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microplastic fibres and heavy
metals from disposable surgical face masks in
aqueous medium: the effect of physio-chemical
factors and shear forces

Soupam Das,a Anjali Shaw,a M. R. Sumaiya,b J. B. Jeevab and Amitava Mukherjee *a

Since the COVID-19 pandemic broke out, there has been a dramatic surge in the usage of disposable face

masks, and even though the pandemic has passed, discarded masks persist in aquatic systems where they

continue to release microplastic fibres. These masks are composed of plastic nonwoven fabrics and can

potentially contribute polypropylene (PP) microplastics to the environment. This investigation aimed to

assess the potential for these PP microplastics to be released into the water by disposable surgical face

masks under different parameters. This study systematically assesses various factors that may affect the

release of microplastic fibres into the natural aquatic environment. The initial investigation focused on

the impact of various hydro–chemical parameters, including pH levels (4, 7, and 9), ionic strength (IS) at

10, 50, and 100 mM, and humic acid (HA) concentrations (0.1, 1, and 10 mg L−1), to analyse the overall

release pattern of microplastic fibres from facemasks. The experimental findings demonstrate that pH,

ionic strength, and humic acid significantly influenced the release pattern of the fibres, with the highest

release observed at pH 9, 10 mM IS, and 0.1 mg L−1 HA. At higher IS and HA concentrations, the release

of microplastic fibres was lower compared to that at lower concentrations. This study also emphasises

the impact of varying shear stress levels on the release dynamics of fibres and co-contaminants like

heavy metals (HMs) from disposable surgical facemasks over different time intervals. Furthermore, the

release pattern of the microplastic fibres was examined in various natural water systems, including lakes

and seawater. Future studies will extend this work to longer exposure durations to better capture the

long-term release dynamics of microplastic fibres from masks.
1. Introduction

Throughout the COVID-19 pandemic, masks were essential to
everyday life, serving as the most effective barrier against
respiratory illnesses.1 Regardless of the increasing removal of
legal mandates for mask-wearing in public spaces by most
nations, individuals are nonetheless urged to continue using
masks to enhance personal hygiene and mitigate the risk of
viral transmission. Despite standardised protocols for the
disposal of masks by governments and organisations, a signi-
cant quantity is improperly discarded by the general pop-
ulation. Environmental concerns over disposable surgical face
masks are increasing because of the substantial amounts of
masks that have been carelessly discharged into various water
bodies during and aer the COVID-19 outbreak. These
disposed-used facemasks may serve as a source of microplastics
tute of Technology, Vellore, India. E-mail:
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the Royal Society of Chemistry
(MPs), nanoplastics (NPs), and other secondary pollutants or co-
contaminants.

Aer extensive research, polypropylene (PP) polymers have
been identied as the primary leachates emitted from dispos-
able face masks, potentially expediting the process by environ-
mental weathering.2 In deionised (DI) water under agitation,
disposable face masks have been seen to emit micro/nano
plastic particles/bres, heavy metals (such as Pb, Cd, and Se),
and organic contaminants, with predominating PP polymers.3

In numerous instances, a range of chemicals, such as plasti-
cisers and ame retardants, were routinely incorporated into
polymers to improve the characteristics of the materials.4

Furthermore, the degradation and fragmentation of poly-
propylene demonstrate sensitivity to photodegradation,
thermal exposure, and ambient oxygen.5 Regrettably, most of
these investigations were performed in DI water under simu-
lated physical circumstances. The impact of water conditions,
namely waters with varying chemical solutes, has seldom been
examined.6

The degradation of disposed masks occurs through natural
processes, including wind, water, and ultraviolet exposure,
RSC Adv., 2025, 15, 38811–38821 | 38811
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resulting in alterations to their physical and chemical charac-
teristics and the subsequent release of microplastics into the
ecosystem.7 The original polymer's surface exhibits increased
roughness due to weathering, resulting in heightened fragility
and an increased propensity to form small chips.8,9 It is essen-
tial to acknowledge that mechanical abrasion caused by water
and sediments can signicantly inuence weathering.10

According to Chen et al., (2021),11 masks emit more microbers
when subjected to underwater conditions and the ageing
process. Wang et al., (2021)12 indicated that the quantity
released from the middle layer surpasses that of both the inner
and outer layers.

