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The widespread use of polymers across various industries has led to significant
microplastic pollution in marine environments, with millions of tons of
microplastics being released annually. This study examines the contribution of
coatings particles released from commercial ships, to marine microplastic
pollution. Key sources of these microplastics include the weathering and
abrasion of coatings during ship maintenance activities. Marine coatings, which
are rich in polymers such as polyurethanes and epoxies, are released into the
ocean through processes like normal wear and tear, damage, in-water cleaning,
and removal of old paint layers. Our research indicates that the global shipping
sector could be a substantial contributor to microplastic pollution, potentially
releasing thousands of tons annually. Predictive modeling identifies bulk carriers
as the largest contributors, followed by tankers, containerships, and cargo
vessels. This study also finds that manual biofouling cleaning by divers
generates more microplastics than cleaning using mechanized in-water
cleaning (IWC) systems with debris capture. Mitigation strategies, such as
alternative cleaning methods and improved waste capture and processing, are
proposed, but their effectiveness remains uncertain due to implementation
challenges. A multidisciplinary approach and coordinated global efforts are
essential to develop effective strategies for reducing microplastic pollution
from ship coatings and protecting marine ecosystems.
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1 Introduction

Current global estimates suggest that millions of tons of
microplastics are released into marine ecosystems annually
(Boucher and Friot, 2017; Paruta et al., 2022), posing significant
threats to biodiversity and ecosystem health. These primary sources
of ocean microplastics include pellets or particles from: (a)
manufacturing, transport, and recycling processes; (b) synthetic
textiles shed by laundry abrasion; (c) tire wear and abrasion; (d)
weathered road markings and coatings; (e) residues from personal
care products; and (f) urban dust generated by various processes
(Boucher and Friot, 2017). While terrestrial sources are commonly
regarded as the major contributors, ocean-based activities such as
shipping, aquaculture, and fisheries also significantly contribute to
direct ocean microplastic release (Peng et al., 2022). Among these,
microplastics associated with marine coatings can range from a few
hundred to millions of tons per year (Verschoor et al, 2016;
Boucher and Friot, 2017; Hahn et al., 2018; Galafassi et al., 2019;
Paruta et al., 2022; Kim et al., 2024b).

Paint or coating particles are significant contributors to
microplastic pollution due to their polymer backbones, which
serve as binding agents. These polymers include alkyls, epoxies,
polyurethanes (PU), polyesters, polyacrylates, and polystyrenes (PS)
(Gaylarde et al., 2021). Microplastics from marine coatings are
released through various pathways, including normal wear,
unintended paint damage, removal of old paint layers during
maintenance activities like sanding and abrasion, and rinsing of
painting tools (Tamburri et al., 2022). Furthermore, recent studies
suggest that additives in coatings, such as antifouling metals,
booster biocides, pigments, and corrosion inhibitors, increase the
persistence and environmental impacts of paint particles, posing a
threat to marine life and food webs (Singh and Turner, 2009; Gade
et al., 2012; Soroldoni et al., 2017, 2020; Soon et al., 2021a; Soon
et al.,, 2021b; Soon et al,, 2023). Although microplastic release from
ship coatings has been previously considered (e.g., Tamburri et al.,
2022), an assessment of possible microplastic loads associated with
common ship maintenance activities has not been conducted.

Biofouling on ship surfaces negatively impacts vessel
performance and fuel efficiency, and directly contributes to
increased exhaust emissions and the spread of non-indigenous
species (NIS) (e.g., Tamburri et al., 2020). Anti-fouling coatings,
the primary strategy for managing biofouling, typically last about
five years but do not prevent biofouling on all surfaces, particularly
as the coatings age, during prolonged stationary periods, or on
surfaces unsuitable for coating (Tamburri et al,, 2021; ACT/MERC,
2022). To address these limitations, many commercial ships employ
in-water cleaning (IWC) to actively remove biofouling, thereby
improving operational efficiency and reducing the risk of
transporting NIS (Scianni and Georgiades, 2019; Tamburri et al.,
2020; Scianni et al., 2023). While IWC is essential for maintaining
vessel efficiency and performance, it can inadvertently release
coating particles into the surrounding water (Tamburri et al,
2021; Lim et al,, 2023). The abrasive action of cleaning tools, such
as brushes and water jets, can dislodge small fragments of paint
(USEPA, 2011; Tamburri et al., 2021). These small particles can
remain suspended in the water and may be transported over long

Frontiers in Marine Science

10.3389/fmars.2024.1502000

distances by currents, amplifying their impact on marine
ecosystems (Muller-Karanassos et al., 2019; Turner et al., 2022).

