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Abstract

The COVID-19 pandemic forced use of face masks up to billions of masks per day globally. Though an important and nec-
essary measure for control of the pandemic, use of masks also poses some inherent risks. One of those risks is inhalation
of microplastics released from the mask materials. Since most of the mask materials are made from plastic/polymers, they
always have the potential to expose the user to fragmented microplastics. To estimate the amount of inhalable microplastic
exuded from masks, an experiment simulating real-life scenario of mask usage was performed. The study included collection
of microplastics oozed out from the masks on to a filter paper followed by staining and fluorescence detection of the total
number of microplastics using a microscope. Both used and new masks were studied. Based on the emission wavelength,
the microplastics were found to be belonging to three different categories, namely blue, green and red emitting microplastics
respectively. The number of microplastic particles emitted per mask over a period of usage of 8 h was about 5000 to 9000
for new masks and about 6500 to 15,000 for used masks respectively. The estimation of polymer type of plastic in the mask

fabrics was also carried out using Raman and FTIR spectroscopy.
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Introduction

COVID-19 pandemic has spread all over the globe in the
last couple of years. The coronavirus causing COVID-19
was detected and genetically sequenced at the very begin-
ning of the pandemic. Being a very contagious virus, all
the health advisories had advised to wash hands, use sani-
tiser, keep physical distance and wear mask to contain the
spread of the disease. All over the world, wearing masks
became a necessity during this time (Chu et al. 2020; Green-
halgh and Howard 2022). According to Deng et al. (2022),
about 4 billion masks were used daily during the pandemic.
Since nearly every person of the world was forced to wear
a mask, amongst the worldwide population of 7.95 billion
(Worldometers.info 2022), monthly consumption of masks
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reached to approximately about 129 billion masks in 2020
itself (Prata et al. 2020).

Different types of masks are used by people depending
upon availability, protection level, affordability etc. The most
popular and mostly used masks are surgical, N95, cotton and
nonwoven masks. All these masks are commercially avail-
able and commonly used. Amongst all the types of masks,
surgical and cotton masks are the most popular. Wearing
of the masks has its benefits, but it has been observed that
prolonged use of masks can also have some harmful health
effects. One of the adverse effects of mask usage is exposure
to microplastics. Because nearly all types of masks use some
kind of plastic material, the use of masks could potentially
result in inhalation of microplastic that is released from the
fabric/material of the masks. The material of surgical and
NO95 masks is fabricated from synthetic or natural polymers
or their composites, which are mostly polypropylene (PP),
polyethylene (PE), glass papers and woollen felt (Chellamani
et al. 2013; Neupane and Giri 2020). The middle layer of
surgical masks is made from melt-blown fabric, while the
NO5 respirators contain five PP layers of which the three
middle layers are made of melt-blown fabric (Li et al.
2021). Polypropylene is the most commonly used polymer
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in manufacturing of the masks. For obtaining smaller and
denser filter material for better efficiency, the filter layer and
external layers are fabricated using nonwoven melt-blown
polypropylene and spun-bond polypropylene, respectively
(Deng et al. 2022). These layers are delicate enough to get
degraded over the time of use and thus pose the user a risk
of inhaling broken microplastics.

Why microplastics study is important?

Microplastics are the most recent emerging pollutants of con-
cern due to their expected potential of causing health hazard
(Prata 2018). Though no direct health effect of microplastic is
known yet, the most important concern due to microplastics is
owed to their ability to adsorb various organic pollutants and
toxic metals (Wang et al. 2021), which are defined as prior-
ity pollutants in the Stockholm and Basel Convention (Gallo
et al. 2018). Microplastics are spread in the environment all
over the world (Rocha-Santos and Duarte, 2015). The term
microplastics was first coined in 2004 to describe small-sized
particles of plastic generated due to breaking or weathering of
plastic articles (Thompson et al. 2004). The material plastic
was firstly fabricated from synthetic polymers in the early
nineteenth century (Andrady and Neal 2009). Due to its useful
properties, plastic production increased drastically from 1.5
million tonnes in 1950 to about 368 million tonnes in 2019
(Verla et al. 2019; PlasticEurope 2018).

