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Introduction

The discussion around transmission routes of the 
SARS-CoV-2 virus has been accompanying the out-
break of the COVID-19 pandemic. Currently, avail-
able research supports the theory that the virus could 
spread not only by direct contact with the infected 
person, contaminated surfaces, or fomites but may 
also spread by airborne transmission [1–3]. Respira-
tory droplets that may contain virus particles could 
be generated not only during coughing or sneezing 
but also are produced during laughing, breathing, 
or speaking. Moreover, the size of the expiratory 
particles emitted in each of these activities is differ-
ent [4]. Larger droplets precipitate quickly on the 
ground or another surface before drying, but smaller 
ones may stay longer in the air and become aerosol-
ized particles. Therefore, special safety measures like 
handwashing, social distancing, and use of personal 
protective equipment (PPE) like fi ltering facepiece 
respirators (FFRs) should be implemented to prevent 
the SARS-CoV-2 transmission. 

The European Standard EN 149:2001 specifi es 
minimum requirements for FFRs. On the basis of the 
standard three classes of FFRs, such as FFP1, FFP2, 
and FFP3, minimum fi ltration effi ciencies of 80%, 
94%, and 99% can be achieved, respectively [5]. 

Taking into account the class of the FFRs some 
differences in the mask construction, especially in 
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the number of fi ltration layers can be observed. 
Masks meeting FFP1 standards usually are composed 
of three layers, whereas more than three layers consti-
tute masks that fulfi ll FFP3 standards. The FFRs are 
mainly made of non-woven fi brous materials such as 
polypropylene (PP) [6]. External and internal mask’ 
layers are made of spun-bond PP fabric (Fig. 1). 
The PP fabric can be electrostatically charged to 
improve the effectiveness of the fi ltration without 
an increase in the fl ow resistance [7]. Spun-bond 
non-woven fabrics are composed of continuous 
fi laments produced by an integrated fi ber spinning, 
web formation, and bonding process carried out 
by thermal, chemical, or mechanical methods and 
are characterized by high thermal and mechanical 
resistance and good breathability [8, 9]. The main 
fi ltration layer in each FFR is made of non-woven 
melt-blown PP fabric [10]. In the melt-blown process 
hot air converges with the fi ber as it emerges from 
the die, whereas in the spun-bond process the hot 
air fl ow is at a cross-fl ow to the emerging fi ber [11]. 

Therefore, the microfi bers produced in melt-
-blown are much fi ner and the pore size of the 
non-woven fabric is much smaller [12]. FFRs may 
contain also additional layers produced from PP 
modifi ed with activated carbon or silver to enhance 
its antitoxic or antimicrobial properties [13, 14]. 

The transport of the aerosol particles carried by 
the gas stream into the non-woven structure is very 
complex. The particle deposition on the fi ber may 
occur due to various deposition mechanisms, such 
as inertia, direct impaction, sedimentation, and dif-
fusion (Brownian motions), and results in electro-
static interactions [15, 16]. For the range of particle 
diameters, in which none of the above-mentioned 
mechanisms is dominant, it can be observed mini-
mum in overall fi ltration effi ciency, the so-called most 
penetrating particle size (MPPS), which is commonly 
about 0.3 m. The scheme of the above-mentioned 
mechanisms together with the scopes of their domina-
tion is presented in Fig. 2. For particles and droplets 
with a diameter 0.3 m or greater the main dominant 
mechanisms are interceptions and inertial impaction. 

For submicron particles with a diameter 0.3 m 
the main mechanisms are diffusion and electrostatic 
attraction. As a result of collisions with air mol-
ecules, aerosol particles undergo a diffusion process, 
which is manifested as the so-called Brownian mo-
tion, which is stochastic and changes in the posi-

tion of a particle. The importance of the diffusion 
mechanism is increasing with decreasing the particle 
diameter and becomes less as the aerosol particle 
size increases. It is similar to the electrostatic par-
ticle deposition mechanism [18–21]. 