Though IWC has been known to abrade antifouling coatings,
releasing contaminants into the marine environment (e.g., Valkirs
et al,, 2003; Inglis et al., 2012; Morrisey et al., 2013; Earley et al.,
2014), its contribution to ocean microplastic pollution remains
poorly understood (Tamburri et al., 2022). Studies indicate that
IWC can release substantial quantities of particles into coastal and
open ocean waters, ranging from 23.8 to 267.3 mg/L of suspended
solids (Soon et al., 2021b, 2023). These particles predominantly
consist of coating fragments dislodged during the cleaning process.
The amount of particles released during IWC is influenced by
several factors, including the frequency of cleaning, the type and
condition of antifouling paints, and the specific techniques used
(Krutwa et al.,, 2019). The mechanical removal of biofouling can
generate particles ranging from nanometers to several millimeters
in size. Moreover, the accumulation of coating layers on ship
surfaces over time, due to continuous painting without proper
removal, can lead to higher release rates during cleaning, as aged
and degraded paint layers are more easily detached (Oliveira and
Granhag, 2020). These polymer-rich particles can persist in the
environment, posing risks to marine life through direct exposure
and ingestion (Soroldoni et al., 2020). Additionally, IWC systems
themselves may serve as a source of microplastic, with the most
obvious being the wearing of nylon brushes (Tamburri et al., 2021).

This study aims to better understand the multifaceted dynamics
of microplastic release from IWC of ship coatings. Through initial
examinations of IWC processes, this study helps to elucidate the
intricate pathways through which ship coatings contribute to
microplastic pollution and provides preliminary estimates of
microplastic release from ships, thereby laying a foundation for
targeted mitigation strategies.

2 Method

In this study, data from previous research were collected and
analyzed to estimate the total release of plastics resulting from IWC
activities on ships. The dataset comprised three primary
components: total suspended solids (TSS) release rates from Soon
etal. (2021b, 2023), the estimated number of ships from the United
Nations Conference on Trade and Development (UNCTAD, 2023),
and the mean wetted surface area (WSA) by ship type, as reported
by Moser et al. (2016).

The release rate refers to the release of materials from the
specific unit area of a ship’s hull during IWC, which was captured as
wastewater during sample collection. These data were utilized to
calculate the total plastic release associated with IWC activities.

The microplastic release rate was determined using the
following formula:

g 8

Plastic release rate (—2> =TSS release rate (—2) X a
m m

a: Proportion of paint particle. This formula assumes that the
majority of total suspended solids (TSS) in wastewater is coating
particles released during IWC, given the type of biofouling that was
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removed (i.e., soft biofilms and occasional light macroalgae). Other
sources of TSS (i.e., ambient water particulates) will be present, but
their contribution is likely relatively small in this context. Therefore,
release estimates were generated using two coating particles
proportion of TSS: (a) 50% at the likely lower end, and (b) 100%
as a worst-case scenario. This formula is also based on the definition
of microplastic put forward by Tamburri et al. (2022), which states
that coating-associated microplastics are any particle containing
>10% polymer content (i.e., all current marine coatings, which have
polymer concentrations ranging from 10-90%), with the entire mass
of the particle considered a microplastic. This is also consistent with
Kim et al. (2024b) who found that paint particles produced during
hull cleaning consist of 97.9% acrylate.

The total plastic release due to IWC was then calculated using
the equation:

Total plastic release per year (kg/yr)

= Total WSA of global ships (mn?)

k
X Plastic release rate (%)
m

x Frequency of hull cleaning annually

3 Results — case studies

Analyses of particle release from IWC activities can provide
valuable insights into microplastic pollution resulting from ship
biofouling management. While several new proactive and reactive
IWC systems (both with and without debris capture options) have
become available in recent years (e.g., Scianni and Georgiades, 2019;
Tamburri et al., 2021), the great majority of ship IWC currently
being carried out around the world is still done by divers with
handheld cleaning devices. Previous studies have sampled and
analyzed particulate matter from two types of IWC processes: (a)
manual handheld cleaning by a diver using a brush (bristles made of
nylon, 25 mm x 1 mm @, 30 bristles/cmz), and (b) commercially
available mechanized remotely operated vehicles (ROV) equipped
with rotating brushes and a suction debris collection and filtration
system. In the diver-based manual cleaning process, quadrats (50
cm x 50 cm) were used to estimate the cleaned area, and samples of
released debris were collected by a hose and pumped to shore. The
TSS release rate from the study ranged from 12.9 to 37.5 g/m>. The
ROV-based IWC system involved a suction debris capture
approach where wastewater passed through a filtration system to
remove particles of various sizes. Samples were collected both
before and after the physical separation of particles on the ROV-
based IWC system, with TSS release rates ranging from 1.64 to 3.29
g/m* and 0.38 to 0.84 g/m”, respectively. Detailed sample collection
methodology is available in Soon et al. (2021a, 2023).