Plastics are polymerized organic compounds extracted
from oil or gas (Cole et al. 2013). According to the size of
the plastics, they can be categorized in five groups, namely,
megaplastics (> 1 m), macroplastics (< 1 m), mescoplastics
(<2.5 cm), microplastics (MPs) (<5 mm) and nanoplastics
(NPs) (<1 pm) (Chatterjee and Sharma 2019). MPs and NPs
are ubiquitous in the environment and are found in the air and
ocean, and on land all over the globe (Horton and Clark 2018).
MPs are important in pollution point of view since they are
persistent and pose a potential threat to all living beings as
well as to the environment (Horton and Clark 2018).

Some studies have reported harmful effects of MPs on
marine organisms, which also implies that MPs generated
from use or disposal of the huge number of masks in the
COVID-19 pandemic are a potential ecological risk (eSilva
et al. 2016; Welden and Cowie 2016; Gray and Weinstein
2017). Furthermore, due to consumption of seafood, the MPs
in marine organisms can find their way to human beings too.
Also, MPs were found to pass through the epidermis of the
mammalian gut and translocate to other tissues (Wang et al.
2019; Bisht and Negi 2020; Wang et al. 2020a, b). Above
this, in recent studies, microplastic concentrations as high
as 12 ug/ml have been reported in human blood (Heather
et al. 2022) as well as in human lung tissues (Jenner et al.
2022), suggesting that the MP pollution is no more just a
probable health risk, rather it has already reached to human

blood stream. Wearing masks potentially results in micro-
plastic inhalation, including microplastics inhaled from the
air and also from the materials of the masks. Masks are worn
over both the mouth and nose. Thus, during respiration,
the microplastic particles emanated from masks are very
likely to be inhaled by the user. A recent study conducted
by Li et al. (2021) also showed that inhalation risks of MPs
increased with improper use of masks.

Although advised otherwise, most people use the masks
multiple times. Except cotton and fashion masks, other
masks are not meant to be washed, cleaned and reused. How-
ever, due to factors like availability and affordability, it is a
very common practice to reuse the masks. The cleaning or
disinfection of masks is performed usually by simple wash-
ing, ultraviolet (UV) light irradiation, alcohol disinfection
etc. (Chua et al. 2020). Since the melt-blown fabric made of
polypropylene (PP) (Pu et al. 2018) used in masks is a fragile
material, washing it with water or disinfecting with alcohol
can lead to its degradation creating loose fibers or fractions
in its structure. Due to this damage to the fabric, the risk of
inhaling microplastics generated from masks increases. Still
it has become a very common practice to reuse the masks
after cleaning and disinfection (Song et al. 2020). It is this
practice of cleaning and reusing the masks or using them for
prolonged times than intended that can result in generation
of micro/nanoplastics from their material (Aragaw 2020;
Fadare and Okoffo 2020) which can ultimately be inhaled
by the user.

Some recent studies have reported microplastics in the
material of disposed and new masks (Jie et al. 2021). How-
ever, very few studies have reported the inhalable amount
of microplastic from the use of masks (Li et al. 2021). This
study was undertaken to estimate inhalable microplastics
exuded from various types of masks using real life-like res-
piration simulation experimental setup. Owing to the huge
extent of mask usage all over the world in last couple of
years and still continuing, this study will be very helpful for
future studies on effect and risks of mask-generated MPs on
human health.

Materials and methods

For assessing the microplastics exudation from face masks,
five types of commonly used COVID masks were selected.
For each type of mask, two categories were considered,
namely, new masks and used masks. The new category
masks were brand new unused masks while the used cat-
egory masks were reused. The 5 types of masks were the
following: cloth masks, N95 masks with plastic breathing
valve, N95 mask without valve, 3-ply surgical masks and
2-ply surgical masks. Experiments were repeated seven
times for each type of face mask (n=7). Surgical masks
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were reused for 3—4 times, while N95 and cloth masks were
reused for 5-6 times. The number of usage times for sam-
pling was decided based on a small survey amongst the vol-
unteers on number of maximum times the masks were used
(it was 6-7 times for surgical and about 12 times for cloth
and N95). Because the masks were discarded after using for
these maximum no. of times, they were posing no inhala-
tion risk to user after that. So, in order to account for the
exposure of user to microplastics exuded from used masks,
it was decided to sample the masks at halfway the maximum
usage time. It may be noted that the used N95 and cloth
masks were water washed, while surgical masks were reused
without any cleaning.

