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The permanent presence of microplastics in the marine environment is considered a global threat to
several marine animals. Heavy metals and microplastics are typically included in two different classes of
pollutants but the interaction between these two stressors is poorly understood.

During 14 days of experimental manipulation, we examined the adsorption of two heavy metals,
copper (Cu) and zinc (Zn), leached from an antifouling paint to virgin polystyrene (PS) beads and aged
polyvinyl chloride (PVC) fragments in seawater. We demonstrated that heavy metals were released from
the antifouling paint to the water and both microplastic types adsorbed the two heavy metals. This
adsorption kinetics was described using partition coefficients and mathematical models. Partition co-
efficients between pellets and water ranged between 650 and 850 for Cu on PS and PVC, respectively. The
adsorption of Cu was significantly greater in PVC fragments than in PS, probably due to higher surface
area and polarity of PVC. Concentrations of Cu and Zn increased significantly on PVC and PS over the
course of the experiment with the exception of Zn on PS. As a result, we show a significant interaction
between these types of microplastics and heavy metals, which can have implications for marine life and
the environment. These results strongly support recent findings where plastics can play a key role as
vectors for heavy metal ions in the marine system. Finally, our findings highlight the importance of
monitoring marine litter and heavy metals, mainly associated with antifouling paints, particularly in the
framework of the Marine Strategy Framework Directive (MSFD).

© 2016 Published by Elsevier Ltd.
1. Introduction

Marine plastic debris occur in seas and oceans globally (e.g.
Barnes et al., 2009; Derraik, 2002) being mostly constituted by
microplastics, plastic particles smaller than 5 mm in size (Andrady,
2011; Arthur and Baker, 2009; Cole et al., 2011). The negative
relevance of microplastics in the marine environment has been
recently recognized by its inclusion as a priority descriptor in the
Marine Strategy Framework Directive (MSFD) as Descriptor 10
(Marine Litter) (Directive 2008/56/EC, European Parliament and the
Council, 2008). The ingestion of small plastic debris by several
ecke).
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marine species such as mammals, turtles, cetaceans, fish or sea-
birds is causing concern among the scientific community, man-
agers, policy makers and the general public (Boerger et al., 2010; De
Stephanis et al., 2013; Graham and Thompson, 2009; Lazar and
Gra�can, 2011; Murray and Cowie, 2011).

In addition, pollutants such as polycyclic aromatic hydrocarbons
(PAH) and polychlorinated biphenyls (PCBs) are capable of sorbing
to the plastic surface (Bowmer and Kershaw, 2010; Endo et al.,
2005; Mato et al., 2001; Rios et al., 2007) and become bioavail-
able to animals upon ingestion (Koelmans et al., 2014; Rochman
et al., 2013; Ryan et al., 1988). Moreover, a limited number of
recent studies reported the adsorption of trace metals to plastics
suspended in the marine environment (Holmes et al., 2012, 2014;
Rochman et al., 2014). Recent preliminary studies deployed virgin
(new) polyethylene pellets in a harbour in SW England for 8 weeks
ector for heavy metal contamination from the marine environment,
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and detected heavy metals (aluminium (Al), iron (Fe), manganese
(Mn), copper (Cu), lead (Pb), zinc (Zn), silver (Ag)) adsorbed from
seawater (Ashton et al., 2010). Metals, such as Cu, Zn, Fe, were also
recently found on plastic production pellets sampled on the
coastline of SW England in similar and higher concentrations than
local sediments, although sediment commonly presents a higher
surface area and is composed of charged minerals promoting
sorption of metal ions (Ashton et al., 2010; Holmes et al., 2012;
Turner, 2010). In a recent study, Holmes et al. (2012) concluded
from an investigation addressing metal sorption kinetics to virgin
and beached polyethylene pellets that this reaction reached equi-
librium within 25e100 h. Adsorption capacities were greater for
beached pellets than for virgin pellets, probably due to the
weathering and fouling with organic matter over time, increasing
the surface area and generating anionic active sites for the
adsorption of metals from seawater (Holmes et al., 2012, 2014). In
contrast, a recent study conducted in San Diego Bay, USA, with
different plastic types, showed no significant difference among
pellet composition in metals adsorption capacity over a 12-month
period (Rochman et al., 2014).

