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Abstract: Large numbers of Single Use Surgical-type Face Masks, used by the public as personal
protective equipment during the 2020–2022 COVID-19 pandemic, have been lost or intentionally
discarded and have entered the environment rather than the waste management stream. These masks,
made from non-woven polypropylene fibers, will undergo environmental decay which will release
fiber fragments as microplastics into the environment. While the photochemical process of the decay
of polypropylene polymers (photo-oxidation) is well understood, and while there are numerous
studies that investigate mask decay and micro-fiber shedding in laboratory settings, there are no
observational data that describe the progress and speed of decay on polypropylene face masks in
real-life environmental settings. This paper examines the breakdown of single use surgical-type face
masks under natural conditions. Masks from three manufacturers were exposed to natural sunlight
over a ten-week period and their state of decay was photographically recorded in situ at weekly
intervals. Visible decay accelerated after three weeks, with masks made from thinner spunbond
fabric decaying more rapidly. Among same-weight fabric, photo-oxidation affected fabric dyed light
blue more than undyed fabric, leading to a total breakdown after six weeks. The results are novel as
they demonstrate a differential decay between the spunbonded and the melt-blown fabric, which
cracks and breaks down much faster due to thinner fibers of shorter length and the lack of thermal
bonding points. The resultant extensive micro-fiber generation was accelerated by external physical
forces such as wind. This experiment highlights the fact that municipal agencies have only a narrow
window of time to remove stray face masks from the urban environment if micro-fiber pollution is to
be prevented.

Keywords: biodegradation; COVID-19; environmental decay; face masks; microplastic pollution;
photo-oxidation; thermal expansion; ultra-violet light

1. Introduction

Soon after SARS-Cov-2, the virus responsible for the COVID-19 pandemic, had seeded
into Australia in March 2020, all State governments mandated the wearing of masks in
many outdoor and indoor settings [1]. Users had the choice of wearing surgical type,
non-sterile single use (‘disposable’) facemasks, commercial KN95/P2 type dust masks,
or masks made from fabrics [2]. Observational studies in Albury, a regional community
in Southern New South Wales (Australia) showed that single use facemasks were most
commonly worn by the public as personal protective equipment [3], an observation that
was also confirmed by observational studies in Melbourne [4] and Sydney [5]. The quantity
of masks manufactured in response to the COVID-19 pandemic is staggering, with China
exporting more than 200 billion single use face masks in 2020 alone [6].

Not surprisingly, during a longitudinal study of masks encountered in the urban
environment of Albury, single use facemasks were also the most common type of mask
observed in various environmental settings, as lost or intentionally discarded items [7,8].
The majority of masks were encountered in carparks and at curbside parking locations
where they were lost or discarded while entering or exiting parked vehicles. While the
majority of these masks were removed during street cleaning operations, a significant
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quantity of masks was found in urban green spaces, in particular, on the verges of roads
and footpaths, where they entered the green waste stream through mowing [9] or de-
cayed in place. Decaying single use facemasks shed large amounts of microfibers into the
environment as their bonds break.

1.1. Mode of Manufacture of Surgical Face Masks

Single use surgical masks are made from multiple layers of polypropylene or polyethy-
lene non-woven fabrics which are machine-folded with (usually) three pleats (to allow for
the mask stretching across the face) a nose wire and welded together at the top, bottom, and
sides with hot-welded or ultrasonically welded seams. While this process is automated,
the ear loops are usually manually attached with hot welding (Figure 1). Two basic kinds
of fabric are used for the body of the mask: spunbond and melt-blown fabric.

Figure 1. Components of a surgical-type single use three-ply face mask. (a) Elastic ear loop; (b) heat-
welded seam; (c) weld-point for ear loop; (d) nose wire; (e) weld-point to keep nose wire in place;
(f) inner layer of spunbond polypropylene fabric folded over to thicken the heat-welded seam of the
top of the mask; (g) outer layer of spunbond polypropylene fabric; (h) central core of melt-blown
polypropylene fabric; (i) inner layer of spunbond polypropylene fabric; (j) pleats; and (k) inner layer
of spunbond polypropylene fabric folded over to thicken the heat-welded seam of the bottom of
the mask.

Spunbonded fabrics are produced by extruding melted polypropylene or polyethy-
lene polymer through a spinneret to form long thin filaments. These filaments (5–20 µm
diameter) are deposited in an irregular fashion on a moving conveyor belt where they form
a fibrous web. Depending on the composition of the polymer and the residual heat in the
filaments, they may form weak bonds between over-lapping fibers. The web of nonwoven
fibers then passes between two heated rollers which thermally bond the web together,
while heated raised node points (usually of oval or diamond shape) provide spot welding
(thermal bonding points) to give the fabric better strength and durability [10–13].

Melt-blown fabrics are also produced by extruding a melted polymer through a spin-
neret. The extruded fibers are immediately subjected to high-velocity hot air streams which
blow the molten polymer into very fine filaments (1–5 µm diameter) of shorter length.
These discontinuous filaments are randomly dispersed and deposited on a moving con-
veyor belt where they form a dense fibrous web. The web of nonwoven fibers then passes
between two heated rollers which thermally bond the web together. Unlike spunbond
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fabric, however, the melt-blown fabric does not show thermal bonding points [10–13],
which results in a structurally weaker fabric.

Polypropylene is an electret that can hold a small charge or possess a net electric
dipole moment [14]. Spunbond fabrics are usually used for the exterior of the mask, with
the composition of the polymer adding further hydrophobic characteristics. The densely
matted melt-blown fabric is used as a filter layer in the core of the mask.

1.2. Environmental Decay Processes

Many of the masks encountered in urban greenspaces and roadside verges originated
on curbside parking and would have been blown to the locations by the wind as well as
by vehicular draught. While most masks discarded/lost on roads and in carparks would
eventually be removed by street cleaners, masks deposited in greenspaces remained in
situ unless they were caught during mowing operations [9]. Once in the environment, the
masks underwent processes of environmental decay.

Such environmental decay processes involve mechanical impact on the ground [15–17],
being caught in machinery [9], immersion in turbulent waters [18–21], (simulated) abra-
sion [22], as well as freeze-thaw action [23]. Unless exposed to mechanical impact, the
majority of masks will decay in place, subject to the environmental forces of temperature,
solar radiation, precipitation, and, if exposed, to abrasive action by wind-borne dust and
dirt particles.

Mere exposure to dry heat at natural environmental levels (<70 ◦C) or exposure to
hot water has no observable effect on the tensile strength of polypropylene fibers [24,25].
Prolonged outdoor exposure to ultra-violet light and visible light intensity, however, causes
photo-oxidation, which causes the polymer chains to break (chain scission) [26,27]. This
results in a decrease in the tensile strength and separation of individual fibers which become
more brittle and eventually break down into smaller fragments [18,26,28–32] and eventually
microplastics through brittle fracturing [33]. In addition, since the bonding strength of
the extruded spunbond or melt-blown fibers to each other is less than the strength of the
fiber itself, continued cycles of thermal expansion and contraction result in fiber separation
before fiber breakdown.

