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ABSTRACT

Plastic pollution in the marine environment podegadts to wildlife and habitats through

varied mechanisms, among which are the transpait teansfer to the food web of

hazardous substances. Still, very little is knowow the metal content of plastic debris

and about sorption/desorption processes, espeaially respect to weathering. In this

study, plastic debris collected from the North Atla subtropical gyre was analyzed for

trace metals; as a comparison, new packaging raktevere also analyzed. Both the new
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items and plastic debris showed very scattered esdrations. The new items contained
significant amounts of trace metals introduced aklitves, but globally, metal

concentrations were higher in the plastic debribe Tesults provide evidence that
enhanced metal concentrations increase with thstiplatate of oxidation for some
elements, such as As, Ti, Ni, and Cd. Transmissl@attron microscopy showed the
presence of mineral particles on the surface ofpthstic debris. This work demonstrates
that marine plastic debris carries complex mixtwéseavy metals. Such materials not
only behave as a source of metals resulting franmsic plastic additives but also are able

to concentrate metals from ocean water as minarabparticles or adsorbed species.
CAPSULE

Plastic debris collected from the North Atlantibsopical gyre was analyzed for trace metals.

Marine plastic debris carry complex mixtures of\hemetals but it is evidence that plastic oxidation

favors their adsorption.

I ntroduction

Reports of plastic debris found in marine and &#rr@ habitats have led to a growing
awareness of the hazards from plastic polldtidBubtropical gyre accumulations are
emblematié, but plastic pollution is found throughout the aes, as well as in bays
estuarie$ and terrestrial environments such as rivensd lake% However, the research
remains young, and we need to better understandeffieet of plastic pollution on
ecosystems. The direct impacts of plastic on wddire entanglement and ingesfion
Instances of ingestion that result in ulceratiorstarvation are increasing and are found

throughout the ecosyst€mAs an indirect impact, plastic debris is transporby ocean
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currents over very large distances and serves rasvel habitat for various organisms,
leading to the spreading of biological species s&rocears™. Another concern is the
chemical pollution associated with plastic deBri¥arious classes of chemicals are carried
by plastics; some are listed as priority pollutarstsd others are even classified as toxic
substances ** * However, identifying all the substances that dobé transported by
plastics is far from easy, and the transfer of éhgsbstances to the marine environment

and biota has only been approached to a limiteeh&xt"".

To better understand the interaction of plasticridebith chemicals and toxic elements, it
is important to first differentiate plastics fronolpmers. The term polymer refers to the
macromolecule, whereas the term plastic describmaraufactured product. A plastic is a
material made of a polymer (or sometimes a mixtofeseveral polymers) to which
additives have been added to produce the requitgzegies for a given applicatibh The
chemicals transported by plastics can be categbazeording to their origin: 1) molecules
from the polymerization process, 2) compounds cioed during the formulation step,
namely, the additives, and 3) molecules or elemsoised onto plastic during the use of
the item or during its stay in the environment. thikse chemicals are not covalently bound
to the polymer, and sorption and desorption praesse involved; these processes are
complex mechanisms influenced by external condstisnch as pH, the salinity of the
surrounding medfd %2 UV light and shear stress, but the two lattetdex are seldom

considered.

Regarding the metal content in plastic debris,nlost attention has been paid to beached
preproduction pelletd % Preproduction pellets (from 1 mm to 5 mm) areegally
made of raw resin and used in the manufacturinglastics, where they are melted into
objects. Although pure polymers are generally awkedged to be rather inert toward

ions, the sorption of trace metals by new and bedghreproduction PE pellets has been
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proved* * ?* It has been demonstrated that metal sorptionntsmced with pellet
weatherind® * the increases in polarity, surface area and ftgrpsomote trace-metal
binding?*. The accumulation of metals may also be mediaietibfim developmerit.
Imhof et al. recently reported the presence of paint partisfedreshwater®. They
demonstrated that the proportion of paint amongapiastics in Lake Granada (Italy) was
increased in smaller plastic debris (in the ran@e- 500 um) and that the debris contained
a high variety of metals such as Cd, Pb and Cut Mioield data regarding metal sorption
onto plastic concerns beached pellets, but Tueteal. developed a field survey using
portable XRF and analyzed beached plastic d€Brisin comparison, the concentrations
of several metals were two to three orders of ntadei higher in plastic debris than in
pellets (e.g., Cd concentrations were between ar@P76.7 ng/g in beached pelléts*,
while values ranged from 25 to 147 pg/g in beactiebris?”; all samples were from

England).

