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The use of face masks outside the health care facility dates back a century ago. However, face masks use noticeably
soared due to the COVID-19 (Coronavirus disease 2019) pandemic. As a result, an unprecedented influx of discarded
face masks is ending up in the environment. This review paper delves into face masks in the environment using the
DPSIR (driving forces, pressures, states, impacts, and responses) framework to simplify and communicate the environ-
mental indicators. Firstly, the historical, and briefly the economic trajectory of face masks are discussed. Secondly, the
main driving forces of face masks use with an emphasis on public health are explored. Then, the pressures exerted by
efforts to fulfill the human needs (driving forces) are investigated. In turn, the state of the environment due to the in-
flux of masks along with the impacts are examined. Furthermore, the upstream, and downstream societal responses to
mitigate the environmental damages of the driving forces, pressures, states, and impacts are reviewed. In summary, it
has been shown from this review that the COVID-19 pandemic has been causing a surge in face mask usage, which
translates to face masks pollution in both terrestrial and aquatic environments. This implies proper usage and disposal
of face masks is paramount to the quality of human health and the environment, respectively. Moreover, further re-
search on eco-friendly face masks is indispensable to mitigating the environmental damages occurring due to the
mass use of surgical masks worldwide.
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1. Introduction

As the name implies, single-use face masks are intended to be used once
and then disposed of. While polypropylene is the most common material
used to make face masks, other alternatives include polystyrene, polycar-
bonate, polyethylene, or polyester (Chellamani et al., 2013). Surgical face
masks are multilayered consisting of an outer, middle, and inner layer
(Fig. 1). In addition, the face masks contain either aluminum or plastic
nose clips, and two elastic cords. The outer and inner layers are made
from non-woven cloth, while the middle layer is made from textile fibers
(Adanur and Jayswal, 2020; Chellamani et al., 2013). The inner layer is
made of an absorbent material that captures droplets exhaled from the
wearer, while the outer layer is hydrophobic in nature (Salvi, 2020). The
middle layer which provides the most filtration is made from melt-blown
material. The mask filtration efficiency depends on different parameters
such as the fiber size, the mode of synthesis, the web structure, and the fi-
ber's cross-sectional shape (McCarthy, 2011). Additionally, breathing com-
fort levels are adjusted by lowering the pressure drop, a measure of the
resistance to airflow (Arumuru et al., 2021). Thus, single-use face masks
are prevalent among health workers and the public due to their high filtra-
tion capacity, lightweight, affordability, convenience, breathability, and
disposability.

Products fashioned out of polypropylene typically take 20–30 years to
be completely degraded. Irrespective of whether the condition of degrada-
tion is aerobic or anaerobic, photodegradation and thermo-oxidative degra-
dation remain the traditional route of disintegration for polyethylene
(Canopoli et al., 2020). Knicker and Velasco-molina (2021) estimation of
the amount of carbon dioxide exclusively produced following biodegrada-
tion of single-use polypropylene-based face masks revealed an additional
annual contribution of 41 to 68 t year−1 provided 0.1% masks end up in
the soil. Furthermore, they pointed out that the mean residence time for
these masks in soil ranged from 2 to 3 days and between 7 and 18 years
for easily decomposable and non-easily decomposable masks fragments, re-
spectively. It is expected that factoring in other abiotic pressures will accel-
erate the disintegration process.
Fig. 1. Components of s
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The rise of air pollution across developing countries has shot up the pro-
duction and consumption of face masks among the public. The numbers in
face masks usage have further soared due to the COVID-19 (coronavirus
disease 2019) pandemic. Hence, this has brought about an unprecedented
influx of used COVID-19 masks winding up in the environment (Beckage
et al., 2021; Haque et al., 2021; Wang et al., 2020a).

A few review articles on the impacts and mitigations of the COVID-19
related medical wastes in the environment have been written. However, a
synthesized understanding of face masks in the environment and the inter-
action between societal drivers and the environment is still lacking. There-
fore, to fill in the gap this paper reviewed articles on face masks using an
environmental indicator in a structured manner to communicate the com-
plex interaction between different facets of society and the environment.
Structured into two parts, this study critically reviews the data for face
masks usage and different facets of disposal through the DPSIR (driving
forces, pressures, states, impacts, and responses) framework. The first part
dwells on the historical development and economic components of the
face masks industry, while the second part discusses all the components
of the DPSIR framework within the context of a spike in face masks
usage, its environmental ramifications, and measures of turning the tides
on the adverse implications. In this review, unless specified, the term face
masks (single-use face masks or surgical masks) refers to three-layer dispos-
able facemask.Moreover, microplastic refers to plastic particle size<5mm.

2. Historical background

The idea of nose andmouth covering to stem the spread of disease dates
as far back as the early middle ages in Europe (Matuschek et al., 2020).
Medical professionals wore beak-like masks stuffed with spices to protect
against miasma in their dealings with sufferers of the bubonic plague. At-
tention to this practice somewhat took a nosedive in the subsequent century
with greater emphasis informed by remarkable strides in the understanding
of germ theory birthing a resurgence in the 19th century (Strasser and
Schlich, 2020). The contributions of Louis Pasteur, the postulation of
Joseph Lister on the importance of creating an antiseptic environment in
urgical face masks.
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operating rooms, and Carle Flugge's experiment demonstrating respiratory
droplets contained bacteria paved theway for a newgeneration of surgeons
like Johann Mikulicz and Paul Berger to start wearing face masks in 1897
(Belkin, 1997). The popularity of the mask surged outside the traditional
area of use, the surgery room, following the Manchurian plague of
1910–11 and the influenza pandemic of 1918–19 (Brienen et al., 2010;
Rogaski, 2021). These two cases somewhat crystallized the idea of the
mask as a means of protecting health workers and patients from infectious
diseases outside the surgery room into the public psyche. The consensus on
the function of the mask encouraged its evolutionary design away from
multiple layers of cotton gauze, the first of which was patented in 1919,
to disposable paper masks in the 1930s (Hauser, 2020). The 1960s were
marked by the growing usage of single-use masks made from synthetic ma-
terial. By the middle of the subsequent decade, reusable cotton masks had
fallen out of favor among health care workers thanks to aggressive market-
ing and industry-backed studies extolling the superiority of synthetic single-
use masks.

Over the years, the nature of materials used, and design has evolved in
response to infectious disease outbreaks and the rise of air pollution. For ex-
ample, before the COVID-19 pandemic, the last two decades saw a large-
scale surge in mask use in response to the SARS (Severe Acute Respiratory
Syndrome) epidemic of 2003 and increasing air pollution problems in parts
of Asia (Sim et al., 2014; Zhang and Mu, 2018). However, the numbers in
economic terms pale in comparison with respect to market demand for
masks since the onset of the current pandemic. Furthermore, growth in con-
sumer awareness on the importance of masks, ease of purchase, and posi-
tive marketing campaigns on online platforms account for the meteoric
rise in demand. According to certain estimates, the face mask market
grew from USD 737 million in 2019 and is expected to hit USD 22,143 mil-
lion at the close of 2021 (Markets and Markets, 2020). As measures to rein
in the infection grows, the same report projects that the global market will
experience a sharp decrease to USD 3021 million by 2025.

3. Face masks in the environment: a DPSIR analysis

The DPSIR framework was first developed by European Environment
Agency in 1995, aiming to deliver information on environmental indica-
tors to policymakers (European Environment Agency (EEA), 1995). The
framework is designed to communicate the causal relationships
Fig. 2. The DPSIR framework of fa
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between society and the environment to raise public awareness for pol-
icy measures. According to European Environment Agency (Gabrielsen
and Bosch, 2003), the components of the DPSIR framework are defined
as: a) driving forces are the societal changes that shape the need, con-
sumption, and consumption pattern, b) pressure is the emissions and re-
sources deployed to satisfy the driving forces, c) state describes the
status of the physicochemical and biological process both quantitative
and qualitative aspects, d) impact are the changes on the functioning
of the ecosystem such as loss of biodiversity, revenue, and well-being,
and e) response indicator includes the initiatives by society and govern-
ments to prevent, mitigate, and adapt to the state of the environment.
The DPSIR framework has been applied to various kinds of environmen-
tal problems such as the effect of climate change on biodiversity
(Omann et al., 2009), microplastic in the environment (Miranda et al.,
2020), and social-ecological systems of coastal environments (Gari
et al., 2015). In all studies, the complex interactions between the soci-
ety, economy, and the environment were communicated via the DPSIR
framework, which is vital information for policymakers. Similarly,
Tscherning et al. (2012) correctly argues that the DPSIR framework is
a practicable tool to support decision making. The DPSIR framework
of face masks in the environment is summarized in Fig. 2.

3.1. Driving forces

From inception, face masks were largely reserved for use by health care
professionals in surgical wards and those at the forefront of battling trans-
mittable respiratory type diseases. In the years that have since followed,
skepticism on its effectiveness in curbing the rate of respiratory infection
has been sufficiently squashed. The result of that has been the widespread
embrace of single-use masks beyond traditional users to include members
of the public. In recent years, the usage of these face masks among the pub-
lic has been remarkably increased due to air pollution and various types of
infectious diseases. While masks wearing does not offer absolute preven-
tion, this nonpharmaceutical measure reduces the risk of exposure to infec-
tions and air pollutants (Bai, 2020). As such, it is both useful in everyday
disease prevention and it is the first-line measure among others in the
event of an outbreak caused by novel pathogens (Sim et al., 2014). A case
in point is the current COVID-19 pandemic which has somewhat normal-
ized the global use of face masks outside hospital environments in many
ce masks in the environment.
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parts of the world. However, the sight of people wearing face masks in
many parts of Asia has always been commonplace; becoming somewhat
like an entrenched culture (Joung, 2020). This is owed to past spates of re-
spiratory infections and the problem of fine particulate matter (PM2.5–10).
Be it the increasing prevalence of air pollution or the response to limit respi-
ratory infection by adopting single-usemasks, industrialization, mass trans-
portation, and mass media seem to be the common denominators in
enabling these two primary drivers (Li et al., 2016; Tomes, 2010).

3.2. Pressures

The non-woven fabric of surgical masks is usually made from polypro-
pylene which is sourced from petroleum oil. Metals are an equally crucial
raw material in the face mask value chain (OECD, 2020). Other less com-
monly used materials include polystyrene, polycarbonate, polyethylene,
and polyester (Table 1). With respect to other types of nonwovens,
spunbond nonwoven fabric, especially those made from polypropylene
are in high demand in the medical field. Market estimates in 2020 valued
it at USD 18.7 billion and it is expected to hit USD 23.8 billion by 2025
(GlobeNewswire, 2020). Data that accounts for howmuch of the estimated
growth is or will be directly linked to single-use facemask production is not
readily available. However, it is safe to assume that the global demand for
this item has driven the acquisition of related rawmaterials in its manufac-
ture such as wood for cardboard in packaging. Life cycle assessment esti-
mates of single-use surgical masks indicate that the most severe
environmental impact incurred occurs primarily at the raw material pro-
curement stage (Lee et al., 2021). The accompanying waste generated
due to the global pandemic mounts additional pressure on routine waste
management procedures (Adyel, 2020). This, in turn, increases the inci-
dence of unsuitable waste management strategies such as local burning
and landfills. Zooming in further, some estimates indicate that if 1% of
face masks were improperly disposed, it will account for about 40 tons of
plastics per month in nature (WWF, 2020).

Also, government policies that mandate every citizen to wear face
masks when outdoors are playing a key role in mass usage and production
of masks. As of the writing of this article, mask-wearing in public is cur-
rently mandated in over 170 countries (Masks for All, 2021). This means
the amount of medical waste generated globally is unparalleled to anytime
in history. The consequence of this is both environmental and health-
related if proper care is not taken in the storage, transportation, and han-
dling processes (Sangkham, 2020). In certain cases, it is inextricably linked
to the sheer volume of waste generated, lack of expertise, and the capacity
to handle specialized waste, especially in developing countries. For exam-
ple, incineration will adversely impact air quality while distillation sterili-
zation leaves behind a massive wastewater and waste residue footprint
(Michael, 2013; Wang et al., 2020b). The overall environmental impact
can be well understood through the life cycle assessment of face masks.
As Lee et al. (2021) illustrated, assuming the face mask is used for two
days, it can cause up to 0.290 kg CO2-eq climate change impact, and can
generate up to 0.002 kg of waste.
Table 1
Chemical composition of face mask.

Parts of face mask Chemical
composition

Weight percentage (wt%)

Outer and inner
layera

PP 73.33

Middle layera PE 13.77
Elastic corda Nylon 8.27
Pliable noseclipa Metals 4.63 (Fe: 4.58, Zn: 0.02, Ti: 0.01, Ca: 0.01, and

Mn: 0.01)
Complete surgical
maskb

(C: 84.37 ± 0.22, H: 14.93 ± 0.04, O: 0.70 ± 0.09, H/C
ratio: 2.12, O/C ratio: 0.01) (mean % ± std.)

n.d. below detection limit.
a (Jung et al., 2021).
b (Brillard et al., 2021).
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3.3. States

The mass use of single-use face masks, lack of awareness, poor waste
management system is inducing face mask littering. Littered single-use
face masks can end up as litter in street lanes, sewage systems, water
channels, and aquatic environments. A typical example is the global face
mask littering since the early months of the COVID-19 pandemic. The
occurrence and potential disaster to the environment and solid waste man-
agement system has been reported by numerous researchers worldwide
(Anastopoulos and Pashalidis, 2021; Aragaw, 2020; Benson et al., 2021;
De-la-Torre et al., 2021; Fadare and Okoffo, 2020; Kalina et al., 2020;
Kassam, 2020; Patrício Silva et al., 2020; Roberts et al., 2020).

