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Marine antifouling paints are often overlooked as a source of microplastic pollution in the aquatic environment
even though they may release microplastics and metals, including metallic nanoparticles, into the environment,
especially following exposure to environmental stressors. Notably, photodegradation via sunlight and seasonal
freeze-thaw cycles are impactful weathering processes that can affect boat hulls in cold climates. In this
study, steel coupons coated with marine antifouling paint were submerged in water and exposed to three
laboratory-controlled weathering treatments, namely, UV irradiation (UV), freeze—thaw (FT), and UV irradiation
combined with freeze-thaw (UV-FT) over 42 days. Water samples were analyzed using optical photothermal
infrared spectroscopy (O-PTIR), inductively coupled plasma mass spectrometry (ICP-MS), single particle ICP-
MS, and microscopic imaging in order to quantify microplastics, metals and inorganic nanoparticles released
from the painted surfaces. Weathering treatments released microplastics through photochemical degradation
(UV) and ice abrasion. Meanwhile, for heavy metals, Cu was dominantly released in its microplastic-bound
form and Zn in its dissolved form. UV-exposed paint likely underwent oxidative degradation, whereas FT
exposure likely caused damage via ice abrasion, resulting in the production of paint microplastics in both
cases. The IR and Raman signals showed that paint microplastics generally had high similarity to their
respective painted coupons, except for the UV treatment, indicating that paint microplastics can be traced to
their original source. Of the three treatments, the combined treatment of UV and FT released the highest
concentrations of Cu and Zn over 42 days (49 000 + 20 000 pg g’1 and 14 000 + 7000 pg g7, respectively).
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FT). In contrast, more Zn was measured in the UV, HC, and CC treatments. Our findings provide a better

DOI: 10.1035/d6em00126b understanding of the mechanisms leading to the release of paint-derived contaminants into the environment

rsc.li/espi and further highlight the risks posed by the extensive use of marine antifouling paints.

Environmental significance

Marine antifouling paints release microplastics and metals into the environment following their degradation after exposure to environmental stressors.
However, analytical data on the release, behaviour and transformations of these paint-derived contaminants is still lacking, especially in relevant environmental
contexts. By mimicking stressors such as sunlight, temperature fluctuations, and freeze-thaw cycles under controlled conditions, we gain a better under-
standing of how paint microplastics, dissolved metals, and metal nanoparticles are released from painted surfaces. Because these contaminants can follow
multiple pathways in environmental and biological systems, determining their environmental fate and impact is essential to improving monitoring and
supporting mitigation strategies for paint-derived pollution.

Introduction

The global demand for paint reached 52 million tonnes in 2019,
with the maritime industry being one of the major sectors that
heavily rely on paint and coatings.» Marine paints are applied
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increased drag,* antifouling paint is regularly applied to boat
hulls. Antifouling paint formulations are typically made up of
a polymer backbone consisting of alkyds, acrylic, or poly-
urethane; plasticizers; and solvents.>® Inorganic components
are also incorporated into paint, like additives (e.g., biocides,
surfactants, anticorrosion agents) and pigments.” Nonetheless,
when marine paints are exposed to a range of environmental
stressors (e.g., UV irradiation, wind, abrasion), the polymeric
binder can degrade, generating paint particles that include
microplastics, nanoplastics and metallic nanoparticles.***"°
Indeed, some antifouling paints are designed to undergo
controlled degradation of their polymeric binders to expose
a surface with higher biocidal concentration (i.e., self-polishing
paints).*"* This process can produce paint microplastics. As
such, paint microplastics have been found in a variety of envi-
ronmental matrices, including oceans, coastal waters, estuaries,
lakes and sediments.**>*” For example, in one study, alkyd and
epoxy plastics from paints were the second most abundant
microplastic type found in the Atlantic Ocean.?

Paint microplastics are different from many other micro-
plastics in that they generally contain high concentrations of
metals that are used as pigments or additives, such as biocides.
In the case of antifouling paints, copper (Cu) and zinc (Zn) are
often included in the formulations of metal biocides.'® Accord-
ingly, high levels of metal biocides are frequently detected in
marine waters and sediments close to high traffic areas and
maintenance facilities,"*** with dissolved Cu levels reaching up
to 21.0 pug L™" and dissolved Zn up to 9.96 pg L' in sea surface
water.”>” In sediments, concentrations can reach up to 19.46 ug
g " and 148.48 pg ¢ for Cu and Zn, respectively.>® The U.S.
Environmental Protection Agency's water quality criteria, based
on the Biotic Ligand Model, recommend chronic exposure limits
of 0.83 pg L™ for Cu and 0.946 pg L™ for Zn in order to protect
marine life, although levels measured near marinas may exceed
this threshold.”® While it is well recognized that metals released
from paints can detrimentally affect the function and behaviour
of organisms,'**** Cu and Zn are still used as “less toxic” alter-
natives to banned biocides such as organotin.?

There is limited literature demonstrating the release of
diverse contaminants (i.e., microplastics, nanoplastics, metals,
and metallic nanoparticles) from marine or commercial paints
(Table S1). Indeed, our understanding of the release, behaviour
and initial transformations of paint-released materials after
exposure to physical and chemical stressors in the environment
remains incomplete, due in large part to a lack of established
analytical approaches to measure the released contaminants
(Table S1). Simon et al. (2021) found that the chemical structure
of the polymer binder in microplastics generated from marine
antifouling paints was altered after exposure to UV-C irradia-
tion.** These changes included a higher surface area and
increased hydrophilicity due to the generation of new func-
tional groups in the binder. Furthermore, the metal forms
released from paints are still largely uncharacterized. Although
several studies report that metals are leached from painted
surfaces, only a few studies specify whether they are released as
bulk materials, nano- or colloidal particles or dissolved forms.
For example, a study conducted by Miller et al. (2017) revealed
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that Cu from an antifouling paint formulation was mainly
released in its dissolved form, with the nanoparticulate Cu
fraction constituting a maximum of 13.7% of the total Cu
released over 120 days.*®

The effects of environmental parameters on the rate of metal
leaching from paints have also been studied. For example, Singh
and Turner (2009) observed increased leaching of Cu and Zn with
decreasing temperature from antifouling paint particles
submerged in water.>* They attributed the observed losses to
complex reaction kinetics and the presence of dissolved calcium
carbonate, which may be included as a component in the paint.
Furthermore, paint type and composition can also influence
leaching rates. For example, acrylic-based paints were shown to
release higher concentrations of metallic biocides as compared to
epoxy- and resin-based paints, a result that was attributed to
higher hydrolysis rates.*” So-called biocide-free paints were also
found to release higher levels of Zn (4.4-8.2 pg per cm per day)
compared to biocide-containing leisure boat paint and ship paints
(3.0 pg per cm per day and 0.7-2.0 ug per cm per day, respec-
tively).*® This is concerning since biocide-free paints are advertised
as controlling biofouling via erosion and not by metal release.

