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High spatial variability in polycyclic aromatic hydrocarbons (PAHs), polychlorinated biphenyls (PCBs), organo-
chlorine pesticides, such as DDTs, and polybrominated diphenylethers was observed in plastic pellets collected
randomly from41beaches (15 cities) in 2010 from the coast of state of São Paulo, southeastern Brazil. The highest
concentrations ranged, in ng g−1, from 192 to 13,708, 3.41 to 7554 and b0.11 to 840 for PAHs, PCBs and DDTs,
respectively. Similar distribution pattern was presented, with lower concentrations on the relatively less urban-
ized and industrialized southern coast, and the highest values in the central portion of the coastline, which is af-
fected by both waste disposal and large port and industrial complex. Additional samples were collected in this
central area and PCB concentrations, in ng g−1, were much higher in 2012 (1569 to 10,504) than in 2009/
2010 (173 to 309) and 2014 (411), which is likely related to leakages of the PCB commercial mixture.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

The shoreline of the state of São Paulo is located on the southeastern
coast of Brazil, extends for 860 km and includes one of themost econom-
ically importantmetropolitan areas in South America. Sixteen citiesmake
up the São Paulo shoreline, with a total of 2.166 million habitants (Brasil,
2015) and the same problems as all large coastalmetropolises, such as at-
mospheric pollution (Lamparelli et al., 2001), overpopulation during hol-
idays and the summer season, and large quantities of inadequately
managed waste (Gutberlet, 1997), such as the Santos sewage outfall,
which is a significant source of contamination in Santos Bay (Abessa
et al., 2005). Moreover, the existence of a major industrial center
(Cubatão Industrial Complex), the largest port (Port of Santos) and the
largest oil terminal (Almirante Barroso Maritime Terminal) in Latin
America also contribute significantly to the input of organic contaminants
in the marine environment. As a result of anthropogenic activities in this
area, many pollutants, such as polycyclic aromatic hydrocarbons (PAHs),
polychlorinated biphenyls (PCBs) and organochlorine pesticides (OCPs),
, Spatial variability in persiste
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have been found in the environment (e.g., Lamparelli et al., 2001;
Bícego et al., 2006).

Pollution by PAHs has been the focus of attention due to the wide-
spread occurrence and high degrees of toxicity. The main source of
PAHs is anthropogenic, including the burning of fossil fuels or biomass
and the release of hydrocarbons related to the petroleum industry
(Baumard et al., 1999). PCBs, OCPs and polybrominated diphenylethers
(PBDEs) are ubiquitous environmental contaminants that are recog-
nized as persistent organic pollutants (POPs) (Jones and de Voogt,
1999). Once in seawater, these contaminants are adsorbed at concentra-
tions of up to 106 to the surface of small plastic pellets that are released
unintentionally into the environment during manufacturing and trans-
port, reaching a large number of beaches around the world (Mato et al.,
2001). Plastic pellets are easily collectable and have been used as a low-
cost monitoring medium to assess organic pollutants in the marine en-
vironment (Ogata et al., 2009; Karapanagioti et al., 2011; Hirai et al.,
2011; Heskett et al., 2012; Fisner et al., 2013a,b).

Organic pollutants associated with plastic pellets exhibit a high de-
gree of variability among countries, with higher concentrations in
areas subjected to considerable industrial (PCBs and DDTs) or agricul-
tural (HCHs) activities (International Pellet Watch, http://www.
pelletwatch.org/maps/). The open sea and remote beaches have lower
nt organic pollutants and polycyclic aromatic hydrocarbons found in
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concentrations of organic pollutants (Hirai et al., 2011). Although the
global and local components of spatial variability in the occurrence of
organic pollutants in plastic pellets have been addressed, regional pat-
terns still require clarification.

In the present study, PAHs, PCBs, OCPs and PBDEs were evaluated in
plastic pellets sampled from41beaches (15 cities) along the coastline of
the state of São Paulo (southeastern Brazil) and spatial variability was
investigated. Moreover, samples from the central portion of the coast-
line, which is the most affected area, were collected during 2009/
2010, 2012 and 2014 for the determination of temporal trends in PCB
levels.
2. Material and methods