To closely replicate the conditions under which discarded
masks might release microplastics in the environment, we
subjected commercially available single-use disposable surgical
masks to a range of typical external factors, including uctua-
tions in pH, ionic strength, and differing concentrations of
humic acid. The release of microplastics from masks was
assessed within a 90-min timeframe following exposure to
various parameters. We analysed the release kinetics of micro-
plastics and heavy metals emitted from the masks. Further-
more, the underlying factors contributing to the variation in the
release potential of microplastic bres were determined by
examining the mask's surface morphology using FTIR and
Raman spectroscopy. The experiments were carried out to
investigate the release of microplastics from masks under
various physiochemical parameters. In addition, heavy metals
present in the leachate were also analysed using ICP-OES. Data
were gathered to substantiate the potential for microplastic and
co-contaminant release under differing environmental condi-
tions, thereby offering a theoretical framework for under-
standing the environmental impact associated with the
improper disposal of masks aer the pandemic.
2. Materials and methods
2.1. Materials

Disposable surgical face masks have been purchased from local
pharmacy shops. The masks are 16.5 by 9 cm in size. Fig. S1
shows that the mask was blue. The masks were undamaged,
and they were still within their expiration date. Analytical grade
extra pure sodium chloride (NaCl) was acquired from SRL India
Pvt. Ltd (CAS Number 7617-14-5). Humic acid was procured
from Sigma-Aldrich (CAS Number 14808-60-7). The mechanical
geared stirrer used for agitation was acquired from REMI India.
All experimental experiments used ultrapure distilled water
(18.2 MU cm at 25 °C) from Pall Corporation, Ann Arbor,
Michigan, USA.
2.2. Preparation of humic acid stock solution

Humic acid (100 mg L−1) stock was prepared in double distilled
water (pH 7). The solution was subjected to a rotary shaker for
24 h to assure complete dissolution. The solution was ltered
using a 0.45 mm membrane lter to exclude particle debris. A
TOC Analyzer (TOC-L, Shimadzu) was used to ascertain the total
organic carbon content of the produced stock solution, which
38812 | RSC Adv., 2025, 15, 38811–38821
was conrmed to be 100 mg L−1. The stock solution was serially
diluted to achieve its intended working concentrations of 0.1, 1,
and 10 mg L−1.
2.3. Microplastic release experiments in the presence of pH,
ionic strength, and humic acid

The study aimed to establish whether shear force facilitates or
impedes the release of microplastic bres from face masks
under various physiochemical parameters. The release experi-
ments were investigated at different pH (4, 7, and 9), ionic
strengths (10, 50, and 100 mM), and humic acid concentrations
(0.1, 1, and 10 mg L−1). Three pH values (4, 7, and 9) were
selected to represent acidic, neutral, and alkaline conditions
commonly encountered in natural waters. Reported pH values
of rivers and lakes typically fall between 4–9, inuenced by acid
rain, carbonate buffering, and biological activity.39 A recent
study on microplastic degradation was conducted at pH 3, 7,
and 11, which are similar to the pH values used in our study.46

NaCl was used as the model electrolyte, with concentrations of
10, 50, and 100 mM. These NaCl concentrations approximate
the ionic strengths of low-mineral-content freshwater (∼10
mM), moderately mineralised rivers or groundwater (∼50 mM),
and estuarine waters (up to ∼100 mM).40 HA concentrations of
0.1, 1, and 10 mg L−1 were selected to represent natural levels of
dissolved organic matter. These values are consistent with the
dissolved organic carbon content reported in lakes and rivers
worldwide.41 Moreover, the chosen ionic strength and humic
acid concentrations were based on values reported in previous
literature on microplastic transport and degradation.47