Regarding the transfer of metals to the trophidrghiahas been suggested that metals are
mostly sorbed onto the pellet surface and are fiverdikely bioavailable by ingestiéh
High levels of ingested plastic in sea birds hagerbrecently correlated with increasing
concentrations of Cl, Fe, Pb, Mn and Rb in featfi&r¥hese preliminary studies suggest
that the transfer and accumulation of trace melgisplastic debris must be further

investigated.

In the present study, we analyzed the trace metatkeat in plastic debris collected from
the North Atlantic subtropical gyre. This is thestireport of trace metal content in plastic
debris from the open ocean. A large variety ofttasre present in the environménbut
the most abundant in the open ocean is polyethy{Bf® 3% ** the discussion is thus

focused on PE. For comparison, we also analyzegrquection pellets and new

packaging materials to understand whether the md@ind in debris result from
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manufacturing, formulation or sorption that occafter release to the environment. Trace
metal contents are discussed in terms of the aridatate, size and color of the debris.
The concentrations measured here are comparedtshped data for beached debris and

gl, 23-25,2

for debris from coastal ared and riverd?,

EXPERIMENTAL SECTION
Sampleorigin

Mesoplastics (0.5 - 20 cm) were collected from athio the North Atlantic subtropical
gyre in May 2014 and June 2015 during the Fren€hCobntinent Expedition. The
mesoplastics were visible from the sailing ve$deyavoileand floated at the sea surface.
Thirteen PE mesoplastics were selected for tradalraealysis, as they covered a large
range of sizes, colors and types of items; a commplescription is given in Table SI1. The
mesoplastics were cut into small pieces with amér&nife for purpose analysis, stored in
sealed plastic bags and frozen at -5°C until amalydicroplastics (0.1 - 0.5 cm) were
collected in a manta net equipped with a mesh@&ZA90 pm. On the boat, 5 mixtures of
microplastics were prepared; for each mixture,taltof 15 microplastics were collected
with a plastic tweezer and placed in a plastic thed was sealed and stored at -5°C. The
GPS locations of the four net tows are given inl@&k2. Each mixture of microplastics
was chosen to be representative of the mixturellyst@lected in the survey area in terms
of size and color. The average length and weighih®imicroplastics collected in this area
were 1.5 mm (0.3 mm) and 2 mg (0.2 mg), respebtivihe samples were mostly white
(80%). Several fibers were also present in the &snghe fibers were approximately one
millimeter in diameter and were attributed to frehilines because clothing fibers are
typically thinnef. For Polyethylene virgin pellets, six samples & @AS 9002-88-4)

(also referred to as prefabrication pellets) westaimed as reference materials. Three PE
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pellets were purchased from Sigma Aldrich (Saintikp MO, USA), and three were
purchased from Goodfellow (Huntingdon, UK). A fphysicochemical characterization of
these pellets is given elsewh®&elTwenty-two new PE packaging materials (high dgnsi
and low density) were randomly selected from supekets; items such as milk bottles,
white and colored plastic containers, tubes and eegre analyzed for their trace metal
contents. These items are described in the Supgohiformation (Table SI3). A full

physicochemical characterization of these pelketivien in ter Hallet al. .

