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The suitability of ultraviolet-C (UV-C) irradiation for the decontamination of a surgical face mask was studied
by decontamination experiments and carried out using Staphylococcus aureus and MS2 microbes. A moderate
dosage level of 0.22 J /cm? achieved within 2 min led to an over 6-log, , reduction in viable microbe contamination
of the inner filtering layer. The underlying reason for this effective decontamination of fibers with small external
UV-C dosage was explored with ray-tracing optical simulations, supported by optical measurements on reflection
and transmission. The model 3D fiber network was constructed from X-ray tomography images of the layered
mask structure consisting of polypropylene fibers. Both simulations and optical measurements indicated that UV
light was able to penetrate even the deepest material regions. The simulations show that, despite radiation reflec-
tion from the outer mask layer, microbes in the actual filtering layer are affected by the radiation with increased
probability due to multiple refraction and scattering of UV light from the inner fibers.

Published by Optica Publishing Group under the terms of the Creative Commons Attribution 4.0 License. Further distribution of this
work must maintain attribution to the author(s) and the published article’s title, journal citation, and DOI.
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1. INTRODUCTION

During the last decade or so, surgical face masks [1] have become
a commodity product used daily by millions of people outside
the common hospital environments. The expansion in their
usage has taken place mainly because of the COVID-19 pan-
demic [2] but also other health and environmental factors have
driven this development. The large production volumes of
face masks (thousands of tons daily) cause environmental and
socio-economic challenges [2—4]. The non-degradable fibers
(made typically of polypropylene or other plastic polymer) used

mask or some parts of it for the original purpose after effective
material decontamination. Besides reducing the microplastics
pollution, the advantage of this approach is that it can provide a
way to tackle a temporal shortage of supplies in the market.
Several methods have been suggested for the elimination
of harmful microbes, including material washing, thermal or
gas treatment, chemical sterilization, and the application of
ultraviolet (UV) radiation [7,11,12]. The applicability of these
methods has already been proven for smooth material surfaces
in common hospital environments [13]. Moreover, none of

in these products are a source of microplastic contaminants in
water ecosystems [5,6]. On the other hand, the fluctuation in
the market demand and problems in long-term storage require
new solutions to assure security of supply in all situations [7].

In order to meet the above challenges, it would be impor-
tant to develop systems by which the basic materials could be
recycled after the mask use. One option is to disintegrate the
formed material waste mechanically, chemically, or thermally
and to use these fractions as raw materials for other applications,
such as cementitious materials [4], polymer composites [8,9],
or supercapacitors [10]. Another possibility is to re-use a face
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the above elimination treatments seems to change the porous
structure of a surgical face mask [14], which is a basic require-
ment for the re-use. However, it is important to know how well
the above operations decontaminate face masks that consist
of several material layers with multi-scale porous structure.
Decontamination can be defined in two levels: disinfection
(3-log reduction) and sterilization (6-log reduction), where
sterilization results in a higher reduction in the microbial count
[15]. A few studies have indicated that the UV-C (wavelength
100-280 nm) decontamination of N95 filtering facepiece
respirators against SARS-CoV-2 virus is possible, provided the
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radiation dosage is sufficient for a given mask model [16-18].
However, a significant variation on the observed effect
depending on the studied respirator part has been seen.

Our aim is to provide a fundamental understanding of exper-
imental UV-C decontamination results for a surgical mask by
X-ray structural characterization and ray-tracing optical simu-
lations for the reconstructed microstructure. Our simulations
go beyond the earlier Monte Carlo models [19,20], based on
bulk optical fabric properties, or the general Kubelka’s theory
for layered materials [21]. The main benefit of modeling is that
it provides the tools to estimate how sensitive the results would
be depending on the macroscopic mask geometry, included
fiber types, and used irradiation conditions. Because of light
reflectance and absorption, only a part of the radiation enters
the critical region of the mask. Our optical simulations based on
real structural geometries enable estimating the UV radiation
intensity at varied depths of the filter material. Deriving such
continuous spatial information from the porous fiber network
is not possible experimentally. The simulation parameters were
fitted using optical measurements for its central filtering layer
in the UV range before comparing the simulation results with
direct decontamination experiments.