Metal pollution is commonwithin harbours and marinas, and is
originated from multiple sources such as the usage of metal based
antifouling paints, industrial waste and fuel combustion (Deheyn
and Latz, 2006). Antifouling paints in particular, are one of the
major sources of heavy metals into the marine environment,
especially in harbours and marinas, through paint deterioration
and consequent diffusion (Almeida et al., 2007). The most modern
marine antifouling paints contain a copper based biocidal pigment
and are applied to ship hulls and several other fixed structures (e.g.
pilings, pontoons, buoys) (Canning-Clode et al., 2011; Claisse and
Alzieu, 1993) to avoid and slow down the biofouling process.
Particularly in estuaries and bays, where anthropogenic pressures
are higher, heavy metals such as Zn, Cu and others are leached from
these antifouling paints to ambient seawater (Canning-Clode et al.,
2011). Similarly, bays and estuaries are also known to have high
abundance of microplastics originated from human activities
(Browne et al., 2011).

Mechanisms for the adsorption of metals to plastics, which are
likely to be varied and complex, remain relatively unexplored. The
weathering processes seem to be more important for the adsorp-
tion capacities than the plastic type (Holmes et al., 2014). In the
present study we investigated the interaction between two types of
known polymers and heavy metals by exposing different types of
microplastics to heavymetal pollution. Under controlled laboratory
conditions and to mimic this anthropogenic environment, we
applied an antifouling paint to PVC settling plates and exposed
virgin polystyrene plastic beads (PS) and aged polyvinylchloride
fragments (PVC) to these particular conditions. To evaluatewhether
microplastics can adsorb metals leached from antifouling paints, PS
and PVC microplastics were suspended separately in experimental
units containing seawater and a settling plate treated with an
antifouling coating for 14 days. This evaluation was performed by
using two approaches: a) no water exchange system, to calculate
partition coefficients (Kpw (plastic/water)) and to compare
adsorption differences among both polymer types (Smedes et al.,
2009) after a 14-day period; and b) water exchange system, to
determine dynamic concentrations during a 14-day period closer to
the real environment.

2. Material and methods

2.1. Experimental setup

This study was conducted at Estaç~ao de Biologia Marinha do
Funchal located at the south coast of Madeira Island, Portugal. We
Please cite this article in press as: Brennecke, D., et al., Microplastics as v
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exposed two types of microplastics to heavy metals leached from
an antifouling paint applied to polyvinyl chloride (PVC) settling
plates. Twomass-produced plastic types commonly encountered in
the marine environment (Andrady, 2011) were chosen: virgin PS
beads (0.7e0.9 mm diameter; Styropor® P 326, BASF, Ludwig-
shafen, Germany) and naturally (sun-exposed) aged irregular PVC
fragments (1.6 � 0.8 mm in size; Inwater, Porto, Portugal). Settling
plates (5 � 10 cm size; n ¼ 32) were painted in one side with a
primer layer of a non-toxic paint (Primocon YPA984, International
Paint LLC, Houston, USA) and with two additional layers of a copper
(I)-oxide (25e50%) and zinc-oxide (10e25%) based antifouling
paint (Micron Optima Base YBA953 and Micron Optima Activator
YBA953, International Paint Ltd., Southampton, UK). Hydrochloric
acid and deionized water rinsed glass containers (550 ml volume)
were used as experimental units. Each experimental unit consisted
of one glass container with an antifouling treated plate and one
type of microplastic. Approximately 0.2 g of PS (~800 beads) and
0.5 g of PVC (~390 fragments) were added to each unit. These
concentrations are realistic and can be found naturally in the ma-
rine environment (Dubaish and Liebezeit, 2013). To examine the
interaction between microplastics and heavy metals we used 32
experimental units distributed as follows: i) PVC, settling plate with
antifouling-paint (n ¼ 5 with water exchange; n ¼ 3 without water
exchange); ii) PS, settling plate with antifouling-paint (n ¼ 5 with
water exchange; n ¼ 3 without water exchange); iii) PVC, settling
plate without antifouling-paint (n ¼ 5 with water exchange; n ¼ 3
without water exchange); iv) PS, settling plate without antifouling-
paint (n ¼ 5 with water exchange; n ¼ 3 without water exchange)
(Fig. 1). In addition, to test whether water exchange could affect
adsorption in an enclosed system with a saturating capacity, we
employed two different experimental approaches: 1) water ex-
change experiment; and 2) no water exchange experiment. For the
water exchange experiment, water was exchanged every 2 days for
the 14-day period, to simulate what can be observed in a real
environment (e.g. a harbour). With water exchange, there is
continual release of heavy metals to a new unsaturated medium
(water) that will also supply a continuous metal burden to the
tested microplastic particles. This renewable system allows an
approximation to the real environment and simultaneously to
understand the saturation capacity of the particles in a non-limited
supply system. All experimental units were filled with 500 ml of
non-filtered seawater to reproduce realistic environmental condi-
tions (for e.g. presence of phytoplankton, microorganisms).
Althoughmetal concentration values attained due to paint leaching
are very high and away from those found in the environment in
normal conditions, the range of metal concentrations used is the
most realistic possible when antifouling paints are present in the
water column.