Fourier transform infrared (FTIR) spectroscopy

Infrared spectra were recorded using a Thermo Biddexus spectrometer equipped with
a diamond crystal ATR accessory and a deuteraigigdine sulfate (DTGS) detector. A
full description of the procedure is given elsevehelogether with the method used to

calculate the carbonyl indexg)*°.
Trace metal analysis

Each plastic sample (between 35 and 130 mg) wasitimed (in duplicate for several
samples) by acid digestion with bi-distilled Hj@sing a multistep procedure with a
microwave oven (MARS 5 system CEM; 110°C - 3 mirert 160°C - 3 min and 200°C -
15 min). Trace element concentrations were obtalmedneasurement on a quadrupole
ICP-MS (inductively coupled plasma mass spectrométgilent 7500, ®Perkin Elmer) at
the GET laboratory (Toulouse, France). The intéonal geostandard ERM-EC680K PE
(low level) was used toheck the validity and reproducibility of both theid digestion
and ICP-MS analyses. Indium and rhenium were usedtarnal standards for the ICP-MS
measurements. Blank tests indicated that the leflvebntamination induced by the acid
digestion procedure was negligible. The total Hgoamtration (Hg) was measured in

duplicate or triplicate by atomic absorption spectetry (Advanced Mercury Analyzer,
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AMA254, ®LECO) after combustion and gold-trappirigedtly on the dried plastic debris.
The recoveries of Zn, Cd, Sb, Pb and Hg from thtMERC680K standard were close to
100%, whereas those of Cr, As and Sn were 55%, @B%53%, respectively, suggesting
that the measured Cr, Sn and As concentrations maglightly underestimated in the
microplastic debris. Limits of detection were restpely 91 and 11 ng:ffor Ca and K,
0.85 ng.g for Al and Zn, 0.64 ng:gfor Fe, respectively 0.27 and 0.12 rifjfor Cr and
Sn, between 0.01 to 0.08 nd.tpr Cd, Co, Ti, As, Sr, Ba, Sb, Mn, V, Ni, Cu aRt, and

lower than 0.01 ng.g-1 for Mo, Th and U.
Transmission electron microscopy

Transmission electron microscopy (TEM) and scanmiagsmission electron microscopy
(STEM) studies were performed using a JEOL cold-RIEEM-ARM200F operated at 200
kV and equipped with a probe Cs corrector reaclingpatial resolution of 0.078 nm.
Energy-dispersive X-ray (EDX) spectra were recorded a JEOL CENTURIO
SDD detector. To visualize the presence of metalthe MD0518-4 sample, the surface of
the debris was gently scrubbed. The extractedgbestivere analyzed by TEM/EDX. More

than 150 observations were collected.
Soda washing of the mesoplastic

In a Teflon beaker at room temperature, 100 mghef mesoplastic 14MD0518-4 was

mixed with 5 mL of a NaOH solution (1 mol?). for 48 hours. A blank control was

subjected to the same experiment without mesoplastie sample mass balance after
washing exhibited a loss of 5.14 mg. The treatedaplastic was analyzed for trace metal
content according to the same protocol. The mestipéaand NaOH solution were

evaporated at 70°C, and the residues were collestadHNGQ; solution (10 M) for ICP-

MS analysis.
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Statistical analyses

Multivariate statistical analysis (MSA), includingrincipal component analysis (PCA),
hierarchical cluster analysis (HCA) Pearson or 8paa’s correlation analysis, is largely
used in environmental studies to explore the osigihmajor or trace elements by reducing
the dataset to the main influencing factors (cafi@ihcipal components”), based on the
similarities and differences among samples andioelships among variables in order to
highlight the natural and/or anthropogenic origifi®lements in different reservoirs (river
waters, soils, rocks, mineral water bottles, etBrincipal component analysis uses an
orthogonal transformation to convert possibly daitexl variables into a set of independent
variables called “principal components” (PCs)Joaling the accurate description of
complex systems. The rows of the starting data imédr PCA analysis represent the
samples (i.e., 42 observations, including 10 messtigls, 22 packaging materials, 6 pellets
and 4 microplastics), and the columns represenvahni@bles, representing the elemental
concentrations (15 elements, including Al, Ti, 8@n, Ba, Fe, Co, Ni, Cu, Zn, As, Cd, Pb,
and Mo) and their carbonyl index. PCA analyses vperormed with R software (version