Although these studies provide valuable insight on the
release, behaviour and initial transformations of paint-derived
contaminants following weathering exposure, there is a scar-
city of literature on the nature or effects of multiple environ-
mental stressors acting simultaneously. In real settings, marine
paints may be subjected to complex environmental stressors,
such as UV exposure, temperature fluctuations and freeze-thaw
cycles. Understanding how these factors act together to influ-
ence microplastic release, metal leaching and the behaviour of
paint-derived contaminants remains a significant knowledge
gap in the field. Previous literature has shown that paint-derived
microplastics and associated metal additives are highly toxic to
aquatic organisms, inducing physiological stress, reduced
growth and impaired reproduction.””*** High mortality has
also been observed when organisms were exposed to antifouling
paint particles."”” Given their potential toxicity and the
propensity of their forms to change over time, it is necessary to
determine the major physicochemical factors driving the entry
of these paint-derived contaminants into aquatic systems.
However, even as concerns over the environmental risks asso-
ciated with paints continue to grow, no study to date has
simultaneously quantified and characterized microplastics,
metals and metal nanoparticles released from antifouling paint
under environmentally relevant weathering processes. Addi-
tionally, the effects of photodegradation and freeze-thaw cycles
remain poorly understood. Accelerated UV-C radiation has been
shown to degrade paint binders, altering the physicochemical
properties of antifouling paints and increasing metal leach-
ing,* while freeze-thaw cycles can induce surface fracturing,
weaken polymer matrices and promote the release of metals
from paints.***” To our knowledge, this is the first study to
simultaneously assess the release of paint microplastics, di-
ssolved metals, and metal nanoparticles under environmentally
relevant weathering conditions. Previous studies have analyzed
these contaminant types separately and the combined effects of
UV and freeze-thaw cycles on paint degradation have not been
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explored. We hypothesized that UV exposure would promote the
oxidative degradation of the antifouling paints, whereas the
freeze-thaw cycling would primarily mechanically abrade the
material, thus producing distinct release characteristics for
paint-derived microplastics. For metallic contaminants, we
hypothesized that under weathering conditions, metal
concentrations bound to the paint microplastics and the di-
ssolved fraction would increase with time and that nanoparticle
concentrations would subsequently decrease due to agglomer-
ation or dissolution. We tested these hypotheses by placing
painted steel coupons in a simplified aqueous matrix where
they were exposed to controlled weathering processes (UV irra-
diation, freeze-thaw cycles, and a combination of the two) and
corresponding temperature controls (high temperature and
cold temperature) to give us a better understanding of the
mechanisms that drive contaminant release. This study will
provide an initial assessment of the release of microplastics,
metals and metal nanoparticles from antifouling paints under
these environmentally relevant weathering scenarios. Specifi-
cally, we aimed to: (i) quantify and characterize microplastics,
metals, and metal nanoparticles released from painted
surfaces; and (ii) identify and examine the possible mecha-
nisms driving contaminant release under simulated UV and
freeze-thaw conditions relevant to cold climates.

Materials and methods
Coupon preparation and paint application

Coupons (7.62 cm long x 6.35 cm wide x 0.19 cm thick) were
cut and deburred from a large low carbon steel plate (catalog
#6544K56, McMaster-Carr), following the guidelines adapted
from ASTM D3623-78a.*® The coupons were sanded using 80-
grit sandpaper before being coated on both sides with four
layers of epoxy primer (InterProtect 2000E, Interlux®) using
a natural hog brush. Excess paint from each layer was removed
with an applicator (Bird Film Applicator®, Inc, Washington,
USA) to achieve a wet film thickness of 0.01 cm. After drying of
the primer, two layers of antifouling paint (MicronCSC-CA,
Interlux®) were applied using the same procedure. The final
layer of paint was left to dry for at least 24 h before any water
exposure, achieving a dry film coating with a thickness between
0.01 and 0.02 cm, in accordance with ASTM guidelines.*® The
coupons were weighed before and after application of each type
of paint to determine the mass of applied paint, which was, on
average, 4.39 £ 0.27 g of primer + antifouling paint per coupon.
Although coupons painted with only primer are uncommon in
practical applications, they were included to establish a base-
line performance of only the primer and to isolate the influence
of the antifouling paint. Uncoated steel coupons were included
in our initial setup but released atypical particles. Thus, primer
covered coupons were the best control to characterize contam-
inant release from the antifouling paint.

Experimental setup

Each coupon was placed in a pre-weighed 500 mL clean glass jar
(Fisher Scientific) filled with 270 mL of demineralized water,
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which was then covered with a pre-cleaned glass Petri dish
(Fisher Scientific). Demineralized water (resistivity >18.2
MQ cm; total organic carbon <5 pg C L") used in the weath-
ering experiments was obtained from a Direct-Q™ 5 UV water
purification system (Millipore Sigma). Demineralized water was
used to prevent analytical interferences from salts, ions and
organic matter, as this could complicate both microplastics
identification and metal and metal nanoparticle quantification.
For each weathering treatment, two types of coupons were
tested: (i) coupons with only four layers of the primer and (ii)
coupons with four layers of primer and two layers of antifouling
paint (Fig. 1). A non-painted coupon was not tested due to high
metal concentrations (and degradation of the surface) observed
in preliminary experiments.