2. MATERIALS AND METHODS
A. Surgical Mask Material

The studied single-use surgical face mask (Shengquan
Disposable Medical Face Mask, EN 14683:2019, Type IIR
REF SMDP20603) consisted of three layers, all containing
melt-blown polypropylene fibers (Fig. 1). The fibers of the
middle layer had a smaller diameter than the outer layers so
that the movement of microbes could be blocked with this
central part (Table 1). The main role of the two other layers was
to protect the filtering layer from dirt and from direct contact
with large aerosol droplets. The inner layer also softens the
mechanical contact with skin. Despite different fiber diameters,
the layer densities were quite close to one another, as can be seen
in Table 1. The fiber diameters were determined from high-
resolution X-ray microtomography images (see more details in
Section 2.D), utilizing the local thickness method [22].

Due to coloring and bleaching chemicals used during the
manufacturing, the optical characteristics of the fibers in dis-
tinct layers could be different. Therefore, in our measurements
and simulations, the middle layer was dissected and analyzed
separately.

Fig.1. Surgical mask and its three layers: the outer-colored protec-
tive layer (left), the filter layer (middle), and the skin-friendly inner
layer (right).
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Table 1. Properties of the Surgical Mask and Its
Individual Layers’

Mean Fiber

Diameter
Grammage Thickness Density (Xradia

Layer g/m’ pm kg/m? uXCT) um
Wholemask  83.3+0.8 830+20 100.4+2.6 -
1 (outer) 29.7+0.7 2779 107.3+£3.9 25.9
2 (middle) 24.64+0.7 271£12 91.0+5.1 3.9
3 (inner) 30.1£1.4 289+£15 104.0+£5.9 23.9

“Material thickness was measured using ProGage Thickness Tester (Thwing-
Albert Instrument Company, West Berlin, NJ, USA).

B. Decontamination Experiments

The experiments were conducted in a Biosafety Level (2) lab-
oratory at VI'T Espoo, Finland. Staphylococcus aureus (VI'T
E-70045; 1.08 x 10° cfu/ml) and MS2 host Escherichia coli
(VTT E-113164) strains were used from freeze-dried beads
stored at —70 °C. A lysate was prepared from MS2 bacterio-
phage (DSM 13767; 1.0 x 10'° pfu/ml). The sterilization of
bacteria and viruses varies based on the structure and state of the
microbe [23]. Generally, viruses can be considered more resist-
ant, but this also differs. Of the two, S. aureus is more susceptible
to UV-Cirradiation than MS2.

The standard EN 14683:2019 + AC:2019 (“Medical face
masks. Requirements and test methods” annex 4 “Microbial
cleanliness”) was applied in the experiments. The decontamina-
tion was tested separately for the three-layer surgical mask and
the middle layer. The mask was cut into 5 X 5 cm pieces and
100 pl of a microorganism solution containing S. aureus and
MS2 was pipetted to the mask pieces as 10-20 droplets. For the
full mask, the droplets were applied to the outer layer. However,
this direction was not critical as the overall structure was quite
symmetric (Table 1). The applied droplets remained mainly at
the hydrophobic mask/layer surface both for the full mask and
the separately studied middle layer. The contaminated pieces
were left to dry inalaminar for 30 min in Petri dishes.