Experimental setup

A sample collection chamber (mouth piece) was designed
for holding the sample mask (Fig. 1). The sample masks
were tied firmly on the spherical end of the holder which
had grooves for inlet of air in the chamber. The inner side of
the chamber was connected by tubing to an air pump with
flow rate of 15 LPM, representing normal breathing rate
via a hollow cylindrical chamber. A glass fiber filter paper
preheated at 300 °C was placed at the end of the sampling
holder to collect the microplastics released from masks. To
ensure that there is no another possible source of MPs in the
system due to leakage etc., it was tested with a leak-proof
leather fabric. Also, the metallic chamber was preheated at
300 °C and checked for plastic contamination before the
experiment to ensure no pre-contamination. Additionally,
for few samples, we put a backup filter paper for collecting
the MPs leaching from the set up if any, and did not detect
any using fluorescence microscopy. The sampling was car-
ried out for 8 h for each sample mask. The microplastics
collected on filter paper were then stained using Nile Red
(NR) dye with concentration of 10 pg mL~! (in acetone)
with an exposure time of 30 min. NR was chosen for staining
due to its high solubility and strong fluorescence yield in a

Fig. 1 Setup for collection of
microplastics emitted from

masks Grooves
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wide range of organic solvents (Sitepu et al. 2012). Other
details of the sample preparation were as given by Tiwari
et al. (2019) and Maes et al. (2017).

Fluorescence microscopy

Fluorescence staining method can be easily and efficiently
used for detection of most common polymer fragments (i.e.
microplastics). Magnified fluorescence images of micro-
plastic particles of size as low as few micrometres can be
obtained with a fluorescence microscope. Additionally, this
method also rules out interference due to non-plastic items.

Each NR-stained filter paper was counted under micro-
scope (Zeiss make: Model-Axio imager Z2). The samples
were exited with UV rays and emission wavelengths were
processed using 4',6-diamidino-2-phenylindole (DAPI),
fluorescein isothiocyanate (FITC) and Texas red filters. The
images were post processed with MetaSystem: ISIS soft-
ware. Blank filter papers were also processed using same
method and the blank values were corrected for in the final
count.

Results and discussion
Total number of microplastics

The samples were observed under a fluorescence microscope
using 3 colour filters, namely green, blue and red (FITC,
DAPI, Texas Red), since different types of microplastics
emit different coloured fluorescence (Shruti et al. 2022).
There was large variation observed in number of MPs in
different types of masks as well as in samples of same type
of masks under different filters. Depending upon number
of the observed MPs, fifteen to twenty microscope images
for each filter paper were taken at random spots covering
the entire filter paper. The total number of MPs was then
calculated for total filter paper area, using average of those

Flow
Controller
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observed microscope images. The microscopic images of
samples with combined images of all three filters are shown
in Fig. 2 and Fig. 7 (In supplimentary material).

Table 1 shows the total number of microplastic parti-
cles observed per mask over a period of 8 h of sampling.
Amongst all the studied masks, the total number of MPs
ranged from 5421+ 1417 to 15,113 +3532. The number
of MPs emitting green, blue and red fluorescence ranged
from 1354 +510to 7916+ 1215, 566 + 161 to 3452 +926
and 662 + 167 to 5672 +2110 respectively. Amongst all

the masks, used 2-ply surgical masks showed the high-
est number of exuded MPs while 3-ply new surgical
masks showed the lowest. It was noted that the standard
deviations are high. However, they are in similar range
as reported by Chen et al. (2021) for MPs emitted from
masks in the environment. The largest average standard
deviation was observed for red emitting MPs, whereas
average standard deviations for other two colours as well
as for total MPs were similar to or less than Chen et al.
(2021).

