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g r a p h i c a l a b s t r a c t
� Weathering impairs the binder
structure of antifouling paint
microparticles.

� Impaired binder structure leads to
increased heavy metal release.

� Weathering hinders the identifica-
tion of paints based on their infrared
spectra.
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a b s t r a c t

Microplastics prepared from commercial marine antifouling paints were weathered by UV-C irradiation
representing between 25 and 101 days of real-time, outdoor exposure. Attenuated Total Reflection
Fourier Transform Infrared (ATR-FTIR) spectroscopy of the degraded paint particles showed that
weathering induced chemical changes in the material, including the release of volatile components and
the formation of hydrophilic groups. The chemical changes and increased reactivity of the paint binder
were associated with alterations in their physical properties and increased leaching of metals in fresh-
water conditions. Changes in the spectra obtained from weathered paint samples reduced their match
with spectra of unaged materials, resulting in a poorer similarity index, the Score when using automatic
identification tools for microplastics. The results suggest that spectra of weathered, as well as pristine
paint microplastics, should be consulted when applying analytical pipelines to identify microplastics
extracted from natural matrices.
© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Plastic litter in the environment is exposed to various impacts,
such as UV-radiation, fluctuating temperatures, mechanical friction
and microbial activity, that weather their material (Andrady, 2017).
These processes change both the material’s physical and chemical
properties, resulting in the generation of small plastic particles,
called secondary microplastics (MPs) (Andrady, 2011a; Browne
on).

r Ltd. This is an open access article
et al., 2007). Since these MPs are further exposed to weathering
impacts, they can undergo additional physicochemical changes.
UV-exposure is a primary weathering factor, because its high en-
ergy weakens polymer structures, leaving them vulnerable to par-
ticle abrasion, changes in crystallinity and the formation of new
hydrophilic functional groups in the polymer (Bejgarn et al., 2015;
Hammer et al., 2012; Rabek, 1990). The resulting impaired poly-
meric structure, increased surface area and hydrophilicity of the
MPs can facilitate the release of compounds that are not chemically
bound to the polymer, such as additives and residual substances
from the production process (Bejgarn et al., 2015; Hahladakis et al.,
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/
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2018; Hermabessiere et al., 2017). Consequently, weathering can
increase the threat that plastic litter and MPs pose to the envi-
ronment due to the mobilised compounds’ potentially toxic nature
(Hermabessiere et al., 2017; Lithner et al., 2011).

The definition of microplastics is broad and covers microparti-
cles of a wide range of polymeric materials. Rubbers, composite
materials and paints with polymeric binders are for example
included under the umbrella of ’microplastics’ (AnnexRestr, 2019;
Hartmann et al., 2019). Of these, microparticles of antifouling paints
can be of special concern as antifouling coatings are designed to
release heavy metals and biocidal compounds to control the
growth of a variety of organisms (Yebra et al., 2004; Jartun and
Pettersen, 2010). Studies have reported such particles in high
numbers, for example at boat maintenance sites where the heavy
metal concentrations in soil and road dust samples in the vicinity
were elevated and the concentration of organotin compounds at
longer distances from the source was associated with their pres-
ence (Turner, 2010; Turner et al., 2009; Decelis and Vella, 2007).
The dispersion of antifouling paint particles potentially affects a
wide range of organisms in marine, freshwater and terrestrial
habitats.

The present study explores the effect of UV-exposure on the
impact of antifouling paint microparticles by employing acceler-
ated weathering. It investigates the influence of weathering on
particle size and metal release in freshwater conditions and seeks
to link the chemical alterations induced in the paint measured
using Attenuated Total Reflection-Fourier-transform infrared (ATR-
FTIR) spectroscopy to the observed changes of physical properties.
Furthermore, it assesses the effect of weathering on the identifi-
cation of paint materials.

2. Materials and methods

We identified the main organic and inorganic components and
followed the UV-induced chemical changes in the paint materials
with ATR-FTIR spectroscopy. We examined the sizes of the non-
exposed and UV-exposed microparticles using a flow imaging
particle analyzer and a stereomicroscope. We evaluated the release
of metals from the paint microparticles with inductively coupled
plasma - optical emission spectrometry (ICP-OES).