3.4.3).
RESULTS AND DISCUSSION
Metal concentrationsin PE virgin pellets

The trace metal concentrations in PE virgin pelle¢se almost all below the pgdevel

or the ICP-MS detection limit, except for Ti, Cr darMo (Table SI4). Titanium
concentrations reached 5 pd.im HDPE-3 mm but were an order of magnitude loimer
the other samples. The chromium concentration exhd® pg.g in LDPE-1 mm pellets;
this sample also presented 23 [fgaj Mo. This value is approximately 10 times greate

than those observed for the other samples.
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Considering the molecules originating from the padyization processes, in addition to
free radical initiation, polyethylene (PE) is polgnzed using transition-metal catalysts.
Catalytic polymerization accounted for approximai&B% of the global PE production in
2008°. Transition-metal catalysts used for PE productiociude i) Ziegler-Natta, ii)

supported Cr and iii) single-site catalysts. Ziedlatta catalysts are derived from
inorganic Ti compounds (activated with organo-Almgmunds). The most common
supported Cr catalysts are the so-called “Phillgagalysts”, which are supported on
refractory oxides, most often silica, and contaita amounts of M&. Most commercial

single-site catalysts include Zr, Hf or Ti; the wddransition metals such as Pd, Fe or Ni

emerged in the mid-1990s.

These noticeable amounts of Cr and Mo indicate that sample LDPE-1 mm was
probably synthesized using a Cr-supported cataRat.the other samples, we could not
clearly determine which catalyst had been usedhcasrace metals appeared at a high

concentration.
Metal concentrationsin new packaging materials

In total, 23 packaging materials (for cosmeticadiobeverages, etc.) randomly selected
from everyday life were analyzed; these items weexle of high- or low-density PE.
These PE packaging materials showed very scatteetal concentrations (Table SI5). On
average, there were no significant differences betwHDPE and LDPE packaging. All
metal concentrations were higher in the packagiragenals than in the virgin pellets.

There is one exception, a LDPE-1 mm pellet thasgméed high Cr and Mo contents.

Antioxidants and UV stabilizers are often based dfusually added at values between 0.5
and 5% w/w’). Other metals, such as Cd, Zn, Ba and Pb, aré asestabilizers in PE

packaging in typical amounts between 0.05 and 3%/°%/Pigments are usually

9
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incorporated in plastics in proportions betweenlCadd 10% w/w; mixed metal oxides
based on Ti, Cr, Ni, Sb, Mn, Co, Al, Zn, Fe or Qe aften used as pigmefitsFor
example, Cu is used in the form of copper oxidéss 8sed in the nitrate or chlorate form
as a red colorafit and chromates and cadmium sulfoselenide are asedrange
coloranté’. Fillers are typically made of calcium carbonatezinc oxide and can be
incorporated at up to 50% why For exampleBa sulfate is a white pigment that promotes
brightness. However, this additive is also an indrtte filler that promotes resistance to
acid and alkalis and provides very good weatheriisistanc®. Zinc distearate is used as
a stabilizer in the polymer industry and as a kdomt in the manufacturing of plastic
moldings in industrial processes. Some metal-basetpounds are used as antimicrobial
agents; Cu, Mn, Co, Ni, Zn, Ag and Cd are used utfosamides, and organotin
compounds are used as biocides in pl&stic Europe, Pb has been phased out as a plastic
additive’®, and Cd use is still under discussion; accordinthe Restriction of Hazardous
Substances (RoHS) Directive for any new or recypiediuct, the concentration limits for
Cd are set at 100 ug-d°. Additionally, potentially hazardous elements mstricted (As,
Ba, Se and Sn) because of their properties of migrérom plasticy’. A Norwegian
report has mapped the prioritized hazardous subssamsed in plastic materidtsarsenic
(antimicrobial and plasticizer), Br (brominatednfla retardant), Cd (pigment; heat- and
UV-stabilized only in PVC), Cr (catalyst and pigme@o (light-blue pigment in PET), B
(buffering agent), Pb (pigment; heat- and UV-siabd in PVC), Hg (catalyst for
polyurethane), organic tin compounds (biocides), &hese inorganic additives confer a
wide range of interesting properties to plasticMarious applications. It seems challenging
to replace metal-based pigments with organic oegsecially from an economic point of
view; furthermore, organic pigments do not preskatsame stability as inorganic offes

In the literature and in legislative documents,isitstated that the migration rate of

10
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inorganic metal salts is very limited compared twse of other substances (like
monomers, residual solvents or other even larggaroc moleculesy *® However,
migration evaluation tests are performed on newtjgs; there are no data under advanced

weathering conditions such as those encounteredaoye plastic debris.