Fig.2 Sample images of microplastics under fluorescence microscope (combined image of all three filters)

Table 1 Average number of
microplastic particles exuded Green Blue Red Total t-
from different types of masks Statistic
Mean | SD | Mean | SD | Mean | SD Mean SD
Cloth New 4581 | 1438 | 3082 | 906 ND* 7663 | 1696
1.2127
Cloth Used 3560 | 1649 | 2916 | 1049 ND 6477 | 1954
N95 (valve) New 5863 | 2044 | 2565 | 953 662 167 | 9092 | 2261
2.2860
N95 (valve) Used 7468 | 1947 | 3452 | 926 875 188 [ 11794 | 2164
N95 New 5123 | 1515 | 566 161 1711 689 | 7402 | 1672
3.0846
N95 Used 6964 | 1665 | 819 283 | 2625 | 1003 | 10407 | 1964
Surgical 3 Ply New | 1354 | 510 | 2463 | 1107 | 1604 | 723 5421 | 1417
4.9166
Surgical 3 ply Used | 2443 | 1126 | 2986 | 1272 [ 5672 [ 2110 | 11102 [ 2709
Surgical 2 ply New | 2280 [ 987 | 2110 | 887 | 2742 [ 1750 | 7132 [ 2196
5.0774
Surgical 2 ply Used | 7916 | 1215 | 1817 | 823 | 5380 [ 3212 | 15113 [ 3532

*ND, not detected
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In order to corroborate the findings, Student’s ¢ test was
used for significance testing. The statistic ¢ was calculated
using Eq. (1), assuming that the two populations under con-
sideration have the same standard deviation (Boddy and
Smith 2009).

X — X

Se o/~ ++ M

RIRS)

=

n ny

Here, x; and x, are means, S,,, is the pooled standard
deviation given by Eq. 2, and n, and n, are the sample sizes
(number of replicate analyses =7)
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The calculated values of ¢ for different mask types stud-
ied are shown in Table 1. The testing was done at the sig-
nificance level of 0.05 and 12 degrees of freedom which
corresponds to £, Value of 2.179. The test results show
that there was no significant difference (f <?_,..) between
results obtained for new and used cloth masks. This is
expected since cloth masks have shown decrease in the num-
ber of MPs in used masks. However, the results obtained for
all the other types of masks differ significantly (> 7)) at
confidence level of 95% as shown in Table 1.

The number of MPs emitting green fluorescence
were maximum amongst the three colours, and were
slightly more in total number than red and blue emitting
microplastics combined. It is reported that different types
of microplastics emit different coloured fluorescence (Shim
et al. 2016; Shruti et al. 2022). Thus, different colour data
can be useful for source identification as well as for tracing
of the microplastics trail from its origin to target. Below
is the compilation of fluorescence colour data according to
type of the microplastics stained with NR dye (Table 2).
The types of microplastics covered are LDPE: low-density
polyethylene, HDPE: high-density polyethylene, PE: poly-
ethylene, PP: polypropylene, EPS: expanded polystyrene,
PVC: polyvinylchloride, PET: polyethylene-tere-phthalate
and PA: polyamide.

Table 2 Fluorescence of different types of microplastics in different
colour filters with NR staining. Shim et al. (2016); Erni-Cassola et al.
(2017); Maes et al. (2017); Prata et al. (2019); Sturm et al. (2021);
Shruti et al. (2022)

Plastic type Green Red/orange Blue
LDPE, HDPE Yes Yes No
PE, PP and EPS Yes No No
PVC Yes Yes No
PET and PA No Yes Yes

@ Springer

It is evident from the observed data that most of the
microplastic types emit at least two different colours, though
with varying intensities (Shruti et al. 2022). None of the
microplastic type is observed to give fluorescence in all
three colours. Green emitting microplastics were found the
most in this study (average #4800), followed by red (average
#2600) and blue (average #2300). Thus, it can be said that
LDPE, HDPE, PE, PP, EPS and PVC are the most dominat-
ing types of MP polymers released from face masks. All
the types of masks were observed to contain MPs emitting
the all three colours of fluorescence. However, cloth masks
were an exception in which the MPs emitting red fluores-
cence were not observed in both new as well as used cloth
masks. Since cloth masks do not have any plastic layer, the
microplastics observed might have been due to impurity in
the material or due to plastic contamination during manu-
facture. With reference to Table 2, it can be inferred that the
MPs exuded from cloth masks could dominantly be PE, PP
and EPS, whereas from other types of masks, all the listed
MPs types are exuded.