Generally, most PPE is designed to be used only 
one time and by one person prior to disposal, and 
should not be reprocessed and reused. However, the 
outbreak of the COVID-19 pandemic has shown 
clearly that the current global stockpile of PPE is 
insuffi cient, particularly for medical masks and 
respirators. Moreover, the capacity to expand PPE 
production is limited therefore, the current demand 
for respirators and masks cannot be met and the 
shortages of PPE have become a global problem. 
Based on current evidence, in consultation with 
international experts the World Health Organization 
(WHO) carefully considered the possibility of the 
reprocessing and reuse of the PPE [22]. However, 
reprocessing should not affect the integrity of the fi l-
tration materials, and respirators after decontamina-
tion should still fulfi l strict requirements concerning 
fi ltration effectiveness. Different methods such as 
hydrogen peroxide sterilization, ethylene oxide fumi-
gation, UV, microwave oven irradiation, or hot water 
heating were tested for decontamination of FFRs 
[22–25]. Recently, different disinfection methods 
have been extensively studied as a tool for micro-
biological decontamination of different commercially 
available FFRs [26]. However, it was simultaneously 
proved that autoclaving or high-heat (90) cannot 
be used for facepiece respirator treatments because 
the reduction of fi lter effi ciency in some mask types 
was observed. Also, physical degradation may be an 
issue for certain mask models [27]. 

Ionizing radiation has been widely used for the 
sterilization of disposable medical products for 
many years [28]. Due to the high dose rate of EB 
irradiation, the decontamination of PPE is a very 
fast process and appropriate dose is delivered within 
several seconds which could limit post-oxidation-
-related effects due to the degradation of the mate-
rials (polymers) that were used to PPE production 
[29]. 

Fig. 1. Schematic of FFR showing different fi ltration layers. 
Fig. 2. The scheme of main particles deposition mecha-
nisms on fi ber material (A), diagram of the relationship 
between the fi ltration effi ciency and the particle diameter 
for a given deposition mechanism; MPPS (B), the main 
fi ltration mechanism based on a given range of particle 
diameters (C). Reproduced with permission [17] Copy-
right  2019 Elsevier Inc. 
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It was confi rmed that ionizing radiation is very 
effective in coronaviruses elimination and dose D10 
does not exceed 2 kGy [30, 31]. The D10 value is the 
dose required to reduce an exposed microbial popu-
lation by 90% (one log10) under given conditions. 

In this work, three different FFRs (two conform-
ing to the FFP1 standard and one conforming to the 
FFP3 standard) were irradiated with an electron beam 
of different doses. Then the effect of EB irradiation 
on fi ltration effi ciency, morphology, wettability, and 
thermal and mechanical resistance was determined. 

Materials and methods

To compare the infl uence of EB irradiation on dif-
ferent respirators three different PP masks: popular 
surgical mask, 3M 1863+ mask conforming to the 
high FFP3 standard and 3M 9101E mask conforming 
to the FFP1 standard were chosen for the investi-
gation. Masks were sealed in paper envelopes and 
irradiated with doses of 12 kGy and 25 kGy in the 
air atmosphere, at ambient temperature. Electron 
beam irradiation of samples was carried out using 
10 MeV, 10 kW linear electron accelerator ‘Elek-
tronika’. Delivered doses were confi rmed using a B3 
radiochromic foil dosimeter measured with a flat bed 
scanner and RisoScan software, with uncertainties 
evaluated at 8%. For all tested samples the dose 
increase inside the samples was below 1%. 

Doses were selected taking into account the 
assumption of the possible variability in viral load 
in used masks and its random distribution among 
products. On the base of microbial contamination 
found in surgical masks, one can realise that the 
standard deviation (SD) of the bioburden is higher 
than the mean N: 47 ± 56 cfu/ml/piece for the inside 
mask area and 166 ± 199 cfu/ml/piece from mask 
outside area [31]. This results from the variability 
of environments where masks are used and differ-
ences in the level of the bioburden. On the base of 
the maximum of 1000 microorganisms that should 
be present in the product, the decontamination dose 
(a dose required for 5 or 6 order of magnitude reduc-
tion of bioburden) was calculated as 12 kGy [32]. 
Moreover, masks were also irradiated with a stan-
dard sterilization dose of 25 kGy which is defi ned as 
sterilization dose according to VDmax method given 
in ISO 11137-2 standard [33]. Masks that were 
not irradiated were used as control samples. 

