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• Release of microfibers from facemasks
was investigated.

• Laundering of both reusable and dispos-
able facemasks released microfibers.

• Among synthetic fabrics, polyurethane
facemasks released the highest amount
of fibers.

• Natural-based, cotton facemasks re-
leased more microfibers than synthetic
ones.
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From the onset of Covid-19 pandemic, the use of face masks has been adapted as one of the main measures to
slow down the transmission of the SARS-CoV-2 virus worldwide. The inadequate handling and management
of face masks lead to a massive dispersal in the environment, resulting in a new source of microfibers because
of their breakdown and/or degradation. In addition, the laundering of reusable face masks of different polymeric
composition can represent an additional sources of microfibers to natural ecosystems, but it was largely
neglected. The present study explored the release of synthetic or natural microfibers from reusable and dispos-
able face masks of five different fabrics when subjected to a cycle of laundering in a domestic washing machine.
After a single wash, face masks released an average (± SE) of 284.94 ± 73.66 microfibers, independently of the
fabrics. Focusing on the fabrics composing the face masks, polyurethane (541.33 ± 51.84 microfibers) and
cotton-based (823.00 ± 112.53 microfibers) face masks released the highest amount of synthetic and natural
microfibers, respectively. Considering the crucial role of face masks to counteract the pandemic and the increas-
ing trend of their use, further studies represent a priority to estimate the contribution of face mask-derived
microfibers to freshwater contamination.

© 2021 Elsevier B.V. All rights reserved.
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1. Introduction

From the declaration of the Covid-19 pandemic by theWorld Health
Organization (WHO) on March the 11th 2020, a number of precaution-
ary measures have been effected worldwide to protect individual
health, to contain the SARS-CoV-2 virus and to hamper its spread.
These measures included behavioral recommendations, such as social
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distancing and isolation, travel restriction, good hygiene (e.g., washing
hands), dissuasion of public or crowded spaces and wearing of dispos-
able face masks, as well as mandatory lockdown(s) (Chintalapudi
et al., 2020; Freedman and Wilder-Smith, 2020; Lin et al., 2020). The
use of face masks has been suggested as one of the most effective pre-
cautionarymeasures to slow down the “person by person” transmission
of the SARS-CoV-2 virus (Wu et al., 2020). The WHO has estimated the
monthly need of approximately 89 million of medical masks to tackle
Covid-19 pandemic (WHO, 2020). Interestingly, a conservative extrap-
olation for the entire European population yields an estimated need
7.4 billion units of facemasks on amonthly basis, while another approx-
imations showed that nearly 130 billion face masks are used globally
every month (Vasil, 2021). This sudden and huge demand has resulted
in an unusual increase of the global production of face masks that is ex-
pected to increase further considering the persistence of the pandemic.
For instance, the Japanese Ministry of economy, trade, and industry
(METI), has declared that over 600 million order of face masks was se-
cured per month as of April 2020 (METI, 2020). Specifically, reusable
face masks have evolved as an essential item to counteract the pan-
demic, resulting in a rapid expansion of sales in online sources such as
Amazon and Etsy (Kavilanz, 2020). According to this sale trend, the
Chicago-based global market research has estimated that the face
mask market would have reached $800million in the US, and $3 billion
globally, by the end of 2020 (Kavilanz, 2020).

