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a b s t r a c t

The recent COVID-19 outbreak has led health authorities to recommend at least the use of surgical masks,
most preferably respirators (FFP2 or KN95), to prevent the spread of the virus. Non-woven fabrics have
been chosen as the best option to manufacture the face masks, due to their filtration efficiency, low cost,
and versatility. Modifying the mask filters with graphene has been of great interest due to its potential
use as antibacterial and virucidal properties. Indeed, some companies have commercialized face masks in
which graphene is coated and/or embedded. However, the Canadian sanitary authorities advised against
using the Shandong Shengquan New Materials Co. graphene masks because of the possibility of pul-
monary damage produced by graphene inhalation. Thus, we have analyzed the stability of the graphene
filter of these masks and compared it with two other commercially available graphene mask filters,
evaluating the morphological and spectroscopical change of the fibers, as well as the particles released
during the endurance tests. Our work introduces the necessary tools and methodology to evaluate the
potential degradation of face masks under extreme working conditions. These methods complement the
present standard tests ensuring the security of the new filters based on composites or nanomaterials.
© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Viruses can be described as supramolecular containers with
typical sizes ranging from tens to hundreds of nanometers carrying
genetic information inside. After infection, they disrupt the host
cellular machinery to propagate themselves [1,2]. For efficient
transmission, viruses must be stable enough to protect ribonucleic
acids, but adaptable sufficient to release their genome at the right
time and place [3]. The main challenge in a pandemic scenario is to
control respiratory virus spread, which supposes an enormous
health and socioeconomic threat [4]. The propagation vector of
viruses is often air-suspended micrometric droplets spread
through the airways of the infected person [5e7]. This aerosol can
be inhaled by someone else or placed on surfaces, giving rise to
their propagation to another host with the appropriate humidity
conditions [8]. In the case of the SARS-CoV-2 (Severe Acute Res-
piratory Syndrome Coronavirus, strain 2), it is already accepted
r Ltd. This is an open access article
that it is mainly transmitted through saliva and snot droplets from
infected individuals [6,7]. Therefore, it is recommended or, in many
countries an obligation, to use masks to reduce the risk of trans-
mission, particularly indoors. Masks are used to prevent both the
expulsion and the entry of pathogens [2,9] and, as the General
Council of Official Associations of Pharmacists explains, the drop-
lets get trapped in the masks, wetting them and rendering them
useless. Despite different technologies to obtain fabrics, non-
woven (where the fibers are bonded together by chemical, me-
chanical, heat, or solvent treatments) is the best for filters and
mask fabrication due to its better filtration efficiency, low cost and
versatility. Many polymers such as polyethylene (PE), poly(-
ethyleneterephthalate) (PET), poly(butyleneterephthalate) (PBT),
polystyrene (PS), polyurethane (PUR), polyamide (PA), and poly-
propylene (PP) are used to produce non-woven fabrics, being the
last one the most commonly used material to manufacture
prophylactic masks [10]. Moreover, non-woven spunbond-melt-
blown-spundbond (SMS) PP filters present fine mesh structural
parameters, excellent filtration properties, thermal insulation, and
sorption capacity, giving as a result good permeability and high
efficiency [11,12]. On top of that, parameters of the non-woven PP
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/
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filters such as pore size, fiber diameter, and areal density can be
modulated for different applications [10].

Recently nanomaterials, particularly 2D materials, have been
used in nanofiltration to fabricate membranes [13e15] and face
masks [16,17]. 2D materials are nanomaterials that present un-
precedented physical, electronic, and chemical properties due to
electron confinement in two dimensions. In some cases, graphene
has been proposed to complement the filter barrier due to its
suggested potential antibacterial and virucidal properties [18e20].
Furthermore, in response to the global COVID-19 pandemic, recent
studies suggest that graphene can be used in virus detection [21],
air filters [22], and protective clothing [23,24]. Indeed, different
methodologies have been developed for face mask modification
with graphene [25e28]. As a result, some companies have
developed and commercialized protective materials such as fab-
rics, wipes, air filters, or face masks in which graphene is coated
and/or embedded.