SEM images of the mask’s layers were obtained, 
using a Hitachi TM-100 scanning electron mi-
croscope with an accelerating voltage of 15.0 kV. 
Samples for the SEM examination were prepared ac-
cording to a standard procedure, fi xed with conduc-
tive glue, and coated with a thin layer of gold. The 
samples were examined at a magnifi cation of 500. 

Thermogravimetric analysis (TGA) of masks 
samples was used to determine the thermal stability 
and possible degradation of respirators materials 
was conducted with a Q500 TGA (TA Instruments, 
USA) thermogravimetric analyzer in the temperature 
range 30–600°C at a heating rate of 10°C per minute, 
under a constant fl ow (60 mL/min) of nitrogen gas. 

Measurements of tensile strain were carried out 
using an INSTRON 5565 electromechanical univer-
sal test machine according to the appropriate stan-
dard [34]. Ten measurements of each sample were 
taken in order to determine the mean values of the 
tensile strength with high precision. However, values 
obtained for the test specimen slipped in the jaws, 
broke within the clamping area, or showed evidence 
of uneven stretching across its width were rejected. 

Dynamic contact angle vs. water was mea-
sured using Tensiometer K100C (KRÜSS GmbH, 
Germany) supplied with the thermostatic sample 
vessel at 25°C. Applying Wilhelmy method, twenty 
measurements for each sample were performed and 
the average value together with standard deviation 
(SD) was calculated for each sample. 

To determine the initial separation effi ciency of 
the tested respirators samples before and after irra-
diation, the high-quality test bench MFP NanoPlus 
(Palas GmbH, Germany) was used. The scheme of 
MFP nanoPlus is presented in Fig. 3. 

Fractional and overall fi ltration effectiveness was 
determined for solid particles (KCl nanocrystals) as 
well as oil nanodroplets of Di-Ethyl-Hexyl-Sebacat 
(DEHS). For tests, circular samples with a diameter 
of 60 mm were punched from tested respirators. All 
fi ltration tests were performed at the airfl ow rate 
95 L/min and the air face velocity of 0.559 m/s. 
For these experiments, it was required to perform 
experiments in a sequence of measurements without 
(upstream) and with (downstream) a fi ltrating mate-
rial in the tested chamber. One series consisted of 
two upstream measurements and two downstream 
measurements. There were carried out two series 
of measurements for each mask material. Next, 
the average value of the fi ltration effectiveness was 
calculated and presented in the diagrams below. 
The time of a single measurement of upstream and 
downstream was always 380 s. For this time, the 
interval between measurements was included and 
it was 60 s. Such a long time of a single measure-

Fig. 3. Scheme of the MFP nanoPlus – test bench for 
nanoparticle fi ltration. Reproduced with permission [35] 
Copyright  Taiwan Association for Aerosol Research. 



26 D. Chmielewska et al.

ment was necessary to correctly classify and count 
nanoparticles. Moreover, during the tests, there were 
also determined the pressure drops across the tested 
materials and their initial overall fi ltration effi ciency. 
The size distribution of the generated aerosols used 
in the experiments is presented in Fig. 4. 

Results and discussion

To visualize different respirators structure the SEM 
images of the separate layers that compose the Aura 
(catalog number 1863+), VFlex (catalog number 
9101E), and surgical respirators are presented in 
Figs. 5–7, respectively.