The increased production and use of facemasksworldwide has exac-
erbated the environmental issue related to plastic contamination. A
growing number of monitoring studies has highlighted the presence of
a heterogeneous array of plastic itemswith different sizes, shapes, colors,
and polymer composition in the environment (e.g., Veerasingam et al.,
2016; Piehl et al., 2018; Vidyasakar et al., 2018; Maharana et al., 2020),
whereby plastic bags, bottles, food packaging and cigarette butts repre-
sent the predominant wastes (e.g., Blettler et al., 2018; Fadare and
Okoffo, 2020;Winton et al., 2020). However, in recent years the deliber-
ate or accidental release of personal protective equipment (PPE) related
to Covid-19 pandemic, such as face masks, bouffant caps and gloves,
have become an integral part of the waste found in aquatic and terres-
trial ecosystems (Fadare and Okoffo, 2020; Aragaw and Mekonnen,
2021; De-la-Torre and Aragaw, 2021; Rakib et al., 2021; Aragaw,
2021). For instance, two recent monitoring studies performed at Cox's
Bazar, the longest natural beach in the world (Bangladesh; Rakib et al.,
2021), and along the coast of Lima (Peru; De-la-Torre et al., 2021)
showed a massive presence of PPEs, whereby that vast majority were
face masks. Similarly, face masks were also found in remote areas such
as glaciers from ItalianCentral-WesternAlps (Parolini et al., 2021a). Con-
sidering the huge amount of plastic waste entering natural ecosystems,
laws and regulations have been established and implemented in many
Countries on the prevention, and management of plastic wastes
(Aragaw, 2021). Such initiatives suggested diverse sustainable options
for plastic wastes management, including PPE, such as recycling, recov-
ery, and reusing. For instance, Aragaw andMekonnen (2021) suggested
that fuels can be produced from polypropylene and polyvinyl chlorides
plastic polymers, such as those used for single-use face masks and surgi-
cal gloves.

Disposable or reusable face masks can bemanufactured from differ-
ent synthetic polymers, including polypropylene (PP), polyurethane
(PU), polyacrylonitrile (PAN), polystyrene (PS), polycarbonate (PC),
polyethylene (PE) or polyester (PL), as well as natural ones
(i.e., cellulose for cotton-based face masks). As many face masks are
produced by nanofiber electrospinning (Zafar and Shah, 2016), micro-
and nanofibers are most likely to be released under degradation condi-
tions (De-la-Torre and Aragaw, 2021). Two recent studies have sug-
gested that surgical face masks and N95 masks can act as a potential
source of microfibers after entering in the environment (Aragaw,
2020; Fadare and Okoffo, 2020). In addition, some recent laboratory
studies demonstrated the release of microfibers from disposable face
masks through different experimental approaches (Shruti et al., 2020a;
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Shen et al., 2021; Sullivan et al., 2021; Ma et al., 2021; Wang et al.,
2021; Han and He, 2021; Saliu et al., 2021). However, no study has ex-
plored the release of microfibers from reusable face masks. In contrast
to disposable face masks, reusable ones can be washed multiple times
and then reused after being well-dried (WHO, 2020; Shruti et al.,
2020b). Thus, machine- (and hand-) laundering of reusable face masks
might represent an additional source of both synthetic and natural
microfibers, as previously demonstrated for clothing (e.g., Belzagui
et al., 2019; De Falco et al., 2019; Zambrano et al., 2019; O'Brien et al.,
2020). Such studies have suggested that the release of microfibers is
mainly due to mechanical and chemical stresses during the washing
process in the washing machine (Napper and Thompson, 2016). Micro-
fiber release depends on the mode of laundering, the type and dosing of
detergent and softener, the washing temperature and the type of laun-
dered clothing (Napper and Thompson, 2016; Zambrano et al., 2019;
Galvão et al., 2020).

Assuming that reusable face masks can experience similar condi-
tions as other clothing during laundering, the release of microfibers
and their entry into the aquatic system is expected and it could differ
depending on the fabric composing the face masks. Despite these find-
ings, the information on the release of microfibers from reusable and
disposable face masks as a consequence of laundering in domestic
washing machines is completely lacking. However, considering the
ubiquitous presence of synthetic and natural microfibers in aquatic en-
vironments worldwide, with a large variation in terms of abundance
and polymeric composition (Suaria et al., 2020), and their potential
threat for aquatic organisms (e.g., Jemec et al., 2016; Li et al., 2019;
Avio et al., 2020; Kutralam-Muniasamy et al., 2020; Kim et al., 2021;
Setyorini et al., 2021), there is an urgent need to understand the contri-
bution of face masks to microfibers contamination. Thus, the present
study aimed at investigating the release of synthetic and natural
microfibers from reusable and disposable face masks of different fabrics
after the laundering in a domestic washing machine.