However, in the last few months, the possibility of toxicity
produced by graphene inhalation set off the alarms when the Ca-
nadian sanitary authorities recommended avoiding using face
masks with graphene. This fact highlighted the necessity of an
appropriate analysis of the security of the masks that contain
nanomaterials before arriving at the market. Nowadays, the Cana-
dian sanitary authorities have permitted the sale of some
graphene-based masks, but only those which have been confirmed
their security. Inhalation of graphene oxide (GO), a derivative of
graphene, has been found to cause adverse effects on the lungs [29].
Nevertheless, some studies indicate that long periods (6 h/day, 20
days) of continuous inhalation of graphene (0.0099 mg/day,
0.198 mg accumulated) have no adverse effects on the lungs
[30,31]. The use of new materials to improve the properties of
actual personal protective equipment may imply the actualization
of the quality standards, to ensure the security of the new products.
The tests and requirements to be passed for the commercialization
of personal protective equipment are included in the UNE-EN
149:2001 þ A1 standard. This standard focuses on particle filtra-
tion, inhalation resistance, and thermal stability tests but does not
consider tests of possible degradation of the material. There are
alternative reported methods for pre-certification screening, but
they all focus on particle filtration [32e35].

In this study, we provide a new methodology that combines
different technologies to complement the actual standard tests to
ensure the security of the filters modified with nanomaterials.
Therefore, we decided to study the stability of the Biomass Gra-
phene KN95 Particulate Respirator (BG-KN95) masks from Sheng-
quan Group, a surgical graphene mask (SHC) from Guangzhou Nan
Qi Xing Nonwoven, a graphene surgical masks filters (Gþ) for cotton
facial masks from Directa Plus and a standard FFP2 mask from
Zhejiang Aopeng Industry and Trading, to determine the potential
degradation and morphological stability of these filters under
extreme working conditions. As all masks are commercial, they
have all passed the requirements of the UNE-EN 149:2001 þ A1
standard, so we propose additional tests to this standard to observe
the possible degradation of the fibers and to be able to distinguish
specific masks from others.

2. Experimental section

2.1. Breathing simulation test

Airflow of 60 L/min was introduced in a three-neck bottle with
Milli-Q water to simulate human breath. A sensor allowed con-
trolling the air humidity, which was set to 100%, as so in extreme
conditions. The airflow left the bottle passing through five filters of
66.5 cm2 each, enclosed between two stainless steel cones. Once
2

the filters were crossed, the air was forced to bubble 50 mL of Milli-
Q water, collecting the possible detached particles (ultra-pure
water to avoid potential interferences in the carbon detection and
simulate the environment of human lungs). The experiment was
carried out at ambient temperature (ca. 25 �C) for 8 h, the
maximum recommended time for using face masks.

2.2. Ultrasonic bath treatment

For the harsh working conditions test, five filters of 197 cm2

were introduced in a 1 L bottle with 300 mL of Milli-Q water. The
glass container was sonicated in an ultrasonic bath at 380 W,
37 kHz, and 50 �C for 8 h, the maximumwearing time of the masks
recommended by the manufacturer.

2.3. Graphene suspensions preparation

Graphene suspensions were prepared following the method
reported by Zamora et al. [36]. In a typical synthesis, 50 mg of
graphite powder was put on a 20mL vial with 10mL of a THF/water
(4:1) mixture. The mixture was sonicated for 90 min at 380 W and
37 kHz. Then, the resulting black suspension was centrifuged at
550 g for 60 min and the supernatant was recovered.

3. Results and discussion

Among the characteristics of face mask filters, their stability
understood as their capacity to last without changes in properties
or to withstand wear and tear, is crucial to avoiding health prob-
lems derived from inhalation. In the case of face masks containing
graphene, the stability of the composite forming the fibers is
essential. The BG-KN95 masks (SI for additional details) have four
layers: a 60 g/m2 (60G) anti-sticking PP non-woven fabric, a
filtration PP melt-blown filter, and a graphene@polypropylene
(G@PP) composite non-woven filter, and a 30 g/m2 (30G) anti-
sticking non-woven fabric. SHC masks contain outer dust water-
proof PP non-woven fabric layer, a filtration PP melt-blown filter,
and a G@PP composite non-woven fabric as the inner layer. Gþ

filters are produced according to a proprietary patented method-
ology [13] in which the PP fibers of the filter are coated with
physically exfoliated graphene. Finally, FFP2 masks contain three
layers: spundbond PP non-woven as outer and inner layers and
meltblown PP non-woven layer as intermediate layer.