Filtration material used in all tested respirators 
was composed of pure PP, however, investigation of 
the Aura respirator fi ltration fabric revealed that the 
mask consists of four layers, each of them is com-
posed of the PP fi bers of different diameters woven 
in different packing density (Fig. 5). External and in-
ternal mask’ layers are made of spun-bond PP fabric. 
The external layer is composed of uniform fi bers with 
the same diameter of 20 m, whereas the internal 
layer consists of fi bers with different diameters in the 
range of 5–10 m. The main fi ltration layer (layer 3) 

is made of non-woven melt-blown PP fabric, which 
is characterized by very small diameters of the fi bers. 
The size of the fi bers composing this layer is in the 
range of 1–10 m. Moreover, there is an additional 
layer (layer 2) in this mask: the fi lter sponge, which 
is produced from the fi bers with signifi cantly higher 
dimension (40–80 m). 

Filtration media that composes 9101E respirator 
consists of three layers, the external and internal fabric 
seem to be built of the fi bers of similar diameter and 
packing density, while the middle layer is composed 
of the fi bers of signifi cantly smaller diameters. Spun-
-bond PP fi bers of similar diameter (~20 m) and 
packing density, while the middle layer is composed 
of the melt-blown PP fi bers of signifi cantly smaller 
diameters in the range of 1–10 m (Fig. 6). 

Filtration media that composes surgical respira-
tor also consists of three layers. External and inter-
nal fabric have similar diameters (in the range of 
20–25 m) and similar packing densities of the fi bers. 
In this case, the middle layer is also composed of the fi -
bers of signifi cantly smaller diameters (2 m) (Fig. 7). 

All mask layers together were investigated in 
the presented experiments to determine the overall 
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Fig. 4. The particle distribution of aerosol generated by 
the UGF2000. 

Fig. 5. SEM images of the separate layers of Aura res-
pirators before and after irradiation with electron beam 
(magnifi cation 500). 

Fig. 6. SEM images of the separate layers of VFlex res-
pirators before and after irradiation with electron beam 
(magnifi cation 500). 

Fig. 7. SEM images of the separate layers of surgical res-
pirators before and after irradiation with electron beam 
(magnifi cation 500).
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properties of the different FFRs after EB irradiation. 
Any holes or cracks in the structure of the fi ber are 
not visible therefore one can conclude that applied 
irradiation doses do not affect the morphology of the 
fi bers used for the production of respirators. 

Furthermore, the investigation of the thermal 
properties of respirators irradiated with different EB 
doses was carried out to determine the infl uence of 
radiation on thermal stability. Filtration materials 
can undergo degradation or cross-linking under ir-
radiation. Thermal decomposition of the material of 
all samples is a single-step process with one peak in 
temperature ~445–460°C which is characteristic of PP 
degradation [36]. PP decomposes into a large number 
of aliphatic compounds without a residue [37]. 

In the case of the Aura respirator, visible degra-
dation of the material was confi rmed (Fig. 8). The 
higher the irradiation dose is the more visible the 
drop in the recorded onset temperature. The onset 
temperature is 443°C for the control sample, whereas 
a drop of about 60°C in the onset temperature is 
observed for the sample irradiated with the dose of 
25 kGy. Moreover, a signifi cant drop in temperatures 
of the maximum in the loss weight rate with the ir-
radiation dose increase can be also observed. 

In the case of the VFlex respirator, similar degra-
dation of the material for both irradiation doses was 
observed (Fig. 9). The onset temperature is 396°C 
for the control sample, whereas a drop of about 30°C 
in the onset temperature is observed for the samples 
irradiated with the dose of 12 kGy and 25 kGy. In 

this case, a similar decrease of temperatures of the 
maximum in the loss weight rate for both irradiation 
doses is observed. 

The smallest drop in onset temperature is 
observed for the irradiated surgical respirators 
(Fig. 10). The onset temperature is 445°C for the 
control sample, whereas a drop of about 20°C in the 
onset temperature is observed for the samples irradi-
ated with the dose of 12 kGy and 25 kGy. Therefore, 
one can conclude that the irradiation even with the 
lowest required dose infl uences the thermal proper-
ties of all studied types of FFRs. 