2.2. Metal analysis

For heavy metal analysis in seawater, water samples were
collected before each water exchange, acidified with nitric acid
(Trace SELECT®, SigmaeAldrich) and stored until analysis. In addi-
tion, 50 PS beads and 30 PVC fragments were also sampled from the
same units after seawater sampling by using a filtering (nylon
mesh) and a metal-free counting unit (paper box). We filtered all
thewater to obtain themicroplastic beads and fragments. The same
procedure was performed for the units without water exchange
after 14 days, at the end of the experiment. All analysis and storage
was conducted in polyethylene tubes due to its low affinity for
metals (Batley and Gardner, 1977; Laxen and Harrison, 1981). All
samples were stored at 2 �C in a proper refrigerator. All labwarewas
decontaminated in HCl (10% v/v) baths prior to use. To avoid
changes in the metal concentrations in the plastic surfaces, pellets
ector for heavy metal contamination from the marine environment,
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Fig. 1. Overview experimental set-up, incubation of polystyrene beads (PS) and pol-
yvinylchloride fragments (PVC) for a 14-day period in glass container containing sea
water with/without antifouling paint treated plate (AF).

Table 1
Certified and extracted metal concentrations (mg/g) in the Reference Materials CRM
145 and CRM 146.

CRM 145 CRM 146

Certified Extracted Recovery Certified Extracted Recovery

Zn 2122 2040.4 96.15% 3061 3091.6 101%
Cu 696 737.8 106% 838 871.5 104%
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were freeze-dried for 24 h at �50 �C prior to extraction.
Cu and Zn were extracted from microplastic surfaces using a

modified Aqua Regia extraction (Holmes et al., 2012). Aqua Regia
was prepared by mixing 12 M HCl and 16 M HNO3 in a ratio of 3:1.
All pellets from each unit were pooled in a 10 ml HDPE vial, to
which 10 ml of 20% (v:v) Aqua Regia was added. Vials were shaken
at 150 rpm for 24 h. Due to the relatively inert composition of
pellets, it was not necessary to heat the digestions, and thus the
extraction occurred at room temperature (Holmes et al., 2012).
After this extraction period the mixture was filtered through GF/F
Whatman n� 42 filters (pore size 2.5 mm) to retain the pellets.
Samples for dissolved metal determination were filtered by an acid
clean GF/F Whatman filter (pore size 0.7 mm) and immediately
acidified with HNO3 (9 ml of sample to 1 ml of HNO3, final pH < 1).
All heavy metal concentrations were determined by Flame Atomic
Absorption Spectrometry (FAAS, Spectra AA 50, VARIAN). Blank
vials (without pellets) were also subjected to the same procedure
and its metals content used to correct the pellets metal concen-
trations. To examine possible interferences from the saline matrix
in water samples, saline internal standards were also analysed us-
ing the exact same procedure. As in previous works (e.g. Duarte
Please cite this article in press as: Brennecke, D., et al., Microplastics as v
Estuarine, Coastal and Shelf Science (2016), http://dx.doi.org/10.1016/j.ec
et al., 2014) the saline matrix of water samples did not interfere
with the analysis and thus FAAS could be accurately employed to
analyse dissolved heavy metals in water samples. Spiking assays
with artificial and natural estuarine water were performed in order
to test the accuracy of this method. Previous tests (Duarte et al.,
2014) did not detected significant metal adsorption to the glass
filters allowing therefore the use of this kind of filter material.
Heavy metal recovery was always between 90 and 110% (Duarte
et al., 2014). Due to the lack of reference materials for plastic pel-
lets, the accuracy of the results was verified by processing reference
material CRM 145 R (Sewage sludge) and CRM 146 R (Sewage
sludge from industrial origin) as well as by internal standard so-
lutions. Trace metal concentrations in the reference materials
determined by FAAS (Table 1) were not statistically different from
their certified ones (t-student; a ¼ 0.05). Laboratory blanks, i.e.
concentration of Zn and Cu in the water and plastic at day 0, were
measured before any paint was added representing the background
metal concentration in seawater and plastic used.
2.3. Adsorption kinetics data analysis