2. Materials and methods

2.1. Experimental setup

Facemasks of different fabrics (i.e., with different polymer composi-
tion of the fabric) were purchased on the Amazon website on October
2020. As the goal of the present experiment was to explore whether
laundering of face masks can release microfibers, we focused our
attention mainly of washable face masks of common fabrics, including
both synthetic and natural ones. In addition, we also tested the release
of microfibers from surgical face masks made by polypropylene (PP)
fabric because they can be accidentally washed in washing machine
(e.g., forgotten in the pockets of clothes), contributing to the release of
microfibers. Considering the wide array of face masks available on the
market, we used as choice criteria for purchasing 1) the polymeric com-
position of the fabric; 2) the global rating and the customer reviews and
3) the color of the face masks. Only monochrome face masks whose
fabric was made by a single polymer, excluding poly-laminates or
multi-colored ones, with the highest number of global rating and best
customer review were purchased. This choice was performed to facili-
tate the isolation and the identification of microfibers released from
the face masks during laundering and to unequivocally discriminate
them from external contamination (i.e., microfiber from washing
water and laundering process). Face masks of different fabrics were
not available with a consistent color, we purchased those made by
eye-catching and distinguishable colors. All the face masks did not con-
tain neither respirators nor nose bridge. In detail, we purchased reus-
able and re-washable face masks made by Polyamide (PA), Polyester
(PL), Polypropylene (PP), Polyurethane (PU) and cotton (CO) fabrics,
as well as disposable, surgical face masks (Sf), with the following fea-
tures (i.e., color, polymeric composition of the fabric, mean weight ±
SD of face mask):
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1) Orange polyamide face masks (PA - 95% Polyamide; 3% Elastan; 2%
Polypropylene), 19.93 ± 1.95 g;

2) Dark blue polyester facemasks (PL - 100%Polyester), 20.58±6.68 g;
3) Grey polypropylene face masks (PP - 100% Polypropylene), 7.79 ±

0.83 g;
4) Black polyurethane face masks (PU - 100% Polyurethane), 7.75 ±

0.17 g;
Fig. 1. Images to show the original texture of the fabrics composing each facemask (a, d, g, l, o
fabric plucked from facemask before the laundering (b, e, h,m, p and s panels) and collected in n
polypropylene; PU = polyurethane; CO= cotton; Sf = surgical face mask (PP fabric).
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5) Black cotton face masks (CO - 100% Cotton), 18.44 ± 4.62 g;
6) Light blue disposable, surgical facemasks (Sf - 100% Polypropylene),

4.41 ± 0.27 g.