The majority of research on the UV degradation of polypropylene investigated the
processes under accelerated laboratory conditions [24,25,28–30,34–37], often when explor-
ing different polymer additives. Exceptions to this are the work by Saliu et al. who, in
addition to laboratory tests, also examined masks sampled from Italian beaches [18], by
Rathinamoorthy and Balasaraswathi who examined the stability of masks exposed to the
environment for 30 days [22], by Rajakumar et al. [26], who examined the chemical pro-
cesses, as well as observational studies of masks encountered in the environment [22,38,39].
Given the large number of mask manufacturers who use polypropylene fabric of different
densities and manufacturing processes, as well as polypropylene with different chemical
compositions in the form of stabilizing additives, it is impossible to compare laboratory
samples with masks found as carried out by some authors [18].

Unless under controlled situations (local, duration, etc.), decay studies of found masks
are indicative only, as are studies where micro-fiber shedding was assessed by rubbing
surfaces together [22]. In addition, there are three experimental studies that investigated
the environmental decay of polypropylene geotextiles [40–42]. Polypropylene weather-
ing is affected by the combined photophysical and photochemical effects of ultraviolet
(UV) radiation with the oxidative effects of atmospheric oxygen and hydrolytic effects of
water [43,44].

The principal outcome of the photo-oxidation is a loss of flexibility in the fibers,
resulting in a stiffer fabric coupled with an increased brittleness of the fibers and the overall
fabric [35]. The brittleness is generated by transverse cracks [40]. The decay was not linear
but accelerated over time with the total exposure to solar radiation being the discriminant
factor [41]. As the fibers of the geotextiles tested are twice the strength of those used for
surgical-type masks (40 µm vs. 20–25 µm), and as the density of the geotextiles fabric is
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significantly greater (420 gsm vs. 20–30 gsm), the results derived from these studies, while
informative and applicable in principle, cannot be directly ported.

Several laboratory studies have examined the short-term exposure of polypropylene
face masks to germicidal UV-C radiation and found no damage to the masks [45–47]. These
studies have limited applicability, however, as the irradiation time was short and confined
to a single event and the irradiation energy was low (but sufficient to generate a germicidal
effect that adequately degraded the viruses).

While the photochemical process of the decay of polypropylene polymers is well
understood, there are no observational data that describe the progress and speed of decay
on items of material culture in natural, real-life environmental settings. These data, however,
are important in order to understand the length of intervention time windows between
the deposition of a mask and its breakdown into microfibers. The aim of this paper is to
examine the breakdown of a range of single use surgical-type face masks under natural
conditions, assessing the nature and progress of their decay over a ten-week period.

2. Materials and Methods
2.1. Masks Used for Experimentation

Two Australian- and one Chinese-manufactured sample of single use surgical-type
face masks were used for the experiments, all of which were sourced in Albury, NSW,
Australia [48].

Mask A: Single Use Face Mask Level 1. Batch 10911901, manufactured on 4 December
2020 by Bella Medical Supplies Pty Ltd., West Melbourne, Vic, Australia. The masks
(175 mm × 95 mm) are made from three-ply polypropylene fabric, with spunbond fabric
at the outward-facing exterior (33.8 gsm, color: 0010-R90B) [49], a melt-blown fabric at the
inward-facing exterior (21.5 gsm, color 0000W), and a melt-blown fabric with finer filament
size in the center (33 gsm). The outward-facing fabric shows rhomboid thermal bonding
points while the inward-facing fabric appears to be melt-blown without thermal bonding
points (for micro-photos of material see Figure 2).

Mask B: MicroProtect Surgical Face Masks, Level 3 Single Disposable (A1914-0001).
Lot L2021239, manufactured in November 2021 by Softmed Manufacturing Pty Ltd.,
Campbellfield, Vic, Australia, and distributed by Coles Group Supermarkets. The masks
(175 mm × 95 mm) are made from four-ply polypropylene fabric, with two layers of spun-
bond fabric at the outward-facing exterior (27 gsm, color 1020-B10 and 25 gsm, respectively,
color 0000W) [49], one layer at the inward-facing exterior (28 gsm, gsm, color 0000W), and
one layer of melt-blown fabric in the center (27 gsm) (for micro-photos of material see
Figure 2).

Mask C: Disposable Face Mask with Ear loops (SOJO DFM20V). Batch 20200725, man-
ufactured on 25 July 2020 by Insoft (China) Co. Ltd., Jinjiang City, China, and distributed
in Australia by Bunnings Ltd. The masks (175 mm × 95 mm) are made from three-ply
polypropylene fabric, with spunbond fabric at the outward (28 gsm, color 1030-B10) [49]
and inward-facing exterior 26 gsm, color 0000W) and melt-blown fabric in the center
(32 gsm) (for micro-photos of material see Figure 2).
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Figure 2. Fabric of the surgical-type single use face masks discussed in this paper. (A) The outer
layer of spunbond polypropylene fabric; (B) the central core of melt-blown polypropylene fabric; and
(C) the inner layer of spunbond polypropylene fabric. Each square measures 3 mm × 3 mm.

2.2. Experimental Layout

Seven masks each were extracted as a consecutive sequence from a box of 50 (Masks A)
or packs of 10 (Masks B and C). One was retained as a control, while the other six were
mounted with thumbtacks on a 600 mm × 900 mm × 3 mm panel of medium-density
fiberboard (MDF) made from plantation-grown Pinus radiata [50]. Each mask type was
mounted both recto and verso side down (three replicates each) in a 3 × 6 array (Figure 3A).
The sequence of mounting was randomized (using the MSExcel RANDBETWEEN function)
(Figure 3B). An error in the experimental set-up caused Mask A (field B6) to be mounted as
recto side up rather than verso side up, resulting in four replicates for the recto exposure and
two replicates for the verso exposure. The MDF panel was placed on a flat section of the
Colorbond® roof of a domestic dwelling in Albury, NSW, Australia (Australia, coordinates
−36.071935, 146.905320) and weighed down at the corners with bricks. The panel was
exposed to direct sunlight except for the two hours after sunrise and the last hour before
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sunset. For the duration of the experiment, the non-shaded daily exposure period ranged
from approximately 11 h at the beginning of the exposure period to 9.5 h at the end (see
Figure 4 for total radiation exposure).

Figure 3. Layout of the experimental plot. (A) Photograph of masks mounted on board; (B) random-
ized arrangement of mask types and orientations.

2.3. Documentation

The experiment ran for 10 weeks (5 February to 15 April 2022) with all masks pho-
tographically recorded in situ on the mornings of days 7, 14, 22, 32, 42, 48, 54, 55, and 64.
On day 69, the board was removed from the roof and formally documented in toto. Each
mask was then removed and photographed in its exposure orientation both in reflected and
transmitted light (on a light table). Once its appearance had been documented, the mask
was turned over and the non-exposed side photographed. On several occasions, during the
turning process, large quantities of microfibers fell off the side that had been exposed to the
environment. These were also photographed.