To study the fiber degradation and the possible liberation of
graphene, particles, or molecules during face mask use, as a first
experiment, we designed a breathing simulator (schematic and
photography in Figs. 1a and S1, respectively). The system works by
introducing an airflow in a three-neck bottle that contains Milli-Q
water and a sensor to control the air humidity. The airflow gets out
of the bottle and passes through five enclosed filters, each one
between two stainless steel cones. After crossing the filters, the air
is forced to bubble Milli-Q water, collecting the possible detached
particles (ultra-pure water is selected to avoid possible in-
terferences in carbon detection and simulate the environment of
human lungs). The safety of the BG-KN95 Shengquan masks was
questioned because of their G@PP filter, which contains 1% by
weight of graphene, so we decided to examine this filter in deep as
well as another two types of graphene masks and a standard FFP2
mask. We separated all the mask filters and focused our interest on
testing and characterizing the G@PP one in BG-KN95 and SHC
masks, all the filters in Gþ, and the inner spundbond PP non-
woven layer in a commercial FFP2 mask. The filters were
manipulated by wearing aseptic nitrile gloves to prevent any
contamination. The experiment was carried out at ambient tem-
perature (ca. 25 �C), and the air flow was set at 60 L/min,



Fig. 1. Diagrams of the endurance tests. a) Scheme of the breath simulator system used in the study. The simulation consists of a flow of humid air passing through the mask filter,
and the possible residue is collected in Milli-Q water in a bottle. b) Scheme of the system to expose the filters to harsh working conditions. The mask filters are sonicated in Milli-Q
water for 8 h, subjecting them to high stress.
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approximately the value of the adult human breath during exercise
[37]. To extreme the working conditions, the experiment was
carried out by setting the relative humidity of the air flow at 100%.
We passed the humid air flow through the filters for 8 h, since this
is the maximum recommended time for the use of face masks.
Finally, all the particles detached during the experiment were
collected in a bottle with 50 mL of Milli-Q water.

To ensure the resistance and stability of the face mask filters,
we toughened further the experimental conditions for the second
experiment. Thus, the filters were exposed to harsh working
conditions to determine any potential degradation or morpho-
logical changes of the filters, fibers, or graphene composites. The
experiment was carried out by introducing five filters in a bottle
with 300 mL of Milli-Q water. The glass container was sonicated in
an ultrasonic bath at 380W, 37 kHz, and 50 �C for 8 h (maximum
time of use recommended by the manufacturer company). With
this treatment, we estimate the applied energy to be about 1600 J
over the filters (SI for additional details). To put this figure in
perspective, we can compare it with the energy cost of breathing.
According to Choi et al. [38], “the energy cost for a single inhala-
tion varies with the mask type in a range between 0 and 10 mJ”.
From this value, we can estimate an upper bound of 288 J for the
3

total energy cost of breathing during exercise in 8 h (SI for addi-
tional details), more than 5 times less energy than the applied in
the ultrasonic bath treatment.

3.1. Fibers endurance analysis

After the tests, the residues collected in Milli-Q water and the
filters were analyzed separately. The fiber morphology was char-
acterized optically and by Scanning Electron Microscopy (SEM),
both before and after exposure of the filters to the working con-
ditions. In the optical images of pristine BG-KN95 G@PP filters, it
can be seen that the fibers are very homogeneous and present a
diameter size in the range of 20e30 mm (Fig. S2). Besides, SEM
images confirm the diameter size and show some roughness and
little particles on the surface of pristine BG-KN95 G@PP fibers
(Figs. 2a and S3). These small particles show sizes in the range of
0.5e3.5 mm. In the same way, SHC G@PP fibers and the Gþ

