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ABSTRACT: The Covid-19 crisis has led to a massive surge in
the use of surgical masks worldwide, causing risks of shortages and
high pollution. Various decontamination techniques are currently
being studied to reduce these risks by allowing the reuse of masks.
In this study, surgical masks were washed up to 10 times, each
cycle under the same conditions. The consequences of the washing
cycles on the structure, fiber morphology, and surface chemistry
have been studied through several characterization techniques:
scanning electron microscopy, wetting angle measurements, infrared spectroscopy, X-ray diffraction, and X-ray photoelectrons
spectroscopy. The washing process did not induce large changes in the hydrophobicity of the surface, the contact angle remaining
constant throughout the cycles. The composition observed in the IR spectrum also remained unchanged for washed masks up to 10
cycles. Some slight variations were observed during X-ray analysis: the crystallinity of the fibers as well as the size of the crystals
increases with the number of wash cycles. The XPS analysis shows that after 10 cycles, the surface of the masks underwent a slight
oxidation. In the SEM images, changes were observed in the arrangement of the fibers, which are more visible the more times the
mask has been washed: they align themselves in bundles, form areas with holes in the mask layer, and are crushed in some areas.
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B INTRODUCTION

The Covid-19 crisis has had a significant impact on the entire
world, including peoples, economies, or the environment since
it began in March 2020.'7® Airborne transmission is the

methods, machine washing has the advantage of being easily
accessible.

The studies on the decontamination of surgical masks by
washing cycles have mainly focused on filtration efficiency”'

dominant route of transmission of the SARS-CoV-2 virus,™
and this is why the widespread use of masks has considerably
helped slow down the epidemic by reducing the flow of
respiratory droplets emitted and inhaled."® There are several
types of masks, of varying effectiveness. In this study, we have
chosen to study only type IIR surgical masks. Type IIR masks
must have a bacterial filtration efficiency (BFE) greater than or
equal to 98% and be splash-resistant (according to EN
14683+AC).

The massive use of masks has nevertheless generated
massive pollution worldwide.””"" Once in the oceans, these
masks disintegrate into microparticles which significantly
disrupt the local ecosystem.'”'"> Moreover, the production of
a single mask consumes about 10—30 Wh of energy and
releases 59 g CO,-eq greenhouse gas into the environment.'*

Despite advances in the mask recycling process,”~'” mask
decontamination is a promising way to address the above
issues. Numerous decontamination methods have been tested
in recent years, including UV irradiation, *™** steam treat-
ment,'*?***7** golvent treatment,'®*%** dry heat treat-
ment,'#2%?%232525 and machine w.qlshing.27_3’1 Among these
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and show that the efficiency of the mask is preserved after 10
washes. Several studies reported that exposure of polypropy-
lene filters to aqueous or organic solvents can dissipate the
electret charge and decrease the filtration efﬁciency,‘%z’33 while
Yim et al. do not report modification of the fltration
efficiency.”® However, these studies present few character-
izations at the microscopic scale allowing the study of the
mechanisms of mask degradation. Recent works have
characterized the masks by a wide variety of techniques such
as infrared spectroscopy,”** XRD,** and XPS.”' However,
these techniques have not been used to see how surgical masks
degrade after machine washing. In this context it is necessary
to study their morphology, structure, and surface chemistry
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Figure 1. (a) Layers of facial mask: (1) outer layer (OL) (2) middle layer (ML) (3) inner layer (IL); (b) measurement of the wetting angle; (c)
SEM view OL x60; (d) SEM view ML x60; (e) SEM view OL x1200; (f) SEM view ML X1200.

and their evolution during machine washing and drying cycles.
In this study, masks were washed and dried up to 10 times.
Their morphology, crystal structure, and surface chemistry
were thoroughly characterized after different washing cycles, in
order to identify possible degradation mechanisms of surgical
masks.

B STRUCTURE, SURFACE CHEMISTRY, AND
MORPHOLOGY OF SURGICAL MASKS

The masks used in this study are M safe model 5055 masks,
which are type IIR masks. To characterize the masks, SEM
measurements, wetting angle measurements, IR spectrum, and
X-ray analysis were performed on both the outer layer (OL)
and middle layer (ML) of the masks.