Plastic pellets were collected from the sand surface with tweezers
and placed in aluminum envelopes identified with a label. Sampling
was conducted in two different ways. Firstly, plastic pellets of different
colors were collected in 2010 from 41 beaches located in 15 cities
along the coast of the state of São Paulo (Fig. 1), which has an extension
of 860 km, 427 km of which are formed by beaches (http://www.
cidadespaulistas.com.br). The pellets were chosen randomly to obtain
results that represent the overall pollution of each area. Secondly,
time-series samples were collected from the central coast of the state
near the Port of Santos and Cubatão Industrial Complex in 2009/2010,
2012 and 2014. During these sampling events, only yellowing pellets
were collected to reduce individual differences in POP concentrations
and allow a better comparison with other areas of the world. Yellowing
pellets tend to have higher concentrations of POPs, since they have been
in seawater for a longer time and consequently have accumulatedmore
contaminants (Endo et al., 2005; Ogata et al., 2009). The central area is
known as Baixada Santista and includes the cities of Peruíbe, Itanhém,
Mongaguá, Praia Grande, São Vicente, Cubatão, Santos, Guarujá and
Bertioga, which together have a population of approximately 1.8million
people, out of the 2.04 million (Brasil, 2015) who live along the entire
shoreline of the state of São Paulo.

Pellet samples from the 41 beaches were analyzed at the oceano-
graphic institute laboratory of the University of São Paulo. The analysis
was carried out in pools containing approximately 1 g of pellets. Each
samplewas soxhlet-extractedwith dichloromethane/n-hexane. The ex-
tract was cleaned up through adsorption chromatography using a col-
umn of alumina deactivated with 5% water. PAHs, PCBs and PBDEs
Fig. 1. Coastline of state of São Paulo and location of
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were identified and quantified using gas chromatography and mass
spectrometry (GC/MS). Organochlorine pesticides were analyzed
using a gas chromatograph with an electron capture detector (GC–
ECD), as described in Colabuono et al. (2010).

The chlorinated pesticides analyzed were DDTs (o,p′-DDT, p,p′-DDT,
o,p′-DDD, p,p′-DDD, o,p′-DDE and p,p′-DDE), chlordanes (α- and γ-
chlordane, oxychlordane, heptachlor and heptachlor epoxide), HCHs
(α-, β-, γ- and δ-HCH), Drins (aldrin, dieldrin, isodrin and endrin),
HCB and Mirex. The PCBs investigated were the sum of 51 congeners
(IUPAC #8, 18, 28, 31, 33, 44, 49, 52, 56/60, 66, 70, 74, 77, 81, 87, 95,
97, 99, 101, 105, 110, 114, 118, 123, 126, 128, 132, 138, 141, 149, 151,
153, 156, 157, 158, 167, 169, 170, 174, 177, 180, 183, 187, 189, 194,
195, 201, 203, 206, 209). The PBDEs analyzed were IUPAC #28, 47, 99,
100, 153, 154 and 183. The sixteen US EPA priority PAHs (naphthalene,
acenaphthylene, acenaphthene, phenanthrene, anthracene, fluorene,
fluoranthene, benzo[a]anthracene, chrysene, benzo[b]fluoranthene,
benzo[k]fluoranthene, pyrene, benzo[a]pyrene, indeno[1,2,3-
cd]pyrene, dibenz[ah]anthracene, benzo[ghi]perylene) and their alkyl
substituted compounds were also analyzed.

Quality assurance and quality control were carried out based on
Wade and Cantillo (1994) through an analysis of the sample parame-
ters, procedural blanks, matrix spikes, precision tests with matrix repli-
cates and standard reference material (SRM1944 — organic pollutants
in sediment from New Jersey) from the US National Institute of Stan-
dards and Technology. Both instruments from Agilent Technologies
were calibrated with the injection of nine different concentrations of
certified standards. The individual identification of OCPs, PCBs, PAHs
and PBDEs was based on GC retention times. For PAHs, PCBs and
PBDEs, the respective mass to charge ratio (m/z) was also used. The
method detection limit (MDL) was based on the standard deviation
(Student's t value with 95% confidence) of seven replicates of a spiked
sample containing target compounds at a low concentration. The MDL
ranged from 1.00 to 3.70 ng g−1 for PAHs, 0.51 to 2.12 ng g−1 for
PCBs, 0.08 to 1.86 ng g−1 for OCPs and 0.76 to 1.06 ng g−1 for PBDEs.
All solvents were organic residue analysis grade (J.T. Baker) and the
blanks were checked under the same conditions as those of the analy-
ses. Concentrations of analytes were expressed as ng g−1 dry weight.