The UVC disinfection device (Biocid UVC-lamp) consisted
of two low-pressure Mercury-vapor Philips UVC-lamps (Philips
TUV 36T5 HO 4P SE, 253.7 nm) having the length of 30 cm.
The distance from the mask piece was 10 cm. The intensity
of the irradiation at the position of the tested material was
measured with a UVP UVX Radiometer (Analytik Jena, Jena,
Germany) connected to a UVX-25 Sensor to ensure a constant
irradiance (approximately 1.8 mW/cm?). The middle layer
was irradiated from one side, and the three-layer structure was
turned around halfway during the disinfection. The middle
layer was irradiated for 8, 16, 27, 55, and 82 s corresponding
to 0.015, 0.030, 0.050, 0.10, and 0.15]/cm2. The three-layer
structure was irradiated for 2, 5, or 10 min corresponding to
0.22, 0.54, and 1.08 ]/cmz. After irradiation, the pieces were
submerged in peptone saline containing 1% Tween. Dilution
series were performed and plated onto Nutrient Agar (DifcoTM
Nutrient Agar) plates and counted the following day.

C. Optical Measurements

Total hemispherical spectral reflectance R and transmittance
T of the filter materials at UV wavelengths were measured
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using two different spectrophotometers: Ocean Optics 2000+
equipped with a DH-2000-BAL Deuterium Halogen light
source and Cary 5000 UV-Vis-NIR (Agilent, Santa Clara,
CA, USA). The absorptance of the sample was calculated as
A=100% — R — T. Both spectrophotometers were equipped
with an integrating sphere of the type where the sample is placed
outside the sphere against the sample port. These spectropho-
tometers use different measurement principles. The Ocean
Optics 2000+ is a photodiode array spectrophotometer based
on polychromatic incident light and monochromatic light
detection, whereas the Cary 5000, a scanning spectrophotom-
eter, uses the opposite configuration, namely, monochromatic
incident light and polychromatic (broadband) light detection.
The results from both instruments were in satisfactory agree-
ment, which gave confidence in the validity of the results. The
agreement also showed that fluorescence had no significant
effect on the results [24], thus confirming that the results were
suitable for comparison with the optical simulations, which did
not consider fluorescence phenomena.

D. X-Ray Tomography

The fiber network structure was obtained by imaging the mask
materials with two desktop microtomography scanners. The
first imaging was done with Desktom 130 (RX Solutions,
Chavanod, France). Pieces of 6 mm X 6 mm were cut from
the mask and imaged using 40 kV X-ray tube voltage and 4 W
electron beam power. The pixel size was 3.9 pm, and 1440 pro-
jection images over 360° of rotation were collected from each
sample. The exposure time was 2 s, and two projection images
were averaged per angular step to increase the signal-to-noise
ratio. The total imaging time was, therefore, approximately
24 min per sample. The projections were reconstructed into
volume images using the filtered back projection algorithm with
RX Solutions XAct software and visualized using Voreen soft-
ware (Fig. 2). Thresholding was applied to the volume images
to create a segmentation of the fibers. The voxels in each mask
image were around 4 X 4 x 4 um?, which is thus the size of
the smallest observable detail described by the reconstructed
structure.

From the image, it was noticed that the fibers in the middle
layer of the mask were very small, having diameters (3.9 pm)
around the same size as the image pixel size. To avoid pos-
sible fiber structure distortion in the image, a new cut piece
from the mask was imaged with higher resolution, using the
Xradia MicroXCT-400 tomography scanner (Xradia, Concord,
California, USA). In this case, different material layers were
carefully separated and mounted on the top of a carbon fiber
sample holder rod before imaging. The X-ray source was set to
30 kV acceleration voltage and 3 W tube power. The middle
layer was imaged with 0.57 pm pixel size, and the tomographic
scan consisted of 2233 projection images taken over 186° of
rotation with a 20 s exposure time each. The inner and outer
layers were imaged with 2.2 um pixel size, taking 941 pro-
jections over 188° of rotation with 2 s exposure time each.
Three-dimensional volumetric images were reconstructed from
the radiographs using the filtered back projection algorithm
[25]. The area of the mask structure visible in the reconstruc-
tion was approximately 1.1 mm X 1.1 mm for the middle
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Fig. 2. (a) Desktom 130 X-ray tomography image of the surgical
mask structure. (b) Outer (top) layer of the mask with melted polypro-
pylene spots. (c) The middle layer of the size 2.174 mm X 2.617 mm.
(d) Blowup of the red-boundary square of (c).