A mask was fragmented and placed into the distilled water
glass beaker. The pH of water was adjusted to acidic or basic
ranges using 0.1 N HCl or NaOH solution. Additionally, the
ionic strength of water was modied by adding 10, 50, or
100 mM NaCl solutions. The original humic acid stock solution
was diluted by serial dilution to reach the desired working
concentrations of 0.1, 1, and 10 mg L−1. A geared stirrer was
positioned in the centre of each glass beaker to simulate the
effect of shear stress on the bre release pattern. Rotational
rates of 150 and 400 rpm were selected to replicate the slow and
fast ows found in natural water bodies with 150 and 400 rpm
corresponding to a ow velocities of ∼0.23 m s−1 and
∼1.26 m s−1 respectively.13 Distinct experiments were per-
formed for 15, 30, 45, 60, 75, and 90 min, respectively as this
study was designed as a short-term investigation. Since micro-
plastic bres from face masks are expected to continue
releasing over time without a clear end-point, the focus here was
not on long-term release but rather on capturing the short-term
dynamics within a controlled timeframe. The characteristics
and duration chosen for the research adhere to the interna-
tional norms outlined in OECD test guideline (TG) No. 318.14

While guideline (TG) No. 318 applies formally to nanomaterials,
here we used its agitation and medium-selection framework as
methodological inspiration to evaluate the initial release phase
of mask bres and leachates over 90 min.45 Previous literature
has shown that this guideline has primarily been applied to
nanomaterials,51 and in our study, it served as a reference
© 2025 The Author(s). Published by the Royal Society of Chemistry
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framework. This shorter timeframe was chosen to capture early-
stage detachment processes prior to signicant chemical
ageing, and to provide a baseline reference for subsequent
longer-term studies. Different pH levels, ionic strength, natural
organic matter (humic acid), and a comparative examination of
microplastic bre and heavy metal release under dynamic
stresses could strengthen understanding of the leachate release
pattern from masks.

2.4. Microplastic release experiments in environmental
water samples

Experiments were performed to examine the release patterns of
microplastic bres from face masks in freshwater and marine
environments to simulate environmental conditions. Lake
water as a freshwater medium was collected from VIT Lake,
Vellore, Tamil Nadu, India. The lake water was passed through
various ltration methods and sterilised before being used for
the experimental purpose.15 Natural seawater as a marine water
medium was collected from Rameshwaram, Tamil Nadu, India.
Our previous studies have mentioned seawater ltration and
sterilisation.16 The physiochemical characteristics of the envi-
ronmental water samples are shown in Table S1. Mask pieces
were added to each environmental water sample in a glass
beaker, and shear stresses were applied as described in the
experimental section.

2.5. Quantication and identication of the leached
microplastics

Microplastics in DSFML released at various time intervals (15,
30, 45, 60, 75, and 90 min) were counted by observation under
an optical microscope (Leica DM 2500). The leachate samples
were ltered using a 0.45 mm nitrocellulose membrane lter.
The lter paper was dried and examined under an optical
microscope to count the bres. We developed a precise MATLAB
algorithm to count the microplastic bres visible in the
microscopic images accurately.17

The microscopic images are read from their respective
directories and individually processed to extract only the
microscopic data. A threshold value is calculated for each image
to binarise it. This process is repeated for all images. The
microbres are then identied by analysing their connected
components, and each particle is labelled and counted. Refer to
Fig. S2 for the owchart detailing the algorithm used to write
the MATLAB code.

Fourier-transform infrared (FTIR) spectroscopy was used to
thoroughly examine the surface chemical groups in the leachate
samples. The dried bres on the lter paper were analysed by
high-precision FTIR equipment (IR Spirit; Shimadzu, Japan)
and compared to plastic standards provided by the reference
library.17 The study was performed at 15-min intervals for up to
90 min to observe any spectral variations. We performed
carbonyl index (CI) and hydroxyl index (HI) variation analyses to
assess the photo-oxidative breakdown of microplastics from
face masks. The CI and HI were calculated by the ratios of the
absorbance peaks from FTIR at 1718 and 3340 cm−1 relatives to
the peak at 974 cm−1, respectively.
© 2025 The Author(s). Published by the Royal Society of Chemistry
Raman spectroscopy was conducted to ascertain the micro-
plastics released from the leachates. The bres on the lter
paper were dried and analysed using Raman spectroscopy
(wavelength: 785 nm; spectral range: 300 to 3200 cm−1) (Anton
Paar, Cora 5001, Austria). The classication of plastic kinds was
determined by comparing the acquired spectra to the specied
standards in the library database.11

Inductively coupled plasma-optical emission spectrometry
(ICP-OES) was utilised to identify heavy metals in nFML. Before
analysis, a 3 kDa membrane lter paper was used to separate
the microplastic bres from the leachate solution. The ltered
solution underwent ICP-OES analysis.