To check for the release ofmicrofibers, facemaskswere laundered in
a Candy Smart CTDF 1006 6 Kg A+ Energy washing machine, using the
washing program specific for synthetic clothing (1:19 h at 30 °C and a
and r panels) and a scanning electron microscopy image (SEM) of a typical fiber from each
ylon bags after laundering (c, f, i, n, q and t panels). PA=polyamide; PL=polyester; PP=
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final centrifugation at 800 rpm). Previous study suggested that the use
of different detergents and softeners can affect the release of fibers
from clothing during a washing machine cycle (Napper and
Thompson, 2016; Galvão et al., 2020). Thus, as detergent and softener
dosing greatly differ depending on the household owner according to
regular habits (Galvão et al., 2020), we decided to wash face masks
without adding any detergent or softener. To estimate microfiber emis-
sion after laundering, we used an indirect method (Fig. S1). Usually, di-
rect methods are used to estimate microfiber emission due to
laundering of clothes, whereby a sample of the washing water is fil-
tered, microfibers are counted using microscopy, and the results are
expressed as the number of microfibers released per unit volume of
washing water or per weight load of the washing machine (Galvão
et al., 2020). Alternatively, also indirectmethods can be used; according
to these approaches, microfibers are retained in a filter and their mass is
calculated to determine a release rate per garment or per unit area of
fabric (Galvão et al., 2020). Our preliminary experiment relied on direct
method, including face masks in the washing machine, with 5 kg of
clothes of the same fabrics and color (red cotton clothes) wrapped in
a washing bag (i.e., GUPPYFRIEND® washing bag), which protects the
garments precluding the release of microfibers to water. However,
after the collection and filtration of the washingwater, a notable contri-
bution of microfibers with a wide array of colors from the washing
waterwas noted, precluding the estimation of the release ofmicrofibers
from the face masks. Thus, we decided to use a sort of indirect method,
placing facemasks into transparent nylon Press bags (8 × 12 cm) for fil-
tration with a mesh size of 25 μm, sealed at the top with a brown cotton
rope a washing bag, while the clothes were ‘free’ within the washing
machine drum. To mimic a realistic laundering process, the washing
machine basket was filled with about 5 Kg of red cotton clothes. This
precaution was due to identify potential external contamination by
<25 μm microfibers released from clothing that could be potentially
enter the nylon bags during laundering. Three independent laundering
processeswere performed and, in eachbatch, the six types of facemasks
were simultaneously washed. The same clothes were used for every
washing cycle. A blank sample (i.e., an empty nylon bag) was included
in each batch to take in account potential external contamination. At
the end of the laundering, face masks, still in the nylon bags, were
wrapped in a tinfoil previously washed with acetone and air dried at
room temperature. Then, nylon bags were cut, the face mask was care-
fully removed, displayed as an open book andmicrofiberswere counted
under a Leica EZ4 W stereomicroscope. No microfibers were found in
Fig. 2. Comparison of Fourier transform infrared spectroscopy (FT-IR) spectra from face masks
laundering. PA = polyamide; PL = polyester; PP = polypropylene; PU = polyurethane; CO=
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blank samples. Each single microfiber of the same color of the face
mask was transferred from the nylon bag to a white cellulose filter
(StonyLab, pore size 1 μm; Ø = 47 mm) and a picture of each filter
was captured. The length of each microfiber was measured using the
Fiji freeware software (Schindelin et al., 2012). In addition, to confirm
that microfibers were released by the face masks and were not due to
external contamination, Scanning Electron Microscope (SEM) and Fou-
rier transform infrared spectroscopy (FT-IR) analyses were performed.
Before laundering, some microfibers were plucked from each face
masks with a stainless steel forceps. Their shape was compared with
that of five microfibers collected from the nylon bags using a SEM
(IDSJSMIT - 500, Jeol - Tokyo, Japan; High Vac., 15.0 kV) after metalliza-
tion with gold nanoparticles (Fig. 1). The polymeric composition of the
fabric composing the face masks (i.e., placing the whole face mask
under the FT-IR), of microfibers plucked from the face masks before
the laundering, as well as pool of microfibers collected after laundering,
was checked through FT-IR analysis. The FT-IR spectra were obtained
through a Spectrum 100 spectrophotometer (Perkin Elmer) in attenu-
ated total reflection (ATR) mode using a resolution of 4.0 and 256
scans, in a range of wavenumber between 4000 and 400 cm−1. Air at
standard temperature and environmental moisture (23 °C and 50%
RH) were used as a background (Fig. 2). The pressure applied was
checked and maintained at about 50 N for all samples. A single-
bounce diamond crystal was used with an incidence angle of 45°.

2.2. Statistical analysis

The difference in the amount (i.e., total number of microfibers and
number of microfibers/g of face mask) and length of microfibers re-
leased from face masks made by different fabrics after the laundering
in a domestic washing machine was tested by Kruskal-Wallis test
followed by Pairwise comparisons using Tukey and Kramer (Nemenyi)
testwith Tukey-Dist approximation for independent samples. Statistical
analyses were run using the R statistical software (version 4.0.2; R Core
Team, Vienna, Austria).