Furthermore, due to environmental processes, littered face masks can
be transported to surface water where they could relocate farther into ma-
rine environments. Stormwater flooding, rivers, and wind are the main
pathways of facemasks recovered inmarine environments. According to es-
timation by Prata et al. (2020), worldwide consumption of face masks is
129 billion each month since the start of the COVID-19 pandemic. Assum-
ing the loss rate and weight of face masks are 3% and 4 g, respectively,
monthly around 17,000 tons of face masks end up in the marine environ-
ment. These data must be interpreted with caution because the estimation
does not take account of the packaging, which in some cases individual
masks are packaged in plastic bags. Similarly, the estimation does not sep-
arate the proportion of people who use reusable face masks. There is a
growing body of literature that recognizes the presence of single-use face
masks in the marine environment (Akber Abbasi et al., 2020;
Akhbarizadeh et al., 2021; Bondaroff and Cooke, 2020; Dharmaraj et al.,
2021). During the early days of the COVID-19 pandemic, Oceans Asia, the
marine pollution advocate organization published a pioneer report about
the presence of single-use facemasks in themarine environment. The inves-
tigation reported that 70 single-use face masks along the remote beaches of
Soko Islands, Hong Kong were found in February 2020 (Bondaroff and
Cooke, 2020). This finding was pivotal in calling the attention of environ-
mental scientists regarding the fate of discarded single-use face masks.
Later on, Akhbarizadeh et al. (2021) investigated discarded face masks
along the Persian Gulf in a four-day sampling campaign. The research
found the highest and lowest facemasks count of 574 and 252, respectively.
Similarly, De-la-Torre et al. (2021) determined the distribution of discarded
face masks along the densely populated beaches of Lima, Peru. The study
found around 121 face masks representing 87.7% of all PPE observed in
12 sampling campaigns. The research was significant in incorporating the
effect of beach activities on the nature of face masks littering. The research
reported that recreational beaches were the most polluted areas than their
counterpart fishing and surfing areas. The finding points to the importance
of research on beach-based sources of face masks littering, which is lacking
from the literature. A summarized table showing the presence of PPE in dif-
ferent environments is presented in Table 2.

Face masks discarded in the environment break down by physical and
chemical processes and generate microplastics andmicrofiber that contam-
inate both soil and water. There is evidence that face masks produced by
electrospinning are potential sources of microplastics, nanoplastics, and
microfibers in the environment (Aragaw, 2020; Chen et al., 2021; Fadare
and Okoffo, 2020; Ma et al., 2021) (Table 3). Moreover, Saliu et al.
(2021) simulated the degradation of face masks in marine environments
by exposing single-use face masks to UV light and soaking in artificial sea-
water. The sample was continuously steered to resemble the natural envi-
ronment. The demonstration showed that each face mask can generate up
to 173,000 fibers a day, which represents 26% of the total mass of the
face mask. The research was significant to understanding the potential im-
pacts of discarded face masks on the environment. Once the surgical face
mask is disintegrated into microplastics, it has a sorptive potential for con-
taminants such as metals and DEHP (Di 2-ethyl hexyl phthalate)
(Dobaradaran et al., 2018; Takdastan et al., 2021).

In the case of face masks as potential carriers of infectious viruses, stud-
ies by Dargahi et al. (2021) found SARS-Cov-2 (Severe Acute Respiratory
Syndrome Coronavirus-2) on both sides of single-use face masks collected



Table 2
The occurrence and density of PPE associated with COVID-19 in different environments.

Location State of the environment Sampling sites Reference

Agadir; Morocco During and after the lockdown, the average PPE density ranged
from 0 to 5.78 × 10−5 items/m2 and 5.81 × 10−6 to
5.60 × 10−4 items/m2, respectively.

11 sites were observed along the beach (Haddad et al., 2021)

Bangkok; Thailand Cumulative mask flux rate was 0.30 items/km/day. Three streets in the city (13 km total path) (Tesfaldet et al., 2022)
Bushehr; Iran 574 face masks observed on the first day of sampling along the

shores of Bushehr.
9 observation sites on sandy and rocky beaches (Akhbarizadeh et al., 2021)

Cilincing, Marunda;
Indonesia

Face mask abundance in March and April 2020 increased by 1.51%
and 1.36% at Cilincing and Marunda outlet, respectively.

Two river outlets (Cordova et al., 2021)

Cox's Bazar; Bangladesh The density of PPE ranged from 3.16 × 10−4 to
2.18 × 10−2 items/m2.

13 sites were observed along the beach (Rakib et al., 2021)

Ile-Ife; Nigeria Face mask littering along a highway and drainage system. Highway and drainage system. (Fadare and Okoffo, 2020)
Kwale, Kilifi, Mombasa;
Kenya

<0.1 items/m COVID-19 related litter along streets, 0.1 items/m2 on
the beach, and 66 items/km2

floating litter.
Street, beaches, and floating litter on the ocean (Okuku et al., 2021)

Kumasi, Abenase; Ghana The density of face mask ranged from 0.04 to 0.42 items/m. A metropolitan, municipal, community and an
institution were surveyed (total length = 1720 m)

(Amuah et al., 2022)

Mersin, Adana, Niğde;
Turkey

The density of face masks was 170, 210, and 166 items/km2 in
Mersin, Adana, and Niğde, respectively.

3 cities were observed for face mask littering (Akarsu et al., 2021)

Northern, central; Chile The average density of face masks along the sandy beaches was
2.75 items/km and along the rocky shore was 0.74 items/km.

4 coastal areas: two sandy beaches and two rocky
shores

(Thiel et al., 2021)

Soko Islands; Hong Kong 70 face masks encountered along the beach. 100 m stretch of the beach (Bondaroff and Cooke, 2020)
Quebec; Canada The density of mask litter was 0.0001 ± 0.00006 items/m2. A walking pilgrimage of 3 m wide and 250 km length (Maderuelo-Sanz et al., 2021)
Toronto, Ontario;
Canada

The cumulative sum of face masks in each sampling site ranges
from 10 to 165 items.

Residential area, commercial grocery store parking
lots, a recreational trail, and a hospital district

(Ammendolia et al., 2021)
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frompatientswith coronavirus admitted at the hospital. The research is cru-
cial to emphasize the possible dangers imposed by improperly disposed
face masks. Similarly, Chin et al. (2020) confirmed the presence of SARS-
Cov-2 at the inner and outer parts of the face masks. The study further
showed that the virus can survive up to seven days and more than seven
days in the outer and inner face masks layers, respectively. The finding is
pivotal in that it recognizes the dangers posed to the public and specifically
to waste handlers. In this regard, the most vulnerable people are street
sweepers and garbage collectors. Since the use of PPE by solid waste collec-
tors is not standard across the globe, where in some countries it is hardly
used, the occupational risk is inevitable. In addition, once the mask is
discarded, it may interact with different components of the ecosystem
and can be relocated farther. A critical review done by Tran et al. (2021)
indicated that the presence of discarded masks in the environment might
contribute to the presence of infectious viruses in water and wastewater.
Although the presence and survival of SARS-Cov-2 for days on face masks
support the claim, it is imperative for it to be supported by further rigorous
research. The survival of SARS-Cov-2 in wastewater depends on many
physical and chemical parameters of water. A number of authors have
found SARS-Cov-2 in wastewater inflow (Bivins et al., 2020; Giacobbo
et al., 2021; Ihsanullah et al., 2021; Westhaus et al., 2021), while SARS-
Cov-2 amplification test showed their absence in treated wastewater out-
flow (Rimoldi et al., 2020).

On the other hand, discarded face masks can act as pollutant carriers.
Anastopoulos and Pashalidis (2021) indicated that single-use face masks
can act as the transporters of dye chemicals specifically, crystal violet and
Table 3
Number of microplastics (MP) and nanoplastics (NP) counted from 100 μL well-
mixed face mask leachate identified by scanning electron microscope (Ma et al.,
2021).

Mask
type

Country of
production

MP ≥ 1 μm
(103 per mask)

NP < 1 μm (109

per mask)
Mean diameter of
NP < 1 μm (nm)

Surgical China 1.8 ± 0.1 2.6 ± 0.3 108 ± 19.0
Surgical China 1.6 ± 0.3 2.1 ± 0.1 135 ± 10.3
Surgical China 1.5 ± 0.2 2.0 ± 0.4 144 ± 20.5
Surgical China 1.3 ± 0.1 1.6 ± 0.2 139 ± 16.7
Surgical Vietnam 1.7 ± 0.1 1.9 ± 0.4 112 ± 22.7
Surgical Korea 1.7 ± 0.2 3.8 ± 0.5 103 ± 10.2
Surgical Japan 1.7 ± 0.2 1.9 ± 0.5 101 ± 35.7
Surgical Japan 2.9 ± 0.1 2.0 ± 0.1 115 ± 25.8
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malachite green in the aquatic environment. The study offers some impor-
tant insights into the sorption of pollutants in single-use face masks. Since
the breakdown of facemasks producemicroplastic which is small and capa-
ble of traveling long distances, they can be an effective carrier of contami-
nants and pathogens. However, the knowledge about single-use face
masks as potential carriers of heavy metals and POPs (Persistent Organic
Pollutants) is still lacking in literature and is an important issue for future
research.

3.4. Impacts

At present, research and reports regarding the impact of face masks are
steadily coming out. The obvious reason could be due to the easing of re-
strictions imposed during the COVID-19 pandemic; moreover, the impacts
are beginning to be more pronounced with the increasing usage of single-
use face masks. The physical, physiological, and ecotoxicological damage
of discarded masks to domestic and wildlife has been recognized by re-
searchers (Hiemstra et al., 2021; Patrício Silva et al., 2021). For example,
the entanglement of two shore crabs (Carcinus maenas) at lake Étang de
Berre, France, where one crab was seen perniciously entangled by face
masks. In the same vein, the entanglement of the American robin (Turdus
migratorius) by face mask is another case in point (Hiemstra et al., 2021).
The ingestion of face masks by both animals and humans has also been re-
ported in various parts of the world (BBC, 2020a; Hiemstra et al., 2021;
Kaur, 2020; Klein, 2020). According to wildlife bosses, Seagulls struggling
over discarded face masks thinking it was food has been a common occur-
rence at the Weymouth beach, UK (Klein, 2020). Similarly, discarded coro-
navirus face masks mistakenly eaten for food by domestic pets were also
reported by Kaur (2020). In most cases, the ingestion of face masks by ani-
mals leads to death or emergency surgery, which signals the severity of
discarded face masks (Gallo Neto et al., 2021). Furthermore, BBC (2020a)
reported an incident where a six-year-old child ingested a chicken nugget
containing a face mask bought from a MacDonald's branch in Hampshire,
UK. Taken together, these studies support the notion that unless robust in-
tervention is put in place, the incidence of animal death and entanglement
due to discarded face masks will most likely increase with the current
skyrocketing usage of face masks across the globe. Moreover, since face
masks contain a plastic layer and fiber, ingestion by animals translates to
entry into the food web. For instance, studies conducted by Akhbarizadeh
et al. (2020) found microplastics in canned fish. Situations like this ulti-
mately leads to the accumulation of microplastics and microfibers in apex
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predators such as humans. Table summarizing incidences of interaction be-
tween animals and discarded face mask reported worldwide are presented
in Table 4.

The socio-economic damage of discarded face masks is hardly found in
the literature. However, extensive research has shown that marine debris
negatively affects the aesthetic of the beaches as well as reduces tourism
revenue (Botero et al., 2017; Jang et al., 2014; Krelling et al., 2017;
Qiang et al., 2020; Williams et al., 2016). Similarly, the presence of
discarded face masks on beaches will apparently affect the aesthetics of
the beaches. Hence, the presence of discarded masks at the beaches could
also cause panic and discourage tourists (beachgoers) from swimming or
engaging in activities at the beach due to the fear of contracting COVID-
19. This ultimately affects the revenue that can be collected from coastal
tourism.

The physiological and psychological burden associated with protracted
mask usage has been reported to decrease work efficiency and the time put
into activities while donning masks (Johnson, 2016). The ramifications of
this are lower productivity and economic output. Numerous studies have
highlighted the downsides of prolonged mask usage on the health of indi-
viduals. According to (Rosner, 2020), her respondents of healthcare profes-
sionals reported adverse effects such as headaches, acne, skin rash, and
impaired cognition. A shortcoming of the research is that it failed to con-
sider the underlying conditions of the respondents. While this might be a
ground for skeptics to discount the potential long-term impacts of extended
mask use, this could not be further from the truth. A similar study in India
with a pool of healthcare workers selected on the basis of being highly ac-
tive and healthy, showed overlapping adverse effects such as difficulty
breathing on exertion and acne on the face (Purushothaman et al., 2021).
Along the same lines, a study by Techasatian et al. (2020) indicated that
wearing surgical masks less than 4 h/day has reduced adverse effect on
skin than wearing for longer hours. Other reported effects included dry
mouth sensation, sore throat, nasal discomfort, and pain behind the ear-
lobe. Furthermore, there is increased danger to disseminate infectious path-
ogens due to the discomfort that comes from prolonged mask use which
encourages frequent touching by the wearer. In the same context, L. Li
et al. (2021) investigated the risk of inhaling microplastics by wearing
face masks. The study revealed that wearing face masks causes the risk of
microplastic inhalation to the wearer, and the risk increases with the in-
creasing frequency of mask-wearing. Likewise, Han and He (2021) ob-
served loosely attached debris that resembles fibers and particles of
micron to submicron size in the outer part of new face mask. Together,
these studies indicate that wearing face mask poses the risk of inhaling
microplastics or microfiber. Furthermore, the current research highlights
the need of assessing human exposure to microplastics from face mask by
employing the technique of nasal lavage (Torres-Agullo et al., 2021).