Surgical masks are made of three layers (Figure 1(a)). The
layers of the masks are made of nonwoven polyprolylene (PP)
fibers.”" The outer and inner layers of the masks exhibit no
significant differences (except for their color), thus we chose to
study the OL only out of the two. The ML is a filtering layer,
made of meltblown polypropylene®” that is charged during its
manufacturing process, enabling a better filtration, the finest
particles being captured by the charges at the surface of the
mask 273839

Figure 1(b) shows a water droplet of 1 mL on the OL of the
mask. # corresponds to the wetting angle of the droplet on this
surface. Wetting angle measurements allow the determination
of the hydrophobicity of the surfaces. The angle is formed at
the interface between the air, the water, and the mask surface.
For each sample, the wetting angle was measured 5 times, for
more accurate results. For a mask without treatment, the
average value is 133° with a standard deviation of 2°. These
results are in agreement with that found in other articles.”*
Only the OL was studied, as the ML is too hydrophobic for
accurate wetting angle measurements.

Figure 1 panels (c, d, e, f) show SEM images of the OL (c,
e) and ML (d, f) layers of an unwashed mask. The fibers of the
OL have an average diameter of 30 ym, and are larger than the
fibers of the ML, the average diameter of which is about 8
um.*" On the OL, regular areas where the fibers are pressed
together are visible, in order to maintain their structure and

arrangement. These areas are not present on the ML. These
observations are consistent with those in the literature.”">**>*>

Figure 2 compares absorption spectra of ML and OL.
Between 2950 cm™! and 2840 cm™, a large absorbance band is
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Figure 2. Comparison of absorbance spectrum of ML and OL.

visible. In this band, there are four observable peaks. The peaks
at 2950 cm ™' and around 1865 cm™" are the consequences of
the elongations of the asymmetric and symmetric —CHj. The
peaks around 2920 cm™' and at 2840 cm™ characterize the
asymmetric and symmetric —CH, stretching. The peaks
observable at 1455 cm™' and 1375 cm™' correspond to the
symmetric and asymmetric —CHj bending. The peak at 1165
cm™' characterizes —CH; wagging. The last 2 peaks at 997
em™ and 971 cm™ are characteristic of the —CHj rocking.
The OL and ML exhibit the same absorbance peaks with slight
differences when comparing their relative intensities. The
observed spectra are characteristic of PP.*>*>**

X-ray diffraction (XRD) was used to characterize the phase
composition and crystallinity of the masks. Both the OL and
ML are semicrystalline and the major diffraction patterns are
due to reflections from (110), (040), and (130) planes of the
polypropylene, as observed in the form of peaks in Figure 3(a).
The (110) plane is located at 260 = 14.1°, the (040) plane at
17.0°, and the (130) plane at 18.7° for both the OL and ML of
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Figure 3. (a) XRD spectrum of ML and OL, unwashed mask, (b) XPS spectrum of ML and OL, unwashed mask.

the masks. These results correlate with the study of Larsen et
al.”® in which the same peaks were detected. Crystallinity was
obtained with the following equation:

crystalline area

ratio =
crystalline area + amorphous area (1)

Crystallite size D was computed with the Sherrer’s equation*®

with K = 0.9 for polypropylene:
D = KIB cos(0) (2)

where A is the source’s wavelength and B is the full width at
half-maximum. Using Fityk,"” diffraction spectra fittings were
conducted to obtain the mathematical parameters for each
peak modeled by Gaussian curves (see Supporting Informa-
tion). The useful parameters to calculate crystallinity and
crystallite size were B and the area under the curve. From these
fits we calculated a crystallinity of 55.9% for the OL and 42.1%
for the ML. Similar results were found in a different study for a
standard N95 mask, with a crystallinity of 46.5%.” The
crystallinity of the ML is lower than that of the OL regardless
of having washed the masks or not. The averaged crystal size
calculated from (110), (040), and (130) peaks is 14.2 nm for
OL and 12.0 nm for the ML. Our results correlate with the
ones from Larsen et al. where the author found crystallinity
ranging from 42 to 47% and crystal sizes ranging from 2.74 to
12.05 nm."

Figure 3(b) shows the XPS survey spectra of the OL and the
ML. Both spectra exhibit a peak at 285.0 eV, which is exhibited
in the presence of carbon C 1s as well as the presence of
oxygen via the O 1s peak around 532.0 eV. The spectra and
specifically the main peak is in agreement with C—C/C—H
bonds. This is also consistent with the XRD diffraction
measurements and the composition of polypropylene (PP).**
There is no significant difference between the OL and ML,
respectively, in black and red.