The time-series samples were analyzed in the laboratory of organic
geochemistry of the Tokyo University of Agriculture and Technology
(Tokyo, Japan). Yellowing pellets (30 b yellowness b 50) were extracted
by soakingwith hexane. The extractswere separated using fully activated
silica gel column chromatography into three fractions: Fraction I — n-
cities from which plastic pellets were collected.
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alkanes and hopanes; Fraction II— PCB and LABs (linear alkylbenzenes);
and Fraction III — PAHs. In Fraction II, 13 PCB congeners ranging from
tetrachlorobiphenyl (CB66) to decachlorobiphenyl (CB209) were deter-
mined using gas chromatography/ion-trap mass spectrometry [details
are available in Ogata et al. (2009) and Hirai et al. (2011)]. The compati-
bility of analytical values between the laboratories of the University of
São Paulo and Tokyo University of Agriculture and Technology was con-
firmed as follows: hexane-extracted pellets were re-extracted with
DCM/hexane using a Soxhlet apparatus and no significant PCBs were de-
tected; organic extracts from environmental pellets were analyzed in
both laboratories and the analytical values were in agreement within
1%. For International PelletWatch (IPW), the Tokyo organic geochemistry
laboratory normally analyzes five pools (each pool consisting of five pel-
lets) for each location and takes the median value as representative for
Table 1
Polychlorinated biphenyls (PCBs), polybrominated diphenylethers (PBDEs), polycyclic aromatic
weight) collected along the coast of the state of São Paulo, Brazil [location column lists munici

Location Σ51PCBs Σ13PCBs ΣPBDEs ΣPAHs

Cananéia 77.7 15.6 0.88 465
Enseada da Baleia 3.41 b0.51 b0.76 802
Marujá 39.5 23.3 2.63 398
Itacuruçá 190 23.4 b0.76 194

Ilha Comprida 269 201 b0.76 1229
Boqueirão Sul 14.1 7.70 b0.76 336
Viareggio 742 559 b0.76 220
Boqueirão Norte 51.6 36.4 b0.76 3132

Iguape 126 27.5 b0.76 192
Juréia 126 27.5 b0.76 192

Peruíbe 109 77.9 b0.76 608
Guaraú 163 117 b0.76 466
Peruíbe Centro 80.8 61.4 b0.76 844
Ruínas do Abarebebê 81.8 55.0 b0.76 514

Itanhaém 249 161 b0.76 397
Balneário Gaivota 480 336 b0.76 308
Praia do Sonho 121 88.0 b0.76 372
Jardim Suarão 147 58.7 b0.76 512

Mongaguá 240 177 0.46 421
Vera Cruz 234 173 b0.76 733
Vila São Paulo 487 357 0.91 529

Praia Grande 357 247 0.82 1593
Balneário Real 71.4 59.2 b0.76 401
Vila Mirim 546 377 1.12 1235
Guilhermina 453 304 1.33 3144

São Vicente 111 100 b0.76 797
Itararé 111 100 b0.76 797

Santos 818 551 2.0 8540
Gonzaga 524 371 2.67 3373
Ponta da Praia 1112 730 1.23 13,708

Guarujá 1295 845 0.54 1425
Pitangueiras 3030 2062 1.61 869
Tijucopava 276 177 b0.76 701
Mar Casado 452 296 b0.76 2706

Bertioga 388 276 0.34 1783
Enseada 336 235 b0.76 4518
Riviera de São Lourenço 451 309 b0.76 549
Boracéia 378 283 1.03 282

São Sebastião 481 308 0.47 2997
Juquehy 644 434 0.88 2888
Maresias 593 388 b0.76 4023
Barequeçaba 130 62.5 b0.76 2731
Arrastão 556 348 0.98 2346

Ilhabela 268 177 b0.76 1911
Castelhanos 252 149 b0.76 1118
Perequê 116 75.8 b0.76 692
Jabaquara 436 307 b0.76 3924

Caraguatatuba 759 499 b0.76 3958
Flexeiras 1065 647 b0.76 5919
Camaroeiro 359 262 b0.76 626
Mocóca 854 587 b0.76 5329

Ubatuba 272 183 b0.76 3327
Lázaro 269 166 b0.76 4133
Praia Grande 341 226 b0.76 3846
Félix 224 162 b0.76 1820
Fazenda 254 177 b0.76 3509
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the analytical results of individual locations. In the present study, howev-
er, the arithmetic mean of five pools was calculated to be consistent with
the values determined by the laboratory of the University of São Paulo.