2.6. Quality assurance and control

All sampling and analytical equipment were thoroughly cleaned
in the laboratory using sterile deionized water. During
sampling, clean gloves and cotton lab coats were worn. Glass-
ware was acid-washed, rinsed with Milli-Q water, and heat-
treated at 400 °C to remove residual organic contaminants. To
minimize microplastic contamination, all tools and containers
were made of metal or glass. Additionally, the investigators
avoided any contact with materials similar to those used in the
mask.

2.7. Statistical analysis

All experiments in this research were conducted thrice. The data
sets are displayed as the average value and the standard devia-
tion, indicating the measure of variability. The graphs were
computed using GraphPad Prism version 8.0.

3. Results and discussion
3.1. Inuence of various environmental factors on the
release of microplastic bres from face masks

3.1.1. Inuence of pH. Fig. 1 displays optical microscopic
images of DSFML released at different pH aer 90 min. Irreg-
ularly shaped microplastic bres measuring between 1 ± 0.3
and 100 ± 2.1 mm were observed from the microscopic images.
Our previous research showed similar-sized microplastic bre
released from face masks.18–20 In contrast, prior research by Li
et al., (2021)21 indicated that traditional masks oen have bigger
plastic bres, ranging from 600 to 1800 mm. Fig. 4A and B
illustrate the number of microplastic bres released at various
time intervals under various shear stresses (150 and 400 rpm,
respectively) and at different pH levels (4, 7, and 9). Examina-
tion using a Matlab program on the microscopic pictures
revealed a gradual increase in the concentration of plastic bres
released into the leachate over time. At 0th min microplastic
bres were not observed under the microscope. The lowest
concentration was observed at 15 min, followed by steady
increases, resulting in the maximum concentration at 90 min
(Table S8). The ndings indicate that the most extensive bre
release occurred at pH 4, followed by pH 7 and 9 (Fig. 4A and B).
In addition, high shear stress (400 rpm) (Fig. 1B, D and F) led to
an increased release of bres compared to reduced shear stress
(150 rpm) (Fig. 1A, C and E). As the environment got more acidic
RSC Adv., 2025, 15, 38811–38821 | 38813
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Fig. 1 Microscopic images of microplastic fibres released from DSFML after 90 min at various pH (A) pH 4 150 rpm (B) pH 7 150 rpm (C) pH 9
150 rpm (D) pH 4 400 rpm (E) pH 7 400 rpm (F) pH 9 400 rpm.
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(pH 4–7), a higher quantity of MP bres was released. Both
acidic and alkaline environments seemingly facilitated MP
release, presumably due to the polymer's backbone being
susceptible to attack by OH− ions in alkaline environments and
H3O

+ ions in acidic ones. The hydrolysis of O–C–N bonds in the
polypropylene substance used in the mask was also a signicant
component22 moreover, smaller bres and particles (#100 mm)
were more abundant in the acidic environment. Nevertheless,
pH inuences surface charge and the ionisation state of func-
tional groups, which may weaken hydrogen bonding at bre
junctions. Under acidic or alkaline conditions, this can facili-
tate the detachment of loosely bound surface bres, explaining
the higher counts observed despite minimal chemical ageing.42

Previous researchers also observed a similar phenomenon,
where the number of microplastic bres released from themask
decreased with an increase in pH from 3 to 7, corroborating our
results.23

Fig. S3 displays the FTIR spectra of microplastic bres
released from DSFML at various time intervals (15, 30, 45, 60,
75, and 90 min), at differing pH levels (4, 7, and 9), and at two
different shear forces (150 and 400 rpm). The detected bands at
all-time intervals validated the existence of polypropylene
groups, as corroborated by comparison with a reference spectral
library. Raman spectroscopy conrmed the identication of
polypropylene in the released microplastics, exhibiting a 98%
similarity index relative to the Raman spectra reference library
38814 | RSC Adv., 2025, 15, 38811–38821
(Fig. S4). Prior research has established the FTIR and Raman
attributes of polypropylene microplastics originating from
surgical disposable face masks.5,17,24