B WASHING SURGICAL MASKS AND THEIR
EVOLUTION

To measure the impact of wash and dry cycles, surgical masks
were subjected to a number of wash cycles ranging from 0 to
10, with two masks for each number of washings. One cycle of
washing consists of 40 min in a Miele Professional machine, at
40 °C, with 40 g of Ariel Powder Original detergent. The
masks were then air-dried for 10 min, before a new cycle or
characterizations. To perform the measurements, 1 cm”
samples were cut from each mask, for each number of washes.

Figure 4 shows SEM images of the OL for different numbers
of washing cycles highlighting the typical defects observed after

Figure 4. SEM view, OL (a) crushed fibers (8 washing cycles, X1.2k);
(b) holes in the structure of the fibers (8 washing cycles, X220); (c)
holes in the pressed areas (10 washing cycles, X60) (d) Aligned fibers
(10 washing cycles, X220).

several washes. When increasing the number of washing cycles,
some modifications became visible in comparison with the
control mask (see SEM images of Figure SS). These defects
include crushed fibers (Figure 4(a)), holes in the structure of
the fibers (Figure 4(b)) or in the pressed areas (4(c)), and
fiber alignment forming bundles (Figure 4(d)). The number of
these defects increases with the number of wash cycles (Figure
SS5). The wash cycles seem to have an impact on the fibers and
their distribution in the mask layer.

Wetting angles on the OL after 1, 3, 6, 8, and 10 washings
were measured. For every wash, the wetting angle remained
constant and stable. The wetting value is 133° with a standard
deviation between 1° and 3°, each wetting angle corresponding
to the average of 5 measurements. Washing cycles did not
induce a significant impact on the hydrophobicity of the
surface of the OL (see Supporting Information).

The evolution of chemical bonds was measured for masks
after 1, 5, and 10 washes for both layers. After all wash cycles,
the various absorbance peaks remained the same (see
Supporting Information). The chemical bonds did not change
due to washing cycles. The chemical composition of the PP is
not altered by washing.

Regarding crystallinity, it increases with the number of
washes for the OL of the mask (Figure S). Crystallinity
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Figure S. Crystallinity (a) and crystal size (b) of the ML (black) and
OL (red) of the masks in polypropylene depending on the number of
washes, obtained with XRD. In (b), each point represents the mean
value of the values calculated in the three crystal planes (110), (040),
and (130).

increases from 55.9% for the control mask (no wash) to 61.3%
after washing the mask 10 times. In the ML, crystallinity
fluctuates between 41.7% (1 cycle) and 47.9% (S cycles). A
slight increase between the control mask and after washing the
mask 10 times (43.8%) is noted. Washing the mask seems to
have an effect on crystallinity in both the OL and ML of the
masks. Similar to crystallinity, crystallites are bigger in the OL
than in the ML, regardless of the number of wash cycles. This
result can be correlated with the SEM images (Figure 1) where
the diameter of the polypropylene fibers in the OL are bigger
than in the ML. In the ML, crystallite size increases with the
number of washes between 120 and 130 A. In the OL,
crystallite size varies between 142 A for the control mask (no
wash) and 148 A after S washes. There is a positive trend with
143 A after 10 washes. Although the temperature used in the
protocol was only 40 °C, its known mechanical stress can
modify the crystallization temperature.*’

Figure 6 panels (a,b) show the C s core level of the OL and
ML, respectively, measured before and after 10 wash and dry

cycles. We observe that the peak has broadened around 285.0
eV after washing, both on OL and ML. The broadening is the
sign of a modification of the surface chemistry of the mask. In
addition, there is an increase of intensity after 10 washes for
the O 1s peak (Figure 6(c,d)), for both layers. It is likely that
the water reacted with the polypropylene during washing and
induced a slight oxidation of the polypropylene on the surface.
This oxidation would also explain the broadening of the C 1s
peak at 285 eV due to the presence of bonds between C and O.
Such a broadening has been reported in ref 50 and was related
to oxidation induced by a dry heating at 100 °C.

As shown in Figure 7, breathing resistance and bacterial
filtration efficiency do not vary significantly depending on the
number of washing cycle. On the one hand, no significant
impact of washing on bacterial filtration efficiency was
observed. We can notice that the mask is of excellent filtration
quality with an efficiency very closed to 100%. On the other
hand, the level of breathing resistance remains globally
constant around 45 Pa cm” and indicates that it is a type IIR
mask (mask showing a breathing resistance lower than 60 Pa
cm?), and not type Il mask (mask showing a breathing
resistance lower than 40 Pa cm?®) according to the requirement
of EN 14683+AC (2019) standard.