To better describe and understand the rate of metal adsorption
to the microplastic pellets, the partition coefficients (Kpw) were
calculated for each case in the no-water-exchange scenario
(Holmes et al., 2014). The application of partitioning coefficient is
based on the concentration ratio of adsorbed metals on the
respective plastic to aqueous metals on a w/v basis. The Kpw is
determined as follows:

Kpw ¼ ½MeP�
½MeW� (1)

where [MeP] (mg g�1) is the concentration of the respective metal
on the surface of the plastic indicating the adsorption and [MeW]
(mg ml�1) is the concentration of the metal in the surrounding
seawater of the respective experimental unit.

For the water-exchange experiment, metal concentrations
accumulated on plastics varied over time and was also investigated
using a fittedmodel described in recent studies (e.g. Rochman et al.,
2014). In these systems there is a continuous supply of heavy
metals from antifouling paints to the water column, and therefore
there is not a constant level of metal concentrations in the medium
(Rochman et al., 2014). Therefore the traditional equilibrium con-
stant is here considered as a dynamic constant considering a
continuous metal release to the water column, and thus represents
a closer approach to the natural conditions in the marine system.
Data for adsorption on both types of microplastics were fit to the
first-order approach to equilibrium model using the exponential
rise to maximum equation:

Ct ¼ Ceq
�
1� e�kt

�
(2)

where Ct is the concentration at time t, Ceq is the predicted equi-
librium concentration and k is the rate constant (Febrianto et al.,
2009). In the non-equilibrium state the kinetics can be described
ector for heavy metal contamination from the marine environment,
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using the model:

Ct ¼ ekt (3)

where Ct is the concentration at time t and k is the rate constant at
time t.

2.4. Statistical analysis

To test for significant differences between the two types of
microplastics within the no-water exchange scenario we have
employed a two sample t-test. Here, we compared concentrations
of Cu and Zn in the microplastic pellets incubated with seawater
and with the antifouling treatment. In addition, we compared
metal concentrations on themicroplastic pellets before and after 14
days.

For adsorption over the 14-day period, we employed a one-way
ANOVA to analyse whether metal concentrations for each plastic
type and each metal differ over time. In case ANOVA assumptions
were not fulfilled we used a KruskaleWallis test instead. Further-
more, to test the adsorption of metals over the 14 days period
among the two plastic types we used t-tests on data from each
sampling period individually. Statistical analyses, graphs and
adsorption kinetics were performed using R (R Development Core
Team 2012) and SigmaPlot 12 (Systat Software, San Jose, CA).

3. Results

3.1. No water exchange

Madeira's remote offshore location distant from mainland
sources suggests a relatively low impact of metal contamination
(Cu: 101.8 mg L�1 ± 2.9; Zn: 279.4 mg L�1 ± 46.9). Metal concen-
trations in seawater of the experimental units showed low values of
either Cu or Zn after 14 days. The concentration of Cu and Zn in the
microplastic pellets exposed to seawater only maintained low
values and had significantly lower metal concentration compared
with microplastic pellets incubated with antifouling paint, except
for Zn on PS (Table 2). Levels of Cu and Zn in the microplastic
particles increased significantly to 1100 mg Cu g�1 DW on PS and
1320 mg Cu g�1 DW on PVC and 102 mg Zn g�1 DW on PVC, and
increased slightly to 160 mg Zn g�1 DW on PS when comparing
metal concentrations before and after the 14 days period. Values of
Kpw indicated a higher Cu enrichment on PVC than PS, while PS
were found to have a higher affinity to Zn than PVC (Table 2).