layer and 2.2 mm x 2.2 mm for the inner and outer layers.
The reconstructed image was filtered with a bilateral filter
[26]. Spatial sigma and radiometric sigma were 2 pixels and
2.5 x 107 for the middle layer, and 2 pixels and 1 x 1074
for the inner and outer layers, respectively. The filtered image
was thresholded with the Otsu method [27]. The remaining
small background and foreground regions created from the
imaging noise remaining after filtering were erased by a volume
opening with a 100-pixel volume threshold [28], followed by
closing the filtering with a 1-pixel radius. This final segmenta-
tion was visually checked and observed to agree with the fiber
phase in the original reconstruction. Reconstruction and image
segmentation were performed with the pi2 software [29,30].

E. Building up the Simulation Geometry

To better understand the light absorption and scattering mech-
anisms inside the filter, we applied optical simulations to small
filter volumes as described by the tomography images. This sys-
tem size is sufficient to obtain information on the microscopic
scattering mechanisms, and in that way assists the interpretation
of the experimental decontamination results. A perfect repeti-
tion of the full macroscopic experimental setup with microscale
structural features for the filter material would be impossible in
the current simulations.

In order to obtain the mask fiber structure geometry in cor-
rect file format for optical simulations, the tomography images
needed further processing. Slightly different processing routes
were chosen for Desktom and Xradia images.

In the case of the Desktom 130 image, Fiji software [31]
was used to crop it, split it into multiple sub volumes, make
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it binary, and convert it, using a 3D viewer plugin, into a 3D
surface mesh (*.STL). The surface mesh was then imported
into MeshLab [32], where a smoothing filter called Laplacian
smooth (surface preserving) was used to smooth out any odd
parts left by the Fiji. The surface mesh was then imported into
Fusion 360 (Autodesk, San Francisco, CA, USA), where it was
repaired, converted into a solid object, and filled. Finally, the
model structure was exported in ACIS format (.SAT) to the
ray-tracing simulation program.

For the Xradia image, Fiji was used to scale it down by half
in each dimension (using averaging and bicubic interpolation),
binarize it, and crop it. The image was further symmetrically
divided into eight blocks, of which two consecutive blocks, fully
containing the mask middle layer in the thickness direction,
were chosen for further processing. Again, the Fiji was used
to generate, but also now to decimate, down to 40% of the
original number of vertices, the 3D surface meshes. The two
meshes were then imported to Solidworks (Dassault Systemes,
Waltham, MA, USA) as solid objects and saved in ACIS for-
mat (.SAT) for ray-trace simulations. Image scaling, cropping,
division into blocks, and mesh decimation were needed for
producing a manageable size (.STL) mesh file for Solidworks
and (.SAT) solid object file for ray-tracing simulations.

The above image processing steps led to possible modifica-
tions in the structure. For example, the diameters of fibers may
have changed slightly, and some of the fine structural details
may have been merged or omitted. By comparing the simulation
results obtained with both Desktom and Xradia image resolu-
tions, the sensitivity of the results to these small changes can be
estimated.

F. Ray-Tracing Simulations

The optical simulations were carried out with TracePro
(Lambda Research Corp., Littleton, MA, USA), which is a
Monte-Carlo-type ray-tracing software based on the classical
optics theory. In the applied forward ray-tracing method (with
no ray splitting), the absorption, reflection, and transmission
coefficients of each object determine the probabilistic weights
on how each ray progresses when it strikes the object surface
[33]. The absorption profile was determined by collecting flux
data at selected volume elements inside the simulated structure.
The optical parameters of the model were partially taken from

4 :.—74 Mask (three layers)

5. Mirror tube | |

2 Transmittance box

(a)

1. Reflectance box

Fig. 3.
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the literature and partially fitted based on optical measurements
on the studied materials, as shall be described later.

