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ABSTRACT: Plastics can be found in all ecosystems across
the globe. This type of environmental pollution is important,
even if its impact is not fully understood. The presence of small
plastic particles at the micro- and nanoscales is of growing
concern, but nanoplastic has not yet been observed in natural
samples. In this study, we examined four size fractions (meso-,
large micro-, small micro-, and nanoplastics) of debris collected
in the North Atlantic subtropical gyre. To obtain the
nanoplastic portion, we isolated the colloidal fraction of
seawater. After ultraﬁltration, the occurrence of nanoscale
particles was demonstrated using dynamic light scattering
experiments. The chemical ﬁngerprint of the colloids was
obtained by pyrolysis coupled with gas chromatography−mass
spectrometry. We demonstrated that the signal was anthropogenic and attributed to a combination of plastics. The polymer composition varied among the size classes. At the micro- and
nanoscales, polyvinyl chloride, polyethylene terephthalate, polystyrene and polyethylene were observed. We also observed
changes in the pyrolytic signals of polyethylene with decreasing debris size, which could be related to the structural modiﬁcation
of this plastic as a consequence of weathering.

■

INTRODUCTION
Plastic debris aﬀects all habitats worldwide.1−7 Once plastic
items are discarded in the environment, they often end up in
waterways and are ultimately transported to the ocean.1,2
Because most plastics undergo very slow chemical or biological
degradation in the environment, the debris can remain in the
ocean environment for years, decades or even longer.8,9 While
dense debris accumulates on the sea ﬂoor,3 ﬂoating debris is
transported over very large distances across oceans.1,2 Due to
ultraviolet radiation in sunlight, physical wave forces and
hydrolysis, plastic debris is broken down into smaller pieces.9
Microplastics are deﬁned as debris smaller than 5 mm;10 it is
estimated that at least 5.25 trillion pieces of microplastic ﬂoat at
sea, mainly in subtropical gyres, where they accumulate due to
sea currents.2
The environmental impact of plastic pollution in oceans is
poorly understood despite an increasing awareness of the
problem. Nonetheless, it is estimated that this impact is wideranging. Plastic debris can entrap marine fauna,11,12 and debris
is ingested by a wide variety of animals, ranging in size from
plankton to marine mammals.13−17 Additionally, debris can
cause the dispersal of microbial and colonizing species to
potentially non-native waters18 and transport organic contaminants to marine organisms at multiple trophic levels.19−22
© XXXX American Chemical Society

Global plastic production reached 288 million metric tons in
2012,23 and an estimated 4.8−12.7 million metric tons of
plastic entered the ocean from waste generated on land in
2010.24 The global microplastic distribution across the oceans
has been estimated using circulation models, and the total mass
of microplastics is estimated to be between 93 and 236
thousand metric tons,25 but this amount only represents
approximately 1% of the global plastic waste input to oceans in
2010.24 Clearly, microplastics are lost from the sea surface. The
pathways and mechanisms involved in these losses have not
been identiﬁed, and various hypotheses have been proposed,
such as fragmentation into smaller pieces or sinking. Understanding the severity of the eﬀects of plastic pollution requires
better knowledge of the associated mechanisms. Recently,
special attention has been given to smaller debris, that is,
microscopic debris, but reliable detection and quantiﬁcation
methods have yet to be developed.26 Mesoplastics are deﬁned
as plastic debris within the 5 mm -20 cm range, while
microplastics are deﬁned to be less than 5 mm in size,
Received: July 18, 2017
Revised: November 7, 2017
Accepted: November 8, 2017

A

DOI: 10.1021/acs.est.7b03667
Environ. Sci. Technol. XXXX, XXX, XXX−XXX

Article

Environmental Science & Technology
according to the NOAA workshop consensus deﬁnition.27
However, as far as the authors are aware, the lower limit for the
deﬁnition of microplastics remained undeﬁned for a long time.
Recently, two categories have been proposed: large microplastics in the 1−5 mm range and small microplastics deﬁned as
micrometric particles, that is, below 1 mm.28 These categories
were conﬁrmed by Galgani et al.29 and suggested for adoption
by the European Marine Strategy Framework Directive
(MSFD) (precisely, large microplastics were deﬁned by the
range 1−5 mm and small microplastics by the range 20 μm to 1
mm). Nanosized plastic particles are referred as nanoplastics
(1−999 nm size range).30 Nanoplastics have not been
characterized in natural samples, but studies have shown that
they can be generated from microplastics under laboratory
conditions.30−32 Here, we present the characterization of
colloidal fractions of seawater collected in the western North
Atlantic Ocean in the plastic accumulation area, from which
four samples were collected (Figure 1). In the colloidal fraction,