3.5. Responses

Due to the growing presence of face masks in the environment, espe-
cially the marine environment, the need to reduce the risk associated
with poorly disposed of PPE is imperative. As a result, several strategies
can be put in place to reduce the environmental and health impact that
Table 4
Reported impacts of face mask on animals.

Location Animal Impact Reference

Chelmsford; UK Gull sp. (Larus sp.) Entangled (BBC, 2020b)
Dover; UK Gull Ingesting (Singer, 2021)
Yorkshire; UK Peregrine falcon Entangled (BBC, 2020c)
Dromana;
Australia

Silver gull Ingesting (MP News Group,
2021)

Phang;
Malaysia

Macaque monkeys (Macaca
fascicularis)

Ingesting (Rasfan, 2020)

Sao Sebastiao;
Brazil

Magellanic penguin (Spheniscus
magellanicus)a

Ingested (Gallo Neto et al.,
2021)

a Face mask recovered from dead body.
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comes with mass mask generation. Generally, the responses can be catego-
rized into two as upstream and downstream responses.

3.5.1. Upstream responses
Upstream responses include all the preventive actions and recommen-

dations put in place to reduce the influx of face masks into the environment
such aswastemanagement, waste utilization, alternative products, and bio-
degradable face masks.

3.5.1.1. Waste management. Once the face mask serves its purpose it will be
regarded as waste. When properly disposed of, the discarded face masks
can end up in either incinerators or landfills, while improperly disposed
face masks can end up in the environment as litter. Face masks waste has
become prevalent during the COVID-19 pandemic. According to (WHO,
2020), healthcare professionals require 89 million single-use face masks
for every month of the COVID-19 pandemic. Considering the world popula-
tion of 7.5 billion, Prata et al. (2020) estimated that the world consumes
129 billion single-use face masks monthly. Assuming the weight of each
single-use mask is 4 g, that would be 516,000 tons of waste generated glob-
ally for each month. Based on the WHO (2014) waste management guide-
lines, discarded face masks can be considered as part of healthcare waste
(infectious waste) because the waste is suspected to contain pathogens.
Therefore, discarded masks require separate collection and disposal sys-
tems to prevent further transmissions of pathogens. For example, installing
bins designated for face masks in public places and public transportation
systems are essential measures to reduce the influx of face masks into the
environment (Tesfaldet et al., 2021).

Furthermore, the IoT (Internet of things) based waste collection system
proposed by H. Li et al. (2021) can be an efficient alternative. Since the sys-
tem is accompanied by a sterilization system and provides real-time infor-
mation to the respective recycling facility, it is an efficient and safe
option. Public awareness promoting the use and proper disposal of face
masks are also an inevitable part of the waste management arsenal to re-
duce the environmental and health impact. For instance, promoting good
practices of mask handling and usage, disinfecting the mask using
alcohol-based sanitizer before disposal, safe disposal methods, and subsi-
dizing environmentally friendly face masks. Within the framework of dis-
posal and handling, the current widespread use of masks means those in
the waste management sector not formally trained in handling these mate-
rials are at risk as well as the population at large. To reduce potential dan-
gers, the waste management handling chain can be strengthened by
evaluating the knowledge, practice, and attitude of waste handlers with re-
spect to medical waste and dispensing the necessary training to fill in the
gaps.

3.5.1.2. Waste utilization. Repurposing discarded face masks within the
theme of circular economy is also part of the response to bring the solid
waste generated back to the economy. For instance, Saberian et al. (2021)
demonstrated that shredded face masks can be an addition to recycled con-
crete aggregate for road base pavementswithout compromising the quality.
The finding is significant in that it provides away of utilizing discarded face
masks. In the same vein, Kilmartin-lynch et al. (2021) suggested that the ad-
dition of 0.20% of shredded facemasks improves themechanical properties
of concrete. Alternatively, Purnomo et al. (2021) proposed that discarded
facemasks can be utilized for energy sources using thermochemical conver-
sion. The study further highlighted that incineration, pyrolysis, and gasifi-
cation are the most feasible waste-to-energy conversion methods for face
masks. Moreover, PP-based face masks can be effectively utilized for carbo-
naceous char using slow pyrolysis (Harussani et al., 2022). A question
worth asking, however, is whether the environmental impacts of these
waste-to-energy technologies are practicable and sustainable especially
when taking into consideration that this approach does not reduce the over-
all demand for virginmaterial and contributes to the release of toxins to the
air. Moreover, most of the experiments on the thermal conversion of face
masks are done on unused face masks at the laboratory scale, which
could translate poorly when it comes to large-scale waste utilization due
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to moisture variation (Dong et al., 2016) and a compromise in quality of
discarded mask. Therefore, further research is inevitable to determine
how to utilize the discarded masks to energy using the existing thermo-
chemical conversion techniques. On the other hand, Hu and Lin (2021) in-
vestigated the safe and value-added utilization of polypropylene face
masks. The study showed that sulfonating discarded polypropylene masks
can produce high-performance porous carbon materials. Also, the prepared
material results in good capacitance performance of the carbon electrode.
To that effect, discarded face masks have been shown to be a valuable
source of carbon nanomaterials. The authors of the study were able to ob-
tain a maximum carbon yield of 64.4 g from 100 g of waste masks (Yu
et al., 2021).

3.5.1.3. Alternative product. Prompting the use of cloth masks is one of the
major campaigns directed at reducing the influx of single-use face masks
worldwide. Various studies have assessed the efficacy of reusable masks
(cloth masks) against respiratory droplets, bacteria, and particles (Ho
et al., 2020; Rengasamy et al., 2010; Steinbrook, 2021). Several lines of ev-
idence suggest that clothmasks have similar protection efficiency as single-
use facemasks. However, the type ofmaterial and the number of layers that
compose the cloth mask has a great effect on the efficacy of the mask. As a
result, thefiltration capacity of clothmaskswidely varies across studies. For
instance, Davies et al. (2013) investigated the efficacy of several homemade
cotton masks against bacterial and viral aerosols. The result showed that
cloth masks markedly reduced the microorganisms released from the
source. However, the same experiment done with single-use face masks
showed three times higher efficacy than their counterpart homemade
masks. In contrast to earlier findings, Ho et al. (2020) reported that there
is no statistically significant difference in efficacy between cloth masks
andmedical-grademasks inmicroenvironmentswith air conditioning. Sim-
ilarly, Teesing et al. (2020), Aydin et al. (2020), and Konda et al. (2020) ar-
gued that cloth masks can be a substitute for single-use face masks.
Moreover, the Centers for Disease Control and Preventions, USA recom-
mends the use of cloth masks in public places (NCIRD, 2021). Most of the
studies indicated that the filtration capacity of cloth masks ranged from
60% to >95%, which heavily depended on the material used. One interest-
ing finding was that the number of layers markedly improved the filtration
capacity of the cloth masks (Clapp et al., 2021; Konda et al., 2020). Clapp
et al. (2021) make the very valid point that modifying several aspects of
cloth masks yields equal or higher filtration capacity compared to the
equivalent medical masks. It is nevertheless necessary to ensure the low
pressure drop and thus the good breathability of the mask. The finding is
very impressive, and it provides direction for further research. The studies
presented thus far provide evidence that clothmasks are the potential envi-
ronmentally friendly substitute for single-use face masks. Allison et al.
(2020), estimated the environmental impact of single-use face masks and
cloth masks under different scenarios via life cycle assessment. The study
revealed that cloth masks generate 85% less waste and 3.5 times lower
impact on climate change than the counterpart single-use facemasks.More-
over, cloth masks cost 3.7 times lower than the single-use face masks. Con-
sidering all this evidence, it seems that clothmasks are a good substitute for
single-use face masks. Further work is indispensable to standardize the ma-
terial to be used for making cloth masks; moreover, the life span or the du-
ration of wearing of cloth masks need to be properly defined.

3.5.1.4. Biodegradable face masks. The pros to disposable PPE are the re-
duced risk of contamination spreading and affordability. On the other
hand, the downside of it lies in the environmental harm non-recyclable va-
rieties such as single-use face masks pose. Being typically non-degradable,
they may end up in landfills, incinerators, or as terrestrial or aquatic litter
after use. It is, therefore, necessary for more research to be poured into
the development of biodegradable materials and bioplastics from renew-
able resources as an alternative to petroleum-based materials (Fouad and
Farag, 2020). A viable biodegradable material equivalent should possess
properties of polypropylene such as being lightweight, exhibiting high ten-
sile strength, eco-friendly, and affordable (Selvaranjan et al., 2021). To
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address the environmental implication of non-degradable masks while con-
currently maintaining high levels of functionality, Choi et al. (2021) devel-
oped a Janus membrane mask filter of polybutylene succinate and chitosan
nanowhiskers. Their study revealed that the biodegradable polymer and
bio-based material electrospun ensemble presented an impressive particu-
late matter removal efficiency of up to 98% and biodegraded in four
weeks. The feasibility of creating compostable facemasks has also been fur-
ther demonstrated by the use of plant fibers from hemp, coffee, and sugar
canemulch (Ho, 2020; Layt, 2020; Reuters, 2020).While some of these bio-
degradable mask options show high filtration efficiency, more research
ground needs to be covered in order to raise its quality to the standard of
medical-grade masks. Furthermore, claims on the extent of the biodegrad-
ability of these compostable masks need to be ascertained. Even if current
research still falls short in successfully nudging the transition to biodegrad-
able plastics, the environmental burdens linked to suchlike disposablemask
production can be alleviated by integrating tools like eco-design (González-
García et al., 2016).

3.5.2. Downstream responses
Downstream responses comprise actions and studies that have been

going on to remediate the environmental damages posed by discarded
face masks such as environmental cleanups and face mask recycling.

3.5.2.1. Environmental cleanup. Environmental cleanup initiatives ranging
from street sweeping to beach cleanup are essential measures to tackle
the effects of discarded masks on humans and the environment. Face
masks littered on the streets can be cleaned up by stepping up the sweeping
frequencies. Similarly, the damage to the aquatic environment can be min-
imized using trash traps along the waterways. Moreover, organizing beach
cleanups, and diving for marine debris are some of the activities that can re-
duce the impacts of discarded face masks, and raise public awareness.

On the question of SARS-Cov-2 in municipal water systems, a study
done by Rimoldi et al. (2020) identified the presence of SARS-Cov-2 in
raw wastewater collected in the Milano Metropolitan Area. However, the
virus was not detected in treated wastewater, suggesting the effectiveness
of the existing treatment system. Similarly, Sherchan et al. (2020) identi-
fied the presence of SARS-Cov-2 in raw wastewater influents collected in
Louisiana, USA. However, the secondary treated and the final effluent did
not test positive for the virus. In contrast, Haramoto et al. (2020) detected
SARS-Cov-2 in secondary treated water in one out of the five samples
tested. Discrepancies in results can be accounted for by sample volume,
method of isolation, and differences in the sensitivity of the marker genes
(Haramoto et al., 2020; Rimoldi et al., 2020). In the same vein, a review ar-
ticle by Foladori et al. (2020) highlighted that the survival of SARS-Cov-2
decays in wastewater was due to the variability of the physicochemical pa-
rameters. Moreover, the virus reaches maximum inactivation when the
wastewater is disinfected with free chlorine and UVC (Ultraviolet C).
These results reflect those of Greaves et al. (2022) who also found that
free chlorine disinfection is a practical way to reduce SARS-Cov-2 levels
in deionized water and wastewater. Furthermore, Sunkari et al. (2021) re-
view of wastewater disinfection in the context of developing countries sug-
gested that the integration of ozonation, chlorination, UV irradiation, and
sodium hypochlorite is an effective method to remove SARS-Cov-2 in
water. However, there is no solid information on the best possible combina-
tion of disinfection techniques to reduce or eliminate SARS-Cov-2 in waste-
water. Therefore, further research needs to be done on the synergism of
disinfection techniques and to establish a standard protocol that benefits
developing nations with fragile or nonexistent wastewater treatment infra-
structures.