Three weathering treatments were performed: (i) UV irra-
diation (UV), (ii) freeze-thaw (FT), and (iii) a combination of
freeze-thaw and UV irradiation (UV-FT). In addition, two
controls were included: (i) a cold control (CC) and (ii) a hot
control (HC) in order to provide baseline data for temperature
effects that may have resulted from the UV lamp (explained
below). The UV treatment was carried out in a custom-made
metal chamber equipped with reptile lamps (Arcadia 54w T5
D3+ 6% UVB 46", ReptilesRuS). For the UV treatment, the
lamps were turned on and off every 24 h for 42 days, resulting
in 21 UV cycles. During the UV exposure, the temperature in
the chamber reached 30.3 4+ 0.8 °C, while it was 22 4+ 0.5 °C
when the UV lights were turned off. To account for these
temperature fluctuations and better understand the contri-
bution of UV irradiation, we added an additional control (HC),
where samples were kept in an incubator (no UV irradiation,
Multitron Pro, Infors HT) that was cycled (24 h) between 30 °C
and 22 °C for 42 days. For the FT treatment, coupons were
placed in a freezer (—10.4 + 3.8 °C, Samsung) for 24 h and then
placed in a refrigerator for thawing (5.7 + 2.1 °C, Samsung) for
24 h over 42 days (21 FT cycles). For UV-FT treatment, the
coupons were exposed to UV light for 24 h and then placed in
the freezer for 24 h, which also resulted in 21 UV-FT cycles.
Both photosynthetic flux (or PAR, 400-700 nm) and UV radi-
ation were measured to provide a realistic representation of
natural solar irradiance. Assuming an average UV irradiance of
12.7 £ 1.0 Wm™ > (or 145 & 11 pmol m > s~ ") for 21 days when
the UV was on, the resulting cumulative UV exposure in the
weathering experiments was 6401 W h m~2 or 47.7 days of
natural radiation in Canada, following Hernandez et al. (2023)
(see Text S1 for calculations).*® For CC, coupons were placed in
the refrigerator (5.7 £ 2.1 °C, Samsung) for 42 days. For
weathering treatments involving UV, UV radiation and
photosynthetic flux were measured at the bottom of the jars
with the appropriate meters (i.e., Apogee MU-200 UV meter
and Apogee MQ-100 Quantum Integral Sensor, respectively).
For UV-FT experiments, samples were first acclimatized in the
refrigerator for 30 to 60 min before every FT 24 h cycle and
before every UV 24 h cycle in order to minimize jar breakage
from temperature changes. Each set of experimental condi-
tions was examined in triplicate, with samples collected from
each jar at predetermined time points.

This journal is © The Royal Society of Chemistry 2026
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Fig.1 Overview of the experimental setup including sampling and chemical analyses. The samples were divided into three fractions: Fraction 1
(sedimented paint microplastics consisting of >5 pm particles recovered from the bottom of the jar); Fraction 2 (suspended paint microplastics >5
um); and Fraction 3 (microplastics, nanoparticles & dissolved metals <5 pm).

Sampling of weathered paint samples

Before the coupons were exposed to the various weathering
treatments, 15 mL of water from each jar was collected with
a 5 mL plastic pipette pre-rinsed with demineralized water.
Further aliquots (timepoint samples) were collected every 14
days up to a maximum of 42 days during the weathering
experiments. Namely, 15 mL of the water was sampled every 14
days in a sterile plastic tube (Corning Falcon) for metal anal-
yses. To account for evaporation and water removed for
sampling, the weights of the jars were continuously monitored,
and an appropriate volume of demineralized water was
replenished immediately following sampling (every two weeks).
Samples were refrigerated until analysis. At the end of the 42
days, the coupons were removed from the jar using a clean
nitrile glove. The jars were then covered with PTFE-lined poly-
propylene caps (Fisher Scientific) and stored in the refrigerator
until further analysis. The jars were not sonicated since
preserving the final, undisturbed state of the released particles
was necessary for optical microscopy analysis of the paint
microplastics.

Size separation of paint samples

The paint samples were divided into size fractions for the
analysis of microplastics, metals, and nanoparticles (Fig. 2).
Samples remaining in the jars at the end of the 42 day
weathering exposure were filtered using a glass vacuum filtra-
tion system (Sigma-Aldrich) in a BSC. A mixed cellulose ester
(MCE) membrane filter (diameter 47 mm, pore size 5 pm; MF-
Millipore™) was placed in the filtration system and washed 3 x
with demineralized water. MCE membrane filters were selected
because their hydrophilic nature allows micron-sized particles
to be efficiently retained and they are widely used in filtering
high-particulate water samples. Then, the entire jar volume

This journal is © The Royal Society of Chemistry 2026

(~150 mL) was filtered. Using plastic tweezers, the filter was
placed in a clean glass Petri dish labelled with a 100-square grid
(Fisher Scientific) and allowed to dry in the BSC. The material
trapped on this filter is referred to as Fraction 1 (Fig. 2). Between
samples, the filtration system was washed thoroughly with
demineralized water and acetone in order to minimize any
potential cross contamination between samples.

The plastic tubes containing the timepoint samples were
first sonicated for 30 min in a sonicator bath (Branson Ultra-
sonics, model CPX) and then the samples were filtered through
a 5 pm filter that resulted in two fractions: (i) Fraction 2 (F2):
retained particles >5 pm in size and (ii) Fraction 3 (F3): filtrate
with particles <5 pm in size (Fig. 2). Filtration was performed

For each weatheringtreatment or control:

@ '.-
°
- o e Fraction 1 (F1):
filtration F A ) Gl :
P 0) paint microplastics >5 um
— ‘ D r' 4 (targer fraction)
5 um MCE o o
membrane ®o0,°
° o0
®e 00,0
jars (t=6 weeks) ®
LY .
‘.. - ° Fraction 2 (F2):
filtration ° ' [ _J paint microplastics >5
— ~b. L J pm (smaller fraction)
5 pym MCE ®
membrane Fraction 3 (F3):

x3 microplastics, nanoparticles

& dissolved metals <5 ym

timepoint samples
(t=0, 2, 4, 6 weeks)

Fig. 2 Size fractions obtained for timepoint samples (t = 0, 2, 4 and 6
weeks) and jar samples (6 weeks). Fraction 1 (F1), Fraction 2 (F2) and
Fraction 3 (F3) were filtered over a 5 pm membrane. Samples were
collected in triplicate. Fraction 1 includes the larger particles that
sedimented to the bottom of the jar while Fraction 2 consists of the
suspended particles that are larger than 5 um.
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using an MCE membrane filter (25 mm diameter, pore size 5
pm; MF-Millipore™) that was placed in a polypropylene filter
holder (Cole-Parmer). The filter was first pre-rinsed with 12 mL
of demineralized water and pre-conditioned with 6 mL of
sample. Four to 9 mL of the sample was then filtered, and this
filtrate (F3) was collected in 15 mL polypropylene Falcon tubes.
Filters with retained particles were placed into empty 50 mL
Falcon tubes using plastic tweezers (Fisher Scientific).