In the next step, the investigation of the me-
chanical properties of respirators irradiated with 
different EB doses was carried out to determine the 
infl uence of radiation on the mechanical resistance 
of the fabrics. Changes in tensile strain for different 
kinds of FFRs irradiated with different doses are 
shown in Figs. 11A–11C, respectively. It is visible 
that tearing of the fabrics that compose Aura and 
VFlex mask is single-stage process in which all the 
layers are torn off simultaneously, whereas two-stage 
process consists of tearing off second and internal 
layer primary followed by tearing of external layer 
is observed for the surgical mask (Fig. 11). Average 
values of tensile strength together with SDs for each 
FFR before and after irradiation are presented in 
Table 1. No signifi cant changes in tensile strength 
were observed even for the masks irradiated with 
a dose 25 kGy. 

Contact angle studies provide information on 
the wettability of masks’ materials. Contact angles 
measured for each mask before and after irradiation 
are presented together with SD of the measurements 
are presented in Fig. 12. 

Very small differences in measured contact angles 
for non-irradiated and irradiated samples of all 
FFRs indicate that even irradiation with the dose 
of 25 kGy does not affect surface hydrophobicity. 
Hydrophobic properties of the surface are observed 
for all types of FFRs before and after EB irradiation. 
A small decrease in the value of contact angle can 
be related to the elimination of some of the electric 
charges from the surface of investigated material 
after the irradiation procedure [38, 39]. 

It was observed that there was a decrease in 
filtration efficiency for irradiated respirators in 

Fig. 8. Thermograms of Aura respirators irradiated with 
different doses. 

Fig. 9. Thermograms of VFlex respirators irradiated with 
different doses.

Fig. 10. Thermograms of surgical respirators irradiated 
with different doses.
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Table 1. Average values of tensile strength together with SDs for all studied FFRs before and after irradiation 

Mask type Aura VFlex Surgical

Dose 
(kGy)

Tensile strength
(MPa) SD Tensile strength

(MPa) SD Tensile strength
(MPa) SD

  0 (control) 1.91 0.14 3.17 0.34 2.20 0.16
12 2.35 0.66 2.78 0.33 2.21 0.32
25 2.05 0.32 2.51 0.20 2.07 0.22

comparison to the control samples. The decrease 
in fi ltration effi ciency observed for respirators ir-
radiated with both doses was similar. Moreover, 
for both respirators, it was observed that fi ltration 
effi ciency decreased with the increase of the particle 
diameter (Fig. 13). 

The main mechanical mechanism of deposition 
for nanoparticles is diffusion (Brownian motion). 
When the particle diameter increases, the Brownian 
motion is less intense, thus diffusional mechanism 
becomes less important in the process of particle de-
position, which explains the observed phenomenon. 

A decrease in fi ltration effi ciency may result 
from the elimination of the electric charge from the 
PP fi bers in the irradiation process. To support this 
theory conditioning of the non-irradiated samples 

Fig. 11. Changes of tensile strain for Aura mask (A), VFlex mask (B), and surgical masks (C) for different irradiation 
doses. 

Fig. 12. Water contact angle values for FFRs before and 
after EB irradiation. 
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of respirators in isopropanol (IPA) vapours was ap-
plied to remove the electric charge from the surface 
of studied fi ltrating materials [40]. Obtained results 
confi rmed that the drop in fi ltration effi ciency for the 
irradiated fi lters is connected with the elimination of 
the electric charge from the fi ber surface (Fig. 14). 

Baseline fi ltration effi ciency was very high for 
both respirators: 99.7% for Aura respirator and 
90.2% for VFlex respirator, whereas after irradia-
tion with both doses fi ltration effi ciency dropped 
to 62% (average value for droplets and particles 
filtration) for respirator Aura irradiated with 
12 kGy and similarly, a value of 66% was obtained 
for this respirator irradiated with 25 kGy. Even more 
signifi cant decrease in fi ltration effi ciency to 42% 
for respirators irradiated with 12 kGy and 44% for 
masks irradiated with 25 kGy was observed for Flex 
respirators (Fig. 15). 

In the case of a surgical mask, a similar observa-
tion can be made (see Fig. 16). The average fi ltration 
effi ciency control mask reached 55.2%, while after EB 
irradiation the overall effi ciency decreased to 27.1% 
and 24.8% for 12 kGy and 25 kGy, respectively. 