2.3.1. Calculation of Material Loss

As the diachronic observations were made while the masks were mounted on the
MDF boards, the loss of fabric had to be calculated in terms of the percent of the visible
surface. For obvious reasons, that does not account for the material in the pleats. Using MS
PowerPoint, each photograph was overlain with a gridded mask of 25 × 32 cells, and the
cells covering fabric loss or splits were counted out. Each cell contributed 0.125% to the
total area.

The second approach to calculate fabric loss was to compare the final mask weights
with control samples. The masks were weighed under laboratory conditions on an Ohaus
Analytical Plus scale.

2.3.2. Nomenclatorial Conventions

In the absence of formal, published descriptors, the following definitions of mask
elements will apply for this paper: The side of the mask without weld marks attaching the
ear loop straps will be called recto, while the side with weld marks for the ear loop straps
will be called verso. The top of the mask is determined by orienting the recto side to the
mask in such a way that the openings of the pleats point downwards (which prevents dust
from being trapped in incompletely opened masks when worn). The nose wire is always
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on the top. The other parameters of ‘right’, ‘left’, and ‘bottom’ flow on from there. For other
terminology, see Figure 1.

It should be noted that when fitting a surgical face mask as recommended, the blue-
dyed side always faces outwards (‘outer’). In the case of Mask A and Mask B, the blue
spunbonded ‘outer’ fabric is on the (nomenclatorial) verso side.

2.4. Climatic Conditions

Albury is located in the National Construction Code Zone 4 (hot dry summer, cool
winter) [51] or Koeppen zone ‘Grassland, persistently dry’ [52]. The test panel was exposed
to a daily average solar radiation of 18.8 ± 5.86 MJ/m2 (range 5.5–28.4 MJ/m2) (Figure 4).
The weather station at Albury Airport is located 4.3 km east of the experimental site.

Figure 4. Temperatures (Min-Max) and Radiation (global sun exposure) at Albury Airport [53] for
the duration of the experimental period.

Variations between temperatures in the sun and the shade are considerable, as two
sample points may indicate. At 3 pm on day 54, the daytime temp in the shade mea-
sured 24 ◦C, while the temperature in the direct sun was 40 ◦C. At noon on day 55 the
measurements were 24 ◦C in the shade but 50 ◦C in the direct sun. Thus, the diurnal
temperature variation of objects placed directly in the sun will be considerably greater than
that expressed by meteorological recordings. In the case of day 55, the temperatures of the
preceding and following night were 12.8 ◦C each, representing a 37.2 ◦C range.

As the experiment was carried out in a suburban setting with surrounding hills, the
meteorological wind data are indicative only. Of note is the wind event between the evening
of day 53 and the morning of day 54 (Figure 5).

During the experimental period, frequent light rain fell on most days. The physical
impact of the raindrops was minimal (no heavy rain or hail).
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Figure 5. Wind speeds (m/s) at Albury Airport [53] for the duration of the experimental period. Note
the peak on days 53 and 54.

Thermal Expansion Calculations

The thermal expansion of the mask fibers was calculated using the standard formulae
of ∆L = aL1(T2 − T1) for linear expansion and ∆V = bV1(T2 − T1) for volumetric expansion
where ∆L is the change in the object’s length; ∆V is the change in object’s volume; a is the
linear expansion coefficient; b is the volumetric expansion coefficient; L1 is the initial length;
V1 is the initial volume; T1 is the initial temperature; and T2 is the final temperature.

The thermal expansion coefficients for the homopolymer polypropylene used for most
face masks are 6–8 × 10−5 K−1 for linear expansion and 18–24 × 10−5 K−1 for volumetric
expansion [54]. For the purposes of this paper, the mid-values (7 and 21) were used.

3. Results

At the end of the ten-week period, the observed decay was comparatively uniform
between the three replicates of each exposure experiment and only very minor variations
could be observed. These minor variations will be discussed as appropriate.

3.1. Mask A

Mask type A is a three-ply mask comprised of light-blue 34 gsm spunbond fabric at the
outward-facing exterior, a filter core of 22 gsm melt-blown fabric, and a white wearer-facing
layer of 33 gsm spunbond fabric.

3.1.1. Recto Side Exposed to the Elements
Final State (Day 69)

The white spunbond layer of the recto side is completely intact (Figure 6), with only
minor separation of overlapping fibers (Figure 7B,C). None of the thermal bonding points
are broken (Figure 7A). The underlying melt-blown layer is fragmented in the area of the
pleats (visible in transmitted light), with considerable sections missing in the area between
the pleats and the margins (all replicates). The unexposed light blue spunbond layer is
completely intact.
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Figure 6. Mask A, exposure of recto side (sample A4). State at day 69.

Diachronic Trajectory

In the diachronic trajectory, the mask decay was very slow at the start and then
progressed rapidly but without structural failure of the white spunbond layer. Until day 22,
all replicates showed no impact on the fabric. By day 32, the melt-blown fabric exhibited
cracking in the area between the pleats and the top margin (all replicates), with minor
fabric loss in one instance (A2). By day 42, the melt-blown fabric of all replicates exhibited
extensive cracking in the area between the pleats and the top margin, with incipient cracking
in the area between the pleats and bottom margin. Fabric loss had not accelerated. By
day 48, all of the melt-blown fabric exhibited extensive cracking across the whole surface
of areas between the pleats and margins, with progressing fabric loss. In sample A2, the
cracking extended over the top of the pleats. By day 54, little had changed, but the strong
wind event of the afternoon and night of day 54 resulted in further losses of the melt-blown
fabric, in particular in replicate A2. By day 64, the appearance of the masks was as recorded
on day 69 (see above) (see Appendices A–C for image series).
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Figure 7. Mask A, exposure of recto side. (A) Light blue spunbond fabric, showing the residual piece
of melt-blown fabric below (C4) (scale bar 5 mm); (B) separation of fibers at the weld points of the
right margin (B3) (scale bar 1 mm); and (C) separation of fibers at the fold lines of the pleats (B3)
(scale bar 1 mm).
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3.1.2. Verso Side Exposed to the Elements
Final State (Day 69)

The white spunbonded layer of the verso side is completely intact, with only mi-
nor separation of overlapping fibers. None of the thermal bonding points are broken
(A4, C3) (Figure 8). When viewed under transmitted light, the underlying melt-blown
layer is fragmented in the area of the pleats, partially missing in the area between the
pleats and the bottom margin, and largely missing in the area between the pleats and
the top margin (A4, C3) (Figure 9). The unexposed blue spunbonded layer is completely
intact. When turned over for photography of the non-exposed side, no debris of micro-fiber
fragments was observed.

Figure 8. Mask A, exposure of verso side (sample A4). State at day 69.

Figure 9. Mask A, exposure of verso side under transmitted light (sample A4). State at day 69.