2.1. Materials

We prepared microplastics from paint films of six common
commercial marine antifouling paints after application according to
the manufacturers’ instructions. One layer of Hempel’s Underwater
Primer 26030 and two layers of paint were brushed onto bakery
release paper for easy removal of the dry paint with 24 h drying
time between each coat. The properties of the studied paints are
summarised in Table 1. After drying, paint films were cut into flakes
(approximately 5 � 5 cm) and some were ground into particles
under liquid nitrogen using a porcelain pestle and mortar. The
particles were dry sieved through 500 and 20 mm stainless steel
meshes to obtain microparticles in size range of 20e500 mm.
Table 1
Properties of the investigated marine antifouling paints.

Paint Manufa

Cruiser Uno EU YBB800 Internat
Eroding Antifouling NAU703 Nautica
Hard Racing Xtra 71420 Hempel
Seajet 033 Shogun Jotun
Yachting Non-Stop 7520 Jotun
Alusafe 7120D Hempel

2

Although dry-sieving generally results in poorer particle separation
than wet-sieving, it was selected to minimise the risk of metal
leaching during the process. The microparticles of the paints con-
taining both zinc oxide and copper(I) oxide were mixed in equal
proportions for the leaching experiments and we refer to the
mixture hereafter as paint mix. We refer further to the individual
paints as Cruiser, Nautical, Racing, Seajet, Yachting and Alusafe.
2.2. Accelerated weathering

Individual paint flakes and microparticles were weathered in a
BS-02 irradiation chamber from Opsytech Dr. Gr€obel GmbH, Ger-
many. The chamber was equipped with eight UV-C lamps, each
delivered 10 mW cm�2 irradiance at 253 nm. We determined
exposure times of paint microparticles by initially irradiating large
paint flakes for between one and four weeks. The solar equivalence
was calculated by comparing the number of photons that the UV-C
lamps emitted with the estimated amount of photons in yearly
average sunlight in Denmark. We quantified the photons according
to equation (1)

N¼ E
h c

l

(1)

E is the energy of N photons in J, h is the Planck’s constant (6.63
10�34 J s), c is the speed of light (3 108 m s�1) and l is the wave-
length of the light (m) (Wypych, 2015). The mean solar global ra-
diation, 1001 kWh m�2, measured in Denmark between 1990 and
2010 (Skalik and Skalikova, 2019) and the mean wavelength of
sunlight between 280 and 700 nm, were used to calculate the solar
equivalence. The details of the calculations can be found in the
supplementary material (S1). The solar equivalence of 7, 14, 21 and
28 days of UV-C exposure corresponded to 25, 50, 76 and 101 days
based on the number of emitted photons. We evaluated the
weathering of the paint materials from their infrared (IR) spectra
collected by ATR-FTIR using a Cary 630 FTIR Spectrometer from
Agilent Technologies with a germanium internal reflectance
element. We collected 20 spectra for each non-exposed paint flake
and 15 for each exposed paint flake after UV exposure every seven
days (4000-650 cm�1, 4 cm�1 spectral resolution, 64 co-added
scans). The deformed shape and brittle nature of the exposed
flakes hindered further collection of spectra. Based on an initial trial
to compare the rates of weathering on paints, microparticles of the
paint mix wereweathered for 14 days while the particles of Alusafe
for 7days and were mixed daily to ensure homogeneity of UV-
exposure.
2.3. Identification of paint spectra