The decrease in fi ltration effi ciency observed 
for control samples conditioned in IPA was similar 
to the drop in fi ltration effi ciency determined for 
irradiated samples which supports the theory that ir-
radiation eliminates electric charge from the surface 
of PP fi bers. Moreover, fi ltration effi ciency observed 
for irradiated samples conditioned additionally in 
IPA remained almost at the same level (see Fig. 17). 

Additionally, pressure drop across the fi ltrating 
materials was determined for each respirator to 
investigate the infl uence of the irradiation on the 
integrity and stability of the fi ltration materials 
(Fig. 18).
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Fig. 13. Fractional effi ciency of removal KCl and DEHS particles for Aura (A), VFlex (B), and surgical (C) respirators 
before and after irradiation with EB. 



30 D. Chmielewska et al.

0,02 0,04 0,06 0,08 0,1 0,12 0,14 0,16 0,18 0,2
Particle diameter [μm]

0

20

40

60

80

100

Fr
ac

tio
na

l e
ffi

ci
en

cy
 [%

]

control 12 kGy 25 kGy control 12 kGy 25 kGy DEHS

0,02 0,04 0,06 0,08 0,1 0,12 0,14 0,16 0,18 0,2
Particle diameter [μm]

0

20

40

60

80

100

Fr
ac

tio
na

l e
ffi

ci
en

cy
 [%

]

control 12 kGy 25 kGy control IPA 12 kGy IPA 25 kGy IPA KCl

Fig. 14. Fractional effi ciency of removal DEHS and KCl particles for Aura respirators after conditioning in IPA vapours. 
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Fig. 15. Fractional effi ciency of removal of DEHS and KCl particles for VFlex respirators after conditioning in IPA 
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31Effect of electron beam irradiation on  fi ltering facepiece respirators integrity and fi ltering effi ciency

Fig. 18. Pressure drops across the fi ltrating materials determined for Aura (A), VFlex (B), and surgical (C) respirators 
before and after irradiation and conditioning in  IPA vapours.
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Fig. 16. Fractional effi ciency of removal DEHS and KCl particles for surgical mask after conditioning in IPA vapours. 

Fig. 17. Comparison of overall fi ltration effi ciency of removal KCl and DEHS particles for Aura (A), VFlex (B), and 
surgical (C) respirators before and after irradiation and conditioning in IPA vapours. 
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In most cases, a small decrease in the pressure 
drop across the fi ltrating materials after irradia-
tion was observed for both respirators. However, 
observed differences in pressure drop for control 
and irradiated samples were so small that cannot 
be connected with the changes in the structure of 
the fi ltrating material. 

Conclusions 

Irradiation of three different FFRs with EB irra-
diation allows to determine that applied irradiation 
doses may affect fi ltrating materials’ stability and 
integrity. SEM analysis revealed that the morphol-
ogy of the fi bers used for the respirators production 
remains the same after irradiation with both doses 
as the morphology of control samples and any effect 
like cracks and holes are not visible for all fi ltrating 
layers. Mechanical properties and wettability of the 
irradiated PP fabrics composed of all studied FFRs 
did not change even after irradiation with the dose of 
25 kGy. However, one should bear in mind that the 
post-i rradiation oxidative effects that are observed 
for PP samples may deteriorate the mechanical 
properties of studied fabrics in time after irradiation. 
Moreover, a signifi cant change in thermal stability of 
all FFRs is observed for all irradiated samples. 

The results presented confi rmed that the decrease 
in fi ltration effi ciency after irradiation of both res-
pirators results from the elimination of the electric 
charge from the PP fi bers in the irradiation process. 
Therefore, decontamination of FFRs with EB irradia-
tion is problematic without regard to applied doses. 
Nevertheless, applied doses did not infl uence fi lter-
ing materials’ structure and integrity, and therefore 
the application of the treated masks in this way can 
be considered after the restoration of electric charge 
which is crucial for their fi ltering function. 
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