filter
were analyzed. In optical images, SHC G@PP fibers are highly uni-
form and exhibit a diameter size in the order of 30e40 mm (Fig. S4).
SEM images confirm the diameter size and show particles in the
fiber surface similar to those seen on the BG-KN95 masks (Figs. 2b
and S5). The fibers of the Gþ

filters display diameter sizes between



Fig. 2. Morphological characterization of the fibers. a-d) SEM images of pristine fibers (a) BG-KN95 G@PP, (b) SHC G@PP, (c) Gþ and d) FFP2. e-h) SEM images of fibers after
breathing test conditions e) BG-KN95 G@PP, (f) SHC G@PP, (g) Gþ, and (h) FFP2. i-l) SEM images of fibers after harsh working conditions test. (i) BG-KN95 G@PP, (j) SHC G@PP, (k) Gþ

and (l) FFP2. Scale bars of 10 mm.
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20 and 30 mm. As far as they are coated with physically exfoliated
graphene, the fibers present a higher graphene load on the surface
of the fibers and particles with larger lateral dimensions (Figs. 2c
and S6-7). Additionally, FFP2 fibers were also analyzed by SEM
microscopy. The diameter of the fibers is homogeneous and in a
range of 15e25 mm (Figs. 2d and S8). The fibers were also charac-
terized after exposure to the breathing simulation test and the
harsh working conditions. After the tests, the optical microscope
images of the G@PP fibers display the same disordered fiber
network and diameter size as the pristine G@PP (Figs. S9e11).
Furthermore, the particles over the surface, as seen by SEM, present
a similar morphology and size to the particles of pristine G@PP fi-
bers (Figs. 2 and S12-14). Similarly, no changes were observed in
the network or the fiber size of the FFP2 fibers (Fig. S15). Thus, no
changes in the morphology, size, or roughness of the fibers tested
were observed.

The nature of the graphene and polypropylene present in the
fibers was analyzed by Raman spectroscopy. The Raman spectrum
of the pristine BG-KN95 G@PP composite filter (after subtracting
the PP spectrum) reveals the typical graphene bands, the D mode
at 1350 cm�1, the G mode at 1586 cm�1, and the 2D mode at
2700 cm�1 (Fig. 3a, black line) [39], with an appearance that
suggests that the graphene present in the G@PP fibers of the BG-
KN95 was obtained by Liquid Phase Exfoliation (LPE) [40]. Due
to the solvent, strain, doping, and edge effects caused during the
LPE process, the Raman spectrum of LPE graphene is more difficult
to analyze than graphene obtained by mechanical exfoliation [41].
The appearance of the D band suggests that graphene presents
defects, and the intensity ratio between the signals 2D and G in-
dicates that this structure consists of few-layer graphene, with an
upper bound of ca. 5 layers based on the shape of the 2D peak [42].
Similarly, the Raman spectrum of pristine SHC G@PP fiber (after
subtracting the PP spectrum) was analyzed, showing the charac-
teristically reduced graphene oxide (rGO) bands, displaying the D
and G modes in the same Raman shift as graphene but with the
4

ratio ID/IG increased (Fig. 3b, black line). Additionally, the 2D mode
presents lower intensity due to the interlayer stacking produced in
GO reduction [43,44]. On the other hand, the graphene of the Gþ

filters is obtained by physical exfoliation, so the Raman spectrum
of these filters shows the typical G and 2D bands of graphene, and
it does not present the D band because of the absence of defects
(Fig. 3c, black line) [39]. The nature of the PP of the FFP2 filter was
also evaluated by Raman. The spectrum displays the typical bands
of PP between 500 and 1500 cm�1 and from 2600 to 3000 cm�1