We corrected the collected IR spectra of non-exposed and UV-
exposed paints for interferences giving rise to baseline slope and
noise. The number of manipulations was minimal to optimise
signal enhancement without distorting the spectra (Rinnan et al.,
2009). We normalised the spectra by dividing all absorbance
cturer Colour Metal compounds

ional dove white ZnO, Cu2O
l navy ZnO, Cu2O

black ZnO, Cu2O
red ZnO, Cu2O, Zineb
red ZnO, Cu2O
blue ZnO, zinc-pyrithione
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values in a spectrum by the highest absorbance value to set a
common intensity scale (Smith, 1999, 2011). We applied extended
multiplicative scatter correction (EMSC) to reduce noise and base-
line slope from scatter. The method handles both interferences
simultaneously while maintaining the different absorbances by
organic and inorganic components in the paint spectra (Rinnan
et al., 2009; Martens and Starks, 1991; Liland et al., 2016). We
applied baseline correction using the peak filling method (Liland,
2015), standard normal variate (SNV) scatter correction (Rinnan
et al., 2009) and 9-point smoothing applying the Savitzky-Golay
algorithm for the sole purpose of visualising spectra.

We compared the spectra from the Score described in Primpke
et al. (2020) used for the automated identification of microplastic
particles in infrared maps (Primpke et al., 2017, 2019, 2020; Liu
et al., 2019; Vianello et al., 2019). The calculations employ the
Pearson correlation coefficients between the raw, first and second
derivatives of a reference and sample spectrum. We calculated the
first and second derivatives of the pre-processed spectra using the
Savitzky-Golay algorithm by fitting a second and third-order
polynomial, respectively, with a five-point smoothing window-
size (Rinnan et al., 2009; Kucheryavskiy, 2020). The Score can
take values between 0 and 1. The highest numbers indicate a per-
fect fit between the reference and sample spectra. The details of the
calculations are summarised in the supplementary material (S2).

We used RStudio v.1.2.5 (RStudio Team, 2019) and the packages
EMSC (LilandKristian, 2020) for extended multiplicative scatter
correction, baseline (Liland et al., 2010) for baseline correction and
mdatools (Kucheryavskiy, 2020) for calculating derivatives and
applying SNV. The Pearson correlation coefficients were calculated
with Primer-e v.7 (PRIMER-E Ltd., UK).

2.4. Particle size analysis

We used FlowCam® 8000 Series Dynamic Imaging Particle
Analyzer (Fluid Imaging Technologies, Inc., Scarborough, MA, USA)
and Stereo Discovery v.8 stereomicroscope (Zeiss GmbH, Oberko-
chen, Germany) to characterise the particle sizes of paint micro-
particles before and after weathering. The nominal lower and
upper sizes of both paint mix and Alusafe particles were 20 and
500 mm, respectively, based on the mesh size of the sieves applied
for size fractionation during sample preparation. Nevertheless,
smaller particles could be expected in both paint mix and Alusafe
samples exposed to UV-C radiation as UV-exposure can cause
particle fragmentation. The FlowCam® was equipped with a 4X
objective and the corresponding flow cell allowed the acquisition of
morphological data of particles between 12 and 300 mm as stated
by the manufacturer. The instrument was used with the factory-set
calibration and only the autofocus of the objective was adjusted
manually before measurements. Red polystyrene beads, 100 mm in
diameter (Sigma-Aldrich, product no. 56969) were used to ensure
proper alignment and autofocus of the objective as recommended
by the manufacturer. The “Best Focus Image” automatic autofocus
algorithm was selected to enable good image quality of heteroge-
neous particles. Demineralised water (1 mL) pre-filtered through
1.2 mm cellulose acetate filter mesh was added to the funnel
inserted in the sample introduction port followed by a few drops of
the microbead suspension to perform the autofocus calibration.

Next, the paint microparticle samples were prepared for anal-
ysis. Particles were suspended in Milli-Q water containing a few
drops of Tween 20 to reduce the surface tension of the hydrophobic
particles and facilitate their homogenous dispersion in the liquid.
The prepared particle suspension was gradually added to the
FlowCam® system. The flow- and the auto image rates were set to
achieve approx. 70% efficiency, thereby minimising multi-imaging
of particles. Since particles larger than 300 mm could not enter
3

the flow cell, we collected them by backflushing the cell after each
measurement and analysed the collected particles using the ste-
reomicroscope and the software ImageJ 1.53a. We characterised the
particles from their surface areas.