3.5.2.2. Face masks recycling.According to a 2015 estimate, only 20% of the
global plastic was recycled while 25 and 50% were incinerated and
discarded, respectively (Ritchie, 2018). A closer look at the recycling num-
bers with respect to the various types of plastics shows a disparity in recy-
clability. For example, in the US, only 3% of polypropene gets recycled
yearly compared to about 29% of polyethylene terephthalate (Chasan,
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2019). Some of the challenges faced in the recycling of polypropylene in-
clude difficulty to rid of offensive smells in post recycled products and the
decrease in its aesthetic quality for reuse in packaging. The current surge
in the utilization of single-use face masks and other personal protective
equipment means a potential increase in the percentage of incinerated
and discarded polypropylene-containing products. This situation also pre-
sents the opportunity to ramp up efforts in the recycling of the most abun-
dant PPE used during the pandemic. The mode of recycling might be
primary or secondary recycling. In primary recycling, the recovered mate-
rial is used to derive similar products with an equivalent performance
from those made from virgin materials. Secondary recycling entails
transforming the recovered material into a variety of end products
(Merrington, 2016). Initiatives such as those by the French firm Plaxtil
which shifted its recycling efforts from clothes to single-use face masks by
transforming them to plastic visors should be encouraged (FRANCE 24,
2020). Funding bodies such as The World Bank can create liaisons with
other institutions dedicated towards effectively allocating funds to small
and medium scale enterprises in this line of service. The potential to gener-
ate industrial-grade materials from disposable filtering masks by different
recycling approaches has been shown by Battegazzore et al. (2020). The
first approach involved processing all the three layers of face masks exclud-
ing the ear loop, while the second approach differed primarily by the inclu-
sion of the ear loop. These two approaches proved most promising
compared to the other techniques explored by the authors. As part of the
way forward, the authors of the study recommend improving the perfor-
mance of the recycled material by blending with virgin polymers, fillers,
and other additives. Such a recommendation is useful especially when
considering the comparative quality, filtration efficiency, and cost of
brand-new masks viz-a-viz recycled masks (Chua et al., 2020). Conversely,
Kakoria et al. (2021) demonstrated the feasibility of transforming waste
PET bottles into nanofiber mats for facemasks and other air filtration appli-
cations. A 3-ply facemask prototype containing the nanofibermat showed a
high-performance filtration efficiency (>99%) following exposure to
PM0.1–2, ten cycles of handwashing, and sun drying, respectively. Further-
more, Maderuelo-Sanz et al. (2021) showed that surgical face masks
possess great acoustical properties which can be utilized as sound porous
absorbers in buildings.

4. Conclusion

This review has organized the main environmental indicators of face
masks using the DPSIR framework. Due to human needs to protect against
air pollution and infectious pathogens compounded by population growth
and ease of mobility, the demand for face masks is increasing. As a result,
the demand is putting enormous pressure on the face masks value chain.
In particular, the COVID-19 pandemic has caused a substantial increase in
single-use face masks production and usage worldwide. The favorability
of single-use face masks over cloth masks is owed to positive media cam-
paigns, ease of purchase, affordability, and comfort. This creates enormous
pressure on the mass production of face masks and resource exploitation.
Consequently, the state of the environment is dramatically changing with
the influx of discarded face masks in both terrestrial and marine ecosys-
tems. The impact of discardedmasks on the environment iswidespread. En-
tanglement of terrestrial and aquatic animals, ingestion of face masks, and
the potential buildup of degraded mask plastics in the food chain are some
of the reported incidences and wider implications. As a response, different
strategies have been proposed to alleviate the associated environmental
damage. The responses include waste management and utilization, diversi-
fication in the materials used for face masks with a bias towards eco-
friendly type options, and environmental cleanups. The current knowledge
on the efficacy of face masks needs to be further researched to include the
quality of the materials to be used while striking the balance with function-
ality. In this light, more potential stakeholders like small andmedium-sized
firms can be brought on board by engaging intermediary entities that facil-
itate these kinds of investments in them by large funding bodies. Moreover,
studies on the impact of discarded face masks on aquatic flora and fauna
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should be extended to quantify the risk. Similarly, further work needs to
be done to understand the socio-economic impact of littered face masks
on coastal environments. In sum, if there are any lessons to be taken out
of this pandemic, especially with respect to mask use, there is an urgent
need to foster research collaboration on alternative materials with high
functionality, alongside effective outlets, and strategies to disseminate in-
formation to the public on the importance of personal responsibility on
matters of the environment.

CRediT authorship contribution statement

Yacob T. Tesfaldet: Conceptualization, Writing - Original Draft, Writ-
ing - Review & Editing, Visualization. Nji T. Ndeh: Writing - Original
Draft, Writing - Review & Editing, Visualization.

Declaration of competing interest

The authors declare that they have no known competing financial inter-
ests or personal relationships that could have appeared to influence the
work reported in this paper.

References

Adanur, S., Jayswal, A., 2020. Filtration mechanisms and manufacturing methods of face
masks: an overview. J. Ind. Text. https://doi.org/10.1177/1528083720980169.

Adyel, T.M., 2020. Accumulation of plastic waste during COVID-19. Science 369, 1314–1315.
https://doi.org/10.1126/science.abd9925 80-.

Akarsu, C., Madenli, Ö., Deveci, E.Ü., 2021. Characterization of littered face masks in the
southeastern part of Turkey. Environ. Sci. Pollut. Res. 28, 47517–47527. https://doi.
org/10.1007/s11356-021-14099-8.

Akber Abbasi, S., Khalil, A.B., Arslan, M., 2020. Extensive use of face masks during COVID-19
pandemic: (micro-)plastic pollution and potential health concerns in the arabian penin-
sula. Saudi J. Biol. Sci. 27, 3181–3186. https://doi.org/10.1016/j.sjbs.2020.09.054.

Akhbarizadeh, R., Dobaradaran, S., Nabipour, I., Tajbakhsh, S., Darabi, A.H., Spitz, J., 2020.
Abundance, composition, and potential intake of microplastics in canned fish. Mar.
Pollut. Bull. 160, 111633. https://doi.org/10.1016/j.marpolbul.2020.111633.

Akhbarizadeh, R., Dobaradaran, S., Nabipour, I., Tangestani, M., Abedi, D., Javanfekr, F.,
Jeddi, F., Zendehboodi, A., 2021. Abandoned Covid-19 personal protective equipment
along the Bushehr shores, the Persian Gulf: an emerging source of secondary
microplastics in coastlines. Mar. Pollut. Bull. 168, 112386. https://doi.org/10.1016/j.
marpolbul.2021.112386.

Allison, A.L., Ambrose-Dempster, E., Aparsi, T.D., Bawn, M., Arreddondo, M.C., Chau, C.,
Chandler, K., Dobrijevic, D., Hailes, H., Lettieri, P., Liu, C., Medda, F., Michie, S.,
Miodownik, M., Purkiss, D., Ward, J., 2020. The environmental dangers of employing
single-use face masks as part of a COVID-19 exit strategy. UCL Open Environ. Prepr.
https://doi.org/10.14324/111.444/000031.v1.

Ammendolia, J., Saturno, J., Brooks, A.L., Jacobs, S., Jambeck, J.R., 2021. An emerging
source of plastic pollution: environmental presence of plastic personal protective equip-
ment (PPE) debris related to COVID-19 in a metropolitan city. Environ. Pollut. 269,
116160. https://doi.org/10.1016/j.envpol.2020.116160.

Amuah, E.E.Y., Agyemang, E.P., Dankwa, P., Fei-Baffoe, B., Kazapoe, R.W., Douti, N.B., 2022.
Are used face masks handled as infectious waste? Novel pollution driven by the COVID-
19 pandemic. Resour. Conserv. Recycl. Adv. 13, 200062. https://doi.org/10.1016/j.
rcradv.2021.200062.

Anastopoulos, I., Pashalidis, I., 2021. Single-use surgical face masks, as a potential source of
microplastics: Do they act as pollutant carriers? J. Mol. Liq. J. 326.

Aragaw, T.A., 2020. Surgical face masks as a potential source for microplastic pollution in the
COVID-19 scenario. Mar. Pollut. Bull. 159, 111517. https://doi.org/10.1016/j.
marpolbul.2020.111517.

Arumuru, V., Samantaray, S.S., Pasa, J., 2021. Double masking protection vs. comfort—a
quantitative assessment. Phys. Fluids 33, 077120. https://doi.org/10.1063/5.0058571.

Aydin, O., Emon, B., Cheng, S., Hong, L., Chamorro, L.P., 2020. Performance of fabrics for
home-made masks against the spread of COVID-19 through droplets : a quantitative
mechanistic study. Extrem. Mech. Lett. 40, 100924. https://doi.org/10.1016/j.eml.
2020.100924.

Bai, N., 2020. Still confused about masks? Here’s the science behind how face masks prevent
coronavirus [WWW Document]. UC San Fr. (accessed 6.6.21) https://www.ucsf.edu/
news/2020/06/417906/still-confused-about-masks-heres-science-behind-how-face-
masks-prevent.

Battegazzore, D., Cravero, F., Frache, A., 2020. Is it possible to mechanical recycle the mate-
rials of the disposable filtering masks? Polymers (Basel). 12, 2726. https://doi.org/10.
3390/polym12112726.

BBC, 2020a. McDonald’s: “Face mask” found inside Aldershot store’s chicken nugget -. BBC
News [WWW Document]. BBC. (accessed 5.3.21) https://www.bbc.com/news/uk-
england-hampshire-53617762.

BBC, 2020b. Coronavirus: Gull caught in PPE face mask in Chelmsford -. BBC News [WWW
Document]. BBC. (accessed 10.17.21) https://www.bbc.com/news/uk-england-essex-
53474772.

https://doi.org/10.1177/1528083720980169
https://doi.org/10.1126/science.abd9925
https://doi.org/10.1007/s11356-021-14099-8
https://doi.org/10.1007/s11356-021-14099-8
https://doi.org/10.1016/j.sjbs.2020.09.054
https://doi.org/10.1016/j.marpolbul.2020.111633
https://doi.org/10.1016/j.marpolbul.2021.112386
https://doi.org/10.1016/j.marpolbul.2021.112386
https://doi.org/10.14324/111.444/000031.v1
https://doi.org/10.1016/j.envpol.2020.116160
https://doi.org/10.1016/j.rcradv.2021.200062
https://doi.org/10.1016/j.rcradv.2021.200062
http://refhub.elsevier.com/S0048-9697(21)07938-9/rf202201022102413296
http://refhub.elsevier.com/S0048-9697(21)07938-9/rf202201022102413296
https://doi.org/10.1016/j.marpolbul.2020.111517
https://doi.org/10.1016/j.marpolbul.2020.111517
https://doi.org/10.1063/5.0058571
https://doi.org/10.1016/j.eml.2020.100924
https://doi.org/10.1016/j.eml.2020.100924
https://www.ucsf.edu/news/2020/06/417906/still-confused-about-masks-heres-science-behind-how-face-masks-prevent
https://www.ucsf.edu/news/2020/06/417906/still-confused-about-masks-heres-science-behind-how-face-masks-prevent
https://www.ucsf.edu/news/2020/06/417906/still-confused-about-masks-heres-science-behind-how-face-masks-prevent
https://doi.org/10.3390/polym12112726
https://doi.org/10.3390/polym12112726
https://www.bbc.com/news/uk-england-hampshire-53617762
https://www.bbc.com/news/uk-england-hampshire-53617762
https://www.bbc.com/news/uk-england-essex-53474772
https://www.bbc.com/news/uk-england-essex-53474772


Y.T. Tesfaldet, N.T. Ndeh Science of the Total Environment 814 (2022) 152859
BBC, 2020c. Peregrine falcon talons tangled in discarded face mask - BBC news [WWW Doc-
ument]. BBC. (accessed 10.18.21) https://www.bbc.com/news/uk-england-humber-
53530961.

Beckage, B., Buckley, T.E., Beckage, M.E., 2021. Prevalence of face mask wearing in northern
Vermont in response to the COVID-19 pandemic. Public Health Rep. 136, 451–456.
https://doi.org/10.1177/00333549211009496.

Belkin, N.L., 1997. The evolution of the surgical mask: filtering efficiency versus effectiveness.
Infect. Control Hosp. Epidemiol. 18, 49–57. https://doi.org/10.2307/30141964.

Benson, N.U., Fred-Ahmadu, O.H., Bassey, D.E., Atayero, A.A., 2021. COVID-19 pandemic and
emerging plastic-based personal protective equipment waste pollution and management
in Africa. J. Environ. Chem. Eng. 9, 105222. https://doi.org/10.1016/j.jece.2021.
105222.

Bivins, A., Greaves, J., Fischer, R., Yinda, K.C., Ahmed, W., Kitajima, M., Munster, V.J., Bibby,
K., 2020. Persistence of SARS-CoV-2 in water and wastewater. Environ. Sci. Technol. Lett.
7, 937–942. https://doi.org/10.1021/acs.estlett.0c00730.

Bondaroff, T.P., Cooke, S., 2020. Masks on the beach: the impact of COVID-19 onmarine plas-
tic pollution. OceansAsia.

Botero, C.M., Anfuso, G., Milanes, C., Cabrera, A., Casas, G., Pranzini, E., Williams, A.T., 2017.
Litter assessment on 99 cuban beaches: a baseline to identify sources of pollution and im-
pacts for tourism and recreation. Mar. Pollut. Bull. 118, 437–441. https://doi.org/10.
1016/j.marpolbul.2017.02.061.

Brienen, N.C.J., Timen, A., Wallinga, J., Van Steenbergen, J.E., Teunis, P.F.M., 2010. The ef-
fect of mask use on the spread of influenza during a pandemic. Risk Anal. 30, 1210–1218.
https://doi.org/10.1111/j.1539-6924.2010.01428.x.