Diachronic Trajectory

In the diachronic trajectory, the mask decay was very slow at the start and then
progressed rapidly but without structural failure of the white spunbonded layer.
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Until day 22, both replicates showed no impact on the fabric. By day 32, the melt-
blown fabric exhibited extensive cracking in the areas between the pleats and the margins,
with minor fabric loss in the area between the pleats and top margin (C3). The second
replicate (A4) exhibited incipient cracks only. By day 42, the melt-blown fabric of both
replicates exhibited extensive cracking (less so on top of the pleats), with minor fabric
loss in the area between the pleats and top margin (A4, more in C3). By day 48, all of
the melt-blown fabric exhibited extensive cracking across the whole surface, including
the pleats. By day 54, little had changed, but the strong wind event of the afternoon and
night of day 54 resulted in further losses of the melt-blown fabric, in particular, in the area
between the pleats and top margin. By day 64, the appearance of the masks was as recorded
on day 69 (see above) (see Appendices A–C for image series for image series).

3.2. Mask B

Mask type B is a four-ply mask comprised of very light-blue 27 gsm spunbond fabric
at the outward-facing exterior, another white layer of 25 gsm spunbond fabric, a filter core
of 27 gsm melt-blown fabric, and a white wearer-facing layer of 28 gsm spunbond fabric.
The wearer-facing layer does not exhibit thermal bonding points (Figure 2).

3.2.1. Recto Side Exposed to the Elements

The white spunbond layer of the recto side is completely intact, with only minor
separation of overlapping fibers. None of the thermal bonding points are broken (Figure 10).
When viewed under transmitted light, the underlying melt-blown layer is also intact
and without cracking. The unexposed blue spunbond layer is completely intact. When
turned over for photography of the non-exposed side, no debris of micro-fiber fragments
was observed.

Figure 10. Mask B, exposure of verso side (sample A6). State at day 69.

3.2.2. Verso Side Exposed to the Elements
Final State (Day 69)

The light blue spunbond layer has almost entirely decayed. The residual exposed
remains of the layer, which are generally small (5 × 10 mm) and of amorphous shape,
are loosely attached to the top of pleats and in situ under the thumbtacks (C1) (Figure 11,
Figure 12). The white spunbond layer underneath the blue layer is intact but shows
evidence of separation where fibers overlap. The thermal bonding points appear intact
(Figure 12). The underlying white melt-blown layer is unaffected. The white spunbond
layer facing the wearer appears to be intact, but, on close examination, some fibers were
observed detaching from each other.
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Figure 11. Mask B, exposure of verso side (sample C1). State at day 69.

Figure 12. Mask B, exposure of recto side. Loose debris of blue spunbond fabric in situ. Note that the
white spunbond layer covering the melt-blown filter fabric remains intact (A1). Scale bar 5 mm.

When the masks (A1, B5, C1) were turned over for photography of the verso side,
numerous small thermal bonding points of the blue fabric fell out as well as a large number
of short lengths of blue microfibers and small fragments of the melt-blown fabric (Figure 13).
The breakdown of the spunbond fabric resulted in numerous microfibers of 10 µm to 3 mm
in length, with the majority in the 1–300 µm range (Figure 16A,C).
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Figure 13. Mask B, exposure of recto side. (A–C) loose debris of blue spunbond fabric (A1). Scale bars
1 mm.
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Diachronic Trajectory

In the diachronic trajectory, the mask decay was very slow at the start and then
progressed rapidly but without structural failure of the white spunbond layer underneath
the blue layer. The first split of the blue spunbond layer (in the areas between the pleats
and top margin) was observed on day 32 (mask C1). By day 42, a second split had occurred
in the same area, as well as in the area between the pleats and bottom margin. By day 48,
the blue layer exhibited widespread structural failure with splitting on top of the pleats
and fabric loss, and widespread splitting in the areas between the pleats and the margins.
By day 54, most of the blue spunbond fabric between the pleats and bottom margin had
been lost. The strong wind event of the afternoon and night of day 54 resulted in significant
losses of the blue spunbond fabric in the areas between the pleats and margins as well as
on top of the pleats. By day 64, all blue spunbond fabric had been lost, with the exception
of the small parts still present when recorded at day 69 (see above) (see Appendices A–C
for image series for image series).

3.3. Mask C

Mask type C is a three-ply mask comprised of light blue 28 gsm spunbond fabric at the
outward-facing exterior, a filter core of 32 gsm melt-blown fabric, and a white wearer-facing
layer of 28 gsm spunbond fabric.

3.3.1. Recto Side Exposed to the Elements
Final State (Day 69)

The light blue spunbond layer has decayed to more than 90% of the exposed coverage,
surviving intact only in the non-exposed areas folded under the pleats and under the
thumbtacks (sample A3, B2) (Figure 14). The residual exposed remains of the layer, which
are generally small (5 × 10 mm) and of amorphous shape, are located primarily on the
pleats (Figure 15A) as well as along the bottom margin (Figure 15C). In sample C5, the light
blue spunbond layer has decayed to 75–80% with some sections loosely attached to the top
of the pleats and at the bottom of the mask.

Figure 14. Mask C, exposure of recto side (sample B2). State at day 69.
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Figure 15. Mask C, exposure of recto side (sample B2). (A) Recto side, central section with pleats;
(B) recto side, weld points bottom right corner; and (C) bottom section, showing residual blue
spunbond fabric and isolated thermal bonding points. Scale bars 10 mm.



Environments 2022, 9, 94 17 of 31

The white melt-blown layer decayed on the flat sections between the welded seams
and the pleats, exposing the white spunbonded layer of the face-side. The melt-blown
layer survives in the pleats and underneath the remnants of the light blue spunbond
layer (especially in sample C5). Numerous small fragments of the melt-blown fabric were
encountered resting on top of the masks (Figures 15A and 16A).

Figure 16. Mask C, exposure of recto side. (A) Loose debris of blue spunbond and white melt-blown
fabric in situ (A3); (B) loose debris of blue spunbond and white melt-blown fabric (C5). Note the
isolated thermal bonding points; (C) loose debris of blue spunbond and white melt-blown fabric (A3).
Scale bars 1 mm.
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The white spunbond layer facing the wearer appears to be intact, but, on close exami-
nation, numerous fibers were observed not only detaching from each other but also from
some of the thermal bonding points.

When the masks were turned over for photography of the verso side, numerous small
thermal bonding points of the blue fabric fell out (Figure 16C) as well as numerous short
lengths of blue microfibers and small fragments of the melt-blown fabric. The breakdown
of the spunbond fabric resulted in numerous microfibers of 0.3 to 5 mm in length, with
the majority in the sub-2 mm range (Figure 16B,C). The breakdown of the melt-blown
fabric resulted in a few small (3–10 mm) fragments as well as a large number of sub-1 mm
fragments, many of which are in the 10–30 µm range.