2.5. Metal release from paint microparticles

To simulate metal leaching from paint microparticles in fresh-
water conditions, we used ISO 8692:2004 standard (International
Organization for Standardization) algae growth media as the
leaching solution (S3). Applying an artificial mediumwas preferred
to natural water to minimise possible interferences and side-
reactions from particulate matter, chelating agents and others.
The artificial leaching media facilitated the evaluation of leaching
mechanisms under freshwater conditions. All glassware was
meticulously flushed with 1% nitric acid before the experiments to
remove possible remaining traces of metals from the glassware,
thus prevent contamination. One hundred milligrams of the 14-
day-exposed paint mix and 7-day-exposed Alusafe microparticles
were leached in 10 mL media separately in 50 mL glass conical
flasks covered with Parafilm, agitated in the dark at 200 rpm, at
20 �C on an orbital shaker. Such a liquid to solid ratio was deemed
suitable for this study because it prevented overcrowding the
sample with microparticles while ensuring detectable concentra-
tions of the inorganic compounds of interest. Microparticles were
leached for 1, 6, 24, 48, 72 and 168 h. Separate sets of triplicate
samples were prepared for each of the leaching periods. The par-
ticle suspensions were filtered through 0.45 mm nylon syringe fil-
ters into individual 10 mL centrifuge tubes to remove
microparticles after 1, 6, 24, 48, 72 and 168 h.

Controls were prepared in triplicates corresponding to each
leaching period with leaching medium alone, agitated and filtered
under the same conditions as the microparticles. The filtered
samples were acidified by adding concentrated nitric acid. We
appliedmicrowave-assisted digestion (Anton PaarMultiwave 7000,
Graz, Austria) to both non-exposed and UV-exposed paint mix and
Alusafe microparticles to determine their total metal content. The
digesting solution comprised three parts PlasmaPure nitric acid
(67e69%) and one part Suprapur® hydrogen peroxide (30%) and
was added to 10 mg particles in 30 mL PTFE tubes in triplicate.
During the 30-min-long ramp phase of the extraction procedure
the temperature reached 250 �C, the pressure 130 bars and the
power 900 W. The ramp phase was followed by an isothermal
period of 15 min after which the samples were cooled to 80 �C with
a pressure release rate of 10 bar min�1 for additional 25 min. The
resulting liquid from the digested particles and the acidified par-
ticle leachates were analysed on a Thermo iCap 6000 ICP-OES
(Thermo Fisher Scientific, USA) using yttrium as internal standard
(IS). The instrument power was 1.15 kW and the samples were
introduced through a glass concentric nebuliser. The plasma
viewing configuration was axial at resonance lines of 396.1 for
aluminium, 214.4 nm for cadmium, 267.7 nm for chromium,
324.7 nm for copper, 220.3 nm for lead, 180.7 for sulphur and
202.5 nm for zinc. A mixture of metal standards was used for
calibration between 10 and 1000 mg L�1. The limit of detection and
quantification of each element of interest were determined from
the standard calibration curves and are found in the supplementary
material (S4).

3. Results

3.1. ATR-FTIR analysis of paints

3.1.1. Spectra of paints
Fig.1 shows the average of the corrected 20 spectra of each paint
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collected before UV-C exposure as well as the average of 15 spectra
of the paints collected after each exposure interval. High-resolution
versions of the spectra can be found in the supplementary material
(S5). The spectral bands from non-exposed paints derived mainly
from the paint binder. The detailed band assignments are sum-
marised in Table 2. The acidic C]O and metal-carboxylate groups
are associated with rosin, a common component of the binder in
controlled depletion paint systems (Yebra et al., 2004, 2005). Rosin
is a natural material derived from conifer trees, mainly consisting of
resin-acids that are monocarboxylic acids with various diterpene
skeletons (Yebra et al., 2004; Kugler et al., 2019). Although natural
polymers are not usually considered microplastics, modified nat-
ural biopolymers are included in this pollutant group (Andrady,
2017; Verschoor, 2015). Therefore, rosin-based antifouling paint
formulations are classified as microplastics, as rosin is often
modified for the specific application (Yebra et al., 2004; Kugler
et al., 2019). Rosin was the main constituent of the binder of
Cruiser, Nautical and Seajet paints, while the binder of Alusafe,
Racing and Yachting was made of an acrylate-rosin blend indicated
by the presence of the carbonyl (C]O) stretching band of acrylate
groups.