Chemical analyses
Detection of nanoparticles using SP-ICP-MS in F3

The presence of metal nanoparticles in the filtrates of each
timepoint sample (F3) was evaluated using single particle
inductively coupled plasma mass spectroscopy (SP-ICP-MS).*” A
multi-quadrupole ICP-MS (NexION® 5000 Series ICP-MS, Per-
kinElmer) was used to measure Cu-containing nanoparticles in
F3. Zn-containing particles were also detected but the dissolved
signal was very high, leading to very high size detection limits.
For particle size determinations, the composition and density
(6.0 g cm™®) were assumed to correspond to cuprous oxide
(Cu,0), since this is one of the main antifouling agents in the
paint. **Cu was calibrated using ionic standards that were
prepared from a concentrated stock solution (Inorganic
Ventures IV-ICPMS-71A) in the range of 0.05-30 pg L™". Samples
were analyzed for 50 s using a dwell time of 100 ps. Transport
efficiency (TE) was determined using 50 nm gold (Au) ultra-
uniform nanoparticles (NanoComposix, San Diego, CA, USA)
and ranged from 4.27% to 5.63%, depending on the analysis
day. Ag nanoparticles (60 nm) were used to validate the TE.
Filtered samples were diluted 3-50 times, as required, in order
to limit particle coincidence. Data were processed using the
Syngistix software (PerkinElmer) and validated using SPCal.**
Organization of the large dataset was achieved using R software
and ChatGPT. Samples with <200 particle events (measured
over 50 s) were deemed statistically insignificant and were
excluded from further calculations.

Imaging of paint microplastics >5 pm in F1

Particle morphologies and particle numbers were determined
in the filter retentates of the final (6 week) jar samples (F1) using
a stereomicroscope (Olympus, model SZX16). At least 30
representative images were taken for each sample, over an
estimated area of 480 mm?®. Particle sizes were determined by
using a ruler as a reference and by analyzing the images with
Image] (version 1.54 g).

Analysis of the painted coupons and microplastics in F1 with
mlRage®

The polymeric composition of the weathered, painted coupons
and paint microplastics in F1 was determined using optical
photothermal infrared spectroscopy (O-PTIR) using the
mIRage® IR microscope (Photothermal Spectroscopy Corp.).
Imaging was performed directly on the painted coupons,
whereas for the paint microplastics, imaging was done on the
filter. To minimize burning of the microplastics and to obtain
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a high intensity signal, an avalanche photodiode detector was
utilized in the analysis. Three arbitrary fields of view, where
microplastics and agglomerates could be seen, were selected. In
each field of view, at least nine IR spectra from arbitrary indi-
vidual particles were acquired (2998-2688 cm ' and 1798-
940 cm ™).

A Pearson correlation coefficient was used to compare the
treatments and controls against the reference, untreated anti-
fouling paints.*>**»** This coefficient measures the strength and
direction of a linear correlation between two different sets of
data. It can be between —1 for a perfect negative correlation and
1 for a perfect positive correlation, with a value of 0 indicating
no relationship.

Contact angle measurements of paint coupons

In order to evaluate the wettability of the weathered coupon
surfaces, the static water contact angle was measured.
Measurements were performed using a drop shape analyzer
goniometer (DSA20E, Kriiss) equipped with a high-resolution
camera and controlled using the Advance software (version
1.16.010201). A 1 mL syringe with a fine-gauge needle was filled
with LC-MS grade water and mounted on the automated dosing
system. Using the sessile drop method in the Advance software,
a 2 pL droplet was dispensed onto the sample surface. The
contact angle was immediately measured and calculated auto-
matically from the drop profile at the liquid-solid-air interface.
Each sample was measured in triplicate at three different
locations across the surface. For the UV-FT coupons, most of the
first layer of antifouling paint had flaked off, exposing the
second layer of antifouling paint underneath. Therefore, trip-
licate measurements were done for the first layer of paint that
remained, as well as for the second layer of paint. All
measurements were performed at room temperature and
contact angle values are reported as mean =+ standard deviation.
The contact angles were compared using the Mann-Whitney U
test.

Metal analyses of F1, F2 and F3

All three fractions (F1, F2 and F3) were analyzed for **Cu and
°®Zn concentrations using a multi-quadrupole ICP-MS (Nex-
ION® 5000 Series ICP-MS, PerkinElmer). For F1 and F2, filters
were placed in 50 mL polypropylene Falcon tubes and then di-
gested with aqua regia. Aqua regia was used since it is both
a widely used digestion method for paints,*-***¢ and it can yield
up to 95% recovery for Cu and 100% recovery for Zn in complex
matrices like soil.*”

For F3, filtrate samples were acidified with 2% v/v ultrapure
nitric acid (PlasmaPURE Plus, Analytichem) for 24 to 48 h.
Procedural blanks were also prepared, digested and analyzed.
F1 and F2 samples were diluted to 4% v/v acid before analysis,
with additional dilutions performed, if required. As above, Cu
and Zn were calibrated using standards made up from IV-
ICPMS-71A (Inorganic Ventures) and diluted to 0.05-30.00 pg
L~ in 2% nitric acid. Standards (Analytichem Quality Ctrl. Std.
4 and High Purity Standard 27 Component ICP Standard) were
used to ensure quality control. In order to account for
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contamination, concentrations from the procedural blanks
were subtracted from the measured sample concentrations.

Quality assurance for weathering experiments and chemical
analyses

Glassware was first cleaned three times with low foaming soap
(Alconox® detergent, Millipore Sigma) and then rinsed three
times with demineralized water. Subsequently, it was cleaned
three times with acetone (C3H¢O, =99.5%, Fisher Scientific) in
a biological safety cabinet (BSC) and left to dry overnight. All
subsequent sample handling, drying, and filtration were also
done in a BSC to minimize airborne particle contamination.
Although some plastic consumables were used for routine
laboratory handling (e.g., polypropylene tubes and pipette tips),
these materials were visually and morphologically distinguish-
able from paint microplastics. The plasticware used was trans-
parent and smooth, whereas paint microplastics were
irregularly shaped, had a rough surface and were red in colour.
Because the weathering experiments were conducted in a closed
system containing only the painted coupon, the only visible
materials that could be generated were paint fragments, or less
commonly, iron particulates from the exposed metal coupon.
Paint microplastics were therefore identified using a two-step
approach: (1) visual identification based on the characteristic
morphology and colour of the paint fragments; and (2) O-PTIR
analysis of a subset of suspect paint particles from each set of
weathering conditions to confirm that the fragments were
indeed paint. This process ensured that all analyzed particles
were correctly identified as paint microplastics. Procedural
blanks were also processed alongside other samples to account
for possible metal and plastic contamination (Fig. 1).

Though metal nanoparticles could be quantified with SP-
ICP-MS, nanoplastics could not be analyzed using the same
technique. Nanoscale particles (<1 pum) were detected using
Nanoparticle Tracking Analysis (NTA); however, this technique
only provides information on size and concentration, not the
chemical composition. Since we could not confirm the chemical
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identity of these particles and given that the results were vari-
able among replicates, we did not report this data in our study.

Results and discussion

Confirmation of the identity of paint microplastics with O-
PTIR

The paint that was studied is self-polishing, i.e., the outer layer
of the paint is designed to slough off, upon exposure to water.
As such, paint microplastics were expected and detected in all
samples. For fraction F1 (>5 pm particles collected after 6 weeks
of weathering), particles released from the painted coupons
were identified and imaged using O-PTIR (Fig. S1). In all
weathering treatments and controls, major peaks in the spectra
matched with characteristic peaks attributed to the untreated
antifouling paint, i.e., the reference paint (Fig. 3A).