UK): HDPE pellets (3 mm) with an MFI of 0.3 g/10 min
(referenced as HDPE-3 mm); medium density PE (MDPE),
which was a powder of 350 μm particles (referenced as MDPE350 μm); and LDPE consisting of 1 mm pellets (referenced as
LDPE-1 mm). Granular poly(ethylene terephthalate) (CAS
25038−59−9) with a density of 1.68 g mL−1 (referenced as
PET) and poly(vinyl chloride) powder with a density of 1.4 g
mL−1 at 25 °C (referenced as PVC) (CAS 9002−86−2) were
purchased from Sigma-Aldrich. Granular (3.5 mm) polystyrene
(CAS 9003−53−6, referenced as PS) and granular (3 mm)
polypropylene (CAS 9003−07−0, referenced as PP) with an
MFI of 0.4 g/10 min was purchased from Goodfellow
(Huntingdon, UK). Several Polystyrene latex (PSL) standards
from 100 to 1000 nm in size were purchased from Fisher
Scientiﬁc (NIST-traceable Thermo Scientiﬁc Nanosphere Size
Standard, Pittsburgh, PA).
Sample Collection. Seventeen mesoplastics (size range
deﬁned as 5 mm -20 cm, according to Andrady et al.8) were
collected by the sailing vessel Guyavoile in the North Atlantic
subtropical gyre in June 2015 during the French Expedition
seventh Continent sea campaign. Large microplastics were
collected using Neuston nets with a standard mesh size of 300
μm. The net consisted of a 0.5 × 0.4 m rectangular frame ﬁtted
with a 2 m long net. Large microplastics were collected from
the surface layer at a depth of 0−20 cm. Tow durations were set
to 30 min, and tows were all undertaken while the vessel was
traveling at a speed of 1−2.5 kn. On the boat, the contents of
the tows were ﬁltered on 300 μm sieves. Most of the plastic
debris was removed with tweezers and stored at −5 °C in glass
vials. In total 41 nets were towed, 10 outside the accumulation
area and 31 within the accumulation area. Small microplastics
were collected using a Neuston net with a standard mesh size of
25 μm. The net consisted of a 0.3 × 0.1 m rectangular frame
ﬁtted with 3 m long net. Small microplastics were collected
from the surface layer at a depth of 0−11 cm. Tow durations
were set to 10 min and were all undertaken while the vessel was
traveling at a speed of less than 1 kn. The content of the tows
was ﬁltered through a cellulose acetate membrane (5 μm) in a
closed ﬁltration unit, and then, the ﬁlters were stored in closed
glass vials at −18 °C. Both manta nets were equipped with ﬂow
meters, from which sea surface concentrations could be
calculated and expressed as the number of pieces per square
kilometer. Colloidal fractions were obtained from seawater.
Seawater was collected directly by plunging the glass bottles in
the sea. The bottles were hand hold to avoid any plastic
equipment that could contaminate the samples. Brown 1 L
glass bottles were prepared before the campaign. The bottles
were washed three times with absolute alcohol and then three
times with ultrapure water. The bottles were dried under a
hood turned upside down on paper ﬁlter and ﬁnally sealed with
a Teﬂon cap until use on site. The seawater samplings were
taken on the tender at least 300 m from the boat after turning
oﬀ the engine to avoid any contamination from gas exhaust.
The bottles were rinsed three times with seawater before
sampling one liter of seawater. The bottles were stored at room
temperature. At each station, one liter of water was sampled.
Characterization of Mesoplastics. The mesoplastics were
analyzed by infrared spectroscopy (see below for details of the
settings).
Characterization of Large Microplastics. In addition to
the ﬁrst sorting of large microplastics on the boat under
laboratory conditions using a binocular microscope (5 and 10×
magniﬁcation), the smallest plastic debris was manually

Figure 1. Cruise track of the 7th Continent Expedition in June 2015 in
the North Atlantic Ocean (blue line). The plastic accumulation area
was determined based on 30 years of in situ measurements by Law et
al. (1) and is delimited using the dashed red line. The points indicate
the sample locations (on the 2nd, 4rth, 8th, and 11th of June 2015).

we consider particles that present colloidal behavior in aqueous
systems, which includes nanoscale particles homogeneously
dispersed in aqueous systems with sizes ranging from 1 nm to 1
μm. After ultraﬁltration at a 10 000 Da molecular weight cutoﬀ,
we concentrated and characterized these colloids using in situ
dynamic light scattering (DLS) and determined their chemical
ﬁngerprint by pyrolysis coupled with gas chromatography−
mass spectrometry (Py-GC-MS).