After importing the model geometry (Section 2.E) into
TracePro, it was scaled to match the actual size of the fibers and
a simulation setup was built around it, in accordance with the
illustration of Fig. 3. The ray source simulates the UV lamp,
and the entire setup is enclosed between the two boxes so that
the only way for light to pass from the left box to the right one
is through the mask structure. Any rays that are absorbed in the
right box have been transmitted through the sample, and any
rays being absorbed in the left box have been reflected. A perfect
mirror tube, guiding the light through the filter, was added to
deflect light arriving at this interface back to the simulation
region. This specular reflective boundary condition [34] resem-
bles the often-used periodic boundary condition in structural
and optical simulations and makes the simulations represent an
infinitely large fabric sheet. This is an accurate approximation
of the reality when the simulation volume is sufficiently large to
represent the average properties of the sample, and the simulated
optical phenomena occur at a length scale smaller than the total
area of the fabric sheets. Our samples and the studied optical
phenomena fulfill both conditions.

Before the actual simulations, the above procedure was val-
idated for a 2-mm-thick solid block of polypropylene. In this
case, the reflection, transmission, and absorption of light caused
by the bulk material could be calculated based on Fresnel’s equa-
tion and the Beer-Lambert model. The simulated results agreed
with the theoretical ones up to the fourth decimal point (Fig. 4).

In the actual simulations, the simulated reflection and
transmission saturated when the number of rays was at least
15,000. The simulated planar area of the Desktom mask
image was 249 x 249 pixels, i.e., 0.97 mm x 0.97 mm, and
of the Xradia mask middle layer image 150 x 150 pixels,
i.e., 0.17 mm x 0.17 mm. The simulation time varied depend-
ing on the geometry and the number of rays, but the simulations
took usually several days in aWindows 10 Pro machine equipped
with an AMD Ryzen Threadripper 1950X 16-core processor
running with 3.4 GHzand 128 GB RAM.

(b)

(a) Schematic illustration of the TracePro setup with perfect absorber boxes to obtain reflectance (1, blue) and transmittance (2, orange).

The simulation box also includes the UV light source (3, yellow), the three-layer face mask structure (4, gray), and the perfect mirror square tube (5,
black) that is open from the ends. (b) Sideview of a true TracePro ray-trace simulation, including reflectance and transmittance boxes, UV light source,
mask middle layer, and mirror tube (all previous in green), and paths of 1000 light rays (red).
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Fig. 4.  Validation of the ray-tracing simulations (solid curves)

against the theoretical calculation (open circles) for a solid block of
polypropylene (thickness 2 mm) with refractive index 7» = 1.49 [35]
and the extinction coefficient # = 1.36 x 107°.

3. RESULTS
A. Optical Characterization

Figure 5(a) shows the reflectance and transmittance of the whole
surgical face mask, measured with two different devices. The
lower part of the spectrum, below 350 nm, is poorly transmitted
and only partly reflected. Thus, the absorption can be expected
to be quite high in this region of the spectrum. The outer layer
of the face mask is colored, whereas the middle layer, which is
not visible to the user, is less likely to contain coloring. There is
an absorption peak between 260 nm and 280 nm for the middle
layer, whereas above 290 nm, reflectance and transmittance are
practically constant, and absorption vanishes [Fig. 5(b)].

B. Simulated Optical Properties

We took advantage of the measured optical properties of
polypropylene in setting the parameters of the simulations.
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According to Ben Ammar and Fakhfakh [36], the refractive
index of pure polypropylene increases with a decreasing wave-
length. Using a UV-visible spectrophotometer, they obtained
the value 7~ 1.9 for the refractive index at the wavelength
of 250 nm. The effect of varied refractive index on simulated
transmittance and reflectance for the middle mask layer turned
out to be rather weak in the optical simulations. Thus, we used
the value » = 1.9 in all mask simulations.