3. Results and discussion

Table 1 displays the concentrations of PAHs and POPs (PCBs, OCPs
and PBDEs) evaluated in the present study. The overall concentrations
[ng g−1 (in parentheses: mean for each city)] found in pellets from
the 15 cities along the coast of the state of São Paulo ranged from 192
to 13,708 (465 to 8540) for PAHs, 3.41 to 7554 (78.0 to 1295) for
PCBs, b0.11 to 840 (7.88 to 447) for DDTs, b0.46 to 58.7 (1.4 to 44.4)
for HCB, b0.74 to 105 (1.8 to 55.8) for Mirex, b0.24 to 4.10 (b0.24 to
3.1) for HCH, b0.08 to 64.0 (1.06 to 39.0) for chlordanes, b0.44 to 37.8
hydrocarbons (PAHs) and organochlorine pesticides (OCPs) in plastic pellets (ng g−1 dry
palities (bold) and beaches sampled; mean concentration in bold type].

Σ16PAHs ΣDDTs HCB Mirex ∑HCHs ∑Chlordanes

40.2 10.3 1.12 b1.74 1.34 5.97
49.1 7.61 0.79 b1.74 2.16 0.49
36.5 18.5 b0.46 b1.74 0.48 5.90
34.9 4.89 1.46 b1.74 1.37 11.5

193 8.9 12.5 13.3 2.22 9.87
47.4 7.88 0.89 b1.74 3.43 1.29
41.5 12.2 b0.46 b1.74 b0.24 1.74

491 6.66 24.1 13.3 2.91 26.6
33.8 11.4 1.38 1.79 1.24 b0.08
33.8 11.4 1.38 1.80 1.24 b0.08

127 31.4 3.11 12.5 1.10 1.29
80 24.8 6.83 4.0 1.88 3.04

268 14.5 1.70 29.9 1.10 0.82
32.6 54.7 0.79 3.50 4.70 b0.08
84.6 30.3 2.01 6.49 0.66 14.0
46.9 57.4 1.20 15.2 0.66 6.62
90.4 15.2 1.09 1.80 2.07 33.6

116 18.4 3.74 2.50 b0.24 1.70
73.7 84.9 5.58 21.7 0.59 9.94

129 175 6.37 5.00 1.17 26.4
91.6 79.8 10.4 60.1 b0.24 3.44

534 87.4 8.96 9.41 1.67 3.57
159 26.6 3.08 2.10 0.86 0.95
449 151 15.0 20.3 2.18 5.34
995 84.5 8.82 5.90 5.47 4.43
512 40.3 4.75 9.09 2.47 1.06
512 40.3 4.75 9.1 2.47 1.06

1256 441 44.4 55.8 1.48 22.9
654 41.8 30.1 6.70 1.97 3.32

1857 840 58.7 105 1.78 42.5
277 237 8.59 5.46 1.64 6.49
209 618 17.1 10.2 9.45 15.6
349 52.7 2.80 3.60 2.99 1.22
273 41.5 5.80 2.60 2.32 2.67
774 63.9 5.15 4.96 3.14 8.92

2068 61.8 7.6 3.8 3.67 2.23
165 b0.11 4.1 b1.74 2.53 15.4
88.1 130 3.80 6.10 4.10 9.12

655 235 26.1 7.17 1.68 21.3
575 351 8.50 11.5 2.42 7.06

1350 315 37.9 b1.74 1.14 2.30
269 0.00 25.0 b1.74 0.62 11.7
426 275 32.9 2.80 2.54 64.0
230 108 9.78 2.38 1.44 8.94
120 16.8 10.5 2.90 2.11 6.52
73.4 29.5 5.90 1.80 1.54 0.63

496 279 13.0 b1.74 1.82 19.7
861 288 14.8 5.53 2.44 39.0

1073 261 30.2 2.40 2.37 62.7
86.7 241 5.40 9.80 1.93 4.24

1423 361 8.70 4.40 6.11 50.0
577 44.3 14.5 15.8 1.86 5.47
788 38.9 24.3 38.2 1.23 11.1
541 17.0 15.0 8.50 b0.24 2.18
423 58.0 3.4 11.20 9.49 b0.08
558 63.3 15.1 5.50 2.63 8.57
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(0.28 to 12.9) for Drins and b0.26 to 5.56 (b0.26 to 2.16) for PBDEs.
PAHs, PCBs, DDTs, HCB, Mirex and PBDEs exhibited a similar distribu-
tion pattern,with the highest concentrations found in the central region
of the coastline.