The FTIR spectra at various intervals, across all pH condi-
tions and shear stresses, increased intensity at 1718 cm−1 and
3340 cm−1, corresponding to carbonyl and hydroxyl groups,
respectively. Fig. 5A and B depicted the CI variations of the
leachate under different pH values (Table S12). This indicates
a gradual rise in these functional groups, signifying the
improved breakdown of polypropylene bres during leaching.
The increase in carbonyl content with time was inconsistent,
corroborating earlier research.25 The HI values exhibited
a progressive rise from 1.010 at 15 min to 1.034 at 90 min,
paralleling the pattern in the CI index, indicating that the extent
of ageing did not inherently escalate with prolonged exposure
(Fig. 6A and B) (Table S16). This may be ascribed to the potent
inhibitory effects of antioxidant additives and the development
of oxygen-containing surface functional groups.6 Though the CI
and HI values have increased but the overall variation remains
low during the 15–90 min exposure, and the Raman and FTIR
spectra revealed no new characteristic peaks. This stability
reects the chemical robustness of polypropylene backbones
over short timescales, even under acidic or alkaline condi-
tions.37 However, bre counts increased markedly with higher
shear (400 rpm) compared to lower shear (150 rpm), indicating
that hydrodynamic agitation accelerates physical detachment
© 2025 The Author(s). Published by the Royal Society of Chemistry
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while the underlying chemical structure remains unchanged.
Thus, short-term release under varying pH is dominated by
shear-induced bre mobilisation rather than chemical ageing.48

Elemental analysis of DSFML revealed that trace quantities
of heavy metals were leached for both the shear stresses, i.e.
150 rpm (Table S2) and 400 rpm (Table S3). The results indicate
that only negligible amounts of Cd, Cr, Cu, Ni, and Zn were
released. A recent research by26 discovered that masks
immersed in freshwater for seven days emitted inorganic
chemicals, including B, Al, Ti, Fe, Cu, and Sr. The disparity in
released components between the previous research and the
current one may be ascribed to variations in mask composition
and the release medium.3 similarly indicated that the emission
of heavy metals and compounds from surgical masks may
uctuate depending on parameters such as mask composition,
time of exposure, and the release medium.

3.1.2. Inuence of ionic strength. Fig. 2 represents optical
microscopic images of microplastic bres in DSFML, released at
various ionic strengths under two different shear stresses. Fibre
sizes ranging from 1± 0.6 to 100± 2.6 mm can be observed. The
number of microplastic bres released at multiple time inter-
vals under different ionic strengths (10, 50, and 100 mM) and at
various shear stresses (150 and 400 rpm) are shown in Fig. 4C
and D, respectively. Using the Matlab program, a gradual
increase in the concentration of microplastic bres was
observed to be released into the leachate over time. The lowest
Fig. 2 Microscopic images of microplastic fibres released from DSFML af
150 rpm (C) IS 100 mM 150 rpm (D) IS 10 mM 400 rpm (E) IS 50 mM 40

© 2025 The Author(s). Published by the Royal Society of Chemistry
concentration level was observed at 15 min, followed by steady
increases, resulting in the maximum concentration at 90 min
(Table S9). The ndings indicate that the most extensive bre
release occurred at 10 mM, followed by 50 mM and 100 mM salt
concentrations. Furthermore, elevated shear stress (400 rpm)
(Fig. 2B, D and F) led to an increased release of bres compared
to reduced shear stress (150 rpm) (Fig. 2A, C and E). NaCl can
corrode plastics, but only to some extent. The melt-blown bres
were inadequately bonded during the melt-blowing process.
Nonetheless, interaction with the NaCl solution could lead to
the separation of bres, and polymer composites are also
adversely affected by the ageing impact of saline water on their
mechanical characteristics. It can be hypothesised that
immersion in saline solutions might damage the integrity of the
bre network within DFMs, consequently leading to an
increased release of microplastics.10,23,27 Noted a contrasting
trend; with an increase in ionic strength, there was a corre-
sponding increase in the release of microplastic bres from
surgical masks. Elevated ionic strength reduces electrostatic
repulsion between polymer surfaces and surrounding colloids,
promoting closer contact and mechanical separation.43 This
effect likely explains the observed increase in detached bres,
even in the absence of detectable chemical transformation.
Previous investigations indicated that the distinctive melt-
blown method used for the mask's intermediate layer
ter 90 min at various ionic strengths (A) IS 10 mM 150 rpm (B) IS 50 mM
0 rpm (F) IS 100 mM 400 rpm.