(Fig. 3d, black line). Moreover, the nature of the fibers materials
was also analyzed after running the stability tests. The PP spectra
of all of the filters do not present significant differences before and
after the tests, suggesting that these working conditions do not
produce any change in the PP structure (Figs. 3d and S16). Addi-
tionally, changes in the graphene structure were analyzed, finding
that the spectra of the graphene of the BG-KN95 and the rGO of
the SHC remains unaltered after the tests (Fig. 3a and b). However,
the spectra of the Gþ

filters after the experiments reveal the
appearance of the D mode, which indicates that these procedures
induce defects in the structure of the physical exfoliated graphene
of the Gþ

filters (Fig. 3c).
Raman mappings were acquired on single G@PP fibers before

and after the stability tests in order to evaluate any change in the
distribution of graphene. The G@PP composites may present gra-
phene on the surface but also inside the G@PP fibers. For this
reason, the Raman mapping was collected in the XZ plane. More-
over, the coated fibers of the Gþ

filters may only present graphene
on the surface of the PP fiber. Using the typical bands of both ma-
terials, we generated images that reveal the distribution of the
graphene particles along the fibers, both on the surface and inside
the pristine G@PP fibers. The pristine G@PP fibers of the BG-KN95
masks present a homogeneous distribution of graphene particles
and the whole fiber, with characteristic lengths ranging between
0.5 and 3.5 mm (Fig. S17a), in agreement with the SEM data (Figs. 2a
and S3). Furthermore, we also observe no significant differences



Fig. 3. Raman characterization of filters. a) Raman spectra of graphene bands present on BG-KN95 G@PP fibers. b) Raman spectra of rGO bands present on SHC G@PP fibers.
c) Raman spectra of graphene bands present on Gþ

fibers. d) Raman spectra of polypropylene bands on FFP2 fibers. In all cases, pristine fibers (black line), breathing test (red
line), and harsh working conditions test (green line).
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between the number of graphene particles on the surface and in-
side the fibers, suggesting that the preparation method creates a
homogeneous graphene distribution along with the whole fiber. In
the same way, the G@PP fibers of the SHC masks show a homoge-
neous distribution of rGO particles with sizes up to 2 mm (Fig. S17b).
Besides, the number of particles on the surface and inside the fibers
is also very similar, indicating the homogeneous distributions of the
nanomaterial. However, in this case, the amount of particles is
clearly lower than in the G@PP filters of the BG-KN95.

Finally, the Ramanmapping images of the fibers of the Gþ
filters

present particles only on the surface because the modification
method is based on coating. The graphene particles of the surface-
displayed lengths around 10 mm (Fig. S17c).

After the breathing simulation experiment and the harsh con-
ditions test, we carried out the same analysis on the G@PP fibers.
The graphene particles are also homogeneously distributed along
5

the fibers and present sizes in the same range shown in the SEM
images (Fig. S17). Moreover, in the filters of BG-KN95 and SHC there
are no substantial differences in the number of graphene particles
on the surface and inside, as seen in the pristine fibers. Therefore,
the Raman mapping analysis suggests that the G@PP filters do not
modify the nature and number of graphene particles after under-
going the tests.

3.2. Residues content analysis

In view of these results, we analyzed the residues collected in
the Milli-Q water to explore particle detachment from the masks.
Graphene and PP are carbon-based materials, so we measured the
total organic carbon (TOC) of the residue samples to analyze their
carbon content. The total carbon (TC) was determined via ultra-
high temperature oxidation into CO2 and analyzed with an



Fig. 4. Residues and detection limit analysis. a) UVevis spectra of the residues collected from the breathing simulation test and harsh working conditions test. b) UVevis spectra of
the LPE graphene suspension at different concentrations, from more concentrated (top) to less concentrated (bottom). c) DLS signals the residues collected from the breathing
simulation test and harsh working conditions test. d) DLS measurements of the graphene suspension prepared by LPE at different concentrations, from more concentrated (bottom)
to less concentrated (top).
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infrared gas detector. The inorganic carbon (IC) was determined by
acidifying themedium to produce CO2, and the organic carbon (OC)
was calculated by subtracting the IC from the TC. In this technique,
the IC only includes carbonate, bicarbonate, and dissolved carbon
dioxide [45]. The Milli-Q water used in this experiment was also
characterized as a control, finding that all the carbon values (TC,
TIC, and TOC) were below 0.25 ppm, the detection limit of the
equipment. The collected residue of the breathing test for BG-KN95
G@PP fibers presented 6 mg/L of TC, being all organic carbon.
Taking into account that the measurement is done with 100mL and
considering the area of the G@PP filters used in the experiment and
that each face mask has a filter area of 197 cm2, this result indicates
that each mask releases ca. 355 mg of organic carbon. The collected
residue of the harsh conditions test displays 3.4 mg/L of TC, being
all organic carbon also in this case. This measurement was done
using 100mL too, but the whole residue of the five face masks filter
6