The paint spectra consisted predominantly of bands present in
the binder structure, though inorganic components and metal
complexes were also identified. Az�emard et al. (2014) and
Scalarone et al. (2002) reported similar changes of rosin upon
acceleratedweathering, as shown in Fig.1. The authors attribute the
observed growth of the broad band between 3500 and 3200 cm�1

to the formation of hydroxyl groups due to photooxidation of the
unsaturated groups of the resin acids. While bands attributed to the
carbonyl groups increased in intensity, probably because of the
newly formed oxidation products that included ketones and lac-
tones, bands attributed to methyl and methylene groups decreased
in intensity possibly due to the loss of volatile compounds and
degradation products (Az�emard et al., 2014; Scalarone et al., 2002).
3.1.2. Quantifying changes in ATR-FTIR spectra
Fig. 2 illustrates that UV-induced alterations in the spectra

decreased the Score of Alusafe, Nautical, Racing and Yachting paints
compared with reference spectra. Seven days of UV-exposure
Fig. 1. Average of 20 ATR-FTIR spectra of the non-exposed paints and average of 15 spectr
standard normal variate scatter corrected and smoothed with a nine-point window using t

4

resulted in the largest decrease, while further exposure only
slightly lowered the index values used to characterise microplastics
in environmental samples. Applying EMSC as a pre-processing step
improved the correlation score measurably, possibly due to a
decrease in spectral noise. Furthermore, the correlation of spectra
of UV-exposed materials yielded higher Score values than the
correlation between the UV-exposed and non-exposed variants of
each paint (S6). Nevertheless, spectral changes did not influence
the identification of Cruiser and Seajet paints significantly.
3.2. Particle size distribution

Fig. 3 illustrates the distribution of the measured area of the
non-exposed and UV-exposed Alusafe and paint mixmicroparticles
on a logarithmic scale. Smaller particles were more abundant
among the exposed Alusafe particles than the non-exposed variant
reflected in lower mean particle area. Nevertheless, the paint mix
particles exhibited different size characteristics to the Alusafe
particles. Though the non-exposed and exposed paintmix particles’
size distributions appear similar, the mean area of the UV-exposed
paint mix particles was significantly greater than the non-exposed
particles (Kolmogorov-Smirnov test, p ¼ 2.2$10�16) indicating that
larger particles were more abundant in the exposed particles.
3.3. Leaching of inorganic elements from antifouling paint
microparticles

The Alusafe microparticles contained zinc at the highest con-
centration (34%) and aluminium (1.7%), while cadmium, chromium,
copper and lead were present in low concentrations (<1%). Copper
and zinc represented the largest mass fraction in the paint mix
microparticles (26% and 10%, respectively). The paint mix particles
contained cadmium, chromium, aluminium and lead in low con-
centrations (<1%). Besides, both paint mix and Alusafe micropar-
ticle samples contained a substantial amount of sulphur (S7). Fig. 4
shows the release of inorganic elements from non-exposed and 14-
day-exposed paint mix and 7-day-exposed Alusafe microparticles
throughout the experiment. The displayed concentrations are the
mean values of triplicate determinations after correction for their
a collected after UV-C exposure. All spectra were normalised, then baseline corrected,
he Savitzky-Golay algorithm.



Table 2
Assignment of the infrared absorption bands of the average spectra of all paints based on * Smith (1999), **van der Weerd et al. (van derWeerd et al., 2005)
and ***Singh and Turner (2009a).