3. Results and discussion

The present study demonstrated that the laundering of reusable and
disposable face masks in a domestic washing machine might represent
an additional input of synthetic and natural microfibers to freshwater
ecosystems.
of different fabrics, microfibers plucked by each face masks and microfibers collected after
cotton; Sf = surgical face mask (PP fabric).
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A number of studies has shown that a single household wash of
5 − 6 kg of laundry through different washing procedures lead to the
release of thousands of synthetic and natural microfibers (Sillanpää
and Sainio, 2017; De Falco et al., 2018; Zambrano et al., 2020, 2019).
These studies suggested that textile parameters, including the composi-
tion of the fabric, the type of yarn and the textile construction can affect
the microfiber release during laundering. Consequently, the same pa-
rameters can influence the release of microfibers from face masks,
even though this capacity has been solely supposed (Aragaw, 2020;
Fadare and Okoffo, 2020; De-la-Torre and Aragaw, 2021). This investi-
gation demonstrated that a single cycle of laundering in a domestic
Fig. 3. Box-whiskers of number (A), number/g of face mask (B) and length (C) of microfibers
PA = polyamide; PL = polyester; PP = polypropylene; PU = polyurethane; CO = cotton
statistically significant differences in the microfiber release depending on the polymeric comp
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washing machine lead to the release of microfibers from both reusable
and disposable face masks. Overall, a mean (± SE) of 284.94 ± 73.66
microfibers were released after laundering, independently of the fabric
composing the face mask. The analysis of SEM images confirmed that
microfibers collected in the nylon bags after laundering were similar
to those plucked from the corresponding facemasks before the launder-
ing (Fig. 1). Similarly, as shown in Fig. 2, the FT-IR spectrum obtained
from a pool of microfibers collected in the nylon bag at the end of the
laundering (lower spectrum in the panels) matched that of microfibers
plucked by the face masks before the laundering (spectrum in the mid-
dle of the panels) and that of the fabric of origin (upper spectrum in the
released from face masks of different fabrics after a cycle in a domestic washing machine.
; SF = surgical face mask made by PP. Letters above the histograms in panel A show
osition of face masks. Similar letters indicate no significant differences among groups.
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panels). The same laundering conditions resulted in a significant, differ-
ential release ofmicrofibers depending on the polymeric composition of
the fabric composing the face masks (Kruskal-Wallis test; χ2 = 15.174,
df = 5, p=0.009; Fig. 3). Focusing on synthetic fabrics only, face masks
made by PU released the highest amount of microfibers (mean ± SE;
541.33 ± 51.84), followed by PL (133.66 ± 41.77 microfibers), PP
(98 ± 11.93 microfibers) and PA (28.33 ± 9.83 microfibers) ones. De-
spite this huge variability, the number of PU microfibers found at the
end of laundering was significantly higher compared to PA ones only
(p = 0.045), while no statistically significant differences occurred
with other fabrics. A similar release of microfibers was observed be-
tween reusable PP and disposable surgical face masks (85.33 ± 6.93
microfibers), as they were both made by the same polymer (p =
0.994). Interestingly, the highest release of microfibers was from cotton
face masks (823.00 ± 112.53 microfibers), which was significantly
higher compared to PA fabrics (p = 0.008), suggesting a notable input
of natural polymers in the sewage from any cycle of washing in domes-
tic washing machine. Despite the differences in the amount of
microfibers released from face masks, their length was quite homoge-
neous and did not significantly differ among fabrics (Kruskal-Wallis
test; χ2 = 10.287, df = 5, p = 0.067). The longer microfibers were re-
leased by PU face masks (mean ± SE; 1.33 ± 0.05 mm), followed by
PP (0.93 ± 0.28 mm), cotton (0.83 ± 0.08 mm), PA (0.72 ± 0.25 mm)
and PL (0.51 ± 0.03 mm). Overall, the length of microfibers from face
masks was in the same dimensional range of those release by launder-
ing of clothing (e.g., De Falco et al., 2018, 2020).