Confirmation of plastic types using Raman and FTIR
spectra

The fabric materials of the masks were tested for their poly-
mer content using Raman and FTIR spectroscopy. It was
found that there was no difference in used and new mask
materials in terms of their Raman and FTIR spectra. This
is expected since the mask material only deteriorates in
strength, but its overall composition remains nearly same.
Raman spectra were recorded using 532 nm laser excita-
tion line with power on the sample ~1 mW. Appropriate
edge filter and a CCD-based 0.75 m (Andor Technology)
spectrometer with entrance slit width of ~50 um were used
to detect the scattered light. The Raman spectra of all the
sample mask materials are shown in Fig. 3. The spectra were
matched with Raman frequencies provided for polymers by
Furukawa et al. (2006) and Nikolaeva et al. (2017) and it
was found that both surgical and N95 masks showed poly-
propylene (PP) as the principle material of these masks. This
also matches with the coloured fluorescence data obtained
by fluorescence microscopy in this study. However, other
polymers were not identified using Raman spectra, and thus,
FTIR analysis was carried out for their determination using
an IR Affinity-1 spectrometer (Shimadzu, Japan).

The FTIR spectra of cloth, surgical and N95 mask fab-
rics are shown in Fig. 4. The spectra were matched using
inbuilt instrument library to identify possible polymer con-
tent. Same as that of Raman spectra, the FTIR spectra too
did not show any quantifiable polymer in cloth masks. This
shows that the microplastics emitted from cloth masks could
mostly be due to some minor external contamination or trace
impurity. The absence of polymer spectra in cloth masks
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Fig.3 Sample Raman spectra of surgical and N95 masks in both high- and low-frequency ranges

can be attributed to a basic difficulty we faced in the Raman
and FTIR spectroscopy for polymer detection in fabric.
The detection is surface based in these two techniques. So,
for other masks, where the whole fabric is made of plas-
tic polymers, placing the probe at any spot can detect their
polymer types. However, this becomes difficult for cotton
masks since these masks are mainly made of cotton fibres.
In reality, most of the masks claiming to be made of cotton
may have slight percentage of polyester so as to give some
water-resistant property to the fabric, but these plastic poly-
mers are present either as trace level impurity or as external
contamination in the fabric. Since it was observed that the
microplastics are in micrometer sizes, it is nearly impossible
to find one attached to the surface of cotton mask and then
positioning the probe there to get its FTIR/Raman spectra. It
may be noted that this does not mean that the cotton masks
do not contain plastic polymers, only that they are too low
in concentration to be detected as such.

The FTIR spectra of surgical masks showed polypropyl-
ene (PP) and polyamide (PA) as the most probable polymers
in its fabric. These two plastic types were also accompa-
nied with detection of probable polymer additives which are
mostly used for increasing the strength of plastic materials
during its manufacture. This detection also matches with the
fluorescent detection in which surgical masks showed all
three colour emitting MPs. It may be noted that both inner

side and outer side layers of both the surgical masks showed
same FTIR spectra.

For N95 masks, it was observed that the mask had mul-
tiple layers. Thus, the spectra were obtained for the outer
fabric as well as the largest inner fabric layer (since middle
layer fabric is made of melt-blown PP similar to surgical
masks, the spectra were same as surgical masks). Both the
spectra are shown in Fig. 4.

The outer layer (both fabrics, i.e. the one facing mouth
and the outward fabric, were found to be made from same
material) showed PP as the most possible polymer content in
the fabric. This result is in accordance with Chellamani et al.
(2013), Neupane and Giri (2020), Li et al. (2021) and Deng
et al. (2022). The inner fabric layer showed three possible
polymer frequencies, viz. PET, PE and PA. This observation
also matches with fluorescence microscopic data and thus it
can be inferred that the N95 material itself is the source of
different types of MPs exuded from the mask.

Percentage distribution of MPs in new and used
masks

Figure 5 shows the percentage distribution of different types
of microplastics in used and new masks of each type. The
percent distribution of different colour emitting microplas-
tics was observed to be nearly same in both used and new

@ Springer



35264

Environmental Science and Pollution Research (2023) 30:35258-35268

Cloth Mask:
- No polymers

................................................