was collected in 300 mL of Milli-Q water, so the organic carbon
release in the second test is 204 mg for each mask. Besides, SHC
G@PP filters present 9.2 mg/L and 12 mg/L for breathing test and
harsh conditions, respectively. This indicates that each filter re-
leases 545 mg of organic carbon after the breathing test and 720 mg
after the harsh conditions. In Gþ

filters, the breathing test displays
10 mg/L, being all organic carbon, which indicates a release of
592 mg for each filter. In contrast, the harsh condition sample shows
645 mg/L of organic carbon, corresponding to 12.9 mg of carbon
detached for each filter. Finally, the residues of the FFP2 filters after
the breathing and the harsh condition tests contain 15.1 mg/L and
17 mg/L of carbon, respectively, being all organic carbon in these
cases. Thus, the amount of organic carbon released in the breathing
test was 895 mg and 1.02 mg in the harsh conditions test. Therefore,
the quantity of carbon released in the breathing test is similar for
the filters with and without graphene. However, when the filters
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are submitted to harsh working conditions, the residue of the SHC
G@PP, FFP2 and Gþ

filters present a concentration of organic carbon
higher or much higher in the Gþ

filters case than the residue of the
BG-KN95 G@PP filter.

As TOC does not differentiate between graphene and PP, the
residues were also analyzed by mass spectrometry to identify the
origin of the carbon. TheMALDI-TOFmass spectra of all the samples
exhibit an intensive peak atm/z 478 or 502, which corresponds to a
PP fragmentation and shows the expected isotopic distribution
(Figs. S18e21). Moreover, for the most concentrated samples
(higher TOC), a typical repetitive polymer behavior at higher m/z
values can be seen [46,47], which also follows the PP distribution
(Figs. S20e21), indicating that the organic carbon detected by TOC
corresponds to PP. Importantly, the amount of carbon released in
both the breathing test and the harsh conditions is similar or even
less for the G@PP filters of the BG-KN95 and SHC masks than
conventional FFP2 filters, suggesting that the presence of graphene
as a composite can improve the stability of the PP filters. Moreover,
it is noteworthy that the amount released after the harsh working
conditions is significantly lower for the BG-KN95 G@PP case,
pointing out that these G@PP composites present more stability
than the other.

To confirm that all carbon released is PP, we evaluated the res-
idues by two techniques used to detect graphene. Firstly, UV-VIS
spectroscopy was used because graphene presents a character-
istic band at 269 nm [36]. However, the BG-KN95 breathing test
residue UVevis spectrum does not reveal any significant signal
(Fig. 4a, red line), suggesting that there is no graphene or that it is
present in very low concentration. Then, LPE graphene prepared by
the method reported by Zamora et al. [36], was used as a fiducial
sample to determine the minimum graphene concentration
detectable by this technique (Experimental section for details). The
reference sample was diluted until no appreciable signal (Fig. 4b),
and as a result, ca. 1 mg/L was estimated as the detection limit of
the equipment. The difference between the UVevis signals of the
residue and the graphene suspension is appreciable with a con-
centration of 1 mg/L (Fig. 4a black and red lines, respectively).
Considering the filter area used and the residue volume, the
maximum undetectable graphene weight that each mask might
lose is ca. 30 mg. Additionally, the Milli-Q water used to sonicate the
BG-KN95 G@PP filters was measured by UVevis. In this case, the
UVevis spectrum also did not present any significant signal (Fig. 4a
green line). In this second experiment, the whole G@PP filters of
five face masks were used, and the residue was collected in 300mL.
Therefore, the maximum undetectable graphene weight that each
mask might lose in the second test is ca. 60 mg. The residues of SHC
and Gþ

filters were also measured after the breathing test, and they
did not present any significant signal (Fig. 4a pink and brown lines,
respectively). By contrast, the residues from harsh working condi-
tions show a small signal at 269 nm, indicating a low detachment of
graphene particles (Fig. 4a blue and orange lines).