Ammar and Fakhfakh [36] also determined the value of the
extinction coefficient £ for pure polypropylene. According to
their measurement, % varied in the range of 107> — 107% at
low wavelengths, decaying rapidly around the wavelength of
280 nm. This decay made it rather difficult to determine its pre-
cise value based on the available data; therefore, we estimated the
level of the extinction coefficient # by comparing the simulated
optical behavior with the measured one for the middle layer. In
Fig. 5(b), the measured absorption for the middle layer of the
mask is around 10% at the wavelength of 280 nm, whereas the
reflectance and the transmittance at this wavelength are around
65% and 25%, respectively. When using a low-resolution
Desktom image in the simulations, the best fit with these val-
ues was obtained using a k-value of 4 x 107°, leading to the
absorption of 9%, reflectance of 58%, and transmission of 33%
[Fig. 6(a)]. The fairly linear behavior of the simulated absorp-
tion with penetration depth for the middle mask layer enables
determining the absorption coefficient & (cm ™) defined as [36]

__ log, o (Zino) ’ )
t

where Ti, is the internal transmission of the light for the layer
thickness of #. The obtained value based on simulations is
—log,,(0.33/0.42)/0.28 mm ~ 0.37 mm~'. This is close
to the earlier estimate obtained by Lilge ez /. [19] for similar
materials using Monte Carlo models based on bulk optical
properties.

To check how the image resolution and sample geometry
affected the middle-layer results, a further simulation was done
with a high-resolution Xradia image [Fig. 6(b)] using the same

100
—R
—T
80 —A
60 -
40/
20
0
200 250 300 350 400 450

Wavelength, nm

(b)

Optical properties of the (a) whole surgical mask and (b) middle layer. The solid lines refer to the results obtained with the Cary 5000

instrument and the dashed lines to those obtained with Ocean Optics 2000+. In (a), the red curves show 100%-reflectance (R) and the blue curves
show the transmittance (7). The absorption is obtained as A = 100% — R — 7, i.e., as the space between the two earlier curves. In (b), the reflectance
(red curve) and transmittance (blue curve) of the middle layer become almost constant above a wavelength of 290 nm. The black curve shows the
absorption of the middle layer as obtained from the measured transmittance and reflectance (possible small negative values due to experimental error

in R and 7" measurements have been omitted).
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Simulated attenuation of light as a function of depth for the mask middle layer based on a (a) low-resolution Desktom image, and (b), (c) a

high-resolution Xradia image. The used wavelength, refractive index, and extinction coefficient values were 280 nm, 7 = 1.9, and # = 4 x 107° for

(a) and (b), and 250 nm, z = 1.88 and # = 8 x 107 for (c).

optical parameter values (280 nm, 7= 1.9, k=4 x 107°) as
earlier. The obtained absorption, reflectance, and transmittance
values were 9%, 80%, and 11%, respectively. In other words,
both image resolutions led practically to equal absorption,
whereas the simulated transmittance and reflectance differed
between the low- and high-resolution structures, despite rather
similar fiber material contents, 14% (Desktom) and 17%
(Xradia), in the corresponding unprocessed images. Thus, it
seems that the absorption ties to the overall solid content and
to the given value of the extinction coefficient, which together
determine the radiation attenuation in a solid material similarly
to the Beer-Lambert law. On the other hand, the reflectance
and, to some extent, also the transmittance is connected to
the simulation geometry affected by the sample homogeneity,
image size and resolution, and image processing,.

The final simulation for the middle layer structure was done
using the Xradia image with the parameters »=1.88 and
k=28 x 107>, as estimated for pure polypropylene, based
on Figs. 5 and 6 of Ammar and Fakhfakh [36] at the 250 nm
wavelength. The absorption, reflectance, and transmittance
values in this case were 55%, 44.5%, and 0.5%, respectively
[Fig. 6(c)]. As expected, the higher # value led to an increase in

the absorption, causing reductions in the simulated reflectance
and transmittance. The deviation of the simulated absorption
from the measured level below 10% suggests that the optical
parameters measured earlier for pure polypropylene poorly
describe the radiation attenuation in a real filter material, where
the fiber surfaces may have been chemically treated during
processing. In particular, a lower value of the extinction coeffi-
cient than reported earlier for polypropylene [36] seems to give a
much better agreement with the measured properties.