Surgical Mask:

NF inner

: : 1) PP
5 ; 2) PA
: : 3) Polymer additives
o Lo il : Lh e T, : :
| ‘IIH J“" I I "“I" 'rl '
| Il 51‘ c q v 1.1} .' - . '. ,,_I.,
4000 " 2500 " 3000 2600 " 2000 170 1500 1250 1000 w0
SF green 1iem
'—| N95 inner layer: | [l I (AR Fay i iTTTmTeeeeey 7
4 1) PET : 'l
4 2)PE | ' M
#s | 3) PA || i A
p 11

po

<000
NF outer

=

N9S5 outer layer:
1) PP
2) Polymer additives

Fig.4 Sample FTIR spectra of cloth, surgical and N95 masks
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Fig.6 The percentage change
in number of MPs emitted from

new and used masks 300

250

200

150

Percentage

100

50

Cloth

Percent Difference of MPs in Used and New Masks

H Green

H Blue H Red

NO9S Valve N95 Surgical 3 Ply Surgical 2 Ply

masks for cloth, N95 with valve and N95 without valve
masks. The percentage of green emitting microplastics in
these three types of masks was approximately between 55
and 69%. N95 mask with valve had higher percentage of
blue emitting MPs than red emitting MPs while N95 without
valve had high percentage of red than blue. A noticeable
difference of percentage distribution amongst three types
of MPs between used and new masks was observed for the
2-ply and 3-ply surgical masks. In 3-ply surgical masks, the
red emitting MPs increased from 30% in new masks to about
51% in used ones while blue emitting MPs reduced from
about 45% in new to 27% in used. The green MP percentage
remained nearly unchanged. In 2-ply surgical masks, per-
centage of red MPs remained nearly unchanged, while green
MPs increased from 32% in new masks to 53% in used, and
blue MPs reduced from 30% in new to 12% in used. Of the
five types of masks, surgical masks have the most delicate
and poor-quality fabric. Thus, using them multiple times
over could result in different patterns of MPs released from
them.

Change in total amount of MPs in used and new
masks

It is clear from the data that over the time, there is change
in total amount of MPs released from the masks. Figure 6
shows the change in percentage of MPs exuded from used
masks vs those exuded from new masks. All the masks
except cloth masks were observed to exude higher number
of MPs in used masks than the new ones. It is evident from
the observation that multiple time use of masks results into
degradation and weathering of the mask material leading

@ Springer

to higher emission of MPs from the masks (Aragaw 2020;
Fadare and Okoffo 2020).

Cloth masks showed average 14% decrease in exuded
MPs in used masks than new ones for both green and blue
MPs. Red emitting MPs were not observed in either of the
used or new cloth masks. This shows that the MPs exuded
from the cloth masks could be just a contamination or impu-
rity attached to the mask fabric during time of manufacture/
transfer etc. The N95 masks with valve showed lowest aver-
age increase of 32% for all the three colour emitting MPs
in used masks. The highest percentage change in exuded
MPs was observed for both the 2- and 3-ply surgical mask
types. For 3-ply masks, the percentage of red emitting MPs
increased by about 254% in used masks followed by an
increase of 80% in green and 20% in blue emitting MPs.
In 2-ply masks, the highest increase was of around 245%
in the green emitting MPs followed by 105% increase in
the red emitting MPs. Surprisingly, the percentage of blue
emitting MPs was found to reduce by about 15% in the 2-ply
used masks than new ones. In case of absolute number of
total exuded MPs, the highest increase was observed in
2-ply surgical masks followed by 3-ply surgical masks, N95
masks and lastly N95 masks with valve respectively. Cloth
masks on the contrary showed decrease in absolute number
of exuded MPs after use.

Conclusion

Use of face masks as a preventive measure for spread of
the coronavirus. However, it could lead to inhalation of
microplastics particles by the user. It was found that over
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the period of 8 h of usage, all the types of commonly used
masks exude microplastics in thousands of numbers. The
number of microplastics exuded increases even more in
multiple times used masks. It was also concluded that dif-
ferent types of masks exude different types of microplas-
tics. It can be said that the fluorescence detection method
is a very simple and easy method for both qualitative and
quantitative measurements of the microplastics.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11356-022-24702-1.
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