The highest concentrations of PAHs and their alkyl-substituted com-
pounds were found in Santos, which is the most populated city on the
coast of the state of São Paulo (Fig. 2). The variability in the concentra-
tions of these compounds in stranded pellets along Santos Bay, where
the samples in the present study were collected, was previously report-
ed by Fisner et al. (2013a) andproved to be relatively high, ranging from
130 to 27,735 ng g−1 for PAHs and 198 to 1042 ng g−1 for alkyl-
substituted compounds. PAH concentrations were relatively high
along the northern beaches (Fig. 2), where submarine sewage outfalls
and the largest Brazilian terminal (Almirante Barroso Maritime Termi-
nal) for loading and unloading crude oil are found. The gross capacity
of this terminal is about 1.6 million m3 of petroleum distributed
among 20 oil tanks and another 17 tanks for oil derivatives, alcohol
and biodiesel (Transpetro, 2013). Moreover, predominant currents
from the south towards the north (Castro and Miranda, 1998) can also
transport contaminants, including pellets, and contribute to such rela-
tively high concentrations.

The relatively high amount of two-ring and three-ring PAHs (Fig. 2)
at the majority of sites may be associated with oil or derivatives where
such compounds are predominant (Yunker et al., 2002). The presence of
vessels ranging from fishing boats (mainly on the southern coast) to
large cargo and oil ships in the Baixada Santista as well as on the north-
ern coast may contribute to the release of oil in seawater. Since lowmo-
lecular PAHs are easily weathered in the environment, relatively more
stable and heavier compounds (four to six rings) exhibit relatively
higher amounts. The presence of the PAH HMW can also be attributed
to the atmospheric deposition of compounds from the incomplete com-
bustion of oil and derivatives (Yunker et al., 2002).

Hirai et al. (2011) found a similar PAH range (1 to 9300 ng g−1),
with higher concentrations in plastic fragments collected close to sites
under the influence of anthropogenic activities in comparison to sam-
ples collected from remote areas and the open sea. Rios et al. (2007)
found PAHs in synthetic polymers collected in the North Pacific Gyre,
California, Hawaii and Guadalupe Island (Mexico). Concentrations of
priority PAHs ranged from 39 to 1200 ng g−1, with the highest amounts
found in samples collected near industrial sites. Van et al. (2012) also
analyzed plastic debris, including pre-production pellets and post-
consumer plastics, collected from eight beaches around San Diego (Cal-
ifornia, USA) and found PAH concentrations between 18 and
1900 ng g−1. The lowest concentrations of PAHs in the present study
were found on the southern beaches, where contaminant inputs are re-
lated to fishing boats and tourism and were comparable to the
Fig. 2.Mean concentrations (ng g−1 dry weight) of polycyclic aromatic hydrocarbons (PAHs) i
state of São Paulo, Brazil.
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minimum concentrations found in pellets from selected Greek beaches
(Σ9PAHs— 23 to 500 ng g−1) (Karapanagioti et al., 2011).

As occurred with PAHs, the highest concentrations of DDTs were
found in Santos and relatively high amounts were found towards the
northern region (Fig. 3). DDT concentrations in the pellets analyzed
were relatively higher than those found in other parts of the world
(Table 2), such as those reported byMato et al. (2001) in pellets collect-
ed in Japan, those reported by Ogata et al. (2009), who analyzed sam-
ples from 17 countries in the initial phase of International Pellet
Watch, and those reported by Zhang et al. (2015), who investigated
DDT concentrations in pellets collected from two beaches in China,
one of which was close to the largest coal port in the country. In con-
trast, Rios et al. (2007) found much higher concentrations of DDT
(7100 ng g−1) in pellets than those reported in the present study. The
authors attributed such high concentrations to the proximity to an in-
dustrial area in Los Angeles (USA) and the extensive use of this com-
pound when it was still legal.

DDT concentrations along the coast of São Paulo were slightly lower
than those found in South Africa, where this compoundwas still used in
anti-malarial operations and even illegally in agricultural applications at
the time of collection (i.e., 2005 and 2008) (Ryan et al., 2012). As in
South Africa, DDT was heavily used in Brazilian agriculture to combat
the vector that causes malaria, mainly in the northeastern region of
the country (Lara and Batista, 1992). The production of DDT in Brazil
was estimated to be 75,500 tons from 1959 to 1982 and its importation
was estimated to 34,500 tons until 2003 (Almeida et al., 2007). DDTwas
officially banned in Brazil for all uses and storage onMay14, 2009,when
Law 11.036was issued (Brasil, 2009). However, DDT in its original form
was still found in pellet samples at the time of collection, likely due to
the existence of illegal applications or dumpsites as well as the presence
of DDT as an impurity in other permitted pesticides, such as dicofol
(D'Amato et al., 2002). In 2000, Brazil produced 209 tons of dicofol
and imported a further 111 tons (UNEP, 2012).