Despite efforts to minimize particle emissions from ship
biofouling IWC, studies consistently found particulate matter in
all effluent samples, with red paint particles being the predominant
component (Soon et al., 2021a, 2023). An analysis of total
suspended solids (TSS) in wastewater from IWC trials revealed
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higher TSS release rates during diver-based scrubbing (ranging
from 12.9 to 37.5 g/m’) compared to ROV-based cleaning
(ranging from 1.64 to 3.29 g/mz) (Table 1). This difference is
likely due to the more intense cleaning performed by divers
compared to the broader, less concentrated cleaning by ROVs.
ROV-based cleaning with a debris capture and processing system
demonstrated even lower TSS release rates, ranging from 0.38 to
0.84 g/m? (Table 2).

Visual examination of samples indicated distinct red-colored
coating particles mixed with seaweed in influent IWC samples,
while effluent samples primarily contained red paint particles
(Figure 1). Given the prevalence of red paint particles in effluent
solids, the release rate of these particles can be quantified based on
the TSS release rates. However, TSS also often includes particulate
matter other than paint particles, such as plankton, detritus, and
fine sediments. To refine the estimates of paint particles, we
adjusted for organic matter contributions using a conversion

TABLE 1 Release rates of plastics from ship paint during in-water
cleaning (IWC) without effluent treatments.

Case Type TSS Proportion of Plastic
of release paint particle © release rate
IWC rate (g/m?)
(Diver/  (g/m?)
ROV)

I ROV 1.64 05 0.82
1.0 1.64
2 ROV 2.00 05 1.00
1.0 2.00
3 ROV 3.29 05 1.65
1.0 329
4° Diver 12.9 0.5 6.45
1.0 12.90
5° Diver 17.3 0.5 8.65
1.0 17.30
6" Diver 375 0.5 18.75
1.0 37.50
7° Diver 35.2 0.5 17.60
1.0 35.20
min ROV 1.64 0.82
max 3.29 329
mean 2.31 1.73
min Diver 12.90 6.45
max 37.50 37.50
mean 25.74 19.29

“Case studies are based on Soon et al. (2023), with total suspended solids (TSS) release rates as
reported in their study;

bCase studies are based on Soon et al. (2021a), with TSS release rates as reported in their study;
“It is assumed that the particles in the wastewater predominantly consist of paint particles,
with a value of 1.0 applied to simulate a worst-case scenario for paint particle release.
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TABLE 2 Release rates of plastics from ship paint during in-water
cleaning (IWC) with effluent treatments.

Case Type TSS Proportion Plastic
of release of paint Ear— release rate
IwC rate ticle (g/m?)
(Diver/  (g/m?)
ROV)
IS ROV 043 0.5 022
1 043
2 ROV 0.84 0.5 0.42
1 0.84
3 ROV 038 05 0.19
1 038
min 0.38 0.19
max 0.84 0.84
mean 0.55 0.41

“Case studies are based on Soon et al. (2023), with total suspended solids (TSS) release rates as
reported in their study;

"It is assumed that the particles in the wastewater predominantly consist of paint particles,
with a value of 1.0 applied to simulate a worst-case scenario for paint particle release.

factor for coating particles: 50% of TSS for the lower-end estimate
and 100% for the worst-case scenario (Tables 1, 2). We then
estimated the plastic release rate (g/m’) using the formula
outlined above in the method section. This approach allows us to
approximate the release rates of coating-derived microplastics from
each cleaning event, including those with debris capture and
treatment systems, as shown in Tables 1 and 2.

Based on our predictive modeling, the estimated minimum
microplastic release rates from IWC conducted by ROV (with
rotating brush and debris capture) and by diver (scrubbing with a

FIGURE 1

In-water cleaning (IWC) effluent samples before (A) and after (B) debris treatment. The pre-treatment sample (left) shows dispersed red paint
particles mixed with seaweed, while the post-treatment sample (right) predominantly contains red paint particles.