■

EXPERIMENTAL SECTION
Chemicals. Six samples of polyethylene (PE) (CAS 9002−
88−4) were obtained as reference materials. Three PE pellets
were purchased from Sigma-Aldrich (Saint Louis, MO),
including high density PE (HDPE) pellets presenting a melt
ﬂow index (MFI) of 2.2 g/10 min (this material is referenced as
HDPE-2.2); HDPE pellets with an MFI of 12 g/10 min, a
melting point between 125 and 140 °C and a density of 0.952 g
mL−1 at 25 °C (referenced as HDPE-12); and linear low
density PE (LLDPE) pellets presenting an MFI of 1.0 g/10
min, a melting point between 100 and 125 °C and a density of
0.918 g.mL−1 at 25 °C (referenced as LLDPE-1). Three other
PE samples were purchased from Goodfellow (Huntingdon,
B
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to avoid air contamination. The total volume of the ﬁltration
unit was 180 mL; consequently, during the ultraﬁltration of 1 L
of seawater, we had to stop the ultraﬁltration, open the cell and
reﬁll it with seawater (the operation was repeated six times).
For all the samples, we used the same procedure, and the ﬁnal
retentate volume was 10 ± 2 mL, which corresponds to the
limit of the ﬁltration procedure (i.e., just over the void volume
of the system).
Microscope Imaging. Optical images were recorded using
an Olympus BX53 microscope with a PLN X10 lens, and the
images were processed with the Stream Basic software
(Olympus Inc.).
Fourier Transform Infrared (FTIR) Spectroscopy. Infrared spectra were recorded using a Thermo Nicolet Nexus
spectrometer equipped with a diamond crystal attenuated total
reﬂectance (ATR) accessory and a deuterated triglycine sulfate
(DTGS) detector. Background and sample spectra were
acquired using 16 scans at a spectral resolution of 4 cm−1.
The recorded data were corrected to obtain transmission-like
spectra using the ATR Thermo correction (assuming the
refractive index of the sample to be 1.5). Infrared microscopy
characterization was performed using a Thermo Scientiﬁc IN10.
The nature of the plastic was determined using OmnicSectra
(Thermo Scientiﬁc software, database: Hummel Polymer
library, HR Polymer and additives, HR Polymer, additives
and plasticizers).
Dynamic Light Scattering (DLS) Measurement. The in
situ DLS measurements were performed using a Vasco Flex
model nanoparticle size analyzer (Cordouan Technology,
Pessac, France). The probe was placed in front of the
ultraﬁltration cell and measured directly in the solution. A
long-term acquisition was optimized to obtain enough
resolution from the baseline to characterize the entire colloidal
size distribution. The limit of detection of the DLS instrument
was investigated with PSL 100 nm standards within the range
of 2 × 10−5 g L−1 to 2 × 10−1 g L−1 (see Supporting
Information (SI)). Although detection is possible over the
entire concentration range, an average size analysis is only
possible over the concentration range of 2 × 10−2 to 2 × 10−4 g
L−1 using the Padé-Laplace algorithm. For the most diluted
sample (2 × 10−5 g L−1), even if the presence of an
autocorrelation function is identiﬁed, an average size analysis
is not possible because the intensity of light is too close to that
of ultrapure water (35 kcps). Each measurement corresponds
to a statistical average of six measurements. In addition, each of
the six measurements is composed of six acquisitions of light
scattered for 80 s.
Pyrolysis, Thermodesorption and Thermochemolysis
Coupled to Gas Chromatography−Mass Spectrometry.
A database of commercial polymers was made by analyzing six
polymers from the list presented in the Chemicals section:
LDPE-1 mm, HDPE-2.2, PVC, PET, PS, and PP. Plastic debris
were analyzed over the size continuum from mesoplastics to
colloidal fractions. For commercial plastics, mesoplastics and
microplastics (approximately 10 μg) were introduced. For
micrometric particles, 47 mm glass ﬁber ﬁlters were cut into
eight pieces with prewashed scissors. The pieces were rolled
and introduced in the 80 μL reactor one by one. For the
colloidal fractions, the concentrated seawater after ultraﬁltration
was freeze-dried, and the remaining salts deposited on the glass
vials were collected and crushed in an agate mortar for
homogenization. Approximately 25 mg of lyophilizate was
introduced to the 80 μL reactor and placed in a vertical