The proportion of DDE, DDD and DDT varied among locations. At
three sites (São Vicente, Santos and São Sebastião), a higher proportion
of DDT was found in comparison to DDE and DDD. The degradation of
DDT to DDD or DDE may occur in dumpsites, mainly in the Baixada
Santista, before being carried to the marine environment. The transfor-
mation may occur also in sediment, from which the DDT metabolite
may be re-suspended and desorbed in water, followed by further sorp-
tion to pellets.

Mean PCB concentrations in the pellets also revealed considerable
variation along coast of São Paulo (Fig. 4). The lowest concentration
(3.41 ng g−1) was found in Enseada da Baleia in the municipality of
Cananéia. Heskett et al. (2012) suggest that concentrations of PCBs
below 10 ng g−1 are background levels. The samples from Guarujá
n plastic pellets collected from different sandy beaches in 15 municipalities along coast of
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Fig. 3.Mean concentrations (ng g−1 dry weight) of dichlorodiphenyltrichloroethane (DDT) in plastic pellets collected along coast of state of São Paulo, Brazil.
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and Santos, where many contaminants can be found at dumpsites
(Lamparelli et al., 2001), had the highest concentrations of ∑51PCB
(3030 ng g−1 and 1112 ng g−1, respectively). ∑13PCB, which is used
for IPW (Ogata et al., 2009), was 2062 and 730 ng g−1 for Guarujá and
Santos, respectively, and is classified as Category 5 of the five contami-
nation categories (1 = lowest contamination; 5 = highest contamina-
tion) (Takada and Yamashita, 2016), indicating that the state of São
Paulo, especially around Guarujá and Santos, has a coast that is among
the most highly contaminated with PCBs in the world.

The samples collected from the beaches of the Baixada Santista in
2012 also had very high concentrations in comparison to other
places in the world (Table 2). ∑13PCB ranged from 1569 to
10,504 ng g−1 (Fig. 5). Pellets from the same site collected in 2009
and 2014 at Goes beach in the municipality of Guarujá had lower
concentrations (369 and 406 ng g−1, respectively) than the
1640 ng g−1 found in 2012, likely due to occasional inputs of Askarel
oil, which was a commercial PCB mixture used in Brazil that
contained 40 to 60% chlorine. Owners of PCB oil and equipment con-
taining or contaminated with PCB in the country are required to reg-
ister their holdings with the pertinent environmental and regulatory
Table 2
Data on polycyclic aromatic hydrocarbons (PAHs), diphenyl dichloroethane (DDT), polychlorina
(PBDEs) in pre-production pellets or post-consumer plastic debris (ng g−1).

Site ΣPAH (# of
compounds)

ΣDDT

Japanese coast – 0.16–3.1 (D
Tokyo, Japan – –
Pacific Gyre, California and Hawaii (USA) Guadalupe
Island (Mexico)

39–1200 (16) 22–7100

17 countries IPW initial phase – 1.69–267
Portuguese coast 0.2–319.2 (15) 0.16–4.05
Greece 160–500 (18) 0.84–42
Open sea, remote and urban beaches 1–9300 (14) 0.2–198
San Diego, California, USA 18–210 (16) n.d.–75
Remote islands in Pacific, Atlantic and Indian Ocean – 0.8–4.1
South Africa coast – 8.0–1281
Santos Bay, Brazil 130–27,735 (35) –

86.6–6815 (16)
Santos Bay, Brazil 386–1996 (35) –

198–1042 (16)
Portuguese coast 53–44,800 (17) 0.42–41
Portuguese coast 50–400 (33) bLOQ–49
China 136.3–2384.2 (16) 1.2–127.0
Belgian coast 1076–3007 (16) –
São Paulo coast, Brazil 192–13,708 (35) b0.11–840

32.6–2068 (16)

n.d. — not detected or below method detection limit.
LOQ — limit of quantification.
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agencies. However, it is recognized that the inventory may not por-
tray all contaminated equipment (UNEP, 2012). More than
80,000 tons are estimated to be present in old, abandoned equip-
ment, mainly related to deactivated power plants (Almeida et al.,
2007), which can leak and release PCBs into the environment. Con-
taminated material from some landfills can be carried by rain, espe-
cially in summer, and deposited in the sea.