10.3389/fmars.2024.1502000

handheld brush) are 0.82 g/m® and 6.45 g/m? respectively.
However, in worst-case scenarios, the release rates from IWC by
ROV and diver could reach 3.29 g/m” and 37.50 g/m?, respectively,
with rates stabilizing at 0.84 g/m? after effluent treatment. Not
surprisingly, on average, IWC conducted by divers shows a higher
mean release rate of 19.29 g/m> compared to ROV-based cleaning,
which averages 1.73 g/m> After the IWC system’s physical
separation of particles, these average release rates decrease
substantially to 0.41 g/m>.

These estimated release rates enable predictions of total plastic
emissions from various ship types, using data from vessels
registered with the United Nations Conference on Trade and
Development (UNCTAD, 2023). According to UNCTAD (2023),
the global fleet consists of 13,149 bulkers, 11,778 tankers, 5,823
containerships, 20,397 general cargo vessels, and 54,248 other
vessels. By applying the proposed wetted surface area (WSA) for
each ship type, as reported by Moser et al. (2016), we calculated the
total WSA of all vessels and, consequently, the potential global
emission of ship paint-derived microplastics from IWC, assuming
one IWC operation per vessel per year (Table 3). Although this
simple multiplication may not accurately represent actual annual
emissions, these estimates provide insights into the potential
contribution of IWC to marine microplastic pollution and the
impact of different cleaning and capture methods.

The total plastic release from IWC of all vessels worldwide —
conducted manually by divers, using an ROV-based system without
capture, and with an ROV-based system with capture and debris
processing — ranges from approximately 2,319 to 13,481 tons/yr,
295 to 1,183 tons/yr, and 68 to 302 tons/yr, respectively. Notably,
bulkers would contribute the most to plastic release due to their
larger WSA compared to other vessel types, with manual IWC
conducted by divers resulting in the highest average release of
approximately 2,630 tons/yr. Tankers would follow closely behind,
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TABLE 3 Estimated total plastic release from in-water cleaning (IWC) of all vessels worldwide per year, based on representative wetted surface areas
(WSA) and the number of vessels by type.

Type No. of Mean WSA by Total plastic release based on IWC types (tons/year)
of vessel  ships?®  ship type (m?) P
IwcC IwcC IwC
(Diver) (ROV - (ROV -
w/o treatment) w/ treatment)

min max mean min max mean
Bulkers 13,149 9,406 123,679,494 87935 | 511249 2,629.87 11179 44854 23586 2590 @ 1452 55.90
Tankers 11,778 5,514 64,943,892 46174 | 2,684.56 1,380.94 | 5870 23553 12385 1360 @ 60.13 29.35
Containerships 5,823 8,284 48237,732 34297 | 199399 1,02571 @ 4360 17494 9199 1010  44.67 21.80
General cargo 20,397 1,770 36,102,690 25669 = 149236  767.67 = 32.63 13093 68.85 756  33.43 1632
Others 54,248 980 53,163,040 37798 | 2,197.58 1,13044 | 4805 19280 @ 10138 1113 | 49.23 24.03
Total 231873 | 13,480.98 693462 29478 1,18273  621.92 6830 30197 14739

“The number of ships is based on data from the United Nations Conference on Trade and Development (UNCTAD, 2023);

"The mean wetted surface area (WSA) per ship was sourced from Moser et al. (2016).

with an average release of 1,381 tons/yr if cleaned by divers. While
transitioning to more mechanized and automated cleaning with
capture approaches could reduce the average release by more than
90%, the total plastic release could still be substantial at around 623
tons/yr, with further reductions after debris processing, dropping to
approximately 147 tons/yr. These estimates underscore the
potential for microplastic release from ship IWC and are valuable
for developing targeted strategies to mitigate ocean microplastic
pollution. However, effective mitigation must also consider factors
beyond coating release during cleaning.