Diachronic Trajectory

In the diachronic trajectory, the mask decay was slow at the start and then accelerated
considerably. The control shows that the spunbonded layer, although theoretically uniform,
seems to exhibit variations in density, with the white of the melt-blown layer shining
through more in some areas than others. By day 14, this ‘blotchiness’ had increased. By
day 22, the first cracks in the melt-blown fabric could be observed, both on the upper
and the lower sections between the pleats and the margins. By day 32, these cracks not
only had widened, but sections of the melt-blown fabric had become dislodged. As the
light blue spunbond fabric was still intact, these sections must have slid in front or behind
undetached sections of melt-blown fabric. By day 48, sections of the blue spunbond fabric
between the pleats and margins had broken, exposing the melt-blown fabric, and, where
this had been displaced or lost, also the white spunbond fabric. Some of the blue spunbond
fabric split at the fold-lines of the pleats. By day 54, losses of the blue spunbond fabric
increased in the areas between the pleats and margins. In addition, sections on top of the
pleats were lost, with others split. The strong wind event of the afternoon and night of
day 54 resulted in significant losses of the blue spunbond fabric in the areas between the
pleats and margins as well as on top of the pleats. The melt-blown fabric was also missing
in all sections not covered by the blue spunbond fabric, exposing the underlying white
spunbond fabric. By day 64, all blue spunbond fabric had been lost, with the exception of
the small parts still present when recorded on day 69 (see above) (see Appendices A–C for
image series).

3.3.2. Verso Side Exposed to the Elements
Final State (Day 69)

The white spunbond layer seems intact but the underlying melt-blown layer is crack-
ing, both in the flat areas and on the pleats. The melt-blown layer is lacking in sections
where some of it may have slid in front or behind undetached sections of melt-blown fabric.
The transmitted light image shows that much of the melt-blown fabric is completely lost,
suggesting it broke into fragments smaller than the interstices of the spunbond layers.

Some areas of the white spunbond layer show mainly intact thermal bonding points,
while others (coinciding with the areas of cracking) show the failure of numerous thermal
bonding points and separation and loss of fibers. When turned over, numerous small white
fibers fell out as well as numerous micro-flakes of melt-blown fabric. Overall, however, the
quantity of loose debris was significantly less than that of the recto side (samples A5, B1,
and C2). The blue spunbond layer was intact with no evidence of fiber separation.

Diachronic Trajectory

In the diachronic trajectory, the mask decay was slow at the start and then progressed
steadily but without structural failure of the white spunbond layer. The first cracking of
the melt-blown core layer was observed on day 22 (top part of mask B1 only). By day 32,
cracks and small gaps were observed in the area between the pleats and top margin of all
three masks. By day 42, the cracking and partial loss of the melt-blown core layer extended
to the entire exposed area in two of the three replicates (B1 and C2) but was confined to the



Environments 2022, 9, 94 19 of 31

pleats and the area between the pleats and top margin for one replicate (B1). By day 48, the
cracking and partial loss of fabric had extended over the entire exposed area of the mask as
well (see Appendices A–C for image series).

3.4. Comparative Progress of Decay over Time
3.4.1. Spunbonded Fabric

When considering the decay processes of the external spunbonded fabric of the three
masks, the lack of macroscopically discernible decay among the white-colored fabric
contrasts with the decay of the blue-colored fabric. The blue-colored fabric of masks type
B and C decayed, while the white spunbonded of all three mask types did not. Fabric
weight alone does not play a role as the white fabric (in all but one case) is thinner than the
blue-colored fabric (see Section 2.1). As the observations were made while the masks were
mounted on the boards, the loss of fabric, as summarized in the appendices, is expressed
as the percent of the visible surface, not accounting for the material in the pleats.

Visible decay commenced for mask type B (27 gsm) after three weeks, while the onset
of decay of mask type C (28 gsm) was delayed until six weeks after exposure (Figure 17).
Among mask type B the decay progressed slowly between week three and week six and
then accelerated until the overnight wind event between days 53 and 54, which caused
substantial fabric loss (Figure 17). After that, event decay progressed more rapidly, with
an endpoint loss of between 75 and 81.5% of the total surface area (Appendix A). Mask
type C also showed slow progress of decay until the wind event, followed by a faster
rate of progress (Figure 17) with an endpoint loss between 64 and 76% of the total surface
area (Appendix A). The decay curves for mask types B and C are very strongly correlated
(Spearman’s r = 0.9121). While the fabric loss during the wind event was more extensive
among type C masks, it contributed to 30% surface loss in both mask types.

Figure 17. Progress of decay of fabric. Loss expressed in % of the visible surface area of mask type
B (verso) and type C (recto). Note the sudden increase in the loss at day 54, following the overnight
wind event.

3.4.2. Melt Blown Fabric

In the structure of a mask, the filter layer, which is comprised of melt-blown fabric, is
sandwiched between and protected by two spunbond layers. Consequently, any assessment
of the decay of the melt-blown fabric layer needs to take into account that the actual fiber
loss after breakdown may be reduced as loose fibers may be caught and retained between
the spunbond layers until such time that the spunbond layer ruptures. The assessment
documented the extent of layer disintegration as evidenced by cracking (Appendix B,
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Figure 18) and the amount of loss (Appendix C, Figure 19). It should be noted that any
observable ‘loss’ may also entail a breakdown of the fabric with fragments sliding behind
intact sections of the melt-blown layer thereby being ‘out of sight’. Not surprisingly then,
the decay curves for the spunbonded fabric (Figure 17) are very strongly correlated with the
curves for the loss of melt-blown fabric (Figure 19) for mask type B (Spearman’s r = 0.9578)
and type C (r = 0.9056).

Figure 18. Progress of decay of melt-blown fabric. Fragmentation and loss are expressed in % of
visible surface area. (A) Mask A recto and verso; (B) mask B recto; and (C) mask C recto and verso.
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Figure 19. Progress of decay of melt-blown fabric. Loss expressed in % of visible surface area.
(A) Mask A recto and verso; (B) mask B recto; and (C) mask C recto and verso.

The cracking on the melt-blown fabric does not commence until after week 3, with the
exception of mask type C where cracking commences after week 2 (Appendix B, Figure 18).
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Mask type A shows a faster and steady rate of cracking on the verso side than on the recto
side where rapid decay seems to be delayed until week 7 (Figure 18). The loss of melt-
blown fabric among mask type A commenced after week 22 but progressed slowly until the
overnight wind event when some replicates showed a dramatic increase (Figure 19). The
development of cracking and loss over time is strongly correlated for the recto (Spearman’s
r = 0.8316) and very strongly correlated for the verso side (r = 0.9549).

Both faces of mask type C show a more linear increase in cracking of the melt-blown
fabric than type A masks (Figure 18), with the decay of both the recto and verso side showing
a very strong correlation (Spearman’s r = 0.9112). The loss of melt-blown fabric among
mask type C also commenced after week 22, with slow progress until the overnight wind
event which affected the exposed recto side more than the verso side (Figure 19). The decay
curves show a strong correlation (r = 0.8230). Overall, the development of cracking and loss
over time is strongly correlated for the verso side (Spearman’s r = 0.8260) and very strongly
correlated for the recto side (r = 0.9358).