separated from plankton. Afterward, plastic pieces were
arranged in 20 cm diameter glass Petri dishes according to
their size and color. Lines (ﬁbers about one millimeter in
diameter, attributed to ﬁshing lines because clothing ﬁbers are
typically thinner33) were treated separately and were measured
manually with a ruler because they were often twisted. The
Petri dishes containing the pieces were scanned. The image was
treated with the ImageJ software. The pieces of plastic debris
were individually identiﬁed, and their length and width
determined. All plastic debris were then weighed to the nearest
0.01 mg. Finally, they were stored individually in glass vials at
−18 °C for further characterization.
Characterization of Small Microplastics. In the
laboratory, the membrane through which the content of the
25 μm mesh Neuston net was ﬁltered was immersed in 80 mL
ultrapure water at ambient temperature under gentle agitation
for 1 h. After removal of the ﬁlter and to remove biogenic
matter, 20 mL of a 10 M NaOH solution and 300 μL of a 50 g
L−1 sodium dodecyl sulfate solution were added. Then, the
solution was gently agitated for 4 h and stored for 1 week at
ambient temperature. After 1 week, the solution was ﬁltered
through glass ﬁlters (Whatman GF/F; 0.7 μm; 47 mm), which
were stored in Petri dishes prior to analysis. A control
experiment was performed to ensure that the plastic is not
altered under these conditions. Brieﬂy, 300 mg PE, PP, PVC,
PS, and PET reference pellets were treated under the same
conditions. After treatment, 95% (±5%) of the plastic was
recovered. Under the microscope, the particles did not appear
to be altered; for example, there was no yellowing. The
micrometric particles on the ﬁlter were identiﬁed and counted
using micro-Fourier transform infrared (micro-FTIR) spectroscopy using a Thermo Fisher Scientiﬁc Nicolet iN10 apparatus
in reﬂection mode equipped with a liquid nitrogen-cooled
MCT detector. The spectra were recorded as the average of 16
scans in the spectral range of 650−4000 cm−1 at a resolution of
8 cm−1. The aperture was adapted to the micrometric particle
size. All particles on the ﬁlter were individually detected under
the FTIR microscope. Each particle was identiﬁed, measured
under the microscope, and analyzed by FTIR microspectroscopy. For the particles suspected of being plastic, several
measurements at diﬀerent spots on the particles were
undertaken to prevent the detection of false signals due to
either local impurities or the rough and irregular shape of the
debris, which could alter the infrared spectra. The plastic debris
particles were identiﬁed using a polymer spectral library. The
particles were determined to be microplastics if the polymer
identiﬁcation match was superior to 80%. The whole ﬁlter was
analyzed to determine the heterogeneity of the samples, which
is time-consuming and requires dozens of hours of analysis.
Colloidal Fraction Preparation and Characterization.
The liter of seawater collected at each sampling site was ﬁrst
ﬁltered through a 1.2 μm poly(ether sulfone) membrane (47
mm, Whatman) on a glass ﬁltration unit. The ﬁltered seawater
(1 L) was then concentrated by ultraﬁltration. Ultraﬁltration at
10 kDa was conducted using an 8200-Amicon-stirred
polysulfone-based cell (Milian, Ferney Voltaire, France with a
10 kDa membrane (poly(ether sulfone) membrane from Nadir,
purchased with Alting, Metz, France). The samples were
pushed through the membranes using N2 at pressures varying
from 40 to 100 kPa. Prior to use, all the membranes were
washed and soaked in Milli-Q water. Before processing the
sample set, the Amicon cell was thoroughly washed with MilliQ water and dried upside-down under a hood on a paper ﬁlter
C
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the analytical uncertainty in the reproducibility of the method
for homogeneous samples. In this procedure, each plastic is
deﬁned by a surface and not a dot on the 2D diagram resulting
from the PCA. On the plan composed of the two ﬁrst factors,
explaining 97.5% of the variance (F1:53.3% and F2:44.2%),
PET, PVC, and PS are clearly separated. The relative
proportions of the seven variables among the aromatic
hydrocarbons determined in oceanic colloidal fractions were
then included as additional individuals. Their coordinates were
calculated without inﬂuencing the PCA. Their projections on
the 2D diagram were included in the triangle deﬁned by
commercial plastics, with the exception of two replicates of the
sample taken on the 11th of June. Assuming (i) that the
chemical ﬁngerprints of commercial PVC, PS, and PET are
conserved and (ii) that those three plastics are the main
contributors of the aromatic ﬁngerprints of oceanic colloids, the
proportions of chemical ﬁngerprints of these three commercial
plastics were calculated using an end-member mixing model.
For the two samples plotted outside of the triangle, the
proportion of PET was <0. This proportion was therefore ﬁxed
at 0, and the proportions of PVC and PS were calculated in
such a way that their sum was 1.
Quality Assurance/Quality Control. Method blanks and
controls were used to determine whether there was any
contamination during sample processing. As sample processing
was diﬀerent with plastic debris size categories, controls and
blanks were adapted for each protocol. The microplastics were
sorted out with a stainless steel tweezer under a hood. For small
microplastic, the main concern is airborne contamination and
especially the deposition of synthetic ﬁbers that could be
released from clothing. On the boat, immediately after
collecting the samples in the manta net, the content was
transferred in a closed ﬁltration unit. After ﬁltration, the ﬁlter
was placed with the use of a stainless steel tweezer in a closed
glass vial and stored at −5 °C. The blank ﬁeld consisted in
ﬁltering one liter of mineral water on the ﬁltration unit. In the
laboratory, in order to prevent contamination, we took the
following measures: (i) the wearing of cotton lab coats, (ii) the
use of gloves during sample processing, (iii) during ﬁltration a
glass cover was placed on top of the glass ﬁltration unit to
prevent airborne contamination, and (iv) all containers used for
sample processing were cleaned using distilled water before use
and turned upside down on a paper for drying. The process
blank consisted in operating all the steps digestion/ﬁltration/
storage in parallel to sample processing and with the exact same
procedure. Both ﬁeld control and process control ﬁlters were
inspected by micro-FTIR. The entire surface of the ﬁlters have
been analyzed, just like the ﬁeld samples. We did not detect any
ﬁbers on the control ﬁlters nor any plastic particles. For the
colloidal fraction we took the same laboratory measures. But
the main concern about the contamination of the nanoplastic
comes from sample processing because we had no other choice
than using membrane for ﬁltration, membrane made of plastic.
As a reminder, the protocol for the nanoplastics consisted in
ﬁltering 1L of seawater on 1.2 μm poly(ether sulfone)
membrane (47 mm, Whatman) with the use a glass ﬁltration
unit. The seawater was, in a second step, concentrated by
ultraﬁltration using an Amicon stirred cell equipped with a 10
kDa poly(ether sulfone) membrane. To avoid any airborne
contamination the glass unit ﬁltration was closed with a glass
plate and the Amicon cell is a closed unit. The procedural
control consisted in collecting 1 L of ultrapure water in the
same type of glass bottle equipped with a Teﬂon cap than for