Sediment dredging could be also an important source of PCBs in the
Baixada Santista, since the maintenance of port activities and safe navi-
gation in the Port of Santos requires constant dredging of both fairways
and berthing docks (Cesar et al., 2014). The authors cited found PCB
concentrations between undetected and 182 μg kg−1 in sediment and
the highest concentration was found where the dredged material was
deposited. Bícego et al. (2006) found 240 ng g−1 in the most contami-
nated area of the Santos–São Vicente estuary complex. Waters from
this estuary system flow out of Santos Bay (Harari and Camargo,
1998) and do not favor the accumulation of POPs in the sediment.
Since pellets float on water surface, they can adsorb contaminants that
are dispersed from the dredging region to other sites before reaching
the beaches.
ted biphenyls (PCBs), hexachlorocyclohexane (HCH) and polybrominated diphenylethers

ΣPCB (# of
congeners)

ΣHCH ΣPBDE Reference

DE) 4–117 – – Mato et al. (2001)
b28–2300 – – Endo et al. (2005)
27–980 (36) – – Rios et al. (2007)

5–605 (13) 0.14–37.1 – Ogata et al. (2009)
0.02–15.56 – – Frias et al. (2010)
5–290 (19) 1.05–3.5 – Karapanagioti et al. (2011)
1–436 (13) – 0.3–9909 Hirai et al. (2011)
3.8–42 – – Van et al. (2012)
1.1–9.9 (13) 0.6–1.7 – Heskett et al. (2012)
16–113 (13) 2–112 – Ryan et al. (2012)
– – – Fisner et al. (2013a)

– – – Fisner et al. (2013b)

2–223 (18) – Antunes et al. (2013)
10–310 b1–3.3 – Mizukawa et al. (2013)
21.5–323.2 (20) n.d.–1.90 – Zhang et al. (2015)
31–236 (7) – – Gauquie et al. (2015)
3.41–7554 (51) b0.24–4.10 b0.76–5.56 This study
b0.51–5604 (13)
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The majority of plastic pellet samples analyzed in the present study
exhibited the predominance of hexachlorobiphenyls, followed by
heptachlorobiphenyls and pentachlorobiphenyls, which is similar to
the distribution reported for pellets from industrialized areas
(Mizukawa et al., 2013). The highest mean concentrations in the pres-
ent study were found for congeners 138, 153 and 180, as also described
by Frias et al. (2010) on the Portuguese coast and Karapanagioti et al.
(2011) for pellets collected from Greek beaches. This predominance is
usually found in urban areas, such as the coast of São Paulo. The pre-
dominance of light congeners mainly tetrachlorobiphenyls, such as
PCB-49 and 52, was only detected at four of the 41 sites, such as in the
municipality of Cananéia, which is not close to any PCB source. This pro-
file is usually associatedwithmore pristine areas, such as remote islands
(Heskett et al., 2012). The samples collected in 2012 had higher
amounts of lighter congeners than heavier congeners, with ratio of the
sum of CB-187, 180, 170, 206 to the sum of CB-66, 101, 110, 118, 105
[7,9-CBs/4,5-CBs ratio, such as defined and applied in Hosoda et al.
(2014)] around 0.4. These ratios were much lower than those for the
pellet samples collected in 2009/10 (1.3 and 2.2) and 2014 (0.8). The
predominance of lighter congeners suggests episodic and recent inputs
of PCBs.

Hexachlorobenzene and mirex demonstrated similar distribution
along the coast, with higher concentrations at beaches in Santos. HCB
Fig. 5. Polychlorinated biphenyls (PCBs) in each sample of plastic pellets collected along coast o
149, 153, 170, 180, 187 and 206).
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may be released into the environment as a product of incomplete
waste combustion in incinerators and a by-product of industrial pro-
cesses (Lohse, 1988; Tanabe et al., 1997). Moreover, this product has
also been used as a fungicide in some countries (Ecobichon, 1996).
Among other chlorinated pesticides, HCB was dumped at several sites
in the Baixada Santista (do Nascimento et al., 2004) and caused consid-
erable environmental and health problems, such as leukopenia (Santos
Filho et al., 2005).

