the particle removal efficiency of 10% for FFP3 and 15%
for FFP2 FFRs — as the electrostatic attraction between the particles and
the polypropylene fibres is one of the main mechanisms of particle
filtering below 500 nm. We demonstrate that by reapplying charge to
the filtering layer, either positive or negative, the filtration performance
in almost all cases returns to that of the original FFR.

Irradiation is thus a viable method for sterilization of respirators. The
chemical structure of the fabric did not change due to irradiation, while
the mechanical integrity of the material deteriorated only when exposed
to highest doses (50 kGy). While not practical for individual use, or use
in smaller hospitals, this sterilization approach may in principle be
possible for large-scale use, in dedicated facilities that deal with steril-
ization of medical equipment, provided that the charge is reapplied to
the respirator afterwards with conventional methods. The number of
sterilizations is limited by the material properties. Our measurements
indicate that the sterilization up to two times is possible before the
mechanical degradation renders the respirator unsafe for further use.
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