microfurnace pyrolyzer PZ-2020D (Frontier Laboratories).
Pyrolysis was performed at 700 °C for 1 min, thermodesorption
was performed at 300 °C for 1 min, and thermochemolysis was
performed at 400 °C for 1 min in the presence of 10 mg of
tetramethylammonium hydroxide (TMAH). Due to constraints
on the available mass of lyophilizate, the thermodesorption and
thermochemolysis experiments were performed only on the
colloidal matter sampled on the 11th of June. Gases produced
were injected directly into a GC-2010 (Shimadzu, Japan)
equipped with an SLB 5MS capillarity column (60 m, 0.25 mm
i.d., 25 μm ﬁlm thickness) in split mode (nanoplastics: 5;
micrometric particles: 10; meso-, micro-, and commercial
plastics: 100). The temperature of the transfer line was 321 °C,
and the temperature of the injection port was 310 °C. The oven
temperature was initially 50 °C (held for 2 min), increased to
180 °C at 15 °C·min−1, and then increased to 310 °C (held for
44 min) at 5 °C·min−1. Helium was used as the carrier gas with
a ﬂow rate of 1.1 mL·min−1. After separation by GC, the
compounds were detected by a mass spectrometer
QP2010+MS (Shimadzu, Japan) operating in full-scan mode
for m/z values between 50 and 600. The transfer line was at
280 °C, the molecules were ionized by electron impact using an
energy of 70 eV, and the ionization source temperature was set
at 200 °C. Identiﬁcation of the molecules was achieved by
comparison of their full-scan mass spectra with the National
Institute of Science and Technology (NIST05 and NIST05s)
library. Target compounds were determined to be present
when the signal-to-noise ratio was higher than 3. Blank runs
were performed between each analysis to avoid crosscontamination.
Treatment of the Chemical Fingerprint of Oceanic
Colloids. Aromatic (22 compounds) and aliphatic (18
compounds) hydrocarbons were integrated using the m/z
ratios listed in SI Table SI1. The areas of the total ion
chromatograms were approximated using the mass spectra
factor (MSF) calculated as the reciprocal of the proportion of
the m/z ratio used for integration and the entire fragmentogram of the NIST library.34 The MSFs are listed in SI Table
SI1. These areas were used to determine the relative proportion
of aliphatic and aromatic hydrocarbons in the analyzed
compounds. This calculation corresponds to the proportions
of individual compounds presented in SI Table SI2.
Chemometric Approach to Determine the Proportions of PVC, PS, and PET. The proportion of PVC, PS, and
PET in the aromatic ﬁngerprint of nanoparticles was
determined by a chemometric approach using principal
component analysis (PCA). Such data-driven analysis is often
used in environmental forensics studies.35,36 The statistical
treatment was ﬁrst developed using commercial plastics
individual components. The variables were determined using
a three-step procedure. First, the relative proportion of the 22
aromatic compounds detected in oceanic nanoparticles was
determined in commercial plastics using total ion current
(TIC) approximated areas. Then, only the molecules with a
relative contribution of aromatic compounds higher than 0.5%
in at least one plastic were chosen (13 molecules among 22). A
ﬁrst PCA was calculated with those 13 compounds. Redundant
variables were removed by analyzing the correlation matrix
calculated by the PCA treatment following a Pearson procedure
with a 0.95 threshold. This third step conserved seven variables:
benzene, toluene, C2 benzene, styrene, indene, naphthalene,
and biphenyl. A 15% analytical uncertainty was included by
adding two points per commercial plastic, which corresponds to
D
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sample collection. The ultrapure water was then ﬁlter on a 1.2
μm poly(ether sulfone) membrane and then concentrated by
ultraﬁltration on the Amicon cell. After concentration the
presence of possible contamination was tested by DLS
measurements. There was no presence of any colloids in the
process control. Another control experiment was systematically
performed, it consisted in the ultraﬁltration of a solution of
polystyrene latex standards under the same experimental
conditions. This protocol allows determining if any size change
can occur during the ultraﬁltration process, indeed for some
nanoscale materials ultraﬁltration can induce change in the
sample stability (aggregation characterized by a shift of the size
distribution to the bigger size, that is, over 400 nm). We did not
observe any aggregation of the polystyrene latex. Finally the
quality control about the cross contamination by the membrane
used for ﬁltration and ultraﬁltration consisted in Py-GC-MS
investigation. The characteristic pyrolytic ﬁngerprints of Teﬂon,
and poly(ether sulfone), were not detected in the ﬁeld samples
(this is further discussed in the Discussion section). During PyGC-MS analysis, blank runs were performed between each
analysis to avoid cross-contamination.

ﬁltrated at 1.2 μm and then analyzed by DLS, as illustrated in
Figure 2. The autocorrelation curve of the ﬁltered seawater

RESULTS AND DISCUSSION
At sea, plastic pollution is generally evaluated based on large
microplastic surface concentrations. Here, sampling was
undertaken between 15 and 30°N and 55 and 65°W (Figure
1) and falls within the accumulation area determined by Law et
al.1 The large microplastic surface concentrations were between
10 000 and 250 000 pieces/km2, which is typical in the North
Atlantic subtropical gyre.1 Seventeen mesoplastics were
collected from the boat in the accumulation area: 10 were
PE, 3 PET, 2 expanded PVC, 1 PS and ﬁnally 1 was wood. In
total, from the 41 net tows dedicated to large microplastic
sampling, 1099 pieces and 259 lines were collected. A randomly
chosen 20% of the large microplastics were characterized by
FTIR. In number, 90% of the large microplastics were made of
polyethylene (PE), and 10% were made of polypropylene (PP).
This is in agreement with previous studies in the North Atlantic
subtropical gyre.33 The small microplastics were quantiﬁed 8
times along the cruise in the accumulation area. In total, 1210
particles were identiﬁed, after matrix removal by micro-FTIR
imaging, as synthetic polymers with acceptable certainty (a
match of 80% with the spectral library). Interestingly the small
microplastic sample contained a larger variety of polymers than
the large microplastic sample. In number, the small microplastic
sample was divided as follows: 73% PE, 13% PP, 8% PVC, 2%
PS, and 1% PET. A priori, regarding the composition of the
large microplastic sample (PE 90% and PP 10%), we did not
expect such a diversity in polymer composition for the small
microplastic sample. As a consequence, we performed a
chemical procedure to remove biogenic matter using NaOH
solution prior to micro-FTIR analysis. This chemical treatment
led to a weaker alteration of the polymer than treatment with
H2O2.37 We controlled the treatment so that it did not alter PE,
PP, PS, and PET. However, in view of the variety of the
composition of the small microplastic sample, we recommend
an enzymatic treatment for future studies.38 Small microplastic
concentrations ranged from 500 000 to 7 000 000 pieces/km2.
Note that these concentrations were signiﬁcantly larger than
the large microplastic concentrations. These concentrations are
similar to the existing data (13−501 plastic debris per m3).39
Dynamic Light Scattering (DLS) Measurement. To
characterize the colloidal materials, the seawater was ﬁrst