An older formulation of the antifouling paint indicated rosin
as one of its components, though it is not listed as a component
for the current antifouling paint (Table S2). Rosin is a naturally
occurring polymer, which can be categorised as a microplastic if
chemically altered for a given application, such as paint.*®
Comparing the spectra of the rosin and that of the reference
antifouling paint yielded similar major peaks at 2933, 2856,
1652, 1160, and 1038 cm ™" (Fig. S2). However, metal-carboxylic
acid groups (1585 and 1405 cm™ ') were not present in the
original rosin, which may indicate the presence of biocides.
Peak assignments are shown in Table 1. Additionally, the
experimental spectra were found to be similar to those observed
for a nautical paint studied by Simon et al. (2021).>° In their
study, the paint was also a self-polishing antifouling paint
incorporating zinc oxide (ZnO) and Cu,O as the metal biocides.
Indeed, the antifouling paint used in their study contained
metal-carboxylic acid groups (1585 and 1405 cm '), which was
not seen in the original rosin binder (Fig. S2).

Based upon the strength of the Pearson correlation coeffi-
cient, no obvious spectral changes were found when comparing
spectra from the weathered paint microparticles to the

1652
1585
1405
1160
1038

28 qe 8 g3
{8 g8 § =28
7 |[A]
g. |
g , ‘
E A
° [\ A d
g faA P \Wne AN\
| M AN
cE> L //\/ V' \
2| Mo
g & F
S f\'.‘Q & L 'GQQ\“Q

Wavenumber (cm™)

/‘/\«/\J — ref. antifouling paint
N~ — cc

‘ — HC

A uv
™ — FT

— UV-FT

Wavenumber (cm™)

Fig. 3 Averaged normalized spectra from O-PTIR analysis of (A) paint microplastics collected from the water after six weeks of exposure (i.e., F1)
and (B) painted coupons following their exposure for six weeks to one of five weathering treatments or controls: (i) CC = cold control; (ii) HC =
hot control; (i) UV=UV irradiation; (iv) FT = freeze-thaw; and UV-FT = UV and FT combination. All spectra were compared to the average
normalized spectra of the untreated reference antifouling paint fragments, denoted as “ref. antifouling paint” (black). Common wavenumbers
shared among all spectra are labelled on the upper x-axis (over the range 3000 cm™* to 940 cm™Y).
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Table 1 Peak assignments (cm™) for spectra acquired using O-PTIR for weathered and untreated antifouling paint particles. Assignments are
based on Hayes et al. (2014), Simon et al. (2021) and van der Weerd et al. (2005).304849

Wavenumber (cm™?) Functional group Class Origin
2933 Methylene asymmetric C-H stretch Alkane Binder
2856 Methyl symmetric C-H stretch Alkane Binder
1652 C=C stretch Alkene Binder
1585 Metal carboxylate, asymmetric COO stretch Carboxylic acid Binder
1405 Metal carboxylate, symmetric COO stretch Carboxylic acid Binder
1160 C=0 Carboxylic acid Binder
1038 Si-OR Silicate Pigment

untreated antifouling paint (Fig. 3A and S3). High positive
correlations were calculated for all weathering treatments and
controls (n = 27 spectra for each set of conditions) when
compared to the reference antifouling paint (z = 9 spectra): 0.81
=+ 0.21 for CC, 0.92 + 0.02 for HC, 0.91 + 0.03 for UV, 0.88 £ 0.03
for FT, and 0.95 + 0.02 for UV-FT (Fig. S4 and Text S2).

Chemical changes in the painted coupons observed for the
treatments with UV

The physical appearance of the painted coupons was clearly
altered after six weeks of weathering, as compared to both
control conditions (HC and CC; Fig. S5 and S6). This change in
appearance was also reflected in the IR spectra, which indicated
important chemical changes, especially for the UV and UV-FT
treatments (Fig. 3B). Furthermore, the paint on the weathered
coupons exhibited some important chemical changes, outlined
in the next paragraph, when compared to the untreated anti-
fouling paint, especially for the UV and UV-FT treatments
(Fig. 3B). When compared to the reference paint, Pearson
correlation coefficients of 0.91 + 0.03 were found for CC, 0.91 +
0.02 for HC, 0.28 £+ 0.18 for UV, 0.92 + 0.01 for FT and 0.69 +
0.25 for UV-FT (Fig. S7).

Images obtained using O-PTIR confirmed that the coupons
exposed to UV irradiation had smoother surfaces as compared
to the controls and FT treatment (Fig. S6). Higher water contact
angles were found for the surfaces of coupons exposed to the
UV-FT treatment (mostly for the first layer, which was exposed
longer) and the UV only treatment when compared to the
controls and the FT treatment. This could be associated with
chemical changes, making the surfaces more hydrophobic
(Fig. S8 and Table S3).*° Chemical changes, subsequent to the
UV and UV-FT exposure, were confirmed by the broadening of
several of the characteristic peaks in the O-PTIR spectra
(Fig. 3B). UV irradiation is known to accelerate chemical reac-
tions in materials and cleave some chemical bonds (primarily
C-H and C-0).** UV exposure can also promote oxidation,
leading to the formation of hydroxyl groups within the unsat-
urated groups of paint binders.?****> Indeed, the peak at 1652
(indicative of alkene groups), and peaks at 1595 and 1405 cm ™"
(indicative of metal carboxylate groups), lost their sharpness in
the antifouling paint coupons that had been exposed to UV and
UV-FT. This observed broadening is consistent with the
formation of hydroxyl groups on the unsaturated sites,

1454 | Environ. Sci.: Processes Impacts, 2026, 28, 1448-1462

corresponding to a degradation of the polymer material.
Methylene groups (2933 and 2856 cm™') in the UV and UV-FT
treatments were also found to have broadened, which can be
attributed to losses of volatile organic compounds and degra-
dation products from the rosin binder.*?

Compared to the painted coupons, the paint microplastics
recovered from the solutions did not appear to exhibit notice-
able chemical changes. We speculate that the paint micro-
plastics released from the coupon surface may have been
shielded from UV irradiation by the coupon itself. Indeed, when
comparing the released microplastics to the painted coupons,
the UV exposed coupon had the lowest similarity to the paint
microplastics, regardless of the type of treatment (Fig. S9 and
Table S4). Also, the O-PTIR spectra of the UV-exposed coupons
indicated weakening of the polymer structure via UV-induced
oxidation that can result in the generation of paint micro-
plastics.®**** Although the UV-FT results in Table S4 suggest the
opposite effect, in which cold temperatures from the freeze-
thaw cycles may have reduced the oxidizing effect of the UV
irradiation, freeze-thaw conditions can still cause shedding of
paint microplastics through mechanical means, thus contrib-
uting to microplastic pollution from the paint.