Wavenumber [cm�1] Group vibration Origin

3529, 3545, 3390 Overtone of silicate* Pigment
3500e3200 OH* Oxidation
3139 Unsaturated CeC bond* Binder
2924 Methylene asymmetric CeH stretch* Binder
2864 Methyl symmetric CeH stretch* Binder
1719/1724 Acrylic C]O stretch* Binder
1700 Carboxylic acid C]O stretch* Binder/Oxidation
1654 C¼C** Binder
1578, 1593 Metal carboxylate asymmetric COO stretch* Binder
1448, 1457 CeH scissoring of methylene group* Binder
1406 Metal carboxylate, symmetric COO stretch* Binder
1376 CeH symmetric deformation in CH3 group* Binder
1360 CeCH3 asymmetric bend* Binder
1266, 1240, 1146 CeCeO, CeCeC, OeCeC stretches from acrylate* Binder
1235 CeO* Binder
1115 Silicate** Pigment
1012 Silicate, SieOeSi asymmetric stretching* Pigment
1105 Ferric oxide** Pigment
820 Zn-pyrithione*** Metal-complex
668 Ferric oxide* Pigment

Fig. 2. The Score as a measure of similarity between spectra was calculated from the
Pearson correlation of the average non-exposed spectra and those collected after UV-
exposure. The Score takes the value of 1 in case of a perfect similarity at time 0.
Normalised and scatter-corrected average spectra and their first and second de-
rivatives were employed in the calculations.
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respective mean control values. The error bars represent the stan-
dard deviation around the mean. The fractions of leached elements
after 168 h are annotated in the figures and show greater mobility
in the exposed than in the non-exposed particles. Not all elements
extracted from the particles by digestion could be detected in the
leachates, which can be related to their differing mobilities in the
paint matrix. For instance, aluminium was detected in neither the
non-exposed nor the exposed paint mix leachates during the
experiment. Similarly, chromium was not detected in any Alusafe
and paint mix leachates, while lead could only be detected in the
UV-exposed paint mix particles’ leachates. A higher initial release
occurred for most of the inorganic elements from UV-exposed
particles than from their non-exposed equivalents. The high
initial leaching from UV-exposed paint mix and Alusafe particles
was followed by slight concentration increase. However, the con-
centration of most elements in the aqueous phase showed a steady
increase throughout the experiment in case of the non-exposed
particles, exemplified by zinc from non-exposed paint mix parti-
cles and cadmium from non-exposed Alusafe particles. Further-
more, the aqueous zinc concentration in the leachates of both non-
exposed and UV-exposed Alusafe particles decreased over time.
The pH values of particle leachates were generally lower than the
5

corresponding controls, though the difference was more notable in
leachates from UV-exposed particles (S8).

4. Discussion

4.1. Characterisation of paint microparticles

ATR-FTIR spectra of paints revealed that their binders comprised
rosin or rosin-acrylate blends. The silicates and ferric oxide iden-
tified in the rosin-based paints are usually added to improve the
coating’s mechanical properties and adjust their polishing rates
(Yebra et al., 2005; van der Weerd et al., 2005; Yebra and Weinell,
2009). The addition of a water-insoluble co-binder to rosin, for
example, in a rosin-acrylate blend, can also optimise the material’s
hydrophobicity and polishing rate (Yebra et al., 2004). The carboxyl
group in resin acids can form metal-carboxylates, known as res-
inates, with the metals present in paints as biocides, pigments, or
other additives (Yebra et al., 2005).

4.2. UV-C induced chemical changes in the material

Exterior coatings are exposed to environmental impacts, such as
sunlight, fluctuating temperature, humidity and atmospheric pol-
lutants (Kockott,1989; K€ampf et al., 1991). Theseweathering factors
not only deteriorate the aesthetic properties of the coatings but
disrupt their structures, thereby changing their mechanical prop-
erties and performance over time (Kockott, 1989). Therefore, the
weathering resistance of coatings and other polymers has signifi-
cant practical importance (Rabek, 1990; Kockott, 1989). Weathering
tests of stable commercial materials under natural conditions can
take an inconveniently long time due to the added stabilising
compounds that prolong the materials’ service life (Sommer et al.,
1991; Wypych, 2018). The advantage of accelerated tests, such as
the one applied in the present study that employed UV-C radiation,
lies in substantial time reduction and reproducible, controlled
environment for experiments (Sommer et al., 1991; Wypych, 2018).
However, the results of an accelerated test cannot predict the
outdoor weathering behaviour of the material unless the degra-
dation mechanisms are identical under both artificial and natural
conditions (Sommer et al., 1991;Wypych, 2018). As a result, the UV-
C radiation employed to weather the paint particles cannot be
directly translated to natural sunlight exposure because UV-C is