RSC Adv., 2025, 15, 38811–38821 | 38815
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enhanced ltering effectiveness but also resulted in signicant
emissions of microplastics.28,29

Fig. S5 shows the FTIR spectra of microplastic bres released
from DSFML at various time intervals (15, 30, 45, 60, 75, and 90
min) at differing NaCl concentrations (10, 50, and 100 mM) and
shear forces (150 and 400 rpm). The detected spectral bands of
the microplastic bres released at different intervals conrmed
the presence of polypropylene groups by comparing them with
a reference spectral library. The intensity of the FTIR spectral
bands was also found to increase slightly over time. Raman
spectroscopy also conrmed the identication of polypropylene
in the released microplastics, exhibiting a 96.9% similarity
index relative to the Raman spectra reference library (Fig. S6).

The FTIR spectra at various intervals, across all ionic
strength conditions and shear stresses, increased intensity at
1718 cm−1 and 3340 cm−1, corresponding to carbonyl and
hydroxyl groups, respectively. Similar to the pH parameter, the
increase in carbonyl content with time was inconsistent (Fig. 5C
and D) (Table S13). Also, the HI values exhibited a progressive
rise from 15min to 90 min, paralleling the pattern in CI (Fig. 6C
and D), indicating that the extent of ageing did not inherently
escalate with prolonged exposure (Table S17). Ionic strength
primarily inuenced the dispersion and detachment of bres,
with higher counts consistently detected under stronger agita-
tion (400 rpm). These experimental results conrm that NaCl
concentration modulates the physical stability of the
Fig. 3 Microscopic images of microplastic fibres released from DSFML
150 rpm (B) HA 1 mg L−1 150 rpm (C) HA 10 mg L−1 150 rpm (D) HA 0.1

38816 | RSC Adv., 2025, 15, 38811–38821
microplastic bres in the suspension, while shear force dictates
the rate of their release, and neither factor produced measur-
able oxidation of polypropylene within the experimental
timeframe.38

Elemental analysis of DSFML revealed that trace quantities
of heavy metals leached from the masks (Table S4 and S5). The
results indicate that only insignicant amounts of Cd, Cr, Cu,
Ni, Pb and Zn were released under both the shear stresses (150
and 400 rpm). Minute differences in heavy metal concentrations
between 150 and 400 rpm of shear stresses were observed.

3.1.3. Inuence of humic acid concentrations. In the
natural environment, HA constitutes about 50% of dissolved
organic matter as a complexly organised polyelectrolyte mole-
cule.30 Fig. 3 displays optical microscopic images of micro-
plastic bres in DSFML, released at various HA concentrations
under two different shear stresses (150 and 400 rpm). Here also.
The bre sizes ranging within 100 ± 3.6 mm can be observed.
The number of microplastic bres released at various time
intervals under different HA concentrations (0.1, 1, and
10 mg L−1) and at various shear stresses (150 and 400 rpm) are
shown in Fig. 4E and F, respectively. Using the MATLAB
program, we observed a gradual increase in the concentration of
microplastic bres was observed to be released into the leachate
over time. The lowest concentration level was observed at
15 min, followed by steady increases, resulting in the maximum
concentration at 90 min (Table S10). The ndings indicate that
after 90 min at various humic acid concentrations (A) HA 0.1 mg L−1