Additionally, we tried to detect if there were any particles and
their size by dynamic light scattering (DLS). This technique is based
on the movement of particles in suspension. This movement versus
time describes an exponential decay that can be correlated with
particle size [48]. If there are no particles in suspension or their
concentration is below the detection limits of the equipment, and
the measured DLS signal is flat. This flat signal is observed in both
the residues of experiments that were measured (Fig. 4c red and
green lines). As with the other two techniques, we used an LPE
graphene sample with a known concentration to determine the
detection limit of the equipment, being the lower concentration
detectable 0.025 mg/L (Fig. 4d black line). Therefore, this technique
suggests that, in the breathing test, the maximum graphene
amount that could be detached from each face mask is 0.74 mg, and
7

in the harsh conditions test 1.5 mg. Please note that these estimated
values are even lower than the values estimated by UVevis spec-
troscopy. This technique also analyzed the residues of the SHC and
Gþ

filters of both experimental conditions. In all the cases, expo-
nential decay is shown (Fig. 4c), confirming the presence of de-
tached particles in the residue.

Besides, the quantities of carbon determined by TOC are much
higher than the detection limit of graphene on the other techniques
used in this study. Therefore, the organic carbon for BG-KN95 ex-
periments cannot be graphene; otherwise, wewould have detected
it. These values are much lower than those reported by Shin et al.
(9.9 mg of inhaled graphene per day) [30], in which they did not
observe damage to the lungs. Therefore, our experiments suggest
that BG-KN95 masks are safe for human use. Nevertheless, other
commercially available G@PP filters, such as the SHC masks and Gþ

filters, do not present the same stability, suffering graphene
detachment during the tests. Thus, our new degradations tests can
complement the present standard methods to ensure the security
of the new filters composed of nanomaterials.

4. Conclusion

Endurance tests have been carried out on the G@PP composite
filters of the BG-KN95 masks, SHC and Gþ

filters, and on the inner
filter of a standard FFP2 mask, introducing a new necessary
methodology to characterize the structural endurance and degra-
dation of fibers of sanitary masks, conventional or fabricated using
new filters with composites or nanomaterials. These tests have
been carried out simulating the human breath during exercise and
under harsh working conditions: 8 h, 50 �C, 100% relative humidity,
applying more than 5 times more energy than the estimated total
energy cost of breathing.

The analyses include morphological characterization of filter
fibers, showing that the fiber network, the diameter of the fibers,
and the surfaces particles size do not suffer any change after
exposure to the experimental conditions. Moreover, a spectroscopic
study by Raman mapping was used to confirm that the distribution
of the graphene particles along the fiber remains unaltered. In
addition, the Raman spectroscopical analysis suggests that the PP
morphology does not suffer modification during the tests. Addi-
tionally, the graphene and rGO particles of the BG-KN95 and SHC
do not present alterations in their structures. Still, some defects
were induced on the physical exfoliated graphene of the Gþ

filters
after the tests. Besides, the MALDI-TOF study of the residues reveals
that some PP is released during the tests, since the TOC analysis
shows that the amount of total carbon present in the residues is
similar for both or even less for the G@PP filters than conventional
FFP2 filters, suggesting that graphene can provide stability to the PP
filters. Furthermore, a battery of techniques (optical and scanning
electron microscopy, UVevis, Raman, and dynamic light scattering)
has been used to detect the possible degradation of the fibers that,
could lead to harm to human health.

Thus, in this work, we provide a set of tools to evaluate the
stability of some filters modified with graphene, showing that the
mask's security does not depend only on the presence or absence of
graphene but on the structure of the filter. Therefore, these new
experimental setups could be an additional different methodology
to that used in the UNE standard to ensure the security of the new
filters composed of novel composites based on nanomaterials.
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