Brillard, A., Kehrli, D., Douguet, O., Gautier, K., Tschamber, V., Bueno, M.-A., Brilhac, J.-F.,
2021. Pyrolysis and combustion of community masks: thermogravimetric analyses, char-
acterizations, gaseous emissions, and kinetic modeling. Fuel 306, 121644. https://doi.
org/10.1016/j.fuel.2021.121644.

Canopoli, L., Coulon, F., Wagland, S.T., 2020. Degradation of excavated polyethylene and
polypropylene waste from landfill. Sci. Total Environ. 698, 134125. https://doi.org/10.
1016/j.scitotenv.2019.134125.

Chasan, E., 2019. Polypropylene plastic can finally be recycled - bloomberg [WWW Docu-
ment]. Bloomberg. (accessed 6.7.21) https://www.bloomberg.com/news/
features/2019-09-25/polypropylene-plastic-can-finally-be-recycled.

Chellamani, K.P., Veerasubramanian, D., Vignesh Balaji, R.S., 2013. Surgical face masks:
manufacturing methods and classification. J. Acad. Ind. Res. 2, 320.

Chen, Xianchuan, Chen, Xiaofei, Liu, Q., Zhao, Q., Xiong, X., Wu, C., 2021. Used disposable
face masks are significant sources of microplastics to environment. Environ. Pollut.
285, 117485. https://doi.org/10.1016/j.envpol.2021.117485.

Chin, A.W.H., Chu, J.T.S., Perera, M.R.A., Hui, K.P.Y., Yen, H.-L., Chan, M.C.W., Peiris, M.,
Poon, L.L.M., 2020. Stability of SARS-CoV-2 in different environmental conditions. Lan-
cet Microbe 1, e10. https://doi.org/10.1016/S2666-5247(20)30003-3.

Choi, S., Jeon, H., Jang, M., Kim, H., Shin, G., Koo, J.M., Lee, M., Sung, H.K., Eom, Y., Yang,
H., Jegal, J., Park, J., Oh, D.X., Hwang, S.Y., 2021. Biodegradable, efficient, and breath-
able multi-use face mask filter. Adv. Sci. 8, 2003155. https://doi.org/10.1002/advs.
202003155.

Chua, M.H., Cheng, W., Goh, S.S., Kong, J., Li, B., Lim, J.Y.C., Mao, L., Wang, S., Xue, K., Yang,
L., Ye, E., Zhang, K., Cheong, W.C.D., Tan, Beng Hoon, Li, Z., Tan, Ban Hock, Loh, X.J.,
2020. Face masks in the new COVID-19 Normal: materials, testing, and perspectives. Re-
search 2020, 1–40. https://doi.org/10.34133/2020/7286735.

Clapp, P.W., Sickbert-Bennett, E.E., Samet, J.M., Berntsen, J., Zeman, K.L., Anderson, D.J.,
Weber, D.J., Bennett, W.D., 2021. Evaluation of cloth masks and modified procedure
masks as personal protective equipment for the public during the COVID-19 pandemic.
JAMA Intern. Med. 181, 463. https://doi.org/10.1001/jamainternmed.2020.8168.

Cordova, M.R., Nurhati, I.S., Riani, E., Nurhasanah, Iswari, M.Y., 2021. Unprecedented
plastic-made personal protective equipment (PPE) debris in river outlets into Jakarta
Bay during COVID-19 pandemic. Chemosphere 268, 129360. https://doi.org/10.1016/
j.chemosphere.2020.129360.

Dargahi, A., Jeddi, F., Ghobadi, H., Vosoughi, M., Karami, C., Sarailoo, M., Hadisi, A.,
Mokhtari, S.A., Haghighi, S.B., Sadeghi, H., Alighadri, M., 2021. Evaluation of masks’ in-
ternal and external surfaces used by health care workers and patients in coronavirus-2
(SARS-CoV-2) wards. Environ. Res. 196, 110948. https://doi.org/10.1016/j.envres.
2021.110948.

Davies, A., Thompson, K.A., Giri, K., Kafatos, G., Walker, J., Bennett, A., 2013. Testing the ef-
ficacy of homemade masks: would they protect in an influenza pandemic? Disaster Med.
Public Health Prep. 7, 413–418. https://doi.org/10.1017/dmp.2013.43.

De-la-Torre, G.E., Rakib, M.R.J., Pizarro-Ortega, C.I., Dioses-Salinas, D.C., 2021. Occurrence
of personal protective equipment (PPE) associated with the COVID-19 pandemic along
the coast of Lima. Peru. Sci. Total Environ. 774, 145774. https://doi.org/10.1016/j.
scitotenv.2021.145774.

Dharmaraj, S., Ashokkumar, V., Hariharan, S., Manibharathi, A., Show, P.L., Chong, C.T.,
Ngamcharussrivichai, C., 2021. The COVID-19 pandemic face mask waste: a blooming
threat to the marine environment. Chemosphere 272, 129601. https://doi.org/10.
1016/j.chemosphere.2021.129601.

Dobaradaran, S., Schmidt, T.C., Nabipour, I., Khajeahmadi, N., Tajbakhsh, S., Saeedi, R.,
Javad Mohammadi, M., Keshtkar, M., Khorsand, M., Faraji Ghasemi, F., 2018. Character-
ization of plastic debris and association of metals with microplastics in coastline sediment
along the Persian Gulf. Waste Manag. 78, 649–658. https://doi.org/10.1016/j.wasman.
2018.06.037.

Dong, J., Chi, Y., Tang, Y., Ni, M., Nzihou, A., Weiss-Hortala, E., Huang, Q., 2016. Effect of
operating parameters and moisture content on municipal solid waste pyrolysis and
gasification. Energy Fuel 30, 3994–4001. https://doi.org/10.1021/acs.energyfuels.
6b00042.

European Environment Agency (EEA), 1995. A General Strategy for Integrated Environmental
Assessment at EEA. European Environment Agency, Copenhagen https://doi.org/10.
1002/(sici)1099-0976(199601)6:1<30::aid-eet60>3.3.co;2-p.
9

Fadare, O.O., Okoffo, E.D., 2020. Covid-19 face masks: a potential source of microplastic fi-
bers in the environment. Sci. Total Environ. 737. https://doi.org/10.1016/j.scitotenv.
2020.140279.

Foladori, P., Cutrupi, F., Segata, N., Manara, S., Pinto, F., Malpei, F., Bruni, L., La Rosa, G.,
2020. S-CoV-2 from faeces to wastewater treatment: what do we know?A review. Sci.
Total Environ. 743, 140444. https://doi.org/10.1016/j.scitotenv.2020.140444.

Fouad, D., Farag, M., 2020. Design for Sustainability with biodegradable composites. Design
and Manufacturing. IntechOpen https://doi.org/10.5772/intechopen.88425.

FRANCE 24, 2020. Face mask recycling: french firm finds way to re-use Covid waste [WWW
Document]. Fr. 24 (accessed 6.6.21) https://www.france24.com/en/20200827-face-
mask-recycling-french-firm-finds-way-to-re-use-covid-waste.

Gabrielsen, P., Bosch, P., 2003. Environmental indicators: typology and use in reporting.
Gallo Neto, H., Gomes Bantel, C., Browning, J., Della Fina, N., Albuquerque Ballabio, T., Teles

de Santana, F., de Karam Britto, M., Beatriz Barbosa, C., 2021. Mortality of a juvenile
Magellanic penguin (Spheniscus magellanicus, Spheniscidae) associated with the inges-
tion of a PFF-2 protective mask during the Covid-19 pandemic. Mar. Pollut. Bull. 166,
112232. https://doi.org/10.1016/j.marpolbul.2021.112232.

Gari, S.R., Newton, A., Icely, J.D., 2015. A review of the application and evolution of the
DPSIR framework with an emphasis on coastal social-ecological systems. Ocean Coast.
Manag. 103, 63–77. https://doi.org/10.1016/j.ocecoaman.2014.11.013.

Giacobbo, A., Antônio, M., Rodrigues, S., Zoppas, J., Moura, A., Norberta, M., Pinho, D., 2021.
A critical review on SARS-CoV-2 infectivity in water and wastewater. What do we know ?
Sci. Total Environ. 774, 145721. https://doi.org/10.1016/j.scitotenv.2021.145721.

GlobeNewswire, 2020. The spunbond nonwovens market is estimated to be valued at [WWW
Document]. Intrado GlobeNewswire. (accessed 6.6.21) https://www.globenewswire.
com/news-release/2020/11/24/2132524/0/en/The-spunbond-nonwovens-market-is-
estimated-to-be-valued-at-USD-18-7-billion-in-2020-and-is-projected-to-reach-USD-23-8-
billion-by-2025-at-a-CAGR-of-5-0-from-2020-to-2025.html.

González-García, S., Sanye-Mengual, E., Llorach-Masana, P., Feijoo, G., Gabarrell, X.,
Rieradevall, J., Moreira, M.T., 2016. Sustainable design of packaging materials. In:
Muthu, S.S. (Ed.), Environmental Footprints of Packaging. Springer, Singapore,
pp. 23–46 https://doi.org/10.1007/978-981-287-913-4_2.

Greaves, J., Fischer, R.J., Shaffer, M., Bivins, A., Holbrook, M.G., Munster, V.J., Bibby, K.,
2022. Sodium hypochlorite disinfection of SARS-CoV-2 spiked in water and municipal
wastewater. Sci. Total Environ. 807, 150766. https://doi.org/10.1016/j.scitotenv.2021.
150766.

Haddad, M.Ben, De-la-Torre, G.E., Abelouah, M.R., Hajji, S., Alla, A.A., 2021. Personal protec-
tive equipment (PPE) pollution associated with the COVID-19 pandemic along the coast-
line of Agadir. Morocco. Sci. Total Environ. 798, 149282. https://doi.org/10.1016/j.
scitotenv.2021.149282.

Han, J., He, S., 2021. Need for assessing the inhalation of micro(nano)plastic debris shed from
masks, respirators, and home-made face coverings during the COVID-19 pandemic. Envi-
ron. Pollut. 268, 115728. https://doi.org/10.1016/j.envpol.2020.115728.

Haque, M.S., Sharif, S., Masnoon, A., Rashid, E., 2021. SARS-CoV-2 pandemic-induced PPE
and single-use plastic waste generation scenario. Waste Manag. Res. 39. https://doi.
org/10.1177/0734242X20980828.

Haramoto, E., Malla, B., Thakali, O., Kitajima, M., 2020. First environmental surveillance for
the presence of SARS-CoV-2 RNA in wastewater and river water in Japan. Sci. Total En-
viron. 737, 140405. https://doi.org/10.1016/j.scitotenv.2020.140405.

Harussani, M.M., Sapuan, S.M., Rashid, U., Khalina, A., Ilyas, R.A., 2022. Pyrolysis of polypro-
pylene plastic waste into carbonaceous char: priority of plastic waste management amidst
COVID-19 pandemic. Sci. Total Environ. 803, 149911. https://doi.org/10.1016/j.
scitotenv.2021.149911.

Hauser, C., 2020. The mask slackers of 1918 [WWW Document]. New York Times . https://
www.nytimes.com/2020/08/03/us/mask-protests-1918.html. (Accessed 6 June 2021).

Hiemstra, A.-F., Rambonnet, L., Gravendeel, B., Schilthuizen, M., 2021. The effects of COVID-
19 litter on animal life. Anim. Biol. 71, 215–231. https://doi.org/10.1163/15707563-
bja10052.

Ho, S., 2020. Vietnamese company creates world’s first biodegradable coffee face mask
[WWW Document]. Green Queen . https://www.greenqueen.com.hk/vietnamese-
company-creates-world-first-biodegradable-coffee-face-mask/. (Accessed 9 June 2021).

Ho, K.F., Lin, L.Y., Weng, S.P., Chuang, K.J., 2020. Medical mask versus cotton mask for pre-
venting respiratory droplet transmission in micro environments. Sci. Total Environ. 735,
139510. https://doi.org/10.1016/j.scitotenv.2020.139510.

Hu, X., Lin, Z., 2021. Transforming waste polypropylene face masks into S-doped porous car-
bon as the cathode electrode for supercapacitors. Ionics (Kiel). 27, 2169–2179. https://
doi.org/10.1007/s11581-021-03949-7.

Ihsanullah, I., Bilal, M., Naushad, M., 2021. Coronavirus 2 (SARS-CoV-2) in water environ-
ments: current status, challenges and research opportunities. J. Water Process Eng. 39,
101735. https://doi.org/10.1016/j.jwpe.2020.101735.

Jang, Y.C., Hong, S., Lee, J., Lee, M.J., Shim, W.J., 2014. Estimation of lost tourism revenue in
Geoje Island from the 2011 marine debris pollution event in South Korea. Mar. Pollut.
Bull. 81, 49–54. https://doi.org/10.1016/j.marpolbul.2014.02.021.

Johnson, A.T., 2016. Respirator masks protect health but impact performance: a review.
J. Biol. Eng. 10, 4. https://doi.org/10.1186/s13036-016-0025-4.