B CONCLUSION

This study shows that 10 wash and dry cycles do not induce
major changes in the physicochemical structure of a type IIR
mask. The only chemical change observed is a slight oxidation
on the surface. The surface tension and chemical bonds remain
unchanged. The physical structure is slightly degraded on the
OL with the formation of holes, areas with less fibers, or
crushed fibers. Studies conducted by Alcaraz et al.’’ led to the
conclusion that type IIR masks can be washed and reused up
to 10 times which is in agreement with our results. Machine
washing appears to be a promising solution for mask
decontamination and reuse.

B EXPERIMENTAL SECTION

The washing method is one of the simplest decontamination
methods. The machine used for this protocol is a model found in
laundromats for the general public. The rotation speed of the washing
machine was 1200 rpm. Only surgical masks are washed in every cycle
to avoid degradations due to other textiles that are difficult to
quantify. The detergent used here is Ariel Powder Original. It is
effective at 40 °C, corresponding to the water temperature for this
protocol. The particularity of a powder detergent is that it contains
oxygenated bleaching agents (15%). Due to oxido-reduction
reactions, these detergents are more aggressive on textiles. It is
expected that oxido-reduction reactions may affect the filter. Between
each washing cycle, the masks are air-dried for 10 min.

(b)

) (d),

——ML before
—— ML after

——0OL before
T—— OL after

—
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Figure 6. C 1s core level measured before and after 10 cycles of washes for the OL (a) and the ML (b). O 1s core level measured before and after

10 cycles of washes for the OL (c) and the ML (d).
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The SEM images were taken with a TESCAN MIRA3 microscope.
Small squares of masks were cut (around 0.25 cm?) in each layer. The
samples were placed on double-sided sticky carbon pads, which were
stuck to an aluminum plane. The samples were then gold-coated by a
sputtering device. The images were taken with an accelerating voltage
of 10 kV. The wetting angle measurements were carried out with a
tensiometer. The droplet had a constant volume of 1 L. The
measurements were repeated five times for each layer. Infrared
measurements were performed in a standard configuration for the
midinfrared range (KBr beamsplitter, pyroelectric DTGS detector)
using a Bruker vertex 70 spectrometer. XPS measurements were
carried out in a Prevac spectrometer equipped with a focused
monochromatic X-ray source Al K (1486.6 eV), in a base pressure less
than 109 mbar. The different spectra were recorded at 45° exit angle.
The energy calibration was checked with a gold reference (Au 4f at
84(£0.1) eV) just before the experiment. XRD measurements were
performed with a diffractometer equipped with a rotating anode
operating at 9 kW monochromatized with a two reflection Ge (400)
crystal which selects the Cu K 1 radiation (wavelength = 1.5406 A).
The detector was a scintillation counter.

Breathing resistance was evaluated according to the EN 14683+AC
(2019) standard procedure for medical face masks as previously
described.’*> Briefly, the breathing resistance was calculated by
measuring the differential pressure drop across the mask material. The
mask was attached between two sample holders with a circular cross-
section of 4.9 cm* (25 mm diameter), and the air passed through the
mask at a fixed airflow rate of 8 L min~. The differential pressure or
breathing resistance was expressed in Pa cm® The value is the average
of five measurements of the mask sample.

The evaluation of the bacterial filtration efficiency was performed
according to the EN 14683:2019 standard for the performance of
medical masks and using a previously published experimental
procedure.’>*® Briefly, an aerosol stream containing a known charge
of Staphylococcus aureus ATCC 29213 is generated using an E-flow
mesh nebulizer (Pari GmbH, Starnberg, Germany). The generated
aerosol is then drawn through a aerosol chamber at a constant flow of
28.3 L min™' by a vacuum pump. The mask samples are clamped
between the aerosol chamber and a six stage viable Andersen Cascade
Impactor (Tisch Environmental) where 90 mm plastic Petri dishes,
containing an agar culture medium, are used as impaction plates.
Depending on the orifice diameters, droplets of a given class-size
impact on the Petri dish and trigger the formation of a colony of
bacteria (expressed in Colony Forming Units or CFU). The Petri
dishes were incubated at 37 + 2 °C for 22 + 2 h. The CFU are
counted with an automatic colony counter (Scan 4000, Interscience),
and the bacterial filtration efficiency (expressed in %) is calculated
owing to positive and negative controls.
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