Detection of paint microplastics in F1

Paint microplastics were detected in all F1 samples that were
collected after six weeks of weathering, including the controls
(Fig. 4A). The numbers and sizes of the microplastics were
determined for each treatment, except for the UV-FT treatment
(Table S5). In that treatment, it was not possible to determine
particle counts since the filter was fully saturated with micro-
plastics. The UV-FT condition clearly generated the most
particles, followed by the FT, where an average of 67 + 30
particles per mL were detected (Fig. 4B). For the UV treatment,
microplastic counts (14 + 10 particles per mL) were barely
higher than what was observed for the controls (6 + 6 and 2 & 3
particles per mL). That being said, most of the particles that
were found in the procedural controls did not have a similar
morphology to what was observed in the treatments (UV-FT, FT,
Uv).

Larger paint microplastics were more prevalent under
conditions involving FT cycles (Fig. 5). While it was not possible
to confidently determine particle counts for the UV-FT treat-
ment, we were able to estimate particle sizes since the paint

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6em00126b

Open Access Article. Published on 27 April 2026. Downloaded on 6/14/2026 4:58:15 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

100
% ] m cC
S 80 = HC
b i
2 60 s FT
‘:r':; uv
3 J
| -F

% 40- UV-FT
© 4
5
S 20 I
c J
3 ; i N.Q.
= 0- T T

CC HC UV FT UVFT

Weathering Treatment

Fig. 4 (A) Optical microscope images of paint microplastics released
from controls (i.e., CC = cold control, HC = hot control) and weath-
ering treatments (i.e., UV=UV irradiation, FT = freeze-thaw, and UV-
FT = UV and FT combination) and (B) Bar graph showing the mean
particle count (particles per mL + SD) released from the controls and
weathering treatments. For UV-FT, N.Q. indicates that particle counts
could not be quantified due to an oversaturation of the filter with paint
microplastics.

microplastics could be individually manually sized. The largest
paint microplastics were detected in the UV-FT treatment as
compared to all other treatments and controls (maximum size
4.8 = 0.1 mm with an average mean size of 0.20 £ 0.10 mm,
Table S4). This was followed by FT (maximum size in the

This journal is © The Royal Society of Chemistry 2026
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Fig. 5 Violin plots of the size distributions of paint microplastics
released from the temperature controls and weathering treatments
(CC = cold control, HC = hot control, UV=UV irradiation, FT = freeze-
thaw, and UV-FT = UV and FT combination). The size distribution for
each individual triplicate sample is shown. Dashed lines indicate the
quartiles and the solid black lines indicate the median.

replicates 3.3 £ 1.0 mm; mean size in the replicates 0.07 £ 0.02
mm; Table S4). Measured paint microplastics from the other
treatments and controls did not exceed 1.1 £ 0.7 mm
(maximum particle size for HC). Freeze-thaw cycles can abrade
a material via ice abrasion by: (i) creating cracks via tensile
stress, which can be exacerbated by the seeping of water into
cracks that can be frozen again, (ii) releasing fragments that can
be dragged onto the original material's surface by the ice, and
(iii) hydraulic pressure encouraging fracturing within surface
defects of the material.** For standing painted marine struc-
tures in the tidal zone, such as concrete structures, FT cycles can
happen frequently.*® However, many boats are stored during the
winter, at a height at which FT cycles occur frequently. As such,
the generation and release of paint microplastics can be
delayed. Boats stored in slipways and hard standings are likely
to generate fewer paint microplastics as result of FT; however,
they still could be deposited onto the ground at which time
spring surface runoff could transport them into the aquatic
environment.>**’

Temporal release of copper and zinc from the paint

Given that Cu,O and ZnO are the biocidal ingredients in the
paint (Table S2), Cu and Zn were measured in F2 (microparti-
cles) and in F3 (5 pm filtrate) (Fig. 6). The UV-FT treatment
consistently released the most Cu and Zn from the paints. At the
final timepoint (6 weeks), 17.0 + 3.0 mg g ' of Cu and 6.7 +
2.0 mg g of Zn were released during the UV-FT treatment
(Fig. 6A and B). These concentrations are lower than those
observed in a previous study that found extremely high
concentrations of 400 mg g~ " Cu and 250 mg g~ ' Zn collected
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Fig. 6 Total Cu (left) and Zn (right) concentrations released from antifouling painted coupons, in ug g~ of dry paint, from three weathering
treatments and two controls in F2 (>5 um; A and B) and F3 (<5 um; C and D). Concentrations were normalized to initial paint masses. Error bars
denote the standard deviation around the mean for triplicate samples. Asterisks with their appropriate treatments denote values that are below

the limit of detection and have been attributed values of LOD/2.

from a boat maintenance facility and attributed to paint
microplastics.”® The results are nonetheless consistent with the
field study given that this study looked at relatively short-term
(controlled) laboratory exposures.

The high metal concentrations measured in F2 for the UV-FT
treatments were consistent with the high concentrations of
microplastics that were found for this treatment. For F3, Cu was
found at the highest concentration in the UV-FT fraction (260 +
200 pug g~ " of dry paint), followed by UV (62 + 3 ug g~ " of dry
paint) whereas the release of Zn was similar for the two treat-
ments (Fig. 6C and D). Indeed, Zn appeared to be more readily
leached in its dissolved form than Cu (Tables 2 and 3), similar to
previous work on this subject. For example, Jalaie et al. (2023)
found that ZnO was more readily leached than Cu,O from

1456 | Environ. Sci. Processes Impacts, 2026, 28, 1448-1462

antifouling paints that had different polymer binders.*> Because
ZnO has a lower density and a greater solubility compared to
Cu,0, it has a greater propensity to be released as dissolved Zn.
As it is liberated, more water may penetrate into the binder,
which can in turn dissolve even more ZnO. In Fig. 6D, the HC
treatment released the next highest Zn concentrations in F3;
however, it should be noted that we observed a decrease in pH
in the HC treatment during the six-week exposure (Fig. S10A).
Because ZnO dissolves more thoroughly in acidic environ-
ments,*® this may be the cause for the higher Zn leaching in HC.
The pH decrease might have been attributed to a more impor-
tant hydrolysis of the metals,* which would be expected at
higher temperatures.