Similar trend of microfiber release was also observed normalizing
the number of microfibers on the weight of the face masks; PU
(71.64 ± 6.50 microfibers/g) and cotton (48.83 ± 14.87 microfibers/
g) face masks released the higher amount of fibers compared to the
other fabrics (mean ± SE; 10.12 ± 3.78 microfibers/g). Significant dif-
ferences in microfiber release among fabrics occurred (Kruskal-Wallis
test; χ2 = 16.251, df = 5, p = 0.006), with a lower amount of
microfibers released from PA face masks compared to PU (p = 0.013)
and cotton (p = 0.043) ones. The higher shedding of microfibers per
gram of laundered textile observed for cotton face masks compared to
other fabrics was in agreement with previous studies performed on
clothing, showing a higher release of microfibers from natural
(i.e., cotton-based) fabrics compared to polyester ones (Sillanpää and
Sainio, 2017; Zambrano et al., 2019). These differences in microfiber re-
lease may depend on fabric constructions and/or washing conditions
(Zambrano et al., 2019). In particular, the higher release of cotton
microfibers might be due to the lower tenacity or different chemical
compositions of the fibers composing the cotton fabric compared to
synthetic ones. In fact, the higher hydrophilicity of cellulosic fibers
might affect thewettability of cotton fibers (Gordon Cook, 2001) during
the washing process, enhancing their detachment from the fabric.
Moreover, wet abrasion of cotton is high during laundering because
the fibers could swell and generated fibrils that could be broken byme-
chanical action and/or physical forces of thewashing process (McQueen
et al., 2017). Although natural fibers are not considered plastics, they
might represent a potential threat for aquatic ecosystems because of
their widespread diffusion, as well as their capability to adsorb
chemicals and to favor their dispersion (Ladewig et al., 2015). Cotton-
based fibers enter freshwater as a consequence of fabrics wear and/or
laundering, as demonstrated by their ubiquitous presence in wastewater
effluents (Lares et al., 2018; Talvitie et al., 2017, 2015; Ziajahromi et al.,
2017) and in different environmental matrices collected in aquatic and
terrestrial ecosystems (e.g., Sanchez-Vidal et al., 2018; Stanton et al.,
2019; Parolini et al., 2021b). Thus, monitoring the amount of cotton-
based fibers represent a priority in environmental studies asmuch as syn-
thetic ones. In fact, although cotton-based microfibers are considered as
biodegradable (e.g., Zambrano et al., 2021), cotton fabrics are commonly
treated with functional finishes including softening agents for hand feel,
durable press for wrinkle resistance and dimensional stability, water/soil
repellents and antimicrobials (Bajaj, 2001; Cotton Incorporated, 2004). A
6

previous study has demonstrated that finishes can influence the rate of
biodegradability of cotton-based fibers (Zambrano et al., 2021), resulting
in a potential increase of their environmental persistence and hazard to-
wards organisms.While a growing number of studies have demonstrated
that the exposure to synthetic microfibers of different size and polymeric
composition can be ingested by aquatic organisms belonging to different
taxa, from crustaceans to fish, leading to the onset of potential adverse ef-
fects (Ziajahromi et al., 2017; Jemec et al., 2016; Rebelein et al., 2021), to
date no information is available on natural microfibers but a similar eco-
toxicological behavior cannot be excluded.

4. Conclusions

Our results showed that the laundering of reusable facemasks, aswell
as accidental washing of disposable ones, can contribute to the load of
synthetic and natural microfibers to freshwaters. The contribution from
the laundering of face masks can be considered as lower compared to
the washing of clothing. However, considering the recommendation to
wear a face mask to avoid the transmission of SARS-CoV-2, and the ex-
pected market expansion of reusable face masks at an annual growth
rate of 23.5% from 2020 to 2027 (www.grandviewresearch.com), the re-
lease of microfibers from these health devices cannot be neglected. In ad-
dition, the release ofmicrofiber due to facemask laundering could be also
higher compared to that observed in thepresent study. In fact, the indirect
approach we used could have limited the pilling and/or the mechanical
action experienced by facemaskswithin thewashingmachine basket, re-
ducing the release of microfibers. Similarly, the amount of microfiber re-
leased by face mask could be underestimated because they were washed
at low temperature without detergents and softeners, which are consid-
ered as three factors that affect the release of microfibers from clothing.
In addition, only microfibers >25 μm were collected in the nylon bags,
while smaller ones that could putatively be released during laundering
were missed. Lastly, we measured the release of microfibers after only
one cycle of washing but, depending on their fabrics, face masks could
be re-washed many times, as reported by manufacturer instructions. Al-
though some studies demonstrated that the release, but also the size, of
microfibers from synthetic clothing decreases after repeated washing
processes (De Falco et al., 2018), it should be interesting to investigate
whether this trend occurs also in face masks. The laundering of face
masks can be therefore considered as an additional input of microfibers
to freshwaters but further in-depth studies testing different laundering
conditions (i.e., testing the effect of different temperatures, detergents
and softeners, and repeated washing) are necessary to estimate the real
contribution of these medical devices to the release of synthetic and nat-
ural microfibers to freshwaters, as well as to explore their potential haz-
ard towards aquatic organisms.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2021.150495.
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