mg L−1 400 rpm (E) HA 1 mg L−1 400 rpm (F) HA 10 mg L−1 400 rpm.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Concentration of microplastic fibres released at different time points under shear forces at different physio-chemical factors (A) pH-
150 rpm (B) pH-400 rpm (C) IS-150 rpm (D) IS-400 rpm (E) HA-150 rpm (F) HA-400 rpm (G)environmental water-150 rpm (H) environmental
water-400 rpm.
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the most extensive bre release occurred at 10 mg L−1, followed
by 1 mg L−1 and 0.1 mg L−1 of HA concentrations. Furthermore,
elevated shear stress (400 rpm) led to an increased release of
bres (Fig. 3B, D and F) compared to reduced shear stress (150
rpm) (Fig. 3A, C and E). The presence of natural organics (0.1–
10 mg L−1) enhanced bre release relative to DI water. Humic
acid molecules can adsorb onto polypropylene surfaces, modi-
fying surface hydrophobicity and providing steric stabilisation
that prevents re-aggregation.44 These interactions favour the
physical dispersion of released bres, though they did not
trigger detectable chemical modication during the experi-
mental window. Previous researchers also observed similar HA
effects on microplastic bre release from masks.23 They noted
a strong correlation between high HA content and the release of
© 2025 The Author(s). Published by the Royal Society of Chemistry
microplastic bres from the mask. HA facilitated the release of
MPs from the masks. Fibre MPs mostly ranged in size from 100
to 500 mm and 500 to 1000 mm, although ner bres (#100 mm)
were seldom observed. The administration of HA produced
a somewhat acidic environment. Concurrently, HA could
improve the movement of MPs by amplifying electrostatic and
steric repulsion. MPs exhibited a negative charge in the natural
environment, and the surface potential of released MPs may
become more negative with higher concentrations of HA.31

Fig. S7 displays the FTIR spectra of microplastic bres
released from DSFML at various time intervals (15, 30, 45, 60,
75, and 90 min) at differing HA concentrations (0.1, 1, and
10 mg L−1) and shear forces (150 and 400 rpm). The detected
bands at all-time intervals validated the existence of
RSC Adv., 2025, 15, 38811–38821 | 38817
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Fig. 5 CI variation at different time points under shear forces at different physio-chemical factors (A) pH-150 rpm (B) pH-400 rpm (C) IS-150 rpm
(D) IS-400 rpm (E) HA-150 rpm (F) HA-400 rpm (G)environmental water-150 rpm (H) environmental water-400 rpm.
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polypropylene groups, as corroborated by comparison with
a reference spectral library. The intensity of the FTIR spectral
bands was also found to increase slightly over time. Raman
spectroscopy conrmed the identication of polypropylene in
the released microplastics, exhibiting a 96.9% similarity index
relative to the Raman spectra reference library (Fig. S8).

The FTIR spectra at various intervals, across all HA concen-
trations and shear stresses, increased intensity at 1718 cm−1

and 3340 cm−1, corresponding to carbonyl and hydroxyl groups,
respectively. Similar to the pH parameter, the increase in
carbonyl content with time was inconsistent (Fig. 5E and F)
(Table S14). Also, the HI values exhibited a progressive rise from
15 min to 90 min, paralleling the pattern in CI (Fig. 6E and F),
indicating that the extent of ageing did not inherently escalate
with the given exposure (Table S18). This was mainly because
38818 | RSC Adv., 2025, 15, 38811–38821
HA can change the surface roughness of the PP-made masks,
thereby increasing the oxygen-containing functional groups on
its surface.32 Our previous study showed increased CI and HI
values when N95 face masks interacted with lake water having
natural organics.20 Natural organics likely enhanced bre
release through surface interactions, with pronounced
increases in particle counts especially under higher shear.49 Yet,
even in the presence of natural organic matter and strong
agitation, the chemical indices remained stable, reinforcing
that short-term exposure mobilises bres physically but does
not trigger detectable chemical transformation of the polymer.50

Elemental analysis of DSFML revealed that trace quantities
of heavy metals leached from the masks (Table S6 and S7). The
results indicate that only minute amounts of Cd, Cr, Cu, Ni, Pb
and Zn were released under both the shear stresses (150 and 400
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 HI variation at different time points under shear forces at different physio-chemical factors (A) pH-150 rpm (B) pH-400 rpm (C) IS-150 rpm
(D) IS-400 rpm (E) HA-150 rpm (F) HA-400 rpm (G) environmental water-150 rpm (H) environmental water-400 rpm.
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rpm) similar to the conditions of pH and ionic strengths.
Minute differences in heavy metal concentrations were
observed between 150 and 400 rpm of shear stresses.