3.2. Water exchange

Both metals leached rapidly from the antifouling paint into the
surrounding seawater presenting very high values at the end of two
days (Fig. 2). After this period metal concentrations in the water
Table 2
Metal concentrations [ppm] in sea water and on plastic particles, partitioning coefficient
fragments (PVC) that were exposed for a 14-day period in sea water with/without antifo
concentrations in ppm are equivalent to mg/g DW for plastics and mg/ml for sea water (m

AF [Cu]ppm

PS seawater Yes 1.67 ± 0.29
particles Yes 1100.97 ± 273

PS seawater No 0.09 ± 0.01
particles No 11.70 ± 3.83

PVC seawater Yes 1.56 ± 0.19
particles Yes 1320.72 ± 268

PVC seawater No 0.09 ± 0.01
particles No 3.11 ± 1.81
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column rapidly decreased until an almost stable value at the end of
9 days. Simultaneously with this decrease, heavy metal concen-
tration in microplastics increased rapidly after the second day of
the experiment (Fig. 2). Copper concentrations changed signifi-
cantly over the 14 days of the experiment (Fig. 2A: Cu in PS p< 0.05;
Fig. 2C; p < 0.05). Zinc concentrations in PVC pellets were slightly
insignificant (Fig. 2D: Zn in PVC p ¼ 0.07). In PS pellets Zn con-
centrations did not change over time (Fig. 2B: Zn in PS p > 0.05).
PVC pellets showed a continuous increase in both metal concen-
trations until the end of the trials, while PS only showed an expo-
nential adsorption in case of Cu, until the end of 9 days. In addition,
Cu concentrations in PVC and PS were found to be significantly
different when comparing samples collected at the same time pe-
riods (p < 0.05), except for the samples collected at day 9 (Fig. 2A
and C). For Zn this difference between pellet types were only found
to be significantly different in the samples collected at day 14
(Figs. 2B and 1D; p < 0.05).

Dynamic equilibrium concentrations (attained from the water
exchange units) were almost 20 times higher for Cu, than for Zn
achieved after 6 and 9 days respectively. Nevertheless and as above
mentioned, Zn concentrations in PS pellets did not change signifi-
cantly during the experimental period (Fig. 2 and Table 3).

For Cu and Zn on PVC, equilibrium concentrations were not
achieved over the 14-day study period, but the steep increase of
heavy metals adsorption to PVC pellets could be fitted to a non-
equilibrium exponential growth function. This model showed a
higher rate constant (k) in Cu than in Zn, indicating a faster
adsorption of Cu compared to Zn (Table 3). Finally, maximum
concentration for both Cu and Znwas greater on PVC pellets than in
PS.

4. Discussion

Marine debris is now considered a global threat in the marine
realm as it can have direct environmental impacts in marine ani-
mals (e.g. ingestion or entanglement). Plastics are the most com-
mon material to be found in marine debris and are mostly
composed by particles smaller than 5 mm in size, the so called
microplastics (Andrady, 2011). Metal pollution too, is a common
source of anthropogenic pressure in estuaries and bays worldwide
occurring in different forms such as antifouling coatings, industrial
waste, urban run-off, sewage discharges and wood preservatives
(Piola et al., 2009). In the current study, we investigated the role of
microplastics as a vector for heavy metals, by examining the
adsorption of copper (Cu) and zinc (Zn), leached from an anti-
fouling paint to virgin polystyrene (PS) beads and aged polyvinyl
chloride (PVC) fragments in seawater.

Our study indicates that antifouling paints can be a source of
metals to be adsorbed by microplastics. Both plastics used in this
study, PS and PVC, are able to accumulate metals leached from the
antifouling paint into the seawater, since concentrations of metals
(Kpw) of copper (Cu) and zinc (Zn) on polystyrene beads (PS) and polyvinylchloride
uling paint treatment (AF) (n ¼ 12). Errors represent the standard deviation, mean
ean ± SD).