Fig. 3. Distribution of the area of non-exposed and 7-day-exposed Alusafe (A) and non-exposed and 14-day-exposed paint mix (B) particles on a logarithmic scale. The size of the
bins was 0.1. The median area of the different samples is annotated.
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filtered out by the atmosphere and is not a constituent of natural
solar radiation reaching the Earth’s surface (Brennan and Fedor,
1987). Furthermore, UV-C can break chemical bonds that natural
sunlight would not be able to, due to the former’s higher quantum
energy, potentially inducing different degradation mechanisms
(Kockott, 1989; Brennan and Fedor, 1987; Saunders, 1988). Despite
these caveats, UV-C radiation induced the oxidation of polymers
and deteriorated the structure of the material. Since information on
the degradability of the investigated materials was unavailable at
the start of this study, accelerated weathering produced degraded
material in a time-efficient manner.

The observed alterations induced by UV-C exposure represented
those of the material’s upper layers as spectra were collected from
the surface by ATR-FTIR spectroscopy. The germanium internal
reflection element has a particularly shallow depth of penetration,
focusing examination on the upper few microns of a surface and
not on the bulk of the material (Smith, 2011). The similarity index’s
values, the Score of Alusafe, Racing, Yachting and Nautical
decreased considerably after seven days of UV-exposure, while
further subtle alterations in the material slightly affected the
spectral similarity between the exposed and non-exposed paints.
This observation corresponds with that of Az�ermand et al.
(Az�emard et al., 2014) and Scalarone et al. (2002), describing the
most notable changes in the infrared spectra of rosin at the early
stage of their weathering tests.

Although the data presented in the current research originates
in particles of uniform materials exposed to a single impact in a
controlled environment and the resulting spectra had a high signal
to noise ratio, we calculated correlation scores below, e.g., 0.4 of the
Racing paint. These results demonstrate that changes in the ma-
terial could affect the automatic identification of the paint particles.
Microplastics (MPs) in the environment are exposed to various
abiotic and biotic impacts that can cause degradation and oxida-
tion, possibly altering their FTIR spectra (Andrady, 2011b, 2017;
Brandon et al., 2016; Tidjani, 2000; Cai et al., 2018). Unknown
spectra are commonly compared with spectra collected from the
pristine, undegraded form of known materials (Smith, 1999; Lenz
6

et al., 2015). This practice potentially increases the number of
false negatives if the differences exceed a certain degree (Lenz et al.,
2015). In addition, differing acquisition modes of the reference and
unknown spectra can result in discrepant spectra further hindering
identification (Harrison et al., 2012).

Our findings suggest that including spectra of weathered ma-
terial could improve identification because the Score had higher
values when spectra of weathered material were compared with
each other than with pristine material. Scatter-corrected spectra
yielded the highest Score values between non-exposed and UV-
exposed spectra, suggesting that pre-processing steps could also
increase the certainty of identification (Solheim et al., 2019). It is
plausible that scatter-correction has a larger influence on spectra
collected using imaging systems where the intrinsic scatter effects
are stronger, comparedwith ATR-FTIR spectroscopy (Harrison et al.,
2012; Simon et al., 2018; Vianello et al., 2013). Nevertheless,
changes in the spectra of Cruiser and Seajet paints did not decrease
the Scores because the bands with the highest intensities derived
from inorganic components were stable during exposure.
4.3. The effect of UV-induced changes on particle properties

The study by Luo et al. (2020) supports our findings that a larger
fraction of the inorganic elements was released frommicroparticles
exposed to accelerated weathering. The physical and chemical
changes induced by UV-C exposure in the paint microparticles may
be attributed to the increased metal mobility since constant
experimental conditions throughout the leaching of exposed and
non-exposed particles did not change the solubility of inorganic
components. Infrared spectroscopy of the paints revealed that UV-
exposure likely impaired the binder’s structure due to the loss of
volatile compounds and degradation products and generated hy-
drophilic, reactive groups. The compromised integrity and
increased reactivity resulted in enhanced water intrusion into the
bulk of the binder, possibly accelerating its erosion, causing greater
metal dissolution. The hydrolysis of a large amount of released zinc
(equation (2) (Hanzawa et al., 1997)), copper, aluminium and