3.2. Release behaviour of microplastics from face masks in
different environmental waters

The time-dependent release of microplastic bres under varying
shear stresses (150 and 400 rpm) across two different environ-
mental waters (Lake and Sea water) is illustrated in Fig. S9. The
highest microplastic bres were released in the lakewater, fol-
lowed by Sea water. Additionally, it was observed that applying
high-shear stress (400 rpm) results in a more signicant release
of bres from the mask compared to low-shear stress (150 rpm)
(Table S11). Similarly, the CI and HI indices also increase over
time, indicating greater degradation of microplastic bres from
the masks. In a lake water environment, factors like pH and
© 2025 The Author(s). Published by the Royal Society of Chemistry
natural organics can inuence the release of microplastic bres
from the masks. Previous research indicates that face masks
might emit many microplastics, even in freshwater ecosystems
like lake water.7,33 The release of PP into the lake water was
much greater than that in seawater. Generally, lake water had
much more organic carbon than other natural water sources,
which may be attributable to high humus content. Lakes oen
get a more signicant input of organic matter from adjacent
terrestrial sources, such as decomposing ora and fauna, while
the open ocean exhibits a more diluted dispersion of organic
matter owing to its extensive volume.34,35 The increased release
of PP plastic bres in lake water compared to seawater may be
attributed to weathering from chemical oxidation.36 On the
other hand, lake waters showed elevated pH levels compared to
seawater, perhaps accelerating the breakdown and release of
microbers, resulting in a proliferation of smaller plastic bres.
RSC Adv., 2025, 15, 38811–38821 | 38819
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Our previous research reported microplastic bres released in
lake water from disposable surgical face masks.18,19

4. Conclusion and limitations

This study assessed the release pattern of leachates from
disposable surgical face masks in an aqueous medium,
including essential environmental physicochemical parame-
ters. Incorporating natural organic matter into the water system
and modifying pH levels increased the concentration of
microplastic bres in the leachates. The principal results of this
work demonstrate that humic acid-induced repulsive forces
stabilised leachate release, leading to an increased concentra-
tion of bres in the leachate. Moreover, it may be inferred that
salt content was also a signicant factor inuencing the release
of PP microplastic bres. An increased release of microplastic
bres in the leachate was seen at high ionic strengths. More-
over, shear stresses were exerted at low and high stirring
velocities to replicate the natural dynamic aquatic systems.
Elevated shear stresses enhance the release of microplastic
bres in the leachates. It should be noted that this study was
conducted using a single type of commercially available surgical
mask in order to maintain consistency across experiments.
However, variations in mask type and brand, including differ-
ences in polymer composition, additives, and manufacturing
processes, may inuence both the concentration and compo-
sition of released microplastics and heavy metals. Conse-
quently, the release pattern observed in this work may differ
from those associated with other mask types, and future studies
should consider inter-brand and inter-type comparisons to
capture this variability more comprehensively. It is essential to
acknowledge that this study's results, computations, and
analytical methods are contingent and only relevant to waters
with similar characteristics. To better understand the leachate
release behaviour from face masks in aquatic environments,
this behaviour may be investigated over extended durations in
large-scale aquatic systems.

Author contributions

Soupam Das: investigation, methodology, visualization, formal
analysis, writing original dra; Anjali Shaw: investigation,
methodology, formal analysis; Sumaiya M. R.: soware, formal
analysis, data curation; Jeeva J. B.: soware, formal analysis,
data curation, resources, writing- review and editing; Amitava
Mukherjee: conceptualization, methodology, supervision,
project administration, writing- review and editing.

Conflicts of interest

There are no conicts to declare.

Data availability

The main text and the supplementary information (SI) contains
all the data. Supplementary information is available. See DOI:
https://doi.org/10.1039/d5ra06197k.
38820 | RSC Adv., 2025, 15, 38811–38821
Acknowledgements

We acknowledge the assistance of the inductively coupled
plasma-optical emission spectrometry facility at IIT Madras.
This work was supported by the Council of Scientic & Indus-
trial Research (CSIR), Ministry of Science & Technology, Govt. of
India (File No.-09/0844(18217)/2024-EMR-I).

References

1 J. Ahmed, A. Harker and M. Edirisinghe, Med. Devices Sens.,
2020, 3, e10120.

2 H. Du, S. Huang and J. Wang, Sci. Total Environ., 2022,
152980.

3 G. L. Sullivan, J. Delgado-Gallardo, T. Watson and S. Sarp,
Water Res., 2021, 196, 117033.

4 A. Bodaghi, Polym. Adv. Technol., 2020, 31, 355–367.
5 A. Jemec Kokalj, A. Dolar, D. Drobne, M. Marinšek,
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