In Brazil, Uruguay and Argentina, mirex is popularly known as
dodecachlor and was principally used for ant control, with restricted
distribution in the region (UNEP, 2002). According to the UNEP
(2012), mirex was not produced in Brazil, but about 191 tons were
imported in 1989. Mirex was forbidden in 1992 through regulations is-
sued by the Ministry of Agriculture (MAPA 63/92). This pollutant was
used as both a pesticide and flame retardant in the state of São Paulo
(Yogui et al., 2010) and its persistence is associated with the high chlo-
rination level.

Hexachlorocyclohexane (HCH) did not exhibit considerable differ-
ences among the samples collected along the coast of São Paulo besides
a small increase towards theBaixada Santista andnorthern beaches. The
low concentrations reflect the less retention of HCH due to relatively
lower hydrophobicity and higher vapor pressure in comparison to
PCBs (Ogata et al., 2009). The concentrations of HCH found in several
f São Paulo, Brazil (total PCB= sum of 13 congeners: PCB 66, 101, 105, 110, 118, 128, 138,

nt organic pollutants and polycyclic aromatic hydrocarbons found in
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countries by the authors cited during the initial phase of International
Pellet Watch program ranged from 0.14 to 37.1 ng g−1, demonstrating
that these compounds were used at that time in some places, such as
Mozambique. HCHswerewidely employed in Brazil in cotton and coffee
plantations (Lara and Batista, 1992) until 1985, when these chemicals
were banned for agricultural use (Directives MAPA 326/1985)
(Almeida et al., 2007). HCHs were used in public health campaigns
against insects (Triatoma sp.) that cause Chagas' disease. Isomers of
HCH and particularly γ-HCH were heavily used (Anvisa, 2007) until
the ban on January 8th, 1998 (Directive 11/1998) (Almeida et al.,
2007). In 2007, however, the use of Lindane was still permitted as a
wood preservative in Brazil (Anvisa, 2007).

HCH production was estimated to be 18,400 tons from 1955 to 1982
and its importation was estimated to 7000 tons until 2003 (Almeida
et al., 2007). According to the BrazilianMinistry of Industry and Commer-
cial Development (http://aliceweb.desenvolvimento.gov.br/), an import
record of 14 tons until 2003was only reported after 1996. Brazil imported
900 tons of Lindane in a span of over twenty years between 1961 and
1982 and 600 tons in a span of only seven years between 1996 and
2003. HCHs are much less bioaccumulative than other organochlorines
due to their relatively low degree of liphophilicity. In contrast, the rela-
tively high vapor pressures, particularly for theα-HCH isomer, determine
the long-range transport of these pollutants in the atmosphere (UNEP,
2002).

Among the 41 samples analyzed, only 10 had PBDE concentrations
above the MDL, albeit at very low levels. PBDEs are added to a variety
of products, such as plastics, textiles and furniture foam, due to their
flame retardant capacity (Rahman et al., 2001). These pollutants are
slowly and continuously released into the environment through a num-
ber of different pathways (e.g. Chen and Hale, 2010; Hale et al., 2003).
Only PBDE-47 was detected in all samples. In the sample from Itaóca
in the municipality of Mongaguá, BDE 99 and 100 were also found.
Moreover, only BDE-100 was above the MDL at Gonzaga Beach in the
city of Santos.

There are no records of production of PBDE in Brazil, but the pres-
ence in the samples demonstrates that these chemicals are available
in the environment. PBDE flame retardant formulas available in the
Americas (e.g., technical Bromkal 70-5DE) contain approximately 37%,
35% and 6.8% of the congeners 47, 99 and 100, respectively (Sjödin
et al., 1998). However, it was difficult to evaluate the distribution of
PBDE congeners in the pellet samples due to the low concentrations.
Hirai et al. (2011) found PBDE (20 congeners) concentrations ranging
from 0.3 to 9909 ng g−1, with the highest concentrations attributed to
BDE-209, which was not analyzed in the present investigation.

4. Conclusion

The PAHs, PCBs, OCPs and PBDEs found in plastic pellets collected
from the beaches of each city along the coast of the state of São Paulo
(Brazil) reflect the influence of industrial and urban inputs as well as
products used in agriculture and against vectors that cause diseases,
such as malaria. Currents also seem to play an important role in the
transportation of contaminants, whether adsorbed to pellets or not, to-
wards the north, where fewer pollution sources are found and the envi-
ronment is not as heavily contaminated as Baixada Santista. The
temporal variation in pellet contamination reflects a dynamic and com-
plex process as well as episodic inputs of products containing PCBs. The
plastic pellets demonstrated the contribution of local sources of con-
taminants as well as compounds accumulated during the transport of
pellets through different types of environments before reaching the
beaches.
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