Fig. 4. The concentration of elements measured in the leachates of non-exposed and UV-exposed paint mix (column A) and Alusafe (column B) microparticles throughout the
experiment. The fractions of the total concentration that leached after 168 h are shown on the right-hand sides.
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cadmium (Gayer and Haas, 1960; Frink and Peech, 1963) may have
contributed to the observed pH decrease. The acidic pH can pro-
mote the dissolution of metals directly by, e.g., equation (3) (Yebra
et al., 2006) and 4 (a Palmer and Benezeth, 2008) and by reacting
with the binder (Vallee-Rehel et al., 1998).

Zn2þ þ 2H2O ¼ Zn(OH)2 þ 2Hþ (2)

ZnOþ 2Hþ ¼ Zn2þ þ H2O (3)

½ Cu2O þ Hþ ¼Cuþ þ ½ H2O (4)

Reduction in physical properties, including particle size, may
7

also account for differing metal release. Smaller particles have
higher active surface areas and a greater potential for leaching.
Since the UV-exposed Alusafe microparticles were smaller than the
non-exposed material, their dimensions could account for higher
metal leaching from the exposed particles. Nevertheless, Singh and
Turner (2009b) found no significant difference in the metal release
from spent antifouling paint particles of different size ranges.
Several authors linked the insensitivity of metal release to particle
size to various interactions between the released metals and
leached paint components that can affect their aqueous concen-
tration (Singh and Turner, 2009b; Albrecht et al., 2011; Holmes and
Turner, 2009; Jessop and Turner, 2011; Sandberg et al., 2007). Such
interactions, including re-sorption to the particle surface,
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precipitation, chelation, are indicated by the decrease in the
aqueous zinc concentration in the case of both non-exposed and
UV-exposed Alusafe particles. Furthermore, the particle size data of
the paint mix particles do not explain larger leaching rates of
metals from the UV-exposed paint mix particles than from the non-
exposed sample because the mean area of the exposed particles
was larger than of the non-exposed paint mix particles. This
observation is counterintuitive because UV-exposure causes
embrittlement of particles that fragment further to smaller parti-
cles (Andrady, 2017). It is possible that UV-exposed paint mix mi-
croparticles fragmented to a size below the detection limit of the
particle imaging instrument’s cut-off of 12 mm. To summarise, it is
difficult to evaluate the role of particle size in metal release based
on these results. Further investigation is required, perhaps by
applying different settings of the FlowCam® that would allow ex-
amination of small particles or comparing leaching experiments
carried out with microparticles of different size ranges.

Our results suggest that UV-C induced changes in the chemical
makeup of paint microparticles because the enhanced reactivity of
the binder and its impaired structure increased metal release. It
furthermore changed the chemical environment of the leaching
media, possibly by introducing organic paint components into the
media and indirectly decreasing its pH through the hydrolysis of
the released metals. The modified composition of the leaching
media may have also affected metal leaching.
5. Conclusion

The present study highlights the importance of gathering
knowledge about the fate of MPs in the environment. Our results
showed that weathering can drastically change the chemical and
physical properties of paint microparticles. These findings raise the
question of the relevance of employing MPs of pristine material in
impact studies. Furthermore, as MPs are usually exposed to a
multitude of physicochemical factors rather than individual, single
impacts, the effect of combining environmental conditions on the
molecular composition of the material is of great importance. Our
findings also suggest that an essential step towards improving the
quality of MP identification is to include collections of ATR-FTIR
spectra from weathered material in spectral databases. This addi-
tion is likely to improve the characterisation of weatheredMPs that
otherwisewould be overlooked. Such ameasure is likely to increase
the significance of MP identification resulting in more robust data.
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