Figure 2. Autocorrelation function obtained by the in situ DLS
analysis of the June 11th sample. The red points correspond to
seawater after ﬁltration at 1.2 μm. The blue points correspond to the
retentate of seawater ultraﬁltered with a molecular weight cutoﬀ of 10
kDa (seawater concentrated 200 times). The green points correspond
to polystyrene standards (PSL) of 1000 nm prepared under the same
conditions based on the intensity of light scattered normalized by the
size (in terms of photons collected).

■

yielded a constant signal of approximately 0.95, which indicates
that no colloidal material could be detected in the samples. As
expected, these results conﬁrm that colloidal species in the
open ocean are very dilute. Consequently, concentration by
ultraﬁltration at a molecular weight cutoﬀ of 10 kDa was
undertaken. The ﬁnal retentate was concentrated 200 times.
This step, in addition to concentration, allows the removal of
dissolved organic matter under this cutoﬀ level. The DLS
analysis of the retentate yielded a relaxation of the light
intensity over time, indicating the undeniable presence of
colloidal materials in three of the samples. Due to sample
dilution, it was still diﬃcult to obtain an accurate size
distribution, but the autocorrelation curve analysis indicated
the presence of several populations of highly polydisperse
particles on the nanoscale (1 to 1000 nm).
Pyrolysis Coupled to Gas Chromatography−mass
Spectrometry. Py-GC-MS is widely used in the plastics
industry to obtain structural information. This procedure has
been applied in environmental studies for the evaluation of
microplastics in natural samples37,40,41 and is applied in this
study for the ﬁrst time to investigate the occurrence of
nanoplastics in the colloidal fraction of seawater. In addition,
this analytical tool is also used in environmental studies to
investigate the biogeochemistry of natural organic matter.42,43
The four sea samples analyzed presented reproducible and
similar pyrolytic ﬁngerprints (SI Table SI1) and were
composed of aromatic and aliphatic components (SI Figure
SI1). For the aromatic molecules, benzene was the most
abundant compound, followed by toluene, styrene, and
naphthalene (SI Table SI1). The aliphatic ﬁngerprint was
composed of a series of linear hydrocarbons, from C7 to C19,
with one or two unsaturations, and the intensity decreased as
their length increased.
E
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Figure 3. Single ion chromatograms (m/z = 55 in red and m/z = 57 in blue) of standard polyethylene (A) and plastic debris collected on June
eighth; B: microplastics (0.3−5 mm); C: small microplastic (25−300 μm); and D: the seawater colloidal fraction. The magniﬁed portion of each plot
(shown in the box) highlights the triplet n-alkadiene *, n-alkene ° and n-alkane + triplet with 11 C atoms. The shift in retention times is due to
diﬀerences in the column length due to weekly maintenance.

ysis with TMAH of aged black carbon yield high amounts of
benzene, toluene and naphthalene.49 To test this potential
source of anthropogenic matter, the colloidal matter sampled
on the 11th of June was analyzed by thermochemolysis with
TMAH. Benzene, toluene and naphthalene were not detected
in these experiments. However, trace amounts of benzoic acid
methyl ester and two benzenedicarboxylic acid (B2CA) methyl
esters (ortho and para isomers) were detected. Those
compounds occurred in aged black carbon and are considered
as markers of black carbon.49 However, only the meta-B2CA
isomer (not detected in this study) can be considered as a black
carbon chemical marker since the ortho and para isomers have
been detected in marine organisms.50 Additionally, ortho-B2CA
and para-B2CA are produced by the thermochemolysis of
PET.51 Because (1) benzene, toluene and naphthalene were not
detected by thermochemolysis and (2) the trace amount of
ortho- and para-B2CA that was detected could be derived from
the weak input of natural organic matter and/or from PET, the
present anthropogenic ﬁngerprint obtained by pyrolysis was
attributed to plastics occurring in the colloidal fraction of the
seawater samples.
A plastic database was prepared using the industrial polymers
detected in the small microplastics fraction, that is, PE, PP,
PVC, PS, and PET (SI Figure SI3). The chemical ﬁngerprint of
HDPE and LDPE were similar with a predominance (96% of
the analyzed compounds) of a suite of triplet n-alkadiene, nalkene, and n-alkane molecules ranging from n-C7 to n-C38 with
a bimodal distribution. The ﬁrst maximum was n-C10 for both
PEs, and the second was n-C24 and n-C30 for LDPE and HDPE,
respectively. Benzene, toluene, C2 benzene and styrene were
also detected and represented 4% of the analyzed compounds.
Such ﬁngerprint is commonly described for the analytical
pyrolysis of PE.41 The PP chemical ﬁngerprint was dominated
by branched and mainly unsaturated hydrocarbons, which
represented 91% of the resolved peaks of the pyrograms. The
main compound was 2,4-dimethylhept-1-ene, which is in
accordance with previous studies.52 This compound was viewed
in the colloidal fractions of seawater as a marker of PP. The