Kpw [Zn]ppm Kpw

659 0.53 ± 0.09 304
.23 160.27 ± 97.00

126 0.18 ± 0.02 163
29.33 ± 11.45

849 0.52 ± 0.05 195
.60 102.09 ± 21.47

33 0.19 ± 0.03 32
6.12 ± 0.87

ector for heavy metal contamination from the marine environment,
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Fig. 2. Concentration of Cu and Zn over time. (A) Adsorption of Cu to PS, (B) Adsorption of Zn to PS, (C) Adsorption of Cu to PVC, (D) Adsorption of Zn to PVC. Bars represent the
concentration of Zn and Cu on the pellet (mg/g DW of pellets). Solid lines represent concentration of Zn and Cu in the surrounding seawater (mg/L DW of seawater). Dotted lines
indicate the growth functions calculated in Table 3. Error bars denote the standard error.

Table 3
Constants defining time-dependent profiles of metal adsorption to PVC and PS using the exponential rise to maximum equation and the exponential growth function (Ceq:
equilibrium concentration in mg/g DW of pellets, k: rate constant, R2: regression coefficient, p: significance level).

Ceq k R2 p

Cu on PS Exponential rise to maximum Ct ¼ Ceq (1�e�kt) 1262.6 0.6 0.1345 0.03
Zn on PS Exponential rise to maximum Ct ¼ Ceq (1�e�kt) 68.3 0.9 �0.4906 1
Cu on PVC Exponential growth Ct ¼ ekt 0.6 0.4371 <0.0001
Zn on PVC Exponential growth Ct ¼ ekt 0.4 0.3824 <0.0001
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on plastics were up to 800 times higher than in the surrounding
seawater indicated by the partition coefficient and demonstrated
by the significant differences in metal concentration when
compared with PVC fragments and PS beads prior to the experi-
ment. In this context, microplastics may be considered as a vector
for heavy metal contamination. Our study showed aged PVC frag-
ments accumulated Cu and Zn to a greater extent without reaching
equilibrium, while at the end of 14 days, virgin PS beads attained
constant Cu concentrations. PVC fragments might not have reached
equilibrium within this period of time. Since these aged pellets are
in a higher state of degradation, adsorption capacity might be
increased as suggested by Endo et al. (2005) and Ogata et al. (2009)
due to the presence of organic matter and the increased reactivity
of the surface.

Until very recently plastic particles were seen as rather inert
compared to heavy metals (Ashton et al., 2010), with impacts
related to the physical damage promoted for their ingestion, rather
than sources of chemical contaminants. However, recent studies
suggest these particles can indeed accumulate metals at similar
rates to what is occasionally observed in estuarine sediments
(Duarte et al., 2010) and suspended particles (Duarte et al., 2014).
Once released into the water column, plastic surface properties and
porosity play a key role on its metal adsorption behaviour. At this
Please cite this article in press as: Brennecke, D., et al., Microplastics as v
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level, higher absorption rates are normally associated with greater
surface area and reactivity (polarity) (Holmes et al., 2014; Rochman
et al., 2014). In the present study, virgin PS beads presented a
spherical shape resulting in a smaller surface/volume ratio, while
aged PVC fragments presented an irregular rectangular shape with
a higher area for adsorption. In addition, the material itself could
represent also a source of variability for metal adsorption as PVC
and PS exhibit different porosity characteristics. Moreover, the
reactivity of aged plastic particles can be increased due to processes
such as photo-oxidative weathering, accumulation of biofilms and
chemical hydrogenous precipitates leading to higher adsorption of
metal ions from the water column (Holmes et al., 2012; Mato et al.,
2001; Mor�et-Ferguson et al., 2010). Differences in metal adsorption
between virgin and beached polyethylene pellets were observed in
similar laboratory pellet suspension experiments undermarine and
estuarine conditions (Holmes et al., 2012, 2014). The results pre-
sented in the current study clearly indicate a high affinity of metals
in solution to aged PVC fragments directly from the water column.