4 Discussion

4.1 Microplastic release by coatings
and cleanings

To effectively control biofouling on ship surfaces, a
comprehensive antifouling strategy integrates both chemical and
physical approaches to optimize performance (Wezenbeek et al,
2018; Xie et al., 2019; Culver et al.,, 2021). Different types of ships
employ various antifouling coatings and hull husbandry practices to
prevent or mitigate biofouling accumulation. However, these
methods can sometimes reduce antifouling effectiveness and
increase environmental risks. For instance, IWC of ships may
release propagules and viable fragments of biofouling organisms
(Hopkins and Forrest, 2008; Kim et al., 2024a) and increase the
leaching of coating material (Schiff et al., 2004; Turner, 2010;
Ralston, 2023) or antifouling paint particles (APPs), which can
continue to release biocides into the environment (Almeida et al.,
2023). Although some assessments of IWC capture efficiency exist,
published results are scarce and limited and no capture system
would be 100% effective at preventing the release of removed debris
(Davidson et al., 2008; Hopkins et al., 2010; Tamburri et al., 2020).

Marine coatings contain 10-90% polymers (e.g., polyurethanes,
epoxies, acrylics), potentially introducing microplastics during hull
cleaning (IMO, 2019; Tamburri et al., 2022; Kim et al., 2024b).
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Factors such as ship operations, environmental conditions, the
condition and age of the paint layers, and the type of coatings,
can all influence the magnitude of microplastic release. Older,
weathered, degraded, or damaged coatings are more likely to shed
microplastic particles compared to newer coatings (Tamburri et al.,
2022). Additionally, the adhesion of biofouling organisms like
barnacles and macroalgae can contribute to increased
microplastic release by adding mechanical forces during cleaning
(Oliveira and Granhag, 2016).

4.2 Contribution of IWC brush wearing

Brushes are the most common approach used for IWC of ship
biofouling, typically crafted from synthetic materials such as nylon
or polypropylene, and have the potential to shed small plastic fibers
during the cleaning process. Moreover, wire brushes used for severe
hard-fouling, add complexity as they are more aggressive and can
wear down both the bristles and hull coatings, potentially releasing
larger coating chips as microplastics. The size, strength, and
flexibility of the bristles play a critical role in how effectively and
safely the brushes can remove biofouling without causing excessive
damage to the hull or producing harmful debris.

As these brush bristles come into contact with the hull, friction
and abrasion occur, leading to the detachment of minute fragments,
especially at vulnerable points such as the tips. Additionally,
prolonged exposure to environmental factors like sunlight and
saltwater can further degrade the integrity of the brush fibers,
increasing the likelihood of their fragmentation into microplastic
particles over time. This degradation not only affects the brushes’
performance but also raises environmental concerns due to the
potential release of microplastics into coastal marine ecosystems.

As highlighted by Tamburri et al. (2022), it is important to
address the issue of brush-associated microplastics by
implementing effective capture and disposal systems during IWC
operations. Research into alternative materials, such as
biodegradable or recycled options, could also help reduce
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microplastic shedding. Furthermore, the establishment of
regulations and industry standards governing brush materials and
cleaning practices can help mitigate the release of microplastics into
marine environments. For instance, implementing periodic
replacement schedules for brushes can minimize wear and tear,
thereby reducing the potential for microplastic emissions. Further
research is needed to quantify the amount of microplastics released
from TWC brushes and to develop mitigation strategies.

4.3 Impact of IWC frequency/rate and
environmental factors

The frequency of IWC activities for ships at a given location or
on specific vessels significantly influences microplastic release and
its environmental impacts. Globally, an increase in IWC operations
can lead to higher microplastic emissions, particularly in major
shipping routes and ports. At the port level, the impact of IWC on
microplastic release varies depending on factors such as ship traffic
volume, port infrastructure, and environmental conditions. Ports
with high levels of maritime activity and poor water circulation
would be more susceptible to microplastic pollution.

The amount of microplastics released from IWC on individual
ships depend on a complex set of interacting variables, including (a)
the type, age, and condition of coating; (b) the type, extent, and level
of biofouling; (c) the method of IWC employed (e.g., proactive or
reactive IWC, with or without debris capture, and the approach to
debris processing); (d) the total area cleaned; and (e) the frequency
of cleaning. Thus, a large bulk carrier may not necessarily release
more microplastics than a small ferry if different IWC approaches
are used. Even with identical coatings, a smaller vessel might release
more microplastics if it undergoes more frequent cleaning.

However, microplastic coating particles found in ports do not
always originate solely from local sources, as discussed by
Brannstrom et al. (2023). Wind and water currents can transport
particles, resulting in microplastics appearing in ports that may not
directly reflect local emissions. For example, research by Vogy-
Vincent et al. (2023) estimated that a significant portion of debris
found on beaches in Seychelles and other remote islands in the
western Indian Ocean originates from other countries. Additionally,
locations with seasonal variability and diverse climate conditions
may face complex challenges in addressing microplastic pollution.
For instance, a recent report by Diaz-Jaramillo et al. (2023) found
that increased rainfall and runoff during the wet season may
transport more microplastics into ports, while calm conditions
during the dry season may lead to slower dispersal of pollutants.