Titanium concentrations in the packaging mateniatsyed between 0.4 and 849.5 [{y.g
with a median value of 140.9 pdlg This corresponds to typical loads of Ti in PE
plasticg®. Copper contents were significantly higher in toéored (150 pg:§on average)
than in the white packaging materials (0.44 ffgpg average) or the pellets (0.09 |i).g
The average Ba concentration was particularly hingthe colored packaging materials
(225 pg.g), while the Ba values were below 1 [i§jig the white items and in the virgin
pellets. The highest Ba concentrations were obdafioe 5 packaging materials, which
corresponded to rigid lids or caps with dark coldred, purple, brown). Lead
concentrations in the packaging materials were elboyig.g (2.25 and 1.6 pgd) for
only 2 items, and Cd concentrations were below Q§3j*. Zinc concentrations ranged
from 0.06 to 0.25 pg-gin the PE virgin pellets but reached up to 331gjidn a brown
LDPE lid and averaged 25.9 pd.im the packaging materials. Strontium concentrestiim
the packaging materials ranged from LD (0.05 {fpip 56 pg.d in a red LDPE soda

sample, while Sr values for the prefabricationgislivere below the detection limit.
Metal concentrationsin plastic debrisfrom the North Atlantic subtropical gyre

Plastic debris were characterized by FTIR speotymgscand were mostly made of
polyethylene (90%) and in the present study theudision is focused on polyethylene. The
total metal concentrations varied strongly from deéris material to another (Table S16 and
SI7). The complexity of the metal mixtures foundpdastic debris has already been addressed

by Rochman et df. Globally, the metal concentrations were highetthia plastic debris
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(mesoplastics and microplastics) than in the nesk@ging materials, except for Ba, Co, Cu,

and Sn.

The average Ti concentration in the plastic defid4 pg.g) was significantly higher than

that in the packaging materials (222.5 [y.gigure 1). Several hypotheses could explain
these results: 1) the plastic debris derived frdch manufactured objects, and their dated
formulation used higher amounts of Ti; 2) titaniisya UV stabilizer, and the debris materials
that persist the most might be those containinghtbeest amount of Ti; and 3) the Ti present

in the debris resulted from sorption.

Vanadium, Ni and Sr concentrations in the plastioré were significantly higher than in the
new packaging materials. As these trace metals havéeen identified as plastic additives,

their presence might therefore result from sorpfpioocesses.

Arsenic contents were significantly higher in thaspic debris (from 0.1 to 0.8 pgigthan in
the new packaging materials (0.05 |i).gArsenic was once commonly used in formulations,
but its use is now restrictéd High concentrations of As in the plastic debrigimthus result
from the age of the manufactured objects from wiiehmesoplastics were derived or from a

sorption process.

Zinc contents were higher in the plastic debriefage 54 pg:d than in the new packaging
materials (26 pg:d. The presence of zinc might be attributed to @l (pigments, fillers,
etc.) and/or sorption processes. The molybdenurmesdration was 10 times higher in plastic
debris than in new packaging materials. Molybdemsitargely used in catalyst formulations;
however, this increase suggests sorption procedges.cadmium concentration was the
highest in the mesoplastic 14MD0518-4, reachingd428.g" in this material and an average
of 278 pg.d in the plastic debris, but less than 0.012 ftgngthe packaging materials. The