Mask type B is an exception, as the white-colored recto side does not exhibit any
indication of cracking of the melt-blown fabric layer. The decay of the melt-blown fabric on
the blue-colored verso side commences after 3 weeks and progresses rapidly after week 6,
followed by a marked jump, due to the wind event, and a steep increase in the rate of decay
thereafter (Figures 18 and 19). The decay rates of cracking and loss of the melt-blown fabric
are very strongly correlated (Spearman’s r = 0.9385).

While for mask type B (verso), the amount of cracking of the melt-blown fabric and
the loss of spunbonded fabric are very strongly correlated (Spearman’s r = 0.9660), while
the correlation is only moderate for mask type C (recto) (r = 0.7410). A comparison of the
decay rate of the melt-blown fabric of both mask types shows a very strong correlation
(r = 0. 9668), suggesting that the differences may rest either in differential UV filtering or in
the fact that the spunbonded fabric used for mask type C is marginally heavier than that
used for mask type B (28 gsm vs. 27 gsm).

In an attempt at further quantifying the discharge of microfibers, the final weights
of the masks, once removed from the MDF board, were compared with control samples.
The average differences in weights were not uniform and these data are inconclusive. In
four instances, the weight loss ranged between 1.1% and 7.2%, with significant differences
observed for mask type A recto and mask type B verso (Table 1). In two of the six masks
and exposed side combinations, however, the masks were in fact heavier than the controls.
This was the case for mask type B, exposed with their (white) recto side, and significantly
so for mask type C exposed with their (white) verso side (Table 1). It can be surmised that
the exposed fabric of these masks trapped fine mineral dust, either cumulatively or during
the wind event.

Table 1. Weight (in g) of controls and exposed masks and average weight loss (in %) at the end of the
experiment. Significance based on two-tailed t-test.

Exposed
Face Color Control

Sample Weight
Mask #1 #2 #3 #4 Loss% p

A recto white 2.9663 2.8737 2.8269 2.9187 2.8639 −3.22 0.0149
A verso white 2.9663 2.8764 2.9906 — — −1.11
B recto white 3.6424 3.8252 3.6944 3.8548 — 4.09
B verso blue 3.6424 3.4377 3.5168 3.4226 — −5.03 0.0244
C recto blue 2.5287 2.2917 2.3130 2.4357 — −7.19
C verso white 2.5287 2.8502 2.8662 2.8452 — 12.86 0.0004

4. Discussion

Factors that influence the environmental degradation of the mask fabric are photo-
oxidation, the effects of which can be accelerated and exacerbated by thermal expansion
and contraction, and differential heat absorption. The underlying primary process of
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environmental weathering is photo-oxidation, which causes the polymer chains to break,
resulting in the material becoming increasingly brittle [26,27].

As noted in the introduction, the majority of research on UV degradation of polypropy-
lene investigated the processes under accelerated laboratory conditions [1–9], often when
exploring different polymer additives. As the majority of laboratory-based studies exposed
the masks to UV radiation only for a short time, they are unsuitable to assess the structural
breakdown of masks in the environment. As observed in this study, the photo-oxidative
decay of polypropylene spunbond fibers becomes visible after 21 days and accelerates
thereafter. It should be noted, however, that microfiber shedding occurs after a short time
of use due to physical impact, and increases if masks are exposed to UV or solar radiation
{Li, 2021 #1588} The majority of studies of mask decay in the environment are primarily
observational studies [10–12]. Exceptions to this are few and most have methodological
limitations.

Rathinamoorthy and Balasaraswathi examined the stability of an unstated number of
new masks exposed to the environment for 30 days [12] and then subjected them to rubbing
tests to assess the number of fibers shed. Again, as the result of the masks after exposure
but before physical manipulation was not documented, the study does not provide useful
comparative data. While the rubbing tests are intriguing, they are not replicable, as only the
number of events was predetermined but not the applied force or the length and direction
of the rubbing movement in relation to the fabric and pleats. The direction of abrasion
matters since much of the spunbonded fabric exhibits a linear arrangement of fibers even
though the filaments are theoretically deposited in an irregular fashion [19].

Saliu et al. carried out laboratory tests on seven different masks obtained from Italian
supermarkets and also examined masks sampled from Italian beaches [13]. In addition to
seawater immersion tests of the purchased masks, the authors exposed purchased mask
samples (single sample, no replicates) to 16 cycles of 10-h exposures to UV-A and then
to subsequent immersion in simulated turbulent seawater. As the resulting condition of
the UV-exposed masks was not documented, the study does not provide useful compara-
tive data.

Another study, by De-la-Torre et al., extracted used and discarded masks from the
marine environment and used them for exposure studies and detailed assessment of subse-
quent decay [14]. While informative, the study did not control for the specific manufacture
of the masks, the duration of exposure to the environment before collection, or the nature
of the environment they were from, i.e., “sandy and/or rocky beaches” [14], and, thus, the
physical impact they had been exposed to.

A fundamental problem inherent in using found masks for experimentation is the
lack of data on how, how long, and in which environments these masks were used. While
these masks are single use masks, there is ample evidence that people not only reuse
masks for the duration of a day but often for several days as well as wash and re-use
them [15–18]. Thus, even if the masks were to come from the same manufactured batch,
their ‘use life histories’ and, thus, the physical and chemical forces that impact them during
use will differ.

Further, given the large number of mask manufacturers (an online portal for Chinese
manufacturing listed over 1500 suppliers of surgical type face masks in January 2022 [20])
who use polypropylene fabric of different densities and manufacturing processes, as well
as polypropylene with different chemical composition in the form of stabilizing additives,
it is virtually impossible to compare laboratory samples with masks that have been found
in the environment. Indeed, a study of the physical appearance and manufacturing details
of 71 different masks from 47 different manufacturers showed substantial variation in
physical characteristics [21].

4.1. Processes of Observed Decay: Thermal Expansion and Contraction

Assuming a thermal expansion coefficient for polypropylene (at 20 ◦C) of 150 × 10−6 K−1

for linear expansion and 450 × 10−6 K−1 for volumetric expansion, and using the cli-
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matic data for the exposure period [55], the linear thermal expansion is on average
0.088 ± 0.024% (range: 0.016–0.129%) and the volumetric expansion is 0.264 ± 0.071%
(range: 0.048–0.386%).

The actual variations between the temperatures in the sun and the shade are consider-
able, however, as two sample points may indicate. At 3 p.m. on day 54, the daytime temp
in the shade measured 24 ◦C, while the temperature in the direct sun was 40 ◦C. At noon
on day 55, the measurements were 24 ◦C in the shade but 50 ◦C in the direct sun. Thus,
the diurnal temperature variation of objects placed directly in the sun will be considerably
greater than that expressed by meteorological recordings. In the case of day 55, the tem-
peratures of the preceding and following night were 12.8 ◦C each, representing a 37.2 ◦C
thermal range. This equates to a 0.26% linear and 0.78% volumetric thermal expansion.