Aromatic and aliphatic hydrocarbons can be derived from the
pyrolysis of natural marine colloidal organic matter. However,
the pyrolysis of this environmental matrix yields mainly
pyridines, amines and indoles from proteins and furans, as
well as furaldehydes and cyclopentenones from carbohydrates.42,43 In the present samples, these compounds were
not detected, probably because the initial volume of the
samples (1 L) was not suﬃcient to detect natural marine
colloidal organic matter. Due to the low concentration of
marine colloidal organic matter, approximately 1 mg/L, the
latest generation of high-resolution mass spectrometers requires
at least 5 L of seawater to determine the composition.44
Consequently, the pyrolytic ﬁngerprint was considered to be
anthropogenic.
The present pyrolytic ﬁngerprint could result from plastics
used during treatment, for example, from tetraﬂuoroethylene
(TFE) from the sampling bottle caps and polysulfone (PSu)
and poly(ether sulfone) (PESu) from the ﬁltration and
ultraﬁltration membranes. The pyrolysis of TFE produces
mainly ﬂuorinated monomers, with depolymerization as the
main pyrolytic mechanism.45,46 These compounds were not
detected in the present samples; consequently, the anthropogenic ﬁngerprint was not due to contamination by the
sampling bottle caps. The ﬁltration and ultraﬁltration of
deionized water did not produce any signal when analyzed by
DLS. Moreover, the pyrolysis of PSu and PESu produces
mainly phenol, diphenylether and 4,4′-sulfonylbis(phenoxybenzene),47,48 which were not detected in the present
samples. Consequently, the pyrolytic ﬁngerprint was not due to
contamination during sample treatment but was characteristic
of organic matter present in the samples. The ﬁngerprint may
result from the thermodesorption of persistent organic
pollutants (POP) or from the pyrolysis of organic macromolecules, such as black carbon or plastics. The thermodesorption experiments at 300 °C did not yield the aromatic and
aliphatic ﬁngerprints obtained by pyrolysis. As a consequence,
POP were not the source of the pyrolytic ﬁngerprint of the
colloidal organic matter. The pyrolysis and the thermochemolF
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chemical ﬁngerprint of PP also included aromatic hydrocarbons, namely, benzene, toluene and dimethylbenzene. The
pyrolysis of PVC resulted in the production of aromatic
hydrocarbons with the main products being benzene (72%),
toluene (9%), naphthalene (7%), styrene and indene (2%). The
pyrolysis of PET also yielded aromatic hydrocarbons, with the
main products being benzene (80%), biphenyl (11%) and
toluene (6%). The other detected hydrocarbons (dimethylbenzene, styrene and naphthalene) represented less than 1%. The
chemical ﬁngerprint of PS was dominated by styrene (71%),
toluene and methylstyrene (9%) and benzene (4%). This
predominance of styrene was reported for the Py-GC-MS of
PS.40 This database was used to determine the plastics in the
colloidal fractions of seawater from the North Atlantic
Subtropical gyre.
The aliphatic pyrolytic component of the colloids was
composed of a series of linear hydrocarbons, from n-C7 to nC19, which showed decreasing intensity as their length
increased (Figure 3D). This pyrolytic ﬁngerprint did not
match the signal of any polymer from the database; however,
the closest standard was PE. We compared the pyrolytic signals
of mesoplastics (size between 20 cm and 5 mm), microplastics
and small microplastics collected during the sampling
campaign. The pyrolytic signals of the mesoplastics (Figure
3A) and large microplastics (Figure 3B) were similar to that of
standard PE (SI Figure SI3), but the second Gaussian
distribution of hydrocarbons was attenuated in the large
microplastic signal. Additionally, the second Gaussian distribution was largely attenuated in the small microplastic signal
(Figure 3C). Depending on the small microplastic sample, the
longest hydrocarbon detected varied from n-C18 to n-C38 (SI
Figure S3). The shortening of the aliphatic chain length
detected in the pyrolysis of micro- and nanoscale particles
could be attributed to PE aging. Upon aging, PE exhibits
structural modiﬁcations of the macromolecules (oxidation,
shortening of the chains and other ramiﬁcations).32,33,53 These
modiﬁcations are conﬁned to the outer layer of the material
(limited to 100 μm).32,33 Because microplastics are relatively
large objects, the pyrolytic signature would not be aﬀected by
these surface alterations. The modiﬁcation of the pyrolytic
signal is perceptible for micrometric debris and is conﬁrmed by
the colloidal fraction. The aliphatic ﬁngerprint was thus
attributed to PE.
The molecule 2,4-dimethylhept-1-ene, a marker of PP, was
not detected in the oceanic colloidal fractions. This indicates
that PP is not present in the plastics occurring in these
fractions, although it represented 10% of the plastics in the
small microplastics fraction. This lack of PP detection could be
due to (1) its eﬀective low abundance in these fractions or (2) a
modiﬁcation of the pyrolysis products of nanoscale PP due to
the smaller chains, similar to what was observed for PE.
The aromatic ﬁngerprint was compared to the database of
commercial polymers. The predominance of aromatic hydrocarbons was only found in the pyrolytic ﬁngerprints of PVC,
PET, and PS, which occurred in the small microplastic
fractions. Based on the assumption that the aromatic signal of
the colloids comes from a combination of the chemical
ﬁngerprints of these polymers, a chemometric approach using
principal component analysis was applied. It was estimated that
the colloidal aromatic fraction signal of seawater could be
attributed on average to a mixture of 73% PVC (±18%), 18%
PET (±16%), and 9% PS (±10%). The proportions for each
sample are listed in Table 1. These proportions allow for the