Regions can also differ in the types of coatings used, IWC
practices, environmental awareness, and ship maintenance
standards, which will further complicate the issue of microplastic
pollution. Moreover, ports located near urban areas, industrial sites,
or busy shipping lanes often have higher concentrations of
microplastics. As noted by Diaz-Jaramillo et al. (2023), pollution
from urban runoff, atmospheric deposition, or direct discharge into
port waters can significantly impact the coastal environment, in
terms of plastic debris loads and transport.
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4.4 Assumptions, uncertainties,
and limitations

The methods used to estimate microplastic emissions from
IWC might not accurately reflect real-world conditions, as they
rely on complex models with assumptions that introduce
uncertainties. Factors such as cleaning efficiency, coating
degradation, and environmental dynamics might be overlooked in
these estimations. Additionally, the interaction between
microplastics and other environmental contaminants or
organisms (e.g., microbes) could influence their fate and behavior,
further complicating efforts to quantify emissions accurately (He
et al,, 2022). Acknowledging these uncertainties and limitations is
critical for accurately interpreting the results and guiding future
research efforts.

Moreover, the current data represent only the particulate matter
collected, not the total amount produced during the cleaning
processes. Quantifying IWC system capture efficiencies or rates
under diverse and variable real-world conditions is challenging. It is
known that far less than 100% of the material removed from
submerged ship surfaces is collected and disposed of (Tamburri
et al,, 2021). Consequently, the estimates likely underrepresent the
potential contribution of marine coatings to microplastic
contamination in coastal waters, underscoring the need to address
specific sources of pollution to mitigate their adverse effects on
marine ecosystems.

Another source of uncertainty is the variability in paint
compositions across different vessels and regions, which affects
microplastic release estimates (Tribou and Swain, 2015). This
variability introduces uncertainty into the estimation of
microplastic releases, as different paint formulations may release
varying amounts and types of microplastics during IWC. Without
comprehensive data on the exact composition of paints used on
individual vessels, it is challenging to accurately quantify the
contribution of coatings to microplastic pollution.

While mitigation strategies, such as alternative brush materials
and enhanced capture efficacy and debris processing, have been
proposed to reduce the release of coating-derived microplastics into
the environment, their effectiveness in practice remains uncertain.
Challenges related to implementation, cost-effectiveness, and
potential unintended consequences could impact the success of
these strategies. Additionally, the long-term durability and
performance of alternative materials or treatment systems under
real-world conditions are not fully understood, leading to
uncertainty about their ability to effectively mitigate
microplastic pollution.

Regulatory and policy constraints also pose limitations on the
effectiveness of mitigation strategies. Inconsistent regulations across
jurisdictions, coupled with a lack of enforcement mechanisms and
competing interests among stakeholders, can impede the
implementation of measures aimed at reducing microplastic
pollution from ship IWC. For instance, data collected from IWC
operations could be a valuable resource for companies, but it is
often not made publicly available, limiting transparency and
accountability (Soon et al., 2023). Overcoming these barriers
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necessitates coordinated action at international, national, and local
levels, which may be challenging due to divergent priorities and
governance structures.

Addressing these uncertainties requires integrating multiple
lines of evidence and considering the complexities of the marine
environment. Detailed field studies, controlled experiments, and
validation efforts are necessary to refine assumptions and enhance
our understanding of microplastic pollution. Transparency about
uncertainties enhances scientific rigor and credibility in addressing
the global challenge of microplastic pollution.

5 Conclusion

This study highlights the potential role of IWC of ship
biofouling in contributing to microplastic pollution, primarily
from ship coatings. Although we can estimate microplastic release
from IWC activities, further research is needed to accurately
quantify the microplastic emissions from ship coatings and
brushes, as well as to understand the impacts of cleaning
frequency and environmental factors. Achieving this will require
a multidisciplinary approach, incorporating field studies, controlled
experiments, and advanced modeling. Overcoming regulatory
constraints is also crucial for effective mitigation. Coordinated
efforts at international, national, and local levels are essential to
reduce microplastic emissions from ship hull cleaning and protect
marine ecosystems.
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