As the thermal contraction and expansion are comparatively small, the impact on the
fibers will be limited, irrespective of whether the thermal range that occurs is gradual or
rapid [23]. Even though the fabric is comparatively unconstrained, the physical impact on
linear expansion and contraction on spunbond fabric rests in the fact that the spunbond
fibers are fixed by the thermal bonding points into short-length segments (Figure 2). The
majority of the fibers are 1 mm to 3 mm long before they are terminated at another binding
point. Fibers longer than 5 mm exist but are extremely rare. In consequence, the thermal
expansion places greater stresses on the short-length fibers than on the longer lengths
which have more room to flex. The stresses are the greatest at the thermal bonding points,
leading to eventual structural failure.

The Effects of Color

A major difference could be observed among masks B and C, where the light-blue-
colored side is far more susceptible to decay than the white-colored side. This cannot
be explained by differences in fabric strength alone as their fabric weights differ only
marginally: the light blue layer of mask B (mask C) has a density of 27 gsm (28 gsm), while
the white layer has a near-equivalent density of 28 gsm (26 gsm) (see above). Even though
the blue is only a light blue (mask B: 1020-B10G; mask C: 0030-B10G [49]), the reflectiveness
of the color is less than that of white, resulting in a higher heat absorption [56], which in
turn will have some effect of thermal expansion. Given the lightness of the blue, however,
that effect is likely to be minimal.

The fabric used for the external side of the mask is usually moisture-repellent, while the
fabric used for the side facing the wearer is usually moisture-absorbent. Polypropylene is an
electret where the net electric dipole moment can be enhanced with additional charging [14].
That charge is not stable but undergoes significant degradation, however, when exposed to
increasing temperature, especially when coupled with moisture [57].

As immersion in pure water does not affect the charge of the electret fibers [58], the
degrading agents are likely to be environmental salts dissolved in rainwater as well as
mechanical forces [23].

In addition, the increased susceptibility of the light-blue colored side to UV decay may
be due to differences in the chemical structure of the polypropylene polymer used for the
spunbond fabric. It is possible that the decay is caused either by the nature of the dye used
or by the process of dyeing, in particular the dyeing temperature [59]. Further, as noted
earlier, it can be speculated that added pigments, such as titanium dioxide in white plastics,
may have antioxidant properties which would affect the rate of decay.

4.2. Spunbond vs. Melt-Blown Fabric

While degradation through photo-oxidation could only be noted for the blue-colored
spunbond fabric of masks B and C, two of the masks (A and C) exhibited photo-oxidative
decay of the melt-blown layer, irrespective of which mask face was exposed to the elements
(Appendix B) and despite the fact that the melt-blown layer was sandwiched between spun-
bond fabric that was unaffected by photo-oxidation. A breakdown of the melt-blown layer
while the spunbond layers were still intact has also been observed in field observations [38].
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Mask B, on the other hand, exhibits no damage to the melt-blown fabric. The difference
can be explained by the nature of the spunbond fabric. While the pattern of the spunbond
fabric of masks A and C exhibits a considerable number of sufficiently wide interstices for
UV radiation to penetrate, the external spunbond fabric of both the recto and verso side of
mask B is made up of thinner fibers that are laid in a denser fashion with fewer and far
smaller interstices, thereby reducing penetration by UV radiation (Figure 2).

The observed loss of melt-blown fabric of masks A and C, while the spunbond fabric
remained intact (Appendix A), suggests not only a separation of the fibers in the fabric
but also embrittlement and fragmentation of the fibers themselves, which then escaped
through the interstices.

4.3. Duration of Exposure

Several laboratory-based studies have shown that short-term exposure to UV has no
impact [45–47]. The observations made in this experiment confirm that short-term exposure
has no discernible effect. The progress of photo-oxidation is governed not only by UV
wavelength and intensity but also by the cumulative total solar radiation that the polymer
receives over time [26,27]. Indeed, the degrading effect of photo-oxidation observed in
this experiment had a slow onset followed by an exponential rate of decay. Mechanical
forces through thermal expansion and contraction of the fibers, or external agencies, such
as wind/vehicle draught or the impact of raindrops, will cause physical breakage of the
embrittled fibers into small fragments. Wind, in particular, will cause an intermittent
stress loading on protruding elements, with fibers in the same area subjected to repeated
mechanical force, breaking weakened fibers.

4.4. Limitations

This study has some limitations. This experiment used new, unused masks drawn
from unopened packets. Yet, almost all lost or discarded masks encountered in the open
environment had been worn/used [8]. While surgical-type masks are meant to be single
use only, many people wear them repeatedly for a prolonged period of time [60–63]. This
reuse was encouraged to reduce the waste footprint. In addition, a number of studies
considered disinfection treatments to encourage reuse [64,65]. Clearly, while surgical-
type masks are designed not to disintegrate over the short term, wear and tear through
use will affect their performance and structural integrity. In addition, as the experiment
commenced in February, it did not expose the masks to the maxima of daily UV radiation
and temperatures, which occur from December to January. Thus, it can be posited that the
decay of worn masks in the environment can be quicker, or more pronounced, than that of
the masks assessed in the experiment.

Finally, the fact that the masks were fixed to the MDF board made them stationary.
In a ‘real life’ scenario, masks, especially those that had been worn (and thus had their
pleats unfolded) would be moved about by the wind (or draught caused by vehicles)
until such time that they become trapped in vegetation. In consequence, these masks
would be exposed to an increased amount of physical impact which would speed up their
disintegration, in particular, that of the melt-blown filter layer with its lesser tensile strength.

4.5. Surgical-Type Face Masks as Contributors to the Microplastics Problem

In recent years, microplastics, i.e., particle fragments of artificial polymers of between
1 nm and 5 mm in size or fiber fragments between 3 nm and 15 mm in length [66], have been
increasingly recognized as a major problem of long-term pollution of both aquatic [67–69]
and terrestrial environments [70,71]. Microplastics have been found ingested in all trophic
levels of the food web [72–74]. Sources of the microplastics range from intentional additives
to cosmetics and personal care products, in the form of microbeads [75,76], to physical
and chemical degradation products derived from discarded manufactured items such as
plastic containers, bags, and fishing nets; or derived from the wear and tear of polymers
used in clothing or vehicle tires. Unless produced on a nanometer scale as microbeads,
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microplastics follow a gradual degradation trajectory from a complete item of varied size
to ever smaller fragments due to mechanical impact and abrasion.

The surgical-type face masks which were produced in the billions to reduce the
risk of aerosol transmission of SARS-CoV-2 differ fundamentally from other sources of
microplastics. Setting aside the ear loops, which are made from braided polypropylene, the
face masks manufactured are comprised of short-length microfibers which are thermally
bonded with (spunbonded) or without (melt-blown) heated raised node points. Due to
the lack of thermal bonding points, the melt-blown fabric has low tensile strength and, as
the experiments have shown, thus ruptures readily even when stationary. Photo-oxidation
degrades the spunbonded fabric, resulting in shredded macro-fragments (which will further
degrade) as well as ‘large’ pieces of microplastics represented by the 1 mm-sized thermal
bonding points and a large quantity of smaller short-length polypropylene fibers. Some
parts of the masks have a greater resistance to decay, such as the welded seams, but if
exposed for long enough, they too will disintegrate into micro fragments, the largest being
the individual 1 mm-sized weld points [38].