Table 1. Proportions (%) of the Chemical Fingerprints of
PVC, PS, and PET in the Aromatic Fingerprint of Oceanic
Nanoparticles As Determined by PCA Followed by an EndMember Mixing Model
PVC
PS
PET

06/02/2015

06/04/2015

06/08/2015

06/11/2015

63 ± 14
7±4
31 ± 18

55 ± 8
20 ± 17
25 ± 14

80 ± 13
5±3
14 ± 13

93 ± 7
5±3
2±4

calculation of a model aromatic ﬁngerprint for the 12 analytical
replicates. This ﬁngerprint was compared to the measured
aromatic ﬁngerprint to examine the quality of the chemometric
approach. The average of the residuals weighted by the relative
proportion was 19.2%, suggesting a realistic approach. On the
2D plot obtained by PCA (Figure 4), two analytical replicates

Figure 4. Projection on the 2D diagram deﬁned by the two ﬁrst factors
of the PCA. These two factors explain 97.5% of the variance. Endmembers PVC, PET, and PS are represented by white circles, and
oceanic colloidal fractions sampled on the 2nd, 4th, 8th, and 11th of
June 2015 are represented by white, light gray, dark gray, and black
squares, respectively. The three points per sampling dates correspond
to analytical replicates.

of the colloidal fraction sampled on the 11th of June were
plotted outside of the triangle formed by PVC, PS, and PET.
This could be due to diﬀerent factors: (1) even if present in
trace amounts, natural organic matter may impact the statistical
treatment; (2) the degradation of newly formulated synthetic
polymers to colloidal plastics may modify the chemical
ﬁngerprint of the end-members; and (3) the area speciﬁc to
each end-member may be larger due to heterogeneities in
polymers formulated worldwide. In summary, the nanoplastic
collected in the North Atlantic subtropical gyre were made of a
combination of PE, PS, PVC, and PET. The small microplastics
sampled in the same area were made of the same plastics,
whereas the large microplastics were mainly made of PE (Table
2). This result indicates that although PE was supposedly
estimated to be the most persistent polymer in marine
environments, other polymers may degrade more rapidly and
accumulate on the micro- and nanoscale. It is interesting to
note the occurrence of PVC and PET at the micro- and
nanoscale, which are denser than seawater. This ﬁnding
suggests that the smallest plastic debris behaved diﬀerently
than the microplastics, especially in terms of ﬂoatability.
As a conclusion, our preliminary data demonstrate the
presence of nanoplastics in the North Atlantic subtropical gyre.
These results raise up several questions on the degradation
pathways of plastic litters and on the environmental fate of
nanoplastics from their source to their ﬁnal destination. There
is currently an obvious limitation associated with sampling
methods and characterization of the plastic particles at the
micro- and nanoscale in natural samples to address the ongoing
G
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Table 2. Average Proportion of Plastics among the Debris
Collected during the Sea Campaign in the North Atlantic
Subtropical Gyre According to Size Category (Percentage
Given in Numbers)

mesoplastic (5 mm −20
cm)
large microplastic (1 mm
−5 mm)
small microplastic (20
μm−999 μm)
nanoplastic (1−999 nm)
a

PE
(%)

PP
(%)

PS
(%)

PVC
(%)

PET
(%)

wood
(%)

59

17

12

6a

nd

6

90

10

nd

nd

nd

nd

73

13

2

8

1

nd

4

nd

9b

70b

17b

nd

■

b

Foam PVC. For the nanoplastics, the proportion of plastic could not
be calculated as the number of particles. The value is given as the mean
of the relative proportion of the anthropogenic pyrolytic ﬁngerprint.
This number cannot be transformed into the proportion of plastics in
the sample since the pyrolytic eﬃciency is not the same for each type
of plastic.

questions. Are small microplastics and nanoplastics expected to
accumulate in the same geographical area as microplastics?
What about their subsurface distribution? We expect a diﬀerent
spatial distribution as they have diﬀerent buoyant properties
than large microplastics. It would also be particularly important
to investigate the presence of anthropogenic nanoparticles in
the natural water continuum from continents to oceans. What
about the rate of fragmentation and oxidation of these small
plastic particles? It would be important to know if there is
accumulation of plastic at the micrometric and nanometric
scale. On at the contrary if nanoplastics are oxidized or
fragmented faster than microplastics. These questions need to
be considered urgently, and we hope that our work will help to
promote/initiate them. Our team is currently involved in this
research eﬀort.
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