This journal is © The Royal Society of Chemistry 2026
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Table2 Masses of Cu per gram of paint released from five different treatments and controls at the 6 week timepoint. Concentrations + standard
deviation (ng of Cu per g of paint) and the sum of each fraction (ug of Cu per g of paint) are shown. The percentage of each fraction with respect

to the total mass is also presented

Weathering ~ F1 F2 F3 F1+F2 +F3 F1/(F1+F2 +F3)  F2/(F1+F2+F3)  F3/(F1+F2+F3)
treatment (hgg (hgg (hgg ) (hgg ) (%) (%) (%)

CC 11+6 0.050 + 0.02 15+ 4 26 +9 41.3 0.2 58.5

HC 38+9 0.064 £+ 0. 03 12 £ 3 50 £ 10 75.8 0.1 24.1

uv 110 + 60 0.090 + 0.01 62 + 3 170 £ 60 60.5 0.1 39.5

FT 4300 £ 3000 0.35 £ 0.3 12+ 4 4300 £ 3000 99.6 0.0 0.3

UV-FT 49 000 £ 20 000 72 £ 20 260 £ 200 49 000 £+ 3000 99.4 0.2 0.5

Table 3 Masses of Zn per gram of paint released from five different treatments and controls at the 6 week timepoint. Concentrations + standard
deviation (ug of Zn per g of paint) and the sum of each fraction + standard deviation (ug of Zn per g of paint) are shown. The percentage of each

fraction with respect to the total mass is also presented

Weathering ~ F1 F2 F3 F1+F2 +F3 F1/(F1 + F2 +F3)  F2/(F1+F2+F3)  F3/(F1+F2 +F3)
treatment (ngg™ (ngg™) (ngg™ (ngg™) (%) (%) (%)
CC 12 + 20 0.038 £ 0.02 92 + 30 100 + 40 10.0 0.0 90.0
HC 1 +2 0.77 £ 0.2 1200 + 300 1300 + 300 0.9 0.1 99.1
uv 31 +17 1.2 £ 0.2 2400 + 65 2400 £+ 70 1.3 0.0 98.7
FT 1300 + 800 1.0 £ 0.5 180 + 40 1400 + 900 85.6 0.1 14.4
UV-FT 14 000 £+ 7000 29 +£ 8 2500 + 400 17 000 £ 7000 83.5 0.2 16.4

Forms of copper and zinc released from paint

Cu and Zn concentrations in F3 were initially attributed to the
leaching of dissolved metals from the paints. The concentra-
tions of Cu and Zn released from the different weathering
treatments and controls are given in Tables 2 and 3 for each of
the three fractions for the sample collected at the final (6 week)
timepoint. UV-FT released the highest total masses of Cu and
Zn (i.e., F1 + F2 + F3). As established above, the UV-FT treatment
degraded the surface to the greatest extent.

For most treatments, Cu was mostly released in F1 (large
particles), while a majority of Zn was released in F3 (<5 pm)
(Tables 2 and 3), demonstrating that Cu was more likely to stay
in the paint microplastics, whereas Zn had a higher propensity
to be released through leaching, especially for non-abrasive
treatments (UV, HC, and CC). Although these results,
including the SP-ICP-MS observation of high concentrations of
background (i.e. dissolved) Zn, suggest that Zn was largely
released in dissolved form, Miller et al. (2017) showed that Zn
could be released from paints in its particulate form (bulk and
nanoparticle) in the initial hours of a water submersion.*® In
that case, particulate Zn then quickly dissolved after the first
few hours of exposure. Although our data is lacking hour-by-
hour concentrations, the decreased pHs measured after two
weeks for the UV, HC, CC and UV-FT treatments are consistent
with the hypothesis that Zn was mostly present in its dissolved
forms in F3 (Fig. S10A).

Release of Cu nanoparticles from the paint

Copper oxide (I), or Cu,O, nanoparticles have been shown to be
released from antifouling paints.* Though Cu,O comprised 30—
60% of the total weight of the paint used here (Table S2), the

This journal is © The Royal Society of Chemistry 2026

manufacturer did not specifically state if it was added in
a nanoparticle form. Measurements by SP-ICP-MS showed
clearly that Cu-containing nanoparticles could be detected in
F3, for the FT and CC treatments (Fig. S11).

By assuming a spherical shape and density of 6.0 g cm™
corresponding to Cu,0, we estimate that 1.6 & 1.1 x 10® Cu,0
nanoparticles were released per g of dry paint for the FT-
exposed coupons. After four weeks, the number concentration
decreased (4.4 £ 3.6 x 10”7 Cu,O nanoparticles per g of dry
paint) and release was ultimately not statistically significant at
six weeks (Fig. S11). Cu,O nanoparticles were also detected in
jars containing CC-exposed coupons, but only at the two-week
timepoint (9.9 + 5.6 x 10°> Cu,O particles per g of dry paint).

The size distributions of Cu,O nanoparticles generated by
the FT treatment could only be determined at two weeks and
four weeks. The size distribution of the nanoparticles was found
to be similar for both timepoints in the FT treatment, with
a mean diameter of 30 £+ 1 nm and 29 £ 1 nm for two and four
weeks, respectively (Fig. 7). For the CC treatment at two weeks,
the Cu,O nanoparticles were larger in size (average median 61 +
2 nm). The size range of Cu,O nanoparticles released from paint
is similar to what has been observed in earlier studies. For
example, Gondikas et al. (2023) reported that the majority of Cu
nanoparticles in marinas were approximately 45 nm in size.*
Similarly, Adeleye et al. (2016) observed that 44 nm was the most
commonly detected particle size for Cu,O nanoparticles
released from antifouling paints exposed to laboratory-
controlled weathering.* The larger size distribution in the CC
treatment suggests that either the Cu,O nanoparticles had
coalesced or agglomerated or that the freeze-thaw treatment led
to greater particle dissolution or simply the extraction of

3
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Fig. 7 Size distribution (hm) of Cu,O nanoparticles released from antifouling paints exposed to (A) the FT treatment after two weeks, (B) the FT
treatment after four weeks and (C) CC after two weeks. Bin width is equal to 1 and bin values from 151 to 707 were omitted for clarity. The legend

indicates the triplicate samples (n = 3) measured for each time point.

smaller nanoparticles. Due to the limited number of samples
with significant numbers of nanoparticles, greater precision on
the mechanism would be too speculative at this time.