Possible mechanisms for this metal sorption are probably
related to direct adsorption of cations or complexes onto charged
sites or neutral regions of the plastic surface (Ashton et al., 2010). In
fact, microplastics are composed by organic polymers, to which
heavy metals have a high affinity (Ashton et al., 2010; Rios et al.,
ector for heavy metal contamination from the marine environment,
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2007). However, due to differences in chemical and physical
properties of each type of plastic such as surface area (diffusivity),
hydrophobicity (polarity), sorption rates of metals to plastics would
be expected to differ (Karapanagioti and Klontza, 2008; Teuten
et al., 2007). In this study, aged PVC fragments adsorbed signifi-
cantly higher concentrations of Cu compared to virgin PS beads,
presumably because of the higher surface area and polarity of PVC
due to polar groups (chlorine). Based on their different ability to
accumulate metals from nearby sources, weathered (aged) micro-
plastics may pose a higher ecological threat. Considering the heavy
metal concentrations found in the water column versus the con-
centrations of adsorbed heavy metals in the plastic pellets, the role
of these particles as dangerous vectors for marine organisms be-
comes more evident. The ingestion of microplastics imposes by
itself a serious constrain to marine animals, suppressing their
feeding (Furness, 1985). Metal concentrations in plastic particles
are several times higher than the ones found in the water column
and thus can become toxic. Holmes (2013) suggests that heavy
metals adsorbed to plastic pellets are highly bioavailable. Consid-
ering the high amounts of heavy metals detected along with its
high bioavailability, it is expected that the toxic elements are
extracted by the digestive tract acid environment (Holmes, 2013).
Nevertheless, the pellet consumption rates of marine animals are
highly variable (Van Franeker et al., 2011). In this context, it is not
expected that the adsorbed heavy metals in plastic pellets lead to
acute toxicity phenomenon, but with the long term exposure to the
ingestion of these highly contaminated particles it is very likely that
individuals could suffer from chronic toxicity effects, derived from
biomagnification.

Considering the water exchange treatment renewed system
with continuous metal supply to non-saturated water medium, the
dynamic equilibrium concentrations of PS were achieved after 6
days for Cu and 9 days for Zn. The periodic supply of clean water to
the system allows a continuous leaching of the paint until its limit
and therefore eliminating the water saturation from the equation.
In these realistic conditions the equilibrium constants are, as above
mentioned, different from the traditional ones, and reflect only the
saturation constants for the microplastics in a non-limited system
at a given time. In this dynamic system the only limiting factor is
the saturation capacity of the microplastic pellets. Previous labo-
ratory experiments, measuring sorption kinetics using poly-
ethylene pellets, found that metals reached equilibrium within
25e100 h (Holmes et al., 2012). In a long-term study recently
conducted in San Diego Bay, USA, Rochman et al. (2014) examined
the sorption of metals among five plastic types: polyethylene
terephthalate (PET), high-density polyethylene (HDPE), polyvinyl
chloride (PVC), low-density polyethylene (LDPE) and poly-
propylene (PP). The authors found that concentrations of the
investigated metals increased and concluded that equilibrium was
not reached for at least one metal (cobalt, lead) in one plastic type
(polyethylene) (Rochman et al., 2014).

5. Conclusions

Metal leaching from antifouling paints and microplastics are
two important emerging sources of pollutions in the marine envi-
ronment. To the best of our knowledge, our investigation repre-
sents the first study to examine the adsorption of metals from
antifouling paints to microplastics. Both contaminants are high-
lighted by the MSFD as relevant descriptors to be monitored and
thus the understanding of the mechanisms underlying the in-
teractions between these contaminants are an important concern
under the present marine framework. In contrast to other pollut-
ants, microplastics are not degraded in the environment persisting
in the water column and bottom sediments accumulating chemical
Please cite this article in press as: Brennecke, D., et al., Microplastics as v
Estuarine, Coastal and Shelf Science (2016), http://dx.doi.org/10.1016/j.ec
contaminants, including heavy metals. From the results here pre-
sented it is clear that microplastics have high affinity to heavy
metals rapidly adsorbing these elements indirectly from nearby
metal sources such as antifouling paints. This mechanism makes
microplastics vectors of increased contamination imposing a high
risk to marine wildlife as potential sources of heavy metals. Our
findings highlight the need for further studies elucidating its role as
sinks or sources of metals, exploring heavy metal release from
these particles under different environments (e.g. digestive tract of
fishes and deposit feeders) and testing whether the levels of metals
found in microplastics in this study can be toxic to the biota.
Adsorption of metals will imply higher concentrations on particles,
which can be ingested by marine biota causing additional potential
for toxicity.
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