Effectively, in volumetric terms, the decay of surgical-type face masks exposed to
ultraviolet light proceeds straight from an intact mask to an overwhelming quantity of
microplastics without any intermediate sizes (setting aside seams and ear loops). On a
practical level, therefore, as the wind event on day 53/54 has shown, the physical impact
on masks that have been allowed to decay in place for several weeks will have catastrophic
effects on the integrity of some fabrics. With this in mind, it can be posited that the
mechanical removal of such masks from the environment (by picking them up by hand
or with a pick-up tool) will result in the shedding of microfibers and macro fragments too
small to be retrieved individually.

5. Conclusions

Single use surgical-type face masks, the most ubiquitous type of fitted face covering
worn during the COVID-19 pandemic, are susceptible to environmental decay once they
are lost or intentionally discarded in the environment. The mask fabric primarily degrades
through photo-oxidation initiated by exposure to UV, leading to embrittlement of the fibers.
The subsequent breakage is accelerated through thermal expansion and contraction of the
fibers, but particularly so through mechanical impact derived from rainfall and, especially,
wind. The study has shown that the initial progress of decay is not linear. The onset
of macroscopically observable decay starts after three weeks of exposure and becomes
noticeable after four to five weeks. Thereafter, the rate of decay accelerates exponentially,
generating a multitude of microplastics, mainly in the sub-2 mm range for spun-bond
fabric. The experiments demonstrated a differential decay between the spunbonded and
the melt-blown fabric, which cracks and breaks down much faster, most likely due to
thinner fibers of shorter length and the lack of thermal bonding points.

Moreover, the experiment showed that while a cursory observation may suggest that
decaying masks may still be intact in their shape, as evidenced by the external spunbond,
the integrity of the melt-blown filter layer is not only compromised, but the disintegrating
fabric generates microplastics in the sub-1 mm range which escape through the interstices
of the spunbond fabric.

The longer a mask is subjected to UV, the faster the mask will shed microplastics that
are readily dispersed by wind action. Essentially, the sooner a discarded or lost mask is
removed from the open environment, the better. This experiment has highlighted the fact
that municipal agencies have only a short window of time to remove stray face masks from
the urban environment if micro-fiber pollution is to be reduced or even prevented.
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Appendix A

Progress of decay of spunbond fabric. Loss expressed in % of visible surface area.
Masks not listed show no decay.

Side Day
Mask Face-Up Color 22 32 42 48 54 55 64 69

A recto white A2 — — — — — — — —
A recto white B3 — — — — — — — —
A recto white C4 — — — — — — — —
A recto white B6 — — — — — — — —
A verso white C3 — — — — — — — —
A verso white A4 — — — — — — — —
B recto white A6 — — — — — — — —
B recto white B4 — — — — — — — —
B recto white C6 — — — — — — — —
B verso blue A1 — 2.50 2.63 16.38 22.38 48.88 72.00 75.00
B verso blue C1 — 1.13 4.63 18.63 26.38 46.00 78.13 80.00
B verso blue B5 — 0.63 2.88 15.50 21.00 45.38 76.00 81.50
C recto blue B2 — — — 3.13 3.88 37.88 52.00 76.00
C recto blue A3 — — — — 2.00 38.25 55.25 64.00
C recto blue C5 — — — — 7.25 40.38 42.50 64.13
C verso white B1 — — — — — — — —
C verso white C2 — — — — — — — —
C verso white A5 — — — — — — — —

Appendix B

Progress of decay of melt-blown fabric. Fragmentation and loss expressed in % of
visible surface area.

Side Day
Mask Face-Up Color 22 32 42 48 54 55 64 69

A recto white A2 4.63 9.63 18.13 24.38 63.25 63.25 65.50 90.63
A recto white B3 — 6.88 12.38 14.25 80.50 100.00 100.00 100.00
A recto white C4 — 7.75 18.13 20.13 38.50 41.50 72.00 91.00
A recto white B6 — 6.25 23.13 16.25 49.13 55.25 56.00 79.38
A verso white C3 — 22.88 56.88 77.00 79.75 84.75 100.00 100.00
A verso white A4 — 13.63 43.50 83.00 89.25 93.50 100.00 100.00
B recto white A6 — — — — — — — —
B recto white B4 — — — — — — — —
B recto white C6 — — — — — — — —
B verso blue A1 — 2.50 2.63 16.38 22.38 48.88 72.00 75.00
B verso blue C1 — 1.13 4.63 18.63 26.38 46.75 80.00 80.00
B verso blue B5 — 7.38 10.00 65.38 66.50 67.50 80.00 81.50
C recto blue B2 10.63 51.00 52.50 65.63 73.00 76.00 91.75 100.00
C recto blue A3 11.25 58.75 59.75 61.50 68.25 76.00 80.00 97.00
C recto blue C5 5.63 52.50 59.50 66.50 67.50 87.50 100.00 100.00
C verso white B1 2.88 27.50 63.00 76.13 79.88 83.38 100.00 100.00
C verso white C2 — 19.63 28.25 44.00 61.75 65.25 100.00 100.00
C verso white A5 — 4.63 22.50 60.50 63.00 64.13 64.38 80.50
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Appendix C

Progress of decay of melt-blown fabric. Loss expressed in % of visible surface area.

Side Day
Mask Face-Up Color 22 32 42 48 54 55 64 69

A recto white A2 — 1.50 1.88 2.50 4.25 12.13 15.25 19.75
A recto white B3 — — — — 5.50 9.50 39.13 52.00
A recto white C4 — — — — 4.13 6.13 8.50 16.38
A recto white B6 — 7.00 7.63 12.75 22.25 33.75 37.38 50.88
A verso white C3 — — — 4.75 5.50 11.50 53.50 71.13
A verso white A4 — 2.50 2.63 16.38 22.38 48.88 72.00 75.00
B recto white A6 — — — — — — — —
B recto white B4 — — — — — — — —
B recto white C6 — — — — — — — —
B verso blue A1 — 1.13 4.63 18.63 26.38 46.00 79.38 80.00
B verso blue C1 — — 1.50 10.63 21.00 45.38 76.00 81.50
B verso blue B5 — 7.38 10.00 15.75 23.50 26.75 27.50 36.00
C recto blue B2 — 6.63 9.38 14.00 19.25 43.88 68.00 72.00
C recto blue A3 — 4.88 4.88 14.75 15.25 41.13 44.75 64.13
C recto blue C5 — 2.50 3.13 5.63 18.75 24.38 25.75 27.13
C verso white B1 — 7.63 8.75 9.25 9.50 16.88 19.63 19.88
C verso white C2 — — — — — 3.13 8.38 12.38
C verso white A5 — — — — 14.00 15.13 29.25 32.38
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