Joung, M., 2020. Face Mask Culture Common in East, New to West | Voice of America - En-
glish [WWW Document. VOA. https://www.voanews.com/science-health/coronavirus-
outbreak/face-mask-culture-common-east-new-west. (Accessed 6 June 2021).

Jung, S., Lee, S., Dou, X., Kwon, E.E., 2021. Valorization of disposable COVID-19 mask
through the thermo-chemical process. Chem. Eng. J. 405, 126658. https://doi.org/10.
1016/j.cej.2020.126658.

Kakoria, A., Chandel, S.S., Sinha-Ray, S., 2021. Novel supersonically solution blown nanofi-
bers from waste PET bottle for PM0.1-2 filtration: from waste to pollution mitigation.
Polymer (Guildf). 234, 124260. https://doi.org/10.1016/j.polymer.2021.124260.

Kalina, M., Ali, F., Tilley, E., 2020. “Everything continued as normal”: what happened to
Africa’s wave of Covid-19 waste? Waste Manag. 120, 277–279.

https://www.bbc.com/news/uk-england-humber-53530961
https://www.bbc.com/news/uk-england-humber-53530961
https://doi.org/10.1177/00333549211009496
https://doi.org/10.2307/30141964
https://doi.org/10.1016/j.jece.2021.105222
https://doi.org/10.1016/j.jece.2021.105222
https://doi.org/10.1021/acs.estlett.0c00730
http://refhub.elsevier.com/S0048-9697(21)07938-9/rf202201022102502727
http://refhub.elsevier.com/S0048-9697(21)07938-9/rf202201022102502727
https://doi.org/10.1016/j.marpolbul.2017.02.061
https://doi.org/10.1016/j.marpolbul.2017.02.061
https://doi.org/10.1111/j.1539-6924.2010.01428.x
https://doi.org/10.1016/j.fuel.2021.121644
https://doi.org/10.1016/j.fuel.2021.121644
https://doi.org/10.1016/j.scitotenv.2019.134125
https://doi.org/10.1016/j.scitotenv.2019.134125
https://www.bloomberg.com/news/features/2019-09-25/polypropylene-plastic-can-finally-be-recycled
https://www.bloomberg.com/news/features/2019-09-25/polypropylene-plastic-can-finally-be-recycled
http://refhub.elsevier.com/S0048-9697(21)07938-9/rf202201022057047613
http://refhub.elsevier.com/S0048-9697(21)07938-9/rf202201022057047613
https://doi.org/10.1016/j.envpol.2021.117485
https://doi.org/10.1016/S2666-5247(20)30003-3
https://doi.org/10.1002/advs.202003155
https://doi.org/10.1002/advs.202003155
https://doi.org/10.34133/2020/7286735
https://doi.org/10.1001/jamainternmed.2020.8168
https://doi.org/10.1016/j.chemosphere.2020.129360
https://doi.org/10.1016/j.chemosphere.2020.129360
https://doi.org/10.1016/j.envres.2021.110948
https://doi.org/10.1016/j.envres.2021.110948
https://doi.org/10.1017/dmp.2013.43
https://doi.org/10.1016/j.scitotenv.2021.145774
https://doi.org/10.1016/j.scitotenv.2021.145774
https://doi.org/10.1016/j.chemosphere.2021.129601
https://doi.org/10.1016/j.chemosphere.2021.129601
https://doi.org/10.1016/j.wasman.2018.06.037
https://doi.org/10.1016/j.wasman.2018.06.037
https://doi.org/10.1021/acs.energyfuels.6b00042
https://doi.org/10.1021/acs.energyfuels.6b00042
https://doi.org/10.1002/(sici)1099-0976(199601)6:1&lt;30::aid-eet60&gt/;3.3.co;2-p
https://doi.org/10.1002/(sici)1099-0976(199601)6:1&lt;30::aid-eet60&gt/;3.3.co;2-p
https://doi.org/10.1016/j.scitotenv.2020.140279
https://doi.org/10.1016/j.scitotenv.2020.140279
https://doi.org/10.1016/j.scitotenv.2020.140444
https://doi.org/10.5772/intechopen.88425
https://www.france24.com/en/20200827-face-mask-recycling-french-firm-finds-way-to-re-use-covid-waste
https://www.france24.com/en/20200827-face-mask-recycling-french-firm-finds-way-to-re-use-covid-waste
http://refhub.elsevier.com/S0048-9697(21)07938-9/rf202201022103029924
https://doi.org/10.1016/j.marpolbul.2021.112232
https://doi.org/10.1016/j.ocecoaman.2014.11.013
https://doi.org/10.1016/j.scitotenv.2021.145721
https://www.globenewswire.com/news-release/2020/11/24/2132524/0/en/The-spunbond-nonwovens-market-is-estimated-to-be-valued-at-USD-18-7-billion-in-2020-and-is-projected-to-reach-USD-23-8-billion-by-2025-at-a-CAGR-of-5-0-from-2020-to-2025.html
https://www.globenewswire.com/news-release/2020/11/24/2132524/0/en/The-spunbond-nonwovens-market-is-estimated-to-be-valued-at-USD-18-7-billion-in-2020-and-is-projected-to-reach-USD-23-8-billion-by-2025-at-a-CAGR-of-5-0-from-2020-to-2025.html
https://www.globenewswire.com/news-release/2020/11/24/2132524/0/en/The-spunbond-nonwovens-market-is-estimated-to-be-valued-at-USD-18-7-billion-in-2020-and-is-projected-to-reach-USD-23-8-billion-by-2025-at-a-CAGR-of-5-0-from-2020-to-2025.html
https://www.globenewswire.com/news-release/2020/11/24/2132524/0/en/The-spunbond-nonwovens-market-is-estimated-to-be-valued-at-USD-18-7-billion-in-2020-and-is-projected-to-reach-USD-23-8-billion-by-2025-at-a-CAGR-of-5-0-from-2020-to-2025.html
https://doi.org/10.1007/978-981-287-913-4_2
https://doi.org/10.1016/j.scitotenv.2021.150766
https://doi.org/10.1016/j.scitotenv.2021.150766
https://doi.org/10.1016/j.scitotenv.2021.149282
https://doi.org/10.1016/j.scitotenv.2021.149282
https://doi.org/10.1016/j.envpol.2020.115728
https://doi.org/10.1177/0734242X20980828
https://doi.org/10.1177/0734242X20980828
https://doi.org/10.1016/j.scitotenv.2020.140405
https://doi.org/10.1016/j.scitotenv.2021.149911
https://doi.org/10.1016/j.scitotenv.2021.149911
https://www.nytimes.com/2020/08/03/us/mask-protests-1918.html
https://www.nytimes.com/2020/08/03/us/mask-protests-1918.html
https://doi.org/10.1163/15707563-bja10052
https://doi.org/10.1163/15707563-bja10052
https://www.greenqueen.com.hk/vietnamese-company-creates-world-first-biodegradable-coffee-face-mask/
https://www.greenqueen.com.hk/vietnamese-company-creates-world-first-biodegradable-coffee-face-mask/
https://doi.org/10.1016/j.scitotenv.2020.139510
https://doi.org/10.1007/s11581-021-03949-7
https://doi.org/10.1007/s11581-021-03949-7
https://doi.org/10.1016/j.jwpe.2020.101735
https://doi.org/10.1016/j.marpolbul.2014.02.021
https://doi.org/10.1186/s13036-016-0025-4
https://www.voanews.com/science-health/coronavirus-outbreak/face-mask-culture-common-east-new-west
https://www.voanews.com/science-health/coronavirus-outbreak/face-mask-culture-common-east-new-west
https://doi.org/10.1016/j.cej.2020.126658
https://doi.org/10.1016/j.cej.2020.126658
https://doi.org/10.1016/j.polymer.2021.124260
http://refhub.elsevier.com/S0048-9697(21)07938-9/rf202201022054162077
http://refhub.elsevier.com/S0048-9697(21)07938-9/rf202201022054162077


Y.T. Tesfaldet, N.T. Ndeh Science of the Total Environment 814 (2022) 152859
Kassam, A., 2020. “More masks than jellyfish”: coronavirus waste ends up in ocean | Plastics |
The Guardian [WWW Document]. The Guardian (accessed 2.13.21) https://www.
theguardian.com/environment/2020/jun/08/more-masks-than-jellyfish-coronavirus-
waste-ends-up-in-ocean.

Kaur, J., 2020. COVID-19: Discarded face masks posing deadly risk to dogs and other an-
imals [WWWDocument. Skynews. https://news.sky.com/story/covid-19-discarded-
face-masks-posingdeadly-risk-to-dogs-and-other-animals-12140467. (Accessed 3
May 2021).

Kilmartin-Lynch, S., Saberian, M., Li, J., Roychand, R., Zhang, G., 2021. Preliminary evalua-
tion of the feasibility of using polypropylene fibres from COVID-19 single-use face
masks to improve the mechanical properties of concrete. J. Clean. Prod. 296, 126460.
https://doi.org/10.1016/j.jclepro.2021.126460.

Klein, J., 2020. Seagulls fight over face mask on Weymouth beach [WWW Document].
DorsetECHO. (accessed 5.3.21) https://www.dorsetecho.co.uk/news/18634193.
seagulls-fight-face-mask-weymouth-beach/.

Knicker, H., Velasco-molina, M., 2021. Biodegradability of single-use polypropylene-based
face masks, littered during the COVID-19 pandemic – a first approach.

Konda, A., Prakash, A., Moss, G.A., Schmoldt, M., Grant, G.D., Guha, S., 2020. Aerosol filtra-
tion efficiency of common fabrics used in respiratory cloth masks. ACS Nano 14,
6339–6347. https://doi.org/10.1021/acsnano.0c03252.

Krelling, A.P., Williams, A.T., Turra, A., 2017. Differences in perception and reaction of tourist
groups to beach marine debris that can influence a loss of tourism revenue in coastal
areas. Mar. Policy 85, 87–99. https://doi.org/10.1016/j.marpol.2017.08.021.

Layt, S., 2020. Queensland researchers hit sweet spot with new mask material [WWW Docu-
ment]. Brisbane Times . https://www.brisbanetimes.com.au/national/queensland/
queensland-researchers-hit-sweet-spot-with-new-mask-material-20200414-p54jr2.html.
(Accessed 9 June 2021).

Lee, A.W.L., Neo, E.R.K., Khoo, Z.Y., Yeo, Z., Tan, Y.S., Chng, S., Yan, W., Lok, B.K., Low,
J.S.C., 2021. Life cycle assessment of single-use surgical and embedded filtration layer
(EFL) reusable face mask. Resour. Conserv. Recycl. 170, 105580. https://doi.org/10.
1016/j.resconrec.2021.105580.

Li, G., Fang, C., Wang, S., Sun, S., 2016. The effect of economic growth, urbanization, and in-
dustrialization on fine particulate matter (PM 2.5) concentrations in China. Environ. Sci.
Technol. 50, 11452–11459. https://doi.org/10.1021/acs.est.6b02562.

Li, H., Sar, H.K., Sar, H.K., Sar, H.K., Sar, H.K., Sar, H.K., 2021. Development of IoT-based
smart recycling machine to collect the wasted non-woven fabric face mask. IEEE. 1–5.

Li, L., Zhao, X., Li, Z., Song, K., 2021. COVID-19: performance study of microplastic inhalation
risk posed by wearing masks. J. Hazard. Mater. 411, 1–9. https://doi.org/10.1016/j.
jhazmat.2020.124955.

Ma, J., Chen, F., Xu, H., Jiang, H., Liu, J., Li, P., Chen, C.C., Pan, K., 2021. Face masks as a
source of nanoplastics and microplastics in the environment: quantification, characteriza-
tion, and potential for bioaccumulation. Environ. Pollut. 288, 117748. https://doi.org/
10.1016/j.envpol.2021.117748.

Maderuelo-Sanz, R., Acedo-Fuentes, P., García-Cobos, F.J., Sánchez-Delgado, F.J., Mota-
López, M.I., Meneses-Rodríguez, J.M., 2021. The recycling of surgical face masks as
sound porous absorbers: preliminary evaluation. Sci. Total Environ. 786, 147461.
https://doi.org/10.1016/j.scitotenv.2021.147461.

Markets and Markets, 2020. Face mask market global forecast to 2025 [WWW Document].
Mark, Mark https://www.marketsandmarkets.com/Market-Reports/face-mask-market-
244623608.html#utm_source=PRNewswire&utm_medium=Referal&utm_campaign=
PaidPR (accessed 6.6.21).

Masks for All, 2021. What countries require or recommend masks in public? [WWW Docu-
ment]. #MASKS4ALL . https://masks4all.co/what-countries-require-masks-in-public/.
(Accessed 9 June 2021).

Matuschek, C., Moll, F., Fangerau, H., Fischer, J.C., Zänker, K., van Griensven, M., Schneider,
M., Kindgen-Milles, D., Knoefel, W.T., Lichtenberg, A., Tamaskovics, B., Djiepmo-
Njanang, F.J., Budach, W., Corradini, S., Häussinger, D., Feldt, T., Jensen, B., Pelka, R.,
Orth, K., Peiper, M., Grebe, O., Maas, K., Bölke, E., Haussmann, J., 2020. The history
and value of face masks. Eur. J. Med. Res. 25, 23. https://doi.org/10.1186/s40001-
020-00423-4.