cadmium content in the plastic debris thus seenigetaccounted for by sorption. Regarding
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the exception of 14MDO0518-4, this object might haeen a container for a product enriched
in Cd, such as a phytopharmaceutical profutt The average Ba concentration in the plastic
debris was 70.9 ugigin the packaging materials, the Ba concentratios vey high in two
samples: the purple P30 (1538 |if).gnd brown P7 (871 pg-ysamples; indeed, Ba is often
used in red and brown pigments. Excluding thoseemtceme values, the concentration of Ba
was 5 times higher in the mesoplastics than irptekaging materials. The same observation
can be made for Sn, with a high value in the gie24 packaging material that distorted the
calculation of the average concentration. Withbose extreme samples, the Sn concentration
was 2 times higher in the plastic debris than ie gackaging materials. Both elements
highlight not only the heterogeneity of the samgdasalso the complexity of the mechanisms
involved in the trace metal presence in plastiaideitanium, V, Ni, Zn, As, Sr, Mo, Cd and
Ba concentrations were higher in the plastic dettvas in the packaging materials; the ratio

of average concentrations ranged between 2 (foafeh)L90 000 (for Cd, see Figure SI1).

The present data were compared to the literatusefdacoastal areas (Table SI8). Generally,
the mesoplastics collected in coastal &e45and here in the open ocean presented higher
trace metal contents (specifically Cd and Cr) tHahbeached pellets > For example, the

Zn content in plastic debris was more than 36-foigher than in beached pellets. These
differences can be explained by the higher iniatal amount in plastics than in raw pellets
but also by the higher sorption capacity of plastaue to their higher polarity conferred by
additives, than that of prefabrication pellets. general tendency is that the mesoplastics
from English coastal ared5 %’ or Chinese littoral aredsand the ones from the open ocean
here present the same order of magnitude of contion. This result is remarkable and
different compared with data for organic pollutantdiose concentration is lower in plastic

debris from the open ocean than in that from coaséms®.

13



313
314

315

316

317

318

319

320

321

322

323

324

325

326

24 1.0

. o As
224 Ni - .
o Lo.s
20+
0.6
o .
4 =)
E ° T 04 2
LJ . A
2 ° [ ] 0.2
%
: :': o .
0 o o0 ® o : [ty Yy Py }L ° 0.0
7500 S .
. [ 2
Ti \ s
70004 .
. L | K L 20
20001 8
N T o
% (=]
2 1500 6 o
1000 R ' Ha
L] Ll L)
500 [ e o . ° F2
[o, &8 o] . -y
0 T R m— i T T = T 0
350 200
L) . o
3004 ZN . Sr I 190
2504 3 L 180
L)
2001 T 50
o ° [ <
2 150 . o 2
=
. 30
100 .
o . 20
504 e % ° ) LY s F10
0 % o L) I Sle o °

T T T
Virgin pellets New items Micro-Mesoplastics Virgin pellets New items Micro-Mesoplastics

Figure 1: Trace metal element concentrations igivipellets (n=6), new packaging materials
(n=23) and mesoplastics collected in the North ®tttasubtropical gyre (n=13) during the sea
campaign ? Continent Expedition 2015. Whiskers correspond.times the interquartile
range. All values are reported and represented rbgses (unless they are below the
guantification limit), minimum and maximum valuese aepresented by squares, and mean
values are represented by a point.

To determine where the metallic elements may betéat on the mesoplastic, the
mesoplastic 14MD0518-4 was washed with NaOH (1 M) 48 hours at ambient
temperature. The slightly brown-colored biofilm wasstly removed from the mesoplastic
after treatment (as confirmed by scanning electroaroscopy, data not shown). The
resulting mesoplastic surface was crumbly, suggggtiat this washing step might have
also removed a part of this crumbly layer. Contriogin pellets treated under the same

conditions showed no weight loss and no physidaration (verified by SEM, data not
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327 shown). Most metal concentrations significantly rdesed after washing (Figure 2 and
328 Table SI9). All Ti and Cd were removed (99 to 100%)d almost all Zn (97%) and 80%
329 of V were leached (V concentrations dropped from gg.g* to 0.89 pg.d). The
330 chromium concentration decreased from 2.2 to 0% 1(61%), ancdNi decreased from
331  22t0 2.6 ug.g (88%). Most of the metals were therefore removethfthe plastic debris,
332 except Co, Cu, As and Sr. The drastic decreasennentrations indicates that the metals
333  were probably located on the sample surface: eithar the biofilm, 2) deposited as small
334 mineral particles, or 3) sorbed to the plastic aueflayers or onto precipitated mineral

335  particles. Accumulation patterns needs to be batiderstootf.