Even though a perfect agreement between the measurement
for the middle layer [Fig. 5(b)] and the various simulations
(Figs. 6 and 7) could not be obtained, the simulations still
described quite well the measured absorption (max 10%
deviation) and the transmittance (max 25% deviation) at the
wavelength of 280 nm. However, we see quantitative differences
between results obtained with different image resolutions and
processing steps. Despite these deviations, the qualitative behav-
ior is similar in all cases (Figs. 6 and 7). The diffuse nature of
light due to multiple refraction and scattering processes inside
the fiber network increases the effective radiation dosage on
microbes. This is proportional to the fluence in a corresponding
volume slice that includes the radiant exposure on both the
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Simulated incident flux (dashed blue curve) in thin (11 pm) slices of the mask middle layer at varied depth with a nominal flux of 1 W from

the irradiation source. We also plot 1-A (red solid curve), where the absorption A is presented in the same units. The transmittance value can be read
from the right-most point of the blue flux curve. Similarly, reflectance is the difference between the right ends of the 1-A and flux curves. The first sim-
ulations based on the (a) Desktom and (b) Xradia images were done with a wavelength of 280 nm, » = 1.9, and £ =4 x 107°. (c) The simulation
based on the Xradia image was repeated with wavelength of 250 nm, » = 1.88,and # = 8 x 1072,

front and back slice boundary. In the TracePro simulation, this
is described by the so-called incident flux, which separately
accounts for all passes of a single ray into the slice. A high inci-
dent flux increases the local probability of UV-C absorption by
a microbe. According to Fig. 7, the incident flux can be more
than a double from the original flux from a light source. Thus,
we consider this multitude refraction and scattering mechanism
important for the observed strong decontamination power of
UV in contaminated fiber networks, as described in Section 3.C.

For the whole mask structure, the simulations could be
carried out only based on a low-resolution Desktom image
because of the large system size. Using the value £ =4 x 107°
for the extinction coefficient, the simulated absorption was
13% [Fig. 8(a)], i.e., clearly less than the measured level of c.a.
50% [Fig. 5(a)]. Moreover, roughly the same level of simulated
absorption was obtained for the middle layer as for the outer
layers, despite their very different fiber dimensions (Table 1).
The simulated reflection and transmittance were 65% and
22%, respectively. The simulated transmittance was roughly
twice as high as the measured one [Fig. 5(a)], and also the simu-
lated reflectance clearly exceeded the measured one. Thus, the
Desktom imaging resolution (3.9 um) and the used simulation
system size did not appear to be sufficient in describing the

essential features of the full structure. The challenge was the size
difference of the fibers in the middle and outer layers, together
with the horizontal heterogeneity (caused by melted polypro-
pylene) of the outer layer structure. All these factors affected the
refraction and scattering processes.

C. Comparison with Measured Decontamination

Figure 9 shows the reduction of microbes during UV decon-
tamination. The dosage achieved in 2 min, 0.22J/cm?, was
sufficient for an over 6-log reduction for both microbes in the
three-layer structure. This high decontamination efficiency
could partly result from applying the radiation from both sides
during the test. Lower doses of < 0.15]/cm? for the middle
layer, for which the radiation was applied only from one side,
resulted in 1.3-3.5-log reduction values in both microbes.