McCarthy, B.J., 2011. Textiles for Hygiene and Infection Control. Woodhead Publishing Lim-
ited.

Merrington, A., 2016. Applied Plastics Engineering Handbook. 2nd ed. William Andrew Pub-
lishing.

Michael, T., 2013. Environmental and social impacts of waste to energy (WTE) conversion
plants. Waste to Energy Conversion Technology. Elsevier, pp. 15–28 https://doi.org/
10.1533/9780857096364.1.15.

Miranda, M.N., Silva, A.M.T., Pereira, M.F.R., 2020. Microplastics in the environment: a
DPSIR analysis with focus on the responses. Sci. Total Environ. 718, 134968. https://
doi.org/10.1016/j.scitotenv.2019.134968.

MP News Group, 2021. Animals need protection frommask problem - MPNEWS [WWW Doc-
ument]. Morningt. Penins. News Gr. . //www.mpnews.com.au/2020/08/31/animals-
need-protection-from-mask-problem/. (Accessed 17 October 2021)

NCIRD, 2021. Your guide to masks | CDC [WWWDocument]. Natl. Cent. Immun. Respir. Dis.
(NCIRD), Div. Viral Dis.. https://www.cdc.gov/coronavirus/2019-ncov/prevent-getting-
sick/about-face-coverings.html. (Accessed 17 May 2021)

OECD, 2020. The face mask global value chain in the COVID-19 outbreak: evidence and pol-
icy lessons [WWW Document]. OECD (accessed 6.6.21) https://read.oecd-ilibrary.org/
view/?ref=132_132616-l4i0j8ci1q&title=The-Face-Mask-Global-Value-Chain-in-the-
COVID-19-Outbreak-Evidence-and-Policy-L
essons&_ga=2.194363950.2046034594.1622995500-1882751599.1622995500.

Okuku, E., Kiteresi, L., Owato, G., Otieno, K., Mwalugha, C., Mbuche, M., Gwada, B., Nelson,
A., Chepkemboi, P., Achieng, Q., Wanjeri, V., Ndwiga, J., Mulupi, L., Omire, J., 2021. The
impacts of COVID-19 pandemic on marine litter pollution along the kenyan coast : a syn-
thesis after 100 days following the first reported case in Kenya. Mar. Pollut. Bull. 162,
111840. https://doi.org/10.1016/j.marpolbul.2020.111840.
10
Omann, I., Stocker, A., Jäger, J., 2009. Climate change as a threat to biodiversity: an applica-
tion of the DPSIR approach. Ecol. Econ. 69, 24–31. https://doi.org/10.1016/j.ecolecon.
2009.01.003.

Patrício Silva, A.L., Prata, J.C., Walker, T.R., Campos, D., Duarte, A.C., Soares, A.M.V.M.,
Barcelò, D., Rocha-Santos, T., 2020. Rethinking and optimising plastic waste manage-
ment under COVID-19 pandemic: policy solutions based on redesign and reduction of
single-use plastics and personal protective equipment. Sci. Total Environ. 742, 140565.
https://doi.org/10.1016/j.scitotenv.2020.140565.

Patrício Silva, A.L., Prata, J.C., Mouneyrac, C., Barcelò, D., Duarte, A.C., Rocha-Santos, T.,
2021. Risks of Covid-19 face masks to wildlife: present and future research needs. Sci.
Total Environ. 792, 148505. https://doi.org/10.1016/j.scitotenv.2021.148505.

Prata, J.C., Silva, A.L.P., Walker, T.R., Duarte, A.C., Rocha-Santos, T., 2020. COVID-19 pan-
demic repercussions on the use and management of plastics. Environ. Sci. Technol. 54,
7760–7765. https://doi.org/10.1021/acs.est.0c02178.

Purnomo, C.W., Kurniawan, W., Aziz, M., 2021. Technological review on thermochemical
conversion of COVID-19-related medical wastes. Resour. Conserv. Recycl. 167, 105429.
https://doi.org/10.1016/j.resconrec.2021.105429.

Purushothaman, P.K., Priyangha, E., Vaidhyswaran, R., 2021. Effects of prolonged use of
facemask on healthcare workers in tertiary care hospital during COVID-19 pandemic.
Indian J. Otolaryngol. Head Neck Surg. 73, 59–65. https://doi.org/10.1007/s12070-
020-02124-0.

Qiang, M., Shen, M., Xie, H., 2020. Loss of tourism revenue induced by coastal environmental
pollution: a length-of-stay perspective. J. Sustain. Tour. 28, 550–567. https://doi.org/10.
1080/09669582.2019.1684931.

Rakib, M.R.J., De-la-Torre, G.E., Pizarro-Ortega, C.I., Dioses-Salinas, D.C., Al-Nahian, S., 2021.
Personal protective equipment (PPE) pollution driven by the COVID-19 pandemic in
Cox’s bazar, the longest natural beach in the world. Mar. Pollut. Bull. 169, 112497.
https://doi.org/10.1016/j.marpolbul.2021.112497.

Rasfan, M., 2020. Gaze Into the Mind of 15 Year Olds [WWW Document]. Gaze Into Mind 15
Year Olds. . http://www.regarddesjeunes.org/en/archives-va/2021-edition/. (Accessed
17 October 2021).

Rengasamy, S., Eimer, B., Shaffer, R.E., 2010. Simple respiratory protection - evaluation of the
filtration performance of cloth masks and common fabric materials against 20–1000 nm
size particles. Ann. Occup. Hyg. 54, 789–798. https://doi.org/10.1093/annhyg/meq044.

Reuters, 2020. From field to compost: french firm develops hemp face masks | reuters [WWW
Document]. REUTERS. (accessed 6.6.21) https://www.reuters.com/article/us-health-
coronavirus-france-hemp-mask-idUSKBN2621Z2.

Rimoldi, S.G., Stefani, F., Gigantiello, A., Polesello, S., Comandatore, F., Mileto, D., Maresca,
M., Longobardi, C., Mancon, A., Romeri, F., Pagani, C., Cappelli, F., Roscioli, C., Moja,
L., Gismondo, M.R., Salerno, F., 2020. Presence and infectivity of SARS-CoV-2 virus in
wastewaters and rivers. Sci. Total Environ. 744, 140911. https://doi.org/10.1016/j.
scitotenv.2020.140911.

Ritchie, H., 2018. FAQs on plastics [WWW Document]. Publ. online OurWorldInData.org.
(accessed 4.10.21) https://ourworldindata.org/faq-on-plastics.

Roberts, K.P., Bowyer, C., Kolstoe, S., Fletcher, S., 2020. Coronavirus face masks : an environ-
mental disaster that might last generations. Conversat. 1–5.

Rogaski, R., 2021. The manchurian plague and COVID-19: China, the United States, and the
“Sick Man”, then and now. Am. J. Public Health 111, 423–429. https://doi.org/10.
2105/AJPH.2020.305960.

Rosner, E., 2020. Adverse effects of prolonged mask use among healthcare professionals dur-
ing COVID-19. J. Infect. Dis. Epidemiol. 6, 130. https://doi.org/10.23937/2474-3658/
1510130.

Saberian, M., Li, J., Kilmartin-lynch, S., Boroujeni, M., 2021. Repurposing of COVID-19 single-
use face masks for pavements base / subbase. Sci. Total Environ. 769, 145527. https://
doi.org/10.1016/j.scitotenv.2021.145527.

Saliu, F., Veronelli, M., Raguso, C., Barana, D., Galli, P., Lasagni, M., 2021. The release process
of microfibers: from surgical face masks into the marine environment. Environ. Adv. 4,
100042. https://doi.org/10.1016/j.envadv.2021.100042.

Salvi, S.S., 2020. In this pandemic and panic of COVID-19 what should doctors know about
masks and respirators? 2020.

Sangkham, S., 2020. Face mask and medical waste disposal during the novel COVID-19 pan-
demic in Asia. Case Stud. Chem. Environ. Eng. 2, 100052. https://doi.org/10.1016/j.
cscee.2020.100052.

Selvaranjan, K., Navaratnam, S., Rajeev, P., 2021. Environmental challenges induced by ex-
tensive use of face masks during COVID-19: a review and potential solutions. Environ.
Challenges 3, 100039. https://doi.org/10.1016/j.envc.2021.100039.

Sherchan, S.P., Shahin, S., Ward, L.M., Tandukar, S., Aw, T.G., Schmitz, B., Ahmed, W.,
Kitajima, M., 2020. First detection of SARS-CoV-2 RNA in wastewater in North
America: a study in Louisiana, USA. Sci. Total Environ. 743, 140621. https://doi.org/
10.1016/j.scitotenv.2020.140621.

Sim, S., Moey, K., Tan, N., 2014. The use of facemasks to prevent respiratory infection: a lit-
erature review in the context of the health belief model. Singap. Med. J. 55. https://doi.
org/10.11622/smedj.2014037.

Singer, A., 2021. TIME for Kids | PPE Pollution [WWW Document]. Time Kids. accessed
10.17.21 https://www.timeforkids.com/g56/ppe-pollution-2/.

Steinbrook, R., 2021. Filtration efficiency of face masks used by the public during the COVID-
19 pandemic. JAMA Intern. Med. 181, 470. https://doi.org/10.1001/jamainternmed.
2020.8234.

Strasser, B.J., Schlich, T., 2020. A history of the medical mask and the rise of throwaway cul-
ture. Lancet 396, 19–20. https://doi.org/10.1016/S0140-6736(20)31207-1.

Sunkari, E.D., Korboe, H.M., Abu, M., Kizildeniz, T., 2021. Sources and routes of SARS-CoV-2
transmission in water systems in Africa: are there any sustainable remedies? Sci. Total En-
viron. 753, 142298. https://doi.org/10.1016/j.scitotenv.2020.142298.

Takdastan, A., Niari, M.H., Babaei, A., Dobaradaran, S., Jorfi, S., Ahmadi, M., 2021. Occur-
rence and distribution of microplastic particles and the concentration of Di 2-ethyl
hexyl phthalate (DEHP) in microplastics and wastewater in the wastewater treatment