8+ 65 —

l I MDO0518-4
7 ] ] Washed with NaOH

6 60 -

ol .

Ti n cd
336

337  Figure 2: Metal concentrations in mg.gleft) and in pg.g (right) for the PE mesoplastic

338 MDO0518-4 sample before (plain bars) and after waskiith NaOH (diagonal stripes).

339 The EDX analysis of the particles collected by berscrubbing the surface of the
340 mesoplastic 14MD0518-4 showed the systematic peesehthe following elements in the
341 background: C, O, Na, Cl, K, and Ca (Figure SI3hwdver, we also observed the
342 presence of particles with very heterogeneous casitipns. There were relatively large

343  particles that contained Ti, for example (Figure).3Nanometric particles containing Fe
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344  were also observed (approximately 10 nm, Figurg. 8drium was also detected in some
345 areas; the particles were a few 10s of nm in dizgufe SI5). Chromium and Au were
346 detected as 10-nm particles (Figure SI6 and Sikamesmineral particles of Cr, Fe, Ni, and
347 Au were observed (Figure 3B). The TEM/EDX imageghhghted that metals were

348 located at the debris surface and sometimes apasditbes.
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Figure 3: Observation by TEM (on the left) of pelgs extracted from the surface of the
mesoplastic MD0518-4. On the right is given theredatal composition corresponding to the
rectangular delimited area. A) The area shown & réctangular frame is a few hundred
nanometers in size, and the presence of Ti is.cBam the area shown by the rectangular
frame (a few hundred nanometers in size), thegbasticontain significant amounts of various

trace metals: Cr, Fe, Ni, and Au.

Relation between elements and samples: statistical overview

PCA was conducted in order to explore the origihsrace elements in plastics. Figure 4
presents the biplots of the variable correlationth wespect to the first two principal

components. Five independent factors with eigemsml@exceeding 1 were extracted,
accounting for 75% of the total variance. Thre¢heffactors, explaining 61% of the variance,
were examined in this paper: the first PC accotort81.5% of the variance, the second for
19.0%, and the third for 10.4%. This value is thsuit of the high variability of the data

owing to the heterogeneity of the samples and ¢éohiterogeneity of the observations for
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381

each type of samples (namely, pellets, packaginggnmaés, and meso- and microplastics).
Hierarchical clustering (Figure SI8) shows that tint sampling campaign strongly differed
from the second and that the pellet and packagamgpkes differed. Examination of the
dataset provides evidence that the elemental cowtei was notably higher in the first
campaign.

Considering the high elemental concentrations irsopkastics, PC 1 was mainly
attributed to the Ti, Ni, As and carbonyl indic€&d and Zn showed loadings between 0.619
and 0.880. PC2 was related to Pb, Mo and Cr, wilihgs ranging from 0.898 to 0.948. PC
3 was attributed to Ba and Al, with loadings of328&nd 0.822, respectively. The discussion
of PCA focuses on the results for PC1, PC2 and HG8.loadings for PC4 and PC5 were

less than 0.630, and these PCs are not discussed.