The low detection rates of Cu,O nanoparticles could be the
result of the peak signals (nanoparticles) being overwhelmed by
the signal intensity of the dissolved background (raw data
provided in Fig. S12). As a reminder, ZnO nanoparticles were
also excluded from the data analysis due to the extremely high
background, corresponding to dissolved Zn. Although it is
possible to reduce the background signal of the soluble metal
oxides using ion exchange columns,** this manipulation was
not performed here as the contributions of the dissolved metals
were generally much higher than those of the nanoparticles
(Table S6). As such, most of the nanoparticle peaks were
“masked” by the background, as demonstrated in the raw signal

1458 | Environ. Sci.. Processes Impacts, 2026, 28, 1448-1462

data and consistent with the total metals analysis for F3.
Furthermore, a high concentration of Cu was measured in F3
for the UV-FT treatment, indicating that the Cu was either
released primarily in its dissolved form or that the nano-
particles dissolved shortly after release (Fig. 6C). Finally, since
the UV and HC treatments had relatively high concentrations of
Cu in F3 whereas the FT and CC had the lowest concentrations
(Fig. 6C) but also the observable nanoparticles, it would appear
that heat plays a role in increasing dissolution among the Cu,O
particles.

Limitations

The study has several limitations, which are largely related to
the current state-of-the-art of the analytical techniques used for

This journal is © The Royal Society of Chemistry 2026
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characterizing nanoplastics, metallic nanoparticles and
heterocomposites. Although UV and freeze-thaw processes can
fragment microplastics into nanoscale particles, nanoplastic
concentrations and sizes could not be confirmed in our study.
Although NTA was used to screen particles <1 um in size, this
technique cannot provide chemical identification, and thus we
could not discriminate between metal nanoparticles and
nanoplastics. Furthermore, the initial particle size distributions
of Cu,0 and ZnO could not be determined. Wet, uncured paint
cannot be homogeneously dispersed into dilute aqueous
suspensions required for SP-ICP-MS, and preliminary experi-
ments resulted in incomplete dissolution and visible phase
separation. The manufacturer also did not disclose the particle
size distributions of Cu,O and ZnOj; CAS numbers provided no
size information. In addition, the exact Cu and Zn content of the
antifouling paint was not disclosed—only an estimated range
was provided. This prevented precise determination of metal
recoveries for this specific paint matrix. Secondly, we could not
distinguish between primary and secondary paint-derived
contaminants. UV irradiation and freeze-thaw cycling are
documented to cause secondary fragmentation of microplastics
into nanoplastics.®* Similarly, metal ions can precipitate to form
metallic and metal oxide nanoparticles.**® Thus, differentiating
between nanoparticles released from the paint surface from
those formed due to fragmentation or re-precipitation of ions
remains an important avenue for future work. Thirdly, temporal
trends could not be generated for the release of the paint
microplastics. In contrast to the analysis of metals and metal
nanoparticles, which is performed with little perturbation of the
experimental media, microplastic analysis requires large
sample volumes. Furthermore, given their sizes, paint micro-
plastics were heterogeneously distributed in the sample
containers, with some particles rapidly settling to the bottom of
the jar and others adhering to the jar walls and coupon surfaces.
Samples taken at intermediate timepoints would have captured
only the suspended fraction and not the total microplastic load,
leading to inaccurate estimates of microplastic concentrations
and sizes. Given the need for large sample volumes, accurate
temporal quantification would have required the sacrificial
sampling of entire jars at each time point, which was not
feasible within the scope of this study. Natural waters contain
an assortment of dissolved minerals, salts, and organic matter
that can influence paint degradation, metal speciation and
release kinetics. In this study, demineralized water was used to
minimize contamination and analytical interferences, since
salts, ions, and organic matter can hinder both microplastic
identification (e.g., O-PTIR and microscopy) and accurate metal
or nanoparticle quantification. However, previous literature has
shown that the fate, transport and transformation of paint-
derived contaminants may differ with pH, salinity, hardness,
and total organic carbon content. Finally, the weathering
conditions that were examined in this study represented only
a subset of environmental stressors encountered by marine
paints. While the study focused on UV photodegradation and
freeze-thaw cycles, mechanical forces such as wave action and
turbulence via vessel action, as well as drastic temperature
fluctuations, can also contribute to paint degradation in real
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settings. In addition, the accumulation of biofouling organisms
can influence degradation by altering chemical conditions (e.g.,
pH) and imposing additional mechanical or biochemical stress
on the paint surface.®®*** Incorporating these additional chem-
ical, mechanical and biological stressors into future studies will
give a more holistic picture of environmental degradation
processes for marine paints.

Conclusions

This study provided the first integrated assessment of micro-
plastics, dissolved metals and metallic nanoparticles released
from antifouling paints under UV irradiation, freeze-thaw
cycling and a combination of the two. All treatments and
controls produced paint microplastics. UV irradiation induced
photo-oxidation of the paint binder whereas freeze-thaw cycling
likely degraded the painted surface through abrasion, thus
aligning with our hypothesis. Exposure to the combined UV and
FT treatment appeared to produce a synergistic effect resulting
in the generation of the largest and most abundant paint
microplastics when compared to each weathering treatment
alone. Microplastic release was reported as a single quantity at
the end of the 42 day weathering exposure, since large quanti-
ties of particles settled quickly in the jars such that a represen-
tative sample could not be collected.

Temporal trends in metal release aligned with our predicted
behaviour for dissolved and particulate metals. Cu concentra-
tions increased over the 42 day exposure under conditions
involving abrasion (i.e., FT and UV-FT), demonstrating the
importance of Cu retention in the paint binder and its release
with time in the form of microplastics. Zn, in contrast, was
released predominantly as dissolved Zn and was most suscep-
tible to UV and heat. Regardless of the exposure conditions, Cu
and Zn levels increased over the 42 day exposure period. We also
observed the concentrations of Cu nanoparticles decreasing
over time; however, dissolved metal concentrations simulta-
neously became more important, which may have obscured the
nanoparticle peaks. These results indicate that copper oxide
nanoparticles were present but limited in quantity in this
simplified aqueous matrix, potentially due to nanoparticle los-
ses via agglomeration or dissolution, which was consistent with
our initial hypothesis that metal nanoparticle concentrations in
the treatments would decrease over time.

Together, these findings support our hypotheses regarding
the degradation mechanisms that are caused by photochemical
and mechanical stressors and provide insight on the temporal
behaviour of metal release from the antifouling paints. Our
study provided a foundation for the simultaneous assessment
of paint-derived microplastics, metals and metal nanoparticles
after exposure to environmental stressors such as UV irradia-
tion and freeze-thaw cycles. Future work should focus on the
polymer-specific identification of nanoplastics, temporal
sampling for microplastics and the use of complex natural
waters to further understand the release behaviour of paint-
derived contaminants. Given the inevitability of paint pollu-
tion, it is critical to explore the use of sustainable alternatives,
reduce paint use and improve paint management practices to
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mitigate the pervasive problems stemming from marine paint
contamination.
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