https://www.theguardian.com/environment/2020/jun/08/more-masks-than-jellyfish-coronavirus-waste-ends-up-in-ocean
https://www.theguardian.com/environment/2020/jun/08/more-masks-than-jellyfish-coronavirus-waste-ends-up-in-ocean
https://www.theguardian.com/environment/2020/jun/08/more-masks-than-jellyfish-coronavirus-waste-ends-up-in-ocean
https://news.sky.com/story/covid-19-discarded-face-masks-posingdeadly-risk-to-dogs-and-other-animals-12140467
https://news.sky.com/story/covid-19-discarded-face-masks-posingdeadly-risk-to-dogs-and-other-animals-12140467
https://doi.org/10.1016/j.jclepro.2021.126460
https://www.dorsetecho.co.uk/news/18634193.seagulls-fight-face-mask-weymouth-beach/
https://www.dorsetecho.co.uk/news/18634193.seagulls-fight-face-mask-weymouth-beach/
http://refhub.elsevier.com/S0048-9697(21)07938-9/rf202201022059588959
http://refhub.elsevier.com/S0048-9697(21)07938-9/rf202201022059588959
https://doi.org/10.1021/acsnano.0c03252
https://doi.org/10.1016/j.marpol.2017.08.021
https://www.brisbanetimes.com.au/national/queensland/queensland-researchers-hit-sweet-spot-with-new-mask-material-20200414-p54jr2.html
https://www.brisbanetimes.com.au/national/queensland/queensland-researchers-hit-sweet-spot-with-new-mask-material-20200414-p54jr2.html
https://doi.org/10.1016/j.resconrec.2021.105580
https://doi.org/10.1016/j.resconrec.2021.105580
https://doi.org/10.1021/acs.est.6b02562
http://refhub.elsevier.com/S0048-9697(21)07938-9/rf202201022054214170
http://refhub.elsevier.com/S0048-9697(21)07938-9/rf202201022054214170
https://doi.org/10.1016/j.jhazmat.2020.124955
https://doi.org/10.1016/j.jhazmat.2020.124955
https://doi.org/10.1016/j.envpol.2021.117748
https://doi.org/10.1016/j.envpol.2021.117748
https://doi.org/10.1016/j.scitotenv.2021.147461
http://refhub.elsevier.com/S0048-9697(21)07938-9/rf202201022054251771
http://refhub.elsevier.com/S0048-9697(21)07938-9/rf202201022054251771
http://refhub.elsevier.com/S0048-9697(21)07938-9/rf202201022054251771
http://refhub.elsevier.com/S0048-9697(21)07938-9/rf202201022054251771
https://masks4all.co/what-countries-require-masks-in-public/
https://doi.org/10.1186/s40001-020-00423-4
https://doi.org/10.1186/s40001-020-00423-4
http://refhub.elsevier.com/S0048-9697(21)07938-9/rf202201022100280396
http://refhub.elsevier.com/S0048-9697(21)07938-9/rf202201022100280396
http://refhub.elsevier.com/S0048-9697(21)07938-9/rf202201022055120970
http://refhub.elsevier.com/S0048-9697(21)07938-9/rf202201022055120970
https://doi.org/10.1533/9780857096364.1.15
https://doi.org/10.1533/9780857096364.1.15
https://doi.org/10.1016/j.scitotenv.2019.134968
https://doi.org/10.1016/j.scitotenv.2019.134968
http://www.mpnews.com.au/2020/08/31/animals-need-protection-from-mask-problem/
http://www.mpnews.com.au/2020/08/31/animals-need-protection-from-mask-problem/
https://www.cdc.gov/coronavirus/2019-ncov/prevent-getting-sick/about-face-coverings.html
https://www.cdc.gov/coronavirus/2019-ncov/prevent-getting-sick/about-face-coverings.html
https://read.oecd-ilibrary.org/view/?ref=132_132616-l4i0j8ci1q&amp;title=The-Face-Mask-Global-Value-Chain-in-the-COVID-19-Outbreak-Evidence-and-Policy-Lessons&amp;_ga=2.194363950.2046034594.1622995500-1882751599.1622995500
https://read.oecd-ilibrary.org/view/?ref=132_132616-l4i0j8ci1q&amp;title=The-Face-Mask-Global-Value-Chain-in-the-COVID-19-Outbreak-Evidence-and-Policy-Lessons&amp;_ga=2.194363950.2046034594.1622995500-1882751599.1622995500
https://read.oecd-ilibrary.org/view/?ref=132_132616-l4i0j8ci1q&amp;title=The-Face-Mask-Global-Value-Chain-in-the-COVID-19-Outbreak-Evidence-and-Policy-Lessons&amp;_ga=2.194363950.2046034594.1622995500-1882751599.1622995500
https://read.oecd-ilibrary.org/view/?ref=132_132616-l4i0j8ci1q&amp;title=The-Face-Mask-Global-Value-Chain-in-the-COVID-19-Outbreak-Evidence-and-Policy-Lessons&amp;_ga=2.194363950.2046034594.1622995500-1882751599.1622995500
https://doi.org/10.1016/j.marpolbul.2020.111840
https://doi.org/10.1016/j.ecolecon.2009.01.003
https://doi.org/10.1016/j.ecolecon.2009.01.003
https://doi.org/10.1016/j.scitotenv.2020.140565
https://doi.org/10.1016/j.scitotenv.2021.148505
https://doi.org/10.1021/acs.est.0c02178
https://doi.org/10.1016/j.resconrec.2021.105429
https://doi.org/10.1007/s12070-020-02124-0
https://doi.org/10.1007/s12070-020-02124-0
https://doi.org/10.1080/09669582.2019.1684931
https://doi.org/10.1080/09669582.2019.1684931
https://doi.org/10.1016/j.marpolbul.2021.112497
http://www.regarddesjeunes.org/en/archives-va/2021-edition/
https://doi.org/10.1093/annhyg/meq044
https://www.reuters.com/article/us-health-coronavirus-france-hemp-mask-idUSKBN2621Z2
https://www.reuters.com/article/us-health-coronavirus-france-hemp-mask-idUSKBN2621Z2
https://doi.org/10.1016/j.scitotenv.2020.140911
https://doi.org/10.1016/j.scitotenv.2020.140911
https://ourworldindata.org/faq-on-plastics
http://refhub.elsevier.com/S0048-9697(21)07938-9/rf202201022055512711
http://refhub.elsevier.com/S0048-9697(21)07938-9/rf202201022055512711
https://doi.org/10.2105/AJPH.2020.305960
https://doi.org/10.2105/AJPH.2020.305960
https://doi.org/10.23937/2474-3658/1510130
https://doi.org/10.23937/2474-3658/1510130
https://doi.org/10.1016/j.scitotenv.2021.145527
https://doi.org/10.1016/j.scitotenv.2021.145527
https://doi.org/10.1016/j.envadv.2021.100042
http://refhub.elsevier.com/S0048-9697(21)07938-9/rf202201022101317594
http://refhub.elsevier.com/S0048-9697(21)07938-9/rf202201022101317594
https://doi.org/10.1016/j.cscee.2020.100052
https://doi.org/10.1016/j.cscee.2020.100052
https://doi.org/10.1016/j.envc.2021.100039
https://doi.org/10.1016/j.scitotenv.2020.140621
https://doi.org/10.1016/j.scitotenv.2020.140621
https://doi.org/10.11622/smedj.2014037
https://doi.org/10.11622/smedj.2014037
https://www.timeforkids.com/g56/ppe-pollution-2/
https://doi.org/10.1001/jamainternmed.2020.8234
https://doi.org/10.1001/jamainternmed.2020.8234
https://doi.org/10.1016/S0140-6736(20)31207-1
https://doi.org/10.1016/j.scitotenv.2020.142298


Y.T. Tesfaldet, N.T. Ndeh Science of the Total Environment 814 (2022) 152859
plant. J. Environ. Manag. 280, 111851. https://doi.org/10.1016/j.jenvman.2020.
111851.

Techasatian, L., Lebsing, S., Uppala, R., Thaowandee, W., Chaiyarit, J., Supakunpinyo, C.,
Panombualert, S., Mairiang, D., Saengnipanthkul, S., Wichajarn, K., Kiatchoosakun, P.,
Kosalaraksa, P., 2020. The effects of the face mask on the skin underneath: a prospective
survey during the COVID-19 pandemic. J. Prim. Care Community Health 11. https://doi.
org/10.1177/2150132720966167 215013272096616.

Teesing, G.R., Straten, B.Van, Man, P.De, Horeman-franse, T., 2020. Is there an adequate alter-
native to commercially manufactured face masks? A comparison of various materials and
forms. J. Hosp. Infect. 106, 246–253. https://doi.org/10.1016/j.jhin.2020.07.024.

Tesfaldet, Y.T., Ndeh, N.T., Budnard, J., Treeson, P., 2021. Assessing face mask littering in
urban environments and policy implications: the case of Bangkok. Sci. Total Environ.
150952. https://doi.org/10.1016/j.scitotenv.2021.150952.

Tesfaldet, Y.T., Ndeh, N.T., Budnard, J., Treeson, P., 2022. Assessing face mask littering in
urban environments and policy implications: the case of Bangkok. Sci. Total Environ.
806, 150952. https://doi.org/10.1016/j.scitotenv.2021.150952.

Thiel, M., Veer, D.De, Espinoza-fuenzalida, N.L., Espinoza, C., Gallardo, C., Hinojosa, I.A.,
Kiessling, T., Rojas, J., Sanchez, A., Sotomayor, F., Vasquez, N., Villablanca, R., 2021.
COVID lessons from the global south – face masks invading tourist beaches and recom-
mendations for the outdoor seasons. Sci. Total Environ. 786, 147486. https://doi.org/
10.1016/j.scitotenv.2021.147486.

Tomes, N., 2010. “Destroyer and Teacher”: managing the masses during the 1918–1919
influenza pandemic. Public Health Rep. 125, 48–62. https://doi.org/10.1177/
00333549101250S308.

Torres-Agullo, A., Karanasiou, A., Moreno, T., Lacorte, S., 2021. Overview on the occurrence
of microplastics in air and implications from the use of face masks during the COVID-19
pandemic. Sci. Total Environ. 800, 149555. https://doi.org/10.1016/j.scitotenv.2021.
149555.

Tran, H.N., Le, G.T., Nguyen, D.T., Juang, R.S., Rinklebe, J., Bhatnagar, A., Lima, E.C., Iqbal,
H.M.N., Sarmah, A.K., Chao, H.P., 2021. SARS-CoV-2 coronavirus in water and wastewa-
ter: a critical review about presence and concern. Environ. Res. 193. https://doi.org/10.
1016/j.envres.2020.110265.

Tscherning, K., Helming, K., Krippner, B., Sieber, S., Paloma, S.G., y., 2012. Does research ap-
plying the DPSIR framework support decision making? Land Use Policy 29, 102–110.
https://doi.org/10.1016/j.landusepol.2011.05.009.
11
Wang, J., Pan, L., Tang, S., Ji, J.S., Shi, X., 2020a. Mask use during COVID-19: a risk adjusted
strategy *. Environ. Pollut. 266, 115099. https://doi.org/10.1016/j.envpol.2020.
115099.

Wang, Jiao, Shen, J., Ye, D., Yan, X., Zhang, Y., Yang, W., Li, X., Wang, Junqi, Zhang, L., Pan,
L., 2020b. Disinfection technology of hospital wastes and wastewater: suggestions for dis-
infection strategy during coronavirus disease 2019 (COVID-19) pandemic in China. Envi-
ron. Pollut. 262, 114665. https://doi.org/10.1016/j.envpol.2020.114665.

Westhaus, S., Weber, F.-A., Schiwy, S., Linnemann, V., Brinkmann, M., Widera, M., Greve, C.,
Janke, A., Hollert, H., Wintgens, T., Ciesek, S., 2021. Detection of SARS-CoV-2 in raw and
treated wastewater in Germany – suitability for COVID-19 surveillance and potential
transmission risks. Sci. Total Environ. 751, 141750. https://doi.org/10.1016/j.
scitotenv.2020.141750.

WHO, 2014. Safe management of wastes from health-care activities. 2nd ed.World Health Or-
ganization.

WHO, 2020. Shortage of personal protective equipment endangering health workers world-
wide [WWW Document]. World Heal. Organ.. https://www.who.int/news/item/03-03-
2020-shortage-of-personal-protective-equipment-endangering-health-workers-
worldwide. (Accessed 6 June 2021)

Williams, A.T., Rangel-Buitrago, N.G., Anfuso, G., Cervantes, O., Botero, C.M., 2016. Litter im-
pacts on scenery and tourism on the colombian North Caribbean coast. Tour. Manag. 55,
209–224. https://doi.org/10.1016/j.tourman.2016.02.008.

WWF, 2020. Nello smaltimento di mascherine e guanti serve responsabilità | WWF Italy
[WWW Document]. Not. PUBBLICATE SU. . https://www.wwf.it/scuole/?53500%
2FNello-smaltimento-di-mascherine-e-guanti-serve-responsabilita. (Accessed 9
June 2021)

Yu, R., Wen, X., Liu, J., Wang, Y., Chen, X., Wenelska, K., Mijowska, E., Tang, T., 2021. A
green and high-yield route to recycle waste masks into CNTs/Ni hybrids via catalytic car-
bonization and their application for superior microwave absorption. Appl. Catal. B Envi-
ron. 298, 120544. https://doi.org/10.1016/j.apcatb.2021.120544.

Zhang, J., Mu, Q., 2018. Air pollution and defensive expenditures: evidence from particulate-
filtering facemasks. J. Environ. Econ. Manage. 92, 517–536. https://doi.org/10.1016/j.
jeem.2017.07.006.

https://doi.org/10.1016/j.jenvman.2020.111851
https://doi.org/10.1016/j.jenvman.2020.111851
https://doi.org/10.1177/2150132720966167
https://doi.org/10.1177/2150132720966167
https://doi.org/10.1016/j.jhin.2020.07.024
https://doi.org/10.1016/j.scitotenv.2021.150952
https://doi.org/10.1016/j.scitotenv.2021.150952
https://doi.org/10.1016/j.scitotenv.2021.147486
https://doi.org/10.1016/j.scitotenv.2021.147486
https://doi.org/10.1177/00333549101250S308
https://doi.org/10.1177/00333549101250S308
https://doi.org/10.1016/j.scitotenv.2021.149555
https://doi.org/10.1016/j.scitotenv.2021.149555
https://doi.org/10.1016/j.envres.2020.110265
https://doi.org/10.1016/j.envres.2020.110265
https://doi.org/10.1016/j.landusepol.2011.05.009
https://doi.org/10.1016/j.envpol.2020.115099
https://doi.org/10.1016/j.envpol.2020.115099
https://doi.org/10.1016/j.envpol.2020.114665
https://doi.org/10.1016/j.scitotenv.2020.141750
https://doi.org/10.1016/j.scitotenv.2020.141750
http://refhub.elsevier.com/S0048-9697(21)07938-9/rf202201022056257694
http://refhub.elsevier.com/S0048-9697(21)07938-9/rf202201022056257694
https://www.who.int/news/item/03-03-2020-shortage-of-personal-protective-equipment-endangering-health-workers-worldwide
https://www.who.int/news/item/03-03-2020-shortage-of-personal-protective-equipment-endangering-health-workers-worldwide
https://www.who.int/news/item/03-03-2020-shortage-of-personal-protective-equipment-endangering-health-workers-worldwide
https://doi.org/10.1016/j.tourman.2016.02.008
https://www.wwf.it/scuole/?53500%2FNello-smaltimento-di-mascherine-e-guanti-serve-responsabilita
https://www.wwf.it/scuole/?53500%2FNello-smaltimento-di-mascherine-e-guanti-serve-responsabilita
https://doi.org/10.1016/j.apcatb.2021.120544
https://doi.org/10.1016/j.jeem.2017.07.006
https://doi.org/10.1016/j.jeem.2017.07.006

	Assessing face masks in the environment by means of the DPSIR framework
	1. Introduction
	2. Historical background
	3. Face masks in the environment: a DPSIR analysis
	3.1. Driving forces
	3.2. Pressures
	3.3. States
	3.4. Impacts
	3.5. Responses
	3.5.1. Upstream responses
	3.5.1.1. Waste management
	3.5.1.2. Waste utilization
	3.5.1.3. Alternative product
	3.5.1.4. Biodegradable face masks

	3.5.2. Downstream responses
	3.5.2.1. Environmental cleanup
	3.5.2.2. Face masks recycling



	4. Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	References