The transmission of UV radiation through a three-layer
mask and the middle layer was measured using the radiometer
placed underneath the sample. The distance between the UV
light source and the sample was 10 cm. With the initial irra-
diance of 1.8 mW/cm? at the wavelength of 253.7 nm, the
measured transmission through the three-layer structure was

0.16 mW/cm? and through the middle layer 0.36 mW/cm?,
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Fig.8. (a) Simulated attenuation of light (wavelength 280 nm) as a function of depth for the whole mask structure, as described by a low-resolution
Desktom image. (b) The multi-scale structural features include not only the layered structure with varying fiber dimensions but also the large-scale

horizontal heterogeneity induced by the melted polypropylene regions.

three layers

oI S. aureus
1 MS2

7* not measured

6

7

5
1 middle layer

Reduction of microbes (log cfu/pfu /piece)
»
1

0.015 0.03 0.05 0.1 0.15 0.22 0.54 1.08
Dose (J/cm?)

Fig.9. Reduction of microbes during UV decontamination. Given
doses and log reductions for the middle layer can be seen on the left.
The piece was irradiated from the same side as the contamination had
been performed. Log reductions for the higher doses on the three-layer
structure can be seen on the right, where the piece was turned around
halfway during the decontamination.

which were about 8.9% and 20% of the applied irradiation level.
Very similar levels of optical transmission were measured at this
wavelength for both structures (Fig. 5).

The comparison with the simulations is simplest in the case
of middle-layer decontamination tests, in which the radiation
was applied from one side only, both in the simulations and in
the experiments. The simulations gave a similar transmission
level, 22 + 11% (the exact level depending on the image res-
olution), as experiments at a nearby 280 nm wavelength with
optical parameters of 7= 1.9 and k=4 x 107°. The corre-
sponding absorption was only 9%, and a significant amount
of the radiation got reflected. However, the internal refraction
and reflection of radiation from polypropylene fibers increased
the incident flux within the structure significantly as shown in
Figs. 7(a) and 7(b). On average, the incident flux was at least as
high as the applied level. This explains why the 3-log reduction
of microbes could be observed already at a low applied radiation
doseof 0.1 J/cm?.

For the complete three-layer structure, the turning of the
mask material during the decontamination can have an effect
as shown by Abdalrhman ez a/. [20]. The simulated reflectance
with a lower resolution image was 65%, so that from the
applied irradiance 1.8 mW/cm?, only about 0.6 mW/cm?
was absorbed or transmitted. The nominal irradiance in the
middle layer was probably on a similar level. Thus, the achieved
dose in 2 min, 0.22 J/cm?, corresponded to the incident dose
of roughly 0.08]/cm? in the middle layer. This is a similar
level as the one in the middle-layer tests. However, the higher
6-log reduction of Staphylococcus aureus and MS2 microbes for
the complete three-layer structure might have resulted from
the more even radiation profile due to the sample turning that
prevented the formation of local low-dose regions inside the
sample. Such regions are visible in Figs. 7(a) and 7(b) on the
opposite side from that of the applied UV radiation. This kind
of shadowing effect can be avoided by turning a sample around
during the decontamination. Also, the relatively large, melted
polymer regions [Figs. 2(b) and 8(b)] affect the reflectivity of
the outer layers. This may increase the back and forth scat-
tering of light inside the mask, having a positive effect for the
decontamination.

4. CONCLUSIONS

The ray-tracing method seems an appropriate tool to describe
the optical behavior of microporous surgical mask structure in
the ultraviolet range. The simulated reflectance and transmis-
sion for the whole mask and its inner filtering layer matched
reasonably well with the corresponding measured results. The
advantage of the simulations is that they allow the prediction of
the radiation absorption at varied depths of the filter material.
This can be compared with the results of the direct decon-
tamination experiments, allowing one to determine the level
required for material purification. Even though only a part of
the irradiation dosage enters the innermost filter material, the
increase of a local probability of UV-C absorption by a microbe
via refraction and scattering from fibers leads to an effective
decontamination.
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In principle, the applied methods could be used also for other
types of filtering materials. However, the accuracy of the simula-
tions depends on the resolution of the 3D imaging, which is cur-
rently limited to micrometer scale and can miss important struc-
tural features of the more efficient products like FFP masks.
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