Variables factor map (PCA) Variables factor map (PCA)
Q | 1
= 7 (b)
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Figure 4: Principal component analysis resultsBjpjot represents variable correlations with
respect to the first two pincipal components (PEILL45%) and PC2 (19.06%), total variance
explained: 48%), and (b) Biplot represents varialaeelations with respect to PC1 and PC3
(10.39%) for the whole dataset (pellets, packagamgl meso- and microplastics for all the

sampling campaigns).
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Minor metals, such as Fe and Mn, were correlatdeewith As (for Fe) or with Mo, Ti and
Zn (for Mn). In all samples, Mn concentrations rémed relatively low (<2 g9, while Fe
concentrations reached their maximum in micro- amesoplastics, averaging 25 K§.g
(average concentration among the data used foP@#), which was higher than the values
found in pellets and packaging materials. TEM/EDDéervations revealed Fe nanoparticles
on the weathered layers of the plastic debris; s wherefore mainly present here as
precipitated minerals. Several studies have demaiest that polymers and plastics can trap
Fe particle® > SEM/EDS only provided evidence of nano sized mailse some of them
were identified as Fe oxides which are known tetoeng adsorbent of As. Moreover, no As
was detected by EDS, indicating that As concemtnasire too low to allow the precipitation
of As as mineral. The correlation with As is expkd by the high affinity of As for Fe-
oxides. If any other metals are correlated withaRd Mn, they cannot act significantly as a
sorbent for other chemical elements. As a consemydhe results obtained here show that
there is no significant trace metal sorption preces the Fe and Mn oxides present on the
weathered layers of plastic debris. This was alsseosed with the second PCA, which was
performed without the samples from the first campaiThe carbonyl index, which
fingerprints the plastic degradation progress, waselated with some chemical elements,
such as As, Cd, Ni, Fe and Ti (the Spearman aoefffis for the carbonyl index with As, Cd,
Ni, Fe and Ti were 0.64, 0.51, 0.51, 0.58 and Or&8pectively). These correlations provide
evidence that degradation drives the increase imeschemical element concentrations on
plastic debris. In contrast, a significant positbagrelation also existed among Pb, Cr and Mo,
which explains PC2. These 3 elements are commasey tiogether in formulations. Their
presence in plastics can therefore be explainedsadues of the plastic fabrication process.
PC3 displayed a positive correlation between Al && (Spearman coefficient =

0.41): Ba is used in plastics as a stabilizer gnant, and Al is used as a pigment. Several
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samples, notably yellow or purple plastic debrigenals, presented high amounts of both Al
and Ba, suggesting that these elements may betagether in the formulation of plastics.

However, we cannot exclude that Ba and Al predigdan the weathered surface layer of the
altered plastics debris, since both Ba and Al nailsewere detected by TEM/EDX,

PCA statistical analysis shows that the amountsclodmical elements are mainly a

consequence of their use as additives in PE fommoualaTheir increase in meso- and

microplastics compared with their values in packgginay be, for several of the elements,
correlated to the carbonyl index (Figure 4); we tams conclude that plastic degradation

might be a significant factor in the increase iaugfities of chemical elements.

In summary the analysis of plastic debris collearedhe North Atlantic subtropical gyre
revealed wide-ranging concentrations of metals. fie¢éal concentrations followed the order
of plastic debris > new packaging materials > ppdpction pellets. The results demonstrated
that there are two main source of metals on pladtibris are i) the additives initially
incorporated in the plastic and ii) the metals itgsy from adsorption and precipitation on
plastics.

Conclusion

Plastic debris represents a potential source ot taetals that can be released in the ocean
through weathering but also represents a sinksagport for nanoparticles or trace elements.
However, further studies are needed to identify ékact mechanisms that account for the
increase in metal concentrations on plastics ddfoisnation of new binding sites, use of
weathering layers as a precipitation nucleus, .et€his study demonstrates that the
ingredients introduced in plastics, however, cquiesent environmental and health concerns

even if they are designed not to leach from thelpcoduring its use. Plastic debris can be a
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potential source of metals for aquatic organisms/@l as sea birds, and the associated risk

should be further assessed.
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Plastic debris collected from the North Atlantic subtropical gyre was analyzed for trace metals

It is evidence that plastic oxidation favors the adsorption of some such as As, Ti, Ni, Cd

The presence of mineral particles on the surface of the plastic debris was evidenced by microscopy

Plastics initially contain important amounts of metals resulting from intrinsic plastic additives

Marine plastic debris carry complex mixtures of heavy metals



